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Abstract

Hydrogels, known for their 3D crosslinked networks that retain significant water, have
garnered substantial attention due to their potential in various biomedical fields including
tissue engineering, wound dressings, and wearable electronics. To enhance the
functionality of hydrogels with both robust mechanical property and excellent conductivity,
this work investigates the development of novel conductive hydrogels composed of
sodium alginate (SA), polyacrylamide (PAM), and polypyrrole (Ppy). The developed
hydrogels are promising for at biomedical applications such as biosensors and drug
delivery. The primary focus of this study is to enhance the mechanical robustness and
electrical conductivity of these hydrogels to suit potential applications in non-invasive

biosensing devices for continuous health monitoring.

The work explores the synergistic effects of integrating conductive polymers and double-
network structures, where SA and PAM create a robust matrix through chemical and
physical crosslinks, CaCl, (Ca?*) creates ionic bonds with SA. The Ppy is also
incorporated for its conductivity and biocompatibility. Fourier Transform Infrared
Spectroscopy (FTIR) confirmed successful synthesis with key functional groups indicating
robust formation. Mechanical testing across weight ratios of 1:10, 1:15, and 1:20 for SA-
PAM with CaCl2 concentrations of 5wt%, 10wt%, and 20wt% demonstrated the optimal
mechanical strength at a 1:10 (weight) ratio with 10wt% CaClz with modulus of 385 KPa
and peak stress of 61.5 KPa. Similarly, conductivity tests revealed peak conductivity
levels of 0.2847 S/cm for positive currents and 0.2748 S/cm for negative currents at the

same hydrogel composition (1:10 PAM-SA, 10wt% CaCl2), suggesting excellent potential



for biosensor devices designed for continuous health monitoring. The integration of Ppy
not only enhanced the conductivity but also contributed to the hydrogels’ biocompatibility
and mechanical resilience, making them promising candidates for next-generation
medical devices. In addition, rheological studies affirmed the structural integrity under
dynamic stresses, indicating the hydrogels’ potential in various biomedical fields including
tissue engineering, drug delivery, and wearable electronics. Enhanced crosslinking within
the hydrogel matrix ensures improved mechanical properties, enabling broader
applications in medical diagnostics and therapeutics, and paving the way for more
effective and adaptable hydrogel-based systems in the medical field.

Keywords: hydrogels, PAM-SA, CaCl>, Ppy, mechanical strength, conductivity
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Chapter I: Introduction

1.1 Overview

Hydrogels, characterized by their unique three-dimensional (3D) crosslinked polymer
networks that retain a significant amount of water, have emerged as highly promising
materials for diverse biomedical applications, including drug delivery vehicles, tissue
engineering scaffolds, wound dressings, and wearable electronic devices(1-4). Recent
advancements have focused on enhancing the properties of hydrogels to make them
highly elastic, tough, flexible, conductive, and responsive to environmental stimuli,
thereby enabling their utilization in biosensors, particularly for glucose monitoring in
diabetic patients(5,6). Continuous monitoring of blood glucose levels is essential for
effective health management, and hydrogel-based glucose sensors offer the potential for

soft, wearable biosensors that seamlessly integrate with the skin(7,8).

Moreover, since the traditional metal sensors face challenges in attaching to the skin and
detecting strains, the development of attachable and wearable biosensors has garnered
significant attention(9). It is because of their ability to provide convenient real-time health
monitoring(7). Ideal electronic devices should possess high sensitivity, efficiency,
reliability, cost-effectiveness, and adaptability to various geometries and sizes(10). An
alternative approach involves combining polymers with conductive nanoparticles to
create flexible biosensors. For example, blending poly(dimethylsiloxane) (PDMS) with
polyacrylamide and sodium alginate yields a stretchable, conductive biosensor with high
sensitivity and rapid response(11). Additionally, conductive polymers such as polypyrrole

(Ppy) and polyaniline (PANI) offer excellent conductivity and biocompatibility but lack
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mechanical strength(12—14). Despite the ongoing research, these hydrogels still provide
weak mechanical strength and network which impacts the significance of the application
especially at clinical level. To address this concern, researchers are exploring double-
network hydrogels composed of both chemical and physical crosslinking reinforced with
conductive nanocomponents to achieve robustness and toughness(15,16). Moreover,
they are looking for higher swelling ratio with competent elasticity compared to natural
tissues(17). The exploration of hybrid double-network hydrogels has ignited pioneering
research interest, aiming to integrate them with conductive nano components. This
incorporation of conductive materials, such as Ppy, graphene, and carbon nanotubes
(CNT), into the hydrogel composite contributes to enhancing its elasticity and flexibility to
achieve higher grades(18,19). Furthermore, integrating 3D printing technology enables
the fabrication of hydrogel-based biosensors with intricate architectures, opening new
avenues for advanced sensing applications(20). In addition, hydrogels can be further
developed into microneedles for theragnostic devices that provides a combination of

diagnosis and therapy such as drug delivery(21,22).

1.2 Problem statement

The development of hydrogels has often been constrained by a trade-off between
mechanical robustness and functionality. Traditional single-network hydrogels, while
beneficial in terms of biocompatibility and inherent hydrophilicity, typically suffer from poor
mechanical properties, such as low tensile strength and susceptibility to rapid degradation

under physiological conditions(23). These limitations severely restrict their practical
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applications, particularly in dynamic environments where robust mechanical behavior is

crucial.

To address these deficiencies, the design of hybrid, double-network hydrogels, such as
those combining polyacrylamide (PAM), sodium alginate (SA), and calcium chloride
(CaCly), offers a promising pathway. In these systems, the dual-network structure
leverages the distinct mechanical contributions of each component: the PAM provides
elastic resilience, while the ionic crosslinking of SA with CaCl. enhances the overall
toughness and structural integrity(24). This synergistic combination results in a hydrogel
that not only withstands mechanical stress more effectively but also maintains the
desirable properties of each individual polymer network. However, these hydrogels
inherently lack sufficient conductivity for electronic applications. The integration of
conductive polymers such as polypyrrole (Ppy) into PAM-SA hydrogels represents a
strategic innovation aimed at bridging this gap. Ppy, known for its conductivity and
biocompatibility, could potentially endow the hydrogel with the requisite electronic
properties without compromising its mechanical integrity(25). The challenge, however,
lies in ensuring that the incorporation of Ppy does not adversely affect the hydrogel’s
structural properties. Achieving a homogeneous distribution of Ppy within the hydrogel
matrix is crucial, as it maintains the balance between enhancing conductivity and
preserving the mechanical characteristics essential for practical applications.
Successfully combining these elements could lead to a new class of multifunctional
hydrogels, capable of meeting the demanding requirements of modern technological

applications.
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1.3 Objective

The objective of this research is to develop 3D printable multifunctional hydrogels
composed of polyacrylamide and sodium alginate with superior toughness and
conductivity that may potentially use in biosensors. These hydrogels are designed based
on hybrid double-network polymeric crosslinking systems and incorporated with

conductive material polypyrrole.
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Chapter Il: Literature Review

This chapter introduces the basics of hydrogels, covering the nature of the materials and
their application in different fields. Moving forward, it explores the functional hydrogels
with self-healing and conductivity and their applications in biosensors and microneedles

for drug delivery.

2.1 Basics of Hydrogels

Hydrogels represent hydrophilic polymer 3D mesh networks crosslinked via chemical
and/or physical bonds(26). In recent years, there has been significant research and
development focused on enhancing hydrogel’s response to various environmental stimuli
such as light, pressure, temperature, and chemicals/pH values(5). These advanced
features, particularly the reversible property changes in response to environmental cues,
enable the utilization of conductive hydrogels in biosensors, including glucose biosensors,
facilitating real-time monitoring of blood glucose levels. Such monitoring is paramount for
diabetic patients to manage their health effectively(27). Glucose biosensors typically
measure changes in blood glucose levels using enzymes such as glucose oxidase, which
catalyze the reaction of glucose with oxygen to produce hydrogen peroxide(27,28). The
adoption of hydrogel-based glucose sensors is anticipated to drive the transition from
bulky devices to soft, wearable biosensors that seamlessly integrate with and mimic the
skin(29). In addition, hydrogels have comprehensive application in field of biomedical
engineering, industry water filtration, tissue engineering and cosmetic products such as

contact lenses(30-32).
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Moreover, Hydrogels can be designed into the microneedles. Hydrogel microneedles
signify a ground-breaking leap in biomedical science, blending the advantages of
hydrogel materials with the precision of microneedle delivery systems(21,33). These
minute needles, usually measuring less than a millimeter in length, are crafted from
hydrogel materials, and engineered to effortlessly penetrate the skin's surface. This
inventive method provides a minimally invasive avenue for drug delivery and biosensing,

transforming a multitude of biomedical applications(33).

2.2 Hydrogel classification

The categorization of hydrogel can be extended into source of the materials which include

natural and synthetic polymers, crosslinking methods, and network types.

2.2.1 Natural polymers for hydrogels

Hydrogels based on natural polymers, such as cellulose, chitosan, sodium alginate,
collagen, pectin, or their combinations, have found extensive applications in biomedicine,
drug delivery, and biosensing(2). Their biocompatibility and minimal toxicity make them

highly desirable materials in these fields(34).

Chitosan, a common natural polysaccharide derived from chitin found in crustacean
exoskeletons and fungal cell walls, is biodegradable, biocompatible, and possesses
antibacterial and antifungal properties(35-37). It is extensively used in various fields
including biotechnology, medicine, food science, drug delivery, and biosensing(37,38).

Chitosan hydrogels have been developed for biomedical applications such as wound

15



dressings, tissue scaffolds, and controlled drug release systems(39). However, their
mechanical strength is often insufficient, necessitating physical and chemical crosslinking

for reinforcement(37,40).

Cellulose, another natural polymer, primarily consists of B-linked D-glucose and can be
obtained from plant cell walls(41). Known for its high thermal expansion, stability,
biocompatibility, and tensile strength, cellulose can be further processed into
nanocellulose through mechanical, chemical, enzymatic treatments, or a combination of
these methods(41,42). Nanocellulose exhibits high stiffness and strength-to-weight ratio,
making it an excellent sustainable alternative to plastics(42). Nanocellulose hydrogels,
fabricated using physical and chemical crosslinking, possess high surface area, excellent
mechanical properties, and biodegradability, rendering them promising for various
biomedical applications including wound care, wearable biosensors, tissue engineering,
and drug delivery(43—45). However, due to its hydrophilic nature, cellulose requires
chemical modification to impart hydrophobicity for certain biosensor applications(46).
Hydrophobic cellulose biosensors can also measure changes in hydrophobicity of the

medium(46).

These hydrophobic biosensors can be designed to detect various biomolecules or
environmental parameters, making them valuable tools in medical diagnostics,
environmental monitoring, and other fields(47). The hydrophobicity of cellulose can be
engineered to control the interactions between the sensor surface and target molecules.

Utilizing the hydrophobic cellulose hydrogel in glucose biosensors protects the enzyme

16



from degradation and the hydrophilicity nature of cellulose hydrogel enhances the
sensor's selectivity and sensitivity(47). To be more specific, the modified cellulose
hydrogels with hydrophobic groups provide a proper environment for immobilizing
glucose-specific recognition elements(48,49). These recognition elements can include

enzymes such as glucose oxidase (GOx) or glucose dehydrogenase (GDH)(50).

Originating from brown algae, alginate is a naturally occurring polymer known for its high
solubility in water(51). Sodium alginate, a derivative of alginate, exhibits unique properties
such as viscosity and biodegradability, making it a popular choice as an industrial
thickening agent in products like toothpaste, salad dressing, pharmaceuticals, and
bioprinting(52). When exposed to divalent cations, notably calcium ions (Ca”2+), sodium
alginate readily forms a three-dimensional mesh network, resulting in the formation of
mechanical robust, sodium alginate-calcium hydrogels(53,54). These hydrogels possess
excellent water absorption and biocompatibility, making them suitable for various
applications including wound dressing, drug delivery, and biosensors(53). To be more
specific, in enzymatic biosensors, GOx enzymes within sodium alginate hydrogels
undergo oxidation in the presence of glucose(50,55). Biosensors with ion-selective
electrodes detect ions like potassium and calcium(54). The hydrogel structure acts as a
barrier in biosensor applications, preventing interference from assay reactants and
immobilizing biological components. Glucose and essential enzymes permeate the
hydrogel barrier, facilitating glucose sensor functionality, while blocking interference from
other molecules(56). Additionally, the hydrogel protects enzymes from degradation,

ensuring sustained activity. Analytes like glucose can react within the hydrogel's free
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volume matrix in biosensor applications(57). Recent studies have shown increased
interest in the applications of sodium alginate, driven by its potential to enhance biosensor

sensitivity and selectivity, thereby improving biosensor accuracy(51,56).

2.2.2 Synthetic Polymers for Hydrogels

Synthetic polymer hydrogels are materials have been composed of artificial polymers
such as polyacrylic acid (PAA), polyvinyl alcohol (PVA) and polyacrylamide (PAM), that
have been crosslinked to form a three-dimensional network capable of retaining large
amounts of water. The synthesis of synthetic polymer hydrogels allows for precise control
over their structure, and properties, making them mechanically sturdy and adaptable to

specific application requirements.

