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Abstract: Long-term wound healing and chronic wound care represent significant challenges 

for biomaterials science and engineering with many diverse requirements for the wound 

dressing physico-chemical, mechanical and thermal properties, as well as antibacterial 

efficacy to prevent and treat persistent infections. Silver nanoparticles, as wide-spectrum 

antibacterial agents that do not induce bacterial resistance, are very convenient for use as 

an active component in antibacterial wound dressing materials with advanced properties. 

Polymer hydrogels have also been shown to be an excellent option as wound dressing 

materials, due to their many exceptional properties such as elasticity, high moisture 

retention ability, biocompatibility, as well as the prospect for controlled drug release. The 

possibility to control the release behavior of the antibacterial agent is crucially important for 

the efficiency of the dressing material. In this work, we aim to perform a comprehensive 

analysis of silver release from poly(vinyl alcohol)-based hydrogels with electrochemically 

synthesized antibacterial silver nanoparticles (AgNPs), aimed for wound dressing 

applications. Different AgNPs concentrations were loaded in hydrogel matrices and release 

was monitored for 28 days in physiologically-relevant conditions. The obtained experimental 

data were evaluated against several theoretical release models, which confirmed the 

predominantly diffusion-controlled mechanism of release.

Keywords: silver nanoparticles; electrochemical synthesis; antibacterial biomaterials; 

theoretical release modeling. 

Running title: SILVER RELEASE FROM SILVER/POLY(VINYL ALCOHOL) HYDROGELS 

INTRODUCTION

When preparing a novel biomaterial for the use in biomedical purposes there are many 

factors and requirements which need to be satisfied regarding the physico-chemical, 

mechanical and biological properties of the material [1–3]. Polymer-based wound dressings 

are subject of many studies because of a wide range of possibilities for tailoring their shape 

and form, as well as specific properties for topical applications. Poly(vinyl alcohol) is a 

synthetic polymer, often used in biomedicine due to its non-toxicity, solubility, 

biocompatibility, elasticity and the ability to form reversible hydrogels with high sorption 

capability [4]. In recent years, research also focuses on incorporation of graphene (Gr) in PVA 
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hydrogels in order to improve their mechanical strength and durability [5–7]. In clinical 

wound healing practieces, it is particularly important that the dressings contain anti-

inflammatory and/or antibacterial active component, to protect the sterility of the wound 

and to prevent recurring infections and long-term inflammation of the wound area [8]. Silver 

nanoparticles (AgNPs) are known to possess excellent antibacterial activity, especially 

against some bacterial strains that are prone to developing resistance towards conventional 

antibiotics [9]. For that reason, AgNPs are often used as an active component in biomaterials 

and specifically wound dressing hydrogels based on PVA [10–19] and other polymers [20–25] 

that act as both carriers as well as stabilizing agents [26], preventing agglomeration of AgNPs 

and subsequent loss of their antibacterial properties. It is always a challenge to produce pure 

and stable AgNPs in polymer matrices, and there are many possible methods of synthesis, 

such as chemical reduction or gamma irradiation [16,27]. We have previously developed a 

novel electrochemical method for in situ synthesis of silver nanoparticles [12–14,28], with 

the advantage of simply using an ionic Ag+ precursor (AgNO3 electrolyte solution in which 

the hydrogels are swollen prior to the synthesis) and electrical current. The potentiostatic 

electrochemical reduction of Ag+ ions to AgNPs is fast, and their properties can be controlled 

by varying the synthesis parameters (such as swelling time, implementation time and 

applied voltage) [12–14,28]. However, silver itself is also known to be toxic to some extent 

towards live human and animal cells [9,24,29], which is the reason why it is imperative to 

ensure that the produced biomaterial is not cytotoxic, and that it is safe for use.

The release behavior is a major parameter that could influence both antibacterial activity 

and biocompatibility, as well as the longevity of the wound dressing, therefore silver release 

measurements are an integral part of the in vitro characterizations of AgNP-loaded wound 

dressing materials. Generally, profiles of silver release from hydrogel matrices follow similar 

trends, regardless of the type of polymer and synthesis method, as they usually exhibit very 

quick initial release – the so-called “burst release” effect, followed by a longer period of 

gradual release that eventually evens out as a plateau reaching 80-100% release efficiency 

[11–13,28,30–35]. However, the composition and the type of the hydrogel matrix can greatly 

affect the rate of release and the duration of the initial burst release period [17,36–38] 

which could have significant implications for the antibacterial agent availability at the wound 

site [3], and therefore could dictate the frequency of dressing replacement. Thus, the release 

rate could be controlled and fine-tuned to the specific requirements for wound dressing 

materials, by choosing the type of polymers and designing the optimal hydrogel matrix 

[3,8,36,39]. An indispensable tool for release investigation and analysis is certainly modeling 

the experimental data with theoretical or semi-empirical equations, that could not only 

provide quantitative values for diffusion coefficients and other release parameters, but 

could also reveal the governing mechanism of release based on different theories and 

diffusion laws [17,40]. There are many models that can be used for evaluating the silver 

release profiles from polymer carriers, among which the most widespread are Korsmeyer-

