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Abstract: Regenerative medicine (RM) exploits the innate potential of the human body to effectively repair and 
regenerate damaged tissues and organs with the help of various biomaterials. Tissue engineering (TE) makes it 
possible to replace damaged tissues and organs with new ones. Research in the field of biomaterials has signifi-
cantly improved the area of RM and TE. Biomaterials are used as orthopedic, dental, cardiovascular implants, 
medical devices, in the fields of reconstructive and regenerative medicine, among others. Important precondi-
tions for the biomaterial to be used for implantation are its biocompatibility and biofunctionality. Biomaterials 
should enable adhesion, migration, proliferation and differentiation of cells. The biological properties of bioma-
terials are a reflection of their physicochemical properties, such as internal architecture, surface characteristics 
and charge. Biomaterials used in tissue regeneration should mimic the natural structure of the extracellular matrix 
and represent a physiological microenvironment for normal cellular functions. These biomaterials should also 
have adequate biodegradability properties to facilitate the formation and growth of new tissue. Biomaterials for 
use in RM can be of natural or synthetic origin, polymers by structural properties, ceramic and composite type, 
and based on bioreactivity they can be bioinert or bioactive. In RM and TE, polymers of different classes, natural 
and synthetic, are used, which can be made as intelligent materials. The structure of hydrogels in the form of a 
porous network represents a good matrix for cell activity. Ceramic biomaterials based on hydroxyapatite (HAp) 
are selected for use in RM and TE, especially solid tissues. Properties, such as composition, particle size, material 
shape, porosity, surface charge, topography, etc., are relevant for the proper use of HAp materials. The properties 
of HAp allow modification of its structure, surface, particle size design at the micro and nano level, hybridization 
with polymers, metals, etc. which is very important for its applications. Designed micro-nanohybrid HAp struc-
ture is most similar to the bone structure, making the cell environment closest to natural. Bone tissue engineering 
(BTE) is based on the combined use of cells, osteostimulating (osteoinductive) factors and biomaterials as a 
scaffolds and carriers for bone regeneration and defects repair. In BTE adipose-derived mesenchymal stem cells 
(ADSCs) are often used that are induced in vitro towards osteogenic cells or endothelial cells, and freshly isolated 
stromal vascular fraction can also be used. Blood components (PRP, blood plasma or blood clot) can be included 
in the composition of the BTE construct as a source of osteoinductive factors. In vitro models and methods were 
used to examine the biocompatibility, immunomodulatory and regenerative potential of biomaterials, as well as 
their influence on cellular functions. After in vitro methods, and before clinical studies, various in vivo animal 
models are used to examine the regenerative potential of biomaterials, such as subcutaneous implantations and 
bone defects in tibia, femur and calvaria in experimental animals (mouse, rat, rabbit). 
Keywords: Regenerative medicine, Bone tissue engineering, Biomaterials, Tissue scaffolds, Physicochemical 
properties, Biomaerials classification, Material bioactivity, Hydrogels, Hydroxyapatite, Adipose-derived mesen-
chymal stem cells, Macrophages, In vitro methods, In vivo animal models.
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1. INTRODUCTION

Regenerative medicine (RM) is an interdisci-
plinary field of medical research and clinical practice 
that deals with therapies and techniques to repair, re-
place or regenerate damaged or diseased tissues and 
organs in the body. It utilizes a variety of strategies, 
including tissue engineering, and components like 
stem cells, growth factors or gene therapy to exploit 
the innate potential of the body for healing processes 
and tissue repair and regeneration. Techniques used 
in RM often involve biomaterials, which provide the 
microenvironmental conditions, a scaffold, or a guide 
for the growth of new tissue. Regenerative medicine 
research offers a promising approach for treating 
many diseases and injuries, including heart disease, 
diabetes, neurological disorders, degenerative joint 
conditions, skeletal injuries, among others [1]. 

Tissue engineering (TE) is a field of biomedi-
cal engineering that combines engineering principles 
with biology for the replacement, repair, or regener-
ation of damaged tissues or organs. TE techniques 
involve the use of cells, biomaterials, and growth 
factors to create functional tissues which serve to re-
place diseased or damaged tissue. Typical procedures 
and steps that are included totally or partially in tis-
sue engineering are: scaffold preparation, cell isola-
tion and expansion, cell seeding onto the scaffold, 
growth factor stimulation and cell differentiation 
(tissue maturation), as well as implantation. These 
procedures have been used so far to create many tis-
sues and organs such as skin, bones, cartilage, liver, 
heart and others with the ultimate goal of obtaining 
functional tissues or organs that can be transplanted 
into patients to treat disease or injury [2,3]. 

2. BIOMATERIALS

Nowadays, biomaterials have a wide range of 
applications in various fields of medicine and den-
tistry, including orthopedics, oral and maxillofacial 
surgery, cardiovascular surgery, reconstructive and 
regenerative medicine, tissue engineering and oth-
ers. They are used as orthopedic, dental, and other 
type of implants, cardiovascular and other medical 
devices, scaffolds for tissue regeneration and repair, 
and drug delivery systems, among other things [4,5]. 
Research in the field of biomaterials has greatly im-
proved the development and application of regener-
ative medicine approaches and tissue engineering. 

With advances in biomaterials research, there is a 
growing potential for the development of new and 
innovative therapies and treatment strategies for a 
range of medical conditions, as well as diseases and 
injuries that were previously difficult to treat. It also 
enables the development of personalized medicine, 
as biomaterials and their products are created so that 
they can be adapted to the specific needs of the a pa-
tient [4,5]. 

2.1. Properties of biomaterials as prerequisite  
                 and requirement to be used in regenera- 
                 tive medicine and tissue engineering

Important preconditions for the biomaterial 
to be used in regenerative medicine and tissue en-
gineering are its biocompatibility and biofunctional-
ity. Biomaterial is considered biocompatible if it is 
non-toxic and allows the body to function without 
complications or unwanted side effects and to gen-
erate the most appropriate beneficial response of 
cells and tissues [6]. Biocompatibility is an essen-
tial precondition for any biomaterial to be used for 
implantation in the body. Biocompatibility refers to 
the ability of a material to interact with living tissue 
or biological systems without causing any harmful 
effects, an adverse response, or rejection. Biocom-
patibility ensures that the implantable biomaterial 
does not cause a negative immune response of the 
body, toxic effects, or other complications that could 
threaten the safety and effectiveness of the implant 
[7]. The biocompatibility of a biomaterial depends 
on a variety of factors, including its physicochemical 
characteristics, surface properties, degradation rate, 
immunogenicity, and bioactivity [6].

