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Abstract 

 

Hydrogels bear a close resemblance to human tissues and thus have been 

extensively employed for a broad range of applications in recent years. Intelligent 

hydrogels that can respond to diverse stimuli, such as pH, temperature, ionic strength, strain 

and stress, hold great promise for a variety of biological engineering and sensing 

applications. Nevertheless, weak mechanical properties and narrow functionality have 

limited the application of traditional hydrogels generally based on permanent covalent 

bonds. Incorporating reversible noncovalent interactions within hydrogel networks is an 

effective approach that lifts those restrictions. In the context of the growing demand for 

bioengineering and sensing applications, it is of great significance yet remains a challenge 

to integrate multifunctionalities such as mechanical robustness, self-healing properties, 

stimuli-responsiveness and conductivity into one hydrogel through the introduction of 

reversible interactions, functional components and well-designed structures. In this thesis, 

a review of multifunctional hydrogels, non-covalent interactions and corresponding 

hydrogels, and bioengineering and sensing applications of hydrogels is presented first, 

followed by three original research projects investigating the integrated multifunctional 

hydrogels for different potential biomedical and electrical sensing applications.  

Hydrogels with good stretchability, high adhesiveness, sensitive electrical 

responsiveness, biocompatible and antibacterial features are exceptionally desirable 

materials for various biomedical and sensing applications. In the first project, we fabricated 

a highly stretchable, moldable, self-healing and antibacterial hydrogel with electrical 

responsiveness by introducing dynamic noncovalent interactions, i.e., hydrogen-bonding 
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among hydroxyl groups of poly (vinyl alcohol) (PVA), carboxyl moieties of poly (methyl 

vinyl ether-alt-maleic acid) (PMVEMA), and the catechol groups in tannic acid (TA). The 

prepared PPTA hydrogel shows a wide spectrum of desirable properties, including fast 

gelation, excellent and adjustable mechanical properties (true stress at break and fracture 

strain up to ~7 MPa and ∼2300%, respectively), self-healing and remolding abilities, 

robust adhesion to diverse substrates, antimicrobial activity to both Escherichia coli and 

staphylococcus aureus bacteria, and stability under a broad range of pH environments (pH 

1−10). Moreover, this hydrogel demonstrates good sensitivity for monitoring strain, 

pressure and human motions. Therefore, this hydrogen-bonding-driven, multifunctional 

hydrogel with facile fabrication and flexible modification provides an exciting paradigm 

for biosensing and bioengineering applications. 

Hydrogels combining both conductive capability and robust mechanical properties 

hold great promise in wearable soft electronics. In the second project, we fabricated a 

multifunctional hydrogel for strain sensing applications. By incorporating a conductive 

polymer network Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT: PSS) 

into the PVA/ poly (acrylic acid) (PAA) double network (DN) hydrogel, this PEDOT: 

PSS@PVA/PAA hydrogel system presents good stretchability, high toughness and fatigue 

resistance. Besides the improvement of mechanical properties, the multiple hydrogen 

bonding interactions also endow the hydrogel with self-healing properties and strong 

adhesion to various substrates. Moreover, the hydrogel shows high electrical sensitivity 

(Gauge Factor from 2.21 to 3.82) to strains, which enables it to sense different types of 

motions (e.g., stretching, compressing, bending, etc.). Precise detections of many subtle 

human motions including pulse and vocal cord vibration were achieved. This work 
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provides new insights into the development of multifunctional conductive hydrogels for 

wearable sensors, electronic skin, and other bioelectrical engineering applications. 

Multifunctional hydrogels that respond to bio-related stimuli hold significant 

promise for smart drug delivery systems. In the third project, a pH-responsive microgel-

embedded hydrogel with adhesiveness and robust mechanical properties was developed as 

a dual drug delivery system for wound-healing. The polyacrylamide (PAAm)/ chitosan (CS) 

semi-interpenetrating (semi-IPN) hydrogel exhibits excellent stretchability, 

compressibility and elasticity. Meanwhile, this hydrogel can tightly adhere to various 

surfaces of porcine tissues and subduct the mismatch between hydrogel and tissue 

interfaces. Moreover, by incorporating poly (N-isopropylacrylamide-co-acrylic acid) 

(PNIPAAm-AAc) based microgel particles, the hybrid hydrogel system can be used for 

dual drug delivery of both bovine serum albumin (BSA, model protein) and 

Sulfamethoxazole (SMZ) in a pH-responsive manner. Compared with traditional oral, 

injection and smear medications, this integrated microparticle-based drug delivery system 

shows advantages such as high drug loading efficiency (more than 80%), controllable drug 

releasing behaviors and sustained drug releasing duration (over 48h), which have the 

potential for applications of smart wound dressing materials in biomedical engineering. 

This thesis work develops three multifunctional hydrogels based on various non-

covalent interactions for applications in bioengineering and sensing. This work broadens 

the application of hydrogels in some bioengineering areas and provides new insights for 

developing novel, intelligent, wearable electronics for sensing applications. 
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CHAPTER 1 General Introduction 

 

1.1 Multifunctional Hydrogels 

Hydrogels are three-dimensional (3D) networks of natural or synthetic polymers 

that are chemically or physically crosslinked with high water content. Because of their 

tunable properties and functionalities, hydrogels and their applications have received 

increasing attention since the first report of a biocompatible polyhydroxyethylmethacrylate 

(PHEMA) hydrogel and its application as contact lenses in the 1960s.1-2 The advances in 

fabrication methodologies and functionalization strategies have enabled the development 

of multifunctional hydrogels with desired physical, chemical, and biological characteristics 

(e.g., tissue-mimicking, antibacterial, anti-fouling, self-healing, and stimuli-responsive).3-

6 Functional hydrogels have demonstrated outstanding potential in biomedical and 

bioengineering applications such as cell encapsulation, cell culture scaffolds, and wound 

adhesives.7-10 Hydrogels with conductive and stretchable features have also attracted 

enormous attention. They are promising materials for bioengineering with applications 

ranging from wearable sensing devices, implantable electrodes, soft actuators and 

electronic skin to portable medical apparatus and instruments.11-15 

Conventional hydrogels using permanent covalent bonds usually suffer from poor 

mechanical properties such as limited stretchability, low tensile strength and weak self-

healing capability, which limit their applications as substitutes for soft tissues.16 In more 

recent studies,  dynamic and reversible molecular interactions, particularly noncovalent 

interactions such as hydrogen bonding, ionic, π–π, cation–π, anion–π and hydrophobic 

interactions, have been applied to fabricate advanced hydrogels, endowing the hydrogels 
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with functionalities such as self-healing, stimuli-responsive and shape-memory properties, 

to increase their lifespan and preserve their structural integrity and functionalities.  

In addition, combining double network structures with non-covalent interactions 

involved hydrogel systems is a widely employed strategy for preparing strong, stretchable 

and tough hydrogels. The double-network hydrogel was first reported by Gong et al. and 

consisted of asymmetric structured networks where one was a ductile network of a 

homogeneous neutral polymer and the other was a rigid network of polyelectrolyte, the 

structure illustrated in Figure 1.1.17 This hybrid hydrogel showed improved mechanical 

properties over the single-network hydrogels and the mechanical properties could be 

adjusted through the optimization of the structure. For instance, the poly(2-acrylamido-2-

methyl-1-propanesulfonic acid)/polyacrylamide (PAMPS/PAAm) double-network 

hydrogel sustained a fracture tensile stress of 1 – 10 MPa with strain in the range of 1000 

– 2000%, and the compression stress reached to 20 – 60 MPa with a strain of 90 – 95%.18 

These impressive mechanical behaviors were comparable to those of load-bearing bio-

tissues and inspired future studies on mechanically robust hydrogels.19  
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Figure 1.1. Schematic illustration for the fabricating process of typical double-network 

hydrogel. Reproduced with permission from the literature (Reprinted with permission from 

reference [17], © Wiley-VCH GmbH, Weinheim). 

With the synergy of the flexible and biocompatible features of soft hydrogels and 

the electronic transportational property of conductors, conductive hydrogels have emerged 

and attracted enormous attention for the fabrication of bioelectronics in the past three 

decades. Many strategies—including using conductive polymers, conductive fillers, free 

ions and their mixtures—have been developed for preparing conductive hydrogels. As 

illustrated in Figure 1.2,21 the most straightforward strategy is to distribute conductive 

nanomaterials such as carbon nanotubes (CNTs),22 metal nanoparticles or nanowires,12, 23-

24 graphite,25 and reduced graphene oxide (rGO)26 as fillers within insulating or low-

conductive hydrogel matrices. These fillers not only endow the hydrogels with good 

conductivity but also help them release stress upon stretching due to their self-organizing 

ability.27 For example, Chen et al. presented a series of high-performance lithium 
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electrodes based on hydrogels consisting of super-long carbon nanotubes, conductive 

polymer poly (3,4-ethylenedioxythiophene): poly(4-styrenesulfonate) (PEDOT: PSS) and 

electrochemically active nanoparticles (TiO2 or Si nanoparticle). The hybrid networked 

hydrogels possessed superior mechanical properties, stability and conductivity due to the 

formation of a 3D crosslinked carbon nanotube network.22 Meanwhile, conducting 

polymers (CPs), such as polyacetylene (PA), polypyrrole (PPy), poly(phenylene) vinylene 

(PPv), polythiophene (PTh), polyaniline (PANi), poly (3,4-ethylenedioxythiophene) 

(PEDOT) and their derivatives have shown great potential in the development of 

conductive hydrogels. The unique π-conjugated structure of the conducting polymers 

allows for the transport of electrons, and their broad conductivity can be facilely modulated 

by the use of doping chains with suitable ions.28 Conducting polymer hydrogels (CPHs), 

composed of mesh-like frameworks of conducting polymers, exhibit several advantages 

over other conductive materials. Compared to nanomaterials such as metallic particles and 

carbon nanotubes, conducting polymers show versatile processability and much better 

compatibility with other polymeric components in hydrogels, yielding materials with ultra-

flexibility as well as high conductivity.29 Due to the high water content maintained in the 

porous structure, CPHs provide a good interface between biological and synthetic systems, 

which have served as promising platforms for diverse bio-applications such as drug 

release,30 soft tissue engineering,31 and artificial muscle.32 One prominent feature of CPHs 

is the combination of ionic and electronic conductive paths. Their conjugated backbones 

delocalize π-bonded electrons and their swollen, pore-rich structures allow ions to pass 

freely, a quality that endows CPHs with high volumetric capacitance within the high 

surface area of their porous structure.33 CPHs with satisfying mechanical properties are 

primarily prepared based on the formation of interpenetrating networks by mixing or 

triggering the polymerization of conducting polymers within the network of non-
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conductive hydrogels. Recently, hydrogels composed of interconnected networks of pure 

conducting polymers have been developed and explored as electrodes and biosensors to 

enhance electrical conductivity.34  

 

 

Figure 1.2. Different strategies for fabricating conductive hydrogels including using 

conductive polymers, conductive fillers, free ions and their mixtures. (Reprinted with 

permission from reference [20], © Wiley-VCH GmbH, Weinheim). 

Synthetic hydrogels able to respond to different physical or chemical stimuli 

including temperature,35 pH,36 pressure,37 light,38 ionic strength,39 and electric and 

magnetic fields40-41 have been intensively studied, and these “smart” materials hold 

promise for a wide range of applications such as biosensors and bio-actuators in 

bioengineering.42 

In conclusion, over the past two decades, multifunctional hydrogels have become 

some of the most promising materials, but they are also challenging as they require a 

balanced combination of materials, design and manufacture. Hydrogels hold several 
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advantages when applied in the field of bioelectronics, such as flexibility, functionality,43  

biocompatibility,44 conductivity, and stimuli-responsiveness. Based on the above merits, 

hydrogels have attracted increasing research interest and have stimulated the development 

of bioelectronics.12  

1.2 Noncovalent Interactions 

Noncovalent interactions involve weak electromagnetic interactions rather than 

intra- or inter-molecular electron sharing. Even though noncovalent interactions are 

generally weaker than covalent interactions, they are ubiquitous in the universe and play a 

dominant role in the design, synthesis and catalysis of large molecules, especially for the 

self-assembly of organic molecules like proteins and amino acids. 45-46 Noncovalent 

interactions (Figure 1.3) are mainly divided into electrostatic interactions (e.g. ionic 

interactions, hydrogen bonding, halogen bonding), π-effects (e.g. π–π interactions, cation–

π interactions, anion–π interactions), van der Waals forces and hydrophobic interactions.47 

 

Figure 1.3. Illustration of some noncovalent interactions. 

 

 

 

Hydrogen bonding interactions    interactions

 ation  interactions Anion  interactionsMetal catechol interactions
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1.2.1 Hydrogen Bonding  

A hydrogen bonding interaction is a dipole-dipole attractive force between a 

hydrogen atom and a very electronegative atom, specifically an N, O, or F, and another 

neighboring electronegative atom or a functional group with long-pair electrons. It plays 

an important role in determining structures of biomolecules and has been commonly used 

in hydrogel fabrications.48-49 Polymers like polyacrylamide (PAAm) and poly (vinyl 

alcohol) (PVA) can crosslink independently due to the multiple hydrogen bonding between 

the polymer chains. However, those structures are unstable due to the formation of 

competitive hydrogen bonds with the surrounding water molecules. A robust mechanical 

PVA hydrogel could be produced by the hydrogen bond crosslinking with a polyphenol 

such as tannic acid (TA) to stabilize the network; it could also be prepared through a 

freezing-thawing (FT) process, which is physically crosslinked by hydrogen bonding 

between PVA crystallites formed in the freezing process and PVA chains.50-52 Inspired by 

the biological system (e.g., protein structures like alpha helixes and beta pleated sheets), 

multiple hydrogen bonding interactions have been introduced for self-assembly 

supramolecular hydrogels.53 As a benefit for the strong and reversible dimerization of 

ureidopyrimidinone (UPy) in a self-complementary array through quadruple hydrogen 

bonds, UPy moieties are excellent associating agents for self-assembling polymers and 

hydrogels to construct a crosslinked system without phase separation. Meijer’s group 

represented a supramolecular UPy network (Figure 1.4a) with good mechanical properties 

and excellent reversibility.54 Chen et al. developed a multifunctional polyaniline/poly(4-

styrenesulfonate) (PANI/PSS) hydrogel by introducing UPy groups as crosslinking points 

into the interpenetrating PANI/PSS network (Figure 1.4b). The self-complementary 

quadruple hydrogen bonding endows the hydrogel with excellent mechanical strength, 
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good injectability and rapid self-healing performance within 30 s upon damage.55 Based on 

those findings, multiple hydrogen bonding interactions have recently been widely 

employed for hydrogels.51, 56

 

Figure 1.4 (a) Schematic representation of the H-bonded dimer of the UPy group. (b) 

Different possible architectures of supramolecular UPy group contained polymers 

(Reprinted with permission from reference [54], © Springer Nature Limited). (c) 

Schematic illustration of the synthesis process and the formation mechanism of the 

supramolecular PANI/PSS–UPy hydrogel (Reprinted with permission from reference [55], 

© American Chemical Society).55  
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1.2.2 Electrostatic Interactions  

Electrostatic interactions are forces that occur between nearby atoms or molecules 

with partially opposite charges. They exist widely in biological molecules such as proteins, 

peptides and enzymes. Electrostatic interactions significantly affect molecular recognition 

and assembly by providing constant and strong interactions and have been applied to 

biocompatible hydrogels. Han et al. developed a bottom-up electrostatic self-assembly 

hydrogel for tissue engineering by immersing poly (ethylene glycol) (PEG)-based hydrogel 

into a solution with positive poly (2-(methacryloyloxy) ethyltrimethylammonium chloride) 

(PMETAC) or negative poly (2-acrylamido-2-methyl- propane sulfonic acid sodium salt) 

(PNaAMPS)-charged microgels. This multilayer hydrogel has shown a controlled 3D 

construction and great potential for applications in cell encapsulation, drug delivery and 

tissue regeneration.57 A supramolecular hydrogel with the combination of peptides and 

polymers was reported by Criado-Gonzalez et al. The electrostatic interaction between the 

phosphate groups of Phosphorylated-Fmoc-Tripeptide and charged amino groups of 

Poly(allylamine hydrochloride) (PAH, a cationic polyelectrolyte) driven the formation of 

hydrogel, enhanced the mechanical properties of the hydrogel, endowed it with 

antimicrobial capacity and provided a new possibility for injectable biomaterials.58 

1.2.3 Hydrophobic Interactions 

“Hydrophobic interaction” is a term describing the spontaneous aggregating 

tendency of nonpolar functional groups or molecules between hydrophobes. This process 

is essential to biology because it is responsible for protein folding and stabilization, 

formation of phospholipid bilayer membranes and vesicles and so on. Hydrophobic 

interactions can be adopted into hydrogel systems by polymerizing hydrophilic monomer 
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chains with hydrophobic sequences. For example, the hydrophobically modified hydrogel 

of hydrophilic acrylamide (AAm) and hydrophobic N-4-Ethylphenylacrylamide (eФAM) 

copolymer was synthesized by three different methods: homogeneous, micellar and 

heterogeneous polymerization. Hydrogels prepared by micellar polymerization (surfactant 

solubilized eФAM micelles copolymerized with AM monomers and potassium persulfate 

initiator in an aqueous medium) showed thickening features because of the intermolecular 

hydrophobic associations.59 A micellar polymerized hydrogel with a large amount of 

hydrophobic stearyl methacrylate (C18) or dococyl acrylate (C22) in the presence of AM 

was reported by Tuncaboylu et al. The incredible associated force between a hydrophobic 

fragment of C18 or C22 acts as a unique non-covalent crosslinker, maintains the structure 

in an aqueous solution and affords the hydrogel a self-healing ability and high toughness.60 

1.2.4 Host-guest Interactions 

Host-guest interactions refer to the complexation that involves two or more ions or 

molecules through unique molecularly recognized structures and noncovalent interactions. 