Peppas [41], Higuchi [42–44], Makoid-Banakar [45,46], Hixson-Crowell [42], Kopcha [47], as 

well as the early-time approximations [11,48–50] that are specifically used to model only the 

initial burst release period.
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In our previous works [12–14], we have prepared and fully characterized silver/poly(vinyl 

alcohol) (Ag/PVA) and silver/poly(vinyl alcohol)/graphene (Ag/PVA/Gr) hydrogels, and our in 

vitro biological investigations [12] indicated that these materials are non-toxic and possess 

strong antibacterial activity. In this work, we aim to provide detailed and comprehensive 

study and comparison of the silver release behavior from Ag/PVA and Ag/PVA/Gr hydrogels 

with different AgNPs concentrations [12,13], relying on the theoretical models to gain 

deeper insight into the underlying phenomena and diffusion processes that govern the 

release rate. 

EXPERIMENTAL

Material

The following chemicals were utilized for preparation of nanocomposite hydrogels: 

poly(vinyl alcohol) powder (fully hydrolyzed, Mw = 70–100 kDa; Sigma Aldrich, USA), silver 

nitrate (M. P. Hemija, Serbia), potassium nitrate (Centrohem, Serbia), graphene powder 

(Graphene Super-market, USA), dipotassium hydrogenphosphate, potassium dihydrogen 

phosphate (Sigma Aldrich, USA), sodium chloride, agar, tryptone, yeast extract (Torlak, 

Serbia). Ultra-pure water (18 MΩ) was obtained from the Milli-Q system (Millipore, USA) and 

was used in all experiments.

Synthesis of Ag/PVA and Ag/PVA/Gr nanocomposite hydrogels

The PVA and PVA/Gr hydrogels, as well as nanocomposite Ag/PVA and Ag/PVA/Gr hydrogels 

were prepared according to the procedure previously published elsewhere [12–14]. Briefly, 

10 wt% PVA colloid dispersion was prepared by dissolving PVA powder in hot distilled water 

at 90 ºC for 2 h, under magnetic stirring. For PVA/Gr, graphene was added into the cooled 

PVA dispersion under vigorous stirring and subsequently sonicated (30 min) until uniform 

dispersion was obtained. The hydrogels were obtained by physical cross linking of prepared 

dispersions using freezing-thawing method in 5 cycles. One cycle consisted of freezing for 

16 h at 18 ºC, followed by thawing for 8 h at 4 ºC. Thus obtained hydrogels were cut into 

discs with diameters, d, of approximately 10 mm and thickness, δ, of 5 mm. For 

electrochemical synthesis, the PVA and PVA/Gr hydrogel discs were immersed in AgNO3 

solutions of different concentrations (0.25, 0.5, 1.0 and 3.9 mM), supplemented with 0.1 M 

KNO3 to improve electrical conductivity. The hydrogels were swollen at room temperature in 

the dark for 48 h, followed by in situ electrochemical synthesis of silver nanoparticles 

(AgNPs) by constant-voltage electrochemical reduction of Ag+ ions inside the PVA and 

PVA/Gr polymer matrices. The hydrogel discs were placed in a special glass electrochemical 

cell, between working and counter electrodes (two horizontal Pt plates). The 

electrochemical synthesis was performed using MA 8903 Electro-Phoresis Power Supply 

(Iskra, Slovenia), at 90 V for 4 min, and the polarity of the electrodes was changed after the 

half of the implementation time, in order to dissolve the metallic silver layer formed at the 

hydrogel-working electrode interface. Between the experiments, the electrodes were 

cleaned with HNO3 (1:1) and rinsed with distilled water. Thus obtained samples were 
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denoted by different names, based on the concentration of the AgNO3 solution used to swell 

the hydrogel discs before the electrochemical synthesis, as listed in Table 1. 

TABLE 1. The adopted naming convention for the synthesized AgNP-loaded hydrogels, 

according to the concentrations of initial AgNO3 swelling solutions used to prepare 

nanocomposite hydrogels

Name of the sample c(AgNO3) / 10-3 mol dm-3

0.25Ag/PVA

0.25Ag/PVA/Gr
0.25

0.5Ag/PVA

0.5Ag/PVA/Gr
0.50

1.0Ag/PVA

1.0Ag/PVA/Gr
1.0

3.9Ag/PVA

3.9Ag/PVA/Gr
3.9

Physico-chemical characterizations and thermal analysis

Surface morphology of Ag/PVA and Ag/PVA/Gr hydrogels was investigated using field-

emission scanning electron microscopy (FE-SEM), performed in LEO SUPRA 55 instrument 

(Carl Zeiss, Germany), and operated at acceleration voltage of 10 kV. The image analysis was 

performed using ImageJ2 (Fiji distribution) processing software [51,52].

Raman spectra of Ag/PVA and Ag/PVA/Gr were recorded on Raman spectrophotometer 

Renishaw Invia (Renishaw plc, UK), using a 514-nm Ar laser, in the range 3500–100 cm-1. 

Fourier-transform infrared (FT-IR) spectra of Ag/PVA and Ag/PVA/Gr hydrogels were 

collected in Spectrum one spectrophotometer (Perkin Elmer, USA). The scan was carried out 

in the range of 450 cm-1–4000 cm-1 (spectral resolution of 0.5 cm-1). 