Biofunctionality as an essential prerequisite 
for biomaterials to be used for implantation refers to 
the biomaterial’s ability to perform a specific biolog-
ical function, such as promoting tissue regeneration, 
guiding tissue growth, preventing infection, promot-
ing cell adhesion, or delivering therapeutic agents. 
Biofunctionality is important to ensure that the bio-
material can interact with surrounding tissues and 
facilitate the desired biological response. The bioma-
terial biofunctionality is determined by a variety of 
factors, including its physicochemical characteriza-
tion, biocompatibility, biodegradability, and charac-
teristics of its interaction with biological systems [8].  

The ability to enable cell adhesion, migration, 
proliferation, and differentiation is a key requirement 
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for many biomaterials used in regenerative medicine 
and tissue engineering. These processes are critical for 
the growth and repair of tissues, and biomaterials that 
can facilitate or enhance these processes can be useful 
in a variety of biomedical applications [9]. Adhesion 
is the process by which cells attach to a surface or sub-
strate, and it is essential for the formation of tissues and 
organs. Surface properties such as surface chemistry, 
surface roughness, and surface charge can affect the 
ability of cells to adhere to the material surface [10]. 
Cell migrations are important for the integration of the 
biomaterial with the surrounding tissue. The pore size, 
porosity, and mechanical properties of the biomateri-
al can influence cell migration [11]. Biomaterials that 
promote cell proliferation and differentiation can help 
to accelerate the growth of new tissue and promote the 
repair of damaged tissue. Cell proliferation and differ-
entiation, also, depend on physicochemical character-
istics of biomaterial [9,12]. 

2.2. Physicochemical properties of biomaterials

The behavior of biomaterials in biological 
systems, namely its biological properties, is critical-
ly determined by their physicochemical properties, 
such as chemical composition, degradation proper-
ties (biodegradability), surface properties, internal 
architecture, and mechanical properties [13]. 

Chemical composition
The chemical composition of biomaterials may 

have a significant impact on its biocompatibility, deg-
radation rate, as well as on mechanical, surface and 
other properties, and thus on its application. Biomate-
rial’s molecular weight, as a chemical characteristic, 
can affect its other properties, such as solubility, vis-
cosity and mechanical strength, so for example, high 
molecular weight polymers are often used in implant-
able devices due to their superior mechanical prop-
erties [14]. Crystallinity can affect the physical and 
mechanical properties of biomaterials, such as densi-
ty, transparency and hardness. Many materials can be 
prepared in such a way that a mixture of crystalline 
and amorphous regions is obtained [15,16]. 

Biodegradability properties
Biodegradability is an important property of 

some biomaterials and refers to the ability of bio-
materials to break down over time through natural 
processes in the body and to be absorbed. Biomateri-

als should have adequate biodegradability properties 
to facilitate the formation and growth of new tissue. 
The degradation of the biomaterial should be slow 
enough to ensure that the scaffold is present for an 
adequate period of time to support the growth of new 
tissue. If biomaterial degrades too quickly it may not 
provide sufficient support for tissue regeneration, 
while a biomaterial that degrades too slowly may 
induce a foreign body response and interfere with 
tissue regeneration [17,18]. The use of biodegrad-
able polymers such as polylactic acid or polyglycolic 
acid can reduce the risk of long-term foreign body 
response and improve tissue integration [19].

The rate and mechanism of degradation can 
affect its biocompatibility and long-term efficacy, 
and these are influenced by factors such as chemical 
composition, cross-linking, molecular weight, struc-
ture and surface properties. Biodegradable polymers, 
such as polylactic acid (PLA) and polyglycolic acid 
(PGA), can be designed to have specific degradation 
rates by adjusting the molecular weight [20]. These 
polymers can also be used as a drug delivery sys-
tems where controlled release can be accomplished 
by adjusting the content of the active substance [21]. 
In addition, incorporation of other materials, such as 
ceramics or bioglass, can improve the mechanical 
properties of the scaffold and modify its biodegrad-
ability, as well as a tissue response to the biomaterial, 
stimulating the release of growth factors or other sig-
naling molecules that promote cell proliferation and 
differentiation [22]. 

Degradation of biomaterials can result in the 
release of degradation products that can affect the 
biocompatibility. Biomaterial degradation products 
should be non-toxic and easily removed from the body 
in order to avoid any harmful effects on the surround-
ing tissues [23]. The toxicity and inflammatory poten-
tial of these products depend on the chemical compo-
sition and biomaterials’ degradation rate [24,25]. 

Surface properties
Surface properties are important for biomate-

rial interaction with biological systems, because they 
have direct contact with host cells, tissues and body 
fluids. Biomaterials’ surfaces have different charac-
teristics such as wettability - hydrophobicity (sur-
face energy), surface textures - roughness (smooth/
rough), surface chemistry - chemical composition, 
functional groups, topographic factors and surface 
charge. These properties play an important role in 
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determining biomaterial biocompatibility and func-
tionality, as they can influence cell behavior - adhe-
sion, migration, proliferation and differentiation, as 
well as its ability to resist healing and stimulate tis-
sue growth and the body’s immune response. 

The chemical properties of the biomaterials’ 
surface, such as chemical composition, functional 
groups, charge, polarity and hydrophobicity, can in-
fluence its interactions with biomolecules and cells, 
affecting cell behavior [26]. Surface energy and hy-
drophobicity (wettability) of biomaterials can affect 
protein adsorption, which in turn can affect cell ad-
hesion, migration and differentiation. For example, 
a material with a hydrophilic surface can promote 
cell adhesion and proliferation, while a material with 
a hydrophobic surface can inhibit cell growth [27]. 
Regarding the surface texture, a biomaterial with a 
rough surface can provide a better substrate for cell 
adhesion than a smooth surface [28]. 

The surface charge of biomaterials can have 
a significant impact on cell behavior and on various 
cellular processes, such as adhesion, proliferation, 
differentiation and signaling. This influence can be 
realized through affecting the adsorption of charged 
biomolecules, such as proteins (growth factors) and 
ions [29]. Since the charge of biomaterials can play a 
significant role in modulating various cellular behav-
iors and processes, understanding its effects is very 
important in the design and development of biomate-
rials for applications in tissue engineering and regen-
erative medicine [26,29-31].

