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Abstract 

 
This study aimed to synthesize conductive bio-based hydrogels derived from cold-water fish 
skin gelatin by incorporating silver nanoparticles into a methacrylated gelatin (GelMA) matrix. 
Phenylbis(2,4,6-trimethylbenzoyl) phosphine oxide-polyethylene glycol modified (BAPO-
PEG) was used as the photoinitiator to form a stable hydrogel network in 180 seconds of curing.  
The electrical resistance of the GelMA/silver hydrogels was measured through an electrical 
test, which confirmed the influence of relative humidity and silver content. In the dry state, all 
samples exhibited non-conductive behavior since the silver nanoparticles did not establish a 
percolating path. As humidity increased, ion mobility in the swollen hydrogel enhanced, and 
resulted in a six-order-of-magnitude reduction in resistance. After complete hydration, the 
sample containing the highest silver content demonstrated the best electrical performance, with 
a resistance of 24.2 Ω, a resistivity of 0.14 Ω.m, and a conductivity of 6.84 S.m⁻¹. Moreover, 
Piezoresistive measurements confirmed that the electrical current increased with compressive 
strain. 

Additionally, mechanical testing indicated that a higher silver content led to an increased elastic 
modulus, and the swelling degree of crosslinked GelMA improved from 300% in pure water to 
624% in silver nitrate solution indicating the enhancement of absorbency. Thermogravimetric 
analysis (TGA) revealed that silver-free GelMA decomposed at 260 °C in air and 270 °C in 
argon. 
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1. Introduction 
 
Hydrogels are polymer networks with a high capacity for swelling due to strong hydrophilic 

functional groups, such as -NH2, -COOH, -OH, -CONH2, etc. These networks can be physically 

or chemically crosslinked to maintain their integrity against dissolution in an aqueous medium 

[1]. The three-dimensional network of hydrogels has porosity (Fig. 1-1); Hydrogels vary in 

morphology, average pore size (ξ), and pore size distribution. These factors are influenced by 

the molar mass of the space between neighboring crosslinks (Mc), and Mc is affected by various 

preparation techniques [2]. 

 

Figure 1-1: Representation of a hydrogel network [2]. 

 
Interest in biocompatible hydrogel materials is growing; the objective is to make them 

appropriate for creating bio-compatible matrices for applications such as drug delivery, wound 

healing, tissue engineering, and biosensors. 

Hydrogels have beneficial physicochemical properties, such as excellent water absorption and 

permeability. Regarding their formability, they can be formed into thin films and different 

shapes. By incorporating different natural and synthetic polymers or inorganic nanomaterials, 
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their functionality and mechanical performance can be enhanced, and advanced hydrogels are 

created [3].  

 
1.1. Structural and Physicochemical Features of Hydrogels 

 
Hydrogels are classified based on various criteria, as shown in Fig. 1-2. 

 

 
 

Figure 1-2: Classification of Hydrogels. 

 
Hydrogels are categorized into natural, synthetic, and semi-synthetic types based on the polymer 

source. Natural polymers, such as polysaccharides (including sodium alginate, chitosan, agarose, 

hyaluronic acid, and cellulose) and proteins (like collagen, gelatin, elastin, and fibrin), are 

recognized for their ability to swell in aqueous environments, forming a gel with high water 

absorption [2][4].  

Synthetic polymers containing hydrophilic groups, such as polyvinyl alcohol (PVA), 

polyethylene glycol (PEG), poly(2-hydroxyethyl methacrylate) (PHEMA), polyacrylic acid 

(PAA), and polyacrylamide (PAAM), have found large application as efficient water absorbents 

and have been extensively used to create hydrogels that exhibit excellent mechanical properties. 

In contrast to natural hydrogels, synthetic ones offer well-defined molecular structures, which 

are easier to chemically modify and crosslink, resulting in more stable and adjustable networks. 
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Semi-synthetic or hybrid hydrogels are synthesized by the combination of natural and synthetic 

polymers or through chemical modifications of natural polymers and provide a balance between 

bioactivity and mechanical stability [5]. 

Homopolymer and copolymer hydrogels, semi-interpenetrating networks (semi-IPNs), and 

interpenetrating polymer network (IPN) hydrogels are classified by polymer chain arrangement, 

affecting mechanical strength, swelling behavior, and biomedical applications. Homopolymer 

hydrogels consist of one monomer type, forming networks with repeating structural units. 

Copolymer hydrogels contain two or more monomer types in varying arrangements, which 

allows modifications that enhance properties like water absorption, degradation rate, and 

mechanical stability due to hydrophilic and hydrophobic monomers. Semi-IPN hydrogels have 

a crosslinked network with uncrosslinked linear chains, that have better swelling and mechanical 

properties than simple homo- and copolymer hydrogels. IPN hydrogels are formed by the 

simultaneous gelation of multiple interpenetrated, crosslinked networks and provide excellent 

mechanical strength, elasticity, and durability. A schematic representation of this classification 

is shown in (Fig. 1-3) [3][6]. 

 

 
Figure 1-3: Structure of homopolymer, copolymer, semi-INP, and IPN hydrogels [3]. 

 
Synthesis of hydrogels is classified into physically or chemically crosslinking methods, using 

monomers, prepolymers, or polymers. Physically crosslinked hydrogels rely on weak 
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interactions like hydrogen bonding, self-assembly, crystallization, and ionic interactions 

without using chemicals [7]. Hydrogen bonding occurs in polymers with N-H, O-H, and F-H 

groups, enabling reversible hydrogel formation. Self-assembly allows polymers to aggregate in 

solvents through amphiphilic interactions. Crystallization crosslinking usually requires freeze-

thaw or heating-cooling cycles to stabilize networks. Ionic interactions, electrostatic attractions 

between charged groups, also contribute to hydrogel formation. Crosslinking in protein-

modified polymers involves processes like the antibody-antigen effect or functional groups 

such as hydrogen bonding, improving the hydrogel’s structural and bioactive properties [8]. 

Chemically crosslinked hydrogels are formed via covalent bonding and ensure mechanical 

stability and durability. It is categorized into chemical reactions, enzymes, high-energy 

radiation, and free-radical polymerization. Through chemical reactions, complementary 

functional groups react with a crosslinking agent to create a permanent polymer network. 

Enzyme-mediated crosslinking uses specific enzymes to catalyze crosslinking in enzyme-

sensitive polymers, providing a controlled and biologically compatible hydrogel synthesis 

approach. High-energy radiation, such as gamma rays or electron beams, generates free radicals 

that initiate crosslinking. In free-radical polymerization, biocompatible hydrogels are formed 

through enzyme-catalyzed reactions or UV excitation for biomedical applications [6]. 

 

 
Figure 1-4: Hydrogel synthesis methods. 
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Recent hydrogel synthesis prioritizes sustainability and biodegradability, leading to innovative 

methods like the Photon-Fenton method and self-assembly. The Photon-Fenton method creates 

biodegradable nanogels using sunlight without external crosslinking agents, offering a greener 

fabrication method. Self-assembly relies on localized chemical interactions for hydrogel 

formation without chemical crosslinking agents, preserving structural integrity. These 

techniques improve biocompatibility and promise environmentally friendly hydrogels for 

biomedical and industrial applications [9]. 

 
1.2. Gelatin-based hydrogels 

 
Gelatin is extensively utilized to create hydrogels. It is derived from the partial hydrolysis of 

collagen, the primary structural protein in animal connective tissues [10]. Its properties , such as 

biocompatibility and biodegradability, enable its use in the food industry for gelling, thickening, 

and stabilizing products such as desserts, pastries, and dairy products, as well as in the 

pharmaceutical industry for making capsule shells,  coatings, and cosmetics [11]. Various 

animals, such as mammalian and marine species, can be used, which significantly influence the 

properties of the obtained gelatin. For instance, fish gelatin contains lower proline and 

hydroxyproline, amino acids that are essential for stabilizing collagen’s triple-helix structure. 

