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Abstract

Multifunctional hydrogel films which could combine pH responsiveness, antibacterial activity, 

and cytocompatibility are attractive for advanced biomedical and functional applications. In 

this study, semi-interpenetrating polymer network (semi-IPN) hydrogel films were fabricated 

from sodium carboxymethyl cellulose (CMC) and tetraethyl orthosilicate (TEOS), followed by 

the incorporation of silver chloride (AgCl) to introduce antibacterial functionality. The 

structure, morphology, and thermal properties of the films were investigated using X-ray 

diffraction (XRD), Fourier-transform infrared spectroscopy (FT-IR), scanning electron 

microscopy (SEM), thermogravimetric analysis (TGA), and differential scanning calorimetry 

(DSC). The developed hydrogels exhibited reversible pH-dependent swelling, reaching 

approximately 850 ± 34% in alkaline media while shrinking under acidic conditions. Ag-

containing films inhibited the growth of both Escherichia coli and Bacillus subtilis, producing 

inhibition zones of 9.5 mm for each strain. Cytocompatibility evaluation using the MTT assay 

demonstrated excellent fibroblast viability after 7 days, with cell viabilities of 97.49 ± 0.85% 

for CMC films and 93.68 ± 2.40% for Ag-containing films, satisfying ISO 10993-5 

requirements. The combination of simple processing, inexpensive raw materials, pH-

responsive behavior, antibacterial performance, and cytocompatibility highlights the potential 

of these semi-IPN hydrogel films for applications including wound dressing, controlled drug 

delivery, active food packaging, biosensing, and agricultural technologies.
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1. Introduction

Hydrogels have attracted considerable attention as soft polymeric biomaterials for biomedical 

and pharmaceutical applications because of their ability to absorb and retain large amounts of 

water while maintaining their three-dimensional cross-linked network structure [1]. Their 

swelling behavior, which largely determines their functional performance, depends on several 

factors including polymer composition, network architecture, crosslinking density, and the 

characteristics of the surrounding medium [1]. Among hydrogel-forming materials, naturally 

derived polysaccharides such as starch [2,3], sodium carboxymethyl cellulose (CMC) [4–6], 

chitosan [7–9], alginate [10], and cellulose [11] are particularly attractive because of their 

biodegradability, biocompatibility, and excellent water-retention capability. These 

characteristics make polysaccharide-based hydrogels attractive candidates for a broad range of 

biomedical applications, including drug delivery and tissue engineering [6,8,12].

An effective strategy to overcome the intrinsic mechanical limitations of natural polymer 

hydrogels is the construction of interpenetrating polymer networks (IPNs), which enhance 

structural stability, elasticity, and swelling performance while preserving the favorable 

characteristics of the parent polymers [1]. IPNs consist of two or more polymer networks that 

are physically interlaced without covalent bonds between them, resulting in materials with 

superior physicochemical properties compared with conventional single-network hydrogels 

[13,14]. Depending on their architecture, IPNs are generally classified as full-IPNs and semi-

IPNs [15]. In full-IPNs, both polymer components are crosslinked simultaneously to form 

interpenetrating networks, whereas semi-IPNs consist of one crosslinked polymer network 

physically penetrated by a second linear or branched polymer without additional crosslinking 

[16]. Owing to their structural versatility, IPNs have evolved from conventional engineering 
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materials into multifunctional biomaterials for a wide range of biomedical applications [16–

18]. By tailoring polymer composition, IPNs can be engineered to respond to external stimuli 

such as pH, temperature, light, magnetic fields, ionic strength, redox conditions, mechanical 

stress, and enzymatic activity [19,20]. Consequently, IPN hydrogels have been widely explored 

for tissue engineering, regenerative medicine, drug delivery, chemical processing, and smart 

sensing applications [5,6,21–24]. Among these applications, drug delivery has attracted 

particular attention because IPN hydrogels enable controlled release of therapeutic agents while 

minimizing systemic toxicity and reducing adverse effects [25,26]. In particular, pH-

responsive IPN hydrogels have attracted considerable interest owing to their ability to achieve 

site-specific drug release in physiological environments with distinct pH values, including 

gastric fluid, tumor microenvironments, and the colon [3,8,27–29].