Surface engineering and modifications, such 
as plasma treatment or chemical modification, can 
be used to tailor the surface properties of a bioma-
terial in order to improve its performance and allow 
clinicians to have better control over biomaterial’s 
interactions with the living host system [32].

Internal architecture
A biomaterial’s internal architecture or micro-

structure, which includes parameters such as pore 
size, pore interconnectivity, and surface area, can 
influence cell adhesion, migration and proliferation, 
and finally tissue regeneration. Therefore, a scaffold 
used for tissue engineering should have a porous 
structure [33]. A biomaterial with a highly porous 
structure with interconnected pores can facilitate the 
diffusion of nutrients and waste products, thus pro-
viding a large surface area for cell adhesion, migra-
tion and proliferation, as well as better support for 

tissue growth, while a material with small or discon-
nected pores can inhibit cell growth. Biomaterials 
can be designed to have specific porosity to promote 
tissue ingrowth and vascularization which can be 
controlled by its production process [34,35].

Mechanical properties
Biomaterials must have appropriate mechan-

ical properties, such as strength, stiffness and elas-
ticity, to have the ability to withstand mechanical 
loads and deformations in vivo [36]. These proper-
ties are influenced by the composition, atomic and 
molecular structure and processing of the material. 
For example, materials used in load-bearing im-
plants must have sufficient strength and stiffness to 
withstand stresses, like materials used in bone repair 
[37], while materials used in soft tissue repair must 
be flexible and elastic to accommodate a movement 
[38]. In addition, a biomaterial whose stiffness is 
similar to that of the surrounding tissue can promote 
cell adhesion and proliferation, while a material that 
is too stiff or too soft can inhibit cell growth and dif-
ferentiation [39,40].

Generally, since the biological properties of 
a biomaterial are a reflection of its physicochemi-
cal properties, by carefully controlling the physico-
chemical properties of biomaterials, researchers can 
design materials that can interact with biological sys-
tems in a way that promotes tissue regeneration and 
repair and have good potential for use in tissue en-
gineering and application in regenerative medicine.

2.3. Biomaterials used in tissue regeneration  
                  mimic extracellular matrix

Biomaterials used in tissue regeneration 
should mimic the natural structure of the extracellu-
lar matrix (ECM) and represent a physiological mi-
croenvironment for normal cellular functions [41].

The ECM is a complex network of proteins, 
glycoproteins, and proteoglycans that plays a criti-
cal role in regulating cellular activity, and provides 
a physical and biochemical microenvironment for 
cells to perform their normal functions. Biomaterials 
that mimic the natural structure of the ECM should 
provide a scaffold for new tissue formation and nor-
mal cellular functions. This can be achieved through 
the design of biomaterials with specific surface prop-
erties, as well as appropriate microstructural and me-
chanical characteristics. A biomaterial that is too stiff 



pages: 1-18
APPLICATIONS OF BIOMATERIALS IN REGENERATIVE MEDICINE  

AND TISSUE ENGINEERING – CONCEPTS AND PERSPECTIVE

Contemporary Materials, XIV-1 (2023) 5

or too soft may affect cell behavior, while a material 
that lacks the appropriate biochemical cues may not 
promote cell adhesion and differentiation. Bioma-
terials composed of natural ECM proteins, such as 
collagen, fibronectin, hyaluronic acid, or fibrin can 
promote cell adhesion, migration, proliferation, and 
differentiation, as well as represent a substrate for 
biochemical signaling, ultimately leading to tissue 
regeneration and repair. Alternatively, synthetic bio-
materials can be designed to mimic the structure and 
function of the ECM, for example, by incorporating 
specific functional groups or by controlling stiffness 
or porosity [39,40,42,43].

These principles are particularly important for 
tissue engineering applications, where biomaterials 
are used to create three-dimensional scaffolds that 
can support growth and development of new tissue. 
For example, a biomaterial used in bone regeneration 
should mimic the mechanical properties of bone tis-
sue, such as its stiffness and elasticity, and also mim-
ic the chemical composition of bone ECM, such as 
the presence of hydroxyapatite [44].

3. CLASSIFICATIONS OF BIOMATERIALS 

3.1. Classification according to origin 

Biomaterials for application in regenerative 
medicine can be of natural or synthetic origin. Natu-
rally-derived biomaterials are obtained from biolog-
ical sources such as tissues, extracellular matrix and 
proteins. Examples of naturally-derived biomaterials 
include collagen, gelatin, fibrin, chitosan, hyaluronic 
acid, and other extracellular matrix (ECM) compo-
nents [45]. These materials are attractive for use in 
tissue engineering and regenerative medicine be-
cause they are biocompatible, biodegradable and can 
mimic the biochemical and mechanical properties of 
natural tissue and the natural microenvironment of 
cells. Natural biomaterials can also contain binding 
sites for cells, growth factors, and other bioactive 
molecules that can enhance tissue regeneration [9].

Synthetic biomaterials are made from non-bi-
ological materials such as polymers, ceramics and 
metals, are usually derived from chemical synthesis 
and can be tailored to have specific properties such 
as mechanical strength, degradation rate and sur-
face chemistry. Examples of synthetic biomaterials 
include polyesters, polycarbonates, polyurethanes, 
poly(lactic-co-glycolic) acid (PLGA), polyethylene 

glycol (PEG), and titanium alloys [46,47]. Synthet-
ic biomaterials can be used alone or in combination 
with natural biomaterials to create hybrid materials 
and can be designed with specific properties such as 
mechanical strength, biodegradability and surface 
chemistry, which makes them widely applicable in 
tissue engineering and regenerative medicine [9]. So 
for instance, a hybrid biomaterial made of natural 
collagen and synthetic polyethylene glycol (PEG) 
can combine the biocompatibility and scaffolding 
properties of collagen with the tunable mechanical 
properties and degradation rate of PEG [46]. By 
carefully selecting and designing biomaterials, re-
searchers can create scaffolds that effectively guide 
tissue regeneration and repair.

