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Preface

The aim of this book is to provide a multidisciplinary overview of an area of knowl-
edge that affects a multitude of patients worldwide on a daily basis and that unfor-
tunately shows a slow technological development. The main reasons for the lack of 
innovation in the development of urinary stents and catheters are, on the one side, 
the characteristics of the urinary tract, urine and the particularities of the research 
groups involved. The urinary tract shows challenging characteristics for the place-
ment of urinary stents and catheters, both at the level of the upper and lower urinary 
tract. The peristalsis, the urinary microbiome, the ease of biofilm formation on the 
surface of urinary medical devices, as well as the changes that occur when placing 
a ureteral stent such as invalidation of the anti-reflux system of the ureterovesical 
junction, and the high sensitivity of the bladder trigone cause manifest drawbacks in 
patients. On the other hand, urine is a fluid supersaturated with mineral salts, which 
represents a very hostile environment for biomaterials, both polymeric and metallic, 
leading to a series of side effects with stents and catheters that favour encrustation 
and bacterial contamination. This leads to the failure of these medical devices in 
daily clinical practice. In addition to all these limitations, which make the urinary 
tract a complicated area for innovation in indwelling medical devices, the research 
groups involved in the improvement of these devices are composed of a small num-
ber of researchers and are groups generally isolated from each other. It is logical to 
think that the possibility of improving urinary stents and catheters will come from a 
wider and mainly multidisciplinary approach, as many different disciplines are 
needed to overcome the current pitfalls. Not only urologists are important, because 
although they are the ones who know the limitations of the current urological arma-
mentarium, technological development is also the responsibility of other areas of 
knowledge. These include bioengineering, chemical engineering, microbiology, 
experts in coatings, in new polymers, in biomaterials, translational researchers, 
experts in new metal alloys, etc. And to this large group of researchers it is also 
necessary to include physicists, mathematicians and experts in an area that affects 
the urinary tract and the medical devices that are placed inside it, which is fluid 
dynamics.
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This is precisely the proposal of the COST Action (CA16217) that has developed 
this book. ENIUS, European network of multidisciplinary research to improve the 
urinary stents, is a multidisciplinary network of experts whose aim is to work 
towards overcoming the current limitations in this area of knowledge. The enhance-
ments in the collaboration through a multidisciplinary network allow the detection 
of the most important factors that cause urinary stent failure. Not only from a clini-
cal point of view, but concerning also aspects as industrial design and the use of 
different biomaterials and new antimicrobial coatings. Therefore, the great differ-
ence of our proposal with regard to the current books on urinary stents is the multi-
disciplinary approach that allows a broad view of the current limitations, but above 
all of the lines of development and innovation that are being worked on today. As 
well as the proposal of new lines of research and future technological development 
that we believe will be implemented in the next few years, to improve the character-
istics of the stents and mainly to improve the quality of life of patients, which is the 
aim of all technological development. This multidisciplinary feature broadens the 
interest of the book not only to urologists or medical students interested in increas-
ing their knowledge, but also integrates a wide group of researchers who dedicate 
their efforts to biomaterials, new designs, and coatings of urinary devices.

The European Cooperation in Science and Technology is an EU programme 
funding interdisciplinary research networks in Europe and beyond. These networks, 
called COST Actions, provide open spaces where researchers and innovators can 
connect, collaborate, and grow their ideas together. COST is dedicated to the cre-
ation of pan-European research networks in all science and technology fields. Their 
strategic priorities are very accurate: Promoting and spreading excellence; fostering 
interdisciplinary research for breakthrough science; empowering and retaining 
young researchers and innovators. Therefore, COST Actions is a network, open for 
young and experienced researchers and innovators collaborating in all fields of sci-
ence and technology of common interest, based on a joint work programme lasting 
4 years.

The aims and scope of work of the multidisciplinary ENIUS network are 
described in the COST Memorandum of Understanding of 23/06/2017 (cost.eu/
actions/CA16217/). The first aim of this Action is to create a multidisciplinary 
group to identify the inherent pitfalls in current urinary stents, related to its design, 
composition, biomaterials, coatings, encrustation, interactions between urinary 
tract stents and fluid dynamics, morbidity of urinary stents and assessing the draw-
backs from different points of view. And of course, propose consensus recommen-
dations from our experts on the current weaknesses of urinary stents. Our capacity 
goals have been consolidated into a multidisciplinary network actively involved in 
urinary stents research to facilitate scientific knowledge exchange; to create a cohort 
of skilled bioengineer/researchers with experience in stents by providing training 
courses and supporting exchange visits between Research Centres or Hospitals. 
Finally, ENIUS has played a key role in providing links between researchers and 
industrial communities/partners. The transfer of technological knowledge to indus-
try is a major factor in bringing basic and translational research to industry. From 
bench to bedside and beyond.
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ENIUS was launched in September 2017 and has been composed of up to 204 
researchers from different disciplines such as medicine, bioengineering, biomateri-
als, translational research, coatings, etc. A total of 30 European countries as well as 
Canada, USA, Republic of Korea and India joined the network. During the 4.5 years 
of its lifetime, our network has developed up to 24 activities of dissemination of 
scientific activities related to its aims, mainly in face-to-face mode, but also with the 
use of videoconference tools to overcome movement restrictions due to the severe 
COVID pandemic. A total of 590 registered participants have attended our dissemi-
nation of scientific and technological activities. During these years, up to 28 STSM 
(Short Term Scientific Missions Grants) have been carried out between different 
organisations in different countries, with the aim of training young researchers in 
new techniques, not available in their workplaces. This exchange reduces the weak-
nesses of the research groups that make up ENIUS, as well as strengthening research 
links in urinary stents. Also noteworthy is the production of 15 scientific papers 
describing current and future lines of research in urinary stents, which are the result 
of the collaboration of the multidisciplinary groups that join in the COST Actions. 
The scientific production, as well as scientific dissemination activities, can be found 
at www.enius.org.

The Action is organised in six multidisciplinary Working Groups. State of art of 
Urinary stents (WG1) is led by D. Rako (Croatia) and P. de Graaf (Netherlands); 
this WG will focus its work in analysing the current literature on ureteral, urethral 
and prostatic stents. Computational simulation, Biomedical fluid dynamics, 
Biomechanical characterization (WG2) led by S.  Waters (UK) and F.  Clavica 
(Switzerland) focused on exploring the in silico assessment and flow dynamics in a 
stented ureter. Methodology for the development and validation of new stent designs 
(WG3) led by S. Stavridis (North Macedonia) and W. Kram (Germany) has been 
responsible for developing the methodology and validation protocols for future uri-
nary tract stents. Biomaterials and stent coatings (WG4) led by A. Barros (Portugal) 
and E.  O’Cearbhaill (Ireland) has worked on the search of new biomaterials-
nanomaterials and coatings with improved behaviour at urinary tract when used for 
developing urinary stents. Drug Eluting Stents (WG5), led by G. Ciardelli (Italy) 
and E. Tofail (Ireland), follows the idea to add drugs onto the urinary stent surface 
to reduce stent-related adverse effects and release drugs locally in the urinary tract. 
And finally, New research lines (WG6) is dedicated exclusively to proposing 
forward-looking solutions such as Bioactive-Antibody, Biocovered stents, 
Biodegradable, Nanotechnology and Bioprinting, led by N.  Buchholz (UK), 
A. Abou-Hassan (France) and I. Skovorodkin (Finland).

The work carried out in the preparation of this book has been distributed in six 
sections that mainly correspond to the six ENIUS WGs. The first group of chapters 
focuses on “Current state and clinical applications”; the second is dedicated to the 
research groups that make up WG2, “Fluid dynamics and urinary stents”. The next 
section of chapters is dedicated to “Design assessment and validation methods”, 
managed by WG3. The last chapters describe the innovative research in “Urinary 
biomaterials” and “Coatings to reduce the biofilm formation” along with other that 
focus in “new designs and future developments”, carried out the members of WG6.
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Therefore, the book that we present represents the work of more than 40 research 
and clinical groups that provide a multidisciplinary update of great importance by 
focusing on the problems and above all the solutions from different points of view, 
which allows a deeper understanding of the current weaknesses of urinary stents, 
but also addresses the improvement of stents from a multidisciplinary perspective, 
necessary to reduce the adverse effects of urinary stents, to provide new therapeutic 
devices to urologist, and as a result improve the quality of life of patients.

We hope that the information provided in this book will be useful to researchers 
and clinicians and that it will inspire the development of new urinary stents.

Cáceres, Spain� Federico Soria  
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Present and Future of Urinary Stents

Federico Soria

1 � Introduction

Urinary catheters or stents are medical devices widely used in daily urological prac-
tice. Their indications are widespread, although they are mainly used to allow inter-
nal drainage of urine, either at the ureteral or urethral area. Its use as an internal 
scaffold is also widely used in patients to promote both first and second intention 
healing at the urinary tract, after a large number of surgical techniques. It is also 
widely used in oncology patients to mitigate extrinsic compression and obstructive 
uropathy, in which case both plastic stents and mainly metallic stents are used. The 
metal stents have a greater mechanical strength to compression and provide a more 
appropriate drainage than plastic stents.

Their use is currently very common, reaching more than 80% in patients who 
have undergone endourological intervention for the resolution of renal or ureteral 
lithiasis [1]. This gives us an idea of its implantation in lithiasis disease which, as is 
well known, is increasing its appearance due to the change in dietary habits of the 
population, mainly in Western countries, although the rates in countries such as 
China have increased significantly in the last two decades [2].

Unfortunately, urinary stents are associated with high rates of side effects and 
complications that significantly decrease the quality of life of patients [3]. Therefore, 
despite their evident usefulness in urological clinical practice, their use should be 
subject to an important medical evaluation to balance the benefits against the side 
effects, as well as the possible complications associated with current urinary stents. 
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More than 80% of patients with ureteral stents have significant adverse effects 
affecting their quality of life, sex life and compromising their labor life [4]. In the 
case of metallic, ureteral or urethral stents, despite the improvements in design and 
biomaterials that have appeared in the last decade, their use is essentially reduced 
to oncological patients with short life expectancy [5]. In the latter case, that of 
metallic stents in urology, their residual use differs from the widespread and suc-
cessful use of metallic stents in areas such as cardiology or vascular diseases. This 
huge difference between such similar devices in different anatomical regions is 
related to two aspects that differentiate both areas of knowledge, on the one hand, 
the resources devoted to research and on the other hand, the peculiarities that dif-
ferentiate the blood vessels of the urinary tract. With regard to the peculiarities of 
the urinary tract, the first major difference between blood and urine is its relation-
ship with biomaterials. Due to the use of anticoagulants, the interactions of the 
components that make up the blood with the biomaterials that make up the stent are 
significantly reduced. Another factor that differentiates the side effects of vascular 
stents from urinary stents is the fact that vascular stents tend to be endothelialised, 
thus ceasing to act as a foreign body, a circumstance that is not common in the 
urinary tract. The presence of ureteral or urethral peristalsis is perhaps one of the 
major pitfalls associated as a primary cause of failure in urinary metallic stents, a 
complication that does not occur in the vascular system, although it does in the 
digestive tract. This peristalsis causes a high migration rate and the appearance of 
urothelial hyperplasia that can become obstructive [6]. Another cause of the differ-
ences in stent deployment and success rate is the common urinary bacterial con-
tamination, with a 100% probability of developing a biofilm on the stent surface 
and thus developing encrustations that can become obstructive. Although several 
modifications of the stent surface to reduce biofilm formation and bacterial coloni-
zation have been investigated at the moment no available biomaterials or coatings 
have been proven to prevent or reduce biofilm formation to a clinically relevant 
extent [7].

If we define biocompatibility as, the utopian state where a biomaterial presents 
an interface with a physiological environment without the material adversely 
affecting that environment or the environment adversely affecting the material. 
From the perspective of a biologic environment affecting the biomaterial, there 
are currently no biomaterials used in the urinary tract that are perfectly biocom-
patible. Unfortunately, urine as a liquid so saturated with salts creates a perfect 
storm, with a hostile environment for the implantation of biomaterials and the 
prolonged exposure to the urinary environment is not favourable to diminish their 
effects.

So, given the clinical requirement for the use of urinary stents and their clearly 
unacceptable adverse effects, the need to improve these medical devices and the 
research to do so is understandable. Firstly, a great technological development is 
needed to meet the needs of both patients and urologists for more effective medical 
devices with fewer associated side effects [8].

F. Soria
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2 � ENIUS Network

This is the main objective of this manuscript which arises from a European initiative 
supported by the COST Actions. It is clear that research in this area of knowledge 
has several limitations that have led to a slowdown in the innovation of urinary 
stents. Therefore, the creation of a European network dedicated to bring together 
different groups interested in urinary stents was the first step to break the slow tra-
jectory of research in this medical device. ENIUS, European Network of 
Multidisciplinary Research to Improve the Urinary Stents, was born in 2017 with 
the aim of addressing the improvement of stents from a multidisciplinary point of 
view. We are aware that it is from this type of approach that progress can be made, 
since urinary stents need such different visions for their improvement as clinical 
urology, the industrial partners themselves, but also researchers in biomaterials or 
coatings, researchers in fluid dynamics, or microbiologists due to the permanent 
relationship between micro-organisms and stents and the urinary microbiome itself 
complete a plethora of researchers willing to improve stents. Therefore, bringing 
together so many ways of approaching the same problem can only generate knowl-
edge. Another aspect to overcome in this field of knowledge is the great fragmenta-
tion of existing groups, which only leads to isolation. Cooperation between groups 
benefits everyone involved, as it allows the strengths of each group to be shared and 
the weaknesses of each group to be mitigated by other groups. The fact of being a 
multidisciplinary and cooperative network has allowed all participants to grow, to 
train young researchers who are aware of this important question and its social 
repercussions. Above all, it allows us to trust that the seed of innovation and devel-
opment of new stents is in good hands, which benefits patients. It should not be 
forgotten that the aim of all research is to improve the lives of patients [9].

3 � Conclusions

This book brings together the experience and expertise in urinary stents of the lead-
ing researchers in urinary stents. Not only because it addresses the present of uri-
nary stents from a clinical point of view, but also because it includes the most 
innovative groups and future approaches.
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Indications, Complications and Side 
Effects of Ureteral Stents

Daniel Pérez-Fentes, Javier Aranda-Pérez, Julia E. de la Cruz, 
and Federico Soria

1 � Indications of Polymeric Double J Stents

Double J stents are used in a wide variety of scenarios, which we will divide into 
two groups of indications for didactic purposes: prophylactic and therapeutic.

1.1 � Prophylactic Indications

The insertion of a double J stent can prevent the advent of perioperative complica-
tions in specific procedures involving the upper urinary tract. These interventions 
are mainly focused on urinary stone management, followed by reconstructive 
procedures.
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1.1.1 � Stone Interventional Treatment

Stents can be placed either before or after stone treatment interventions, for differ-
ent reasons. Overall, they aim at minimizing the risk of obstruction due to frag-
ments, blood clots or edema after ureteral manipulation [1].

Prior to shock wave lithotripsy (SWL), ureteral stents try to prevent ureteral 
obstruction secondary to the passage of stone fragments or the formation of a stein-
strasse after the treatment. Although very common in the past, it has been demon-
strated that this practice doesn’t increase the stone free and auxiliary treatment 
rates. Stenting is generally recommended for stones larger than 1.5–2 cm in diam-
eter, since SWL in these situations will generate more fragments possibly leading to 
ureteral obstruction. Currently, these stone burdens are more efficiently treated by 
flexible ureteroscopy or miniaturized percutaneous surgery, in which a preoperative 
stent is not usually required. However, whenever SWL is the treatment of choice in 
these cases, double J stenting and its morbidity should be discussed with the patients, 
as well as the probable need for further lithotripsy sessions [2–6].

Prior to ureteroscopy or retrograde intrarenal surgery, the use of a double J stent 
aims at creating a passive dilation of the ureter that eases the insertion of the ure-
teroscope or the ureteral access sheath [7].

This maneuver was very common in the past due to the size of the ureteroscopes 
available, since not all the ureters admitted such large calibers of endoscopes or 
ureteral access sheaths. There are data in the literature that show that pre-stenting 
should lead to better stone-free rates and lessen the incidence of complications, but 
this finding is mainly based on retrospective studies and is therefore controver-
sial [8–11].

Besides these data, primarily from old series, our opinion and that of the urologi-
cal guidelines is that with the current armamentarium preoperative stenting should 
not be systematically recommended. However, placing a double J is advised when 
the access sheath or the ureteroscope does not go up smoothly into the ureter, in 
order to create a passive dilation which should allow the passage of these instru-
ments in 1–2 weeks [12, 13].

Post ureteroscopy, be it semirigid or flexible, the use of double J is not routinely 
recommended, and the stenting decision must be analyzed individually. Clinicians 
must weigh up the risk of readmission when not leaving a stent against the morbid-
ity of bearing it. Overall, stenting should be mandatory when there is ureteral dam-
age, high risk of obstruction due to edema, fragments or blood clots, when an 
infective complication occurs or is likely to happen in the postoperative period, as 
well as in all doubtful cases [14–19].

Besides these recommendations, many groups place double J stents following 
ureteroscopy in the majority of cases, with considerable differences across countries 
[20]. In general, when a ureteral access sheath is used, many authors recommend 
leaving a double J stent at the end of the procedure, due to the considerable inci-
dence of ureteral wall lesions found as a result of the insertion of these sheaths [21]. 
Therefore, it is advisable to endoscopically review the ureter after these procedures 
to have more information regarding the urothelium status before the decision to 
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stent [22]. Nevertheless, there is a randomized trial showing that omitting the stent 
in these cases should be safe and feasible, mainly if the patient has been pre-stented 
[22, 23].

There are no solid data on the ideal indwelling time, but the vast majority of 
groups advocate for 1–2 weeks. In some situations, leaving a ureteral stent over-
night or a double J on strings for 2–3 days are reasonable alternatives that can lessen 
the morbidity of bearing a stent for 2 weeks or longer [24–26].

Post percutaneous surgery, the use of double J has been increased in the last years 
due to the more frequent practice of tubeless surgeries. The decision of leaving a 
double J after these procedures instead of performing a totally tubeless surgery is 
mainly based on the surgeon’s experience, the characteristics of the case and patient 
preferences. In this regard, some patients will opt for a percutaneous approach 
instead of a retrograde surgery in order not to bear a ureteral stent and its symptoms. 
When endoscopic combined intrarenal surgery is performed, the stenting decision 
follows the same principles as those previously detailed for ureteroscopic proce-
dures [27].

1.1.2 � Renal Transplantation

Ureteral stenting after renal transplantation should contribute for a watertight 
uretero-neocystostomy, preventing or minimizing urinary leakage that might lead to 
stricture [28]. A meta-analysis including five randomized controlled trials demon-
strated that stented anastomoses have lower complication rates [29].

Due to the characteristics of the ureter in this indication, the length of the cath-
eter used must be considerably shorter. Again, there is no optimal timing for stent 
removal after transplantation, being 2–4 weeks of indwelling time in the majority of 
series [30].

1.1.3 � Reconstructive Surgery of the Upper Urinary Tract

Pyeloplasty, endopyelotomy, pyelolitectomy, ureteral stricture repair, ureteral 
trauma repair, etc.

Once more, the objective of the ureteral stent is to help in the healing process of 
the urinary tract, serving as a scaffold and preventing urinary leaks. In these indica-
tions, stents are traditionally removed after 4 weeks, although this dwelling time 
may be shortened reducing infection risk and morbidity to the patient [31, 32].

1.1.4 � Non-urological Procedures Involving Ureteral Dissection

Placing a ureteral stent (either open-end straight or double J) before specific abdom-
inal surgeries where a complex ureteral dissection is suspected makes it easier to 
identify the ureter during these maneuvers and may prevent accidental injuries. The 
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pros and cons of this endoscopic intervention should be discussed with the patients. 
When the ureter has not been damaged during the surgery, these stents can be imme-
diately removed or left overnight [33–35].

1.2 � Therapeutic Indications

The insertion of a double J ureteral stent aims to drain an obstructed or damaged 
upper urinary tract.

1.2.1 � Decompression of an Obstructed Collecting System

This is the most frequent indication for double J stenting, which needs to be per-
formed in the emergency context or on a scheduled basis, depending on the severity 
of the case. Urinary drainage must be promptly performed in all cases of obstruction 
with sepsis, acute renal insufficiency or anuria due to bilateral obstruction or in soli-
tary kidneys, as well as when there is uncontrollable pain. In some groups, percuta-
neous nephrostomy is preferred in infective situations, although to date there is no 
data to demonstrate which of these two drainage options is superior [36–38].

1.2.2 � Conservative Treatment of Upper Urinary Tract Trauma

Depending on the severity of the damage, these injuries can be conservatively man-
aged with a double J. Stenting provides canalization, reduces urinary leakage and 
might decrease the risk of strictures. In this scenario, bladder catheterization is 
advised to prevent backflow of urine through the double J ureteral stent into the 
upper tract [39, 40].

2 � Ureteral Stents Complications

2.1 � Intraoperative

2.1.1 � Failure of Endoscopic Ureteral Stenting

On some occasions, it is not possible retrograde drainage of the upper urinary tract. 
It may be due to intrinsic cause (urothelial neoplasms) or extrinsic compression 
such us retroperitoneal fibrosis or tumours of the abdominopelvic area. It is 
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necessary to treat it (especially if chemotherapy is required). Accordingly, the first 
treatment option is placing a retrograde ureteral stent However, the rate of stent 
failure is high, with a range failure rate between 12.2% and 34.6%. Guachetá-
Bomba et al. found that cystoscopies result such as the bladder invasion or defor-
mity of the trigone or the age >65 years old are negative factors when attempting an 
endoscopic urinary drainage [41]. Therefore, it should be considered percutaneous 
nephrostomy, whether retrograde drainage is not achieved, in order to maintain 
renal function until obstruction cause is resolved (Figs. 1, 2, 3, and 4).

Fig. 1  Ureteral orifice 
stricture

Fig. 2  Ureteral orifice 
balloon dilatation
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Fig. 3  Ureteral orifice 
involvement by urothelial 
carcinoma

Fig. 4  Transurethral 
resection of bladder tumor 
in ureteral orifice

2.1.2 � Ureteral Erosion or Perforation

It’s a rarest complication of ureteral stent placement. The stent placement should be 
carefully. It is recommended to previously perform a retrograde pyelography, thus 
opacifying the upper urinary tract. Special care should be taken in cases of almost 
complete obstruction of the ureter where the passage of the stent can be complex 
and the ureteral wall more fragile. If observe any resistance during its progression, 
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never use force, but observe what’s happening on the fluoroscopy assessment. If 
find urinary leak or extravasation, it means ureteral injury. The stenting should be 
enough to solve the complication, allowing the ureter to heal around the stent, like 
an internal scaffold.

2.1.3 � Stent Malposition

Malposition of a stent is defined as an incorrect position relative to initial placement 
[42]. A badly placed stent may be in a sub-pyelic position, if the proximal end does 
not reach the renal pelvis, and in a supravesical position when the distal end is can 
be found in the ureter. The causes of this complication are mainly due to the place-
ment technique, both endoscopy or fluroscopy placement. This is the reason that it 
is so important to check the correct location of the stent after it has been placed. An 
appropriate length is important to avoid this complication.

2.2 � Early Complications (2–4 Weeks)

2.2.1 � Stent Discomfort

Pain associated with ureteral stents is one of the most common symptoms in patients, 
with an up to 80% rate of incidence [43]. This pain can be triggered by several rea-
sons: vesicoureteral reflux causing an upward increase in intra-ureteral pressure, 
related to flank pain; ureteral spasms mainly associated with the distal ureter; and 
irritation of the bladder mucosa associated with the presence of a bladder foreign 
body [44]. However, it should be highlighted that the etiology of the pain remains 
unknown to date.

Mainly, it is related to two separate regions in which pain is reported by patients. 
Up to 60–77% of patients describe the manifestation of flank pain, which is primar-
ily but not exclusively associated with micturition and VUR caused by the stent. The 
incidence of suprapubic pain, with up to 38%, is associated with adverse effects at 
this level related to bladder pigtail and irritation of the bladder trigone [45].

2.2.2 � Vesicoureteral Reflux

The UVJ (ureterovesical junction) is a fundamental structure that protects the upper 
urinary tract from intermittent high pressures in the bladder. The UVJ allows, 
through its transient opening, the passage of urine into the bladder and prevents 
retrograde flow into the kidneys during the micturition. A number of factors are 
involved in the proper working of this anti-reflux mechanism: an appropriate length 
of intravesical ureter, an oblique angle of insertion of the ureter into the bladder and 
proper smooth muscle and extracellular matrix development, able to compress the 
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ureteral orifice. Any abnormality in these features leads to retrograde flow of urine 
or VUR [46].

Vesicoureteral reflux is one of the most important drawbacks in ureteral stenting. 
This side effect usually appears during the voiding phase of micturition, when the 
pressure in the bladder increases and the stent, leaving an open communication 
between the bladder and the ureter, causes the urine to retrograde flow of urine [47].

Regarding the overall VUR rate in stented patients, it’s 62–76%, with 80% dur-
ing the voiding phase compared to 63% during the filling phase [48, 49].

In order to avoid this side effect there have been advances in stent design such as 
the one with anti-reflux valve, the most widely used. This stent is composed by a 
standard stent in which the bladder end adds a bag that encompasses the distal end 
of the stent. Therefore, this kind of stent just blocks the reflux that rises through the 
internal channel nor the one that can be produced around stent, the periprosthetic 
flow. Ecke et al. compare this stent with the standard ureteral stent and conclude that 
reduce the side effects of stents, improving quality of life, as well as being cost-
effective [50]. There have been other inventions that have also incorporated a valve 
at the bladder end in order to prevent ureteral reflux such as McMahon et al. and 
Ramachandra et al. [51, 52].

2.2.3 � Ureteral Smooth Muscle Spasm

A ureteral stent in the upper urinary tract, in addition to changing the dynamics of 
urinary flow, also has an impact on ureteral myogenic activity [53]. The increase in 
pressure that occurs is responded to by an increase in ureteral peristalsis during the 
first few hours and during this period, spasms of the smooth muscle layer of the 
ureter [54]. These smooth muscle spasms are triggered by the stimulation of 
α1-adrenergic receptors, present at the ureteral and trigone-bladder level, which 
causes these contractions [55]. These contractions are more important at the level of 
the ureterovesical junction and distal ureter, corresponding to the higher density of 
nerve tissue concentrated in the adventitia and smooth muscle layer in these two 
regions [56].

2.2.4 � Lower Urinary Tract Symptoms

Lower urinary tract symptom’s (LUTS) are frequent and are clearly attributed to 
bladder urothelium irritation by a vesical stent end which triggers inflammation and 
overactivity of the bladder detrusor [57]. LUTS are classified into filling symptoms, 
emptying symptoms and post-mictional symptoms [58].

In a prospective analysis of the prevalence of symptoms, tolerability and com-
plications of the ureteral stent and its impact on quality of life. Patients completed 
two questionnaires before stent placement, 7 days after placement, and 14 days 
after removal. The results concluded that 7 days after stent placement, patients 
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experienced a significant increase symptom in terms of urinary frequency, dysuria, 
suprapubic pain, urgency and macroscopic hematuria, and a considerably lower 
quality of life. Alpha blockers, anticholinergics or beta-3 adrenergic agonists can 
be used to reduce the incidence of stent associated symptoms. Another strategy to 
achieve a decrease in associated symptoms is prevention: a smaller stent diameter 
and a proper stent length in order avoid distal loop crossed the bladder mid-
line [59].

2.3 � Late Complications (>2–4 Weeks)

2.3.1 � Urinary Tract Infection (UTI)

Bacterial colonisation of the stents, with an overall rate of 42–90%, is a significant 
drawback, leading to biofilm formation and the development of bacteriuria and UTI 
[60]. European Association of Urology recommends, it is indicated prophylactic 
antibiotics either trimethoprim, trimethoprim-sulphamethoxazole, cephalosporin 
group 2 or 3 or aminopenicillin plus a beta-lactamase inhibitor, before the place-
ment of a ureteral stent in order to prevent urinary tract infections, but, unfortu-
nately, they are not enough [61]. It has been reported that colonisation occurs as 
early as 24 h after stent insertion, but it is not meant to cause infection [62]. The 
most common organisms isolated from stents are E. coli, Pseudomonas aeruginosa, 
Staphylococcus spp., and Enterococcus spp. [63]. Kris R et al. found that only about 
25% of colonised ureteral stents are associated with positive urine cultures. They 
also demonstrated that dwell time of the stent is the strongest predictor of clinical 
urinary tract infection [64].

This susceptibility of stents to bacterial colonisation promotes the development 
of UTIs, which in some cases can trigger significant complications such as acute 
pyelonephritis, bacteriuria and renal failure [65]. A gender-related increased risk of 
stent colonisation has been observed, with a clear higher risk in women than in men, 
but with no gender-related risk in the appearance of UTIs [66].

To prevent biofilm formation on stents, there have been some innovations such 
us, coating of polyhydrogel poly (N,N-dimethylacrylamide) (PDMAA) with anti-
fouling and protein repellent properties has been used by Szell et al. In vitro studies 
showed a five-fold decrease of bacterial load on the stent surface [67]. Unfortunately, 
after promising in vitro results, the human studies have not confirmed these results.

2.3.2 � Stent Migration

Stent migration can occur as the ureter is a dynamic organ due to peristalsis. The 
precise risk factors for stent migration remain to be defined, but an appropriate 
selection of the stent size is not only necessary to palliate the patients’ symptoms, 
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Fig. 5  Ureteral stent 
migration

but also to avoid migration [68]. Despite the self-retentive design of the CDJ and 
appropriate placement, distal migration into the bladder or pelvic migration is a 
complication with an incidence of up to 9.5% [69] . Furthermore, biomaterials with 
low friction, such as silicones and hydrophilic coatings, will promote this event 
[52]. It has been recognised that polyurethane stents have better shape memory and 
can conform to the urinary tract when compared to silicone stents, decreasing the 
rate of ureteral stent migration [52] (Fig. 5).

2.3.3 � Fragmentation and Breakage

Stent fracture is a very rare complication. It can be caused by mechanical stress, 
particularly through the lateral orifices, and by a decrease in tensile strength due 
to depolymerisation that can develop in long-term stenting. Interaction with the 
urine and extensive inflammatory reaction may promote fragmentation. The rate 
of ureteral stent fragmentation ranges between 0.3% and 10% [70]. The other 
factor related with stent fragmentation is stent material. Silicone stents may be 
more advantageous than polyethylene stents for the lower risk of fragmenta-
tion [70].
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2.3.4 � Forgotten Double-J Stent and Encrustation

The encrustation of forgotten stents is a serious problem due to recurrent urinary 
tract infections, hematuria, urinary tract obstructions, and renal failure. Similarly, to 
stent bacterial colonization, stent encrustation increases with stent duration. The 
aetiology of encrustation is multifactorial [71]: urine composition, stent material, 
surface properties, stent design, dwell time, urinary pH, urine flow dynamics and 
bacterial urease. The complexity of the encrustation process is clear, nowadays none 
of the biomaterials used are resistant to crystal deposition [72].

The definition of a forgotten stent is a device that remains in place for longer than 
the prescribed time without any medical monitoring. The reasons behind this com-
plication can be attributed to inadequate counselling by the treating doctor and poor 
compliance of the patient (Figs. 6 and 7).

In a retrospective analysis for a period of 6 years by Adanaur et al., the mean 
indwelling time was 22.6 months (6–144 months). Of 54 patients, urolithiasis was 
the indication for stenting in 45 (83.3%) [73].

There have been some innovations to elude this complication such us the biode-
gradable ureteral stent. F Soria et al. designed a biodegradable antireflux stent that 
avoids vesicoureteral reflux and bladder trigone irritation as well as the forgotten 

Fig. 6  X ray image. 
Ureteral stent encrustation
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Fig. 7  Cystoscopic view. 
Bladder end ureteral stent 
encrustation. Laser 
Cystolithotripsy

stent syndrome. There was no ureteral obstruction due to degraded stent fragments 
in their experimental assessment. Consequently, morbidity secondary to ureteral 
stents might be reduced with intraureteral biodegradable stents [74].

2.3.5 � Ureteral Stent Obstruction

Obstruction increases with stent dwell time and not stent size. Causes of obstruction 
are due to increased debris deposition, crystals deposited on the stent surface, as 
well as blood clots due to haematuria. The diagnosis is usually made by deteriora-
tion of renal function, renal fossa pain or worsening of hydronephrosis. It can be 
solved by replacement of the stent [75].
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Indications, Complications and Side 
Effects of Metallic Ureteral Stents

Duje Rako

1 � Introduction

Even though metal might be the first material used for unblocking urinary tract, first 
widely used stents in the ureter were polymeric. And polymers do have their prob-
lems with longevity, compression, encrustation, irritation etc. which has led 
researchers to try other materials—amongst them metal alloys. First metallic stents 
used in ureter were made from stainless steel (Wallstent, Palmaz-Schatz) and after-
wards focus was mainly on nitinol (nickel titanium oxide) as well as other alloys 
(tantalum, platinum, niobium, cobalt, etc.) with or without PTFE (polytetrafluoro-
ethylene) or polymer coating. In shape/structure, they can replicate typical JJ design 
[1] (Passage—nitinol JJ stent, Resonance—nickel-chromium-cobalt-molybdenium 
JJ stent) or have coil (Memokath—nitinol coils, Allium—loose nitinol coils with 
polymer coating) or mesh (Uventa—nitinol mesh with PTFE coating) structure. By 
mechanism of deployment we can recognise baloon-expandable, self-expandable, 
thermo-expandable and non-expandable metallic ureteral stents.

First documented metallic stent used in ureter was vascular permanent stent 
(Wallstent) placed in two patients with malignant obstruction by Lugmayer in 1992 
[2]. Afterwards many vascular stents were tried but high rates of complications and 
inability for easy removal and replacement led to their discontinuation and develop-
ment of purpose-based urological metallic stents which could be more easily 
removed and replaced [3].
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2 � Indications for Metallic Ureteral Stents

For kidneys to function properly, urine produced should flow freely through ureters 
in order to reach bladder or substitute reservoir. Should drainage become impaired 
excessive intrarenal pressure will develop and can subsequently lead to kidney dam-
age and eventually to loss of function. This blockage can come from within the 
ureter (internal) or outside of it (external) and by nature of cause described as malig-
nant, benign or post radiotherapy. Two main ways of unblocking an obstructed renal 
unit can be considered; either internally via ureteral stent or externally by means of 
nephrostomy and both ways should provide uninterrupted urinary drainage.

Internal unblocking of renal unit using stent is minimally invasive and should 
offer long enough indwelling time with the ideal stent being easy to insert and 
remove, made of biocompatible and MRI-compatible material and causing no 
adverse host reaction (inflammation, urothelial hyperplasia, tumour ingrowth etc.) 
and being resistant to incrustation. Unfortunately, such stent still does not exist but 
some materials and designs cover many of requirements.

Even though both polymeric and metallic stents can be considered in all of 
benign, malignant and post-radiotherapy settings but we will usually opt for metal-
lic stents in situations in which longer indwelling times are projected with benign 
conditions (resistant post inflammatory strictures), malignant obstruction (due to 
internal occlusion or external compression) or post-radiotherapy strictures [4].

3 � Complications and Side Effects of Metallic Ureteral Stents

Even with careful and proper usage complications will inevitably arise and same is 
with metallic ureteral stents [5–7]. Some complications are inherent with stent 
design and others come from material used or applied coating. Many case reports 
and review papers have summarised either single stent experience or problems with 
specific patient population and none of them have yet discussed complications on a 
sufficiently large number of patients so workgroup within COST Action 16217—
ENIUS (European Network of multidisciplinary research to Improve the Urinary 
Stents) has led literature search in order to identify, catalogue and review in a sys-
tematic way all published complications and patency rates for metallic ureteral 
stents used for ureteric obstructions [data prepared for publication].

In our systematic review 319 publications were identified and 111 acceptable full 
text papers were thoroughly examined leading to 88 being included in final analysis. 
That translates to database of 1749 patients with 2194 ureter units receiving 2394 
stents with 1188 complications documented. It is worth noting that some of compli-
cations are due to disease itself (especially malignant) others correspond to stent 
type and shape or material and cation used. Even though some patients did not 
experience any complications or side effects, others have had multiple stent related 
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complications but in total this translates to 68% per patient and 50% per stent risk 
of complication. Only 3.4% of papers (3/88) have used verified system for reporting 
complications (modified Clavien-Dindo classification [8]) which also poses prob-
lem in real-world data acquisition. Complication reporting in general and specifi-
cally using standardised approach is obviously not at the highest standards among 
academic urologic community and further actions are needed in order for that to be 
changed in future.

Complications related to stent placement (regardless of stent type) were low in 
our dataset and only 22 failures and 4 significant difficulties were documented in 
attempt to place 2394 stents which comes to less than 1.1% in total.

3.1 � Off Label Use of Bare Metal Stents (BMS) Designed 
for Vascular or Gastroenterological Use 
in Ureteric Obstruction

First papers reporting experience with off-label use of metallic mesh stents (developed 
for cardiovascular use) in ureters started to emerge in 1991 with promising results 
initially, but as soon as 1993 reports on poor outcomes started to emerge. Review and 
vast personal experience published by Liatsikos et al. in 2009 started era of review 
papers but no comprehensive set of data reporting on complications was published as 
yet. Majority of data in our dataset come from experience using Wallstent™ (Schneider, 
Zürich, Switzerland later Boston Scientific/Microvasive, MA, USA) and other data 
come from use of other stents mainly Strecker (Boston Scientific, MA, USA), 
AccuFlex (Boston Scientific, MA, USA), Protege (Endovascular Inc., MN, USA), 
Luminexx (Bard GmbH, Angiomed, Karlsruhe, Germany), Sinus-Flex (Optimed, 
Ettingen, Germany) and Palmaz-Schatz (Johnson and Johnson, Warren, USA).

A total of 29 papers have reported on use of (mostly vascular or biliar) BMS in 
345 patients (258 with malignant and 87 benign conditions) with 359 stents 
implanted in malignant and 98 in benign ureter units with a total of 277 complica-
tions reported which translates to 80% of patients at risk of complication or 60% per 
stent used. Among complications most prevalent were obstruction or occlusion in 
71 (26%), tumour overgrowth or ingrowth in 59 (21%), flank or abdominal pain in 
39 (14%), urothelial hyperplasia in 33 (12%). Also, four serious complications 
needing surgery (including two nephrectomies due to chronic pyelonephritis and 
two laser surgeries to remove stents) were also reported. Reported patency rates 
ranged from 0% to 100% with most report around 30–80% (Figs. 1, 2, and 3).

From these results we can conclude that early cardiovascular and biliary stents 
placed (off-label) in ureters had promising initial results but with follow up 
approaching 1 year they mostly suffered obstructive complications (occlusion, com-
pression, tumour overgrowth or reactive hyperplasia) which were responsible for 
roughly 60% of incapacitated stents.
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Fig. 1  Ureteroscopic 
assessment. Metallic stent 
encrustation. (Dr. F. Soria. 
JUMISC. Spain)

Fig. 2  Ureteroscopic 
assessment. Obstructive 
urothelial hyperplasia. (Dr. 
F. Soria. JUMISC. Spain)
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Fig. 3  Fluoroscopic view. 
Ureteral metallic stent 
migration. (Dr. F. Soria. 
JUMISC. Spain)

3.2 � Off Label Use of Covered Metal Stents (CMS) Designed 
for Vascular or Gastroenterological Use 
in Ureteral Obstruction

Research advancements in cardiology has led to introduction of covered metal 
stents which were also tried in ureters and resulted in no benefit compared to off-
label use of vascular/gastroenterological BMS with regards to complication rates 
with migrations and UTI’s being most common.

Only five studies in our dataset had some data on covered metal stents including 
two on Passager stent (Boston Scientific Corporation, Oakland, NJ, USA), one on 
polyurethane tube with metal wire (Mannheim hospital, Heidelberg University, 
Germany), one on Dacron covered nitinol mesh stent (Stanford, Nanture, France) 
and one on ePTFE covered nitinol stent (Hemobahn Endoprosthesis, W. L. Gore 
and Associates, Inc., Flagstaff, Arizona, USA). In total they report 72 patients (49 
malignant and 23 benign obstructions) with 86 ureteral units (56 and 30 respec-
tively) with 69 complications reported namely migration/dislocation in 20 (29%), 
urinary tract infections (UTI) in 11 (16%), vesicoureteral reflux in 9 (13%) and 
reactive hyperplasia in 7 (10%) being most common. One nephrectomy was carried 
out due to recurrent UTI’s. Patency rates reported ranged from 18.75% to 100%.
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3.3 � Covered Metal Stents Designed for Use in Urinary Tract

Purpose built covered metallic stents designed for use in urinary tract (Allium™ and 
Uventa™) could be considered as next generation of covered stents. Allium™ URS 
is segmental nitinol mesh stent fully covered with polymeric coating with high 
radial force in mid part and low radial force in outer parts. Uventa™ is segmental 
ureteral self-expanding metallic mesh stent with triple-layered structure consisting 
of nitinol mesh on outer and inner side and PTFE membrane in middle (Fig. 4).

Our search has identified only one study reporting short term outcomes with use 
of three Allium urethral stents (Allium™ Medical, Caesarea, Israel) in two patients 
resulting in one obstruction.

Fig. 4  Fluoroscopic 
assessment. Ureteral 
Uventa™ metallic stent. 
(Taewoong Medical, Seoul, 
Korea)

D. Rako



27

Ten reports were included on use of Uventa™ (Taewoong Medical, Seoul, Korea) 
stent in 202 patients (158 with malignant and 44 benign disease) across 238 ureteral 
units with a total of 163 complications with 16 (10%) of which were serious (7 
uretero-enteric fistula, 4 uretero-arterial fistula, 2 uretero-vaginal fistula and one 
pseudoaneurysm, ureteral perforation and sepsis each). Other more common com-
plications include tumour overgrowth/ingrowth in 26 (16%), flank or abdominal 
pain in 21 (13%) and urothelial hyperplasia in 19 (12%) of cases. Reported patency 
rates ranged from 30% to 100% but mainly around 65–100%.

3.4 � Memokath 051™ (PNN Medical A/S, 
Kvistgaard, Denmark)

Memokath 051™ is a thermo-expandable, spiral-shaped (coiled) memory nickel-
titanium metallic alloy segmental stent and could be considered as next generation 
bare metal stent with reduced complications when compared to purpose built cov-
ered metallic stents. It was more often used in benign conditions than any other stent 
in our review.

Data from 21 paper on use of Memokath 051™ stent report on 423 patient (188 
with malignant and 235 benign condition) with 469 ureter unit (214 and 255 respec-
tively) and 230 complications with 48% of them (111) related to migration. 
Obstruction, occlusion or compression is reported in further 23% of cases (52). 
Only one serious complication (uretero-arterial fistula post radiotherapy for colon 
cancer) was reported. Patency was reported anywhere between 40% and 100% with 
figures around 70–80% being most common especially in larger series.

3.5 � Resonance™ (Cook Medical, Bloomington, IN, USA)

Resonance™ is 6 Fr double pigtail full metal (nickel-chromium-cobalt-molybdenium 
alloy) tight spiral stent without internal lumen and is like Memokath 051™ also 
considered to be next generation purpose built BMS and was most widely used stent 
in our review.

Twenty-eight papers in our review reported use of 1085 Resonance™ stents 
implanted in 707 patients (with 462 due to malignancy and 245 for benign condi-
tions) with 944 ureter units (621 and 323 respectively) with a total of 449 complica-
tions reported with UTI being the most common with 23% (103 cases) followed by 
compression in 20% (91 cases) and obstruction or occlusion in further 10% (43 
cases). Among eight reported significant complications three were subcapsular hae-
matomas (all in one series), three sepsis and two surgeries due to calcification (one 
cystolitholapaxy and another percutaneous nephrolithotomy). With a mean follow 
up of 1 year reported patency rates were between 10% and 100% with larger studies 
usually reporting patency rates around 70–90%.
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4 � Conclusion and Further Recommendations

Even though metallic ureteral stents in general exhibit better patency rates than 
polymeric stents in comparable patient populations and provide effective long term 
drainage they still have high rates of complications and side effects. Metallic ure-
teral stents (especially segmented ones) also tend to cause less stent-related symp-
toms than polymeric JJ stents.

As expected, purpose-built metallic ureteric stents outperform off-label vascular 
and biliary stents used in past but they still have nearly 50% complication chance 
with 2.6% of them graded as severe. Difference among stents in predominant type 
of complication arise from differences inherent in stent design or material used. 
Despite these negative issues, metallic ureteral stents still represent most appropri-
ate salvage options for certain groups of patients with short life expectancy or those 
unwilling or unable to undergo surgery.

Choice which metallic ureteral stent should be preferred over others depend on 
local availability, stage and localisation of disease, patient characteristics and expec-
tations, provider (urologist, interventional radiologist) preference and experience 
and cost and reimbursement policy [9].

In order to have better graded recommendations there is still unmet need for 
multi-institutional prospective randomised trial with adequate number of patients 
stratified to malignant, benign and post-radiotherapy group designed as head to 
head superiority trial of existing metallic ureteral stents with follow up period at 
least 12 months in order to obtain high quality data on their patency and complica-
tion rates.

In conclusion, due to high number of complications, stent failures, side effects 
and stent-related symptoms, stringent follow-up of these patients is necessary.
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Urethral Stents. Indications, Complications 
and Adverse Effects

Petra de Graaf, Daniel Yachia, Federico Soria, and Duje Rako

1 � Introduction

Urine produced in kidneys should freely flow out through the ureters, bladder and 
urethra. Bladder outlet obstruction [BOO] by benign or malignant processes leads 
to Lower urinary tract symptoms [LUTS], reduced quality of life, and if left 
untreated it may damage kidneys and lead to loss of kidney function. BOO in the 
urethra is more prevalent in males compared to females, as the male urethra is much 
longer and can be caused by several conditions at different anatomical locations.

In this review we focus on the entire male urethra. Since no stents are used in 
female urethral obstructions, they will be excluded from this review [1].

At the prostatic urethra, the major cause for BOO is benign prostatic hyperplasia 
[BPH]. About 105 million men are affected globally of BPH [2]. Development of 
BPH typically begins after the age of 40, around half of males aged 50 and over are 
affected [3] with the majority [~90%] of males affected after the age of 80 [3]. 
Prostate cancer can also lead to BOO. More distal in the urethra, the major cause of 
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obstruction is strictures of the urethra. Urethral strictures due to fibrosis occur in 
approximately 1% of the male population over 55 years of age [4].

2 � Brief History of Lower Urinary Stents

The 1980s can be seen as the decade of various stent inventions in medicine, espe-
cially for use in vascular occlusions but also for prostatic obstructions. These stents 
were either self expandable or balloon expandable stents [5]. The use of urethral 
stents starts in 1980 with the introduction of the “partial catheter”/‘urological spiral’ 
invented by Fabian [6]. This was a 21F stainless steel coil for inserting into the 
occluded prostatic urethra, instead of an indwelling catheter. For reducing the risk 
of stone formation on the stainless steel, in 1987 a group in Denmark gold-plated 
the ‘urological spiral’ and named it Prostakath [7]. Since then, a variety of metals 
and biostable and biodegradable polymers have been used to produce temporary or 
permanent stents for the management of infravesical obstructions such as benign or 
malignant prostatic enlargement, bladder neck stenoses, urethro-vesical anasto-
motic stenoses or urethral strictures. Some stents originally developed for vascular 
use were also adapted for use along the urethra. Examples are: The balloon expand-
able Palmaz Stent [only for the prostatic urethra], the self-expanding Memotherm 
and the Urolume which was an adaptation of the vascular Wallstent. The Wallstent 
was developed by Hans Wallsten as a vascular stent and later adapted to urological 
use under the name Urolume Wallstent [8]. The design of this stent was based on a 
wire braiding technology similar to the “Chinese finger trap”; an old Chinese trick 
in which one can insert a finger that is trapped when the finger is retracted. This 
braiding technology allowed the stent to self-expand and apply radial force to the 
surrounding tissues. The Urolume Wallstent became a very popular stent for ure-
thral stricture. Despite the initial enthusiasm for the use of permanent stents in 
recurrent urethra strictures, on longer follow up they could not prove themselves as 
a good alternative to urethroplasty and now they are used only in selected, frail, poor 
surgical risk patients.

The other self-expanding stent, the Memotherm was made of a nickel titanium 
alloy (nitinol) wire knitted to form a tube. This thermo-sensitive stent expanded to 
its maximal caliber at body temperature [9]. This stent also lost its initial enthousi-
asm for the same Reasons as the Urolume Wallstent.

The ProstaCoil, a large caliber (24/30F), nitinol made self-expanding temporary 
prostatic stent was based on the UroCoil which was developed for use in frequently 
recurring urethral strictures [10].

Almost at the same time different polymer made stents started to appear: The 
polyurethane made small caliber [16F] prostatic stent named ‘intra-urethral 
catheter—IUC’ [11], a similar 16F Barnes stent [12], the larger caliber silicone 
made Trestle and the more recent Spanner [13].

During the same years the Biofix/SpiroFlow biodegradable prostatic coil stent 
made of self-reinforced polyglycolic acid [SR-PLA] was also introduced. However, 
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it failed to support the expectations because, after losing their radial force, they 
crushed into the urethral lumen and caused an obstruction that had to be solved by 
endoscopic removal of its segments [14].

Stenting the lower urinary tract is minimally invasive approach to relieve BOO 
in patients unfit for surgery or in others as an alternative to surgery. What we need 
from a urinary stent is a patent lumen so it can support both micturition and sexual 
activity without serious adverse effects. The ideal urethral stent is flexible so it can 
support the urethral lumen in both the flaccid or erect status of the penis. In addition, 
the ideal stent is an off-the-shelf product, so that each patient can be treated directly.

Since their introduction in the late 1980s, stents have been studied in the urinary 
tract to prevent scaring contraction and re-modelling of the strictured urethral seg-
ments. Although the first reports seemed to promise excellent outcomes, longer 
follow-up began to cast doubts on the usefulness of urethral stenting as a primary 
treatment modality for urethral stricture disease [15]. Especially permanently 
implanted stents lead to tissue ingrowth and re-stenosis. Temporary stents prevented 
tissue ingrowth in their lumen but induces tissue ingrowth at their ends. Resection 
of this tissue or removal of the stent opened the obstructed lumen.

3 � Classification of Stents

First use of a stent in the urinary tract was the permanent use of a 22F catheter for 
1–4 years in a small group of 19 patients [16]. Later vascular stents were used ‘off 
label’. The Palmaz stent, Wallstent and the Memotherm were supposed to be com-
pletely covered by urothelial tissue within a few weeks after their implantation like 
in the vascular tract. Less than satisfying results with these stents especially in the 
prostatic urethra led to development of urethral specific stents. Most of these stents 
had either a fixed caliber, or are self-expandable or thermo-expandable.

Differing from other tubular organs, the cross section of the prostatic urethra is 
rarely round. For this reason, some of the permanent stents could not become fully 
covered with tissue as they were supposed to become and stones could develop on 
the uncovered bare metal wires. Despite this drawback both the Urolume and the 
Memotherm are still used in selected high surgical risk patients [17]. The Palmaz 
stent dropped from use because its lack of radial self-expanding force.

Urethral stents can be classified in several groups. First, we can make a distinc-
tion on anatomical location. We have prostatic urethral stents—both for benign and 
malignant obstructions and bulbar and distal urethra stents, these are used to open 
the urethral lumen after traumatic pelvic bone fractures, endoscopic manipulations 
related and in case of recurrent infection (e.g. lichen sclerosis, gonorrhoea). An 
additional classification is based on the type of stent, there are permanent and 
removable stents, mesh stents can be either balloon expandable and self-expandable. 
Examples of the removable stents are among others Fabian stent/Prostacath, 
InStent’s ProstaCoil and UroCoil, Allium’s TPS, BUS and RPS. Lastly few experi-
mental trials are reported on degradable stents.
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The use of a permanent stent positioned in distal urethra may look to be an attrac-
tive treatment in the treatment of strictures. The Urolume/Wallstent and the 
Memotherm which are permanent stents were used as an alternative approach in 
such stenoses [18]. Time showed that the use of permanent stents is a contraindica-
tion in these cases because of intra-stent obstructive tissue proliferation [19, 20]. 
Significant complication rates were also observed when such stents were used for 
benign prostatic obstructions [21].

4 � Aim of This Chapter

In the present chapter we provide an overview of the current literature to summarize 
the most common complications seen with different urethral stents for male patients 
with benign or malignant urethral obstruction of the urethra. Full data extraction is 
ongoing, this is our initial report.

5 � Materials and Methods

5.1 � Literature Search

Following search string: [[[[urethra] OR urethral]] AND [[[[stent] OR endoproth-
esis] OR endoprosthesis] OR stents]] was initially used both in Embase and 
PubMed, in February 2019 and a re-run in March 2020. Cross references were 
added. Figure 1 presents an outline of the literature search in a Prisma Flow Diagram 
[22]. Prospective, retrospective, comparative studies, case reports and case series 
were included.

5.2 � Study Selection

Results from PubMed and the Embase were imported in Rayyan [https://rayyan.
qcri.org/], where duplicates were removed. The title and abstract screen was per-
formed by two authors independently [PdG, DR]; the full text screen was performed 
by the same authors, also independently of each other. Any differences in the screen-
ing results were solved by discussion. Studies were excluded when written in lan-
guages other than English, non-original papers [abstract, comment or review paper], 
when describing pre-clinical studies and non-human use, when studying wrong 
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Records excluded
(n = 1148) 

Full -text articles assessed 
for eligibility

(n =  412) 

Full-text articles excluded, with 
reasons
(n = 294) 

Wrong study design (n=60)
Wrong population (n=28)
Wrong etiology (n=45)
Preclinical study (n=10)
Wrong publication type (n=31)
Foreign language (n=62)
No full text available (n=28)

Studies included in 
qualitative synthesis

(n = 118) 

Records identified through Pubmed
(n = 579)

Records identified through Scopus
(n =  1110)

Prostate and Urethra
(n = 20)

Prostate
(n = 36)

Urethra
(n = 62)

Fig. 1  Study selection process [22]. For more information, visit www.prisma-statement.org

population, e.g. wrong etiology of the urethral obstruction [mainly detrusor sphinc-
ter dyssynergia] or stenting by catheter after reconstruction surgery. The primary 
endpoint was cause [restricture, infection, migration and other causes for stent fail-
ure] and rate of complications and secondary endpoint was patency rate. Stent 
patency was calculated as number of failed stented urethra over number of total 
stented urethra and failed stented urethra is defined as stent not being able to do as 
expected so an unplanned stent removal.
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6 � Results

After search has been run, 1551 publications were identified and their abstracts 
were screened independently by two authors [PdG, DR] resulting in consensus on 
412 acceptable full text papers which were thoroughly read by same authors and of 
those 118 were finally included in systematic review. Reasons for exclusions were 
listed in Fig. 1.

Over 4000 patients are described, with varying follow up. Several different stents 
were used, including off label use of covered metal stents designed for vascular use, 
drug eluting stents, biodegradable stents.

Papers were divided on use in anatomical location [prostate, urethra or report on 
both locations]. In total, 94 papers recorded on results, 24 papers on complications 
only. Here we summarize the results based on this division.

6.1 � Prostatic Stents

Thirty-six studies report on stent use in the prostatic urethra. Of these, 34 reported 
on results, 2 on complications. An overview of the studies is given in Table 1. At the 
prostatic region the UroLume was the most used stent, used in 8 studies, other stents 
used were MemoKath (3), Memotherm (2), 4 reported on ProstaKath, 3 on 
ProstaCoil, 2 on Urospiral, 4 on Spanner and a variety of others, including 4 studies 
on biodegradable stents. As a full data extraction and analysis is currently performed 
by the authors, we can only preliminary summarize the common adverse effects, 
including dislocation of the stent, dysuria, retention, recurrence of obstruction and 
urinary incontinence. Meta-analysis cannot be performed due to different endpoints, 
differences in stents and most of all, differences in follow up. Overall, in studies 
with short follow up, success rates are much higher than in studies with longer 
follow up.

6.2 � Stents in Both Prostatic and Urethral Region

Twenty studies reported on urethral stents both in the prostatic and the bulbar ure-
thral region, without making clear distinction or made a combinations of results/
complications in both regions. Of these, 16 reported on results, and 4 on complica-
tions. An overview of these studies is given in Table 2. Again, the Urolume was used 
most in this combined region (8), the other 12 studies were using a variety of stents, 
including a 22F catheter [16] and some titanium alloys based stents [see Table 2 for 
description]. Success rate in up to 50% of cases, however, short follow up may bias 
these results, as some complications take longer to develop.
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Table 1  Data extraction prostate

Authors Year Report on
Number of 
patients Type of stent

Van Dijk et al. [26] 2006 Results 108 Bell- shaped nitinol prostatic stent
Petas et al. [27] 1997 Results 45 Biodegradable
Laaksovirta et al. 
[28]

2002 Results 50 Biodegradable, self-expandable 
SR-PLGA copolymer stent

Talja et al. [29] 1995 Results 22 Biodegradable, self-reinforced 
polyglycolic acid spiral stent

Petas et al. [30] 1997 Results 72 Biodegradable, self-reinforced 
polyglycolic acid spiral stent

Morgentaler and 
DeWolf [31]

1993 Results 25 Gianturco-Z stent

Nissenkorn et al. 
[32]

1996 Results 15 IUC intraurethral catheter

Poulsen et al. [33] 1993 Results 30 MemoKath
Williams and White 
[34]

1995 Results 48 MemoKath

Kimata et al. [35] 2015 Results 37 MemoKath
Tseng et al. [36] 2007 Complications 1 Memotherm
Gesenberg and 
Sintermann [37]

1998 Results 123 Memotherm

Guazzoni et al. [38] 1994 Results 135 Modified Urolume
Yachia et al. [39] 1995 Results 65 ProstaCoil
Yachia and 
Aridogan [40]

1996 Results 27 ProstaCoil

Ovesen et al. [41] 1990 Results 1 Prostakath
Thomas et al. [42] 1993 Results 64 Prostakath
Sofer et al. [43] 1998 Complications 107 Prostakath or Urospiral
Yachia and 
Aridogan [44]

1996 Results 117 Prostakath vs Prostacoil

Song et al. [45] 1995 Results 13 Self-expandable metallic Z-stent
Mori et al. [46] 1995 Results 17 Shape memory alloy
Henderson et al. 
[47]

2002 Results 5 Spanner

Corica et al. [48] 2004 Results 30 Spanner
Tyson et al. [49] 2012 Results 20 Spanner
Goh et al. [50] 2013 Results 16 Spanner
Porpiglia et al. [51] 2018 Results 32 Temporary implantable nitinol 

device [TIND]
Van Dijk et al. [52] 2005 Results 35 Thermoexpandable hourglass-

shaped nitinol prostatic stent
Milroy and Chapple 
[53]

1993 Results 54 UroLume

Williams et al. [54] 1993 Results 96 Urolume
Oesterling et al. [55] 1994 Results 126 UroLume

(continued)

Urethral Stents. Indications, Complications and Adverse Effects



38

Table 1  (continued)

Authors Year Report on
Number of 
patients Type of stent

Schneider et al. [56] 1994 Results 70 UroLume
Anjum et al. [57] 1997 Results 62 Urolume
Lallas et al. [58] 2001 Results 1 UroLume
McLoughlin et al. 
[9]

1990 Results 19 Unclear [UroLume]

Özgür et al. [59] 1993 Results 31 Urospiral
Adam et al. [60] 1990 Results 21 Wallstent

Table 2  Data extraction prostate and urethra

Authors year Report on
Number of 
patients Type of stent

Fair [16] 1982 Results 21 22F catheter
Perez-Marrero and 
Emerson [61]

1993 Results 9 Balloon expanded titanium 
prostatic urethral stent

Qiu et al. [62] 1994 Results 25 Chinese titanium-nickel alloy 
with shape memory

Choi et al. [63] 2007 Results 33 Covered nitinol stent
Boullier and Parra [64] 1991 Results 20 Expandable titanium stent
Takahashi et al. [65] 2013 Complications 4 MemoKath
Ricciotti et al. [66] 1995 Results 49 Memotherm
Egilmez et al. [67] 2006 Complications 76 Nitinol
Inoue and Misawa [68] 1997 Results 1 ProstaKath
Parra [69] 1991 Results 5 Titanium endourethral stent
Yachia and Beyar [70] 1993 Results 20 UroCoil
Corujo and Badlani 
[71]

1998 Complications 2 Urolume

Milroy [72] 1991 Results 45 UroLume
Oesterling [73] 1993 Results N/A UroLume
Sweetser et al. [74] 1993 Results 23 UroLume
Bailey et al. [75] 1998 Results 14 UroLume
Wilson et al. [76] 2002 Results 10 UroLume
Shah et al. [77] 2003 Results 465 UroLume
McNamara et al. [78] 2013 Results 45 UroLume
Chapple and Bhargava 
[19]

2008 Complications 14 Variety of stents

6.3 � Urethral Stents

The largest set of studies was found for urethral stenting, 62 studies were selected, 
44 reported on results, 18 on complications. An overview of these studies is given 
in Table 3. Urolume was used in 26 studies, 3 of these studies compared the stent to 
the Wallstent. 10 studies reported on Wallstent alone. Six studies reported on the use 
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Table 3  Data extraction urethra

Authors Year Report on
Number of 
patients Type of stent

Shental et al. [79] 1998 Complications 1 Porges Urethrospiral-2 stent [as 
second stent, over a UroLume]

Culha et al. [80] 2014 Results 54 Allium
Silagy et al. [81] 2017 Results 15 Allium
Temeltas et al. [82] 2016 Results 28 Allium
Yachia and Beyar 
[83]

1991 Results 18 Biocompatible metal alloy

Isotalo et al. [84]. 2002 Results 22 Biodegradable
Isotalo et al. [85] 1998 Results 22 Biodegradable
Song et al. [86] 2003 Results 12 Covered nitinol stent
Jordan et al. [87] 2013 Results 92 MemoKath
Jung et al. [88] 2013 Results 13 MemoKath
Wong et al. [89] 2014 Results 22 MemoKath
Abdallah et al. [90] 2013 Results 23 MemoKath
Barbagli et al. [91] 2017 Results 16 MemoKath
Sertcelik et al. [92] 2011 Results 47 MemoKath
Atesci et al. [93] 2014 Results 20 Memotherm
Takenaka et al. [94] 2004 Results 1 Metal
Gujral et al. [95] 1995 Results 7 Modified Z-stent, Gianturco type
Na et al. [96] 2012 Results 59 Nitinol
Eisenberg et al. [97] 2008 Complications 22 Several types
Kotsar et al. [98] 2009 Results 10 PLGA
Nissenkorn [99] 1995 Results 22 Polyurethane
Nissenkorn and 
Shalev [100]

1997 Results 42 Polyurethane

Kim et al. [101] 2017 Results 54 Retrievable self-expandable metallic 
stents

Yachia et al. [102] 1990 Results 26 Self-retaining stent
Saporta et al. [103] 1993 Results 16 UroCoil
Sikafi [104] 1996 Results 18 UroCoil
Fisher and Santucci 
[105]

2006 Complications 1 UroLume

Gupta and Ansari 
[106]

2004 Complications 1 UroLume

Paddack et al. [107] 2009 Complications 1 UroLume
Tahmaz et al. [108] 2009 Complications 1 UroLume
Cimentepe et al. 
[109]

2004 Results 1 UroLume

Parsons and Wright 
[110]

2004 Complications 3 UroLume

Rodriguez Jr. and 
Gelman [111]

2006 Complications 2 UroLume

(continued)
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Table 3  (continued)

Authors Year Report on
Number of 
patients Type of stent

Scarpa et al. [112] 1997 Results 2 UroLume
Gelman and 
Rodriguez Jr. [113]

2007 Complications 10 UroLume

Elkassaby et al. 
[114]

2007 Complications 13 UroLume

Milroy [115] 1993 Results 6 UroLume
Angulo et al. [116] 2018 Complications 63 Urolume
De Vocht et al. [117] 2003 Complications 15 Urolume
Hussain et al. [118] 2004 Complications 60 UroLume
Badlani et al. [119] 1995 Results 175 UroLume
Breda et al. [120] 1994 Results 82 UroLume
Donald et al. [121] 1991 Results 33 Urolume
Granieri and 
Peterson [122]

2014 Results 4 UroLume

Milroy and Allen 
[123]

1996 Results 50 UroLume

Sertcelik et al. [124] 2000 Results 60 UroLume
Shah et al. [20] 2003 Results 24 UroLume
Tillem et al. [125] 1997 Results 41 UroLume
Eisenberg et al. 
[126]

2007 Results 13 UroLume [11], endovascular [2]

Morgia et al. [127] 1999 Results 99 Wallstents [94], 5 other
Verhamme et al. 
[128]

1993 Complications 1 Wallstent

Krah et al. [129] 1992 Complications 1 Wallstent
Pansadoro et al. 
[130]

1994 Results 1 Wallstent

Baert et al. [131] 1993 Complications 7 Wallstent
Baert et al. [132] 1991 Results 6 Wallstent
Beier-Holgersen 
et al. [133]

1993 Results 10 Wallstent

Kardar and 
Lindstedt [134]

1998 Results 8 Wallstent/UroLume

Milroy et al. [135] 1989 Results 8 Wallstent/UroLume
Katz et al. [136] 1994 Complications 2 Wallstent/UroLume
Oosterlinck and 
Talja [137]

2000 Results N/A Various stents

Milroy et al. [138] 1989 Results 8 Various stents
Palminteri et al. [23] 2010 Complications 13 Various stents

of MemoKath, 1 on MemoTherm, 2 on UroCoil and 3 on Allium stents. The other 
17 studies used other stents, described a variety of stents or the stents used were ill-
defined. Reported complications included stent migration, haematuria, recurrent 
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strictures or obstructed stents by encrustation, urinary tract infections, perineal pain 
and sexual dysfunction. Despite their relatively high complication rates, externally 
covered stents seemed more effective with fewer complications than either uncov-
ered or internally covered stents. However, all stents intrinsically generate the risk 
to turn a simple stenosis into a complex stenosis requiring a staged urethroplasty, a 
definitive urethrostomy, or a permanent suprapubic diversion [23].

7 � Discussion

In total, we analyzed 118 studies on urethral stenting, 94 on results and 24 on com-
plications. In the studies analyzed, the UroLume was used most frequently. Full 
extraction of the data is in progress, we will report later on this based on this book 
chapter.

In modern urological practice, ureter stents and bladder catheters have become 
indispensable tools. The use urethral and prostate stents was introduced with opti-
mism and hope; however, these latter stents have not shown their benefits over cur-
rent procedures to treat urethral obstruction. Over the course of time, many 
improvements in designs and constitutive materials for urinary stents have taken 
place in an attempt to improve their efficacy. Nevertheless, they remain associated 
with several adverse effects that limit their value as tools for long-term urinary 
drainage. Infection, encrustation, migration, hyperplastic epithelial reaction, and 
patient discomfort are the most common problems [24] and, especially for urethral 
stricture disease, open urethral reconstruction is the treatment of choice for patients 
with traumatic strictures and those with previously failed urethroplasty [19]. For 
patients unfit for this major open surgery, research for better stents, potentially bio-
degradable or a combination of materials and cells will be a better option [25].

8 � Limitations and Risk of Bias

The included studies used different approach on reporting complications therefore 
a quantitative report on the adverse effects was not possible. Publication bias is 
likely on the included reports, both biased on complication in the case reports, as 
well as bias on the outcome due to short follow up.

9 � Conclusion and Future Perspectives

It is clear from papers we have analyzed that purpose-built urethral stents have out-
performed off-label vascular stents, but still the ideal stent has not been identified. 
Despite many adverse effects, urethral stents may still be useful, in particular to the 
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elderly unfit patient in whom a major operation is contraindicated, providing a rapid 
treatment that can be performed with the patient under local anesthesia. For this we 
need to develop better stents that can avoid the current complications and disadvan-
tages. Cross pollination is needed between basic, translational, preclinical and clini-
cal research, thereby combining knowledge on materials, cells, rheology, tissue, 
pathophysiology and pathology, with the ultimate aim better treatment options for 
our patients.
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Ureteral Stents. Impact on Patient’s 
Quality of Life

M. Bargues-Balanzá, G. Ordaz-Jurado, A. Budía-Alba, 
and F. Boronat-Tormo

1 � Introduction

The ureteral stent is a tubular device with multiple lateral holes that is placed inside 
the ureter to prevent or treat an obstruction in order to ensure the permeability of the 
urinary tract. In 1967, Zimskind et al. [1] described the endoscopic placement of the 
first permanent ureteral stents. Subsequently, Finney et al. [2] improved the shape of 
the device by describing the double J stent (DJS).

Its main indications are unblocking the upper urinary tract of both extrinsic and 
intrinsic causes, allowing healing after a urinary anastomosis or ureteral trauma and 
as prevention of obstruction after endourological techniques or iatrogenic ureteral 
injury [3, 4].

With the endourological techniques increase, their routine use has raised. Its 
placement prior to ureterorenoscopy (URS) is not generally necessary, although 
some studies report a better stone-free rate and fewer intraoperative complications 
[5, 6]. Randomized prospective trials have found that routine stenting after uncom-
plicated URS (complete stone removal) is not necessary; stenting might be associ-
ated with higher post-operative morbidity and costs [7–10].

Although in the first published scientific literature, no side effects associated 
with its use were described, Pollard and Macfarlane [11] in 1988 presented the first 
series that describes the morbidity associated with ureteral stents, with a decrease in 
quality of life in 80% of patients and 90% of urinary symptoms associated with the 
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stent (SRS). Subsequent studies confirmed similar morbidity rates [12, 13], con-
firming the side effects associated with its use.

The objective of this chapter is to evaluate the impact on the quality of life of 
patients with ureteral stents.

2 � Symptoms Related to Ureteral Stents

The main symptoms related to urinary stents are:

2.1 � Lower Urinary Tract

Storage symptoms of the lower urinary tract are the most prevalent ones in patients 
with ureteral stents and that cause the greatest loss of quality of life. They are related 
to the bladder mucosa irritation, produced by mechanical scratching of the stent 
and, it has been related to the spasmodic contractions of the ureter produced by the 
presence of an inner foreign body. There are also factors related to the type of stent 
selected:

Ureteral stent length: A published randomized clinical trial [14] confirmed that 
urgency and dysuria were common with longer stents and negatively affected the 
patients’ quality of life. Along the same lines, Taguchi et al. [15] and Al-kandari 
[16] also found greater urgency, dysuria, as well as a worse quality of life in 
patients with ureteral stents that crossed the bladder midline. The gold standard 
for measuring the required stent length remains the insertion of a graduated ure-
teral catheter, measuring the distance between ureteropelvic junction (UPJ) and 
ureterovesical junction (UVJ) [17]. Lee at al [18] correlated the length of the stent 
with the height of the patient. On the other hand, Ho et al. [19] proposed a math-
ematical formula (length = 0.125 × body height + 0.5 cm) to calculate the length 
of the stent.

Calibre of urinary stents: Another aspect evaluated, is whether the thickness of 
the ureteral stent can influence the worsening of symptoms and the deterioration of 
the patient’s quality of life. Candela et al. [20] compared stent diameter and compo-
sition with patient symptoms occurring from stent placed for a variety of reasons. 
They did not find a difference in terms of patient tolerance. Erturk et al. [21] per-
formed a study comparing pain and storage urinary symptoms in patients undergo-
ing stent positioning of different sizes after ureteroscopy. They showed no 
differences between the studied groups. Similarly Chandhoke et al. [22] in a study 
conducted with patients having shock wave lithotripsy (SWL) noted no significant 
differences in terms of pain and irritation using stents of two different diameters. 
Along the same lines, Damiano et al. [23] found no differences between stents of 
different diameters, but they did reflect a higher frequency of migration in those 
with a smaller diameter.
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Distal coil shape: As the distal coil of the stent is hypothesized to be in part 
responsible for SRS, several design alterations have been proposed to reduce SRS. A 
loop, a tail and a simple suture in several trials have replaced the conventional distal 
coil [24].

Stent composition: The stent composition can influence symptoms depending on 
its biocompatibility and the tissue reaction. Currently used biomaterials for stent 
construction are synthetic polymers or (proprietary) copolymers such as silicone, 
polyethylene, polyurethane, C-Flex®, Silitek®, Pellethane®, Vertex® and Percuflex™ 
[24]. The most biocompatible material is silicone, but its high coefficient of friction 
can make stent insertion difficult [25]. Scarneciu et al. [26] used the Flanagan life 
scale (QOLS) as a tool for evaluating quality of life with different stent materials 
(40.98% aliphatic polyurethane, hydrophilic polyurethane coating (20.72%), carbo-
thane (17.82%).), silicon (20.46%). None of the materials proved to be superior in 
terms of symptomatology.

2.2 � Pain

Pain is one of the symptoms that occurs in up to 80% of patients, predominantly in 
the lower back associated with urination. Intravesical pressure increases with detru-
sor contraction and this pressure increase can be transmitted by reflux to the renal 
unit, triggering flank pain [27]. Suprapubic pain can result from local bladder irrita-
tion by the distal coil or as a secondary sign of associated complication such as 
encrustation or infection [14]. Different stents have been designed with anti-reflux 
mechanisms to reduce the pain associated with reflux; at the distal end of the stent, 
a valve mechanism allows drainage of the kidney but closes with increasing intra-
vesical pressure [28]. Ritter et al. [29] compared the antireflux stent with a conven-
tional stent, without finding significant differences, probably due to a small sample 
size (29 patients). However, Ecke et al. [30] reached a significantly lower complica-
tion rate and higher acceptance rate with an antirefluxive stent. Although many 
promising designs have been developed, these have not entered routine clinical 
practice yet [24] (Fig. 1).

Fig. 1  Encrustations on 
stent
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2.3 � Urinary Tract Infection

Patients with ureteral stents are prone to urinary tract infection. Therefore, antibiot-
ics should be administered prophylactically before stent placement and removal 
[31]. The ureteral stent acts as a foreign body and therefore bacteria often colonize 
them, usually within the first 2 weeks after stent placement.

Colonization rates of the ureteral stent are 100% in patients with permanent 
stents and 69.3% in patients with temporary stents [32, 33]. However, long-term 
therapy does not provide benefit in patients with asymptomatic bacteriuria. 
Additionally, diabetes mellitus, chronic renal failure and pregnancy were associated 
with a higher risk of stent related bacteriuria [34]. Biofilm formation on the stent 
surface has been implicated as an important step in the process of stent associated 
UTI, stent encrustation and SRS. The impact of biofilms on stent morbidity has 
been discussed controversially [35]. Within this biofilm, microorganisms are pro-
tected from host defences and antibiotics, which may lead to an accelerated devel-
opment of antibiotic resistance.

Coatings have been proven to prevent or reduce biofilm formation to a clinically 
relevant extent [36]. The associated symptoms of long-lasting DJS and the influence 
of biofilm formation have also been evaluated. Biofilm formation on ureteral stents 
does not seem to be the relevant driver of symptoms. Long-term Double-J stenting 
provides a valuable treatment option, if stent-associated symptoms are low during 
the initial indwelling period. Thus, symptoms remain stable over the long-term 
course and the majority of patients are satisfied with the treatment [37].

The indwelling time is the most important risk factor for encrustation [24], that 
can make it difficult or impossible to remove it. The encrustation and cellular adher-
ence, which, in turn, promotes urinary tract infection, can induce impaired healing 
in case of ureteral damage [38]. Cadieux et al. [39] show that although triclosan-
eluting stents did not show a clinical benefit in terms of urine and stent cultures or 
overall case symptoms compared with controls, it resulted in decreased antibiotic 
prescription and significantly fewer symptomatic infections. Urine pH and super-
saturation also play a very important role, the incidence of embedded stent could be 
minimized by acidifying the urine and increasing urinary crystallization inhibitors. 
Torrecilla et al. [40] describe a significant decrease in encrustation in the group that 
received treatment with L-methionine and phytate compared to the control group. 
Removal of embedded ureteral stents requires careful planning to avoid 
fragmentation.

3 � Assessment of the Quality of Life of Patients 
with Urinary Stents

According to the World Health Organization (WHO), QoL is described as the indi-
vidual’s perception of their life positions under the perspective of the culture and 
value system in which they are inserted, including individual goals, expectations, 
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standards and priorities [41]. Different tools have been designed to determine the 
quality of life in different settings.

The most widely used tool to assess the impact on quality of life in patients with 
ureteral stents is the Ureteral Stent Symptom Questionnaire (USSQ) specifically 
designed to obtain a psychometrically valid measure to evaluate symptoms and 
impact on quality of life of ureteral stents. It was developed and published by Joshi 
et al. [42] in 2003 as a valid instrument to evaluate the impact and compare different 
types of stent in six health domains: three specific to the stent (voiding symptoms, 
pain, additional problems) and three general aspects (general health status, work 
environment and sexual life) in 38 items.

Another widely used tool has been the International Prostate Symptom Score 
(IPSS), which is the most widely used questionnaire to quantify the symptoms 
derived from benign prostatic hyperplasia. It is not a specific to evaluate the impact 
of the stent. However, it has been widely used for this purpose, especially prior to 
the publication of the USSQ. It consists of eight questions: three filling symptoms 
questions, four emptying symptoms questions, and one quality of life question.

Other questionnaires to assess health-related quality of life (HRQoL) in the gen-
eral population are the SF-36 health questionnaire, EuroQoL 5D, and the Flanagan’s 
Quality of Life Scale. The SF-36 [43] is made up of 36 items that assesses eight 
scales: Physical function, physical role, bodily pain, general health, vitality, social 
function, emotional role, and mental health. As a limitation of the questionnaire, it 
does not include some important health aspects such as sleep disorders, cognitive 
function, family function and sexual function. Another frequently used question-
naire, the EuroQoL-5D (EQ-5D) [44] assesses five dimensions of health status: 
mobility, personal care, daily activities, pain/discomfort and anxiety/depression and 
includes the visual analog pain scale (VAS).

The use of these tools has made it possible to quantify the impact on quality of 
life produced by urinary stents.

3.1 � Impact on Quality of Life in Patients of Ureteral Stent

Ureteral stent placement has a variable degree of impact across all general health 
domains. Many patients report fatigue, dependence to perform daily activities, and 
even reduce their social life while presenting symptoms associated with the stent. 
The stent can also lead to a worsening in the quality of sleep and the appearance of 
anxiety [45].

Studies that have used the USSQ questionnaire have shown that patients with 
ureteral stents present an increase in LUTS with a significantly reduced quality of 
life on the scales of body pain, perception of general health, mental health, social 
functioning and physical functioning.

There is some controversy regarding stent tolerance based on the age of the 
patient. Irani et al. observed that stents are less well tolerated by younger patients 
[46]. However, Joshi et  al. [12] did not observe any correlation between urinary 
symptoms and the age of the patients [47].
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The fall in the sexual sphere has an important impact on the quality of life. The 
use of DJS can produce various symptoms within the sexual sphere such as pain 
during sexual intercourse, dyspareunia, ejaculodynia, erectile dysfunction or 
decreased libido among others. The study by Joshi et al. [12] revealed that 35% of 
sexually active patients had pain during sexual intercourse. Sexual health, although 
affected by stents, might have been perceived as a lesser problem. It seems not a 
major problem with short stent indwelling time (week 1) but it becomes important 
as the stent endures. The impact of stents was not only related to the pain during 
sexual activity, but also appeared to be affecting overall sexual satisfaction.

Other studies such as that of Leibovici et al. [48], described that 62.6% of 
sexually active patients had pain during intercourse (32% men), ejaculodynia 
(46%), dyspareunia (62%), erectile dysfunction (20%), decreased libido (38% 
men and 66% women) and fear that intercourse would be harmful to the DJS 
(54% women). Globally, women presented more problems than men did. A 
meta-analysis carried out by Lu et  al. [49] in which five prospective studies 
were included, to analyse sexual health after an endourological procedure or 
stent, showed that in patients without a double-J stent, the change in sexual 
function after endourological procedures was not significant in men nor women. 
However, in patients with indwelling double-J stent, sexual function scores sig-
nificantly declined after the procedure in both men and women. One study 
reported that sexual deterioration in women recovered 1  month after stent 
removal [50]. In another study, the IIEF score remained unchanged on the tenth 
day after stent removal when compared with the preoperative baseline value 
[51]. These results suggest that sexual function was impaired after employing a 
stent but recovered soon following stent removal.

On the other hand, Zhu et al. [52] and Giannarini et al. [53] showed impairment 
in sexual health in patients compared to that in healthy individuals at 4 weeks after 
stent placement. By contrast, some studies showed no significant difference when 
comparing sexual health at the fourth week after placement with the fourth week 
after removal [54]. A slight improvement of symptoms after stent removal may 
account for these results.

The described symptoms related to the ureteral stent can be the cause of sick 
leave, depending on the type of work activity, with a significant impact on the pro-
ductivity of the active population [13].

Joshi et al. [12] found that 26% of patients who wore DJS for 4 weeks spent more 
than 2 days in bed (range 3–14 days) and 42% had to reduce activities by more than 
3 half days or more (4–28 half days). Similarly, the presence of the stent resulted in 
a reduction in the quality of work.