CMC a water-soluble cellulose derivative, has been extensively investigated as a hydrogel 

matrix because of its excellent biocompatibility, pH responsiveness, high water absorption 

capacity, and low cost, making it an attractive candidate for scalable biomedical and 

pharmaceutical applications [4,5]. Nevertheless, the poor mechanical strength and limited film-

forming ability of CMC-based hydrogels restrict their practical use and often require structural 

reinforcement [6]. Tetraethyl orthosilicate (TEOS), a widely used silica precursor, offers an 

effective strategy for improving these limitations. Through hydrolysis and condensation 

reactions, TEOS generates inorganic silica networks that enhance the mechanical stability and 

structural integrity of organic–inorganic hybrid materials [30,31]. Incorporating silica into 

CMC-based hydrogels therefore provides an opportunity to develop robust hybrid networks 

with improved physicochemical performance [32]. Despite these advances, the development 

of flexible pH-responsive CMC/SiO₂ semi-IPN hydrogel films suitable for coating and 

biomedical applications remains insufficiently explored. More importantly, the structural 



interactions governing the formation of the semi-IPN architecture and their influence on 

swelling behavior and biological performance have not yet been systematically clarified.

In this study, we hypothesized that hydrogen-bond-mediated physical interpenetration between 

CMC chains and the TEOS-derived silica network would generate flexible semi-

interpenetrating polymer network (semi-IPN) hydrogel films with enhanced structural integrity 

and pH-responsive swelling behavior. Furthermore, the incorporation of silver ions into the 

hybrid network was expected to improve antibacterial activity without compromising the 

physicochemical performance of the films. To validate this hypothesis, flexible CMC/SiO₂ 

semi-IPN hydrogel films were fabricated through a simple and environmentally friendly 

approach. The resulting films were systematically characterized in terms of their network 

structure, pH-responsive swelling behavior, cytocompatibility, and antibacterial activity. This 

study provides new insights into the structure–property relationship of CMC/SiO₂ semi-IPN 

hydrogel films and expands their potential for pH-responsive biomedical coatings and 

controlled drug-delivery applications.

2. Materials and Methods

2.1. Materials

Tetraethyl orthosilicate ≥99.5% (TEOS), hydrochloric acid (fuming, 37%), and silver nitrate 

99% (AgNO₃) were purchased from Merck KGaA, Germany. Sodium carboxymethyl cellulose 

(CMC) 99.5% was provided by CP Kelco, Norway (Cekol 4000, DS: 0.8, Mw: 450 kDa, DP: 

2000, source: wood pulp). Ethanol (EtOH, 96%; Razi Yeast and Alcohol Co., Iran) and distilled 

water were used as starting materials. All chemicals were used as received without further 

purification.

2.2. Preparation of CMC/SiO2 semi-IPN film 



To prepare the silica precursor solution, 1.04g of TEOS and 7.5 mL of ethyl alcohol were 

stirred at 25°C in a 250 mL Erlenmeyer flask. A blend of ethanol (5 mL) and distilled water 

(12.5 mL) containing 0.045 wt% HCl was gradually added to the solution under continuous 

stirring. This mixture was stirred for 24 hours at 25°C to allow hydrolysis and condensation 

reactions to occur. Concurrently, a CMC solution was prepared by dissolving 1.04 g of CMC 

in 32.5 g of water and stirring for 6 h at 25 C.

The prepared CMC solution was then added to the hydrolyzed TEOS network under vigorous 

stirring. After 24 h of stirring, a homogeneous solution was obtained. This solution was poured 

into a large Pyrex crystallizing dish and kept at 25 C to cast the film.

To evaluate and optimize the effect of different components, the same procedure was repeated 

using varying amounts of TEOS (0.52, 1.04, and 1.56 g) and CMC (0.52 and 1.04 g) to yield 

TEOS/CMC weight ratios of 1:1, 2:1, 3:1, and 1:2.

2.3. Loading of Ag compound

Silver ion was incorporated into the IPN structures as a potent antiseptic agent. Silver nitrate 

was added to the TEOS solution during the hydrolysis and condensation steps. Different 

amounts of AgNO₃ were used to produce hybrids with silver ion contents of 0.1 wt%, 0.3 wt%, 

and 0.5 wt%. Each TEOS/ AgNO₃ mixture was sonicated three times for 10 minutes using a 

Power Sonic 405 ultrasonic bath (manufactured in Korea by Hwashin Technology Co.) at 25°C 

to disperse the particles. After dispersion, the mixture was added to the CMC solution, 

following the same procedure described in Section 2.2. Adding the TEOS/AgCl precursor 

solution dropwise into the stirring viscous CMC solution ensures a more uniform distribution 

of AgCl particles and hydrolyzed silica species throughout the polymer matrix, minimizing 

particle agglomeration and localized silica-rich regions formed by premature condensation. 