3.2. Classification based on bioactivity

Based on bioactivity, biomaterials for applica-
tion in regenerative medicine and tissue engineering 
can be classified as bioinert or bioactive. Bioinert 
biomaterials are characterized by their ability to re-
sist degradation and do not interact with biological 
systems. They are designed to be stable in the body 
over a long period of time while maintaining their 
structural integrity, without causing a significant im-
mune response or inflammation in the surrounding 
tissue [48]. Examples of bioinert materials include 
some synthetic polymers and metals. Bioinert bio-
materials are often used in applications where the 
biomaterial will not be resorbed or integrated into the 
surrounding tissue, such as orthopedic implants [49].

Bioactive biomaterials actively interact with 
the biological environment and are able to stimulate 
cell growth and differentiation. These biomaterials 
stimulate the formation of new blood vessels thus 
stimulating cell and tissue responses that lead to tis-
sue regeneration and repair. Bioactive materials can 
also be used as scaffolds to deliver growth factors 
and other signaling molecules to promote tissue re-
generation [50]. Examples of bioactive materials are 
bone substitutes that include some types of ceramics, 
such as hydroxyapatite (HAp), and certain types of 
bioglass and composites [51]. Biomaterials that can 
be used as bone substitutes are classified into osteo-
conductive, osteoinductive and osteogenic biomate-
rials [52]. Osteoconductive biomaterials provide a 
scaffold for the formation of new bone tissue, oste-
oinductive biomaterials have the ability to stimulate 
the differentiation of stem cells into bone-forming 
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cells, while osteogenic biomaterials have both oste-
oinductive and osteogenic properties [53,54].

Biomaterials can be designed to have both 
bioinert and bioactive properties. By properly se-
lecting and designing biomaterials, scaffolds can be 
made that effectively direct tissue regeneration and 
repair processes [51].

4. TYPES OF BIOMATERIALS ACCORD- 
               ING TO STRUCTURAL PROPERTIES

In regenerative medicine and tissue engineer-
ing, different types of biomaterials are used accord-
ing to their structural properties, and the most com-
monly used are polymers, ceramics and composites.

4.1. Polymers

Polymers are popular class of biomaterials 
due to their versatility, biocompatibility, and adjust-
able mechanical properties. Polymers can be further 
classified into synthetic, natural and hybrid polymers 
[46]. Synthetic polymers include poly(lactic-co-gly-
colic) acid (PLGA), polyethylene glycol (PEG) and 
polycaprolactone (PCL), and for regenerative medi-
cine applications can be designed with specific prop-
erties such as biodegradability, mechanical strength, 
and surface chemistry [23,55]. Natural polymers 
such as collagen, hyaluronic acid and chitosan are 
derived from biological sources and can provide in-
herent biocompatibility and biodegradability. Hybrid 
polymers combine both synthetic and natural poly-
mers to achieve desired properties for applications in 
tissue regeneration and repair [46].

Hydrogels
Hydrogels are a type of polymers that can ab-

sorb and retain a large amount of water or biologi-
cal fluids due to their hydrophilic nature. They are 
three-dimensional networks of polymer chains that 
are cross-linked to form a gel-like structure. The po-
rous network structure of hydrogels can represent a 
good matrix for cell activity in tissue engineering 
and regenerative medicine, especially since they can 
be designed to have a porous structure that closely 
mimics the extracellular matrix (ECM) of natural tis-
sues [56]. The porous structure of hydrogels allows 
the diffusion of nutrients, oxygen and signaling mol-
ecules, as well as the removal of waste products, in 
order to support cell growth and function [46]. Pore 

size and distribution within the hydrogel can also be 
controlled to create an environment that is suitable 
for specific cell types and tissue types. Additionally, 
hydrogels can also be modified by incorporating bio-
active molecules such as growth factors, cytokines 
and extracellular matrix proteins, which can improve 
cell adhesion, proliferation and differentiation, which 
can help promote tissue regeneration and repair [57].

According to their origin, hydrogels can be 
natural or synthetic. Natural hydrogels are derived 
from natural polymers such as collagen, hyaluron-
ic acid, chitosan, alginate and gelatin. They are bio-
compatible and biodegradable, and can be used in a 
variety of applications, including soft and bone tis-
sue engineering, wound healing and drug delivery 
[56]. Synthetic hydrogels are made from synthetic 
polymers such as polyethylene glycol (PEG), poly-
vinyl alcohol (PVA) and polyacrylamide (PAAm). 
These hydrogels can be designed to have specific 
mechanical and chemical properties and can be used 
in applications such as drug delivery, biosensors and 
tissue engineering [23].

In regenerative medicine and tissue engineer-
ing from different classes of polymers, both natural 
and synthetic, researchers are investigating the devel-
opment of intelligent biomaterials that can respond 
to changes in their environment to improve tissue 
regeneration. Intelligent (smart) biomaterials can be 
designed to respond to stimuli such as temperature, 
pH, light, electric fields and mechanical stress [58]. 
Thanks to such interaction with biological systems, 
they provide the possibility for controlled release of 
therapeutic agents, for more precise control over tis-
sue regeneration and repair, and generally enable more 
efficient and personalized treatments for patients. 

4. 2. Ceramics

Ceramics are another class of biomaterials 
commonly used in TE and regenerative medicine 
applications. Ceramic biomaterials are for example 
bone substitutes such as hydroxyapatite (HAp) and 
tricalcium phosphate (TCP) which are commonly 
used as scaffolds for bone regeneration due to their 
ability to integrate with the surrounding bone tissue.

Hydroxyapatite
Ceramic biomaterials based on hydroxyapatite 

are often chosen for use in regenerative medicine and 
TE, especially for hard tissues such as bone, teeth, 
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and cartilage. Hydroxyapatite is the main inorganic 
component of bone tissue, so it can be used to create 
scaffolds that closely mimic the structure and com-
position of natural bone. It has excellent biocompati-
bility, osteoconductivity and biodegradability, and is 
also a bioactive material, which means it can stimu-
late the formation of new bone tissue by promoting 
the attachment, proliferation and differentiation of 
osteoblasts, the cells responsible for bone formation. 
All this makes it an ideal biomaterial for use in bone 
tissue engineering and bone regeneration [13].