Therefore, lower gelation and melting temperatures, and reduced gel strength are observed in 

comparison with mammalian gelatin from porcine or bovine [12][13]. Despite these differences, 

fish gelatin is a sustainable and commercially available raw material that has gained attention as 

a  main byproduct of the fish-processing supply chain [14][15]. Various parts of fish, including 

the skin, scales, bones, heads, and fins, can be utilized in the production of gelatin [16]. The 

properties of fish gelatins also differ based on their source; warm-water fish, such as tilapia, and 

cold-water fish, like cod, have distinct amino acid compositions, which contribute to the 

differences in their properties [17]. In biomedical applications, gelatin is commonly crosslinked 

chemically or enzymatically to create biocompatible hydrogels. Regardless of its origin, gelatin 

polypeptides preserve bioactive sequences, such as arginine-glycine-aspartic acid (RGD), which 

provide -NH2, -COOH, and -OH functional groups. Upon cooling, gelatin solutions can form 

physical gels; however, these gels tend to be weak and show restricted mechanical stability under 

standard conditions, and they dissolve or degrade slowly [18]. 



 

 6 

 
Figure 1-5: Hydrolysis of Collagen. 

 

To enhance the mechanical properties of gelatin or to introduce new functionalities, fish gelatin 

must be chemically modified. The modification can be accomplished through different 

techniques: for example, by chemical crosslinking, in a research glutaraldehyde was used as a 

crosslinking agent and addition of it to a level enhanced the breaking load by a factor of 3.5 

times in comparison to uncrosslinked gelatin [19] or by chemical modification such as 

methacrylation [20], physical treatment using UV irradiation is another technique discussed in 

the literature, where the gel strength increased after exposing granulated fish gelatin to UV light, 

which is likely due to the enhanced crosslinking of alkyl and phenyl groups in the side chains as 

crosslinking sites in the gelatin [21], in another study enzymatic crosslinking using 

transglutaminase improved gel strength [22]. Similarly, the physical mixing of gelatin-

biopolymers was also explored in interpenetrating polymer network (IPN) hydrogels using 

modified gelatin and sodium alginate to enhance the mechanical properties of both [23].  

Methacrylation is a typical approach that involves adding polymerizable groups to generate 

gelatin derivatives, which can create covalently crosslinked networks [24]. Methacrylate groups 

contain a C=C bond and are attached to the gelatin backbone, mainly at lysine residues,  which, 

with the cooperation of a photoinitiator, undergo photo-crosslinking upon exposure to visible or 

UV light [23]. A high methacrylation degree (above 80%) can produce stiffer and more durable 

hydrogels, while lower degrees produce more flexible variants [20]. GelMA maintains good 

water solubility, which becomes insoluble after photo-crosslinking, yet it remains able to absorb 

water and swell. GelMA  can be considered a hybrid hydrogel and remains among the most 
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extensively studied gelatin-based hydrogels due to its straightforward synthesis and ease of use. 

These hybrid materials benefit from the excellent properties of hydrogels and the induced ability 

of photo-crosslinking. Changing factors such as formulations, degree of methacrylation (DoM), 

and light exposure affect their gelation and mechanical properties; therefore, scaffold stiffness 

for different tissues like cardiac, cartilage, muscle, and bones, which are bioinks in 3D 

bioprinting, can be tailored [25]. Their ability to be loaded with therapeutic molecules or 

nanoparticles and gradually release their contents makes them useful in drug delivery [22]. They 

are widely used in wound healing as bioactive dressings; they maintain a moist environment and 

deliver growth factors or antimicrobial agents directly to wounds [26]. Regarding tissue 

adhesives or sealants, natural adhesiveness and modified gelatins are used for effective tissue 

crosslinking. Gelatin-based hydrogels are versatile and practical in 3D cell culture, organoids, 

regenerative medicine, and controlled drug release [27]. 

GelMA itself is electrically insulated, and in order to be used in the field of soft bioelectronics 

and wearable technology, it must be conductive to transmit electrical signals. There are different 

strategies to create conductive gelatin hydrogels and bridge the gap between rigid conductive 

materials and soft, non-conductive ones, making them ideal for applications that need flexibility 

and electrical properties. These materials have attracted significant interest and are improving 

day by day [28]. 

Conductive polymers can be used to create a conductive hydrogel. A research study 

demonstrated that polypyrrole was grafted onto GelMA through triple crosslinking (thermo-

photo-ionically). This resulted in a highly stable and conductive bioink suitable for ink writing-

based 3D printing applications [29]. Similarly, the combination of a GelMA precursor with 

dispersed poly(3,4-ethylenedioxythiophene): poly (styrene sulfonate) PEDOT: PSS, which is a 

conductive polythiophene, results in the formation of a uniformly conductive hybrid hydrogel 

[30]. Another example is the successful creation of a high-performance ionically conductive 

hydrogel made entirely from natural polymers such as gelatin and oxidized sodium 

carboxymethylcellulose. The hydrogel was immersed in an ammonium sulfate solution, and 

ionic conductivity was due to the incorporation of mobile ions. This hydrogel displayed 

outstanding mechanical properties, and was effectively used as a strain sensor, proving its ability 

to track complex joint movements accurately, and established its significant potential for 

applications in motion tracking and wearable bioelectronics [31]. 

Carbon nanotubes (CNTs), carbon nanofibers, and graphene are excellent conductors that can 

form a percolation path within a hydrogel and create conductive hydrogels. A research study 

introduced a new microneedle patch embedded with a drug, carbon nanotubes, and GelMA, in 
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which carbon nanotubes enabled conductivity and provided an interface for cell interaction [32]. 

Metallic nanoparticles, nanorods, and nanowires possess great conductivity; therefore, they are 

highly effective in imparting electrical conductivity. In a study, GelMA was integrated with gold 

nanorods (GNRs) to enhance electrical conductivity and mechanical strength, thereby 

facilitating the creation of functional cardiac tissue constructs, including cardiac patches. The 

resultant conductive hybrid hydrogels demonstrated efficacy in supporting cardiac cell adhesion, 

retention, and spreading, while also promoting uniform expression of cardiac-specific markers 

and facilitating cell-cell interactions. Furthermore, these hydrogels exhibited robust and 

synchronized beating at the tissue level [33]. Another study has shown that GelMA with collagen 

and silver nanowires (AgNW) can create a stimuli-responsive hydrogel actuator that releases the 

encapsulated molecules upon exposure to an electrical stimulus [34]. Another study showed that 

direct incorporation of silver nanoparticles into fish gelatin hydrogel during its formation 

demonstrated extraordinary stretchability, self-adhesiveness, and heightened sensitivity to 

mechanical stress. These properties enabled it to function effectively as a self-powered wearable 

strain sensor capable of detecting subtle human movements. Its strain sensitivity enabled real-

time monitoring of body motions, making it suitable for applications in soft electronics and 

biomechanical sensing [35]. 

Silver is generally considered the most conductive material of all metals and, for this reason, has 

attracted the most attention among conductive fillers. It can be incorporated into hydrogels such 

as nanoparticles, nanowires, or microflakes to create a conductive network. This composite is 

known as conductive hydrogels. Silver nitrate is commonly used to produce silver nanoparticles 

via chemical or photoreduction. A challenge in creating silver-loaded hydrogels is achieving a 

homogeneous and uniform distribution to prevent aggregation, thereby maintaining mechanical 

integrity and electrical conductivity. 

To sum up, silver-loaded GelMA hydrogels represent a synthesis of biomaterials and electronic 

elements, which provides a foundation for the creation of soft, wearable, and functional devices. 

This union of biological compatibility found in natural polymers like gelatin with remarkable 

conductivity of silver illustrates the fundamental principle of conductive biobased materials. As 

research advances, these materials are set to offer significant potential for applications in next-

generation health monitoring systems, smart textiles, implantable sensors, and various 

bioelectronic systems that demand both high-performance conductivity and efficient 

biocompatibility. 
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1.3. Absorption Behavior of Hydrogels 
 
The fundamental and desirable property of hydrogels is their ability to swell upon contact with 

a compatible solvent. When a hydrogel is in its initial state and contacts solvent molecules, 

molecules of the solvent penetrate the hydrogel. This penetration leads to a significant change 

in the hydrogel volume. Typically, the water mass fraction in a hydrogel exceeds that of the 

polymer in its swollen form. Hydrogels have hydrophobic groups oriented outward; however, 

hydrophilic groups are oriented inward and bound to water molecules via hydrogen bonding. 