Along the same lines, Leibovici et al. [48] found that 45% of patients lost some 
days of work during the first 2 weeks after stent placement. At 30 and 45 days 
after placement, 30% and 32% respectively also lost days of work due to sick 
leave. All days off were attributed to DJS-related symptoms. Although there 
seems to be a progressive tolerance over time with less loss of workdays due to 
work leave [13].
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4 � Innovations for the Improvement of Stented Patients 
Quality of Life

Informing the patient about the symptoms and the impact on quality of life prior to 
the placement of a stent can help to understand the symptoms and improve their 
perception, as described by Abt et al. [55]. However, the influence of information on 
the incidence and extent of symptoms appears limited.

Management should be focused on the prevention and management of symp-
toms. In this sense, research has focused on new materials and stent designs that 
would be more compatible to the physiologic properties of the urinary tract and 
medications that can ameliorate the sensitivity and motor response of the bladder. 
All research efforts are focused on approaching the ideal conditions that a stent 
should meet. The ideal stent would provide adequate urinary drainage, resist migra-
tion, encrustation and bacterial colonization. It should be easy to insert and remove, 
minimize stent-related morbidity, and low cost. Resistant to compression, bio-
durable and biocompatible.

The stent design aims to improve patient comfort, stent handling and reduce the 
incidence of urinary tract infections and encrustations. Modern science still offers 
many alternatives in order to invent the “ideal stent”. Thermo-expandable stents are 
increasingly being studied, thermo-expandable shape memory stents, stents made 
of biodegradable or bioabsorbable materials, coated stents with various substances 
as heparin, various enzymes, hydrogel, antibiotics and antifungal medication or 
anti-inflammatory medication [26].
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Strategies to Improve the Quality of Life 
of Stented Patients

E. Emiliani, A. K. Kanashiro, I. Girón-Nanne, and O. Angerri-Feu

1 � Introduction

Since its introduction in 1967, double-J stents have been an essential tool for urolo-
gists worldwide playing a major role in urinary drainage for a wide range of sce-
narios. However, they present a significant drawback, since up to 80% of patients 
present bothersome symptoms that negatively affect quality of life [1]. The aim to 
create innocuous stents is an ongoing challenge and strategies to prevent side-effects 
have yet to be achieved. In this chapter we will consider different approaches to 
reduce stented patient’s morbidity without the use of drugs. These strategies include 
proper stenting indication, stent composition and length selection, and correct 
placement technique, which will be discussed below.

2 � Indications of Double-J Stenting

As double J stents are related to high rates of bothersome and distress, the best way 
to improve quality of life of patients is to avoid stenting altogether. Consequently, 
as they are often necessary it is imperative to correctly indicate a stent placement, 
following conscious and evidence-based criteria. Unfortunately, despite the well-
known morbidity and economic burden that stents involve, these are thought to be 
overused in contemporary practice [2].
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2.1 � Urgent Indications

In case of obstructive acute pyelonephritis, anuria or sepsis, urgent decompression 
is needed, where placement of a ureteral stent is an option [3]. Other absolute indi-
cations include intolerable acute renal colic, renal failure, or solitary kidney [4]. 
Relative indications are steinstrasse, pregnancy, long-standing impacted stone and 
recent history of sepsis or urinary tract infection (UTI) [4].

3 � Non-urgent Indications

3.1 � Shockwave Lithotripsy (SWL)

Traditionally, pre-SWL stenting for renal stones, especially in larger stones, was 
thought to help reduce obstructive and infective complications. However, in recent 
years the need of ureteral stents has been questioned. Several systematic reviews 
and meta-analysis reveal no difference in terms of stone-free rate, fever or need of 
auxiliary treatments between stented on non-stented groups; but rather the stent-
group demonstrated more retreatment and stent-related symptoms [5–7]. Some 
authors suggest that stenting may reduce formation of steinstrasse, but specifi-
cally in SWL of stones >20 mm, which currently is not standard clinical practice 
[3]. From an economic point of view, pre-stenting significantly raises healthcare 
costs, without presenting a clinical benefit and affecting quality of life [5]. Thus, 
stenting before SWL is not recommended [3, 5]. However, stenting may be con-
sidered in cases of ongoing pain, and when SWL cannot be done in a timely 
manner [5].

3.2 � Ureterrenoscopy (URS) and Retrograde Intra-renal 
Surgery (RIRS)

Thanks to technological advancements and development of new miniaturized endo-
scopes, ureteroscopy has become a widely used technique for ureteral and renal 
stone treatment. Regarding double-J stents in the perioperative scenario, several 
issues arise: if they are advantageous when placed before a surgery, and if they are 
necessary after every procedure.
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3.3 � Pre-operative Stenting

The routine ureteral stenting before surgery remains controversial. A double-J stent 
will cause a passive ureteral dilatation, and therefore facilitating instrument inser-
tions and possibly reducing complications. This is especially relevant for ureteral 
access sheath (UAS) insertion, which allow multiple and easier access to the col-
lecting system and decreases renal pressure, but UAS can cause severe ureteral 
injury. In 2013 Traxer et al. [8], stated that pre-stenting decreases by sevenfold the 
risk of severe access sheath related injuries. Several groups have discussed the need 
of stenting before URS/RIRS, with dissenting results and conclusions. Several stud-
ies report better stone free rates (SFRs) and decreased complications in pre-stented 
patients, specifically for renal stones [9–12]. However, these improved outcomes 
come at a price, with a higher care cost and negatively impacting quality of life of 
patients. Moreover, an additional procedure may not be available in every centre. 
Other groups advocate ureteroscopy without prior stenting, arguing that in most 
cases, RIRS can be successfully accomplished in a single surgery, without differ-
ences in intraoperative complications, whilst avoiding the bothersome symptoms 
associated to stents and with less costs [6, 13].

EAU guidelines conclude that pre-stenting is not necessary prior to URS, but 
may facilitate and improve outcomes, especially for renal stones [3]. AUA guide-
lines do not recommend routine stenting prior to every URS, since they consider the 
added medical cost and comorbidity associated to stents overweight the potential 
benefit of presenting in outcomes [14]. Therefore, if feasible, pre-stenting may be 
an option for elective renal surgery, especially when UAS is likely to be used during 
surgery (10–15 mm renal stones). Nonetheless, additional randomized controlled 
trials are still needed to corroborate findings.

3.4 � Post-operative Stenting

Typically, many urologists routinely place a double-J stent after URS, based on 
the idea that the stent will reduce the incidence of postoperative complications 
and promote passage of residual stones. However, in recent years, the need of 
standardized postoperative stent has been questioned. Several randomized trials 
and meta-analysis have shown similar stone free rate and stricture formation out-
comes between stenting and non-stenting groups after uncomplicated 
URS. Moreover, non-stented patients presented less urinary tract symptoms, as 
well as decreasing healthcare costs [15–17]. EAU and AUA recommend that 
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Table 1  Recommendations for postoperative stenting

•  Ureteric injury/perforation during URS
•  Balloon dilatation during surgery
•  Ureteral stricture or anatomical anomalies that will difficult stone passage
•  Ureteral wall edema
•  Large stone burden (>15 mm) or long operation time
•  Anatomical or functional solitary kidney
•  Previous history of renal failure
•  Recent or recurrent UTI or sepsis
•  Pregnancy
•  Bilateral URS
•  Long-standing impacted stone
•  If second look surgery is planned

stenting is not necessary after uncomplicated URS [3]. It is important to correctly 
identify patients where postoperative stenting is recommended [4, 14, 18] 
(Table 1).

4 � Stent Timing

The ideal duration of stenting is unknown, but a single straightforward maxim can 
be applied in every situation: as little time as possible [2]. This is based on the logi-
cal premise that a lesser indwelling time will shorten patient symptoms and side-
effects associated to stents [19].

In general, after obstructive pyelonephritis, definite stone removal should be 
delayed until the infection is cleared with antimicrobial therapy, approximately 
2–3 weeks [3]. In most cases, urologists prefer stenting for 1–2 weeks after sur-
gery [3].

In patients with high risk of stent encrustation (cystinuria, sarcoidosis or brushite 
stones) a quick removal should be prioritized.

In conclusion, minimizing stent indwelling time is crucial, as it is a significant 
cause of stent encrustation and negatively impacting patient quality of life [19].

5 � Stent Materials and Symptoms

5.1 � Soft Vs. Hard Stents

Since its description in 1967, many efforts have been made towards the develop-
ment of the ideal stent, modifying material, shape, length, and coating. Regarding, 
stent composition, its chemical and physical properties determine its hardness, 
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flexibility, tensile strength, which in turn can have a different effect on patient 
symptoms. Scientists and engineers have focused on optimizing catheter hardness 
and flexibility to strive to improve stent tolerability and therefore improve quality 
of life.

Hardness is a physical property of biomaterials such as stents that can be 
measured using a durometer. This device measures the resistance of materials 
under pre-established conditions according to the American Society for Testing 
and Materials (ASTM) [20]. There are many types of durometers, although for 
soft materials such as stents the durometer called “A” is used. The hardness for 
biomaterials is measured in an arbitrary scale and varies between 40 A and 90 A 
(that includes the letter “A” from the durometer used for guidance) [21, 22]. The 
arbitrary division of hardness classifies materials it into soft if scores less than 
64 A and hard if scores from 65 to 90 A, for example, the Percuflex Plus® stent 
is classified as hard for having more than 65 A, while the Contour® stent belongs 
to the soft group for having less than 64  A according to the manufacturer’s 
data [23].

Further, the tensile force (the stretching forces of the stent) is an important factor 
for maintaining the patency of the stent, but it can affect patient’s comfort, because 
is related to hardness in a directly proportional way. The higher the tensile force the 
hardest and more rigid the stent is. This hardness or rigidity is considered by some 
authors as the cause of increased hematuria and urgency due to bladder irritation 
[24, 25].

The application of thermoplastic elastomers has facilitated the development of 
soft stents that show more flexibility. In recent years, the use of proprietary polymer 
stents, such as C-flex®, Percuflex®, Silitek®, Dual Durometer®, Sof-Flex®, and poly-
urethane has increased [23].

Currently, numerous polymeric materials are now available and at the dis-
posal of urologists, from relatively stiff (polyurethane) to relatively soft (sili-
cone). A softer biomaterial “intuitively” should cause fewer symptoms in the 
patient with a stent, compared to a harder biomaterial, however there is still 
controversy whether stent material has a major impact in patient discomfort. 
Bregg and Riehle [25] found no association between the degree of symptoms 
and the composition, shape or length of the stent in a study with 50 patients. In 
the same way, Pryor et  al. [26] reported no differences in the incidence and 
severity of lower tract symptoms between four types of stents (74 patients) with 
different hardness, but both studies were done without a standard measure of 
symptoms caused by stent.

Lennon et  al. [27] conducted a randomized controlled trial with 155 patients 
comparing polyurethane and Sof-Flex® stents, both from the same manufacturer 
(Cook Medical, IN, US), finding a significantly higher incidence of dysuria, renal 
and supra-pubic pain in the group of hard stents, but without differences in reflux 
pain, urgency, frequency, hematuria, tolerance, encrustation or stent placement. The 
symptom assessment was performed by the endoscopist who removed the stent 
using a simple, non-validated questionnaire. Normal activity and return to work 
were quicker in patients with softer stents (67% vs 45%).
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In a prospective randomized trial, Joshi et al. [22]. Compared in 130 patient’s 
hard stents (Percuflex® (6  Fr)) Boston Scientific, MA, USA, versus soft stents 
(Contour® (6 Fr), (Boston Scientific, MA, USA) founding no significant differences 
in the USSQ (The quality of life and stents symptoms score) between the two groups 
in 1–4 weeks after insertion of the stent.

Dual hardness stents such as the Sof-Curl® (ACMI, MA, USA) and the Polaris® 
(Boston Scientific, MA, USA) incorporate a smooth transition of hard biomaterials 
from the proximal (renal) end to a softer biomaterial for the distal (bladder) end to 
minimize the “hypothetical” bladder discomfort caused by irritation from a hard 
material. Two randomized controlled trials [28, 29] evaluated these devices with the 
USSQ without demonstrating a significant benefit for the Polaris® compared with 
the Percuflex® or the InLay® (Bard Medical, GA, USA).

Some stent biomaterials also soften by 50% at body temperature with better tol-
erance according to Lee et al. [30] although Park et al. [31] identified some advan-
tages in terms of pain, physical activities, work, and antibiotic use in favor of a 
softer catheter end.

Silicone stents have the property of being highly biocompatible with human 
tissues, as well as being soft compounds. Recent studies place them as a great 
alternative to reduce the adverse effects caused by double J ureteral stents [32, 
33]. Hendlin et al. investigated 12 commercial stents to test the effect of composi-
tion material on mechanical strength after exposure to artificial urine. The Black 
Silicone® stent and C-Flex stent exhibited strong coil strength with and without 
exposure to urine [34].

With the current evidence, the composition of stents, specifically its stiffness, 
seems to influence patient stent-related symptoms. Current tendencies advocate the 
use of softer stents, which appear to have a better tolerance profile for patients. 
However, certain controversy remains, and stent composition is not the only factor 
to take into consideration in the design of the ideal stent.

6 � Ureteral Stent Position and Its Relation to Symptoms

As previously mentioned, stents involve significant morbidity that negatively 
affects quality of life. Several aspects to help mitigate symptoms have been exam-
ined, such as stent indication, duration, and biomaterial composition. In addition, 
a correlation between the position of a ureteral stent and stent-related symptom is 
also postulated [35–37]. Proper positioning of pigtails of the stent can help 
decrease patient discomfort [35]. This depends on accurate stent length selection 
and proper placement technique, which are discussed below. These straightfor-
ward approaches can considerably improve quality of life, and therefore it is 
important for the urologist to take into consideration and apply to daily clinical 
practice.
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6.1 � Ureteral Stent Placement Techniques

Many studies have compared the tolerance of different types of ureteral stents, 
regarding stent composition, but there are few papers analysing predictive factors 
related to placement technique [38].

Bladder irritation causing urinary frequency and urgency, even suprapubic pain 
is very common with ureteral stents. The cause of this discomfort is probably sec-
ondary to the irritation caused by a foreign body so close to the bladder neck, lead-
ing to trigone irritation by the distal end of the stent which has proven to be worse 
if the stent length is large, it makes sense to think that less foreign material inside 
bladder generates less irritation and less symptoms [39].

The ideal stent placement should avoid that the bladder coil crosses the mid pel-
vis (referenced by the symphysis pubis) on an x-ray line to mitigate symptoms 
(Fig. 1). Moreover, the best scenario is when only the distal coil is in the bladder, 
just coming out the ureteral orifice meaning less foreign body inside the bladder and 
therefore less symptoms [38, 39].

Rane et al. [37] showed that stents crossing the midline of the bladder or having 
incomplete loops at the lower end highly increased the morbidity of the stent.

Stents crossing the midline of the bladder resulted in significantly more patients 
experiencing bothersome symptoms that those with the coil not crossing the midline 
(77% vs. 33% respectively P ≤ 0.01). So, proper stent length and an appropriate 
placement based on the patient’s ureteral length is necessary to improve comfort.

Dysuria is usually experienced near the end of voiding. Again, this event presum-
ably is attributable to trigonal irritation by the distal end of the stent, which is worse 

Fig. 1  Proper Double J 
placement where the distal 
coil does not pass the 
midline
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even the bladder is empty. This pain can be transmitted into the urethra, giving rise 
to the typical burning sensation. It is important to achieve a well-formed bladder 
coil with the stent because incomplete (straight) loops, that point ad pokes the tri-
gone may increase symptoms [38].

Considerable evidence demonstrates the impact of distal coil placement, but lim-
ited literature exists regarding proximal end positioning. El-Nahas et al. concluded 
that caliceal position of the upper coil is a significant factor affecting discomfort, 
with an estimated relative risk of discomfort of four times for caliceal position [35]. 
On the other hand, Liatsikos et al. performed a randomized prospective study com-
paring symptomatology associated placement of the upper coil in the upper pole 
versus renal pelvis. The group that placement of stent in the upper pole appears to 
be better tolerated, regarding urgency, dysuria, and quality of life [36]. The possible 
pathophysiological explanation of proximal coil positioning in worsening symp-
toms is still unknown, and to date, a clinically relevant impact of pyelic or caliceal 
placement remains controversial.

7 � Ureteral Length Measurement

One of the most important aspects for an adequate stent placement is a prior selec-
tion of an appropriate stent length. Different lengths are available, from 24 to 30 cm 
and can be individualized depending on patient’s anatomy [40]. It is very important 
for patients to have their stent length measured. There is substantial evidence that 
excessively long stents that cross the bladder midline cause greater morbidity. 
Measuring the length ureter is a very important manoeuvre for urologists to imple-
ment correctly to reduce the symptoms associated with ureteral stents.

However, as simple as it sounds, the prediction of the ureteral length has always 
been a challenge for urologists who want to accurately choose the double J stent 
size to reduce symptoms on patients. Nowadays a wide variety of methods have 
been used for this purpose.

7.1 � Ureteral Length Measurement by Body Shape

The predictions and methods may vary widely due to the different body shapes but 
also due to the presence of any anomalies as dilated or tortuous ureters [41].

Correlations between different body shapes and heights have been widely used 
for ureteral length measurements including anthropometric measures over the body 
surface [42]. Although the ureteral length has been linked to the patients height [40, 
43, 44] the ureteral length has not been reliably demonstrated as this method has a 
wide range of variation [45–47].
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7.2 � Ureteral Length Measurement by Computed Tomography 
and Intravenous Urography

Measurements using diverse lengths such as the uretero-vesical length (with adjust-
ments) [48, 49], the height of lumbar vertebrae (L1-L5) or calculations of the com-
puted tomography (CT) axial images [50] have been used for ureteral length 
measure with high correlations [51], and with higher equivalence than measuring 
patients height [42].

Predictive models assessing the ureteral length with CT and intravenous urogra-
phy have been described using age, sex, side and pyelo-vesical length as evaluation 
values. Although these reports have shown good correlation compared to endo-
scopic measurements [52] this has also been revoked in recent analysis of predictive 
formulas [53].

7.3 � Endoscopic Ureteral Length Measurement

One of the most reliable methods to determine the ureteral length is by placing a 
ruled 5–6 French open-ended catheter it into the renal pelvis over a guidewire and 
measuring the length by using the references in the catheter as a referral [54, 55]. 
This method also has been used as the standard for comparison with new techniques.

As discussed, an accurate ureteral length measurement is a difficult task. Using body 
height as a reference to approximately calculate the ureteral length does not always give 
a proper correlation [56] and the best way to decide stent length is the direct endoscopic 
measurement [56]. From our clinical point of view, it is mandatory to perform a retro-
grade pyelography during stent placements for many reasons being the most important 
the accurate evaluation of the upper urinary tract’s anatomy, including calices, infun-
dibulum’s and the renal pelvis. When you introduce an open ended catheter to perform 
a retrograde pyelography it is very easy to measure the ureteral length and select the 
proper stent by using the references in the catheter as a referral [54, 55]. Once the 
pyelography is done, the decision of where to place the proximal coil is taken (the pelvis 
or any of the calyces) and then measure of the distance until the ureteral orifice by refer-
ences in the catheter is performed. It’s important to know that after positioning, the stent 
could move from the original position and migrate downwards depending on the kid-
ney’s anatomy, so more pigtail segment may lie in the bladder than the one left.

8 � Conclusions

Stents have become an indispensable tool for urologists; unfortunately there is still 
no idyllic symptom-free stent. It is the urologist’s responsibility to try to minimize 
morbidity as much as possible. Throughout this chapter, we have focused on 

Strategies to Improve the Quality of Life of Stented Patients



68

Table 2  Strategies to improve the quality of life of stented patients

Avoid stenting when clinically possible. Thoroughly evaluate the necessity of stent placement, 
reserving its indication in imperative cases or after careful and evidence-based criteria
Minimize stenting time as much as possible. When there is a high risk of stent encrustation, a 
quick removal should be prioritized
Make individualized stent material selection. Become familiar with the stent repertoire 
available to you, and choose the variety depending on purpose, stenting time, previous patient 
experience, and risk of encrustation. Consider a softer biomaterial to reduce symptoms specially 
when long-term catheterization is warranted
Measure ureteral length and choose stent length accordingly. If possible, perform a direct 
endoscopic measurement. To do this, perform a retrograde pyelography before stent 
placement and measure in situ the ureteral length utilizing the open-ended catheter’s marks as 
a reference
Ensure a proper stent positioning. The ideal position of a stent occurs when both coils are 
correctly formed, the proximal end in the upper pole (somewhat controversial) and the distal 
end should avoid crossing the mid pelvis of the bladder

different issues that urologist should take into consideration regarding stent indica-
tion, selection, and placement. Table 2 summarizes different approaches proposed 
to implement in daily practice to help reduce adverse effects and complications in 
catheterized patients.
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1 � Introduction

Double ‘J’ (DJ) ureteral stenting is amongst the commonest procedures performed 
in urology as an adjunct since its first inception in 1978 by Finney [1]. However, 
there are complications (SRS) such as infection, and encrustation associated with its 
use, together with uncomfortable lower urinary tract symptoms (LUTS). The latter 
are known as stent related symptoms (SRS) and are commonly reported in the lit-
erature. SRS mentioned in literature are urgency, frequency, dysuria, haematuria, 
pain in the suprapubic and flank region. These can result in decreased sexual activ-
ity, reduced work performance, as well as decreased quality of life (QoL) in more 
than two-third of the patients [2]. Advancements have been made in stent design in 
order to try to reduce the irritation and discomfort using different biomaterials and 
coatings. Despite this, drugs still hold the key in reducing the morbidity related to 
the ureteral stents. In this chapter we attempt to throw light on the pharmacotherapy 
used to reduce ureteral stent related morbidity.
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2 � Reasons for Stent Related Symptoms (SRS)

Discomfort caused by the ureteral stents is one of the most common problems asso-
ciated with DJ stenting. In order to better identify the gravity of the problem and 
quantify the level of discomfort, Ureteral Stent Symptom Questionnaire (USSQ) 
was developed and validated by Joshi et al. [2]. USSQ paved the way for multiple 
studies that tried to identify the cause of stent related discomfort. One study from 
Al-Kandari et al., reported that the distal end of stent crossing midline was one of 
the major causes of stent related discomfort [3]. Another randomised control trial 
(RCT) by Chew et  al., showed that excess length of stent in the bladder caused 
severe urgency and dysuria in patients [4]. As described by Ramsay and Venkatesh 
et al., stent related reflux of urine during micturition was reported to cause ipsilat-
eral renal pain [5, 6]. Also movement of stent occurs has been described during 
daily routine activities and it moves up to 2 cm in both in kidney and bladder sides, 
adding to irritation and inflammation of the urothelium [7, 8]. Significant progresses 
have been made in stent design keeping these factors in mind, to reduce the irritation 
and discomfort using suitable biomaterials to improve the biocompatibility, how-
ever the stent’s movement is unavoidable. One of the intriguing effects of stent 
placement is the activation of “hyperperistalsis” during which the ureter contracts 
trying to expel the stent. This mechanism continues until the ureteric peristaltic 
activity stops and reaches a state of “aperistalsis” [9, 10]. This was proposed as one 
of the theories to understand the cause of ipsilateral pain and hydronephrosis and 
was explained by Rajpathy et al. as a consequence of the slow drainage of urine 
from the kidneys caused by the aperistalsis. Many authors have shown that selective 
alpha blockers such as Tamsulosin and Alfuzosin, have the effect of decreasing stent 
related pain and discomfort by reducing the peak ureteral contraction pressure and 
the global contractility [11–17]. The mechanisms of action of these drugs that have 
the effect of minimising SRS, is still under study. Several studies have suggested 
that both these mechanisms may be possible, either decreasing the peristalsis or 
relaxing the hyperperistaltic obstructed segment of ureter thereby restoring normal 
peristaltic movement. The latter mechanism if true, may also reduce the hydrone-
phrosis caused by the aperistalsis after stent insertion [11–17].

2.1 � Role of Alpha-1 Blockers/Antagonists

The alpha-adrenoreceptors, when activates, result in the contraction of the smooth 
muscles. They are present in the distal ureteric mucosa, trigone of bladder and in the 
prostatic urethra. The ureteral stents cause stimulation of these regions which lead 
to irritation, contraction and spasms, thereby causing LUTS. Pain in the flank region 
caused by urinary reflux through the stents has also been documented [13, 18–21]. 
The earliest mention of alpha-1 blockers for the treatment of (LUTS) was reported 
in 1900 by Michel et al. [22]. Alpha-blocker inhibits the above mentioned contrac-
tion and thereby relaxes the smooth muscles which in turn prevents spasms and 
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decreases the resistance of bladder outlet. This mechanism also reduces intra-vesical 
pressure during voiding which indirectly decreases the urinary reflux to the kidneys 
[23, 24].

2.1.1 � Silodosin

Silodosin is a highly selective alpha-1a blocker with 160 and 55 times affinity 
towards alpha-1a subtype and 1b and 1d receptors respectively. In 1995, it was ini-
tially introduced as KMD-3213 and since then its role in medical management of 
Benign Prostatic Enlargement (BPE) has been established [24–27]. Silodosin has 
high affinity towards the alpha-1a receptor subtype, which are densely located in the 
smooth muscles of lower urinary tract. Owing to this highly selective action, it has 
lower adverse cardiovascular effects such as postural or orthostatic hypotension 
[24]. This implies that Silodosin has higher safety index than other alpha-1 blockers 
for patients with SRS especially those affected by cardiovascular disease, frailty, 
postural instability and low blood pressure.

2.1.2 � Tamsulosin

Tamsulosin is a selective alpha 1a and 1d-adrenoreceptor blocker [28]. The dosage 
is once daily and causes less postural/orthostatic hypotension as compared to other 
non-selective drugs of the same class [29]. The mechanism of action in relieving 
SRS has been described by Lamb et al. and it is similar to the other drugs of the 
same category [30].

2.1.3 � Alfuzosin

Also Alfuzosin effectively inhibits Alpha-1 adrenoreceptor-mediated contraction of 
bladder, prostate and proximal urethral smooth muscle with a favourable side effect 
profile [31–36]. Alfuzosin also has once-a-day dosage which has resulted in better 
patient compliance [33]. The two most commonly reported side effects are head-
ache and dizziness. However their intensity is mild and does not require alteration 
of dosage or stoppage of medication [34].

2.1.4 � Naftopidil

Naftopidil is found to have very high affinity towards alpha 1D subtype of adrener-
gic receptors as compared to others (3 times higher than alpha 1a; 17 times higher 
than alpha 1b) [36]. Hence, theoretically naftopidil may be more beneficial in treat-
ing SRS [37]. However not enough literature is available regarding their use in 
alleviating SRS.
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2.2 � Role of Antimuscarinics/Anticholinergics

2.2.1 � Solifenacin and Tolterodine

Detrusor muscle incorporates a high density of muscarinic receptors. Tolterodine 
and Solifenacin are competitive antagonists of the muscarinic receptors, thereby; 
they modify the contractility of the detrusor muscle. They are available in immedi-
ate, modified or extended release formulations. Firstly, as SRS may be due to the 
detrusor overactivity (OAB/DOA) caused by the bladder wall irritation, these are 
inhibited by antimuscarinics. Secondly, subclinical OAB/DOA may be highlighted 
by SRS and can also be managed by this group of drugs [38, 39]. Adverse effects 
associated with antimuscarinics are headache, blurred vision, orthostatic hypoten-
sion, dry mouth, constipation, and urinary retention [38, 39]. This can influence the 
patient’s quality of life and reduce the compliance to the medication.

2.3 � Post Ganglionic Blockers

2.3.1 � Oxybutynin

Oxybutynin has anti-cholinergic action at the post ganglion level of the smooth 
muscles, thereby providing an antispasmodic effect. Similarly to Solifenacin and 
Tolterodine, Oxybutynin is also available in immediate and extended release formu-
lations [40]. One major drawback of its extended use is that, Oxybutynin can cross 
the blood-brain barrier and cause cognitive impairment in patients >65  years of 
age [40].

2.3.2 � Trospium Chloride

Trospium chloride has a parasympatholytic effect by opposing the action of acetyl-
choline on muscarinic receptors in bladder. It therefore relaxes the bladder smooth 
muscle. This has proved to be effective in relieving SRS related to bladder muscle 
spasms due irritation by the stent [41]. This drug is also better tolerated in older age 
groups due to fewer incidences of central nervous system (CNS) adverse reactions 
thanks to its reduced ability to cross the blood-brain barrier.

2.4 � Beta-3 Agonists

2.4.1 � Mirabegron

The role of Mirabegron is already established in overactive bladder by reducing the 
detrusor overactivity. Hence, it was postulated to also be able to reduce the overac-
tivity caused by the ureteral stent in the bladder, thereby decreasing SRS. Mirabegron 
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belongs to the family of Beta-3 agonist’s drugs and its mechanism of actions seems 
reducing SRS similarly to antimuscarinics. In view to its reduced side effects, its 
role in SRS treatment is currently being reconsidered [42–44].

2.5 � Nonsteroidal Anti-inflammatory Drugs (NSAIDs)

Cyclooxygenase receptors are present in tunica muscularis of urothelium, ureters as 
well as in tunica media of blood vessels. By targeting these receptors in the ureters, 
NSAIDs can contribute to manage stent related pain. They inhibit the prostaglandin 
synthesis causing ureteral relaxation which indirectly decreases intrarenal and intra-
ureteral pressure [45, 46]. Thus their use in alleviating stent related pain and dis-
comfort is justified.

2.6 � Phosphodiesterase 5-Inhibitors (PDE5I)

2.6.1 � Tadalafil

Smooth muscle relaxation is mediated by an intracellular increase of cAMP and 
cGMP.  The role of PDE5-I is already established in medical expulsion therapy 
(MET) for ureteral stones and decreasing LUTS in benign enlargement of prostate 
[47–49]. This led to the idea of their usage in alleviating stent related symptoms. 
Although the studies are in a preliminary stage, the results have suggested PDE5I to 
be a better option in patients with sexual dysfunction related to ureteral stents [49].

3 � Miscellaneous

3.1 � Botulinum Toxin

Botulinum toxin type A (BotoxA) injection has an established role in management 
of overactive bladder (OAB) based on its mechanism of inhibition of presynaptic 
acetylcholine release. Based on this, it was hypothesized that stent related discom-
fort caused by overactivity due to ureteral irritation could be managed by the same 
mechanism. Gupta et al. administered Periureteral BotoxA injection (10 U/mL) at 
three locations. The results suggested that after these injections, the analgesic 
requirement reduced significantly. Their role is still experimental as the exact pain-
relieving mechanism is not known. It is postulated that this works inhibiting the 
release of various neuromodulators such as substance P, calcitonin gene-related pro-
tein (CGRP) as well as glutamate. The associated risks mentioned are urinary reten-
tion due to muscle paralysis, bleeding from the periureteral injection sites and 
vesicoureteral reflux [50–53].
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3.2 � Pregabalin

Pregabalin is a gamma-aminobutyric acid (GABA) agent and it has been FDA 
approved for neuropathic pain, central pain and chronic pain. Recent interest has 
developed in the use of this drug to treat LUTS [54, 55]. Pregabalin works by reducing 
the neuronal excitability by decreasing the synaptic neurotransmitter release which in 
turn inhibits afferent C nerve fiber evoked responses for inflammation [55]. It also 
centrally inhibits the dorsal horn neuron which results in reduced sensation of pain 
caused by inflammation. Despite there is no clear evidence in the literature supporting 
the use of pregabalin in reducing SRS, few authors have hypothesized it can play this 
role based on its combined peripheral and central mechanisms of action [55].

3.3 � Calcium Channel Blockers (CCB)

There is no strong evidence to support the role of CCB in relief of stent related 
symptoms. Recently, Lee et al. hypothesized that ureteral relaxation can be improved 
with local administration of vasodilators such as CCB [56]. The authors found that 
CCB (nifedipine) significantly relaxed the human ureteral smooth muscle cells with 
reduced ureteral contraction amplitude and frequency by 90% and 50%, respec-
tively [56]. Hence, their use in conditions such as ureteric calculus and stent related 
symptoms cannot be ignored.

4 � Evidence Regarding Combination Therapy

4.1 � Alpha-Blocker and Anti-muscarinics/
Anticholinergics Combination

Various studies including more than 700 patients, have described the role of combi-
nation therapy to be better than placebo across all domains of USSQ such as general 
health, urinary symptoms, work performance, sexual health and pain score as well 
as significantly decreased IPPS and QoL scores [55, 57–62].

Studies have been carried out comparing combination therapy versus 
monotherapy.

Alpha blockers monotherapy have been compared with combination therapy and 
antimuscarinics single treatment with combination therapy. The comparative stud-
ies [55, 57–62] included more than 500 and 700 patients respectively. The analysis 
clearly showed greater benefit with combination therapy in terms of USSQ domain 
scores, reduction of International prostate symptom score (IPSS) and improvement 
in QoL score. The values across all domains were statistically significant in favour 
of combination therapy as compared to either monotherapy [55, 57–62].
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5 � Complementary and Alternative Medications (CAM)

CAM is aimed to prevent or treat a condition but is not considered a part of the 
conventional medicine approach [63]. There are no published reports or evidences 
directly pointing to the benefits of alternative plant based or herbal medications in 
preventing ureteral stent related symptoms. However the results from few reports 
indicate their effect in reducing bladder over activity.

5.1 � Chinese Herbal Medicines

Chinese herbal medications namely Hachi-mi-jio-gan and Gosha-jinki-gan contain 
multiple herbs which activate the spinal kappa opioid receptors and cause reduction 
in the bladder sensation and contractility. Their benefits on IPSS, overactive bladder 
symptom score (OABSS) and QoL scores have been demonstrated in various stud-
ies [64–67].

5.2 � Capsaicin

Capsaicin belongs to the genus Capsicum. It has a similar action to the previously 
mentioned Chinese herbs desensitizing C-afferent neurons and thereby decreasing 
bladder contractility and sensations. However, no many human studies have been 
performed using this ingredient to date [68].

5.3 � Pumpkin Seed Extract

Pumpkin seed oil extracts have been used to treat LUTS. Several studies have dem-
onstrated their beneficial effects in reducing storage symptoms and improving OAB 
symptoms [67–69].

5.4 � Homeopathic Options

Natrum miraticum, causticum, sepia, paeira, zincum and pulsatilla are some of the 
homeopathic medications used to treat LUTS such as increased urinary frequency 
or urinary retention due to bladder paralysis especially in the post- operative period 
[70, 71]. There have not been any human clinical trials assessing the efficacy of 
these medications with ureteric stents.
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6 � Conclusions

In terms of monotherapy, Alpha blockers as well as Antimuscarinics are effective in 
reducing SRS.  Role of Mirabegron in the field is currently gaining importance. 
However, combination therapy reaches better outcomes than monotherapy alone 
while in cases with sexual dysfunction along with stent related symptoms, PDE5-I 
are better than other options. The role of complementary therapy for SRS with natu-
ral remedies is promising but needs to be assessed further. More randomised studies 
and laboratory trials are necessary to analyse possible alternative treatments for 
SRS that can heavily affects patients’ quality of life.
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Ureteral Stent Designs to Reduce 
Stent-Related Symptoms and Improve 
Patient Quality of Life

Julia E. de la Cruz, Francisco M. Sánchez-Margallo, and Federico Soria

1 � Introduction

Considering the impact on the quality of life of patients caused by double-J stents 
(DJS), different stent designs have been developed focusing mainly on the decrease 
or suppression of vesicoureteral reflux (VUR) and the reduction of bladder trigone 
irritation, for the improvement of patient comfort [1–4]. Many of these designs are 
based on changes at the distal end, such as the attachment of antireflux membranes 
and valves, their replacement by less voluminous designs or the complete removal 
of this section to create intraureteral stents [5–10].

2 � Antireflux Membranes and Valves

Antireflux membranes and valves are devices incorporated to the distal end of a 
standard DJS design, with the purpose of preventing intraluminal reflux through the 
internal channel of the stent. There are two variants, the antireflux-membrane valve 
and the polymeric flap valve [5, 6, 11].

The antireflux membrane valve consists of a transparent silicone membrane in 
the shape of a pouch, that is attached at the vesical end of a DJS, wrapped around 
the outlet of the internal channel and the lateral orifices [5, 11, 12] (Fig. 1). This 
design is currently available for clinical use and its antireflux mechanism works as 
a one-way valve, automatically collapses as the bladder pressure increases thus 
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Fig. 1  Double-J ureteral stent with the antireflux-membrane valve. Reprinted from: Ecke et al.  
[5], with per-mission from Elsevier and T. H. Ecke as right holders of the image

preventing intraluminal VUR [12]. This membrane valve allows only antegrade 
urine movement with minimal impact on pressure and flow resistance but has the 
limitation of preventing antegrade insertion of the stent [5, 12].

In terms of its clinical evaluation, a significant decrease in VUR and suprapubic 
and flank pain during urination were observed, as well as a reduction in hydrone-
phrosis degree and rate of stent exchange [5]. A significant improvement in patient 
comfort, compared to current DJS, is described, suggesting that it may be due to less 
damage to the bladder urothelium provided by the antireflux-membrane valve [5, 
13]. Nevertheless, Ritter et  al. [14], by means of the Ureteral Stent Symptom 
Questionnaire (USSQ), do not show significant differences against a DJS, in the 
symptoms or in the quality of life of the patients, although it does deliver a signifi-
cant reduction of the VUR. Thus, although this antireflux membrane has shown a 
significant reduction in VUR, a direct relationship between this trend and the 
improvement of patient symptomatology cannot be made.

The polymeric flap valve, developed by Park et al. [15], consists of a polymeric 
device that attaches to the vesical edge of the DJS, shaped as two lip-like mem-
branes and an inner cavity [15]. Manufactured by 3D printing, flexible Tango-Plus 
FLX980 is used as the material of this flap valve [15]. The mechanism of this device 
is based on the difference between ureteral and bladder pressures. When the intra-
vesical pressure rises, the valve occludes, preventing the retrograde flow of urine 
[15]. The efficacy of the valve was analysed in vivo by Kim et al. [6] in the porcine 
model. By means of a simulated voiding cystourethrography, the study revealed 
significant lower grades of VUR. However, low grade VUR was still present with a 
rate of 18% since this flap valve does not prevent extraluminal VUR either. This is 
a 24 h acute study, therefore potential long-term complications, such as possible 
valve obstruction due to encrustation remain uncertain [16, 17].

In the end, these designs block urine reflux through the internal channel of the 
DJS, but fail to prevent VUR in its entirety. In stented ureters, VUR occurs both 
through the lumen of the stent and around it. The extraluminal reflux will prevail as 
long as there is a stent reaching the ureterovesical junction (UVJ) through the ure-
teral orifice [18].
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3 � Distal End Modifications

Changes in the stents’ distal ends pursue a common objective, the reduction of 
material at the level of the UVJ and bladder trigone in order to mitigate the discom-
fort in stented patients [7, 8, 10, 11].

The modification of the distal end of the Tail Stent (Boston Scientific® 
Corporation, USA) consists of a progressive narrowing of its diameter, from 7 to 
3 Fr, in a distal direction [7]. Unlike a standard DJS, this vesical end is not a pigtail, 
but straight, with the aim of reducing the volume of the stent at the ureteral orifices 
and bladder [7]. Regarding its assessment in the clinical setting, it causes 21% less 
lower urinary tract symptoms (LUTS) than a DJS, but provides no significant 
improvement in stent-related pain and urothelial inflammation [7].

On the other hand, the Buoy stent (Cook® Medical, USA), a stent with the fea-
tures of a tail stent, except for its proximal largest diameter of 10 Fr, was analysed 
in the porcine model [19]. This Buoy stent provides effective urine drainage, ade-
quate ureteral healing after endoureterotomy and causes less histologic damage of 
the UVJ, when compared to a standard 7 Fr CDJ and to a Endopyelotomy stent 
(Cook® Medical, USA) [19]. Nevertheless, the potential of this design to improve 
patient comfort remains unknown.

The Polaris™ Loop® design, developed by Boston Scientific® (Boston Scientific® 
Corporation, USA), consists of a 6 Fr single pigtail stent with a double loop at its 
distal end, whose diameter is equal or inferior to 3 Fr, reducing almost 70% of mate-
rial at the distal level, with regard to a standard DJS [10] (Fig. 2). Thus the interac-
tion of the stent with the bladder urothelium and the intramural ureter is restricted, 
reducing discomfort of patients [10]. Most of the clinical improvements induced by 
this design are not significant compared to DJS’s commercial designs [10, 20]. 
Many comparative studies with standard DJS show that despite there is a reduction 
in pain, filling symptoms, and analgesic consumption provided by the Polaris™ 
Loop®, these results are not significant [10, 20].

Fig. 2  Distal end of the 
Polaris™ Loop® ureteral 
stent, Boston Scientific 
(Boston Scientific 
Corporation, USA)
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Another upgrade of ureteral stent designs is the suture stent, a single pigtail 
stent whose distal end has been replaced by one or two suture threads [8, 11]. A 
preliminary version of this design was firstly described in 1993 by Hübner et al. 
[21], although the most representative devices with this design are JFil® and 
MiniJFil®, developed by Vogt et al. [8, 22–25]. They claim that the intact areas of 
the ureter do not require the urinary drainage provided by a DJS and therefore, in 
proximal ureteral obstructions, the material of distal sections of the DJS can be 
replaced by a narrower component, such as a suture thread [8]. The JFil® is con-
stituted by 50% of polymeric DJS, arranged in a proximal position and the remain-
ing 50% composed by two suture threads, whereas the MiniJFil® has only the 
proximal pigtail, to which the suture threads have been attached. In both cases, the 
suture is double, made of 5-0 polypropylene, presenting a total diameter of 0.6 Fr 
[8]. Clinical studies evidenced an effective urinary drainage capacity, as well as a 
significant reduction in urinary pain and symptoms [8]. Besides, MiniJFil® has 
demonstrated its clinical safety and efficacy used after ESWL and ureteroscopic 
lithotripsy [22]. Nevertheless, this design is not exempt from complications, since 
up to 20% migration is detected, which in the case of being proximal, represents 
an endourological challenge, in addition to the potential risk of disrupting urine 
drainage [8].

As for the significant reduction of urinary symptoms and pain provided by these 
designs, the authors suggest its potential to limit the occurrence of VUR [8]. 
However, VUR incidence has not been analysed in patients and, similarly to the 
aforementioned antireflux designs, the presence of the suture crossing the ureteral 
orifice could again prevent the complete eradication of this adverse effect [8, 22]. 
All these designs have in common, that the potential inhibition of VUR may be 
partial. Regardless of calibre, the stent in all cases traverses the ureteral orifice pre-
venting its closure when intravesical pressure rises and therefore perpetuating the 
incompetence of the antireflux mechanism of the UVJ.

With regard to further modifications of DJS’s distal end, recently B. Vogt has pub-
lished two clinical cases presenting the treatment of malignant ureteral obstructions 
with a new polymeric ureteral stent design [26, 27]. The main feature of this innova-
tive design is the suppression of the bladder pigtail and the incorporation of a silicone 
piece with an antireflux function. Instead of being located on the bladder, this distal 
structure remains at the ureteral orifice, avoiding the interaction of the material with 
the urothelium of the vesical trigone. These two patients have proven the feasibility of 
stent placement both in single and in tandem and the safety and effectiveness of the 
device [26, 27]. However, distal migration of a stent with such characteristics in the 
bladder may aggravate substantially urinary symptoms in patients [27].

Finally, in an effort to avoid cystoscopic removal of DJS, a ureteral stent has been 
developed with a magnetic system consisting of a cylinder shaped magnet fixed 
through a string on the vesical pigtail of the stent [28]. For its extraction, a retrieval 
device with a magnetic tip is introduced; which attaches to the magnet of the stent, 
enabling the extraction of the DJS by pulling out the catheter [28]. Clinical evalua-
tions of the Black-Star® stent (Urotech®, Germany) using USSQ and visual ana-
logue scales have revealed a lower incidence of pain and discomfort during removal 
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with the use of this system, especially in men [28, 29]. On the other hand, the likeli-
hood of the onset of encrustations on urinary stents should be considered, since it 
might disable the magnetic extraction system of this device [29].

4 � Intraureteral Stents

Provided that a device at the UVJ disrupts its antireflux mechanism and triggers 
urinary symptoms and pain, the next step appeared to be to develop ureteral stents 
that spare the whole distal end, becoming intraureteral stents. Under this rationale, 
Soria et  al. have developed an antireflux intraureteral ureteral stent registered as 
BraidStent® [9]. This intraureteral stent is a self-retaining design comprising a prox-
imal pigtail, a central braided body of 3 Fr lacking internal channel, and a double 
helix as the distal end [9] (Fig. 3). The development of this intraureteral design is 
based on the principle that the way to prevent both intraluminal and extraluminal 
reflux is to preserve the UVJ intact [18, 30].

The validation of the BraidStent® by Soria et al. [9] in the swine model showed 
that this design meets the requirements of a DJS for passive ureteral dilation, com-
pletely avoiding VUR and significantly decreasing macroscopic and histologic 
damage in UVJ, which will probably reduce discomfort in stented patients [31, 32]. 
In addition, the effect of the stent on ureteral healing has been evaluated experimen-
tally, showing that selective intubation of the affected area provides surgical success 
rates of over 85%, suggesting ureteral surgery as one of the indications that may 
benefit from this intraureteral design [33]. However, since the endoscopic removal 
of an intraureteral stents involves certain difficulty, a biodegradable BraidStent® has 
been developed and has undergone experimental assessment, showing a safe, con-
trolled and predictable degradation rate [34, 35]. The biodegradable BraidStent® 
and its counterpart coated with heparin, the BraidStent®-H, maintain the character-
istics proven in previous studies that tested the biostable BraidStent® [9, 32, 36–38].

The benefits arisen from the suppression of stent material at the UVJ on patients’ 
quality of life are substantiated in the randomized study by Yoshida et al. [39]. In 
which the insertion of an intraureteral stent after ureteroscopic lithotripsy causes 
significantly less pain and urinary symptoms, as well as an also significant reduction 
in the consumption of analgesic drugs [39]. However, despite being designated as an 

Fig. 3  BraidStent®, self-retaining, antireflux ureteral stent developed by Soria et al.
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intraureteral stent, a thread attached to the stent reaches the bladder to enable cysto-
scopic removal, supporting the idea that an intraureteral device would benefit from 
biodegradable properties. Once more, it is uncertain whether this vesical thread may 
interfere on the onset of VUR, since the study did not assess this parameter [39].

It is of note that indications for any intraureteral stent are going to be more lim-
ited than those of a standard DJS. Circumstances requiring the dilatation of the UVJ 
will not be amenable to treatment with intraureteral designs, but with rather other 
stent catheterizing the ureteral orifice. Such designs will therefore offer the possibil-
ity of avoiding the adverse effects related to the distal end of DJS to a certain pro-
portion of patients requiring stenting, excluding those with distal ureteral lesions 
close to the UVJ, those who require prestenting for ureteroscopic treatment, or with 
lithiasic fragments after lithotripsy [9, 33, 34].

5 � Modifications of the Core Architecture of a DJS

With different features to those presented above, the Percuflex™ Helical ureteral stent 
(Boston Scientific® Corporation, USA), is a spiral cut flexible ureteral stent, which 
maintains the morphology of a standard DJS at the distal ends. This device is com-
mercially available, whose spiral conformation has been developed to adapt to the 
shape of the ureter and to better accommodate patient movement [40, 41]. This design, 
under experimental conditions, drains urine in a comparable way to a DJS Percuflex™ 
Plus (Boston Scientific® Corporation, USA) [40]. In a comparative clinical study, an 
improvement in patient comfort is described by a significant reduction of the need for 
analgesics, although it does not report a significant decrease in pain intensity [41].

6 � Dual-Lumen Ureteral Stents

Dual-lumen ureteral stent (Gyrus ACMI Corporation, USA) is a device that has 
been designed to improve urine drainage in extrinsic compressions. This design 
consists of two DJS attached to each other to provide two internal drainage path-
ways. In its ex vivo evaluation, this prototype provides significantly more extra and 
intraluminal drainage under extrinsic compression conditions, compared to a stan-
dard DJS. This feature may potentially improve the quality of life of patients with 
extrinsic ureteral obstructions [42].

7 � Conclusions

Nowadays, the exploration of new ureteral stent designs is one of the main path-
ways, along with the development of materials and coatings, to improve the per-
formance of current DJS. So far, it seems that these new designs mainly tend to 
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modify the standard double pigtail design by progressively reducing and eliminat-
ing the presence of stent material at the level of the UVJ. In the context of suture 
stents and intraureteral stents, they have shown promising results in terms of 
improving patients’ quality of life. However, indications of these devices differ 
from those of standard DJS, not being suitable for all patients that require ureteral 
stenting. The shortcoming of stents with modified distal ends is that in the event 
of complications or proximal migrations, their removal is technically more chal-
lenging than the removal of a DJS which may involve a potential risk for the 
patient.

Ultimately, design improvements aim at diversification, towards the develop-
ment of more specific devices to adapt to different circumstances, so that the adverse 
effects resulting from the generalized use of standard DJS can be avoided. For the 
development of new designs, it is desirable that simultaneous modifications are 
made to the materials to enhance their performance, being of particular interest the 
ability to degrade safely.
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Encrustation in Urinary Stents

Wolfgang Kram, Noor Buchholz, and O. W. Hakenberg

1 � Introduction

Insertion of a ureteral stent is an acute measure to restore the urinary flow from the 
kidney to the bladder in cases of acute or chronic obstruction or a functional distur-
bance of ureteral peristalsis. In cases with chronic obstruction and poor prognosis 
due to surgical or anesthetic inoperability or sometimes patient preference, ureteral 
stenting may be used as a permanent treatment. In such cases, regular exchange of 
the ureteral stent at specified intervals is necessary and constitutes a minimally inva-
sive endourological procedure.

With long-standing ureteral stenting, the problems of stent encrustation, biofilm 
formation, and bacterial colonization become important. Excessive stent encrusta-
tion to stent blockage and, consequently, pain, fever, renal infection, impairment of 
renal function and even renal failure.

Encrustations of urinary stents are due to the crystallization of soluble minerals 
in urine, predominantly calcium oxalate salts [1]. The quantification of this process 
is highly individualized. Patients with a high excretion of crystal-forming ions in the 
urine tend to have fast and excessive formation of encrustations on any stent.

This process can occur without significant bacterial contamination but facilitates 
the adherence, persistence and multiplication of bacteria in biofilms.

Uropathogenic microorganisms (usually enterobacteria) are either introduced 
into the bladder when a catheter is inserted, or they migrate into the bladder along 
a transurethral catheter over time. From the bladder, bacteria ascend through the 
ureter and especially along a ureteral stent into the kidneys. This 

W. Kram (*) · O. W. Hakenberg 
Department of Urology, University Medical Center Rostock, Rostock, Germany
e-mail: wolfgang.kram@med.uni-rostock.de; oliver.hakenberg@med.uni-rostock.de 

N. Buchholz 
Scientific Office, U-merge Ltd., London-Athens-Dubai, London, UK

© The Author(s) 2022
F. Soria et al. (eds.), Urinary Stents, 
https://doi.org/10.1007/978-3-031-04484-7_9

mailto:wolfgang.kram@med.uni-rostock.de
mailto:oliver.hakenberg@med.uni-rostock.de
https://doi.org/10.1007/978-3-031-04484-7_9


96

Table 1  Natural defense mechanisms of the urinary tract

Commensal flora
Urinary flow (ureteral peristalsis)
Skin and mucous membrane
Bladder mucosa: Mucin production
Tamm-Horsefall glycoprotein
Local immune responses

Implants are exempted from those and therefore prone to encrustations

catheter-associated urinary tract infection (CAUTI) is associated with the long-
term use of indwelling transurethral bladder catheters [2]. With an indwelling 
bladder catheter, bacterial colonization will occur within a few days. This prob-
lem is clinically highly relevant since ureteral stenting and the use of indwelling 
bladder catheters are often necessary and combined after urological surgical pro-
cedures. This inevitably leads to a high rate of contamination and, consequently, 
bacteriuria. Bacteria will usually spread throughout the urinary tract but with an 
unimpeded urinary flow and normal ureteral and bladder function this usually 
does not lead to clinical problems.

However, with the formation of biofilms on urological implants there will be 
bacterial colonization. Bacteria are protected from the natural local defense mecha-
nisms of the urinary tract in those biofilms (Table 1). Not only will this lead to more 
clinically relevant urinary tract infections, but antibiotics are also less effective 
because they cannot adequately reach bacteria in biofilms. Furthermore, bacteria 
incorporated in biofilms have a reduced metabolic rate which further reduces the 
efficacy of most antibiotics. As a result, bacteria in biofilm develop antibiotic resis-
tance more quickly [3, 4].

1.1 � Bacteria and Biofilm Formation

Biofilms develop when microorganisms settle in the area between two different 
phases and are immobilized in a matrix of extracellular polymeric substances (EPS) 
[5]. These cannot be effectively cleared neither by humoral and cellular immune 
defense mechanisms nor by antibiotics. Biofilm development can be separated into 
four such phases (Fig. 1):

	1.	 Reversible aggregation of proteins, polysaccharides and macrolide molecules.
The binding of proteins to the catheter surface depends on the catheter mate-

rial (surface energy, mechanical properties and morphology), electrostatic inter-
actions and the composition of the surrounding medium [4]. Within minutes, a 
dense formation, the conditioning film, develops on the substrate [6, 7].
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Fig. 1  Biofilm development in four phases

	2.	 Irreversible apposition of proteins and bacteria.
Bacteria reach the substrate through electrostatic interactions [8, 9]. The pro-

duction of extracellular polymeric substances (EPS) is influenced in the now 
closed system by quorum sensing, a regulatory system which requires a certain 
cell density of the same species of bacteria [10].

	3.	 Development of a mature biofilm.
With further growth, the three-dimensional macro-colonies accumulate to 

form a bacterial layer. Bacterial immobilization is highest in the close vicinity of 
the material surface [11].

	4.	 Biofilm spread through degradation of matrix polymers.
With increasing maturation of the biofilm, cells or clusters of cells can sepa-

rate and slough from the biofilm. Through the release of enzymes, bacteria can 
actively leave the biofilm and migrate [12, 13].

1.2 � Physicochemical Aspects of Urinary Stents Encrustation 
and Stone Formation

Multiple influences on the composition of the bacterial mix in a biofilm lead to a 
heterogeneous biofilm development. Although bacteria are predominant, pathologi-
cal crystallization may develop and lead to encrustations on catheter materials even 
without significant microbial presence.

Regarding the crystallization process (formation of urinary stones) there are dif-
ferent theories:

•	 Oversaturation of the urine with crystal forming ions (nucleation),
•	 formation of stone matrix with secondary crystallization of complex macromol-

ecules on the surface,

Encrustation in Urinary Stents
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Fig. 2  Histology showing renal kidney injury in a porcine model. Induction of calcium oxalate 
crystallization (hydroxy-L-proline). No encrustations were seen on the indwelling ureteral stent 
over 6 weeks. Left: hematoxylin-eosine, 40×; right: polarized light, 40×. BX43 lens UPLSAPO 2 
40×/0,95, BX-POL and U-GAN, Olympus

•	 formation of Randall plaques,
•	 relative lack of inhibitors or oversupply of promoters of crystallization,
•	 idiopathic crystallization of calcium oxalate.

Crystallization is influenced by many exogenous and endogenous factors in a mul-
tifactorial way. It is thus the result of a complex interaction of many physicochemi-
cal and biochemical processes. For the development of urinary stones, the initiating 
mechanism could be the formation of poly-crystalline in the distal tubules of neph-
rons. However, crystaluria does not necessarily imply the development of urinary 
stones. Microscopic crystals are commonly excreted in the urine by healthy indi-
viduals with urinary oversaturation (Fig. 2).

The essential factor is the balance between lithogenic and inhibitory substances 
in the urine. If this equilibrium is disturbed, urinary oversaturation with lithogenic 
substances will result in spontaneous homogeneous nucleation. Crystals with the 
same structure will bind to initial aggregates and finally stones. If catheter material 
or crystals are present in urine, macromolecular urinary compounds will lead to 
heterogeneous nucleation depending on the degree of oversaturation (metastable 
oversaturation).

Calcium oxalate, calcium phosphate, magnesium phosphate and uric acid are the 
minerals that most commonly crystallize in urine [14] (Table 2).

Urinary compounds can modulate the process of crystal nucleation, aggregation 
and encrustation on urinary stents. These comprise compounds normally present in 
urine such as the Tamm-Horsefall proteins, glycosaminoglycanes and pyrophos-
phates [17]. Some of these may have inhibitory as well as promotive effects on 
nucleation and aggregation. This is discussed with some controversy in the litera-
ture [18–21]. Low molecular weight substances such as zinc, magnesium, sulfate 
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Table 2  Composition of urinary stones [15, 16]

Stone type Chemical composition Mineral
Population 
(%)

Calcium oxalate Calcium oxalate-monohydrate Whewellite 70–80
Calcium oxalate-dihydrate Weddellite 42

Calcium phosphate Calcium phosphate Apatite 30
Calcium hydrogen 
phosphate-dihydrate

Brushite 1

Tricalcium phosphate Whitlockite <0.1
Carbonate apatite Dahllite 1

Magnesium-ammonium-
phosphate

Magnesium-ammonium-phosphate-
hexahydrate

Struvite 6

Magnesium 
hydrogen-phosphate-trihydrate

Newberyite <0.1

Uric acid and urate Uric acid Uricite 10
Uric acid-monohydrate Uricite 

(mono)
0.1

Uric acid-dihydrate Uricite (ortho) 6
Ammonium hydrogenurate 0.5

Genetically determined Cystine Uricite (hexa) 0.4
Xanthine <0.1
2,8-dihydroxyadenine <0.1

and pyrophosphate bind to calcium and form soluble complexes and do therefore 
have an inhibitory influence on crystallization.

2  Risks Factors and Complications

2.1 � Risks Factors and Complications of Urinary 
Stone Formation

A polygenetic defect in combination with other facilitating factors (e.g. dietary and 
climatic conditions) can lead to urolithiasis [22]. Important cofactors are hypercal-
ciuria, hyperoxaluria, hypocitraturia, and hyperuricosuria as well as a lack of inhibi-
tory substances [23]. Idiopathic hypercalciuria is the most common etiological 
factor for calcium stones. In addition, some physiological conditions such as preg-
nancy influence the urine composition [24]. Pathological conditions such as renal 
diseases, especially glomerular changes, or disturbances of urine transportation can 
lead to urinary stone formation. The latter can result from upper or lower urinary 
tract obstruction, renal dystopia (nephroptosis, pelvic kidney), other malformations 
such as horse-shoe kidney, ureteroceles, vesico-ureteral reflux, neurogenic bladder 
dysfunction, or immobilization (e.g. after a fracture).
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2.2 � Risk Factors and Complications of Encrustations on Stents 
and Catheters

Pathophysiology of urolithiasis and catheter encrustation are closely related. Studies 
have shown that the indwelling time of a catheter is the most important risk factor 
for oxalate-dependent encrustations. However, there is no significant correlation 
between the volume of encrustation and catheter-associated symptoms [25]. Yet, 
studies looked at the quantification of encrustations depending on the indwelling 
time, the differentiation of bacterial colonization, and risk factors associated with 
these processes [26–29]. Roupret et al. found for ureteral stents with a mean indwell-
ing time of 55.5 days a correlation between stone composition and catheter encrus-
tation of over 70% [30].

Catheter encrustations occur faster in the presence of infection than oxalate-
dependent encrustations, and are also associated with risk factors. An important risk 
factors is residual bladder urine (incomplete bladder emptying) in the presence of an 
implant, leading to infections. Other risk factors are inflammatory urinary tract 
obstruction, neurogenic bladder dysfunctions, and urinary diversions using intesti-
nal loops, such as an ileal conduit [31]. This may be further aggravated by addi-
tional renal conditions such as distal tubular acidosis, hyperphosphaturia, or 
medullary sponge kidneys [32].

One important mechanism of biofilm formation is the infection with urease-
producing bacteria. Broomfield et  al. [33] investigated the capacity of urease-
positive bacteria to induce encrustations on ureteral implants. They found that 
Proteus mirabilis, Proteus vulgaris und Providencia rettgeri have the highest urease 
activity and induce the highest rate of encrustations. Urease leads to production of 
ammonia through hydrolysis of urea, with an increase in urinary pH. The alkaline 
milieu leads to increased crystallization of magnesium-ammonium-phosphate (stru-
vite) as well as calcium-hydroxyapatite (apatite) [34]. Due to improved urological 
diagnostics, the relative proportion of infectious stones (struvite) has been lowered 
to 6% of all urinary stones (Table 2). In urological guidelines, there is consensus 
that in view of the danger of life-threatening infections and/or renal damage as well 
as the high rate of recurrence, infectious stones and the associated implants should 
be completely removed [35–38].

In studies of biofilm quantification, Ganderton et al. found that there is no clear 
relationship between indwelling time and biofilm mass [39]. Presumably there is a 
relationship with the colonizing ability of the primary bacterial species that settles 
on the biofilm. Also, catheter design may have important implications for urinary 
flow through and around the catheter, affecting encrustation formation [40].

An important point would be the contamination-free ureteral stent extraction 
[41]. Transurethral extraction lead to bacterial contamination from the distal ure-
thra. In addition, catheter encrustations might be dislodged. This is in line with 
studies that have shown that the rate of bacterial colonization with ureteral stents as 
well as urethral catheters is higher than the rate of urinary infections [42, 43]. Thus, 
routine urine cultures are not predictive of catheter cultures.
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3 � Preventive Strategy of Encrustations 
and Biofilm Formation

The surface characteristics of a biomaterial (e.g. smoothness of surface, electric 
charge) as well as the virulence factors of microorganisms, and the presence of 
adhesins all determine the time course and characteristics of biofilm formation. 
Most urinary stents are made of polymer mixtures with characteristics that are 
intended to reduce encrustations [44]. These mixtures are often proprietary, but are 
usually based on polyurethane (Silhouette®, Bardex® and Tecoflex®). There are also 
other polymer combinations that can be used such as hydrogel with urethane, sili-
cone, polyvinyl chloride (Aquavene®), styrole, ethylene-butylene, styrole-block 
copolymers (C-Flex®) and polyester (Silitek®) [45]. Currently used biocompatible 
polymers, e.g. Elastollan, Styroflex and Greenflex have good mechanical stability 
and flexibility, with antiadhesive properties and can be used for thin-walled cathe-
ters with good urine drainage [46].

Additional compounds need to be added to these basic materials to provide for 
x-ray opacity. This usually reduces the mechanical flexibility. Usually, 25–30% bar-
ium sulfate, a biocompatible salt with high electron density is used for this purpose.

Another way to reduce the degree of encrustation and bacterial adhesions is to 
coat the catheter surface with different materials. For urinary stents, surface coat-
ings with covalently bound heparin, polytetrafluoroethylene (PTFE), hydrogels, 
plasma-bound carbon (DLC—diamond-like carbon), or urease-inhibitors can be 
used [47]. Strategies to reduce microbial adhesions, to induce bactericidal proper-
ties (contact killing), to impede the ‘quorum sensing’ of microbes, and generally to 
interfere with the initial adhesion process include the formation of a surface film or 
the release of a bactericidal compound including antibiotics, bacteriophages, metal 
oxide nanoparticles, other meta ions, and carbon compounds, ionic polymers, as 
well as polymers and biofilms with non-pathogenic bacteria. Studies with silver 
nanoparticles and with hydrophilic poly(p-xylylene) (PPX-N) coated catheters 
found a reduced rate of biofilm formation and reduced bacterial adhesions [48, 49]. 
Watterson et al. Reported that the coating of urinary stents with enzymes metaboliz-
ing oxalate significantly reduced encrustations [50].

Whilst urinary stents impregnated with and releasing e.g. silver ions, hydrogel or 
antibiotics significantly delayed bacterial adherence in the first days, they did not 
reduce the rate of significant infections and had no clinical benefit in long-term 
indwelling catheters. Furthermore, the long-term antibiotic release from stent mate-
rial might lead to bacterial resistance which can have serious clinical consequences.

Concerning long-term indwelling catheters, surface coatings with covalent bind-
ings seem to hold some promise. Surfaces with double-ion polymers such as phos-
phorylcholine [51] and covalently bound heparin have been tested [52]. Another 
class of materials are antibacterial cationic polymers. The contact-active covalently 
bound coating absorbs proteins and bacteria with a negatively charged cell mem-
brane or cell wall and develops antimicrobial activity through high hydrophilicity 
with high ionic charges [53].
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4 � Current Methods for Reducing Encrustation 
and Biofilm Formation

As an alternative to conventional implants, biodegradable ureteral stents (BUS) may 
avoid the procedure of transurethral catheter removal. Another theoretical advan-
tage is the constantly changing material surface which impairs the development of 
a conditioning biofilm and thus reduces the interaction of the material with microbes. 
Biodegradable implants consist of several natural and synthetic polymers, whereby 
the most important biological degrading process is hydrolysis. Barros et al. devel-
oped the HydrUStent®. This ureteral stent is completely dissolved after 10 days in 
urine. X-ray opacity is however given during the first 24 h only [54]. The BraidStent®, 
a heparin-coated polyurethane ureteral stent has an in-dwelling time of up to 
6 weeks in animal tests. The heparin coating allows for an early reduction in bacte-
rial colonization. However, this effect is limited in the long term [55].

Champagne et al. examined the degradation of zinc compounds in artificial urine 
to try to circumvent the limitations of alloys based on iron and magnesium regard-
ing biocompatibility and controlled degradation under physiological conditions. 
Zinc alloys are degraded more slowly than magnesium alloys and might be an ideal 
biomaterial to reduce bacterial adhesions and encrustations on stents [56].

Currently, systems on the basis of computer-based fluid analysis and microfluid 
models (stent-on-chip, microfluidic chips) are being developed to examine and simulate 
the flow of urine in a stented ureter. These models are also intended to examine the flow 
in the presence of additional obstruction, i.e. through encrustation. With changes in the 
thickness of the stent wall and the design of the side holes significant reductions in par-
ticle formation could be achieved [57–59]. Future simulation systems will take a variety 
of pathological reactions of the stented and the obstructed ureter into account [60].

5 � Current Methods for the Examination of Encrustation 
and Biofilm on Urinary Stents

Elwood et al. observed that conditioning biofilms on urinary stents contain calcium-
binding proteins, among them uromodulin, and that these can serve as a nidus for further 
crystalline growth and encrustation. These proteins were the same on different stent 
materials and in different patients. This seems to indicate that the physical properties of 
the stent surface and not the interaction between bacterial adhesins and urinary proteins 
are the main determinants for bacterial interactions with stent material [61].

Rebl et  al. examined the relationship between physical properties of polymer 
surfaces and their ability to withstand encrustations. The important parameters to 
characterize the surfaces were:

•	 contact angle,
•	 zeta potential,
•	 morphology.

W. Kram et al.



103

The contact angle between a fluid drop and a plane surface is a measure for hydro-
philicity. Synthetic urine with a pH of 6.5 was used. The zeta potential describes a 
specific surface charge which develops between in a watery solute on the interface 
between a solid material and the watery solution. The comparative analyses in the 
screening model did show that the negative surface charge of about −60 mV and the 
hydrophilicity of the polymer (<85°) correlated with a reduced amount of encrusta-
tions. The main components of infection stones are struvite with a surface charge of 
−17.5 mV and carbonate apatite with −16 mV surface charge at a pH of 8.0 [62].

Morphological examinations of stent encrustations are preferably carried out by 
means of scanning electron microscopy (SEM), energy dispersive X-ray spectros-
copy (EDX), and Fourier-transform infrared spectroscopy (FTIR) and show the 
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Fig. 3  EDX analysis of encrustations on a ureteral stent (rat). Top left, the mapping shows the 
elements Ca, C, and O, which are calcium-containing crystals. Top right, SEM image shows a 
rough surface with calcium oxalate crystals. Bacterias find good conditions here. Bottom: the line 
spectrum shows the Ca- and P-containing matrix of calcium oxalate and a small proportion of 
calcium phosphate. FE-SEM Merlin VP compact (Zeiss) with EDX detector XFlash 6/30 (Bruker)
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Fig. 4  FTIR analysis of encrustations on a ureteral stent (Fig. 3) in a rat model. Measured absorp-
tion spectra of the mineral deposits in red. Absorption spectra of the OPUS reference library are 
shown in blue. The encrustation consists of calcium oxalate monohydrate (whewellite), calcium 
oxalate dihydrate (weddellite) and tricalcium phosphate (whitlockite) 60/33/7. ALPHA FTIR 
spectrometer, OPUS™ library, Bruker

characteristic interactions of the catheter surface with the surrounding urine in clini-
cal studies. Figures 3 and 4 show the morphological examination of stent encrusta-
tions in the rat. The analyses of the surface morphology of the materials showed a 
mixture of calcium oxalate with the typical dumbbell or envelope appearance, some 
granular carbonate apatite crystals of some micrometers in size. Fluid properties 
within the lumen and on the surface of the catheter are different and variable. The 
rough surface of the polymer can facilitate bacterial growth. Adherent bacteria cov-
ered by crystals are protected from being washed away by the urine flow. In vivo 
studies in pigs have supported this hypothesis. The examined crystals had similar 
compositions but were of different sizes and had differing chemical and physical 
properties (Fig. 5).

Examining the urine microbiome can also give further insights into biofilm for-
mation and catheter-associated problems through identifying the commensal and 
residential bacteria of the urinary tract. Individual patient microbiome analysis can 
further be used for the prognosis of potential clinical problems. However, this only 
applies to patients with bacteriuria as normally urine is thought to be sterile. With 
bladder catheterization, there is a high risk of contamination with urethral bacteria 
which can mask the signals from the residential microbiota [62].

Buhmann et al. examined several urine microbiota from encrustations on ureteral 
stents with a combination of complementary methods in patients without urinary 
tract infections or bacteriuria [63]. With real time PCR (qPCR) it was possible to 
quantitatively estimate bacterial numbers in encrustations, and next generation 
sequencing (NGS) of the 16S-rRNA gene was used to identify bacterial DNA. It 
was shown that the insertion of a ureteral stent for up to 6 weeks was associated with 
a lower bacterial colonization of the encrustations. In patients without clinically 
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Fig. 5  Induced crystal formation in the pig model: precipitates of calcium oxalate in urine. The 
crystals have different sizes as well as different chemical and physical properties. Calcium dihy-
drate (weddellite), calcium monohydrate (whewellite): small crystals with dumbbell shape or 
envelope shape. BX43—phase contrast lens UPLSAPO 2 40×/0.95, Olympus

relevant urinary tract infections facultative pathogenic bacteria seem to be 
predominant.

The identification of bacteria with MALDI-ToF MS (matrix-assisted laser 
desorption ionization-time-of-flight mass spectrometry) is currently used in combi-
nation with other technologies to increase the scope of relevant analyses. MALDI-
ToF MS can be used for the fast identification of bacteria in encrustations without 
prior culture or subculture [64]. However, for the identification of bacteria in urine 
microbiological culture and selective identification of bacteria are still required [65].

6 � Conclusions

Crystallization processes in urine, bacterial adherence and encrustation of biomate-
rials in the urinary tract are usually the result of a multifactorial process with an 
interplay between many physicochemical and biochemical processes. While all 
non-infectious urinary stones and encrustations develop on the basis of metabolic, 
endocrine or renal disturbances, the presence of bacteria in the urinary tract, espe-
cially of those producing urease and their enzymatic activity, increases the urinary 
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pH. This changes the solubility product of calcium and magnesium salts which, in 
turn, facilitates encrustations.

Taken together, the use of urinary implants is characterized by three interrelated 
problems:

a tendency for encrustations through the deposition of urinary crystal-forming ions,
facilitation of bacterial colonization and persistence despite antibiotic prophylaxis/

treatment, and
mechanical irritation with resulting reaction of the ureteral tissues.

Coated catheters which potentially could minimize the risk of a complicated urinary 
tract infection and could allow for longer indwelling times without complications 
are to date not recommended by urological guidelines [66, 67].

Work is underway for new concepts to develop biomaterials with reduced encrus-
tation propensity and biofilm formation. Promising candidates are coated materials 
with anti-adhesive properties through covalent binding, high hydrophilicity, and 
good mechanical properties allowing for adequate patient comfort. For urinary tract 
catheters with an in-dwelling time under 6 weeks, self-absorbing biomaterials might 
be a good solution.
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Forgotten Ureteral Stent Syndrome

Cristina de la Encarnación Castellano, Àngela Canós Nebot, 
Juan Pablo Caballero Romeu, Federico Soria, and Juan Antonio Galán Llopis

1 � Introduction

Ureteral stents are one of the most widely employed tools in urology and have been in 
use for more than four decades. Their indications have widened over the years, mak-
ing the management of their complications an essential role in the urologist’s practice. 
In this regard, the “retained or forgotten ureteral stent” syndrome remains a challenge. 
This syndrome is defined as the group of signs and symptoms produced by a JJ stent 
that has not been removed 2 or more weeks after the end of its maximum life [1].

Data on the frequency of forgotten ureteral stents vary widely between series, rang-
ing from 3% to 51% of stents that are placed [1, 2]. Identification of the forgotten stent 
occurs on average 29 months after placement, with a range of 7–180 months [3].

2 � Risk Factors for Forgotten Ureteral Stent Syndrome

The main risk factor for the development of forgotten ureteral stent syndrome is the 
time since placement of the stent [4]. However, the time to onset of the syndrome 
will depend on the chemical characteristics of the urine, its hydrodynamics, the 
catheter material itself and other factors related to the patient and the care provided.
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Table 1  Conditions that promote the development of forgotten ureteral stent syndrome

Factors modifying the 
chemical characteristics 
of urine

Factors affecting 
urine dynamics

Stent related 
factors Patient-related factors

Personal history of 
lithiasis (9,10)
Hyperuricosuria
Hypercalciuria
Hyperoxaluria
Hypocitraturia
Metabolopathies (10)
Urinary pH alterations
Renal failure
Dehydration
Urinary sepsis
Chemotherapy (10)
Pregnancy (9)

Intrinsic and 
extrinsic obstructive 
uropathy
Congenital urinary 
malformations (10)
Functional pathology 
of the lower urinary 
tract

Time since 
placement (4.9)
Internal diameter
Stent 
manufacturing 
material (10)
Stent replacement 
by cystoscopy (1)
Double-loop stents 
(11)

Low sociocultural level 
(1,3,12)
Lack of health system or 
health insurance 
protection
Good tolerance to the 
catheter
Low adherence to 
treatment and follow-up 
(6,10)
Poor doctor-patient 
communication (3)
Age >60 years (1)
Cognitive impairment
History of urological, 
abdominal or pelvic 
surgery (13)

Matthew F et  al. found that 75.5% of ureteral stents were encrusted within 
6 months, 42.8% were encrusted within 4 months and 14.3% within 2 months. The 
time of highest incidence was between the fourth and fifth month (36.7%). 
Furthermore, in those patients who had experienced previous stents encrustation, 
the time to encrustation of the second was shorter, 3.3 months, than that of the first, 
6 months, [5, 6].

Although it is not possible to estimate an incidence of encrustation, these data 
suggest that stents should be changed at least within 4 months of placement and 
preferably every 2 months. In patients with a previous history of encrustation, it is 
recommended that the dwell time of the stent be shortened to the minimum neces-
sary, every 6 weeks [5, 6].

Other factors that favour the development of forgotten ureteral stent syndrome 
(FUSS) are detailed below [7–9] (Table 1).

3 � Pathophysiology of the Forgotten Ureteral Stent

The forgotten ureteral stent syndrome depends on several factors. First of all, we 
will pay attention to the factors that favour encrustation, both of the internal channel 
of the stents and their external surface.

On the one hand, the surface of ureteral stents can become damaged, especially 
in their bend parts, making these areas more susceptible to crystal deposition. In 
addition, ureteral catheters can cause mechanical irritation of the urothelium, which 
favours colonisation by bacteria. These uropathogenic bacteria can be carried dur-
ing stenting into the upper urinary tract.
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Under the right conditions, crystals will be deposited both inside the ureteral 
stent and on the outside. The deposited material consists mainly of calcium oxalate 
mono- and dihydrate. It may also be associated with the deposition of phosphate 
crystals, uric acid and/or struvite and/or cystine. In addition to crystals, protein 
material such as Tamm-Horsfall or alpha 1-microglobulin may be deposited.

Crystal deposition can occur in the absence of bacteria, but when bacteria are 
present, and maintain high enzyme activity, the adhesion, persistence and prolifera-
tion of fouling sites increases. In addition, bacteria cause a change in urinary pH 
that causes the solubility of calcium and magnesium in urine to be altered, creating 
a vicious circle. Up to 90% of ureteral stents are colonised by microorganisms and 
according to published patient series a frequency of recurrent UTIs between 27% 
and 73.6% is reported [3, 10].

The biofilm development is often essential in the encrustation of ureteral stents 
[11] and is closely associated with the presence of urease-positive bacteria. Biofilms 
have a very complex formation and development process that is divided into four 
phases: (1) reversible agglomeration of proteins, polysaccharides and macromole-
cules; (2) irreversible deposition of proteins and bacteria; (3) maturation of the bio-
film; and (4) spreading of the biofilm.

Singh et al. [12] found a higher percentage of encrustation in the proximal tip of 
the JJ stent, with the proximal segment of the ureter being the second most fre-
quently affected area. In that study, encrustation of the bladder tip was rare.

Encrustation or mucoprotein deposits affect up to 68% of JJ stents, but only 4% 
of these patients show clinical signs of obstruction [13]. Furthermore, it appears that 
extraluminal obstruction reduces urinary flow to a greater degree than intraluminal 
obstruction [14]. Legrand et al. [15] have demonstrated a higher rate of encrustation 
in stents placed for lithiasis indication (8% before 4 months, almost 17% after), than 
in those patients with non-lithiasis indication (e.g. malignancy) with encrustation 
rates of 1.3% at 4 months and 5.2% at 6 months.

4 � Symptoms and Complications Associated 
with the Forgotten Ureteral Stent

Patients with ureteral stents can present with a number of symptoms that make up 
the “ureteral stent syndrome” [2, 5, 6, 10, 16, 17] (Table 2).

Although the pathophysiology of the development of these signs and symptoms 
is not fully understood, the irritation produced by the distal end of the stent on the 

Table 2  Symptoms of ureteral stent syndrome

Filling symptoms

Dysuria
Haematuria
Hypogastric or suprapubic abdominal pain
Ipsilateral renal fossa pain
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bladder mucosa (mainly the bladder trigone), as well as the presence of vesicoure-
teral reflux seem to be related to the described symptoms. The use of catheters made 
of harder materials has also been associated with a higher incidence of symptoms 
such as dysuria, hypogastric or renal fossa pain [18].

Some patients may be unaware of a history of ureteral stent placement during the 
anamnesis, but the presence of these symptoms in a patient with a surgical history 
should lead us to believe that he or she may have a stent [2]. Furthermore, it is not 
uncommon for forgotten ureteral catheters to be asymptomatic and to be an inciden-
tal finding when they are incidentally found in an abdominopelvic imaging test [9].

The previously described symptoms, in addition to being present in patients with 
a ureteral stent who are aware of this condition, may also be present in FUSS. In this 
scenario, the symptoms depend on the complications generated by the time elapsed 
and the risk factors described above.

From compliance with the maximum ureteral stent dwell time to the occurrence 
of complications related to excess stent placement time is considered to take on 
average between 3 and 24 months [19].

Although most authors consider that the longer the stent placement time, the 
retrospective study by Lin TF et  al. [1] found no significant differences in this 
regard. However, in this study, patients with a forgotten JJ stent placement accounted 
for 3.8% (18 patients) of the 479 patients analysed. Thus, only three of the patients 
with forgotten catheter placement developed complications. The sample size might 
be insufficient to draw conclusions [1].

4.1 � Flank Pain

Pain may be due to vesicoureteral reflux or hydronephrosis. During micturition, the 
increased bladder pressure is transmitted through the stent placement and retrograde 
to the renal pelvis. The stent placement overrides the anti-reflux mechanism of the 
distal ureter causing a sudden increase in intra-pelvic pressure.

Hydronephrosis may be due to lithiasis formation, displacement or migration of 
the catheter placement, fragmentation or obstruction, among other causes.

On the one hand, the frequency of ureteral JJ stent migration ranges between 3% and 
10% of the stents that are placed. It should be specified that migration can be proximal 
or distal; the latter being up to three times more frequent [20]. Factors involved in intra-
ureteral stent movements include length, diameter and stent material. In general, stents 
made of softer, hydrophilic materials have a greater trend towards dislodgement [21]. 
Although stent length is usually chosen based on the patient’s height, some studies sug-
gest radiographic measurement of the distance between the pyeloureteral junction and 
the uretero-vesical junction as a strategy to further adjust the stent to the patient [21]. 
Also to prevent migration, double-J retention systems for stents were designed. Even so, 
sometimes even the proximal J-end can descend from the renal pelvis into the ureter or 
even the bladder, leading to urinary obstruction [7, 10].
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Finally, the risk of catheter fragmentation is particularly high 14  weeks after 
stenting. Long-term exposure of stents to urine components produce the degenera-
tion of the polymers. Thus, in cases of urinary tract infection and/or urothelial 
inflammation, the rate of degradation is higher. Stents composed of polyethylene 
polymers are the most easily degraded and are more prone to fragmentation. It is 
noted that the fragmentation lines usually coincide with the stent placement holes, 
so reducing the number of these holes could reduce the risk and/or the number of 
stent fragments [6, 18, 22].