In addition to bone tissue engineering, HAp-
based ceramics have also been investigated for appli-
cations in cartilage engineering [59], dental implants 
[60], and drug delivery [61]. HAp can be used alone 
or in combination with other biomaterials, such as 
polymers [62] or metals [63], to create composite 
scaffolds with improved properties. HAp has been 
shown to promote chondrogenesis (cartilage forma-
tion) and can be combined with other materials such 
as collagen to create scaffolds that support cartilage 
regeneration [64]. HAp has also been used as a coat-
ing on dental implants to improve osseointegration 
(integration with surrounding bone tissue) and pro-
mote long-term stability [60].

Properties, such as composition, particle size 
and shape, porosity, surface charge, topography, etc., 
are relevant for the proper use of HAp materials [13]. 
The size of HAp particles can influence their bio-
logical response and interaction with cells, such as 
ability to be phagocytized by cells, their rate of deg-
radation and their osteoinductive potential. Different 
material shapes, such as fibers [65], particles [66] or 
blocks [67], can affect cell adhesion, migration and 
proliferation, mechanical properties and the way the 
material interacts with other tissues in the body. The 
porosity of HAp materials is an important factor for 
tissue engineering applications, so high porosity can 
improve cell and blood vessel infiltration and sub-
stance diffusion, but may compromise mechanical 
strength. Porous HAp materials can be designed to 
have a similar structure to the natural bone, which 
can improve their ability to integrate with surround-
ing tissues [68].

The nanoscale characteristics of HAp can also 
provide a scaffold for cell growth, promoting their 
differentiation and the formation of new bone tissue 
[69]. HAp biomaterial can be designed at both mi-
cro and nano level to create hierarchical structures 
that mimic the natural bone structure. Designed mi-

cro-nanohybrid HAp structure is most similar to the 
bone structure, making the cell environment closest 
to natural one [70-72]. 

4.3. Composites

Composites are biomaterials that combine the 
properties of two or more materials, each of which 
contributes to the unique properties to achieve the 
desired characteristics to create a scaffold with tai-
lored properties that make it an effective scaffold 
for tissue regeneration applications. For example, 
a composite scaffold can be created by combining 
polymers with ceramics to create a structure that has 
both mechanical strength and bioactivity. Compos-
ites can also be designed to degrade over time, pro-
viding a temporary scaffold for tissue growth. Exam-
ples of composite biomaterials include PLGA/TCP, 
collagen/hydroxyapatite, HAp-PLLA, among many 
others [73]. 

5. BONE TISSUE ENGINEERING

Bone tissue engineering (BTE) is based on 
the combined use of cells, osteostimulating (oste-
oinductive) factors and biomaterials of natural and 
artificial origin as a scaffolds and carriers for bone 
regeneration and defects repair [74]. These three 
components represent a biological triad that imitates 
the natural environment in order to regenerate bone 
tissue [2,75]. 

The scaffold provides a three-dimensional 
structure that mimics natural bone tissue, allowing 
cells to adhere, proliferate and differentiate into 
bone-forming cells and other cell activities [76-78]. 
They also act as carriers of the second biological 
triad component - osteoinductive factors, such as 
growth factors and cytokines, which regulate cellu-
lar activities essential for bone formation. Natural 
biomaterials that can be used as scaffolds in BTE in-
clude collagen, fibrin and various components of the 
extracellular matrix (ECM), whereas synthetic ones 
are of the ceramic, polymer or composite type [51].

In order to assess the possible impact on the 
dynamics and outcome of the osteogenic process, 
numerous studies were conducted on the role of PRP 
as a source of osteoinductive factors [79]. PRP is a 
concentrate of platelets and growth factors derived 
from blood, such as the patient’s own blood. These 
factors can stimulate cell proliferation and differen-
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tiation, thereby stimulating tissue regeneration and 
repair, including bone [80-82]. PRP can be used as a 
scaffold or carrier for cells and combined with bioma-
terials as their supplement to increase the osteogenic 
potential of cells. Several in vitro and in vivo studies 
using PRP in BTE constructs have shown promis-
ing results for increased bone repair and regenera-
tion [78,82-87]. However, more research is needed 
to fully understand the mechanisms of PRP-induced 
osteogenesis and to optimize its use in clinical appli-
cations.

5.1. Mesenchymal stem cells in bone tissue  
                 engineering

Cells represent the third component of the bio-
logical triad in BTE. For this purpose, mesenchymal 
stem cells (MSCs) that are derived from different 
sources including bone marrow and adipose tissue 
[88], as well as induced pluripotent stem cells (iP-
SCs), can be used [89,90]. MSCs have the ability to 
differentiate into osteoblasts and form bone tissue 
[83]. Other cell types, such as osteoblasts, chondro-
cytes, endothelial cells, macrophages, and others 
have also been used in BTE.

Stem cells can be obtained from readily avail-
able and abundant source – adipose tissue [91]. Adi-
pose-derived mesenchymal stem cells (ADSCs) have 
been used in several studies for applications in tissue 
engineering and regenerative medicine, including for 
bone regeneration purposes. ADSCs have the abili-
ty to differentiate into various cell types, including 
osteoblasts, chondrocytes, endothelial cells, and adi-
pocytes [83,88,91]. This feature makes them a good 
source of cells for bone regeneration and application 
in regenerative medicine in general. 

The process of isolating ADSCs from adipose 
tissue usually involves digesting the adipose tissue 
with enzymes and then centrifugation to separate the 
stromal vascular fraction (SVF) from the adipocytes 
[83-85]. The SVF contains a heterogeneous pop-
ulation of cells including mesenchymal stem cells, 
endothelial progenitor cells, endothelial cells, peri-
cytes, preadipocytes, adipocytes, and immune cells 
[92,93]. The resulting SVF could be used directly or 
further processed using various techniques to isolate 
specific cell populations, such as ADSCs. Further, 
ADSCs can be expanded in culture and differentiated 
into different cell types for application in regenera-
tive medicine and tissue engineering.

One possibility for application of ADSCs in 
BTE is to use them as freshly isolated stromal vascu-
lar fraction of adipose tissue [85,94,95]. In this case, 
potential of the SVF for the bone regeneration is test-
ed without previously undergoing in vitro expansion 
process. By using this approach, encouraging results 
were obtained in an ectopic mouse bone formation 
model. Specifically, it was found that simulating an 
intraoperative procedure with freshly isolated SVF 
cells from adipose tissue combined with platelet-rich 
plasma (PRP) delivered on a bone mineral matrix 
(BMM) carrier rapidly initiated osteogenesis [85]. 
However, the use of SVF has some limitations, such 
as the lower yield of ADSCs compared to culture-ex-
panded cells, the potential presence of unwanted 
cells, and the lack of standardization in the isolation 
procedure [96]. Therefore, the application of freshly 
isolated SVF in bone regenerative medicine requires 
more research for further optimization.