Polyacrylic acid (PAA) is a synthetic polymer derived from acrylic acid monomers,
commonly utilized in applications ranging from superabsorbent polymers to drug delivery
systems and water treatment(58). It exhibits water-solubility and can form hydrogels when
crosslinked, providing versatility in its applications(59). Polyacrylic acid hydrogel,
synthesized from PAA polymer chains, displays high water absorption due to its
hydrophilic nature, making it suitable for drug delivery and wound healing
applications(60). Additionally, its pH-responsive behavior enables it to swell under acidic
conditions and collapse under basic conditions, offering potential in sensing and tissue
engineering applications(61,62). Modifications in the composition (adding functional

groups), and crosslinking density of PAA hydrogels allow for the customization of their
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properties, enhancing their suitability for specific biomedical, environmental, and

industrial purposes(59,63).

Polyvinyl alcohol (PVA) is a water-soluble synthetic polymer widely used in hydrogels,
particularly in the biomedical field(64). These hydrogels can be produced by crosslinking
with other agents such as chitosan, starch and glutaraldehyde to enhance their
biocompatibility and water retention properties according to specific applications(65,66).
Notably, their capacity to promote cell growth makes them valuable for tissue engineering
purposes(67). PVA hydrogels are known for their mechanical strength, high water
retention capability, and compatibility with conductive materials, rendering them suitable
for use in biosensors(68). Importantly, they exhibit biocompatibility and can be utilized

internally or externally on the skin(69).

Polyacrylamide (PAM) hydrogels are formed through mixing of acrylamide monomers
along with a crosslinking agent. These hydrogels possess high water retention capacity
and find widespread usage across multiple industries(70). One significant application
involves their use in drug delivery systems, where the control of crosslinking density and
porosity can regulate the duration of drug release(71). Additionally, the distinct properties
of PAM hydrogels make them well-suited for biosensor applications(72). Their high-water
content facilitates strong binding between biological components and molecules, enabling
their adaptation for various biosensors, including those for glucose and toxin
monitoring(73). Compared to other synthetic polymer hydrogels, PAM hydrogels offer

advantages such as faster preparation, enhanced toughness, and lower toxicity, making
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them valuable for applications in biosensors, tissue engineering, and industrial

settings(74,75).

2.2.3. Physical and Chemical Crosslinked Hydrogels

Hydrogels are composed of networks formed through crosslinking, which can involve
chemical crosslinking, physical crosslinking, or a combination of both methods. These
crosslinking techniques are crucial in the design of hydrogels, allowing for control over
properties such as swelling ratio, mechanical strength and elasticity(76,77).Chemical
crosslinking involves the formation of irreversible covalent bonds between or within
polymers using multifunctional compounds. This process results in mechanically solid
hydrogels with high stability and durability. However, the catalysts employed in these
reactions may possess toxicity, leading to reduced biocompatibility. Additionally,
covalently crosslinked hydrogels exhibit lower sensitivity to environmental stimuli such as

pH changes and are less suitable for applications in biosensors(77,78).

On the other hand, physically crosslinked hydrogels are formed through reversible
physical interactions such as ionic, van der Waals, or hydrogen bonds. These interactions
make them uncomplicated to prepare and manipulate, without the need for catalysts(77).
As a result, these hydrogels are often less toxic and more biocompatible. Additionally,
incorporating pH responsive metal ions or polyelectrolytes as crosslinker allows hydrogels
with induce sensitivity to specific pH ranges, allowing them to respond to acidic or basic
environments(79). However, compared to chemically crosslinked hydrogels, physically

crosslinked hydrogels may exhibit weaker mechanical strength and lower stability. They
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are also more sensitive to environmental changes, which can impact their functionality.
Despite these limitations, physically crosslinked hydrogels find applications in drug

delivery(77).

In recent studies, researchers have developed hydrogels with double networks
comprising both chemical and physical crosslinks. These hybrid hydrogels exhibit high
mechanical robustness and biocompatibility, making them promise for biomedical

applications, including biosensors(80).

2.2.4 Single and Double Network Hydrogels

The network structures of hydrogels play a crucial role in determining their physical and
mechanical properties. Hydrogels can be organized into single networks (SN) or
interpenetrating networks (IPN)(2). Single network hydrogels consist of a single
crosslinked polymer network, which can be either covalently or ionically crosslinked(2).
While SN hydrogels exhibit high water absorption capacity, their limited mechanical
strength may restrict their functionality in their applications(81). Additionally, SN hydrogels
may lack chemical stability and degradability, being more susceptible to environmental

factors like pH and temperature changes(82).

On the other hand, interpenetrating network (IPN) hydrogels consist of two or more
interpenetrating crosslinked networks(2,81). The most common type of IPN hydrogel is
the double network (DN) hydrogel, comprising two different types of polymers. Typically,

one polymer network provides toughness and mechanical strength, while the other offers
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high water storage capacity and flexibility(83). These two networks are crosslinked either
physically or chemically, creating a unique interconnected structure. In addition. By
adjusting the (weight) ratio of these polymers and employing both chemical and physical

crosslinking, hybrid double network hydrogel (hDN) can be tailored(81,82).

Specifically, hDN hydrogels are characterized by a dual-network structure, combining two
interpenetrating polymer networks(84). They offer superior mechanical properties,
including high strength, toughness, and flexibility, making them ideal for tissue
engineering and biomedical applications(83,84). These hydrogels can be tailored to
specific requirements by adjusting their composition and fabrication methods(84). They
are biocompatible and have versatile applications in drug delivery, biosensors. In this
matter, Hong et al. designed a hDN hydrogel employing reversible crosslinking of the
chemical crosslinked SA and physical crosslinked polyethylene glycol (PEG) which

illustrated significant mechanical robust(85).

2.3 Conductive Components incorporated in Hydrogels

Conductive materials are pivotal components to endow hydrogels conductivity offering a
wealth of possibilities for transformative applications(86). Carbon-based nanomaterials,
including carbon nanotubes (CNTs), graphene, and graphene oxide (GO), stand out for
their remarkable electrical conductivity, high surface area, and mechanical
strength(87,88). These materials can be integrated into hydrogel matrices to enhancing
their electrical properties while retaining their biocompatibility(89). Peng et al.(90)

designed a B-PVA-KCL-GO hydrogel with ionic conductivity and self-healing ability.
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Subsequently, Feng et al.(91) designed rGO/cellulose hydrogel with great conductivity
which was utilized in a supercapacitor, the ion channels exhibited exceptional

capacitance, maintaining high level of performance.

Additionally, conductive polymers such as Ppy, polyaniline (PANI), and poly(3,4-
ethylenedioxythiophene) (PEDOT) contribute to the conductivity of hydrogels(92). These
polymers offer unique advantages such as flexibility, tunable conductivity, and
biocompatibility, making them suitable for a wide range of biomedical applications(92,93).
Polypyrrole stands out as an exceptional conductive polymer crafted through oxidative
polymerization. This method entails the interaction of pyrrole monomers with oxidizing
agents like iron (1) chloride (FeClz) or ammonium persulfate (APS), forging covalent
bonds among them(25,94). Ppy offers numerous advantages, including high electrical
conductivity, chemical stability, and compatibility with flexible substrates. Additionally,
through careful chemical modifications, it can be suitable for a wide range of applications,
including biocompatible sensors and actuators(94,95). However, it also has limitations.
Ppy tends to be brittle and lacks mechanical strength, making it less suitable for
applications requiring high mechanical integrity(94,96). Additionally, processing
challenges may arise due to its tendency to form non-uniform structures. While Ppy is
generally chemically stable, concerns about its long-term biocompatibility and doping
dependency also exist, requiring careful consideration in biomedical and sensor
applications(96). Despite these limitations, Ppy remains a valuable material with diverse

potential applications.
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Moreover, Polymers like polyaniline are synthesized in a manner akin to Ppy, involving
the reaction of aniline monomers with oxidizing agents like FeCls via oxidation(92). PANI
exhibits remarkable characteristics, including high conductivity and stability, rendering it
well-suited for biosensor applications(12). Nevertheless, it's essential to note its
susceptibility to environmental variations such as temperature and pH fluctuations.
Despite these considerations, PANI remains a promising polymer with vast potential

across diverse fields, especially upon requisite modifications(97).

Carbon nanomaterials such as carbon nanotubes (CNT) and graphene have also been
used as conductive agents for conductive hydrogels recently (87,88). These materials
have high surface area-to-volume ratios, exceptional interaction with sensing materials,
and offer high sensitivity for biosensors(18). Graphene, comprising a single layer of
carbon atoms in a hexagonal lattice, exhibits remarkable conductivity, stability, and
crucially, thermal conductivity(98). Its versatility extends to various industries, with
applications ranging from touch screens to biomedicine, thanks to its high electrical
conductivity, transparency, and mechanical strength(98). Similarly, CNTs possess specific
electrocatalytic surface areas and excellent conductivity, making them ideal for glucose
biosensor applications. Recent studies utilizing CNTs in combination with modified
immobilized glucose oxidase (GOx) have demonstrated enhanced conductivity(99). Due
to their extensive surface area, CNTs facilitate improved electron transfer, resulting in
highly sensitive and stable glucose detection. For instance, research conducted by Xia et
al.(100) showcased a glucose biosensor employing horseradish peroxidase with

immobilized enzyme techniques, achieving a sensitivity of 270 + 10 yA Cm-2 mM-1,
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surpassing other enzymes and methodologies. These findings underscore the potential

of CNTs as excellent candidates for biosensors.

Furthermore, hybrid materials combining different conductive elements offer synergistic
benefits, combining the strengths of each component to create multifunctional hydrogel
composites. These hybrid materials can be tailored to meet specific requirements,
offering enhanced conductivity, mechanical strength, and biocompatibility for diverse
applications. In biosensing, conductive hydrogels enable the development of sensitive
and selective sensors for detecting biomolecules such as glucose, proteins, and DNA. In
wearable biosensors, they facilitate the creation of flexible and stretchable devices that
conform to the body's contours while maintaining electrical functionality. In tissue
engineering, conductive hydrogels provide cues for cell growth and differentiation,

promoting tissue regeneration and repair

2.4 Self-healing Hydrogel

Self-healing hydrogels are fascinating materials with the ability to repair themselves after
experiencing damage or deformation. This property is particularly advantageous in
applications where mechanical integrity is crucial, such as wearable sensors, and soft
robotics(101). The self-healing mechanism of these hydrogels relies on dynamic chemical
bonds, physical interactions, or supramolecular structures within the polymer network.
One common approach to achieving self-healing in hydrogels is through dynamic
covalent chemistry, where reversible chemical reactions enable the broken bonds to

reform and heal the material(102,103). Examples of dynamic covalent bonds include
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disulfide bonds, imine bonds, and Diels-Alder reactions. When the hydrogel is damaged,
these reversible reactions are triggered, allowing the material to repair itself over
time(104). In addition to the healing mechanisms, the kinetics and efficiency of self-
healing in hydrogels can be influenced by factors such as temperature, pH, and the
presence of specific catalysts or stimuli(105). Researchers continue to explore novel
materials and strategies to enhance the self-healing capabilities of hydrogels, aiming to
develop materials with improved mechanical strength, rapid healing kinetics, and broad

applicability in diverse fields(103,105).

Darabi et al.(106) introduced a self-healing hydrogel combining physical and chemical
crosslinking bonds for enhanced strength and conductivity. The incorporation of acrylic
acid (AA) polymerization within the hydrogel matrix resulted in a double network, with PAA
and conductive material (pyrrole) bonds responsible for mechanical strength. Berger et
al.(107) similarly reinforced chitosan hydrogel with covalent crosslinking (PAA and PVA),
enhancing structure and functionality. However, Darabi’s hydrogel biosensor faced
challenges in rapid synthesis due to toxicity concerns in the absence of covalent bonds,
prompting Li et al.(108) to develop a self-healing hydrogel with dynamic imine linkage for
sensor applications. Despite spontaneous healing, Darabi et al.'s hydrogel required two
minutes for compression healing, with incomplete conductivity recovery, possibly due to
material concentration variations(106). Park et al.(109) explored alternative hydrogel
materials like NIPAM and B-cyclodextrin polymers, improving self-healing management.
In addition, Liang et al. developed a chitosan-based self-healing glucose biosensor with

Ce0O2/MnO2, demonstrating rapid response and promising longevity over a month(110).
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2.5 Biosensors

Biosensors, mainly wearable ones, are increasingly important for non-invasive health
monitoring and managing chronic conditions. Over recent decades, there has been
significant research into hydrogel-based biosensors. Some detect substances like
glucose or cholesterol using specific enzymes such as glucose oxidase or cholesterol
oxidase(27,111). In addition, hydrogel biosensors can be designed to detect specific
protein or nucleic acids for diagnosing specific physiological condition or genetic
disorders(112,113). Mechanical sensors are also widely used in wearable devices
including robotics and smart farming(114,115). PH-sensitive sensors have biomedical
applications, and multifunctional biosensors combine various sensing capabilities(116).
For instance, combining glucose biosensors with pH-sensitive materials enables glucose
level monitoring under different pH conditions(117). Features like pre-programmability
and self-healing capacity are also being developed(118,119). However, a major challenge
is designing thin, fast-response sensors that are highly compatible with the human body.
Thus, further research is needed to enhance sensor performance for biomedical

applications(120).

2.5.1 Non-invasive Hydrogel Biosensors

Advancements in medical technology have brought forth non-invasive hydrogel
biosensors, revolutionizing how to monitor the vital signs without resorting to invasive
methods like blood extraction. These biosensors, integrating into hydrogel materials
known for their biocompatibility, can adapt to body contours, ensuring comfort and ease

of wear(121,122). By embedding sensing components within the hydrogel structure, such
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as enzymes indicator, they can detect different biomarkers such as tears, sweat, and
urine(123). The nature of these biosensors makes them ideal candidate for continues
health monitoring a in the medical applications such as diabetes. The ongoing research

endeavors to enhance the sensitivity of these sensors(123).