4.2 � Urinary Tract Infections

The stenting duration time also increases the likelihood of persistent UTI, since the 
longer the stent placement time, the higher the level of colonisation (up to 75% of 
stents that have been in place for more than 90 days are colonised).

As we have already indicated, bacteriuria is almost a constant in these patients, 
and up to 27–73.6% of cases develop UTIs that are likely to be recurrent and multi-
resistant to antibiotics. This is because microorganisms remain in biofilms [3, 10, 
23]. Biofilms hinder antimicrobial penetration and, in their matrix, microorganisms 
tend to express antimicrobial resistance genes and remain metabolically dormant, 
making antimicrobials even less effective [24]. Other factors that may favors the 
persistence of UTIs include the high prevalence of diabetes or renal failure in these 
patients.

The severity of infections generated by a forgotten ureteral stent varies widely: 
from simple cystitis [24] to severe acute pyelonephritis and septic shock of urinary 
origin [1, 2].

In renal transplant recipients, the most common presentation is recurrent UTIs 
and deterioration of renal function [25, 26]. In these patients the most common 
composition of the deposited material is struvite. Immunosuppression in transplant 
recipients favours colonisation of the urinary tract by urease-positive bacteria. In 
contrast to non-transplanted patients, patients with a renal graft do not have epi-
sodes of renal colic due to denervation of the graft [25].

4.3 � Problems in Removal of Ureteral Stent

As mentioned above, the percentage of stent with surface encrustations increases 
with the stenting duration, with up to 75.5% of stents being found to be encrusted to 
a lesser or greater extent 6 months after placement [2, 6, 9, 15, 19, 27].

Extensive encrustation can lead to difficulties or impossibility in retrieval of the 
ureteral stent. This is why each case must be assessed individually to propose the 
method of stent removal depending on the degree of encrustation. Ureteral stents 
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can be removed under local anaesthesia and using the flexible cystoscope in uncom-
plicated cases with low risk of encrustation. In patients with extensive stent encrus-
tation rate, the removal should be performed under general anaesthesia, using 
fluoroscopy to monitor the procedure.

4.4 � Irritation and Tissue Injury

Long-term stents can alter ureteral tissue vascularisation and cause tissue injury, 
potentially leading to urinary fistulae and even uretero-arterial fistulae [28]. It 
should be highlighted that although polyurethane stents combine the flexibility of 
silicone and the rigidity of polyethylene, they appear to be the least biocompatible 
devices and are associated with the highest degree of urothelial injury and erosion 
in animal models. In contrast, silicone stents have been associated with the least 
ureteral tissue reactions in animal models [18].

4.5 � Renal Failure

Recurrent infections, vesicoureteral reflux and encrustation, fragmentation or 
migration of the ureteral stents are conditions that may finally lead to deterioration 
of renal function. In some clinical series, up to 18.4% of patients with forgotten 
stents have been found to have chronic kidney disease at different stages, and up to 
5.2% of patients eventually require renal replacement therapy [3].

5 � Diagnosis of Forgotten/Encrusted Ureteral Stent

In patients with the signs and symptoms described above, an X-ray of the uri-
nary tract, blood tests and urine culture should be considered initially [29]. 
Urinary tract X-rays can not only confirm the existence of the stent but also 
show whether it is encrustated. The degree of encrustation can be more pre-
cisely defined by performing an abdominopelvic CT scan without iodine con-
trast. Grades of stent encrustation are listed in the FECal Ureteral Grading 
System classification [2, 29]:

–– Grade 1: minimal linear encrustation at one of the two J-ends of the stent.
–– Grade 2: Circular encrustation totally encompassing one of the two J-ends of the stent.
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–– Grade 3: Circular encrustation totally encompassing either of the two J-ends together 
with linear encrustation in some segments of the ureteral section of the stent.

–– Grade 4: circular encrustation completely encompassing both J-ends of the catheter 
placement.

–– Grade 5: extensive encrustation encompassing both J-ends and the entire ureteral seg-
ment of the catheter placement.

This classification makes it possible to standardise the assessment of the extent 
of encrustation of stents and can guide decision-making on the treatment 
required [1].

Ultrasonography of the urinary tract is of interest to assess the existence or not of 
hydronephrosis, which may suggest obstruction and/or encrustation of the stent 
[29]. Assessment of the proximal end should be done with an empty bladder to 
avoid artefact due to excessive bladder distension.

Other anatomical-functional studies such as intravenous urography or CT urog-
raphy can complete the evaluation of patients with forgotten ureteral stents. If the 
loss of renal function is severe, these studies may not be performed. For the assess-
ment of the degree of functionality of both renal units, the isotopic renogram is of 
interest, mainly for individualised therapeutic options [12] (Figs. 1, 2, 3 and 4).

Fig. 1  Urinary tract X ray. 
Patient with 5 level FeCal 
score
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Fig. 2  Urinary tract 
CT. Patient with 5 level 
FeCal score

Fig. 3  Excretory 
urography. Ureteral stent 
encrustation
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Fig. 4  CT Urography. 
Ureteral stent encrustation

6 � Preventive Strategies for Forgotten Ureteral Stent

The development of protocols to reduce unnecessary JJ ureteral stent placement and 
minimise dwell time is the first step in preventing the occurrence of FUSS.

Additional strategies in the same direction include patient follow-up and educa-
tion as well as the development of new materials that may prevent or delay the 
development of complications.

6.1 � Health Education

Healthcare professionals are responsible for establishing the follow-up of patients 
with ureteral stents, and for determining the length of time placement according to 
the type of stent. Before discharge from hospital, the patient should be adequately 
educated about his or her condition [19, 27].

It is essential to inform and convey the importance of stent placement time to the 
patient so that he/she is involved in the removal planning process [16].
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Patients who move between regions or countries are a major concern and should 
be informed of the implications of not withdrawing the stent placement in a timely 
manner [10].

6.2 � Surveillance and Monitoring Systems

Its purpose is to remove the catheter placement within the required timeframe.
Notebooks and paper card recording, in which the operator records patient 

details on paper. It has proven to be an unreliable system, with a failure rate of 
22.4% [25].

Computerised tracking: Several computerised registries have been developed 
and implemented showing significant improvement in the follow-up of patients with 
ureteral catheters. The computerised tracking system proposed by Ather et al. dem-
onstrated a significant decrease in the incidence of forgotten catheters from 12.5% 
to 1.2% after the first year of its application [25].

Registration using new software applications is developed below.

6.3 � Simple Removal System

In uncomplicated cases, stents can be externalised by attaching them to the bladder 
catheter after procedures such as ureterorenoscopy. This facilitates removal and 
reduces the risk of FUUS [9, 19].

6.4 � Innovation in Stents

Development of biodegradable stents, which dissolve after a predictable time 
(14–28  days from insertion), leaving no fragments that could cause obstruction 
(polyglycolic acid and glycomer 631). This would eliminate the need for stent with-
drawal [9, 25, 30, 31]. However, there is currently non-evidence on their use as 
results are only available from animal studies [18].

6.4.1 � Use of Stents with Coatings of Different Materials

–– Glycosaminoglycans, heparin or silver reduce or prevent stent biofilm formation [9, 
18, 25].

–– PDMMA (dimethylacrylamide) polyhydrogel, triclosan, polyacrylonitrile or antiseptics 
such as chlorhexidine: reduce biofilm formation and catheter-associated UTIs [9].
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6.4.2 � Anti-reflux Stents [17, 30, 32]

–– Stent with a very thin distal end, thinner than the rest of the stent. This allows minimal 
interference at the ureterovesical junction.

–– Traditional ureteral stent placement with a valve attached to the distal end, which func-
tions as an anti-reflux valve.

–– Intraureteral stent placement that does not cross the ureteral orifice and therefore does 
not generate vesicoureteral reflux.

–– Stents in which the distal pigtail is replaced by a 0.3Fr thread suture.

6.4.3 � Use of New Technologies in the Prevention of Forgotten Ureteral 
Stent Syndrome

The main drawback of traditional ureteral catheter patient follow-up strategies 
(paper card registry, electronic registry) is that the information is only available at 
the centre where the registration takes place. In addition, this register requires infra-
structure and personnel to perform enrolment and follow-up [33].

To overcome this shortcoming, the Ureteral Stent Tracker™ (UST) has been 
developed (P Visible Health, Inc., in partnership with Boston Scientific). It is a 
mobile application to track patients with ureteral catheters [34].

A unique profile with name and registration number is created for each patient. 
Within the profile, the date of insertion, laterality, expected removal date, and con-
firmed date of removal are included. Care plans are visually coded to allow easy 
identification of patients with catheters that have exceeded their planned removal 
date. This information is also sent as a weekly email reminder to all involved health-
care professionals [34].

Comparing the effectiveness and usefulness of the app with the classical card-
based appointment system to prevent FUSS, it was concluded that patients followed 
up via the mobile app had fewer delays and losses to follow-up [35].

Unlike paper-based systems, computer tracking has improved data entry, rapid 
search capability, and access from multiple sites [34].

7 � Conclusions

The growing importance of the use of double j ureteral stents for several indica-
tions makes the FUSS a complication with a not insignificant frequency. The 
properties of urine and the presence of bacteria can promote catheter encrustation. 
This can result in a highly variable range of signs and symptoms. Patients may 
have no clinical presentation or may have severe urinary tract infections and/or 
renal failure.
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New biomaterials for stent manufacture and coatings should reduce the main 
complications associated with this syndrome are currently under development. New 
technologies aimed at planning and remembering stent removal or replacement 
could dramatically reduce the incidence of this syndrome.
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Endourological Management of Encrusted 
Ureteral Stents

Patrick Jones, Amelia Pietropaolo, and Bhaskar K. Somani

1 � Introduction

Ureteral stents are a minimally invasive method to secure urinary drainage from 
the upper urinary tract(s). Since the first description of the double ‘pigtail’ stent in 
1978 by Finney et al., they have become established as a fundamental part of the 
endourologist’s toolkit [1]. Indeed, valuation for the global stent market is esti-
mated to exceed $560 million by 2026 [2]. Despite an evolution in stent technol-
ogy which has seen a plethora of developments related to material, design and 
surface coating, a number of limitations persist [3]. This includes complications 
such as bleeding, pain and bothersome urinary symptoms. Up to 80% of patients 
experience negative effect on their quality of life [4]. Stent encrustation (SE) is a 
further possible adverse sequela, which occurs as a result of crystal deposition 
(Fig. 1) [5, 6]. These crystals form due a change in the pH of the urine due to 
bacterial activity e.g. Proteus mirabilis. The latter are associated with urease pro-
duction and therefore accumulation of ammonia resulting in a pH rise accordingly 
[7, 8]. A degree of SE is reported to occur in up to 47% of patients according to 
some studies [9, 10]. In severe cases, SE renders standard cystoscopic removal 
impossible. Management of such cases can be a complex problem, which requires 
a step wise approach to ensure safe removal and secure the best possible outcome 
for the patient [11].
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Fig. 1  Encrusted stent 
removed from patient

Left undiagnosed and or untreated, SE that occurs both intra and extra luminally, 
can lead to a host of serious complications including infection (and potentially life-
threatening sepsis), stent fracture (Fig.  2), obstruction and deterioration in renal 
function [12].

Furthermore, over 50% of lawsuits arising from endourological surgery are stent 
related e.g. lost to follow up or forgotten stents [13]. Given the rise in the prevalence 
of kidney stone disease (KSD) and the worldwide trend for minimally invasive 
interventions which often employ ureteral stent insertion, the volume of stent 
encrustations may also be set to rise [14]. Awareness and understanding of the 
endourological management is therefore of paramount importance.
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Fig. 2  Plain radiograph 
showing fractured stent at 
lower end

2 � Risk Factors

The temporal relationship between stent indwelling time and morbidity is now well 
recognised [15]. Moreover, stent duration is generally considered the greatest risk fac-
tor for SE [5]. The relevance of this is now arguably greater than ever before given the 
near universal delays in operating as a result of the Covod-19 global pandemic [16, 
17]. Many cases of SE may be related to a ‘forgotten’ stent which Molina et al. found 
to take place in up to 12% of stent placements. This can be a result of poor patient 
compliance [18]. Previous studies have revealed the correlation between forgotten 
stents and socio-economic background as well as lack of health insurance [19]. A his-
tory of prior and concurrent KSD predispose the patient to a higher chance of SE. Risk 
of SE is also heightened further in the context of pregnancy due to metabolic changes 
such as reduced secretion of parathyroid hormone and the rise in filtered calcium asso-
ciated with the rise in glomerular filtration rate during pregnancy [2]. Kavoussi et al. 
found that pregnant women with nephrostomy tubes in situ required exchange as often 
as every 2 weeks in selected cases due to SE [20]. Malabsorptive states and malignant 
processes are also catalysts for pro-encrustation. As well as patient factors, the proper-
ties of the stent e.g. material and caliber will also play a role. Kawahara et al. found the 
rate of SE to be significantly lower when ≥7 Fr stents were used [9]. Unfortunately, 
even newer modifications such as metallic stents are not exempt from SE.
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3 � Clinical Assessment and Treatment Planning

While the clinical history can highlight the group of patients with greater likelihood 
of SE, an important pre-operative step is imaging. The first line modality is plain 
X-Ray (Fig. 3), but a low threshold should be maintained for expediting a computed 
tomography (CT) scan with a stone protocol applied. This may be selected in the 
first instance if the person has a history of uric acid stones. Although it holds the 
advantage of no radiation exposure, the role of ultrasound in the assessment of SE 
is very limited and is not routinely practiced in most centres.

Imaging can be complemented through use of grading system for SE. The two 
most commonly used nomograms are Kidney, Ureter, Bladder (KUB) and the 
Forgotten encrusted, calcified (FECal) Double J classification [12, 21]. These vali-
dated tools allow the surgeon to better predict those cases which will warrant mul-
tiple procedures, a multi-modal intervention plan e.g. combined endourological 
approach and those cases with long operative time (e.g. >3 h). It further helps to 
counsel the patient and manage expectations. More recently, the Visual Grading for 
Ureteral Encrusted Stent (V-GUES) has been developed [22]. If a patient attends for 
routine removal of ureteral stent under local anaesthetic (LA) and resistance is 
encountered, it should be abandoned and an up-to-date imaging organised. 
Understanding the impact on quality of life caused by the stent is also a valuable 

Fig. 3  Plain radiograph 
showing encrustation at 
distal coil
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step and this can be assessed using a patient reported outcome measure (PROM) 
such as the ureteral stent symptom questionnaire (USSQ) [23].

If the CT scan reveals poor condition of the renal parenchyma, consideration for 
nuclear renal scan should be given. Should this reveal less than 15–20% renal func-
tion, a simple nephrectomy may represent an alternate treatment option for that patient 
[12]. However, if both the parenchymal appearances and renal function are satisfac-
tory, a more minimally invasive treatment can be selected for removal of encrusted 
stent. It is now standard practice among many endourology centres to have regular 
stone multidisciplinary team (MDT) to discuss such complex cases. This not only 
allows for a shared treatment plan to be established but it also facilitates assessment 
by dietician and referral to metabolic clinic after the initial treatment [24].

Careful review of the patients imaging will allow to determine the severity of SE 
as well as whether it occupies both the proximal and distal ends of the ureteral stent 
or the whole length of the stent. Minimal linear encrustation at one end of the ure-
teral stent could permit standard removal of the stent by cystoscopy. However, if 
encrustations found are more than this then formal treatment of SE is warranted. 
Any planned procedure should be accompanied by collection of urine culture and 
antibiotic sensitivities prior to treatment. It is a further possibility that SE may only 
be discovered intra-operatively.

Retrospective and prospective studies have described different surgical 
approaches of stent retrieval related to the location and volume of encrustation.

In some cases, stent encrustation is an unexpected intraoperative finding and the 
surgeon has no choice than to abandon the procedure and repeat the treatment in 
after further planning. This allows strategic planning of staged stent removal with 
appropriate equipment and staff preventing further complications.

Mapping of SE can be done pre-operatively with imaging or can be described by 
the surgeon intra-operatively. The absence of standardisation in describing the loca-
tion of encrustation(s) can make management planning and comparison of out-
comes very difficult. It therefore highlights the need for dissemination and adoption 
of classifications systems in order to facilitate surgical planning. Use of a tool to 
grade severity of SE will also help guide a clinician as to whether they have the 
necessary expertise for the proposed treatment or whether onward referral to a spe-
cialist centre is warranted.

4 � Minimally Invasive Approaches

Before the advancements in modern technologies, open surgery remained a go to 
option for difficult cases. Indeed, its role serves a purpose in less developed coun-
tries [5]. However, such is the expanded application of ureteroscopy and percutane-
ous nephrolithotomy (PCNL), that even highly complex cases of SE can be handled 
using these minimally invasive interventions. The surgeon must bear in mind the 
option of using a combined modality approach. At time of patient counselling, it 
should also be explained that multiple sessions can be warranted.

Endourological Management of Encrusted Ureteral Stents



130

5 � Cystolithotripsy and Cystolitholapaxy

In cases of encrustation to the distal or bladder portion of the stent, cystolithola-
paxy using stone punch can be an effective method for fragmentation. If SE is 
limited to this site only, then it can be sufficient for then grasping and removing 
the stent. In certain cases, when the encrustation bulk around the distal coil of the 
stent is too large to be released with the stone punch, an alternative and less inva-
sive method is laser cystolithotripsy (Fig. 4). This is particularly effective in cases 
where the calcification has formed a large bladder stone surrounding the stent. 
The focused effect of the Holmium laser is able to gradually fragment and dust the 
encrustation preserving the stent integrity. The technique can be accomplished 
with 550 μm laser fiber, high energy settings (1–2 J). Use of resectoscope rather 
than rigid cystoscope can help maintain low pressure bladder irrigation. When all 
encrustations are released, the stent can be finally removed with normal grasper 
and all the fragments evacuated with bladder washout. The disadvantages of these 
methods e.g. cystolithotripsy, is the requirement for general anaesthesia and laser 
training. Lam et al. carried out an institutional review of their cases and reported 
that on average 2.7 procedures (range 1–4) are required to clear heavily encrusted 
stents [25].

Fig. 4  Endoscopic view of 
encrusted distal coil at time 
of cystolithotripsy
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6 � Shockwave Lithotripsy (SWL)

SWL represents a minimally invasive intervention in endourology. While its clinical 
application for treatment of KSD is far reaching, in the setting of SE, it is more 
limited. Its role for SE is largely restricted to cases of low volume encrustations. Its 
application favours cases where the area of encrustation is localised to the proximal, 
intra-renal portion of the stent [26]. Use of SWL for this scenario is more suitable if 
in the setting of high volume centre with a fixed lithotripter. It can also be imple-
mented before planned stent removal with grasper. SWL is a preferred modality in 
those patients with a high anaesthetic risk.

7 � Ureteroscopy

Ureteroscopy can allow for use of laser to remove encrustations (recommended 
fragmentation settings 0.4–0.6  J, 5–20  Hz). This should be performed in standard 
lithotomy procedure under a general anaesthetic. Intravenous antibiotic prophylaxis 
should be administered at induction. After placement of a cystoscopically guided 
safety wire (0.035 in.), the semi-rigid ureteroscope can be inserted parallel to the 
stent. Holmium laser treatment of encrustation can allow gradual release of the 
encrustations around the stents in order to create space and proceed retrogradely 
towards the kidney. In many cases series, rigid and flexible ureteroscopy are 
described as the definitive treatment to completely remove encrustation with the aid 
of Holmium laser.

When this is not possible, because of heavy encrustation encasing the stent, it can 
be divided using the laser and ‘piecemeal strategy’ of retrograde removal of the 
stent can be carried out [27]. Cutting the distal portion of the stent with laser allows 
for creation of more space (recommended cutting settings 1–1.5  J, 5–10 Hz).

Although fluoroless endourological surgery has gained increased attention in the 
modern era, use of fluoroscopy is still advocated in these complex cases [28]. However, 
the principle of ‘as low as reasonably achievable’ (ALARA) should still be upheld 
[29]. Once sufficient space has been established, the scope can be advanced and a 
further section of the stent can be cut and removed using grasper or basket in a step 
wise fashion. This method has also been termed ‘coil resection’. In cases where an 
additional operative session is determined to be required or where no initial entry with 
the semi rigid ureteroscope is possible, a small calibre stent (e.g. 4.8  Fr) can be 
inserted in parallel to allow passive dilatation of the ureter and the patient is booked to 
return at a later date. SWL can also be considered in these cases during the interval 
period. A smaller sized ureteroscope can also be used where there is limited space to 
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Fig. 5  Fluoroscopic view 
of flexible ureteroscope 
and cut proximal loop of 
stent

accommodate an instrument alongside the encrusted stent. Where the distal portion of 
the stent can be safely withdrawn to the urethral meatus, it can be secured (clamp or 
stitch) in order to fix its position and provide gentle traction.

Where proximal encrustation exists, treatment can be carried out using flexible 
ureteroscopy. Placement of ureteral access sheath (UAS) can facilitate this process. 
The cut proximal loop can then be removed via the UAS and hence reduce trauma 
on exit (Fig. 5). Once clearance has been achieved, a new ureteric stent should be 
temporarily inserted with a fixed date for removal supplied to the patient before 
discharge. Thomas et al. successfully treated over 90% of cases (n = 51) at their 
institution with use of ureteroscopy (semi-rigid and/or flexible) alone [30]. The 
advantages of newer generations of lasers e.g. high powered 100 W machine lend 
themselves well to these cases of heavy encrustation [31]. The introduction of the 
Holmium YAG (Ho:YAG) laser has heightened the reach of what can be achieved. 
High precision is enabled with reduced tissue trauma as a result [32, 33].

Smaller hospitals should consider a centralised process and onward referral of 
these cases for treatment in a high volume centre [34]. Furthermore, patients may 
require post-operative admission to high dependency unit (HDU) or intensive care 
units (ICU) given potential for septic shower and serious morbidity which could 
occur especially in multiple comorbidities [35].

8 � Percutaneous Nephrolithotomy (PCNL)

In cases of heavy encrustation within the kidney, a percutaneous approach may be 
necessitated. This will allow for antegrade nephroscopy and fragmentation to be 
undertaken from above. Due to high stone burden of the renal encrustation around 
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the proximal coil of the stent, up to 20% of cases warrant PCNL and anterograde 
approach. Although universal consensus does not exist in regard to the optimal 
approach when there exists both distal and proximal SE, it is the opinion of the 
authors as well as most published reports, that the distal portion should be handled 
and released of SE first [5]. Patients should also be consented for proceeding to a 
combined antegrade approach at the same anaesthetic if retrograde surgery alone is 
not sufficient. The procedure can be indeed performed with combined retrograde 
and anterograde approach in the presence of the correct equipment, positioning and 
staff in order to grant the best expertise and outcome but also keeping in mind 
patients’ preference and safety.

9 � Open Approach

The majority of severely encrusted stents described in the literature can be removed 
with one endourological procedures or a combination of them. However, when 
these minimally invasive techniques fail to achieve a full stent clearance, open 
pyelolithotomy still serves as an option. Nephrectomy with removal of the encrusted 
stent is considered the last resort, especially in patients where the kidney function 
has been compromised from prolonged obstruction [5].

10 � Encrusted Nephrostomy Tube

This represents another potential clinical scenario. The intra-renal portion can 
become heavily encrusted or a prolonged period in situ can lead to tissue bridges 
forming. The same principles of planning and treatment apply for this situation. As 
well lithotripsy down the established track and ureteroscopic treatment from below, 
another consideration is to establish an additional percutaneous calyx puncture to 
treat the large encrustation burden if it is present via a PCNL procedure.

11 � Prevention

Patient and surgeon education are arguably the most effective treatment tool [36, 37].
Careful counselling and an ethos of shared responsibility between patient and 

surgeon is of paramount importance. Implementation of strategies such as stent reg-
istries and more recent adjuncts such as novel use of mobile based reminder systems 
are possible remedies for this widespread problem [38, 39]. Ather et  al. imple-
mented a modern software tracking system and this significantly reduced the inci-
dence of overdue stents from 12.5% to 1.2% [40].

Preventative medical management and metabolic treatment can still play a role 
in encrustation treatment and prevention. Torrecilla et al. performed a randomised 
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trial between urine acidifier and crystallization inhibitor capsules vs placebo in 
patients with encrusted stents [41]. The outcomes showed decrease of overall 
encrustation in the experimental arm compared to placebo. It also delivered shorter 
removal time and higher success rate of stent removal at first attempt, which did not 
require additional surgical procedures. Medical management can especially be use-
ful for SE related to prior treatment of uric acid stones and acidic urine, where the 
patients can have urinary alkalinization to dissolve the encrustations [37].

12 � Conclusion

The development of SE is multifactorial, and a vigilant approach is required in 
order to help prevent it and this should be mirrored when treating this clinical 
problem as well. The evolution of minimally invasive endourology allows for 
virtually all cases to now be managed successfully without the need for open sur-
gery. A tailored management strategy should be formulated and use of an algo-
rithm such as FECal or V-GUES system is recommended as part of this work up. 
The need for a multi-modal treatment plan should be considered. Patients should 
be carefully counselled of additional procedures and made aware that multiple 
sittings may be warranted.

Conflict of Interests  No relevant disclosures.
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Pediatric Ureteral Stents

Tariq Abbas, Tarek Ibrahim, Mohamed AbdelKareem, and Mansour Ali

1 � Introduction

Ureteral stents are considered of the significant revaluations in endourological prac-
tice and have become an integral part of the contemporary urologic practice. The 
widespread utilization of ureteric stents in children has lagged behind that in adults 
because of difficulties encountered for design and sizes optimization manufactur-
ing. However, ureteral stents are considered essential tools in the management of 
several pediatric urological conditions ranging from, but not limited to, ureteropel-
vic junction obstruction (UPJO), calculi, and ureteric obstruction [1].

2 � Classification of Stents

There are different indications for ureteral stents insertion, and accordingly, there is 
no one ideal stent. Efforts are made to provide the highest stents quality and reduce 
potential complications (Table 1).
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Table 1  Characteristics of the ideal urinary stent

•  Stiff to be inserted easily, flexible with tapering to avoid injury during insertion
•  Maintaining coil strength to reduce migration
•  Maintaining patency and urine flow
•  Softer after insertion, when exposed to urine or kept within body temperature
•  Tolerated well by the patients without causing irritation or discomfort
• � Causes the least mucosal irritation by being inert, having a smooth surface and a surface 

coating with the least coefficient of friction
•  Coated by a substance that prevents encrustation and reduces the possibility of infection
•  Cost efficient
•  Matching the durability according to the indication and easily removed or dissolvable

Table 2  Different design patterns, materials, and features of ureteric stents

Type of stent Advantage Further readings

Upper 
coil 
design

Open end Standard open end for maximal drainage
Closed end Less reflux and pain
Flexible coil 
length

No need for length calculation

Lower 
coil 
design

Tail stents Thin strips instead of bladder loop to 
reduce bladder friction and cause less 
bladder irritation

No significant 
difference [2]

Dual Durometer Easy insertion due to the proximal part 
and softer bladder coil to cause less 
bladder irritation

No significant 
difference [2]

Magnetic tip Easier stent removal [3]
Shaft Rounded smooth Standard. Used routinely in most cases

Grooved Enhance passage of stone fragments
Spiral Maintain patency with external 

compression [4]
In vivo study, no 
significant difference [5]

Self-expandable 
Mesh stent

To increase flow, reduce reflux The animal study did 
not show a significant 
difference [6]

Endopyelotomy 
stent

Smooth transition from 14 Fr at the renal 
coil to 7 Fr taper at the bladder coil

Material Metallic Resist blockage by external compression [7]
Polyurethane Easy insertion, better drainage
Silicone Less bladder irritation, resist encrustation

Coating PTFE Easy insertion, low friction reduces 
bacterial colonization

PC/PVP Hydrophilic ease insertion, less encrustation 
and bacterial biofilm formation

Antibiotic/
triclosan/silver

Reduces bacterial colonization and 
growth

Heparin Less encrustation and bacterial biofilm 
formation

The ureteral stents design comprises three significant parts; renal coil, shaft, and 
bladder coil (Table 2). A string may be attached to the lower end to facilitate stent 
removal without an additional procedure. The stent circumference ranges, and the 
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Table 3  Different indications of ureteral stents insertion

•  Intraluminal ureteral obstruction (e.g., stones, clots, tumor)
•  Intramural obstruction (e.g., UPJO)
•  Extramural obstruction (e.g., tumor, aberrant artery causing UPJO, retrocaval ureter)
•  Post endoscopic surgery in ureteral orifice edema
•  Ureteral or renal pelvis iatrogenic injury, and residual stones
•  Post ureteral anastomosis and re-implantation
•  Prior to extensive pelvic procedures to avoid ureteral injury
•  Prior to external shockwave lithotripsy to avoid steinstrasse
•  Prior to retrograde intrarenal surgery, if a tight ureter
•  Ureteral and renal pelvicalyceal injury

length varies. Stents function by allowing urine flow within the stent lumen and 
alongside the ureteral lumen. Some different materials and designs will be dis-
cussed later in this chapter.

3 � Indications of Upper Tract Drainage

The indications for stent usage in the pediatric age group are almost similar to that 
in adults, including relieve of obstruction that might be intrinsic or extrinsic causes, 
following ureteroscopy, especially complicated one, post reconstructive procedure 
for both upper and lower urinary tract and before shockwave lithotripsy. The most 
common encounters for insertion of ureteric stents in children are UPJO, calculi, 
and ureteric obstruction (Table 3). The double-J ureteric stent has been described to 
permit for efficient, reversible internalized drainage of children with primary non-
refluxing megaureter (PNRM) [8].

4 � Techniques of Ureteral Stenting

4.1 � Insertion Approach

Ureteral stents can be inserted either retrogradely through the urethra or ante-
gradely through a percutaneous tract. In children, retrograde double-J stenting 
seems more reliable and safer than antegrade stenting [9, 10] with greater success 
and lower complication rates [11, 12].

4.2 � Retrograde Stenting

It is performed in a lithotomy position. Initially, starting by cystoscopy and local-
izing the ureteric orifice, which is then cannulated with a guidewire and open-
ended ureteral catheter. A retrograde pyelogram can be obtained to examine the 
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pelvicalyceal system and the stone. Replacement of a stiff bodied wired guidewire 
through the ureteral catheter and removal of the catheter. The self-retaining stent is 
then slide over the guidewire through the ureter under vision via a cystoscope 
sheath and fluoroscopy. Marks guide this along the stent that demarcates the ure-
teral length.

4.3 � Antegrade Stenting

The guidewire is passed from the kidney through the ureter to the bladder under 
fluoroscopic guidance through the pre-formed percutaneous nephrostomy tract. 
Then, the stent is slide over the guidewire and checked its position by 
fluoroscopy.

5 � Calculation of Stent Length

The selection of stent length is of high importance as it is needed to balance the risk 
between stent migration in case of using short stent versus stent irritation and stent-
related pain that occurs with longer stents [13]. There are different methods to 
choose the most optimum length. This has been attempted by measuring the ureteral 
length from the UPJ to the ureteral orifice using a scaled ureteral catheter while 
performing pyelography [14]. Similarly, this has been tackled by measuring the 
length between two points; (from the center of the renal pelvis to the symphysis 
pubis in IVU or KUB X-ray [15]. CT scan can be utilized for the measurement by 
multiplying the number of slices by the interval cut the thickness of slices in the area 
between the renal veins to the vesicoureteric junction. A formula (stent length = age 
in years +10) has been introduced as a reproducible manner to predict JJ stent length 
irrespective of laterality or gender.

Concerning the management of ureteral stent implantation, antibiotic therapy 
appears to be essential to prevent infection [16], which can have rates as 
high as 28%.

6 � The Current Problems and Limitations

The indwelling nature of ureteric stents is complicated by several unwanted effects 
including a feeling of pain, irritative voiding symptoms, and/or urinary tract infec-
tion (UTI). There are several potential complications in the currently utilized uri-
nary catheters in general and ureteric stents in particular (Table 4).
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Table 4  Potential early and late complications of ureteral stents insertion

Complications of the procedure Potential post-procedural complications

•  Infection •  Pain; renal, suprapubic, or groin
• � Renal pelvis, ureteral, and bladder 

injury ranging from mucosal erosion, 
submucosal false passage to perforation

• � Urinary symptoms; dysuria, hematuria, increased 
urinary frequency, nocturia, urgency, incontinence, 
sense of incomplete bladder emptying

•  Extravasation of contrast •  Stent migration
•  Stent dislodgment •  Stent encrustation
•  Failure to insert the stent •  Stent fracture

• � Stent occlusion externally by tumor compression 
or internally by blood clots or encrustation

•  Forgotten stents

Fig. 1  Abdominal X-ray 
of 3 months old infant with 
migrated left JJ stent 
inserted post left open 
pyeloplasty

The straight catheters are used to migrate downwards towards the bladder or 
upwards towards the kidneys. Finney was the first to introduce indwelling ureteral 
stents with a double J pigtail design, each pigtail coils at one end of the stent [17]. 
This design reduced migration and is still used nowadays. Complications encoun-
tered include upward migration in 3.3%, slipping in 4.2% (Fig. 1). High urinary 
tract infection with the presence of stents and catheters as considered being for-
eign bodies.
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a b

Perinephric drain

Perinephric drain site
after dislodgement;
suture still in place

Fig. 2  (a) Showing the gauze on top of the perinephric drain soaked with urine and blood with no 
accurate measurement and bothering both the baby and the parents. (b) Dislodegement of the 
perinephric drain with the first 24 h of surgery while the stitch is still in place

Complications encountered include febrile urinary tract infections in 10.8%, 
bacteriuria in 27.7% [18]. A recent prospective, randomized, controlled was con-
ducted to investigate the effectiveness of continuous antibiotic prophylaxis in 
patients with JJ stent. The incidence of febrile urinary tract infections with CAP was 
significantly reduced [3.8% vs. 19% (p 0.015)]. A long stent with an extra length 
within the bladder cavity causes more irritation [19]. Stent irritation symptoms were 
found to be more if the stent crossed the midline [20].

A frequently encountered problem is the unreliability of post-operative con-
trast studies in the presence of the stent. This often occurs because of the inabil-
ity to selectively control contrast opacification in the urinary tract that needs to 
be accurately tailored to each patient’s situation. Drainage of the perinephric 
area is often needed and mandates an extra (separate) perinephric drain (e.g., 
Penrose) to monitor anastomotic leakage and bleeding. This has the drawback 
of extra wounds and scar and discomfort at the time of removal, which is the 
bedside (Fig. 2).

Traditional perinephric drains lack the efficacy draining of localized or small 
perinephric collections and are vulnerable to dislodgement. We have introduced a 
double-lumen externalized ureteral stent that can drain both the urinary tract and the 
perinephric space and better control the area of interest during contrast studies [21] 
(Fig. 3).
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Fig. 3  (a) The stent is implanted in situ in a human. (b) Fluid collection. (c) US with perinephric 
collection demonstrated. (With permission (CC-BY) from [21])

7 � Future Directions

Ureteral stents are encountering technological advancements to overcome the prob-
lems faced upon placement. Attempts to modify the traditional tube design have 
included changing the shape of the stent’s ends even further to inhibit migration. 
Moreover, integrating an antibacterial component will ultimately decrease the asso-
ciated high risk of acquired urinary tract infections.

Other attempts have involved replacing the bladder end of the stent with highly 
flexible strands or loops to reduce the stent’s size in the bladder end to decrease the 
discomfort felt by a patient. In these designs, the stent may resemble a traditional 
tubular stent starting at the renal end and progressing for a significant distance, e.g., 
about 12 cm, or such a distance to start the flexible strands or loops about the iliac 
vessels of the patient. This significant distance was employed to prevent the migra-
tion of the stent further. Stents of this type suffer from the problem that stents of 
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multiple sizes must be created, and then a physician must select what size stent to 
use based on approximations of the patient’s physiology. In addition, even with the 
reduced size of the strands or loops, significant patient discomfort may result [22]. 
Efforts are undergoing to reduce current problems related to ureteral stents place-
ment. Specifically, for the pediatric population, an additional procedure is needed to 
remove the stent under general anesthesia. Magnetic tip stents were introduced to 
facilitate the removal without the need for another anesthesia [23, 24].

Recently, biodegradable stents are being evaluated that would typically degrade 
from 15 to 30 days [25]. A mixture of materials was tried to gain maximum effi-
ciency and the least complications. The mixture allowed the stent’s gradual degra-
dation so that the stents would dissolve from inside out and the body followed by 
the pigtails. This guarantees better stent stability without migration and keeps integ-
rity till full resorption [26]. A novel design was recently introduced with an anti-
reflux mechanism [27]. Likewise, coating materials would further improve the 
characteristics of stents and drug-eluting coating of biodegradable stents would 
widen the range of usage and reduce complications [28]. Antibacterial and anti-
inflammatory coatings would reduce stents infection and irritation.
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Flow Dynamics in Stented Ureter

Shaokai Zheng, Dario Carugo, Francesco Clavica, Ali Mosayyebi, 
and Sarah Waters

1 � Introduction

Urinary flow is governed by the principles of fluid mechanics. Urodynamic investi-
gations are frequently employed to diagnose lower urinary tract symptoms [1, 2], 
and many recent studies have focused on the fundamental flow dynamics of the 
ureter using fluid mechanical modelling methods, both theoretical and experimental 
[3]. Such studies have revealed the fundamental kinematics and dynamics of urinary 
flow in various physiological and pathological conditions, which are cornerstones 
for future development of diagnostic knowledge and innovative devices.

In a nutshell, there are three primary approaches to study the fluid mechanical 
characteristics of urinary flow: reduced order, computational, and experimental 
methods. Reduced-order methods exploit the disparate length scales inherent in the 
system to reveal the key dominant physics. Computational models can simulate 
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fully three-dimensional, time-dependent flows in physiologically-inspired anatomi-
cal domains. Finally, experimental models provide an excellent counterpart to 
reduced and computational models by providing physical tests under various physi-
ological and pathological conditions.

2 � Fundamental Characteristics of the Stented Ureter 
for Modelling Purposes

The key components of the human urinary system are illustrated in Fig. 1. The base 
flow is established by urine transport from the kidneys to the bladder. The generated 
urinary flow rates are in the order of 1 mL/min for each kidney [3], but can be higher 
or lower based on fluid intake or pathological conditions such as polyuria and dia-
betes mellitus.

For most fluid mechanical studies, the kidneys and bladder are treated as bound-
aries of the ureteric domain where pressure conditions are prescribed. The intralu-
minal renal pelvic pressure averages 12–15  cmH2O [4, 5], and is generally 
considered to be below 20 cmH2O for healthy individuals. The intraluminal renal 
pelvic pressure is often imposed as the inlet pressure boundary condition (BC) for 
ureteric flow models.

The bladder pressure is usually defined as the detrusor pressure, which is clini-
cally measured by subtracting the intra-abdominal pressure from the intravesical 
pressure. The detrusor pressure remains small (roughly 2–5 cmH2O) during the fill-
ing phase, but rises in the voiding phase, especially in men as a result of the extra 
resistance caused by the prostate. In a retrospective study of 976 healthy 
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Fig. 1  Illustration of the key components of human urinary system and the primary considerations 
in designing a physiological model. For multi-organ models, connections between components 
need to be carefully addressed as well
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individuals, the detrusor pressure at maximum flow rate during voiding was reported 
as 38.3 ± 11.5 cmH2O for males and 32 ± 10.6 cmH2O for females [6]. The voiding 
time of a normal bladder (capacity of approximately 500 mL) is around 40 s for 
healthy individuals [6]. The magnitude and duration of the pressures during filling 
and voiding can be used to specify the outlet condition of the ureteric domain, in 
contrast to explicitly including the bladder and urethra in the model.

The ureter is usually described as a tube of approximately 22–30 cm in length 
[7], and 1–6 mm in diameter [8]. The diameter is smaller at the ureteropelvic junc-
tion (UPJ), ureterovesical junction (UVJ), and where the ureters turn medially and 
cross the common iliac vessels. The ureter is typically modelled as either a straight 
or an undulated tube [9, 10].

Finally, to complete a model setup, characteristics of the stent need to be pre-
scribed. This is straightforward for in-vitro studies at the macroscopic level, where 
commercially available stents can be directly used in the model ureter. For research 
into the fundamental physics, design parameters such as stent length, diameter 
(outer/inner), side hole arrangements (e.g. diameter, spacing, vertex angle), and 
material properties can be investigated at different scales (e.g. local behaviour in 
vicinity of side holes of varying geometries).

3 � Reduced Models

Reduced-order methods are often employed to develop theoretical models of the 
flow dynamics within a (stented) ureter. Here we highlight the approaches adopted, 
and refer the interested reader to the review paper by Zheng et al. [3] for discussion 
of the details of the mathematical equations.

Lubrication theory was used to derive some of the earliest reduced models for the 
ureter [11–13], motivated by the small aspect ratio of the ureter (i.e. ratio of radius 
to length is small or R/L <<1) and the small reduced Reynolds number of ureteric 
flow (Re ~ 1). In the lubrication regime, the full Navier–Stokes equation was simpli-
fied to derive the urine flux and pressure distribution within a ureter subject to pre-
scribed displacement of the ureter walls [11] to model the effects of peristalsis. The 
insertion of a catheter (or stent) was shown not to affect the pressure distribution 
within the ureter, providing confidence that urological pressure measurements made 
with a catheter are trustworthy [12].

Major limitations of the earliest models include the neglect of kidney and blad-
der activities, and the treatment of the catheter or stent as a solid tube without side 
holes, so that the permeability of the walls of the catheter or stent was neglected. 
This was ameliorated by Cummings et al. [14], where the kidney and bladder were 
treated with dynamic pressure BCs and the stent walls were assumed to be perme-
able. The ureter was considered to be a passive linearly-elastic tube that deformed 
in response to the transmural pressure across it. Their results indicate that during 
voiding the bladder pressure rises significantly and reflux can occur. Stents with 
higher permeability cause less total reflux than those with smaller permeability, 
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which suggests that more side holes can help reduce urine reflux. The model was 
further developed to incorporate more physiological descriptions of bladder pres-
sure variation [15] (i.e. during voiding or spasms), a nonlinear elastic ureter wall 
law [15, 16], and the urine production from kidneys [16]. The authors argued that 
reflux exacerbates stent encrustation (primarily caused by the crystalline deposits of 
salts from urine) by returning bladder urine and bacteria to the ureter and renal pel-
vis. Increased duration of bladder spasm pulse and higher peak pressure during 
voiding were both shown to increase the total reflux, suggesting that patients should 
not squeeze hard during voiding, and the stent design should be optimized to reduce 
bladder irritations.

We note that peristalsis of the ureter wall can be strongly affected by the presence 
of an implanted ureteral stent, even ceasing completely, as concluded from several 
experiments using porcine models [17, 18] and a human patient study with indwell-
ing double-J stent [19]. It is therefore common to neglect peristalsis in stented ureter 
models, especially for in-vitro investigations.

Finally, there have been models dealing with micro-particle laden (e.g. stone 
fragments or crystalline particles) urine flows. In this context, urine is modeled as a 
multiphase medium with solid particles [20–22]. In these models, the coupling is 
one way: the particles do not affect the flow dynamics, but the fluid flow governs the 
transport of the particles. The ureter is modeled as a two-dimensional channel with 
solid boundaries under peristaltic waves, and the fluid phase is solved by the Navier–
Stokes equations. The effect of the fluid flow on particle transport is then deter-
mined by solution of the Basset–Boussinesq–Oseen equation. These methods are 
largely used to study particle trajectories and sedimentation under ureteric peristal-
tic waves. The exact results from these studies are therefore less relevant in the case 
of a stented ureter, since the peristaltic movement is largely impeded by the indwell-
ing stent.

4 � Computational Methods

While reduced models are useful to probe the underlying physics of the urinary 
system with minimal requirements for computational power, full computational 
models are able to simulate multiple configurations in clinically realistic settings by 
systematically varying physiological and stent-related parameters. Two solution 
techniques exist to solve full computational models. The conventional Computational 
Fluid Dynamic (CFD) approach solves only for the fluid domain and treats all solid 
components as prescribed BCs, whereas the Fluid–Structure Interaction (FSI) 
approach solves the governing equations for both the fluid and solid domains, cou-
pled via conditions at the fluid–solid interface [23, 24].

CFD has been widely used to study design parameters of stents, such as number 
of side holes [9, 10, 25–27], inter-hole distance [10, 26, 27] and angular positions 
[10, 25–27] in various ureter shapes [10, 26] with different levels of ureteral obstruc-
tions [10, 25, 27, 28]. Results from straight ureter models showed that most of the 
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side holes are inactive (no through flow) in the absence of blockages [25], except 
perhaps the ones nearest to the UPJ or UVJ [10, 25]. With a local blockage present, 
the side holes in the vicinity of the blockage become increasingly active as the 
degree of blockage increases [25, 28]. Increasing the number of side holes (conse-
quently decreasing the side hole interval) was shown to promote total flow rates [26, 
27, 29], but the angular arrangement of side holes showed no impact on the total 
flow rate [27]. In the case of curved ureter models, the total flow rate was smaller 
compared to straight ureters [10], and the side holes were found to be active even in 
the absence of obstruction [26]. The stent wall thickness and the vertex angle of side 
holes were also studied in a CFD model of a microfluidic chip that replicated only 
a segment of the stented ureter [30]. Based on the local wall shear stress level, 
reducing stent wall thickness and adopting a 45° vertex angle for the side hole edges 
were proposed as strategies to reduce encrustation rates in inactive side holes.

The peristaltic movement of ureter wall is often omitted in CFD studies. In a few 
exceptions, a periodic wave of the ureter wall was prescribed and the effect of 
obstruction level was investigated [31, 32]. Nonetheless, the FSI method is more 
suitable for this type of study, where the ureter wall is modeled as a solid with 
appropriate constitutive equations capturing its material properties (e.g. elasticity). 
Previous FSI studies mainly focused on the characteristics of peristaltic waves such 
as maximum height, wave speed, and number of waves per ureter length [33, 34]. 
The proximal segment of the ureter was shown to suffer from a higher level of wall 
shear stress associated with a back flow at the beginning of peristalsis [33–35]. 
When an obstruction was introduced, higher shear stresses and pressure gradients 
were observed near the obstruction [36, 37]. Notably, a comparison between a full 
axisymmetric 3D ureter model and its corresponding 2D case showed negligible 
differences in shear stress and pressure gradient levels along the entire ureter length 
[36], and suggested that the simpler 2D axisymmetric model should be always con-
sidered first. Finally, in a study of a stented ureter [38], strains and stresses over the 
ureter obtained from a FSI study suggested a rigid-body behavior. The authors 
therefore recommended CFD as a cost efficient, but equally accurate option, for 
similar cases, where peristalsis is not considered.

5 � Experimental Methods

In addition to providing physical insights, experimental models are also essential 
for the generation of data to calibrate and validate theoretical and computational 
models. Once validated by detailed comparison of theoretical model predictions 
with experimental data, theoretical and computational models can go beyond the 
experimental results by simulating more complex geometries and boundary condi-
tions. Specifically, for the upper urinary tract (UUT), experimental studies have 
focused on the following aspects: (1) bacterial growth, (2) drainage capabilities of 
stents, and (3) the interplay between fluid mechanics and encrustation.
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5.1 � Bacterial Growth

Studies on bacterial growth in ureters aim to investigate encrustation and biofilm 
formation from a chemical and biological point of view. In the earliest studies [39, 
40] on UUT, stents were not considered and the bladder was modelled as a static 
flask with periodic emptying cycles to simulate micturition. Volume capacity, resid-
ual volume and frequency of micturition were taken into account to study the bacte-
rial susceptibility to antibiotics. It was demonstrated that the amount of bacteria in 
the urinary tract can be reduced with frequent micturition [39].

After stents were introduced in the clinical setting, several studies focused on 
investigating encrustation and biofilm growth in stented ureters. In general, different 
types of results can be achieved when static or dynamic models are used. Static 
models [41] were normally characterized by big reservoirs filled with artificial urine 
in which stents were immersed for a defined time interval. The results of these stud-
ies showed that 60% of the surface was covered by encrustation (mainly character-
ised by hydroxyapatite and struvite crystals) within 2 weeks, and that encrustation 
reached 100% coverage after 10 weeks.

Dynamic models were later introduced to overcome the main limitations of the 
static models and mimic more closely the physiological conditions. For example, 
filling and emptying cycles were introduced to model micturition which was not 
possible with static models. To this end, Chong et al. [42] introduced a syphon at the 
bladder outlet to automatically empty the bladder, when bladder volume reached a 
defined value (this volume could be controlled by changing the height of the syphon).

To facilitate comparison of stent designs, multi-testing platforms were intro-
duced to enable simultaneous testing of several stent samples [43–45]. These exper-
imental models were normally closed loops and constant urine flow was enforced 
by means of volumetric pumps (periodic bladder filling/emptying was not consid-
ered). Encrustation in dynamic models was found to be significantly lower than in 
static models, demonstrating the pivotal role of the flow on biofilm and encrusta-
tion growth.

5.2 � Drainage Capabilities

Quantification of the drainage behaviour of ureteral stents is essential for assessing/
comparing stent performance. Hofmann and Hartung [46] used a reservoir to model 
the kidney and a 9-F (3 mm) polyvinyl tube with a stent inside (placed below the kid-
ney) to model a stented ureter. To quantify the intraluminal drainage of stents, threads 
were tied around the polyvinyl tube to simulate obstructions. A similar approach was 
followed by Lange et al. [47] who used casted spheres to model ureteral obstructions. 
By keeping the head pressure constant, the performance of different stents were com-
pared in terms of total flow rates [47]. A pressure driven flow setup was also adopted 
by Kim et al. [48]. In their experiments, stents of different diameters were inserted in 
silicone ureters. These ureter models closely mimicked the architecture of real human 
ureters as their geometry was based on computed tomographic (CT) scans from 
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patients. Curved ureters were compared with simplified straight ureters in their study. 
These experiments showed that higher hydraulic resistance is associated with bigger 
stents (i.e., stents with higher diameters) and curved ureters [48].

In contrast to the pressure-driven flows highlighted above, Olweny et  al. [49] 
adopted a flow-driven approach to quantify the drainage properties of ureteral 
stents: constant flow was enforced and the pressure difference across the stent sam-
ples was measured. The hydraulic resistance of each stent sample was calculated 
using Poiseuille’s law. Their in-vitro results, however, did not match the associated 
in-vivo data, probably because of the morphological changes induced in the ureters 
by the presence of the indwelling stents.

In order to reproduce more physiologically realistic conditions, Graw and 
Engelhardt [50] provided an experimental setup to mimic ureteral peristalsis using 
24 inflatable cuffs surrounding an inner tube which modelled the ureter (a thin-
walled tube with four lobes). The peristaltic wave, causing the bolus propagation, 
was reproduced by periodically activating the pressure in each cuff. Their investiga-
tions allowed to measure the pressure waveform associated to the bolus propaga-
tion; few suggestions were also provided to help the selection of catheters for 
intraluminal pressure measurements in ureters. Moreover, a bladder model repro-
ducing the physiological pressure–volume curves was introduced by Kim et al. [51]. 
In their model, micturition was achieved using an outlet valve which opened at tar-
get pressure values. Measured peak bladder pressure, in this model, was found in 
the physiological range 20–80 cmH2O (during micturition).

5.3 � Interplay Between Fluid Mechanics and Encrustation

Flow-particle models investigate the interplay between fluid mechanics and encrus-
tation/biofilm development in stented ureters (in addition to drainage capabilities of 
stents). Clavica et al. [52] and Carugo et al. [53] developed an in-vitro transparent 
model of the ureter based on measurements in porcine ureters. They quantified the 
relation between renal pressure and parameters including urine viscosity, urine flow 
rate, and level of obstruction. Notably, using fluorescent particles flowing in the 
transparent model, they were the first to provide flow visualisation in stented ureters 
and to observe the presence of laminar vortices near stent side-holes. It was hypoth-
esised that these vortices can be anchoring sites for crystal and bacterial deposits 
[52, 53]. Following these findings, microfluidic ‘stent-on-chip’ models were devel-
oped by Mosayyebi et al. [54] to investigate intraluminal and extraluminal flows in 
stented ureters at the microscale level. In this study, flow streamlines at selected 
locations were obtained using fluorescent tracers and comparisons with computa-
tional equivalents were provided. An inverse correlation between particle accumula-
tion and wall shear stress was identified. In further studies, the same research group 
investigated: (1) a novel side hole [30] with an optimised ‘streamlined architecture’ 
which led to lower particle deposition and (2) the influence of wall shear stress on 
bacterial adhesion [55]. Similarly to particle accumulation, it was found that low 
wall shear stress are associated with higher bacterial coverage.
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6 � Conclusion

In summary, this chapter has highlighted the various approaches established to 
study the flow dynamics in stented ureter. While the interdisciplinary approaches to 
date have provided a wealth of insight into the fluid mechanical properties of the 
stented ureter, the next challenge is to develop new theoretical, computational and 
experimental models to capture the complex interplay between the fluid dynamics 
in stented ureters and biofilm/encrustation growth. Such studies will (1) enable 
identification of clinically relevant scenarios to improve patients’ treatment, and (2) 
provide physical guidelines for next-generation stent design.
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Methodology for the Development 
and Validation of New Stent Designs: 
In Vitro and In Vivo Models

Wolfgang Kram, Julia E. de la Cruz, Owen Humphreys, Noor Buchholz, 
and Federico Soria

1 � In-Vitro Encrustation Models: A Critical Review

Implantation of biomaterials into the urinary tract is hampered by crystal formation, 
bacterial adherence and, ultimately, encrustation through biofilm formation result-
ing from a multifactorial disturbance of the delicate balance between numerous 
physico-chemical and biochemical processes. Non-infectious stone formation and 
encrustation usually result from metabolic imbalances, often on the tubular level. In 
contrast, infectious stone formation and biofilm-induced encrustation are linked to 
the enzymatic activity of bacteria. Best known are urease-producing species such as 
Proteus mirabilis, which increase the pH of the urine. This alkalization, in turn, 
decreases the solubility of urinary calcium and magnesium salts and thus facilitates 
encrustation.

Consequently, the use of urinary implants is complicated by several factors stent 
surface encrustation through deposition of crystal-forming urinary ions, bacterial 
colonization and biofilm formation despite antibiotic treatment and prophylaxis, 
mechanical irritation of the urothelium by encrustation, and alterations of urine flow 
in and around the stent due to encrustation [1].
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The development of in vitro models to simulate bacterial infections and biofilm 
formation started after the initial observation of sessile bacteria and their role in 
chronic infections in humans. Biofilms form an irregular network matrix. They pro-
tect the bacteria from physical, chemical and biological stresses. Shear stress caused 
by the flow of the fluid medium is hereby one of the main factors impacting on the 
formation of a stable biofilm.

Early approaches focused on the use of continuous flow systems, such as the 
chemostat model, which had the advantage of a regular supply of fresh fluid medium 
whilst maintaining a constant volume [2]. Many in vitro models designed to mimic 
encrustation on urological devices have been derived from classical microbiological 
approaches, and often do not reflect important physiological factors such as the 
complex and variable physico-chemical urinary environment in vivo, or infection 
with mixed species.

In 1973, Finlayson and Dubois described a dynamic flow in vitro encrustation 
model which used both, a constant flow of artificial urine and a magnetic stirrer [3]. 
A number of adaptations to this model have been devised over time to enable the 
study of urinary encrustations utilizing both, human and artificial urine [4]. 
Depending on particular research questions, two groups of open systems were 
designed: The Continuous Flow Stirred Tank Reactor (CFSTR) and the Plug Flow 
Reactor (PFR). The Modified Robbins Device (MRD) was designed to monitor bio-
film formation with different flow speeds in an axial direction, and in a completely 
mixed reactor using diffusion. This PFR-system consists of a pipe with multiple 
threaded holes containing coupons. The biofilm reactor of the Center for Disease 
Control (CDC) is a current, commercially available flow-based CFSTR-system. A 
vessel with a polyethylene lid bears independent rods housing removable coupons. 
Inside the reactor, there is a rotating magnetic stirrer exerting a constant high shear 
force on the coupons. The number of revolutions can be varied and is independent 
of the feed speed. The system allows for a perfect mixing and operates at a steady 
state. With this system, structure and physiology of biofilm formation can be moni-
tored by confocal laser scanning microscopy (CLSM) in a non-invasive fashion [5]. 
The CDC biofilm reactor is indispensable for prototype testing, but less suitable for 
screening testing. Another disadvantage of the semi-open design of the CDC reactor 
is its susceptibility to contamination.

This led to the development of high-throughput static biofilm models. Microtiter 
plate (MTP)-based static systems are the perhaps most commonly used biofilm 
model systems. They are an important tool to study especially the early stages of 
biofilm formation. In these systems, biofilms are typically grown on either the bot-
tom or the sidewalls of a MTP. MTP-based systems are closed systems without in- 
or outflow from the reactor. Consequently, during an experiment the composition of 
the environment inside the well of an MTP changes. Nutrients are depleted whilst 
signaling molecules accumulate. It has been suggested that a part of the accumu-
lated biomass may not result from biofilm formation, but rather from cell sedimen-
tation and subsequent entrapment of cell sediments within the matrix of extracellular 
polymeric substances (EPS).
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The Calgary Biofilm Device (CBD) represents a modification of the MTP-based 
systems, where biofilms are formed on lids with rods that fit into the bacteria-
containing wells of the MTP.  A newer system to study biofilm formation and 
encrustation on implants uses this CBD as a commercially available high-throughput 
screening assay. However, the lid is configured in such a way that materials are held 
in a matrix. The bottom is a welled plate into which the implant materials to be 
tested can be inserted. The matrix in combination with the high-throughput capabil-
ity of the assay allow the study of several encrustation parameters. The use of MTP-
based assays offers many of advantages. MTP are cheap and they provide the 
opportunity for multiplexing, as multiple organisms and treatments can be incorpo-
rated in a single experimental run [6].

Both, MTP/CBD-based and flow-based systems share some limitations. One 
common pitfall in designing in vitro biofilm models is the use of bacterial strains 
with a low virulence which, in turn, results in a low translation rate from in vitro to 
in vivo studies.

Most in vitro encrustation models use synthetic urine, based on urease reactions 
or urease-producing bacteria. However, in real life most urinary tract infections are 
caused by E. coli. These are acid-producing, and, consequently the urinary pH does 
not increase. Whilst models using urease-related alkalization are relatively easy to 
design, the multifactorial physiological conditions in stone- and encrustation forma-
tion are not properly represented. In fact, 80% of all urinary stones and probably 
most urinary implant encrustations consist to a large part of calcium and oxalate. 
Only 10% of urinary stones contain uric acid crystals, and struvite as a typical infec-
tious stone is clinically found in less than 10% of urinary stones, typically in alka-
line urine with a pH > 7. Yet, alkalization models do focus on this group of stones.

In clinical practice, guidelines mandate that urinary catheters and stents with 
such infectious stone encrustations must always be removed due to the presence of 
inactive bacteria protected by the biofilm [7]. Using these models seems therefore 
non-relevant for the development of new stents for a large target population of 
patients.

The above-mentioned encrustation models could be complimented by in vitro 
calcium oxalate crystallization methods from urolithiasis research. There are differ-
ent options to choose from. These vary from simple experiments in defined inor-
ganic solutions to whole human urine experiments replicating urine flow dynamics 
[8]. Currently, models are being developed that combine the advantages of continu-
ous flow and static models. One such system is the stent-on-chip microfluidic model 
(SOC). SOC tries to simulate the hydrodynamic areas of a stented ureter under 
physiological conditions, including drainage holes and the cavity formed by a ure-
teral obstruction. Encrustation formation over time is monitored and measured by 
optical microscopy [9].

For the future, examination of the urinary microbiome may provide promising 
insight into the underlying mechanisms of biofilm formation and encrustation on 
urinary implants. It has been suggested that the urinary tract is not, contrary to ear-
lier assumptions, a perfectly sterile environment and that commensal bacteria may 
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play a role in patient susceptibility to infection and in the composition of the urinary 
microbiome associated with stent complications [10].

OMICs (genomics, transcriptomics, proteomics and metabolomics) have 
improved our understanding of microbial interactions in the urinary tract. It is now 
possible to identify all microbial species that colonize the urinary tract. Combining 
results from OMICs studies with in vitro biofilm research has the potential of mak-
ing a real impact in clinical practice in the future.

2 � Preclinical In Vivo Evaluation of Urinary Stents

Experimental in vivo trials represent the final step in the preclinical validation of a 
medical device. These in vivo evaluations should be preceded by the corresponding 
in silico simulations, in vitro and ex vivo studies of the newly developed device. The 
urinary tract constitutes a complex dynamic environment with a high variability, 
where in vitro and ex vivo models often fail to reflect certain factors that are decisive 
for the safety and effectiveness of a urinary stent. These factors include urodynamic 
behavior of the urinary tract, the changing physico-chemical conditions and the 
multifactorial nature of urinary tract infections, biofilm and encrustations. Besides, 
ureteral peristalsis and the potential presence of vesicoureteral reflux may play a 
crucial role in the success of new designs of ureteral stents [1, 11, 12].

Prior to its translation into a clinical setting, the safety and performance of a 
urinary stent requires to be tested in a whole organism, provided currently by animal 
models. Animal models overcome the aforementioned limitations of reproducibility 
in laboratory setting and also allow the evaluation of the systemic effect of a new 
device on the host, including its potential systemic toxicity [13]. The rational 
sequence of the preclinical assessment of a new stent design or innovation should 
follow the order from in silico, in vitro and ex vivo studies, to finally in vivo trials. 
This thus allows the reduction of the number of animal models used to a minimum 
that provides adequate statistical power, increasing the likelihood of success of 
these experimental trials and preserving animal welfare [14, 15].

Concerning animal welfare in experimental studies, ethical evaluation of proj-
ects involving animal testing is mandatory in the EU since January 2013, through 
the Directive 2010/63/EU of the European Parliament and of the Council [16]. 
Establishing the basic rules applicable to the protection of animals used in experi-
mentation and other scientific purposes [15, 16]. In order to ensure moral standards, 
scientific validity, and public trust, all projects must be evaluated and approved by 
an ethical committee prior to development. The use of animals for research should 
be justified by carefully evaluating each procedure, as to the scientific validity, use-
fulness and relevance of the expected result of that use. The potential harm to the 
animal will be balanced against the expected benefits of the project [15, 17].

With regard to the translational perspective of animal research, the choice of the 
species should be based on the similarity of the conditions studied with those of the 
human being. Ideally, we should seek for the model that provides anatomic, 
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urodynamic, pathophysiological, histological and biochemical levels as identical as 
possible to that of humans. Non-human primates represent the closest model in this 
regard, except for two anatomic variations, they possess unipapillary kidneys and the 
left kidney lies lower in the abdomen, as opposed to human kidneys [18]. Nevertheless, 
the scientific literature has not reported the assessment of urinary stents in primates, 
which may be due to ethical, legal, economic and logistical considerations [16, 19].

2.1 � Porcine Model

The porcine species are the animal models most frequently used for the assessment 
of urinary stent designs. The anatomy of the human and porcine urinary tracts are 
highly similar, rendering this model ideal for analyzing the behavior of the urinary 
tract in the presence of new devices [20] (Fig. 1). Pigs have multipapillary kidneys, 
with 8–12 papillae compared to humans, which usually have 4–18 [21]. Porcine 
ureters tend to be longer and more tortuous than those of humans [20, 22, 23]. 
Moreover, porcine renal physiology parallels that of humans with respect to 

Fig. 1  Corrosion endocast 
shows pelvicalyceal system 
and renal vessels. 
Dorsal view

Methodology for the Development and Validation of New Stent Designs: In Vitro and…



164

maximal urine concentration, glomerular filtration rate and total renal blood flow 
[24]. Since the male porcine urethra prevents retrograde approach due to its sigmoid 
morphology, research involving endourologic procedures is performed on females. 
Ideally, interventions should be carried out on 35–40 kg models, as the dimensions 
of their urinary tract at that weight are comparable to a human adult [25, 26].

The devices assessed in the porcine model are mainly ureteral stents, including 
polymeric stents, antireflux, biodegradable, drug-eluting and metallic stents [24–
29]. This animal enables the transurethral retrograde insertion of the devices, 
although antegrade and cystostomy approaches have also been described [24, 29–
32]. The evaluation of the performance in vivo of the urinary devices involves blood 
and urinalysis, urine culture and imaging tests that include the ultrasonographic 
assessment of the hydronephrosis degrees [33] (Fig. 2). Radiologic tests comprising 
excretory urography and retrograde ureteropyelography, provide valuable informa-
tion on urinary patency, stent migration, radiopacity and fashion of degradation of 
biodegradable devices [12, 34, 35] (Fig. 3). As a limitation, this animal model pre-
vents the assessment of vesicoureteral reflux by means of a voiding cystourethrog-
raphy; which can be examined via a simulated voiding cystourethrography [27, 36] 
(Fig. 4). Histological analysis may be performed for the analysis of biocompatibil-
ity, tissue damage and more specifically, of the ureteral healing provided with the 
stents [34, 36, 37]. In addition, intravesical and renal pressures in stented ureters 
have also been measured, as well as ureteral peristalsis and contractility [29, 38, 39]. 
Research on urinary stents in the porcine species is generally performed on healthy 
intact models. However, pigs may undergo the surgical and pharmacological induc-
tion of pathologic features such as ureteral strictures and urolithiasis [31, 35, 40].

Fig. 2  Ultrasonographic 
assessment of the 
hydronephrosis degrees in 
a porcine model of 
obstructive uropathy
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Fig. 3  Retrograde 
ureteropyelography of the 
proximal ureter, renal 
pelvis and calyxes of a 
healthy porcine model. The 
use of radiologic catheters 
with radiopaque marks 
enables the measurement 
of upper urinary tract 
dimensions and perform a 
follow-up of their 
development

Fig. 4  Simulated voiding 
cystourethrography in a 
porcine model stented with 
a double-j ureteral stent. 
*Vesicoureteral reflux 
reaches the lumbar ureter
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2.2 � Canine Model

The validation of urethral and prostatic stents is generally not performed on pigs, 
given the particularities of male porcine urethra and the anatomical differences of 
the accessory sex glands [22]. The dog has proven to be an adequate model for the 
study of prostate diseases, as it develops benign prostatic hyperplasia (BPH) and 
prostate cancer both spontaneously and experimentally induced [41, 42]. Metallic, 
covered, drug-eluting and biodegradable urethral stents have been assessed in 
healthy and in BPH induced canine models, via transurethral insertion [43–45]. 
Urethral diameter is measured by means of a retrograde urethrography, which 
enables the monitoring of position, expansion, patency and migration of the stents 
[44–46]. Besides, histological evaluation is also included for the follow-up of stent-
related urethral damage and urothelial hyperplasia [44, 47]. Nevertheless, the use of 
urodynamic studies for testing the therapeutic response in BPH canine models does 
not seem reliable as, unlike humans, canine hyperplastic prostate produces rectal 
obstruction rather than lower urinary tract symptoms [42].

The canine model has occasionally been chosen for the evaluation of biodegrad-
able ureteral stents [48–50]. Noteworthy, the group of Lumiaho et al., tested their 
first prototypes of their biodegradable ureteral stent in dogs, placing them with an 
open surgical approach [49, 50]. The analysis of renal function, ureteral patency and 
the presence of vesicoureteral reflux are carried out similarly to the methodology in 
pigs, in addition to renograms [48–50].

2.3 � Rat Model

Smaller laboratory animals, such as rabbits and rats, provide the advantages of eas-
ier handling, are more cost effective and require less infrastructure and logistics 
[40]. Unlike porcine and canine models, whose dimensions and anatomy allow the 
evaluation of the urinary stents that will be tested in future clinical trials, the devices 
inserted on rabbits and rats may differ from the definitive prototype under develop-
ment. Small laboratory animals are therefore of great use for the assessment of stent 
upgrades including biomaterials, coatings and the release of substances [51, 52].

As for the rat model, it enables the analysis of the antimicrobial and anti-
encrustation potential of new stents, since urolithiasis and urinary tract infection 
(UTI) can be experimentally induced in a controlled manner [40, 52]. UTI models are 
performed by the intravesical instillation of bacterial suspensions, being the most 
common S. aureus, E. faecalis and P. aeruginosa [52–54]. The induction of urolithia-
sis in rats to promote stent encrustation is carried out with dietary manipulations, 
gastrointestinal resections and the administration of lithogenic agents [40]. These ani-
mals are often chosen for the validation of both urethral and ureteral stents. Ureteral 
stents are inserted through a cystotomy in either the bladder or the ureter [51, 55, 56]. 
Besides the evaluation of the device’s performance, when placed in the ureter, uretero-
ureteral anastomosis may also be performed for the histological analysis of ureteral 
healing and scarring processes [13, 55, 56]. Urethral stents are tested in the bladder 
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and the urethra, and depending on stent size and characteristics, transurethral place-
ment may be feasible [57–59]. The rat’s urethra allows the detection, as well as the 
histological analysis, of injuries during stent placement and the development of ure-
thral strictures secondary to fibrotic and hyperplastic tissue formation [59].

2.4 � Rabbit Model

The rabbit has been used for biocompatibility studies of stent materials. To this end, 
stent samples can be inserted in the muscle by blunt dissection, preferably the dorsal 
muscle to prevent the animal from self-mutilation [60]. The scientific literature 
regarding urinary stent validation in this animal model is scarce, probably due to the 
significant differences between rabbit’s and human’s urine composition [61]. The 
potential of biomaterials and drug-release against stent-related urinary tract infec-
tions has been assessed by transurethral intravesical placement of ureteral stent 
samples, for the performance of microbiological cultures and histological analysis 
[62, 63]. The rabbit’s urethra enables the evaluation of urethral and prostatic stents, 
including placement, degradation of materials, therapeutic success and histology in 
both healthy and urethral stricture models [64, 65].

3 � Guidelines for Animal Research

Finally, for reporting animal research, it is recommended to follow the ARRIVE 
guidelines [66]. These guidelines have been developed to ensure that studies involv-
ing live animals follow methodological rigour, are reported in enough detail and 
enable reproducibility. This tool is primarily aimed for the writing and revision of 
scientific publications. However, they are also valuable for study planning and con-
ducting, as they help researchers to design rigorous and reliable in vivo experiments, 
minimize bias and to record important information about study methods. Besides, 
ethical review boards, funders, institutions and learned societies may rely on them 
to help promote best practice and ensure rigorous design and transparent reporting 
of in vivo preclinical research [66].
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Methodology on Clinical Evaluation 
of Urinary Stents

Maja Sofronievska Glavinov, Sotir Stavridis, Senad Bajramovic, 
and Stefan Arsov

1 � Introduction

In the framework of COST CA16217 “European Network of multidisciplinary 
research to improve the Urinary Stents (ENIUS)”, WG3 group worked on the vali-
dation of protocols for new stent designs. In this chapter, we address a methodology 
on clinical evaluation of urinary stents as well as the importance of clinical data and 
patients’ feedback regarding urinary stents.

This methodology is meant to provide guidance on clinical aspects of urinary 
stent development, thus assisting all stakeholders in innovation and improvement of 
new stents designs during clinical investigation in both, pre- and post-market 
evaluation.

In addition, as part of the methodology for urinary stents development, we were 
also focused to effective determination of any undesirable side effects that can 
appear in stented patients. That is the reason we performed analysis of all tools 
developed in order to obtain and deliver such information from the patients who 
underwent urinary stent placement and suggest a newer approach in obtaining this 
feedback through The Urinary Stent Related Health (UriSteRH) questionnaire 
(Table 1).
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Table 1  The Urinary Stent Related Health (UriSteRH) questionnaire

M. Sofronievska Glavinov et al.



175

Table 1  (continued)

Methodology on Clinical Evaluation of Urinary Stents



176

2 � Background

Urinary stents are used to alleviate obstruction along the urinary tract and prevent 
its complications, either as a temporary or a definitive treatment. There are stents for 
the upper urinary tract (ureteric stents) and for the lower urinary tract (urethral 
stents and catheters).

There are mandatory and relative indications for urinary stent placement. 
Mandatory relief of obstruction is indicated in obstructed pyelonephritis, bilateral 
ureteral obstruction with anuria, obstruction of a solitary functioning kidney, ure-
teric injuries, and post-operatively in some cases for the upper urinary tract, and for 
acute urinary retention for the lower urinary tract. Relative indications include the 
relief of pain associated with ureteral obstruction, relief of renal colic during preg-
nancy, significant ureteral edema after ureteroscopy, or anticipated ureteral obstruc-
tion from stone fragments during shockwave lithotripsy [1, 2].

Urinary stents have numerous side-effects affecting the patient both, physically 
and psychologically. Ideal or near ideal stent designs and models should aim to 
minimize these side effects and be as much tolerable, safe, and efficacious as pos-
sible [3, 4].

3 � Clinical Evaluation in Urinary Stents Improvement

After evaluating the available evidence, we concluded that in order to assess whether 
a device is fit for purpose(s) and suitable for the patient population(s) it is intended 
for, there are two crucial steps needed for a clinical investigation:

to verify whether the stent in accordance with clinical guidelines for stent 
implantation and the manufacturer’s instructions is fit for purpose, and

to determine any side effects following clinical guidelines for stent implantation 
and the manufacturer’s instructions of use, and assess the risk—benefit balance for 
the stent under its intended use.

4 � Design of Clinical Investigation(s)

The design of any clinical investigation must be based on the claims made by the 
manufacturer and, as part of the demonstration of compliance, with the essential 
requirements of the medical device directive (MDD) [5, 6]. Undoubtedly, controlled 
randomized studies are best suited to confirm or deny claims made by the manufac-
turer. Randomized-comparative studies are required to demonstrate the risk-benefit 
profile of the stents. Studies must include enough patients to allow assessment of the 
primary performance and safety end-points specified in the clinical investigation 
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plan, with a 95% confidence interval [7]. Several criteria need to be met to conduct 
reliable studies with clear and valuable end-points:

Criteria for population selection in clinical investigations.
Criteria for duration of the clinical investigation.
Criteria for analysis of Quality of Life (QoL).
Criteria for post market clinical follow-up.

5 � Population Selection in Clinical Investigations

It is important for the study population selection that there are well-defined eligibil-
ity criteria, considering the safety and performance claims and any other future 
marketing claims. Criteria such as site, length and type of the obstruction, ureteral 
or urethral diameter, and risk factors including but not limited to infection, previous 
instrumentation, and other defined conditions must be applied. All patients should 
be on well-defined medically recommended prophylaxis and/or therapy unless oth-
erwise justified.

The number of patients to be enrolled should not only be based on a sound sci-
entific rationale, but also on statistical calculations to support the hypotheses.

6 � Duration of the Clinical Investigation

Timelines for an acceptable evaluation of the performance and safety will depend 
upon the characteristics of a urinary stent as well as the urinary pathologies and/or 
medical conditions for which it is intended. Timelines must always be justified. 
Appropriate endpoints must also take into consideration the time-frame around pos-
sible complications. Moreover, a long-term follow-up should be performed, and a 
post market clinical follow-up should be considered unless there are good rea-
sons not to.

7 � Analysis of Quality of Life (QoL)

It is of utmost importance to achieve an acceptable QoL in patients that undergo 
urinary stent placement. Side-effects need to be quantified to evaluate their impact 
on QoL. Efforts have been made by Joshi et al. to develop a validated tool in the 
form of a questionnaire called USSQ that assesses patient comfort after stent place-
ment [8]. It is endorsed in different languages and has been used in many 
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comparative studies. Some authors concluded that USSQ is more relevant in long-
term trials [9]. Along this whole process, a thorough literature review is necessary. 
The scientific literature in this area is highly focused and specific. Before setting up 
any such study protocol, it would be expected that a critical evaluation of available 
evidence is performed by a suitably qualified person [10].

Stents need to be re-designed to improve patient tolerance and minimize side-
effects. Obtaining adequate feedback from the end-users, namely stented patients, is 
therefore very important. For that reason, we support the creation of specific ques-
tionnaires for the evaluation of QoL in patients with urinary stents.

However, existing questionnaires are ambiguous and cumbersome. We suggest 
such questionnaires should be composed of a maximum of 10 questions addressing 
discomfort, abdominal pain, pain during voiding (in upper urinary stents), mood 
disturbances, sleep disturbances, sexual life, social life, physical activities and sub-
jective perception of QoL.

All these questions should be evaluated at certain well-defined time points 
depending on the type of stent.

8 � Development of Urinary Stent Related Health 
(UriSteRH) Questionnaire

In order to achieve information about the tools and questionnaires used so far, we 
made a literature search in Google Scholar database. The search phrase used was 
“Quality of life questionnaire”, period of publishing was set “all to 2020” and it 
disposed 4,250,000 articles. After introducing advanced search i.e., exact phrase 
“urinary stent symptoms”, only 71 articles were disposed. Of them only 14 articles 
were related to the questionnaires that were analyzing urinary stents related symp-
toms and the data from the patients were obtained through SF-36, USSQ and IPSS 
questionnaire (Fig. 1).

Questionnaire for quality of life SF-36 (original or modified) can be used as an 
assessment form for quality of life of the patients in both types of urinary stents 
regarding the part of urinary tract they are introduced in. The results obtained by 
these questionnaires deliver information about the patients’ satisfaction after stent 
or catheter introduction [11, 12]. However, this information cannot provide specific 
knowledge of urinary stents and catheters efficacy, safety and tolerance. A psycho-
metrically valid measure to evaluate symptoms and impact on quality of life of 
ureteral stents was developed in the form of the ureteral stent symptom question-
naire (USSQ) [8].

The original English language Ureteral Stent Symptom Questionnaire (USSQ) 
has been validated in various languages worldwide. Still this questionnaire is related 
only to upper urinary tract stents and has its own advantages and disadvantages. 
Some authors concluded that USSQ is more relevant in long-term trials [9]. Both 
SF-36 and USSQ are paper-based questionnaires that have their own advantages 
and disadvantages. As the first one quantifies the patient’s life on general basis, the 
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Google Scholar
all to 2020

71 Citations(s)

71 Non-Duplicate
Citations Screened

23 Articles Excluded After
Title/Abstract ScreenExclusion: alfa blocker, mirabergon, solifenacin, analgesic

48 Articles Retrieved

14 Articles Included

14 Articles Excluded
After Full Text Screen

20 Articles Excluded
During Data Extraction

Exclusion: animal study

Fig. 1  PRISMA diagram of performed search of Google scholar database

second one is more specific and orients on patients with urinary stents. According to 
some experts in surveys and questionnaires development, it is best for a question-
naire to be as short as possible A long questionnaire leads to a long interview and 
this is open to the dangers of boredom on the part of the respondent (and poorly 
considered, hurried answers), interruptions by third parties and greater costs in 
terms of interviewing time and resources [13, 14].

The more reliable example of short and effective questionnaire is “The 
Satisfaction with Life Scale” (SWLS), developed to access an individual’s cognitive 
judgment of their satisfaction with their life in general. The scale is a very simple, 
short questionnaire made up of only five statements [15].

It was our starting point to create a more specific variant of the questionnaire 
regarding patients with inserted urinary stents and catheters. In congruence with the 
World Health Organisation’s definition of health, health-related quality of life refers 
to the overall conditions of the quality of life of ill or healthy individuals in accor-
dance with the following eight domains: (1) limitations in physical activities because 
of health problems, (2) limitations in social activities because of physical or emo-
tional problems, (3) limitations in role activities because of physical health prob-
lems, (4) bodily pain, (5) general mental health, (6) limitations in role activities 
because of emotional problems, (7) vitality, and (8) general health perceptions of an 
individual or a group measured in terms of feelings of satisfaction or dissatisfaction 
[16, 17].
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9 � Methodology for Creating New Urinary Stent Related 
Health (UriSteRH) Questionnaire

The step forward was our intention to build a tool that can be accessible both as 
paper and e-based questionnaire. In this intention we used “Survey Monkey” online 
application and created a short but specific questionnaire for evaluation the quality 
of health in patients with introduced urinary devices.

The Urinary Stent Related Health (UriSteRH) questionnaire consists of 11 ques-
tions, 4 of which are not validated and deliver information about patient’s age, gen-
der, type of stent/catheter and duration of stent introduction. These questions are 
important to because they deliver information about the patient him/herself.

First question refers to patient’s age and grading is made younger than 20, 
divided in decades 20–29, 30–39, 40–49, 50–59 and over 60 years.

The second is patient’s gender that is important to be included in the question-
naire, because of different anatomy, physiology, psychology, perception and other 
factors in male and female.

The third qualitative question is regarding the type of stent/catheter, so it is very 
important because it gives feed-back on certain type of stents regarding their design, 
material, and pattern.

The fourth question is not validated but is important because it obtain feed-back 
on the duration of stent/catheter introduction. Namely, the symptoms are not the 
same immediately after insertion and they tend to change in some manner after 
some time. We propose measurement of patients’ stent related health after 24 h, 
1 week, 1 month and 3 months.

Other seven questions in UriSteRH questionnaire are validated according Likert 
scale that in this case is a five-point scale which is used to allow the patient to make 
a numerical value which would be used to measure the attitude under investigation.