Guest units can be attracted into the cavity of the host units by hydrophobic interactions, 

hydrogen bonding, van der Waals force, etc. Host-guest interactions exist widely in 

biological systems, especially in the processes of biorecognition. Host-guest interaction-

based hydrogels can be achieved by incorporating appropriate host molecules such as 

cyclodextrins (CDs), cucurbituril (CB), crown ether (CE) and paired guest molecules, 

while displaying diverse functionalities through the bonding of different guest molecules 

with various binding affinities. A self-standing supramolecular hydrogel was synthesized 

by the radical polymerization of a poly(acrylamide) modified CD host and a hydrophobic 

aliphatic guest, and the self-healing capacity was attributed to the reversible and sufficient 

host-guest interaction between CDs and the guest units of the cooperative complexation.61 
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The association and dissociation of host-guest complexes caused by external conditions 

imbue hydrogels with stimuli (e.g. pH,62 temperature,63 light64 and redox65-66) responsivity 

and allow them to be applied in different areas such as artificial muscles, soft actuators and 

robots.67 

1.2.5 Ionic Interactions 

Ionic interactions involve the electrostatic attraction between two atoms or 

molecules with fully permanent opposite charges or strongly different electronegativities.68 

Alginate hydrogel is one of the most common kinds of hydrogel crosslinked by ionic 

interaction. Alginate is a natural polysaccharide that has been extensively used as synthetic 

extracellular matrices (ECMs). Cell adhesion ligand modified alginate hydrogel was used 

to culture mouse skeletal myoblasts 69 by employing ionic interactions and demonstrated 

the promise of alginate hydrogels in bioengineering in areas including interactive cell  

culture,70-71 protein release72 and cell encapsulation73.  

1.2.6 Multiple Non-covalent Interactions 

Although non-covalent interactions are weaker than covalent interactions (which is 

proven by the typically far lower chemical energy release during bond formation), the 

various synergistic effects resulting from multiple non-covalent interactions play a role in 

the association and stabilization of hydrogels. By combining multiple non-covalent 

interactions within hydrogel systems, many attractive features emerge such as self-healing, 

high tensile/compressive strength, anti-fatigue, shape memory, stimuli-responsiveness, etc. 

Gao et al. prepared a multiple hydrogen-bonded and carboxyl-Ca2+ coordinating 

crosslinked supramolecular hydrogel by a directly photoinitiated polymerization and 

soaking strategy. Due to the multiple non-covalent interactions, the hydrogel exhibited an 

excellent stretchability (up to 2300%), high tensile (to a maximum of 1.3 MPa) and 
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compressive (to a maximum of 10.8 MPa) strength, self-healing capacity and reusability. 

Moreover, the tunable mechanical properties which were influenced by the changes in pH 

and Ca2+ concentration could be used for biosensors.74 A tough, reusable and durable 

underwater adhesive hydrogel was reported by Fan et al. Benefiting from the π–π and 

cation–π interactions between the cationic and aromatic monomers contained in copolymer 

chains, the hydrogel not only showed a robust mechanical property (720% fracture strain 

with 1.0 MPa fracture stress and 0.35 MPa elastic modulus) but also exhibited instant and 

repeatable underwater adhesion with diverse surfaces via the interfacial electrostatic and 

hydrophobic interactions.75 A straightforward sulfosuccinic acid (SA) soaked PVA 

hydrogel with enhanced mechanical and conductivity properties was achieved by 

employing hydrogen bonding interaction and electrostatic interaction, and the hydrogel 

showed promise in functional sensing applications.76 Inspired by the adhesion mechanism 

in mussels, vital wet adhesive protein 3,4-dihydroxy-L-phenylalanine (DOPA) has been 

well investigated. DOPA, or molecules with catechol groups, could incorporate multiple 

non-covalent interactions such as hydrogen bonding interaction, metal-catechol 

coordination, cation-π interaction, anion-π interaction, π-π interaction, etc. into hydrogel 

networks, thereby having a wide application for functional hydrogels. By incorporating 

multiple non-covalent interactions, including electrostatic interactions, hydrogen bonding, 

hydrophobic interactions, and π−π interaction, hydrogels show enhanced adhesion to 

different surfaces. The positively charged PNIPAAm microgel (MR) and poly(dopamine) 

(PDA) contained hydrogel complex exhibited incredible adhesion to inorganic, organic and 

biological tissue surfaces due to the diverse non-covalent interactions, which also 

simultaneously endowed the hydrogel with excellent stretchability and self-healing 

capacity.77 Feng et al. reported a multiple hydrogen bonding (H-bonding) interactions 

introduced hydrogel with two non-covalent crosslinked networks, and this mechanically 
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robust, self-healing, and shape memorizing hydrogel exhibited great promise for 

biomedical applications.78 

 

1.3 Bioengineering and Sensing Applications of Multifunctional Hydrogels 

Based on the increasing requirements of modern intelligent materials for human-

machine platforms, tremendous efforts have been devoted to managing the functionality 

and performance of hydrogels and integrating them with novel biological features by 

enhanced processing techniques for biomedical applications. Multifunctional hydrogels 

with reversible noncovalent interactions possess many features, including self-healing 

properties, stimuli-responsiveness and biological tissue mimicking, rendering them perfect 

candidates to fulfill those requirements and have already been widely employed in related 

fields. A brief introduction to hydrogels utilized in relevant bioengineering and sensing 

applications is summarized in the following section. 

1.3.1 Hydrogels for Bioengineering (Tissue Engineering, Wound Healing and 

Controlled Drug Delivery) 

Tissue engineering has been proposed for the restoration, maintenance or 

improvement of biological tissues or organs and the generation of artificial tissues or organs 

by assembling functional constructs.79 Materials used in tissue engineering should simulate 

the extracellular matrix of tissues, support cellular activities including cell adhesion, 

migration, differentiation and proliferation, and accelerate the repair and regeneration of 

tissues.80 Taking advantage of tissue-mimicking, biocompatible and biodegradable 

multifunctional hydrogels are highly desired materials for tissue engineering applications, 

especially for tissue scaffolds because they can serve as platforms for cell growth and 

generation. Cell-laden hydrogel is a good example of tissue engineering applications. 
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Hydrogels have been employed as scaffolds for microencapsulation and have acted as 

immobilization media to support the growth of transplanted cells and protect them from 

attacks of the immune system.81-82  Various cells (e.g., cardiomyocytes, hepatocytes, 

chondrocytes and stem cells) can be distributed homogeneously and encapsulated into 

hydrogel systems by adding them to the polymer solutions before gelation. Chondrocytes 

were encapsulated in degradable hydrophilic poly (vinyl alcohol)-co-poly (ethylene glycol) 

(PVA-co-PEG) hydrogels and secreted into the extracellular matrix. The elastic, porous 

and water abundant hydrogel not only provides structural scaffolding for the encapsulated 

cells but also allows  nutrient transport between cells and extracellular matrices; this has 

been proposed as a new alternative treatment for the unspontaneous recovering process of 

damaged cartilage.83 It has been proven that the pre-osteoblast cell-laden chitosan-HA 

hydrogel with bone-like nanostructured hydroxyapatite (HA) scaffolds accelerated bone 

regeneration.84 Synthetic hydrogels incorporated with naturally derived proteins such as 

cell-adhesive, enzyme-sensitive and growth factor-binding peptides are emerging in tissue 

engineering. Bioactive sequences including collagen, gelatin, elastin, and fibrin peptides 

have been successfully combined with hydrogel networks via reactive groups such as the 

amine, thiol and maleimide groups and endowed the resulting natural ECM-mimicking 

hydrogels with one or more biofunctions. 85 For example, a self-assembling peptide-based 

hydrogel scaffold has been used to support the neuronal differentiation of encapsulated 

neural stem cells while enhancing the reconstruction of damaged brain tissue.86 Arg-Gly-

Asp (RGD) peptide sequences modified alginate or Poly (ethylene glycol) (PEG) hydrogels 

have been applied in bone tissue engineering for the repair of encapsulated osteoblasts.87-

89 By utilizing the interaction or attraction between functional groups or inserted 

bioreceptors in the hydrogel matrix and biomolecules such as adenosine triphosphate 

(ATP), adenosine diphosphate (ADP) and uridine triphosphate (UTP), hydrogels have also 
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been applied to monitor multitudinous extracellular activities by recognizing and 

calculating the concentration of specific biomolecules in tissue engineering.90-94 

Skin is one of the most vulnerable organs in the human body because of its large surface 

area and its direct contact with the external environment. Although skin has superior 

restorative competence after damage, a suitable wound dressing could act as a temporary 

barrier to accelerate wound healing by isolating external stimuli and bacteria and supporting 

the regeneration and reorganization of tissue cells. Hydrogels have attracted great interest 

in wound dressing because of their advanced structures and features, such as their 

extracellular matrix semblable and their hydrophilic and antimicrobial properties. Among 

hydrogels, non-covalent hydrogels have been regarded as one of the most competitive 

materials due to their incredible functionalities and sustainable lifespan. Non-covalent 

hydrogels with injectable properties could provide many advantages in wound healing, 

especially in joint tissue wound care. They can easily access deep wound locations, cover 

irregular wound surfaces without mismatch and release encapsulated drugs in situ. For 

example, benzaldehyde-terminated Pluronic®F127 (PF127-CHO) micelles have been 

crosslinked via electrostatic and hydrophobic interactions and the hydrogel synthesized 

under physiological conditions (in PBS at 37oC). This could be further applied to in situ 

gelation on the wound area, and the in vivo experiments showed that the antioxidant drug 

(curcumin)-loaded hydrogel significantly enhanced the healing process of the wound within 

a full-scale skin model.95 This injectable, self-healing and pH-responsible hydrogel provides 

a novel possibility for wound dressing and also reveals the tendency of multifunctional and 

integrated hydrogels toward wound healing applications. Furthermore, antibacterial 

hydrogels can prevent infection in the wound area and consequently reduce the use of 

antibiotics. Many strategies have been designed to fabricate antibacterial hydrogels, 

including incorporating nanocomposites such as noble metal nanoparticles, metal oxide 
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nanoparticles and carbon nanomaterials, noncovalently encapsulating antibiotics and 

antimicrobials like ciprofloxacin hydrochloride (Cip), Chlorhexidine (CHX) and 

vancomycin and conjugating antibacterial peptides. One of the most straightforward 

methods is combining cationic polymers into hydrogel systems. Natural polymer gelatin and 

semi-synthetic polymer chitosan are two frequently used cationic polymers for wound 

healing. A good example is a radiation-induced gelatin/carboxymethyl chitosan hydrogel, 

which was shown to promote the attachment and growth of fibroblasts in vitro, 

demonstrating great potential for wound healing.96  An injectable cationic hydrogel was 

generated with biodegradable poly(L-lactide)-b-poly(ethylene glycol)-b-poly(L-lactide) 

(PLLA-PEG-PLLA) and noncovalent associated triblock copolymers with D-lactide 

segments, and this hierarchically structured hydrogel has shown excellent antimicrobial 

performance in a broad-spectrum range (it completely inhibited the growth of pathogenic 

microbes including methicillin-resistant S. aureus, vancomycin-resistant enterococci, P. 

aeruginosa, K. pneumoniae, and C. neoformans and killed almost 100% of the microbes), 

non-cytotoxicity, non-hemolysis and biocompatibility to mammalian cells which is ideal for 

wound dressing applications in the clinical treatment of drug-resistant infections.97 Li et al. 

reported a self-assembly injectable hydrogel formed through hydrophobic interactions 

between triblock copolymers. The triblock copolymer consisted of catechol functionalized 

polyethylene glycol (PEG) as outer blocks and positively charged poly[2(methacryloyloxy)-

ethyl] trimethylammonium iodide (PMETA) as central parts. The hydrogel’s efficiency at 

killing Escherichia coli (E. coil) was more than 99.8% which indicated that the hydrogel 

had excellent antimicrobial properties by inhibiting the growth of bacteria.98  

Hydrogels are considered “smart” materials due to their tunable, environment-sensitive 

and biologically-mimicking properties.99-100 Hydrogels with stimuli-responsiveness display 

a significant volume expansion or shrinkage with subtle changes in environmental factors 
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such as pH, temperature, redox, ionic strength and electric field, which can be used as a 

trigger method for drug release. Therefore, stimuli-responsive hydrogels have been 

extensively applied in controlled drug delivery systems as intelligent carriers. For example, 

modified pH-responsive hydrogels can deliver prescribed medicine to target organs or 

intracellular vesicles by employing a variation of pH in the human body. Hydrogels 

containing cationic polymers like chitosan and poly (ethylene imine) (PEI) swell in an acidic 

medium due to the electrostatic repulsion between positively charged polymer chains, which 

is caused by the protonation of functional groups (e.g., amino and imine groups). This 

swelling behavior can be used to deliver drugs to the stomach (pH = 1-3) and to treat gastric 

ulcers. On the contrary, anionic hydrogels show significant swelling behavior at neutral pH 

due to the ionization of acidic groups such as carbonyl, carboxyl and phenolic hydroxyl, 

which can be utilized for intestinal (pH = 6-7.5) drug delivery.101 Oral insulin delivery is 

regarded as an alternative to traditional injection therapy for diabetes because it protects 

patients from infection and inflammation. However, the degradation of insulin in the acidic 

stomach environment during the oral delivery process is a major problem. Therefore, it is 

necessary to design drug delivery hydrogels that safely transport drugs past the gastric acid 

to the intestine. Rasool et al. reported a kappa carrageenan/ acrylic acid hydrogel via novel 

silane crosslinkers. The hydrogel presented a negligible release profile of insulin in 

simulated gastric fluid (SGF, pH = 1.2) and sustained a higher release rate in simulated 

intestinal fluid (SIF, pH = 6.8).102 Moreover, low amounts (4–8%) of insulin were released 

from a salicylic acid (SA)-based hydrogel in SGF but achieved 90% release in SIF within 

24 h.103 The pH variation also exists in different cellular compartments such as endosome 

(pH = 6.2) and lysosome (pH = 5), and the swelling/ deswelling alternation of hydrogels in 

different pH has been tailored for precision-release drugs or proteins in specific cellular 

compartments.104-107   
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Temperature-responsive hydrogels are another widely explored candidate for drug 

delivery systems. The most common example is thermo-sensitive Poly(N-

isopropylacrylamide) (PNIPAAm)-based hydrogel. PNIPAAm has an intrinsically low 

critical solution temperature (LCST) between 32-34 °C. Once the temperature rises above 

the LCST, the configuration of the PNIPAAm polymer chains will experience a coil-to-

globule transition due to the characterized hydrophilic to hydrophobic shift.108-109 Self-

assembled peptide nanofibrils/ PNIPAAm hydrogel undergo reversible sol-gel transition 

near the body temperature of 37 °C, which indicates that when the hydrogel attaches to 

human tissues under physiological conditions, it can prevent gelation and perform a 

sustained linear release of antibacterial peptide.110  

Molecular recognition is another technique employed in biologically mimicking 

hydrogels which simulates the recognition process and can be utilized for drug delivery. 