To be more specific, Blood glucose monitoring is crucial for diagnosing and managing
diabetes(124). Traditional methods involve using glucose meters and test strips, which
necessitate frequent finger pricking and pose infection risks due to open wounds(27).
Minimally invasive glucose sensors alleviate discomfort and infection risks by penetrating
the skin's outer layer to access interstitial fluid for glucose measurement(27). Non-
invasive glucose sensors offer a pain-free experience without skin penetration, yet they
may be influenced by environmental factors like skin conditions(122). Zhai et al.
engineered a biosensor using platinum nanoparticles/polyaniline (PtNP/PANI) hydrogels.
Featuring a 3D porous nanostructure, this hydrogel biosensor enhances the catalytic
oxidation of glucose, thereby minimizing the diffusion distance for glucose molecules.
Consequently, the biosensor achieves ultra-sensitivity, exhibiting a rapid response time

of 3 seconds and a low detection limit of 0.7 uM(125).

2.5.2 Enzymatic and Non-enzymatic Biosensors

Enzymatic hydrogel biosensors employ enzymes embedded inside the hydrogel matrix
to detect specific molecule such as glucose(126). The application of these sensors is

based on the catalytic activity of the enzymes which provide measurable response to the
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specific bioreceptor. Additionally, the 3D matrix of the hydrogel provides adequate

protection for the enzyme, enhancing the activity and sensitivity of the biosensor(126).

On the other hand, Enzyme-free glucose sensors employ alternative methods to
accurately measure glucose levels, offering reliability and precision(127). These sensors
can adopt electrochemical mechanisms, leveraging materials like carbon nanotubes for
direct glucose interaction and electrical signal detection(127). Alternatively, optical
techniques utilize light-glucose molecule interactions, employing methods such as
plasmon resonance and fluorescence for glucose level determination. Microfluidic
sensors utilize microfluidic channels to analyze glucose concentration via refractive index
measurements(128). Notably, non-enzymatic sensors are a great alternative to enzyme-
based sensors as they can provide precise measurements without the need for enzyme
protection from degradation and other unwanted molecules such as smaller

proteins(129).

2.6 Microneedles

Microneedles (MNs) are composed of flexible micro-sized needles that are able to

penetrate the skin to deliver drugs or other substances(130,131). To be more specific,
they can bypass the outer layer of the skin, known as the stratum corneum, creating
micropores that enhance the skin's permeability for drug delivery and other biomedical
applications(131). Moreover, the skin comprises three layers: the epidermis, dermis, and
hypodermis(132). The use of hypodermic needles in the hypodermis layer can cause

swelling and pain. However, the top layer, the epidermis, which is approximately 1500 um
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thick, lacks nerve endings, allowing for the passage of lightweight molecules. Thus,
Microneedles penetrate this layer, facilitating substance delivery(133). With
advancements in microfabrication techniques, MNs have gained popularity in scientific
and industrial domains. Furthermore, MNs offer cost-friendly, safe, controlled release, and
compatibility with biodegradable materials(131). One of the applications of the MNs is
delivering the substances such as glucose into the skin for control and measurement
purposes(134). It is essential to mention that MNs provide higher benefits than traditional
needles, including painlessness with minimum skin injury and lower sensitivity. Overall,
MNs improve patient compliance, enhance drug delivery efficiency, and contribute to

patient safety during procedures(131).

Based on their materials, microneedles can be classified into solid, coated, hollow and
dissolved MN. This allows for a wide range of application including diagnostic(135). Solid
MNs are mainly designed from a single piece of metal, facilitating their application by
poking and passing through the stratum corneum (136). These MNs boast enhanced
robustness, sharpness, and longevity, attributed to their solid construction. Additionally,
they can be created from polymers, metals (gold particles) and silicone through such
fabrication methods as micro-molding(135). Solid MNs penetrate the skin by creating
micropores on the skin for the drugs to be delivered into the body in a controlled
environment. Their shorter length makes them suitable for skin analysis and monitoring
changes resulting from drug effects over time(136). Furthermore, Solid MNs are simpler
to design compared to hollow types because of the lack of hollow channels which also,

decrease the risk of clogging(136).
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Hollow microneedles feature a chamber capable of storing larger drug volumes compared
to another variant. They are specifically suitable for delivering fluids and can deliver in a
range of nanoliters to microliters to the epidermis(137). Hollow MNs have applications in
drug delivery, vaccine, and cosmetics(138,139). By controlling drug release, they
accommodate heavier medications and offer extended-release durations, lasting up to
several weeks(139). Moreover, hollow MNs can be designed through diverse techniques
such as electroforming and micro-injecting molding from polymers, metals, silicon, and
glass(140). It's crucial to note that this specific type of MNs can deliver substances
precisely to targeted locations within the skin by overcoming the stratum corneum barrier.
However, their less robust structure and higher maintenance requirements make them
less practical for industrial use compared to solid microneedles(137,141). Despite their
precision, they are prone to issues such as leakage and clogging, especially when dealing

with viscous substances(137).

Coated MNs can be consist of either solid or hollow microneedles fabricated to have the
drug or substance coated on the surface or within the coating layer. They can be designed
to dissolve or release the medicine upon administration, depending on the composition
of the coating material(142). To be more specific, these microneedles are crafted from
diverse materials including polymers, sugar, and sometimes lipids, influencing their drug
capacity and release characteristics. Moreover, it is excelled in releasing the drug rapidly
and can passing the smaller materials(135). However, the study done by Dang et al.(143)

indicates that the performance of coated microneedles for vaccine delivery parallels that
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of intradermal methods. In this concern, their performance is highly impacted by the

properties of the substance being delivered and the coating material.

Dissolved microneedle leverages the specific properties of the drugs they carry(138).
These microneedles are designed to release the drug payload as the needle tip dissolves
upon insertion into the skin. One of their notable advantages lies in their versatility
concerning size and composition, as they can be crafted from biodegradable
materials(141). Specifically, they are typically composed of water-soluble materials like
polyvinylpyrrolidone (PVP) and sugar, which augment their ability to regulate drug delivery
compared to other microneedle variants(144). For instance, in a study by Zhan et al.(145)
dissolving cellulose microneedles containing lidocaine were showcased. These
microneedles demonstrated significantly higher anesthesia rates compared to traditional
methods, albeit with a duration of effectiveness lasting only 16 minutes. This highlights
the potential of such dissolving microneedles in providing rapid and localized drug

delivery with enhanced efficacy.

2.7 Conclusion

To put it in a nutshell, hydrogels provide unique 3D structure that enhances their utility in
biomedical applications, particularly in biosensors. Their adjustable nature allows for
further innovation and progress, promising boundless potential in the future. However,
substantial research is needed to bridge existing gaps in hydrogel-based biosensors.
Some of the challenges include the biocompatibility of various hydrogel materials, and

complete self-healing ability. Addressing these obstacles is crucial for integrating
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hydrogels into clinical settings effectively. Therefore, it is essential for future experiments
and applications to design a hydrogels and biosensors that overcome the barriers such
as response time, size, chemical and toxicity while maintaining the self-healing ability,
which allows for greater sensitivity and usability.

Thus, PAM-SA hydrogel with CaCl> have been used for this study for the exceptional
combination of flexibility and toughness afforded by the hybrid double-network structure.
This hydrogel composition leverages the viscoelastic properties of polyacrylamide (PAM)
and the strong ionic crosslinking provided by the interaction between sodium alginate
(SA) and calcium chloride (CaClz). The result is a robust matrix that not only maintains
structural integrity under mechanical stress but also supports diverse biomedical
applications where durability and biocompatibility are paramount. This makes it an ideal
candidate for further functional enhancements, such as the incorporation of conductive

polymers for bioelectronic applications.
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Chapter lll: Materials and methods

3.1 Introduction

In this research, we engineered a novel hybrid double network hydrogel that combines
advantageous properties of both natural and synthetic materials, resulting in remarkable
improvements in mechanical strength and elasticity. As illustrated in Figure 1. the process
commenced with the formation of a non-conductive hydrogel by mixing sodium alginate
(SA) and acrylamide (AM) with  aluminum  persulfate (APS) and
Tetramethylethylendiamine (TEMED). This mixture was then crosslinked with N,N’
methylenebiacrylamide (MBA) and poured into specific molds to shape the desired
hydrogel based on the experiment’s requirements. Subsequently, various concentration
of Calcium chloride (CaCl.) was introduced to the hydrogel. The penetration of calcium
ions into the hydrogel initiated ionotropic gelation between calcium ions (Ca?*) and
sodium alginate polymers, resulting in the formation of calcium alginate through
crosslinking with carboxylate groups (COO-). The final SA-PAM-Ca?* was used in our
experiments. Additionally, to augment mechanical strength and introduce conductivity, we
further modified this hydrogel with Ppy. The Ppy nanoparticles were prepared separately,
and then mixed with the hydrogel precursor before gelation. The resultant Ppy-SA-PAM-
Ca?* hydrogel demonstrates promising applications in biosensors, owing to its enhanced

properties.
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Figure 1. Schematic picture of the methods. The Ppy nanoparticles were mixed with DI water with sonication
and added to the SA-PAM mixture to form conductive hydrogel with help of APS, MBA and TEMED. On the
lower part the non-conductive hydrogel was mad
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3.2 Materials

Acrylamide (AM), sodium alginate (SA), N,N’ methylenebiacrylamide (MBA),
Tetramethylethylendiamine (TEMED), Aluminum persulfate (APS) were purchased from
Sigma-Aldrich, Canada. All materials were employed as received unless otherwise

specified.

3.3 Preparation of hydrogels

3.3.1 Preparation of CaCl2 Solutions

Various solutions of CaCl, were prepared, including concentrations of Swt% (0.05 M),
10wt% (0.1 M) and 20wt% (0.2 M). Each hydrogel sample prepared as described in the

next step would be immersed fully into these solutions.

3.3.2 Preparation of SA-PAM-Ca?* Hydrogel

The SA-PAM-Ca?* hydrogels were prepared with various ratios of SA and PAM as shown
in table 1. While the amount of PAM remained constant at 4 g, varying amounts of SA
were used, including 0.2 g, 0.27 g, and 0.4 g for weight ratios of 1:20, 1:15, and 1:10
respectively. DI water was added to reach a total mass of 20 g. The mixture was
subsequently combined with 0.2% (wt%) MBA, 10% TEMED, and 10% APS in room
temperature. The duration was 5 hours for each hydrogel to form. Each resulting hydrogel
was then immersed into CaClz solutions with various concentrations as stated in the

previous section. Following immersion, the desired hydrogels were removed from CaCl:
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and washed the next day to prepare them for further procedures. It is important to note

that, the MBA is the crosslinker and TEMED and APS help further with crosslinking.

Table 1. List of specific ratio and concertation of material in support of designing the desirable

hydrogel.

Sodium Alginate (g) | Acrylamide (g) Water (mL) Ratio
0.2 4 15.8 1:20
0.27 4 15.73 1:15
0.4 4 15.6 1:10

3.3.3 Preparation of Ppy-SA-PAM-Ca?* Hydrogel

In order to prepare Ppy, 0.2 g of pyrrole monomers were mixed with 20 mg SA which in
here serves as stabilizing medium for the reaction. Subsequently, 0.1 M APS was added
to the solution, which was then placed on ice (0-2 ' C) with low speed stirring overnight to
facilitate oxidation polymerization. The following day, the Ppy nanoparticles were filtered,
washed, and dried. After that the nanoparticles were dissolve in water through sonication.
A total of 0.208 mL of this solution was then mixed with the SA-PAM precursor. The
hydrogels were fabricated similarly to the method described earlier, utilizing three different
weight ratios of 1:20, 1:15, and 1:10, with varying concentrations of 5wt%, 10wt%, and

20wt% CacCl2 separately.
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3.3.4 Sonication
The Ppy solution was prepared using a sonicator SK92-INN, operating with interval
cycle of 2 seconds on and 4 seconds off for a total duration of 60 minutes. In order to

ensure the protection, samples were placed in plastic tubes in cold bath at 2 C.

3.3.5 Microneedles

To fabricate microneedles, a mold with 4 mm needles was produced using 3D printing.
The hydrogel material was then poured into a designated medium, and the mold was
applied with downward pressure for 5 hours at room temperature, forming the desired

microneedles.

3.4 Characterizations

3.4.1 Fourier-Transformation Infrared (FTIR)

The FTIR spectroscopy analysis was conducted using a Bruker IFS 66v/s spectrometer
from Germany, equipped with attenuated total reflection (ATR) capability. This method
allowed the examination of the functional groups present within the hydrogels across a
range of 4500-500 cm-*. Prior to analysis, each sample was freeze-dried and crushed to

ensure uniformity and optimal performance under the sensor of the device.

3.4.2 Scanning Electron Microscopy (SEM)

The freeze-dried samples of hydrogels underwent a gold coating process which is used
to enhance image quality and stability. It prevents charge buildup by providing

conductivity(146), improves resolution by increasing secondary electron emission, and
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protects delicate samples under vacuum conditions(147). This ensures high-quality SEM
images. Subsequently, they were mounted onto the metal holder for morphological
examination using SEM microscopy. The SEM model employed was the FED 650,
operating at a voltage of 20eV. This examination encompassed both surface and cross-

sectional imaging for comprehensive analysis of each hydrogel sample.

3.4.3 Swelling Ratio

The swelling ratio test was conducted on all hydrogel samples with varying
concentrations, as listed in Table 1. Sample with a size of 2x2x2 cm?® were immersed into
excess water for 24 hours. Weight measurements were taken at intervals of 1, 5, 15, 30,
60, 120 minutes, as well as after 6 and 24 hours. The swelling ratio was calculated using
Equation 1, where Wt represents the weight of the swollen hydrogel and Wd signifies the

weight of the air-dried hydrogel.