The swelling properties are influenced by numerous factors, including the hydrophilic or 

hydrophobic nature of the polymeric chains, bonding type, charge, and mainly the extent of 

porosity and the type of porous structure; hydrogels are classified into four categories: non-

porous, micro-porous, macro-porous, and super-porous hydrogels based on the porous structure. 

For instance, hydrogels that are crosslinked using hydrophilic polymers exhibit more significant 

swelling than those crosslinked with hydrophobic polymers [36]. Factors such as time, 

temperature, pH, and the surrounding medium have a significant influence on swelling behavior. 

It is evident that the longer the hydrogels are in contact with the solvent, the greater the extent 

of swelling until they reach equilibrium [37]. 

 
Figure 1-6: Swelling behavior of a hydrogel. 

 
Determining the swelling properties is essential for establishing the stability of a hydrogel. The 

swelling degree is obtained based on the equilibrium, which is calculated by Equation 1-1. 
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Equation 1-1 

𝑆𝐷(%) =
𝑊! −𝑊"

𝑊"
	× 	100 

 
The total solvent uptake can be calculated using Equation 1-2, which shows the quantity of 

solvents absorbed by the hydrogel. 

 
Equation 1-2 

𝑆𝑜𝑙𝑣𝑒𝑛𝑡	𝑐𝑜𝑛𝑡𝑒𝑛𝑡(%) =
𝑊! −𝑊"

𝑊!
	× 	100 

 
Where	𝑊t	is the weight at time t, 𝑊d is the weight of the dry sample. 
 
1.4. Photocurable Hydrogel Systems 

 
Photocurable hydrogels are photosensitive systems that include photoinitiators (phI), polymers 

or prepolymers (e.g., GelMA), fillers, and additives. Under the exposure of the light (UV [200-

400 nm] or visible [400-800 nm] ), photoinitiators absorb photons and produce reactive species, 

such as free radicals, which initiate the crosslinking, and a hydrogel network is created under 

mild conditions [38]. Photoinitiators are classified into two groups of Type I and Type II; Type 

I breaks into radicals after light absorption, and Type II needs a co-initiator to produce radicals 

[39]. Photocuring proceeds through chain-growth by generating free radicals that react with 

polymer vinyl groups (e.g., methacrylate) and form C-C crosslinks. Photocurable hydrogel 

formulation offers the opportunity to get integrated into advanced fabrication techniques, such 

as 3D printing through digital light processing (DLP) or stereolithography (SLA) [40]. 

 

Phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide-PEG(BAPO-PEG) is a type I photoinitiator 

and is water soluble; it generates radical species under the exposure of UV or visible light. It 

contains a BAPO core, known for its ability to efficiently generate radicals, and its solubility in 

water is enhanced by polyethylene glycol modifications [41]. This reagent is a pale-yellow 

powder and shows strong absorbance in the UV and visible spectrum, and has high initiation 

efficiency, which makes it suitable to start light crosslinking in a wide range of photocurable 

systems such as GelMA hydrogels. 
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1.5. Conductive Hydrogels Systems 
 
Conductive hydrogels have gained increasing attention in biomedical applications because they 

have tissue-like mechanical properties, they are soft, stretchable, and, in some cases, self-

healing. Their ability to create conformable and biocompatible interfaces offers distinct 

advantages over traditional rigid electronic components, particularly in the context of wearable 

and implantable devices. They are also recognized as excellent materials for flexible electronics 

and biomedicine. Their durability against mechanical deformations, like stretching and bending, 

makes them suitable for wearable and implantable devices. With customized designs, these 

hydrogels convert mechanical stimuli into measurable electrical signals through changes in 

resistance or capacitance. Unlike conventional rubber-like substrates coated with conductive 

nanomaterials, which often lack biocompatibility and risk skin irritation or material detachment, 

conductive hydrogels ensure compatibility with biological tissues. They are ideal for 

applications in strain sensors, supercapacitors, touch panels, triboelectric nanogenerators, and 

various bioelectronic interfaces that demand effective signal conversion and skin interaction 

conformity [42]. 

One of the challenges in developing conductive hydrogels is achieving stable integration of 

additives within the polymer network to prevent phase separation, which compromises 

mechanical and electrical performance. Thus, strong interactions between the polymer matrix 

and conductive components are essential for long-term stability and functionality. 

 

 
Figure 1-7: Conductive hydrogels applications 
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1.6. Aim of study 

 
Gelatin methacryloyl (GelMA) hydrogels are widely studied in biomedical applications, such as 

tissue engineering and drug delivery. Their capabilities in wearable electronics and biosensors 

are attracting increasing attention. Even with advancements, there always remain opportunities 

to improve GelMA’s functionality, particularly by incorporating conductive features and 

enhancing its environmental responsiveness. Modifying these materials is useful for developing 

sustainable and adaptable electronic platforms, since it decreases dependence on synthetic 

materials. 

Gelatin derived from the cold-water fish skin is a renewable, commercially available alternative 

to mammalian gelatin. It has characteristics such as biocompatibility and biodegradability. 

Methacrylated gelatin (GelMA) exhibits photo-crosslinking properties, which enable the 

formation of stable hydrogel networks under mild conditions. 

A challenge in creating conductive hydrogels is incorporating conductive materials, such as 

silver nanoparticles. The influence of direct silver nitrate addition on gelation kinetics and 

network characteristics requires examination. Additionally, Phenylbis(2,4,6-

trimethylbenzoyl)phosphine oxide-PEG (BAPO-PEG), a water-soluble type I photoinitiator, 

shows potential for rapid gelation. Exploring the influence of silver content and humidity on the 

electrical performance of wearable biosensors is essential for their effective use.  

This research aims to fulfill several primary objectives: 

o Synthesis of a bio-based conductive hydrogel using GelMA, which is obtained from 

gelatin derived from cold-water fish skin. 

o Exploring the optimal amount of BAPO-PEG required for photo-crosslinking, to 

optimize both gelation speed and polymer network formation. 

o Investigate how the in situ generation of silver nanoparticles impacts the gelation kinetics 

and develop a solution to effectively incorporate silver nanoparticles. 

o Assess the electrical performance of the synthesized hydrogel across various salt 

formulations and humidity levels. 
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2. Materials and Experimental Methods 
 
2.1. Materials 

 
Gelatin from cold-water fish skin, methacrylic anhydride, AgNO3, sodium hydroxide, calcium 

chloride, and sodium chloride were supplied by Sigma-Aldrich and used as received. BAPO-

PEG was synthesized starting from regular Phenylbis(2,4,6-trimethylbenzoyl)phosphine 

(BAPO) and was kindly provided by Dr. Andrea Cosola for this study. All materials were used 

without further pre-treatment. 

 
2.2. Synthesis of Methacrylated Gelatin 

 
Gelatin (15 g, 15 wt%) was dissolved in distilled water in a flask, and the mixture was stirred at 

50 °C until the gelatin was completely solubilized, yielding a clear solution. 

Once the gelatin was fully dissolved, methacrylic anhydride (MAA) (0.58 mL of methacrylic 

anhydride per gram of gelatin) was added dropwise to the solution under continuous stirring 

over 10 minutes. The solution pH was kept constant at eight by adding NaOH solution (1 M) 

when needed after checking it with pH paper. The reaction proceeded for 4 hours at 50 °C under 

constant stirring until it was complete. During this time, methacrylic anhydride molecules 

reacted with the free amine groups (mainly lysine residues) on gelatin, attaching methacrylate 

functional groups. This process yields GelMA macromers, where gelatin contains vinyl groups 

capable of photo-crosslinking [43]. 

GelMA was dialyzed in deionized water for 7 days to remove the methacrylic acid, remaining 

methacrylic anhydride, and other impurities. After dialysis, the GelMA solution was freeze-

dried, obtaining a fluffy white compound (Fig. 2-3). 

 

 
Figure 2-1: The schematic of GelMA synthesis [44]. 
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Table 2-1: Summary of reaction parameters. 