Those integrated systems have been proven to have tremendous value and have shown 

enormous potential for enhanced drug delivery systems. Moreover, by incorporating 

enzymes with hydrogel structures, hydrogels can provide environmental responses to 

biological analytes, which could enable them to be used as biosensors with drug delivery 

functions. One practical example is the glucose-responsive drug delivery system. Hydrogels 

can provide timely release of insulin in response to increased glucose concentration in the 

blood. In addition, combinations of multi-stimulus responsive hydrogels have flourished 

within the last two decades. Multi-responsive hydrogels can respond to more than one bio-

signal and therefore release specified drugs at a targeted temperature, pH and specific 

biological analyte with prolonged, sustained and precision drug delivery performance, 

which provides benefits in multifunctional drug delivery systems. 

In conclusion, functional hydrogels have emerged as potential candidates for 

controlled drug delivery. Their excellent biocompatibility, functionality and 
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responsiveness have been highly admired and widely employed to create complex, 

integrated and intellectual platforms with enhanced properties. 

 

1.3.2 24Hydrogels for Biosensing 

Wearable biosensing electronics have received extensive attention due to their 

attractive advantages such as their bio-friendliness, flexibility and stretchability. Enormous 

progress has been made in this area and a broad range of applications has been developed 

by monitoring various bio-signals including movement, glucose, insulin and enzymes. 

Hydrogels emerged for interfacial platforms with biosystems due to their excellent 

biocompatibility and are considered promising candidates for biosensing electronics. Many 

features contribute to the popularity of hydrogels for wearable biosensing devices: their 

water-abundant and soft nature resembles human tissue which can avoid mechanical 

mismatch; their intermolecular interactions with biological components; their regulating 

viscoelastic characteristics; their well-developed synthesizing methods for modifying and 

integrating multifunctional systems, etc. The responsivity of hydrogels to diverse 

biological signals by changing their selected properties can be used for biosensors. For 

example, due to the protons admitting or releasing behavior of pH-responsive polymers 

containing weakly acidic or primary pendant groups (including amine, pyrrolidine, 

morpholino, imidazole, piperazine, and pyridine groups), pH-sensitive hydrogels respond 

to the ionic strength alterations in the environment of biosystems. The 

ionization/deionization behavior relates to the pKa of corresponding polymers, leading to 

pH-sensitive hydrogels with a negative or positive swelling ratio. A hydroxyethyl cellulose 

(HEC)/hyaluronic acid (HA) hydrogel containing isoliquiritigenin (ILTG) was designed 

for the treatment of pH imbalance in the stratum corneum (SC). The natural pH of the 
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stratum corneum is typically in the range of 5.0–6.0, but when the acid mantle is broken 

down by skin lesions, the ionization of the carboxyl groups in HA residues caused by the 

increased pH leads to electrostatic repulsions between polymer chains, which promotes 

drug release from within the hydrogel and achieves more than 70% releasing efficiency. 

This hydrogel wound dressing also shows significant inhibition of the growth of 

Propionibacterium acnes and exhibits excellent skin permeability.111 Grimes et al. 

illustrated a wireless magnetoelastic biosensor with biocatalytic precipitation for avidin 

detection. This bioaffinity-based sensor coupled with a biotinylated poly (ethylene glycol) 

(PEG)-immobilized surface can bind with streptavidin and cause mass change-based 

signals. The magnetoelastic sensor then shifts those signals to resonance frequencies for 

sensitive avidin detections (to a limit of approximately 200 ng/ml).112  

Hydrogels with a thermo-triggered responsive property are also appealing for 

biosensing applications. For example, a volume or toughness change upon heating and 

recovering once cooling below the LCST can be observed in hydrogels built with 

hydrophilic and hydrophobic fragments. PNIPAAm and PEG are two commonly known 

polymers used in the creation of thermo-responsive hydrogels. A droplet-based 

multiplexed platform can provide single-cell secreted protein detection by encapsulating 

P(NIPAAM-co-AAc) immunosensors into the droplets. The significant high sensitivity is 

attributed to the thermo-responsive behavior of PNIPAAM-based microgel particles within 

cells. Body temperature causes the shrink of hydrogels and can therefore concentrate 

fluorescence signals within a smaller area, thereby instantly achieving signal amplification. 

Compared with conventional enzymatic reactions, this fluorescence signal amplification 

has a remarkable intrinsic signal enhancement capability for both sensitivity and detection 

limits.113 Polyelectrolyte hydrogels, which respond to electric signals by adjusting the 

existing charges inside polymer networks, are also commonly used for biosensors.114 
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Besides sensing the pH value of bodily fluids, temperatures and electrical and chemical 

signals, glucose monitoring for diabetic patients and pregnant women is also a focus for 

the application of biosensors. For example, by following the theory of glucose oxidases 

which can convert glucose into gluconic acids, a cationic hydrogel with PEG grafts 

incorporated with activated glucose oxidase and catalase was used to detect glucose levels. 

The decreased pH due to the generated gluconic acid caused the volume expansion of the 

cationic hydrogel and the changed volume ratio gave information about the concentration 

of glucose. Aside from the intrinsic property change triggered by hydrogel biosensors, 

bioreceptor immobilized hydrogels are also commonly employed to identify certain bio-

signals. Bioreceptors including antigen/antibodies, enzymes, cells and cellular structures, 

nucleic acids, DNA and biomimetic receptors have been incorporated with porous and high 

surface-volume ratio hydrogels through diverse methods (e.g., physical adsorption and 

entrapment, covalent binding, crosslinking techniques, or a combination of two or more) 

and have been widely used for recognizing small biomolecules such as glucose, lactate, 

urea and cholesterol.114-116
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1.4 Objectives and Significance of the Work 

Due to their intrinsic water abundant, biomimetic and biocompatible nature, 

hydrogels have attracted enormous attention in the field of bioengineering in the past three 

decades, and numerous uses of hydrogels in bioengineering and sensing applications have 

been demonstrated. Although many featured hydrogels, including mechanically robust, 

self-healing and stimuli-responsive hydrogels, have been well-studied in the literature, the 

integration of multifunctionality, enhanced mechanical properties and a facile fabrication 

process into one highly intelligent hydrogel platform and the exploration of their practical 

applications (especially in the context of bioengineering) still remain a challenge. The 

introduction of noncovalent interactions into hydrogel networks not only endows hydrogels 

with desirable properties such as improved mechanical properties, self-healing capability 

and stimuli-responsiveness, but also broadens the scope for developing multifunctional, 

biocompatible and mechanically superior hydrogels. This thesis aims to develop an 

integrated strategy to facilely fabricate multifunctional hydrogel systems by employing 

noncovalent interactions, and explore their potential applications in bioengineering, 

sensing or biomedical areas, such as wound dressing, motion detection and drug delivery. 

The fabrication methods and the new multifunctional hydrogels synthesized in this work 

will provide useful implications to develop advanced bioadhesives and self-healing 

biomaterials to meet the requirements in practical bioengineering and biomedical 

applications. The followings are three detailed objectives for this thesis work: 

(1) Develop a highly stretchable, adhesive and conductive hydrogel network based 

on multiple noncovalent intermolecular interactions with antibacterial properties for wound 

dressing and strain-sensing applications. 
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(2) Develop a stretchable, compressible, and conductive hydrogel with high 

sensitivity for strain sensing, and demonstrate precise human motion detection in practical 

applications.  

(3) Develop a tough adhesive hydrogel for dual drug delivery and wound healing 

with pH-responsive microgels and characterize the mechanical, drug-release and 

antibacterial properties. 

1.5 Structure of the Thesis 

In Chapter 1, a general introduction to multifunctional hydrogels and noncovalent 

interactions is presented, followed by a brief literature review of several applications 

related to bioengineering and sensing of noncovalent force-driven hydrogels. 

Chapter 2 explains a hydrogen-bonding-driven hydrogel with self-healing, 

remodeling and electrical response sensing qualities. The hydrogel was prepared by 

copolymerizing the PVA/PMVEMA/TA (PPTA) ternary polymers and can be readily 

achieved and scaled up in both ionic and non-ionic systems. Due to the affluent dynamic 

hydrogen bonding interaction, this PPTA gel exhibited superior stretchability, fast and 

highly recovered self-healing ability, the ability to be remodelled into different shapes and 

robust adhesion properties on diverse substrates. Moreover, the hydrogel’s sensing 

behavior and antibacterial characteristics were evaluated, and the results show great 

potential as an effective wound treatment material in bioengineering applications. 

In Chapter 3, a multifunctional conductive hydrogel strain sensor was fabricated by 

incorporating a conductive polymer and a mechanically robust double network hydrogel. 

The mechanical properties were designed to span a broad spectrum by simply tuning the 

polymer’s composition and the number of freezing-thawing cycles of the poly (vinyl 



24 

Chapter 1 
 

 

alcohol) (PVA)/ poly (acrylic acid) (PAA) double network (DN) hydrogel substrate. 

Furthermore, the interpenetrated conductive polymer Poly(3,4-ethylenedioxythiophene)-

poly(styrenesulfonate) (PEDOT: PSS) network endowed the hydrogel with high sensitivity 

to strain sensing. The self-healing and self-adhesive properties resulting from the synergy 

of the ternary system and multiple reversible hydrogen bonding interactions were 

characterized toward practical applications, and the fatigue resistance behavior proved that 

this hydrogel-based strain and pressure sensor has great potential for wearable soft 

electronic devices. 

In Chapter 4, a microgel-embedded drug delivery hydrogel system has been 

investigated. To fabricate an integrated pH and temperature dual responsive nanocomposite 

hydrogel for wound dressing, acrylic acid group functionalized microgels—which have 

been widely reported due to their pKa resulted pH responsiveness—were embedded in a 

semi-IPN PAAm/CS hydrogel matrix. The in vitro drug loading and releasing behaviors in 

different pHs and temperatures were analyzed, and the releasing kinetic profile shows that 

the hydrogel drug delivery system has a better-controlled release profile in the condition 

of the wound area (pH 7.4@37ºC) with a high-release efficiency (85% − 91%) and a long-

release duration (48h). Moreover, the integrated hydrogel shows an excellent antibacterial 

property (92.50 ± 0.01 %) attributable to the pronated carboxylic groups of CS. In addition, 

the macroscopic wound healing panorama and the histological study indicated that the 

hydrogel system accelerated the wound healing process, which shows the great potential 

of this combined complex for bioengineering and biomedical applications.  

In Chapter 5, the major conclusions and contributions of this work are provided. 

The outlook for future work is also addressed.
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CHAPTER 2 Hydrogen Bonding-Driven Multi-Functional Polymer 

Coacervate Gel Network 

2.1 Introduction 

Coacervation is a common phenomenon in nature that involves a liquid-liquid 

phase separation process,117 which is frequently observed among oppositely-charged 

polyelectrolyte systems.118-119 By mixing a polyanion with a polycation, complex 

coacervate gels can be formed driven by the electrostatic attraction between the opposite 

charges, which generally depends on the polyelectrolyte concentration and pH of the 

aqueous solutions.120-122 Coacervation has been achieved in both natural and synthetic 

materials systems based on various non-covalent interactions such as hydrogen bonding 

and hydrophobic interactions,122-124 which has been employed as a main driving force in 

constructing many multi-functional hydrogels125-127 and the formation of supramolecular 

assemblies or complexes.128-129 

Tannic acid (TA) is a naturally derived polyphenolic compound130 and is capable 

of interacting or cross-linking macromolecules at multiple binding sites through several 

interactions such as hydrogen bonding, ionic bonding and hydrophobic interaction.131-132 

TA also can form coacervate gel network based on coordination interaction with metal 

ions,133 polyerms134-135 and other functionalmaterials.136-137 For example, the poly(vinyl 

alcohol) (PVA)/TA coacervate gel materials has been reported recently based on cooling 

down the hot solution to room temperature due to their strong hydrogen bonding 

interactions.131 TA also can be interacted with a series of polyelectrolytes to form 

coacervation systems.51 The coacervate hydrogels resulting from simple mixing of TA and 

other polymers such as poly(ethylene glycol) (PEG),138-139 or poly(N-vinylpyrrolidone) 
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(PVP),140 were reported to exhibit good adhesion or mechanical properties.  

Although there are many examples exist for constructing coacervate gel networks, 

few of them focus on the biocompatible materials. Copolymers of alternating methyl vinyl 

ether and maleic anhydride (poly (methyl vinyl ether-alt-maleic anhydride), PMVEMA) 

and their derived forms are biodegradable materials as approved by the United States Food 

and Drug Administration (FDA), which possess low toxicity and high biocompatibility. 

PMVEMA has been widely applied in different medical applications such as encapsulation 

of pharmaceutical reagents in nanoparticles,141 a thickening agent,142 dental adhesives, and 

transdermal patches for wound healing.143 PMVEMA has shown promising results for the 

long-term maintenance of human Embryonic stem cells (ESCs)130 as well as a building 

block for antibiotic delivery vehicle to aid tissue regeneration at dental root canals. This 

interesting material inspires us to seek the possibility to use the polyphenols chemistry to 

engineer high-strength PMVEMA-based coacervates gel network with excellent properties. 

In this work, we aim to make highly stretchable, moldable, rapid self-healing 

coacervate gel with antibacterial performance using the noncovalent interaction of TA-

PMVEMA and TA-PVA to improve the performance of coacervate gel network on the 

basis of the aforementioned properties of TA, PVA and PMVEMA, which were all FDA 

approved biocompatible components.144-146 It was designed and fabricated by simply 

mixing the PVA/PMVEMA/TA (PPTA) ternary polymer mixtures. The formation of the 

PPTA gel can be readily achieved and scaled up in both ionic and non-ionic systems. 

Noteworthy, this PPTA gel can be stretched up to more than 135 times of its original size 

and preparing mechanically strong fibers. Also, it can be remodeled on diverse substrates 

and different shapes. Moreover, the as-prepared PPTA gel exhibited excellent adhesion on 

various substrate and appearance valuable antibacterial properties against both Escherichia 

coli (Gram-negative) bacteria and Methicillin-resistant Staphylococcus Aureus (MRSA) 
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bacteria. The PPTA gel provides a promising paradigm for the development of 

biocompatible drug carriers and various biomedical applications.  

2.2 Experimental Section 

 

2.2.1 Materials 

Poly vinyl alcohol (PVA) (99% hydrolyzed, average Mw = 89,000-98,000 g·mol-

1), Poly (methyl vinyl ether-alt-maleic anhydride) (PMVEMA) average Mw = 1,080,000 

g·mol-1) Neil Red, glycerol and tannic acid (TA) were procured from Aldrich and were 

used as received. 