SR=Wt-Wwd (1)

3.5 Mechanical Tests

The mechanical properties of the hydrogels were assessed using the Instron 5965 testing
machine, with each concentration (as listed in table 3 for both non-conductive and
conductive) tested at least three times. Average values and standard deviations for each
sample were computed and graphed using Microsoft Excel software. Additionally, the

Young's modulus was calculated from the stress-strain curves obtained during the tests.
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3.5.1 Tensile Test

Each hydrogel sample underwent a minimum of three tensile tests conducted at a
crosshead speed of 10 mm/min and room temperature. Tensile strain (¢) was calculated
using Equation 2, where L and LO represent the new and original lengths, respectively.
Tensile stress (o) was determined by Equation 3, with F representing the load, W the
width, and T the thickness of the samples. Fracture toughness was computed using the
area under the stress-strain curve (Equation 4). The hydrogels were designed as samples

with dimensions of 40 mm in Length, 17 mm in width and 7mm in thickness.
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3.5.2. Compression Test

The compression test was conducted on hydrogel samples with dimensions of 15 mm in
height and 8 mm in diameter. The tests were carried out at a speed of 20 mm/min with a

maximum compression rate of 80%.
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3.6 Rheology Test

Rheology testing was conducted using a TA DHR-2 rheometer equipped with sample
cylinders measuring 8 mm in diameter. To ensure optimal results, hydrogel samples of
various concentrations were prepared in molds with an 8 mm diameter and 1 mm

thickness.

3.7 Conductivity

The resistivity of each sample was determined using an electrochemical workstation
(Cs350, China). From that the conductivity was calculated by Equations 5 and 6, where
o represents conductivity, p represents resistivity and W and D represent thickness and

shape respectively.

| =
G

p=p0 XWxXD (6)

3.8 Statistical Analysis

In this thesis the two tailed T-test was done for our samples with equal variant of generally
n=3. The two-tailed t-test assesses whether the means of two groups are statistically

different without predicting the direction of the difference. It checks for significance in both
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directions, assuming normal data distribution. A p-value less than 0.05 typically indicates
significant differences, suggesting the results are unlikely due to chance, while a larger

p-value supports the null hypothesis that differences are due to random variations.
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Chapter IV: Result and Discussion

4.1 Hydrogel Characterization

In this section we looked at the FTIR and SEM results which provide proof regarding the

assembly of the hydrogels, porosity, and the functional group within the samples.

41.1FTIR

The hydrogel samples were made of PAM, SA and CaCl. which provides adequate
mechanical strength and elasticity. The success of the reaction was determined by having
the specific functional groups within the samples such having the amide group and
carboxylic group int eh SA-PAM-Ca hydrogel. the FTIR test was done on the samples to
verify the formation of the interaction between the functional groups. In the FTIR
spectrum. As it is demonstrated in Figure 2a, the peak at 1635 cm™ shows the
characteristic stretching amide bond of the PAM. The broad peak at wavelength of 3182
cm™ is responsible for OH and secondary amide bonds in sodium alginate and PAM,
respectively. In addition, the wavelength at 2936 cm™ is responsible for CH stretching
vibration for methyl bond in SA. the wavelength of 1580 cm™ and 1431 cm™' are also
responsible for symmetric and asymmetric carboxylic bonds in SA.(148-150). To further
substantiate the presence of the SA bond, Figure 2b presents the FTIR spectrum for SA
powder. Here, the peak at 3241 cm™, corresponding to the OH bond, is similar to the 3182
cm™ peak in Figure 2a. Additionally, the wavelengths at 1579 cm™ and 1393 cm™’
represent the asymmetrical and symmetrical stretching vibrations of the COOH groups,
respectively. These peaks are aligned with the 1580 cm-'and 1431 cm™ peaks observed

in the PAM-SA hydrogel. At the beginning of the spectrum, the peak at 1014 cm-indicates
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the elongation of the C-O group (151). In Figure 2c, the symmetrical and asymmetrical
vibrations of the COO- group are depicted at 1402 cm™ and 1577 cm™, respectively.
Additionally, the presence of the Amide bond is confirmed at 1650 cm™, indicating the
inclusion of PAM in the hydrogel. Furthermore, the NH2 bond is observed at a wavelength

of 3168 cm in Figure 2c¢.(149,150,152).

Furthermore, the FTIR spectrum of Ppy in Figure 2d is illustrating the NH bond at peak of
3168 cm™', and 1647 cm™" for stretching and bending bonds respectively. In addition, the
broad peak of 1110 cm™' is responsible for CN amine group(150,153). By analyzing the
Figure 2e, we determined the formation of the Ppy-PAM-SA hydrogel by having broader
peak at 3161 cm for overlapping NH and Oh groups of Ppy and SA which are steeper.
Also, the sharper peak at 1103 cm™' represents overlapping CN bonds for both Ppy and
PAM verifying the formation of the bonds. Similar to non-conductive hydrogel the ionic
bond between Sa and Ca?* ions was formed by showing COO- groups at wavelength of
1655 cm'. Moreover, the peaks at 870 cm™ represent the CH waging for Ppy, which is
similar to the peak 1024 cm™ on Ppy powder spectrum. Lastly the peak 2936 cm™ in

Figure 2 c,d and 2935 cm™' at Figure 2e represent CH bond(149,150,152,153).
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Figure 2. FTIR spectrum of samples. a) non-conductive SA-PAM hydrogel without CaCl,, b) SA
powder, c) SA-PAM hydrogel with addition of 10wt% CaCl,, d) Ppy powder, e) PPY-SA-PAM
conductive hydrogel with 10wt% CaCl-
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4.1.2 SEM Imaging

Similar to FTIR test, SEM imaging was performed to look into the formation of the
hydrogels as well as the porosity. Figure 3 shows the PAM hydrogel without any additional
material with 1000x magnification. From both surface and cross-sectional formation, we
can see that the interior of the hydrogel is well-defined. Moreover, Figure 4 represents the
surface and cross-sectional view of the SA-PAM hydrogel with 1:10 weight ratio and
additional of 10wt% CaCl2 in 1000x magnification. Although the controlling the porosity of
the hydrogel is still a challenge, the smaller porosity of the hydrogels in figure 4 compared
to Figure 3 verify the role of SA and Ca? in changing the hydrogel's interior
design(153,154). By looking more closely, for the SA-PAM hydrogel, the surface view
(Figure 3a) displays a porous, irregular texture, while the cross-sectional view (Figure 3b)
shows a more uniform porous structure, suggesting a heterogeneous network with
variable crosslink density. In contrast, the SA-PAM hydrogel with 10wt% CaCl. (Figure 4a
and 4b) exhibits a significantly altered microstructure; both surface and cross-sectional
views display more defined, uniform, and regular pore structures. The walls between
pores are thinner, indicating a higher degree of crosslinking facilitated by the ionic
interactions between alginate and calcium ions. This enhanced structure suggests a
stronger and more stable network, likely contributing to improved mechanical properties

suitable for applications in drug delivery, tissue engineering, and water treatment.

Furthermore, Figure 5, represents our sample with conductive material Ppy. Section a

and b illustrates surface and cross-sectional view with 1000X magnification and from

them the presence of Ppy on the hydrogel surface is shown. For better analyzation of the
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surface of the sample, 2500x magnification was also captured to verify that Ppy polymers
were perfectly cover the surface of the hydrogel. To be more specific, the rough surface
verifies the existence of Ppy polymer inside the hydrogel, and Ppy powder is also shown
for reference on Figure 5d. The distinct morphologies observed in these SEM images
underline the importance of structural control in designing hydrogel composites. The
integration of Ppy into hydrogels, as seen in the granularity and diverse particle sizes of
Ppy, necessitates a careful balance between achieving desired conductivity and
maintaining mechanical properties. For instance, uniform dispersion of Ppy within
hydrogels can enhance electrical properties without compromising the gel’s physical
integrity. Furthermore, the variation in hydrogel pore structures from these images
indicates that tailoring the crosslinking density and pore architecture can significantly
influence the hydrogel's suitability for specific applications, ranging from bioelectronics to

scaffold-based tissue regeneration.
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Figure 3. SEM imaging for PAM hydrogel. a) surface view with 1000x magnification, b) cross-sectional view with 1000x
magnification.
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Figure 4. SEM imaging for SA-PAM hydrogel with 10wt% CaCl.. a) surface view with 1000x
magnification, b) cross-sectional view with 1000x magnification.
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Figure 5. SEM imaging of PPY-SA-PAM hydrogel. a) surface view with 1000x magnification, b)
cross sectional view with 1000x magnification, c) surface view with 2500x magnification, d) Ppy
powder with 5000x magnification
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4.2 Swelling Ratio Test

The analysis of swelling ratio was conducted to provide additional confirmation of the
crosslinking reaction between Ca?* and SA-PAM hydrogel. As portrayed in Figure 6 each
polymer weight ratio of SA-PAM hydrogel, explicitly 1:10, 1:15, and 1:20, was combined
with varying concentrations of CaCl> (Owt%, 10wt%, and 20wt%). In Figure 6a, the
swelling ratio for the 1:10 SA-PAM hydrogel weight ratio is shown. We can observe that
an increase in calcium content results in a further reduction in the swelling ratio, with the
swelling behaviour at Owt% Ca?* being significantly higher than those at 10wt% and
20wt% Ca?* concentration levels. Additionally, statistically significant differences (two tail
T-test) were done between the swelling ratios at Owt% vs. 10wt% Ca?* and Owt% vs.
20wt% Ca?* in 24 hours, with sample size of four for all different samples. The P-values
of 0.005 and 0.006 is seen for Figure 6a for compression of 0Owt% vs. 10wt% Ca?* and
Owt% vs. 20wt% Ca?*, respectively. These findings verified the efficacy of calcium-

induced crosslinking in the hydrogel structure.

Moreover, Figures 6b and 6¢ correspond to weight ratios 1:15 and 1:20 of SA-PAM
hydrogel, respectively. Throughout statistical analysis of the diagrams, we have
determined that the introduction of calcium ions into the hydrogel consistently reduces
the swelling ratio significantly. Precisely, in Figure 6b, we conducted p- value of 0.002 in
t-test comparison between Owt% and 10wt% calcium concentration after 24 hours, while
the comparison between Owt% and 20wt% calcium concentration resulted in a p-value of
0.005. Furthermore, in Figure 6c¢, the p-values for the comparisons between Owt% and

10wt% calcium concentration and between Owt% and 20wt% calcium concentration in 24
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hours were found to be 0.004 and 0.005, respectively. These results reaffirm our findings

regarding the crosslinking of the hydrogel induced by the incorporation of calcium ions.

As, we inspected in the Figure 6, adding calcium ions (Ca?*) to a sodium alginate hydrogel
can decrease its swelling ratio. This occurs due to the formation of calcium alginate
crosslinks within the hydrogel matrix(155,156). Sodium alginate is a linear polysaccharide
composed of repeating units of B-D-mannuronic acid and a-L-guluronic acid(157). In the
presence of calcium ions, sodium alginate undergoes a process called ionotropic gelation,
where the calcium ions form crosslinks with the guluronic acid residues, leading to the
formation of a three-dimensional network structure. This crosslinking reduces the mobility
of polymer chains and restricts the uptake of water molecules, thereby decreasing the

swelling capacity of the hydrogel(156,158).

The extent of decrease in swelling ratio depends on various factors such as the
concentration of calcium ions, and the molecular weight of sodium alginate. Generally,
higher concentrations of calcium ions or increased degrees of crosslinking result in
greater reductions in swelling ratio(51,156). Controlling the swelling ratio and the
crosslinking density of the CaCl, and SA-PAM hydrogel helps us open doors to various
biomedical and pharmaceutical applications where controlled release of drugs or

encapsulation of cells is desired.
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Figure 6. Swelling behaviour test for hydrogel samples with Owt%, 10wt% and 20wt% concentration of
CaCl2. a) swelling ratio for hydrogels with weight ratio 1:10 of Sa-PAM hydrogel, b) swelling ratio 1:15 of
SA-PAM hydrogel, c) swelling ratio 1:20 of SA-PAM hydro
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4.3 Tensile Test

Tensile testing plays a pivotal role in understanding the strength and flexibility of materials,
making it indispensable for developing new materials and ensuring quality. By revealing
key properties like tensile strength and elasticity, this testing helps engineers and
scientists predict how materials will perform under stress. This knowledge is crucial not
only for maintaining high standards in material manufacturing but also for meeting
regulatory requirements and ensuring the safety and reliability of structural applications

across various industries.

4.3.1 Tensile test for non-conductive hydrogel samples

Analyses of the mechanical properties of SA-PAM hydrogels, influenced by different ratios
of sodium acrylate (SA) to polyacrylamide (PAM) and varying concentrations of calcium
chloride (CaCl.), have illuminated significant understandings. The tensile tests, that we
conducted across three different SA:PAM weight ratios (1:10, 1:15, and 1:20),
demonstrate that the incorporation of CaCl. generally enhances the tensile strength of
the hydrogels. Specifically, in Figure 7a. (1:10 SA-PAM weight ratio) the addition of 5wt%
CaCl2 (green curve) into the hydrogel significantly improved strength compared to the
hydrogel without CaCl; (blue curve) where it changed from 32 KPa to 56KPa. Increasing
the CaCl2 concentration to 10wt% (red curve) further elevated the tensile strength, while
having great elasticity with almost same as the sample with Owt% CaCl2 (0.69 mm/mm).
Interestingly, the 10wt% CaCl, curve shows an initial high slope (high modulus) and
extends to a high, suggesting it might be the most ductile and toughest among the 1:10

weight ratios. Although 20wt% CaClz (black curve), the hydrogel exhibited the highest
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tensile strength and modulus, yet failed abruptly at 0.36 mm/mm almost half of 10wt%

concentration, showcasing a trade-off between strength and flexibility.