First two of these questions reveal to both suprapubic/flank and pain during void-
ing. Answers are graded such as 1 is no pain and 5 is extreme, intolerable pain.

The next question is related to patient’s social life i.e. affection of urinary stent 
symptoms on social events (cinema, theatre, family matter events etc.) in patient’s 
life. It is graded 1 for excellent social life a 5 for unsatisfactory social life.

Question number 8 quantifies patients’ mood and sleep disturbances related to 
urinary stent symptoms. It is a very important question since patients with expressed 
symptoms become depressive, anxious and have sleep disturbances due to pain, 
frequency, and urgency.

Sexual activity has the important role in quality of life in stented patients and is 
evaluated in the questionnaire under number 9. The ratings include 1 for excellent 
activity to 5 for disabled. In the se we gave a N/A option for the patients that are not 
interested in answering.

As a question number 10 we introduced physical activity of stented patients 
regarding their everyday movement activities and hobbies, and we graded 1 for 
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excellent activities and 5 for disabled. We also gave a N/A option for those patients 
that are not physically active (paraplegia, paresis etc.)

The last question (11) refer patient’s subjective perception of the quality of life 
after stent placemen and it is graded 1 for excellent and 5 for extremely bad.

Total score classifies patients in three groups: score 5–13 = Good tolerance, satis-
fied patient, scores 14–24 = disturbing but tolerable, partially satisfied patient and 
score 25–35 = Bad tolerance, unsatisfied patient.

Regarding the total score and each question points, a correlation between the 
type of the stent, duration of its insertion and health repercussion can be obtained. 
These information are of great importance using as a patient feedback to inserted 
urinary stent or catheter.

10 � Validation of UriSteRH Questionnaire

The questionnaire was evaluated by 15 urologists from North Macedonia in the 
network of Macedonian Urological Association of which 11 were male (73.3%) and 
4 were female (26.7%), by nationality they were: 9 Macedonians (60%), 5 Albanians 
(33.3%) and one Turk (6.7%).

The questionnaire was translated from Macedonian and Bosnian to English lan-
guage for the purposes of this report and language validation was done. Approval 
from the Ethical committee of Macedonian Urological Association was obtained in 
according to declaration from Helsinki in 1975, revised in Seoul 2008.

The questionnaire was evaluated by four domains

	1.	 Relevance—does the questionnaire refer to the topic for which it is intended.
	2.	 Availability—is the questionnaire easily available to the patients it is intended for.
	3.	 Clarity—are the questions clearly defined without prejudicing the answer.
	4.	 Design—does the questionnaire meet the needs of the examination after the ini-

tial examination, without quantification of the same.

For scoring a scale from 1 to 5 was used, 1 being the most negative and 5 the 
most positive characteristics score. The questionnaire received a perfect score 
of 5.0 by all 15 urologists regarding clarity, relevance, and design, where as a 
score of 4.67 ± 0.49 regarding availability, receiving a score of 4 by 5 urologists 
and score of 5 by 10. There were no significant differences in the scoring by 
gender and nationality of the evaluators. A correlation matrix and linear regres-
sion analysis could not be calculated due to 3 of 4 scoring characteristics being 
constants.

The validation of questionnaire was evaluated by 27 urologists from Bosnia and 
Herzegovina in the network of Urological Association of Federation of Bosnia and 
Herzegovina of which 25 were male and two were female.
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Approval from the Ethical committee of Urologic Association of Federation of 
Bosnia and Herzegovina was obtained in according to declaration from Helsinki in 
1975, revised in Seoul 2008.

Results of validation of questionnaire in Bosnia and Herzegovina was as the 
questionnaire received a perfect score of 5.0 by all 27 urologists regarding clarity 
and relevance, where as a score 4.73 ± 0.27 regarding availability and for design as 
4.74 ± 0.26.

The statistical analysis was performed using IBM SPSS Statistics 20.0, Armonk, 
NY, U.S.

11 � Post-Market Follow Up

A post market clinical follow-up is important for urinary implants to evaluate their 
long-term safety. Such a program must be planned and can take the form of a clini-
cal investigation and/or registry where data obtained from the patients’ feed-back 
are collected.

12 � Discussion and Elaboration

The UriSteRH questionnaire is an easily accessible questionnaire related to patients 
with introduced urinary stents that can be distributed both as paper and e-based 
questionnaire. It is made according the World Health Organization’s definition of 
health-related quality of life that refers to the overall conditions of the quality of life 
of ill or healthy individuals in accordance with the domains regarding bodily pain, 
limitations in physical activities because of health problems, limitations in social 
activities, general mental health, vitality (expressed throughout sexual life) and gen-
eral health perceptions of an individual or a group measured in terms of feelings of 
satisfaction or dissatisfaction. These questions comply with the methodological 
guideline for closed-ended questions [17–19].

A short overview of each of the seven health-related quality of life dimensions 
assessed by the questionnaire is in accordance with WHO definitions.

	1.	 Bodily pain (flank and/or abdominal): The scores on this dimension indicate to 
what extent the respondents’ experience of bodily pain hinders their perfor-
mance of daily activities, including work-related duties in the public domain and 
tasks within the home environment.

	2.	 Related pain to voiding: The scores on this dimension indicate to what extent the 
respondents’ experience the micturition pain that affects their satisfaction and 
disturb their daily activities and overnight rest.

	3.	 Physical functioning and physical roles limitation: The scores on the physical 
functioning domain scale indicate the extent to which the respondents’ percep-
tions of their quality of life are influenced by their physical condition. In the 
first place, physical functioning refers to the extent to which the respondents 
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can perform vigorous activities such as running, lifting heavy objects, partici-
pating in strenuous sports, climbing several flights of stairs and walking more 
than a kilometer. In the second place, it entails the performance of moderate 
activities such as bending, kneeling, or stooping, bathing, and dressing them-
selves. This dimension also refers to the extent to which respondents’ perfor-
mance of their roles in daily activities is impeded by their physical state of 
health. For example, their ability to perform vigorous activities such lifting 
heavy objects or to perform moderate activities such as moving a table or push-
ing a vacuum cleaner.

	4.	 Social functioning refers to social activities and interaction with significant oth-
ers such as family members, friends, neighbors, and other social relations.

	5.	 The mental health dimension and psychology alterations of the respondent is mea-
sured in terms of the extent to which he/she is inter alia feeling full of pep, is 
happy, is feeling calm and peaceful, is very nervous, or is feeling worn out and tired.

	6.	 The vitality dimension relates to the respondent’s experience of feeling energetic 
and sexually active.

	7.	 The perception of an individuals’ general health is measured in terms of con-
cepts such as excellent, very good, good, fair or poor, getting ill easier than other 
people, and just as healthy as anyone he/she knows.

Prior to the assessment of an individual’s health-related quality of life, he/she 
must be informed about and assured of several things. This information and assur-
ance can be verbally given by the fieldworker and includes the following:

•	 It must be clearly stated that, by completing the questionnaire, the respondent 
will be participating in research.

•	 The purpose of the research must be explained.
•	 An outline of the procedures of the research must be given.
•	 The respondent must be assured that the completion of the questionnaire is 

voluntary.
•	 It must be stated that the privacy of the respondents is preserved through ano-

nymity and that no-one would be able to relate a given response to a given 
respondent.

•	 The respondent must be assured that the use of the data will be strictly 
confidential.

•	 It must be stated that the results will be reported accurately and that all shortcom-
ings in the research, such as errors and limitations, will be disclosed [20].

13 � Conclusion

As final part of the methodology on clinical evaluation of urinary stents, we suggest 
definition of stent-related and procedure-related success endpoints. Such stent-
related endpoints should include but are not limited to successful delivery of the 
stent bypassing the obstruction site, appropriate cuff expansion (in lower urinary 
tract stents), appropriate stent deployment, successful removal of any delivery 
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system (if applicable) after correct stent placement and safe removal of the device 
in case of deployment failure.

Procedure related endpoints may include the above with additional criteria 
related to the clinical outcome of the procedure with the use of both, stents that are 
used only for diagnostic (short-term) and therapeutic purposes (longer indwelling 
time). We recommend choosing and defining well all necessary endpoints which 
may vary depending on the type of stent and the procedure it was used in.

In order to obtain feedback from patients with urinary stents, we need specific 
and good tools in the form of questionnaires who can quantify both, patients’ safety 
and satisfaction with urinary stents/catheters. Any such data gathered from clinical 
practice should be used to establish clinical safety and fed back into the device 
labelling performance by manufacturers. The value of measuring patients’ experi-
ences of their health-related quality after introduction of urinary stent/catheter by 
making use of the UriSteRH questionnaire, is comprehensive.

The final goal of the clinical methodology is to identify specific problems, stent-
health-related quality of life indicator. Based on these findings, interventions in 
stent design can then be done in order to improve individuals’ quality of life. In that 
manner, the accessibility of the UriSteRH questionnaire allows more patients to be 
followed up and fourthly very quick presentation of results in electronic based dis-
tribution is enabled.
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A Dynamically Degradable Surface: Can 
We ‘Fool’ Bacteria to Delay Biofouling 
in Urinary Stents?

Syed A. M. Tofail

1 � Introduction

Human body has evolved multiple strategies such as the development of a complex 
immune system and procurement of commensal microorganisms to deal with detri-
mental invasion by microbes. Despite this, biofilms pose an extremely difficult 
mechanism for humans to cope with infections caused by both pathogenic and 
opportunistically pathogenic microorganisms.

Ureteral stents are deployed using minimally invasive procedures in patients to 
prevent or treat the blockage of the flow of urine during or after treating kidney 
stones, tumours or other urinary incontinence. Paradoxically, the surface of a stent 
also offers a breeding ground for the adhesion and colonisation by uropathogens 
that create biofilms.

Biofilms on these stents can lead to patient-discomfort, urinary tract infection 
and bacteriuria, antimicrobial resistance, stent fouling (encrustation) and obstruc-
tion. Ultimately, these stents may require extracorporeal shock wave lithotripsy, 
ureteroscopy or even more invasive techniques for removal. While an ‘ideal’ ure-
teral stent should be free from any such complications. There is no ‘ideal’ ureteral 
stents, however.

A ‘perfect’ ureteral stent should be well tolerated by the patient while ensuring 
optimal urine flow, resistance to infection, corrosion and encrustation. Prevention 
and treatment of biofilms are thus crucial for long-term patency of ureteral stents 
and similar indwelling devices. ‘Real stents’ seldom have these and may need extra-
corporeal shock wave lithotripsy, ureteroscopy or even more invasive techniques for 
removal. These post-stenting procedures cause patient trauma and add to the cost of 
healthcare.
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One of the major problems associated with indwelling devices is that they pres-
ent novel, non-host surfaces on which microbes can colonise and form biofilms. 
Biofilms, especially those formed in a nutrient-limiting environments, are complex, 
highly structured communities designed to maximise survival, reproduction and 
spread of the microorganism/s. The type of biofilm that will form largely depends 
on the properties of surface and the microorganism/s present, the ability of the sur-
rounding milieu to support and inhibit the growth of microorganisms and the rela-
tionship the microorganisms have with each other. It is being now recognised that 
biofilm formation constitutes an ‘intelligent’ behaviour that involves cell-cell com-
munication such as quorum sensing rather than a matter of a complex architecture. 
However, the complex three-dimensional architecture that biofilms often protects 
microorganisms from curative treatments e.g. through antimicrobial drugs.

Currently, biofilm prevention and treatment in ureteral stents are carried out 
using a ‘static’ coating of the stent with heparin or a pH control-buffer. They increase 
patency but still becomes colonised by bacteria leading to biofilms. In this chapter 
we outline a patent-pending first-principle design strategy for a stent-coating stents 
that has the potential of increasing the patency by manifold and, at will. This strat-
egy involves delaying biofouling with a ‘dynamically degradable surface’ and will 
be described in this chapter.

2 � The Surface, Biofilms and Response to Antibiotics

Microorganisms are long known as capable of attaching to and grow on surfaces 
exposed to them [1, 2]. Surface-associated microorganisms have exhibited a distinct 
phenotype with respect to gene transcription and growth rate when compared to 
their free-floating planktonic counterpart [3]. These adherent-microorganisms can 
elicit specific mechanisms for initial attachment to a surface, development of a com-
munity structure and ecosystem, and detachment [4].

A microbial biofilm can be broadly defined as microorganisms adherent to a 
surface and enveloped within a polymeric matrix, typically comprising exopolysac-
charide and proteins that develops into a complex community. The composition is 
often heterogeneous with water channels occurring between matrix-enclosed micro-
organisms in stalk- or mushroom-like structures. The structure is also a dynamic 
one and may include single or multiple microbial species.

Biofilms have been identified in virtually every system in the human body espe-
cially involving mucosal surface. Indwelling devices for example artificial joints, 
urinary catheters and stents, heart valves, biliary stents are also highly susceptible to 
biofilm formation. In 2004, the Centres for Disease Control and Prevention (CDC) 
reported that approximately 65% of all infections in developed countries are caused 
by biofilms [5].

The growth of a biofilm almost always leads to a large increase in resistance to 
antimicrobial agents compared with cultures grown in suspension (planktonic) in 

S. A. M. Tofail



189

conventional liquid media, with up to 1000-fold decreases in susceptibility. This 
poses a huge clinical problem as our current tools for fighting against infections are 
heavily dependent on the use of antimicrobial agents. The complex three-
dimensional architecture of a biofilm, especially an extracellular polymer matrix 
with occasional biomineralisation makes it difficult to for antimicrobials to access 
the infection-causing microbes and destroy them.

Biofilms start with a conditioning film that leads to subsequent accumulation of 
organic and inorganic molecules [6–11]. The conditioning films alter the nature of 
the device surface and facilitate bacterial adhesion. After adhesion, the biofilm is 
formed by materials offered by the specific environment as well as extracellular 
polymeric substances produced by the microorganism. Bacteria can adhere to this 
initial biofilm and initiate the infection process.

Three mechanisms have been proposed to explain the general resistance of bio-
films to antimicrobial agents [12, 13]:

the barrier properties of the slime matrix;
the creation of starved, stationary-phase dormant zones in biofilms; and
the existence of subpopulations of resistant phenotypes, which have been referred 

to as ‘persisters’.
It is important to note that the eradication of infection by antibiotic treatment 

requires elimination of all the bacteria, typically assisted by the host defences. 
Specifically, biofilm-resistance can be determined by the susceptibility of the most 
resistant cells. The inhabitants of biofilms may be up to a thousand times more 
resistant to antimicrobial therapy than free-floating bacteria of the same species 
[14]. There is significant heterogeneity within biofilms, however, and it is not the 
case that all cells within a biofilm are always highly resistant to antimicrobial drugs. 
For example, planktonic cells that are derived from these biofilms are, in most cases, 
fully susceptible to antibiotics. Also, biofilms do not actually grow in the presence 
of elevated concentrations of systemically administered antibiotics.

Cells in the biofilm are slow-growing, and many are likely to be in the stationary 
phase of growth due to a nutrient-starving enveloped ecosystem. A small sub-
population of cells (persisters) remain alive irrespective of the concentration of the 
antibiotic and the number of these persisters is greater in the non-growing stationary 
phase [15]. Lewis believes that the problem of antimicrobial resistance of biofilm is 
related to the presence of persisters [15].

Cells, whether they are rapidly dividing, slow- or non-growing cells in a bio-
film, are generally susceptible to bactericidal agents such as fluoroquinolone anti-
biotics or metal oxyanions [16, 17]. Antibiotic treatment will kill most biofilm and 
planktonic cells, leaving persisters alive. The immune system can kill remaining 
planktonic persisters and bacteriostatic antibiotic-treated non-growing cells. 
Biofilm exopolymer matrix, however, protects persisters and non-growing cells 
against immune cells against both antibiotic treatment and the immune system 
[18–20]. Persisters can repopulate the biofilm and shed off new planktonic cells 
when the concentration of antibiotic drops off. This will cause a relapse of biofilm 
infection.

A Dynamically Degradable Surface: Can We ‘Fool’ Bacteria to Delay…



190

3 � Biofouling of Ureteral Stents

Microbial ureteral stent colonisation and subsequent development of biofilm is a 
multistep process starting with the formation of a conditioning film made of host 
proteins, electrolytes, and other substances [21]. The surface of any foreign material 
or object introduced to the urinary system can become coated with a biofilm com-
posed of glycoproteins, matrix and exopolymers. This can take place within a few 
hours [22]. Nearly half to two-thirds of stents removed from patients displayed bac-
terial colonies [23] with over one-fifth of these patients had required treatment for 
bacteriuria infection [24, 25]. Most of these stents (75–100%) that were indwelling 
for a period of longer than 3 months had shown the highest rate of colonization, 
which could not be treated with systemic administration of oral antibiotics. All 93 
stents from patients became colonized with bacteria despite antibiotic prophylaxis. 
Oral administration of common antibiotics such as fluoroquinolones, ciprofloxacin 
and ofloxacin, has not been proven to reduce colonization or infection despite being 
present at the stent surface at a dose level that has been sufficient to inhibit bacterial 
growth [26, 27]. Encrustation and bacterial colonization of stents and urinary cath-
eters are problematic and may lead to further morbidity such as infection, sepsis or 
renal failure [28, 29]. Undetected biofilms may serve as a reservoir for microorgan-
isms. During stent manipulation or instrumentation, biofilm pathogens could be 
shed into the urine and lead to bacteriuria or funguria or even to life-threatening 
urosepsis [30].

In a recent systematic review, Zumstein et al. thoroughly investigated the inci-
dence, clinical impact and prevention of biofilm formation on ureteral stents [7]. 
According to the review, the conditioning film may form due to contact of the stent 
material with body fluids such as urine and blood, and uroepithelial tissue. 
Glycosylated uroepithelial cell–surface proteins such as cytokeratin, blood proteins 
such as haemoglobin and fibrinogen, and inflammatory proteins appear to be 
involved in conditioning film formation in the first 72 h after insertion. The condi-
tioning film proteins are believed to facilitate the adsorption of various molecules 
such as collagen, fibrinogen and albumin from the surrounding fluids and tissues, 
which then alter the surface of the ureteral stent and may allow microorganisms 
attachment for which urinary pH, ionic strength, and electrostatic and hydrophobic 
interactions play an important role. Other adhesion strategies such as adhesion to 
secreted bacterial extracellular polymeric substances may also contribute to 
conditioning-film formation.

Five different proteins, namely, alpha-1 antitrypsin, immunoglobulin kappa (Ig 
kappa), immunoglobulin heavy chain G1 (IgH G1), histones H2b, and H3a are pres-
ent in high numbers in encrustations and biofilms. Pseudomonas aeruginosa and 
Proteus mirabilis secrete urease, which increases the urine pH resulting in the pre-
cipitation of struvite and hydroxyapatite crystals, adhesion factors, transporters, 
transcription factors and enzymes. Complex biofilm structures are formed in the last 
stage of stent biofilm development. Colonies of bacteria are dispersed within spaces 
filled with fluid and open water channels that allow the transport of oxygen and 
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nutrients to assure further cellular growth. Ureteral stent biofilms comprise of 
10–25% cells and 75–90% of exopolysaccharide matrix characterised by a rough, 
and often mineralised, surface. Calcium oxalate and struvite dominate the miner-
alised biofilm. Enterococcus faecalis and E. coli are common pathogens colonising 
on ureteral stents [31]. Bacteria expressing urease, such as Proteus spp., Providencia 
or Pseudomonas, are also involved and can induce rapid growth of biofilms. Other 
bacteria that have been associated with stent biofilm formation are Staphylococcus 
and Edwardsiella spp.

As regard to the indwelling timeline, the review found that bacterial colonisation 
of stent was detectable 2 weeks after implantation, and that stent colonisation pre-
cedes urine colonisation. One study described an encrustation rate of 27% in 
< 6 weeks, 57% between 6 and 12 weeks, and 76% in > 12 weeks [32]. This com-
pares with another study that reported a colonisation rate of 24% in < 4 weeks, 33% 
between 4 and 6 weeks, and 71% in over 6 weeks of indwelling time [33]. As it has 
been previously discussed, Riedl et al. reported 100% ureteral stent colonisation in 
permanently stented patients (mean stent indwelling time 39.5 days or 5–6 weeks) 
and 69% in the temporarily stented (mean 11 days or less than 1.5 weeks). The 
above also compare with a retrospective study of severely impacted ureteral stents 
requiring advanced removal procedures that found 43% and 76% of the stents had 
become encrusted within 4 months and 6 months respectively [34]. Patient risk fac-
tors such as diabetes mellitus, chronic renal failure and diabetic nephropathy can 
lead to a shorter stent indwelling times due to a significantly higher risk of colonisa-
tion and bacteriuria [35].

4 � Resisting Biofouling of Ureteral Stents: Current 
and Emerging Approaches

New biomaterials, coatings and drug-eluting stents have been designed to reduce 
biofilm formation and subsequent infection and encrustation. Chew et al. have elab-
orated these approaches in terms of stent design, materials and coatings. The gen-
eral strategy of protecting such stents from biofouling involved electronegative 
coating using heparin or a pH-buffer coating. Adhesion and colonisation by a mul-
tiplex of uropathogens (P. mirabilis, E. coli, S. Aureus among others) hosted within 
an extracellular polymeric matrix nourish and protect the pathogens at the later 
stages of biofilm formation.

Zumstein et  al. summarises current state of the coating approaches. Heparin, 
hydrogel-based and diamond like coatings are commercially available as 
Radiance™, Hydroplus™, and VisioSafe DIAMOND™ coatings [7]. Oxalate 
degrading enzyme coatings and nanoscale body coatings are yet to be commer-
cialised. So far, preventing and treating biofilms on ureteral stents have been chal-
lenging due to the conditioning film compromising the effectiveness of passive 
coatings (heparin, pH buffer-coat) and the involvement of multiple bacterial 
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species. Although heparin-coated stents significantly reduced ureteral stent encrus-
tation and offered a 12 months indwelling, no positive effect against bacterial adhe-
sion was seen [36, 37]. In the past, hydrogel-based coatings raised expectations that 
they would effectively inhibit hydroxyapatite encrustation and bacterial biofilm 
colonisation, and reduce general stent-related morbidity [38]. However, bacterial 
adhesions were found to be similar in stents with and without hydrogel-based coat-
ings [39].

A multi-stage approach of sterilisation following Bigger was proposed by Lewis 
to eradicate persisters in biofilms [40]. It was proposed to kill bacterial cells with a 
high initial dose of an antibiotic. The concentration of the antibiotic would then 
decrease to enable persisters to resuscitate and start to grow. If a second dose of 
antibiotic was then administered shortly after persisters had started to grow, a com-
plete sterilization might have been achieved. While it was suggested for systemic 
pharmaceutical/biopharma treatment of biofilms, a similar approach can be adopted 
in coating designs using antiseptics/antimicrobials [41, 42]. Once attached to the 
surface, an antimicrobial molecule is immobilized and is unable to reach and kill the 
pathogen. Long, flexible polymeric chain linkers are needed to covalently anchor 
these antimicrobials to the surface of a material.

5 � A Dynamically Degradable Surface

The coatings mentioned in the previous section are essentially ‘static’ means they 
degrade at a very slow rate. This allows sufficient time for the formation of the con-
ditioning film and microbial attachment. In fact, micro-organisms are ‘intelligent’ 
to find mechanisms to colonise any abiotic surface that allows sufficient time to do 
so. This is because a ‘static’ surface offers to incoming molecules and microbes a 
relatively low-entropy boundary that eventually leads to a lowering of free energy 
for molecules and microbes to attach. If this ‘static’ condition of the coating surface 
could be replaced with a coating that is degrading at a constant or a variable speed, 
a relatively higher entropy condition can be created that would ‘delay’ the attach-
ment of molecules and cells to the surface. This is analogous to a ‘pulling the rug 
from under somebody’s feet’. It would delay the formation of the conditioning 
films, and in turn delay the bacterial adhesion by constantly ‘fooling’ away bacteria 
from landing on a ‘low-entropy’ surface.

Biodegradation means that coatings do not have a static surface on which 
microbes can colonise to lead towards biofilm formation. The coating can be 
designed to suit the specific ecosystem in which it would have to prevent biofouling 
and its degradation rate tuned to suit the time it takes to form the conditioning film 
or the first few layers of microorganism colonisation.

Obviously, such a coating has to be degradable i.e. it would decay, corrode, erode 
or peel in response to its environment. The coating can also be multilayers or func-
tionally graded to tune the degradation. Furthermore, the coating can itself be anti-
microbial or can be loaded with antimicrobial, antiadhesive or cell-polarising agents. 
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A simple coating of electrically polar fluoropolymer (pyro and piezoelectric) can 
reduce encrustation significantly through mediating electrostatic interactions [7–9]. 
Biodegradable molecular crystals show very strong antimicrobial effects which can 
be engineered for sterilisation for clinical applications [43]. Polycationic or polyan-
ionic surface offered by such polar molecular crystals can either cause cellular lysis 
or repulsion, respectively. Electrically polar biomolecules such as amino acids (e.g. 
glycine, cysteine), their derivatives (e.g. triglycine sulfate TGS), metabolites (e.g. 
peptide nanotubes) or enzymes (e.g. lysozyme) have also demonstrated very high 
electrically polar properties [10–14] which makes them responsive to changes 
in local environment such as pressure and temperature. Electrically polarised fluo-
ropolymer, polyvinylidene difluoride (PVDF) stent has demonstrated 40% increase 
inhibition of calcification (oxalate and hydroxyapatite) after 30  days patency in 
ASME standard artificial urine in comparison to commercial polyurethane, unpoled 
PVDF, heparin coated polyurethane and hydrogel coated polyurethane. The use of 
an electrically polar, molecular crystals in the coating can produce a ‘dynamic’ sur-
face that can combine biocompatibility with electro negativity and functional grad-
ing to reduce biofouling of ureteral stents. Biodegradable and functionally gradable 
polymers can also be used to create the ‘dynamic’ surface. Metallic materials such 
as magnesium and zinc-based coatings are also possible.

6 � Conclusions

Biofouling complicates and compromises indwelling of ureteral stents. It causes 
patient discomfort, infection and trauma and its removal is expensive. Commercially 
available stents uses anti-fouling coatings with variable successes. These coatings 
are static and inadequate in resisting bacterial colonization that eventually leads to 
encrustation. In this chapter we introduced the concept of a dynamic surface which 
may be successful in ‘fooling’ bacteria due to constant degradation of the surface 
during indwelling. The concept is new and currently being experimented at the 
authors’ group. It offers to use biodegradable, electrically polar molecular crystals 
as the anti-fouling coating, which can be functionally graded to tune the biodegra-
dation and anti-encrustation effect.
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1 � Introduction

Ureteral stents play a fundamental role in the relief of several symptoms associated 
with common urinary diseases in the modern society, such as strictures, obstruction 
or promotion of ureteral healing [1, 2]. Even though ureteral stents have been used for 
more than 40 years and their performance had a huge development over time, they are 
still related with complications that include stent encrustation and urinary tract infec-
tions [1, 2]. Therefore, efforts from the research community still continue to better 
meet the clinical needs. Ureteral stent’s materials have a great influence on their effi-
cacy, mostly in terms of mechanical and physicochemical properties [3]. Thus, under-
standing the stent material’s properties is fundamental to address problems of 
encrustation, bacterial adhesion, patient discomfort and the troubles during insertion, 
by working on the softness, flexibility and surface properties of the device [3].

Ureteral stents were described for the first time by Herdman back in 1949 [4]. 
Among the various biologically and chemically inert polymers that were popular at 
that time, polyethylene was used owing to its considerable tensile strength, flexibil-
ity, biocompatibility and hydrophobic properties. However, during the first animal 
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studies tube blockages and hydronephrosis were detected as the main drawbacks 
[4]. Another suitable polymer that was at the time used for the manufacture of ure-
teral stents was silicone, which can withstand high temperatures, facilitating the 
sterilization process that, in turn, prevent infections [5, 6]. Silicone based stents 
were less likely to promote encrustations and infections while still being effective in 
different urological conditions. Nonetheless, due to the low radial strength, silicone-
based stents were inefficient in bearing with high external compression [5, 6]. 
Thereby, the research efforts have turned the tide to merge the flexibility and elastic-
ity of silicone with the rigidity of polyethylene, which resulted on the development 
of polyurethane as raw material for ureteral stents. Indeed, polyurethane mechanical 
properties were promissory, but this polymer also demonstrated higher predisposi-
tion for encrustation than silicone-based materials [7]. Metals and biodegradable 
materials have been also used for ureteral stents manufacturing due to their remark-
able properties. Metallic ureteral stents are very efficient in situations of high com-
pression forces and when long term treatments are required [1]. A recurrent 
disadvantage with metallic stents is tissue hyperplasia and increased propensity to 
develop encrustation due to longer indwelling time periods [3]. On the other side, 
biodegradable ureteral stents (BUS) provide the uniqueness of self-degradation but 
obtaining a controlled and homogeneous is still the main obstacle for development 
of BUS (Fig.  1). On the next sections of this chapter, the three main classes of 
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Fig. 1  Different materials used for ureteral stents development, including some examples of each 
class, the main advantages and disadvantages and how the different materials’ properties comple-
ment each other

M. Pacheco et al.



199

materials used for ureteral stents manufacture will be individually addressed and 
most recent findings will be discussed in order to shed the light on the advances and 
future perspectives in this field.

2  Materials for Ureteral Stents

2.1 � Polymeric Materials

Polymers are attractive base materials for biomedical applications due to their inert 
nature, and constitute the first materials explored for ureteral stent development [8]. 
Currently, polymeric ureteral stents are the most common in the market, known by 
being inexpensive and well-tolerated by patients [3]. Certainly, the extensive 
research on polymers lead to a widespread understanding of their properties, the 
companies developed proprietary blends and high-quality polymeric ureteral stents 
are now commercially available [9]. The aim of the current studies on polymeric 
ureteral stents are focused on improving the biocompatibility, the indwelling time 
without significant encrustations and infections, and the ease of insertion and 
retrieval, maintaining the appropriate mechanical properties and radiopaque nature 
[3, 8]. Polyethylene was the first material employed on the design of ureteral stents, 
that is not used anymore due to the substantial drawbacks associated to it, namely 
the easy fragmentation caused by the brittleness of the material and the high rates of 
encrustation and infection [3, 10]. Currently, silicone and polyurethane are the most 
used polymers for ureteral stents manufacture [3, 8] (Fig.  1). Silicone has been 
extensively used, since the earlier beginning of ureteral stents production. Zimskind 
and colleagues, in 1967, studied for the first time the suitability of silicone for ure-
teral stents, describing the application of a piece of silicone tube with open ends and 
side holes to promote long term ureteral drainage of compromised ureters [6]. 
Nowadays, silicone is considered as a gold standard due to its unique properties, 
such as the less propensity of encrustation and bacteria contamination, non-toxicity 
and the improved comfort due to its softness and high lubricity [3, 11, 12]. Besides 
the aforementioned features, silicone is also easy to shape and process, facilitating 
the production phase. However, the high flexibility and elasticity is also a disadvan-
tage during the placement on tight and tortuous ureters or when high compression 
(e.g. tumours) is present [3]. Additionally, difficulties in manoeuvring it with the 
guidewire were also reported [10]. The use of polyurethane in the urologic field is 
popular since the earlier beginning due to the suitable mechanical properties, how-
ever, as a stiff material, causes discomfort and pain to the patients, being also 
reported epithelial erosion and ulceration when compared to other materials [2]. 
The problems encountered in ureteral stents also instigated companies to develop 
optimized polyurethane-based proprietary formulations, like Sof-Flex®, Tecoflex®, 
Hydrothane® and ChronoFlex® [13]. Nowadays, polyurethane’s chemical character-
istics can be tuned, such as the surface wettability and surface energy, which allows 
the control of other properties like encrustation and bacterial adhesion propensity 
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[14]. Other polymers were also developed, such as the polyester copolymer, Silitek®, 
a proprietary polymer that becomes soft and flexible at body temperature, with a 
reported excellent biocompatibility, Perculfex®, polyethylene-vinyl acetate and sty-
rene/ethylenebutylene/styrene block copolymers, F-Flex®, and poly(methyl meth-
acrylate)/poly(hydroxyethyl methacrylate) (PMMA/pHEMA) with improved 
mechanical properties than silicone [15]. Albeit all the reported polymer’s formula-
tions, the available ureteral stents are not devoid of clinical complications, thereby, 
investigations aiming to modify the base polymers are still on going. A recent work 
presented by Rebl et al. addressed the influence of physical properties of different 
polymers’ samples on their propensity to develop encrustation [14]. The data 
revealed that the encrustation degree is correlated with the surface charge and 
hydrophobicity of the polymer samples, a lower encrustation propensity was 
observed for polymers with strong negative surface charge and good hydrophilicity 
[14]. This behaviour is justified by the fact that the most common components of the 
infectious urinary stones are negatively charged, and, consequently, can be repelled 
by strongly negative charged polymers’ samples [14]. Rosman et al. also explored 
the bacterial resistance and anti-biofilm properties of a polyacrylonitrile based ure-
teral stent (pAguaMedicina™, Pediatric Ureteral Stent, Q Urological) where a con-
siderable reduction on bacterial colonization and biofilm formation in Broth 
(Trypticase Soy Agar broth), Broth with human urine, and Broth with swine blood 
was observed when compared with a commonly used commercial ureteral stent 
(Boston Scientific, USA) [16]. An interesting approach is a combinatorial approach 
of different materials, taking advantage of the properties of the individual counter-
parts. For example, Silhouette® ureteral stent consist on a nitinol wire covered with 
a synthetic polymer, thus this stent present an improved resistance due to the pres-
ence of metal on its structure and a good biocompatibility provided by the 

Table 1  Polymeric ureteral stents available on the market

Commercial name Company Material

LithoStent OLYMPUS Tecoflex®

Classic closed tip ureteral stent OLYMPUS Silicone
UroGuide OLYMPUS Silicone
Lubri-Flex OLYMPUS Tecoflex®

Classic Double Pigtail OLYMPUS Tecoflex®

Sof-Curl™ OLYMPUS Tecoflex®

Endosil® Silicone double loop 
ureteral stent

ROCAMED Silicone

Amecath double loop stent Amecath 
Medical 
Technologies

Tecoflex® (short term use) or Carbothane 
(long term use)

Silhouette® ureteral stent Applied Medical Synthetic polymers, proprietary materials 
and coil reinforced nitinol

Yellow Star Tumour Stents
Green Star Stents
White Star Stents

GBUK 
Healthcare

Aliphatic polyurethane

Ureteral stent medadvDJ MEDAS INC Polyurethane
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Commercial name Company Material

Double pigtail ureteral stent MEDNOVA Polyurethane
MEDpro Ureteral Stents MEDpro Tecoflex® for short term use and 

Carbothane for tumour compression cases
Biosoft® duo ureter stent Coloplast Rigid proprietary material
Silicone double loop ureteral 
stent

Coloplast Silicone

Polyurethane (PU-R and PU-S) 
double loop ureteral stents

Coloplast Soft or rigid, proprietary polyurethane

Tumor stent Coloplast Proprietary formulation with a reinforced 
internal layer for excellent resistance to 
compression

Ureteral stent Polaris™ Ultra Boston Scientific Percuflex with dual durometer
Pyelostent Coloplast Silicone
Sof-Flex® Double Pigtail Stent COOK Medical® Proprietary radiopaque soft polyurethane
Percuflex® Boston Scientific Proprietary copolymer—modified 

polyurethane
Single J Urinary Diversion Stents OLYMPUS Silitek®

Table 1  (continued)

polymeric revetment [3, 17]. Table 1 presents examples of the polymeric commer-

cial ureteral stents available on the market.

2.2 � Metallic Materials

Metallic based ureteral stents were developed to treat ureteral obstruction caused by 
a malignant external compression, usually a tumour, and for patients needing chroni-
cal indwelling ureteral stents [18, 19]. In this context, polymeric ureteral stents are 
ineffective due to the inadequate drainage and requirement of replacement in a short 
time period, causing discomfort and extra hospital costs [19, 20] (Fig. 1). A metallic 
ureteral stent has an improved radial strength that provides long-lasting ureteral 
patency—12 months to 2 years—tackling the problem of low compression strength 
and shorter indwelling time—usually 3 months—of polymeric stents [21, 22]. The 
success rate of a treatment with a metallic stent is between 37 and 100% [19, 22, 23]. 
Current metallic ureteral stents could be double-J shaped as the traditional polymeric 
ones (Resonance®), self-expandable (Wallstent™, Allium), balloon expandable 
(Uventa™), thermo-expandable (Memokath 051) and/or covered with a polymer 
(Uventa™) [1, 24]. Resonance® has a double-J shape with an occluded lumen and, 
even though this exclusive design makes the stent insertion and retrieval more diffi-
cult, it assures ureteral patency and urine flow under high external compression [25]. 
Blaschko et  al. have reported a significant higher flow rate for Resonance® when 
compared with a 6F standard stent under high extrinsic compression, 5.15 mL/min 
and 0.64  mL/min respectively [26]. In another exciting study, Christman et  al. 
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compared the radial compression resistance of different ureteral stents—Silhouette®, 
Sof-Curl™, Resonance®, Polaris™ Ultra, and Percuflex®. The data indicated that 
Resonance® had a significant higher resistance to compression, followed by 
Silhouette®, which could be justified by the nitinol wire coil present on Silhouette® 
[17]. Resonance® is currently seen as a reference for malignant ureteral obstructions 
owing to the numerous advantages already reported, such as good biocompatibility, 
suitability for magnetic resonance imaging examination, inhibition of endogenous 
tissue growth and high flexibility due to the tightly coiled wire of the spiral shaped 
design [3, 27, 28]. Additionally, Resonance® is soft and, more importantly, has an 
indwelling time of more than 12 months, during which it retains its suitable features 
[27]. Chen et  al. conducted a study where they compared the performance of 
Resonance® with an ordinary polymeric stent on patients with malignant ureteral 
obstruction [22]. The authors confirmed that after 1 year of stent placement, the stents 
patency decreased 60% in the polymeric stent group and only 9.3% metallic stent 
group, indicating that metallic stents with good drainage effect for a long period of 
time are superior to the traditional polymeric stents for patients who require long term 
stenting [22]. Up to now, different metallic ureteral stents were developed and acces-
sible on ureteral stents market. Memokath 051 is a thermo-expandable nickel tita-
nium alloy with a very tight coil design [20]. Memokath 051 deploys in warm saline 
and shrinks in cool saline, which is an attractive benefit for placing and retrieving 
them from the body [3]. Complications such as stent migration and encrustation were 
reported, together with tissue ingrowth and stent occlusion [15, 29]. Uventa is another 
commercially available metallic ureteral stent composed of a double layer of nickel 
and titanium alloys with polytetrafluoroethylene (PTFE) layer between them, 
designed to prevent migration and tissue adhesion [30]. The success rates of Uventa 
for malignant ureteral obstructions are between 64.8–81.7% and the associated com-
plications include tumour progression beyond the stent, tissue ingrowth and pain [31]. 
Another metallic stent model is Wallstent, a self-expanding stent composed of cobalt-
based microfilaments woven in crisscross pattern [32]. Unfortunately, Wallstent is 
also associated with pain, stent migration and tissue ingrowth [30]. Allium Ureteral 
Stent is made of nitinol and covered with a copolymer, with the purpose to prevent 
encrustation and tissue growth [33]. The major advantage of Allium Ureteral Stent is 
the easy removal owing to its particular design [33]. Passage™ is a coil-based metal-
lic ureteral stent with improved flexibility and comfort and higher resistance to radial 
compression when compared with Resonance® and Silhouette® [1, 34]. Nitinol is a 
biocompatible material, composed of titanium oxide and nickel with a better 

Table 2  Metallic ureteral stents available on the market

Commercial name Company Material

Resonance® Cook Medical Nickel–cobalt–chromium–molybdenum alloy
Allium Ureteral Stents Allium™ Medical Nitinol wire covered with a polytetrafluoroethylene 

(PTFE)
Passage™ Prosurg Nitinol
WALLSTENT™ Boston Scientific Cobalt-based microfilament
UVENTA™ Ureteral 
Stent

TaeWoong 
Medical

Double layer of nickel and titanium alloys with a 
layer of PTFE in between

Memokath 051 Memokath™ Nickel and titanium alloys
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corrosion resistance than stainless steel—a material that was previously seen as a 
reference for stents—possessing also memory shape, i.e. it can be manipulated as 
needed for stent insertion and afterwards recovers its original shape [21]. Most of the 
currently available metallic ureteral stents are made of nitinol. Table 2 presents metal-

lic ureteral stents currently available on the market and their composition.

2.3 � Biodegradable Materials

Biodegradable ureteral stents are an appealing alternative since its use eliminates 
the need of a second surgery for the stent removal, avoid additional ureter damage, 
pain and discomfort, and diminishes the treatment costs [1, 3, 21], Table 3. These 
exceptional features and decreased propensity for bacterial adherence and encrusta-
tion motivated the investigations on biodegradable materials for ureteral stents 
development [1, 21] (Fig. 1). A crucial concern when producing a BUS is that the 
degradation profile of ureteral stents should occur in a controllable and adequate 
form, i.e. efficient mechanical properties must be assured during the treatment time 
and the degradation has to occur in an homogeneous way, avoiding additional ure-
teral obstruction [9, 21, 35]. In fact, these are very challenging features to obtain and 
constitute a critical point during the development process [3, 35]. BUS have been 
fabricated from synthetic polymers, naturally origin polymers, biodegradable met-
als or a combination of biodegradable polymers and metals [3, 35]. The concept of 
biodegradable material applied for ureteral stents date back to 1997, in which 
Schlick and Planz evaluated the degree of dissolution in acidic and alkaline artificial 
urine of two polymers (G100X-15LB and G100X-20LB) [36]. With these raw 
materials, they aimed at producing an ureteral stent with controlled degradation by 
alkalinizing the urine through medication. However, in clinical practice this concept 
is risky as a basic urine pH can lead to extra complications, such as precipitation of 
urine salts and also the development of a suitable environment for the growth of 
uropathogens growth [1, 21]. Olweny et al. in 2002 introduced the use of poly-l-
lactide-co-glycolide (PLGA) as BUS material in a porcine model [37]. Other stud-
ies followed this direction and BUS were developed using PLGA, Poly-l,d-lactide 
(PLA), poly-l-lactic acid (PLLA), polycaprolactone (PCL) and poly-dl-lactic acid 
(PDLLA), nonetheless problems of inadequate degradation and toxicity were fre-
quently found, with the exception of some promising results obtained in dogs with 
poly-l,d-lactide (SR-PLA96) where reduced inflammation and good biocompati-
bility was obtained [1, 21, 38–40]. Some concerns affecting the stent degradation 
are the size and shape, the molecular weight of the polymer, the presence of other 
ingredients and the respective proportions, among others, and improvements of 

Table 3  Biodegradable ureteral stents available in the market

Commercial name Company Material

BraidStent n/a Glycomer-631™ and polyglycolic acid (PGA)
Uriprene™ Poly-Med Inc. l-Glycolic acid
HydrUStent™ HYDRUMEDICAL Natural origin polymers
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BUS’s characteristics are made by optimizing these features [1, 35]. Yang et  al. 
proposed the use of PLGA for ureteral stents with a particular stent design that is 
different from the ones usually employed for BUS-braided and spiralled. The data 
suggested an homogeneous and controllable degradation and better radial compres-
sion strength when compared with a commercial stent [41]. This design is based on 
a multilayer immersion method using PGLA, zein-a natural protein- and barium 
sulfate [41]. Later on, Zhang et al. reported the use of a novel biodegradable poly-
mer, methoxypoly(ethylene glycol)-block-poly(l-lactide-ran-Ɛ-caprolactone) 
(mPEG-PLACL), that present less propensity for encrustation and superior biocom-
patibility [42]. Soria et al. scrutinised the performance of an innovative anti-reflux 
BUS, BraidStent, in 24 female pigs where only part of the ureter was intubated [43]. 
The stent degraded in 3–6 weeks without obstructive fragments and favourable anti-
reflux properties [43]. Uriprene™ is a radiopaque glycolic acid-based stent that start 
the degradation process after 3 weeks, while after 7 and 10 weeks 60% and 100% of 
the stent was degraded, respectively, in porcine models [44]. This stent was designed 
to degrade in a specific direction, from the bladder to the kidney end, thereby pre-
venting also the obstruction-formation fragments [1]. Uriprene™ provides similar 
drainage capacity as ordinary stents with less ureteral dilatation and microbial con-
tamination [44]. The reported problem associated with this stent is the difficulty of 
insertion [21]. An improved version was later developed with a shorter degradation 
time (i.e., 4 weeks) [45]. Lingman et al. conducted clinical trial studies using a BUS 
produced from a proprietary formulation based on the natural origin polymer algi-
nate [21, 46, 47]. The stent was biocompatible and presented appropriate patency up 
to 48 h, after that time the stent starts to degrade. The main problem of these stents 
is the permanence of fragments inside the patients for long periods, which required 
surgical intervention for removal. Recently, Barros et al. successfully reported the 
use of gelatin and alginate to produce an hydrogel BUS using the supercritical car-
bon dioxide technology in the production process, which proved to be beneficial for 
the mechanical properties [48]. In the first studies encouraging results in terms of 
biocompatibility and low propensity for bacterial contamination and encrustation 
were reported [48]. This model then showed good performance in vivo, in pig mod-
els, with better biocompatibility than a commercial ureteral stent and an homoge-
neous degradation profile [49, 50]. These works resulted in a patented BUS and the 
development of HydrUStent™, a biodegradable hydrogel stent for temporary treat-
ments. HydrUStent™ was already validated in porcine model and is being currently 
preparing to start clinical trials [51].

Biodegradable metals can be used for prolonged time treatments, given the 
slower degradation rate when compared with biodegradable polymers. The poten-
tial of biodegradable metals for ureteral stents was studied for the first time by Lock 
et al. that investigated the antibacterial activity of magnesium (Mg)–4%Yttrium(Y), 
the Mg alloy AZ31 and commercially pure Mg. A decrease in Escherichia coli via-
ble colonies was observed for all the tested Mg alloys when compared with com-
mercial polyurethane stents [52]. Zang et al. studied the alloy ZK60 and pure Mg in 
terms of corrosion, in artificial urine, and histocompatibility in rat’s bladder where 
they verified that ZK60 had a faster degradation both in vitro and in the animal’s 
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bladder and both metals reveal to be biocompatible [53]. Recently, Tie et al. reported 
for the first time the use of a Mg based alloy, ZJ31, in a large animal model for ure-
teral stent application [54]. The data indicated an homogeneous corrosion rate, good 
biocompatibility and antibacterial activity, when compared with stainless steel. The 
studies conducted up to now using biodegradable metals for ureteral stents applica-
tion are still very scarce but promising. Thereby, it is envisioned the clinical transla-
tion of a biodegradable metallic ureteral stent in a near future.

Another appealing approach to improve the mechanical properties and degrada-
tion time of BUS is the combination of biodegradable polymers with biodegradable 
metals. Jin et al. evaluated the performance of a BUS based on filaments of Mg 
alloys covered with biodegradable polyurethane and a coating composed of a biode-
gradable polymer and barium sulphate [55]. The stents started to degrade after 
1 week implantation on pig’s ureter and degraded completely after 4 weeks. The 
degradation process is not explained but the authors highlight the better drainage 
ability of the developed stents [55].

3 � Conclusions and Future Perspectives

Considerable progress has been done on ureteral stent’s properties with the aim to 
meet the clinical problems encountered. Even though this progress does not end up 
with an ureteral stent without associated complications, it allows to understand the 
behaviour of different materials and designs in the urologic environment. Indeed, the 
vast amount of work done and respective outputs have been proven that the different 
materials can complement each other’s disadvantages, for example, the metals can 
bear with the high compression that polymeric stents cannot. The goal is to combine 
the advantages of each material without their associated complications. Indeed, prom-
ising works have been validating the success of this approach, such as the combination 
of polymers and metals (Silhouette®) or biodegradable polymers and biodegradable 
metals. Biodegradable materials seem to be a superior alternative due to their undoubt-
edly outstanding advantages, the only concern that still needs to be optimized thor-
ough is the degradation rate. However, it should be highlighted the outstanding 
progresses that have been made in the design of ureteral stents by tailoring their com-
position. Therefore, the use of biodegradable materials and combination of different 
raw materials and design adjustments appears to be the future of ureteral stents design.
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Coatings for Urinary Stents: Current State 
and Future Directions

Beatriz Domingues, Joana M. Silva, Ivo M. Aroso, Estêvão Lima, 
Alexandre A. Barros, and Rui L. Reis

1 � Introduction

Urinary stent coatings are a strategy to tackle certain complications associated with 
the use of the materials previously mentioned on in previous chapters. The latest 
innovations in surface coatings focused on the prevention of those problems, thus 
reducing further costs with treatments. As previously mentioned on this book, 
device-associated infections and encrustation are considered the major challenges, 
and, in an attempt to prevent such morbidity, several strategies were developed. 
Hence, coatings have been designed to improve quality of life for patients, reducing 
the friction, inhibiting uropathogens survival or attachment on stents, and avoiding 
the deposition of urinary crystals that triggers encrustation [1–3]. In the light of cur-
rent knowledge regarding biofilm formation mechanisms, coating solutions can be 
divided, according to its purpose, in anti-adhesive coatings and bactericidal coatings.
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Fig. 1  Anti-adhesive coatings confer resistance to microorganism and protein adhesion. Distinct 
surface modifications can impair these processes, without directly causing bacterial death

2 � Anti-adhesive Coatings

The anti-adhesive, or antifouling, strategies avoid the adhesion of microorganisms by 
preventing the attachment or allowing an easy detachment (Fig.  1). The key drive 
force to create these designs was the high resistance of biofilms to conventional anti-
biotic therapies. Therefore, the surface modification approaches usually provide the 
anti-adhesive properties with great antibacterial effects and low toxicity associated [4].

2.1 � Hydrophilic and Hydrophobic Coatings

To prevent microorganism adhesion and encrustation on medical devices, both 
hydrophilic and hydrophobic solutions can be used [4, 5]. Hydrogels consist in 
hydrophilic crosslinked polymers, with ability to swell and retain large amounts of 
water [6]. When used as coatings for ureteral stents, hydrogels are exposed to urine, 
which allows its absorption by the polymeric structure. The hydration layer 
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facilitates stent placement by reducing friction, potentially increasing patient com-
fort [2, 6]. This type of hydrogel on stent surface acts as a barrier, reducing adhesion 
of microorganisms and providing antifouling properties to the stent [6]. In an in 
vitro study, poly(N,N-dimethylacrylamide) (PDMAA) hydrogel network on ureteral 
stents reduced significantly the adherence of the most common uropathogens [7]. In 
a recent study with 104 patients, hydrogel-coated ureteral stents proved to be a 
superior option, comparing with uncoated commercial polyurethane ureteral stents. 
For treatments between 1 and 3  months, patients with hydrogel-coated stents 
reported lower side-effects rate and complications [8].

Similar to hydrogels, hydrophilic poly(vinyl pyrrolidone) (PVP) and polyethyl-
ene glycol (PEG) are capable of absorbing water, which provides a beneficial lubri-
cious effect when used as coatings [9]. Besides that, after an in vitro study over a 
14-week period with artificial urine, PVP-coated silicone and polyurethane stents 
presented significantly less encrustation than the uncoated ones [9]. PEG is also 
considered a antifouling agent for biomedical applications [10], however its ther-
mal, oxidative, or hydrolytic degradation and the difficulty to generate a dense coat-
ing impair its utilisation. To overcome this, PEG can be conjugated with 
3,4-dihydroxyphenylalanine (DOPA), an important amino acid in marine adhesive 
proteins [11]. In vitro, DOPA conjugated PEG coating proved to significantly 
resisted the attachment of uropathogens, comparing to control, while in vivo, using 
rabbit model, it was reported a reduction of 75% in the number of stent adherent 
organisms [12]. Although the potential of PVP and PEG for urological use has 
already been proven in studies [9, 11–13], validation in more complex models is 
still lacking.

Furthermore, antifouling hydrogel based on natural polysaccharide has a high 
clinical relevance in the urinary context. Polysaccharides are present on the surface 
of many microbial cells, mediating most of the cell–surface and cell–cell interac-
tions that are highly responsible for biofilm formation [14]. However, it is also 
undoubtedly that several polysaccharides widely distributed in nature are actually 
able to inhibit or destabilize biofilm formation. Among polysaccharides, heparin, a 
highly-sulphated glycosaminoglycan, is widely known for its ability to inhibit bac-
terial attachment and its effects have been observed mostly on cardiovascular field 
but also on ureteral stents [15]. Heparin-coated stents were able to successfully 
remain encrustation-free during 6 weeks of indwelling time, while uncoated stents 
present biofilm formation only after 2 weeks [16]. In line with this study, in a long-
term study involving patients, heparin-coated stents presented no signals of encrus-
tation up to 10  months after insertion [17]. Besides heparin, hyaluronic acid is 
another polysaccharide tested as coating for urinary devices. Using a validated in 
vitro encrustation model, covalently bound hyaluronic acid catheters were associ-
ated with less encrustation than the control, silicone [18]. Despite these promising 
results, up to date, clinical relevance has never been assessed. Chitosan, a biode-
gradable polysaccharide, also displays antimicrobial properties and, due to its bio-
compatibility, it is possible to use it for biomedical applications [19]. Chitosan-based 
coating resisted biofilm formation by bacteria and yeast, over a 54-h experiment, 
with reductions in biofilm viable cell numbers ranging from 95 to ≈  99.99%, 
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comparing to control [20]. In another static study, the development of a chitosan/
poly(vinyl alcohol) (PVA) hydrogel successfully reduced protein absorption and 
provide antimicrobial properties to segmented polyurethane urethral catheters [21].

Due to its superhydrophilicity, zwitterionic coatings also emerged as highly 
effective antifouling strategy. Nowadays, there are three major classes of zwitter-
ionic materials based on poly(phosphorylcholine), poly(sulfobetaine), and 
poly(carboxybetaine) [14, 22]. Zwitterionic coatings form a hydration layer sur-
rounding the ionic surface, preventing non-specific protein adsorption and confer-
ring a high resistance to microorganisms adhesion [23–27]. In an in vitro assay, a 
bioinspired surface functionalization with phosphorylcholine proved to enhanced 
lubrication and bacterial resistance to the surface of titanium alloy biomedical 
implants [28]. Recently, 2 zwitterionic polymers, poly(sulfobetaine methacrylate) 
(pSBMA) and poly(carboxybetaine methacrylate) (pCBMA), were used as coating 
for silicone surfaces. The coated material showed the antifouling properties pro-
vided by the zwitterionic polymers, proving that this is a promising approach for 
ureteral stent coatings [29]. Applying this rationale, Fan et  al. [30] revealed that 
these type of coatings showed strong antimicrobial activity, as confirmed by the low 
number of viable adhered bacteria on silicone-based urinary devices. Another 
SBMA antifouling zwitterionic coating was tested in a urinary catheter for 1 week, 
using a dynamic system simulating the real usage conditions of the device. Besides 
increased hydrophilicity and reduced protein adsorption, results showed a biofilm 
formation reduction by 80% compared to the biofilm produced on the urethra of 
uncoated catheters, and by about 90% in the case of the biofilm produced on the 
catheter balloon. Moreover, this coating did not affect the viability of the human 
fibroblasts, showing increased potential for clinical use [23]. In addition, it is also 
possible to create layer-by-layer zwitterionic surface modification, as evidenced by 
Li et al. [31], using a polydopamine (PDA) layer, then a monolayer of 3-aminopropyl 
triethoxysilane (APTES) and finally the zwitterionic polysulfobetaine (PSB) layer. 
When tested in vitro, this construct dramatically reduced the protein and bacterial 
adhesion [31]. The research on hydrophilic coatings for ureteral medical devices is 
growing exponentially and it has already been translated nowadays in commercially 
available options, such as AQ® from Cook Urological, SL-6 from Applied Medical, 
HydroPlus™ from Boston Scientific, and heparin-based coating Endo-Sof™ 
Radiance™, from Cook Urological.

Hydrophobic coatings have also been applied on ureteral stents, among each 
polytetrafluoroethylene (PTFE) or teflon. Teflon has a wide range of applications, 
however, for this Chapter is only important to highlight its capacity to reduce bio-
film development. This effect results from its resistance to Van der Waals forces, 
and, possibly, also due to the lower coefficient of friction [32]. Teflon-coated metal 
stents were associated with decreased reaction of epithelial cells to metal, resulting 
in increased biocompatibility. Additionally, an in vivo study performed in canine 
ureters with metallic self-expanding stents PTFE-covered proved that the benefits of 
this coating go beyond antimicrobial effects, as these formulations effectively pre-
vented the luminal occlusion caused by urothelial hyperplasia [33]. The described 
results were obtained 5, 10, 15, and 30  weeks after insertion, suggesting that 
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PTFE-covered stents have clinical relevance for short and intermediate treatments 
[33]. More currently, superhydrophobic surfaces have become an emerging topic 
due to its water-repellent and self-cleaning properties [34]. Superhydrophobic soot 
coatings can be created by deposition via combustion flame synthesis, followed by 
functionalization using plasma polymerization and/or fluorination. In an in vitro 
assay, the anti-bioadhesion activity of these coatings was proven, since the prolif-
eration of Pseudomonas species was significantly inhibited [35]. Although recent, 
this rationale is promising and it is a valid approach to investigate in the urological 
context.

Antifouling properties can also be provided by amphiphilic polymers, which 
combine both hydrophilic and hydrophobic parts. An amphiphilic polymer synthe-
sized with dodecyl methacrylate (DMA), poly(ethylene glycol) methacrylate 
(PEGMA), and an acrylic acid (AA) successfully coated the surfaces of commercial 
catheter material and reduced bacterial adhesion, under static and dynamic condi-
tions [36]. In a in vivo experiment, mice were observed over a 4-day period, and it 
was conclude that this amphiphilic coating effectively resisted S. aureus adhesion 
[36]. Nonetheless, further research is needed to fully assess the clinical relevance of 
this approach.

2.2 � Diamond-Like Carbon Coatings

In 2004, Norbert Laube’s research group [37] described for the first time the use of 
diamond-like carbon coatings (DLCs) on urological devices. This form of amor-
phous carbon material combines antimicrobial activity with its inert nature, bio-
compatibility, lubricity and durability features. The in vivo and in vitro studies 
demonstrated DLCs was capable of relieve patient symptoms, infections and 
encrustations [38, 39]. This coating was further tested in patients, during almost 
7 years. With a stent removal frequency of less than 6 weeks, no crystalline biofilm 
formation was observed and due to the low friction, patients reported a less painful 
experience [5]. Nowadays, DLCs are a commercial option in the ureteral stent mar-
ket (Ureteral Stent Set—CarboSoft), due to their promissory effect on reducing bio-
film formation, the risk of encrustation and urinary tract infections, even for 
long-term treatments.

2.3 � Topographical Modifications

As verified previously, nature is a valid source of inspiration to create new and 
improved solutions for medicine. Antifouling systems based on active topographies 
exist in nature, e.g. wings of insects, such as cicadas and dragonflies, and even in the 
human body, where the lung epithelial cells repel microbes with beating cilia [40]. 
Inspired by nature, topographical modifications, at micrometer and nanometer 
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scale, can be engineered in urinary devices to provide the desired effect. This tech-
nology was tested in the urinary context by Gu et al. [41], that created a urinary 
catheter with micron-sized pillars that can beat at a programmable frequency. This 
active topographic design not only prevented biofilm formation, but also removed 
established biofilms of the studied uropathogens, including E. coli, P. aeruginosa, 
and S. aureus. Under flow of artificial urine, the coated catheters remained clean at 
least during 30 days, while control catheters were blocked by E. coli biofilms within 
5 days [41]. While topographical modifications strategies are still relatively in its 
infancy, they represent a valid method to achieve the desired antifouling effects.

2.4 � Polymer Brushes

Polymer brushes form an antifouling surface, since these structures impair the 
adsorption of biomolecules, decreasing the attachment of microorganisms and con-
sequent biofilm formation [42, 43]. Alves et al. [44, 45] demonstrated the potential 
of this strategy for urinary tract devices, evaluating distinct polymer brushes, namely 
poly[N-(2-hydroxypropyl) methacrylamide] and also poly[oligo(ethylene glycol) 
methyl ether methacrylate], under adequate hydrodynamic conditions. The results 
showed that the surface area covered by bacteria was decreased up to 60% when 
compared with the control. Gultekinoglu et al. [46] designed polyurethane ureteral 
stents with polyethylenimine (PEI) brushes. In static conditions, this construct 
effectively presented bactericidal activity against E. coli and P. mirabilis, without 
any cytotoxic effect on L929 and G/G cells, proving to be a good candidate for 
antifouling and antimicrobial strategies for ureteral stents. Validation on more com-
plex models is a key factor for the further development of this approach.

2.5 � Quorum-Sensing-Based Coatings

In the light of current knowledge about bacterial mechanisms, it is possible to create 
a quorum-sensing-based solution to prevent bacterial adhesion on ureteral stents. 
Quorum-sensing is a cell–cell communication process used by bacteria to monitor 
cell population density, allowing bacteria to synchronize the gene expression as a 
group [47]. The disruption of this process impairs bacteria capacity to form biofilm, 
which may be used an alternative approach to tackle antimicrobial resistance [48]. 
Although the study of quorum-sensing-based coatings is still at an early stage, some 
auspicious results were already available [49, 50]. A layer-by-layer coating was 
developed comprising acylase and α-amylase, which are able to degrade bacterial 
quorum-sensing molecules and extracellular matrix, respectively. This multilayered 
coating demonstrated 30% higher antibiofilm efficiency against common uropatho-
gens, such as E. coli and P. aeruginosa [49]. Additionally, under both static and 
dynamic conditions, this innovative coating on silicone urinary devices significantly 
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reduced the occurrence of biofilms with single-specie and mixed-species, suggest-
ing that it can be a suitable option for ureteral stents [49]. In an in vivo study, using 
rabbit as model, results proved that the quorum-quenching and matrix degrading 
enzyme construct inhibited the biofilm formation up to 7  days. Considering the 
resistance mechanisms of bacterial biofilms, it can be hypothesized that inhibiting 
biofilm formation would later increase the bacteria susceptibility to antimicrobials, 
even at subminimal inhibitory concentrations [49]. More recently, furanone, a quo-
rum-sensing inhibitor, was used as a coating for urinary catheters, resulting in a 
complete blockage for Candida sp. adhesion, under static conditions [50]. This 
practice is still incipient and more validation is required in order to pass from the 
bench to the bedside.

3 � Bactericidal Coating

In contrast to anti-adhesive coatings, bactericidal coatings prevent the attachment of 
microorganisms, but also trigger their death. In the case of ureteral coatings, most 
approaches are designed to trigger bacterial death, however, other uropathogens are 
also affected [4].

3.1 � Release of Antimicrobial Agents

The successful development of an effective coating with eluting proprieties required 
the identification of the most promising antimicrobial agents, that for the urinary 
tract context may include antibiotics and metals composites (Fig. 2).

Living bacteria

Release of antimicrobial agents
Antibiotics

Metal-based composites

Contact-killing
Antimicrobial peptides

Enzymes
Bacteriophages

Living bacteria

Dead bacteriaDead bacteria

Fig. 2  Bactericidal coatings trigger bacterial death, either through the release of antimicrobials 
agents or by contact-killing approaches
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3.1.1 � Antibiotics

In case of ureteral stents-associated infections, the use of prophylactic antibiotics as 
a systemic therapy can trigger the development of further microbial resistance, 
without avoiding the attachment of the already resistant uropathogens [51]. The 
rationale behind the use of antibiotics in coatings consists in the opportunity of 
enhance the antimicrobial effects locally, without the adverse effects of a systemic 
therapy. Several antibiotics, such as ciprofloxacin, norfloxacin, ofloxacin, gentami-
cin, chlorhexidine, were incorporated on ureteral devices, and its efficacy was 
proven against the common uropathogens [52–54]. After a meta-analysis study, it 
was demonstrated that this strategy is effective for short-term implants, however the 
release profile of this type of compounds, with an initial burst release followed by 
concentrations that are not inhibitory, may not actually be translated into a favorable 
therapeutic effect [55]. In fact, for long-term implants, this strategy favors the devel-
opment of microbial resistance, creating an infection even more difficult to treat [32].

3.1.2 � Metal-Based Coatings

Metal, metal oxide, or composite nanoparticles are suitable alternatives as antimi-
crobial agents, being able to prevent biofilm-associated infections on medical 
implants [56]. The broad-spectrum antimicrobial mechanism of silver is well-
known [57, 58] and it was one of the pioneer approaches in the urologic devices to 
prevent device-associated infections [59]. Its application is already approved by 
Food and Drug Administration (FDA) for the urinary context, namely for urinary 
catheters [26]. Over the years, numerous studies, including clinical trials, proved the 
effectiveness of the silver coatings against device-associated infections. In 2014, in 
a multicenter cohort study, Lederer et al. [60] reported that the silver alloy hydrogel 
catheter (Bardex I.C.), used for at least 3 months, inhibit in almost 50% the number 
of reported cases of symptomatic device-associated infections, comparing to stan-
dard catheters. Nonetheless, contradicting studies described the ineffectiveness of 
this strategy, reporting no significant differences between the use of the device with 
or without the silver coating [61, 62]. This type of coating was reported as ineffec-
tive in long-term catheterization, as it easily loses antimicrobial activity, and some 
clinical trials have demonstrated the occurrence of bacterial resistance in the inter-
mittent catheterization. Additionality, comparing with other antimicrobial catheters, 
the cytotoxicity to host cells is still high [47–49]. This lead to conclude that silver 
could be a good candidate to tackle uroinfections, however there is still room for 
improvement. Novel silver materials have been studied over the last years, and up to 
date silver nanoparticles and silver nanoclusters are the most promising materials, 
within this area, for urinary stent coatings. Besides releasing antibacterial silver 
ions, silver nanoparticles with less than 100 nm can be incorporated by bacteria, 
leading to structural damages and, ultimately, causing cell death [63, 64]. Silver 
nanoclusters, due to its size <  2  nm, demonstrated an improved antimicrobial 
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efficiency compared with the silver nanoparticles [26, 65–67]. An ex vivo study, 
using a set-up that mimics the biological conditions during stenting, silver nanoclu-
sters were associated with less 45% of friction, comparing with the uncoated ones, 
which can indicate less pain to the patient [68].

Throughout the years, other metal-based approaches gained prominence due to 
their antibacterial properties, with emphasis on zinc oxide, with its intrinsic antimi-
crobial activity and biocompatibility [69]. Synergistically combination of zinc 
oxide films and the 2-hydroxyethyl methacrylate (HEMA) hydrogel by Laurenti 
et al. [69] created a barrier layer that in vitro prevented the unbeneficial burst release 
of zinc oxide. This advantageous effect results from the incorporation of a pH-
triggered delivery system that controls the sustained release of this material. These 
findings indicated that the design is an encouraging candidate for urinary tract 
devices. Within metal-based coatings, a distinct concept using copper-bearing stain-
less steel was already evaluated in an in vivo rabbit model. Stents were analyzed 20, 
40 and 80 days after implantation, and copper-bearing stainless steel coating was 
associated with less adherent microorganisms and deposited crystals, with signifi-
cant differences comparing to uncoated control [70]. The conclusions drawn in this 
study represent a major advance for this strategy and further boost its use in urinary 
tract devices.

3.2 � Contact-Killing

Within contact-killing coatings are included surfaces that exhibit antimicrobial 
activity without releasing antibiotics or other biocidal agents.

3.2.1 � Antimicrobial Peptides (AMPs)

AMPs are antimicrobials effective against both Gram-negative and Gram-positive 
strains, viruses, and fungi, representing one of the most promising alternatives to 
conventional antimicrobial agents [71]. Usually, AMPs are short peptides with cat-
ionic charge and a great portion of hydrophobic residues, around 50%. This positive 
charge and amphiphilic nature allow AMPs to interact with several types of bacte-
ria. The mechanisms of action are diversified, which confers AMPs a broad-
spectrum of antimicrobial activity [71]. The disruption of cytoplasmic membrane 
[72], autolysin activation, inhibition of DNA, RNA, and protein synthesis [73] are 
some of the mechanisms already described in literature. A recent in vitro study of 
Wang et al. [74] revealed that AMPs can in fact reduce biofilm formation on medical 
tubes used in urology up to 7 days, which corroborates the use of this material in 
urological devices. In vitro assays demonstrated that chemo selective covalent 
immobilization of Dhvar5 AMP, a synthetic peptide derived from the histatins fam-
ily, on thin chitosan coatings resulted in the decrease of bacterial colonization [75]. 
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Wang et al. [74] demonstrated, in a 7-day in vitro test, that a customized and bought 
AMP, Bmap-28, incorporated into a biodegradable hydrophilic polyurethane was 
capable of inhibit bacterial biofilm formation of P. mirabilis and delay catheter 
obstruction caused by encrustation.

3.2.2 � Enzyme-Containing Coatings

In the recent past, enzymes have been considered as a new generation of antimicro-
bial agents, targeting microbial growth and biofilm formation [76]. A cellobiose 
dehydrogenase functionalized urinary catheter was evaluated in artificial urine, over 
16 days, resulting in the reduction of the viable S. aureus by 60%, and in the decrease 
of biofilm formation by 70%, comparing to control [77]. Other enzyme, the protease 
α-chymotrypsin (α-CT), was covalently immobilized on polyethylene surfaces. 
Using a Center for Disease Control (CDC) biofilm reactor it was proven that this 
strategy significantly impacted E. coli biofilm formation [78]. More studies will be 
further needed to fully validate this approach.

3.2.3 � Bacteriophages

A recent and promising approach to prevent bacterial contamination on ureteral 
stents is the use of bacteriophages, i.e., viruses that infect bacteria, and then use 
bacterial cell as a factory to multiply themselves [79]. Bacteriophages are an attrac-
tive therapeutic agent, with highly specificity and very effective for the targeted 
pathogen. In case of lytic phages, the mechanism of action consist in the disturbance 
of the bacterial metabolism, inducing cellular lyses and consequent death [79]. 
Khawaldeh et al. [80] described a successful bacteriophage therapy for refractory 
P. aeruginosa urinary tract infection, in a 67-year-old woman that underwent exten-
sive intra-abdominal resections and pelvic irradiation for adenocarcinoma, followed 
by bilateral ureteric stent placement to relieve obstruction. This patient has received 
multiple courses of gentamicin, ceftazidime, ciprofloxacin and meropenem over a 
2-year period, with consecutive failures. During the study, no bacteriophage-
resistant bacteria were reported, and the therapy resulted in symptomatic relief and 
microbiological cure, where repeated courses of antibiotics combined with stent 
removal had failed [80].

4 � Conclusions and Future Perspectives

Coatings are an effective approach to improve urinary devices, reducing the most 
common complications experienced by patients during treatments and avoiding the 
even more challenging need to search for completely new materials associated with 
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less morbidity. Currently for ureteral stents, hydrophilic and diamond-like carbon 
coatings are commercial options associated with an enhanced performance of 
devices, comparing with uncoated ones. These commercially available approaches 
are all anti-adhesive coatings, and, in the general overview, this type of strategy 
appears to be a superior alternative than bactericidal coatings. Designs that trigger 
uropathogen death are usually associated with higher toxicity, and, in some cases, it 
can even favor the development of microbial resistance, which can hamper the 
infection treatment. With the present knowledge about antimicrobial mechanisms 
and inspired by nature, more cutting-edge alternatives, able to confer antimicrobial 
properties to the inner and outer parts of stents, will surely appear. The correct vali-
dation of those strategies, according to international standards, is a very important 
step for the rise of innovative and effective solutions for urinary stents.
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1 � Introduction

The complications associated with indwelling ureteral stents, namely bacterial 
adhesion and biofilm formation, have been the main driving force for the develop-
ment of new materials or coatings with antimicrobial and anti-adhesive properties. 
The first approach for testing and optimizing new biomedical surfaces usually con-
sists of evaluating their in vitro efficacy under controlled experimental conditions 
that reflect the human physiological environment [1]. Consequently, several param-
eters, including the pathogenic species and their concentration, culture medium, 
temperature, and hydrodynamic conditions, must be considered when setting an in 
vitro experiment, hence increasing its predictive value and avoiding, during initial 
screening, expensive in vivo assays and animal sacrifice [1] without prior evidence 
of surface effectiveness. Among these parameters, hydrodynamic conditions have a 
prominent role in the experimental setup as assays performed in static conditions do 
not mimic the fluid flow that occurs at specific locations of the human body (e.g. 
urinary tract). Furthermore, it is well known that hydrodynamic conditions affect 
not only bacterial adhesion to biomedical surfaces [2], but also biofilm growth and 
architecture [3, 4]. In fact, flow determines the transport rate of planktonic cells to 
the surface and their subsequent interaction [5], as well as the transport of oxygen 
and nutrients to the biofilm [6]. Besides, flow influences both bacterial attachment 
and detachment rates [7].

The effectiveness of biomedical surfaces may also be highly affected by the 
hydrodynamic conditions [1]. Surfaces releasing antimicrobial substances when 
exposed to flow may exhibit shorter lifetimes than at static conditions [1]. Likewise, 
depending on the fluid flow surrounding the surface, contact-killing surfaces that 
are adhesive for bacterial cells may be covered by bacterial debris, which decreases 
their antimicrobial activity [1]. Lastly, non-adhesive coatings, such as polymer 
brush coatings, are generally sensitive to external stimuli, exhibiting higher anti-
fouling performance at quasi-static conditions and more effective fouling release 
behavior under dynamic conditions [8].

Considering the importance of hydrodynamic conditions and their effects on 
bacterial adhesion and biofilm formation, a diversity of in vitro flow systems, includ-
ing the Robbins device (RD) and modifications, the drip flow biofilm reactor, rotary 
biofilm reactors and flow chambers (FCs), have been developed and optimized to 
evaluate surfaces effectiveness under physiological conditions [9]. Certain flow sys-
tems enable real-time visualization of bacteria adhesion/biofilm development under 
controlled conditions (e.g. shear stress or shear rate, temperature), allow simultane-
ous testing of different materials, and can be used as high-throughput platforms [9], 
while others have some limitations in operating at highly controlled hydrodynamic 
conditions [1]. Hence, each platform presents advantages and disadvantages that 
must be considered before use.

In this chapter, the most commonly used platforms for the in vitro assessment of 
bacterial adhesion and biofilm formation under flow conditions—the modified 
Robbins device, flow chambers, and microfluidic devices—are introduced, and their 
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main advantages and disadvantages discussed. These three testing platforms have 
been particularly used to evaluate the anti-adhesive and antibiofilm performance of 
novel surface materials for urinary tract devices (UTDs), including catheters and 
stents, due to their ability to control the hydrodynamics (shear stress and flow rate) 
and recreate in vivo flow conditions.

2 � Robbins Device and Modifications

The Robbins device was initially developed by Jim Robbins and Bill McCoy to 
study biofilm formation in industrial water systems [10]. The RD consists of a pipe 
with several holes where coupons are mounted on the end of the screws and become 
in contact with the fluid. Thus, the RD generates submerged biofilms growing in 
aqueous systems that can be used for the investigation of multispecies communi-
ties [10].

Several modifications were later introduced to this design, including the use of a 
square-channel pipe where coupons are aligned with the inner surface without dis-
turbing flow characteristics [11]. Other designs include a half-pipe geometry that 
more closely resembles the circular section of a tube [4]. With the modified Robbins 
devices (MRDs), the flow can be momentarily stopped to allow direct access to the 
coupons so that time-course experiments are also possible [3].

MRDs have been operated in conditions that mimic the flow in urinary catheters 
[12, 13] and stents [13, 14]. Tunner et al. [14] were among the first authors to use a 
continuous flow model based on an MRD to assess encrustation on silicone and 
polyurethane, the most widely used ureteral stent biomaterials. They revealed that 
the type and degree of encrustation produced were similar to those found in vivo, 
recommending this flow system for comparative evaluation of surface candidates 
for medical devices used in the urinary tract [14]. More recently, in our research 
group, a MRD (referred to as flow cell system) simulating the hydrodynamic condi-
tions found in urinary catheters (shear rate of 15/s) [15] was used to characterize the 
microbial physiology of Escherichia coli and Delftia tsuruhatensis individually and 
in a consortium, in terms of growth kinetics and substrate uptake, when exposed to 
artificial urine medium (AUM) flow and silicone material [12]. Additionally, we 
used a custom-made semi-circular flow cell identical to that shown in Fig.  1 to 
assess the efficacy of different nanocomposite coatings in preventing urinary tract 
infections (UTIs) [13]. The hydrodynamics of this flow cell was fully characterized 
by computational fluid dynamics (CFD) [16], and it has been shown that the shear 
stress field is approximately the same in the curved and flat walls so that coupons 
can be placed on the flat wall for convenience and still be subjected to the same 
shear forces acting on the curved wall [17]. Moreover, this flow cell was constructed 
to have enough inlet length to allow for full flow development and a large surface 
area on which the hydrodynamic conditions remain constant for a wide range of 
flow velocities [16]. These dynamic systems are particularly useful for screening 
purposes as they enable the simultaneous testing of several surfaces [13, 14]. 
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a b

FLOW CELL

coupon with
surface material

peristaltic
pump

air

centrifugal
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RECIRCULATING
TANK

Nutrient
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Waste

Fig. 1  (a) Schematic representation and (b) photograph of a MRD. The system is mainly com-
posed by a recirculating tank, one vertical semi-circular flow cell (about a meter high) with remov-
able coupons, and peristaltic and centrifugal pumps

Another advantage of MRDs is that coupons can be removed independently, for 
instance, at different experimental times [12].

3 � Flow Chamber

Despite the many advantages of the MRDs, they are usually not suited for direct 
analysis of biofilm development [18], and they are not adequate to monitor cell 
adhesion to a surface. Nowadays, there are several models of flow chambers that can 
be mounted on a microscope stage and used with video capture systems, enabling 
real-time observation of microbial adhesion, particularly when used with transpar-
ent surfaces [18]. Different custom-made FCs have been used to evaluate the anti-
adhesive and antibiofilm properties of novel surfaces for UTDs, namely catheters 
and stents, in flow conditions that simulate those typically found in these medical 
devices [2, 15, 19, 20]. Table 1 summarizes several studies found in the literature 
where flow chamber assays were performed under fully characterized hydrody-
namic conditions similar to those of urinary catheters and stents. Most of these stud-
ies aimed to monitor the initial adhesion of bacteria associated with UTIs (E. coli, 
Enterococcus faecalis, Staphylococcus aureus and Pseudomonas aeruginosa) to 
polymeric surfaces as polydimethylsiloxane (PDMS) [2, 9] and PDMS modified 
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with antimicrobial substances (peptides and carbon nanotubes) [21–23] for 30 min 
to 4 h. In some instances, these systems were also used to investigate bacterial bio-
film growth and survival for 24 h on novel surface coatings for UTDs [19, 24, 25].

A custom-made FC system (Fig. 2) was designed by our group to analyse cell 
adhesion [22, 26] and biofilm formation [19, 24]. This system includes a parallel-
plate flow chamber (PPFC) coupled to a jacketed tank and connected to centrifugal 
pumps and a valve by a silicone tubing system. The valve allows the bacterial sus-
pension to circulate through the system at a controlled flow rate, and the recirculat-
ing water bath is connected to the tank jacket to enable temperature control. To 
illustrate the type of data that can be obtained with this platform, biofilm formation 
experiments with E. coli were carried out for 24 h using PDMS as the test surface 
[27] and AUM recirculated through the FC system at 4 mL/s to mimic the urine flow 
behavior in ureteral stents (shear rate of 15/s). After 24 h, the system was stopped, 
and the biofilm formed on the PDMS surface was stained with a fluorescent dye and 
analysed by confocal laser scanning microscopy (CLSM) (Fig. 3 and Table 2).

CLSM is an optical imaging technique used to obtain high-resolution images of 
biofilms at various depths in their naturally hydrated form and to generate three-
dimensional (3-D) reconstructions of the samples [28]. It is particularly well suited 
for monitoring 3-D structure formation in flow chamber-grown biofilms due to its 
non-invasive and non-destructive character [29, 30]. Early research investigating the 
use of CLSM in biofilm studies was more descriptive, using qualitative metrics to 
evaluate biofilm architecture [31]. The development of imaging software packages, 
specifically for biofilm samples, has enhanced the quantitative output from CLSM 
images of biofilms [32]. Among these, the COMSTAT ImageJ plugin [32] used in 
the present work (Table 2) or the PHLIP Matlab toolbox [33, 34] represent a set of 
reference tools that are efficient and reliable to characterize biofilms in terms of 
biomass, thickness distribution, surface coverage, roughness coefficient, or porosity.

centrifugal
pump

valve

RECIRCULATING TANK

PARALLEL PLATE
FLOW CHAMBER

a b

Fig. 2  (a) Schematic representation and (b) photograph of the FC system. The PPFC is coupled 
to a glass tank connected to four centrifugal pumps and a tubing system to conduct adhesion or 
biofilm formation assays

L. C. Gomes et al.
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Fig. 3  3-D projection of biofilms formed on PDMS at a flow rate of 4 mL/s mimicking ureteral 
stents in the described PPFC system. Shown is an E. coli biofilm stained with SYTO 61 (633 nm 
laser line, LEICA HCX PL APO 10 ×/0.40 CS). This representative image was obtained using the 
“Easy 3D” tool of IMARIS 8.4.1 software (Bitplane, Switzerland) from a confocal z stack, and 
presents an aerial view of the biofilm structure with the shadow projection on the right

Table 2  Quantified data for E. coli biofilms grown on PDMS surfaces in the PPFC system. These 
parameters were obtained from confocal image series using the COMSTAT2 tool associated with 
the ImageJ software. The means (± standard deviations) for three independent experiments are 
presented

Biofilm parameters

Biovolume (μm3/μm2) 29.99 (± 2.23)
Average thickness (μm) 72.99 (± 6.94)
Roughness coefficient 0.20 (± 0.02)

4 � Microfluidic Devices

Microfluidic platforms have demonstrated high potential and versatility for the 
study of bacterial adhesion and biofilm formation under different growth condi-
tions. These platforms allow the testing of different channel architectures and types 
of materials or surfaces at highly controlled flow conditions through a rapid and 
precise analysis [5]. For these reasons, microfluidic platforms have been used to 
explore the combined effect of several factors on the development of clinically rel-
evant biofilms [35–37]. Table 3 lists several studies using microfluidic devices for 
the evaluation of bacterial adhesion and biofilm formation under flow conditions 
that represent relevant hydrodynamic regions of ureteral stents.

