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Abstract 14 

We present the innovative synthesis of polyethersulfone/poly(acrylic acid) composite hydrogel membranes 15 

performed by combining photoirradiation with a traditional liquid phase inversion process. Fabricated 16 

membranes exhibited ion exchange capacity and water content as high as 5.2 mmol/g and 75%, respectively. 17 

The chemical composition of the membranes was determined using FTIR-ATR and their microstructure was 18 

examined with SEM. Our findings suggest that the use of hydrophilic crosslinker was crucial for the synthesis 19 

of symmetric and mechanically stable composite hydrogel membranes. Passive and iontophoretic release 20 

kinetics from membrane reservoirs synthesized with the hydrophilic crosslinker were investigated in vitro using 21 

methylene blue as a model drug. Passive release kinetics was diffusion-controlled with pH-sensitive and 22 

loading-dependent behavior. Linear release kinetics was demonstrated during the iontophoretic release. 23 

mailto:filip.radovanovic@itn.sanu.ac.rs


2 
 

Synthesized composite hydrogel membranes hold a lot of promise as compact stand-alone reservoirs for passive 24 

and iontophoretic delivery of cationic drugs.  25 

Keywords: composite hydrogel membrane; crosslinker; ion exchange; diffusion; iontophoresis; drug release  26 

1. Introduction  27 

Hydrogels are polymeric networks with three-dimensional structure and capability to absorb large amounts of 28 

water or biological fluids [1]. Their unique properties, such as high water content, porosity, and soft 29 

consistency, closely resemble those of biological tissues, and therefore hydrogels represent an important class of 30 

synthetic biomaterials [2]. In controlled drug delivery applications, the main advantage of hydrogels is the 31 

possibility to provide prolonged sustained release of the active ingredient [3,4]. Hydrogels can also respond to 32 

different internal or external stimuli, by changing their structure, swelling behavior, permeability or mechanical 33 

properties, which may be used to modulate drug release [5]. Moreover, hydrogels have been used as drug 34 

reservoirs for transdermal iontophoretic delivery of drugs [6].  35 

Poly(acrylic acid) (PAA) hydrogel is an interesting material for the storage of cationic drug formulations. 36 

Presence of carboxyl groups in this hydrogel enables cation exchange [7], while their volume distribution 37 

imparts electrical conductivity [8]. Hence, PAA has the potential to be applied as a versatile drug matrix for 38 

passive delivery via ion exchange or active delivery via iontophoresis.         39 

Active delivery via iontophoresis implies the application of small physiologically acceptable electric current for 40 

driving the charged and neutral drugs into the body [9,10]. Ion exchange fibers were successfully used as drug 41 

reservoirs in iontophoresis by Jaskari and coworkers [11]. The same research group also demonstrated efficient 42 

use of ion exchange fibers for iontophoretic transdermal delivery of apomorphine [12] and leuprorelin [13]. 43 

Using tramadol as a model drug, Gao and coworkers showed that ion exchange fibers exhibited uniform drug 44 

loading and controllable iontophoretic delivery [14]. In a study by Vispute et al. it was concluded that ion 45 

exchange fibers have superior iontophoretic properties in terms of cationic drug loading and release compared 46 

to ion exchange resins [15]. Although ion exchange fibers have a high binding capacity for charged drugs and 47 
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adequate properties for iontophoresis, their drug release properties cannot be easily customized for specific 48 

applications. In addition, they need to be packed and enclosed to form a usable drug reservoir with defined 49 

geometry.   50 

Composite hydrogel membranes combining soft functional hydrogel and a rigid porous membrane are a class of 51 

materials that can be of interest in various applications, such as sensing and analytics, biomedical engineering, 52 

as well as the controlled drug delivery [16]. These membranes can commonly be tailored with a specific 53 

purpose in mind and directly fabricated in the desired form with well-defined shape and thickness. Therefore, 54 

composite hydrogel membranes are good candidates for compact drug reservoirs which do not require dedicated 55 

packaging. Relevant properties of such composite drug reservoirs could be adjusted for a specific application 56 

already during membrane synthesis and without subsequent fabrication steps required to form the reservoir.     57 

Composite hydrogel membranes containing PAA were investigated in the past for various applications. pH-58 

sensitive valves were synthesized by in situ polymerization and crosslinking of acrylic acid (AA) within the 59 

pores of poly(vinylidene fluoride)  (PVDF) membrane [17]. Blending of polyethersulfone (PES) solution with 60 

(PAA) microgels was used to synthesize composite membranes with pH sensitivity and potential for ion 61 

exchange applications [18]. Ion exchange ultrafiltration membranes were obtained by mixing polysulfone and 62 

PAA solutions followed by liquid phase inversion of the cast films [19]. In situ crosslinked copolymerization of 63 

N-vinylpyrrolidone and AA in PES solutions was used to synthesize multifunctional composite membranes. 64 

After copolymerization at elevated temperature, spin coating, and liquid-liquid phase inversion were applied to 65 

form the membranes which exhibited good biocompatibility and ability to adsorb cationic dyes [20].   66 

Composite hydrogel membranes synthesized by combining photopolymerization and liquid phase inversion 67 

were investigated for proton conducting applications [21] and removal of heavy metals [22].  68 

In this work, we present the synthesis and characterization of composite hydrogel membrane reservoirs intended 69 

for controlled delivery of cationic drug formulations. Our composite membrane design comprises a PES 70 

polymeric base and a crosslinked PAA hydrogel with pH-responsive carboxyl groups. We specifically evaluated 71 

the influence of different crosslinkers on basic membrane properties. Membranes were fabricated by sequential 72 
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application of photoirradiation and immersion precipitation of the cast film containing all functional 73 

components. Scanning electron microscopy (SEM) and Fourier transform infrared spectroscopy-Attenuated 74 

total reflection (FTIR-ATR) were used to examine composite membrane morphology and spatial distribution of 75 

resulting phases. We also investigated loading and in vitro release kinetics of methylene blue (MB), and 76 

demonstrated the potential of these membranes as reservoirs for iontophoretic delivery. MB dye was selected as 77 

the model drug due to the promising results obtained in the management of chronic wounds, such as pressure 78 

injuries and diabetic ulcers, with antibacterial dressings containing MB [23,24].  79 