Moreover, In Figure 7b. the SA-PAM weight ratio of 1:15 under similar CaCl, variations
similarly followed the trend observed in the first graph. The modulus of the hydrogel
improves with increasing CaClz, leading to greater initial stiffness. The 10wt% CaCl2 (red
curve) again offers the best balance between high stress and reasonable strain
capabilities, achieving the highest peak stress at 70KPa which is almost 3 times more
than the sample with no CaCl.. The toughness is optimal at this concentration, which can
absorb a significant amount of energy before failing, compared to the 20wt%
concentration (black curve) that, despite its high modulus, exhibits pronounced brittleness

and a drastic drop in toughness due to minimal elongation before breaking.

Figure 7c, showcasing an SA:PAM weight ratio of 1:20, also demonstrate similar pattern
but with notable differences in strain at break and overall toughness where none of the
samples could elongate more than 0.5 mm/mm. The modulus increases with CaCl:
concentration, reaching its maximum at 20wt% CacCly, indicative of very high stiffness.
However, the sample with 10wt% CaCl. (red curve) strikes the most favorable balance,
maintaining a high modulus while still allowing for greater elongation compared to the
20wt% concentration. Therefore, across all tested SA:PAM (weight) ratios, the 10wt%
CaClz concentration is considerable noble, where the hydrogel shows not only high stress
absorption but also better resistance to abrupt failure, making it suitable for applications

where both strength and flexibility are required.
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Figure 7. tensile test for hydrogel samples with various ratios with Owt%,5wt%, 10wt% and 20wt%
concentration of CaCl2. a) tensile test for 1:10 weight ratio of SA-PAM hydrogel, b) tensile test for
1:15 weight ratio of SA-PAM hydrogel, c) tensile test for 1:20 weight ratio
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To verify the findings in more details, each sample was tested three times, and the
average is shown in Figure 8 for module, stress, strain, and toughness for our defined

ratio in various concentrations of Owt%, 5wt%, 10wt%, and 20wt% CaCl..

Examining the data more closely, Figure 8a. represents the comparison of modulus. The
1:10 weight ratio consistently exhibits the highest modulus across all CaCl2
concentrations. Such ratio the modulus increases more than 4 times time from 94.8 KPa
in Owt% CaClz to 385 KPa in 10wt% CaCl.. This trend highlights a significant impact of
CaCl2 on hydrogel elasticity at this ratio. The 1:15 weight ratio, while showing an overall
upward trend in modulus, records lower values than the 1:10 weight ratio across similar
concentrations. Starting at around 110 KPa without CaCly, it reaches its peak at 317.2
KPa with 10wt% CaClz which is significantly lower than the modulus of 1:10 weight ratio
in 10wt% CacCl. with p value of 0.0039. Meanwhile, the 1:20 weight ratio presents a more
variable pattern. Beginning at roughly 140 KPa at Owt% CaClz, it peaks at 267.90 KPa
with 10wt% CaCl. before and similar to 1:15 weight ratio it shows significantly lower
modulus compared to 1:10 weight ratio with p value 0.001. In addition, the slight decrease
of modulus to 219.20 KPa at 20wt% CaCl. concentration suggests that increasing the

CaCl. concentration might not be as effective at maintaining stiffness.

The decrease in the modulus can be because of the oversaturation of CaCl. which
indicates that because of the excess concentration of the Calcium chloride some of it
could not effectively crosslink. In addition, the high ion concentration can result in altered

hydrogel structure and cause reduction in modulus.
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Figure 8b. provide analysis for stress response. The 1:10 weight ratio, which exhibits the
highest stress values at all CaCl, concentrations, the stress starts at approximately 29.6
KPa when no CaCl is present and climbs to 64 KPa at 20wt% CaCl> concentration.
Although, 20wt% CaCl2 shows higher stress than 62.4 KPa in 10wt%, the difference is
not significant and 10wt% is still provide excellent tensile strength. Conversely, the 1:15
weight ratio, while following a similar upward trend, consistently records slightly lower
stress levels compared to the 1:10 weight ratio. It begins at 21.1 KPa without CaCl. and
increases to about 57.49 KPa at the highest CaCl> concentration. Moreover, the 1:20
weight ratio starts with tensile strength of 24.2 KPa at Owt% CaClz, indicating an initial
better resistance to mechanical stress possibly due to a higher proportion of the polymer.
However, as CaCl, concentration increases, this ratio shows a lesser increase in stress
compared to the other ratios, reaching 60.47 KPa at 20wt% CaClz. This suggests that
while the initial polymer content provides inherent strength, the weight ratio becomes less

effective under higher CaCl> concentrations.

Furthermore, Figure 8c. provides detailed evaluation of the strain behavior of our
hydrogels samples. For the 1:10 hydrogel weight ratio, which displays the highest initial
strain at 67.7% (0.677 mm/mm) with no CaClz, there is a marked decrease in strain as
the CaCl, concentration increases, reaching 46% (0.46mm/mm) at 20wt% CacCl..
However, it is important to mention, that while the elongation reduced by increasing CaCla,
10wt% concentration of CaClz still represent notably high strain with 54.5% (50.545
mm/mm). This significant reduction indicates that the hydrogel becomes substantially

stiffer with increased CaClz, reflecting a dense cross-linking network that limits the
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material's ability to elongate. The 1:15 weight ratio starts with a strain of 49.5% (0.495
mm/mm) at Owt% CaCl> and undergoes a modest change to 53.2% (0.532 mm/mm) at
20wt% CaClz. This behavior suggests a relatively more elastic network compared to the
1:10 weight ratio, indicating that this mixture might be preferred in applications where a
balance between elasticity and stiffness is necessary. On the other hand, the 1:20 weight
ratio showcases a unique trend; it starts with the lowest initial strain at 26.3% at Owt%
CaCl2 but exhibits an increase to 43% at 20wt% CaCl.. The almost similar strain of 40%
and 43% for 10wt% and 20wt% CacCl. could suggest a threshold effect where beyond a
certain point, additional CaClz no longer contributes significantly to further cross-linking,

or it might indicate a different structural rearrangement within the hydrogel matrix.

Lastly, Figure 8d, demonstrate variation in toughness of hydrogels across different ratios.
For the 1:10 hydrogel weight ratio, toughness shows a marked increase from 13.3 KJ/M3
at Owt% CaCl; to 19.9 KJ/M? at 10wt% CaCl,, indicating that this ratio achieves an optimal
cross-linking density that allows the hydrogel to absorb substantial energy. Similarly, the
1:15 weight ratio begins at a low toughness of 6.6 KJ/M?® at Owt% and reaches its peak at
23.8 KJ/M3 at 10wt% CaCl,. The 1:20 weight ratio, starting with the lowest toughness of
4.4 KJ/M3 at Owt% CaCly, progressively increases to 17 KJ/M?3 at 10wt% CaCl.. Despite
improvements, it remains the least tough under all tested conditions, likely due to a less

robust cross-linked network compared to the lower hydrogel to CaCl: ratios.

The analysis of Figures 7 and 8 indicates a clear trend: higher CaCl> concentrations

improve the hydrogel's modulus, stress resistance, and toughness but reduce its strain
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or elongation capability. This trade-off highlights the critical role of CaClz in tailoring
hydrogel properties for specific uses. The 1:10 weight ratio with 10wt% CaClz
concentration consistently offers the best overall mechanical properties, suggesting its
suitability for applications requiring robust, durable materials that can withstand significant

mechanical stresses.
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Figure 8. Bar graph of parameters of stress-strain curve for weight ratio of 1:10, 1:15, 1:20 of SA-
PAM hydrogel with Owt%, 5wt%, 10wt% and 20wt% CaCl.. a) module, b) stress, c) strain, d) area
under the curve (toughness). Three samples were used to test for each test.
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4.3.2 Tensile test for conductive hydrogel

Conductivity is a crucial property for hydrogels used in applications such as sensors,
actuators, and wearable devices. To enhance the electrical properties of SA-PAM
hydrogels, we have incorporated the conductive polymer Ppy. This addition helps with
hydrogels in applications requiring not only mechanical integrity but also high conductivity.
The following analysis demonstrates the tensile characterization of the PPY-SA-PAM

hydrogels, thereby identifying optimal formulations for specific functional requirements.

By looking at Figure 9. in the analysis of SA-PAM hydrogels enhanced with PPY, we can
see those varying concentrations of CaCl. significantly influenced the mechanical
properties. In Figure 9a. the hydrogel with Swt% CaCl> (green curve) demonstrated a
steady increase in stress with strain, exhibiting good elasticity and strength before a
sudden drop, indicative of material failure at a relatively high strain. This suggests a
balance between flexibility and mechanical strength. Additionally, the hydrogel with
10wt% CaCl, (red curve) reached the highest stress level at 67.8 KPa among the set
while maintaining highest elongation, pointing to an optimal cross-linking density that
provides superior strength. On the other hand, the 20wt% CaCl, sample (black curve)
displayed the highest initial stiffness and the least ductility, failing at a low strain of
0.6mm/mm, which underscores the trade-offs between stiffness and breakability in

hydrogel structure.

Figure 9b. is indicating hydrogels with a 1:15 SA-PAM weight ratio, revealed that the

addition of 5wt% CaCl2 (green curve) provides moderate stress capabilities and superior
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elongation of over 100%, suggesting it is appropriate for applications requiring extended
deformation. The 10wt% CaCl. (red curve), while achieving the highest stress peaks
indicative of greater strength, followed a similar pattern as red curve on Figure 9a. The
20wt% CaClz concentration (black curve) exhibited the highest initial modulus but also
the most pronounced brittleness, failing at very low strains and thus, verifying that 10wt%

CaCl: is optimal concentration.

Furthermore, Figure 9c. specifying the SA:PAM weight ratio of 1:20, showed unique
mechanical behaviors. The hydrogel with 5wt% CaCl> (green curve) displayed less
dramatic stress development but maintained a gradual failure process, indicating a
balance that may favor applications requiring both strength and flexibility. The 10wt%
CaCl2 (red curve) exhibited a robust stress profile, achieving high peaks that suggest an
optimal mix of cross-linking for mechanical strength by having highest elongation of 0.72
mm/mm. Conversely, the 20wt% CaCl: (black curve) demonstrated extreme stiffness by
having tensile strength of 56 KPa, but very low strain of 0.59 mm/mm, reaffirming the
heightened brittleness associated with high CaClz concentrations. Therefore, across all
SA:PAM ratios tested with addition of Ppy conductive material, The 10wt% CaCl:
concentration provided the best compromise, showing enhanced tensile strength while

still maintaining sufficient ductility and toughness.
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Figure 9. tensile test for conductive hydrogel samples with various ratios with ,5wt%,10wt% and
20wt% concentration of CaCl,. a) tensile test for 1:10 ratio of PPY-SA-PAM hydrogel, b) tensile
test for 1:15 ratio of PPY-SA-PAM hydrogel, c) tensile test for 1:20 ratio of PPY-SA-PAM hydrogel
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Similar to non-conductive hydrogels, to provide a more detailed validation of the results,
each sample underwent at least three separate tests. The mean values of these tests are
presented in Figure 10, which shows the modulus, stress, strain, and toughness of
samples with predetermined ratios across varying CaCl, concentrations of Owt%, 5wt%,

10wt%, and 20wt% for PPY-SA-PAM hydrogel.

In Figure 10a. notably, the modulus reaches its highest peak at a 10wt% CaCl2
concentration for the 1:10 hydrogel weight ratio, achieving a high of 385.3 KPa. This peak
is significantly higher than 1:10 weight ratio with 20wt% CaCl. with p value of 0.004.
Additionally, this suggests an optimal cross-linking density at this concentration, which is
essential for maximizing stiffness without compromising the structural integrity of the
hydrogel. However, a subsequent decrease in modulus at 20wt% CaClz, falling to 284.9
KPa, points to potential over-saturation or structural imbalances within the hydrogel
network at higher concentrations. Moreover, the 1:15 and 1:20 weight ratios follow a
similar pattern of initial increases followed by a plateau or slight reduction in modulus as
CaCl. concentration increases. For instance, the 1:15 weight ratio rises to 337.2 KPa at
10wt% CaClz and slightly decreases to 295 KPa at 20wt% CaCl,. Similarly, the 1:20
weight ratio climbs to 280.5 KPa at 10wt% from 149.6 KPa in 5wt%, but then falls to 201.3
KPa at 20wt%. These trends suggest a diminishing return in cross-linking efficiency at
higher CaCl> concentrations, possibly due to the hydrogel reaching its cross-linking

capacity, which could lead to less effective structural reinforcement or even degradation.
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The data in Figure 10b illustrate the result for stress. the 1:10 weight ratio shows an
increase in tensile strength from 48.1 KPa at Swt% CaCl: to a peak of 61.5 KPa at 10wt%
CaClz, before slightly decreasing to 55.5 KPa at 20wt% CaCl,. This pattern suggests a
robust enhancement at 10wt% CacClz, which is likely due to optimal cross-linking density
that reduces at higher concentrations. Similarly, the 1:15, and 1:20 weight ratios start at
lower stress level of 50.1 KPa and 32.6 KPa respectively 5wt% CacCl;, then peak at 57.4
KPa and 52.4 KPa respectively for 10wt% CaCl> before slightly decreasing at 20wt%
CaClz. These behaviour reveals a general trend for all ratios where stress resistance
tends to increase with the CaClz concentration from 5wt% to 10wt% following a decrease
in 20wt%. This suggests an over-crosslinking in hydrogel structures in 20wt% CaCl2
concentration where the hydrogel becomes rigid and lead to a structure that is brittle,
reducing its overall effectiveness under stress Therefore, a robust enhancement at 1:10

weight ratio with 10wt% CaCl,, suggest a near optimal cross-linking density.