The final result was the CMC/SiO₂/AgCl semi-IPN film.

2.4. Characterizations



To investigate the crystallinity of the IPN hybrid, X-ray diffraction data were obtained using 

an X’Pert Pro PMD diffractometer in the 2θ range of 10–80°. Morphological analysis of the 

films was performed using scanning electron microscopy (SEM). The smooth surfaces and free 

of burrs sample was chosen and then carefully was fixed on the stop using carbon glue. After 

fixing the sample, it was transferred to a gold coater and the surface of the sample was coated 

with gold using a sputtering process. After gold plating, the sample was transferred to the 

FESEM chamber and set for testing. The internal morphology was examined using a TESCAN 

Mira III field emission SEM (FESEM), manufactured in the Czech Republic. The IPN 

structural building units were studied by FT-IR spectroscopy using a Perkin-Elmer Fourier 

Transform Infrared (FTIR) spectrometer (Model 1750, manufactured in the United States) with 

a resolution of 2 cm⁻¹, operating in the spectral range of 4000–500 cm⁻¹. Neat films were 

mounted in a magnetic sample holder and directly positioned in the sample compartment. 

Thermogravimetric (TG) analysis of thin CMC/SiO₂ and CMC/SiO₂/AgCl films was 

performed to evaluate the effect of interpenetration between CMC, SiO₂, and AgCl on the 

thermal degradation and stability of the hybrid films. A Q600 thermal analyzer (TA 

Instruments, United States) was used under a nitrogen (N2) atmosphere, with a heating rate of 

20 °C/min, to obtain TG, TGA, and DSC data.

2.5. Swelling and dynamic swelling properties 

The swelling and dynamic swelling ratio of the semi-IPN film was evaluated in phosphate-

buffered saline (PBS) solutions at pH 3 and 10, using the gravimetric technique [33]. Dried 

samples of known weight were immersed in the PBS solutions for 24 hours at 25oC. At specific 

time intervals (to 24 h), samples were removed, surface moisture was gently blotted with tissue 

paper (avoiding excessive pressure), weighed, and then re-immersed in the aqueous medium. 

The swelling ratio was calculated using the following expression:

 Swt =
wt w0

w0
× 100 (1)



where w₀ is the weight of the dried initial sample, and wₜ is the weight of the swollen sample 

at time t. To estimate the dynamic swelling performance, one dried sample was first immersed 

in PBS solution at pH 3 for 5 minutes. After weighing, the same sample was then immersed in 

PBS solution at pH 10 for another 5 minutes, and this cycle was repeated for a total duration 

of 60 minutes [34].

2.6. Antibacterial activity studies by Agar disk-diffusion method

Both gram-positive Bacillus subtilis and gram-negative Escherichia coli were used to evaluate 

the antibacterial effect of thin CMC/SiO₂ and CMC/SiO₂/AgCl semi-IPN films. The strains 

were obtained from the Food Science Laboratory of Islamic Azad University and were cultured 

on LB agar plates for 18 hours at 37 °C prior to use. A suspension of the isolates (approximately 

1–2 × 10⁸ CFU/mL) was prepared according to the McFarland standard, and spread evenly 

onto Müller-Hinton agar in Petri dishes. Then, semi-IPN filter discs (approximately 7 mm in 

diameter) were placed on the agar surface. The Petri dishes were incubated for 24 hours, and 

the diameters of the inhibition zones around each disc were measured using a caliper to assess 

the antimicrobial effect.

2.7. MTT ASSAY

Fibroblast cell lines obtained from the Pasteur Institute were used to assess the metabolic 

activity and cytotoxicity of the produced films. This part of the research was conducted under 

the ethical approval code IR.IAU.DEHAGHAN.REC.1398.005.

3. Results and Discussion

3.1. Influence of precursor composition on semi-IPN film formation

The composition of the precursor solution played a critical role in determining the physical 

integrity and processability of the semi-IPN hydrogel films [35–37]. Therefore, different mass 

ratios of CMC, TEOS, HCl, and AgNO₃ were systematically optimized based on previous 



studies and preliminary experiments to obtain flexible, mechanically stable, and nearly 

transparent thin films (thickness of ~0.3 mm) suitable for wound-dressing applications (Fig. 1) 

[38].

