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Abstract 

In recent years, drug delivery systems have been one of the most investigated solutions for safer 

and more efficient therapy. Among many investigated materials, hydrogels with incorporated 

drugs and/or active substances can be produced in different ways to meet the criteria of 

biocompatibility, non-toxicity, continuous drug delivery, etc. In our previous work, the Ag-

P(NiPAAm/IA) hydrogel nanocomposites were produced by radiolytic method, which enabled 

the synthesis and sterilization of materials in one technological step. Because of silver ions 

release, these hydrogel nanocomposites showed good antibacterial potential against both gram-

positive and gram-negative bacteria. In this study, we go a step forward and investigate the 

silver release mechanism by fitting experimentally obtained data with several commonly used 

kinetics models of drug release. 

 

Introduction 

During the past decades, hydrogels have gained considerable interest because of their unique 

properties and versatile applications. Their 3D network can absorb and retain large amounts of 

water and/or other physiological fluids, giving them a soft structure similar to living tissue. 

Such types of materials are recognized as promising systems for drug and/or active compound 

delivery. Nanocomposite materials based on polymer hydrogels with embedded metal 

nanoparticles have attracted tremendous attention due to an extremely wide range of 

applications, especially in biomedicine [1, 2]. In a previous study, novel multifunctional silver-

poli(N-isopropylacrylamide/itaconic acid) (Ag-P(NiPAAm/IA)) hydrogel nanocomposites 

were prepared by gamma irradiation induced synthesis. This “green” technique uses 

biologically harmless and biocompatible radiolytic products of water, enabling the production 

of crosslinked nanocomposites without the use of any additional substances, which can be 

harmful, toxic, or difficult to remove from the system. Moreover, this method also enables 

simultaneous synthesis and sterilization of materials, which is a very important prerequisite for 

their use in the field of biomedicine [3, 4]. Among the numerous nanoparticles, probably the 

most investigated and the most promising have become the silver nanoparticles (AgNPs) due 

to their ability to prevent the growth and development of single-celled organisms and therefore 

can be used as a therapeutic agent against Gram-positive and Gram-negative bacteria, fungus 

or viruses. Furthermore, AgNPs also possess strong anti-septic and anti-inflammatory 

properties, with low systemic cytotoxicity effects [5]. Nowdays, great emphasis has been placed 

on the development of suitable wound dressing, with appropriate antibacterial effects, which 

could be able to protect the injury site from further insult, contamination, and infection [6]. 

In this study, the Ag+ ions release from Ag-P(NiPAAm/IA) hydrogel nanocomposites was 

investigated in a physiological simulated condition. To evaluate the mechanism of silver 

release, the experimentally obtained data were fitted using zero-order, first-order, Ritger-
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Peppas, Higuchi, Kopcha, and Makoid-Banakar models. Moreover, the diffusion coefficients 

of silver release from hydrogel nanocomposites were determined. 

 

Experimental 

Series of P(NiPAAm/IA) hydrogels were prepared by adding the IA into NiPAAm solutions 

(10 wt%) to obtain comonomer mixtures with the weight ratios 100/0, 98.5/1.5, 97/3 and 

95.5/4.5. Those mixtures were saturated with argon for 30 min, poured into specially designed 

glass molds, and exposed to γ-irradiation (absorbed dose of 50 kGy; dose rate 0.5 kGy/h). The 

obtained hydrogels were cut into discs (diameter  10 mm, thickness  4 mm) and immersed in 

distilled water (changed daily for one week) to remove unreacted residues. Furthermore, the 

P(NiPAAm/IA) hydrogel discs were swelled in the solution of AgNO3 (1.0×10-2 mol/dm3) and 

2-propanol (0.2 mol/dm3), and then exposed to γ-irradiation to perform reduction of Ag+ ions 

(absorbed dose of 18 kGy; dose rate 17 kGy/h). As a result, the formation of AgNPs was 

confirmed by obtaining yellow-colored Ag-P(NiPAAm/IA) hydrogel nanocomposites. 

The release of Ag+ ions from the Ag-P(NiPAAm/IA) hydrogel nanocomposites was monitored 

in phosphate buffer solution (PBS, pH 7) at 37ºC. Nanocomposite samples were immersed in 

10 ml of PBS, which was changed at predetermined time intervals with new 10 ml, to maintain 

the perfect sink condition. The total content of silver within the Ag-P(NiPAAm/IA) hydrogel 

nanocomposites was determined upon treatment in HNO3 (1:1 v/v) to induce the oxidation of 

all AgNPs into Ag+ ions. The Ag+ ions concentration was determined by atomic absorption 

spectrometry, and the results represent the mean of three measurements. 