Parameter Value 
Gelatin concentration 15 wt% 
Reaction temperature 50 °C 
MAA: Gelatin ratio 0.6 g : 1 g 
pH during reaction 8 

NaOH concentration 1 M 
Reaction time 4 hours 

Dialysis duration 7 days 
Freezing temperature -20°C, -80°C 

 

 
Figure 2-2: a) Synthesis set-up, b) Dialysis, c) Freeze-Dryer. 

 
Figure 2-3: Freeze-dried GelMA. 
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2.3. Photo-crosslinking of GelMA 

 
Freeze-dried GelMA (2 g, 20 wt%) was dissolved in an aqueous solution with the photoinitiator 

(BAPO-PEG), and it was stirred for 5 minutes until a homogeneous solution was achieved. 

BAPO-PEG was added at 0.5, 1.5, 3, and 4 phr (per hundred resin) relative to the GelMA (for 

example, for 0.5 phr of phI, 10 mg of BAPO-PEG was used per 2 grams of GelMA). The mixture 

was stirred until the photoinitiator was fully dissolved, producing a clear, pale yellow polymer 

solution. 

The polymer solution was pipetted onto the quartz plate of the photorheometer and underwent 

crosslinking upon exposure to a broad-range visible light fiber optic lamp. The mixture quickly 

became more solid as exposure continued, indicating the formation of a hydrogel network. 

Under light exposure, BAPO-PEG breaks down to generate radical species that react with the 

methacrylate double bonds in GelMA, leading to chain polymerization and crosslinking of the 

gelatin chains into a covalent network. 

 

 
Figure 2-4: The schematic of photo-crosslinking[44]. 

 
Table 2-2: Formulations of GelMA and BAPO-PEG. 

GelMA Concentration BAPO-PEG (phr) 

20 wt% 

0.5 
1.5 
3.0 
4.0 

 
 

2.4. Incorporation of Silver Nitrate 
 
Silver nanoparticles were incorporated into GelMA hydrogels using two methods: (1) direct 

mixing (before crosslinking) and (2) immersion (after crosslinking). Both aimed to load silver 
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nanoparticles into the hydrogel, enabling conductivity. All silver sample handling occurred in 

low light to prevent premature photoreduction. 

 

2.4.1. In Situ Loading 
 
In the direct mixing method, silver nitrate was mixed with the GelMA polymer solution before 

crosslinking. The precise amounts of AgNO₃ (15, 20, and 30 phr of AgNO₃  relative to the 

GelMA amount were dissolved easily in the polymer solution (20 wt% GelMA in distilled water 

with 4 phr phI), resulting in a clear solution. The solution was then pipetted onto the quartz glass 

of the photorheometer. During the curing process of the silver-loaded polymer solution, a brown 

color was observed, indicating that Ag+ ions were being reduced to elemental silver (Ag0), and 

a clear, mirror-like surface was evident on the surface of the crosslinked GelMA, which 

additionally indicated the formation of metallic silver (Fig. 2-5). Literature supports this 

observation, showing that photoinitiator systems can reduce metal ions under UV and visible 

light. Thus, the direct mixing method generates a GelMA/silver hydrogel in a single step, where 

silver is simultaneously introduced and partially converted to nanoparticles as the network 

forms. However, this method is effective for a thin layer of hydrogel; in thicker samples, light 

penetration is limited, therefore, real-time silver reduction is not feasible. 

 
Equation 2-1: Dissociation of silver nitrate in aqueous media. 

AgNO3(s)® Ag+(aq) + NO3−(aq) 
 
Equation 2-2: Reduction of silver ion. 

Ag+(aq) + e−® Ag0(s) 
 

Table 2-3: Different formulations with silver nitrate. 

Prepolymer solution Silver nitrate (phr) 

GelMA + 4 phr phI 
15  
20  
30  
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Figure 2-5: Crosslinked GelMA containing 4 phr of BAPO-PEG and varying concentration of silver nitrate; a)15 phr, b)20 

phr, and c)30 phr. 

 
2.4.2. Immersion 

 
GelMA hydrogels free of silver were prepared for the immersion method (Fig. 2-6). They were 

immersed in three solutions of AgNO₃ with varying concentrations in deionized water to enable 

the Ag+ ions to diffuse into the network. This method is preferable since it no longer influences 

photo-crosslinking and is effective for both thin and thick samples. Each sample was put into a 

separate container filled with silver nitrate solution, which was subsequently wrapped in 

aluminum foil to shield the hydrogels from light during the swelling test. 

After performing the swelling test, the hydrogels were kept in the silver nitrate solutions for 19 

days without coverage, to allow sufficient time for Ag+ to diffuse into the gel matrix. The choice 

of an extended 19-day soaking period aimed to ensure an even distribution. To enhance the 

uniformity of silver ion distribution, the samples underwent a short period of sonication during 

the immersion process. As immersion continued, they achieved better uniformity. 

In GelMA, functional groups such as -NH₂, -OH, and -COOH can reduce silver ions upon long 

exposure to light, in addition to the contribution of phI to the reduction. The formation of silver 

nanoparticles observed during the 19-day immersion in ambient light is due to a slow sunlight-

driven reduction process similar to that found in natural organic matter. Research indicates that 

sunlight can reduce silver ions in materials with chemical groups, without any photoinitiator 

[45]. Over time, an obvious color change occurred; the hydrogels resulted in a dark brown color 

by the end of the immersion period, which indicates silver reduction and the formation of 

metallic nanoparticles throughout the network (Fig. 2-7). The hydrogels were removed from the 

silver nitrate solution, and excess liquid was gently removed. They were then freeze-dried and 
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resulted in brown and brittle GelMA/silver hydrogels (Fig. 2-8). This dehydration process 

solidified the hydrogel, preventing silver leaching during handling. The color of the freeze-dried 

samples was lighter compared to prior dehydration, and they did not appear to be perfectly 

uniform. The sample obtained from immersion in a 50 wt% silver nitrate solution was covered 

with a visible white surface layer, which can be the precipitation of silver salt (AgNO₃ or a 

derivative). 

This method mimics processes that produce sustained-release antimicrobial hydrogels, where a 

polymer scaffold absorbs a drug or ion through soaking [46]. For my experiment, soaking the 

crosslinked GelMA in AgNO₃ provided a straightforward method to incorporate silver 

nanoparticles into the hydrogel. 

Both methods, pre-mixing and immersion, produced GelMA/silver hydrogels.  

 
Figure 2-6: Crosslinked GelMA without silver. 

Table 2-4: Different formulations of silver nitrate solution. 

Crosslinked sample formulation Silver nitrate solution ( wt%) 

20 wt% of GelMA + 3 phr phI 
30 
40 
50 
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Figure 2-7: GelMA/silver hydrogel before freeze-drying. 

 

 
Figure 2-8: Freeze-dried GelMA/silver hydrogel. 

 
2.5. Relative humidity environment 

 
To evaluate the influence of humidity on the electrical performance of GelMA/silver hydrogels, 

samples were maintained in three distinct controlled humidity environments before conducting 

the electrical test. Specific relative humidity levels were established using saturated salt 

solutions of calcium chloride (CaCl₂) for 32% relative humidity (RH) and sodium chloride 

(NaCl) for 72% RH. For complete hydration, they were immersed in distilled water. Samples 

were placed in sealed chambers containing the corresponding solutions and allowed to 

equilibrate at room temperature for 7-12 days, or until a constant weight was achieved, to ensure 

uniform moisture absorption and distribution (Fig. 2-9). 
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Figure 2-9: Sealed chambers for a humid environment. 

 
2.5.1. Fourier Transform Infrared Spectroscopy (FT-IR) 

 
Fourier Transform Infrared (FTIR) spectroscopy is a non-destructive analytical method used to 

identify chemical bonds and functional groups in materials by examining their absorption of 

infrared light. Chemical bonds exhibit different vibrational frequencies, leading to the absorption 

of IR light at specific wavenumbers, which are characteristic of bond strength and atom masses. 

The spectrometer uses a Michelson interferometer to modulate the infrared (IR) beam and create 

an interferogram, which gives a time-domain signal that is further transformed into a frequency-

domain spectrum using a Fourier Transform operation. 