Increasing the TEOS content markedly improved film rigidity but simultaneously reduced 

flexibility and structural integrity. This behavior can be attributed to the formation of a denser 

SiO₂ network, which restricts polymer-chain mobility and limits structural deformation. 

Consequently, films prepared with excessive TEOS exhibited characteristics dominated by the 

inorganic silica framework rather than by a balanced organic–inorganic semi-IPN structure. 

Similar trends have been reported previously [32,39–41].

CMC acted as the pH-responsive polymeric phase of the semi-IPN films [4,42,43]. As the 

amount of CMC increased, the film thickness also increased, while mechanical strength 

decreased. The increased porosity facilitated water uptake and improved swelling behavior; 

however, it also weakened the structural integrity of the films.

With higher CMC content, the films exhibited more pores, resulting from CMC aggregation, 

which prevented uniform coverage of the SiO₂ network. While these pores contributed to 

improved swelling behavior, they also increased film permeability and thickness, resulting in 

reduced structural cohesion. Accordingly, the 1:1 CMC/TEOS ratio provided the best 

compromise between flexibility, structural integrity, and swelling performance, and was 

therefore selected for subsequent experiments.

The incorporation of AgNO₃ altered the physical characteristics of the semi-IPN films. Among 

the investigated formulations, 0.3 wt% AgNO₃ provided the best balance between film integrity 

and antibacterial functionality. However, increasing the silver content reduced film flexibility 

and swelling capacity. This behavior was attributed to the formation of larger Ag-containing 

domains and particle aggregation, which increased local rigidity and disrupted the continuity 

of the polymeric network. At higher AgNO₃ concentrations, film fragmentation and loss of 



structural uniformity were observed. The influence of silver incorporation on the chemical 

structure and intermolecular interactions is discussed in the following section.

Figure 1. Visual comparison of semi-IPN films: (a) CMC/SiO₂ before drying, (b) CMC/SiO₂ after 

drying, (c) CMC/SiO₂/AgCl after drying.

3.2. Characterizations

Figure 2 shows the XRD patterns of neat CMC, the SiO₂ network, CMC/SiO₂ semi-IPN, and 

CMC/SiO₂/AgCl semi-IPN films. Neat CMC exhibits a broad diffraction halo centered at 

approximately 2θ = 20°, characteristic of its predominantly amorphous structure [44,45]. The 

SiO₂ network displays a broad halo centered at approximately 23° (JCPDS No. 00-001-0649), 

confirming its amorphous nature [46]. Four weak diffraction peaks located at 31.9°, 45.8°, 

56.9°, and 76.0° were assigned to residual NaCl, corresponding to the (200), (220), (222), and 

(420) planes of cubic NaCl (JCPDS No. 96-900-6370). Compared with neat CMC, the 

characteristic diffraction halo became broader and merged with the amorphous silica halo, 

indicating disruption of the semi-crystalline CMC domains through strong intermolecular 

interactions with the silica network, resulting in a predominantly amorphous semi-IPN 

structure. In contrast, the CMC/SiO₂/AgCl semi-IPN film exhibited sharp diffraction peaks at 

31.7°, 45.5°, 56.6°, 75.5°, and 84.2° corresponding to the (200), (220), (222), (420), and (422) 

(a) (b) (c)



reflections of cubic silver chloride (AgCl, JCPDS No. 01-077-2067), confirming the successful 

in situ formation of AgCl within the CMC/SiO₂/AgCl semi-IPN film [47,48]. In the 

CMC/SiO2/AgCl composite film, alongside the sharp crystalline peaks of AgCl, a broad halo 

centered at approximately 23° remained visible. This broad halo is characteristic of the 

amorphous silica (SiO2) network [49]. The coexistence of the amorphous silica halo and 

crystalline AgCl reflections indicates successful incorporation of AgCl into the semi-IPN while 

preserving the amorphous nature of the CMC/SiO₂ matrix.

Figure 3 presents the SEM micrographs of CMC/SiO₂ and CMC/SiO₂/AgCl semi-IPN films. 

Distinct morphological differences were observed between the CMC/SiO₂ and 

CMC/SiO₂/AgCl semi-IPN films. The CMC/SiO₂ semi-IPN film exhibited a relatively 

homogeneous surface with uniformly distributed domains (Figs. 3a–c). Such a morphology has 

been reported to promote swelling and flexibility, although excessive porosity may 

compromise mechanical strength [50].