The thermal analyses of PVA, PVA/Gr, Ag/PVA and Ag/PVA/Gr hydrogels was carried out 

using a TGA Q5000 IR/SDT Q600 instrument (TA Instruments, USA), in temperature range 

20–1000 °C (heating rate of 20 °C/min) under N2 flow.

Silver release investigations

The kinetics of silver release from Ag/PVA and Ag/PVA/Gr hydrogel discs was monitored 

during 28 days in a modified phosphate buffered solution (PB, pH 7.4) at 37 ºC. The PB 

medium contained 3.9 mM KH2PO4 + 6.1 mM K2HPO4, and was modified to exclude the Cl– 

ions, in order to avoid precipitation of AgCl that could affect the results of the release study. 

During the designated 28-day period the PB medium was changed daily for the first 7 days 

and ca. every 5-6 days after that (i.e., on 12th, 16th, 21st and 28th day). The amount of Ag 

released into the PB medium was measured using PYU UNICAM SP9 atomic absorption 

spectrometer (AAS) (Philips, Netherlands). Total initial amounts of Ag in the hydrogels were 

determined by dissolving the discs in HNO3 (1:1 v/v) after the 28-day experiment, inducing 

the dissolution of all the remaining AgNPs into Ag+. After the experimental data were 
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collected, several theoretical models were applied in order to discern diffusion mechanisms 

of silver release from the nanocomposite hydrogels.

Antibacterial activity

Antibacterial activity of PVA, PVA/Gr, Ag/PVA and Ag/PVA/Gr was evaluated for the 

hydrogels obtained from 0.25 mM AgNO3 swelling solutions. The hydrogel samples were cut 

into small cubes and sterilized for 30 min in the laminar air flow hood under UV-C lamp. A 

Gram-positive and a Gram-negative bacterial strain was used for evaluation of antibacterial 

activity, namely Staphylococcus aureus TL (pathogenic strain, culture collection of the 

Faculty of Technology and Metallurgy (FTM), University of Belgrade, Serbia) and Escherichia 

coli (American Type Culture Collection (ATCC) strain no. 25922), respectively. The kinetics of 

the antibacterial activity was evaluated by the standard spread plate method in suspension. 

The number of viable bacteria colonies in the flasks containing phosphate buffer (PB), 

samples and bacterial culture was monitored at the beginning of the experiment and after 

incubation for 1, 3, and 24 h in PB at 37 ºC. After designated incubation periods, the number 

of viable S. aureus TL and E. coli ATCC 25922 cells was counted using a colony counter and 

expressed as the logarithm of the number of the colony forming units per milliliter 

(log(CFU ml-1)).

RESULTS AND DISCUSSION

Electrochemically  synthesized  Ag/PVA and Ag/PVA/Gr hydrogels

The procedure of synthesis of AgNPs inside the hydrogel network has been thoroughly 

explained in our previous works on physicochemical and in vitro biochemical investigations 

of Ag/PVA and Ag/PVA/Gr hydrogels [12–14].  In brief, the hydrogels, pre-swollen in AgNO3 

solutions of different concentrations are placed in a two-electrode glass cell between Pt 

working and counter electrodes, and subjected to the constant voltage of 90 V for 4 min. 

During the synthesis, the reduction of Ag+ ions and water occurs, and formation of Ag 

nanoparticles starts at the hydrogel/cathode interface. As bulk deposition of metallic Ag 

layer is undesirable at the cathode surface, the polarity of electrodes is reversed after half 

the implementation time, which causes anodic dissolution of bulk Ag layer. Moreover, the 

hydrogen that is intensively produced at the cathode due to the electrolysis of water, can 

permeate through the hydrogel and reduce Ag+ ions to Ag0 directly inside the hydrogel 

matrix [32,33,53], causing the formation of nucleation centers, which can further grow to 

form silver nanoparticles. The importance of the polymer hydrogel matrix is that it 

represents a stabilization agent, which favors the formation of AgNPs, limiting their 

agglomeration and reduces the formation of larger particles. PVA, among other polymers, is 

well known for its stabilizing effect on metal nanoparticles [12,54,55], which is achieved 

through formation of complex bonds between Ag+ ions and lone electron pairs on the 

oxygen atoms of the –OH groups in PVA. These complex bonds act as anchoring sites for 

reduction of Ag+ ions bound to PVA macromolecules, and for subsequent nucleation and 
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growth of silver nanoparticles. Thus obtained AgNPs are bound to specific sites on the PVA 

chains while highly porous hydrogel network lowers their surface energy and prevents 

agglomeration.

Fig. 1 presents FE-SEM microphotographs of Ag/PVA and Ag/PVA/Gr hydrogels. It can be 

seen that both hydrogels contain well-dispersed nanoparticles, whereas the average 

diameters were measured using the ImageJ2 software based on 200 nanoparticles from 

several micrographs. The results showed that the average AgNPs diameter was 41.86 ± 

12.79 nm for Ag/PVA (average circularity 0.993) and 58.68 ± 18.53 nm for Ag/PVA/Gr (avg. 

circularity 0.989). Based on these results, the silver nanoparticles appear to have slightly 

larger dimensions in the Ag/PVA/Gr hydrogel, compared to Ag/PVA. Additionally, UV-vis 

spectroscopy confirmed the silver nanoparticles embedded in the Ag/PVA and Ag/PVAGr 

matrices, as the UV-Vis spectra exhibited peaks at 408 nm and 405 nm, respectively [12–14], 

proving the presence of spherical silver nanoparticles due to surface plasmon resonance 

effect [56,57].