Although microfluidic devices can be constructed by different methodologies 
and from a diversity of materials, PDMS has been the material of choice for the 
construction of these devices, with most of the PDMS-based microfluidic devices 

Bacterial Adhesion and Biofilm Formation: Hydrodynamics Effects
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L. C. Gomes et al.



235
G

la
ss

E
va

lu
at

io
n 

of
 b

ac
te

ri
al

 
co

lo
ni

za
tio

n,
 c

om
pe

tit
io

n,
 

an
d 

di
sp

er
sa

l (
15

 h
)

P
s.

 a
er

ug
in

os
a

B
. s

ub
ti

li
s

E
. c

ol
i

P.
 m

ir
ab

il
is

S.
 a

ur
eu

s
Sa

. t
yp

hi
m

ur
iu

m

0.
02

–2
 P

a
T

he
 u

ps
tr

ea
m

 m
ov

em
en

t w
as

 a
 d

ir
ec

t r
es

po
ns

e 
to

 
su

rf
ac

e 
sh

ea
r 

st
re

ss
 a

nd
 c

on
fe

rr
ed

 to
 P

s.
 a

er
ug

in
os

a 
se

le
ct

iv
e 

gr
ow

th
 a

dv
an

ta
ge

s.

[4
2]

G
la

ss
B

io
fil

m
 f

or
m

at
io

n 
(2

4–
48

 h
)

P
s.

 a
er

ug
in

os
a

0.
00

2–
0.

01
4 

Pa
B

io
fil

m
 th

ic
kn

es
s 

w
as

 n
ot

 a
ff

ec
te

d 
by

 s
he

ar
 s

tr
es

s 
af

te
r 

24
 h

, d
is

pl
ay

in
g 

on
 a

ve
ra

ge
 1

0 
μm

. A
t 4

8 
h,

 th
e 

bi
ofi

lm
 

th
ic

kn
es

s 
in

cr
ea

se
d 

si
gn

ifi
ca

nt
ly

 (3
6 

± 
9 
μm

) a
t 0

.0
10

 P
a 

an
d 

sl
ig

ht
ly

 a
t 0

.0
03

5 
Pa

 (2
0 

± 
4 
μm

). 
C

on
tr

ar
y,

 n
o 

in
cr

ea
se

 w
as

 o
bs

er
ve

d 
fo

r h
ig

he
r s

he
ar

 s
tr

es
s.

[4
4]

U
nc

oa
te

d 
an

d 
H

B
P-

co
at

ed
 

ch
an

ne
ls

B
io

fil
m

 f
or

m
at

io
n 

(1
6 

h)
S.

 a
ur

eu
s

0.
02

–1
 P

a
T

he
 fl

ow
 w

as
 th

e 
m

aj
or

 c
on

tr
ib

ut
or

 to
 th

e 
sh

ap
e 

of
 

bi
ofi

lm
 s

tr
uc

tu
re

s,
 w

he
re

as
 b

ac
te

ri
al

 m
ot

ili
ty

 w
as

 le
ss

 
si

gn
ifi

ca
nt

.

[4
5]

C
ha

nn
el

s 
co

at
ed

 w
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being designed for a specific purpose. Several studies have investigated the initial 
bacterial adhesion on different materials using microfluidic platforms [5, 7, 38–41]. 
In general, the bacterial residence time and surface coverage increased linearly up 
to 3.5 Pa [7] and 20/s [40], respectively, and the adhesion rates were higher in loca-
tions with a sudden increase in shear forces [39]. For the particular case of ureteral 
stents, De Garcia et al. [5] demonstrated that unobstructed devices (wall shear stress 
≤ 0.0875 Pa) showed no short-term bacterial adhesion, while in obstructed devices, 
the cavity region and nearby proximal side-hole (wall shear stress of 0.131–0.175 Pa) 
exhibited higher levels of bacterial attachment compared to other regions of the 
model. Although channel architecture and geometry affect bacterial adhesion [41], 
these findings indicate that flow influences both attachment and detachment rates [7].

PDMS-based microfluidic devices have also been applied to explore how bacte-
rial colonization, competition, and dispersal occur at flow conditions. Indeed, flow 
can confer growth advantages to pathogens by allowing the bacteria upstream 
movement [42]. Similarly, the study of biofilm development is also possible using 
these microfluidic platforms [35, 43–48]. Several authors revealed that flow alone 
was able to induce the formation of polysaccharide intracellular adhesins [46] and 
was the major modulator of the biofilm structures [45]. Additionally, Lee et al. [35] 
demonstrated that the morphology of Staphylococcus epidermidis biofilm forma-
tion was influenced by local hydrodynamic conditions. While higher wall shear 
stress limited vertical biofilm growth, resulting in a monolayer structure, cells grow-
ing in stagnant areas were able to proliferate rapidly, resulting in the formation of a 
large multilayer structure [35]. Likewise, biofilm thickness was also affected by 
flow after 48 h, increasing significantly at 0.010 Pa (36 ± 9 μm) and slightly at 
0.0035 Pa (20 ± 4 μm). Contrarily, no increase was detected for higher shear stresses 
[44]. Accordingly, Kim et al. [48] revealed that quorum sensing-mediated commu-
nication during biofilm formation was generally repressed by flow, impairing bio-
film growth. The comprehensive analysis of gene expression during S. aureus 
biofilm formation was successfully conducted by Moormeier et al. [49, 50] using a 
different microfluidic device, the BioFlux system (Fluxion Systems, South San 
Francisco, CA), and compared with static conditions. The BioFlux system was pre-
sented as the most prominent commercial microfluidic platform that overcomes the 
limitations of static well plates and conventional laminar flow chambers. In this 
system, biofilm formation can be followed by light microscopy in microfluidic 
wells, allowing rapid screening of the effects of several compounds on the viability 
of biofilms under hydrodynamic conditions [51]. One of the early studies performed 
on this platform evaluated the effect of several antimicrobials on 8  h-developed 
P. aeruginosa biofilms under controlled hydrodynamic conditions at 37 °C. Results 
suggested that biofilm viability measured with the plate reader agreed with those 
determined using plate counts and with the results of fluorescence microscope 
image analysis. Since then, the BioFlux system has been considered a high-through-
put methodology for the study of biofilm development under defined hydrodynamic 
conditions [36, 49, 50, 52–54].

Although only 1 of 21 analysed studies had the specific objective of evaluating 
bacterial adhesion in urinary stents, all provided a comprehensive analysis of 
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adhesion and biofilm formation at flow conditions representative of relevant hydro-
dynamic regions of ureteral stents [55] and should be considered when testing a new 
surface or coating for these medical settings.

5 � Operating Conditions

As previously shown, MRDs, flow chambers and microfluidic devices have been 
used to study bacterial adhesion and biofilm formation under hydrodynamic condi-
tions that simulate the UTDs. Because the flow rate by itself provides little informa-
tion about shear without taking into account the geometry of the in vitro flow system, 
it is crucial to mimic the flow conditions in a catheter or stent by using either the 
wall shear stress or the shear rate [1]. The wall shear rate (σ, with unit/s) is a mea-
sure of change of the fluid velocity near the wall of the tube in the radial direction 
toward the center of the tube. In laminar conditions, the shear rate is related to the 
force which the fluid flow exerts on the wall, expressed as shear stress (τ, with unit 
Pa), through τ = μ × σ, where μ is the dynamic viscosity of the fluid (10−3 Pa s for 
water). In the flow systems under study, the flow rate should be adjusted to approach 
an average shear rate of around 15/s as an estimate of the intraluminal urine flow, 
based on predictable daily urine production and internal catheter diameter [15]. 
Nevertheless, urinary output values are highly variable and may reach more than 10 
times the mean value [56], yielding a proportional increase in wall shear rate. Some 
authors performed FC tests at a shear rate of 33/s, which is higher than mean values 
but still within the range of shear rates found in urinary catheters [25].

Regarding the flow chamber system described in this work (Fig. 2), the numeri-
cal simulations indicated that the shear rate of 15/s reported for urinary flow in 
catheters can be attained at a flow rate of 2 mL/s [2, 9]. On the other hand, the aver-
age shear stress in problematic zones of ureteral stents that are prone to encrustation 
(0.024 Pa) [55] can be obtained by operating the PPFC system at a flow rate of 
4 mL/s [21]. In the case of MRDs used by our research group, the recirculation flow 
rates can range from 5 [12] to 53 mL/s [13] to mimic the shear forces on urinary 
catheters, depending on the geometry of the flow cell.

PDMS-based microfluidic devices are usually designed for a particular applica-
tion, having their own architecture and geometry with specific operating conditions. 
In the case of the commercially available BioFlux system, numerical simulations 
revealed that the average shear stress value of 0.02 Pa reported for ureteral stents 
[55] can be reached at a flow rate of 66 μL/h [52].
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6 � Strengths and Limitations of Flow Platforms

Among the advantages of flow systems are the ability to compare, for instance, the 
effect that different substrates, media and hydrodynamic conditions exert on a bio-
film at different developmental stages. These dynamic models may also provide an 
evaluation of the effect that transiently occurring molecules, such as antibiotics or 
adherence inhibitors, have on biofilms. However, the technical disadvantages of 
flow reactors include increased experimental complexity as well as possible forma-
tion/trapping of air bubbles in the setup tubing (particularly severe in microfluidic 
systems), as this can affect flow and biofilm architecture [57].

Choosing the experimental platform for flow experiments determines what kind 
of data can be extracted, and care must be taken to ensure that the selected reactor 
fulfills the objectives of the experiments. The three platforms covered in this chapter 
(modified Robbins device, flow chamber and microfluidics-based device) have ben-
efits and limitations, which are summarized in Table 4.

Table 4  Advantages and disadvantages of dynamic biofilm cultivation devices

Platform Advantages Disadvantages

Modified Robbins 
device

Large biomass produced Low to medium throughput
Large number of sampling ports 
available for analysis

Limited in situ biofilm visualization

Can run for very long periods 
without intervention

Biofilm destruction during sampling 
for quantitative analysis

Flow chamber Allows direct and nondestructive 
observation of biofilm development

Low throughput

Optimized for online in situ 
microscopy

Inability to study adhesion to 
nontransparent surfaces

Microfluidics-based 
device

Noninvasive technique Requires special equipment for 
manufacturing and running systems

Allows real-time visualization of 
biofilm development

Clogging can occur due to small 
dimensions

Requires small volumes Laborious operation
Can be custom-made for specific 
purposes
Rapid and precise analysis
Compatible with single cells 
analysis
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7 � Conclusions

To evaluate the anti-adhesive and antimicrobial performance of novel biomedical 
materials, a number of flow devices have been designed to recreate in vivo flow 
conditions. Shear stress and flow rate can be accurately controlled and varied in 
these in vitro flow systems, which requires prior knowledge of the flow dynamics 
inside the platform. After limiting their operational range, modified Robbins 
devices, flow chambers and microfluidic devices are suggested as experimental set-
ups to mimic the flow behavior in urinary catheters and stents.
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Biomaterial-Associated Infection: 
Pathogenesis and Prevention

Martijn Riool and Sebastian A. J. Zaat

1 � The Clinical Problem

The use of medical devices, such as urinary stents, catheters, artificial heart valves, 
prosthetic joints and other implants, collectively often referred to as “biomaterials” 
has increased dramatically over the past century, and has become a major part of 
modern medicine and our daily life. With the aging society, the higher demand on 
these devices to restore function and quality of life, combined with the ever improv-
ing technology within the medical field, the problem of biomaterial-associated 
infection (BAI) is expected to increase.

Catheters, and orthopedic devices are among the most frequently used devices in 
human medicine [1, 2]. Catheters suspected for infection are replaced by a new 
catheter at a different location, since using the original location for re-implantation 
over a guide-wire is strongly discouraged because of the high reinfection risk [3]. 
Primary implantation of prosthetic joints like prosthetic hips, knees, elbows and 
ankles, is considered a so-called clean procedure [4], however, in 0.5–1% (hip or 
knee) to over 5% (elbow or ankle) of cases, infections occur [5, 6]. Revision surgery 
is associated with higher frequencies of infection, due to the compromised condi-
tion of the tissue, longer procedures and more extensive tissue damage during 
surgery.

The most common causative microorganisms in BAI are Staphylococcus aureus, 
a major pathogen in wound infections, and Staphylococcus epidermidis, the harm-
less skin commensal [6–8]. Depending on the type of device and location of appli-
cation, other pathogens such as coagulase-negative staphylococci, enterococci, 
streptococci, Propionibacterium acnes and yeast can also cause BAI [9, 10].
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As early as in 1957, Elek and Conen studied the minimum infective dose of 
staphylococci for man in relation to suture infection [11]. In healthy volunteers, 
they estimated the minimum pus-forming dose of S. aureus—called 
Staphylococcus pyogenes in those days—on intradermal injections in absence of 
sutures to be 2–8 million bacteria, numbers which are improbable in case of a 
natural infection. However, the presence of a foreign body, a suture in this case, 
resulted in a dramatic reduction in the minimal inoculum required for pus pro-
duction: a dose of 300 bacteria led to abscess formation. Higher inoculum doses 
even resulted in lesions with ‘the size of an orange’, caused fever and took over 
a week to resolve, in spite of penicillin therapy. Although this experiment clearly 
demonstrated the enhancing effect of the presence of a foreign body, but the 
authors stated that the outcome of the experiment “led to great difficulty in find-
ing further volunteers”. Nowadays, such an experimental set-up would not be 
easily approved by medical ethical committees, but it did provide crucial infor-
mation on the pathogenesis of BAI.  Thus, it has been recognized for at least 
60 years that the presence of a foreign body predisposes for infection, and this 
has repeatedly been confirmed in animal studies [12–15]. In rabbits, for example, 
only 50 colony forming units (CFU) of S. aureus were sufficient for infection in 
the presence of a cemented hip implant, whereas 10,000 CFU were required in 
absence of the foreign body [16].

1.1 � Biofilms

Bacterial biofilm formation is considered the major element in the pathogenesis of 
BAI [1, 10, 17]. Biofilm formation is initiated when planktonic bacterial cells 
attach to the surfaces of implants (Fig. 1). BAI are often caused by biofilm-forming 
bacterial strains able to cover the surface of the biomaterial, resulting in complex 
structures consisting of bacteria, extracellular polymeric substances (bacterial 
products like polysaccharides, proteins and DNA) and host proteins and cells [17]. 
Bacteria in biofilms behave differently from planktonic bacteria, particularly in 
response to antibiotic treatment [18]. The complex bacterial community of a bio-
film is highly tolerant to antibiotics [19]. This is partly due to the complicated 
structure of the extracellular polymeric matrix of the biofilm, making the bacteria 
less accessible to many antibiotic agents [20]. As most antibiotics target active cell 
processes, the slow growth or starved state of the bacteria in a biofilm may also 
make them more tolerant. A subpopulation of these bacteria, the so-called persist-
ers, reaches a dormant and drug-tolerant state. Such persisters are suggested to be 
largely responsible for the recalcitrance and recurrence of biofilm-associated infec-
tions [21]. Moreover, biofilm-entrapped bacteria are unreachable for the human 
immune system.
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Fig. 1  Biofilm stages in biomaterials

1.2 � Tissue Colonization

Next to biofilm formation, another important element in the pathogenesis of BAI is 
bacterial colonization of the tissue around implants (Fig. 2), due to dysregulation of 
the local immune response by the combined presence of bacteria and a foreign body 
[22–25]. Bacteria are inevitably introduced in the tissue wound during surgery, 
either originating from the patient’s skin microflora or from the operation room 
[26]. Due to the implanted biomaterial, the efficacy of the host immune response is 
reduced. Already in the 1980s, Zimmerli et al. showed reduced neutrophil phago-
cytic activity in guinea pig tissue cage models infected with S. aureus [27]. When 
different challenge doses of S. epidermidis were injected along subcutaneously 
implanted catheter segments at the back of mice, the bacteria were more often found 
in the peri-implant tissue than on the biomaterial itself, and persisted for longer 
periods in the tissue than on the implant [28]. Moreover, S. epidermidis survives 
inside macrophages in tissue surrounding implants in mice (Fig. 2) [25, 28].

In a mouse subcutaneous BAI model, the possible routes of infection at the inter-
face between implants and the surrounding tissue were studied [29]. In this study, 
S. epidermidis bacteria applied on the surface of titanium implants, both adhering 
and as a biofilm, relocate from the material to the surrounding tissue (Fig. 2), which 
is accordance with earlier studies with other types of materials [25, 28]. This sug-
gests that it is a more general phenomenon occurring around implants manufactured 
from biomaterials as diverse as polymer and titanium, and with different bacterial 
species. In a study by Broekhuizen et al., mice were treated with dexamethasone 
and BrdU, a nucleotide analogue that is incorporated into DNA of dividing cells and 
can be detected immunohistologically. Analysis of tissue samples collected at 14 
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Fig. 2  Pathogenesis of the biomaterials associated infection

and 21 days after challenge with S. epidermidis showed regrowth of the bacteria 
with BrdU incorporated, which had apparently replicated between day 14 and 21, 
suggesting that tissue rather than the implant provides a hiding place for the bacteria 
[30]. Moreover, after incubation of peri-catheter tissue biopsies of deceased inten-
sive care unit patients with BrdU, bacteria had incorporated BrdU in situ, proving 
that bacteria also reside and synthesize nucleic acids within tissue surrounding bio-
materials in humans [30].

Bacteria colonizing the surface of a biomaterial not only are a focus of a local-
ized biofilm infection, but can also be the source of tissue colonization (Fig. 2). 
Conversely, bacteria residing in the tissue can be a cause of infection after re-
implantation, in experimental infection [31] as well as in patients [32].

Tissue-residing bacteria can be hard to eradicate by antibiotic treatment [33, 34]. 
For instance, when infected prosthetic joints are removed, patients usually require a 
prolonged regimen of systemic and local antibiotic treatment in order to reach and 
kill bacteria present in the tissue before re-implantation can be performed [6, 35]. In 
conclusion, next to the prevention of bacterial colonization of the implant and the 
subsequent biofilm formation, prevention of bacterial colonization of peri-implant 
tissue is of vital importance.
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1.3 � Intracellular Survival

In the subcutaneous mouse BAI model staphylococci predominantly co-localized 
with macrophages in the peri-implant tissue, even when the bacteria were present 
exclusively on the implant surface at the start of the experiment (Fig. 2) [29]. This 
interesting observation suggests that the bacteria were either removed from the 
implant by phagocytosis, or first detached and were subsequently phagocytosed. In 
this mouse model, both S. epidermidis [29] and S. aureus [36] were cultured in high 
numbers from the tissue and co-localized with macrophages in histology, particu-
larly at 4 days after challenge, suggesting that these macrophages were not effec-
tively killing the bacteria. Most likely, the local host immune response is impaired 
in presence of an implant, resulting in less or no clearance of bacteria. As mentioned 
before, neutrophils can have reduced phagocytic and bactericidal capacity in the 
vicinity of an implant [27, 37]. Moreover, the intracellular killing capacity of mac-
rophages can be reduced due to altered cytokine tissue levels due to the presence of 
a biomaterial [25, 30, 37–39]. Staphylococci may even form small colony variants 
to adapt to this micro-environment, which are more resistant to antimicrobial com-
pounds [40, 41]. Apparently, when bacteria are initially present near or on the sur-
face of implants this results in ineffective eradication by phagocytes. This might 
lead to persistence of (intracellular) bacteria in the peri-implant tissue.

1.4 � Antimicrobial Resistance

In addition to the difficulty of treating biofilm-encased or intracellularly residing 
bacteria with conventional antibiotic therapy, treating BAI is further hindered by the 
rising antibiotic resistance among pathogens. The World Health Organization 
recently endorsed a global action plan to tackle antibiotic resistance [42]. One of the 
key objectives of this plan is to develop novel antimicrobial drugs. The emergence 
of multidrug-resistant (MDR), extensively drug-resistant (XDR) and pandrug-
resistant (PDR) pathogens, accelerated by the selective pressure exerted by exten-
sive use and misuse of antimicrobials, further underscores the very pressing need 
for the discovery of novel treatment strategies to replace or complement the conven-
tional antibiotics. Magiorakos et al. defined MDR bacteria as non-susceptible to at 
least one agent in three or more antimicrobial categories, XDR bacteria as non-
susceptible to at least one agent in all but two or fewer antimicrobial categories, 
meaning bacterial isolates which remained susceptible to only one or two catego-
ries, and PDR bacteria as non-susceptible to all agents in all antimicrobial catego-
ries [43]. The occurrence of XDR and PDR strains illustrates the clinical challenges 
that we will be facing in the dark scenario of a possible “post-antibiotic era”. 
Antimicrobial resistance causing limited or no treatment options in critically ill 
patients, stresses the importance of the development of new agents that can be used 
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against drug-resistant bacteria. Clearly, it is vital that novel antimicrobial agents are 
also effective against drug-resistant Gram-negative bacteria belonging to the so-
called ESKAPE panel (Enterococcus faecium, S. aureus, Klebsiella pneumoniae, 
Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter species 
[44]), which cause the majority of US hospital infections [45] and are associated 
with high morbidity and mortality [46].

2 � Preventive Strategies

As explained above, in addition to biofilm formation on the implant, colonization of 
peri-implant tissue is an important factor in the pathogenesis of BAI. Therefore, this 
niche needs to be taken into consideration when designing preventive strategies 
against BAI. Current strategies mainly focus on the development of four types of 
antimicrobial surfaces: (1) antifouling/anti-adhesive surfaces, (2) tissue-integrating 
surfaces, (3) contact-killing surfaces, and (4) surfaces which incorporate and release 
antimicrobials (Fig. 3) [47]. These approaches all have their benefits and limita-
tions, which need to be taken into account when designing an antimicrobial strategy 
for a particular device [48].

2.1 � Anti-adhesive

Implant surfaces are ideal substrates for opportunistic bacteria to attach to, colonize, 
and form biofilms on. Surface properties of the implant, like surface charges, hydro-
phobicity/hydrophilicity and surface chemistry play a major role in initial bacterial 
adhesion and proliferation. Already in 1987, Gristina suggested that tissue cell inte-
gration and bacterial adhesion compete for a spot on the implant’s surface, summa-
rized as the so-called ‘race for the surface’ concept [49]. In case the bacteria win 
this race, infection instead of tissue integration would be the end result. In addition, 

Fig. 3  Antimicrobial functionality in implant surface
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Gristina also suggested that colonization of the tissue around implants was a possi-
ble mechanism of infection [49]. Bacterial adhesion and subsequent biofilm forma-
tion may be prevented by modifying the physicochemical surface properties of 
biomaterials, for instance by using hydrophilic polymer coatings, e.g. immobilized 
poly(ethylene glycol) (PEG), as applied on contact lenses, shunts, endotracheal 
tubes and urinary catheters [47, 50]. Functionalization of the surface with a dense 
layer of polymer chains commonly known as polymer brush coatings, is another 
approach [34, 51]. Large exclusion volumes of tethered polymer chains result in 
surfaces difficult to approach by proteins or bacteria, and these brush coating mol-
ecules may even possess antimicrobially active functional groups.

2.2 � Antibiotics

In general, antibiotics are selected based on their capacity to prevent biofilm forma-
tion, but not on their ability to kill bacteria in the other niches relevant for BAI, like 
in peri-implant tissue and intracellularly in host cells [47]. Antibiotics often used in 
the treatment of BAI, such as vancomycin and gentamicin, have low or hardly any 
penetration into host cells, and are thereby not active against intracellular bacteria. On 
the other hand, rifampicin (against staphylococci) or fluoroquinolones (against Gram-
negative bacilli) do target these intracellularly localized bacteria, but resistance devel-
ops rapidly against these antibiotics. The combination of vancomycin and rifampicin 
is often used to treat BAI, but—as vancomycin does not reach intracellular bacteria—
this likely results in a high risk of resistance development towards rifampicin.

Coatings releasing antibiotic are widely used for medical devices, like in sutures 
and central venous and urinary tract catheters. These coatings have two major dis-
advantages: (1) a patient can be infected with a bacterium resistant to the released 
antibiotic, and (2) due to the local release a gradient of the antibiotic will be created 
near the implant, which increases the risk to select for resistant bacteria. In view of 
the increasing development of resistance, the use of antibiotics for medical device is 
discouraged by government regulatory agencies like the American Food and Drug 
Administration (FDA) [48, 52].

2.3 � Antiseptics

As an alternative to antibiotics, commonly used antiseptics and disinfectants may be 
used, as they are less known to induce resistance and in general have a broader 
spectrum of activity than antibiotics. These biocides, such as alcohols, aldehydes 
and biguanides, are extensively used in hospitals and other health care settings, and 
also by the general public, as an essential part of infection control practices [53]. 
Probably the most widely used biocide in antiseptic products (e.g. hand wash and 
oral products) is chlorhexidine, owing to its broad spectrum activity, low toxicity 
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and good tolerability of soft tissue. Moreover, resistance development is extremely 
rare and chlorhexidine has been shown to prevent infection in animal models [36] 
and in patients [54]. It is used topically, for surgical site preparation, and also intra-
corporeally [55], and as dental irrigant fluid [56]. Chlorhexidine is currently FDA 
approved for coatings on intravenous catheters, and these catheters have been shown 
to be effective in decreasing catheter-related infection in humans [57, 58].

2.4 � Antimicrobial Peptides

As discussed earlier, due to the major problems arising from resistance to conven-
tional antibiotics, there is a strong need for antimicrobials not associated with resis-
tance development. Antimicrobial peptides (AMPs) are innate defence molecules of 
animals, plants and microorganisms. These amphipathic, cationic peptides com-
monly have antimicrobial activity against a wide variety of pathogens, including 
bacteria, fungi and viruses, and low risk of resistance development [59, 60]. In addi-
tion, many AMPs have immune-modulatory and wound healing activities [61]. The 
low risk of resistance development is due to the fact that AMPs interact with micro-
bial membranes, mostly resulting in membrane depolarisation, permeabilization 
and/or disruption leading to rapid cell death, or passing of the membrane to reach 
intracellular targets [62]. Naturally occurring human AMPs are considered excel-
lent templates for the development of novel synthetic antimicrobials. Indeed, native 
AMPs have been used as design templates for a large variety of synthetic AMPs, 
some of which have now entered phase 2 and 3 clinical trials [63, 64].

For biomaterials, the predominant AMP-related antimicrobial strategies are coat-
ing by tethering AMPs to the surface, or to apply the peptides in controlled release 
coatings. Immobilisation of AMPs on surfaces has been performed with a variety of 
peptides, and with many different chemistries [65–68]. Peptides should retain the 
structural characteristics important for their antimicrobial activity after immobilisa-
tion, to be effective on a surface. Length, flexibility, and kind of spacer connecting 
the peptide to the surface, the AMP surface density and the orientation of the immo-
bilised peptides are other decisive factors for success [69]. Interestingly, even short 
surface-attached peptides, which are unlikely to have a free interaction with the 
bacterial membrane, have antimicrobial activity [70], probably due to destabilisa-
tion of the membrane by displacement of positively charged counter-ions, changing 
bacterial surface electrostatics and activating autolytic enzymes or disrupting the 
ionic balance [70].

Surface attachment of peptides may have certain disadvantages. Firstly, chemical 
procedures of tethering AMPs to surfaces may cause strong decrease in their anti-
microbial activity, or even their inactivation [71, 72] depending on the combination 
of peptides and immobilization technology. Secondly, proteins, blood platelets and 
dead bacteria may block the antimicrobial groups on the surface. Lastly, since the 
antimicrobial activity is restricted to the surface of the implant, there is a lack of 
antimicrobial impact on bacteria in the tissue surrounding the implant.

M. Riool and S. A. J. Zaat



253

Incorporation of AMPs in controlled release coatings has not yet been exten-
sively developed, although AMPs such as OP-145 [73], IB-367 (Iseganan) [74] and 
Omiganan [75] have already reached clinical phase 2 or 3 testing for infections not 
associated with biomaterials [64]. Application of AMPs in antimicrobial surface 
coatings is however a subject of increasing interest [65–67, 76, 77].

In addition to direct antimicrobial activity, AMPs can prevent excessive activa-
tion of pro-inflammatory responses by binding bacterial endotoxins such as lipo-
polysaccharide (LPS) of Gram-negative bacteria, and peptidoglycan (PG) and 
lipoteichoic acid (LTA) of Gram-positive bacteria, which leads to their neutraliza-
tion. This way, AMPs combine the desired characteristics of both direct antimicro-
bial agents and immune-modulators. The immunomodulatory activity may be used 
to increase efficacy of clearance of bacterial biofilm infection [78, 79], and might 
help to prevent derangement of immune responses which increase susceptibility to 
infection [22, 80, 81].

3 � Conclusions and Future Perspective

Prevention of BAI is a challenging problem, in particular due to the increased risk 
of resistance development associated with current antibiotic-based strategies. Here 
we showed the evidence of biofilms as a source for peri-implant tissue colonization, 
clearly showing the importance of preventive measures to be able to act both against 
implant and tissue colonization. Subsequently, we described different strategies to 
prevent BAI and other difficult-to-treat biofilm infections. Therefore we conclude 
that future research should focus on the development of combination devices with 
both anti-fouling or contact-killing capacities—to protect the implant—and con-
trolled release of an antimicrobial agent to protect the surrounding tissue.
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Antibiotic-Free Solutions 
for the Development of Biofilm Prevention 
Coatings

Bruna Costa, Joana Barros, and Fabíola Costa

1 � Introduction

Stents and urinary catheters are commonly used medical devices, whose need is 
forecasted to grow considering not only the world population increase but also its 
aging and sedentary lifestyle [1].

Independently of the great development on biomaterials and device design, 
infection represents still a major cause of failure of these devices, with undeniable 
humane and economical costs. Different antibiotic-based solutions have appeared in 
the market to try to address the matter. However, there is growing evidence on the 
impact of antibiotic-resistant microorganisms on urinary tract medical-devices 
infections, and respective outcomes [2]. Within this chapter, several antibiotic-free 
alternatives, dedicated to the urinary tract, will be discussed.

Most device associated-infections are originated by biofilm establishment. 
Bacterial colonization through irreversible attachment, allows the production of extra-
cellular matrix, forming ultra-organised three-dimensional bacterial structures, with 
orchestrated phenotypes that provide microorganisms resistance mechanisms to sur-
vive both the immune system and conventional antibiotics [3]. From the knowledge of 
these bacterial constructs, researchers have been exploring different angles of action 
that enforce the balance towards the infection obliteration and host recovery (Fig. 1).
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2 � Natural Polymer Coatings

Apart from the different synthetic polymers with non-fouling properties described 
in previous chapters, naturally-occurring polysaccharides are presently being 
explored to design environmentally friendly and non-toxic materials. Several 
examples can be found in the literature, ranging from hyaluronic acid, heparin to 
ulvan or dextran [4–10], with potential for urinary applications. Gadenne et  al., 
explored ulvans, with different molecular weight and sulfate ratio, for bacterial 
adhesion inhibition. Ulvans inhibited 36–88% of Staphylococcus aureus adhesion 
comparing to control [7]. Ruggieri et al., showed that latex catheters coated with a 
complex of heparin with tridodecylmethylammonium chloride were capable of 
reducing 53–84% Escherichia coli adherence comparing to controls: untreated 
latex, teflon coated latex (Bardex) and vinyl catheter [10]. Tenke et al., performed 
a 20 patients pilot assay and claimed that heparin-coated ureteral stents remained 
unaffected by encrustations and biofilm after 6  weeks [11]. Later, Lange et  al., 
showed that heparin-coated Radiance © ureteral stents (Cook® Medical) failed in 
the prevention of E. coli, Klebsiella pneumoniae, Enterococcus faecalis, S. aureus 
and Pseudomonas aeruginosa adhesion and biofilm formation, while triclosan-
eluting stents had an evident inhibitory effect on bacterial adherence for 7 days [8]. 
So further studies are needed to conclude about heparin coatings potential. A copo-
lymer of polyurethane with dermatan sulfate (DS) was developed as new non-adhe-
sive material, showing a significant E. coli adhesion decrease (29–57%) with 
increasing DS content [12].

Carboxymethyl chitosan was explored as an antimicrobial coating onto 
medical-grade silicone. Higher anti-biofilm efficiency was found against E. coli 
than P. mirabilis under flow-conditions. This effect can be explained by P. mirabi-
lis high motility, which favors biofilms establishment downstream of an infected 
site [13]. Bracic et al., evaluated the anti-biofilm properties of colloidal polysac-
charide complexes [chitosan, carboxymethyl chitosan, and hyaluronic acid in 
combination with a lysine-based surfactant (HA-MKM)] grafted on silicone sheets 
and tubes. All coatings showed antibacterial and antifungal properties, being 
HA-MKM the only solution capable of suppressing biofilm growth by ~ 50–75% 
during 18 h [14].

Recently, the anti-adhesive potential of cyanobacteria-based polymer coating 
(CyanoCoating) was reported against Proteus mirabilis, E. coli, P. aeruginosa, 
K. pneumoniae, Methicillin-resistant Staphylococcus aureus (MRSA) and Candida 
albicans. CyanoCoating hydrophilicity, negative charge and smooth surface may 
explain its broad anti-adhesive efficiency against all the uropathogens tested 
(68–95%), even in the presence of artificial urine (58–100%) [4]. Also, this anti-
adhesive coating prevented big crystals deposition, reducing encrustation. 
CyanoCoating could also withstand ethylene oxide sterilization [5].

Biosurfactants represent an alternative strategy to promote anti-adhesiveness to 
the surfaces, which is thoroughly explained at Chap. 20.
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3 � Metal Alternatives

Metal alternatives such as silver (Ag), gold nanoparticles, copper oxide (CuO) or 
zinc (Zn), have been explored for urinary medical devices. The use of Ag or Ag 
alloys has been broadly exploited, having a wide expression in the market.

Gold nanoparticles antimicrobial effect is associated to bacterial membrane 
potential disruption, ATP levels reduction and tRNA inhibition [15]. Gold nanopar-
ticles have been tested against important uropathogens, including S. aureus, K. pneu-
monia, P. aeruginosa, and E. faecalis, suppressing their bacterial growth at 24 h. 
However, the antimicrobial effectiveness diminished when used at longer-term, 
raising concerns about possible gold-resistance emergence [16].

Copper (Cu) promotes bacterial DNA degradation, enzymes inactivation and cell 
wall disruption [17–19]. Agarwala et al., tested CuO against E. coli, P. mirabilis, 
E. faecalis, Pseudomonas sp., MRSA and S. epidermidis, showing promising anti-
biofilm activity even at sub-Minimum Inhibitory Concentrations (MIC) [20]. Rtimi 
et al., incorporated Cu alone or in combination with Ag onto polyurethane catheter 
surfaces using a new magnetron sputtering coating technique [21]. Cu–Ag hybrid 
coating catheters accelerated E. coli K12 inactivation (≤ 5 min) compared to Cu or 
Ag coating catheters (30 min) [21].

Zinc antimicrobial activity has been associated with hydrogen peroxide produc-
tion [22]. Zn has been combined with CuO to mitigate bacterial colonization [17]. 
Shalom et al., showed that Zn-doped CuO nanoparticles coated catheters reduced 
E. coli, S. aureus, and P. mirabilis biofilm formation (> 90%) under flow conditions 
for 24 h [23]. Moreover, these coated catheters prevented biofilm formation over 
7 days in a catheter-associated urinary tract infection (CAUTI) rabbit model [23].

Despite, the promising antimicrobial effects, well-designed toxicity and irrita-
tion studies are still needed.

4 � Chlorhexidine

Chlorhexidine (CHX) is a well-known antiseptic agent used for skin, dentistry, and 
in medical devices [24]. CHX is broad-spectrum bacteriostatic at low and bacteri-
cidal at high concentrations [24]. Recently, CHX has also been tested as a coating 
on urinary catheters [25–27]. Shapur et al., explored a CHX-releasing ethylcellu-
lose varnish as antimicrobial coating, showing a 94% reduction of P. aeruginosa 
biofilm formation on catheters coated with 1% CHX [26]. Later, Segev et al., proved 
the anti-biofilm effectiveness of 1% CHX ethylcellulose-varnish coated urinary 
catheters using a dog model [25]. Zelichenko et al., evaluated growth inhibition on 
ureteral stent segments coated with 1% and 2% CHX, showing that 2% CHX-
varnish prevented ≥  99.9% biofilm formation of E. faecalis, P. aeruginosa and 
E. coli up to 2 weeks [28]. Gefter et al., compared anti-biofilm properties and dis-
solution kinetic of two sustained-release CHX-varnishes (ethylcellulose or Eudragit® 
RL) under the static or flow-conditions [27]. In both situations, ethylcellulose 
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coatings had longer sustained release of CHX (for at least 2 weeks), which resulted 
in an inhibition of ≥ 90% P. aeruginosa biofilm formation at 24 h [27]. Wood et al., 
developed a CHX hematophosphate nanoparticles (NP) ethylene-vinyl acetate-
based coating [29]. The NP-coated surfaces inhibited MRSA and P. aeruginosa 
growth (measured at 24 h), and allowed for CHX sustained release over 56 days 
[29]. Phuengkham et al., spray-coated CHX-loaded polycaprolactone nanospheres 
onto silicone surface, reducing S. aureus (3 logs), S. epidermidis (2 logs) and E. coli 
(3 logs) biofilm formation over 7 days [30]. Then, Srisang et al., using the same 
coating reported 4 logs of reduction after 4 days, and 2 logs after 12 days of E. coli, 
S. aureus, and C. albicans tested in artificial urine [31]. Gaonkar et al., compared in 
vitro three different impregnated silicone catheters on urinary tract model: CHX–
triclosan, CHX–Ag–sulfadiazine–triclosan, and nitrofurazone-coated catheters. 
CHX–triclosan catheter suppressed P. mirabilis growth for 20–30 days, compared 
to 4–10  days observed on the CHX–Ag–sulfadiazine–triclosan or nitrofurazone-
coated catheters [32].

Despite, the extended protection period and promising antimicrobial effects, 
well-designed toxicity and safety studies are desirable to validate these coatings 
safety to patients.

5 � Triclosan

Triclosan was the first compound to be approved for clinical use in ureteral stents, 
having potent broad-spectrum antimicrobial and anti-inflammatory activity. Cadieux 
et al., first tested triclosan impregnated ureteral stents on a P. mirabilis rabbit uri-
nary tract infection model: 69% triclosan-stents showed no CFU counts and the 
remaining 31% had fewer CFU than controls. Also, triclosan group presented blad-
ders with significantly less inflammation, although no significant difference in 
encrustation was observed among the groups [33]. However, in a long-term applica-
tion (3 months) no clinical benefit was observed in terms of urine and stent cultures 
or overall subject symptoms in triclosan-eluting stents patients. Nevertheless, their 
use did result in decreased antibiotic usage and fewer symptomatic infections [34]. 
Later, a prospective randomized trial, reported that triclosan-eluting stent cannot 
reduce infection rates alone compared with antibiotic use [35]. This stent can, how-
ever, reduce several stent-related symptoms, and may have a role in combination 
with standard antibiotherapy.

6 � Antimicrobial Peptides

Antimicrobial peptides (AMPs) may constitute an alternative to fight antibiotic 
resistance [36–39]. AMPs are part of the innate immune system of many organisms, 
having broad-spectrum, high anti-biofilm activity, and even immunomodulatory 
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potential [40–43]. Due to an unspecific mode of action, targeting the bacterial mem-
brane or affecting multiple targets within bacteria, AMPs are much less likely to 
induce resistance [44]. Monteiro et al., immobilized the AMP Chain201D on model 
self-assembled monolayers [45]. Chain201D has broad antimicrobial activity 
against relevant uropathogens (bacteria and yeast), being highly stable in a wide 
range of temperatures, pH and salt concentrations [45]. Increased amounts of 
grafted AMP led to higher numbers of adhered/dead bacteria, revealing a 
concentration-dependent behavior. Chain201D surfaces could bind and contact kill 
89% of E. coli and 99% of S. aureus adherent bacteria, suggesting a good candidacy 
for urinary applications [45].

Minardi et al., compared the efficacy of the AMP Tachyplesin III-coated ureteral 
stent alone or combined with piperacillin–tazobactam (TZP) intraperitoneal injec-
tion in the prevention of P. aeruginosa biofilm in a rat model. Tachyplesin III com-
bined with TZP showed efficacies higher (3 logs of reduction) than each single 
therapy [46].

Lim et al., conjugated an engineered arginine–tryptophan rich AMP (CWR11) 
onto polymethylsiloxane (PDMS) surfaces and catheters through different chemis-
tries [47, 48]. The CWR11-PDMS slides displayed excellent bactericidal effect 
against E. coli, S. aureus and P. aeruginosa, preventing ~ 92% P. aeruginosa biofilm 
formation after 24 h. The CWR11-silicone Foley catheter antimicrobial properties 
were retained for at least 21 days, with negligible cytotoxicity [47].

Li et al., grafted two broad-spectrum and salt-tolerant arginine/lysine/tryptophan-
rich AMP (RK1 and RK2), onto PDMS surfaces via an allyl glycidyl ether (AGE) 
polymer brush interlayer. AMP-PDMS killed over 80% of E. coli, S. aureus, and 
C. albicans in either media, PBS or urine, and impaired biofilm formation for up to 
3 days [49].

Mishra et  al., developed a Lasioglossin III AMP chemically modified with a 
cysteine residue (CysLasio-III) to selectively immobilize covalently onto commer-
cial silicone catheter [50]. CysLasio-III-catheter showed significant anti-biofilm 
properties, reducing 40% and 60% of E. coli and E. faecalis biofilm, respec-
tively [50].

Lo et al., used polymer brushes to graft different AMPs (E6, Tet20, Kai13, and 
Tet26) to surfaces. In vitro tests revealed E6 was the most effective against 
P. aeruginosa, decreasing ~ 94.1% of bacterial adhesion [51]. Later, Yu et  al., 
similarly grafted E6 on polyurethane tubing, reporting a > 4 logs reduction in 
P. aeruginosa adhesion to the tube and 3 logs in the bladder in a CAUTI mouse 
model [52].

Pinese et al., developed a silylated analogue of the AMP Palm–Arg–Arg–NH2 
[1], to directly graft onto a plasma-activated PDMS catheter [53]. The authors sug-
gested a dual anti-adhesive/bactericidal effect of the coating, since a decrease of 
~  75% E. coli, P. aeruginosa and S. aureus adhesion was observed and 92% of 
bacteria were killed on peptide-grafted catheters within 1 h. This AMP-catheter was 
superior to a commercial Ag-based silicone catheter (Covidien) against S. aureus, 
with earlier and persisting activity over 2 weeks [53].
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Chua et  al., compared an AMP CP11-6A-coated silicone catheter to an 
Ag-hydrogel-coated and an uncoated catheter using E. coli inoculated human urine. 
Within 3  days, both uncoated and Ag-coated catheters were heavily colonized, 
while CP11-6A-coated catheter showed negligible biofilm colonization and no 
detectable “bacteriuria” [54].

Although progress has been made, and many AMP-based coatings have impres-
sive antimicrobial activity, further studies are needed to establish clinical 
significance.

7 � Nitric Oxide

Nitric oxide (NO) has been used as an antimicrobial, showing great potential for 
biomedical applications [55], although poorly explored for urinary devices [56–
58]. NO covalently binds DNA, proteins and lipids, thus inhibiting or killing 
pathogens [59]. NO-donating polymers may provide localized treatment with 
minor toxicity. Nevertheless, further studies are needed to understand the NO 
effects in the bladder, since it is known that NO plays an important role in other 
biological conditions (e.g. vasodilatation, neurotransmission) [56]. Regev-
Shoshani et al., showed that gaseous NO-impregnated catheters have a sustained 
NO release over 14 days with stable storage. The NO release was faster in urine 
than in water, suggesting pH influence in the release, which might have implica-
tions at patient level [56]. Colletta et  al., developed S-nitroso-N-acetyl-d-
penicillamine impregnated Foley catheters with outstanding anti-biofilm effect, 
reducing S. epidermidis (3.7 logs) and P. mirabilis (6 logs) biofilm formation after 
14 days [60]. Later, Ketchum et al., applied tertiary S-nitrosothiol and S-nitroso-
tert-dodecyl mercaptan (SNTDM) as NO donors onto catheter tubings. NO-tubings 
reduced S. aureus colonization (4 logs) on SNTDM-impregnated catheters at 
1  week, maintaining high anti-biofilm efficacy (3 logs of reduction) even after 
3 weeks [61].

8 � Quorum-Sensing Disrupters

Quorum-sensing (QS) corresponds to a cell–cell communication process, based on 
signaling molecules secreted by adhered bacteria to determine if a sufficient number 
of microorganisms is present that can initiate the expression of a particular biofilm-
associated phenotype [62]. Quorum quenching, can severely hinder biofilm forma-
tion, diminishing bacteria antimicrobial resistance [63].

Ureteral stents coated with QS-inhibitor RNAIII-inhibiting peptide (RIP) reduced 
S. aureus adhesion (2 logs) to stents implanted in rat bladders. No bacteria were 
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detected either on the stent or urine when the peptide treatment was combined with 
teicoplanin (which achieved only 3 logs reduction in single teicoplanin therapy) [64].

A combination of alpha-amylase and acylase was tested as a layer-by-layer coat-
ing on silicone urinary catheters [65, 66]. Alpha-amylase interferes with assembly 
of the extracellular matrix and acylase degrades small quorum signaling molecules. 
When tested in vitro, this coating reduced P. aeruginosa (> 40%), S. aureus (> 30%) 
and mixed-species biofilms (> 50%), although planktonic growth was not inhibited. 
In vivo (rabbit model) biofilm formation on the catheter’s balloon section was 
decreased by 90%, although this was not seen in the lumen of the catheter. 
Furthermore, the quorum quenching action of single acylase, reduced significantly 
P. aeruginosa biofilm formation on a catheter under static and dynamic condi-
tions [66].

Recently, furanone, a QS-inhibitor, was also tested as a coating for urinary cath-
eters (latex, silicone and polyurethane), preventing Candida sp. biofilm formation 
in more than 80% [63].

9 � Extracellular Matrix Degrading Enzymes

Exopolysaccharides are a crucial component of biofilm architecture, providing pro-
tection against drugs and host immunity [67]. Therefore, enzymes capable of 
degrading one of biofilm matrix components (proteins, extracellular DNA, polysac-
charides), would impact on biofilm establishment [68].

Alpha-chymotrypsin (α-CT), a serine endopeptidase that cleaves peptide bonds 
[69, 70], was grafted on polyethylene surfaces, significantly reducing adherent 
cells, affecting the biofilm thickness, roughness and coverage. Additionally, the bio-
volume of the polysaccharide matrix decreased [70].

Also, recombinant human DNase (rhDNase), has efficiently inhibited S. aureus 
biofilm formation at 1–4 μg/L [71].

Cellobiose dehydrogenase (CDH), an oxidative enzyme that produces hydrogen 
peroxide, was grafted CDH onto PDMS catheters by ultrasonic waves, reducing 
S. aureus growth (60%), biomass deposition (30%), and biofilm production (70%) 
when compared to control catheters [72]. Thallinger et al., tested CDH-grafted uri-
nary catheter in artificial urine, over 16  days, observing a 60% reduction of the 
viable S. aureus, and a 70% biofilm formation decrease, comparing to control [73].

Glycoside hydrolases (Ghs) selectively target and hydrolyze the glycosidic 
bonds of exopolysaccharide components of the biofilm matrix [74, 75]. Asker et al., 
used Ghs that specifically targets Psl, a neutral exopolysaccharide, grafted to silica 
glass, PDMS, or polystyrene surfaces. PslGh-grafted surfaces reduced adhered 
P. aeruginosa in 3 logs up to 8 days, suggesting this strategy keeps bacteria in a 
planktonic state more susceptible to antimicrobials [76].

More studies might further validate this strategy, alone or in combination with 
other antimicrobials [75].
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10 � Bacteriophages

Bacteriophage (phage) therapy is proposed as a safe and effective strategy to address 
biofilms and multidrug-resistant pathogens, without impairing the resident micro-
biota [77, 78]. Lytic phages infect and kill specific bacteria, so their spectrum can be 
tuned creating a phage cocktail [77–80]. Phages are self-replicating at infection 
sites, producing new phage progeny that can migrate to a new focus of infection. 
Additionally, phages encode enzymes that degrade biofilm matrix [77, 78, 80]. 
Phages-impregnated catheters have been used against common uropathogens 
[78, 80–83].

Curtin et al., reported a significant reduction of coagulase-negative S. epidermi-
dis biofilm formation (2.34 logs) over 24 h on hydrogel Foley catheter impregnated 
with phage 45,682. Later, Carson et  al., showed that T4 or coli–proteus phages 
impregnated hydrogel-coated Foley catheters were able to reduce 90% of P. mirabi-
lis or E. coli biofilm formation over 24 h, respectively [78].

Lehman et al., showed hydrogel catheters pretreated with anti-Pseudomonas and 
anti-Proteus phage cocktails have anti-biofilm activity against single- (1.5 logs 
P. aeruginosa and 2.5 logs P. mirabilis) and dual-species (4 logs and 2 logs, respec-
tively) biofilms, over 48  h [77]. Previously, the same group reported that anti-
Pseudomonas phage cocktail catheters is more effective than single phage-loaded 
catheters [82].

Milo et  al., showed that the dual-layered polymeric coating, based on PVA 
hydrogel impregnated with phage, capped by a pH-sensitive polymer (EUDRAGIT 
S 100), was able to prevent P. mirabilis-associated encrustation of the catheter 
lumen through the pH-triggered release of phage [80].

Liao et al., compared the efficacy of 4 silicone catheter segments pretreated with 
sterile media, E. coli HU2117, anti-pseudomonal phage (ΦE2005-A) and E. coli 
HU2117 plus phage ΦE2005-A, on prevention P. aeruginosa biofilm formation for 
72 h. A synergistic effect between pre-established biofilm of E. coli HU2117 and 
phage ΦE2005-A was observed, reducing efficiently (4 logs after 24 h and 3 logs 
after 72 h) P. aeruginosa adherence to catheters [83].

11 � Conclusions

The urinary tract device-associated infections prevalence and the rise of multidrug-
resistant microorganisms have prompt researchers towards the development of 
antibiotic-free solutions. A broad number of alternatives have been proposed, how-
ever, given the wide variability of results for different strategies, there remains a 
tremendous need to validate their clinical significance, particularly assuring patient 
safety. Additionally, most of these strategies might be advantageous while in com-
bination with current therapies, so further studies are needed.
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Plasma Based Approaches for Deposition 
and Grafting of Antimicrobial Agents 
to Polymer Surfaces

Todorka Gancheva Vladkova and Dilyana Nikolaeva Gospodinova

1 � Introduction

Improved protection of urinary stents against infections is a significant current chal-
lenge because of the increasing microbial resistance to the conventional antibiotics 
and negative issues for the patients. Formation of crystalline biofilms of pathogenic 
microbial cells is the leading cause of urinary stent associated infections.

On many parameters polymeric materials satisfy the basic requirements and are 
widely used for the fabrication of urinary stents, silicones and polyurethanes being 
preferable ones currently [1]; and biodegradables attracting interest lately. However, 
the nonsufficient microbial resistance, biofilm formation and encrustation are their 
common gap.

A lot of approaches, antimicrobial agents and techniques are under a study to 
mitigate the problem by creation of contact killing, releasing or low adhesive sur-
faces do not allowing attachment of microbial cells [2–4].

The plasma treatment has a number of advantages that make it preferable in 
many strategies for the development of antimicrobial biomaterials. The control over 
the plasma processing parameters allows control over the surface chemistry, charge, 
structure, morphology, hydrophilic/hydrophobic balance, etc. Due to a variety of 
biomaterials and bacteria, causing urinary tract infections, plasma assisted antibac-
terial strategies need in tailoring to each specific surface [5–8].
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2 � Physical Plasma and Plasma Processes

Plasma is a multicomponent system obtained by a partial ionization of gas. The 
plasma consists of positively and negatively charged ions, negatively charged elec-
trons, radicals, neutral and excited atoms, highly energetic molecules and molecular 
fragments [8–12]. According to the temperature of the ions, the plasma refers to low 
temperature (cold) or high temperature plasma [13].

Surface modification of polymeric biomaterials is performed in low temperature 
plasma created by ionization of inert (Ar, Ne, He) or reactive (O2, N2, NH3, CO2) 
gases or volatile monomers at low (RF) or atmospheric pressure by applying energy 
in the form of heat, direct or alternating electric current, radiation or laser light 
[8, 12].

Depending on the mode of plasma treatment, four types modification processes 
happen on the polymer surface: sputtering, etching, ion implantation and plasma 
polymer deposition [12].

Plasma sputtering is the plasma physical degradation, limited to the outermost 
layer of the polymeric biomaterial, as it simplified presented in Fig. 1.

Plasma sputtering is used for sterilization of sensitive to temperature or radiation 
biomaterials, removal of surface contaminations and deposition of sputtered thin 
coatings [12, 14].

Plasma etching (Fig. 2) is a process at which the loss of the exposed polymeric 
material is deeper and the adsorption of energetic species is followed by a product 
formation, prior to a product desorption.

Grounded electrode

Plasma volume

HV Electrode

Substrate polymer

H
HH HHHH

HCC C
C
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H
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Excited gas species: atoms, 
electrons, radicals, molecules, 
cations and anions 

Fig. 1  Simplified presentation of plasma sputtering: the plasma degradation is limited to the out-
ermost layer of the polymeric material
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Fig. 2  Simplified presentation of plasma etching: the loss of the exposed polymeric biomaterial is 
deeper and the adsorption of energetic species is followed by a product formation, prior to a prod-
uct desorption
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Fig. 3  Simplified presentation of plasma ion implantation: the presenting in the plasma excited 
species react directly with the polymer surface and induce grafting of new functional groups

Plasma etching is aimed at: removal of impurities, surface nanopatterning, cross-
linking of surface polymer chains and generation of surface functional groups 
[11, 15].

Plasma ion implantation is a process at which the presenting in the plasma 
excited species react directly with the polymer surface and induce grafting of new 
chemical groups (amine, hydroxyl and others), Fig. 3 [11, 15].

Plasma polymer deposition (PPD) is a process in which a thin polymer-like film 
is formed over the surface of the substrate polymer (Fig. 4).

PPD happens inside the plasma reactor but outside the plasma zone where acti-
vated gas species polymerize onto the cold substrate. The generated films are 
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Fig. 4  Simplified presentation of plasma polymer deposition: a thin polymer-like film is formed 
over the surface of the original biomaterial

commonly referred as plasma polymers although they do not be formally classified 
as polymers because they do not consist of repeating monomer units [10, 15]. Using 
plasma of different gaseous substances: allylamine, octadiene, aldehydes, ethanol, 
acrylic acid, perfluorooctane, etc.) and optimizing the operation conditions it is pos-
sible to create thin coatings with different functional groups and varied properties 
(hydrophilic/hydrophobic, positively/negatively charged or non-charged, soft or 
hard, etc.), as it is evident from Fig. 5.

Plasma-enhanced chemical vapor deposition (PECVD) is the most common 
plasma polymerization technique. Magnetron sputtering, liquid-assisted deposi-
tion, plasma-assisted thermal evaporation, etc. are other technics to polymer sur-
face modification [11, 15–17]. Ion beam processing includes: ion implantation; 
ion beam texturing and sputtering, etc. The ion-beam modification is durable and 
no surface “reconstruction” happens in contrary to the plasma treated surface. 
Plasma immersion ion implantation and ion treatment by plasma exposure are two 
relative new possibilities. The above methods could be utilized in antimicrobial 
approaches to the creation of functionalized, or low adhesive surfaces with con-
trolled topography and surface energy [11, 18]. Some examples of plasma treat-
ments are: ion-plasma modification of polyvinylchloride microfiltration 
membranes [19]; treatment of polyacrylonitrile membranes in DBD discharge in 
air (including magnet stimulated), [20–22]; electron beam cross-linking of sili-
cone rubber [23], plasma pre-treatment of collagen and keratin base materials 
[24]; generation of self-organized patterns in cold atmospheric plasma-activated 
liquids [25] etc.
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3 � Plasma Approaches to Antimicrobial 
Surfaces Development

Polymer surfaces with antimicrobial properties can be developed either by coating 
deposition, antimicrobial agent grafting or affecting the surface topography and free 
energy. These approaches act through distinct mechanisms: contact killing, killing 
in solution or stimuli responsive killing and bacterial repellence [3, 4, 26]. Plasma 
strategies for developing of such surfaces are in the focus of many current investiga-
tions [27]. They could be referred to the following main groups: deposition of anti-
microbial plasma coatings, plasma based surface functionalization and covalent 
immobilization of antimicrobial molecules.

3.1 � Deposition of Antimicrobial Plasma Coatings

Deposition of plasma coatings decreasing the microbial adhesion, contact killing or 
releasing antimicrobial agent (passively or in response of external stimuli) is 
accepted now as a promising strategy to creation of antimicrobial surfaces [4, 8].

Plasma deposition of nanocomposite coatings, containing metal or metal oxides 
nanoparticles (Ag, Cu, Ti, TiO2, etc.), is becoming an important step in the manu-
facturing of antimicrobial polymeric biomaterials [8]. Silver is one of the most uti-
lized antibacterial components of plasma coatings. It is included in different forms: 
as phospholipid encapsulated nanoparticles [28]; hybrid silver-poly(l-lactide) 
nanoparticles [29]; polyvinyl-sulphonate-stabilized nanoparticles [30]; as Ag/
SiO(x)C(y) plasma polymer [31]; as (AgNPs)-loaded coatings with a second n-
heptylamine layer [32]; plasma-sprayed silver-doped hydroxyapatite coating [33, 
34]; silver-doped diamond-like carbon coatings deposited via a hybrid plasma pro-
cess [35]; Ag clusters incorporated in a:C (Ag/a:C) matrix produced by plasma gas 
condensation process [36]; silver/montmorillonite biocomposite multilayers [37], 
hexamethyldisiloxane nanocomposites [38]; as plasma coated AgNPs [39]; etc. 
Piszek and Radtke [40] discuss chemical vapor deposition (CVD) and atomic layer 
deposition (ALD) as a tools for fabrication of silver layers, nanoparticles, and nano-
composites together with the release of silver ions from nanoparticles or nanolayers 
as well as the antimicrobial activity of these materials.

Vladkova et  al. [41] developed new functional coatings for medical devices, 
employing magnetron co-sputtering to deposit triple TiO2/SiO2/Ag nanocomposite 
thin films. Combining the antimicrobial activity of the TiO2 and Ag with the dispers-
ing effect of the SiO2 these coatings demonstrate strong inhibitory effect toward 
E. coli and P. aeruginosa growth. Direct contact and eluted silver mediated killing 
were experimentally demonstrated as mechanism of antibacterial action of these 
coatings [41]. Kredl et  al. [42] use DC plasma air jet to deposit Cu coating on 
PDMS and acrylonitrile butadiene styrene ABS triple co-polymer surfaces. Good 
antimicrobial activity against Gram-negative and Gram-positive test bacteria with 
clinical significance was found by Stoyanova et  al. [43] for RF magnetron 
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co-sputtered Ag and Cu doped TiO2 coatings. Woskowicz et al. [44] just reported 
MS-PVD plasma treatment of polypropylene surface utilizing sputtering of Ag, Cu 
and their oxides in order to impart antimicrobial activity [44].

Deposition of plasma coatings releasing antimicrobial agents either passively or 
in response to external stimuli is another option to limit bacterial colonization. 
Releasing metal nanoparticles (silver, coper or tin), amino-hydrocarbon coatings, 
prepared by plasma immersion ion implantation are an example discussed as alter-
native of the antibiotics releasing ones [12].

Plasma coatings that release antimicrobials in response to external stimuli are 
produced by ‘sandwiching’ of antimicrobials between two plasma polymer layers, 
plasma polymer over coating or nano-templating for creation of antimicrobial res-
ervoirs [45–47]. A novel approach to generate hydrogel coatings through 
atmospheric-pressure plasma polymerization includes: plasma pre-treatment of the 
substrate leaving reactive surface radicals; plasma-induced polymerization of the 
monomer units and cross-linking the polymer chains into a polymer network [48].

Plasma coatings inhibiting bacterial adhesion are based on the idea for creation 
of surfaces decreasing microbial adhesion down to levels do not allowing attach-
ment or allowing easy detachment of microbial cells. Non-toxicity is the main 
advantage of this strategy together with some others. Ykada et al. [49] proved that 
the work of adhesion in aqueous media, W1,2w approaches to zero when the water 
contact angle (WCA) or surface tension, γc approaches to zero, i.e. low adhesive are 
strong hydrophilic or strong hydrophobic surfaces. Surface enrichment of relevant 
functional groups and topographical modifications are main ways to creation of 
such by plasma treatment [4, 11]. When plasma processes are combined with nano-
texturing, remarkable wetting states such as superhydrophobicity and superhydro-
philicity can be achieved [50–52]. Nwankire et al. [53] deposited superhydrophobic 
(WCA above 150°) siloxane coatings using atmospheric pressure plasma jet system 
and hexamethyldisiloxane (HMDSO), tetramethyl cyclotetrasiloxane (Tomcats) or 
a mixture of Tomcats and fluorosiloxane as liquid precursors [53].

Diamond like carbon (DLC) plasma coatings are also used for creation of low 
adhesive polymer surfaces. A fluid precursor, generally used for production of DLC 
is hydrocarbon (methane) or silicone. The hydrogen to carbon ratio has a dramatic 
influence on the characteristics of the DLC coatings. But overall they characterize by 
excellent biocompatibility and low friction coefficient [11, 54]. In 2007, Laube et al. 
[55] discuss DLC coatings as a new strategy for decreasing the formation of crystal-
line bacterial biofilms on ureteral stents. A preliminary study with ten patients having 
indwelled DLC coated stent demonstrates quite promising results: significantly 
decreased friction, encrustation and biofilm formation. It was concluded that further 
investigation in larger patient groups is necessary for their confirmation. Unfortunately, 
no reports were found about that [55]. The doping with antimicrobial metals (copper, 
silver, and other) or elements increasing the hydrophobicity are conventional tools to 
improve the DLC coatings resistance to bacterial biofilms formation. Ren [56] 
reports increased resistance to bacterial colonization of anti-adhesive Si-and F-Doped 
DLC coatings and micro-nanostructured surfaces than non-doped DLC coatings.

Another promising candidate for antimicrobial protection of biomaterial are 
oxazoline-derived plasma polymer (PPOx) coatings. Bacteria may attach in small 
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numbers to the deposited under appropriate conditions PPOx coatings but would 
not proliferate to form biofilms, that is very interesting for development of low foul-
ing coatings to indwelling medical devices [57, 58]. A simple and efficient strategy 
for preparation of poly(2-oxazoline)-based coatings on polytetrafluoroethylene 
(PTFE) substrate, using diffuse coplanar surface barrier discharge (DCSBD) as a 
cold plasma source was just reported [59].

3.2 � Plasma-Based Surface Functionalization 
and Antimicrobial Agents’ Immobilization

Plasma deposited antimicrobial coatings improve the antibacterial activity but the 
effect is not enough durable for some applications and toxicity concerns remain. 
Covalent grafting of antimicrobial agents is a subject of many investigations aimed 
at a long-lasting efficacy and a reduced toxicity [5]. Plasma treatment is an easy way 
to creation of functionalized surfaces with antimicrobial activity or such that can be 
utilized for covalent immobilization of antimicrobial agents including on nanoscale 
topographies [4, 60].

Conventionally, an antimicrobial agent immobilization is carried out in two 
steps: enriching the topmost polymer surface with reactive functional groups by 
cold plasma treatment (RF or atmospheric pressure plasma, lately preferable) fol-
lowed by covalent binding using known chemical reactions [4, 60].

The oxygen-rich surfaces, containing hydroxyl, carboxyl and carbonyl groups 
promote the cellular attachment because of ionic interactions with molecules, medi-
ating the cell adhesion [61]. The amine-rich polymer surfaces created by plasma 
treatment, using allylamine, ethylendiamine, propylamine, butlyamine or heptyl-
amine as starting monomer are positively charged and facilitate the electrostatic 
adsorption of negatively charged proteins, that maybe confer their biocompatibil-
ity [62].

Plasma deposition of ring opening monomers (oxazolines, pyrrole, furfuryl, 
thiophene, aniline, etc.) generates surface chemistries that are not achievable via 
other ways. Careful tuning the plasma deposition condition is very important to 
tailor the amount of functionality suit for any specific application and to ensure that 
film reactivity can be maintained for relevant time [57, 63–67]. Plasma deposited 
polyoxazolines (POx) contain isocyanate-, nitrile groups and intact oxazoline rings. 
This provides unique opportunities to carry out binding reactions with biomole-
cules, nanoparticles and various ligands that contain carboxyl groups in their struc-
tures [57, 68]. Plasma-assisted processing and catechol chemistry as well as the use 
of natural antimicrobial agents to produce synthetic antibiotic-free antibacterial sur-
faces are a particularly hot topic discussed now [69].

Immobilization of biologically active molecules (antibiotics and other antimicro-
bial agents) to polymer surfaces is for a long time studied [4].

Examples of plasma assisted attachment of antibiotics are grafting of triclosan 
and bronopol on oxygen plasma pre-treated polyvinylchloride; grafting of gentamy-
cin to polyvinylidene fluoride after plasma-induced graft polymerization of acrylic 
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acid; etc. [27]. The efficacy of cold plasma for direct deposition of antibiotics is 
discussed lately as a novel approach for localized delivery and retention of the 
effect. Ampicillin and gentamicin, deposited onto two types of surfaces: polysty-
rene micro-titer plates and stainless steel coupons confirmed that the plasma process 
bonds the antibiotics to the surfaces and ensures localized retention of the antibiotic 
activity against planktonic and sessile E. coli and P. aeruginosa [70].

Plasma treated polymer surfaces, enriched with reactive functional groups are 
utilized in other bioactive molecules immobilization such as peptides, proteins, qua-
ternary ammonium compounds, etc. via corresponding chemical reactions [11, 60]: 
Plasma pre-treated expanded poly(tetra fluoro ethylene) (PTFE) was peptide immo-
bilised after acrylic acid (AA) grafting and diNH2PEG coupling [71]; RF acrylic 
acid plasma treated silicone surface was immobilized with avidin protein [72].

Plasma treatments, opening a way to biofunctionalization of chemically inert 
polymers (such as PDMS is) are of especial interest. Trying to combine some advan-
tages of both: ion-beam and plasma treatment, namely the durability of the modify-
ing effect of the ion-beam with the simplicity of the plasma as compared to ion-beam 
equipment, we developed a special irradiation technique, plasma based Ar+ beam, to 
activate the PDMS surface for further hybrid functionalization [18, 73, 74]. 
Assuming that the existence of an ion-flow in the plasma volume could strength the 
surface modifying effect including its durability, a parallel plate reactor equipped 
with a serial capacitance (Fig. 6) was employed to obtain an ion flow in the plasma 
volume. The vary of the discharge power ensures varied density of the ion flow [10].

RF powered electrode f 150 mm

Plasma volume

G
RF – generator

13.56 MHz

Cs - serial capacitance
Gas: Argon

(200 – 100 mTorr)

+
+

+
+

+ +
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photons

REI/PE reactor
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Ar
Ar

Ar
Ar

ArAr
Ar

Ar

Fig. 6  Parallel plate single-wafer reactor in variant of plasma based Ar+ beam mode of surface 
treatment
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Plasma based Ar+ beam can initiate multistep surface modification procedure 
including antimicrobial agent (peptide/protein) immobilization via flexible spacer. 
The principle scheme of this experimental approach is presented in Fig. 7.

This multistep procedure opens a new way to obtain four types modified PDMS 
surfaces: (1) partially mineralised (moderate hydrophilic, with O-containing groups 
and free radicals); (2) chemically grafted with AA (moderate hydrophilic, with –
COOH functional groups); (3) diNH2PEG-coupled (strong hydrophilic, with –NH2 
functional groups; PEG acting as flexible spacer); and (4) biomolecules immobi-
lized (collagen, antimicrobial peptide, or other). The chemical composition, surface 
topography and roughness as well as the surface hydrophilic/hydrophobic balance, 
surface free energy, its components and polarity were controlled on every stage of 
the modification procedure by means of XPS, AFM, SEM and equilibrium contact 
angle measurements.
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inside the plasma
chamber

in air medium

Fig. 8  A simplified sketch of the cascade process that results in a partial mineralization and 
O-containing functional groups formation on the PDMS surface due to a plasma Ar+ beam 
treatment

Figure 8 demonstrates the cascade process of partial mineralization and func-
tionalization of cross-linked PDMS. It is evident where and how appear a number 
of active centres such as free radicals and oxygen-containing gropes that could be 
utilised in further chemical grafting of desired functionalities.

The partially mineralized surface layer was similar to that obtained after a con-
ventional ion-beam. The PDMS surface hydrophilisation was due to surface polar-
ity increase as a result of polar groups’ accumulation, this effect depending on the 
discharge power. The above presented multi-step procedure has a potential to be 
used whenever need arises to control chemical activity, hydrophilic/hydrophobic 
balance and biocontact properties of chemically inert polymers for application as 
antimicrobial biomaterials for cells culture, processing of biosensors, indwelling 
medical devices, etc.

In 2019, Tran et al. [75] develop a single step plasma process for covalent bind-
ing of antimicrobial peptides on catheters to suppress bacterial adhesion. Plasma 
immersion ion implantation (PIII) was demonstrated as a single step treatment lead-
ing to covalent coupling of antimicrobial peptides to both internal and external sur-
faces of PVC catheter tubing, reducing 99% of bacterial adhesion. Ye et al. [76] 
created self-sterilizing surfaces using a single-step solvent less grafting method. A 
grafting process was conducted by vapor deposition of a crosslinked 
poly(dimethylaminomethyl styrene-co-ethylene glycol diacrylate) (P(DMAMS-co-
EGDA)) prime layer, followed by in situ grafting of poly(dimethylaminomethyl 
styrene) (PDMAMS) from the reactive sites of the prime layer. This hybrid coating 
demonstrates more than 99% bacterial killing against both Gram-negative E. coli 
and Gram-positive B. subtilis [76]. Surface-grafted polymers, known as polymer 
brushes, become an important tool for surface modification and functionalization. 
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Wang et  al. [77] review the recent progress in the surface-grafting of polymers, 
including their formation and utilization in functional materials for electronics, 
medical devices, etc. O2-functional groups, introduced by oxygen-plasma treat-
ment, on plasma polymerized HMDSO surface, are utilized in binding of pharma-
ceuticals and anti-microbial peptides inhibiting the biofilms accumulation [78, 79]. 
The plasma treatment effectiveness as a tool to direct PET surface modification or 
to surface functionalization prior to immobilization of chitosan was evaluated using 
different discharge types: DC-discharge (at the cathode or at the anode) or 
AC-discharge [80]. The use of cold RF- and atmospheric pressure plasma-assisted 
polymerization for subsequently immobilization of various biomolecules for bio-
medical applications is discussed lately [81].

4 � Concluding Remarks

Plasma treatment of polymers under corresponding operation conditions allows 
deposition of contact killing, releasing (including controlled release) or low-
adhesive antimicrobial coatings, as well as polymer surface functionalization and 
durable immobilization of antimicrobial molecules. Most of the plasma technolo-
gies are developed in laboratory conditions and the surface engineered biomaterials 
are tested in vitro.

The use of plasmas facilitates modifications which are difficult or unable to 
achieve by conventional physical or chemical methods, like for example the stable 
attachment of biologically active molecules onto chemically inert polymer surfaces.

For the step “from laboratory into clinical practice” it is essential to examine 
the in vivo antimicrobial action by using appropriate animal models and 
human groups.
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Antimicrobial Biosurfactants Towards 
the Inhibition of Biofilm Formation

Inês Anjos, Ana F. Bettencourt, and Isabel A. C. Ribeiro

1 � Introduction

Nowadays, infections associated with urinary tract medical devices, have become a 
common health issue. The fact that their surfaces are prone to microbial coloniza-
tion and biofilm formation is certainly a problem. As a result, these medical devices 
usage can be a source of extreme concern, especially for critically ill patients [1].

Urinary tract related infections (UTIs) are among the most frequent HAIs com-
prising 27% in Europe and 36–40% in the USA [2, 3]. Unfortunately, intensive care 
units (ICU) also have become a stage of HAIs events where several reported infec-
tions among ICU patients can be attributed to catheter-related urinary tract infec-
tions (CRUTIs) [4, 5]. UTIs in ICUs have been reported as 1.1 per 1000 patient-days 
in Europe and most of these are, CRUTIs i.e.97.4% [3]. Nevertheless, device-
associated UTI are not exclusively catheter-related. Consequently, among patients 
undergoing ureteral stents, 38% develop UTI while 45–100% of them have bacteri-
uria [3].

The incidence of UTIs calls for a well understanding of their pathogenesis, 
alongside with rapid interventions before and after bacterial colonization and bio-
film formation to prevent such infections and to diminish its negative impacts.

Biofilm is a mono or multilayer of interconnected microorganisms surrounded 
with extracellular matrix (ECM) interfacing a liquid medium. Scientists have 
described biofilm formation as a process of multi-steps including adhesion, aggre-
gation, maturation, and detachment. Drawbacks associated with biofilm develop-
ment are substantial and compose a challenge for UTIs management and prevention. 
In addition to their ability to detach as planktonic to colonize on other surfaces 
inside the body systems, the diversity of biofilm microorganisms also contributes to 

I. Anjos · A. F. Bettencourt · I. A. C. Ribeiro (*) 
Research Institute for Medicines (iMed.ULisboa), Faculty of Pharmacy,  
Universidade de Lisboa, Lisbon, Portugal
e-mail: ii.anjos@campus.fct.unl.pt; asimao@ff.ul.pt; iribeiro@ff.ulisboa.pt

© The Author(s) 2022
F. Soria et al. (eds.), Urinary Stents, 
https://doi.org/10.1007/978-3-031-04484-7_23

mailto:ii.anjos@campus.fct.unl.pt
mailto:asimao@ff.ul.pt
mailto:iribeiro@ff.ulisboa.pt
https://doi.org/10.1007/978-3-031-04484-7_23


292

the failure of antimicrobial treatment [6]. Additional potential protection of bacteria 
is provided by the biofilm composition which acts as a guard against antibiotics and 
immunity system.

Due to the resistance of mature biofilms and the risks associated to biofilm 
manipulation or eradication, prevention of biofilm generation is advantageous. 
Therefore, the majority of the strategies that have been proposed aim at preventing 
the early stages of biofilm formation on the catheter surface [7]. A possible strategy 
may be the use of surface active molecules with antimicrobial activity such as 

biosurfactants.
Biosurfactants are surface-active molecules that have granted priority in research 

and industrial studies. They are identified as amphiphilic biomolecules produced by 
a wide range of microorganisms as secondary metabolites, owning the ability of 
surface tension reduction like the industrial surfactants but with the advantage of 
being eco-friendly molecules that can be produced from renewable resources. 
Moreover features associated with biosurfactants include low toxicity, biodegrad-
ability, cost-effectiveness, and biocompatibility [8]. Due to their unique properties, 
biosurfactants can be used in several applications regarding pharmaceutical, food, 
agriculture, petroleum and cosmetic industries [9, 10].

According to their structure, biosurfactants have been classified into glycolipids 
(e.g. rhamnolipids and sophorolipids), lipoproteins or lipopeptides (e.g. surfactin), 
conjugated phospholipids and fatty acids (e.g. polymyxin) and polymeric biosurfac-
tant (e.g. liposan) [8].

Glycolipids are the most used biosurfactants due to their surface-active proper-
ties, e.g. dispersion, emulsion, foaming, solubilization, wetting and penetration [8, 
11]. In glycolipids monosaccharide residues are linked to an hydrophobic group 
[12] and this class comprises sophorolipids, rhamnolipids, trehalose lipids, cellobi-
ose lipids and mannosylerythritol lipids, which are the most studied [8, 13].

Besides their surface-active properties, some biosurfactants also detain interest-
ing biological activities and the most studied have been sophorolipids and 
rhamnolipids.

Among the glycolipid class, sophorolipids have been assigned for antimicrobial 
properties and are also considered as potential anticancer candidates considering 
their ability for apoptosis induction among different types of cells such as liver and 
leukemia cancer cells [14, 15]. Additional sophorolipids revealed sperm immobili-
zation and death through micelles formation combined with anti-HIV via inhibition 
of virus duplication [16]. Also, rhamnolipids have been pointed to present antifun-
gal, antimicrobial, antiviral and anti-adhesive properties which makes them suitable 
for a variety of industrial, environmental, agricultural or medical applications [17].

2 � Sophorolipids and Rhamnolipids Antimicrobial Activity

To understand why sophorolipids and rhamnolipids have been proposed for biofilm 
inhibition or disruption it is important to study their antimicrobial properties.
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2.1 � Sophorolipids

Sophorolipids can be produced by several microorganisms with a considerable 
yield [13] and present the favorable characteristics of being antibacterial, antivi-
ral, antimycoplasma, antifungal and antialgal agents. Furthermore, sophorolipids 
can occur either in an acidic (non-esterified) or lactonic (esterified) form as illus-
trated in Fig.  1. Usually, lactonic sophorolipids present higher antimicrobial 
activity while acidic SLs display higher solubility and foaming characteristics 
[13, 18].

Sophorolipids’ antimicrobial activity effect is assigned to their ability to change 
the hydrophobic properties of bacterial surfaces and to burst the cellular membrane 
resulting in the release of intracellular content and death. Sophorolipids may act 
also as antifungal since they are able to inhibit their movement and induce their lysis 
[14, 15].

An example of sophorolipids’ antimicrobial activity can be verified in Lydon 
et al. studies [19] when investigating the antimicrobial potential of sophorolipids 
produced by Starmerella bombicola. The acidic sophorolipids proved to have anti-
microbial activities against the nosocomial infective agents Enterococcus faecalis 
and Pseudomonas aeruginosa, with significant reduction in colony forming units 
(CFU) at concentrations of 5  mg/mL.  In addition, in vivo experiments using a 
mouse skin wounding assay revealed that acidic sophorolipids could be used as a 
component of antimicrobial creams to reduce the risk of wound infection during 
healing [19]. Moreover, the antimicrobial activity of sophorolipids was also shown 
by Dangle-Pulate et al. [20]. The biosurfactants obtained from Candida bombicola, 
with glucose and lauryl alcohol media supplementation, were able to prevent bacte-
rial colonization of Escherichia coli (30 μg/mL and 2 h) and P. aeruginosa (1 μg/
mL and 4 h) as well as Staphylococcus aureus (6 μg/mL and 4 h). The suggested 
mode of action of antibacterial sophorolipids was pointed out as cellular membrane 
disruption causing the loss of all cytoplasmic components leading to cellular 
death [20].

a b

Fig. 1  Illustration of the chemical structure of acidic (a) and lactonic (b) sophorolipids. R1=R2=H; 
R1=H and R2=COCH3; R1=COCH3 and R2=H; R1=R2=COCH3
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2.2 � Rhamnolipids

In the past three decades, rhamnolipids have also acquired some recognition for 
presenting some valuable characteristics, such as antifungal, antimicrobial, antiviral 
and antimycoplasma activity [21, 22]. Besides presenting antimicrobial activity, 
rhamnolipids also present antiadhesive properties that can be used as an antimicro-
bial strategy by coating the surface of medical devices and perform changes on 
surface’s hydrophobicity [18].

Rhamnolipids have structures (Fig. 2) and properties similar to that of detergents 
and have been reported to intercalate into the membrane phospholipid bilayer, facil-
itating the permeability of the membrane and flow of metabolites [23].