Figure 2. XRD patterns of neat CMC, SiO2, CMC/SiO₂ and CMC/SiO₂/AgCl semi-IPN films



After AgNO₃ incorporation, noticeable changes in surface morphology were observed, 

including a rougher surface and the appearance of larger surface aggregates (Figs. 3d–f). The 

appearance of these larger surface aggregates is consistent with the crystalline AgCl phase 

identified by XRD. These morphological changes may contribute to the reduced swelling 

behavior observed for the CMC/SiO₂/AgCl semi-IPN. In both groups of semi-IPN films, 

nanoscale surface features with characteristic dimensions below approximately 30 nm were 

observed in several regions of the films, consistent with findings reported in previous studies 

[51,52]. A limitation of the present study is the absence of cross-sectional SEM analysis, as 

preparation of representative cross-sections frequently caused deformation and damage to the 

soft hydrogel films. Future work will focus on developing suitable sample-preparation methods 

for reliable cross-sectional characterization.

Figure 4 presents the FT-IR spectra of CMC, TEOS, CMC/SiO₂, and CMC/SiO₂/AgCl semi-

IPN films. The CMC spectrum shows a broad O–H stretching band centered at 3390 cm⁻¹ 

together with the asymmetric CH₂ stretching vibration at 2915 cm⁻¹. Sharp peaks at 1611 cm⁻¹ 

and 1403 cm⁻¹ are attributed to the symmetric and asymmetric stretching of carboxylate groups, 

while a strong band at 1065 cm⁻¹ corresponds to the C–O–C stretching vibration [53,54].



Figure 3. SEM images of CMC/SiO₂ (a, b and c) and CMC/SiO₂/AgCl (d, e and f) semi-IPN films at 

magnifications of 50 μm, 5 μm and 500 nm.

The FT-IR spectrum of TEOS displays asymmetric stretching peaks of CH₃ and CH₂ at 

2981 cm⁻¹ and 2931 cm⁻¹, respectively. Bending vibrations of CH₂ and CH₃ appear at 



1446 cm⁻¹ and 1393 cm⁻¹, while peaks at 1109, 965, 797, and 478 cm⁻¹ are assigned to Si–O–

Si and Si–O vibrational modes [55–57].

In the CMC/SiO₂ spectrum, the absence of CH₃ stretching and bending peaks at 2981 cm⁻¹ and 

1393 cm⁻¹ confirms the hydrolysis of TEOS and the removal of ethoxy groups during silica 

network formation. A slight shift from 3390 cm⁻¹ in neat CMC to 3373 cm⁻¹ in CMC/SiO₂ films 

suggests hydrogen-bond formation between the hydroxyl groups of CMC and silanol groups 

within the silica network. In the CMC/SiO₂/AgCl sample, AgCl incorporation does not 

introduce new characteristic absorption bands; however, slight broadening of the O–H and C–

O–C absorption bands suggests enhanced intermolecular interactions within the hybrid 

network [58,59].

Figure 4. FT-IR spectra of CMC, TEOS, CMC/SiO₂, and CMC/SiO₂/AgCl semi-IPN films

Figure 5 presents the thermal analysis results of the CMC/SiO₂ and CMC/SiO₂/AgCl semi-IPN 

films, as determined by TGA and DSC analyses. As shown by the thermogravimetric analysis 

(TGA) curves in Figure 5a–b, three distinct weight-loss stages were observed during heating 

for both semi-IPN films. The first, minor weight-loss step appears at approximately 115 °C for 

the CMC/SiO₂ semi-IPN and 111 °C for the CMC/SiO₂/AgCl semi-IPN, and is attributed to the 



evaporation of absorbed and physically adsorbed moisture. The second, more pronounced step 

occurs around 309°C for CMC/SiO₂ and 313°C for CMC/SiO₂/AgCl, corresponding to 

depolymerization and thermal decomposition of the CMC network. This stage includes the 

release of CO₂ due to decarboxylation of carboxylic groups in CMC, which accounts for the 

major weight loss in both samples [60,61]. 