The composite hydrogel membranes described in this work can potentially be used as multipurpose stand-alone 80 

drug reservoirs with specifically tailored properties in the applications requiring passive or iontophoretic 81 

transdermal drug delivery. Most membrane properties of interest for drug loading and delivery can be simply 82 

adjusted by modifying the composition of the casting solution.          83 

2. Experimental 84 

2.1 Materials 85 

PES (Ultrason E 6020P, Mw = 75,000, PDI 3.4) was kindly provided by BASF (Badische Anilin- und Soda-86 

Fabrik), Germany. Polyester spunbond nonwoven fabric (Type 078/20) of area weight 21 g/m
2
 was kindly 87 

supplied by Johns Manville Sales GmbH, Germany.  N-methyl-2-pyrrolidone (NMP) (99% purity), AA, N, N′-88 

Methylenebis(acrylamide) (MBAA) and trimethylolpropane ethoxylate triacrylate (TMPTA) (average Mn = 89 

912) were obtained from Sigma-Aldrich, Germany. Photoinitiator (PI), bis(2,4,6-trimethylbenzoyl)-90 

phenylphosphineoxide (Irgacure 819), was kindly provided by Ciba SC, Switzerland. MB powder was 91 

purchased from E. Merck, Germany. Potassium dihydrogen phosphate (KH2PO4) (p. a.) and sodium hydroxide 92 

(NaOH) (p. a.) were supplied by Centrohem, Serbia. Citric acid monohydrate was obtained from Alkaloid, 93 

Former Yugoslav Republic of Macedonia. Ethanol (96% vol.) was purchased from Zorka Pharma, Serbia. 94 

Hydrochloric acid (HCl) (37%) was supplied by BDH Prolabo, France. All chemicals were used as received 95 

without further purification.  96 
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Tap water was used in the coagulation bath for all membrane synthesis experiments. Distilled water was used to 97 

prepare solutions for experimental analysis of membrane ion exchange capacity, membrane swelling degree, 98 

MB absorption, MB release kinetics and iontophoretic transport of MB. 99 

2.2 Membrane synthesis  100 

For the synthesis of composite PES membranes, the traditional liquid phase inversion process was modified by 101 

incorporating AA and a bifunctional (MBAA) or trifunctional (TMPTA) crosslinker in the polymer casting 102 

solution and copolymerizing them before the immersion in water and final solidification step. A 30% by weight 103 

solution of PES in NMP was prepared by mixing at 80 °C overnight. Solutions of AA, MBAA or TMPTA, and 104 

PI in NMP were freshly prepared by mixing the components in amber vials cooled with ice and protected from 105 

ambient light. Each solution for making membranes was prepared by mixing a given quantity of PES with a 106 

solution of photopolymerizable components just prior to the casting. All prepared solutions were transparent 107 

confirming complete miscibility of the components. PES concentration in solutions prepared for casting is 108 

expressed in percentage by weight. AA concentration is expressed in mmols per g of the final dry membrane at 109 

a theoretical 100% reactant conversion. The concentration of the crosslinking agent is expressed as a mole 110 

percentage based on the AA concentration. 111 

Prepared solutions were cast on a glass plate using a 7.62 cm-wide film applicator with a 200 μm gap (BYK 112 

Gardner), then put in an experimental enclosure blanketed with nitrogen gas and exposed to UV irradiation 113 

through a glass window on top of the enclosure for 3 min. The exposure dose, mainly in the UVA region, was 114 

1.5 J/cm
2
, as measured by the YK-35UV light meter, Taiwan. UV exposure initiated polymerization and 115 

crosslinking of AA to create a gel in the cast film. After UV curing, cast films were immersed in the water bath 116 

to form membranes. After allowing at least 10 min to complete phase separation and solidification, membranes 117 

were further extracted in distilled water overnight in order to remove residual solvent, unreacted monomers, and 118 

PI. Membranes were then stored in an ethanol/water 1:1 (v/v) mixture to prevent microbial contamination. 119 

2.3 Membrane characterization  120 
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FTIR-ATR analysis was conducted with Thermo Scientific Nicolet 6700 instrument equipped with Smart ATR 121 

Diamond accessory, USA. The spectra were recorded in the range of 525-4000 cm
-1

 with the resolution of 0.5 122 

cm
-1

 and then normalized to the highest peak intensity.  123 

Microstructural properties were examined by recording the fracture surfaces of membrane specimens with the 124 

field emission SEM (TESCAN MIRA 3 XMU, Czech Republic). Wet membrane samples were dipped for 1 h 125 

in ethanol, then 1 h in heptane to minimize pore collapse during sample preparation, followed by air drying for 126 

at least 24 h at ambient temperature. Prior to the recording, dry membrane samples were cooled in liquid 127 

nitrogen, fractured and sputtered with carbon. 128 

2.3.1 Mass swelling degree (SD) and water content (WC) 129 

Prior to the experiments, membranes were equilibrated in distilled water, phosphate buffer solution (pH = 8 and 130 

I = 0.2 M), and citrate buffer solution (pH = 3 and I = 0.2 M) or immersed into MB absorption solutions for 24 131 

h in the dark.  132 

At the beginning of each experiment, a wet membrane specimen of the approximate area of 1 cm
2
 was cut out 133 

from the membrane sheet and its mass was measured. The specimen was subsequently dried in an oven at 100 134 

°C for 2 h, and finally, the mass of the dry membrane specimen was determined. All experiments were 135 

performed in triplicate. 136 

SD was calculated based on the wet membrane mass at time t, mt, and the dry membrane mass, m0, measured at 137 

the end of the experiment, according to the following formula:  138 

 
𝑆𝐷 =

(𝑚𝑡 − 𝑚0)

𝑚0
∙ 100 (%) (1) 

WC of the membrane specimen was calculated using the following equation: 139 

 
𝑊𝐶 =

100 ∙ 𝑆𝐷

(100 + 𝑆𝐷)
 (%) (2) 