Furthermore, Figure 10c. illustrates insights into the flexibility and elasticity of our
samples where we can see a similar trend of Figure 10b 1:10 and 1:15 weight ratios. 1:10
and 1:15 weight ratios start with 65.4% (0.645mm/mm) and 85.6% (0.85 mm/mm) in 5
wt% CaClz respectively and increase to highest elongation of 88% (0.88 mm/mm) and
86.4% (0.864 mm/mm) at 10wt%, follow with around 20% decrease in 20wt% CaCl:
concentration. This trend shows that the 10wt% CaCl. is an optimal concentration for the
Ppy hydrogel to maintain good amount of elongation. In the contrast, the 1:20 weight ratio
shows decreasing trend from 63.1% (0.631 mm/mm in 5wt% to 39.6% (0.396 mm/mm) in

20wt% CaCly, verifying that an increase in CaClz decrease the elasticity.
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Lastly, Figure 10d. showcases the toughness of our hydrogel samples containing Ppy.
The 1:10 weight ratio (blue bars) peaks at 34.1 KJ/M? at 10wt% CaCl,, indicating optimal
cross-linking at this concentration, but experiences a slight decrease at 20wt% CaClz. the
1:15 weight ratio starts with the highest toughness at 24.1 KJ/M? at 5wt% CaCly, up to
30.8 KJ/M? at 10wt% CaCl; and then drop to 22.5 KJ/M?3 at 20wt% CaCl,. Conversely, the
1:20 weight ratio (green bars) shows a less pronounced increase in toughness with higher
CaCly, starting at 14.7 KJ/M3 at 5wt% and peaking only slightly higher at 18.8 KPa at
10wt%, then dropping to 15.5 KJ/M3 at 20wt% CacCly, and further to 22.5 KJ/M?3 at 20wt%
CaClz. This shows that the 10wt% CaCl; is the optimal concentration for our samples with
1:10 (weight ratio) being the highest. Subsequently across the different hydrogel (weight)
ratios, the trend in toughness does not change significantly with increasing CaClz
concentrations, indicating complex interactions between the polymer network and the
cross-linking agent, where the optimal cross-linking density, which maximizes toughness,

is influenced by both the concentration of CaClz and the specific hydrogel ratio.

The analysis of figure10, showed the mechanical properties of conductive hydrogels
infused with Ppy across various CaCl, concentrations, key findings demonstrate the
complex interaction between hydrogel composition and CaCl; in optimizing our samples.
These findings highlight the critical need for precise adjustment of cross-linker
concentrations to modify hydrogels for specific applications, balancing between
enhancing mechanical strength and maintaining necessary flexibility. Ultimately, we saw
that the 1:10 weight ratio with 10wt% CaCl> concentration provides the most optimal

composition.
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Figure 10. Bar graph of parameters of stress-strain curve for conductive hydrogels with Ppy,
weight ratios of 1:10, 1:15, 1:20 of SA-PAM with Owt%, 5wt%, 10wt% and 20wt% CaCl,. a)

module, b) stress, c) strain, d) area under the curve (toughness). Three samples were used to
test for each experiment (n=3).
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4.3.3 Comparison of tensile test between conductive and non-conductive samples

One of the most important differences between conductive and non- conductive was the
absence of Owt% CaCl> samples in experiments involving conductive polymers
polypyrrole. This variance highlights importance of CaCl, as a cross-linking agent in
stabilizing the hydrogel structure. In these hydrogels, CaCl: facilitates the formation of
ionic bonds between polymer chains, which is essential for forming a coherent and stable
gel matrix(155). The introduction of Ppy, known for its conductive properties and potential
disruptive interactions with polymer chains, necessitates the presence of CaCl> to
counterbalance these effects. Without CaClz, the polymer chains may fail to cross-link
adequately, particularly due to the hydrophobic and rigid nature of Ppy, which can interfere
with gel formation(159). Thus, we can conclude that CaCl: is important in ensuring that
the conductive hydrogels not only form correctly but also maintain their structural integrity
and functional properties, highlighting its pivotal role in the successful integration of

conductive materials like Ppy into hydrogel systems.

When analyzing the mechanical properties of non-conductive hydrogels (Figure 8) and
comparing them with conductive hydrogels containing Ppy (Figure 10), several distinct
patterns and differences emerge, which are crucial for understanding the effect of Ppy on
hydrogel behavior. Both types of hydrogels exhibit increased modulus and stress
resistance with higher CaCl, concentrations. However, non-conductive hydrogels display
less pronounced increases, suggesting the impact of Ppy on cross-linking and stiffness.
In contrast, conductive hydrogels with Ppy show moderated increases especially at higher

CaCl2 concentration. Additionally, regarding the stress the conductive hydrogels have
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lower tensile strength. These differences likely due to Ppy affecting the cross-linking

efficiency and interfere with formation the ultimate stress resistance.

Furthermore, non-conductive hydrogels experience reduced strain with increasing CaClz
concentration. Whereas conductive hydrogels maintain higher initial strain levels across
all concentrations, suggesting that Ppy provides enhanced elasticity, though this reduces
with higher CaCl> concentrations. For toughness, non-conductive hydrogels exhibited
improvement consistently with increase in CaCl: concentration, while conductive
hydrogels exhibit fewer uniform enhancements. Through this analyzation we saw that the

1:10 weight ratio of PAM-SA hydrogel with 10wt% CaCl: provides the best formation.

4.4 Compression Test

Compression tests are performed to evaluate the mechanical properties of materials
under compressive load, which is critical for understanding how they behave under forces
that reduce their size. This information is essential for applications where the material will
experience compressive stress, as it helps determine its strength, stiffness, and durability,

ensuring it can withstand real-world conditions without failing.

4.4.1 Compression Test for Non-conductive Samples

Figure 11. represent the results of compression tests on SA-PAM hydrogel samples with
varying concentrations of CaCl, and different weight polymer ratios. They illustrate the
stress-strain behavior of each sample, providing insights into how different formulations

affect the mechanical properties of our samples.
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Figure 11a. illustrates the stress-strain behavior and mechanical properties of SA-PAM
hydrogel with a 1:10 weight polymer ratio. The blue curve, representing Owt% CacCly,
shows a gradual increase in stress with strain, peaking at approximately 300 KPa at a
strain of around 0.55 mm/mm. The initial slope of this curve indicates a lower modulus,
suggesting that the hydrogel is less stiff. The green curve for Swt% CaCl. demonstrates
a more rapid increase in stress, achieving a peak of around 400 KPa at a strain of 0.6
mm/mm. This curve's steeper initial slope implies a higher modulus, meaning increased
stiffness. Additionally, the red curve, corresponding to 10wt% CaCl2, exhibits a
significantly steeper rise, with stress of around 3 times more than 5wt% sample, peaking
at approximately 1300 KPa at a strain of 0.75 mm/mm. This indicates the highest modulus
and the greatest stiffness among the curves. The large area under the red curve denotes
the highest toughness, indicating considerable energy absorption before failure. The
black curve for 20wt% CaClz shows a substantial initial increase in stress, peaking at
about 800 KPa at a strain of around 0.6 mm/mm. Despite having a high modulus, the
peak stress is lower than the red curve, indicating reduced toughness compared to the

10wt% CaCl2 hydrogel.

Moreover, in Figure 11b. the samples with 1:15 weight polymer ratio follows same trend
as Figure 11a. with an exception that none of the samples show mechanical strength of
more than 500 KPa. With this said, the blue curve for Owt% CaCl2 reveals a slow initial
stress increase, peaking at around 330 KPa at a strain of 0.7 mm/mm. This gentle initial
slope suggests a lower modulus and stiffness, while the area under the curve indicates

moderate toughness. The green curve for 5wt% CaCl. shows a more pronounced stress
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increase, peaking at about 440 KPa at a strain of 0.55 mm/mm. The steeper initial slope
compared to the blue curve suggests a higher modulus and increased stiffness, and the
larger area under the curve reflects higher toughness. The red curve for 10wt% CaCl2
indicates the steepest rise, with stress peaking at approximately 500 KPa at a strain of
0.5 mm/mm. This curve demonstrates the highest modulus and stiffness among the four,
with substantial toughness due to the large area under the curve. The black curve for
20wt% CacClz, while showing a slightly lower peak stress than the red curve, maintains a
high modulus due to its initial slope. The peak stress is around 470 KPa at a strain of 0.6
mm/mm, which is lower but not significantly than 10wt% ratio. The observed trend shows
slightly different but overall close mechanical strength for samples with 10wt% and 20wt%
CaClz, showing that increasing the ratio doesn’t necessarily increase the strength of the

hydrogel.

Figure 11c. illustrates the stress-strain behavior and mechanical properties for SA-PAM
hydrogels with a 1:20 weight polymer ratio. The blue curve for Owt% CaCl> shows a
gradual stress increase, peaking at around 610 KPa at a strain of 0.78 mm/mm. The
moderate initial slope suggests a higher modulus and stiffness compared to previous
ratios. The green curve for 5wt% CaCl. demonstrates a less steep initial slope than the
blue curve, peaking at approximately 430 KPa at a strain of 0.72 mm/mm, suggesting a
slightly lower modulus and stiffness. However, the toughness remains greater due to
addition of CaClz. Similar to Figure 11a. the red curve shows the highest modulus and
stiffness as well as highest stress level of about 1230 KPa at a strain of 0.62 mm/mm. the

sharp increase provides the largest area under the curve denoting the highest toughness
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and energy absorption before failure. On the other hand, the black curve for 20wt% CaCla,
despite its high modulus due to the initial slope, shows a peak stress of around 450 KPa
at a strain of 0.55 mm/mm, which is less than 50% of the peak stress for the 10wt% CaCl>

sample.

Across all three weight ratio samples of PAM-SA (1:10, 1:15, and 1:20), increasing the
concentration of CaClz consistently results in higher compressive stress tolerance, higher
modulus, and increased toughness, although the relationship is not strictly linear for the
20wt% CaCl> concentration. The hydrogels' stiffness improves with higher CaCl:
concentrations, enabling them to withstand greater compressive forces. However, the
strain at which peak stress occurs tends to vary, indicating a complex interaction between
the hydrogel composition and its mechanical properties. These observations underscore
the significant influence of both CaCl. concentration and polymer ratio on the mechanical
properties of SA-PAM hydrogels, with 10wt% CaClz concentration generally showing
enhanced stiffness and peak stress while also increasing the energy absorption capacity,

reflecting better toughness.
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Different Concentration of CaCl, with weight ratio 1:10 for SA-PAM hydrogel
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Figure 11. compression mechanical test for non-conductive hydrogel samples with various ratios
with ,5wt%, 10wt% and 20wt% concentration of CaCl.. a) tensile test for 1:10 weight ratio of SA-
PAM hydrogel, b) tensile test for 1:15 weight ratio of SA-PAM hydrogel, c) tensile test for 1:20
weight ratio of SA-PAM hydrogel.
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Similar to the tensile test, we ran compression tests three times for each sample and the
result of the average is shown on Figure 12, providing deeper insight into the mean value
of each parameter of hydrogels with different weight polymer ratios (1:10, 1:15, and 1:20)
across four concentrations of calcium chloride: Owt%, 5wt%, 10wt%, and 20wt% to

determine the applications for our samples.

Figure 12a. shows represent the modulus for our compression test comparison. At a Owt%
CaCl, concentration, the modulus values show a gradual increase with higher polymer
ratios, going from 67 KPa for the 1:10 weight ratio to 78.5 KPa for the 1:20 ratio. This
suggests that higher polymer concentrations without CaClz slightly enhance stiffness,
likely due to a denser polymer network that provides more resistance to deformation.
Although the introduction of 5wt% CaCl: increases the stiffness, the significant difference
is observed at 10wt% CaCl> concentration where 1:10 weight ratio is almost 3 times more
than its Owt% CaCl,. Additionally, the peak of 178.9 KPa in 1:10 shows optimal stiffness
compared to 134.1 KPa and 126.9 KPa for the 1:15 and 1:20 weight ratios, respectively.
Notably, Statistical analysis also shows a significant difference for this ratio compared to
the 1:15 weight ratio, with a p-value of 0.005. In contrast, when the CaClz concentration
is increased to 20wt%, the modulus values decrease compared to the 10wt%
concentration. Specifically, the modulus is 106.5 KPa for the 1:10 ratio, 134.6 KPa for the
1:15 weight ratio, and 95.4 KPa for the 1:20 weight ratio. This suggests that an excessive

amount of CaClz may lead to over-crosslinking, reducing the hydrogel's stiffness.
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Figure 12b. is responsible for visualization of stress responses for our samples. At Owt%
CaClz, the stress values increase moderately with higher polymer ratios. The stress is
361 KPa for the 1:10 ratio, 329.6 KPa for the 1:15 ratio, and peaks at 456.1 KPa for the
1:20 weight ratio. Moreover, the same pattern is showing in 5wt% CaCl, compared to
Owt% while being moderately higher than Owt% CaCl,, with the 1:20 weight ratio again
demonstrating the highest stress at 570.1 KPa. This trend suggests no significant
difference between them. On the other hand, the effect of CaClo becomes more
pronounced at a 10wt% concentration. Similar to Figure 12a. the hydrogel with a 1:10
weight polymer ratio exhibits a remarkably high stress of 1514.1 KPa, almost three times
greater than its counterpart at Owt% CaCl.. This intense increase highlights the
fundamental role of CaClz in optimizing the cross-link density, which significantly
strengthens the hydrogel. However, at 20wt% CaCl., stress values decrease across all
ratios with highest being 778.7 KPa for the 1:10 weight ratio, indicating potential over-

cross linking that reduces mechanical integrity.