The unique absorption bands in the resulting spectrum can be compared to established reference 

data to determine functional groups. Typically, an Infrared Spectroscopy Absorption Table is 

utilized to link the observed peaks with their corresponding bond types and vibrational modes 

(such as C=O stretching and N–H bending). These tables help the analysis of FTIR spectra, 

especially in the context of complex or altered polymer systems. 

Fig. 2-10 illustrates the Thermo Fisher Scientific Nicolet iS50 FT-IR spectrometer used for 

spectral acquisition. The instrument features an ATR (attenuated total reflectance) accessory 

that directly measures solid or gel-like samples with little preparation. Spectral analysis was 

done, utilizing OMNIC software (Thermo Fisher Scientific), which enables the processing of 

absorbance spectra and supports comparison with reference databases. 
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Figure 2-10: Nicolet iS50 FT-IR spectrometer 

 
2.5.2. Photorheological Characterization 

 
The curing kinetics of GelMA were characterized by photorheology using a visible-light source. 

In a typical photorheological setup, the sample is placed between a two-plates configuration and 

oscillatory shear stress or strain is applied to measure its mechanical response while it gets 

irradiated by a light source. The setup allows to record changes in storage modulus (G′), loss 

modulus (G″), and viscosity during the curing process.  

During the time-sweep experiment, initially the material behaves like a low-viscosity liquid; 

when irradiated, crosslinking reactions are triggered, leading to an increase in the storage 

modulus (G′), which reflects the material’s elastic properties. The point at which G′ exceeds G″ 

indicates the gel point,  which signifies a transition from liquid-like to solid-like behavior.  

The photorheology test was conducted using a parallel plate configuration with a diameter of 25 

mm and a quartz bottom plate to allow light transmission, with a 300 µm gap between them. A 

constant strain amplitude (γ of 1%) was applied at a frequency of 1 Hz, and the lamp was turned 

on after a 30-second stabilization period, and the light intensity used was 28 mW/cm². 

 
2.5.3. Thermogravimetric Analysis 

 
Thermogravimetric Analysis (TGA) is a thermal analysis method that monitors the mass of a 

sample as the temperature gradually increases. The primary goal of TGA is to assess a material’s 

thermal stability and composition by tracking weight changes during heating. In a typical TGA 

experiment, a small sample, typically in a dry state, is placed on a microbalance within a furnace. 

The temperature is then increased at a controlled rate (for example, 10°C per minute) in either 
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an inert atmosphere (such as argon or nitrogen) or air. This test provides information such as the 

onset decomposition temperature, which indicates the start of significant weight loss, and the 

thermal stability limit. The temperature at which the maximum decomposition rate occurs is 

often identified by analyzing the first derivative of the TGA curve (DTG), which appears as a 

peak and helps compare stability or analyze multi-step degradation, as well as the residue 

fraction at elevated temperatures. In hydrogel research, these parameters offer insights into the 

material’s thermal resistance and composition. 

Figure 2-11 shows a Setaram TGA system that features a Mettler Toledo TGA/DSC gas control 

module, which accurately regulates the type and flow of gases entering the chamber. This setup 

facilitates controlled transitions between inert and oxidative environments, which are crucial for 

examining different phases of thermal degradation.  

 
Figure 2-11: Setaram TGA system with a Mettler Toledo TGA/DSC gas control 

 
2.5.4. Swelling test 

 
Swelling tests are widely used to assess materials’ liquid absorption capacity and impact on 

weight, volume, or dimensions. This phenomenon occurs when a porous or polymeric material 

absorbs a solvent, usually water or a buffer, resulting in physical expansion. Molecular structure, 

crosslink density, and the interaction between the material and the solvent significantly influence 

this property. 

The sample is dried in a standard swelling experiment to determine its initial mass. 

Subsequently, it is immersed in an excess of swelling medium for specific time intervals and 

until it achieves equilibrium. Once removed, the sample is lightly wiped to remove the surface 

liquid, and then its swollen weight is measured. 
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Swelling is commonly expressed as a swelling degree (SD), 𝑆𝐷% = #!$#"
#"

× 100 where Wt is 

the weight at time t and Wd is the initial, dry weight. 

By tracking this ratio over time, researchers can assess the balance of swelling capacity and its 

rate. Swelling experiments can be conducted on a range of materials, including hydrogels, 

elastomers, smart polymers, membranes, and polymer composites. These assessments offer 

valuable information about solvent absorption patterns, internal network configurations, and 

reactions to changes in the environment. 

 
2.5.5. Electrical Test 

 
A vertical mechanical testing apparatus equipped with a force sensor from Nordic Transducer 

(NTT, Denmark) is designed to apply controlled compressive or tensile forces to material 

samples. This setup features a movable upper crosshead and a stationary lower platform that 

securely holds the specimen in place. Copper contact plates can be incorporated into the fixture 

to serve as both mechanical clamps and electrical interfaces, enabling simultaneous 

electromechanical measurements. Electrical connections to these plates are usually made using 

standard cables or alligator clips. The system can be connected to a source measurement unit 

(SMU), such as the SMU4201 by Aim-TTi, to assess electrical properties. The SMU provides 

precise sourcing and measurement capabilities, allowing for applying a fixed voltage while 

simultaneously measuring current. This setup permits real-time resistance monitoring. LabView 

software from National Instruments controls and synchronizes the system’s mechanical and 

electrical components, enabling automated testing sequences, real-time data gathering, and 

coordination between load application and electrical measurements. 
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Figure 2-12: a) Vertical mechanical testing system, b) Source measurement unit 4201 by Aim-TTi, c) close-up of sample 

mounted between sopper electrodes. 

Piezoresistive and compression tests were carried out using the same mechanical testing 

equipment equipped with a displacement actuator. The parameters, speed, displacement, and 

preload are set by the THSSD-2024 software ( GripSoft, Germany). During each test time, the 

way (displacement) and load values are recorded for each sample. Each test was performed with 

a preload of 0.05 N, a displacement of 2 mm, and a constant speed of 5 mm/min in 20 seconds. 
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3. Results and discussion 
3.1. Characterization by FTIR 

 
FTIR spectra were obtained for unmodified gelatin and GelMA, using the same instruments and 

settings, spanning the range of 550-4000 cm-1, with a resolution of 

4 cm-1, at room temperature. All samples were examined in solid form using the ATR accessory, 

which enabled direct surface measurements. 

 

3.1.1. Gelatin from cold-water fish skin 
 
The FTIR spectrum of fish gelatin displayed clear bands that are characteristic of its protein 

structure. A broad absorption band around 3300 cm-1 was detected, which is associated with 

Amide A, resulting from N-H stretching vibrations in peptide bonds and O-H stretching in 

hydroxyl groups. The Amide I band, located near 1650 cm-1, corresponds to the C=O stretching 

of the peptide backbone and is typically the most significant absorption feature in protein FTIR 

spectra. The Amide II band, seen around 1540 cm-1, arises from a combination of N-H bending 

and C-N stretching, indicating that the peptide bonds remain intact. Additionally, the Amide III 

band, found at approximately 1240 cm-1, results from C-N stretching and N-H deformation, 

further confirming the protein composition [47][48]. 

These results confirm the structural integrity of the unmodified gelatin. 

 

 
Figure 3-1: FTIR spectrum of Gelatin before methacrylation reaction. 
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Table 3-1: Characteristic bonds of Gelatin. 

Wavenumber (cm⁻¹) Bonds 
3300 Amide A: N–H stretching and O–H stretching 
1650 Amide I: C=O stretching of peptide bonds 
1540 Amide II: N–H bending and C–N stretching 
1240 Amide III: C–N stretching and N–H deformation 

 
3.1.2. Methacrylated gelatin 

 
Fig. 3-2 shows FTIR spectra of unmodified gelatin and synthesized GelMA. Although a distinct 

C=C stretching band near 1635 cm-1 was not observed, likely due to overlap with the Amide I 

band. The reduction in band intensity around 3300 cm-1 (Amide A), 1650 cm-1 (Amide I), and 

1540 cm-1 (Amide II) indicates partial consumption of N-H and O-H functional groups during 

the methacrylate reaction, especially those linked to lysine and hydroxy-containing amino acids. 