2.3.2 Determination of carboxyl group concentration (Ccg) 140 
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Determination of Ccg was carried out using the potentiometric acid-base titration method. A small membrane 141 

sample (30-50 mg of dry mass) was cut into pieces and immersed in 10 ml of 1 M HCl solution. The solution 142 

was stirred for 1 h to protonate all carboxyl groups in the sample and then the sample was thoroughly rinsed 143 

with distilled water. The protonated membrane sample was subsequently submerged in 40 ml of 0.01 M NaOH 144 

solution and the mixture was stirred again for 1h in a capped beaker. The membrane sample was then separated 145 

from the residual solution, rinsed with distilled water, dried for 2 h at 100 °C, and the dry mass of the 146 

membrane sample was finally weighed. Aliquots of 15 ml of residual solution were titrated with 0.01 M HCl 147 

and change in pH was monitored with a pH-meter (HI 3222, Hanna Instruments, Romania) to determine the 148 

equivalence point. As a blank probe, 15 ml of 0.01 M NaOH solution was titrated with 0.01 M HCl. All 149 

experiments were performed in duplicate. 150 

Ccg was calculated according to the following expression: 151 

 
𝐶𝑐𝑔(mmol/g) = 0.4(1 − 𝑉2/𝑉1)/𝑊𝑑 (3) 

where V1 is the volume of 0.01 M HCl solution consumed for the titration of the blank probe, V2 is the volume 152 

of 0.01 M HCl solution consumed for the titration of the residual solution aliquot, and Wd is the mass of dry 153 

membrane sample. 154 

2.3.3 Absorption of MB 155 

A wet membrane sample of the approximate area of 1 cm
2
 was cut out from the membrane sheet and 156 

equilibrated in 50 ml of phosphate buffer solution (pH = 8 and I = 0.2 M). The membrane sample was then 157 

rinsed with distilled water and its wet mass was measured. Finally, the wet membrane sample was immersed in 158 

50 ml of aqueous solution of MB for 24 h at room temperature. The concentration of MB in prepared solutions 159 

was adjusted to target molar ratios of MB cations and carboxyl groups in the membrane sample at a theoretical 160 

100% conversion, n(MB
+
)/n(-COOH), of 0.5, 1, or 1.5, which is similar to the experimental conditions used by 161 

Gao et al. [14] to study the loading efficiency of ion-exchange fibers. The initial concentration of MB in the 162 
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solution was calculated using the wet membrane mass, mean SD and mean concentration of the carboxyl 163 

groups. Experiments were replicated three times for each condition. 164 

2.3.4 Release of MB 165 

Membrane sample containing the absorbed dye was rinsed with distilled water and its surface was carefully 166 

blotted with a paper tissue. Prepared sample was subsequently immersed in 200 ml of phosphate buffer solution 167 

(pH = 8 and I = 0.2 M) or citrate buffer solution (pH = 3 and I = 0.2 M). The solution was then stirred at 500 168 

rpm at ambient temperature.  Solution aliquots of 3 ml were taken at predefined time intervals to follow the 169 

release kinetics and immediately replaced with the same volume of fresh buffer. Release kinetics was monitored 170 

with the UV-Vis spectrophotometer (GBC Cintra 101, Australia) at the absorption wavelength of 664 nm. After 171 

coming close to the saturation point, the solution was left to equilibrate with the sample for at least 48 h at 172 

ambient temperature in the dark. The total released amount of MB in equilibrium was then measured.   173 

After the desorption experiment, membrane sample was again rinsed with distilled water and its surface was 174 

carefully blotted with a tissue paper. The sample was transferred to a beaker, soaked in 50 ml of 96% (vol.) 175 

ethanol and stirred at 1100 rpm at room temperature for 3 h. Released amount of MB in the solution was then 176 

determined with the UV-Vis spectrophotometer. At the end of the release experiments, membrane sample was 177 

dried for 1 h at 100 °C and its dry mass was measured. Release experiments were performed in duplicate for 178 

each set of experimental conditions. 179 

2.3.5 In vitro iontophoresis experiment 180 

Iontophoresis experiment was performed in a custom built side-by-side cell made of acrylic glass with the 181 

circular cross-section of 1 cm in diameter illustrated in Fig. 1. Junctions were sealed with silicon grease or 182 

thread seal tape to prevent leakage of the solutions throughout the experiment. The experiment was conducted 183 

in two steps: MB absorption and iontophoretic release of MB.  184 
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 185 

Fig. 1. Illustration of the setup for the in vitro iontophoresis experiment (single column image) 186 

In the first step, membrane disk, previously equilibrated in the phosphate buffer solution (pH = 8 and I = 0.2 187 

M), was placed between two chambers of the cell together with the piece of porous polyester spunbond 188 

nonwoven fabric. This fabric acted as a mechanical support to prevent membrane deformation possibly caused 189 

by electroosmosis phenomena during the experiment. Each chamber was filled with 1.5 ml of the concentrated 190 

MB dye (1000 ppm) and the membrane sample was allowed to absorb the dye for 24 h at ambient temperature. 191 

The interior of the cell was thoroughly rinsed with ethanol and distilled water after MB absorption to remove 192 

dye residues. 193 

In the second step, both chambers of the cell were filled with 2 ml of the phosphate buffer solution (pH = 8 and 194 

I = 0.2 M) and cylindric graphite electrodes of 0.5 mm diameter were inserted at their ends. A stable flow of 195 

direct current with the intensity of 200 μA (or current density of about 255 μA/cm
2
) was imposed between the 196 

electrodes by the external current source built in-house. The solution in the receptor chamber was continuously 197 

stirred at a speed of 500 rpm. In order to follow the kinetics of iontophoretic release, 1 ml aliquots of the 198 

receptor solution were taken with the syringe every 10 min and immediately replaced with 1 ml of fresh buffer 199 

solution. The amount of released MB in the aliquots was monitored by UV-Vis spectroscopy.  200 

3. Results and discussion 201 
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3.1 SD, WC, and Ccg 202 

Four different membrane formulations were synthesized in this work. These formulations comprised 12 or 14% 203 

PES, and 18 to 20% AA and crosslinker, by weight. The concentrations of bifunctional and trifunctional 204 

crosslinker were 10 and 5 mol%, respectively. The basic properties of the membranes are listed in Table 1. 205 