Figure 12.c Provides comprehensive analysis of strain percentage. At a Owt% CaClz
concentration, there is progressive increase in values with higher polymer ratios.
Specifically, the strain rises from 57.8% at the 1:10 ratio to 66.5% at the 1:20 weight ratio.
This trend suggests that higher polymer concentrations enhance the hydrogel's flexibility
and deformability. Furthermore, adding 5wt% CaCl. leads to a slight increase in strain
values across all polymer ratios. The 1:20 weight ratio exhibits the highest strain at 64.5%,
while the 1:10 and 1:15 weight ratios show 61% and 60.8%, respectively. The differences

between the ratios are less pronounced than at Owt% CacClz, indicating that the addition
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of CaCl, maintains the hydrogel's flexibility while providing moderate cross-linking that
enhances structural integrity. At a 10wt% CaClz concentration, the strain values peak
significantly, particularly for the 1:10 weight ratio, which reaches 75.9%. The 1:20 weight
ratio also shows high strain at 71.5%, while the 1:15 ratio decreases to 57.7%. These
results suggest that at 10wt% CacClz, hydrogels with the 1:10 and 1:20 weight polymer
ratios achieve an optimal balance between cross-linking and flexibility. Similar to Figure
12b. increasing CaClz to 20wt% results in a decrease in strain values compared to the
10wt% concentration. The strain values are relatively uniform across ratios, with a slight
peak of 63.7% at the 1:15 weight ratio. This decline verify reduction in hydrogel’s flexibility

and elasticity.

The last section Figure 12d. presents the toughness for our samples. Even though, 5wt%
show relatively higher value than Owt% they are not significantly different. For example,
the 1:15 weight ratio goes from 47.1 KJ/M? to 53.4 KJ/M? for 5wt% CaCl, with p value
0.38. Additionally, at a 10wt% CaClz concentration, the toughness peaks significantly for
the 1:10 weight ratio, reaching 145.8 KJ/M3. This dramatic increase highlights the
effectiveness of CaClz in optimizing cross-link density, substantially improving the
hydrogel's toughness. notably, the 1:20 ratio also shows considerable toughness at 86.6
KJ/M3, while the 1:15 ratio decreases to 51.5 KJ/M3. Increasing the CaCl, concentration
to 20wt% results in a decrease in toughness values compared to the 10wt%
concentration. The 1:10 weight ratio maintains a relatively high toughness of 95.6 KJ/M3,
while the 1:15 and 1:20 weight ratios show reduced values of 71.1 KJ/M® and 62.1 KJ/M3,

respectively. Similar to other 20wt% values for Figure 12a, b, and c. this decrease
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suggests that excessive CaCl> may lead to over-crosslinking, which reduces the

material's ability to absorb energy efficiently.
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Figure 12. Bar graph of parameters of stress-strain curve for non- conductive hydrogels for
compression test, weight ratios of 1:10, 1:15, 1:20 of SA-PAM with Owt%, 5wt%, 10wt% and
20wt% CaCl.. a) module, b) stress, c) strain, d) area under the curve (toughness). Three samples
was used to test for each experiment (n=3).
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4.4.2 Conductive hydrogels

Conductive hydrogels, such as those incorporating polypyrrole (PPY), offer a unique
combination of electrical conductivity and mechanical flexibility, in this section we are
looking at the conductive samples and their behaviour under 5wt%, 10wt% and 15wt%

CaCl; condition with various (weight) polymer ratios.

Figure 13 illustrates the stress-strain behavior of SA-PAM hydrogels with a varying
polymer ratio and conductive material Ppy at different CaCl. concentrations. Figure 13.a
is responsible for conductive hydrogels with 1:10 weight polymer ratio, the 5wt% CaCl>
hydrogel (green curve) shows a gradual increase in stress, peaking at 600 KPa at a strain
of 0.8 mm/mm, indicating moderate modulus and toughness. In comparison, the 10wt%
CaClz hydrogel (red curve) peaks at 1050 KPa at a strain of 0.7 mm/mm, demonstrating
higher modulus, stiffness, and toughness. The 20wt% CaClz hydrogel (black curve) peaks
at 950 KPa at a strain of 0.6 mm/mm, suggesting that although a higher CaCl:
concentration increases stress strength, beyond a certain limit it becomes brittle and

cannot withstand higher strains.

Figure 13b illustrates the stress-strain behavior of PPY-SA-PAM hydrogels with a 1:15
weight polymer ratio. The 5wt% CaClz hydrogel reaches a peak stress of around 700 KPa
at a strain of 0.8 mm/mm, indicating a moderate modulus and toughness. The 10wt%
CaCly hydrogel (red curve) and the 20wt% CaCl> hydrogel (black curve) show similar
peak stresses, with the 10wt% hydrogel peaking at 700 KPa and the 20wt% hydrogel at

800 KPa. However, they occur at different strains of 0.75 mm/mm and 0.65 mm/mm,
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respectively, suggesting that the 10wt% CaCl. concentration provides stiffer and tougher
hydrogels. Similarly, in Figure 13c, the 10wt% CaCl. hydrogel (red curve) and the 20wt%
CaClz hydrogel (black curve) show relatively close peak stress values of around 700 KPa.
However, the 10wt% CaCl> hydrogel demonstrates higher modulus and toughness, as

indicated by a larger strain of 0.8 mm/mm.

The analysis of the stress-strain behavior for SA-PAM hydrogels with conductive material
PPY across different CaCl, concentrations and weight polymer ratios (1:10, 1:15, and
1:20) reveals that increasing CaClz concentration enhances the mechanical properties of
the hydrogels, with the 10wt% CaCl. concentrations providing the best balance of
strength and durability across different polymer ratios. These findings underscore the
importance of optimizing CaCl, concentration and polymer ratio to tailor the mechanical

performance of conductive hydrogels for specific applications.
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Figure 13. Compression test for conductive hydrogel samples with various ratios with
,5wt%, 10wt% and 20wt% concentration of CaCl.. a) tensile test for 1:10 weight ratio of PPY-SA-
PAM hydrogel, b) tensile test for 1:15 weight ratio of PPY-SA-PAM hydrogel, c) tensile test for
1:20 weight ratio
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Figure 14 provides insight and comparison regarding average of the modulus, stress,
strain and toughness of three separate tests for our conductive Ppy hydrogels at CaClz
concentrations of 5wt%, 10wt%, and 20wt% across weight polymer ratios of 1:10, 1:15,

and 1:20.

Figure 14a assesses the modulus of conductive polypyrrole (Ppy) hydrogels. At 5wt%
CaCly, the modulus is highest at 120.10 KPa for the 1:10 weight ratio, suggesting effective
initial cross-linking. For the 1:15 and 1:20 weight ratios, the modulus drops to 84.3 KPa
and 112.20 KPa, respectively, indicating varied cross-linking efficiency at different
polymer concentrations. Additionally, the 10wt% CaCl. level shows a uniform and optimal
increase in modulus across all weight ratios with 234.20 KPa at 1:10, 230.1 KPa at 1:15,
and 231.80 KPa at 1:20, indicating a saturated cross-linking effect on stiffness. Similarly,
the pattern continues for 20wt% CaCl2 where all the ratio values increased from 10wt%
CaClz, while the modulus decreased 7 KPa for the 1:20 weight ratio. These changes

indicate the effect of the CaCl. in the hydrogel.

Moreover, Figure 14b. represents the stress behaviour of our samples. Similar to Figure
14a, at 5wt% CaCly, stress is highest for the 1:10 weight ratio at 576.10 KPa. This peak
suggests that lower polymer ratios optimize CaClz utilization for cross-linking, thereby
enhancing strength. Stress decreases with increasing polymer content, with the 1:20
weight ratio recording the lowest at 500.70 KPa, indicating a potential reduced cross-
linking efficiency. Furthermore, a significant increase in stress values is observed at

10wt% CaCl,, peaking at 1092.30 KPa for the 1:10 weight ratio. This indicates that a
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moderate level of CaCl2 maximizes cross-link density and mechanical strength. However,
stress values decline progressively in higher polymer ratios, with the 1:15 and 1:20 weight
ratio showing 882.9 and 824.30 KPa respectively. suggesting less effective use of 10wt%
CaClz in denser hydrogel networks. Interestingly, at 20wt% CaCly, there is a reduction in
stress across all ratios compared to 10wt% CaClz, with the 1:15 weight ratio highest at
837.8 KPa. However, the p — value of 0.2 verifies no significant difference between 1:10
and 1:15 weight ratio in here. Overall, similar to other 20wt% graphs this decrease may
reflect over-crosslinking, which can lead to brittleness and diminished ability to sustain

high stress.

Figure 14c. analyzes the strain responses of conductive polypyrrole (Ppy) hydrogels. The
5wt% CaClz concentration shows the highest strain observed in the 1:15 weight ratio at
79.1%, suggesting an optimal balance of polymer concentration and cross-linking that
enhances flexibility. The 1:10 and 1:20 weight ratios also, exhibit lower strains at 73.33%
and 71.30%, respectively. With a 10wt% CaCl.> concentration, there is a noticeable
decrease in strain across all ratios, for example, the 1:10 weight ratio decreased from
73.33% in 5 wt% CaCl2 to 69.50% in here. This reduction suggests that increasing CaClz
concentration enhances stiffness, thereby marginally reducing hydrogel flexibility. Similar
trend can be observed for 20wt% CaClz, where strain values across the ratios become
more uniform but generally lower compared to 5wt% CaClz concentrations, highlighting
the effects of over-cross-linking which sacrifice the flexibility for stiffness. Notably, there

is no significant difference across all the concentrations in our samples with no p- value
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smaller than 0.05, showing the effect of the Ppy with CaCl. maintaining relatively

adequate strain for our samples.

Figure 14d examines the toughness of our samples. At a 5wt% CaClz concentration, the
toughness is highest for the 1:10 weight ratio at 81.96 KJ/M3, indicating effective utilization
of CaClz for cross-linking at lower polymer ratios. As the polymer ratio increases, there is
a decline in toughness, with the 1:20 weight ratio showing 69.50 KJ/M3, suggesting
reduced cross-linking efficiency with increased polymer content. When the CaClz
concentration increases to 10wt%, the toughness values shift, with the 1:15 weight ratio
now showing the highest toughness at 127.4 KJ/M3, surpassing the 1:10 weight ratio
which registers at 111.6 KJ/M3, and the 1:20 weight ratio at 103.8 KJ/M3. However, this
increase is still not significant as the statistical data provide the p- value of 0.32.
Increasing the CaClz concentration further to 20wt% leads to a general decrease in
toughness for the 1:10 weight ratio being significantly lower than 10wt% CaClz, now at
69.7 KJ/M3, with p value of 0.01. this sharp decrease denotes potential over-cross linking
that may compromise the material's ability to absorb energy. On the other hand, the 1:15
and 1:20 weight ratios show higher toughness values at 116.7 KJ/M?3 and 91.7 KJ/M3,
respectively, suggesting that higher weight polymer ratios may mitigate the brittleness

associated with excessive cross-linking at this concentration.

Overall, conductive polypyrrole (Ppy) hydrogels show optimal mechanical properties at a

10wt% CaCl2 concentration, balancing strength and flexibility. Decreasing CaCl2
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concentration to Swt% or increasing to 20wt% leads to variable properties underscoring

the need for careful calibration of CaCl2 levels in hydrogel design.
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Figure 14. Bar graph for compression test of parameters of stress-strain curve for conductive
hydrogels with Ppy, weight ratios of 1:10, 1:15, 1:20 of SA-PAM with Owt%, 5wt%, 10wt% and
20wt% CaCl.. a) module, b) stress, c) strain, d) area under the curve (toughness). Three samples
were used to test for each experiment (n=3).
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4.4.3 Comparison of compression test between conductive and non-conductive

samples

The analysis of Figures 12 and 14 reveals distinct mechanical behaviors between non-
conductive hydrogels (Figure 12) and their conductive counterparts (Figure 14) across a
range of weight polymer ratios and CaClz concentrations. This comparative study
highlights the impact of conductivity on the material properties of hydrogels, underscoring

the role of polymer composition in defining hydrogel functionality.

By observing modulus, conductive hydrogels tend to exhibit higher moduli at equivalent
concentrations and ratios, suggesting that the incorporation of Ppy contributes to a stiffer
matrix. This can be attributed to the inherent properties of Ppy, which might foster denser
cross-linking networks or introduce additional physical interactions between polymer
chains. Non-conductive hydrogels, while versatile, generally show lower modulus values,
indicating potentially fewer rigid networks which could be advantageous in applications
requiring higher flexibility. Moreover, while conductive hydrogels demonstrate enhanced
modulus, the stress resistance comparison between Figures 12b and 14b reveals a more
complex interaction. For example, at 10wt% CacClz, the 1:10 weight ratio in both non-
conductive and conductive hydrogels exhibit exceptionally high stress values. This
indicates the optimalization of this hydrogel in achieving comparable or superior stress
resistance under certain conditions, verifying the notion that conductivity uniformly

enhances mechanical strength as well.
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Strain analysis presents a more nuanced picture. Conductive hydrogels display a varied
strain profile, with some formulations showing comparable or slightly reduced elasticity
compared to non-conductive hydrogels. This can be interpreted as a trade-off between
enhanced mechanical properties (such as increased toughness and stress capacity) and
the flexibility to extend without breaking. Non-conductive hydrogels generally maintain
higher or more consistent strain percentages, beneficial for applications necessitating
extensive material deformation. Furthermore, in terms of toughness, Figures 12d and 14d
show that non-conductive hydrogels occasionally outperform conductive ones,
particularly in higher polymer ratios at certain CaCl> concentrations. This could suggest
that while conductivity generally enhances structural integrity, the specific formulation and
cross-linking density crucially influence the overall energy absorption capacity without a

straightforward advantage conferred by conductivity.