According to previous reports, pristine CMC typically exhibits an initial weight-loss stage 

below 150 °C due to the evaporation of absorbed moisture, followed by a major degradation 

stage within the range of 250–350 °C associated with depolymerization and decarboxylation 

reactions. The thermal behavior observed for the present semi-IPN films is generally consistent 

with these literature reports, indicating that the characteristic degradation behavior of CMC is 

largely preserved after semi-IPN formation, although the incorporation of silica and Ag/AgCl 

modifies the thermal degradation profile [54,61–63].

As shown in Figure 5c, a distinct exothermic peak appears at the initial stage, indicating an 

exothermic transition of the CMC/SiO₂ semi-IPN framework. A broad endothermic event 

between 79 °C and 235 °C corresponds to the vaporization of water trapped within the internal 

layers of the silica network, as well as the melting of CMC in the hydrogel [64]. Around 330 °C, 

another broad endothermic peak marks the thermal decomposition of the CMC component 

within the network. Figure 5d displays the DSC thermogram of the CMC/SiO₂/AgCl semi-IPN 

sample, which similarly begins with an initial exothermic peak, followed by two endothermic 

peaks centered near 160 °C and 300 °C, corresponding to water loss and CMC decomposition, 

respectively. Compared with the CMC/SiO₂ semi-IPN film, the Ag-containing sample exhibits 

a lower decomposition temperature in the DSC analysis and a reduced decomposition enthalpy 

(ΔH), which decreases from 102.9 J/g to 52.9 J/g. Although the main degradation step observed 

in the TGA curves shifts 



slightly toward a higher temperature (313 °C versus 309 °C), the DSC results indicate that less 

energy is required for thermal decomposition after incorporation of Ag/AgCl. These findings 

suggest that Ag/AgCl incorporation modifies the intermolecular interactions between CMC 

chains 

and the silica framework, thereby altering the degradation pathway and reducing the energy 

required for thermal decomposition.

Figure 5. Thermal analysis of semi-IPN films. (a, b) TGA curves of CMC/SiO₂ and CMC/SiO₂/AgCl 

samples, respectively. (c, d) DSC thermograms of CMC/SiO₂ and CMC/SiO₂/AgCl samples, 

respectively.



3.3 Swelling behavior

To evaluate the pH-responsive behavior of the semi-IPN films, Selected CMC/SiO₂ and 

CMC/SiO₂/AgCl semi-IPN films were subjected to swelling analysis. Swelling tests were 

conducted in aqueous media at pH 3 and pH 10 during 24 hours. The selected pH values were 

chosen to represent two extreme conditions of the pH-responsive behavior of the semi-IPN 

films based on the pKa of CMC (approximately 4.3). At pH 3, which is below the pKa, the 

carboxylic groups are predominantly protonated (-COOH), resulting in reduced electrostatic 

repulsion and limited swelling. In contrast, at pH 10, which is well above the pKa, the 

carboxylic groups are largely deprotonated (-COO⁻), leading to increased electrostatic 

repulsion and osmotic pressure, and consequently enhanced swelling.

 As shown in Figure 6, the films exhibited pronounced swelling behavior at pH 10, whereas 

only limited swelling was observed at pH 3. Most of the swelling occurred within the first few 

hours, while only minor changes were observed between 6 h and 24 h, indicating that the films 

approached equilibrium swelling. The volume of the CMC/SiO₂ film increased by 

approximately 850.08 ± 34.04%. This high swelling ratio at pH 10 is attributed to the 

electrostatic repulsion between deprotonated carboxylate groups (−COO⁻) within the semi-IPN 

network, which promotes expansion of the gel structure. In contrast, at acidic pH 3, only a 

slight volume increase was observed, likely due to physical water absorption on the film surface 

[65,66]. Under these acidic conditions, the films exhibited noticeable shrinkage relative to their 

swollen state at pH 10 because the environmental pH was below the pKa of the system, 

resulting in protonation of the carboxylate groups and reduced electrostatic repulsion. Although 

the films remained hydrated, swelling was significantly lower under acidic conditions because 

protonation of the carboxyl groups reduced electrostatic repulsion within the network. 

Incorporation of AgCl into the system led to a reduced swelling ratio in both basic and acidic 

conditions. The presence of silver compounds introduced subtle structural changes and 



increased the compactness of the network, leading to lower permeability and reduced swelling 

capacity of the CMC/SiO₂/AgCl semi-IPN thin films.