2.2.2 Preparation of PPTA Coacervation Gel Network 

Poly (methyl vinyl ether-alt-maleic anhydride) hydrolyzed solution was prepared 

by stirring PMVEMA aqueous suspension liquid (10%, w/w) at 90 oC for 4 h and cooling 

down to room temperature for use. PVA was dissolved into 90 oC deionized water with 

mechanical agitation for 30 minutes to prepare 10% (w/w) aqueous solution. TA was 

dissolved in DI water and ultrasonic for 30 minutes to get 10% (w/w) aqueous solution.10 

ml homogeneous precursor solution was made by mixing PMVEMA and PVA solutions 

with volume ratio of 1:1, then 1 mL as prepared TA solution was slowly added into 

precursor solution to generate the PPTA coacervate gel under drastic stirring. By tuning 

the feeding mass ratio, different samples were prepared with PMVEMA: PVA= 0.1:1, 0.5:1, 

1.5:1 and 2:1 (w/w). The stretched fiber is prepared by stretching a piece of gel sample 

with the size of 1.0 cm x 0.5 cm x 0.5 cm (Length, Width and Thickness) to 135 cm in 

length. The fiber is taken and ready for characterization. 

2.2.3 Swelling Test 

The swelling properties of PPTA coacervate gel were tested under different pH 
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condition. Aqueous solutions of pH 1, 4, 7, 10 and 13 were prepared and the solution pH 

was adjusted using HCl and NaOH solutions. PBS buffer were prepared with pH=7.4. The 

pre-weighted PPTA coacervate gels were soaked into these aqueous solutions. After a 

certain time, mass changes were monitored and the swelling percentage was calculated 

with the following equation, where t is the soaked time and 0 is the initial mass. 

𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 (%) =
𝑀𝑎𝑠𝑠𝑡 − 𝑀𝑎𝑠𝑠0

𝑀𝑎𝑠𝑠0
× 100% 

2.2.4 Characterization 

The homogeneous porous structure of this coacervate gel network was investigated 

by a Zeiss EVO M10 scanning electron microscopy (SEM) under 10 kV accelerating 

voltage. All the coacervate gel samples were freeze-dried and coated a thin layer of gold in 

a gold sputter for 100 seconds before observation. Fourier transform infrared spectroscopy 

(FTIR, Nicolet iS50, Thermo Scientific) was used to scanning the bonding status of freeze-

dried coacervate gel samples, with a resolution of 4 and range from 500 to 4000 cm-1. 

2.2.5 Rheological Properties Measurements 

Rheological and self-healing properties were carried out with an AR-G2 rheometer 

(TA Instrument), a 20.0 mm 2.0° cone plate was used for all the characterizations. The 

shear modulus, G' (storage modulus) and G" (loss modulus) were determined with an 

increasing shear frequency from 0.1 to 100 rad/s at a constant strain of 1% and temperature 

at 20 °C in an oscillatory frequency sweep measurement. The self-healing behavior was 

performed by strain amplitude sweep (oscillation strain in the range of 0.1-200% with shear 

frequency equal to 10 rad/s, then go back to 1% strain immediately) through breaking the 

gel network and observing the network reconstruction. Cyclic tests were also employed to 

evaluate the repeatable self-healing ability with low strain (1%, 100 s) to high strain (100%, 
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100 s) steps shifting for 4 times. 

2.2.6 Tensile and Adhesion Measurements 

Tensile tests and adhesion tests were performed using an AGS-X universal tensile 

tester (Shimadzu, Japan) with a 50 N load cell, stretching rate was fixed of 50 mm/min, the 

same as our previous work.124 For the tensile test, the coacervate gel specimens were 

prepared by applying a constant pressure (20 kPa) over a molded gel for 15 minutes, then 

cut into rectangular shape (dimension of length= 20 – 30 mm, width≈ 10 mm, thickness= 

2 – 3 mm) with a sample cutting blade. The adhesive strength was examined by lap-shear 

tests by sandwiching the coacervate between two substrates with an overlap area of around 

1cm in length, 2.5 cm in width and 1 mm in thickness, calculated by the division of the 

maximum shear strength over the bond area. 

2.2.7 Electric Resistance Measurement 

The electrical resistance of the PPTA coacervate gel was obtained using an 

electrochemical workstation (CHI920, CH Instruments). The sensing characterization was 

evaluated by the real-time resistance (R) change (calculated by R= U/I) by recording the I-

t (current-time) curves with a 1.5 V output voltage (U). The strain sensitivity was estimated 

by the variation of electrical resistance change versus strain. Compression, bending, 

stretching and folding were also examined to evaluate the sensing performances of different 

applications. 

2.2.8 Antibacterial Assays 

The antibacterial activities of the PPTA coacervate gels were investigated using 

Escherichia coli (Gram-negative) bacteria, MRSA bacteria and in an agar disc test. Blank 

solutions were used as controls. PPTA coacervate gel samples were placed on the bottom 
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of 24-well plates and inoculated with 10 μL of a stock bacterial suspension (108 CFU/ml 

and 104 CFU/ml) for 3 h, no gel materials applied for control. Then 1 ml of the incubated 

bacteria suspension was taken and coated on agar substrate and incubated at 37 °C for 24 

h with three replicates, and the number of bacteria colonies were determined based on the 

recorded images. The bacteria inhibitive rate was calculating by the following equation. 

Bacteria Inhibitive Rate = [1 −
# of colonies in control − # of colinies in sample

# of colonies in control
] × 100% 

2.3 Results and Discussion 

PPTA coacervate gel is formed through hydrogen bonding interactions based on 

the multifunctional binding motif of TA and the pending groups of PMVEMA/PVA 

polymer mixture, structures are shown in Figure 2.1a. Coacervate gel with adjustable 

component ratio can be prepared by tuning the mass ratio of PMVEMA/PVA. The resulting 

soft and coacervate gel network can be easily isolated from the original solution. The 

hydroxide groups of PVA and carboxylic acid groups of PMVEMA can bind with 

polyphenol groups of TA through intermolecular hydrogen bonding interactions. After 

preparing the PMVEMA/PVA solution by mixing 10% (w/w) of PMVEMA and 10% (w/w) 

PVA at room temperature, a homogeneous solution formed under gentle stirring. When 

certain volume of 10% (w/w) TA solution was injected, a coacervate inhomogeneous 

solution was formed. However, only clear solution was observed during the mixing of 

PMVEMA and PVA polymers. The proposed interaction mechanism for the formation of 

the PPTA coacervate gel is illustrated in Figure 2.1b. In order to evaluate the effect of 

PMVEMA/PVA ratio on the formation of PPTA coacervate gel, experiments were 

conducted on different cases with PMVEMA: PVA = 0.1:1, 0.5:1, 1.5:1 and 2:1 (w/w). 

The results (Figure S1) show that regardless the PMVEMA content, PPTA could be 

immediately formed when the three components were mixed. 
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Figure 2.1. Highly stretchable, reprogrammable PPTA coacervate gel formation 

mechanism. (a) Schematic representation of the coacervate gel network structures of the 

PPTA. (b) Mechanism representation of PPTA coacervate gel formation. 

In Figure 2.2a, the SEM images illustrate the porous structure of formed gel 

network reveals the interactions appear between TA and polymers. The structure of 

stretched gel fiber was shown in Figure 2.2b, which gives the smooth surface with a 

diameter of ~70 µm. FTIR analysis was carried out to determine the intermolecular 

interactions between TA and PMVEMA/PVA. In the FTIR spectra shown in Figure 2.2c, 

the peak at around 2950 cm-1 is mainly contributed by C-H stretching from PVA, which 

slight shifts to higher wavenumber possibly due to the interaction between PVA and TA. 

The peaks at ~1250 cm-1 and ~1550 cm-1 (indicated with black arrow) are clearly 

contributed by PMVEMA147-148 and peak at ~3700 cm-1 (dash line) is attributed to the 

vibration of the phenolic hydroxyl group from TA. The acetal vibration peak (blue arrow) 

at ~1080 cm-1 is possibly due to the presence of chemical reaction.149-152  These changes 

suggested that the intermolecular interactions between PMVEMA/PVA and TA exist 

during the coacervation process.  

The swelling properties under different pH condition were evaluated by soaking the 

prepared PPTA coacervate gels into aqueous solutions with pH value of 1, 4, 7, 10, 13 and 
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PBS buffer (pH 7.4). The images shown in Figure S2 clearly present that the gel structure 

was destroyed under pH 13 after immediate soaking and was completely disappeared after 

1 day, which was attributed to the stability of tannic acid that could be readily oxidized 

under high pH. Moreover, the gel structure was relatively stable under other pH 

conditions.153-155 The swelling test (Figure S3) up to 12 days shows that the gel slightly 

shrunk at the beginning (Day 1) and swelled afterward under pH 1. However, a gradually 

increasing swelling trend was observed for all the other pH cases. The result is possibly 

induced by the balance of osmotic pressure and tannic acid stability, as well as the pH 

responsive property of PMVEMA. 

 

Figure 2.2. SEM images of (a) prepared gel structure and (b) gel fiber with a diameter of 

~70 µm. (c) FTIR Spectra of as-prepared PPTA gel, PVA, TA and PMVEAMA. Black and 

blue arrows indicate the peak positions from PMVEMA. The reddish line shows the peak 

corresponding to PVA and TA. 

To evaluate the highly stretchable properties of prepared PPTA coacervate gel, a 

gel with diameter of 1.0 cm x 0.5 cm x 0.5 cm (Length x Width x Thickness) was taken 

and stretched by external force, as shown in Figure 2.3a. The gel can be stretched up to 
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135 times of its original length. The strain-stress curve, conducted on a rectangular shape 

with the dimension of length 20 – 30 mm, width 10 mm, thickness 2 – 3 mm, shows that 

this prepared PPTA gel has excellent elongation properties, as shown in Figure 2.3b, with 

the maximum strain reaching ~2300% as compared with that (~1700%) of the pure 

PVA/TA gel system. It is noted that the stress of the gel shown in Figure 2.3b (~8 kPa) is 

the nominal stress. Since this material is highly stretchable with large elongation capability, 

the instantaneous stress changes with the cross-section area that varies during the stretching 

process. The true stress in the ending of the tensile test was calculated using the force 

divided by the cross area of the fiber which was formed from the PPTA coacervate gel 

during the stretching process, as shown in Figure S4 in Supporting Information. Based on 

the above consideration, the true stress was calculated using the following equation. 

True stress =
Force

Cross Area
=

Force

π(
D

2
)2

 (D is diameter) 

Here, the disruption point force was considered as an example to determine the true 

stress. From the SEM images in Figure 2.2, the diameter of stretched materials is ~70 µm. 

Based on the calculation, the true stress reached 7.67 MPa when the PPTA gel achieved 

the maximum strain. Here we want to stress that the elongations of the PPTA gel are much 

higher than other types of PVA gels (100-500%) and PVA/TA hydrogel (around 1100%) 

as reported.131 

The strong hydrogen bonding interactions between PMVEMA/PVA and TA 

molecules endow the coacervate gel with high moduli. The amorphous structure and 

reversible nature of hydrogen bonding provide the gels with an effective energy-dissipating 

mechanism, leading to their high tensile strengths and elongation behaviors. The 

amorphous structure was demonstrated in the PVA/TA hydrogel system under different 

preparation temperatures (25 and -15 °C).131, 156 In the previous studies, no typical peaks 
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of PVA crystallites were observed in the XRD spectrum of the PVA/TA system, with only 

a blunt amorphous peak centered at 2θ = 21.5°.131, 157 The strong hydrogen bonding 

interaction between PVA and TA could prevent the formation of PVA crystallites. The 

stretched fiber exhibited excellent mechanical properties. The tensile strain test of this 

stretched fiber proves that the stress strength is still higher than 1.3 MPa, as shown in 

Figure 2.3c. The higher tensile strength from stretched fiber compare to the bulk 

coacervate gel materials may correspond to the water content and alignment of the gel 

structures, which will be further studied. 

 

Figure 2.3. Highly stretchable PPTA coacervate gel fiber fabrication and characterization. 

(a) Elongation of prepared PPTA gel and (b) tensile strain test results of prepared gel 

structure. (c) Stress-strain test on the prepared PPTA gel fiber in (a).  
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Next, the viscoelastic properties of the PPTA coacervate gel were examined. 

Frequency-dependent (at a constant strain of 1%) oscillatory shear rheology (Figure 2.4a) 

of the PPTA coacervate gel shows that G' (storage modulus) is dominant compared to G" 

(loss modulus) across the range of experimental frequencies, indicating the solid-like 

behavior. The continuous step change of the oscillatory strain between 400% and 1% at the 

same frequency (1 Hz) was given to assess the strain-induced damage and self-healing 

property of the PPTA coacervate gel (Figure 2.4b). The self-healing behavior was 

performed by strain amplitude sweep (oscillation strain in the range of 0.1-200% with shear 

frequency equal to10 rad/s, then go back to 1% strain immediately) through breaking the 

gel network and observing the network reconstruction. A high strain of 200% beyond the 

critical strain was applied to disrupt the coacervate gel network. As displayed, the G' value 

of the coacervate gel dropped dramatically along with an inversion of G" exceeding G'. 

Following this, a low strain of 1% was applied to inspect the recovery of the gel structure, 

with the G' value immediately restored to its initial value. Cyclic tests were also employed 

to evaluate the repeatable self-healing ability with low strain (1%, 100 s) to high strain 

(100%, 100 s) steps shifting for 4 times. A high-magnitude strain (100%) was applied to 

break the hydrogel network. a low-magnitude strain (1%) was applied to examine the 

recovery ability of the coacervate gel network. It is shown that the damaged gel structure 

can recover quickly over three cycles of breakup and reformation of the network. Then, the 

shear modulus, G' and G" of the coacervate gel were determined with an increasing shear 

frequency from 0.1 to 100 rad/s at a constant strain of 1% and temperature at 20 °C in an 

oscillatory frequency sweep measurement. Figure 2.4c displays the strain-dependent 

oscillatory rheological behavior of the coacervate gel network. G' curve intersected G" 

curve at a certain strain determining the critical point. By further increasing the strain, the 

G' value decreased and was lower than G", revealing a collapse of the gel state to a quasi-
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liquid state. The storage modulus and loss modulus remain unchanged in the time-

dependent test (Figure 2.4c, right) and a broad linear viscoelastic region is observed, 

implying that the PPTA coacervate gel has good stability for a long time. 

Cut/heal test was conducted to investigate the self-healing characteristics of the 

PPTA coacervate gel. As shown in Figure 2.4d-g, two pieces of coacervate gel, one dyed 

with Nile Red, were cut into two parts and then brought into contact at ambient 

environment without any external intervention (Figure 2.4d and 2.4e). As expected, the 

fractured two parts could adhere to each other and be holdup in seconds. After stretching 

the re-adhered gel sample, it still shows the same stretch ability and elongation properties 

as shown in Figure 2.4f and 2.4g. The self-healing mechanism is explained by the dynamic 

hydrogen bonding interactions between the hydroxide of PVA, carboxylic acid of 

PMVEMA and catechol group in TA. When the hydrogel was cut into parts, many 

reversible hydrogen bonds were cleaved at the cut interfaces. These non-associated groups 

were exposed and had a strong tendency to link together. Thus, reconstruction of dynamic 

bonds was facilitated across the cut interfaces once the parts were brought in contact. 
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Figure 2.4. Rheological characterizations of PPTA coacervate gel. (a) Frequency-

dependent (at a strain of 1%) oscillatory shears rheology of the PPTA coacervate gel. (b) 

The shear modulus, G '(storage moduli) and G"(loss moduli) were determined with an 

increasing shear frequency from 0.1 to 100 rad/s at a constant strain of 1% and temperature 

at 20°C in an oscillatory frequency sweep measurement and a time-dependent (at a 

frequency of 1Hz and strain of 1%) oscillatory shear rheology. (c) The self-healing property 

of the PPTA coacervate gel demonstrated by the continuous step-strain measurements, 

which were carried out in steps of 1% and 200% oscillatory strain for four cycles. (d-g) 

Photographs of the self-healing process of PPTA coacervate gel. Demonstration of merging 

coacervate gel stained with different colors. 