 

Results and discussion 

The release of Ag+ ions from Ag-P(NiPAAm/IA) hydrogel nanocomposites was monitored in 

PBS at 37ºC in order to simulate the physiological condition. The obtained results for 

cumulative silver release indicate that after 4 days of monitoring, the Ag-P(NiPAAm/IA) 

(100/0) hydrogel nanocomposite released the smallest amount of initial concentration of silver 

(59.9 %), whereas samples with 1.5 wt%, 3 wt% and 4.5 wt% of IA in copolymer network 

released 73.8 %, 71.1 % and 78.2 % of initial concentration of silver, respectively. Moreover, 

it is obvious that the initial burst release of Ag+ ions is followed by the slower release in the 

middle and later phases. 

To evaluate the kinetics and to determine the mechanism of release, the experimental data were 

fitted and compared with several commonly used kinetics models of the drug release process. 

The cumulative Ag+ ions release profiles were analyzed by zero-order (Eq. (1)), first-order (Eq. 

(2)), Ritger-Peppas (Eq. (3)), Higuchi (Eq. (4)), Kopcha (Eq. (5)) and Makoid-Banakar (Eq. 

(6)) models [2, 7, 8]: 

𝑀𝑡 = 𝑀0 + 𝑘0 𝑡,          (1) 

𝑙𝑛(𝑀∞ − 𝑀𝑡) = 𝑙𝑛𝑀0 − 𝑘1 𝑡,        (2) 
𝑀𝑡

𝑀
=  𝑘RP 𝑡𝑛,           (3) 

𝑀𝑡

𝑀
= 𝑘𝐻  𝑡1 2⁄ ,           (4) 

𝑀𝑡

𝑀
= 𝐴 𝑡1 2⁄ + 𝐵 𝑡,          (5) 

𝑀𝑡

𝑀
= 𝑘𝑀𝐵  𝑡𝑛 exp(−𝐶𝑡),         (6) 

where Mt is the amount of silver released in time t, M0 is the amount of silver released in time 

t=0 (M0=0), M is the initial amount of silver in hydrogel nanocomposites, while Mt/M is the 

fraction of silver released at each time point; k0 is a zero-order rate constant, k1 is the first-order 
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rate constant, kRP is constant dependent on the polymer network properties, n is the diffusional 

exponent which indicates the transport mechanism during the release, kH is the Higuchi 

dissolution rate constant, A and B are the Kopcha constants indicating the dominant process 

during the release, kMB is the Makoid-Banakar constant and C is an empirical parameter. The 

mathematical modeling of Ag+ ions released from hydrogel nanocomposites is presented in Fig. 

1, while the obtained fitting parameters are summarized in Table 1. 

 

 

Figure 1. Mathematical modeling of cumulative Ag+ ions release from Ag-P(NiPAAm/IA) 

hydrogel nanocomposites: (a) zero-order model, (b) first-order model, (c) Ritger-Peppas 

model, (d) Higuchi model, (e) Kopcha model and (f) Makoid-Banakar model. 

 

The curvilinear nature of cumulative release profiles suggests that silver release from the 

hydrogel nanocomposites follows neither the zero-order nor first-order kinetics. This 

observation is supported by the lowest values of correlation coefficients (R2). The Ritger-

Peppas model showed that silver release from investigated samples follows anomalous or non-

Fickian diffusion (n  0.58-0.61) when both mechanisms (diffusion and relaxation of polymer 

chains) influence the release process. The high values of R2 (0.95-0.99) indicate the good fitting 

between the model and experimentally obtained data, but only at an early stage of releasing 

(Mt/M < 0.6). In this case, that is the stage of the initial burst release of Ag+ ions. As expected, 

the values of Higuchi dissolution rate constants are higher for systems with improved 

swellability (higher IA content). The formation of a concentration gradient is the main trigger 

for the diffusion of Ag+ ions from the polymer matrix into the surrounding medium. The 