Their antimicrobial mechanism can explain the results of the antimicrobial activ-
ity of the rhamnolipid extract, obtained by Ndlovu et al. [23], observing pronounced 
activity against a broad spectrum of opportunistic and pathogenic microorganisms, 
including antibiotic resistant S. aureus and E. coli strains and the pathogenic yeast 
Candida albicans, when using the agar disc susceptibility method [23]. Moreover, 
the antimicrobial properties of these compounds were also evaluated by Lotfabad 
et  al. [24] who studied rhamnolipids produced by two indigenous P. aeruginosa 
strains. In this study, preliminary disc diffusion assay showed that all examined 
Gram-positive bacteria (i.e. S. aureus ATCC 29213, Staphylococcus epidermidis 
ATCC 12228 and Bacillus cereus ATCC 6051) were inhibited by biosurfactants 
produced by both MR01 and MASH1 strains [24]. Another study, conducted by  
de Freitas Ferreira et al. [25] investigated the antimicrobial activity of rhamnolipids 
under different pH values and assessed an antimicrobial activity against the Gram-
positive pathogens, Listeria monocytogenes, B. cereus and S. aureus. B. cereus was 
the most sensitive bacteria showing a MIC value of 19.5 μg/mL, and a bactericidal 
activity at 39.1 μg/mL of rhamnolipids [25].

a b

Fig. 2  Illustration of chemical structure for mono-rhamnolipids (a) and di-RLs (b). Fatty acid 
moieties may present a length that usually ranges from 8 to 14 carbon atoms (1 < n1 and n2 < 7)
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3 � Fighting Biofilm Formation with Biosurfactants

Biosurfactants are molecules that have amphipathic structures, which allow the 
interaction with cellular membranes, such as the bilayer membrane [24, 26]. The 
interaction of the biosurfactants with the cellular membrane causes changes and 
perturbations that will lead eventually to the disruption of the cellular membrane 
and ultimately the release of the cytoplasmic content of the cell and consequently 
important metabolites [24, 27]. These properties can be used to prevent biofilm 
formation on medical devices surfaces with the intention of reducing their related 
infections.

Due to presenting antimicrobial activity, sophorolipids have been explored on 
biofilm inhibition studies (Table 1). These studies have been developed mostly in 
vitro (e.g. using common microtiter plates) by evaluating the ability of sophorolip-
ids’ biofilm disruption or biofilm formation inhibition. Examples include the study 
of Mukherji and Prabhune [28] that observed the ability of sophorolipid mixtures, 
produced by C. bombicola when the media was supplemented with different plant 
essential oils, to inhibit Vibrio cholerae biofilm formation on glass slides [28]. 
Moreover, Sen et al. [29] investigated the efficacy of a sophorolipid mixture (SL-
YS3) produced by Rhodotorula babjevae YS3 towards Trichophyton mentagro-
phytes biofilm. In this study a biofilm eradication around 80% was observed on 
microtiter plate assays when a concentration of 2 mg/mL was used. Moreover, when 
observing biofilms disruption on pre-sterilized glass coverslips by scanning electron 
microscopy (SEM) or confocal laser scanning microscopy (CLSM) a considerable 
reduction was also observed. The therapeutic efficacy of this sophorolipid mixture 
on experimentally induced dermatophytosis in mice infected with T. mentagro-
phytes was also evaluated. SL-YS3 showed therapeutic effects and also its ability to 
regulate collagen deposition together with proper matrix and spatial arrangement, 
thereby contributing to the healing of the infected skin tissue as compared to the 
untreated control [29].

The use of these natural biosurfactants to prevent biofilm formation on the sur-
face of medical grade silicone, a common material used in catheters and stents fab-
rication has also been studied in order to evaluate its potential to reduce related 
infections. This was first investigated by Pontes et al. [30] who observed that sopho-
rolipids when adsorbed to silicone could reduce S. aureus and E. coli biofilm forma-
tion. Comparing to plain silicone a reduction of 3 log units on S. aureus surface 
colonization was observed when using a solution with a concentration of 1.5 mg/
mL to promote sophorolipids adsorption. Moreover, a 50% decrease on E. coli bio-
film formation was also observed (Fig. 3, [30]).

More recently, Ceresa et al. [31] studied the effect of acidic congeners, C18 lac-
tonic sophorolipids and mixture of acidic and lactonic sophorolipids on the disrup-
tion of S. aureus ATCC 6538, P. aeruginosa ATCC 10145 and C. albicans IHEM 
2894 pre-formed biofilms on medical grade silicone. All three tested mixtures 
(when at a concentration > 0.1% w/v) were able to disrupt biofilms up to 70%, 75% 
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Table 1  Examples of research studies presenting the potential application of the biosurfactants 
(BS) sophorolipids (SLs) and rhamnolipids (RLs) in preventing biofilm formation

BS BS Producer Biofilm producer Method Results Refs.

SLs R. babjevae 
YS3

T. mentagrophytes Biofilm eradication. 
Crystal violet stain, 
SEM or CLSM
In vivo assay: 
experimentally 
induced 
dermatophytosis in 
mice

Biofilm eradication. 
Around 80% with of 
2 mg/mL
In vivo assay: SLs 
contributed to the 
healing of the infected 
skin tissue comparing 
to untreated control

[29]

SLs S. bombicola S. aureus ATCC 
25923 and E. coli 
ATCC 25922

Biofilm inhibition. 
Crystal violet staining 
and CFU counts. 
Silicone coated with 
SLs, static assay. 
Concentration range 
0.10–3 mg/mL

3 log units reduction S. 
aureus colonization 
1.5 mg/mL to promote 
adsorption. A 50% 
decrease on E. coli 
biofilm formation with 
all concentrations

[30]

SLs C. bombicola C. albicans IHEM 
2894, S. aureus 
ATCC 6538 and 
P. aeruginosa 
ATCC 10145

Anti-adhesion and 
antibiofilm activity. 
SLs-coated discs were 
evaluated using the 
crystal violet assay

75% and 68–70% 
inhibition on the cell 
attachment for S. 
aureus and C. 
albicans. No 
anti-adhesive effect on 
cells of P. aeruginosa

[31]

SLs C. bombicola P. aeruginosa 
PAO1 (WT) and 
ΔwspF deletion 
mutant (PAO1)

Biofilm eradication. 
Addition of SLs to 
formed biofilms, 5 h 
incubation. Response 
through OD600 and 
CLSM

SLs tested against a 
EPS overexpression 
mutant biofilms 
disrupts ∼ 70% of the 
biofilm at a 
concentration of 0.1% 
and nearly 90% at 1%

[32]

RLs P. aeruginosa 
LBI

L. monocytogenes 
ATCC 19112 and 
S. aureus ATCC 
25923

Adhesion test. Crystal 
Violet staining. 
Different intervals, 
static. Concentration 
0.25%, 0.5% and 1.0% 
(w/v)

Concentration 1.0% 
reduced 57.8% 
adhesion of L. 
monocytogenes and by 
67.8% adhesion of S. 
aureus

[39]

L. monocytogenes 
ATCC 19112
S. aureus ATCC 
25923 and S. 
enteritidis 
PNCQ030

Disruption of biofilms. 
24 h, static. 
Concentration 0.25% 
and 1.0% (w/v) 
aqueous solutions

At 0.25% RLs 
removed 58.5% the 
biofilm of S. aureus, 
26.5% of L. 
monocytogenes, 23.0% 
of S. enteritidis and 
24.0% of the mixed 
culture

[39]

RLs P. aeruginosa H. pylori, E. coli, 
P. aeruginosa, S. 
aureus and S. 
mutans

Biofilm inhibition Biofilm inhibition for 
five bacterial strains in 
a dose-dependent 
manner

[43]
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Table 1  (continued)

BS BS Producer Biofilm producer Method Results Refs.

RLs P. aeruginosa S. epidermidis, S. 
salivarius, S. 
aureus, C. 
tropicalis, C. 
albicans, and R. 
dentocariosa

Biofilm inhibition and 
anti-adhesion. Crystal 
violet staining and 
phase-contrast 
microscopy

Reductions of 50% on 
bacteria was achieved 
for S. epidermidis, S. 
salivarius, S. aureus 
and C. tropicalis. C. 
albicans, R. 
dentocariosa showed a 
decrease after 4 h of 
20–28%

[44]

RLs P. aeruginosa S. epidermidis Biofilm inhibition. 
Flow-cell model in 
combination with 
CLSM and AFM

90% of biofilm 
inhibition

[45]

RLs P. 
aeruginosa 89

S. aureus ATCC® 
6538 and S. 
epidermidis 
ATCC® 35984

Biofilm disruption and 
inhibition. Crystal 
Violet staining and 
MTT assay. RLs at a 
concentration 
0.06–2 mg/mL for 
disruption and 2 mg/
mL for inhibition 
assays. End points at 
24, 48 and 72 h of 
incubation

Biofilm disruption 
ranged from 68 to 89% 
for S. aureus and from 
44 to 96% for S. 
epidermidis. Pre-
treatment of silicone 
with R89BS resulted 
in a biofilm inhibition 
of 76% for S. aureus 
and of 63% for S. 
epidermidis

[46]

RLs P. aeruginosa S. aureus ATCC 
25923

Biofilm inhibition. 
After incubation at 
37 °C for 24 h, biofilm 
assessment was 
performed by colony 
forming units (CFU) 
count

A biofilm inhibition of 
99% was achieved 
with rhamnolipid–
chitosan nanoparticles

[47]

and 80% regarding S. aureus, P. aeruginosa and C. albicans, respectively. Moreover, 
acidic sophorolipid (0.8% w/v) pre-coated silicone discs reduced S. aureus biofilm 
by 75% while C. albicans reached 68–70% [31].

It is also of great importance to study the development and ways to prevent bio-
film formation onto microfluidic systems. Nguyen et  al. [32] demonstrated that 
sophorolipids had a stronger effect than chemical surfactants such as sodium 
dodecyl sulphate, Tween20 and Tween80 when disrupting established P. aeruginosa 
PAO1 biofilms grown in microfluidic channels. The authors noticed that although 
presenting antibiofilm properties, sophorolipids did not seem to have antibacterial 
effects on PAO1. When testing these compounds on a mutant strain that overex-
presses extracellular polymeric substances they observed that sophorolipids 
detached and disintegrated biofilms from glass surfaces [32].

Rhamnolipids have been recognized for their antiadhesive and biofilm dispersion 
effects. It is suggested that the antibiofilm activity of rhamnolipids occurs through 
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a b

Fig. 3  Anti-sessile activity of silicone specimens adsorbed with sophorolipids towards S. aureus 
(a) and E. coli (b). Sessile cells CFU counts were performed when different concentrations of SLs 
were tested (0.1–3 mg/mL). (Reproduced with permission [30] Copyright 2016, Elsevier)

interference with quorum sensing of biofilm cells, which leads to detachment of 
microorganisms. This interference has been attributed to the inhibition of intracel-
lular lipidic signals, however, it is also reported that rhamnolipids solubilize ECM 
proteins via micelles formation [8, 33]. Furthermore, other investigations have 
pointed out that rhamnolipids can manipulate biofilm-associated channels, altering 
the oxygen and nutrient supply for sessile microorganisms. Moreover, it has been 
observed that they may enhance interconnections changes as well, so they affect not 
only quorum sensing of bacteria but also, they do not allow them to develop genetic 
mutations or resistance [34]. A previous study of Davey et al. [35] mentioned that 
rhamnolipids can inhibit both intracellular contact and cell–surface contact allowing 
the detachment and preventing attachment of microorganisms [35]. Other studies 
pointed out that the mechanism of action of rhamnolipids is through modification of 
bacterial surface components. These studies proved that rhamnolipids could sharply 
increase the hydrophobicity of the cell surface by removing out the lipopolysaccha-
rides parts from the outer membrane. Also, they showed that a low concentration of 
rhamnolipids is required to induce the disruption of cells [36, 37]. Similarly, the 
antifungal activity of rhamnolipids was explained by the disruption of the cytoplas-
mic membrane [38]. Additional investigations regarding the antibacterial effect of 
rhamnolipid showed that monorhamnolipids exhibit bacteriostatic effect while dir-
hamnolipids were able to kill the bacteria and show bactericidal effect [34].

Due to their antimicrobial and antiadhesive properties rhamnolipids have been 
the target of many studies focused on diminishing biofilm formation in different 
surfaces such as polystyrene, silicone and medical devices surfaces.

Different studies aiming the investigation of rhamnolipids antibiofilm, antiadhe-
sive and biofilm dispersion effects have been performed and some examples can be 
found in Table 1. Gomes and Nitschke [39] used different concentrations of 

I. Anjos et al.



299

rhamnolipids from P. aeruginosa to evaluate their capacity in reducing the adhe-
sion and biofilm formation on polystyrene surfaces. When using a rhamnolipids 
solution at 1% an adhesion reduction of 57.8 and 67.8% was observed for L. mono-
cytogenes and S. aureus, respectively. Moreover, rhamnolipids were also effective 
in preventing the adhesion of bacterial mixed cultures. When at a concentration of 
0.25%, rhamnolipids removed 58.5% of S. aureus biofilm, 26.5% of L. monocyto-
genes biofilm, 23.0% of Salmonella enteritidis and 24.0% of the mixed culture 
biofilm [39].

Moreover, Aleksik et al. [40] compared the antibiofilm ability against P. aerugi-
nosa PAO1 of di-rhamnolipids produced by Lysinibacillus sp. BV152.1 with the 
commercial di-rhamnolipids. The authors observed that di-rhamnolipids produced 
by Lysinibacillus sp. BV152.1 were more effective in reducing biofilm than the 
commercial ones and an inhibition of 50% was observed with 50 μg/mL and 75 μg/
mL, respectively. The authors also observed that amide derivatization of both di-
rhamnolipids improved the inhibition of biofilm formation and dispersion, and that 
the morpholine derivative was the most active causing more than 80% biofilm inhi-
bition at concentrations of 100 μg/mL [40].

Besides their activity towards bacterial biofilms, rhamnolipids, also have revealed 
activity on C. albicans biofilms. Di-rhamnolipids produced by P. aeruginosa when 
at a concentration of 0.16 or 5 mg/mL were able to reduce pre-formed biofilms on 
polystyrene by 50% and 90%, respectively. In this study the influence of rhamnolip-
ids in disrupting C. albicans biofilms was proven and the authors suggested their 
exploration as a potential alternative to the available conventional therapies [41].

Comparison of rhamnolipids with other antimicrobial compounds or surfactants 
has also been performed. For example, Quinn et al. [42] compared rhamnolipids 
with antibiotics antibiofilm activity. The effect of a rhamnolipid mixture, containing 
mono- and di-rhamnolipids (20 μg/mL) in pre-existing biofilms was observed as a 
reduction of 88.4 ± 5.8, 74.5 ± 6.6% and 85.6 ± 3.9% against B. subtilis, Micrococcus 
luteus and S. aureus, respectively. A lower antibiofilm effect was observed with the 
antibiotics ampicillin, chloramphenicol and kanamycin (5 μg/mL) [42].

Moreover, Shen et al. [43] evaluated sodium lauryl sulfate, rhamnolipids, and 
N-acetylcysteine ability to eradicate mature biofilms and inhibit new biofilm forma-
tion of Helicobacter pylori, E. coli, P. aeruginosa, S. aureus, and Streptococcus 
mutants. The authors observed that sodium lauryl sulfate and rhamnolipids success-
fully inhibited the formation of those five bacterial biofilms in a dose-dependent 
manner even at concentrations below the minimal inhibitory concentrations. This 
suggests that their antibiofilm activities are unrelated to their antibacterial activities 
and that had already been observed by Quinn et al. [42] when comparing rhamno-
lipids antibiofilm activity to antibiotics [43].

These results have led to the hypothesis of using these biosurfactants on medical 
devices to prevent their related infections. Therefore, some papers have also inves-
tigated the potential of rhamnolipids inhibition of different strain biofilms on sili-
cone rubber or medical grade silicone. For example, Rodrigues et al. [44] studied 
the ability of rhamnolipids to interfere in the adhesion of bacteria and yeasts 
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isolated from explanted voice prostheses onto silicone rubber. The authors con-
cluded that the number of cells adhering onto silicone rubber treated with biosurfac-
tant was reduced and that declines of 50% on the number of cells were attained for 
S. epidermidis, Streptococcus salivarius, S. aureus and C. tropicalis. Nevertheless, 
C. albicans and the bacterial strain Rothia dentocariosa showed a lower decrease in 
the number of attached cells after 4 h (20–28%) [44].

Studies on antibiofilm activity of rhamnolipids have also been realized on other 
medical devices such as catheters. Biofilm formation by S. epidermidis is a cause of 
infections related to peritoneal dialysis. Pihl et al. [45] used a peritoneal dialysis 
catheter flow-cell model in combination with confocal scanning laser microscopy 
and atomic force microscopy to study biofilm formation by S. epidermidis and 
observed a reduction in the covering of biofilm with exposure to the supernatant 
from two P. aeruginosa strains (i.e. rhamnolipids). The exposure to this supernatant 
originated a coverage of only 10% in biofilm when compared to untreated sam-
ples [45].

Additionally, when adsorbed to silicone elastomeric discs the rhamnolipids 89, 
produced by P. aeruginosa 89, were able to reduce Staphylococcus spp. biofilm 
formation, by 70 and 50% regarding biomass and 72 and 63% regarding cell meta-
bolic activity (at 72 h) for S. aureus and S. epidermidis, respectively. SEM analysis 
also corroborated these results making R89 a promising antibiofilm coating for sili-
con catheters [46].

Recently, Bettencourt et al. [47] developed chitosan–rhamnolipid nanoparticles 
intended to fight S. aureus infections. The obtained particles showed an antimicro-
bial synergic effect between chitosan and rhamnolipids produced by P. aeruginosa 
when testing their antimicrobial activity towards S. aureus. Regarding antibiofilm 
activity of the produced particles a reduction of 99% on biofilm formation on medi-
cal grade silicone could be observed making these particles an interesting approach 
to prevent S. aureus related infections such as the medical devices-related 
(Fig. 4) [47].

4 � Conclusion

Infections associated with urinary tract medical devices are a common health con-
cern, in particularly, when associated to biofilm formation on their surfaces.

Among multiple strategies to fight those infections, biosurfactants as glycolipids 
can be a valuable tool for biofilm inhibition or disruption. In particularly, multiple 
in vitro studies concerning sophorolipids and rhamnolipids confirms the antimicro-
bial activity of those compounds.

Further, sophorolipids or rhamnolipids potential role to prevent biofilm associ-
ated infections, using different surfaces like medical grade silicone as example of 
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a1

b1

b2

b3

a2

Fig. 4  Illustration of rhamnolipids–chitosan particles (RLs–CSp) antimicrobial mechanism of 
action towards S. aureus. Particles may deliver rhamnolipids as encapsulated onto RLs–CSp. (A1) 
or/and adsorbed to its surface (A2). First, electrostatic attraction of RLs–CSp (negatively charged) 
to S. aureus membranes (positively charged) takes place (B1, B2). Later, RLs are released from the 
particles, enter into membranes leading to cell damage and death (B3). (Reproduced with permis-
sion [47] Copyright 2021, Elsevier)

common material used in catheters and stents fabrication, shows the capacity of 
those biosurfactants in reducing the adhesion and biofilm formation.

Finally, new trends in the delivery of these biosurfactants, namely by their inclu-
sion in nanoparticulate systems paves the way for newer clinical applications.

Overall, sophorolipids and rhamnolipids due to their multiple antimicrobial/anti-
adhesive effects might be an interesting approach to fight urinary tract medical 
devices associated infections.
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Novel Antimicrobial Strategies to Combat 
Biomaterial Infections

Zoran M. Marković and Biljana M. Todorović Marković

1 � Introduction

Bacteria are present in nature everywhere and the combat with them has the major 
priority especially in various industrial settings (i.e. food industry) or medical 
devices [1]. It was established earlier that most of bacteria found in nature exist in 
the form of biofilms (attached to surface of different objects and not as free floating 
organisms). Therefore, biofilm formation can be defined as a multistage process. It 
starts with bacteria adhesion to surface and continues with the formation of extra-
cellular matrix. This matrix is composed of one or more polymeric substances (pro-
teins, polysaccharides, humic substances, extracellular DNA) [1, 2]. Bacteria 
adhesion to surfaces depends on different surface parameters: wettability, rough-
ness, chemistry, and charge of materials as well as of the nature of bacterial surface, 
environmental factors and the associated flow conditions etc. [3, 4].

There are several possible strategies to reduce or prevent bacterial infections 
among different populations: patients and medical staff [5]. Traditional hospital 
sterilization strategies are based on usage of high level disinfectants: hydrogen per-
oxide, peracetic acid, glutaraldehyde and low level disinfectants: alcohols, hypo-
chlorites, iodine and iodophor. Advanced sterilization technology focuses on 
chemical-free technology such as UV rays or gas plasma components. However, 
there are several disadvantages of both chemical and chemical-free approaches. 
Firstly, they are toxic to some extent so medical personnel and patients have to 
evacuate the premises. Secondly, the quality of sterilization is proportional to human 
labor invested by cleaning personnel [6]. One of the alternative strategies indepen-
dent of human labor, is to produce antibacterial coatings to reduce or eliminate 
bacteria colonization on surfaces by leaching of biocides, antibacterial surfaces 
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with deposited metals such as copper, silver or gold, formation of superhydrophobic 
surfaces and surfaces encapsulated by photoactive nanoparticles [7–12].

The major drawback of biocides and metal deposited surfaces is their leaching 
from the surface in the environment. In this way those surfaces lose their antibacte-
rial properties after some time. Besides, these surfaces develop bacterial resistance 
which causes more than 33,000 deaths and costs 1.5 billion euros per year in Europe 
[13]. The increase of patients infected in hospitals (in the developing countries the 
infection rate is 75%) was noticed [14]. The cost and cytotoxicity of the agents 
mentioned above might be a problem as well. As the price of the best antimicrobial 
additives (silver, titanium, gold, chitosan) is too high, companies are looking for 
cheaper and safer additives with strong antimicrobial potential. Permanent cytotox-
icity of certain antimicrobial agents in concentrations larger than needed for antimi-
crobial action may cause many problems. A further limited factor of these materials 
usage is that silver and copper nanoparticles are prone to oxidation. After a certain 
time they don’t show antibacterial effects.

In recent years new types of antibacterial surfaces have been designed by encap-
sulation of different photoactive nanoparticles in polymer matrices (polyurethane or 
dimethylsiloxane) [5, 15, 16].

2 � State of the Art

Photodynamic therapy (PDT) is a treatment which includes the usage of light sensi-
tive drugs in the healing of various diseases (for example skin or eye cancers). 
Antibacterial PDT (APDT) is used to eliminate multidrug-resistance pathogenic 
bacteria [17]. Based on principles stated above it is possible to design antibacterial 
surfaces from photoactive nanoparticles (in the form of hybrids or thin films/coat-
ings) or by encapsulation of photoactive nanoparticles into various polymer matri-
ces. One of the properties of these nanoparticles is their ability to produce reactive 
oxygen species-ROS (singlet oxygen, superoxide, hydroxyl radicals, hydrogen per-
oxide) or heat [18, 19]. ROS eradicates multidrug resistant bacteria, quickly disap-
pears and does not represent a danger to the environment. Heat causes denaturation 
of bacteria but requires additional means for its control.

Photoactive nanoparticles called photosensitizers (PSs) produce ROS by the fol-
lowing mechanism: PSs have been excited to a singlet excited state by ultraviolet or 
visible light. From this state electrons are moving to a triple state or return to a 
ground state. Singlet oxygen can be generated if they transfer their electrons or 
energy to molecular oxygen as shown in Fig. 1. Molecular oxygen causes oxidative 
damage of bacteria cells. Since molecular oxygen simultaneously attacks several 
sites in bacteria, the bacteria are unable to mutate and develop resistance [20–23].

Different nanoparticles can be used as PSs: pristine and doped carbon quantum 
dots (CQDs) and graphene quantum dots (GQDs), chitosan nanodots (ChiNDs), 
ultra short single wall carbon nanotubes (US SWCNTs), gold nanoparticles 
(AuNPs)—Fig. 2. It was earlier reported that polymers (polyurethane, 
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Fig. 1  Mechanism of singlet oxygen production by PSs

Fig. 2  Photoactive nanoparticles used potentially in APDT

polydimethylsiloxane) doped with different molecules and nanoparticles [porphy-
rin, methylene blue (MB), crystal violet (CV)/ZnO, Au–MB, CQDs/Ag] eradicate 
wide range of bacteria [Staphylococcus aureus (S. aureus), Staphylococcus epider-
midis (S. epidermis), Saccharomyces cerevisiae, Escherichia coli (E. coli), Bacillus 
subtilis (B. subtilis)] effectively under visible light [12, 24–30].

CQDs and GQDs are zero dimensional carbon nanomaterials with lateral dimen-
sion smaller 10 nm. These materials have very interesting properties: high chemical 
stability, resistance to photo-bleaching, very good solubility in water or organic 
solvents, high photoluminescence and simple route for high yield synthesis—Fig. 
3a, b. Most interesting biomedical property is their ability to generate ROS when 
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Fig. 3  (a) Top view AFM image of CQDs; (b) PL spectra of CQDs; (c) top view AFM image of 
ChiNDs; (d) PL spectra of ChiNDs

they are triggered by visible light and lack of cytotoxicity. Their functionalization 
(by different functional groups) and modification (by doping with different hetero-
atoms for example) contribute to improvement of ROS generation as well as reduc-
tion of energy required for triggering of ROS production [31–36]. ChiNDs are 
novel class of dots with lateral dimension between 20–50 nm, tunable photolumi-
nescence and high chemical stability—Fig. 3c, d. Due to high surface/volume ratio 
ChiNDs should be more efficient than commercial bulk chitosan in bacteria eradi-
cation. There are only few reports on synthesis of ChiNDs by gamma irradia-
tion [37].

AuNPs have been widely studied in biomedicine due to their unique properties 
and multiple surface functionalities. Spherical AuNPs possess high surface-to-
volume ratio, excellent biocompatibility, low toxicity, surface plasmon resonance 
and ability to quench fluorescence. Hybrids of AuNPs and CQDs produce ROS bet-
ter than CQD alone [38].

US-SWCNTs are ultrashort 5–10 nm segments of single-walled carbon nano-
tubes (SWCNTs), with average width of 1  nm and semiconducting nature [39]. 
They are soluble in polar organic solvents, acids, and water. This high solubility in 
organic solvents coupled with their short length, should enable these US-SWNTs to 
be dispersed and incorporated as single tubes into other materials to form 
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composites. Due to their similarity with CQDs and GQDs, US-SWCNTs should be 
potent ROS generators triggered by infrared light.

In our earlier investigation we established that pristine and doped CQDs and 
GQDs can be very toxic against different types of bacteria strains but only under 
blue light irradiation [34]. By depositing CQDs as very thin films (only 3 nm) on 
glass and SiO2 substrates CQDs show good antibacterial activity against S. aureus 
and E. coli and moderate antibiofouling effect toward Bacillus cereus (B. cereus) 
and Pseudomonas aeruginosa (P. aeruginosa) under blue light [33]. By encapsulat-
ing CQDs in polyurethane and polydimethylsiloxane antibacterial activity of these 
nanocomposites enhances several orders of magnitude [5, 16]. Different authors 
reported earlier that CQDs/TiO2, CQDs/Ag or CQDs/ZnO nanostructures as well as 
CQDs functionalized with (ethylenedioxy)bis(ethylamine)-EDA, N, S doped CQDs 
and CQDs @hematite composites show good antibacterial potentials against 
S. aureus, E. coli, K. pneumoniae, B. subtilis [30, 40–44]. CQDs/EDA nanostruc-
tures have higher fluorescence quantum yield compared to pristine CQDs and mixed 
with H2O2 show synergistic effect and thus can inhibit bacteria growth in smaller 
concentrations of each individual chemical [45].

3 � Mechanism of Antibacterial Activity CQDs 
and Their Hybrids

Antibacterial activity of CQDs and their composites with different materials is 
based on the production of ROS. Generated singlet oxygen attacks bacterial wall 
membrane and contributes to lipid peroxidation. The bactericidal efficiency of 
CQDs/polymers depends on the lifetime of generated singlet oxygen [5, 16]. 
Luminescence method of singlet oxygen production indicates that luminescence of 
singlet oxygen come from the CQDs located in the interior of polymer matrix. Thus 
the contribution of the CQDs nearby polymer surface is negligible.

CQDs doping (for example with nitrogen) improves their antibacterial activity 
by the formation of amide and amino groups. Electrostatic interaction between pro-
tonated forms of amines and amides and the lipids of bacterial membrane induces 
bacterial dead [46].

In the case of CQDs/TiO2 composites TiO2 generates ROS-electrons of TiO2 
transfer from valence band to conduction band and thus form holes in the valence 
band whereas CQDs under visible light emit shorter wavelength and excite TiO2 
again [40]. Antibacterial effect of CQDs@hematite is achieved by electron–hole 
generation on the surface of this nanocomposite. The electrons in the conduction 
band react with molecular oxygen and thus produce hydroxyl radicals through an 
oxidative stress [44].

Agents applied in PDT should have low cytotoxicity. In our previous studies we 
established that CQDs had low dark cytotoxicity [47]. But it was also reported that 
cancer cells as well as normal cells might be less sensitive to phototoxicity of GQDs 
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than bacteria strain due to different level of isocitrate dehydrogenase in the cells. 
Singlet oxygen affects the level of isocitrate dehydrogenase and the cells with lower 
level of isocitrate dehydrogenase are more sensitive to death by singlet oxygen [48].

Apart from ROS generation and surface functionalization of CQDs, surface wet-
tability and roughness affect the bacterial death. But the effect of surface roughness 
is limited by the shape and size of bacteria. Namely, bacteria adhere to surfaces 
which features correspond to their own diameters [4].

4 � Conclusion

In this chapter we discussed new light triggered strategies to combat bacterial infec-
tions and possible usage of photoactive polymers for these purposes. Photoactive 
antibacterial polymers are highly promising solution for novel medical devices. To 
enable their wise usage for the treatment of urinary infections some changes must 
be made. For example, the effectiveness of photoactive polymers inside human 
body can be increased by incorporation of micron sized electronic devices (light 
emitting diode, light detector, pH sensor, radio frequent device) into polymer matri-
ces. The smart medical device should have multifunctional role: the detection of 
biofilm formation, the eradication of the formed biofilms by APDT and transferring 
information to medical staff in real time.
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Light-Activated Polymer Nanocomposites 
Doped with a New Type of Carbon 
Quantum Dots for Antibacterial 
Applications

Mária Kováčová, Eva Špitalská, and Zdenko Špitálský

1 � Introduction

Carbon quantum dots (CQDs) are relatively new carbon allotrope. The first mention 
dates from 2004 when Xu et al. described new fluorescent material after electropho-
retic purification of carbon nanotubes [1]. It triggered an investigation of new CQD 
research of synthesis, properties CQDs, and applications. As can be seen from 
Fig. 1, the number of publications about CQDs is increasing exponentially during 
the last decade with 3419 papers in the last years according to Web of Science. 
Antibacterial properties of CQDs represent 3.2% of them; however, their citations 
are exponentially increasing exceeding the number over 2900  in last year. These 
data suggest a significant future of CQD as an antibacterial material.

CQDs are quasispherical carbon particles with a size less than 10 nm with crys-
talline sp2 cores of graphite and quantum effects. A subclass of CQDs are graphene 
quantum dots (GQDs), and they have a structure of one or several graphene layers 
with diameter < 10 nm with higher crystallinity than CQDs. In both cases, however, 
CQDs are functionalized by functional groups on their surface, which can improve 
the optical properties, solubility, and chemical stability and generally increase the 
surface variability and complexity of CQDs.

CQDs have many hydrophilic functional groups at the edges or on the basal 
plane. Specific hydrophilic functional groups in the CQDs include epoxy and 
hydroxyl groups. Hydrophilic CQDs are very well soluble in water and other polar 
solvents due to their chemical composition; therefore, they differ from other 
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Fig. 1  Number of CQD publications (green bar), the number of antibacterial properties of CQDs 
publications (blue line) and their number of references (red line) according to Web of Science

carbon-based nanomaterials. Additional advantages of CQDs include their nontox-
icity and biocompatibility. The second types of CQDs are hydrophobic CQDs con-
taining carboxyl and carbonyl functional groups. In comparison to hydrophilic 
CQDs, hydrophobic CQDs are more effective in producing reactive oxygen species 
(ROS) responsible for the antibacterial activity of CQDs.

CQDs have extensive application usage from sensors through photoelectrochem-
ical water splitting, chemiluminescence, LEDs, photovoltaic solar cells up to photo-
catalysis and readers can found several reviews about it [2–7]. CQDs also play an 
important role in medicine. CQDs are used in intracellular ion detection, toxin 
detection, pathogen, vitamin, enzyme, protein, nucleic acid, and biological pH 
value determination [8]. QDs also have great utility in bioimaging, biosensing (for 
example, QD modification with metal ions or biomolecules), fluorescence labelling 
of cellular proteins (biolabelling), genetic technologies, and cell motion tracking [9, 
10]. Despite the broad range of biomedical applications, we would like to focus on 
antibacterial properties of pure CQDs and their polymer composites. The antibacte-
rial effect of CQDs is based on noninvasive photodynamic therapy (PDT). PDT can 
cause a specific biological response on the cellular or subcellular level, such as 
apoptosis, programmed death, or necrosis, a nonprogrammed pathway [11]. During 
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Fig. 2  Mechanism of photodynamic therapy, or so-called Jablonski diagram

this process, CQDs absorb light (photons). One electron absorbs this energy and 
moves into a higher excited single state. This state is in nanoseconds, and it can emit 
light and lose its energy or dissipate as heat. The excited photosensitizer (PS) in the 
singlet state may also undergo the process known as an intersystem crossing. The 
spin of the excited electron inverts to form the relatively long-lived (microseconds) 
excited triplet-state that has electron spins parallel. The long lifetime of the CQD 
triplet state is explained by the fact that the loss of energy by emission of light 
(phosphorescence) is a spin-forbidden process as the CQDs would move directly 
from a triplet to a singlet-state [12]. In the presence of molecular oxygen, part of the 
energy can be transformed into an oxygen molecule which changes to ROS. One of 
the most important types of ROS is singlet oxygen (1O2). Singlet oxygen and other 
ROS react with a wide range of biological targets and are known to be involved in 
cellular signalling and cell damage [13]. Therefore CQDs act as indirect antibacte-
rial materials when after the illumination with light generates singlet oxygen. This 
whole process is presented in Fig. 2.

2 � Antibacterial Effect of CQDs

2.1 � Pure CQDs

Jhonsi et  al. showed that antibacterial and antifungal activities of CQDs on 
Escherichia coli and Candida albicans increased linearly with an increase in CQDs’ 
concentration. It reveals that CQDs can effectively inhibit the growth of the bacteria 
in a concentration-dependent manner. The results revealed that CQDs inhibit the 
growth of E. coli and C. albicans more effectively compared to other tested 
microbes, Staphylococcus aureus, Klebsiella pneumoniae, and Pseudomonas aeru-
ginosa [14]. Nie et al. demonstrated that CQDs are effective photosensitizers for in 
vitro PDT, and revealed detection limit inactivation (99.9999 + %) of E. coli and 
S. aureus upon visible light illumination (λ ≥ 420 nm, 65 ± 5 mW/cm2; 60 min) 
[15]. The antibacterial effect of photoexcited GQDs using blue light (465–475 nm) 
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significantly affected the viability of E. coli or S. aureus [16]. Sun et al. designed an 
antibacterial system combining GQDs with a low level of H2O2, which could inhibit 
the growth of E. coli and S. aureus (106 CFU/mL) bacteria and assessed the antibac-
terial efficacy of patches from GQDs in vivo using Kumming mice as a model. 
Results of that study indicated that GQDs have potential use for wound disinfection 
[17]. The results of the study of Kuo et al. showed that a nitrogen-doped graphene 
quantum dot (N-GQD), serving as a photosensitizer, was capable of generating a 
higher amount of ROS than a nitrogen-free GQD in PDT when photoexcited for 
only 3  min of 670  nm laser exposure, indicating highly improved antimicrobial 
effects. The N-GQD (5.1%) efficiently exerted an antibacterial effect, resulting in 
100% elimination after a 3-min exposure [18]. Sulfur-doped CQDs (S-CQDs) and 
N-CQDs were evaluated for bactericidal activity against E. coli and B. subtilis 
subsp. subtilis (6 × 106 cells/mL). Antibacterial activity was slightly higher against 
B. subtilis than against E. coli for both S-CQDs and N-CQDs with greater effective-
ness of N-CQDs compared to S-CQDs [19].

2.2 � Doped CQDs

Nanorods of CQDs–ZnO had strong antibacterial activity under visible light irradia-
tion, and a concentration of 0.1 mg/L was able to kill more than 96% of bacteria 
E. coli and S. aureus [20]. Feng et al. realized bacterial inactivation on a CQD/TiNT 
film. Use of CQD/TiNTs led to almost complete inactivation of S. aureus and E. coli 
(2 × 107 CFU/mL) within 10 min using 365 nm UV irradiation [21]. Nitrogen and 
zinc doped CDs displayed good bactericidal activity against E. coli (107 CFU/mL) 
and S. aureus (108 CFU/mL) under visible-light radiations [22].

Wang et  al. compare photodynamic properties of GQDs, hollow mesoporous 
silica nanoparticles (hMSN) and GQDs@hMSN hybrid antimicrobial system trig-
gered by commonly available LED lamps. GQDs@hMSN can produce singlet oxy-
gen under light exposure to destroy bacteria’s structure, thus achieving a highly 
efficient antimicrobial effect. However, GQDs@hMSN-erythromycin’s antimicro-
bial efficacy was significantly better than that of GQDs@hMSN or erythromycin 
alone [23]. Kholikov et al. used GQDs and GQDs combined with methylene blue 
(MB) to eradicate E. coli (106 CFU/mL), and G+ Micrococcus luteus (106 CFU/mL) 
using irradiation with red LED light. Using MB-GDQ improved the deactivation 
rate more than twice compared with MB [24]. Similarly, Dong et al. evaluated the 
antimicrobial effects of the CQDs with surface passivation molecules 2,2′-(ethyl-
enedioxy)bis(ethylamine) (EDA) in combination with MB or toluidine blue (TB) 
against E. coli cells with 1-h visible light illumination and showed their synergistic 
interaction. The combination treatment with 5 μg/mL CQDs combined with 1 μg/
mL MB completely inhibited bacteria growth, resulting in 6.2-log viable cell num-
ber reduction. Similar results were observed using TB/CQDs combination [25]. 
Galdiero et  al. evaluated the antimicrobial activity on S. aureus, P. aeruginosa, 
E. coli and K. pneumoniae, and the ecotoxicity of CQDs alone and coated with 
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indolicidin and showed improved germicidal action and low ecotoxicity for modi-
fied CQDs compared to CQDs alone. Modified CQDs demonstrated a percentage of 
bacteria reduction related to an initial inoculum of 35.1  ±  3.0, 29.3  ±  2.7, and 
39.3 ± 4.1, respectively, for E. coli, P. aeruginosa, and K. pneumoniae. Only for 
S. aureus, was observed a low killing ability of 12.3 ± 1.0% for modified CQDs, but 
this was always more significant than that for indolicidin alone and CQDs alone 
[26]. The antimicrobial activity of the as-synthesized spermidine-capped fluores-
cent CQDs (Spd–CQDs) (size ~ 4.6 nm) has been tested by Li et al. against non-
multidrug-resistant E. coli, S. aureus, B. subtilis, and P. aeruginosa bacteria and 
also multidrug-resistant bacteria, methicillin-resistant S. aureus (MRSA). The mini-
mal inhibitory concentration value of Spd–CQDs is much lower (> 25,000-fold) 
than that of spermidine. Spd–CQDs had promising antibacterial effects causing sig-
nificant damage to the bacterial membrane with high biocompatibility, especially to 
multidrug-resistant bacteria [27]. Multi-walled carbon nanotubes filters incorpo-
rated with CQDs are highly effective to remove bacteria (E. coli, B. subtilis) from 
water and to inhibit the activities of the captured bacteria on filter surfaces [28]. The 
bactericidal function of EDA–CQDs to B. subtilis and E. coli (~ 106 CFU/mL) was 
evaluated under different light conditions, the bacteria-killing effect of EDA–CQDs 
treatment was possible increased dramatically to approximately 4-logs (~ 99.99) 
[29]. EDA–CQDs exhibited much greater antibacterial activity to B. subtilis cells 
compared to 3-ethoxypropylamine modified CQDs, treatment with EDA–CQDs 
resulted in an about 5.8-log reduction in viable cell number upon treatments under 
light illumination [30]. The CQDs–TiO2 properties and their antimicrobial activity 
against E. coli and G+ S. aureus were evaluated by Yan et al. [31]. The antibacterial 
efficiency reached 90.9% and 92.8% toward E. coli and S. aureus, respectively, with 
1 mg/mL CQDs–TiO2 under visible light. Zhang et al. (2018) [32] showed that the 
bracket modified with ZnO/CQDs coating exhibited excellent antibacterial perfor-
mance than the unmodified bracket (Streptococcus mutans 96.13%, S. aureus 
90.28% and E. coli 92.35%) under natural light. Composite of CQDs/Na2W4O13/
WO3 exhibited excellent antimicrobial activity against G− E. coli (107 CFU/mL) 
[33]. After visible light irradiation for 100 min, ~ 68.3% of the E. coli cells treated 
with Na2W4O13 survived, which have no more than 1-log reduction. For treatment 
with the synthesized WO3/Na2W4O13 and WO3 materials, approximately 72.6% and 
0.6%, respectively, of the E. coli cells were alive. The CQDs-decorated Na2W4O13 
composite showed the best photocatalytic bactericidal activity, with approximately 
2 × 107 CFU/mL of the E. coli cells completely inactivated within 100 min, which 
have 7-log reduction.

3 � Antibacterial Effect of CQD Polymer Composites

As mentioned above, CQDs can be used in a wide range of applications, and espe-
cially in biomedicine for their antimicrobial, in the narrower sense—antibacterial 
effects. However, due to real use (catheters, stents, coatings, dressings, patches, 
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textiles, etc.), CQDs need a certain carrier [34, 35]. The most common carrier solu-
tion is a polymer matrix (various kinds), and CQDs are incorporated in different 
ways onto the material’s surfaces. Unfortunately, there is still a minimum of poly-
mer composites with CQDs that would exhibit antibacterial activity without side 
effects.

For more comfortable mixing with polymers, pure hydrophobic CQDs (hCQDs) 
were invented. Their great advantage is also that, in contact with water or other bio-
logical fluids, they do not elute from the polymer matrix and do not degrade [36, 37]. 
The antibacterial effect of these hCQDs was tested against S. aureus, E. coli, and 
K. pneumoniae in combination with various polymers, as polyurethane (PU), 
polydimethylsiloxane (PDMS). PU and PDMS are frequently used in medicine as 
medical devices and tools for their biocompatibility and desired properties. Materials 
work on the principle of classic PDT and produce singlet oxygen—in Fig. 3. As the 
light source was used common blue LEDs at 470 nm, the power of 50 W, and the 
intensity of 700 μW/cm2 on the sample surface placed at a distance of 50 cm from the 
LEDs. In both cases, the desired effect has been achieved. The nanocomposite 
hCQDs/PU has 100% bactericidal effectivity after 1 h of irradiation. Second polymer 
hCQDs/PDMS eradicated 100% bacterial colonies (5-logs) after 15 min of irradia-
tion, because of its excellent oxygen diffusion [38, 39]. The bacterial reduction could 
be improved using diffuse coplanar dielectric barrier discharge. The plasma gener-
ated in atmospheric air oxidizes the surface of hCQDs and therefore enhances the 
energy transfer between the hCQDs and molecular oxygen. It means that the irradia-
tion time is decreased, and material is suitable for faster disinfection [40]. Moreover, 
there is a possibility to create novel antibacterial textiles by a lamination process, 
using commercially-available transparent PUs and modified them with hCQDs [34].

Fig. 3  Schematic view of light-triggered polymer nanocomposite with hCQDs
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Also, there is another possibility to create antibacterial polymer by electrospin-
ning nanofibers filled with hydrophilic CQDs. Nie et al. prepared such material with 
polyacrylonitrile (PAN) and CQDs (synthesized by a facile one-pot solvothermal 
method from citric acid and 1,5-diaminonaphthalene in ethanol), which works after 
visible light illumination. Antibacterial activity was performed against several types 
of G+ and G− bacteria (~ 6-log units inactivation). In all cases, they achieved a 
reduction in bacterial cultures, although only very weak in the case of G+ bacteria 
[41]. The same combination PAN/CQDs (but CQDs obtained from the hydrother-
mal method—citric acid and urea) could be useful as fluorescent scaffold reported 
in research Kanagasubbulakshmi et al. Scaffold has antimicrobial properties, and it 
was tested for reepithelialisation in albino Wistar rats [42]. CQDs could be used for 
modification of polymer membrane, for example, polysulfone polymer membranes 
embedded with CQDs (obtained from activated carbon) for antibacterial effect 
against E. coli and S. aureus (tested by disk diffusion method) with improved per-
meability, high hydrophilicity and porosity [43]. Moreover, polycaprolactone/
CQDs electrospun nanofibers were used for improved wound healing with antibac-
terial properties [44].

Eco-friendly antimicrobial material was reported by Salimi et al. as nanocellu-
lose sheets-CQDs. CQDs were prepared from white mulberry (Morus alba L.), and 
nanocellulose is a natural biopolymer. Antimicrobial effectiveness was performed 
against L. monocytogenes via disk-covering method [45].

Very recently, few antimicrobial polymer hybrids with CQDs are known. One 
example is Ag2S–CQDs–PEI–GO composite material with strong antibacterial 
activity against E. coli, S. aureus, P. aeruginosa, and E. faecalis, which was evalu-
ated by disk diffusion method [46].

4 � Conclusion

CQDs are a very promising new antibacterial nanoparticles. Their antibacterial 
effect against different G+ and G− bacteria was confirmed. These nanoparticles 
work mainly as a photosensitiser and their antibacterial effect can be amplified by 
doping or surface modification. CQDs are very suitable for incorporation into dif-
ferent polymer matrices what makes them the antibacterial material with a very 
universal usage. Therefore, they can be used in almost any area.
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Nanoparticles. Potential for Use to Prevent 
Infections

Nenad Filipović, Nina Tomić, Maja Kuzmanović, 
and Magdalena M. Stevanović

1 � Introduction

According to the literature, one of the most common complications related to 
indwelling urinary stents is microbial adhesion to their surface which leads to bio-
film formation, and often thereafter to infection and, in some patients, urosepsis 
[1–3]. Bacteria in a biofilm can be up to 1000-fold more resistant to antimicrobial 
drugs [4]. The traditional methodology of using therapeutic intervention for devel-
oping an antimicrobial urinary stent very often lacks clinically meaningful benefit 
[5]. For that reason, urinary stent modifications using alternative methods and mate-
rials with antimicrobial functionality such as nanoparticle-based systems are being 
intensively investigated. Coverings or coatings, functionalization, blending and 
drug impregnation based on nanoparticles are mainly applied for these purposes [6]. 
In such a system i.e. product, nanoparticles may be used as the primary ingredient, 
constituent, or sub-constituent. Nanoparticles have demonstrated a broad-spectrum 
of antimicrobial properties against both Gram-positive and Gram-negative bacteria 
[7–12]. The growing interest toward antimicrobial potential of nanoparticles within 
the scientific community can be easily evaluated by searching the appropriate key-
words through some of the recognized literature databases. According to one of 
them, SCOPUS, in the last 30 years more than 14,000 peer-reviewed documents 
have been published containing keywords such as “antimicrobial” and “nanoparti-
cles” (Fig. 1). Interestingly, in the more specified search which refers only to the 
utilization of nanoparticles in urinary infections, it could be observed a similar pro-
file i.e. growing tendency, except with a significantly lower number of published 
documents, (less than 2%). Even more interesting is the fact that when this search is 
expanded on the keywords such as antimicrobial + nanoparticles + urinary 
(ureteral) + stents, only two documents are listed. Although this type of searching 
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Fig. 1  Graphical presentation of documents that contain the mentioned keywords, published from 
1987 up to now. Results are obtained from the SCOPUS database and the search is conducted on 
March 15th, 2021

has some limitations, it is obvious that, so far, the potential of the nanoparticles is 
not sufficiently investigated in this field.

Until now, the antimicrobial mechanism of action of the nanoparticles is not 
fully explained but it is considered to be based either on induction of the oxidative 
stress [13], metal ion release [14], or non-oxidative mechanisms [15]. These 
mechanisms can occur also simultaneously (Fig. 2). In literature it has been antici-
pated that some nanoparticles neutralize the electric charge of the bacterial cell 
surface and consequently modify its penetrability, leading to bacterial death [16]. 
Also, nanoparticles may increase the production of reactive oxygen species result-
ing in constraints on the antioxidative defense system and thereafter mechanical 
damage to the bacterial cell membrane. So, nanoparticles can disrupt and 
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Fig. 2  Nanoparticles exhibit antimicrobial activity through multiple mechanisms: cell wall dis-
ruption and alteration in membrane permeability, generation of ROS, nucleus/DNA damage, pro-
tein denaturation, inhibition of electron transport chain; and consequently the humpering of 
bacterial metabolic processes

penetrate the bacterial cell membrane, induce the creation of reactive oxygen spe-
cies, stimulate intracellular antibacterial activity, and interact with DNA and pro-
teins [16] (Fig. 2).

All these led to their pronounced antibacterial properties. The effect of nanopar-
ticles on biofilm formation depends on several parameters such as the type of the 
nanoparticles (metallic, nonmetallic, polymeric, etc.), their morphology (size and 
shape), electric charge, hydrophobicity, composition, polar interaction, etc. [17]. For 
example, Slomberg and coauthors examined the efficacy of silica nanoparticles con-
taining nitric oxide against Gram-negative Pseudomonas aeruginosa and Gram-
positive Staphylococcus aureus biofilms as a function of particle size and shape 
[18]. Smaller particles exhibited better nitric oxide delivery and enhanced bacteria 
killing compared to the larger ones. Also, the rod-like particles proved to be more 
effective than spherical particles in delivering nitric oxide and inducing greater anti-
bacterial action throughout the biofilm. This chapter gives an extensive overview of 
the different types of nanoparticles and nanostructured materials for the prevention, 
control, or elimination of biofilm-related infections on urinary stents. It addresses 
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polymeric nanoparticles, naturally derived antimicrobials, non-metallic and metal-
based nanoparticles, production methods, characterizations as well as their 
applications.

2 � Polymeric Nanoparticles

The most commonly used methods for achieving an antimicrobial effect of poly-
meric micro and nanoparticles are by controlled release of encapsulated/immobi-
lized antimicrobial within the polymeric matrix [19–23] or by prevention of 
initial bacterial attachment by coating/covering of the surfaces by polymers [24–
27]. It is considered a better option to inhibit the initial formation of biofilm, 
rather than trying to eliminate already colonized microorganisms. Surface coat-
ing and functionalization aim to have a bacteriostatic effect, while drug impreg-
nation and blending can achieve a bactericidal effect [6]. Surface modification of 
catheters by polymers can be bioactive or biopassive. Biopassive coating is 
accomplished through the use of hydrophilic polymer materials, which prevent 
bacterial adhesion. The bioactive coating can refer to the coating of catheter sur-
face with antimicrobial molecules or controlled release of antimicrobial from the 
particles on the surface [28, 29]. Water-soluble antimicrobials can be rapidly 
removed from catheters [5]. Drug-eluting stents showed uncontrolled drug 
release, potentiating the possibility of development of resistance, so recently 
researches focused on controlled release antibiotic, and antibiotic combination 
stent coatings.

Srisang et  al. reported the synthesis of chlorhexidine loaded nanoparticles, in 
form of poly(-ethylene glycol)-block-poly(e-caprolactone) micelles, and poly(e-
caprolactone) nanospheres, and coating of Foley catheter surface in multiple layers. 
In both cases, bacteria started to colonize the coated catheter only after 21 days, 
which indicates the prolonged release of chlorhexidine [30].

Non-adhesive hydrophilic implants are developed to prevent host irritation and 
bacterial adhesion [31]. Palmieri et al. designed a nanocomposite coating made of 
hydrophilic polymer polyethylene glycol and hydrophobic polyphenol curcumin 
deposited on the surface of graphene oxide nanoparticles. This coating decreased 
adherence and biofilm formation of Candida albicans on polyurethane cathe-
ters [32].

More research dealing with polymers such as poly(glycolic acid), poly(lactic-co-
glycolic acid), polyamine, etc. are reported below since they are also involving non-
metallic or metallic nanoparticles.
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2.1 � Naturally Derived Antimicrobials

Naturally derived antimicrobials such as essential oils, curcumin, enzymes, hyal-
uronic acid, and antimicrobial peptides in combination with synthetic antibiotics/
nanoantibiotics [33, 34] are likely to exert sufficient inhibitory effect on uropatho-
gens. These compounds are the basis of many modern pharmaceuticals, mainly anti-
biotics [35]. Due to low bioavailability, stability, and biocompatibility, they are 
often loaded into nanoparticles to improve their characteristics [36]. These nanosys-
tems, comprised of phytochemicals or microbial metabolites, and especially in 
combination with nanoantibiotics [33], have the potential to be used as antimicro-
bial coating of urinary catheters [6].

Venkat Kumar et  al. synthesized kanamycin–chitosan nanoparticles by ionic 
gelation, which were then covalently immobilized on polyurethane ureteral stents. 
These stents exhibited increased, synergistic antibacterial activity, which is sug-
gested to be a result of the disruption of negatively charged bacterial membranes, 
due to the polycationic nature of these nanoparticles and therefore increased posi-
tive surface charge of stents [37].

Phenazine-1-carboxamide is an aromatic compound isolated from P. aeruginosa. 
It was used for functionalization of silica nanoparticles, which were then applied for 
coating of urethral stents, by Kanugala et al. They report promising antibacterial 
and antifungal activity on S. aureus and C. albicans, and also activity against mixed-
species biofilms [38].

Kumar et al. reported functionalization of silver nanoparticles with Kocuran, 
an exopolysaccharide from Kocuria rosea [39]. These Kocuran-capped silver 
glyconanoparticles were used as a coating for silicone urethral catheters and 
showed significant antibacterial and antiadhesive properties against E. coli and 
S. aureus.

There have been attempts to inhibit biofilm growth by interfering with bacte-
rial communication, quorum sensing. “Quorum quenching” molecules are com-
pounds that interfere with quorum sensing by various mechanisms and can be 
utilized to create antibiofilm coatings. Nanocoatings made of α-amylase and 
acylase, capable of degrading bacterial exopolysaccharides and quorum sensing 
molecules, respectively, were deposited layer by layer on silicone urinary cath-
eter surface. This coating exhibited inhibition of P. aeruginosa and S. aureus 
biofilms, consisting either of α-amylase or acylase, but especially in form of 
hybrid nanocoatings of both enzymes, which inhibited even mixed-species 
P. aeruginosa and E. coli biofilms [40]. NanoQuench was a European project for 
developing quorum quenching enzymes and nanoantibiotics for novel coatings, 
aiming to prevent biofilm formation on urinary catheters, with a focus on Gram-
negative P. aeruginosa biofilms. One of the project’s results is antibiofilm mul-
tilayer nanovancomycin and acylase coating, which was shown to be efficient 
in-vitro [41].
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Nanobiosystem composed of magnetite nanoparticles coated with Rosmarinus 
officinalis essential oil was efficient in reducing adherence to catheter surface, and 
biofilm formation by C. albicans and C. tropicalis [42].

Phytochemicals-capped gold nanoparticles were synthesized using Aegle marme-
los leaf extract, for the further purpose of prevention of urinary catheter infections. 
Obtained nanotriangles exhibited major antimicrobial activity against S. aureus, 
P. aeruginosa, K. pneumoniae and E. faecalis [43].

3 � Non-metallic Nanoparticles

A wide class of oxides, nitrides, silicide and carbide, hydroxyapatite, diamond-like 
carbon, and others are used as antimicrobials [16, 44, 45]. Surface coatings with 
these nanomaterials have gained significant attention due to their antimicrobial 
activity. Graphene-based nanomaterials have different surface chemistry (graphite, 
graphene oxide GO, and reduced graphene oxide RGO) and different microbial 
activity mechanisms. GO has a more potent antimicrobial effect against Escherichia 
coli when compared to graphite and RGO [46]. Amorphous carbon was also used as 
a matrix material for the incorporation of metallic clusters [47].

Laube and co-workers used diamond-like carbon (DLC) material for coating ure-
teral stents. They published an in vitro and in vivo study in which they observed that 
there was a reduction in encrustation, biofilm formation, and patients’ symp-
toms [48].

Nanostructured coatings of diamond-like carbon, molybdenum disulfide and 
tungsten disulfide nanoparticles were deposited on a polydimethylsiloxane sub-
strate. These coatings were compared in terms of resistance to the formation of 
urinary deposits. It was found that tungsten disulfide was the most resistant to 
encrustations after 4 weeks of immersion in artificial urine [49].

To obtain functionalized catheter surface with improved resistance to microbial 
colonization and biofilm formation Fe2O3/C12 nanoparticles were coated on 
2-((4-ethylphenoxy) methyl)-N-(substituted-phenylcarbamothioyl)-benzamide 
used as adsorption shell. This material showed improved resistance to Staphylococcus 
aureus and Pseudomonas aeruginosa, and did not show cytotoxicity [50].

Boron nitride (BN) has physicochemical properties similar to graphene-based 
nanomaterial, but it holds an advantage in terms of biocompatibility with human 
cells. Boron nitride composite with polyethylene was studied for biomedical appli-
cations. It was demonstrated that bacterial activity of BN/PE composite correlates 
with BN concentration [51].

Nitric oxide (NO) has been a well-known antimicrobial agent. Commonly used 
NO donor in the medical research S-Nitroso-N-acetyl-dl-penicillamine (SNAP) 
was impregnated in commercial urinary catheters [52].

It was shown that catheters have very high antimicrobial efficacy and effectively 
reduce biofilm formation over a longer period. However, the issue of NO storage 
remains, as the polymers are limited reservoirs for NO.
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3.1 � Metal-Based Nanoparticles

Metal-based nanoparticles are very popular antimicrobials [53]. They do not bind to 
a specific receptor in the bacterial cell which makes them have non-specific bacte-
rial toxicity mechanisms and consequently makes the development of resistance by 
bacteria to be difficult. As a result, a large majority of metal-based nanoparticle 
efficacy studies performed so far have shown promising results in both Gram-
positive and Gram-negative bacteria [54, 55]. Several review papers can be found 
regarding this subject, among few of them have been published most recently 
[17, 56–58].

In the field of urinary catheters, silver-based coatings are in use for over 20 years 
but their true efficacy is still a matter of debate [59, 60]. The narrow boundary 
between beneficial and toxic effects, especially in the prolonged applications 
remains a major concern in Ag utilization. One of the promising approaches to over-
come the toxicity issue of Ag, is to functionalize it with more biocompatible com-
pounds. As already mentioned above, Kumar et  al., proposed the usage of 
exopolysaccharide Kocuran, as a capping and reducing agent of silver nanoparticles 
[39]. Related to the subject of Ag NPs functionalization, Ashmore and colleagues 
manage to coat Ag NPs with polyvinylpyrrolidone (PVP) and compared the anti-
bacterial efficacy with the non-coated AgNPs [61]. As a result, a significant improve-
ment in antibacterial efficacy was achieved. It is worth noting that two types of 
Ag-PVP NPs were prepared, either containing 10% of Ag or 99% and both of them 
have shown better antimicrobial properties against E. coli than non-coated AgNPs. 
In addition, the authors reported that Ag-PVP NPs also promote downregulation of 
the expression of genes that are involved in the cellular growth of E. coli.

Based on in vitro investigations of Giri and colleagues [62] reducing the surface 
charge of AuNPs broadens the therapeutic window, so a higher concentration of 
these particles can be used without toxicity concerns.

I. Carvalho et al. reported in their study, that deposition of Ag and Ag–Au bime-
tallic clusters on thermoplastic polyurethane tape (as one of the materials used in the 
ureteral stent manufacture) have positive outcomes [47]. The coating was performed 
by physical methods (sputtering and plasma gas condensation) and the authors char-
acterized it as a promising for long periods, since the release of silver in artificial 
urine did not reach the maximum amount of coating even after 30 days. Nevertheless, 
these released Ag were sufficient for the prevention of biofilm formation and 
achievement of antibacterial effect against E. coli while preserving good biocom-
patibility. Comparing the antibacterial effects, amount of released Ag, and morphol-
ogy of deposited Ag and Ag–Au clusters, the authors concluded that the size of the 
deposited cluster determines the mechanism and release kinetic of Ag. In the case 
of smaller homogeneously distributed clusters, the release of Ag ions is favored, 
while in the case of larger deposits the release of Ag NPs is the dominant process. 
In both scenarios, the bactericidal effect against E. coli was very similar. The other 
coatings investigated in this study achieved a slow Ag release and no antibacterial 
effect, suggesting that the release kinetics of Ag is directly responsible for the anti-
bacterial properties of coatings.

Nanoparticles. Potential for Use to Prevent Infections



332

Rocca et al. performed an interesting strategy in the coating of silicone catheters. 
The authors described a simple method for producing Au nanoplates by reduction of 
Au salt with gentamycin at elevated temperature [63]. The coating was performed in 
situ, during the synthesis procedure, and lasted only 15 min. Regardless of the dura-
tion of coating, deposited Au nanoplates were efficient in preventing the growth of 
three bacterial strains (S. aureus, P. aeruginosa and E. coli) after 18 h of incubation. 
The observed anti-biofouling effect of Au nanoplates was explained through the topo-
graphic change at the nano-scale level, which disrupts attachments of the bacterial 
cells. Additionally, the authors also confirmed the effectiveness of coating by testing it 
in stimulated flow conditions, using the physiological solution and syringe pump [63].

In the work performed by Ron et  al., encrustation of silicone catheters was 
remarkably prevented in in vitro conditions, by coating with rhenium-doped molyb-
denum disulfide (Re:IF-MoS2) nanoparticles [64]. As the authors stated, these NPs 
displayed a unique tendency to self-assemble into mosaic-like arrangements, modi-
fying the surface at the nanoscale to be encrustation-repellent. Encrustation investi-
gation was conducted using a custom-built device and artificial urine. The 
effectiveness of Re:IF-MoS2 nanoparticles coating lies in their specific physico-
chemical properties such as negative charge, low surface free energy, and nanotex-
ture, providing them a superior solid-lubrication behavior.

The second approach, besides stents coating, is the impregnation of nanoparti-
cles in the drug-eluting stents. Recently, Gao et al. performed a thorough investiga-
tion of biodegradable stents with a renewable surface capable of contact killing of 
bacteria [65]. The renewable property was accomplished through surface degrada-
tion of poly(glycolic acid)/poly(lactic-co-glycolic acid) (PGA/PGLA) layer, while 
antibacterial properties were achieved by impregnation of hyperbranched 
poly(amide-amine)-capped Ag shell and Au core nanoparticles in PGA–PGLA. In 
vitro and in vivo testing have confirmed that this particular stent design provides 
good mechanical properties, high antibacterial activity, the low release of Ag ions, 
and good biocompatibility. According to the authors, the capping agent (poly(amide-
amine) was most responsible for high bactericidal effects and low cytotoxicity of 
nanoparticles by providing a high-stabile structure. The stent degradation in artifi-
cial urine was gradual, constantly detaching adhered bacteria and proteins, and 
releasing enough amounts of nanoparticles. As a result, the authors reported good 
antibiofilm properties after 2 weeks-examination and lower levels of inflammatory 
and necrotic cells, 3 weeks after implantation.

A similar comprehensive approach in designing antibacterial and repellent coat-
ing was reported by Dayyoub et al. [66]. This group of scientists successfully devel-
oped a film of poly(lactic-co-glycolide) (PLGA) to release norfloxacin and Ag NPs, 
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coated with tetraether lipid The strength of this multifunctional system lies in the 
fact that it consists of dual antimicrobial agents (norfloxacin is a broad-spectrum 
synthetic antibiotic almost exclusively indicated in the treatment of urinary tract 
infections) impregnated in the biodegradable matrix. The authors used this film to 
coat polyurethane and silicone sheets, which results in effective inhibition of bacte-
ria adhesion, compared to uncoated sheets. Thanks to the fact that degradation of 
PLGA creates an acidic environment, it neutralizes alkali products of urea hydroly-
sis and thus reduces the encrustation, based on in vitro experiments in artificial urine 
that lasted two weeks.

Agarwala et al. investigated antibacterial/antibiofilm activity of iron oxide and 
copper oxide nanoparticles against multidrug-resistant biofilm forming uropatho-
gens. They found that CuO nanoparticles are more effective as an antibacterial 
material than Fe2O3 nanoparticles [67].

Besides mentioned studies, a significant number of additional papers could be 
found regarding the antimicrobial activity of metal-based NPs and some of them are 
summarized in Table 1.

4 � Conclusion

The effectiveness of nanoparticles against numerous bacterial strains including 
those that cause biofilm formations in urinary stents is well documented in many 
papers. However, the important issues that should be addressed in the nanoparticles 
utilization are the release from the inner surface of the stents and the stability of the 
coating. The harsh environment, to which the urinary stents are exposed, represents 
the obstacle that must be considered with great percussion when choosing the coat-
ing/impregnation technique and concentrations of nanoparticles. Literature data are 
constantly expanding with new findings regarding antibacterial activity, encrusta-
tion repellence, and biocompatibility, but lacking those regarding release profiles 
and how these profiles are influenced by the chemistry and flow conditions. 
Nevertheless, the reported studies have confirmed the nanoparticle-based strategy 
exhibit great potential and that it’s a matter of time when it will find its way to com-
mercially available product.
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Table 1  Metal-based NPs used for prevention and treatment of UTI

Type of nanomaterials Specific properties/findings Microbial activity Refs.

Green Ag NPs In situ photo-assisted 
deposition of AgNPs on Foley 
catheter

In vitro (antibiofilm—E. 
coli)

[68]

Chrysophanol-Ag NPs Coating on polystyrene and 
silicone surfaces; inhibition of 
quorum sensing

In vitro (the anti-adhesion 
and anti-biofouling—P. 
aeruginosa and E. coli; 
static + flow conditions) + In 
vivo (antibiofilm in mices)

[69]

Sp. platensis methanolic 
extract—Ag NPs

Coating on latex catheters; 
inhibition of rhamnolipid 
production

In vitro (antibiofilm—P. 
aeruginosa)

[70]

Ag–PolyRicinoleic acid–
polystyrene NPs

Coating on polyurethane 
catheter modified with 
tetracycline hydrochloride

In vitro (antibacterial and 
antibiofilm—E. coli and S. 
aureus)

[71]

AgNPs Layer-by-layer deposition on 
silicone cath. Using 
polydopamine and 
poly(sulfobetaine 
methacrylate-co-acrylamide)

In vivo (antibiofilm in mices 
and pigs, obs. period 14 and 
21 days); comparison with 
uncoated and Dover™ 
Ag-coated catheters

[72, 
73]

Polydopamine + AgNPs Sustained release of Ag from 
polydopamine layer deposited 
on Foley catheter

In vitro (antibiofilm—S. 
aureus and E. coli)

[28]

AgNPs Layer-by-layer deposition 
coating on silicone Foley 
catheter; superhydrophobicity

In vitro (antibacterial—E. 
coli, P. mirabilis; 
static + dynamic conditions)

[74]

HAp-Ag+ NPs silico-latex two-way 
indwelling catheters

In vivo (occurrence of 
bacteriuria and biofilm in 
rabbits, obs. period 7 days)

[75]

Fe3O4@Au nanoeggs + 
Vancomycin

Phothermal effects In vitro (antibacterial-clinical 
isolates of S. saprophyticus, 
S. pyogenes, E. coli, A. 
baumannii, VRE, MRSA, 
and PDRAB)

[76]

ZnO NPs Reduction of biofilm biomass, 
formed on urinary catheters

In vitro (antimicrobial and 
antibiofilm—clinical isolates 
of C. albicans)

[77, 
78]

Zn-doped CuO NPs Sonochemical deposition on 
silicone catheters

In vitro (antibiofilm—E. coli, 
S. aureus and P. 
mirabilis) + In vivo (rabbits, 
obs. period 7 days)

[79]

Graphene and graphene–
Ag nanoplatelets

Spray-coating on a Foley 
catheter

In vitro (antibiofilm-S. 
epidermidis)

[80]

TiO2/SiO2/Ag 
nanocomposite

Magnetron co-sputtering, 
triple layer deposition on 
glass substrate

In vitro (antibacterial and 
antibiofilm—E. coli and P. 
aeruginosa)

[81]

MgF2 NPs Coating on glass coupons; 
disruption in the membrane 
potential of bacteria

In vitro (antibacterial and 
antibiofilm—E. coli and S. 
aureus)

[82]
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Urinary Tract Infections and Encrustation 
in Urinary Stents

Roman Herout, Alina Reicherz, Ben H. Chew, and Dirk Lange

1 � Introduction

Ureteral stents are hollow tubes that ensure urine flow from the kidney via the ureter 
into the bladder. First introduced by Zimskind in 1967, the modern “double pigtail” 
or “double J” ureteral stent, as we know it today, was developed by Finney et al. in 
1978 [1, 2]. Since then, ureteral stents have been broadly used in the field of Urology 
for various indications such as blocking ureteral calculi, following endoscopic pro-
cedures, as well as reconstructive procedures such as uretero-ureterotomy or pyelo-
plasty. In addition, long-term stenting is frequently required in patients with 
malignancies to relieve obstruction of a compressed ureter. Besides warranting 
antegrade urine flow, these stents can also protect an anastomosis and serve as a 
scaffold in the healing process.
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Regardless of their clinical benefits, these indispensable tools for everyday prac-
tice come with substantial hindrances as they can lead to stent-related symptoms, 
encrustation, hematuria, infection and hence to an overall reduction in the quality of 
life of patients [3].

2 � The Complex Interaction Between Bacteria, Biofilm 
and Urinary Tract Infections

Bacterial colonization of foreign bodies has been a significant problem in Medicine 
in general and Urology in particular for decades. The formation of a biofilm typically 
consists of multiple, defined steps: First, a so-called conditioning film forms within 
minutes after insertion of the foreign body. Here, various constituents from urine, 
blood and surrounding tissues such as polysaccharides, ions and glycoproteins 
deposit to the surface of the stent. Hence, the surface properties of the foreign body 
are altered, which enables planktonic bacteria to adhere to the conditioning film [4–6].

Studies have shown that around 42–100% of all indwelling ureteral stents are 
colonized by bacteria [7–9]. Typically, the bacteria continue to form a more mature 
biofilm as large, structured communities of bacteria adhere onto surfaces and secret 
polysaccharides, nucleic acids, lipids and proteins that form an eminently protective 
cast around the bacteria. Bacteria manage to survive and proliferate in an otherwise 
hostile environment by enriching the matrix around them with DNA, proteins, and 
other organic material [10]. Also, the extracellular matrices shield bacteria from 
shear stress caused by urine flow, as well as from antibiotics [11, 12]. Other contrib-
uting factors to antibiotic resistance are the change in phenotype as bacteria trans-
form from planktonic into stationary, biofilm-forming bugs and the tendency to 
slow down their metabolism hence evading antibiotic mechanisms of action [5].

Biofilm formation on ureteral stents is assumed to be initiated within minutes 
after insertion and has been proven to be established as early as 24 h after insertion 
[7]. In a study by Shabeena et al., longer indwelling times correlated with higher 
colonization rates and after 120 days, 90% of the stents were colonized [13]. Despite 
our knowledge of bacterial colonization and biofilm formation, the link to clinically 
significant urinary tract infections is poorly understood: even though most indwell-
ing stents are colonized with bacteria, few patients with stents and positive urine 
cultures develop clinical symptoms. The complex interaction between the pathogen, 
the foreign body surface, and the host is the subject of numerous studies attempting 
to elucidate the problem. Altunal et  al. prospectively evaluated 60 patients after 
ureteral stent placement and detected a clinically significant urinary tract infection 
in 11% of patients with a median follow-up of 111 days [14].

Recently, Salari et al. retrospectively investigated the link between urine culture, 
stent culture, and subsequent urinary tract infections. Of the 159 patients included 
in this study, 15% had positive urine and 45% had positive stent culture. Two-thirds 
of the patients with a positive stent culture had a negative urine culture. The calcu-
lated odds for patients with negative urine and positive stent culture were 5.7 and 
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13.6 for patients with both cultures positive to develop a urinary tract infection in 
the future, respectively [15].

3 � Encrustation

Encrustation describes the process of mineral crystal deposition on the surfaces of a 
foreign body. Biofilm formation and encrustation are believed to be interdependent 
processes, with bacterial colonization being addressed as the primary culprit for 
both events.

Clinically, we often see markedly encrusted proximal and distal ends of ureteral 
stents, with the mid-section typically being unconcerned and the last part of the 
stent to encrust. Researchers hypothesized that a kind of “wiping” effect of ureteral 
peristalsis and that the curled proximal and distal ends are continually exposed to 
urine, and its contents might be responsible for this phenomenon [16]. In Fig. 1, an 
encrusted catheter harvested from a mouse bladder after 6-day dwelling time from 
our catheter-associated urinary tract infection mouse model is depicted.

As previously described, ureteral stents are almost instantaneously coated with a 
conditioning film of glycoproteins, polysaccharides and ions upon introduction in 
the urinary tract. From there, the fate of the indwelling stent depends on several fac-
tors, which can either leave the stent unchanged, initiate the formation of a biofilm 
or cause encrustation of the stent [3, 17, 18]. However, these different entities might 

Fig. 1  Macroscopic appearance of catheter encrustation and stone formation after 6-day dwelling 
time. Biofilm and calculi were particularly noted on catheter lateral ends [42]
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Fig. 2  The process of biofilm formation [41]

be encountered on the same stent and exist simultaneously. That being said, a bio-
film with its exopolysaccharide matrix might serve as a scaffold for mineral crystals 
to be retained, hence serving as a nidus for encrustation. Conversely, crystals depos-
ited on the conditioning film enlarge the surface enormously, thus facilitating bacte-
rial adherence. A simplified depiction of the process of biofilm formation in shows 
in Fig. 2.

Large crystals can form rapidly with urease-positive bacteria, especially Proteus 
mirabilis, and cause significant problems in affected patients. These Gram-negative 
bacteria are notorious for their ability to form large infection stones in the urinary 
tract via elevation of the urine pH. An alkaline pH is essential, as struvite precipi-
tates above a pH level of 7.2 [19]. With the enzyme urease, urea in urine is split into 
ammonia and CO2. Because of high ammonia and CO2 levels and the reaction of 
CO2 with H2O, which results in high bicarbonate levels, the pH level steadily rises 
and plateaus finally at 7.2–8.0. Ammonia continues to be hydrolyzed to form ammo-
nia ions. Subsequently, “struvite-apatite dust” is formed around the urease-produc-
ing bacteria. Both in and around these bacteria, crystallization may develop and lead 
to crystal formation and finally encrustation. Urease positive bacteria tend to cause 
severe encrustation that often results in device failure with obstruction, leading to 
hydronephrosis and possibly urosepsis [20].

4 � Risk Factors for Encrustation

Several risk factors, such as indwelling time, bacterial colonization, comorbidity of 
the patient, and the physical properties of the ureteral stent that lead to encrustation, 
have been established.
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As with biofilm formation, studies have shown that with longer indwelling times, 
encrustation tends to increase. El-Fatiq et al. showed that 9% of stents had encrusta-
tions after an indwelling time of 6 weeks, 48% of patients after 6–12 weeks and 
77% after 12 weeks [21]. Kawahara and colleagues evaluated 330 ureteral stents for 
encrustation and found 47% encrusted. A time-dependent encrustation rate was evi-
dent where 27% of stents with an indwelling time of fewer than 6 weeks showed 
encrustations. However, this rate increased to 57% after 6–12 weeks and 76% after 
more than 12 weeks. Their study could also demonstrate a correlation with ureteral 
stent size as higher rates of encrustation in ureteral catheter 6F or smaller were seen 
compared to 7F stents [22]. Kartal and coworkers came to the same conclusion in 
their study in 2018 that prolonged indwelling time in patients with stents and uroli-
thiasis was associated with increased encrustation and stone burden [23].

Regarding patient-specific factors, diabetes mellitus, recurrent urinary tract 
infections, and chronic renal failure have shown to increase the risk of bacteriuria 
and possibly stent encrustation [24].

5 � Strategies to Avoid Stent Encrustation

The complex nature of stent encrustation is reflected in the ubiquity of encrustations 
regardless of the stent materials used. There is a great incentive for companies to 
push advances in the field as the global ureteral stent market size was estimated at 
USD 422.9 million in 2019. However, due to the rise in urological and kidney-
related diseases, the market is still growing and is expected to reach USD 723.6 
million in 2027 [25].

Innovations that have been explored to diminish complications of ureteral stent-
ing involve coating with antimicrobials, altering the material compounds or chang-
ing the stent architecture.

Today, most stents used in everyday practice are comprised of polymer blends. 
The majority of these stents are coated with bioactive compounds. However, the 
exact composition is unknown as these blends are typically proprietary.

5.1 � Stent Coating

Several attempts have been made to develop stent coatings that prevent biofilm for-
mation and encrustation. Initial attempts to coat ureteral stents with antibiotic agents 
have been abandoned due to high rates of antibiotic resistance and failed efficacy in 
clinical trials [26]. Another substance that has been investigated for its potential to 
prevent biofilm formation was heparin. For decades, this negatively charged glycos-
aminoglycan has been extensively used as an anticoagulant and was hypothesized to 
hamper bacterial adhesion and biofilm formation. However, the data for heparin are 
ambiguous as some authors found significantly decreased encrustation in 
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heparin-coated stents as others failed to demonstrate a benefit [27, 28]. In a recently 
published work, Soria et al. tested a new heparin-coated biodegradable antireflux 
stent (BraidStent®-H) in a porcine model [29]. The newly developed stent could 
demonstrate an early decrease in bacterial load, but this effect did not prevail 
long-term.

5.2 � Metal Stents

Metal-based stents have been introduced to tackle some of the significant draw-
backs of polymer stents, such as encrustation, device failure resulting from external 
compression and the need for regular stent change. Various models with different 
mechanisms of action are currently on the market.

Resonance® (Cook Medical, USA) is a metal-based double-J stent composed of 
a proprietary nickel–cobalt chromium–molybdenum alloy [30]. Unlike conven-
tional polymer stents, this metal stent is not a hollow tube with multiple holes but 
consists of tightly wound coils that help maintain continuous drainage by allowing 
urine to flow in and out of the coils. The Resonance® stent has proven to be safe and 
effective: Patel et  al. reported successful treatment of hydronephrosis in 96% of 
patients in their series with median indwelling times of 19.5  months in non-
malignant and 12 months in malignant ureteral obstruction [31]. The recommended 
indwelling time of the Resonance® stent is 12 months, hence reducing the frequency 
of stent changes markedly and making it more cost-effective when compared to 
conventional polymer stents that must be changed every 3–6 months [32]. However, 
in a series with a longer follow-up, a failure rate of 28% due to pain, recurrent infec-
tions, stent migration, hematuria and encrustation was reported [33].

A different method of action is adopted by the Allium® ureteral stent (Allium 
Medical Solutions, Israel), a self-expanding large caliber stent (24–30 Fr in diameter) 
of a nitinol alloy which is covered by a proprietary polymer to avoid tissue ingrowth 
and encrustation. According to the manufacturer, these stents are intended for short- 
and long-term use with a recommended maximum indwelling time of 3 years. The 
nitinol stents come mounted on a 10 Fr delivery system for antegrade or retrograde 
insertion. Moskovitz et al. first published their results on 49 Allium® stents in 40 patients 
in 2013 [34]. They reported successful stent placement of the stent in all patients, and 
after a mean indwelling time of 17 months and a mean follow-up of 21 months, stent 
migration occurred in 14.2%, one stent was occluded, and an uncomplicated removal 
with no evidence of obstruction hereafter was performed in eight patients.

Memokath™ (PNN Medical, Denmark) is a self-expanding stent comprised of a 
nickel-titanium alloy. The nickel content of Memokath™ is very low and encased in 
an inactive protective layer of biocompatible titanium oxide, making it suitable for 
people with a nickel allergy. The stent is thermally malleable so that upon insertion, 
the stent needs to be flushed with heated saline (60 °C) to expand. Agrawal et al. 
reported on their outcomes of 74 stents inserted in 55 patients [35]. They experi-
enced 3 early complications (urinary extravasation, failed expansion and equipment 
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failure) and 18 late complications, including stent migration in 13, stent encrusta-
tion in 2 and fungal infections in 3 patients. The authors concluded that the 
Memokath™ represents a valid alternative to conventional polymer stents with 
durable long-term relief from ureteric obstruction.

No prospective trials compare the various stents in patients with chronic ureteral 
obstruction. However, Khoo et al. recently reported on their single-center experi-
ence with the Resonance®, Allium® and Memokath-051™ stent [36]. Compared to 
the latter two, the Resonance® metallic ureteric stent showed superior functional 
stent survival. However, follow-up in this study was relatively short (median actual 
stent follow-up was less than 12 months for all stents), and the retrospective nature 
without randomization makes the study prone to selection bias.

In conclusion, metal stents represent viable alternatives for patients who require 
long-term stenting with comparatively low encrustation rates.