Figure 6. Swelling ratio of CMC/SiO₂ and CMC/SiO₂/AgCl semi-IPN films measured in aqueous 

media at pH 3 and pH 10. (mean ± SD, n=3)

To evaluate the response rate and reversibility of the swelling process, the CMC/SiO₂ sample 

was cyclically transferred between media of pH 10 and pH 3 at 5-minute intervals. The results, 

shown in Figure 7, demonstrate that following the initial swelling in the alkaline medium—

resulting in a noticeable volume increase—the sample exhibited stable equilibrium and 

reversible swelling–shrinking behavior over the course of one hour. These reversible swelling–

deswelling cycles demonstrate the excellent pH responsiveness of the semi-IPN films and 

support their potential applications in smart drug delivery systems, biosensors, and responsive 

membranes [67–69].



Figure 7. Effect of pH on the dynamic swelling behavior of the CMC/SiO₂ semi-IPN film (mean ± 

SD, n=3)

3.4 Antibacterial activity  

The antibacterial activity of CMC/SiO₂ and CMC/SiO₂/AgCl semi-IPN films was evaluated 

against Staphylococcus aureus and Escherichia coli. Table 1 summarizes the antibacterial 

performance of the semi-IPN films. The CMC/SiO₂/AgCl film exhibited clear antibacterial 

activity against both bacterial strains, consistent with findings reported in previous studies on 

silver-containing compounds [33,70–72]. Moreover, no obvious difference in antibacterial 

activity was observed between the two bacterial strains, which is also in agreement with 

previous reports [70,73,74]. Although both samples showed an increase in the measured 

diameter after incubation (Fig. 8), part of this increase resulted from swelling of the hydrogel 

films on the moist agar surface. Therefore, the measured diameter represents the combined 

contribution of film swelling and the surrounding inhibition zone. This effect is more 

pronounced for the CMC/SiO₂ film, where the increase in the measured diameter was mainly 

associated with hydrogel swelling rather than antibacterial inhibition. In contrast, the 

CMC/SiO₂/AgCl film exhibited a distinct inhibition zone in addition to limited swelling, 



confirming that the observed antibacterial activity originated from the incorporation of AgCl 

within the semi-IPN network.

Table 1. Zone of inhibition (mm) for CMC/SiO₂ and CMC/SiO₂/AgCl semi-IPN films against 

Escherichia coli and Staphylococcus aureus

Measured inhibition diameter (mm)
Films Sample Diameter

Escherichia coli Streptococcus

CMC/SiO2 7.0 11.0 10.0

CMC/SiO2/AgCl 7.0 9.5 9.5

(a) (b)

(c) (d)



Figure 8. Zone of inhibition of semi-IPN films against Escherichia coli and Staphylococcus aureus. 

(a, b) CMC/SiO₂ film tested against S. aureus and E. coli, respectively. (c, d) CMC/SiO₂/AgCl film 

tested against S. aureus and E. coli, respectively.

3.4 In vitro cytocompatibility assessment by MTT assay

Figure 9 presents the in vitro cell viability of CMC/SiO₂ and CMC/SiO₂/AgCl semi-IPN films 

as determined by the MTT assay. According to ISO 10993-5 standards, none of the developed 

hybrid materials exhibited cytotoxicity, with cell viability values exceeding the acceptable 

threshold of 70% compared to control samples [75,76]. The CMC/SiO₂ sample demonstrated 

excellent cytocompatibility, indicating its potential suitability for biomedical applications. The 

favorable cytocompatibility observed in the CMC/SiO₂ semi-IPN suggests that this hybrid 

platform may be further functionalized for specific biomedical applications. The 

CMC/SiO₂/AgCl sample, designed as an antimicrobial coating, also maintained acceptable 

cytocompatibility while exhibiting antibacterial activity. Depending on the intended 

biomedical application, the AgCl content could be adjusted to optimize the balance between 

antibacterial activity and cytocompatibility [77,78].

Figure 9. MTT assay results for CMC/SiO₂, CMC/SiO₂/AgCl, and control groups after 3, 5, and 7 

days of incubation. (mean ± SD, n=3)



3.5 Comparison with recently reported smart hydrogel systems

Table 2 compares the characteristics of the present semi-IPN hydrogel films with representative 

smart hydrogel systems reported in recent literature. Recent studies have mainly focused on 

the development of multifunctional hydrogels with properties such as self-healing, 

conductivity, bioadhesion, and wearable sensing capabilities. In contrast, the CMC/SiO₂/AgCl 

semi-IPN films developed in this work combine pH-responsive swelling, antibacterial activity, 

cytocompatibility, and facile fabrication using low-cost and commercially available raw 

materials. These combined characteristics make the proposed system attractive for practical 

applications in drug delivery, wound healing, active packaging, and other smart biomedical 

applications.