The FTIR spectrum does not confirm the methacrylation, but the modification is supported by 

its performance, in which, after the addition of photoinitiator, it underwent photo-crosslinking. 

This phenomenon happens when photosensitive methacrylate groups are available. 

 

 
Figure 3-2: Comparison of FTIR spectra of Gelatin before and after methacrylation. 

 
3.2. Evaluation of gelation behavior by photorheology 

 
Photorheology tests were carried out within the linear viscoelastic region (LVR), and all 

experiments were performed at room temperature and repeated three times to ensure accuracy. 
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3.2.1. Methacrylated gelatin 
 
The photoreactivity of the methacrylated gelatin was evaluated using real-time photorheology. 

At first, the storage modulus (G¢) is low, indicating that the GelMA solution is liquid-like and 

uncrosslinked. As the photoinitiation process begins (onset time), crosslinking starts, causing a 

sharp increase in G¢, which signifies a shift to a more elastic and solid-like state. Eventually, the 

modulus reaches a plateau once the crosslinking reaction is finished, resulting in no further 

solidification. Higher concentrations of BAPO-PEG led to quicker crosslinking (shorter 

induction times) and greater final G¢ values (Fig. 3-3). This finding supports the notion that 

higher initiator concentrations accelerate the photopolymerization process. 

This trend indicates that higher concentrations of photoinitiators led to a greater generation of 

radicals, which speeds up crosslinking and shortens gelation time. Table 3-2 shows that 

increasing the BAPO-PEG concentration from 0.5 to 3 phr reduces the onset time and gelation 

time from 80 to 56 s and from 85 to 59 s, respectively. The induction time, defined as the 

difference between the gelation time and the onset time, shows the speed of the gelation process 

once it has started, which also decreased from 5 to 3 s by increasing the photoinitiator, which 

suggests a highly efficient crosslinking process. The rate of gelation indicated by DG¢/Dt 

increased from 3.71 to 9.33 Pa.s-1, demonstrating faster curing. However, increasing the 

concentration of photoinitiator from 3 to 4 phr did not change the onset time, gelation time, and 

induction time, and DG¢/Dt demonstrated only a slight increase. This indicates that increasing 

the amount beyond 3 phr does not enhance crosslinking under the given light conditions. 

Therefore, 3 phr is considered the ideal concentration for gelation, as it helps prevent potential 

issues such as unnecessary expenses related to excess photoinitiator. The lamp was turned on 

after 30 seconds, with the storage modulus stabilizing at approximately 210 seconds. Therefore, 

a 180-second exposure to visible light was sufficient for full curing of the material. Research 

shows that the amount of photoinitiator mainly influences the gelation kinetics rather than the 

ultimate stiffness, given sufficient light exposure. 
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Figure 3-3: Comparison of photorheology curve recorded for 20 wt% GelMA solubilized in water with different 

concentrations of  BAPO-PEG. 

 
3.2.2. Methacrylated gelatin with silver nitrate 

 
Silver nitrate was added to GelMA solutions with 4 phr photoinitiator because earlier findings 

indicated that no considerable difference between 3 and 4 phr was observed regarding gelation 

time and final modulus. Since 3 phr seemed to be the optimal concentration, no further addition 

of photoinitiator was done, and the experiment moved forward with 4 phr to avoid preparing a 

new solution with 3 phr to prevent using more material. 

At a fixed concentration of photoinitiator of 4 phr, the amount of silver nitrate (AgNO₃) was 

increased from 15 to 30 phr, resulting in a progressive increase in the induction time from 4 

seconds to 22 seconds, along with a decrease in the gelation rate from 4.91 to 2.43 Pa.s-1. The 

onset times showed slight variation, ranging from 56 to 62 s, compared to the silver-free GelMA 

solution, but there was a significant increase in gelation time and therefore induction time, 

indicating that the presence of Ag+ ions substantially delays gelation after the initiation phase. 

As the concentration of silver nitrate increases, the plateau storage modulus (G′) gradually 

decreases. These findings indicate that the presence of silver ions (Ag+) interferes with the 

photo-crosslinking process by preventing the penetration of light . While low concentrations of 

silver (e.g., ≤10 phr) have minimal effects, the higher concentrations applied in this study (15-

30 phr) significantly hinder network formation and overall mechanical strength [49]. 
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Figure 3-4: Comparison of photorheology curve recorded for 20 wt% GelMA solubilized in water with 4 phr  BAPO-PEG and 

different concentrations of AgNO3. 

 
Table 3-2: Induction times and Storage Modulus for GelMA hydrogels with different concentrations of BAPO-PEG 

photoinitiator and silver nitrate. 

Formulation Photoinitiator 
(phr) 

Silver 
Nitrate 
(phr) 

Onset 
Time (s) 

Gelation 
Time (s) 
G¢ = G² 

Induction 
Time (s) 

DG¢/Dt 
(Pa.s-1) 

GelMA + BAPO-PEG 0.5 0 ~80 ~85 5 3.71 

GelMA + BAPO-PEG 1.5 0 ~68 ~73 5 5.27 

GelMA + BAPO-PEG 3 0 ~56 ~59 3 9.33 

GelMA + BAPO-PEG 4 0 ~56 ~58 2 11.4 
GelMA + BAPO-PEG + 

AgNO₃ 4 15 ~51 ~56 4 4.91 

GelMA + BAPO-PEG + 
AgNO₃ 4 20 ~54 ~69 15 3.89 

GelMA + BAPO-PEG + 
AgNO₃ 4 30 ~62 ~84 22 2.43 

 
3.3. Thermogravimetric analysis 

 
The test was conducted in triplicate to ensure accuracy under both air and argon atmospheres, at 

temperatures ranging from 25 to 800 °C with a heating rate of 10 °C/min. 

Fig. 3-5 shows the distinct thermal degradation profile of crosslinked GelMA with 3 phr BAPO-

PEG in an air atmosphere, as determined by Thermogravimetric analysis and Derivative 

Thermogravimetry (DTG). A slight mass loss was observed between 30 and 200 °C, 

accompanied by a minor DTG peak at approximately 190 °C, which can be attributed to the 
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evaporation of absorbed moisture, a characteristic behavior of hydrogels. The onset temperature 

(Tonset) was identified at 260 °C, signifying the start of considerable decomposition. A significant 

weight loss occurred between 200 and 450 °C, with a sharp DTG peak located at around 350 °C, 

corresponding to the thermal decomposition of the GelMA matrix and photoinitiator. Between 

450 and 700 °C, oxidative degradation of more thermally stable residues was observed. Above 

700 °C, the residual components exhibited stability, resulting in a final char residue of 5.36% at 

800 °C. 

 
  

Figure 3-5: Thermogravimetric analysis and DTG of crosslinked GelMA in air. 

TGA and DTG curves of GelMA with 3 phr BAPO-PEG, conducted in an argon environment 

(Fig. 3-6), reveal a three-stage thermal decomposition process [50]. The initial two stages 

resemble those observed in air, with a minor weight loss occurring between 30 and 200 °C due 

to the evaporation of absorbed moisture. The onset temperature (Tonset) was determined to be 

270 °C. The most significant weight loss occurs between 200 and 500 °C, characterized by a 

distinct DTG peak at around 360 °C, indicating the thermal breakdown of the GelMA network, 

along with the residual photoinitiator. In contrast to the sample examined in air, there is no DTG 

peak observed above 500 °C, which confirms the absence of oxidative degradation. After 500 

°C, the rate of weight loss stabilizes, resulting in a final char residue of 29.41% at 800 °C [15]. 
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Figure 3-6: Thermogravimetric analysis and DTG of crosslinked GelMA in Argon. 

 
In the presence of air, crosslinked GelMA undergoes oxidative degradation, and cause earlier 

mass loss. This process is succeeded by the oxidative breakdown of more thermally stable 

residues containing lower char residues. This difference highlights the critical role of the testing 

environment in influencing the thermal properties of GelMA. 