FT-IR measurements were performed on PVA, PVA/Gr, Ag/PVA and Ag/PVA/Gr hydrogels in 

order to determine the types of bonds and interactions inside the composite hydrogels. 

Fig. 2 shows the characteristic fingerprint region around 1000-1700 cm-1 in the FTIR spectra 

for all hydrogel samples. The formation of complex bonds and interactions between AgNPs 

and –OH groups on PVA chains was confirmed for both Ag/PVA and Ag/PVA/Gr hydrogels, 

seen as a significant decrease in transmittance of the bands at wavenumbers 1428 cm-1 (C-H 

wagging vibrations) and 1334 cm-1 (coupling of the –OH in plane vibration) in the case of 

Ag/PVA and Ag/PVA/Gr composites compared to the pure PVA spectra. The bands around 

1642 cm-1 could be ascribed to the stretching of carbonyl bonds (C=O) [58,59], and their 

positions did not change significantly among the different samples, although AgNPs-

containing hydrogels exhibited lower transmittance compared to both PVA and (only 

slightly) PVA/Gr.

Fig. 1. FE-SEM microphotographs of a) 3.9Ag/PVA and b) 3.9Ag/PVA/Gr hydrogels
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Fig. 2. The fingerprint regions of FT-IR spectra of PVA, PVA/Gr, 3.9Ag/PVA and 3.9Ag/PVA/Gr 

hydrogels

Raman analysis was used to confirm the incorporation of graphene sheets in PVA/Gr and 

Ag/PVA/Gr composite hydrogels. The presence of the graphene sheets inside the hydrogel 

matrices was confirmed by the appearance of two strong bands located at 1350 cm-1 and 

1593 cm-1 for PVA/Gr, and at 1370 cm-1 and 1580 cm-1 for Ag/PVA/Gr (Table 2). These two 

peaks are characteristic of graphene structure – the first one is the D-band, which originates 

from the disordered carbon structure whereas the second one is the G-band, corresponding 

to ordered sp2-bonded carbon atoms [5]. However, the D band could also overlap with out 

of plane wagging vibrations of –CH2 in poly(vinyl alcohol), which appear at similar positions 

1370 cm-1 [13,60].

The differential scanning calorimetry (DSC) was used to investigate the thermal stability and 

phase changes occurring during the heat treatment of PVA, PVA/Gr, Ag/PVA and Ag/PVA/Gr 

hydrogels [14]. The characteristic DSC curves for PVA and Ag/PVA hydrogels are presented in 

Fig. 3, whereas the two characteristic endothermic peaks, corresponding to the 

temperatures of water evaporation and polymer melting, are listed in Table 2 for all 

investigated samples. Based on the presented data, it can be concluded that the addition of 

AgNPs improved the thermal stability of both silver doped hydrogels, as the first 

endothermic peak (corresponding to water evaporation) was found at higher temperatures 

for Ag/PVA and Ag/PVA/Gr (123 °C and 120 °C, respectively), in comparison to PVA and 

PVA/Gr (112 °C and 119 °C, respectively). The tightly bound water, consisting of highly 

oriented dipoles, is known to evaporate at higher temperatures [61], and the presence of 

AgNPs clearly contributes to the increase in the onset temperature of the water loss stage, 

presumably due to the ordering and orientation of H2O dipoles inside the polymer matrix. 

Additionally, the presence of AgNPs caused an increase in temperature of degradation of 

polymer backbone of the hydrogel, as the second endothermic peak was shifted from 277 °C 

for PVA to 295 °C for Ag/PVA (Fig. 3), and from 287 °C for PVA/Gr to 311 °C for Ag/PVA/Gr. In 

addition, the second endothermic peak temperature is also shifted to higher values for 
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hydrogels containing graphene (277 °C and 287 °C for PVA and PVA/Gr respectively, and 295 

°C and 311 °C for Ag/PVA and Ag/PVA/Gr), all leading to the conclusion that both the AgNPs 

and graphene significantly improved the thermal stability of polymer matrix. 

TABLE 2. The main Raman and DSC peaks (  – Raman shift, T – peak temperature in the 𝛥 𝜐
DSC curve) for PVA, PVA/Gr, 3.9Ag/PVA and 3.9Ag/PVA/Gr

 / cm-1𝚫 𝝊 T / oC

Hydrogel
D-peak G-peak

first 

endothermic 

peak

second  

endothermic 

peak

PVA / / 112 277
PVA/Gr 1350 1593 119 287
3.9Ag/PVA / / 123 295
3.9Ag/PVA/Gr 1370 1580 120 311

Fig. 3. DSC curves for PVA and 3.9Ag/PVA hydrogels

Silver release measurements and modeling

The kinetics of antibacterial agent release is very important for the applications of 

antibacterial medical devices, as it influences their antibacterial efficiency and life cycle. The 

release of silver nanoparticles was monitored over the time period of 28 days, and based on 

the obtained experimental data, it was found that, in the initial period, hydrogels exhibited 

„burst release,“ marked by a sharp decrease in Ag content, but the release profiles reached a 

plateau after around 2-5 days, and further release was significantly slower. Table 3 

represents the obtained data for the initial concentrations of silver in the hydrogel matrices, 

c0, and the remaining concentrations, cAg,rem, in the hydrogel matrices after 28 days release, 

measured by AAS, as well as the percentages of the released silver during this 28-day period. 