Table 2. Comparison of recently reported smart hydrogels and the present work regarding 

responsive behavior, unique advantages, and potential applications. 

Application Unique Advantage Smart 
Functionality

Base 
Material Reference

• Wound healing
• multi-signal skin 

monitoring
• bioelectronics

• Rapid self-healing
• Photothermal conversion
• Injectability
• Strain sensing

Self-healing 
and 
photothermal 
response

CMCS/Silk 
sericin/

Dang et al. 
(2025)[8]

• motion 
monitoring

• human-computer 
interaction

•  wearable sensors

• Antimicrobial activity
• Strong adhesion
• Biocompatibility
• Simple fabrication

Temperature- 
and pH-
responsive

CMC/Dopa
mine

Dang et 
al.(2025)[5] 

• soft robotics
• flexible 

electronics
• wearable devices 

• High stretchability
• Electrical conductivity
• Antifreezing behaviour
• Rapid self-healing

Self-healing 
and conductive 
response

CMCS/PVA
/LiCl/Fe3+

Yuntao et al. 
(2025)[9] 



Application Unique Advantage Smart 
Functionality

Base 
Material Reference

• Drug delivery
• wound dressing
• Smart 

packaging
• biosensing

•  pH-responsive 
swelling

•  Antibacterial activity
• Excellent 

cytocompatibility
• Thin-film architecture
• Low-cost fabrication

pH-responsive 
swelling

CMC/SiO₂/
AgCl This work

4. Conclusion

The incorporation of CMC into the SiO₂ framework through hydrogen-bond interactions led to 

the formation of thin semi-interpenetrating polymer network films (CMC/SiO₂ semi-IPN) with 

a thickness of approximately 0.3 mm. This modification improved the mechanical integrity and 

pH responsiveness, resulting in a maximum swelling ratio of 850 ± 34%. In addition, the 

incorporation of silver ions into the hybrid network provided antibacterial functionality, 

producing inhibition zones of 9.5 mm against both E. coli and B. subtilis, while only slightly 

compromising the swelling behavior of the hydrogel films.

The resulting flexible, pH-responsive semi-IPN hydrogel thin layer films incorporated TEOS-

derived silica and antibacterial silver species, thereby enabling simultaneous structural 

reinforcement and functional responsiveness through a simple, eco-friendly manufacturing 

method. Structural and physicochemical analyses confirmed the successful formation of the 

semi-IPN structure, which improved material stability and practical performance. The hydrogel 

films displayed pronounced, reversible pH-responsive swelling, expanding in alkaline 

environments and contracting in acidic environments, thereby underscoring their potential for 

smart and stimuli-responsive applications.

Furthermore, the incorporation of silver-based active agents endowed the semi-IPN films with 

effective antibacterial activity against E. coli and B. subtilis (9.5 mm inhibition zones), while 

maintaining high cell viability (>93%), well above the ISO 10993-5 cytocompatibility 



threshold. Although silver loading induced minor alterations in structural and physical 

properties, the overall pH-responsive swelling performance was maintained, demonstrating 

that the semi-IPN framework can effectively accommodate functional additives.

Ultimately, this work demonstrates that CMC/SiO₂-based semi-IPN hydrogel films combine 

pH-responsive swelling, antibacterial activity, cytocompatibility, and low-cost fabrication 

within a single multifunctional platform. The tunability of the system, achieved by substituting 

silver with alternative active agents, offers further opportunities for application-specific 

optimization. Future studies will focus on in vivo biocompatibility assessment and on the 

incorporation of alternative bioactive agents to further enhance the antimicrobial and functional 

performance of the semi-IPN films.
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• Thin semi-interpenetrating polymer network hydrogel films exhibited reversible pH-
responsive swelling of up to 850 ± 34%.

• Silver chloride incorporation imparted antibacterial activity against both Gram-
negative and Gram-positive bacteria.

• The developed films combined pH-responsive behavior with excellent 
cytocompatibility (>93% cell viability).

• A simple, low-cost, and scalable fabrication strategy enabled the production of 
multifunctional hydrogel films.