Table 1. Basic properties (swelling degree (SD) in distilled water, water content (WC), carboxyl group concentration (Ccg), and 206 

reaction yield) with their corresponding standard deviations of membranes synthesized from different casting solutions. Legend: PES - 207 

polyethersulfone, AA - acrylic acid, MBAA - N, N′-Methylenebis(acrylamide), and TMPTA - trimethylolpropane ethoxylate 208 

triacrylate.    209 

Composition of the casting solution SDdw (%) WC (%) Ccg (mmol/g) Reaction yield (%) 

12 wt% PES, 7 mmol/g AA, 10 mol% MBAA 161 ± 40 61 ± 6 5.20 ± 0.14 74 ± 2 

14 wt% PES, 6.5 mmol/g AA, 10 mol% MBAA 151 ± 36 60 ± 6 5.13 ± 0.21 79 ± 3 

12 wt% PES, 5.3 mmol/g AA, 5 mol% TMPTA 304 ± 60 75 ± 4 4.41 ± 0.01 83 ± 1 

14 wt% PES, 5 mmol/g AA, 5 mol% TMPTA 265 ± 46 72 ± 4 4.87 ± 0.06 97 ± 1 

One of the major differences between the membrane formulations made at equivalent PES concentration was 210 

the hydrophobic or hydrophilic nature of the crosslinker used. The hydrophobic MBAA crosslinker yields 211 

membranes with a significantly lower swelling degree and water content compared to the membranes made 212 

with the hydrophilic TMPTA crosslinker. In both cases, the presence of the PES polymeric support limits 213 

hydrogel swelling and improves the mechanical stability of the membranes. Ccg is slightly lower for membranes 214 

made with TMPTA than for the corresponding membranes made with MBAA. Reaction yields for the 215 

membranes calculated as the ratios of Ccg in the membrane and initial AA concentration have significantly 216 

higher values when TMPTA was used instead of MBAA (see Table 1).  217 

The greater swelling degree of the membranes synthesized with TMPTA can be attributed to the larger size of 218 

the crosslinker molecule in comparison with MBAA, which increases the distance between neighboring 219 

crosslinks, and to the hydrophilic nature of TMPTA crosslinker. Ccg of the membranes synthesized with 220 

TMPTA is slightly lower despite the higher reaction yield, which mainly arises from the lower initial 221 

concentrations of AA in the casting solutions. Wet membranes synthesized with MBAA exhibited the strong 222 
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tendency to curl and roll up. These membranes had a different texture at the top (plastic-like) and bottom (gel-223 

like) surface. On the other hand, wet membranes synthesized with TMPTA have homogeneous gel-like surface 224 

texture on both sides and are less prone to mechanical deformation.  225 

Ion exchange capacities of our composite membranes shown in Table 1 are generally higher than those for 226 

weakly acidic cation exchange membranes reported in the literature, i.e. 1.0 mmol/g  [19], or 3.7 mmol/g [18].  227 

Ion exchange capacity of pore-filled membranes reached 5 mmol/g at the highest mass gain, but these 228 

composite membranes were fragile due to high swelling pressures acting on the PVDF matrix [17]. A superior 229 

exchange capacity can be obtained with some weakly acidic commercial cation exchange resins and fibers, such 230 

as AMBERLITE
TM

 IRP64 (~10 mmol/g) [25] and Smopex
®
-102 (6.4 mmol/g) [12], respectively. However, one 231 

advantage of the composite membrane described in this work is the possibility to control both the ion exchange 232 

capacity and kinetics by modifying the composition of the casting solution, which is hard to achieve in 233 

commercial resins and fibers.  234 

3.2 FTIR 235 

FTIR-ATR spectra in Fig. 2a reveal the asymmetric structure of wet membranes synthesized with the 236 

hydrophobic crosslinker MBAA. The top membrane side contains more PES, while the bottom side contains 237 

more PAA hydrogel, as reflected by the relative peak intensities. The spectra exhibit several absorption bands 238 

characteristic of PES: C-O stretching at 1105 cm
-1

, symmetric SO2 stretching at 1148 cm
-1

, aromatic ether band 239 

of C-O-C stretching at 1238 cm
-1

, asymmetric SO2 stretching at 1296 and 1319 cm
-1

, and aromatic polysulfone 240 

ring bands at 1485 and 1577 cm
-1

. Absorption bands corresponding to the PAA hydrogel are the band indicating 241 

hydrogen bonding of carboxyl groups at 1636 cm
-1

, C=O stretching of protonated carboxyl groups at 1705 cm
-1

, 242 

CH2 stretching at 2931 and 2956 cm
-1

, and symmetric O-H stretching at 3382 cm
-1

.   243 

Fig. 2b shows FTIR-ATR spectra of the wet membrane synthesized with the hydrophilic crosslinker TMPTA. 244 

Top and bottom side of the membrane have almost identical spectra, which indicates a symmetric membrane 245 

structure. Compared to the spectra of the membrane synthesized with the hydrophobic crosslinker, O-H 246 
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stretching band at 3355 cm
-1

 has a higher intensity, which is consistent with the increased degree of swelling of 247 

the membrane synthesized with TMPTA. 248 

Fig. 2c illustrates the comparison of wet and dry membrane spectra for the membranes synthesized with 249 

TMPTA. Main peaks corresponding to the PAA hydrogel disappear after the membrane was air-dried.  250 
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 251 

Fig. 2. FTIR-ATR spectra of the membranes synthesized from different casting solution formulations: (a) wet top and bottom surfaces 252 
of the membrane synthesized from 14 wt% PES, 6.5 mmol/g AA, 10 mol% MBAA, (b) wet top and bottom surfaces of the membrane 253 
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synthesized from 12 wt% PES, 5.3 mmol/g AA, 5 mol% TMPTA, and (c) wet  and dry top surfaces of the membrane 254 
synthesized from 12 wt% PES, 5.3 mmol/g AA, 5 mol% TMPTA. Legend: PES - polyethersulfone, AA - acrylic acid, MBAA - 255 
N, N′-Methylenebis(acrylamide), and TMPTA - trimethylolpropane ethoxylate triacrylate. (1.5 column image) 256 

New bands confirming the presence of PAA in the dry membrane become prominent in the spectrum: C=O 257 

stretching of protonated carboxyl groups at 1716 cm
-1

, and CH2 stretching bands at 2877 and 2924 cm
-1

.      258 

Asymmetric structure of the membranes synthesized with MBAA which contain a PES-rich side causes 259 

mechanical instability and presumably reduces through-membrane electrical conductivity.        260 