In some studies, researchers have used ADSCs 
in vitro induced towards osteogenic cells and/or en-
dothelial cells in order to facilitate bone regeneration 
and repair of bone defects [83,84,86]. ADSCs can be 
induced in vitro into osteogenic cells, through induc-
tion of osteogenic markers gene expression, which 
can be achieved by using various growth factors 
and other osteogenic factors [97,98]. ADSCs can be 
seeded onto biomaterial scaffolds, cultivated in vitro, 
which allows them to differentiate into osteogenic 
cells and form new bone tissue, and then be implant-
ed ectopically [99]. Another approach is to induce 
ADSCs into osteogenic cells in vitro, and afterwards 
to construct the implants out of differentiated cells, as 
a source of growth factors and a biomaterial-carrier 
as a scaffold. This combination triggered advanced 
and well-balanced osteogenic process when implant-
ed ectopically [83]. 

Blood vessels formation is necessary condi-
tion for bone formation [100]. Endothelial cells are a 
primary cell type found in blood vessels lining their 
inner surface and are responsible for maintaining 
vascular integrity and regulating blood flow [101]. 
The ability to generate functional endothelial cells 
from stem cells is important for tissue engineering 
applications that require the formation of new blood 
vessels [86]. To induce ADSCs to differentiate into 
endothelial cells, researchers used a combination of 
growth factors and culture conditions that mimic the 
in vivo environment of endothelial cells [84,102]. 
Some commonly used growth factors include vas-
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cular endothelial growth factor (VEGF), fibroblast 
growth factor (FGF), platelet-derived growth factor 
(PDGF), and angiopoietin-1 (Ang-1), among others 
[103-105]. These growth factors can stimulate the 
expression of genes and proteins involved in the de-
velopment and function of endothelial cells. 

ADSCs can also be in vitro induced into endo-
thelial cells and then used for prevascularization of 
scaffolds. Further, ADSCs induced into osteoblasts can 
be added to prevascularized scaffolds and such con-
structs can be implanted in order to repair critical-sized 
bone defects [106]. Also, ADSCs in vitro induced into 
endothelial cells and ADSCs in vitro induced into os-
teoblasts can be combined and then seeded onto bioma-
terial-carrier enriched with a potent source of growth 
factors such as PRP [86]. Both approaches led to the 
improvement of vascularity, and subsequently to the 
appearance of signs of the osteogenic process.

5.2. Macrophages in bone tissue engineering

Macrophages are immune cells that play an im-
portant role in the inflammatory process, in the regula-
tion of the immune response, and during tissue repair 
and regeneration. They are involved in the removal of 
dead cells and debris, and they also secrete various cy-
tokines and growth factors that can influence cell be-
havior and tissue regeneration. Macrophages secrete 
cytokines and osteoinductive factors that promote os-
teogenesis and are involved in bone remodeling and 
regeneration, such as transforming growth factor-beta 
(TGF-β) and bone morphogenetic proteins (BMPs). 
The position and roles of macrophages in bone tissue 
engineering are complex and depend on factors such 
as their phenotype, state of activation and interac-
tions with other cells and biomaterials in the micro-
environment. Studies have shown that macrophages 
can have both positive and negative effects on bone 
regeneration. For example, M2 macrophages, which 
are involved in tissue repair and remodeling, secrete 
growth factors and cytokines that promote osteogen-
esis and angiogenesis, while on the other hand, M1 
macrophages, which are involved in the inflammatory 
response, produce proinflammatory cytokines that in-
hibit bone regeneration [32,107].

In bone tissue regeneration, macrophages are 
recruited to the site of injury or incorporated into a 
scaffold to enhance the osteogenic process, and in 
each approach they interact with other cells and thus 
affect the regenerative process. In one study, macro-

phages were co-cultured with bone marrow-derived 
mesenchymal stem cells (BMSCs) on a hydroxyap-
atite scaffold, and the resulting construct showed in-
creased osteogenic differentiation and mineralization 
compared to BMSCs cultured alone [108].

Studies have suggested that modulating the 
phenotype and behavior of macrophages may be a 
promising approach to enhance bone regeneration. 
Research has been carried out on the use of bio-
materials that can modulate the behavior of macro-
phages in BTE constructs. For example, developed 
biomaterials with surface charge and chemical func-
tional groups can influence the polarization of mac-
rophages towards an anti-inflammatory phenotype. 
These materials have been shown to improve bone 
regeneration in animal models [109].

Inclusion of macrophages in the implants based 
on hydroxyapatite and in combination with a blood 
clot has a beneficial effect on the osteogenic process in 
vivo. This result was demonstrated in the case of both 
resident and inflammatory macrophages included in 
subcutaneous implants, unlike implants without these 
cells. In this way, it was shown that macrophages, 
adapting to the environment in which they are locat-
ed, positively act on angiogenesis, collagen produc-
tion, and maturation of osteoblast-like cells, probably 
through secretion of various molecules. Their com-
bination with blood clot and hydroxyapatite aimed 
to mimic the situation at the site of a bone fracture 
in macrophage-enriched environment. The results of 
these studies showed that there is a great potential for 
the application of macrophages in bone tissue engi-
neering and orthopedic surgery [110,111].

The specific role of macrophages in the con-
text of BTE is still an active area of research and 
more studies are needed to fully understand their ef-
fect on the osteogenic process and to optimize the 
design and development of scaffolds and therapies 
for bone repair and regeneration.

6. TESTING BIOMATERIALS FOR USE IN  
               REGENERATIVE MEDICINE

6.1. In vitro models and methods  
                 for testing biomaterials

In vitro models and methods have been used 
to examine the biocompatibility, immunomodulatory 
and regenerative potential of biomaterials, as well as 
their influence on cellular functions. 
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In vitro cell models enable investigation of 
specific cellular and molecular interactions that 
may not be possible in vivo, but can provide prelim-
inary data for selecting biomaterials for further in 
vivo testing. Using in vitro cell models, researchers 
can test the effects of biomaterials on different cell 
types, tissues and biological processes under pre-
cisely controlled conditions and observe cellular 
responses and functions over time allowing a better 
understanding of the molecular mechanisms un-
derlying the observed effects. These models can be 
simple 2D cell cultures or complex 3D tissue engi-
neering models that simulate the in vivo microenvi-
ronment. Cells are directly exposed to biomaterials 
in vitro by being grown on or within the biomateri-
als, or the biomaterials are tested indirectly via their 
extracts [112-115]. 