5.3 � Biodegradable Stents

Biodegradable stents are ureteral stents that consist of materials that dissolve over 
time. This approach has several advantages as invasive removal is not required after 
the stents have completely dissolved over time. In addition, biodegradable materials 
tend to be softer, which may benefit stent tolerability and stent discomfort. Also, the 
ever-changing surface of the stent during dissolution might impede bacterial adhe-
sion and encrustation. Various materials have been tested for this purpose, such as 
polyglycolic acid, polylactic acid, poly(lactic-co-glycolic acid) and alginate-based 
materials [3, 37, 38]. With some of the tested materials like polylactic acid, issues 
with incomplete degradation and biocompatibility prevented further development, 
while others showed promising preclinical utility but were not further investigated.

The Uriprene stent (Poly-Med, USA), comprised of a radiopaque, glycolic–lac-
tic acid formula, is widely considered the most promising candidate for future clini-
cal implementation. This degradable stent has the unique characteristic to degrade 
in the distal to proximal direction, which minimizes the risk of blocking fragments 
in the ureter and the time the renal coil could block the ureteropelvic junction. 
Experiments in porcine models have demonstrated good biocompatibility with less 
inflammation when compared to conventional non-degradable polymer stents. In a 
study by Chew et al., 90% of the stents were completely degraded after 4 weeks, and 
less hydronephrosis as compared to the biostable stents was observed [39].

The biodegradable stents could be beneficial in specific indications in the future, 
especially for patients after ureteroscopy and for short-term stenting. However, to 
date, there are no biodegradable stent solutions for long-term stenting on the hori-
zon, which probably represent the patient cohort that suffers most from stent encrus-
tation and its sequelae.
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6 � Conclusions

Due to the complex biology and interactions between foreign body surfaces, the 
host and microbes, a simple, one-fits-all solution is not very likely to be developed. 
Nonetheless, our knowledge of the underlying biology has dramatically expanded, 
and novel technologies are being tested. Probably the easiest solution is to appraise 
ureteral stenting critically and omit stenting whenever feasible. However, for 
patients in need of a ureteral stent the future might bring “ideal” stents that are bio-
degradable, coated to avoid biofilm formation and incrustation and ideally emit suf-
ficient levels of specific drugs that prevent tissue ingrowth or even dissolve urinary 
calculi [40–42].

Key Points
•	 Ureteral stent encrustation is a significant problem in the field of Urology.
•	 Most ureteral stents to date are made of a polymer blend with a proprietary 

coating.
•	 Attempts have been made to reduce biofilm formation and encrustation via alter-

ing the stent surface, architecture and design.
•	 Biodegradable stents may help avoid the forgotten stent syndrome, especially in 

patients after endourologic procedures.
•	 For patients with malignant obstruction, metal stents have proven as a viable 

alternative to the conventional polymer stents with less encrustation.
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Learning from Our Mistakes: Applying 
Vascular Stent Technologies to the Urinary 
Tract

Daniel Yachia

1 � Introduction

In medicine a “stent” is a tube made of a polymer or a metal to be inserted into the 
lumen of an obstructed tubular organ to keep its lumen open. “Stenting” is the term 
of inserting such a device into the narrowed or occluded tubular organ due to either 
benign or malignant obstructive reasons.

The aim of preparing this chapter is to clarify certain points which are confusing 
many if not most of our urologist colleagues on the subject of “stents and stenting 
the urinary tract”. Another point of confusion in urology is the term of “chronic 
obstruction” describing an obstruction necessitating long-term stenting. Which 
stent to use? For how long? There are clear differences in the occlusion mechanisms 
of the ureters. These are either intrinsic pathologies causing a benign obstruction or 
a malignant obstruction. Benign obstructions are either traumatic fibrosis occurring 
after ureteral manipulations or iatrogenic trauma occurring during abdominal or 
pelvic surgeries. Such obstructions can be managed by inserting a large caliber JJ or 
even 2 JJs in tandem and left them in place until regeneration of the injury occurs. 
Malignant occlusions can be due a primary or infiltrating malignancies or because 
compression of the ureter by an extra-ureteral mass.

The fact is that the most used stent in the urinary tract is the double-J stent (JJ) 
or its variations such as the pig-tail stents. To reduce the confusion between the 
double-J and other urinary tract stents I will use the general term of JJ stents in this 
chapter.
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Are there only JJs available to us? No. There are several other but much less used 
stents which are available for use in the urinary tract, such as large caliber metal coil 
stents or covered large caliber metal mesh stents. There are also self-expandable or 
balloon expandable metallic mesh stents originally developed for use in the vascu-
lar system.

The question is: Is it logical to insert a mesh stent when malignant tissues are 
compressing or infiltrating the ureteral lumen? Obviously, not. These are the rea-
sons why there should be a separation between stenting ureters occluded by a benign 
or a malignant pathology for optimizing the outcome of the stenting.

In 1972, Goodwin described a stent being “a mold made of a compound, for 
holding some form of a graft in place” [1]. This was much before the wide use of 
the JJ which was invented by Finney in 1978 [2] and the other intraluminal stents 
developed since then and are in use in urology today.

One of the common mistakes we do as urologists is to think that any obstruction 
of the ureter can be managed by inserting a JJ. The truth is that in most cases the JJ 
provides an immediate but relatively short-term palliation for ureters obstructed by 
stones or by edema developing after endoscopic procedures. Their use becomes a 
discussion subject when we confront a chronic obstruction and our aim is to provide 
long term drainage to the kidneys. Even is such case the ethio-pathology causing 
the ureteral obstruction plays a role in our decision either using a JJ or another kind 
of stent. Today we pass a JJ beside a stone, or through the narrowed passage caused 
by a benign or malignant stricture either causing external compression or infiltrat-
ing the ureteral wall, for immediate relieve of the obstruction. The same is done in 
urethral obstructions. In such cases we pass a urethral catheter for draining the blad-
der. These are short-term palliative problem solving activities.

In cases of benign narrowing of the urethra like in BPH or external non-malignant 
ureteral compressions caused by retroperitoneal fibrosis, or in infiltrating or com-
pressing malignant obstructions in the ureter, what is needed is insertion of a large 
caliber stent into the obstructed segment for long periods or even permanently for 
re-creating a large ureteral lumen. In benign, intrinsic ureteral stenosis the aim is to 
create not only long-term drainage but also re-shaping of the ureteric lumen, which 
can be accepted as curative stenting. The same occur also in urethral obstructions, 
either due to benign or malignant prostatic obstructions or in distal urethral stric-
tures. All these are for allowing free flow of the urine.

The use of JJs in urology preceded the use of metallic mesh stents developed for 
the vascular system. However, the vascular stents became much more popular and 
common treatment option for opening occlusions of the coronary and cerebral arter-
ies, the carotid, iliac and femoral arteries.

In the vascular system stents started to be used for ensuring the patency of com-
promised arteries to allow blood flow for bringing oxygen and other vital com-
pounds to organs.

When we look to the history of vascular stents we see that it was Julio Palmaz, 
an interventional vascular radiologist, who invented the balloon-expandable stent in 
1985 [3]. This was followed by the Wallstent which is a self-expanding vascular 
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stent, invented by Hans Wallsten who was not a physician. The Wallstent was first 
used in the vascular system by Ulrich Sigwart in 1986 [4].

The successful use of vascular stents, gradually took the place of certain cardio-
vascular surgical procedures, saving the lives of many patients in a minimally inva-
sive way.

This great success induced an idea in urology that said: “If it is good for the 
vascular system, it is also good for the urinary system”. Based on this idea some 
urologists thought that such stents may have possible promising implications in 
urinary tract stenting. This was first described in 1991 by Lugmayr and Pauer who 
started a new approach for relieving ureteric obstruction [5]. Then several addi-
tional reports of successful placement of mesh stents in the urinary tract were pub-
lished [6, 7].

However, these stents were used predominantly in patients with extrinsic malig-
nant compression of the ureter who had limited life expectancy [8, 9]. Even at that 
time, Lugmayr and Pauer noted that at the site of the stent implantation they 
observed transient mucosal edema and tissue hyperplasia causing short term 
obstruction, and that these obstructions disappeared after the stent wires became 
fully incorporated into the urothelium. There were also early reports that showed, 
when used in the ureter the uncovered metal wires of these stents developed encrus-
tations and created obstructions in the stent lumen [5, 10].

Others reported long-term urothelial hyperplasia resulting in obstruction, neces-
sitating insertion of a double-J sent to reestablish lumen patency [11, 12] or remov-
ing the encrustations occluding the mesh stent [13]. A problem with bare metallic 
mesh stents used in the urinary tract is the bare wires remaining uncovered by uro-
thelium, which frequently can happen at the ends of such stents, becoming a starting 
point for stone formation. A typical case was reported by Smrkolj and Šalinović, in 
which a patient was, inserted a nitinol mesh stent in the ureteropelvic junction in 
2000 after failure of two pyeloplasty procedures. The patient returned 15 years later 
with a 35 mm stone encrusted on the mesh stent and a hardly functioning kidney [14].

Early experience also showed that balloon-expandable stents developed more 
urothelial hyperplasia, limiting their use in the ureter [15, 16]. There was even a 
report on the use of a high-frequency rotablator (a miniature drill capped with an 
abrasive, diamond-studded burr which is commonly used to pulverize hardened 
plaque within a coronary artery) for removing the occluding ingrown hyperplastic 
tissue in a ureteral mesh stent [17]. Despite the experience showing such complica-
tions, the enthusiasm around using metal mesh stents in arteries drove some urolo-
gists to use similar stents in the urinary tract. Such stents were implanted into the 
tubular structures of the urinary tract such as the ureter, the prostatic, bulbar and 
more distal parts of the urethra even in patients who had not a short life expectancy 
having benign narrowings [12, 18–20].

Then came the era of drug eluting vascular stents reducing hyperplastic reactions 
of the endothelium and resulting vascular re-stenosis. These encouraging results 
with the drug eluting vascular stents induced a new hope in urologists to use similar 
stents in the urinary tract [21, 22].
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2 � Vascular Tract vs. Urinary Tract

It is obvious that not all tubular organs in the body have the same anatomy/histology 
and physiology, and that the lumen narrowing seen in blood vessels are drastically 
different than the ones seen in the ureter, urethra, or in the bile duct or the esopha-
gus. Each tubular organ in the body has a different anatomy and also different his-
tological and functional properties. Although both the ureter and the urethra are 
tubular structures, they are NOT similar to an artery or to any other body tube.

Can we expect a stent designed for the vascular system be as effective in the 
ureter or the urethra as it is in an artery? It may be, but for only several hours, or 
until the ureteral or urethral tissues start to react to the geometry and to the material 
of a metallic mesh stent designed for the vascular system or until the malignant tis-
sue infiltrates through the mesh of the stent.

The pathophysiology of lumen narrowing in arteries is completely different than 
the narrowing of the ureteral lumen. In arteries the narrowing is mainly caused by 
“atheromatous plaques” which are made up of cholesterol and calcified material 
build-up in the luminal wall or by neointimal hyperplasia caused by proliferation 
and migration of vascular smooth muscle cells that create a thickening of the arterial 
wall. Where ureteral occlusion or narrowing are entirely different pathologies. A 
ureter can be occluded by a stone and these occlusions is relieved by passing a JJ 
beside the stone until definitive treatment. Traumatic fibrosis of the ureter is mainly 
caused by diagnostic or therapeutic endo-ureteral manipulations. Rarer reasons are 
iatrogenic injuries during abdominal surgery, retroperitoneal fibrosis encasing the 
ureter or peri-ureteral tumors compression or infiltrating the ureters. Differing from 
the vascular system, the urinary tract is an actively functioning system where each 
part of it has different anatomies and functionalities.

In the urinary tract stents are used to ensure the patency of compromised urine 
flow. In the ureter they allow to drain urine from the kidneys to the bladder and all 
along the urethra to allow unobstructed bladder emptying.

Let’s compare an artery with the ureter, which is the most stented part of the 
urinary tract, and also the urethral segments.

The urinary system has an entirely different anatomy and physiology than the 
vascular system. Starting from the ureteropelvic junction, down to the intravesical 
part, the ureter has different segments with varying diameters ever-changing with 
each passing peristaltic wave for moving forward the urine. Compared with the 
ureters, arteries with their very gradual decreasing lumen are almost inactive tubes 
allowing blood pumped by the heart to flow forward. Histologically the layers of the 
ureter are different than the arterial layers. The cross section of the ureter has a 
“star-shaped” lumen surrounded by 2–5 cell thick urothelium and 2 layers of smooth 
muscle for the proximal 2/3 of its length, and 3 layers of muscle for the final 1/3 of 
its length toward the bladder. These smooth muscles (muscularis propria) contracts 
in a peristaltic movement to advance the urine from the kidney to bladder. The uro-
thelium covering the lumen of the urinary tract is the most impermeable epithelial 
barrier in the body. In contrast, the endothelium performs a vital task of providing 
nutrients to the underlying tissue as well as maintaining tissue oncotic pressure [23]. 
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Although it never happens, in a living organism the lumen of an artery keeps its 
tubular shape with an open lumen even if no blood flows through it. Hydrodynamically 
urine acts different than the blood dynamics. Differing from the blood pressure that 
advances its flow, the pressure in the urine bolus is determined primarily by the 
pressure created by ureteral peristalsis needed to separate the walls of the col-
lapsed ureter.

The lumen lining the urethra also varies depending on the anatomical section: 
The prostatic urethra is lined by urothelial cells with patches of stratified columnar 
epithelium. The membranous urethra which passes through the external sphincter 
and the penile urethra are lined by stratified columnar and pseudostratified colum-
nar epithelium and the most distal penile urethra is lined with non-keratinized strati-
fied squamous cells.

Can the flow dynamics of continuous arterial blood flow and the changes of 
intra-arterial pressure be compared with the dynamics of urine during urination 
which is initiated by bladder contraction and simultaneous relaxation of the urethral 
sphincters? Where the daily amount of urine transported through the ureters can 
change in each individual during a single day, depending on the liquid intake affect-
ing the amount of urine excreted from the kidneys, also related to the body and 
environmental temperature etc. How the urethra through which urine passes once 
every 2–4 or 6 h can be compared to a blood vessel?

Blood flowing through the arteries has a viscosity and it contains a large collec-
tion of living cells that interact with one another. Changes in blood flow occur 
during systole and diastole. Blood flows quicker at peak-systole because it is 
physically thinner, and at end-diastole it flows slower because it becomes 2–4 
times thicker because of the aggregation of the red cells [24, 25]. This occurs 
50–70 times a minute, with blood advancing through the arteries even at diastole. 
In contrast, without a peristaltic wave moving a bolus of urine, the ureter is empty 
and in a collapsed state. Since its lumen calibre changes along all its length and 
during peristaltic movements, the chances of a bare metal stent being completely 
embedded into the ureteral wall by pushing itself into the wall are low. In most 
cases parts of the mesh stents remain bare in the ureteral lumen. Because its high 
lithogenicity, urinary crystals start to depose on the exposed stent wires and form 
a stone.

Another reason to my opposition for using a permanent stent in the urinary tract 
is that they become an implant. Even the best foreign body, with time start to cause 
problems. To believe that it will remain an “innocent implant” for long years is at 
least a wishful thinking. Even the most solid hip or knee joint implants have to be 
changed after 10–15 years. If we decide to implant a stent in a segment of the uri-
nary tract, we have to take into account the possibility that in case of an obstructive 
complication we will have to excise the implanted segment of the ureter or the ure-
thra and do a reconstructive surgery.

Vast experimental and then clinical work showed that the anti-proliferative drug 
eluting balloons and mesh stents could reduce most arterial re-stenoses. These 
results created the hope that drugs, like Zotarolimus or Paclitaxel coated stents can 
be used also in the urinary tract. A study done on porcine and rabbit ureter showed 
that compared with bare metal stents, these animals developed lower hyperplastic 
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reactions in the ureter [26]. Additional studies were done by the same group to see 
distribution of Paclitaxel in porcine ureters and rabbit urethras [22, 27].

Both studies indicated that when Paclitaxel coated balloons were inflated in a 
healthy ureter or urethra, a distribution of the drug was observed in all its layers. The 
theory behind these experiments was to show the possible use of antiproliferative 
drugs eluted by high pressure balloons or by stents coated with such drugs in ureteral 
and urethral strictures, and expect the results obtained in stenosed arteries. Although 
these findings looked encouraging, they could not prove that the same distribution 
will occur in the tense fibrous tissues causing the ureteral and urethral strictures. Stent 
occlusion due to tumor in-growth as well as “overgrowth” was observed with bare 
metal mesh stents [28]. It is well known that in most recurrent urethral strictures, all 
urethral layers, and even the peri-urethral spongious tissues become fibrotic. The 
same deep fibrosis occurs in traumatic/iatrogenic ureteral strictures. These fibrotic 
scar tissues are entirely different than the connective tissue formation in the smooth 
muscle layer of an artery that can be managed by drug eluting balloons or stents.

3 � Conclusions

In reality, most stents inserted into any place in the body are needed only for rela-
tively short- or long-term. Then they need to be removed. This is true also for the 
stents used in the vascular tract. But since they are not easily accessible and since 
they are embedded in the vascular wall, they cannot be removed. In the vascular 
system, re-entry for stent removal is risky. So, nowadays vascular stents are perma-
nently implanted. If they become occluded their patency are re-created by balloon 
dilatation with or without implantation of an additional stent (stent-in-stent).

I recommend to be realistic when looking to the facts and not be like typical 
parents believing that their baby “is the most beautiful and smartest child”.

Before using a permanent stent along the urinary tract we should think hard 
about what may happen to a ureter or urethra implanted with a permanent metallic 
mesh stent. This is especially important when something goes wrong like when the 
stent lumen becomes obliterated by hyperplastic or malignant tissues, the stent 
wires fracture, or tissue coverage over the stent wires is incomplete and the resulting 
stone formation on the wires, ureteral or urethral perforations etc.

My almost three decades long experience in using and developing two genera-
tions of stents thought me that all stents to be used in the urinary tract needs to be 
either removable or bioabsorbable/biodegradable. The current technology does not 
allow replacement of a part of the urinary tract with metal parts like doing a knee or 
hip joint replacement.

From the beginning of the early 1990s my approach was that, whatever their 
configuration, since the vascular stents are permanent implants, using them in the 
urinary tract is an erroneous concept. Even when the drug eluting mesh stents started 
to be used anywhere in the urinary tract my approach did not change.

Since my involvement with prostatic urethral stents started in the middle 1980s, 
first using the Prostacath in prostatic obstructions, and then the self-expandable 
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metallic ProstaCoil or UroCoil stents in prostatic or urethral strictures. I defended 
my thesis that the urinary tract doesn’t need a permanent stent, because the entire 
collecting system of the urinary tract is accessible, allowing their easy removal after 
a certain length of time. This become more possible with the introduction of the 
self-expanding covered Allium stents and the Uventa stent in the early 2010s.

Therapeutically when a large caliber stent is to be used in the urinary tract, the 
aim is not only allowing urine drainage through the narrowing but also re-shaping 
the narrowed segment by acting as a cast, when left in place until the ureter or ure-
thra regenerates and its scarring process stabilizes. Those defending the use of per-
manent stents always mentioned their successful use in blood vessels, but less the 
complications they created even in them. It is wrong thinking that the various 
obstructive problems along the ureter can be solved by using a single shape stent, 
no matter from which material it is done or drug it is coated. Because, differing from 
the vascular system, in the urinary system ‘one shape, does not fit all’.

My approach is still that, since vascular stents are permanently implanted 
devices, before using them in the urinary tract, we need to have clear proofs that the 
urothelium will react the same way as the vascular endothelium reacts to the stent 
and that the stent will become completely covered. We should take great care in 
using even a drug coated metal stent before clear and approved studies on its effi-
cacy to the urothelium are proved.

This is not so simple.
Biodegradable stents were tried in the past but they failed clinically. If such 

stents will be available and will show that they do not collapse and occlude the ure-
ter or the urethra, then a new era in long-term ureteral or urethral stenting will start. 
So far stent technologists could not develop an effective dissolvable or absorbable 
vascular stent that will keep its physical properties until they disappear.

By adopting the vascular stent technologies, we were hoping that taking a single 
stent shape, changing its length and caliber they could be used all along the urinary 
tract. Then asking ourselves, why the results were less than what we were expecting. 
Here I would like to requote a sentence attributed to Albert Einstein: “Insanity is 
doing the same thing over and over again and expecting different results.”
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Biodegradable Urinary Stents

Federico Soria, Julia E. de la Cruz, Marcos Cepeda, Álvaro Serrano, 
and Francisco M. Sánchez-Margallo

1 � Introduction

In the twenty-first century, it is difficult to understand that a medical device as 
widely used as urinary stents require a second medical procedure for removal. When 
both ureteral and urethral stents are in direct contact with a fluid like urine. These 
characteristics should be used for their degradation by a simple controlled hydroly-
sis reaction.

Research in the development of biocompatible biodegradable urinary stents 
(BUS) has been one of the most important research areas of innovation in the stent 
technology. The main characteristics of a BUS are related to its ability to degrade 
into non-obstructive fragments in a predefined time and to be removed through mic-
turition, after providing an appropriate internal scaffold effect and urinary drainage 
[1]. The main beneficial effect of this type of stent is the avoidance of a second 
medical procedure for removal, which reduces stress for patients and makes them 
less reluctant to undergo stenting in the future. It also overcomes the difficulties that 
in some cases are associated with the removal of a conventional ureteral stent, 
mainly in those with encrustations [2]. It should also be highlighted that, in the 
subpopulation of children, where sedation is necessary for stent removal, the risks 
and associated costs are reduced [1, 3]. Finally, another advantage provided by 
BUSs is the decrease in indirect healthcare costs. First, by avoiding the classic cys-
toscopic removal procedure, and second, by lowering the costs associated with the 
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management of complications caused by urinary stents, particularly those related to 
the treatment of calcified or forgotten stents. The latter can be up to six times more 
expensive than uncomplicated cystoscopic removal of the ureteral stent [3, 4].

Specific circumstances occur in relation to urethral stents, as they are nowadays 
generally permanent, so their removal is not the main benefit sought with the devel-
opment of these devices. The main indications are therefore to allow their tempo-
rary use and to reduce the side effects associated with urethral or prostate metallic 
stents, such as obstructive urothelial hyperplasia [5].

An important desired characteristic of the BUSs is to add to their predictable and 
controlled degradation capacity other beneficial characteristics, such as the possibil-
ity of local drug release or the possibility of becoming the first bio-coated urinary 
stent designs. In this way, they aim to combine the innovation of a biodegradable 
stent with the reduction of adverse effects, as well as properties that allow for the 
extension of stent-associated therapeutics. Biodegradable urethral stents with tissue 
therapy applications for adjuvant treatment of urethral strictures, as well as the 
delivery of chemotherapy to the upper urinary tract, are technological developments 
currently under discussion at [6].

2 � Ideal Biodegradable Urinary Stent

The characteristics that a BUS must show are mainly a biodegradable character in 
relation to its indications. That is, it must show a stable and functional structure, 
which allows it to maintain its mechanical properties during the degradation time. It 
should also favour urinary drainage and its important function as a ureteral or ure-
thral tutor as an internal scaffold [1, 7, 8]. It should be highlighted that a BUS is not 
degradable from the first moment of its placement, and therefore behaves in its first 
phases as a biostable stent, although once its degradation phase has begun, the bio-
materials and their architecture should ensure its stability and functionality.

Obviously, the biomaterials of these stents must be stable and biocompatible in 
the urinary tract [1, 7]. Both the BUS biomaterials and its metabolites must not lack 
mutagenic, carcinogenic, antigenic, toxic effects, or present the possibility of being 
absorbed through the urothelium [1, 7, 8].

Its design and mechanical characteristics must ensure that the BUS remains in 
place without migration. But these characteristics must be compatible with easy 
insertion, both at ureteral and urethral lumen, as well as in urinary obstructions [7]. 
Furthermore, an important consideration for suitable patient follow-up is that an 
ideal BUS should show good tracing ability under X-ray and ultrasound (Fig. 1).

However, if there is one characteristic of an ideal BUS, it is that it should be 
completely biodegradable. In this regard, both the biomaterials and the design of the 
BUS must provide a predictable and controlled degradation in urinary tract. This 
controlled degradation phenomenon is the cornerstone of an ideal BUS, as its deg-
radation rate must be predictable to fulfil its indication, but it must also be safe. 
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Fig. 1  Ultrasound ureteral BUS assessment. BraidStent®

Therefore, the degradation fragments must be easily washed out in the urine and 
never embedded or retained. Another ideal requirement is that once the degradation 
phase has started, the urine should be stained, never red, so that the degradation 
phase can be easily monitored by the patient [1, 7, 8].

Ideal BUSs should allow coating with antibacterial contamination inhibiting 
agents, as well as allow drug release for topical adjuvant therapy, or allow tissue 
engineering therapy. The ideal biodegradable stent should also maintain its charac-
teristics unchanged after the required sterilisation process and have a reasonable 
manufacturing cost [8–10] (Table 1).

Unfortunately, none of the technological developments have provided the ideal 
BUS. Although many advances in design and improvements in mechanical char-
acteristics and biocompatibility have been made in the last decade, one of the 
main drawbacks for the development of a clinically useful BUS is the lack of 
control and prediction of device degradation [1]. This is due to the fact that the 
urinary tract represents a changing environment, depending on each individual 
and the disease condition, and all these factors affect the degradation process of 
the BUS [8].
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Table 1  Ideal biodegradable urinary stent

•  Excellent biocompatibility
•  Moderate mechanical properties
•  Complete biodegradation without obstructive fragments
•  Prevent migration
•  Good flexibility for stent delivery
•  Good tracing ability under X-ray and ultrasound
•  Urine dye (never red)
•  Control degradation rate
•  No mutagenic, antigenic, carcinogenic or toxic degradation metabolites
•  Be affordable
•  The stent must retain all its characteristics after the sterilisation process
•  Allow drug release

3 � Biodegradables Biomaterials

As has been described in depth in previous chapters (Chapter “Biomaterials for 
ureteral stents: advances and future perspectives”), the main biomaterials used for 
the manufacture of BUS are summarised, as well as the degradation mechanisms. 
The main degradation mechanism of biomaterials used in the urinary tract is hydro-
lysis, whereby hydrogen bonds are broken upon contact with urine [8, 11]. 
Degradation by hydrolysis is influenced by a multitude of factors, including: 
changes in urinary pH, urine composition, variations in patients’ fluid intake and the 
nature of those fluids, and the characteristics of the polymeric biodegradable bioma-
terial to absorb moisture into its interior, as this last characteristic is responsible for 
the degradation kinetics [8, 11]. The other main degradation mechanism of BUSs is 
the biological one that causes the breakdown of biodegradable polymers by enzy-
matic reactions. No BUS has an exclusive biodegradation mechanism, although 
there is always one of them that is responsible for the highest percentage of 
degradation.

So, in summary, biodegradable polymers in the urinary tract first undergo a 
destabilisation of their bonds causing fragmentation. In this first step, the biomate-
rial does not lose its biomechanical characteristics. However, further hydrolytic 
degradation of the chemical bonds causes a loss of molecular weight triggering 
polymer fragmentation.

The most common biomaterials are natural polymers, synthetics and metals.

3.1 � Natural Biomaterials

The use of gelatine, alginate, gellan gum or their combinations has proven to be an 
attractive material due to its biocompatibility and low immunogenicity [12]. In par-
ticular, alginate, a linear polysaccharide from marine algae, due to its high capacity 
to form hydrogels, is frequently used in the manufacture of medical devices. The 
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most recently described BUS from biomaterials of exclusively natural origin have 
been developed by the research group of Barros et al. in Portugal [10, 13–15].

3.2 � Synthetic Biodegradable Biomaterials

Biodegradable polymers of synthetic origin are the most frequently used by BUS 
research groups. Their main advantages are their evident biocompatibility, as well 
as the absence of immunogenicity, carcinogenicity, teratogenicity and toxicity [16]. 
The most frequently used synthetic polymers are: polylactic acid (PLA), polygly-
colic acid (PGA), PLGA, PCL and polydioxanone (PDX). PLA and PCL have 
excessively slow degradation times, while the degradation rates of PGA and PDX 
are relatively fast, with degradation times from weeks to months [1, 17]. PLA is a 
polymer that has been widely used for the manufacture of medical devices due to its 
low toxicity, as it generates lactic acid as a metabolite [18, 19]. In addition, it has 
good mechanical properties, but a degradation rate of 4–6 months is a limitation for 
clinical use [20–22]. PGA is a slow degrading linear aliphatic polyester that has 
shown very favourable results with regard to bacterial adhesion and encrustation 
[12, 22].

Regarding the copolymers, they are more easily degradable than the individual 
polymers [22]. PLGA is polymerised with glycolic acid and lactic acid in different 
proportions, thus combining the advantages of both compounds [1]. Due to its 
excellent properties, PLGA has been evaluated in combination with other polymers 
for the manufacture of BUS [22]. Recently, the combination of PLGA and PGA has 
been analysed in vitro, showing that by heat treatment of the polymer cross-linker 
an ideal crystallisation of PGA is achieved, providing longer degradation times 
[23]. As well as that the combinations in the ratio between PGA and PLGA allow to 
control the mechanical properties of the stent [24].

3.3 � Metallic Biodegradable Biomaterials

Magnesium (Mg2+) and its alloys have been widely investigated as a material for 
biodegradable medical devices. However, the fast degradation of Mg-based alloys 
in a physiological environment has hindered their widespread use [25]. Lock et al. 
confirmed the use of Mg2+ alloy for BUS development. Their results showed that 
Mg2+ has suitable mechanical and antimicrobial properties for manufacturing 
BUS ureteral stents. However, corrosion control of the Mg2+ alloy remains an 
challenge [26]. Although recently, it has been demonstrated the corrosion rate of 
magnesium can be tailored by alloying elements, surface treatments and heat 
treatments [25].
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4 � Biodegradable Ureteral Stent

The aims for the development of a ureteral BUS are very clear and have been 
described earlier in this chapter. However, currently the absence of ureteral BUSs in 
daily clinical practice is mainly due to the complicated degradation rate control, 
maintenance of mechanical properties and safe urinary excretion of stent frag-
ments [27].

One of the barriers slowing down the progress of research was already described 
in 2000 and concerns the lack of agreement between in vitro and in vivo degradation 
rates demonstrated in a large number of experimental studies [21]. Mainly because 
research in animal models presents changing conditions of urine characteristics, 
interaction with the urothelium, bacterial contamination and because of the intrinsic 
hydrodynamic characteristics of the urinary tract that have been poorly investigated 
in vitro [8]. Fortunately, all biomaterials used in the development of ureteral BUSs 
have shown adequate biocompatibility, largely because synthetic polymers had 
already demonstrated their use in medical devices [8].

Nowadays, the research groups focused on this line of research are very well 
defined and, although they have not achieved a ureteral BUS for clinical use, they 
have made relevant advances in this area.

Early research (1999–2000) emerged from studies by the research group of 
Lumiaho et  al., developing ureteral BUSs composed of SR-PLA and SR-PLGA 
polymers [27, 28]. The results showed good biocompatibility of the stents, but also 
a high tendency to migrate due to weaknesses in the mechanical properties of the 
stent. They also showed a long-term degradation time of more than 24 weeks with a 
high risk of hydronephrosis [21, 28]. Subsequently, another group developed a clin-
ical trial with the placement of a ureteral BUS in patients undergoing percutaneous 
nephrolithotomy [29]. These stents showed proper urine drainage at 48  h and 
degraded at one month, with only distal migration [29]. However, a subsequent 
clinical trial did not yield satisfactory results, as 20% of the TUDS® ureteral stents 
(Boston Scientific Corporation, USA) migrated and 22% failed to maintain ade-
quate urine drainage. Additionally, stent fragments were retained for more than 
3 months, which required extracorporeal lithotripsy and ureteroscopy for resolu-
tion [30].

Progressing from the first innovations in this area of knowledge, one of the most 
important research groups should be highlighted. Chew and Lange et al., who have 
developed the Uriprene® BUS, having improved this stent after three generations of 
evolution [31–33]. The 2008 evaluation of the first generation of Uriprene® in a 
porcine model showed favourable biocompatibility and degradation without 
obstructive fragments [31]. Limitations of this first generation Uriprene® were a 
16% migration rate, a degradation time of 10 weeks and a slight obstructive activity 
[31]. In addition, a drawback was that unlike standard stents, Uriprene® had to be 
inserted through a ureteral access sheath. In later studies, this research group devel-
oped two more generations that were evaluated in animal models, technological 
innovations focused on changing the ratio and composition of the biomaterials to 
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achieve shorter degradation times and to provide sufficient strength for placement 
of the BUS coaxially to a guidewire [33]. Both the second and third generation 
Uriprene® had adequate axial and radial strength for successful insertion [32, 33].

Other groups have developed electrospinning ureteral BUSs made from PCL and 
PLGA [17]. Analysis of safety and degradation in vivo in a porcine model demon-
strated that degradation begins at 4 weeks from the distal end of the stent and pro-
gresses proximally up to day 10 weeks, causing significantly less hydronephrosis, 
inflammation and urothelial irritation in a comparative study compared to a conven-
tional ureteral stent [34]. Designs of this nature that allow control over the section 
of the stent that degrades is an important development in the design of BUSs, as it 
promotes the maintenance of the internal scaffold while allowing for controlled 
stent degradation.

One of the most promising groups in the development of ureteral BUSs is Barros 
et al., from 3B’s Research Group and the company HydruMedical in Portugal. Their 
ureteral BUS is manufactured with polymers of natural origin, having completed 
extensive studies in  vitro and in a porcine animal model [10, 13–15]. The stent 
showed homogeneous degradation without impairing urinary flow. Studies in a por-
cine model demonstrated better pathological results compared to a conventional 
ureteral stent, showing the ideal biocompatibility of these natural materials [14]. 
However, the problems that currently limit the therapeutic application of this device 
are its short time, its poor radiopacity and a progressive loss of stability during the 
degradation process. This same device has been modified by this group to give it the 
capacity to release ketoprofen, allowing the local application of substances to reduce 
the morbidity associated with ureteral stents in in vitro studies [35]. Another inno-
vation of this research group is a drug-eluting ureteral BUS for the topical adjuvant 
treatment of low-grade upper urinary tract urothelial carcinoma, which has also 
been evaluated in tumoral cell culture studies [15].

The most widely described ureteral BUS in the scientific literature is the 
BraidStent® developed by our research group, Soria and de la Cruz. In contrast to 
other BUSs, our stent is intraureteral, which reduces the morbidity associated with 
ureteral stents, as it does not cause VUR (vesicoureteral reflux) or LUTS (lower 
urinary tract symptoms) [36, 37] (Fig. 2). This ureteral BUS is composed of a com-
bination of polymers and copolymers of PGA and Glycomer 631 combined together 
and arranged in a braided design to provide a different degradation rate between 
both biomaterials, avoiding obstructive size fragments and the sudden loss of the 
mechanical properties of the stent [7, 37]. Its main indication is to promote upper 
urinary tract drainage and to serve as an internal scaffold for healing after ureteral 
surgery [8]. Early results from the evaluation of BraidStent® in a porcine model 
demonstrated a predictable and controlled degradation rate between the third and 
sixth week, with no evidence of obstructive events during the hydrolysis of the bio-
materials [7, 38] (Figs. 3 and 4). These good results are due to the cross-linked stent 
architecture and the combination of two polymers with different degradation rates. 
A remarkable aspect of this BUS is that it does not affect distal ureteral peristalsis, 
preserving distal peristalsis in up to 83% of ureters. This is great progress for 
patients, as it would probably avoid ureteral spasm, which is one of the main causes 
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Fig. 2  Biodegradable 
ureteral stent. BraidStent®

of pain in patients, as well as decrease the requirement for alpha-blockers or anti-
muscarinic drugs [7]. These good results contrast with a high rate of migration and 
asymptomatic bacteriuria, never UTI, shown in early studies. To reduce these unde-
sirable effects, the BraidStent® was coated with heparin, a well-know bacterial anti-
adhesive agent. In the three experimental studies evaluating BraidStent®-H in 2021, 
in a comparative study versus a conventional ureteral stent, in the adjuvant treat-
ment of ureteral perforation and after endourological treatment of ureteral stric-
tures, the coated BUS maintains the positive characteristics previously shown 
[39–41]. However, although heparin coating reduces the early asymptomatic bacte-
riuria rate, it increases again in the long term. This demonstrates the inability of 
heparin to reduce bacterial contamination (Fig. 5).
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Fig. 3  In vitro assessment of degradation fragments. BraidStent®

Fig. 4  Cystoscopic view. In vivo assessment of degradation fragments. BraidStent®
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Fig. 5  Ureteroscopic view. Porcine animal model assessment of BraidStent®

In order to alleviate the weak mechanical properties of degradable biomaterials 
in recent years, in-depth research has been carried out on metallic BUS. In this 
respect, Mg2+ and its alloys (Mg–Sr–Ag), polyurethane and Magnesium alloys 
have been used in in vitro and in vivo studies. These metallic BUS demonstrate 
good biocompatibility, high strength and homogeneous corrosion rate. With deg-
radation rates ranging from 4 to 14 weeks depending on the alloy [42, 43]. An 
important advantage of this type of BUS with Mg2+ alloys is that they show a sig-
nificantly antibacterial activity in upper urinary tract. For these reasons, magne-
sium alloys have become excellent candidate material for manufacturing BUS 
[42–45].

Another area of current research is the emergence of ureteral BUS to provide a 
new approach for local drug delivery in upper urinary tract. Drugs may be released 
while the stent is degrading. In this regard, Barros et al. developed a BUS to deliver 
different anti-tumour agents: paclitaxel, doxorubicin, epirubicin and gemcitabine 
[15]. Cell culture studies confirmed that these drug-eluted degradable stents could 
efficiently suppress the growth of T24 urothelial cancer cells. Our group has also 
developed the biodegradable BraidStent®-MMC, which delivers Mitomycin C for 
the adjuvant treatment of low grade upper tract urothelial carcinoma (Fig. 6). These 
innovations, in addition to avoiding a secondary stent removal procedure, allow the 
release of anti-tumour drugs, preventing their systemic administration and their side 
effects [46]. Following the same line of innovation on BUS-DES (drug eluting 
stent), another design that has been evaluated in an animal model is a BUS with 
mTOR inhibitor-eluting to reduce the progression of fibrosis proteins in ureteral 
stricture by means of rapamicyn release [47].
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Fig. 6  BUS coating. BraidStent®-MMC

5 � Biodegradable Urethral Stent

Despite their use to improve drainage of the lower urinary tract, metallic stents have 
shown significant side effects: migration, obstruction due to urothelial hyperplasia, 
encrustation and urinary tract infection. As a result, they cause a significant decrease 
in quality of life, thus reducing their therapeutic use [48].

In order to overcome the limitations of metallic stents, the development of BDG 
urethral stents was started. The main indications of these BUS devices are:

–– Temporary treatment of urinary retention, pending prostate surgery.
–– Treatment of urethral strictures, as an adjuvant to endoscopic urethrotomy or in 

cases of recurrence.
–– After BPH treatment, to ensure urinary drainage [6].
–– Scaffold for tissue engineering.

The first clinical efficacy studies of BUS prostatic coil stents were performed with 
PGA and initially achieved better voiding outcomes compared to a suprapubic cath-
eter. However, the early loss of biomechanical properties inherent to this polymer 
caused voiding flow to decrease, concurrent with stent degradation [49]. To improve 
the results, another polymer with a slower degradation rate, PLA, was chosen. 
Showing good early results that were maintained over the long term, however, the 
degradation of this polymer was excessively long, 6  months [50]. Subsequently, 
other research groups demonstrated one of the main weaknesses of this type of ure-
thral BUS, uncontrolled fragmentation of the stent caused infravesical obstruction.

After 10 years of clinical use of the urethral coil stent, a new braided tubular 
mesh design, similar to vascular stents, was developed to address the complications 
and weaknesses of early coil stent urethral BUS designs. These were mainly sum-
marised as early migration; sudden collapse of the coil configuration in cases of 
recurrent stricture treatment, which induced urethral obstruction; fragments embed-
ded in the mucosa after post-urethrotomy placement [51].

Early studies of this tubular stent were performed with PLA or PLGA. Although 
the new design shows a lower mass of polymeric material and its threads are three 
times thinner than the spiral stent, it fails to prevent the formation of urothelial 
hyperplasia [51]. The braided urethral BUS stent did not show any migration in 
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experimental studies. Another improvement is that it does not require the use of a 
cystoscope, as it is released through an sheath [52].

Despite the advances shown during the first years of development of these stents, 
they still show weaknesses that preclude their use in patients. The two main prob-
lems relate to their limited efficacy in collapsing under pressure and their manifest 
inability to inhibit the initial fibrosis and polyposis associated with urothelial hyper-
plasia. One noteworthy fact is that, a biodegradable stent should be designed con-
sidering therapeutic force rather than initial force.

One of the suggested options to improve urethral stents is the addition of anti-
inflammatory and anti-proliferative drugs. In vitro and animal model studies have 
been developed to evaluate drug-eluting stents with Dexamethasone, Indomethacin, 
Simvastatin, Ciprofloxacin and Sirolimus [52]. The latest study of a drug-eluting 
BUS is the use of Sirolimus to suppress granulation tissue formation after stent 
placement in a rat urethral model. The animal model study demonstrated suppres-
sion of urothelial hyperplasia formation secondary to urethral stent placement [5].

The tissue-engineered repair of urethral strictures with biodegradable stents is a 
recent research possibility and is perhaps the best approach to reduce complications 
in the treatment of urethral strictures. Previous studies have shown that cellularised 
BUS matrices are more effective than acellularised ones [53]. For this reason, Fu 
et al. developed a PLA-coated bioresorbable stent with autologous urothelial cells 
for urethral wall regeneration. At the end of the animal model study, 24 weeks, the 
regenerated urethral mucosa was indistinguishable from the control group and uro-
dynamically there were no differences either [54].

This BUS–DES stent design represents the future in one of the urethral diseases 
with the worst prognosis, urethral strictures, as it will allow the delivery of cells and 
modulatory factors that facilitate healthy urethral healing [55].

6 � Conclusions

The need to introduce these stents for hospital applications is crucial because of the 
benefits they provide to patients and the benefits in terms of reduced healthcare 
costs. Unfortunately, despite the significant progress that has been made recently, 
there are still limitations that need to be overcome, such as control of degradation 
rate and mechanical properties. The development of biodegradable metallic stents 
may be a line of research to overcome the current limitations of these stents. As well 
as the coating of stents to release drugs as they degrade in the urinary tract. Despite 
the necessary development that BUSs need, their future is very positive and near.
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New Double-J Stent Design for Preventing/
Reducing Irritative Bladder Symptoms 
and Flank Pain

Daniel Yachia

1 � Introduction

Ureteral stents entered the urologists armamentarium after Finney described the 
first Double-J in the late 1970s [1]. Despite the problems they create, yearly 1.5–2 
million ureteral stents are inserted world-wide, either in their original JJ shape or in 
their various modifications for short and long indwelling periods. About 15% of 
these stents are used in chronically obstructed ureters.

With their worldwide use came also reports on the problems they create which 
are very common and can affect nearly 60–80% of the patients [2]. Without taking 
into consideration the medical problems of infection, encrustation, migration, stent 
breakage etc. the patients complain of urinary frequency (up to 60%), urgency/urge 
incontinence (up to 60%) and flank pain (up to 35%). Most of these symptoms are 
caused by their inherent design flaws common in all JJ and pigtail stents being in 
close contact with certain areas of the bladder. Urinary frequency, urgency and urge 
incontinence are caused by mechanical irritation of the bladder trigone induced by 
the bladder-end coil of the stent, which is in almost constant contact with the tri-
gone. Additionally, during respiration, the up and down movement of the kidney, 
moves the bladder-end of the stent back and forth in the bladder, creating continu-
ous friction with the trigone. The bladder trigone is an anatomical entity formed by 
the two ureteral orifices and the bladder neck very rich in innervation. Maximal 
vertical motion of the kidney from the end-expiratory to its end-inspiratory position 
is 39 mm [3]. Thinking that this friction may be reduced by using a softer material 
at the bladder end of the stent, in my Closing Remarks of the Second International 
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Symposium on Urological Stents (ISUS-2) held in Belgrade in March 18–20, 1999, 
I asked theoretically if using a softer material at the bladder-end of a JJ stent could 
reduce the irritative symptoms. Although the more rigid stents caused more dysuria, 
flank and suprapubic pain, Lenon’s study could find no significant differences in the 
incidence of urgency, frequency, nocturia and hematuria [4]. A few years later the 
Polaris Ureteral Stent made of dual durometer material come to the market. The 
bladder-end of this stent was made of softer polymer with the hope that it will be 
better tolerated by the patients. To check if material softness can make a difference 
in the irritative symptoms Joshi’s group, about a decade later run a blinded, random-
ized controlled trial comparing the firmer (Percuflex) and the softer (Contour) stents. 
This study also could not find a statistical difference in the patient’s comfort and 
overall ureteral stent experience [5]. Dual durometer stents with a smooth transition 
from a firm polymer for the kidney end to a softer polymer at the bladder end 
(Polaris]) were also compared with a firm polymer made stent [Inlay Stent], but no 
difference between these stents could be found in any of the measured parameters 
[6]. Even coating the softer bladder-end with a hydrophilic material to reduce the 
friction between the stents and the trigone could not prevent the irritative symp-
toms [7, 8].

Another culprit for stent related symptoms is the use of an inappropriate stent 
length. Studies showed that inappropriate stent length induces the most disturbing 
symptoms. Al-Kandari’s study found that “Symptoms were worst when the bladder 
end crossed the midline” [9]. This was confirmed by a study done by Dellis group 
that also showed that stent symptoms are worsened if the bladder end of the stent 
crosses the midline of the bladder [10]. Another study done by Ho’s group indicated 
that longer than needed stents are associated with significantly higher incidence and 
severity of frequency and urgency, but they found no difference in the incidence of 
hematuria, bladder and flank pain, nocturia and urge incontinence [11].

Even if seemingly an appropriate length is inserted, there is an additional cause 
for the irritative symptoms: Respiration. During respiration, the up and down move-
ment of the kidney, moves the bladder-end of the stent back and forth in the bladder, 
creating continuous friction with the trigone inducing the irritation. The maximal 
vertical motion of the kidney from the end-expiratory to its end-inspiratory position 
was found to be 39 mm [3]. These “up and down movements of the kidneys” make 
measurement of the ureteral length a challenge.

Flank pain is usually caused by urine refluxing from the bladder to the renal 
pelvis through the stent when the bladder is full or during urination when the intra-
vesical pressure increases, increasing also the intra-renal pressure. This is the period 
the patients experience most of the pain.

Drug eluting ureteric stents were also tried for reducing stent related symptoms. 
Ketorolac-loaded stents showed only limited benefit in younger male patients who 
required less pain medication on days 3 and 4 compared with controls. 
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Fig. 1  Common ureteral 
double-J stent

“Drug-coated stents have had only very limited success in reducing stent symp-
toms” [12].

The current, JJ or pig-tail ureteral stents have a 2-dimensional design, in which 
their renal- and bladder-ends are on the same plane but their curl in opposite direc-
tions (Fig. 1).
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2 � Are There Any Solutions?

By analyzing the JJ related symptoms in detail we concluded that by making certain 
changes in the design, the irritative and painful ureteral stent related symptoms can 
be prevented or significantly reduced by re-engineering the bladder-end of the JJ. A 
change of shape and/or in the material of the bladder segment or its coating prob-
ably can reduce/prevent its thrusting to the trigone caused during its “in- and out-of-
the-ureter movement” during respiration. Comparison between loop-tail and regular 
pigtail ureteral stents on urination-related QoL showed that patients with loop tail 
stents emptied their bladder better than those with regular pigtails [13].

Accordingly, by accurately measuring the length of the ureter at inspiration and 
expiration we can chose the appropriate stent length. In addition, by modifying the 
position of the bladder-end of the stent we can prevent the constant contact between 
the bladder-end of the stent with the trigone. Also by adding a simple mechanism to 
the bladder end of the stent, we can create an anti-reflux mechanism. To these 
changes we can add a structural modification to allow its easy un-curling and re-
curling of the bladder end of the stent during respiration, and by this, further pre-
venting the friction of the in and out movement of the stent.

For reaching these goals we took the following steps.

2.1 � Accurate Measurement of the Ureter

JJ stents are usually available in lengths between 20 and 28 cm to fit the length of 
the individual ureter of each patient. Urologists know that accurate measurement of 
the ureteral length is important for choosing the appropriate stent length to ensure 
patient comfort and reduce irritative symptoms. The reason for using the inappro-
priate stent length is mainly the empirical practice of deciding the length of the stent 
to be used, or the use of whatever length is available at the OR. Longer than needed 
stents will have a redundant part in the bladder, and shorter than needed ones may 
retract into the ureter, making their removal more difficult. Taking into consider-
ation the patient’s height as a predictor for choosing the appropriate stent length 
may work “in the majority of ureters (grade 0 = 61%), with no stent being too short. 
In comparison, direct ureteric measurement oversized the stent in 83%, correctly 
predicting stent length in only 17%” [14] where others chose different measuring 
means [15–17].

Easy and accurate ureteric length measurement for selecting the appropriate stent 
length is important. During respiration, the “up and down movements of the kid-
neys” makes accurate measurement of the ureteral length a challenge. At inspiration 
the distance between the kidney and the bladder is the shortest. The solution for this 
problem is to find a way for accurate measurement of the ureter. Even if we take the 
average length measured at inspiration (the kidney in its low position) + length at 
expiration [the kidney in its high position] the stent still will have a 2 cm of it mov-
ing up and down in the bladder (Fig. 2). The “in- and out-of-the-ureter movement” 
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a

b

Fig. 2  X-ray view of the bladder end stent at inspiration (a) and expiration (b)

Fig. 3  Malecot-type ureteral length measuring ruler with a slider to open the Malecot wings

of the bladder-end of the stent during respiration causes continuous thrusting with 
the trigone 12–16 times every minute, meaning 17.280–23.040 in and out move-
ments during 24 h.

That is the reason for accurate measurement of the ureteral length for choosing 
the appropriate stent length that can reduce this irritative cause. Flexible length 
ureteral stents with their distal parts made of softer material to allow easier furling 
and unfurling of its bladder-end were developed for this reason. Although these 
modifications somehow reduced the length related problems but still could not pre-
vent the friction caused irritative symptoms.

A Fogarty Balloon Catheter with centimetric markings we designed can be used 
to measure the length of the ureter during the respiratory movements and decide the 
optimal double-J stent length. For further simplifying the making of an accurate 
measurement, we designed a simple Ureteral Length Measuring Ruler with a 
2-flanged Malecot-type distal end activated by a slider handle (Fig. 3). This ureteral 
ruler allows measuring the ureteral length at inspiration, when the kidney is in its 
lowest position. The logic behind using this short distance will become clear when 
#4 will be presented.
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2.2 � Making Positioning Adjustment of the Bladder-End 
of the Stent

By rotating the axis of the bladder-end segment from flat to forward by 90°, the 
intravesical segment was positioned perpendicular to the trigone for minimizing its 
contact with the trigonal mucosa (Figs. 4a, b and 5a, b) This positioning adjustment 
requires separate stents for insertion to the right or the left ureter.

a b

Fig. 4  90° forward direction of the bladder-end curl new double-J for the right (a) and left 
(b) ureter
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b

a

Fig. 5  (a) Continuous contact of the bladder-end curl of a common double-J stent with the tri-
gone. (b) The 90° forward direction of the bladder-end curl of the new double-J stent, separating 
the curl from the trigone

2.3 � Creating a Simple Anti-Reflux Mechanism

The place of the bladder-end opening of the stent was relocated to the side, creating 
a groove. This grove at the distal end of the bladder-end curl was covered with a 
pre-shaped soft silicone made sleeve-like tube to create an antireflux mechanism. 
The shape of the sleeve allows the guide-wire to pass along the lumen and the 
groove and then to pass between the stent tip and the sleeve by elevating the edge of 
the silicone sleeve. The soft silicone sleeve allows also the urine to drain into the 
bladder easily (Fig. 6a, b).
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a b

Fig. 6  Bladder-end of the new double-J stent with a soft silicone sleeve covering it for preventing 
reflux (a), and the way the guide-wire elevates the sleeve (b) similar to how urine will be drained 
into the bladder under the sleeve

2.4 � Making Changes at the Bladder-End to Allow Its Easy 
Un-Curling and Re-Curling for Keeping the Stent Body 
in the Ureter

Additionally, we made a manufacturing change in the distal segment of the stent in 
order to reduce further its thrusting to the trigone during respiration, caused by its 
“in- and out-of-the-ureter movement”. The manufacturing change was using 
multiple-durometer extrusion technology for producing a very soft bladder-end to 
allow its un-curling at expiration and re-curling at inspiration with the help of an 
embedded metal coil along the softer segment (Fig. 7a, b).
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a b

Fig. 7  At inspiration the bladder-end of the new double-J stent curve as a pig-tail but in a 90° 
forward direction distancing itself from the trigone (a), at expiration the bladder-end of the new 
double-J stent un-curls and allow its partial retraction into the ureter (b), again preventing contact 
with the trigone

3 � The Way the New JJ Will Work

Since a double-J stent is a commodity used almost by all urologists it is important 
that the learning curve for the insertion and retrieval of the new stent design should 
be as easy and as near as possible to the insertion and retrieval of a common JJ.

With the new stent, the accurate ureteral measurement will be taken at the end of 
inspiration when the kidney is in its lowest position using the Ureteral Length 
Measuring Ruler.

The appropriate stent length for the appropriate side [right or left side] will be 
chosen for insertion.

The pre-inserted guide-wire’s proximal end will be threaded from the renal end 
opening of the stent until it comes out between the side groove opening and the sili-
cone sleeve at the bladder end as seen in Fig. 6.

Then the guide-wire will be threaded through the pusher’s side opening to allow 
engaging the stent tip.

The stent will be pushed upward, until the bladder-end marker reaches the orifice 
and then it will be released by pulling out the guide wire and the pusher to allow 
curling of the bladder end.

After its release the un-curling and re-curling of the bladder-end of the stent will 
be observed during the respiratory movements.
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3.1 � Expected Advantages of the New Ureter JJ Stent

The general shape of the new stent is almost similar to current stents.
The learning curve for the physician will be quite short, because the insertion and 

retrieval of the new stent will be very similar to the current JJ stents, with the differ-
ence that the selected stent should be either for the right or left ureter.

The re-engineered features of bladder-end of the stent will minimize the contact 
between the new stent and the trigone and also prevent vesico-ureteral reflux.

With these changes in the design, the proprietary new JJ [*] is expected to pre-
vent or significantly reduce most of the ureteral stent related symptoms.

[*] Patents Granted: USA: 11,007,046 B2 [2021]; EP: 3,297,573 [2020]; CN: 
107847312 B.[2021]—Pending in other counties.
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Drug Eluting Devices in the Urinary Tract

Panagiotis Kallidonis, Athanasios Vagionis, Despoina Liourdi, 
and Evangelos Liatsikos

1 � Background

The obstruction of the upper urinary tract represents a common medical condition 
which could be related to significant and life-threating complications such acute 
renal insufficiency and urosepsis. Ureteral stents are commonly used to prevent and 
manage such complications. These stents provide non-surgical decongestion of the 
pelvicalyceal system by achieving unobstructed inflow of urine in the bladder. 
However, the use of conventional stents involves significant comorbidities, includ-
ing stent-associated infection, encrustation, migration, hyperplastic urothelial reac-
tion [1].

Urethral strictures represent a common cause of lower urinary tract obstruction 
with the characteristic of frequent recurrence. Patients suffering from urethral stric-
tures can be treated by minimally invasive techniques [2] such as mechanical dilata-
tion with balloon or placing of urethral stents [3].

In attempt to address the any stent-related complications, the urological research 
considered ideas and concepts used in interventional cardiology and radiology 
(Table 1). Percutaneous transluminal coronary angioplasty (PTCA) is the gold stan-
dard for coronary revascularization, even if restenosis complications exist in con-
cerning rates. To address this complication, stents bearing pharmaceutical agents 
(most commonly immunosuppressive agents) have been used [4]. These drug-
eluting stents (DESs) release single or multiple bioactive agents, which are depos-
ited on adjacent tissues. The immunosuppressive substances reduce benign tissue 
proliferation and their use has significantly reduced restenosis rates after PTCA [5, 
6]. In a similar fashion, the drug-coated balloons (DCBs) are used as a new 
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Table 1  Summary of drug eluting devices used in experimental studies

Study group Aim Intervention Results

Antimisiaris 
et al. Journal of 
Endourology 
2000 [23]

In vitro preparation of 
liposome-covered 
metal stents and 
loading of liposomal 
drug formulations that 
will slowly release the 
drug in the vicinity of 
the stent

Apply to pieces of stent a 
large multi-lamellar 
(MLV) liposomes either 
empty or entrapping the 
corticosteroid 
anti-inflammatory-drug

39.11 ± 6.8% of the lipid 
and 50.84 ± 5.48% of the 
drug was released from 
the stent pieces during 
48 h of incubation in the 
presence of artificial urine

Cadieux et al. 
Journal of 
Urology 2006 
[13]

Test of the effects of 
triclosan impregnated 
stent segments on the 
growth and survival of 
Proteus mirabilis

Instillation with 1 × 106 
P. mirabilis 296
Randomised groups, 
intravesical stent:
⁃  Triclosan
⁃  Optima®

⁃  Percuflex Plus®

UC: days 1, 3 and 7
Day 7: Incrustation and 
viable organisms in stents

UC: significantly less P. 
mirabilis in the triclosan 
group than in the 
Percuflex Plus® group at 
all time points and in the 
Optima® group on days 3 
and 7

Chew et al. 
Journal of 
Endourology 
2006 [9]

The bactericidal and 
bacteriostatic effect of 
a triclosan-eluting 
ureteral stent against 
common bacterial 
uropathogens in an 
in-vitro setting

Control stent and eluting 
stent with triclosan were 
suspended in artificial 
urine with bacterial 
pathogens to assess 
growth, virulence-
promoter activity, and 
bacterial adherence

Triclosan stents had 
significantly fewer 
adherent viable bacteria 
than control stents
Growth was inhibited in a 
dose-dependent fashion 
by Tcn eluate in all 
strains except P. 
aeruginosa and Ent. 
faecalis

Kotsar et al. 
Urology 2010 
[25]

To assess the 
degradation process 
and the 
biocompatibility of 
biodegradable 
drug-eluting urethral 
stents

The effect of cytokines 
and other inflammatory 
mediators on control 
stents (bacterial 
lipopolysaccharide as a 
positive control) and 
biodegradable stent 
material (poly-96l/4d-
lactic acid [PLA]) using 
the Human Cytokine 
Antibody Array

The increase in the 
production of 
inflammatory mediators 
with the PLA stent 
material was smaller than 
in the cells treated with 
lipopolysaccharide

P. Kallidonis et al.
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Table 1  (continued)

Study group Aim Intervention Results

Johnson et al. 
Urology 2010 
[11]

Comparison of 
commercially 
available, antibiotic 
coated Foley catheters 
regarding activity, 
comparative potency 
and effect durability

An inhibition zone assay 
(diffusible inhibition) and 
an adherence assay was 
used to assess the 
inhibitory effect of 
coated urethral catheters, 
2 with silver and 1 with 
nitrofurazone

The nitrofurazone coated 
catheter showed the 
greatest and most durable 
(through day 5) inhibitory 
activity
One of the 2 silver coated 
catheters showed sparse 
but measurable inhibition 
zone activity on day 1 but 
not thereafter and no 
statistically significant 
activity on adherence 
assay. The other lacked 
detectable activity using 
either test system

Elayarajah et al. 
Pak J Biol Sci 
2011 [10]

Evaluation of ureteral 
stents made of 
silicone impregnated 
with one or more 
antimicrobial agents 
(ofloxacin and 
ornidazole) to inhibit 
the growth of different 
bacterial pathogens 
that colonize the 
device surface

Stent pieces were 
impregnated in a polymer 
mixed antibiotic solution 
(ofloxacin and 
ornidazole) for uniform 
surface coating (drug-
carrier-coated stents) to 
inhibit the growth of 
different bacterial 
pathogens that colonize 
the device surface

In qualitative test, the 
zone of inhibition around 
the coated stents showed 
sensitivity against the 
clinical isolates. In 
quantitative test, the 
number of adhered 
bacteria on the surface of 
coated stents was reduced 
to a significant level 
(P < 0.05)

Barros et al. 
International 
Journal of 
Pharmaceutics 
2015 [19]

The evaluation of the 
in vitro elution profile 
of ketoprofen 
impregnated in the 
biodegradable ureteral 
stent during its 
degradation

To impregne with 
ketoprofen the 
biodegradable ureteral 
stents with each 
formulation: alginate-
based, gellan gum-based

Ketoprofen impregnated 
stents were able to the 
release ketoprofen in the 
first 72 h in artificial urine 
solution

(continued)
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Table 1  (continued)

Study group Aim Intervention Results

Ma et al. 
Materials 
Science and 
Engineering 
2016 [12]

To assess the 
degradation process 
and the 
biocompatibility of 
biodegradable 
ciprofloxacin-eluting 
ureteral stents

Poly(l-lactide-co-ε-
caprolactone) (PLCL) 
with three different 
compositions as carriers 
for ciprofloxacin lactate 
(CIP) was coated on 
ureteral stents by the 
dipping method

Stage I: mainly controlled 
by chain scission instead 
of the weight loss or 
morphological changes of 
the coatings. Stage II: the 
release profile was 
dominated by erosion 
resulting from the 
hydrolysis reaction 
autocatalyzed by acidic 
degradation residues
Ciprofloxacin loaded 
coatings displayed a 
significant bacterial 
resistance against E. coli 
and S. aureus without 
obvious cytotoxicity to 
human foreskin 
fibroblasts

Barros et al. 
Journal of 
Pharmaceutical 
Sciences 2017 
[29]

The use of an ex vivo 
porcine model to 
assess the 
permeability of the 
anti-cancer drugs 
(paclitaxel, 
doxorubicin) delivered 
from BUS across 
porcine ureter

The permeability of the 
anticancer drugs 
(paclitaxel, doxorubicin) 
alone or released from 
the biodegradable 
ureteral stent (BUS) 
developed

Paclitaxel and 
doxorubicin drugs 
released from the BUS 
were able to remain in the 
ex vivo ureter and only a 
small amount of the drugs 
can across the different 
permeable membranes 
with a permeability of 3% 
for paclitaxel and 11% for 
doxorubicin. The 
estimated amount of 
paclitaxel remains in the 
ex vivo ureter tissue 
shown to be effective to 
affect the cancer cell and 
did not affect the 
non-cancer cells

alternative instead of DESs in selected cases and offer important advantages (Fig. 1). 
Their drug is released directly at the site of the stricture while avoiding any foreign 
material at the site of the stricture. Moreover, DCBs could manage vascular stricture 
sites inappropriate for stent placement [7].

The impressive impact of the DESs to avoid vascular restenosis proposed the 
drug-eluting idea to be used for the improvement of urological urinary stents. Thus, 
the effect of DESs to reduce the existing complications of the indwelling ureteral 
stents has been investigated [8] (Table 2). The possibility of using DCBs in endou-
rology is also under research (Table 3).

P. Kallidonis et al.
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a b

Fig. 1  Use of DCB in the ureter. (a) Ureter with stricture. (b) Use of DCB in the ureter to treat the 
stricture
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Table 2  Summary of clinical studies using DES

Study group Sample Intervention Method study Results

Shin et al. 
Radiology 
2005 [32]

20 Male 
dogs—urethra

20 Paclitaxel-
eluting 
polyurethane-
covered stents 
(DES) and 20 
polyurethane-
covered stents 
(control stents) 
were placed 
alternately 
between the 
proximal and 
distal urethra
Group 1: n = 10 
Sacrificed 
4 weeks
1.1.: Drug stent 
in proximal 
urethra
1.2.: Control 
stent in distal 
urethra
Group 2: n = 10 
Sacrificed 
8 weeks
2.1.: Control 
stent in proximal 
urethra
2.2.: Drug stent 
in distal urethra

Group 1: retrograde 
urethrography after 
sacrifice to evaluate 
percentage diameter of 
stenosis
Group 2: retrograde 
urethrography at 
4 weeks and 8 weeks 
before sacrifice
The sectioned tissue 
samples were stained 
with hematoxylin–
eosin: number of 
epithelial layers, 
thickness of granulation 
tissue, thickness of the 
papillary projection, 
and degree of 
submucosal 
inflammatory cell 
infiltration

Strong tendency 
toward a lower 
percentage diameter 
of stenosis and 
numeric mean 
values of the four 
histologic findings, 
which indicates less 
formation of tissue 
hyperplasia in the 
proximal urethra 
than in the distal 
urethra
Thickness of the 
papillary projection 
was significantly 
less in drug stents 
than in control stents 
in the proximal 
urethra in the 
8-week group 
(P ˂ 0.016)

P. Kallidonis et al.
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Table 2  (continued)

Study group Sample Intervention Method study Results

Liatsikos et al. 
European 
association of 
Urology 2007 
[31]

10 Female 
pigs—ureter

Randomly 
placed in either 
the right or left 
ureter in each of 
10 study animals
1. n = 10 
R-Stent
2. n = 10. 
Paclitaxel-
eluting coronary 
stent
Percutaneous 
nephrostomy 
was performed 
under 
ultrasonographic 
guidance and the 
collecting 
system was 
visualized. 
Peployment of 
the stent was 
finalized: 
nephrostomy 
tube was capped

Patency evaluation of 
ureteral lumen: 
Radiograph of the 
nephrostomy tract, 
intravenous urography 
and virtual endoscopy 
at 24 h and 21 days 
after the initial 
procedure, respectively
Conventional 
ureteroscopy at 21 days
Pathology examination 
of ureter: same 
pathologist minimizing 
possible bias

21 day follow-up: 
Group 1: 5 
completely occluded
2 partially stenosed
Group 2:
no occluded stent
Pathology 
examination 
21 days:
Obstructed R-Stents 
generated severe 
inflammation with 
metaplasia
Paclitaxel-eluting 
MS generated a mild 
inflammatory 
response without 
hindering ureteral 
patency

(continued)
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Table 2  (continued)

Study group Sample Intervention Method study Results

Cirioni et al. 
Antimicrobial 
Agents and 
Chemotherapy 
2007 [17]

5 Adult 
female Wistar 
rats—ureter

2 × 107 CFU/mL 
S. aureus: 
inoculated into 
the bladder
Control group 
C0 without a 
bacterial 
challenge
Challenged 
control group 
(C1) without 
antibiotic 
prophylaxis
i. 10 mg/kg of 
body weight 
teicoplanin 
intraperitoneally 
immediately 
after stent 
implantation
ii. RIP-coated 
stents, in which 
0.2-cm2 sterile 
stents
iii. Stents coated 
with 
intraperitoneal 
teicoplanin

Culturing serial tenfold 
dilutions (0.1 mL) of 
the bacterial suspension 
on blood agar plates. 
37 °C for 48 h. 
Quantification: number 
of CFU per plate
Toxicity: presence of 
any drug-related 
adverse effects

C0: None had 
microbiological 
evidence of stent 
infection
C1: all presents 
infection. 
6.6 × 10 ± 1.9 × 106 
CFU/mL
3.8 × 10 ± 0.8 × 103 
CFU/mL
6.7 × 104 ± 1.4 × 103 
CFU/mL p < 0.05
iii. No bacterial 
counts (P < 0.001)
None of the animals 
included in any 
group died or had 
any clinical evidence 
of drug-related 
adverse effects

Cauda et al. 
Journal of 
Endourology 
2008 [18]

Five patients 
with bilateral 
obstructions 
ureter

For each patient 
heparin-coated 
Double J stent 
and a traditional 
polyurethane 
Double J stent 
for 1 month

Before placement and 
after removal stents 
were analyzed using 
field emission scanning 
electron microscopy 
(FESEM), energy 
dispersive spectroscopy 
(EDS) and micro-
infrared 
spectrophotometry 
(Micro-IR)
Comparison of 
thickness, extension, 
and composition of 
encrustation
Analysis of two 
heparin-coated stent at 
10 and 12 months

FESEM: significant 
differences between 
groups about 
encrustation 
thickness and 
extension
EDS and Micro-IR: 
in heparinized stents 
the encrustations 
were not as uniform 
and compact as 
those in the 
uncoated stents
10–12 months: free 
of encrustations and 
had no changes in 
the heparin layer

P. Kallidonis et al.
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Table 2  (continued)

Study group Sample Intervention Method study Results

Kotsar et al. 
BJUI 2009 
[24]

16 Male 
rabbits urethra

4 Groups: the 
stents inserted 
into the prostatic 
urethra
Drugs: 
indomethacin, 
dexamethasone 
and 
ciprofloxacine. 
80l/20d-PLGA 
stents without a 
drug coating 
served as 
controls
Four rabbits in 
each group, 
were killed after 
1 month

The urethra surrounding 
the stent was dissected 
from the rabbits en bloc
Tissue blocks: 
haematoxylin and eosin 
following routine 
techniques
Biodegradation process 
evaluated by optic 
microscopic analyses
Biological response 
eosinophilia, acute 
inflammatory changes 
(polymorphonuclear 
leucocytes), chronic 
inflammatory changes 
(lymphocytes, plasma 
cells) and the amount of 
fibrosis

Control stents and 
the dexamethasone-
eluting stents 
degraded totally 
during the follow-up 
period
Indomethacin- and 
ciprofloxacine-
eluting stent groups, 
the degradation 
process was 
significantly delayed 
and they induced an 
increase in epithelial 
hyperplasia
All the stents 
induced eosinophilia
No significant 
differences in the 
intensity of acute or 
chronic 
inflammatory 
reactions and 
fibrosis

Cadieux et al. 
Journal of 
Endourology 
2009 [14]

8 
Humans-
ureter

Each patient: 
Control stent 
3 months with 
antibiotics 
preoperative and 
postoperative
After this: 
change to 
triclosan-eluting 
stent 3 months 
with no 
antibiotics

Stent removal and 
processing: cut into 
three equal-length 
sections (bladder, 
ureteral, and kidney) 
encrustation and 
surface: blinded 
technician and air dried
Stent-adherent 
organisms: brain heart
Infusion agar 
susceptibility to 
triclosan was 
determined via 
duplicate plating on 
Mueller Hinton agar

Staphylococcus 
isolated more in 
control stents
Enterococcus 
isolated more in 
triclosan stents
Fewer antibiotics 
were used during 
triclosan stenting, 
coinciding with a 
slightly higher 
number of positive 
urine cultures and 
significantly fewer 
symptomatic 
infections

(continued)
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Table 2  (continued)

Study group Sample Intervention Method study Results

Krambeck 
et al. J Urol. 
2010 [20]

276 
Patients—
ureter

Randomization 
occurred 1:1 to 
KL or control 
stent groups
Stents were 
removed by 
pull-string or 
cystoscopically. 
Patients were 
followed for 
30 days after 
stent removal
Primary study 
end point was 
intervention for 
pain
Secondary end 
points included 
intervention due 
to stent, pain 
medication use, 
VAS assessed 
pain and patient 
satisfaction 
assessed using a 
5-point scale

Blood and urine 
samples were obtained 
for routine chemistry 
studies, serum ketorolac 
levels and urinalysis on 
days 0, 1, 2, 4, 7 and 10 
after placement, the day 
of stent removal, and 
days 2 and 30 after stent 
removal

None of the safety 
cohort had 
detectable serum 
ketorolac levels
No difference in 
primary (9.0% 
ketorolac loaded vs 
7.0% control, 
p > 0.66) or 
secondary (22.6% 
ketorolac loaded vs 
25.2% control, 
p > 0.67) 
intervention rates
Pain pill count at 
day 3: KL < Control 
(p < 0.05)
Use no or limited 
pain medications: 
KL > Control
Male KL > Female 
KL, male and 
female control. 
P < 0.05

P. Kallidonis et al.
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Table 2  (continued)

Study group Sample Intervention Method study Results

Chew et al. 
Journal of 
Endourology 
2010 [21]

92 Yorkshire 
pigs—ureter

Randomization 
in 5 groups
Control: 
non-drug-eluting 
stent + oral 
Ketorolac. 
n = 12
Autopsy at 2, 5, 
15 days
Control: 
non-drug-eluting 
stent n = 20
15% Ketorolac-
loaded stent 
n = 20
13% Ketorolac-
loaded stent 
n = 20
7% Ketorolac-
loaded stent 
n = 20
Groups 2, 3, 4, 
5: Necropsies at 
2, 5, 15, 30, 
60 days

Percutaneous aspiration 
of urine and 
venipuncture were 
obtained immediately 
before the autopsy
Ketorolac levels were 
measured in plasma, 
urine, and tissue 
sampled from ureters, 
bladder, kidneys, and 
liver using high 
performance liquid 
chromatography 
(HPLC, Waters Alliance 
Separations Module, 
Model 2695, Waters 
Corporation, Milford, 
MA)
Remainder of the 
genitourinary organs 
and liver: fixed and 
processed for 
histopathologic analysis 
and analyzed for any 
abnormality by a 
veterinarian pathologist 
blinded to the treatment 
group

majority of ketorolac 
first 30 days
Highest levels of 
ketorolac: Group 1
Highest levels of 
ketorolac in ureter 
and bladder tissues: 
Ketorolac stent 
dose-dependent 
fashion
Gastric ulcerations: 
Group 1

Kallidonis 
et al. Journal 
of 
Endourology 
2011 [37]

10 Pigs and 6 
rabbits—
ureter

A zotarolimus-
eluting stent 
(ZES) and a 
bare metal stent 
(BMS) were 
inserted in each 
ureter in the 
contralateral 
ureter as a 
control

Evaluation
Porcine: CT every 
week/4 weeks
Rabbit: IVU every 
week/8 weeks
Renal scintigraphies 
were performed before 
stent insertion and 
during the third week in 
all animals
Optical coherence 
tomograph (OCT): 
evaluation of the 
luminal and 
intraluminal condition 
of the ureters with 
stents
Histological 
examination: 
glycol-methacrylate

Hyperplastic 
reaction in both 
groups
7 Porcine ureter: 
BMSs completely 
obstructed
Porcine ureters with 
ZES stents without 
obstruction
2 Rabbit ureter: 
BMSs completely 
obstructed
No rabbit ureter 
obstruction in with 
ZES stent
OCT: hyperplastic 
reaction in the 
ureters with 
BMS > ureters with 
ZESs

(continued)
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Table 2  (continued)

Study group Sample Intervention Method study Results

Wang et al. 
Journal of 
Bioactive and 
Compatible 
Polymers 
2011 [33]

34 Male New 
Zealand 
White rabbits 
with urethral 
strictures
4 Male New 
Zealand 
White rabbits, 
without 
urethral 
strictures and 
stents
Urethra

Group 1: n = 17 
control stents 
and strictures
Group 2: n = 17 
drug paclitaxel-
stents and 
strictures
Group 3: n = 4 
without urethral 
strictures and 
stents

Changes in the stent and 
the urethral stent-area: 
examined with pediatric 
urethroscope at 4, 8, 
and 12 weeks after stent 
implantation
12 weeks: Retrograde 
urethrography to assess 
the urethral lumen
Urodynamics: bladder 
capacity and urethral 
pressure
Histological analysis: 
hematoxylin and eosin 
(HE)
Biological changes 
were assessed for 
drug-eluting stent and 
compared to control 
stent groups

Retrograde 
urethrography and 
urodynamic results 
at 12 weeks showed 
no comparable 
differences among 
the three groups
urethroscopic and 
histological 
follow-up indicated 
that the drug stents 
had minimized the 
stent-related 
inflammatory 
responses, urothelial 
hyperplasia, and scar 
formation compared 
with the drug-free 
stents

Krane et al. 
Journal of 
Endourology 
2011 [28]

12 Sprague–
Dawley 
Rats—Urethra

Formation 
urethral scars 
via 
electrocautery
Groups: n = 6 
Coated with 
Halofungione 
(HF)
n = 6 uncoated
First inserting 
the silicone 
catheter, then 
placing a 
30-gauge needle 
transversely 
completely 
through the 
corpora 
spongiosum and 
catheter and 
applying 10 W 
of electrocautery 
to the needle for 
3 s
At 2 weeks: 
euthanized and 
excision pene 
with urethral 
stent

Histopathological 
analysis: Masson 
trichrome stain or anti–
alpha-1 collagen and 
then examined with 
bright-field microscopy
Drug levels: tissue 
specimens— > HF 
concentration analysis 
via spectrophotometry
Blood: HF 
concentration via 
spectrophotometry 
absorption at 243 nm on 
a standard curve

Group 1: Local 
urethral 
concentration of HF 
was tenfold higher 
than serum 
concentration
Had no new type I 
collagen depo- sition 
after urethral injury
Group 2: had 
increased 
periurethral collagen 
type I deposition, 
typical of urethral 
stricture formation

P. Kallidonis et al.
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Table 2  (continued)

Study group Sample Intervention Method study Results

Kotsar et al. 
Journal of 
Endourology 
2012 [26]

24 Male New 
Zealand 
White 
rabbits—
Urethra

4 Groups
Biodegradable 
braided pattern 
poly(lactic-co-
glycolic acid) 
(PLGA) urethral 
stents coated 
with racemic 
50l/50d PLA 
with two 
different 
concentrations 
of indomethacin 
were inserted 
into the prostatic 
urethra
Half of the 
animals in each 
group were 
sacrificed after 
3 weeks and the 
other half after 
3 months

Histologic analyses 
(hematoxylin and eosin)
Following biologic 
response parameters: 
inflammatory changes 
(neutrophil infiltration), 
chronic inflammatory 
changes (lymphocyte 
and plasma cell 
infiltration), foreign 
body reaction, fibrosis, 
calcification, and 
eosinophil infiltration
The degradation process 
of the stent and the 
development of 
epithelial hyperplasia 
(polyposis) was 
evaluated by scanning 
electron microscopy 
SEM

SEM analysis 
revealed that 
indomethacin 
coating had no effect 
on the degradation 
process of the stents. 
Histologic analyses 
at 3 weeks: 
indomethacin-
eluting stents caused 
more calcification 
but no significant 
differences in other 
tissue reactions
3 months: the 
indomethacin-
eluting stents caused 
less inflammatory 
reaction and 
calcification 
compared with the 
control stents

(continued)
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Table 2  (continued)

Study group Sample Intervention Method study Results

Mendez et al. 
BJUI 2012 
[15]

20 Subjects 
requiring 
short-term 
stenting 
(7–15 days)—
ureter

Group 1: n = 10. 
Percuflex Plus® 
non-eluting stent 
(control)
Group 2: n = 10. 
Triumph® 
triclosan eluting 
stent
Group 1: 3 days 
of levofloxacin 
prophylaxis 
(500 mg once 
daily)
Group 2: did not 
received atb

Midstream urine 
samples were collected 
from each subject just 
prior to both stent 
placement and removal
Urine culture
Stents: cut into three 
equal length sections, 
brain heart infusion 
agar supplemented with 
0.5% yeast extract
Stent isolates were sent 
for identification and 
standard antibiotic 
susceptibility testing

Stent placement 
after: Group 1: 9 
Ureteroscopic and 
1extracorporeal 
shock wave 
lithotripsy
Group 2: 8 
ureteroscopic and 2 
extracorporeal shock 
wave lithotripsy
No significant 
differences were 
observed for culture
Group 2: reductions 
in lower flank pain 
scores during 
activity (58.1% 
reduction, 
P = 0.017) and 
urination (42.6%, 
P = 0.041), 
abdominal pain 
during activity 
(42.1%, P = 0.042) 
and urethral pain 
during urination 
(31.7%, P = 0.049)

Kim et al. 
Radiology 
2018 [38]

36 male 
Sprague–
Dawley 
rats—urethra

Randomization 
equally: Group 
A: control 
biodegradable 
stents
Group B: stents 
coated with 
90 μg/cm2 
sirolimus
Group C: stents 
coated with 
450 μg/cm2 
sirolimus
Each group: 6 
rates sacrificed 
after 4 weeks, 
the remaining 
after 12 weeks

Retrograde 
urethrography and 
histologic examination 
(hematoxylin–eosin 
stained slices)

Urethrographic and 
histologic 
examination: 
Granulation tissue 
formation Groups B, 
C < A (P < 0.05 for 
all). No significant 
differences between 
B and C
Number of epithelial 
layers B > C at 
4 weeks after stent 
placement 
(P < 0.001)
Apoptosis C > B,A 
(P < 0.05)
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Table 2  (continued)

Study group Sample Intervention Method study Results

Han et al. 
PLoS ONE 
2018 [27]

Six 
dogs—urethra

12 EW-7197-
eluting 
nanofiber-
covered stent 
(NFCS) were 
placed in the 
proximal and 
distal urethras in 
each dog
Control stent 
group n = 3 
received NFCSs
Drug-stent 
group n = 3 
received 
EW-7197 
(1000 μg)-
eluting NFCSs
All dogs were 
sacrificed 
8 weeks after 
stent placement

Urethrography: 
4–8 weeks after stent’s 
placement
The histological 
samples were 
longitudinally sectioned 
at the three different 
portions of the segment 
with the stent
Hematoxylin and eosin 
(H&E) and Masson’s 
trichrome (MT) stains 
were used to study the 
samples
The items were 
submucosal 
inflammatory cell 
infiltration, the number 
of epithelial layers, the 
thickness of submucosal 
fibrosis, and the 
thickness of papillary 
projection

Urethrographic 
analysis: mean 
luminal DS group > 
CS group at 4 and 
8 weeks after stent 
placement (all 
p < 0.001)
Histological 
examination: 
thicknesses of the 
papillary projection, 
thickness of 
submucosal fibrosis, 
number of epithelial 
layers, and degree of 
collagen DS group < 
CS group (all 
p < 0.001)
Degree of 
inflammatory cell 
infiltration was not 
significantly 
different

(continued)
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Table 2  (continued)

Study group Sample Intervention Method study Results

Kram et al. 
Urolithiasis 
2018 [30]

48 Male 
9-week-old 
Sprague–
Dawley 
rats—ureter

3 Groups: 
n = 16: 
dissection of the 
left ureter 
without 
uretero-ureteral 
anastomosis but 
blunt 
manipulation of 
the ureter
n = 16. 
Transsection of 
the left ureter 
and end-to-end 
anastomosis 
with insertion of 
either an 
uncoated 
ureteral stent
n = 16. 
Transsection of 
the left ureter 
and end-to-end 
anastomosis 
with insertion of 
either an 
pacitaxel-coated 
ureteral stent

Daily intraperitoneal 
injections of 5-bromo-
2-deoxyuridine the first 
eight postoperative 
days, sacrificed on 
day 28
Healing of the ureteral 
anastomosis and 
proliferation of 
urothelial cells was 
examined histologically 
(hematoxylin–eosin 
staining) and 
immunohistochemically

Both types of stents 
shown: 
inflammation, 
fibrosis and 
urothelial changes
Proliferation of 
urothelial cells was 
significantly lower 
in animals with 
paclitaxel-coated 
stents compared to 
those with uncoated 
stents (LI 41.27 vs. 
51.58, p < 0.001)

Lin et al. 
Journal of 
Nanomaterials 
2018 [22]

Five New 
Zealand white 
rabbits—
ureter

5 cm segment of 
the analgesic 
(ketorolac and 
lidocaine)-
eluting 
nanofiber-
incorporated 
ureter stent was 
inserted
Urine and blood 
samples were 
collected 1, 3, 7, 
14, 21, and 
28 days

Infrared spectra of the 
analgesic-loaded 
nanofibrous matrix were 
evaluated employing 
Fourier transform 
infrared (FTIR) 
spectrometry
Elution behavior 
characteristics of 
lidocaine and ketorolac 
from the analgesic-
eluting ureteral stents 
were evaluated using an 
in vitro release scheme

Analgesic-eluting 
ureteral stents could 
liberate high 
strengths of 
analgesics in vitro 
and in vivo for at 
least 50 and 30 days, 
respectively
The blood levels 
were much lower 
throughout the study 
period
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Table 3  Summary of clinical studies using DCB

Study group Sample Intervention Method of study Results

Barbalias et al. 
Journal of 
Endourology 
2017 [3]

11 
Rabbitsurethra

A. n = 2 Balloon 
without drug
B. n = 3 Balloon 
without drug + 
PCB immediately
C. n = 3 Balloon 
without drug + 
PCB 24 h
D. n = 3 Balloon 
without drug + 
PCB 48 h

Hematoxylin and 
eosin and IHC 
with polyclonal 
anti-paclitaxel 
antibody in 
posterior urethra

Existence of ruptures 
across the urethras of 
all the animals
Existence of ruptures 
across the urethras of 
all the animals
A. No PTX no 
inflammation
B. PTX distributing 
in all layers, no 
inflammation
C. PTX distributing 
in all lauers, mild 
acute inflammation
D. PTX distributing 
in all lauers, mild 
acute inflammation

Liourdi et al. 
Journal of 
Endourology 
2014 [34]

9 Domestic 
pigs ureter

Right ureter of 
each pig: PBE 
dilation
Left ureter of 
each pig: CB 
dilation
Ureter removal: 
immediately after 
12 h
After 24 h

A, B, C: Two 
samples from 
each ureter
First sample 
investigated by 
Nuclear Magnetic 
Resonance 
Spectroscopy 
(NMR)
The other: 
histology and 
IHC using a 
specific for 
paclitaxel 
polyclonal 
antibody

Group B, C: Reduced 
inflammation in 
comparison to their 
controls PTX present 
in urothelial, 
submucosal and 
muscle layer 
concentration of the 
paclitaxel C < B
Group A: PTX 
present in urothelium 
and submucosal layer

(continued)
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Table 3  (continued)

Study group Sample Intervention Method of study Results

Visasoro et al. 
Canadian 
Urological 
Association 
journal 2020 
[35]

53 Patients 
urethra

Mechanical 
balloon dilation or 
direct 
visualization 
internal 
urethrotomy prior 
to drug-coated 
balloon treatment

Patient evaluation 
at 2–5 days, 
14 days, 3, 6, and 
12-months after 
treatment

Anatomic success 
defined as urethral 
lumen ≥ 14 Fr at 
12 months
Anatomic success 
achieved in 70%
The 14 failures 
included 7 
cystoscopic 
recurrences, 5 
retreatments patients, 
2 who exited the 
study early due to 
symptom recurrence
Baseline IPSS 
improved. Quality of 
life, flow rate, and 
post-void residual 
urine volumes 
improved 
significantly

Mann et al. 
Canadian 
Urological 
Association 
journal 2021 
[36]

53 Patients 
urethra

Mechanical 
balloon dilation or 
direct 
visualization 
internal 
urethrotomy prior 
to drug-coated 
balloon treatment

Patient evaluation 
at 24 months 
after treatment

Anatomic success 
achieved in 70%, and 
baseline IPSS 
improvement from a 
mean of 25.2–6.9 at 
24 months 
(p < 0.0001)
Quality of life, flow 
rate, and post-void 
residual urine 
volumes improved 
significantly

2 � Drug Eluting Devices

Drug eluting devices can be classified in three major categories based on the phar-
maceutical agent they carry: antibiotic, anti-inflammatory agents and drugs inhibit-
ing the cell proliferation.