These issues make such membranes unsuitable for handling and iontophoretic drug delivery which are some of 261 

the goals in our work. For these reasons, we continued our investigations with the more promising formulations 262 

containing TMPTA crosslinker. As both formulations with TMPTA have similar basic properties, membrane 263 

samples synthesized from the casting solution comprising 12 wt% PES, 5.3 mmol/g AA, and 5 mol% TMPTA 264 

were used as representative.  265 

3.3 SEM 266 

SEM images of the membrane cross-section in Fig. 3 illustrate a symmetric membrane structure with the 267 

thickness of about 85 μm in the dry state. The microstructure is heterogeneous, comprising a porous PES matrix 268 

and spheroidal hydrogel particles with the mean diameter of 280 nm. Hydrogel particles are aggregated into 269 

small independent clusters attached to the pore walls of the PES support.  270 

Such microstructure results from a complex interplay of phenomena which occur during membrane formation 271 

as described previously [22,26]. UV photoirradiation triggers the polymerization and crosslinking of AA and 272 

thereby an organogel is formed in the cast film. During the UV exposure, cast film becomes cloudy indicating 273 

the onset of phase separation induced by polymerization and crosslinking. Irradiated cast films formed white 274 

hydrogel-filled membranes after immersion and solidification in the water bath. The presence of water creates 275 

highly unstable thermodynamic conditions leading to the rapid completion of phase separation into the 276 

hydrophilic hydrogel-rich phase containing mainly crosslinked PAA and hydrophobic PES-rich phase 277 

surrounding the hydrogel. Polymer gels commonly exhibit nonuniform spatial distributions of polymer network 278 

concentration and crosslinking density on a local level [27].  279 
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 280 

Fig. 3. SEM images of the dried membrane synthesized from the casting solution composition with 12 wt% PES, 5.3 mmol/g AA, and 281 

5 mol% TMPTA. Legend: PES - polyethersulfone, AA - acrylic acid, and TMPTA - trimethylolpropane ethoxylate triacrylate. (full-282 

width (2-column) image) 283 

Similarly, UV-cured composite membranes presented in this work comprise small independent clusters of 284 

aggregated submicron hydrogel particles scattered throughout the porous PES matrix. Formation of small 285 

independent clusters of hydrogel particles can be explained by a higher rate of bi- or trifunctional crosslinker 286 
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polymerization compared to the monofunctional AA monomer, which leads to the formation of microgels after 287 

the crosslinker depletion. The hydrogel particles and aggregates remain attached to the PES support by the 288 

common polymer chains which are a result of incomplete polymer/polymer demixing in the phase separation 289 

process.     290 

3.4 Absorption of MB 291 

Mass of absorbed MB normalized per dry membrane mass is shown in Fig. 4. The amount of absorbed MB in 292 

the membrane sample after 24 h depends on the initial molar ratio n(MB
+
)/n(-COOH). The greater value of 293 

n(MB
+
)/n(-COOH) in the absorption solution corresponds to the larger driving force in the process of ion 294 

exchange and increases the loading efficiency.  295 

 296 

Fig. 4. Dependence of loading efficiency for MB from the initial molar ratio n(MB
+
)/n(-COOH) given as the mean ± standard 297 

deviation (n = 3). The maximum loading efficiency of 100% is defined as the measured ion exchange capacity for the membrane 298 

synthesized from the casting solution composition with 12 wt% PES, 5.3 mmol/g AA, and 5 mol% TMPTA. Legend: MB - methylene 299 

blue, PES - polyethersulfone, AA - acrylic acid, and TMPTA - trimethylolpropane ethoxylate triacrylate. (single column image) 300 

Maximum loading efficiency achieved under the conditions used in the absorption experiments is slightly less 301 

than 30% of the theoretical binding capacity for MB. Higher loading efficiency could potentially be achieved 302 

with a longer absorption period or even higher initial molar ratio n(MB
+
)/n(-COOH). Hence, membrane 303 

samples are in the pseudo-equilibrium state after MB absorption in our experiments. 304 

3.5 Release of MB   305 
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Relative desorption of MB Qt/Qe in buffer solutions is presented as a function of time in Fig. 5. Concentrations 306 

of MB sorbate, Qt and Qe, were normalized per final concentrations of MB in the solutions reached at least 48 h 307 

after the release experiments. 308 

 309 
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Fig. 5. In vitro kinetics of passive release in buffer solutions at pH = 3 and pH = 8 from membranes synthesized from the casting 310 

solution composition with 12 wt% PES, 5.3 mmol/g AA, and 5 mol% TMPTA and loaded with MB in absorption solutions with 311 

different initial molar ratios n(MB
+
)/n(-COOH): (a) n(MB

+
)/n(-COOH) = 0.5, (b) n(MB

+
)/n(-COOH) = 1, and (c) n(MB

+
)/n(-COOH) 312 

= 1.5. Continuous and dashed lines between the markers indicate two independent measurements. Legend: MB - methylene blue, PES 313 

- polyethersulfone, AA - acrylic acid, and TMPTA - trimethylolpropane ethoxylate triacrylate. (single column image) 314 

Individual masses of released MB per dry unit mass of the membrane can be calculated by using the known 315 

masses of the dry membrane samples and spectrophotometric calibration curves. 316 

At pH = 3, relative desorption exhibited pseudo-Fickian behavior in all experiments. Total release period was 317 

overall independent of n(MB
+
)/n(-COOH) and shorter than at pH = 8. 318 

At pH = 8, relative desorption of MB initially exhibited Fickian behavior, but the overall release kinetics was 319 

clearly non-Fickian. It is evident that the desorption from the samples loaded with MB from solutions with 320 

n(MB
+
)/n(-COOH) = 1.5 was governed by the two-stage kinetics comprising the slower diffusion-controlled 321 

release for small times and faster release after the initial period. Total release period increased in proportion 322 

with n(MB
+
)/n(-COOH).  323 

Comparisons of the masses of MB released per unit mass of the dry membrane in buffer solutions and 96% 324 

ethanol give the approximate ratio of MB amount bound by electrostatic and hydrophobic forces, respectively 325 