Due to the wide application of hydrogel materials in various areas, they are 

expected to have not only good mechanical and self-healing properties, but also the ability 

to adapt to harsh environmental condition. Interestingly, the obtained gel exhibited 

excellent anti-freezing property and could be readily molded and remolded into various 
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shapes, as shown in Figure 2.5. Glycerol has been widely used as a deicing agent. From 

Figure 2.5a and 2.5b, it can be seen that the PPTA gel with adding 200 µL of glycerol 

shows very different appearance as compared to the untreated one after being frozen for 24 

h at -20 °C. The treated gel sample can be easily twisted. However, the untreated one was 

broken to pieces when twisting it under this temperature. It is well known that hydrogen 

bonding interactions are relatively stable at lower temperature, allowing the gel to maintain 

a certain shape. The hydrogen bonding cross-linked PPTA gel was moldable and could 

form different fine structures, as shown in Figure 2.5c-e. Without any further treatment, 

the gel sample can be remodel to any different type of shapes. And their shaped gel samples 

could remain their shapes without cryogenic cooling. 

 

Figure 2.5. (a) Anti-freezing and remodeling properties of the as-prepared PPTA 

coacervate gel. Photographs of gel samples (a) after staying at -20 ºC for 24 h and (b) 

showing the anti-freezing properties (which can twist) compare to the untreated one 

(broken into pieces). The as-prepared gel can be refabricated into different shapes such as 

(c) egg shape, (d) heart and flower shape and (e) a dinosaur shape. It is noted that the gel 

was colored using Neil Red dye to better show the illustration.  
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Apart from the good extensibility and self-healing properties, the PPTA coacervate 

gel also demonstrated robust adhesion to different substrates such as copper, steel, glass, 

PTFE, PVC, and PC plate. Lap-shear testing was performed on the samples of two substrate 

plates coated with an area of around 10 mm x 25 mm PPTA coacervate gel to evaluate the 

adhesion strength (as shown in Figure 2.6a). The average adhesion strengths of PPTA 

coacervate gel on substrates of copper, steel, glass, PTFE, PVC, and PC plate are 43.86 

kPa, 46.74 kPa, 26.80 kPa, 34.77 kPa and 22.69 kPa, respectively. Noteworthy, the contact 

time is only 10 min for the test, exhibiting the excellent adhesion behavior even under short 

contact. It is interesting to notice that the time dependence adhesive enhancement behavior 

which possibly due to the preference of repelling water molecules and mechanical 

anchorage on these two substrates, resulting in the enhancement of multi-modal hydrogen 

bonding interactions between adhesives and the substrates, thus improving the adhesive-

substrate interfacial interactions, as shown in Figure 2.6b. The time-dependent adhesion 

properties of the PPTA coacervate gel was evaluated using a PC substrate. The adhesion 

strength increased with longer contacting time. Up to 6 times adhesion strength was 

achieved within 2 h as compared to the test of 10 min contact time, which could be due to 

the diffusion of interfacial polymer chains into the porous substrate or more hydrogen 

bonds formed between the gel and substrates. This result implies that the strong adhesion 

performance of the PPTA coacervate gel is crucial to its function as a catechol-based 

adhesive, avoiding its performance degradation upon oxidation. 
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Figure 2.6. (a) Lap-shear adhesive strength of the PPTA coacervate gel adhesives on 

various substrates in deionized (DI) water after 10 min of contact. (b) Time-dependent 

adhesion behavior of PPTA coacervate gel on PC substrates. 

Furthermore, we evaluate the sensing behavior of prepared PPTA coacervate gel. 

The electrical resistance signal of the PPTA coacervate gel was obtained using an 

electrochemical workstation (CHI920, CH Instruments). The sensing characterization was 

evaluated by the real-time resistance (R) change (calculated by R= U/I) by recording the I-

t (current-time) curves with a 1.5 V output voltage (U). The strain sensitivity was estimated 

by variation of electrical resistance change versus strain. Compression, bending, stretching 

and folding were also examined to evaluate the sensing performances of different 

applications. First, we sandwich a piece of PPTA coacervate gel (dimension width x length 

x height of 10 mm x 10 mm x 5 mm) between two copper foil and connected with electric 

wire to monitor the current change with time when compression applied, as shown in 

Figure 2.7a. With the stretching of PPTA coacervate gel, the resistance continually 

increases with the stain increase, providing a great sensitivity on stretching. To better 

evaluate the sensing performance, we adhesive the piece of PPTA coacervate gel to the 

surface of partially blown balloon as shown in the inset representative image in Figure 5b. 

After intermittent inflation of Nitrogen to the balloon, we can observe the controllable 
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response of resistance change with the pressure increased (Figure 2.7b). Next, the bending 

response is performed by connecting two piece of glass substrate with the PPTA coacervate 

gel (dimension width x length x height of 10 mm x 20 mm x 5 mm), the resistance signal 

change was collected based on the bending angle difference, as shown in Figure 2.7c. After 

each angle bending, the set up was keep static and a constant current can be observed, 

which proving the PPTA coacervate gel is sensitive and stable during the bending sensing 

performance. With the excellence reprogrammable and stretchable properties of PPTA 

coacervate gel as we mention previously, a hypothesis comes after evaluating the sensing 

performance on stretching and bending, whether the response could be reversible after 

folding the stretched coacervate gel. The results are shown in Figure 2.7d. The left part is 

intermittent stretching one piece of PPTA coacervate gel every 50% elongation until 600% 

and the right part are adjusting the stretched gel back to the previous length by measuring 

the length of the gel between the conductive copper foil. We could clearly observe that the 

resistance change is fully reproducible under folding behaviour. The electrical sensing 

performance of prepared PPTA coacervate gel network will provide great opportunities for 

developing sensing device for health, motion or pressure monitor in future. 
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Figure 2.7. Sensing behavior of as-prepared PPTA coacervate gel based on the electrical 

resistance signal change under stretching, bending, compression and folding operation: (a) 

resistance changes under continually stretching, (b) electrical signal changes on balloon 

pressure monitor and (c) bending sensitive performance with different bending angle, and(d) 

the reversible resistance signal changes with stretching and folding cycling.  

Based on the potential broad-spectrum antimicrobial activity of PMVEMA polymer and 

the polyphenol groups from TA, we also performed antibacterial experiments for the PPTA 

coacervate gel. As shown in Figure 2.8, gram-negative E. coli and MRSA were used as model 

bacteria for the agar antibacterial tests. Gram-negative E. coli, one of the top five microbes causing 

surgical infections, and MRSA, a group of gram-positive bacteria that has multiple drug resistance 

were used to evaluate the antimicrobial performance of the developed PPTA coacervate gel. As 

presented in Figure 2.8a, the PPTA coacervate gel displayed a 100% reduction of E. coli and MRSA 

for both 104 CFU/ml and 108 CFU/ml, and this concentration is about 6 orders of magnitude higher 

than that of an operating theatre in use.  

Up to date. the antibacterial mechanism for polyphenol-based materials is still not fully 
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understood.158 Several mechanisms have been proposed. For example, it was proposed that the 

polyphenol-based material could act as an inhibitor of the sugar and amino acid uptake to prevent 

bacterial growth,159 or could pass through the bacterial cell wall to kill the bacterial.160 The 

antibacterial activity of the PPTA coacervate gel is contributed by both PMVEMA and TA. Strong 

antibacterial behaviors of these components have been demonstrated previously. For example, a 

recent study161 showed that no bacteria could be observed on the surface of TA modified films after 

24 h of contact. Thus, with the PMVEMA and TA embedded in the PPTA gel system, strong 

antibacterial activity would be expected. The antimicrobial activity of the gel material could be 

ascribed to the presence of both PMVEMA polymer and polyphenol groups from TA, which could 

efficiently kill E. coli and MRSA in bacterial counting tests (Figure 2.8b). 

 

Figure 2.8. Antibacterial performances of PPTA coacervate gel against E. coli and MRSA. 

(a) Bacterial inhibition rate for concentrated and diluted bacterial suspension treatment 

after 24 h incubation. (b) Images of E. coli and MRSA colonies on an agar plate from a 

concentrated and diluted bacterial suspension without treatment and treated with PPTA 

coacervate gel sample. 

 
 

 

 

2.4 Conclusions 

In this work, we have developed a novel coacervate gel based on non-covalent 
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intermolecular interactions via one-step mixing of PMVEMA, PVA and TA aqueous 

solutions, where the coacervation process is mainly driven by the intermolecular hydrogen 

bonding interactions between catechol groups of TA and hydroxide groups of PVA and 

carboxylic acid groups of PMVEMA polymers. This PPTA coacervate gel can be readily 

scaled up and applied to various applications, including adhesive to different substrates, 

sensing to compressing, bending and pressure change and antibacterial materials. The one 

step coacervate gel preparation strategy is facile for practical operation, and the as-prepared 

coacervate gel is demonstrated as an effective antibacterial material for the treatment of 

injuries and other related bioengineering applications, which is beneficial for practical 

surgical treatments. Furthermore, the electric response sensing behaviour could promote 

the PPTA gel materials as a great candidate for fabricating reusable strain sensors. 

Noteworthy, this hydrogen bonding-driven coacervate gel also holds great potential in 

biomedical applications, such as biocompatible tissue glues and wound dressings. The free 

pending carboxylic acid groups on the PMVEMA polymer chains in the gel network allow 

further post-functionalization for various potential applications. 
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CHAPTER 3 Stretchable, Compressible, and Conductive Hydrogel for 

Sensitive Wearable Soft Sensors 

3.1 Introduction 

Wearable soft electronics have attracted enormous attention over the past decade 

with promising applications in health monitoring/sensory devices,162-163 electronic 

skins,164-165 and   actuators.13, 166 Although conventional metal-based electronics show fast 

responses and signal transitions, they generally suffer from poor mechanical flexibility. 

Several approaches have been explored to address the issue by integrating soft stretchable 

polymer films, elastomers or hydrogels with conductive components, including metal 

nanoparticles 167 or nanowires,168 liquid metals,169 graphene oxide,170 MXene,171 carbon 

nanotubes,172-173 poly(ionic liquid) 174 and conjugated conductive polymers.175-178 Among 

them, the strategy of combining hydrogels with conducting polymers (e.g., PEDOT: PSS) 

show great promises for fabricating conductive hydrogel-based soft electronics due to the 

biocompatibility of constituted components, tunable functionalities as well as the 

mechanical match with soft biological tissues.179-185 However, the weak and brittle nature 

of conventional hydrogels significantly limit their applications for wearable soft electronics. 

Double network (DN) hydrogels hold potentials in stretchable soft electronics due to their 

superior mechanical properties.186 Liu et al. developed a stretchable κ-carrageenan/PAAm 

DN hydrogel through one-pot photopolymerization. The hydrogel can be stretched up to 

10 times of its original length and it could be used for strain sensing.187 Yang and Yuan 

designed a conductive agar/PAAm double network hydrogel with over 1600% extension 

and high toughness (2.2 MJ/m3) for both thermal and mechanical sensing.188  
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In practical applications, wearable soft electronics are frequently subjected to 

external stress caused by stretching, compressing, bending or twisting from body 

movement. The accumulation of stress may lead to the damage of the devices, limiting 

their lifespan.173 Therefore, it is desirable to render the conductive hydrogel with self-

healing property to improve the material durability and reliability.189 Hydrogen bonding 

interactions is one of the most common dynamic intermolecular interactions for 

constructing self-healing hydrogels due to the abundant hydrogen bonding donors and 

acceptors (e.g., hydroxyl groups, carboxyl groups, amine groups, etc.) in both natural and 

synthetic polymers.11, 190-191 Self-healing hydrogels based on hydrogen bonding 

interactions demonstrate fast healing efficiency due to the immediate hydrogen bonds 

dissociation/association.192-193 In addition, the strong interfacial hydrogen bonding 

interactions could also provide the hydrogel with self-adhesive property to different 

substrates, not only allowing the device to be used without the aid of tape or glue, but also 

preventing the delamination between device and biological tissues for better sensing 

performance.194-197 It is of great significance while remains a challenge to fabricate a 

mechanically robust conductive hydrogel with multifunctionalities using feasible raw 

material through facile preparation method.  

Herein, we report a facile approach for fabricating a stretchable conductive 

hydrogel by introducing the conducting polymer PEDOT: PSS into a PVA/ PAA double 

network hydrogel. The hydrogel can be facilely formed through a one-pot free-radical 

polymerization method, followed by freezing-thawing process. The as-prepared hydrogel 

sensor could span a wide spectrum of mechanical properties by simply tuning the polymer 

composition and the number of freezing-thawing cycles. The rich hydrogen bonds within 

the network not only offer the hydrogel with excellent self-healing property, but also 

provide self-adhesiveness towards different substrates. Meanwhile, the addition of PEDOT: 
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PSS endows the hydrogel with good conductivity and high sensitivity to mechanical strain, 

allowing the as-prepared hydrogel to be used as a strain sensor for detecting various human 

activities including finger bending, walking, pulse and vocal cord vibration. The as-

prepared multifunctional conductive hydrogel sensor holds great promises for wearable 

sensory devices and electronic skins. 

 

3.2 Experimental Methods 

3.2.1 Materials 

Poly(vinyl alcohol) (PVA, 99+%, Aldrich), Acrylic acid (AA, 99+%, Aldrich), 

Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT: PSS, 1.3 wt% 

dispersion in H2O, Aldrich), ammonium persulfate (APS, 98%, Aldrich), N, N′-

Methylenebis(acrylamide) (MBAA, 99%, Aldrich) and N, N, N′, N′-

tetramethylethylenediamine (TEMED, 99%, Aldrich) were used as received.  

3.2.2 Preparation of PVA/PAA/PEDOT: PSS Double-Network Hydrogel 

A series amount of PVA (0.7, 0.6, 0.5, 0.4,0.3 or 0.2g) was dissolved in 4 mL Milli-

Q water at 90°C to prepare the PVA solution. Then AA (0.3, 0.4, 0.5, 0.6, 0.7 or 0.8g), 

PEDOT: PSS (1 mL), APS (1% w/w), MBAA (0.25% w/w) and TEMED (1 μL) were 

added into the corresponding PVA solution and stirred at 0°C in an ice bath for 30 min. 

The homogeneous solution was transferred to a sealed glass mold. The first covalently 

crosslinked PAA network was formed after heating at 60°C for 5 h. The resulted hydrogel 

was then frozen at -20°C overnight and thawed at room temperature for 3h to form the 

second physically crosslinked PVA network. The freezing-thawing cycle was repeated one 

to three times.  
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3.2.3 Characterization  

The surface morphologies and internal crosslinking structures of hydrogels were 

captured by a scanning electron microscopy (SEM; Zeiss EVO M10) operated at 5 kV 

acceleration voltage. Fourier transform infrared (FTIR) spectra was obtained from a 

Thermo Scientific Nicolet iS50 FTIR spectrometer in the frequency range of 500−4000 

cm−1. All the samples prepared for SEM and FTIR inspection were freeze-dried and were 

cut into proper size. 

3.2.4 Mechanical Tests  

Both tensile and compression tests were performed on an AGS-X universal tensile 

testing machine (Shimadzu, Japan). For the tensile test, hydrogel specimens were cut into 

a rectangular strip (length=12mm, width=8mm, thickness=3mm) and were stretched at a 

50mm/min tensile rate with a 50N load cell. Elastic moduli of the hydrogels are calculated 

by the initial slope of the stress-strain curve and the toughness is calculated by the area 

under the stress-strain curve. For the compression test, hydrogel specimens 

(diameter=16mm, height=15mm) were tested by a 2000N load cell at 20mm/min 

compression rate. The energy dissipation was calculated by the area of hysteresis loop in a 

loading-unloading compressive stress-compressive strain curve. 