2.1 � DES Delivering Antibiotics

Infections of the urinary tract are related with the presence of foreign materials such 
as catheters and nephrostomy tubes. These cases consist the most frequent hospital 
infections. Any foreign bodies (catheters or urinary stent) offer a suitable surface 
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for the formation of a highly resistant biofilm [9–12]. Coating the ureteral stents 
with antibiotics could limit bacterial growth on the foreign bodies and prevent uri-
nary infections. Thus, several antibiotic agents have proposed for urinary 
stents [9–12].

2.1.1 � Triclosan

The antimicrobial agent Triclosan inhibits the fatty acids synthesis and disrupts the 
integrity of the bacterial cell’s wall. Chew et al. tested the efficiency of Triclosan 
eluting stents against common uropathogens in artificial urine. In terms of bacterial 
growth and adherence, Triclosan DESs was efficient against most of the uropatho-
gens apart from P. aeruginosa [9]. An ex vivo study, Cadieux et al., using the curls 
of a Triclosan-eluting stent sutured in a rabbit urethra verified the in vitro result, 
showing also reduced inflammation in comparison to the control group [13]. The 
same research team tested the long-term effect of using the Triclosan-eluting stent 
in a small patient group. The patients kept the DES for three months and received 
oral antibiotics when having UTI symptoms [14]. The results showed no significant 
difference in the number of the bacteria in the urine cultures. The encrustation rate 
of the Triclosan-eluting stents was compared to conventional stents in a random-
ized control trial including 20 patients. These patients were treated with short dura-
tion stenting [15]. No significant difference in encrustation rate was observed 
between the two groups but the Triclosan-eluting stent was associated with reduced 
incidents of symptomatic UTIs, abdominal and urethral pain and subsequently a 
reduced need for antibiotic therapy. Overall, the promising results of the in vitro 
and preclinical in vivo models were not observed in patients. Only the overall anti-
biotic need and patient discomfort were reduced. Despite the beneficial effects 
observed in the primary experience of this DES, it has been removed from 
the market.

2.1.2 � Quinolones

Quinolones are commonly used for the management of urinary tract infections. 
The effect of quinolone-eluting stents has been examined. Stents with a mixture of 
ofloxacin and ornidazole were evaluated in terms of efficacy against E. coli and 
S. epidermidis in a study performed by Balasubramanian et al. [16]. The stents 
were found to be effective against these uropathogens in an agar diffusion test and 
microbial adhesion was significantly reduced on them in artificial urine environ-
ment compared to conventional stents. Studies with DESs containing ciprofloxa-
cin showed that they have reliable antibacterial effect against common 
uropathogens such as S. aureus and E. coli without damaging the Human Foreskin 
Fibroblasts [12].
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2.1.3 � Silver and Nitrofurazone

Urethral catheters containing silver or nitrofurazone were evaluated for their effi-
cacy in the inhibition of resistant E. coli and P. aeruginosa [11]. Nitrofurazone-
coated stents offered longer inhibition of all E.coli strains compared to 
conventional stents, while the silver-coated showed no significant inhibition. 
Neither the nitrofurazone-coated, nor the silver-coated stent had any effect against 
P. aeruginosa. The fact that silver has antimicrobial effect but the silver-coated 
stents did not have any effect, perhaps indicates that the concentration of silver 
released in the urethra was not high enough to reach its antimicrobial potential. 
This indicates that while the ability of a stent to release a substance from its sur-
face is important, high enough concentrations are necessary so that the drug elut-
ing stent is effective.

2.1.4 � RNA-Inhibiting Peptides and Teicoplanin

Researchers using combination of RNAIII-inhibiting peptides and teicoplanin in a 
drug-eluting stent managed to significantly reduce the microbial colonization. 
Interestingly, urine cultures were negative for bacterial growth [17].

2.1.5 � Heparin

Stents coated with heparin were used to examine the possibility of decreasing the 
encrustation of the stent. Because heparin is a negatively charged molecule, an 
assumption was made that the negatively charged crystals would repel each other 
resulting in less encrustation. The layer of encrustation on the heparin-eluting stents 
was thinner and more restricted than the encrustation on the conventional ones, 
Nonetheless, the two groups did not differ significantly in terms of bacterial adhe-
sion on the stents [18].

2.2 � DES Delivering Anti-Inflammatory Substances

The patient discomfort that follows the insertion of a stent is mainly caused by the 
inflammatory response of the tissue in contact with the stent. Several anti-
inflammatory agents have been embedded on stents in an attempt to prevent patient 
discomfort.
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2.2.1 � Ketorolac

Several studies involved devices that contained Ketorolac to ease the pain and 
reduce the inflammation [19–22]. While the in  vitro and animal in  vivo studies 
showed promising results, in the clinical trials Ketorolac stents failed to show sig-
nificant difference in pain management compared to conventional stents. Only in 
the category of men under 45 years, significant difference was identified. Ketorolac 
did not have detectable plasma levels of the patients and led to the assumption that 
the concentrations were not high enough to achieve the therapeutic levels.

2.2.2 � Indomethacin, Dexamethasone and Simvastatin

Dexamethasone was one of the first anti-inflammatory drugs that has been used to 
cover stents. Antimisiaris et al. [23] applied large multi-lamellar liposomes contain-
ing dexamethasone to metallic stents to evaluate in vitro the rate of release of dexa-
methasone. Absorbable urethral stents containing indomethacin, dexamethasone 
and simvastatin were used in rabbit urethras to examine the potential reaction of the 
components and their potential effect in the degradation process [24]. In vivo ani-
mal studies using absorbable indomethacin-eluting stents revealed that the delivery 
of the drug did not intervene with the degradation of the stent and the use of the 
stents led to lower inflammation and calcification rate during the degradation [25, 
26]. The potential role of the indomethacin-stent after urethrotomy should be 
examined.

2.2.3 � EW-7197

Han et al. investigated a nano fiber-self expendable stent that contained the TGF-β 
type 1 inhibitor EW-7197 in a canine model [27]. The aim of the study was to com-
pare the formation of granulation tissue between a control and a DES stent after an 
8-week period. The use of DES resulted in wider urethral luminal diameters, thinner 
layers submucosal fibrosis and papillary projection and less epithelial layers and 
collagen deposition in comparison to the control group.

2.2.4 � Halofungione (HF)

Krane et  al. [28] eluted halofungione on a urethral stent. This alkaloid acts as a 
selective inhibitor of collagen type I. the stent was inserted in in rat urethras with 
strictures created by electrocautery. The use of halofungione prevented the forma-
tion of new type I collagen in the rat urethra.
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2.3 � DES and DCB Containing Anti-Cancer Drugs

Stents releasing anti-proliferative agents has been used in great extent in interven-
tional cardiology. The combination of limiting the cell proliferation and avoiding 
the formation of fibrosis made this drug category especially suitable for preventing 
coronary vessel restenosis. The advantages in treating restenosis led to the creation 
of ureteral and urethral stents and balloons.

2.3.1 � Paclitaxel

Paclitaxel inhibits the mitosis by stabilizing the microtubules of the cell. It is the 
most commonly used antiproliferative drug in studies evaluating devices for urinary 
stenosis.

Aiming to investigate the ability of antiproliferative drugs to permeate mem-
brane models, Barros et al. [29] used ureteral stents with doxorubicin and paclitaxel. 
The researchers concluded that both drugs were restricted in the ureter and only a 
fraction of the total drug passed all the layers. Kram et al. [30] used a DES contain-
ing paclitaxel in rat ureters to examine its inhibitory effect in hyperplastic prolifera-
tion. The rats underwent ureteroureterostomy followed by the insertion of a 
drug-eluting or a conventional stent. The DES was found significantly more effec-
tive in reducing the cell proliferation in the side of the anastomosis. In a similar 
manner, Liatsikos et  al. [31] compared DES to conventional stents in terms of 
inflammation and the tissue hyperplasia occurring in porcine ureter. The ureters 
with the indwelling DES showed increased patency in urography compared to the 
ureters with the conventional stent. Shin et al. came to the same conclusions after 
examining a custom made paclitaxel stent in canine urethra [32] (Fig. 2).

Biodegradable stents have been also evaluated in an experimental study. Wang 
et al. used a biodegradable paclitaxel DES in rabbit urethra and observed the absorp-
tion of the stent in 12 weeks. Moreover, the treated urethral mucosa showed no signs 
of fibrosis while the urethras of the control group showed signs of fibrosis [33].

In addition to DES, DCBs with paclitaxel have been investigated (Fig.  3). 
Barbalias et al. [3] studied how paclitaxel is distributed in layers of rabbit urethra. 
The study included the dilation of the posterior urethra and subsequent dilation with 
a paclitaxel-coated balloon. Histological analysis showed that paclitaxel penetrates 
the urethral layers and especially the urothelial barrier. A similar study by Liourdi 
et al. [34] proved that dilation with DCBs containing paclitaxel resulted in distribu-
tion of the drug in every layer of the ureter. While the forementioned studies proved 
that paclitaxel could be distributed in through the urothelium to the all the layers of 
the urethra and the ureter, these experiments were performed in animal models 
which did not have strictures.

ROBUST I is a multi-centered study prospective study examining the safety and 
efficacy of Optilume™ Drug Coated Balloon (DCB; Urotronic, Plymouth, MN) in 
patients with recurrent bulbar strictures. Visasoro et  al. published the first-year 
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Fig. 2  DES vs bare metal stent efficacy comparison in a porcine model

Fig. 3  Ureter optical coherence tomography before—after DCB
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results results of 53 patients that have been treated in their center using the paclitaxel-
coated balloon mentioning 70% anatomic success, which was defined as diameter 
of lumen equal or greater than 14 Fr [35]. The same research group published the 
2 years results announcing 70% success in having at least 50% improved IPSS sore 
for 2 years after the surgery [36]. Flow rate and post-void residual urine volumes 
were also improved. There researchers did not encounter any severe adverse effects. 
The long-term results of the study are expected after a 5-year follow up has been 
completed. However, it is crucial to bear in mind that every patient in this study 
prior to use of the DCB balloon received either an uncoated balloon or direct visu-
alization internal urethrotomy treatment until their urethral diameter was increased 
by 50%. Consequently, safe assumptions for the use of paclitaxel-balloons as mono-
therapy for the treatment of bulbar strictures cannot be made yet Fig. 4.

Apart from paclitaxel, the efficacy of other anti-proliferative agents such as 
zotarolimus and sirolimus have been evaluated. Kallidonis et al. [37] using DESs 
containing zotarolimus in pigs and rabbits showed that zotarolimus-eluting stents 
reduce inflammation and tissue hyperplasia in comparison to the control conven-
tional stents. Kim et al. used two types of sirolimus-eluting stents containing differ-
ent concentrations of the agent in male rat models [38]. The researchers found that 
the use of sirolimus stents reduced the formation of granulation tissue compared to 
the conventional stents and that the use of stents with sirolimus concentration of 
450 μg/cm2 resulted to less layers of epithelial growth and greater rate of apoptosis 
in comparison to the 90 μg/cm2 stent and the conventional stent.

Many pre-clinical studies testing drug eluting devices have shown impressive 
results. The ability to prevent fibrosis, tissue proliferation or bacterial adhesion 
while reducing the symptoms and improving the patient’s quality of life underline 
the great potential of these devices. That said, achieving a stable delivery of the 
drug, unaffected by the urine flow could be a key factor to lead to significant results 
in the human trials. Assumptions for the efficacy of the devices in humans cannot be 
made safely due to the lack of large clinical studies.

Fig. 4  Use of DCB in urethral strictures
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Methods and Materials for Drug Eluting 
Urinary Stents Design and Fabrication

Irene Carmagnola, Giulia Giuntoli, and Gianluca Ciardelli

1 � Introduction

After urinary stenting, patients often suffer from mid- and long-term complications, 
such as infections, bacterial colonization, encrustations, or stent obstruction which 
are related to the design, materials and surface properties of the stent.

Drug eluting stents (DES) is an advance technology that can reduce the morbid-
ity associated with stenting, by locally releasing loaded drugs in a time-
controlled manner.

The first DES were introduced in the earlies’00 for cardiovascular applications 
to address the problems of restenosis associated with bare metal stents after coro-
nary angioplasty [1]. In urology, DES could potentially solve or reduce a variety of 
stent-related and time-dependent complications, such as infections and obstruction, 
which are often related to encrustation and biofilm formation and which can dra-
matically result in stent failure [2]. Moreover, they could also find application for 
the management of cancer therapies [3] (Fig. 1).

Common stents are made of “inert” materials to minimize the foreign body reac-
tion. Nonetheless, these stents are affected by several clinical problems. For 
instance, encrustation is caused by the deposition of urine constituents (such as 
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Fig. 1  Scheme of the concept of anti-cancer drug eluting biodegradable ureteral stent as a poten-
tial drug delivery system

proteins, ions and minerals) over the stent’s surface [4]. This phenomenon occurs 
due to the physico-chemical characteristics of patient’s urine, such as urine pH, 
composition and flow dynamics, as well as stent’s constitutive materials or surface 
characteristics. Encrustation not only compromises stent drainage potential but also 
favor bacterial colonization and biofilm formation [5].

Different strategies can be applied to feature the stent with drug delivery systems 
able to reduce the incidence of encrustation and biofilm development by increasing 
the drug effectiveness and limiting any side effect associated with systemic delivery.

In this chapter is firstly reported an overview of the materials and manufacturing 
methods for conventional urinary stents, then are discussed the engineered strate-
gies for the design and fabrication of drug eluting stents. These strategies can be 
divided into two main categories which are discussed in more detail in the next 
paragraphs: (1) DES obtained by surface functionalization and coating techniques, 
or (2) direct manufacturing.

2 � Conventional Urinary Stents

2.1 � Urinary Stent Materials

The constitutive materials of urinary stents have great influence on their perfor-
mances and durability. Materials are selected based on several requirements such as 
biocompatibility, mechanical strength and flexibility, surface properties, ease pro-
cessability and cost-effectiveness.
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Non-biodegradable polymeric and metallic materials are the main constitutive 
materials used for urinary stenting. The first ureteral stent, described by Herdman 
in 1949, was made of polyethylene due to its desirable properties such as flexibility, 
strength, hydrophobicity and bio-inertness [6]. However, it was soon abandoned due 
to the occurrence of encrustations and the high risk of fracturing. Today, the most 
common polymeric non-biodegradable materials include silicones, polyurethanes, 
and other proprietary materials [7]. Between them, silicones have shown better per-
formances in terms of encrustation resistance and ions deposition hindering [8].

Compared to polymeric stents, metallic stents made of titanium, nickel–titanium 
alloys (e.g. nitinol), or stainless steel have superior mechanical properties, and are 
often chosen to treat severe conditions, such as malignant ureteric strictures, or 
when long indwelling times are required [9]. Metallic stents suffer from encrusta-
tion as the polymeric ones but have higher migration rates and production costs.

More recently, biodegradable and/or bioresorbable stents have been introduced 
as novel class of temporary stents which can be dissolved or absorbed in the body 
[10]. These stents have the advantage of decreasing patient discomfort, eliciting 
fewer complications—for instance they are less prone to encrustation-, and reduc-
ing the healthcare costs (e.g. secondary procedures for stent replacement or 
removal). Biodegradable polymers include poly(l-lactide) acid (PLLA), polygly-
colide (PGA) and polycaprolactone (PCL), whereas biodegradable metals include 
magnesium and its alloys [11]. Although very promising, no biodegradable nor bio-
resorbable stents have yet the U.S. Food and Drug Administration (FDA) regulatory 
approval for urological applications.

2.2 � Conventional Stent Manufacturing

Extrusion is the most common technique for manufacturing polymeric hollow tubes 
from thermoplastic materials. Plastic materials, in the form of pellets, granules, 
flakes or powders, are fed from a hopper into the barrel of the extruder machine; the 
molten polymer is forced by a rotating screw into a die, which confers to the product 
its final shape. To obtain a hollow section, a pin or a mandrel is placed within the 
die, while, to prevent the tube from collapsing, a positive or negative pressure can 
be applied to the internal lumen or to the outside diameter of the tube, respectively. 
For tubes with multiple lumens, more than one pin can be inserted into the die.

Coextrusion is typically used to produce a multilayered tube by extruding simul-
taneously two or more discrete layers of different materials using the same die. This 
technique can be exploited, for instance, to encapsulate non-medical materials 
between two medical-material layers. Blow molding and die drawing are other hot 
process techniques employed for fabricating polymeric tubes. In the former, blown 
air expand the polymeric tube against a mold, while the latter, similarly to extrusion, 
forces the polymer through a conical die.
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Metal based stents are obtained by extrusion or die casting, followed by surface 
treatments such as chemical or plasma etching, plasma treatment micro-electro dis-
charge machining, and laser cutting [12]. Laser cutting is a rapid prototyping tech-
nique that ensures a high-precision, burr-free cut, reliability and flexibility of 
the design.

3 � Drug Eluting Stents

Drug eluting stent is an effective means for local drug delivery to the urinary tract. 
It can potentially solve a variety of upper urinary tract problems, such as stent-
related urinary tract infections and discomfort, ureteral stricture, and neoplastic dis-
eases. There are many strategies for loading drugs, including: (1) hot melt extrusion; 
(2) soaking the polymers into drug solution (dipping); (3) CO2 impregnation; (4) 
nanofibers; (5) nanoparticles. However, the release of drug elutes on the surface of 
biostable stents is often unsustainable and uncontrollable.

Some previous researches had coated drugs to the surface of biostable stents, and 
the results were not satisfactory due to the uncontrolled drug release. Alternatively, 
drugs or active agents can be continuously released in a controlled manner from a 
drug-eluting biodegradable stents (BUS), when the stent degrades. BUS are poten-
tially a powerful tool to contrast the most frequent adverse effects reported by 
patients experiencing that are pain and difficulties in urinary tract.

Several surface engineering strategies have been applied to minimize encrusta-
tion and bacterial adherence over the stent surface, through antimicrobial (bacteri-
cidal), anti-fouling (bacteriostatic), lubricating or drug eluting coatings [13].

Natural antibacterial coatings include glycosaminoglycans and heparin—natural 
components of the urine that were found to delay encrustation; hydrophilic coatings 
such as phosphoryl-choline or hydrogels demonstrated the ability to inhibit biofilm 
formation thanks to the hydrophilic environment that hinders proteins adsorption, 
thus bacterial adhesion; similarly, chitosan is used for its intrinsic antibacterial 
properties. Other coatings, like diamond-like carbon or polytetrafluoroethylene, 
diminish the surface friction, facilitating stent insertion and placement while lower-
ing patient discomfort.

3.1 � Coating Strategies

Stents surface can be directly coated with active agents by several methods, such as 
impregnation by dipping or supercritical fluid technology [3], crystallization, spray-
coating, or layer-by-layer techniques. The first are most traditional and used, instead 
layer-by-layer technique is quite innovative in the urinary stent fields.
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Drugs immobilization by impregnation is a two-step procedure: first, a conven-
tional polymeric or metallic stent is fully immersed into a solution containing the 
drug; subsequently the solvent evaporates leaving the surface coated with the drug.

Antibacterial agents/drugs can also be directly spray-coated onto the surface of 
the stent [14]. For example, Nasongkla et al. deposited chlorhexidine-loaded nano-
spheres on the surface by high-pressure emulsification-solvent evaporation tech-
nique. In detail nanosphere suspension was perpendicularly sprayed to the spinning 
silicone tubes for 10 s by air pump spray gun with the flow rate of 0.2 mL/s. Then 
silicone tubes were drained under air flow. The drug release ability of the coated sili-
cone tubes were tested in artificial urine and the chlorhexidine was sustained release 
for 2 weeks. Additionally, nanoparticles based coating showed antibacterial activity 
against common bacteria causing urinary tract infections up to 15 days.

Similarly, direct crystallization allows to crystallize drug onto a substrate through 
temperature-dependent or microdrop spray, ensuring a slower release than amor-
phous drug layers due to lower dissolution rate and at the same time limiting the 
loaded drug amount [15]. However the direct crystallization method is character-
ized by burst drug release kinetics.

With solvent-based polymer spraying, a drug-eluting coating can be obtained 
with few steps, including [16]: drugs incorporation into the polymeric solution by 
mixing, drug/polymer formulation spraying onto the surface; solvent evaporation. 
Coating characteristics, such as thickness, can be easily tailored by controlling sol-
vent evaporation kinetics or spaying parameters. DES with prolonged antibiotic 
action have been obtained by spray coating drug-loaded nanospheres solutions, 
obtaining a smooth and homogeneous coating after several spray cycles; a sus-
tained drug release up to 30 days occurs after the initial burst release of the loaded 
drug [14].

Layer-by-layer technique was firstly proposed by Decher et al. in the beginning 
of 1990s and it based on the alternating exposure of a charged substrate to solutions 
of molecules with opposite charges. After each deposition step, the substrate is 
washed to avoid cross-contamination of the polyelectrolyte solutions and eliminate 
the excess polyelectrolytes. The LBL technique allows to obtain homogeneous 
coating with precise and tunable architecture. It is also applicable to substrates of 
any shape and dimension, it is environmentally friendly and all the deposition pro-
cesses can be carried out in mild conditions with low-cost manufacturing. The coat-
ing features are easily tunable by adjusting the experimental parameters, such as 
pH, ionic strength and polyelectrolyte concentration [15–17]. Tzanov and co-
workers proposed the layer-by-layer technique to modify the surface of silicone 
urinary catheters to achieve infection-preventive coatings, as summarized on Fig. 2. 
Aminocellulose nanospheres positively charged were combined with the hyaluronic 
acid (HA) polyanion to build a layer-by-layer construct on silicone surfaces. 
Silicone supports were previously functionalized by polymerizing 3-(aminopropyl)
triethoxysilane, ensuring the deposition of the first negatively charged HA layer, the 
multilayer coating was build-up employing a multi-vessel automated dip coater sys-
tem to obtain 5, 10 and 100 bilayers. LbL coating antibiofilm activity was tested 
against P. aeruginosa. The inhibition of biofilm formation was already 
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Fig. 2  Scheme of the antibacterial surfaces fabrication exploiting LbL techniques on silicone 
based surface. (From [18])

demonstrated with 5 bilayers coating. The antibiofilm efficiency of 10 bilayer mul-
tilayer coating on a Foley catheter was additionally validated under dynamic condi-
tions using a model of the catheterized bladder in which the biofilm was grown 
during 7 days.

Although the manufacturing process is quite simple, DES obtained by direct 
coating methods are short term solutions and do not ensure sustained drug delivery. 
In fact, due to the rapid drug elution times, 90% of the drug is released within 2 days 
via burst release; once the thin biodegradable coatings are fully degraded or the drug 
content completely eluted, DES can be compared to conventional stents. To delay 
the complete depletion of the drug, additional coatings can be used for drug protec-
tion, among which the most common are hydrogels. Solutions employing drug 
delivery systems overcome the limited effectiveness of delivery observed for DES 
obtained by direct coating methods and provide the stent with sustained and con-
trolled drug release over few weeks. The approach of using polymer coating layers 
has several functions: (1) delay the complete depletion of the active agent; (2) oper-
ate as drug loading system; (3) control drug release kinetics; (4) act as biocompati-
ble coating after drug depletion.

Stents with a hydrophilic hydrogel coatings are currently commercially available 
(e.g., Universa® Soft Ureteral Stent-COOK® Medical). Hydrogel based coatings are 
design to reduce surface friction upon deployment which facilitates the placement 
of the stent and lowers patient discomfort and to be exploited for the controlled 
release of drugs and other biologically active compounds. For instance, antiprolif-
erative drugs can be spray-coated onto the surface of the stent and be further 
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covered with an additional hydrogel layer to protect them upon stent insertion and 
further prevent a burst release [19]. Similarly, hydrogel or other polymeric materials 
can also work as a carrier due to a direct or indirect incorporation of the targeted 
drug into the polymeric matrix. Indirect incorporation includes the use of nano-
spheres/nanoparticles in which the drug can be loaded [20].

Drug-loaded nanoparticles can be prepared by several encapsulation methods 
which are reviewed by Pinto Reis et al., and others [21, 22]. Most of these proce-
dures are simple and have industrial scale-up applicability, besides high encapsula-
tion efficacy and improved pharmacokinetics and pharmacodynamics.

3.2 � DES Direct Manufacturing

Drug eluting stents may be fabricated in a single process using direct manufacturing 
techniques. Drug delivery is a typical application of multilayered extruded tubes 
obtained by coextrusion [23]. In detail reservoir implants contain a drug loaded core 
encased in a rate controlling sheath. Co-extrusion to produce a core-sheath or mul-
tiple layer system requires multiple single screw extruders: centering and process 
adjustments to control dimensions can be difficult. The materials in the layers 
should stick together; generally chemical similarity predicts adhesion.

In the last decades additive manufacturing techniques have been emerged as 
alternative tool for the fabrication of drug-eluting implants combining the advan-
tages of a targeted local drug therapy over longer periods of time with a manufactur-
ing technique that easily allows modifications of the implant shape to comply with 
the individual needs of each patient [24]. Research until now has been focused on 
several aspects of this topic such as 3D-printing with different materials or printing 
techniques to achieve implants with different shapes, mechanical properties or 
release profiles.

3.3 � DES Bioabsorbable Urinary Stents

Drug-eluting technologies can be successfully combined with completely biode-
gradable devices. A biodegradable stent would eliminate the need for the patient to 
undergo a stent removal procedure, the problems of chronic indwelling stents 
(encrustation, stone, formation, infection), as well as the complication feared by 
urologists knows as the forgotten stent.

Biodegradable urinary stents (BUS) include both bioabsorbable natural or syn-
thetic polymers, or metals. Polymeric BUS are not yet in available for urological 
applications but represent an important area of investigation.

BUS present several benefits such as higher resistance to encrustation and 
elimination of stent removal/replacement procedures, with an overall reduction 
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of healthcare costs. The most used biodegradable polymer is PLA.  Polylactic 
acid (PLA) belongs to the family of aliphatic polyesters commonly made from 
α-hydroxy acids. It is both biocompatible and biodegradable and it is one of the 
most promising polymers in various applications, including biomedical field, due 
to its mechanical, thermoplastic and biological properties. PLA is a biodegradable 
polymer, which degrade in physiological environment by macromolecular scission 
into smaller fragments, and then into stable end-products. It is possible to produce 
PLA textile structures, by different techniques, such as extrusion of the polymer 
into mono- and multifilaments, which may be achieved by melt, dry, dry-wet-jet 
spinning or electrospinning.

Different techniques can be used to incorporate drugs/active agents on 
BUS.  Freeze-casting has been proposed as a new fabrication method to obtain 
biodegradable porous stents with increased urine drainage and reduced risk of 
reflux [25]. This simple technique involves few steps: (1) preparation of a stable 
suspension or polymeric solution (usually water-based); (2) injection into a mold; 
(3) solidification by freezing within the mold; (4) solvent removal by sublimation 
(freeze-drying). Porous biodegradable DES could be further obtained by dispers-
ing the selected drug in the polymeric solution using impregnation techniques. A 
method for obtaining drug-eluting BUS is supercritical CO2-impregnation, reported 
by Barros et al. [26]. This technique has several advantages over conventional water- 
or solvent-based impregnation, since supercritical CO2 shows high diffusivity and 
low viscosity, resulting in a fast diffusion of the solute molecules into the polymer 
matrix (Fig. 3). Moreover, CO2 is chemically inert in a wide range of conditions, 
has low toxicity, environmental sustainability, besides being ready available and 
low-cost [27].

Nowadays, nanotechnologies are widely used in many fields, including biomedi-
cal applications. Among nanotechnologies, electrospinning (ES) is rapidly emerg-
ing as a simple, versatile, and cost-effective method for the fabrication of smooth 
non-woven fibers with controllable morphology and tunable porosity, from a 
charged polymer solution or melt. Electrospinning process involves the application 
of a high electric field to produce micro and nanofibers. The features of the end 
fibers depend both on solution properties, such as polymer molecular weight, con-
centration and conductivity, and operating parameters, such as flow-rate, applied 
voltage and tip-collector distance.

ES has high encapsulation efficiency for drug loading, controlled residence time, 
desirable delivery of encapsulated drug at a predictable rate, better stability, high 
surface contact area, degradability, and satisfactory softness and flexibility.

Chew et al. reported many studies about the fabrication of biodegradable eluting 
ureteral stent by using double-needle electrospinning [28, 29]. To address the main 
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Fig. 3  Supercritical CO2-impregnation process of ketoprofen into a polymeric matrix. (From [26])

Methods and Materials for Drug Eluting Urinary Stents Design and Fabrication



424

PCL/PLGA EPI

Emulsion Electrospinning

Core-Sheath
Nanofiber Capsules

Ureteral Stent

Ureter

Tumor

Drug Release and
Anti-tumor Effect

Fig. 4  Schematic illustration of preparation and antitumor effect of EPI-loaded PCL/PLGA elec-
trospun fibers

challenges of BUS, PLGA degrading within 8 weeks was selected as stent basic 
material in combination with polycaprolactone (PCL) which degrades over 
6  months. By using the technique of double nozzle electrospinning, researchers 
were able to produce a ureteral stent with different mass ratios of PCL/PLGA that 
degrade gradually from proximal end to the distal end.

PCL/PLGA based nanofibers can be exploited to have a controlled drug release. 
Ding et al. developed a biodegradable drug-loaded ureteral scaffolds able to main-
tain long-term effective drug concentrations in the lesion sites [30]. Epirubicin 
delivery was assessed on different ration PCL/PLGA electrospun fibers. Emulsion-
electrospinning technology was used to fabricate a core–sheath structured EPI-
loaded PCL/PLGA nanofiber capsules, displaying a sustained EPI release and 
controlled degradation in vitro and in vivo (Fig. 4).

4 � Conclusions

Drug eluting ureteral stents, and in general urinary stents, were introduced to per-
formed a drug delivery aiming to obtain a local treatment as well as to overcomes 
the main issues related to urinary stenting implantation. Drugs and/or active agents 
can be directly loaded in the stent structure or can be introduced through a surface 
coating. Although very simple, DES obtained by direct coating methods are short 
term solutions; once the thin biodegradable coatings are fully degraded or the drug 
content completely eluted, DES can be compared to conventional stents.

Drug-eluting technologies can then be combined with biodegradable bioabsorb-
able stents in order to eliminate the need for stent removal procedure. However 
some disadvantages remain still unsolved. In the last decades innovative manufac-
turing approaches and methods, such as nanotechnologies and additive manufactur-
ing techniques, provide to scientists new tools for the design and fabrication on 
smart and custom-made urinary stents, able to go towards perfectly to patient needs.
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Preventing Biofilm Formation 
and Encrustation on Urinary Implants: 
(Bio)coatings and Tissue Engineering

Noor Buchholz, Petra de Graaf, Julia E. de la Cruz, Wolfgang Kram, 
Ilya Skovorodkin, Federico Soria, and Seppo Vainio

1 � Introduction

Even though urinary stents and catheters have been commonly applied in medi-
cine for several decades and still are constantly being modified and optimized, 
their structure and performance still requires further improvement. A major draw-
back of urinary implants is the deposition of organic and non-organic substances 
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on their surface leading to biofilm formation resulting in encrustations, blockages, 
and infections.

In this chapter, we will present some modern biological research approaches to 
this problem. Promising research lines are stent coatings with antibodies, enzymes 
and various bioactive compounds. We will also discuss the possibility for making 
urinary implants more “tissue friendly” by designing biomimetic surfaces. Finally, 
in accordance with the paradigm “repair or regrow” we will touch on tissue engi-
neering approaches to replace artificial urinary implants by those generated in vitro 
or in vivo from homologous tissue.

1.1 � Antibody Coating

Despite significant differences between urine and blood as the extracellular environ-
ment, designing of urinary implants has always been inspired by research approaches 
in cardiovascular stent engineering.

Antibody stent coating is a technology that was successfully applied to improve 
clinical performance of cardiovascular stents and might be considered for further 
optimization of urinary stents.

Coating of vascular stents with certain types of antibodies (namely: CD34, 
CD133 and VEGFR2) enhances migration of endothelial progenitor cells (EPCs) 
circulating in the blood to the site of injury, thus accelerating the healing and regen-
eration of vascular tissue [1, 2]. At the same time, populating of the stent surface and 
surrounding tissue with EPCs prevents migration of inflammatory and smooth mus-
cle cells which can cause neo-intimal hyperplasia, and re-stenosis and thrombosis 
of damaged blood vessels [1–3]. Antibody-coated cardiovascular stents showed 
promising results in preclinical trials [3]. Other antibodies with anti-inflammatory, 
anti-platelet and anti-proliferative effects also have shown their efficiency in reduc-
ing stenosis and neo-intimal hyperplasia in vitro [4, 5].

Despite the success of antibody stent-coating in cardiology, regrettably to our 
knowledge no preclinical or even experimental researches in this field have been 
presented for urinary implants to date. Hypothetically, antibodies of implant coat-
ings could attract urinary and cell components that prevent biofilm formation and 
urothelial hyperplasia on one hand, and promote peri-implant tissue healing on the 
other hand in cases where such implants are used temporarily after injuries or opera-
tions to the urinary tract. As a prerequisite for such a research approach, efforts must 
be made to identify urinary and cellular components with the desired properties first.

2 � Enzyme Coating

Antimicrobial enzymes (AE) have been tested as part of urinary catheter coatings. 
AE are found in immune systems of living organisms where their task is to attack 
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pathogenic microbes. Hydrolytic AE destroy the structure of their foes, whereas 
oxidative AE trigger the production of antimicrobial molecules inside them. Quorum 
quenching AE interfere with bacterial quorum sensing which leads to inhibition of 
cell aggregation and virulent compounds [6].

AE can be attached to surfaces of medical devices, either permanently or ready 
to be released. Integrated methods for a controlled release include chelation or metal 
binding, disulfide [7], physical and ionic bonds [8].

Permanent or irreversible binding has however the advantage of better stability 
and decreased leaching. This can be achieved by crosslinking with linker molecules, 
entrapment, microencapsulation and covalent bonding [6].

For instance, cellobiose dehydrogenase (CDH), using cello-oligosaccharides as 
electron donors to produce H2O2, inhibited different urinary microbes including 
MRSA in the presence of either cellobiose or extracellular polysaccharides (EPS). 
The latter are essential in biofilm formation. Therefore, CDH could act as an anti-
microbial agent “on demand” whenever beginning biofilm formation is triggering 
the reaction [9].

Oxalobacter formigenes is part of our gut microbiome and has been linked to 
non-infectious stone formation. It can degrade oxalate with the help of oxalate-
degrading enzymes. These enzymes have been attached to stent coatings resulting 
in a 53% reduction in encrustation [10, 11].

When compared with current antibiotics or other antimicrobial agents used as 
active parts of urinary implant coatings, AE have certain advantages. They are highly 
specific targeting only a particular bacterium without disturbing the natural microbi-
ome. Bacterial resistance to enzymes is very rare. Care must be taken not to over-
dose the enzymes though in order to prevent such resistance development. Enzymes 
are safe, natural, non-reactive and non-toxic to other than their target organisms.

Currently, AE are expensive to produce which puts them at a disadvantage to 
cheaper alternatives like silver and antibiotic coatings. And it has to be borne in 
mind that they are proteins. That means they can get denatured during i.e. steriliza-
tion, storage and transport [6].

3 � Biomimetic Stents

Natural surfaces have been the envy of many researchers. However, they are diffi-
cult to mimic and usually outperform their artificial copies. If it comes to internal 
and external surfaces, researchers try to get as close to the properties of natural 
surfaces as possible. Natural surfaces are made to repel or let seep through whatever 
is physiologically required by their environment. Blood and blood vessels form 
such an environment. With cardiology leading the way for a long time in stent 
research, it is no surprise that the attempt to create biomimetic surfaces gets its push 
from cardiology as well.

Although stents have been used extensively in cardiology, they do have 
inherent problems such as inflammatory responses, thrombosis, endothelial 
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hyperproliferation, delayed re-endothelialization, and ultimately stenosis and 
thrombotic obstruction [12]. An endothelium-like stent could alleviate many of 
these problems. A metal (copper)–catechol–(amine) (MCA) coated stent has thus 
been shown to facilitate a fast regeneration of a functional endothelium [12].

Earlier, a phosphorylcholine coating was effective in resisting platelet adhesion 
and prolong plasma recalcification time significantly. Contact angle measurements 
showed that the surface rearranged to become more hydrophilic at the polymer/
water interface [13].

In blood vessels, biomimetic surfaces may create an enhanced anti-thrombogenic, 
anti-inflammatory and anti-proliferative micro-environment. In addition, such coat-
ings could be made drug eluting [14]. Biomimetic stents will improve biocompati-
bility in the future [12]. Whether lessons learned from cardiology can be applied to 
a urinary environment will be the subject of future research. In theory, biomimetic 
surfaces have the ability to resist bacterial adhesion and consecutive biofilm 
formation.

4 � Bioactive Nanocoating

As soon as urinary implants are inserted into a recipient, different biological materi-
als start to accumulate on their surfaces. These substances, especially extracellular 
matrix (ECM) proteins, attract cells which migrate from surrounding tissue and 
form a biofilm thus affecting shape, mechanical properties and functionality of the 
implant. Application of nanomaterials [15, 16] can mimic cell—ECM interaction 
and, depending on what is required, can either suppress or induce cell migration.

To date, optimization of the structural and functional performance of the implants 
was mostly achieved by surface coating with different bioactive molecular sub-
stances such as growth factors and immunosuppressive and anti-inflammatory drugs.

Interaction between cells, tissues and implanted mechanical objects strongly 
depend on the surface to volume ratio and, consequently, varies significantly when 
the objects are represented at macro-, micro- or nano-scale size ranges. In particular, 
this concerns particles < 10–15 nm and irregular in size distribution which affects 
greatly such material properties as roughness, friction and surface dislocation [17].

Materials with a particular 3D nanostructure can be generated either by coating 
of the surface with nanoparticles or modification of the surface by chemical and 
physical treatments. Combining these methods is even more effective. A controlla-
ble release of nanoparticles to the surface of the implant creates an additional 
modality for surface coating which helps to reduce potential toxicity.

Different materials could be proposed for nanocoating of urinary implants with 
each of them possessing certain advantages and disadvantages as to their applicabil-
ity and functionality. Polymer-based and lipid nanoparticles (i.e. liposomes) are usu-
ally biocompatible and can be easily biodegradable. They are suitable for transportation 
of biologically active compounds to the cells due to their similarity to natural nanopar-
ticles—extracellular vesicles, which take part in cell-cell communication [18].
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Carbon nanotubes and fullerenes likewise possess a high biocompatibility since 
carbon is one of the main components of living tissues. They are smaller in size and 
have a high surface-to-volume ratio. Since carbon nanoparticles can form complex 
three-dimensional structures, they are especially useful for targeted delivery of par-
ticular bioactive substances.

Metal-based nanoparticles produced usually from transition metals like zinc, 
gold, silver and copper, are described broadly in the scientific literature. However, 
despite demonstrated good antimicrobial properties their antifungal and anti-viral 
efficiencies have not been established.

Toxicity of nanocoating particles has not been a problem so far [19]. However, a 
deep understanding is required due to the wide range of nanomaterials proposed for 
medical application and the great variety of their physico-chemical properties and 
ensuing potential effects on biological tissues.

5 � Tissue Engineering and Regenerative Medicine as Future 
Research Lines

This research line has preliminarily looked at urinary stents in the lower urinary 
tract. Stents were available for the treatment of lower urinary tract obstruction from 
the late 1980s. Despite initial enthusiasm, further studies questioned their useful-
ness as a primary treatment for urethral stricture disease [20]. Fibrotic tissue 
ingrowth is the main complication in permanently implanted stents but it can occur 
even in temporarily indwelling stents.

An ideal urinary stent should promote tissue healing, reduce fibrosis and scar 
formation, and maintain the physiological functions of the lower urinary tract. In 
addition, it would be desirable if they would be biodegradable and could stimulate 
their gradual replacement by regenerated autologous tissue.

Even though this is yet wishful thinking, some progress has been made in the field 
of vascular and coronary artery stenting where implantation of complex tissue com-
posites rather than a simple stent is required. How can this be translated into urology, 
and more specifically into the treatment of lower urinary tract stricture disease?

There are few experimental trials on the designing of urethral stents using tissue 
engineering approaches [21, 22]. To our knowledge though, these clinical and pre-
clinical applications have not proceeded beyond phase two trials.

The main problem of tissue engineered grafts or stents is the lack of appropriate 
acceptance by the host leading to fibrosis or rejection. If the wound bed consists of 
intact and viable tissue, transplantation of epithelium only might be sufficient [23]. In 
cases of fibrosis or developmental defects, vascularized grafts should be generated, 
e.g. by populating scaffolds with endothelial cells of endothelial progenitors [24–26].

In contrast to vascular stents, where the cells required for tissue regeneration can 
migrate from the blood, in urinary stents the recruitment of the cells from urine is 
rather unlikely though not impossible. If the urethral graft is well vascularized, 
blood flow might deliver important cells and cell progenitors to the sites of tissue 
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regeneration. To make this approach clinically relevant, comprehensive studies on 
the role of inflammatory cells in tissue regeneration (which must be induced) and 
fibrosis (which must be prevented) are required.

In addition to in situ approaches where biodegradable urinary stents could be 
gradually replaced by regenerated tissue, we must consider cases where the tissue 
damage caused by trauma or disease is beyond the regenerative potential of the 
organism. In these cases, reconstruction of parts of the urinary tract must be done 
completely in vitro, using synthetic or naturally derived scaffolds [27, 28], manu-
factured by 3D printing [29] and electrostatic spinning [30], and populated by dif-
ferent types of cells (including autologous cells and progenitors) [31, 32]. 
Application of endothelial cell-attracting extracellular matrix into a graft scaffold 
and pre-vascularization of a transplant on vasculature-rich tissues (such as omen-
tum) [31], as well as engineering of perfusable blood vessels of the transplant 
in vitro [33, 34] could be used for vascularization of the grafts. Combination of a 
“cell sheet technology” with bioprinting of cellularized scaffolds has a great poten-
tial for future perspectives of engineering of urinary stents.

Another completely different approach based on a “let mother nature do the job” 
paradigm can also be considered for designing urinary stents. The fundamental dis-
covery of iPS cells [35] and the not yet that well-known tissue engineering technol-
ogy of “blastocyst complementation” [36, 37] cumulatively might open the 
possibility to grow patient-specific organs (including different components of the 
lower urinary tract) in humanized animals. With this technique, certain gene modi-
fications in the host organism prevents formation of the target organ during embryo-
genesis. Patient-derived iPS cells delivered to the blastocysts of immunocompromised 
animals will rescue the developmental program and form the target organ which 
will consist of human cells. After maturation in the animal host, the complete tissue/
organ or its parts can be transplanted to the patient. As an alternative to the “blasto-
cyst complementation” assay, based on the use of “humanized animals”, it is also 
proposed to transplant specific human progenitor cells to actual sites of organogen-
esis thus leading to formation of target organs that consist of patient-derived cells 
[38]. These futuristic approaches, however, have not been tested in preclinical trials 
and can only be considered as a proof of concept to date.

6 � Conclusions

In this chapter we have summarised modern biological approaches to improve the 
structure, function and performance of urinary stents. Some have been already 
applied in urinary stent production whilst others have been tested in the field of 
vascular stents, such as antibody or biomimetic coating. Bioengineering approaches 
aiming at the generation of complete analogs of damaged urinary tissue from autol-
ogous patient-derived cells represent a more futuristic outlook. Nevertheless, we 
hope that the rapid development of advanced multidisciplinary research platforms 
in modern biomedicine will make these approaches feasible in the near future.
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1 � Introduction

Stents and catheters are used to facilitate urine drainage within the urinary system 
[1]. When such sterile implants are inserted into the urinary tract, ions, macromol-
ecules and bacteria from urine, blood or underlying tissues accumulate on their 
surface. This often results in the formation of biofilm causing infections that can 
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be responsible for discomfort and complications in patients [2]. Therefore, urinary 
tract implants may be considered as out-of-equilibrium systems where different 
phenomena acting at various times and length scales occur. This leads to their 
reshaping by deposition and encrustation of chemical and biological species on 
their surface and the formation of bacterial biofilms and mineral crystals. Due to 
the continuous nature of biological fluids, these phenomena are in perpetual 
dynamics and self-organization, which can complicate their study in the human 
body [3, 4]. Giving this complexity of the “system”, a multidisciplinary input with 
different scientific approaches is needed to better understand and find solutions to 
this problem. In this chapter, we outline research strategies addressing biocompat-
ibility, the use of antisense molecules, non-pathogenic bacteria and bacterio-
phages, and physical methods to prevent or inhibit biofilm formation and 
encrustation.

2 � Biodegradable Metal Stents

Biodegradable metals are very appealing for urinary stent applications since they 
combine enhanced radial strength with a prolonged but controlled degradation time. 
Therefore, biodegradable metallic urinary stents (BMUS) constitute a promising 
research strategy overcoming some of the current stent limitations. The potential of 
biodegradable metals for urological applications was explored first by Lock et al., 
who investigated the efficacy of Magnesium–4%Yttrium (Mg–4Y), AZ31, and 
commercially pure Mg as antibacterial BMUS. They showed a significant decrease 
of E. coli viability in the presence of Mg alloys after 3 days compared with a com-
monly used commercially available polyurethane stent [5]. Zhang et al. explored the 
potential of the ZK60 Mg alloy and pure Mg for urinary applications in a rat model. 
ZK60 had a faster degradation rate than pure Mg and neither of the metals showed 
toxicity during the three weeks implantation time [6]. More recently, Tie et al. used 
a Mg alloy in a large animal model (Guangxi Bama Minipig) as a BMUS. The Mg 
alloy (ZJ31) presented a homogeneous degradation, excellent biocompatibility and 
antibacterial activity compared with stainless steel—a commonly used material for 
non-degradable metallic urinary stents [7].

Zinc (Zn) has a slower degradation time than Mg, with low tissue toxicity and 
good antibacterial activity. Champagne et  al. compared pure Zn, Zn–0.5  Mg, 
Zn–1 Mg, Zn–0.5% aluminium (Zn–0.5Al), pure Mg and Mg–2Zn–1% manganese 
(Mg–2Zn1Mn), a commercially available Mg alloy. Zn-containing metals degraded 
more slowly, and more homogeneous corrosion was obtained for Zn–0.5Al [8].

Biodegradable metal stents in urology have only been explored by a few research 
groups to date, but these have shown good potential in terms of improved biocom-
patibility and antibacterial activity.

Mg has been studied the most, but Zn is another promising component. An alloy 
of both might combine the good biocompatibility and antibacterial properties of Mg 
with the slower degradation and increased homogeneity of Zn.
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3 � Molecular and Biological Approaches to Prevent Biofilm 
Formation and Encrustation

3.1 � Antisense Molecules

Pathological protein synthesis, either as under- or overproduction, is a crucial part 
in many disease processes. Halting these abnormal syntheses might open the dis-
ease to effective therapies otherwise not available [9]. Antisense technology (AT) 
has been investigated for malignant, infectious, inflammatory and metabolic dis-
eases [10]. It modulates protein synthesis by inhibiting gene expression through 
pairing an antisense nucleic acid sequence base with its complementary sense RNA 
strand. This stops translation into the target protein [9]. In addition, it can disturb 
other functions of RNA molecules such as splicing, folding, protein binding, 
microRNA activities, and RNA-mediated telomerase action [11]. AT is very target 
specific. For researchers, it is highly interesting since more and more underlying 
molecular pathways are getting identified for major diseases offering new opportu-
nities to interfere in these. However, AT is not mature enough to overcome some 
inherent problems such as limited in-vivo stability, mode of application, and poten-
tial side effects [10]. AT may be used to address urinary implant contamination, 
infection, and biofilm formation (BF). Biofilms contain extracellular polysaccha-
rides and nucleic acids. The presence of extracellular polysaccharides results in 
well-structured and strong biofilms [12], which in turn makes bacteria embedded 
within the biofilm up to 5000 times more antibiotic-resistant [13, 14]. Stopping the 
synthesis of extracellular polysaccharides can stop BF and/or weaken their bacteria-
protective structure. AT would represent an early intervention whilst biofilm is still 
forming [15]. Especially in chronic infections with BF targeted by AT in its early 
stages, antibiotics can remain effective and remove or stop further biofilm activ-
ity [16].

Recently, it has been shown that the common urinary bacterium Enterococcus 
faecalis gene (efaA) is crucial in BF. Anti-sense efaA peptide nucleic acids could 
decrease it [17]. Research on AT to manipulate BF has only just begun. First the the 
genetic aspects governing bacterial BF processes need to be better understood [18]. 
Nevertheless, since one major drawback of urinary stents is the BF, antisense tech-
nology may be a promising approach to tackle this inherent stent problem in 
the future.

3.2 � Non-Pathogenic Bacteria

Non-pathogenic bacteria can be used to reduce biofilm formation by pathogenic 
organisms using various mechanisms such as displacement, exclusion, and compe-
tition. In the displacement strategy, non-pathogenic cells or their metabolites disrupt 
the structure of a pre-formed pathogenic biofilm. Alternatively, pathogen exclusion 
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can occur by blocking adhesion sites, and competition for nutrients or growth fac-
tors can inhibit the development of pathogenic strains [19]. Additionally, non-
pathogenic bacteria can also modulate the immune system affecting pathogenic cells.

Non-pathogenic bacteria are able to produce a range of compounds, including 
biosurfactants, bacteriocins and extracellular polymeric surfaces (EPS), that can be 
detrimental to the development of pathogenic organisms or affect their adhesion to 
a surface. It has been shown that the production of biosurfactants may interfere with 
the microbial adhesion of pathogens, including those that are found in the urinary 
tract [20]. Bacteriocins were also shown to be useful given their high potency, sta-
bility, and low toxicity [21–23]. EPS comprises a large group of high-molecular-
weight polymers produced by different metabolic pathways in various organisms 
with proven antibiofilm properties [24]. The production of a vast array of molecules, 
including lactic acid, fatty acids, enzymes, and hydrogen peroxide, with the poten-
tial to control pathogenic biofilms, has also been identified in non-pathogenic 
cells [19].

Compared to other coating strategies, the use of non-pathogenic cells to coat 
medical devices may be advantageous because the coating is alive. This allows for 
the self-renewal of the anti-pathogenic activity, whereas conventional coatings 
eventually become covered by biomass which may reduce their effectiveness [25].

A number of hurdles have to be overcome for the broad application of non-
pathogenic bacteria to protect the surface of urological stent implants. For example, 
although it has been shown that a certain degree of protection can be obtained for 
short time periods, the stability and activity of the coating for longer periods of time 
must be carefully assessed. If the protective effect relies on the viability of the non-
pathogenic bacteria (for instance, to produce interfering molecules), this can be an 
issue. Also, if translocation of the non-pathogenic biofilm occurs (for instance, due 
to shear forces caused by urine flow), the coating efficacy can be compromised.

3.3 � Bacteriophages

Viruses that use bacteria as their hosts are called bacteriophages. Whilst duplicating 
in the bacteria, they disrupt the metabolism of their hosts in several ways. Lytic 
bacteriophages destroy the host cell membranes and cells. Lysogenic bacterio-
phages use the functioning bacterium to multiply whilst letting it live. Lytic bacte-
riophages can therefore function as antibacterial agents. They are readily available, 
selective as to their hosts, and non-toxic for surrounding tissue cells. As a conse-
quence, they have been discussed as a coating constituent for medical implants [26]. 
In early experiments, bladder catheters were pre-treated with lytic Staphylococcus 
epidermidis bacteriophage 456. This led to a significant decrease in intraluminal 
biofilm formation [27].

As with antibiotics, bacteria can become resistant to bacteriophages. This may be 
overcome using a mixture of several lytic viruses [28–30]. Silicone bladder cathe-
ters coated with hydrogel and pre-treated with such a mixture were indeed efficient 
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against multi-bacterial biofilms. It was proposed that such coating could tackle 
multi-bacterial biofilms by adapting the viral mixture [31].

Whilst the available evidence stems from experiments on bladder catheters only, 
the use of bacteriophages on urinary stents seems intuitive and promising. More 
importantly, since we live in an era of increasing and complex global bacterial resis-
tance to antimicrobials, bacteriophages might represent an alternative approach in 
the future.

4 � Physical Strategies to Prevent Biofilm Formation 
and Encrustation

4.1 � Electrical Charges

The role of electrostatic charge is pivotal in bacterial adhesion. Most bacterial 
genera have a net negative charge as determined from quantification of their zeta-
potential. Therefore, two types of engagement can be derived as antibacterial strat-
egies, namely, material as repellent or as contact-killing agent. The first strategy 
implies that materials with high negative charge can be deployed as anti-bacterial 
stent material or coating to repel bacterial cells [32]. Heparin, having the highest 
negative charge density of known biological molecules [33], has been a popular 
candidate as stent coating material. However, its efficacy against biofilm formation 
has been controversial [33–35]. The second strategy relies on a positively charged 
surface and permeabilization of the bacterial cell membrane that leads to the leak-
age of intracellular material and eventual cell death. One approach involves grafting 
polyethyleneimine (PEI) [36] micro-brushes onto polyurethane stents followed by 
an alkylation process [37, 38]. The resulting micro-structure of PEI brushes with 
positive charges showed a reduction in both biofilm and encrustation develop-
ment in in vitro and in vivo experiments [37]. Another choice of positively charged 
material is chitosan, which works as an antimicrobial against fungi, Gram-positive 
and Gram-negative bacteria through various modes of actions [39, 40]. A freeze-
casting process was proposed to make entire ureteral stents from chitosan [41]. 
The best material and engagement strategy are yet to be concluded from further 
investigations.

4.2 � Enhancing and Maintaining Ureteral Peristalsis

In physiological conditions, ureteral peristalsis moves the urine from the renal pel-
vis to the bladder. Although the insertion of ureteral stents can initially increase 
ureteral peristalsis, indwelling stents eventually lead to its cessation [42]. The 
mechanisms leading to aperistalsis in stented ureters are still unclear. A few models 
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[43] and experimental studies reported the possibility of artificially inducing ure-
teral peristalsis by: (1) electrical stimulation [44–46], (2) mechanical stimulation 
e.g. applying distension and/or (3) pharmacological treatment [45]. A possible strat-
egy against encrustation and biofilm in stented ureters could be based on the ‘flush-
ing effect’ of the ureteral peristalsis: if peristalsis can be preserved in stented ureters 
in the long term, the movements of the ureteral wall could eliminate encrustations 
and bacterial deposits from the stent surface. Haeberlin et  al. demonstrated that 
peristalsis can be electrically induced in stented ureters. Catheters were inserted into 
ex-vivo ureters (the size of the catheters was comparable to conventional ureteral 
stents) and propagating contractions of the ureteral wall were observed after each 
electrical stimulation [46]. Since these experiments were only conducted in ex-vivo 
ureters in the short term (up to 3 h), in-vivo experiments are required to demonstrate 
the possibility of long-term preservation of the peristalsis by artificial electrical 
stimulation.

4.3 � Ultrasound Waves

Ultrasound comprises longitudinal pressure waves with a frequency > 20 kHz. It 
represents a clinically viable modality of delivering mechanical stimulation within 
the body to achieve both therapeutic and diagnostic outcomes. It has also been dem-
onstrated that ultrasound exposure can cause detachment of bacterial biofilms from 
different surface types and can promote the transport of antibiotics into planktonic 
or biofilm-forming bacterial cells [47]. Surface acoustic waves (SAW) are a type of 
sound waves that are transmitted along a surface, and the resulting vibrations have 
been identified as a factor reducing bacterial adhesion onto solid surfaces [48]. This 
approach has been adopted to counteract bacterial biofilm formation in bladder 
catheters, whereby an ultrasound transducer is coupled with the extracorporeal seg-
ment of the catheter. Upon activation, the transducer generates SAWs in the fre-
quency range 100–300  kHz, resulting in surface oscillations with amplitudes of 
0.2–2 nm that propagate over the catheter surface. In previous studies in a rabbit 
model, this method has been evaluated both in vitro and in vivo for inhibiting bacte-
rial adhesion on Foley bladder catheters. It has been shown that SAW-activated 
catheters had a significantly lower biofilm load in vitro, and that this effect was 
greater when lower SAW intensities were employed (in the range 0.05–0.20 mW/
cm2). These findings were confirmed in vivo, where the average number of days 
until the development of a urinary tract infection was extended to 7.3 ± 1.3 days in 
the SAW-catheter group, compared to 1.5  ±  0.6  days in a non-treated, control 
group [49].

A commercially available SAW-activated catheter (UroShieldTM) has been 
developed by NanoVibronix Inc. (USA). Zillich et al. investigated its efficacy and 
safety through a randomized, double blinded clinical study on 22 patients, in which 
catheters were deployed for an average of 9 days. Patients having the UroShieldTM 
catheter reported less pain and bladder spasm, and showed a marked reduction in 
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biofilm formation [50]. More recently, a double blinded randomized controlled trial 
assessed 55 patients who had an indwelling urinary or suprapubic catheter for 
> 1-year, and had a treated urinary tract infection during 90 days prior to the com-
mencement of the study. The large majority of patients having the SAW-activated 
UroShieldTM showed a significant reduction in bacterial load compared to the con-
trol group [51]. To the best of our knowledge, a similar approach has not yet been 
investigated for ureteric stents. Given the demonstrated efficacy of SAW on stent 
encrustation, this surely represents an interesting future research strategy. When 
developing such a strategy, there are some technical aspects to be considered. As we 
are dealing with fully intracorporeal devices, remote powering and control of the 
SAW activation, and a careful investigation into the propagation properties of the 
stent materials is needed. For the latter, geometrical features of a stent (e.g., pres-
ence of side holes) that may affect SAW propagation and the resulting surface dis-
placement field must be considered, too.

4.4 � Biosensors

One major problem of urinary stents and catheters is blockage by encrustation. If 
blockage occurs in a bladder catheter, it causes painful retention of urine and can 
provoke severe urinary tract infection and urosepsis. Often, the blockage results 
from urine infection with urease producing organisms, predominantly Proteus 
mirabilis. Urease generates ammonium which leads to an elevation of urinary 
pH. This leads to the precipitation of struvite and apatite, which then form a crystal-
line biofilm encrusting and blocking the urinary catheter. Biosensors are sensors 
that would alert patients and carers early of an ongoing encrustation and impending 
resulting blockage. A survey of the current literature shows that such sensors are 
mainly visual. A pH sensor based on a silicone-based strip incorporating a pH indi-
cator (bromothymol blue) was integrated into an indwelling urinary catheter [52]. A 
change from yellow to blue indicating impending blockage occurred 19 days before 
the actual blockage in early human trials. Catheters can also be designed to integrate 
a pH dependent luminescent material [53]. A lanthanide (Eu) pH-responsive probe 
that can be incorporated in a hydrogel catheter coating was described. Upon eleva-
tion of pH in the presence of urease, the luminescence turns off. However, the sys-
tem was not tested neither in vivo nor in vitro. Another approach to provide early 
warning of encrustation and blockage is to associate a ‘trigger’ layer, usually 
EUDRAGIT®S 100, on a hydrogel layer encapsulating a pH reporter or antibacterial 
agent [54, 55]. Upon elevation of the urinary pH, the upper layer dissolves, trigger-
ing the release of a pH indicator such as carboxyfluorescein or bacteriophages. Both 
approaches were tested in an in vitro bladder model, which provided a 12 h advanced 
warning of blockage and a 13–26 h advanced warning of delayed catheter blockage. 
The above are early and simple examples of pH-indicating visual biosensors. 
Because they are visual, they will only work on catheters where an extracorporeal 
part remains visible. However, the idea of biosensors to indicate early stent 
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encrustation is an appealing one. Fully intracorporeal stents could be equipped with 
micro- or nano-technological wireless sensors for the same purpose.

5 � Conclusions

In this chapter, we presented a brief but comprehensive overview of future research 
strategies in the prevention of urinary device encrustation with an emphasis on bio-
degradability, molecular, microbiological and physical research approaches. The 
large and strongly associated field of stent coatings and tissue engineering is out-
lined elsewhere in this book.

There is still plenty of room for future investigations in the fields of material sci-
ence, surface science, and biomedical engineering to improve and create the most 
effective urinary implants. In an era where material science, robotics and artificial 
intelligence have undergone great progress, futuristic ideas may become a reality. 
These ideas include the creation of multifunctional programmable intelligent uri-
nary implants (core and surface) capable to adapt to the complex biological and 
physiological environment through sensing or by algorithms from artificial intelli-
gence included in the implant. Urinary implants are at the crossroads of several 
scientific disciplines, and progress will only be achieved if scientists and physicians 
collaborate using basic and applied scientific approaches.
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Ten Steps to Strategic Planning 
for the Urinary Stents of the Future

Federico Soria

1 � Introduction

To summarise all the knowledge in the current book and to allow its use both at 
clinical practise and its application in patients, as well as in the improvement of 
urinary stents, the simplest way is to build a decalogue that provides a global vision 
of the requirements for the improvement of these medical devices.

2 � Understanding the Side Effects and Complications Related 
to Urinary Stents

An in-depth knowledge of the side effects, complications, their pathophysiology 
and, above all, the etiopathogenesis associated with urinary stents is essential on the 
way to reduce the effects on patients, as well as to improve urinary stents. This 
knowledge allows urologists to identify symptoms early, as well as to arrange thera-
peutic measures to alleviate these symptoms [1]. Mainly antimicrobials, alpha-
blockers or antimuscarinics to reduce discomfort in the lower urinary tract and, of 
course, analgesics. Knowledge and research into the etiopathogenesis of each of the 
adverse effects allows researchers to focus their research [2]. The detection of the 
cause of each adverse effect allows the identification of whether it is caused by the 
stent design itself, by the biomaterial or by a weak coating; these three factors are 
responsible for the majority of adverse effects related to urinary stents. We 
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differentiate between adverse effects, which we consider inherent to the urinary 
stents themselves, such as vesicoureteral reflux, biofilm formation, and complica-
tions which, although related to the stents, are due to a malfunction of these medical 
devices. Among these complications, migrations, perforation, etc. are the most 
important. Therefore, the first factor to take into account is always knowledge of the 
adverse effects and complications produced by stents [3].

3 � Proper Indication for the Use of Urinary Stents

It is clear that the simplest way to reduce the harmful effects associated with urinary 
stents is to reduce their use. This is the first choice in the face of the high percentage 
of associated complications. Since it is impossible to avoid their use due to their 
evident beneficial effects on patients, it would be necessary to determine in which 
type of patients their use outweighs the adverse effects. Unfortunately, this is cur-
rently the case with the use of metallic stents both at the ureteral or urethral area, 
with very high complication rates; their use is reduced to a very small number of 
patients and in many cases exclusively as a palliative treatment.

According to the current scientific literature, the use of ureteral stents after 
endourological treatment of ureteral or renal lithiasis is approximately 80%. This is 
a very high percentage, which means that the population susceptible to stent-related 
problems is very high. Unfortunately, both European and American guidelines can-
not define with great scientific evidence the indications for urinary stenting. Stenting 
is well indicated in complicated ureteroscopies, but the difference between a com-
plicated URS and a non-complicated URS always remains the surgeon’s decision. 
As a result, since there is no criteria for deciding when it is mandatory to place a 
stent and, above all, when it is not mandatory, the use of these devices is on the rise. 
Although it is true that a great advance in this aspect is that stenting times have been 
reduced in an attempt to reduce adverse effects [4]. These effects and complications 
have been shown to be significantly related to the stenting time, increasing adversely 
in prolonged stenting times, generally longer than 6 weeks [5].

So a decrease in their use or at least a shortening of the stenting time, without 
delays in the removal date, would be associated with a better quality of life for 
patients.

4 � Biomaterials

Another of the cornerstones on which the improvement of current urinary stents is 
based is the research being carried out on biomaterials that allow their use in the 
urinary tract. As can be seen, this point is critical, as the weaknesses demonstrated 
by the polymers, metals or their alloys currently in use are one of the main reasons 
for encrustation, bacterial and even fungal contamination, and sometimes stent 
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fracture. The development of new biomaterials with better characteristics and suit-
able for the urinary environment will reduce these side effects. Certainly, the future 
of biomaterials to overcome the limitations they present in the urinary environment 
depends fundamentally on three factors. The first is to improve their mechanical 
properties in order to be effective in extrinsic strictures of malignant origin. 
Secondly, combining biomaterials in the same stent to combine the advantages of 
each, reducing their weaknesses. Finally, it is possible to coat the biomaterials so 
that they are not in contact with urine, so that only the coating is affected and the 
inner part keeps all its properties intact [6].

5 � Coatings

This area of knowledge is probably where most resources are being allocated, as 
research into coatings that prevent or reduce biofilm formation is an issue that 
involves not only urinary stents, but virtually all implantable medical devices, cath-
eters, prostheses, implants, catheters, etc. Thanks to coatings it is possible to isolate 
the rest of the biomaterials that make up the stent from the urine, as well as to com-
bat the formation of biofilm that is associated with bacterial contamination as well 
as encrustation. Therefore, the search for new coatings is of great importance to 
improve the durability of urinary stents [7]. The aim of these coatings is to provide 
an “antibiotic free solution” to biofilm formation. To this end, a number of strategies 
have been developed, as described in the previous chapters. The use of agents with 
antimicrobial properties has been emphasised: metals such as Zn2+, Ag1+, CuO; 
superhydrophilic coatings, hydrogels [8]. Mainly in this section, AMPs, antimicro-
bial peptides, which are proteins with antimicrobial properties, stand out, especially 
CWR11, RK1 and RK2. Efforts are also being made to detect probiotics that com-
pete against biofilm-forming bacteria and prevent their development. As well as 
agents with anti-adhesive properties that prevent bacterial adhesion to the stent sur-
face by preventing the action of bacterial adhesins, thanks to bacteriocins [9].

6 � New Designs

Another essential element in the improvement of stents and thus the decrease in the 
adverse effects associated with their use in the urinary tract is the development of 
new urinary stent designs. It is noteworthy that the design of pigtail ureteral stents 
has remained virtually unchanged over the last four decades, despite their obvious 
side effects. Many efforts have been made to reduce the effects related to the bladder 
pigtail, which is associated with dysuria and LUTS. Therefore modifications of this 
pigtail, reducing its size, changing its conformation, have been presented and evalu-
ated in patient trials. Despite the decrease in patient discomfort, they have not dem-
onstrated clear scientific evidence, and their use is currently not established in daily 
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clinical practice [10]. To prevent vesicoureteral reflux, stents with anti-reflux sys-
tems have also been designed, which have not shown a clear improvement over 
conventional ureteral stents [11]. However, the development of intraureteral stents, 
or stents with a small bladder tip to facilitate their removal, has shown scientific 
evidence regarding the improvement in the quality of life of patients, making them 
a very interesting option for the present and future for certain patients [12, 13]. 
Magnetic ureteral stents for removal without the need for cystoscopy have also 
shown less painful and faster removal [14].

A further design innovation that have proven to be very useful and that were 
unthinkable decades ago is the possibility of removing metallic, ureteral or urethral 
stents. This design improvement is extremely attractive and broadens the indica-
tions for these stents in the urinary tract [15]. As has been seen in recent years and 
is expected in the coming years, design variability will reduce the discomfort asso-
ciated with current designs. The goal is to personalise stents for each patient. The 
availability of more stent designs will allow choice, which with current plastic stents 
is almost impossible at the moment.

7 � Biodegradable Stents (BUS)

One of the premises for the development of urinary stents is that they should all be 
biodegradable. In order to achieve the requirements that defines an ideal stent. It is 
difficult to understand that in the twenty-first century a surgical procedure is neces-
sary to remove a stent. Avoiding cystoscopic removal of stents, avoiding anesthesia 
in pediatrics patients and avoiding the “forgotten stent” are short-term goals [16]. 
The development of BUS has expanded in recent years because the most important 
limitations in its development have been overcome. Firstly, the control of degrada-
tion, making this rate controllable thanks to the selection of polymers and copoly-
mers, natural–synthetic or metallic, and above all the use of combinations of 
different biomaterials with different degradation rates [17]. On the other hand, the 
control of degradation fragments is a key limitation, since this is a major drawback, 
in particular when this type of stent is placed at the ureteral lumen level. BUSs must 
degrade gradually and fragment into small pieces smaller than 2 mm to ease their 
evacuation. A strategy that has been described for this type of stent and that is 
related to its design is the ability to degrade from distal to proximal, so that, despite 
degradation, the stent continues to perform its function as an internal scaffold [18, 
19]. One of the most important current challenges is the preservation of the mechan-
ical properties of the BUS, regardless of the nature of the biomaterials that comprise 
it. Therefore, a balance between the rate of degradation and the maintenance of the 
mechanical properties of the stents is necessary, which is of great importance in 
ureteral stents, but is completely mandatory for segmental stents at the urethral 
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level, when used as an internal scaffold, cellularised or not, after treatment of ure-
thral strictures.

8 � Drug Eluting Stents (DES)

In an attempt to reduce lumen restenosis after vascular stenting, DESs were intro-
duced. Neointimal hyperplasia resulted in in-stent reestenosis in 20–30% of cases 
after intervention with bare metallic stents. DES were developed not only to act as 
vascular scaffolds in the diseased coronary artery but also to reduce the relatively 
high rates of “in-stent reestenosis” and subsequent “target lesion revascularization” 
compared to its predecessor Bare Metallic stents. DESs have the potential of endo-
luminal release of pharmacological anti-proliferative substances and reduce the 
hyperplastic reaction by inhibiting the smooth muscle cell cycle and their prolifera-
tion. With the excellent background of vascular stents, applications in the urinary 
tract are a very encouraging field of development. The idea is to take advantage of 
the stent to add such an innovative and promising feature as local drug delivery. In 
this regard, local release of anti-inflammatory, analgesic, or even antiproliferative 
drugs to reduce urothelial hyperplasia related to urinary metallic stents, or chemo-
therapy in the upper urinary tract are some of the drugs that have been evaluated [20].

This delivery system would avoid systemic drugs side effects. Possibly reduce 
the total daily drug dose. As well as using drugs with a short half-life. An important 
factor is that this urinary delivery system avoids drug absorption, distribution and 
metabolism, as the urinary tract is a watertight system with low absorption capacity 
and the drugs are constantly eliminated through urination. A very important consid-
eration is that with these delivery systems, there is the possibility of maintaining 
urine drug levels in the optimal therapeutic range [21, 22]. Compared to current 
bladder or pyeloureteral instillation systems, the improvement of patient satisfac-
tion is to be expected.

9 � Urine and Infection

The association between UTI and urinary stents, mainly ureteral stents, is one of the 
most common complications in patients. It should not be forgotten that the preva-
lence of bacterial colonisation of urinary stents is between 42 and 90%, leading to 
the development of bacteriuria and UTI [23]. One of the current problems, which 
needs urgent evaluation to allow for the improvement of stents, is related to the 
laboratory techniques used for the quantification or detection of urinary bacteria. 
Regarding the analysis of biofilm and bacteriuria associated with CDJs, despite a 
low sensitivity of 21–40% and a specificity of 46–64%, culture is the method of 
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choice for detecting bacterial colonisation of the stent and asymptomatic bacteri-
uria. The first by direct culture of stent fragments and the latter by culture of urine 
samples [3, 23, 24]. As a result, there is currently no consensus on the ideal micro-
biological technique to make a fast and, above all, consensual determination that 
allows for the standardisation of clinical and experimental studies.

It is evident that the aim with current stents is that they remain in place for as 
long as necessary, since the rates of colonisation and bacteriuria increase consider-
ably with time [3, 23–25]. With regard to biofilm formation, an incidence of 34–66% 
is found when the stent remains in place for less than 2  months, compared to 
75–100% when the stent remains in place for more than 3 months [23, 25]. The 
incidence of asymptomatic bacteriuria ranges from 7 to 33% in patients with less 
than 1  month of stenting, 21–50% between 1 and 3  months and when the stent 
remains in place for more than 3 months, the incidence can reach up to 54% [24, 
25]. With regard to the bacterial strains that make up the biofilm and those present 
in the urine, a large discrepancy has been demonstrated between stent cultures and 
urine cultures, showing that there is no direct correlation between the bacteria that 
colonise the stents and those that cause UTI [25].

Unfortunately, the source of colonisation is unlikely to be eradicated, as contami-
nation is mainly at the time of insertion, through skin bacteria or the urethral micro-
flora itself. This could justify the fact that in some series a double incidence of 
colonisation is observed in women compared to men, given the short length of their 
urethra and the risk of contamination; as well as the highly frequent presence of 
Gram+ bacteria in the stents, bacteria commonly present in the distal urethra and 
vaginal flora.

This susceptibility of urinary stents to contamination, being aware that urine has 
its own microbiome, must be taken into account in both clinical and research set-
tings. The development of new biomaterials and coatings with antimicrobial proper-
ties is therefore one of the milestones for the development of safe and more effective 
stents. Especially since antibiotic prophylaxis has not shown clear scientific evi-
dence in reducing colonisation of urinary stents. Therefore, only with contamina-
tion prevention and strategies to reduce formation is it possible to make progress on 
this issue, as bacteria in a biofilm can usually survive the presence of antimicrobial 
agents at a concentration, 1000–1500 times higher than the concentration that kills 
planktonic cells of the same species.

10 � Drugs to Change the Composition of Urine

One of the promising strategies that may reduce the side effects of urinary stents, 
mainly related to encrustation and possibly also bacterial contamination, is the pos-
sibility of changing the composition of the medium in which the stent is placed, 
which is the urine. The main efforts are being made to alter the composition by oral 
administration of compounds that modify the urinary pH. Modification of the uri-
nary pH alone causes a very important change as it affects both microorganisms and 
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the precipitation capacity of compounds that are dissolved in the urine and which, 
due to their supersaturation, can precipitate and cause incrustation on the surface of 
urinary stents. In addition to pH modification, it is possible to administer crystallisa-
tion inhibitors that significantly reduce the risk of lithiasis formation or incrusta-
tion [26].

This strategy has begun to show encouraging results in clinical studies evaluating 
potassium sodium hydrogen citrate, or l-methionine and phytin, reducing the occur-
rence of stent encrustation. In addition, the synergistic ability of many compounds 
may allow combinations of these compounds to achieve better results in this area. It 
is clear that urinary stent fouling is multifactorial, but within these causes the com-
position of the urine is the main factor that triggers this phenomenon, along with the 
composition of the stent [27]. The availability of this tool and the fact that it is so 
easy to apply, usually orally, and safe, suggests that this is an important way to 
reduce the adverse effects of stents. Not only adverse effects, but also future designs 
with biodegradable materials that can be modulated in this sense or to activate drug 
release in DES.

11 � Receptor-Based Stents and Tissue Engineering

Another future strategy for the development of urinary stents is, as with DES, to 
make more profit from the device in the urinary tract. This attempt to expand the 
benefits of stents is aimed on the one side at obtaining data from the urinary tract, 
and on the other at allowing the stents to be bio-coated and to facilitate tissue engi-
neering applications.

The development of stents with nano pressure sensors, which can provide infor-
mation on intrapyelic or intravesical pressure, or with other sensors capable of stim-
ulating ureteral peristalsis. The miniaturisation of this type of sensors allows them 
to be incorporated into the surface of the stent and send wireless information of 
great interest.

The possibility of coating stents to promote tissue regeneration, or proper heal-
ing, is one of the future hopes of research. In particular, their use would be extremely 
useful as a scaffold after the treatment of complicated stenosis, mainly at the ure-
thral level. Biocovered stents could reduce fibrosis and thus the formation of stric-
ture scars. Biodegradable biocovered stents would allow their function as an internal 
scaffold and cellular vehicle to be followed by their controlled disintegration [7].
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