This release behavior is especially important for wound dressings, as the high initial release 

of antibacterial agent to the wound and surrounding tissue ensures prevention of adhesion 
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of bacteria and biofilm formation. Subsequent slow and steady release can preserve the 

sterility of the wound and prevent infection over prolonged application period. It is obvious 

that all hydrogels retained a certain amount of silver in their matrices after prolonged 

release, attesting to their longevity as potential wound dressings. However, a high 

percentage (60-80 %) of the total initial amount of AgNPs was released during the monitored 

period, confirming that these materials could provide sustained infection protection to the 

wound. The results of silver release indicated that Ag/PVA and Ag/PVA/Gr hydrogels can be 

applied for prolonged periods, providing sufficient amount of antibacterial agent to preserve 

the sterility of the wound dressing or soft tissue implant.

TABLE 3. Total initial silver concentration in all of the hydrogel samples, c0, and the 

remaining concentrations, cAg,rem, in the hydrogel matrices after 28 days release in the PB 

medium at 37 oC, as well as the percentages of released silver during this release period

hydrogel cAg,0 / mg dm-3 cAg,rem / mg dm-3 %  released

0.25Ag/PVA 41.3±8.0 13.3±3.8 68

0.5Ag/PVA 50.8±7.2 26.6±2.7 48

1.0Ag/PVA 81.4±15.8 27.9±4.3 66

3.9Ag/PVA 247.5±27.9 65.4±3.4 74

0.25Ag/PVA/Gr 28.2±1.7 9.7±3.6 66

0.5Ag/PVA/Gr 64.8±5.6 28.3±7.8 56

1.0Ag/PVA/Gr 70.6±14.7 15.2±6.1 78

3.9Ag/PVA/Gr 273.1±19.5 59.4±12.2 78

The generated release profiles were fitted with several theoretical models, in order to 

investigate the kinetics of the silver release. The models were chosen among those most 

frequently found in literature to describe the diffusion mechanisms behind the drug release 

processes. One of these models deals with the so-called “burst release” effect that is often 

observed during release of drugs and other active substances from polymer carriers, and as 

such is used to describe the diffusion in the early phase of release, thus it is called the early 

time approximation (ETA). For ETA, two equations were used to compare the 

appropriateness of the model for our experimental data. Specifically, a widely used standard 

ETA (Eq. (1))  [11,48,49], and a modified ETA (Eq. (2)) proposed by Ritger and Peppas [50] 

were applied. In these equations, cAg,t/cAg,0 denotes the fraction of released silver at the time 

t, DAg is the diffusion coefficient of silver during the release, t – the time of release, δ is the 

hydrogel sample thickness and r is the radius of the hydrogel disc.

(1)

2/1

2

Ag

Ag,0

tAg,

π
4 













r

tD

c

c
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The ETA models represent the dependence of the fraction of released silver on the square 

root of the release time, according to both the Eq. (1) and (2); however, the Eq. (1) implies 

that this dependence should be linear, whereas the Eq. (2) suggests non-linear relationship 

for the release from thick hydrogel discs and slabs. Figs. 4 and 5 represent the ETA models 

for silver release from Ag/PVA and Ag/PVA/Gr hydrogels, respectively. From the obtained 

results, it can be observed that the modified ETA model provided much better correlation 

with the experimental data, which was to be expected due to the considerations of the 

geometry of release, as discussed above. It is also obvious that the best correlation, 

spanning almost the entire release periods, were achieved for hydrogels with lower AgNPs 

concentrations, i.e., 0.25Ag/PVA, 0.5Ag/PVA (Figs. 4a and 4b), 0.25Ag/PVA/Gr and 

0.5Ag/PVA/Gr (Figs. 5a and 5b). On the other hand, hydrogels with higher amounts of silver 

(1.0Ag/PVA, 3.9Ag/PVA (Figs. 4c and 4d), 1.0Ag/PVA/Gr and 3.9Ag/PVA/Gr (Figs. 5c and 5d)), 

exhibited narrower timespan over which the ETA model could be applied, which could be 

due to the fact that the burst release effect was much more pronounced for these hydrogels 

– more than 60 % of silver was released within the first 48 h. The quantitative results for the 

diffusion coefficients, DAg, of silver from the hydrogel matrices, calculated from both the 

standard and modified ETA models, are listed in Table 4. The obtained DAg data provide 

another interesting observation, that the values calculated by the standard ETA models are 

always significantly higher than the corresponding DAg values from the modified ETA fit. This 

implies that the standard ETA model usually overestimates the rate of drug release from 

cylindrical samples, and thus it should be used with caution, and replaced with the modified 

model whenever possible.