3.2.5 Self-Healing Tests 

The macroscopic self-healing behavior of the hydrogel was demonstrated by 

bringing two pieces of separated hydrogels together after heating the cross section on a 

heat plate for 5 seconds. The recovery of illuminance of a light-emitting diode (LED) bulb 

and the current change during cyclic cutting/healing process was recorded by an 

electrochemical workstation (CHI920, CH Instruments, USA) to illustrate the self-
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repairing electrical properties of PEDOT: PSS@PVA/PAA hydrogel.  

3.2.6 Adhesiveness Tests 

The adhesive behavior was visualized using the hydrogel sample to glue different 

substrates (wood, steel, glass, PTFE, PMMA, pork skin) together. The adhesive strength 

was conducted on the AGS-X tensile machine following typical lap-shear tests on different 

substrates. The adhesion strength is calculated by dividing the maximum force during 

detaching process by the overlap contacting area.198-199 Hydrogel samples were cut into 

rectangle shape (L:15mm, W:10mm) and sandwiched between two substrates in same 

material then pull to separate after compressing for 1 min. The cyclic contact-separate 

process was performed by placing PEDOT: PSS@PVA/PAA hydrogel specimen between 

two substrates and contacting for 30s then pulling the upper substrate to fail. The contact 

and separate process was repeated for 20 times. All the adhesion tests were repeated for at 

least three times. 

3.2.7 Electrical Tests 

The electrical resistance of the PEDOT: PSS@PVA/PAA hydrogel was obtained 

from an electrochemical workstation which recorded the real-time I-t curve, the resistance 

was calculated through Ohm’s law (𝑅 = 𝑈 𝐼⁄ ) with a constant applied 1.5V voltage. The 

electrical resistance variation versus compressive strain tendency was evaluated by the 

electrical resistant data from electrochemical workstation under a certain compressive 

strain test with 40 mm/min compressive rate which could also be demonstrated through the 

brightness change of a LED bulb. 

The gauge factor (GF) ,200 representative of the strain sensitivity, can be defined as 

the slope of resistance change rate (
𝑅−𝑅0

𝑅0
=

𝛥𝑅

𝑅0
 ) versus applied strain (λ), formulized as 
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𝐺𝐹 =
𝛿(𝛥𝑅

𝑅0
⁄ )

𝛿𝜆
  and the sensitivity (S),201 which indicates the pressure sensitivity, can be 

defined as the slope of current change (
𝐼−𝐼0

𝐼0
=

𝛥𝐼

𝐼0
) upon applied pressure (P), formulized as 

𝑆 =
𝛿(𝛥𝐼

𝐼0
⁄ )

𝛿𝑃
. They are two important parameters to evaluate the sensing ability. 

3.2.8 Sensing Tests  

The wearable biosensor was assembled by proper sized hydrogel between two 

formed nickel electrodes and fixed on different parts of human body like finger, wrist, 

throat, and foot to investigate the sensing ability. The real time I-t curves were recorded to 

measure the electrical resistant change of human body motions. 

 

3.3 Results and Discussion 

3.3.1 Formation of the PEDOT: PSS@PVA/PAA Double-Network Hydrogel  

PEDOT: PSS@PVA/PAA double network hydrogel was facilely prepared through 

a two-step process as shown in Figure 3.1. The first covalently crosslinked PAA network 

was formed through a thermo-triggered free-radical polymerization of the hydrogel 

precursor solution. In the second step, the second physically crosslinked PVA network was 

formed after freezing-thawing process because partial condensed PVA chains contribute to 

the precipitation of PVA crystallites in the freezing process, which act as crosslinkers and 

form physical network with other PVA chains by the strong hydrogen bonding interactions 

during the freezing-thawing process.202-203 In addition, the carboxyl groups of PAA could 

form multiple hydrogen bonds with the hydroxyl groups of PVA, which could further 

improve the mechanical properties of the hydrogel. PEDOT: PSS colloidal particles were 

added as the conductive fillers and were homogenously distributed in the hydrogel network, 

which could provide high conductive channel for the system. 
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Figure 3.1. Scheme of the preparation process of PEDOT: PSS@PVA/PAA double 

network hydrogel.  

The chemical property of the hydrogels was characterized by FTIR (Figure S3.1a). 

For the PVA/PAA DN hydrogel (blue), the peak at 3350 cm-1 could be attributed to the 

vibration of O-H. The characteristic peaks at 1452 and 1250 cm-1 were attributed to the 

asymmetric and symmetric stretching of COO- and C-O respectively, confirming the 

presence of PVA and PAA in the hydrogel sample.204 With the addition of PEDOT: PSS 

(green), the peak of hydroxyl groups showed a red shift, which could ascribed to the 

weakening and lengthening of O-H bonds.205 In addition, the peaks of O-H vibration in 

PAA shift from 1176 to 1170 cm-1, 1238 to 1230 cm-1 and 1417 to 1408 cm-1, indicating 

the hydrogen bonding interactions between PVA, PAA and PEDOT:PSS. The morphology 

of the PVA/PAA hydrogel with or without PEDOT: PSS was characterized by SEM 

(Figure S3.1b and S3.1c). Both hydrogels show uniform porous structures, but the pore 

size became smaller after introducing PEDOT: PSS into this double network system, 

resulting from a higher polymer fraction in the hydrogel network. The homogeneous 

distribution of PEDOT:PSS is indicated by the EDS in Figure S3.2 and S3.3. 
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3.3.2 Mechanical Properties of PVA/PAA/PEDOT: PSS Hydrogels 

To investigate the stretchability and elasticity of the hydrogel, a series of hydrogel 

samples with different PVA/PAA mass ratios were prepared and characterized by tensile 

tester (total polymer concentration were fixed at 200 mg/mL and weight percentage of 

PEDOT: PSS was fixed at 2wt%). As show in Figure 3.2a, with the increase of PAA 

weight percent, the maximum fracture strain increases from 400% to over 900%, while the 

Young’s modulus decreases from 38.54 kPa to 7.08 kPa. The mechanical property of the 

hydrogel can also be fine-tuned by varying the number of freezing-thawing cycles as shown 

in Figure 3.2b, as the number of freezing-thawing cycles increases from one to three, the 

Young’s modulus of  PEDOT:PSS@PVA/PAA DN hydrogel (PVA/PAA=6:4) increases 

from 10.5 kPa to 121.7kPa while the maximum strain decreases from 723% to 563%. This 

is due to the increase of physical crosslinks formed between PVA crystallites and PVA 

chains through hydrogen boning interactions.206 The weight ratio of PVA/PAA=6/4 was 

chosen and used for the following tests due to the balance of the stretchability and stiffness. 

The hydrogel (PVA/PAA=6/4) can be stretched up to 6 times of its original length (Figure 

3.2c). As the strain sensors are constantly subjected to multiple cycles of stretching or 

bending, the elasticity and fatigue resistance were characterized by cyclic tensile tests with 

different maximum loading strains (100%, 300% and 600%). Although the as-prepared 

hydrogel showed a decreased energy dissipation in the second loading cycle at the strain 

of 100%, the superposition of the successive loading-unloading cycles was observed 

(Figure 3.2d). The maximum tensile stress of the hydrogel remained at 200 kPa after 100 

loading-unloading cycles (Figure 3.2e).  
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Figure 3.2. (a) Strain-stress curves of PEDOT: PSS@PVA/PAA hydrogels with different 

PVA/PAA ratios after three freezing-thawing cycles. (b) Strain-stress curves of 

PEDOT:PSS@PVA/PAA hydrogel (PVA/PAA=6:4) after different number of freezing-

thawing cycles. (c) PEDOT: PSS@PVA/PAA hydrogel (PVA/PAA=6:4) before stretch 

(left) and after stretch (right). (d) Cyclic loading-unloading tensile tests of PEDOT: 

PSS@PVA/PAA hydrogel (PVA/PAA=6:4) with strain from 0-100%. (e) Tensile stress 

change in cyclic loading-unloading tensile tests. (f) Loading-unloading tensile test of 

PEDOT: PSS@PVA/PAA hydrogel (PVA/PAA=6:4) under different strain values. (g) 

Cutting hydrogel with a blade showing high toughness. 

The large hysteresis loop in the first cycle can be attributed to the disassociation of 

multiple hydrogen bonds within the hydrogel network for energy dissipation and the 

recovery of the original shape and maximum stress in the successive cycles confirms the 
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excellent elasticity of the hydrogel. Similar fatigue resistance behavior of the hydrogel was 

also observed in the cyclic tests using 300% and 600% loading strains (Figure S3.4a and 

S3.4b). Apart from good stretchability and fatigue resistance of the hydrogel, it also shows 

high toughness as reveled by the loading-unloading tensile cycle tests at different strains 

from 50% to 600% (Figure 3.2f). Larger hysteresis loop can be observed with increasing 

maximum strain, which indicates a higher degree of energy dissipation due to the rupture 

of more hydrogen bonds during the mechanical loading. The high toughness allows the 

hydrogel to preserve structural integrity and recover to its original shape after being cut 

using a sharp blade from top to bottom (Figure 3.2g). 

Compression tests were also employed to reveal the excellent mechanical 

properties of the as-prepared hydrogel. The hydrogel could stand a large compressive 

deformation and recover to the original shape after releasing the compressive stress (Figure 

3.3a). The maximum compressive strength can reach from 0.5 MPa to 2.0 MPa and the 

dissipated energy during the compression can reach up to 6.28 MJ m-3 as the compressive 

strain increased from 50% to 80% (Figure 3.3b and 3.3c). The cyclic compression tests 

show the superposition of the loading-unloading compressive curves, which further 

demonstrates the elasticity and fatigue resistance of the hydrogel (Figure 3d). The 

maximum compressive strength of the hydrogel was well-remained at 2 MPa after being 

compressed 100 times (Figure 3.3e), which confirmed the remarkable rebound resilience 

of the PEDOT: PSS@PVA/PAA hydrogel.207 The excellent mechanical properties of the 

hydrogel offer advantages to sense different types of motions (e.g., stretching, compressing, 

bending, etc.). Hammering test (Figure S3.5, Video S3.1) was also conducted on hydrogel 

specimen under a normal pressure of over 1 MPa. After repeating 20 trials, the hydrogel 

could still retain its original shape, confirming the excellent elasticity.208 
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Figure 3.3. (a) Photographs for the compression process of PEDOT: PSS@PVA/PAA 

double network hydrogel. (b) Typical compressive stress-compressive strain curves under 

different compressive strain conditions. (c) Maximum compressive stress and energy 

dissipation during compression process (N=3). (d) Three loading-unloading cyclic curves 

under 80% compressive strain. (e) Pressure under continuous 100 loading-unloading cycles 

with 80% compressive strain. 

3.3.3 Self-Healing Property 

The self-healing process of the hydrogel was shown in Figure 3.4a, where two 

pieces of separated hydrogel could heal and merge into one single piece by first heating the 

joints then bringing two pieces together. The healed hydrogel can be further stretched 
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without the rupture at the joint. The excellent self-healing property of our hydrogel sensor 

can be attributed to the enhanced hydrogen bonding interactions at the interface when the 

local temperature is increased. The illumination recovery of a LED bulb was also used to 

demonstrate the self-healing property (Figure 3.4b). The LED bulb was illuminated when 

a piece of PEDOT:PSS@PVA/PAA hydrogel was integrated into the circuit, indicating the 

conductive nature of the hydrogel. The LED bulb went out when the hydrogel was cut into 

halves and became bright again after two pieces of hydrogels were brought together. The 

brightness of the LED bulb can be also adjusted by simply stretching the hydrogel, 

indicating the change of resistance during the stretching. Real-time current measurement 

was further employed for studying the self-repairing electrical property (Figure 3.4c). The 

current went to zero when the hydrogel was cut and it recovered to a higher value than the 

original, which is most likely due to the increased contact area at the re-joined interface.209 

The reproducibility of such self-repairing electrical property was also confirmed by the 

cyclic cutting-healing process of our hydrogel. 
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Figure 3.4. (a) Self-healing process of the PEDOT:PSS @PVA/PAA DN hydrogel 

(PVA/PAA=6:4). (b) The recovery of illuminance of a LED bulb during the hydrogel 

cutting/healing process. (c) Current change during the cyclic cutting/healing processes.  

3.3.4 Self-Adhesiveness of the PEDOT:PSS @PVA/PAA DN Hydrogel 

The strong adhesion to various substrates was shown in Figure 3.5a. The as-

prepared hydrogels could firmly glue a wide range of materials together, including wood, 

steel, glass, PTFE, PMMA and porcine skin (mimic human tissue).210 The adhesive 

strength was measured by lap-shear experiments. As shown in Figure 3.5b, the 

PEDOT:PSS@PVA/PAA hydrogel has highest adhesion with PTFE for 19.8±0.69 kPa and 

fair adhesion with porcine tissue for 15.9±0.79 kPa. The self-adhesive property of the 

hydrogel is most likely due to the hydrogen bonding interactions between hydroxyl groups, 

carboxyl groups of hydrogel and different hydrogen-bonding donor/acceptor groups on the 

substrates. The macroscopical adhesion was also demonstrated in Figure S3.6 using 

PEDOT:PSS@PVA/PAA hydrogel (L×W×T: 10mm×9mm×2mm) sample to glue and lift 
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a 500-gram weight. Besides, the reversible adhesion to different substrates (glass, PMMA 

and porcine skin) was studied through normal adhesion tests.  

 

Figure 3.5. (a) Using PEDOT:PSS @PVA/PAA DN hydrogel (PVA/PAA=6:4) to glue 

different substrates together. (b) Adhesive strength of PEDOT:PSS @PVA/PAA DN 

hydrogel (PVA/PAA=6:4) on different substrates using lap-shear tests. (c) Reversible 

adhesive property of PEDOT: PSS @PVA/PAA DN hydrogel on different substrate. 

Figure 3.5c shows the normal adhesion strength remained almost the same over 20 
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cycles on glass, PMMA and porcine skin, demonstrating the dynamic and reversible nature 

of hydrogen bonding interactions. The good adhesiveness of the hydrogel towards different 

substrates shows great potential for the self-adhesive soft sensors. 

 

3.3.5 Tensile and Compressive Strain Sensing Ability of the PVA/PAA/PEDOT: PSS 

DN Hydrogel 

The strain sensitivity of the as-prepared hydrogel sensor was investigated by 

resistance tests. The overall relative resistance change (ΔR/R0) versus tensile strain is 

shown in Figure 3.6a. The relationship of the relative resistance change with applied strain 

can almost fit into a polynomial equation: 

∆R
R0

⁄ = 0.01411𝜀 + 5.51174 × 10−5𝜀2 

the gauge factor is calculated to be 2.21 when the strain is less than 150% and it 

goes up to 3.82 at the strain between 170% to 300%. For the intelligent electronic sensing 

application, high gauge factor value is required for high sensitivity. Compared with other 

hydrogel strain sensor systems 14, 187-188, 209, 211-219 as show in Figure S3.6, our hydrogel 

sensor exhibits a higher gauge factor value within 0%-300% strain range (the deformation 

range of human epidermis is 0%-75%).220 Figure 3.6b shows the identical waveforms of 

the signal under different tensile strains (50%, 100%, 150% and 200%), indicating the high 

sensitivity and reliability of sensing response. The current change during one hundred 

loading-unloading cycles at 100% tensile strain is shown in Figure 3.6c, and the current 

amplitude shows slight decrease in the first several cycles, while remains almost the same 

in the following successive cycles, suggesting the stable and reproducible signal response. 