In summary, the introduction of conductivity into hydrogel formulations notably enhances
certain mechanical properties like modulus, stress capacity, and toughness but may
slightly compromise elasticity. This comparative insight is crucial for tailoring hydrogel
properties to specific applications, where the choice between conductive and non-
conductive materials must align with the operational demands of the end-use scenario,
balancing between strength, stiffness, and flexibility. It is also noteworthy to mention, the
1:10 weight polymer ratio with 10wt% CaCl2 concentration emerges as the best-
performing sample, demonstrating an optimal balance of mechanical properties in both
tensile and compression analyses, which highlights its potential as a superior choice for

applications requiring robust strength and durability in hydrogel formulations.
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4.5 Rheology characterization

Rheology test was performed to analyze the properties our hydrogels, confirming their
successful synthesis and determining their suitability for specific applications. This testing
helps in understanding how these materials behave under stress and strain, crucial for
ensuring their performance in real-world conditions. Figure 15 presents rheological data
for non-conductive PAM-SA hydrogels under various concentrations of CaCly, Figure 15a,
b and c are responsible for 1:10, 1:15 and 1:20 weight polymer ratio respectively. Similarly
Figure 16 illustrates the rheological behaviour for conductive PPY-PAM-SA hydrogels
where Figure 16a, b and c are responsible for 1:10, 1:15 and 1:20 weight ratios of PAM

and SA.

Rheological analysis demonstrated that both types of hydrogels exhibit stable storage
(G") and loss (G") moduli across various frequencies, with the storage modulus
consistently higher than the loss modulus. This stability indicates robust hydrogel
formation capable of maintaining structural integrity under dynamic mechanical stresses.
Notably, increasing concentrations of CaCl; led to enhanced G' and G", suggesting
stronger ionic cross-linking within the hydrogel networks. The conductive hydrogels
showed more pronounced improvements, likely due to the structural augmentation from
the polypyrrole (PPY. To be more specific, the 1:10 weight polymer ratio consistently
showed the highest values of G' and G", reflecting an optimal polymer and filler
distribution that maximizes the mechanical and electrical properties of the hydrogel.
Overall, these results confirm the efficacy of the mechanical properties observed in

testing, underscoring the hydrogels' potential for tailored applications.
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Rheology test for PAM-SA hydrogel 1:20 weight ratio
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Figure 15. rheology performance test for non-conductive samples under Owt%, 5wt%, 10wt% and
20wt% CaCl. a) 1:10 SA-PAM polymer ratio, b) 1:15 SA-PAM polymer ratio, c) 1:20 SA-PAM
polymer ratio.
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Rheology test for PPY-PAM-SA hydrogel 1:15 weight ratio
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Figure 16. rheology performance test for conductive (PPY) samples under Owt%, 5wt%, 10wt%
and 20wt% CaCl.. a) 1:10 SA-PAM weight polymer ratio, b) 1:15 SA-PAM weight polymer ratio,
¢) 1:20 SA-PAM weight polymer ratio.
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4.6 Conductivity

Conductivity is a fundamental property that describes a material's ability to transmit
electricity. To be more specific, it refers to the ease with which electrons can flow through
a material, making it critical for applications in electronics and energy management(160).
This property varies widely among different materials, ranging from highly conductive
metals and polymers to insulating polymers, and is essential for designing devices that
control and utilize electric currents effectively (161). Conductive hydrogels are used in
various applications, including biosensors, tissue engineering, drug delivery systems, and
wearable electronics. Their unique properties enable them to mimic natural tissue

mechanics while conducting electrical signals(162).

Moreover, the conductivity assay was conducted to evaluate the efficacy of the
polypyrrole (Ppy) materials incorporated into the hydrogel precursor. The hydrogels were
segmented into sections measuring 4 cm in length, 2 cm in width, and 1 mm in thickness.
Figure 16 a and b outline the conductivity results of positive current for non-conductive
and conductive hydrogels, respectively. Each test was done three times for each weight
polymer ratio and the average has been used in the tables here. The results indicate that
the conductive samples exhibit significantly higher conductivity than the non-conductive
samples. Specifically in Figure 16a, at 5wt% CaCl> concentration, the conductivity ranges
from 0.0079 S/cm for the 1:10 weight ratio to 0.0076 S/cm for the 1:15 weight ratio. This
trend amplifies at 10wt% CaClz, where conductivity escalates to 0.0082 S/cm for the 1:10
weight ratio and peaks at 0.0090 S/cm for the 1:20 weight ratio, illustrating a clear

correlation between higher CaClz levels and increased ionic conductivity across all ratios.
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Contrastingly, in the Ppy-PAM-SA hydrogels (Figure 16b), although overall conductivity
values are substantially higher, the pattern varies. At 5wt% CaClz, conductivity begins at
0.2267 S/cm for the 1:10 weight ratio and decreases to 0.1143 S/cm for the 1:15 weight
ratio. Remarkably, at 10wt% CaClz, conductivity peaks at 0.2847 S/cm for the 1:10 weight
ratio, demonstrating the optimal interaction between Ppy and the ionic network at this
concentration. The significant difference between our samples with 10wt% CaCl, further
verified our findings by the p value of 0.027 for 1:10 VS 1:15 and P value of 0.018 for 1:10
VS 1:20. However, at 20wt% CaClz, there is a notable decrease to 0.1993 S/cm for the
1:10 weight ratio, suggesting that excessive CaCl> may disrupt the conductive pathways
formed by Ppy, possibly due to over-crosslinking or ion screening effects which impede
effective charge transport. This comparison clearly delineates how Ppy integration
significantly enhances conductivity but also introduces sensitivity to higher ionic
concentrations which can adversely affect the conductivity at higher CaClz levels. These
observations are crucial for designing hydrogel-based applications where specific
conductivity levels are requisite, necessitating a balanced approach in hydrogel

formulation.
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Conductivity of a positive current for PAM-SA hydeogel samples with
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Figure 17. Conductivity test result for our samples. a) the conductivity of positive current graph
for non-conductive hydrogels. b) the conductivity figure for hydrogels with conductive material
Ppy. Our sample size is 3 for this experiment.
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Similar to positive current graphs, Figure 18a shows conductivity of negative current data
for PAM-SA hydrogel samples at three different weight ratios (1:10, 1:15, and 1:20) with
varying concentrations of CaCl2 (5wt%, 10wt%, 20wt%). The conductivity values are
relatively low, reflecting the non-conductive nature of the PAM-SA hydrogel matrix. The
values across the different conditions are consistent, typically ranging from approximately
0.0073 S/cm to 0.0089 S/cm. the peak value of 0.089 S/cm is observed for 1:20 weight
ratio with 10wt% CaCl.. No consistent trend is observed with increases in CaCl:
concentration or changes in the ratio, indicating that the conductivity of PAM-SA hydrogels

may be relatively insensitive to these parameters within the tested ranges.

On the other hand, figure 18b. demonstrates significantly higher conductivity values
compared to the PAM-SA hydrogels, which is expected due to the conductive properties
of Ppy. The highest conductivity is observed at the lowest hydrogel weight ratio (1:10) and
a CaClz concentration of 10wt%, reaching up to 0.2748 S/cm which is significantly higher
than 1:15 weight ratio with p value of 0.049. the same trend is observed with 1:20 weight
ratio with p value of 0.034. This suggests that lower hydrogel ratios and moderate CaCl>
concentrations favor conductivity in Ppy-incorporated hydrogels. Conductivity tends to
decrease with increasing hydrogel ratios reaching 0.1094 S/cm, 0.1099 S/cm and 0.1151
S/cm for 1:10,1:15 and 1:20 weight ratios, respectively. This decline is possibly due to a
dilution effect or reduced interaction between conductive pathways within the hydrogel
structure. The range of conductivity values across different conditions spans from about
0.0921 S/cm to 0.2748 S/cm, highlighting the impact of both the hydrogel composition

and the CaCl, concentration on the electrical properties of the hydrogels.
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Moreover, as we saw in Figure 16 b and 18b. increasing concentrations of CaCl. in PAM-
SA hydrogels embedded with Ppy lead to decreased conductivity, predominantly due to
enhanced ionic strength and the resultant ion screening effect, which obstructs charge
mobility. Additionally, higher CaCl. levels promote a denser hydrogel network through
more extensive crosslinking, potentially restricting the mobility of Ppy chains and
disrupting their ability to form effective conductive pathways. The structural densification
could also reduce the hydrogel's water content, further diminishing the medium necessary
for ionic conduction. These factors combined contribute to the observed reduction in
conductivity with higher concentrations of CaClz. It is also important to note that the
observed lower conductivity might be attributed to errors in the complete formation of the

hydrogels or inconsistencies in their homogeneity. (163,164).
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Figure 18. Conductivity test result for our samples. a) the conductivity graph of negative current
for non-conductive hydrogels. b) the conductivity figure for hydrogels with conductive material
Ppy. Our sample size is 3 for this experiment.
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4.7 Microneedle

Hydrogel microneedles are an innovative advancement in transdermal drug delivery,
merging hydrogel technology with minimally invasive microneedles. Made from
biocompatible, water-soluble polymers, these devices enable controlled, sustained
release of drugs through painless penetration of the skin's upper layer(131). Ideal for
enhancing drug bioavailability and patient compliance, hydrogel microneedles are
promising for chronic disease management, vaccinations, and cosmetic applications,
revolutionizing approaches in medicine and dermatology(165). The description can be
further enhanced with some additional scientific details and precise terminology to better
suit an academic context. The microneedle device was engineered using a precision mold
with dimensions of 10 cm in length and 5 cm in width, featuring needles that are 2 cm in
height. The matrix was composed using a polymer blend at a weight ratio of 1:10 of
sodium alginate (SA) to polyacrylamide (PAM), supplemented with a 10wt% concentration
of calcium chloride. As depicted in Figure 19, the microneedles have been constructed to
ensure optimal sharpness, allowing for effective penetration of the dermis. This structural
design is crucial for the targeted delivery of therapeutics across the skin barrier, enabling

applications in transdermal drug delivery and other biomedical fields.

103



Figure 19. Picture of hydrogel microneedle that is made by 1:10 polymer weight ratio and 10wt%
CaCl;
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Chapter V: Conclusion

The comprehensive study presented in this work demonstrates the successful
development of conductive hydrogels based on Sodium Alginate (SA), Polyacrylamide
(PAM), and Polypyrrole (Ppy). The inclusion of CaClz significantly enhanced the
mechanical properties and functionality of these hydrogels. The incorporation of Ppy into
the SA-PAM matrix was a pivotal enhancement, significantly boosting the conductivity of
the hydrogels to impressive levels without compromising their intrinsic flexibility. Fourier
Transform Infrared Spectroscopy (FTIR) and Scanning Electron Microscopy (SEM) were
employed to further characterize these hydrogels. FTIR spectra confirmed the presence
of key functional groups, ensuring the integrity of the crosslinked network within the
hydrogels. The observed peaks at specific wavelengths substantiated the formation of
amide and carboxylic bonds essential for the hydrogels' robust structure. SEM analysis
provided visual evidence of the dense, uniform network structure, with images displaying
well-defined cross-sectional views that highlight the even distribution and stability of the

crosslinked matrix.

Mechanical testing revealed that these hydrogels demonstrated optimal properties at a
specific formulation of a 1:10 SA-PAM ratio with a 10wt% CaCl, concentration. At this
composition, the hydrogels exhibited peak tensile strengths and an improved modulus of
elasticity, crucial for applications requiring durable, reliable performance under physical
stress. For instance, the compression test results showed that conductive hydrogel with
this optimal formulation achieved a stress of 1092 KPa at a strain of 70%, indicating

substantial mechanical robustness. The tensile and compression tests across various
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ratios and concentrations highlighted the critical role of CaCl2 in enhancing the hydrogels'
structural properties, demonstrating a substantial increase in stress tolerance and energy
absorption capabilities. Furthermore, swelling ratio tests affirmed the effectiveness of
CaClz in modulating the hydrogels' ability to swell, which is essential for drug release
applications. The reduction in swelling ratios with increased CaCl, concentrations pointed

to denser crosslinking within the hydrogel matrix.

The enhanced mechanical and conductive properties of these hydrogels suggest
promising applications in biosensors and microneedle-based transdermal drug delivery
systems. Their ability to mold to complex biological geometries while maintaining
functionality introduces new possibilities for the development of non-invasive medical
devices that combine efficacy with patient comfort. To be more specific, the enhanced
understanding of the interaction between polymer composition, crosslinker concentration,
and hydrogel properties opens new avenues for the future design of hydrogels with

tailored mechanical and functional characteristics.

Future research should aim to refine these hydrogel formulations further, optimizing their
physical and chemical properties to tailor them more precisely for specific medical
applications. Long-term studies focusing on biocompatibility, degradation, and clinical
efficacy are necessary to transition these hydrogels from laboratory prototypes to
clinically approved devices. This foundational work sets the stage for future innovations

that could significantly enhance the utility of hydrogel-based systems in medical
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technology, promising to revolutionize the field with materials that are both robust and

versatile.
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