In vitro tests can be performed to evaluate var-
ious cellular functions, activities and responses, such 
as cell adhesion, migration, proliferation, differenti-
ation, gene expression, which are important factors 
and parameters for assessing the ability of biomate-
rials to support tissue regeneration and repair. Cyto-
toxic and genotoxic effects of biomaterials and their 
decomposition products are tested in vitro, which is 
important for assessing their safety in medical ap-
plications [112,116]. Morphology is also studied and 
morphometry of living cells is performed, as well as 
examination of various functions and activities such 
as various products secretion. In vitro methods can 
also be used to study the interaction between bio-
materials and immune cells, such as macrophages or 
dendritic cells, to determine whether the material can 
induce an immune response or has immunomodula-
tory effects [116-119]. Additionaly, wound healing 
effects of biomaterials intended for wound manage-
ment can be studied in vitro on cell models as well 
[21,117].

In vitro studies can help guide the develop-
ment of new biomaterials for applications in regen-
erative medicine and tissue engineering and can help 
researchers identify optimal biomaterials for specif-
ic applications. However, it is important to keep in 
mind that results obtained from in vitro studies can-
not always be translated to in vivo situations, as the 
in vivo environment is much more complex and dy-
namic. Therefore, in vitro studies are often followed 
by in vivo studies in animal models to confirm the 
results.

6.2. In vivo experimental models for testing  
                 biomaterials

Various in vivo animal models of implantation 
are used in research for the examination of the regen-
erative potential of biomaterials. In vivo, experimental 
models have been used to assess the biocompa tibility, 
safety, and efficacy of biomaterials in a more clinically 
relevant context before proceeding to human clinical 
trials [120]. The usage of animal models with ortho-
topic or ectopic implantations is important because it 
allows researchers to examine the regene rative poten-
tial of biomaterials in a more complex and dynamic 
environment than in vitro models [121,122]. In vivo 
models with bone defects provide a controlled envi-
ronment for tracking the effects of biomaterials on 
various factors, such as immune response, vascular-
ization, new bone formation, inte gration of the im-
planted biomaterial with the surround  ing tissue, and 
mechanical stability, which are key to successful bone 
regeneration and repair.

Bone tissue injuries are often examined in mod-
els of the defects of calvaria, jaw bones, and long bones 
(most commonly the tibia or femur) [120-122]. Bone 
defect models typically involve surgically removing 
a section of bone and creating critical-sized bone de-
fects in the bone of experimental animals (mouse, rat 
or rabbit). Afterward, the biomaterial is implanted into 
the defect site to assess its ability to promote bone re-
generation and repair. The choice of animal model and 
the location and size of the bone defect are important 
considerations in these experiments. For example, the 
calvarial defect model is commonly used to study bone 
regeneration, because the skull is easily accessible 
and the defect can be created in a reproducible man-
ner. On the other hand, femoral or tibial defect models 
are used to study larger bone defects and the ability 
of biomaterials to promote healing in load-bearing 
bones. Additionally, the calvaria has a poor vascular 
network, while biomaterial in the full-depth defects in 
the long bone has direct contact with the bone mar-
row. In intraosseous implantation models, polymers as 
a collagen can be implanted alone [123], or in combi-
nation with bone substitutes [124,125]. The choice of 
bone defect model to be used for testing biomaterials 
in vivo depends on the biomaterial characteristics and 
its potential application as well.

The subcutaneous implantation model is a 
common method for rapid assessment of biocompat-
ibility and basic biological properties of biomateri-
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als, so this model can be used for initial screening 
of biomaterials after which potential clinical applica-
tions can be considered [126-128]. 

The site of implantation and tissue surround-
ing the implanted biomaterial is usually examined, 
thus providing insight into the host’s response to the 
implanted material, including inflammation, cellular 
infiltration, fibrosis, foreign body reaction, adverse 
reactions, and possible toxic effects [126-130].

The effectiveness of biomaterials in stimulat-
ing bone regeneration can be evaluated by different 
methods. Imaging techniques such as X-ray im-
aging, computed tomography (CT), and magnetic 
resonance imaging (MRI) can provide information 
on the degree of new bone tissue formation and the 
integration of biomaterials with the surrounding tis-
sue [131]. Histological analysis involves examining 
tissue samples from the defect site to assess cellular 
and molecular changes associated with bone regen-
eration, including the presence of new bone tissue, 
blood vessels, and other components of the extracel-
lular matrix [126-130].

Mechanical testing can be used to assess the 
strength and stiffness of the regenerated tissue, pro-
viding an indication of its suitability for load-bearing 
applications.

In general, in vivo experimental models pro-
vide a valuable tool to assess the regenerative poten-
tial of biomaterials in a biologically relevant context 
and potential clinical application, and guide the de-
velopment of new materials with improved regener-
ative properties. However, it should be noted that the 
use of animal models requires prior careful ethical 
and practical considerations.

7. CONCLUSION

Regenerative medicine as a field of medicine 
that deals with therapies, strategies and techniques 
for repairing, replacing or regenerating damaged or 
diseased tissues and organs in the body today offers a 
promising approach in the treatment of many diseas-
es and injuries, and in the future even more. Tissue 
engineering methods have so far created many tissues 
with the ultimate goal and perspective of obtaining 
functional tissues or organs that can be transplanted 
into patients to treat disease or injury. Research in 
the field of biomaterials has significantly improved 
the field of RM and TE. Important prerequisites for 
the biomaterial to be used for implantation are its 

biocompatibility and biofunctionality. Biomaterials 
should also enable adhesion, migration, proliferation 
and differentiation of cells.