Such signal response can be reflected by the change of brightness of an LED connected in 

a circuit with a piece of integrated hydrogel being stretched (Figure 3.6d). Strain sensing 
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test for random/ unknow strain values within the working range of 

PEDOT:PSS@PVA/PAA hydrogel sensor was also conducted. The results (Figure S3.8) 

indicate that the random/ unknown strain can be well detected and agree well with the 

predicted signal curve of the sensor, which confirms the reliability of the strain sensing of 

the developed hydrogel. 

The hydrogel sensor also has excellent pressure sensing ability. Figure 3.6e shows 

the relationship between current change and applied pressure and it can be  fitted by a 

logistic function, in which the whole tendency can be divide into four areas: 1) when the 

compressive pressure is less than 100 kPa, the sensitivity is 0.076; 2) when the compressive 

pressure is between 80 kPa to 170 kPa, the sensitivity goes down to 0.027; 3) when the 

pressure was during 200 kPa to 300 kPa, the sensitivity is 0.013 and 4) sensitivity is 0.006 

as the applied pressure increased further. As shown in Figure 3.6f, the current change 

signal is highly repeatable, stable, and sensitive over a wide compressive range from 10% 

to 80%. Figure 3.6g shows the current change of the hydrogel undergone one hundred 

cycles with 80% compressive strain. The stable current amplitude indicates the reliable 

pressure sensing ability of the hydrogel. The relative electrical resistance changes of the 

hydrogel sensor with the compressive stain from 10% to 80% was also reflected by 

illumination of a LED. It is clear that the LED becomes brighter with the increasing 

compressive strain which reflects the decrease of resistance (Figure 3.6h and Video S3.2). 
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Figure 3.6. (a) Resistance changes vs applied strain (from 0% to 300%) curve. (b) Relative 

resistance changes of PEDOT:PSS@PVA/PAA DN hydrogel sensor at different strains 

from 50% to 200%. (c) Current change of loading-unloading process under 100% tensile 

strain for 100 times (d) The brightness change of LED bulb in circuit under different 

stretching strain. (e) Relative current change vs applied compressive stress curve. (f) 

Relative current change of PEDOT:PSS@PVA/PAA hydrogel sensor under the 

compressive stain of 10% to 80%. (g) Current change of one hundred cycles under 80% 

compressive strain. (h) The illumination changes of LED bulb during a compression 

process of 80% compressive strain.  
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3.3.6 Sensing Ability 

Benefiting from the excellent adhesiveness, stretchability, compressibility, and 

high strain sensitivity, the as-prepared conductive hydrogel can be attached on human 

tissue and used as a soft sensor device to monitor human activities.221 Figure 3.7a shows 

the resistance change of the hydrogel with different bending angles. The resistance 

increases as the hydrogel was bent into a larger angle, resulting in a smaller current. As 

illustrated in Figure 3.7b, when use the hydrogel to detect finger bending, the relative 

resistance changes of the hydrogel sensor increased significantly from 0.02 to 0.5 as the 

finger bent from 0 – 15° to 0 – 90°. The same motion-capture ability can also be used to 

monitor the movement of wrist and foot (Figure 3.7c-d). The movement detection was 

demonstrated by adhering the hydrogel sensor on the sole of a volunteer. As the volunteer 

was walking (Video S3.3), the instantaneous current change was recorded by the 

electrochemical workstation and displayed on the screen (Video S3.3) based on the 

pressure imprison and release processes. Apart from detecting the large body movements, 

subtle motions were monitored and demonstrated further. As displayed in Figure 3.7e, the 

hydrogel could detect pulse by over human wrist. The relative resistance change is around 

0.03 under resting and the heart rate was determined to be 59 bpm, while after exercise, the 

higher amplitude of the resistance change signal was obtained and the heart rate went up 

to 130 bpm. To study the difference of vocal cord vibration when speaking different words, 

the hydrogel sensor was adhered to the neck to record the related motions. It is clear that 

there is only one peak when speaking “Hi” and three peaks were repeated showed up when 

keep saying “How are you” (Figure 3.7f). With the successful demonstrations of the 

human motion detections, this hydrogel-based strain and pressure sensor shows great 

potential for wearable soft electronic devices with high sensitivity and reliability. 
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Figure 3.7. (a) Relative resistance changes of DN hydrogel sensor bending from 0 degree 

to 90 degree. Relative resistance changes of DN hydrogel sensor during monitoring 

different human activities including (b) Finger bending. (c) Wrist bending. (d) Stepping (e) 

Heartbeat monitoring, (f) Distinction of pronounce “Hi” and “How are you”.                

 

3.4 Conclusions 

In summary, we developed a highly sensitive hydrogel-based strain sensor with 

excellent self-healing and self-adhesive properties by incorporating a conductive polymer 
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PEDOT: PSS into a mechanically robust poly(vinyl alcohol) (PVA)/poly(acrylic acid) 

(PAA) double network (DN) hydrogel via a facile two-step preparation method. The 

hydrogel sensors could span a wide spectrum of mechanical properties by simply tuning 

the preparation parameters. Due to the multiple hydrogen bonding interactions between 

different components within the hydrogel, the hydrogel sensor not only shows improved 

mechanical properties through an energy dissipation mechanism, but also possesses self-

healing capabilities. Such hydrogen bonding interactions are also important for the sensory 

applications since the strong interfacial hydrogen bonding interactions between hydrogel 

and tissues can facilitate the robust adhesion of the hydrogel to the skin (and other 

substrates), which is beneficial to the sensing stability and reliability. 

Compared with previously reported mechanically robust hydrogel-based strain 

sensors, 14, 213, 222 the hydrogel and sensor system developed in this work shows an 

improved sensitivity (Gauge Factor from 2.21 to 3.82) over the strain range (0-300%), 

which allows the precise detection of different types of subtle human motions (e.g., pulse 

and vocal cord vibration). The simple design of our hydrogel-based strain sensor provides 

useful insights into the development multifunctional conductive hydrogels for flexible 

screen, electronic skin, and other electrical engineering applications. For further study, 

nanomechanical force measurement tools (e.g., surface forces apparatus, atomic force 

microscope) will be used to elucidate the critical roles of dynamic hydrogen bonding 

interactions among different components in tunning the macroscopic material properties.     
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CHAPTER 4 A pH and Temperature Dual-Responsive Microgel 

Embedded Adhesive Tough Hydrogel for Drug Delivery and Wound 

Healing 

4.1 Introduction 

Skin is generally considered as the largest multifunctional organ of the human body, 

and works as the first barrier to defend against the invasion of bacteria.223 It remains a 

challenge for the treatment of skin wounds (including injury, chronic disease, surgery, 

acute trauma, etc.) due to the complexity and dynamic nature of the wound healing 

process.224 Advanced wound dressings have attracted much research interest. An ideal 

wound dressing should meet several requirements: 1) good absorbing ability to clear up 

wound exudates, 2) providing a good biological environment to transport proteins, ions, 

minerals, and nutrition for tissue regeneration, 3) drug carrying and releasing capability for 

pharmacologic interventions, and 4) excellent antibacterial properties to reduce bacterial 

infection.225-227 Polymeric hydrogels are promising candidates for wound dressings 

because of their hydrophilic nature, gas permeability, and fluid absorbing capability. 228-232  

Chitosan (CS), as a natural polysaccharide, has broad-spectrum antibacterial 

activities because its protonated amino groups can bind to the negatively charged bacterial 

cell wall, leading to the permeability change of the cell membrane and thus a sterilization 

effect. CS has been investigated as a wound dressing material.233-234 CS also owns 

interesting mechanical and biological properties such as mucoadhesive,235 excellent 

biocompatibility,236-238 biodegradability,239-240 anticholesterolemic,241 antimicrobial 

capacity,242 antioxidative,243 and healingstimulation.244-245 As a result, CS has been used to 

manufacture biosensors and drug delivery systems and also plays a role in promoting drugs 
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to pass through biological barriers.246-247 Traditional CS hydrogels are generally weak and 

lack of functionality. Therefore, various approaches have been adopted to enhance the 

mechanical performances and endow the hydrogel with multiple functions to fulfill the 

increasing needs of modern biomedical materials. Coupling CS with other biocompatible 

crosslinked polymers to form semi-interpenetrated networks (semi-IPN), which refers to 

the networks crosslinked by the first polymer with a second linear or branched polymer 

dispersed in, provides a facile and feasible method to fabricate functional biomaterials to 

broaden the application of CS, which has been demonstrated by introducing and 

polymerizing hydrophilic monomers in the presence of CS inside the hydrogel system.248 

Because of their nontoxicity, biodegradability, biocompatibility and antibacterial 

properties with potential biotechnological and biomedical applications, CS semi-IPN 

hydrogels have received considerable attention.249 By incorporating various polymeric 

networks such as poly(N-isopropylacrylamide),250 alginate,251 polyacrylamide,252-253 and 

modified cellulose networks,254 multitudinous CS-based semi-IPN hydrogels have been 

prepared and displayed excellent mechanical properties, antibacterial capacities and 

adhesive features.255-258 However, CS semi-IPN hydrogels usually display pH and 

composition-dependent swelling behaviour, which influences the drug release kinetics and 

impairs the wound healing performances. Meanwhile, the electric charge properties of the 

hydrogel materials can influence the drug loading efficiency and the type of drug loaded, 

which hinders the critical drug loading and delivery for wound dressing applications with 

pharmacologic interventions. 

On the other hand, stimuli-responsive microparticle-based drug delivery systems 

have attracted much attention owing to their high drug loading and controlled and sustained 

drug release behaviors.247, 259-260 Attributed to the reversible temperature responsible 

behavior, tian (PNIPAAm) based microgels have been employed to release various 
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therapeutic agents including drugs and proteins in a passive and nondenaturing manner.64, 

261-262 Chemically modification of the PNIPAAm microgels with diverse functional 

molecules are commonly used to render the microgels with responsiveness to various 

stimuli. For example, pH and temperature dual-responsive microgels have been developed 

by copolymerizing acrylic acid (AAc) with NIPAAm to form microgels (PNIPAm-co-AAc 

microgels).263-264 At pH higher than its pKa value (i.e., pH 4.25), deprotonation of AAc 

groups could occur, which makes the polymer chains negatively charged. At pH < 4.25, 

the PAAc chains are protonated and become neutralized.265-266 The anionic charge property 

of the microgels also enables their interaction with cationic proteins.267 For example, high 

protein drug (cytochrome c) loading capacity (more than 9.7 × 105 protein molecules/ 

microgel particle) has been achieved in a previous study due to the formation of the 

polymer (PNIPAAm-co-AAc)-protein complexes and the porous structure of the 

microgels.268 However, direct administration of microgels as drug carriers faces problems 

like rapid clearance by human’s renal and reticuloendothelial systems (RES).269 By 

incorporating stimuli-responsive microgels (e.g., PNIPAAm-co-AAc microgels) into bulk 

hydrogel networks, composite hydrogels with enhanced drug loading capacity, intelligent 

and sustained delivery and broadened types of loading drugs can be achieved. Although 

microgel-embedded hydrogel systems have been reported in previous studies, most of them 

focused on the physical characteristics of the hydrogels.270-271 Developing functional 

microgel-embedded hydrogels with potential biomedical applications (e.g., carriers for 

drug delivery, wound dressing) is of both fundamental and practical importance.  

In this work, we have developed a pH and temperature dual-responsive 

nanocomposite hydrogel by entrapping PNIPAAm microgels functionalized with acrylic 

acid inside a semi-IPN PAM/CS hydrogel and successfully applied it as a drug delivery 

carrier and a wound dressing. The structure, swelling ratio, mechanical, adhesive and 
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antimicrobial properties of the dual-responsive nanocomposite hydrogel were investigated. 

The drug loading and releasing behaviors of both the PNIPAAm-co-AAc microgels and 

the semi-IPN PAM/CS hydrogel were investigated under different pH and temperature 

conditions, which were compared with that of the microgel@PAM/CS hydrogel to 

determine their synergistic effect. The composite hydrogel demonstrated sensitive stimuli-

responsive and sustained release behaviors. We further evaluated the wound healing 

performance of the hydrogel using a rat model, and the hydrogel demonstrated significant 

enhancement of the healing process. These results suggest that the microgel@PAM/CS 

hydrogel has great potential in bioengineering applications such as drug delivery and 

wound healing. 

 

4.2 Experimental Section 

 

4.2.1 Materials 

N-Isopropylacylamide (NIPAAM, 99%, Aldrich), acrylic acid (AAc, 99%, 

Aldrich), ammonium persulfate (APS, 99%, Aldrich), N,N-Methylenebis(acrylamide) 

(Bis-acrylamide, BIS), acrylamide (AAm, ≥99%, Aldrich), Chitosan (CS, high molecular 

weight,>75% deacetylated, Aldrich), acetic acid (1 M CH3COOH, Aldrich), poly(ethylene 

glycol) diacrylate (PEGDA, average Mn 700, Aldrich), Bovine Serum Albumin (BSA, 

Aldrich), Sulfamethoxazole (SMZ, Aldrich), 1, 1-diphenyl-2-picrylhydrazyl  free radical 

(DPPH, 95%, Thermo Scientific), phosphate-buffered saline (PBS, Aldrich) tablets were 

used as received. Irgacure 2959 (I 2959, 98%, Aldrich) was used as a photo initiator. 

4.2.2 Microgel Synthesis 

Microgels composed of poly (N–isopropylacrylamide)-co-acrylic acid (PNIPAAm-

co-AAc) were synthesized via free radical precipitation polymerization as described 
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previously.272 Briefly, a 3-necked round bottom flask was fitted with a reflux condenser, 

nitrogen inlet, and temperature probe, and charged with a solution of NIPAAm (11.9 mmol) 

and BIS (0.703 mmol) in 99 mL deionized water, previously filtered through a 0.2 µm filter. 

The solution was bubbled with N2 gas and allowed to heat to 70 °C over ~1 hour. AAc 

(1.43 mmol) was added to the heated reaction mixture in one aliquot. The reaction was then 

initiated with a solution of APS (0.2 mmol) in 1 mL of deionized water. The reaction was 

allowed to proceed at 70 °C for 4 h under nitrogen. The resulting suspension was allowed 

to cool overnight, and then it was filtered through a Whatman #1 paper filter to remove any 

large aggregates. The microgel solution was then distributed into centrifuge tubes and 

purified via centrifugation at ~8300 rcf to form a pellet, followed by removal of the 

supernatant and resuspension with deionized water for 6 times. The cleaned microgels were 

recombined and stored in a brown glass jar. 

4.2.3 UV-Photopolymerized Microgel-Hydrogel 

The microgel-embedded chitosan/PAM hydrogel was prepared through free radical 

polymerization via UV irradiation. Typically, PNIPAAm-co-AAc (0.3 g) was added into 

10 mL CS/acetic acid (0.2 M) solution (1 wt%) and stirred overnight to obtain a 

homogenous solution, and then an AAm (1.76 g) solution containing crosslinker (PEGDA, 

0.0088 g) and UV photo initiator (Irgacure 2959,0.0176 g) was mixed with the previous 

CS solution. The mixture was sonicated for 30 minutes and degassed for 10 minutes at 0 

ºC. The resultant solution was transferred to a sealed glass mold and exposed to UV light 

(wavelength of 365 nm) for 5 h. Equivalent weight of hydrogels with only PAM and 

without PNIPAAm-co-AAc microgels were also polymerized to serve as controls. 

Hydrogel specimens were washed three times in distilled water to remove residual 

unreacted chemicals and stored for further use. 
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4.2.4 Sample Characterization 

 The internal morphologies and structures of hydrogel samples were characterized 

using a Zeiss EVO M10 Scanning Electron Microscopy operated at an acceleration voltage 

20 kV. Fourier transform infrared (FTIR) spectra were obtained using a Thermo Scientific 

Nicolet iS50 FTIR spectrometer, and the testing frequency range was from 500 to 4000 

cm-1. All the samples for both SEM and FTIR analysis were prepared by freeze-drying 

method, and the freeze-dried pieces were coated with a thin gold layer by sputtering for 

SEM imaging. 