Higuchi model shows a good fit with silver release data (R2  0.97-0.98), as well as the Kopcha 

model, but with slightly lower R2 (0.95-0.98). The Kopcha model can be used to quantify the 

relative contributions of diffusion and polymer relaxation to drug release. The data in Table 1. 

clearly show that the values of the diffusional constant (A) are far greater than that for the 

relaxation constant (B), suggesting that Ag+ ions release from the Ag-P(NiPAAm/IA) hydrogel 

nanocomposites is primarily controlled by a Fickian diffusion process. However, the 

mathematical model that best describes Ag+ ions release is the Makoid-Banakar model in which 

the R2 values are the highest (0.98-0.99). Makoid-Banakar model provided a slightly better fit 

for the experimental data, compared to the Ritger-Peppas model. When the value of parameter 

C→0, the Makoid-Banakar model becomes equal to Ritger-Peppas. The values of C are low 
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but not equal to zero, so the introduction of an exponential parameter in the model, related to 

the dissolution of AgNPs, evidently provides a better correlation with the experimental data. 

 

Table 1. Kinetic parameters of Ag+ ions released from hydrogel nanocomposites obtained by 

different models, and diffusion coefficients determined by Etters approximation. 

Model Parameters 
Sample Ag-P(NiPAAm/IA) 

100/0 98.5/1.5 97/3 95.5/4.5 

Zero-order 
k0  106 (1/s) 1.27 1.57 1.46 1.63 

R2 0.74 0.78 0.77 0.81 

First-order 
k1  106 (1/s) 2.15 3.24 2.90 3.68 

R2 0.83 0.85 0.85 0.84 

Ritger-Peppas 

kRP  104 (1/sn) 9.64 8.34 10.95 14.24 

n 0.59 0.60 0.61 0.58 

R2 0.99 0.96 0.95 0.95 

Higuchi 
kH  103 (1/s1/2) 0.89 1.09 1.00 1.11 

R2 0.97 0.98 0.98 0.97 

Kopcha 

A  103 (1/s1/2) 2.11 2.37 2.34 2.37 

B  106 (1/s) -1.90 -1.97 -2.00 -1.85 

R2 0.98 0.97 0.95 0.95 

Makoid-Banakar 

kMB  103 (1/sn) 9.35 14.40 24.16 28.40 

n 0.35 0.32 0.27 0.25 

C  104 7.38 3.18 0.37 -2.62 

R2 0.99 0.99 0.98 0.98 

Diffusion 

coefficient 

DE  103 (cm2/s) 3.34 6.44 6.66 11.60 

R2 0.90 0.97 0.97 0.99 

 

Finally, the diffusion coefficients of Ag+ ions from the polymer matrix were determined by the 

Etters approximation, using the following equation: 

𝑀𝑡

𝑀
=  [1 − 𝑒𝑥𝑝 (−𝐾 (

𝐷𝐸 𝑡

𝛿2 )
𝑎

)]
1 𝑏⁄

,        (7) 

where DE is the diffusion coefficient of silver for the entire range of releasing (0 < Mt/M < 1), 

t is the time and   is the thickness of the xerogel, while a = 1.3390, b = 2.6001 and K = 10.5449 

are the constants [9]. As can be seen from Table 1, the diffusion coefficients of Ag+ ions release 

increase with increasing IA content in a polymer matrix, which is expected. Namely, with 

increasing IA content, the swelling capacity of hydrogel nanocomposites increases because of 

increased porosity, leading to the faster diffusion of the medium into the hydrogel 

nanocomposites. Therefore, the higher content of the swelling medium enables easier and faster 

dissolution of silver and its diffusion from the hydrogel nanocomposites. According to the 

values of R2, the least fit is observed for the homopolymer network (100/0) probably due to the 

initial burst release of Ag+ ions. 

 

Conclusion 

In order to evaluate the kinetics and to determine the mechanism of Ag+ ions release from the 

Ag-P(NiPAAm/IA) hydrogel nanocomposites the several drug delivery models were employed. 

It was demonstrated that the Makoid-Banakar showed the best fitting to the silver release 
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profiles, indicating that diffusion is the dominant mechanism. This was supported by the 

Kopcha model, while the Higuchi model confirms that the dissolution of AgNPs and the 

formation of a concentration gradient play a key role in the release process. In addition, 

diffusion coefficients of silver release increase when the hydrogel nanocomposites are in more 

hydrated form (more porous network). 
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