(see data in Table S1 in the Supplementary Information). At least 91% of MB in the membrane samples was 326 

electrostatically bound. On average, up to 36% smaller amount of MB was released in the buffer solution at pH 327 

= 3 compared to the amount released in the buffer solution at pH = 8  after the same MB absorption protocol. 328 

Incomplete release at pH = 3 is presumably a consequence of rapid membrane deswelling which tends to trap a 329 

part of MB in collapsed microgels.    330 

We made an attempt to evaluate the release kinetics of MB by fitting experimental data to the Korsmeyer-331 

Peppas equation [28] which is widely used to investigate solute release from polymer matrices: 332 

 𝑀𝑡

𝑀∞
= 𝑘𝑡𝑛 (4) 

 333 



19 
 

where Mt/M∞ is the fractional solute release, k is the characteristic kinetic constant of the polymer/solute system, 334 

and n is the diffusional exponent characterizing the release mechanism. To obtain a more adequate regression 335 

model, Eq. (4) was linearized using the log-log transformation:  336 

 
log (

𝑀𝑡

𝑀∞
) = log 𝑘 + 𝑛 log 𝑡 (5) 

 337 

This approach was also adopted by Osváth et al. [29] when analyzing organic-inorganic hybrid composite 338 

thermoresponsive hydrogels. Parameters obtained by linear regression are provided in Table 2. Fits of the 339 

release kinetics for small times obtained by using the linearized form of Korsmeyer-Peppas equation are given 340 

in Fig. S1. 341 

Table 2. Kinetic constants (k), diffusional exponents (n), with their associated standard deviations (sd) and coefficients of 342 

determination (R
2
) calculated based on the methylene blue (MB) desorption experiments conducted under different experimental 343 

conditions of pH and the initial molar ratio (n(MB
+
)/n(-COOH)).   344 

pH n(MB
+
)/n(-COOH) k ± sd (h

-n
) n ± sd R

2
  

3 

0.5 1.457 ± 0.045 0.528 ± 0.019 0.999  

1 1.866 ± 0.338 0.541 ± 0.047 0.993  

1.5 1.931 ± 0.471 0.433 ± 0.085 0.968  

8 

0.5 0.803 ± 0.126 0.981 ± 0.078 0.991  

1 0.573 ± 0.253 1.004 ± 0.016 0.996  

1.5 0.376 ±  0.011 0.834 ± 0.019 0.996  

Despite the statistically sound regression results, this empirical model is not completely physically plausible. 345 

Eq. (4) provides adequate description up to 60% of fractional release only for systems where the release occurs 346 

in perfect sink conditions [30]. These authors clearly state that in the more realistic situation of variable 347 

boundary conditions, empirical Eq. (4) cannot be used to correctly describe the release behavior. 348 

The release of MB from our composite membranes is quite complex and involves several processes. Diffusion 349 

of buffer cations into the membrane initiates ion exchange reaction and just after its completion MB cations can 350 

diffuse through the membrane and finally get released to the solution. Release to the bulk solution by diffusion 351 

additionally requires that MB cations overcome the boundary layer resistance. Each of this processes requires 352 

finite time which cannot be neglected, and thus the perfect sink approximation is not applicable. For this reason, 353 
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we turn to the analytical model based on diffusion from thin films [31] supplemented with the empirical Weber-354 

Morris model [32].  355 

Kinetics of MB desorption from the composite hydrogel membrane can be approximately described as a 356 

diffusion-controlled process. Such description is adequate since the diffusive transport of MB through the 357 

hydrogel phase is a significantly slower process compared to the electrostatic interactions involved in MB 358 

desorption. An intramembrane diffusion model (IMD) can be obtained by applying the formalism of the 359 

intraparticle diffusion model to the plane sheet particle geometry [33]. The basic equation of the model 360 

governing the desorption process can then be written as:  361 

 𝜕𝐶

𝜕𝑡
=

𝐷

𝜏

𝜕2𝐶

𝜕𝑥2
−

𝜌

𝜀𝑝

𝜕𝑞

𝜕𝑡
 (6) 

with the following boundary condition: 362 

 
(

𝜕𝐶

𝜕𝑥
)|

𝑥=0
= 0 (7) 

and initial conditions at t = 0: 363 

 𝐶(−𝑙 < 𝑥 < 𝑙) = 𝐶0 

𝐶(𝑥 = ±𝑙) = 0 
(8) 

In the basic equation, C and q are the local sorbate concentrations in the membrane hydrogel phase and the 364 

surrounding solution, which are related by the equilibrium relationship, D is the molecular diffusion coefficient 365 

in the hydrogel phase, ρ is membrane density, εp is membrane porosity equal to the fractional hydrogel volume, 366 

and τ is the so-called tortuosity factor, which for interconnected porous structures equals to the reciprocal of the 367 

square root of porosity [34].  In the initial conditions, C0 is the sorbate concentration within the membrane at t = 368 

0 which is considered to be uniform, and l is half of the membrane thickness. The problem geometry is taken to 369 

be symmetric about the central plane. When the assumptions of constant sorbate concentration at the 370 

membrane/solution interface and applicability of Henry’s law hold, analytical solution yielding the relative 371 

desorption qt/qe can be found as: 372 
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 𝑞𝑡

𝑞𝑒
= 1 −

8

𝜋2
∑

1

(2𝑛 + 1)2
𝑒𝑥𝑝 (−

𝐷𝑎𝜋2(2𝑛 + 1)2

4𝑙2
𝑡)

∞

𝑛=0

 (9) 

 373 

where Da is the apparent diffusion coefficient, while qt and qe denote the sorbate concentration in the solution at 374 

time t and in equilibrium at the end of the desorption process, respectively.  375 

Relation of Da to D and composite hydrogel membrane parameters is given by:  376 

 𝐷𝑎 =
𝐷

𝜏(1 + 𝜌𝐾𝐻/𝜀𝑝)
 (10) 

where KH represents Henry’s constant. 377 

The analytical solution in Eq. (9) is the same as the solution to the problem of non-steady state diffusion in a 378 

plane sheet where the diffusing component is initially uniformly distributed and with equal surface 379 

concentrations [31]. Hence, Eq. (9) can be written in the following form for small times: 380 