TABLE 4. Diffusion coefficients, DAg, of silver from the hydrogel matrices, calculated from the 

standard and modified ETA models

Standard ETA Modified ETA

sample DAg / 10-8 cm2 s-1 DAg / 10-8 cm2 s-1

0.25Ag/PVA 1.60 0.53

0.5Ag/PVA 1.40 0.38

1.0Ag/PVA 6.79 2.75

3.9Ag/PVA 12.7 5.92

0.25Ag/PVA/Gr 1.71 0.49

0.5Ag/PVA/Gr 1.40 0.53

1.0Ag/PVA/Gr 10.9 4.38

3.9Ag/PVA/Gr 15.6 7.07
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Fig. 4. Early time approximations (ETA) for silver release from a) 0.25Ag/PVA, b) 0.5Ag/PVA, 

c) 1.0Ag/PVA, and d) 3.9Ag/PVA hydrogels

Fig. 5. Early time approximations (ETA) for silver release from a) 0.25Ag/PVA/Gr, b) 

0.5Ag/PVA/Gr, c) 1.0Ag/PVA/Gr, and d) 3.9Ag/PVA/Gr hydrogels
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Further, another three theoretical models were applied to the release data, in order to 

elucidate the diffusion parameters over the entire release period, and to quantitatively 

compare silver release behavior of different hydrogels. The models applied were Makoid-

Banakar [45,46], Korsmeyer-Peppas [41] and Kopcha [47], which are described by equations 

(3), (4) and (5), respectively.

(3) tctk
c

c
 expn

MB

Ag,0

tAg,

(4)n

KP

Ag,0

tAg,
tk

c

c


(5)tBtA
c

c
 1/2

Ag,0

tAg,

The meanings of physical quantities and constants in equations (3), (4) and (5) are: cAg,t – 

concentration of Ag released at time t; cAg,0  – initial concentration of Ag in the hydrogel 

before release; kMB – Makoid-Banakar constant; c – Makoid-Banakar parameter (related to 

dissolution limitations as the function approaches maximum value); kKP – Korsmeyer-Peppas 

constant; n – coefficient which describes release transport mechanism (n < 0.5 – Fickian 

diffusion, n > 0.5 – non-Fickian/anomalous diffusion, n = 1 – Case II transport [41]); A and B – 

Kopcha’s constants which depend on the dominant transport phenomena during release.

The release profiles, representing the dependence of the fraction of released silver, 

cAg,t/cAg,0, on the time of release, t, for 0.25Ag/PVA, 0.5Ag/PVA, 1.0Ag/PVA and 3.9Ag/PVA, 

as well as for 0.25Ag/PVA/Gr, 0.5Ag/PVA/Gr, 1.0Ag/PVA/Gr and 3.9Ag/PVA/Gr hydrogels, 

are presented in Figs. 6 and 7, respectively. Additionally, the values for different fit 

parameters and constants for all three models are listed in the Table 5. Analyzing the 

experimental release profiles, the first observation is that the hydrogels with higher AgNPs 

contents (1.0Ag/PVA, 3.9Ag/PVA, 1.0Ag/PVA/Gr and 3.9Ag/PVA/Gr) exhibited very quick 

initial release within the first 48 h or so, corresponding with the so-called “burst” effect that 

was also noticed during fitting with early time approximations. From Figs. 6b,d,f and 7b,d,f, it 

could be concluded that the burst effect resulted in the release of ≈50 % of the initial silver 

concentration, for the hydrogels obtained from 1.0 mM AgNO3 swelling solutions, i.e., nearly 

70 % in the case of hydrogels obtained from 3.9 mM AgNO3 swelling solutions. The hydrogels 

with lower AgNPs concentrations, also exhibited the burst effect, but in those cases it was 

noted as the release of ≈20 % of silver within the initial 24 h, which was followed by more 

gradual release, and the release rate consistently slowed down towards the end of the 

monitored 28-day period. The more gradual release from hydrogels with lower AgNP 

contents also resulted in better overall correlation of all models with the experimental data, 

compared to the hydrogels obtained from 1.0 mM and 3.9 mM AgNO3 swelling solutions  

that could be observed both visually in Figs. 6 and 7, as well as through the values of the 

coefficient of determination, R2 (Table 5), which provides a measure of how well the models 

correspond to the experimental data, and which was always higher for hydrogels obtained 

from 0.25 mM and 0.5 mM AgNO3 solutions, often even >0.99.
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Comparing different models amongst themselves, the Korsmeyer-Peppas and the Makoid-

Banakar models provided notably better correlation with the experimental data, compared 

to the Kopcha model, which was especially pronounced in the case of hydrogels with higher 

silver contents. On the other hand, the Korsmeyer-Peppas and the Makoid-Banakar models 

did not differ significantly, which was not surprising, as the Korsmeyer-Peppas model (Eq. 