 
Table 3-3: Thermal behavior of GelMA in different testing environments. 

Testing 
environment 

Tonset 

(°C) 

Initial 
Weight 

(mg) 

Weight 
at 800 

°C (mg) 

Char 
residue 

(%) 
degradation steps Temperature 

of peaks (°C) 

Air 260 7.02478 0.37611 5.36 

Water evaporation ~190 

Decomposition of the 
GelMA matrix and 

photoinitiator 
~350 

Oxidative degradation of 
more thermally stable 

residues 
~650 

Argon 270 6.187 1.8197 29.41 
Water evaporation ~190 

Decomposition of the 
GelMA matrix and 

photoinitiator 
~360 
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3.4. Swelling behavior 
 
Crosslinked GelMA samples were immersed in distilled water or in a silver nitrate solution at 

room temperature, and weight gain measurements were recorded at time intervals of 1, 2, 3, 4, 

5, 10, 20, 30, 40, 50, 60, 90, and 120 minutes. 

 

3.4.1. In water 
 
As mentioned before, hydrogels have hydrophilic functional groups and a porous structure, 

which enables them to absorb a large amount of water; therefore, they show significant swelling 

behavior. The sample demonstrated a notable increase in swelling within the first 5 to 10 

minutes, indicative of rapid water absorption. After 50 minutes, the rate of swelling slowed, 

ultimately reaching a stabilization point of approximately 300% after 300 minutes ( Fig.3-7). 

This plateau indicates a state of equilibrium swelling and indicates that there is no osmotic 

pressure difference between inside the hydrogel and its environment, at which the hydrogel does 

not absorb any further water. The initial rapid absorption of water, subsequently followed by a 

plateau, exemplifies the two-phase behavior characteristic of these hydrogels. 

 

 
Figure 3-7: Swelling curve of crosslinked GelMA in water. 

 
The sample exhibits a significant increase in water content during the initial minutes. After 50 

minutes, the water content is approximately 75% and gradually stabilizes at 300 minutes. This 

stability suggests an equilibrium in water retention (Fig. 3-8). 
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Figure 3-8: Water content curve of crosslinked GelMA. 

There is a correlation between swelling and water content, whereby an increased degree of 

swelling indicates a higher water content.  

 
𝑆𝐷(%) = #!$#"

#"
´	100 = 300% 	 𝑊! = 4𝑊" 	

 
𝑊𝐶(%) = #!$#"

#!
× 100   𝑊𝐶% = %#"$#"

%#"
× 100 = &

%
𝑤" × 100 = 	75% 

 
At equilibrium, the sample exhibited a swelling degree of approximately 300%. By applying 

this value to Equation 1-1 to determine the ratio between the initial weight and the weight at 

equilibrium, and substituting the ratio into Equation 1-2, the water content of 75% was 

calculated, which supports the observed data and confirms the correlation between swelling and 

water content. 

 

3.4.2. In silver nitrate solutions 
 
The degree of swelling of hydrogels over time was evaluated at various concentrations of 

AgNO₃: 30 wt% (solution A), 40 wt% (solution B), and 50 wt% (solution C). The sample 

immersed in solution C exhibited the highest degree of swelling, reaching approximately 624% 

at equilibrium. The samples in solution A and solution B showed swelling degrees of 

approximately 450% and 512%, respectively. Silver nitrate solutions are acidic, with pH values 

from about 5 in solution A to 4 in solution C. This supports literature findings that gelatin-based 

hydrogels swell more as pH decreases below the isoelectric point (pH»6). Therefore, greater 

swelling at higher AgNO₃ concentrations can be attributed to the acidic environment, which 
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promotes more ionization of functional groups in gelatin and enhances water absorption. This is 

similar to an observation in a paper where the swelling capacity increased by moving away from 

the isoelectric point [51]. 

 

 
Figure 3-9: Swelling curve of crosslinked GelMA in varying concentrations of silver nitrate solution. 

 
The sample in solution C showed the highest uptake at around 86.1%, followed by solution B 

and solution A. This consistency supports the conclusion that higher concentrations of AgNO₃ 

enhance absorption under these conditions. 

 
Figure 3-10: Solution uptake curve of crosslinked GelMA in varying concentrations of silver nitrate solution. 
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The swelling degree of GelMA increased in silver nitrate (AgNO₃) solutions compared to pure 

distilled water (Fig. 3-11). 

 

 
Figure 3-11: Swelling degree of crosslinked GelMA in different media. 

3.5. Evaluation of the electrical properties 
 
Measurements of electrical conductivity were performed on GelMA/silver hydrogel samples 

using a two-probe setup at different humidities. Each cylindrical hydrogel sample was placed 

between electrodes linked to a source meter, and current–voltage (I–V) characteristics were 

collected in ambient conditions. The slope of the I–V curves is used to determine the electrical 

resistance; resistance is inversely proportional to the slope. First, all samples underwent freeze-

drying for measurement in the dry state. The quantity of silver in each sample was determined 

by subtracting the mass of freeze-dried silver-loaded samples from the mass of samples before 

the swelling test. The amounts of silver inside were measured as 0.2447, 0.3173, and 0.5368 g, 

corresponding to silver nitrate solutions with concentrations of 30 wt% (GelMA/Ag-30), 40 wt% 

(GelMA/Ag-40), and 50 wt% (GelMA/Ag-50), respectively. 

All hydrogels, after immersion in AgNO₃ solution, exhibited a dark color, which confirms the 

synthesis of silver nanoparticles (AgNPs) within the gelatin matrix (Fig. 2-8). Electrical 

measurements of dried GelMA/Ag hydrogels conducted under an applied voltage within the ±20 

V range revealed extremely high resistance (200-1000 MΩ) and showed that the samples are not 

conductive in the dried state due to the lack of a connection between silver nanoparticles. While 

research has indicated that increasing the silver content reduces resistance, which is attributed 

to the formation of a conductive percolative path. [52]. The weird trend of increasing resistance 

by increasing silver content in the dry state can be attributed to the measurement unit system 
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limitation and the fact that these samples are not conductive, so a conclusion of a trend is 

unreasonable. 

 
Table 3-4: Electrical Characteristics of dried GelMA/silver hydrogels. 

Sample Quantity of silver 
inside (g) Slope(A/V) Resistance 

(MW) 
GelMA/Ag-30 0.2447 5 ´10-9 200 
GelMA/Ag-40 0.3173 2 ´10-9 500 
GelMA/Ag-50 0.5368 1 ´10-9 1000 

 
Gelatin has hygroscopic behavior, and absorbing moisture affects its electrical properties. This 

swelling enhances the spacing between polymer chains, enhances ion mobility, and increases 

ionic conductivity. Research findings suggest that an increase in relative humidity (RH) leads to 

a notable reduction in the resistance of gelatin-based sensors [53][54]. 

The conductivity of each sample with 32% relative humidity (RH) was measured using the same 

setup in the range of ±42 V. The samples continued to exhibit high resistance and remained 

insulators. 

 
Table 3-5: Electrical Characteristics of GelMA/silver hydrogels with 32% RH. 

Sample Quantity of silver 
inside (g) Slope(A/V) Resistance 

(MW) 
GelMA/Ag-30 0.2447 3´10-9 333 
GelMA/Ag-40 0.3173 2´10-9 500 
GelMA/Ag-50 0.5368 2´10-9 500 

 
By further increasing the relative humidity (RH) to 72% and in the range of ± 20 V, the electrical 

behavior of samples enhanced significantly; the sample exhibited approximately five orders of 

magnitude less resistance compared to 32% RH, and resistance values decreased from mega-

ohm (MW) to kilo-ohm (kW). The I-V curves were linear and ohmic; however, the GelMA/Ag-

50 could not complete the experiment, as it burned, likely due to excessive applied voltage (Fig. 

3-12(b)). 
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Figure 3-12: a) GelMA/Ag-50 under conductivity test before applying voltage, b) burned sample. 

 
Figure 3-13: Electrical Conductivity of GelMA/silver hydrogels with 72% RH. 

 
Table 3-6: Electrical Characteristics of GelMA/silver hydrogels with 72% RH. 