 𝑞𝑡

𝑞𝑒
= 2 (

𝐷𝑎𝑡

𝑙2
)

0.5

(𝜋−0.5 + 2 ∑(−1)𝑛𝑖𝑒𝑟𝑓𝑐 (
𝑛𝑙

(𝐷𝑎𝑡)0.5
)

∞

𝑛=1

) (11) 

When the argument of an ierfc function in Eq. (11) takes large values, the value of ierfc function approaches 381 

zero. Such result suggests, that for small times relative desorption should be closely proportional to t
0.5

.  382 

If the conditions of the perfect sink are relaxed, desorption of MB can be described by empirical Weber-Morris 383 

equation [32]: 384 

 𝑞𝑡

𝑞𝑒
= 𝑎𝑡0.5 + 𝑏 (12) 

where a is interpreted as the rate parameter and b as the intercept proportional to the boundary layer thickness 385 

determining the resistance to mass transfer. For short times, Eqs. (11) and (12) can be combined to yield: 386 

 𝑞𝑡

𝑞𝑒
= 2 (

𝐷𝑎𝑡

𝜋𝑙2
)

0.5

+ 𝑏 (13) 

 387 

Based on a separate analysis of the maximum time for which Eq. (13) has a good accuracy for desorption (qt/qe 388 

< 2/3) [31], we determined the number of initial points used for the linear fit independently for each series of 389 

MB release experiments. We later used the slope of the fitted lines to calculate Da. Parameter l in the expression 390 
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for the slope is half of the wet membrane thickness calculated based on the wet mass of the membrane sample, 391 

average SD, measured area, and estimated mean density. 392 

The release kinetics for MB is strongly dependent on the initial molar ratio n(MB
+
)/n(-COOH) and pH of the 393 

buffer solution. As shown in section 3.4 Absorption of MB, higher n(MB
+
)/n(-COOH) improves the loading 394 

efficiency, which consequently leads to the stabilizing electrostatic interactions and reduced membrane 395 

swelling. pH-sensitive hydrogel phase also survives swelling transients in the buffer solution during desorption 396 

which affects the MB release kinetics. Such pH-dependent behavior of the hydrogel is largely defined by the 397 

state of charge in carboxyl groups of PAA which are negatively charged at pH = 8 and mainly protonated at pH 398 

= 3. The influence of n(MB
+
)/n(-COOH) and pH on swelling transients can be roughly estimated from the mass 399 

swelling degrees obtained for pure buffer solutions (see Fig. 6) and solutions for MB loading with different 400 

n(MB
+
)/n(-COOH) after 24 h of absorption (see Fig. 7).  401 

As can be concluded from the IMD, membrane thickness is also an important parameter determining the release 402 

kinetics. Variations in casting speed can significantly affect the thickness of individual membrane samples, 403 

while the irregularities at the membrane surface and swelling transients can cause significant thickness 404 

variations locally. Effects of thickness should be prominent at pH = 8 when membrane samples continuously 405 

swell during MB release while being much less significant at pH = 3 due to strong and rapid deswelling. This is 406 

corroborated by our release experiments where much larger deviations in the release kinetics occur at pH = 8 407 

(see Fig. 5). Such deviations can be completely explained by the difference in average membrane thickness 408 

between samples of up to 25% (see Fig. 5b) using the IMD (data not shown). 409 

 410 
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Fig. 6. Mass swelling degree (SD) in the buffer solutions for the membrane synthesized from the casting solution composition with 12 411 

wt% PES, 5.3 mmol/g AA, and 5 mol% TMPTA given as the mean ± standard deviation (n = 3). Legend: PES - polyethersulfone, AA 412 

- acrylic acid, and TMPTA - trimethylolpropane ethoxylate triacrylate. (single column image) 413 

 414 

Fig. 7. Mass swelling degree (SD) in the MB absorption solutions for the membrane synthesized from the casting solution 415 

composition with 12 wt% PES, 5.3 mmol/g AA, and 5 mol% TMPTA given as the mean ± standard deviation (n = 3). Legend: MB - 416 

methylene blue, PES - polyethersulfone, AA - acrylic acid, and TMPTA - trimethylolpropane ethoxylate triacrylate. (single column 417 

image)  418 

Two-stage desorption kinetics from the membrane samples with highest MB loading at pH = 8 can be explained 419 

by hydrogel relaxation occurring after the initial release phase. Densely packed electrostatically bound MB 420 

cations limit the mobility of hydrogel chains thereby reducing the swelling and the apparent diffusion 421 

coefficient. Relaxation effect is not significant at pH = 3 for the samples with a similar amount of loaded MB, 422 

due to the dominant deswelling caused by carboxyl group protonation.  423 

In all release experiments, a linear relationship between the relative desorption Qt/Qe and t
0.5

 was observed 424 

during the initial period (see Fig. S2 in the Supplementary Information).  425 

Table 3. Apparent diffusion coefficients (Da) and intercepts of the empirical Weber-Morris equation (b) with their associated standard 426 

deviations (sd), and coefficients of determination (R
2
) calculated based on the methylene blue (MB) desorption experiments conducted 427 

under different experimental conditions of pH and initial molar ratio (n(MB
+
)/n(-COOH)). 428 

pH n(MB
+
)/n(-COOH) Da ± sd (×10

-12
 m

2
/s) b ± sd R

2
 

3 

0.5 1.852 ± 0.049 -0.013 ± 0.011 1.000 

1 2.764 ± 0.607 -0.017 ± 0.026 0.995 

1.5 3.492 ± 0.906 0.085 ± 0.060 0.966 

8 0.5 1.870 ± 0.668 -0.368 ± 0.094 0.999 
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1 1.003 ± 0.607 -0.333 ± 0.061 0.996 

1.5 0.384 ± 0.016 -0.196 ± 0.022 0.996 

As Table 3 shows, coefficients of determination were in most cases larger than 0.99, and in statistical terms, 429 

there was practically no difference between coefficients of determination for Korsmeyer-Peppas model (see 430 

Table 2) and the model which combined the analytical solution and Weber-Morris empirical model (see Table 431 