Since the biological properties of a biomateri-
al are a reflection of its physicochemical properties, 
by carefully controlling the physicochemical proper-
ties of biomaterials, researchers can design materials 
that can interact with biological systems in a way that 
promotes tissue regeneration and repair and has good 
potential for application in RM and TE. The choice 
of natural or synthetic, bioactive or bioinert, and bio-
materials of a certain structure (polymeric, ceramic, 
composite) for use in RM and TE depends on the spe-
cific application, as well as on the desired properties, 
scaffold characteristics and functions of the biomate-
rial. By designing hydrogels with specific properties, 
researchers can create scaffolds that closely mimic the 
ECM of native tissues and provide an environment 
that supports cell growth, function, and regeneration, 
making them an attractive material for tissue engineer-
ing and regenerative medicine applications. Ceramic 
biomaterials of the calcium phosphate type are used 
as bone substitutes, because they can act as scaffolds 
for bone regeneration due to their ability to integrate 
with the surrounding bone tissue. Understanding and 
controlling the properties of HAp materials is critical 
to determining their suitability for use in regenerative 
medicine and tissue engineering applications and to 
promote and create new tissue and support cell growth 
and function in the body. The nanoscale characteris-
tics of HAp can also provide a scaffold for cell growth 
and new bone tissue formation, and the design of mi-
cro-nano hybrid HAp structures is an important area 
of research because it closely mimics the structure of 
natural bone.

BTE is based on the combined use of cells, 
osteostimulating (osteoinductive) factors and bioma-
terials as scaffolds and carriers for bone regeneration 
and defect repair. Researchers have used ADSCs in-
duced in vitro towards osteogenic cells or endothe-
lial cells, although freshly isolated stromal vascular 
fraction of adipose tissue can also be used for regen-
erative purposes. Studies have suggested that mod-
ulating the phenotype and behavior of macrophages 
may be a promising approach to enhance bone regen-
eration. It has been shown that the incorporation of a 
blood clot into BTE constructs as well as the use of 
PRP can stimulate angiogenesis, the wound healing 
process, bone repair and regeneration, as they can be 
a source of osteoinductive factors.
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In vitro studies can help in guiding the devel-
opment of new biomaterials for regenerative medi-
cine and tissue engineering applications and may help 
researchers identify optimal biomaterials for specific 
applications, but in vitro studies are often followed by 
in vivo studies in animal models to confirm the results. 
In vivo experimental models provide a valuable tool to 
assess the regenerative potential of biomaterials in a 
biologically relevant context for potential clinical ap-
plication and guide the development of new materials 
with improved regenerative properties.
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ПРИМЕНА БИОМАТЕРИЈАЛА У РЕГЕНЕРАТИВНОЈ МЕДИЦИНИ И 
ТКИВНОМ ИНЖЕЊЕРСТВУ - КОНЦЕПТИ И ПЕРСПЕКТИВЕ

Сажетак: Регенеративна медицина (РМ) користи урођени потенцијал људског тела да ефикас-
но поправи и регенерише оштећена ткива и органе уз помоћ различитих биоматеријала. Ткивно 
инжењерство (ТЕ) омогућава замену оштећених ткива и органа новим. Истраживања у области 
биоматеријала значајно су унапредила област РМ и ТЕ. Биоматеријали се користе као ортопед-
ски, стоматолошки и кардиоваскуларни имплантати, као медицински уређаји и у разним облас-
тима реконструктивне и регенеративне медицине. Важни предуслови да се биоматеријал користи 
за имплантацију су његова биокомпатибилност и биофункционалност. Биоматеријали треба да 
омогуће адхезију, миграцију, пролиферацију и диференцијацију ћелија. Биолошка својства био-
материјала су одраз њихових физичко-хемијских особина, као што су унутрашња архитектура, 
карактеристике површине и наелектрисање. Биоматеријали који се користе у регенерацији ткива 
треба да опонашају природну структуру екстрацелуларног матрикса и представљају физиолошку 
микросредину за нормалне ћелијске функције. Ови биоматеријали такође треба да имају адекват-
на својства биоразградивости како би се олакшало формирање и раст новог ткива. Биоматеријали 
за употребу у РМ и ТЕ могу бити природног или синтетског порекла, по структурним особинама 
полимерни, керамички и композитни тип, а на основу биореактивности могу бити биоинертни 
или биоактивни. У РМ и ТЕ се користе полимери различитих типова, природни и синтетски, који 
се могу направити и као интелигентни материјали. Хидрогелови имају структуру порозне мреже 
представљајући тако добру матрицу за активност ћелија. Керамички биоматеријали на бази ХАп 
се користе у РМ и ТЕ, посебно чврстих ткива. Својства, као што су састав, величина честица, 
облик материјала, порозност, површинско наелектрисање, топографија и сл, релевантни су за 
правилну употребу ХАп материјала. Важна каракеристика ХАп-а су могућности модификације 
његове структуре, површине, дизајна величине честица на микро и нано нивоу, хибридизација 
са полимерима, металима итд, што је веома важно за његове примене. Дизајнирана микро-нано-
хибридна ХАп структура је најсличнија структури костију, чинећи ћелијско окружење најбли-
жим природном. Ткивно инжењерство кости (КТЕ) се заснива на комбинованој употреби ћелија, 
остео стимулирајућих (остеоиндуктивних) фактора и биоматеријала као скафолда и носача за ре-
генерацију костију и поправку дефеката. У КТЕ се често користе мезенхимске матичне ћелије 
добијене из масног ткива које се индукују in vitro према остеогеним или ендотелним ћелијама, а 
може се применити и свеже изолована стромална васкуларна фракција. У састав KТЕ конструкта 
могу се укључивати компоненте крви као извор остеоиндуктивних фактора (ПРП, krvna плазма 
или угрушак), а и макрофаги као модулатори остеогеног процеса. In vitro модели и методе се 
користе за испитивање биокомпатибилности, имуномодулаторног и регенеративног потенцијала 
биоматеријала, као и њиховог утицаја на ћелијске функције. После in vitro метода, а пре клинич-
ких студија, за испитивање регенеративног потенцијала биоматеријала користе се различити in 
vivo животињски модели, као што су поткожне имплантације и дефекти костију тибије, бутне 
кости и калварије код експерименталних животиња (миш, пацов, зец).
Кључне ријечи: Регенеративна медицина, Коштано ткивно инжењерство, Биоматеријали, Ткивне 
скеле, Физичко-хемијска својства, Класификација биоматеријала, Биоактивност материјала, Хи-
дрогелови, Хидроксиапатит, Мезенхимске матичне ћелије из масног ткива, Макрофаги, Методе 
in vitro, In vivo животињски модели.
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