Sample 
Quantity of 
silver inside 

(g) 

Slope 
(A/V) 

Resistance 
(kW) 

Resistivity
(Ω.m) 

Conductivity 
(S.m-1) 

GelMA/Ag-30 0.2447 4´10-4 2.5 1.4´10+1 7.09´10-2 
GelMA/Ag-40 0.3173 5´10-4 2 +110´1.18 2-10´8.46 
GelMA/Ag-50 0.5368 Burned Burned Burned Burned 

 
For the final phase of testing, the relative humidity was increased to 100% by immersing the 

samples in distilled water. The applied voltage was reduced to a range of ±1 V to prevent 

damaging the samples. As expected, the resistance values decreased a lot and reached 24.2 Ω 

for the GelMA/Ag-50 sample. The GelMA/Ag-30 and GelMA/Ag-40 samples also showed 

significant conductivity, with resistance values of 222 Ω and 167 Ω, respectively. Complete 
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hydration significantly enhanced ion mobility within the hydrogel. The current-voltage (I–V) 

curves have linear and ohmic behavior. 

 

  
Figure 3-14: Electrical Conductivity of silver-loaded hydrogels with 100% RH. 

 
Table 3-7: Electrical Characteristics of GelMA/Silver hydrogels with 100% RH. 

Sample 
Quantity of 
silver inside 

(g) 

Slope 
(A/V) 

Resistance 
(kW) 

Resistivity
(Ω.m) 

Conductivity 
(S.m-1) 

GelMA/Ag-30 0.2447 4.5´10-3 2.22´10-1 1.26 0.79 
GelMA/Ag-40 0.3173 6´10-3 1-10´1.67 990. 1.01 
GelMA/Ag-50 0.5368 4.12´10-2 2.42´10-2 0.14 6.84 

 
GelMA/ Ag-30 was non-conductive under dry (0% RH) and low-humidity (32% RH) conditions, 

with resistance values above 200 MΩ. The values displayed on a logarithmic scale highlight the 

significant difference compared to hydrated states. At 72% RH, the resistance was reduced six 

orders of magnitude to 2.5 kΩ, and further to 222 Ω in the fully hydrated state, which shows a 

dramatic increase in conductivity. 
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Figure 3-15: Resistance of GelMA/Ag-30 in different humidities. 

 

 
Like GelMA/Ag-30, GelMA/Ag-40 was non-conductive at low humidity, with resistance values 

above 500 MΩ at both 0% and 32% RH. As humidity increased to 72% RH, resistance fell to 

2 kΩ, and further to 167 Ω under complete hydration. A similar six-order-of-magnitude decrease 

was also observed in this sample. GelMA/Ag-40, with higher silver content compared to 

GelMA/Ag-30, also led to an enhancement in conductivity in hydrated states. 

 

 
Figure 3-16: Resistance of GelMA/Ag-40 in different humidities. 

The GelMA/Ag-50 showed non-conductivity at 0% and 32% relative humidity (RH), similar to 

two other samples, with resistance values above 500 MΩ. At 72% relative humidity (RH), the 

sample burned during the experiment. For fully hydrated conditions, the applied voltage was 

lowered, and the sample showed the highest conductivity among all formulations tested, with a 

resistance of 24.2 Ω. 
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The stress-strain curve of hydrated GelMA/Ag hydrogels is shown in Fig. 3-17. This curve 

indicates elastic deformation in the range of 20 % strain; the slope of each curve illustrates the 

elastic modulus, which was calculated as 92.48, 108.14, and 119.16 kPa for GelMA/Ag-30, 
GelMA/Ag-40, and GelMA/Ag-50, respectively. Observations suggest that stiffness is enhanced 

by increasing the silver content, likely due to the presence of nanoparticles and their reinforcing 

effect, which enhances the mechanical properties of the hydrogel network. This phenomenon 

has been observed in a hydrogel system, where incorporation of silver nanoparticles (AgNPs) 

improved tensile strength and modulus due to strong interfacial interactions between the 

nanoparticles and the polymer matrix [55]. 

 

 
Figure 3-17: stress-strain curve of hydrated GelMA/silver hydrogels. 

 
The piezoresistive behavior of GelMA/silver hydrogels was assessed by observing the change 

in the current upon applying compressive strain. Electrical current increased with increasing 

strain, which shows that conductivity is sensitive to applied strain. This observation suggests 

that applying compression enhances conductivity, likely due to the appearance of a connection 

between silver nanoparticles, which promote electron transport in addition to an increase in ion 

mobility within the swollen matrix. In GelMA/Ag-50, the sensitivity of current to applied strain 

is much more significant in comparison to the other two and indicates that this sample is much 

more conductive under compression than the other two, which was also observed in the pressure-

free test.  
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Figure 3-18: Piezoresistive response of hydrated GelMA/silver hydrogels. 

In previous research, the conductivity of polyethylene glycol-based hydrogels, unmodified and 

loaded with silver and gold nanoparticles, was investigated, and it was observed that their 

conductivity increased by increasing RH from 0% to 100%, and they transitioned from an 

insulator to a conductive system [56]. Similarly, in my study, a significant drop in resistance 

occurred as humidity increased in silver-loaded hydrogels, which was attributed to the 

enhancement of water ions mobility within the swollen hydrogel. A published research [57] 

reveals that in the hydrated state, water dissociates into ions, such as hydrogen (H⁺) and 

hydroxide (OH⁻), and enhances ionic conduction. On the other hand, when the hydrogel swells, 

the silver nanoparticles may rearrange slightly, reducing gaps and forming conductive pathways. 

The combination of electron transport and ion mobility lowers the overall resistance. When they 

were completely dried, the silver nanoparticles could not form a conductive percolation path, 

and there was no moisture in the network to provide water ion mobility. Therefore, they 

demonstrated extremely high resistance. 
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4. Conclusion and outlook 
 
Fish gelatin underwent successful methacrylation and photo-crosslinking and yielded stable 

hydrogels. The methacrylation process was characterized through Fourier-transform infrared 

spectroscopy (FTIR). Photorheological analysis demonstrated that the incorporation of 

approximately 3-4 per hundred resin of BAPO-PEG facilitated rapid curing, with 3 phr identified 

as optimal to prevent unnecessary material costs associated with excess photoinitiator. The 

GelMA hydrogels exhibited significant thermal stability, with a decomposition onset 

temperature (T onset) ranging from approximately 260-270 °C, and demonstrated an ability to 

absorb around 300% of water, indicative of a hydrophilic porous network. The introduction of 

silver nitrate (AgNO₃), aimed at the incorporation of silver nanoparticles (AgNPs), was achieved 

through two methodologies: in situ loading and immersion. In both, an obvious color change to 

brown was observed. In the direct in situ loading method, silver ions Ag+ influenced photo-

crosslinking by preventing light penetration, leading to longer gelation times and slower 

crosslinking; therefore, the immersion method was preferred. 

 

This study clarifies that the electrical conductivity of GelMA/silver hydrogels is significantly 

influenced by environmental humidity and the concentration of silver. In the absence of 

moisture, all tested samples exhibited non-conductive properties, with resistance values in the 

MΩ range. An increase in relative humidity resulted in a significant decrease in resistance. This 

decrease occurs due to water dissociation, which enables ion conduction, as well as the slight 

rearrangement of silver nanoparticles and the formation of a conductive connection path. 

Complete hydration resulted in the most enhancements in conductivity, particularly in samples 

with the highest silver content. The piezoresistive properties of GelMA/silver hydrogels were 

evaluated by observing the change in current in response to applied compressive strain. The 

results indicated that the current increased by applying strain, which suggests that conductivity 

is strain-dependent. Applying compression likely improves conductivity by forming connections 

between silver nanoparticles, causing enhanced electron transport under compression in addition 

to ion mobility within the swollen matrix. The GelMA/Ag-50 sample exhibited a markedly 

higher sensitivity compared to the other two samples. 

 

These results highlight the importance of both controlled hydration and optimized silver loading 

to achieve reliable and effective conductivity in bio-based hydrogels, which is particularly 

relevant for prospective applications in biosensors, humidity sensors, and soft electronics.
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