3). Intercepts of the linear fits describing desorption kinetics can be explained by the differences in the 432 

boundary layer resistance. Negative intercepts of the fits describing the kinetics at pH = 8 can be interpreted as 433 

the measure of the boundary layer resistance for the desorption process [35]. The greater density of 434 

uncompensated negative charges at the membrane/solution interface for membranes less loaded with MB ions, 435 

causes the increase in the boundary layer resistance, as shown by the value of intercepts in Table 3.  436 

Intercepts of the linear fits describing desorption kinetics at pH = 3 are shifted towards more positive values, 437 

which indicates the existence of an additional effect counteracting the boundary layer resistance to the release of 438 

MB. This effect can be attributed to the initial convective flow arising at the membrane/solution interface. We 439 

have visually confirmed the initial burst release of MB lasting several seconds in all release experiments 440 

conducted at pH = 3. Protonation of carboxyl groups via ion exchange of MB cations with highly mobile 441 

hydronium ions boosts the release of MB through the formation of a repulsive electrostatic force and rapid 442 

membrane deswelling. The intensity of the repulsive force is greater for higher membrane loadings with MB 443 

cations due to the increased amount of charge.  444 

Apparent diffusion coefficient for the release at pH = 3 increases with the initial MB loading and is generally 445 

greater than for the release at pH = 8 (see Table 3). This trend can be attributed to the electrostatically-assisted 446 

release where the repulsive force is proportional to the total charge accumulated by MB cations. Some amount 447 

of water containing dissolved MB presumably stays entrapped within the porous polymer base outside of the 448 

hydrogel phase after membrane deswelling. The rate-limiting diffusive transport of MB is then facilitated and 449 

potentially faster than within the hydrogel phase. 450 

The effect of initial MB loading on the release kinetics and apparent diffusion coefficient of MB at pH = 8 can 451 

also be analyzed from the perspective of average membrane pore size. Pore size can be estimated from the 452 
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calculation of PAA gel correlation length according to the previous research of Hu and Dickson on similar 453 

membrane structures [36]. Using the correlation length approach, we obtain the average effective pore diameter 454 

of around 2.3 nm without loaded MB. With the increase in MB loading, the pore diameter is reduced, and at the 455 

highest initial MB loading, the average pore diameter is estimated to be 1.7 nm. Specific details about the 456 

calculation are provided in the Supplementary Information section Estimation of membrane pore size using 457 

the gel correlation length model. Shrinking of the pores in the matrix with the increase of MB content can be 458 

attributed to the more probable electrostatic ion pairing between the positively charged MB ions and negatively 459 

charged PAA chains. Size of the MB molecule (0.591 nm x 1.382 nm [37]) is comparable to the average pore 460 

diameter. Hence, the changes in pore size induced by MB loading are expected to strongly affect the apparent 461 

diffusion coefficient and lead to the accelerated release of MB in the later stages of desorption. Distinct stages 462 

of accelerated release should be observed more easily for higher initial MB loadings which is corroborated by 463 

our experiments.  464 

Apparent diffusion coefficients of MB in our composite hydrogel membrane are about one order of magnitude 465 

smaller than the diffusion coefficients reported in the literature for MB diffusion in poly(ethylene glycol) 466 

diacrylate hydrogels [38]. Such result is to be expected due to the presence of porous PES matrix surrounding 467 

hydrogel, which additionally limits the diffusive transport of MB. 468 

3.6 In vitro iontophoresis 469 

We conducted an in vitro iontophoresis experiment to demonstrate the potential of our composite membranes to 470 

serve as reservoirs for cationic formulations in iontophoresis. As shown in Fig. 8, iontophoretic release kinetics 471 

for MB is linear. Positive intercept can be attributed to the amount of MB released into the buffer solution 472 

during the setup of the experiment before the flow of electric current was established.  473 
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 474 

Fig. 8. Kinetics of methylene blue (MB) release recorded in the in vitro iontophoretic release demonstration experiment. (single 475 

column image) 476 

At the beginning of the experiment, wet membrane contains the absorbed cations of MB and the buffer cations. 477 

Due to the permselectivity of the membrane, current flow through the membrane mainly occurs via the transport 478 

of cations which are transferred towards the receptor solution. The electric current carried by MB cations 479 

calculated from the slope of the fitted line is about 2 μA which amounts to around 1% of the total current. Such 480 

result is expected since the competing cations of the buffer solution have significantly smaller mass and greater 481 

ionic mobilities. The linear release kinetics observed during this experiment indicates that the application of our 482 

composite membranes for iontophoretic drug delivery deserves further investigation.     483 

4. Conclusions 484 

We have presented the innovative design and synthesis of composite hydrogel membranes comprising the PES 485 

porous base and PAA hydrogel. The key parameter determining final membrane properties was the nature of the 486 

crosslinker used in the casting solution. Our membranes have the ion exchange capacity comparable with the 487 

pharmaceutical grade ion exchange resins, moderate SD and mechanical stability required to serve as cationic 488 

drug reservoirs without additional components. Modifications of the casting solution composition can be 489 

utilized to adjust the ion exchange capacity, and (combined with the drug loading conditions) to define the 490 
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passive diffusion-controlled drug release kinetics. We have also tested the potential for the use of composite 491 

hydrogel membranes as reservoirs in iontophoretic delivery and obtained linear release kinetics in an in vitro 492 

demonstration experiment. Fabricated composite hydrogel membranes show great promise for use in the 493 

treatment of chronic wounds and transdermal drug delivery. The focus of our future research will be on detailed 494 

investigations of composite hydrogel membranes as drug matrices for iontophoretic delivery.  495 

Acknowledgments 496 

This work was supported by the Ministry of Education, Science and Technological Development of the 497 

Republic of Serbia, under the grant TR32008. We would like to acknowledge Assistant Professor Dr. Đorđe 498 

Veljović, from the Department of Inorganic Chemical Technology, Faculty of Technology and Metallurgy, 499 

University of Belgrade, Serbia, for acquiring SEM images of membrane samples. 500 

Declarations of interest: none. 501 

Appendix A. Supplementary data 502 

Supplementary data related to this article can be found at (link) 503 

 504 

Note: Supplementary information. The graphical representations of release kinetics fitting by the Korsmeyer-505 
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