(4)) can be seen as an approximation of the Makoid-Banakar equation (Eq. (3)), in the edge 

case when . From Table 5, it is obvious that the c parameter from the Makoid-Banakar 0c
model was indeed very small, indicating that the Makoid-Banakar and Korsmeyer-Peppas 

models were very similar for AgNP-loaded hydrogels, which was further confirmed by the 

fact that parameters n, as well as kKP and kMB constants had very similar values. As already 

mentioned, the time exponent n is an indication of the dominant diffusion mechanism, and, 

as its values were always <0.5 (Table 5), it can be concluded that the release of silver from all 

of the hydrogels conformed to the Fickian diffusion behavior [41] and was governed mainly 

by the concentration gradient of released silver. This was also confirmed by the Kopcha 

models, as the absolute values of the parameter A were higher compared to |B|, indicating 

that the predominant driving force for the release is the diffusion, and not the polymer 

matrix relaxation [11].

Another quite well-known and widely used model, namely the Higuchi model [43,62], was 

also applied in order to compare it with other models and to gain insight into the governing 

phenomena during release. The Higuchi model is based on several assumptions for the 

derivation of the mathematical model, including time- and concentration-independent 

diffusion coefficients, perfect sink conditions, steady-state release, insolubility of the carrier 

matrix, one-dimensional geometry, as well as the condition that the initial concentration of 

the drug is significantly greater than its solubility in the release medium [43,62,63]. The 

mathematical expression for the Higuchi model (Eq. (6)) is quite simple and equivalent to the 

aforementioned standard ETA model (Eq. (1)), as they both imply the linear dependence of 

the fraction of released drug and square root of time, although the proportionality constant, 

the so-called Higuchi constant, kH, has slightly different meaning than in the ETA model [44]. 

Based on these considerations, it could be anticipated that the Higuchi model would not 

provide appropriate description of silver release from the investigated Ag/PVA and 

Ag/PVA/Gr hydrogels, as some of the basic assumptions are too simplified for the given 

system, most important of which is neglecting the radial diffusion of silver along the 

hydrogel edges. Thus, as expected, Fig. 8 reveals that the Higuchi equation is appropriate 

only in the initial period of release, whereas this model significantly overestimates the 

amount of released silver during prolonged exposure to PB, much like the standard ETA 

model in Figs. 4 and 5. It could be also noticed that the Higuchi model agrees better with the 

experimental data for hydrogels with lower AgNPs concentrations (obtained from 0.25 and 

0.5 mM swelling solutions), whereas the correlation holds only for the first two days in the 

case of 1.0 and 3.9 mM hydrogels. This is most probably the consequence of the fact that 

the latter hydrogels release drastically higher fraction of silver within the first 48 h (up to 50-

70%), whereas for 0.25 and 0.5 mM hydrogels, only  40% is released over the course of 12 

days, as discussed above.
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(6)1/2

H

Ag,0

tAg,
tk

c

c


TABLE 5. Fitting parameters obtained from Korsmeyer-Peppas, Makoid-Banakar and Kopcha 

models of silver release from the hydrogel matrices

Korsmeyer-Peppas Makoid-Banakar Kopcha

hydrogel
kKP / 

s-n
n R2 kMB / s-n n c / 10-7 s-1 R2

A / 10-3 

s-1/2

B / 10-7 

s-1
R2

0.25Ag/PVA 0.003 0.376 0.998 0.003 0.376 0.000034 0.998 0.61 -1.24 0.995

0.5Ag/PVA 0.012 0.251 0.994 0.011 0.261 0.12 0.994 0.61 -2.06 0.970

1.0Ag/PVA 0.087 0.136 0.987 0.055 0.174 0.51 0.989 1.12 -4.83 0.896

3.9Ag/PVA 0.247 0.077 0.946 0.070 0.182 1.49 0.967 1.56 -7.45 0.846

0.25Ag/PVA/Gr 0.002 0.389 0.996 0.001 0.462 0.81 0.9983 0.61 -1.20 0.998

0.5Ag/PVA/Gr 0.010 0.276 0.971 0.002 0.419 1.72 0.986 0.72 -2.44 0.985

1.0Ag/PVA/Gr 0.137 0.120 0.976 0.053 0.199 1.08 0.986 1.45 -6.50 0.901

3.9Ag/PVA/Gr 0.316 0.064 0.970 0.118 0.146 1.17 0.983 1.69 -8.14 0.826
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Fig. 6. Models of silver release from 0.25Ag/PVA, 0.5Ag/PVA, 1.0Ag/PVA, and 3.9Ag/PVA hydrogels: a) and b) Korsmeyer-Peppas, c) and d) Makoid-Banakar, 

e) and f) Kopcha
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Fig. 7. Models of silver release from 0.25Ag/PVA/Gr, 0.5Ag/PVA/Gr, 1.0Ag/PVA/Gr, and 3.9Ag/PVA/Gr hydrogels: a) and b) Korsmeyer-Peppas, c) and d) 

Makoid-Banakar, e) and f) Kopcha
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Fig. 8. Higuchi models for a) Ag/PVA and b) Ag/PVA/Gr hydrogels with different AgNPs 

concentrations
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Antibacterial activity

The antibacterial activity kinetics of 0.25Ag/PVA and 0.25Ag/PVA/Gr hydrogel discs was 

investigated against Staphylococcus aureus TL and Escherichia coli ATCC25922 bacterial 

strains, using the spread-plate method in suspension. The samples and bacteria were 

incubated in phosphate buffer (PB) at 37 °C for 1 h, 3 h and 24 h, after which the colonies 

were seeded on agar base and counted using a colony counter. Fig. 9 represents the 

photographs of colonies on the agar base in a Petri dish, immediately after the inoculation 

and after incubation for 1 h with the 0.25Ag/PVA/Gr hydrogel. Even after 1 h, both hydrogels 

exhibited strong antibacterial activity, with 0.25Ag/PVA causing 44.8 % reduction of S. 

aureus TL and 100 % reduction of E. coli ATCC25922 [12,14]. Similarly, the 0.25Ag/PVA/Gr 

caused 97 % and 100 % reduction of S. aureus TL and E. coli ATCC25922, respectively [12,14]. 

Obviously, the 0.25Ag/PVA/Gr exhibited stronger antibacterial activity after 1 h of 

incubation, however, both samples caused total reduction of both S. aureus TL and E. coli 

ATCC25922 colonies after only 3 h of incubation [12]. Clear correlation between the 

hydrogels’ antibacterial effect and the release profiles could be observed, as the very quick 

bacteria eradication within 1-3 h is probably a consequence of the burst silver release effect, 

depicted in releasing up to 20-40 % of the initial AgNPs concentration from the hydrogels 

within the initial 1-day period. Considering that the nanocomposite hydrogels were 

synthesized from the swelling solutions of the lowest AgNO3 concentration (0.25 mM), these 

findings confirm that 0.25Ag/PVA and 0.25Ag/PVA/Gr have good potential for the use as 

antibacterial biomedical devices even with low amounts of incorporated AgNPs, which 

reduces the potential cytotoxicity risk.

  

Fig. 9. Photographs of S. aureus TL and E. coli ATCC25922 colonies remaining before 

incubation and after 1 h of incubation with for a) 0.25Ag/PVA and b) 0.25Ag/PVA/Gr 

hydrogels
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CONCLUSION

In this work, we have synthesized silver nanoparticles, as a green and efficient antibacterial 

agent, directly inside the poly(vinyl alcohol)-based hydrogel matrices, following the 

electrochemical in situ reduction method. The efficient incorporation and stabilization of 

AgNPs inside the polymer matrices was confirmed by UV-visible spectroscopy and FE-SEM, 

which confirmed the nano-sized diameters around 40-60 nm. Moreover, the stabilization is 

achieved via the interactions between AgNPs and certain functional groups on polymer 

chains, such as –OH, as shown by Raman and FTIR spectroscopies. Thermal stability was 

improved by the presence of both AgNPs and graphene, as confirmed by DSC. The silver 

release profiles were monitored for 28 days in the modified phosphate buffered solution at 

37 ºC, and the obtained profiles exhibited characteristic burst release effect in the initial 

period. The in-depth silver release analysis was carried out by fitting with several theoretical 

models that confirmed the predominantly diffusion-controlled mechanism of release. 

Finally, antibacterial tests confirmed strong antibacterial activity of both Ag/PVA and 

Ag/PVA/Gr within 24 h, indicating excellent potential for wound dressing applications.
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Fig. 1. FE-SEM microphotographs of a) 3.9Ag/PVA and b) 3.9Ag/PVA/Gr hydrogels 
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Fig. 2. The fingerprint regions of FT-IR spectra of PVA, PVA/Gr, 3.9Ag/PVA and 3.9Ag/PVA/Gr hydrogels 
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Fig. 3. DSC curves for PVA and 3.9Ag/PVA hydrogels 

99x80mm (1000 x 1000 DPI) 
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Fig. 4. Early time approximations (ETA) for silver release from a) 0.25Ag/PVA, b) 0.5Ag/PVA, c) 1.0Ag/PVA, 

and d) 3.9Ag/PVA hydrogels 

99x55mm (300 x 300 DPI) 
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Fig. 5. Early time approximations (ETA) for silver release from a) 0.25Ag/PVA/Gr, b) 0.5Ag/PVA/Gr, c) 

1.0Ag/PVA/Gr, and d) 3.9Ag/PVA/Gr hydrogels 

99x55mm (300 x 300 DPI) 
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Fig. 6. Models of silver release from 0.25Ag/PVA, 0.5Ag/PVA, 1.0Ag/PVA, and 3.9Ag/PVA hydrogels: a) and 

b) Korsmeyer-Peppas, c) and d) Makoid-Banakar, e) and f) Kopcha 

209x80mm (300 x 300 DPI) 
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Fig. 7. Models of silver release from 0.25Ag/PVA/Gr, 0.5Ag/PVA/Gr, 1.0Ag/PVA/Gr, and 3.9Ag/PVA/Gr 

hydrogels: a) and b) Korsmeyer-Peppas, c) and d) Makoid-Banakar, e) and f) Kopcha 

209x80mm (300 x 300 DPI) 
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Fig. 9. Photographs of S. aureus TL and E. coli ATCC25922 colonies remaining before incubation and after 1 

h of incubation with for a) 0.25Ag/PVA and b) 0.25Ag/PVA/Gr hydrogels 
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Fig. 9. Photographs of S. aureus TL and E. coli ATCC25922 colonies remaining before incubation and after 1 

h of incubation with for a) 0.25Ag/PVA and b) 0.25Ag/PVA/Gr hydrogels 
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