4.2.5 Swelling Test 

Swelling ratio (SR) and equilibrium water content (EWC) were measured to test 

the stability of the microgel@PAM/CS hydrogel under a wet environment. The swelling 

ratio of the hydrogel was evaluated in PBS (pH 7.4, 10 mM) and water at 37°C. In addition, 

a hydrogel sample swollen in PBS for 1 hour and transferred to water was used as a control 

group to investigate the effect of ions on crosslinking degree. The cured hydrogel samples 

(with radius R=10 mm, and height H=10 mm) were washed with DI water three times; after 

the superficial water was removed, the samples were weighed immediately (W0) for later 

evaluation. Then samples were immersed into 20 mL PBS in sealed vials. The swelling 

ratio (SR) was determined using the following equation: SR=(Wt-W0)/W0×100%, where 

W0 and Wt are the weight of hydrogel samples at initial stage and after a specific swelling 

time, respectively. The equilibrium water content (EWC) was calculated by equation 1. 

EWC=(Ws-Wd)/Wd×100%                                                                                              (4-1)  

where Ws and Wd are the weight of hydrogel samples swollen for 48 h and after dried, 

respectively.225 
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4.2.6 Evaporative Water Loss Test 

Freshly prepared hydrogel samples were placed in an oven with a constant 

temperature of 37 °C and relative humidity of 35%. Specimens were taken out and weighed 

every hour for a total of 6 h, and the weight after 12 h evaporation was also recorded as 

reference. The percentage of the weight remaining was calculated using the following 

equation 2:  

Water weight remaining (%) = (Wt-Wt last)/ (W0-Wt last) *100%                                     (4-2) 

Where W0, Wt and Wt last are initial weight, weight after time ‘‘t” and weight after 12 h, 

respectively. All the experiments were performed in triplicate. 

4.2.7 Mechanical Tests 

Both tensile and compressive properties of the microgel@ PAM/CS hydrogels were 

characterized using an AGS-X universal tensile tester (Shimadzu, Japan) at room 

temperature. For tensile tests, hydrogel specimens (thickness of 2 mm) were cut into a 

dumbbell shape with a standard JIS-K-6251 cutter and stretched at an extension rate of 30 

mm/min with a 50 N loading cell. The engineering tensile stress σ was estimated using the 

following equation: σ=F/A0, where F was the real-time force applied on the hydrogel 

specimen and A0 was the original area of the cross-section. The elastic modulus (E) was 

calculated as the slope of the stress-strain curve over the almost linear regime (strain range 

between 0-10%). The toughness was calculated by integrating the area under the stress-

strain curve until fracture. For compression tests, cylindrical hydrogel specimens (diameter 

= 16mm, height = 15mm) were tested using a 2000 N load cell at a 10 mm/min compression 

rate. The compressive stress was obtained from the applied force F divided by the initial 

cross-section area. The compressive strain was calculated by dividing the compressed 

height (h) over the original height (h0). The energy dissipation was determined by the 
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hysteresis loop area in a loading-unloading compressive stress-compressive strain curve.273 

4.2.8 Adhesion Measurement 

 The adhesion tests were conducted on an AGS-X universal tensile tester (Shimadzu, 

Japan) with a 50 N load cell and 24 mm/min displacement rate at room temperature. All 

the specimens were cut into strips of a size of 70 ×15 × 2 mm. Fresh porcine skin, heart, 

liver, intestine and kidney were cut into the size of 100×20×2 mm, washed by deionized 

water with the free water on the specimen surface removed gently using a tissue paper via 

adsorption for future use. Both lap shearing adhesion test and normal adhesion test were 

employed to measure the lap shear strength and normal adhesion strength, respectively, 

which was determined by dividing the maximum (shear or normal adhesion) force 

measured during the detaching process by the contacting cross-section area. For both lap 

shearing adhesion and normal adhesion tests, microgel@PAM/CS hydrogels were first 

sandwiched between the substrates and compressed under a pressure of 15 kPa for 10 mins 

before the tests in the air. The impact of hydrogel swelling on its adhesion performance 

was investigated as follows: the hydrogel sample was sandwiched into substrates of porcine 

tissues and adhered under a pressure of 15 kPa for 10 mins, then the whole hydrogel and 

substrates were immersed in water or PBS at 37 °C for 30 mins and taken out for the normal 

adhesion tests to monitor the change of adhesion strength. The influence of the pre-load 

condition was also investigated by applying different pressure (1, 5, 10, 20, 30, 50, 75,100 

kPa) for 10 mins before normal adhesion tests. Cyclic contact-separation test was 

performed by placing a hydrogel specimen between two porcine skin substrates, which 

were kept in contact under 15 kPa pressure in water or PBS for 10 min, and then pulled 

apart until detachment occurs in the air. The contact-separation process was repeated 15 

times with pre-loaded 15kPa pressure for 1 min in the air. All the adhesion tests were 
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repeated at least three times. 

4.2.9 BSA Loading in Microgel 

Bovine serum albumin (BSA) was used as a model protein to evaluate the protein 

drug loading efficiency in the PNIPAAm-co-AAc microgels. Dried microgel particles were 

incubated in BSA solution (PBS) at room temperature, and the solution was adjusted to pH 

4 to facilitate the loading process according to the literature.274 In a typical process, 50 mg 

of BSA was added to 20 mL of PBS solution (pH=4) (BSA in PBS solution, 2.5 mg/mL) 

containing 1 g of microgel and placed on a shaker at 30 rpm and room temperature for 48 

h. The sample solution was centrifuged at 12000 rpm for 30 min after a predetermined time 

(1, 2, 6, 12, 24, 48 h), then 3 mL of the supernatant was collected and measured 

spectrophotometrically on a Thermo Scientific Evolution 300 UV-Vis spectroscopy. The 

UV-Vis spectrum of a standard BSA solution (BSA in PBS solution, 2.5 mg/mL) was also 

measured for reference. The absorbance at 280 nm was used for the calculation of the BSA 

loading efficiency following equation 3 as follows. 

BSA loading efficiency (%) = (Ar-As)/Ar *100%                                                           (4-3) 

where Ar and As are the absorbances at 280 nm of the reference solution and the supernatant, 

respectively. 

4.2.10 BSA Loading in PAM/CS Hydrogel 

To determine the loading efficiency of the bulk microgel@PAM/CS hydrogel, the 

initial BSA in PBS (2.5 mg/mL) was measured using the UV-vis spectrophotometer and 

regarded as the reference. A piece of cylindrical hydrogel sample (R=10 mm, H=10 mm) 

was immersed in a 10 mL BSA solution (pH= 4) for a predetermined time of 1, 3, 6, 12, 

24 and 48 h. Then the hydrogel sample was removed, and the remained solution was 

measured using UV-vis spectroscopy for the calculation of the BSA loading efficiency 
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following equation 3. 

4.2.11 BSA Release Kinetics from The Microgel 

The BSA loaded microgel, which was obtained in the previous loading test, was 

used for the BSA releasing test. 0.25 g of microgel was incubated under different 

environment conditions (pH=6.3 at 22 °C, pH=6.3 at 37 °C, pH=7.4 at 22 °C, pH=7.4 at 

37 °C) for a specific time (1, 3, 6, 12, 24 and 48 h) and centrifuged at 12000 rpm for 30 

min, and the supernatant was collected and then characterized using a UV-vis 

spectrophotometer to determine the BSA releasing kinetics.109 10 mL of PBS was chosen 

as the release medium, and the total PBS volume was adjusted to 10 mL after each sample 

collection to keep the incubation condition consistent. The BSA release kinetics was also 

examined by monitoring the characteristic absorbance of BSA at 280 nm. The releasing 

efficiency was characterized by the amount of released BSA from microgel particles 

divided by the total amount of entrapped BSA in microgel which was first measured in the 

BSA loading test as mentioned before. 

4.2.12 BSA Release Kinetics from PAM/CS Hydrogel 

The PAM/CS hydrogels obtained in the BSA loading test were employed for the 

BSA releasing experiment. The hydrogels were incubated under two PBS solutions of pH 

4 and pH 7.4 at 37 °C, respectively. 3 mL of the release solution was collected at a time of 

1, 3, 6, 12, 24 and 48 h which was characterized using a UV-vis spectrophotometer to 

determine the BSA releasing efficiency. 

4.2.13 In Vitro Drug Release of Microgel@PAM/CS Hydrogel 

Drug release studies were conducted using cylindric hydrogel samples (radius 

R=10 mm, height H=10 mm) containing 20 mg Sulfamethoxazole and 20 mg BSA-loaded 

microgel in 20 mL PBS, under the following environmental conditions: (1) pH=6.3 at 22 °C, 

(2) pH=6.3 at 37 °C, (3) pH=7.4 at 22 °C, and (4) pH=7.4 at 37 °C. The SMZ was loaded 
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into the hydrogel system by directly dispersing the drug in precursory solution. The 

samples and the solution media were sealed in vials and kept under constant temperature 

conditions using a water bath. 2 mL of the solution medium (i.e., PBS) was collected from 

each vial at different time intervals (0.5, 1, 1.5, 2. 4, 5, 6, 12, 24 and 48 h) and refilled to 

the same total volume (i.e., 20 mL) by fresh medium solution under relevant temperature 

conditions. The drug-releasing effect was monitored by characterizing the sample solutions 

using UV spectroscopy (particularly at wavelength of 209 and 280 nm). The releasing 

efficiency was obtained using the following equation.  

Releasing efficiency (%) =(mt-m0)/m0*100%                                                                (4-4) 

where mt is the mass of the drug released from the hydrogel at time t, and m0 is the mass 

of the drug-loaded into the hydrogel. All the experiments were examined in triplicate. 

4.2.14 Antimicrobial Assay 

The inhibiting effect of the hydrogel on microbial growth was evaluated by the 

spread plate method. SMZ-loaded microgel@PAM/CS hydrogel samples were firstly 

incubated with 1 ml E. coli suspension (106 colony forming units/mL) in a 12 well plate 

and gently shaken for 4 h at 37 ° , then 150 μL of the suspension was spread on Luria-

Bertain (LB) agar plates and stored at 37 °C for 14 h for incubation. Pure PAM hydrogel 

was used for the control test, and the number of colonies was analyzed using Image J 

software. 

4.2.15 Animal Skin Trauma Modelling 

A total of 8 female Sprague Dawley (SD) rats weighing between 250 and 300 g 

were used for the experiments. To let the newly purchased SD rats acclimate, they were 

raised in the Specific Pathogen Free (SPF) animal house for one week by providing water 

ad libitum and rationed rat food at a constant ambient temperature (24-26 °C). SD rats with 

no adverse reactions were employed for the experiments. 
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Rats were individually anesthetized via an Intraperitoneal (IP) injection（2% 

pentobarbital sodium）for later induction of wounds. The back area and hair of rats were 

disinfected using 75% ethanol, and hairs were removed with a shaver. After that, the bare 

skin of rats was perforated with a special puncher (diameter of 1.5 cm in diameter) and the 

damaged tissue was removed to create a wound. The wound was dressed with 

microgel@PAM/CS hydrogel in the experimental group and 1×PBS solution in the control 

group. 

 

4.2.16 Evaluation of Wound Healing Processes 

The skin wound area swelling, color, size and growth of granulation tissue were 

observed on the 1st, 3rd, 5th, 7th, 9th, 11th, 13th and 15th day, respectively. A digital camera 

was used to monitor the wound healing process, and image analysis software ImageJ was 

used to measure the sizes of wound area. The wound closure rate was obtained by the 

following formula: wound closure rate=(D1-Dn)/D1×100(%), where D1 is the area of full-

thickness circular skin wound on day 1, and Dn is the dimension of wound area on day n 

(3, 5, 7, 9, 11, 13 and 15). 

4.2.17 Study of Histology 

The treated full-thickness skins from wounds area in both groups were taken on the 

7th and 15th day, respectively. Histologic sections under 4% neutral paraformaldehyde 

solution fixation, 70-100% gradient alcohol dehydration, paraffin embedding and 

sectioning (3-5 μm), and finally stained with hematoxylin and eosin (H&E). The 

histopathological changes in the skin wound, including inflammatory cell infiltration, 

angiogenesis, the proliferation of fibroblasts and the degree of epithelialization, were also 

observed under an optical microscope. 
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4.2.18 Statistical Analysis 

GraphPadPrism 8.0 was used for plotting the data and statistical analysis was 

conducted through SPSS Statistics 25.0. The experimental data were expressed as 

mean±standard error of the mean, and the comparison between the two groups was 

conducted by t test (P<0.05 indicated the statistically significant, and P<0.01 indicated the 

highly statistically significant). 

4.3 Results and Discussion 

4.3.1 Characterizations of Hydrogels 

PAM and CS were chosen in this work due to their biocompatible, hydrophilic, 

high-water uptake and economic features. The formation of PAM/CS semi-IPN hydrogels 

was reported previously. Figure 4.1 illustrates the fabrication process of the 

microgel@PAM/CS hydrogel. Briefly, 20 mg/mL AAc-NIPAAm microgel was added to 

10 mL of 1 wt% chitosan solution, and 150 mg/mL AM, PEGDA, and photo initiator 

(I2959) were then added into the microgel/CS solution. The polymerization process was 

initiated using UV light. The homogeneous mixture was transferred to a glass mold and 

exposed to UV light for 5 h. Pure PAM and PAM/CS hydrogels with the same PAM 

monomer concentration were also prepared as the control groups. 
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Figure 4.1. Illustration for the fabrication of PNIPAAm-co-AAC microgel-embedded 

PAM/CS composite hydrogel. 

High uniformity and porosity are two important and desired properties for 

hydrogels used in wound dressing applications. A dense pore distribution corresponds to 

close space between polymer chains with high degree of crosslinkers. Figure 4.2a-d shows 

the SEM images of freeze-dried PAM, PAM/CS, microgel@PAM/CS and swollen 

microgel@PAM/CS (hydrogel sample immersed in water for 2h) hydrogels, respectively. 

All the four hydrogel samples show uniform pore distribution. The microgel@PAM/CS 

hydrogel displays relatively higher porosity (with relatively smaller and denser pores, 

Figure 4.2c) than pure PAM and PAM/CS hydrogels (Figure 4.2a and 4.2b). The high 

porosity of the microgel@PAM/CS hydrogel suggests its high crosslinking density, which 

could be attributed to the intermolecular hydrogen bonding between carboxylic groups of 

microgels (or chitosan chains) and amino groups of PAM chains. The microgel@PAM/CS 

hydrogel shows a larger pore size after swelling treatment (Figure 4.2d), as compared to 

Figure 4.2c due to the expansion of a strongly hydrated polymer network. Such network 

expansion associated with the hydrogel swelling allows fast ion diffusion with high water 

permeability through the hydrogel network, indicating that the swollen process of 
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microgel@PAM/CS hydrogel will promote the release of drug molecules from the 

hydrogel carrier during practical applications. 

 

Figure 4.2. SEM images of (a) bare PAM, (b) PAM/CS, (c) microgel@PAM/CS and (d) 

swollen microgel@PAM/CS hydrogels. (e) FTIR spectra of PAM, PAM/CS, 

microgel@PAM/CS hydrogels.  

The FTIR spectra of PAM, PAM/CS and microgel@PAM/CS hydrogel were shown 

in Figure 4.2e. The characteristic peaks of the CS in its FTIR spectrum at 1658 cm–1, 1595 

cm–1 and 1314 cm–1 are attributed to Amide I, -NH2 and C-H bending vibration, respectively. 

The stretching vibration of the acetyl group and the bending vibration of the N-H of 2-

aminoglucouse primary amines showed characteristic peaks at 1658 cm−1 and 1598 cm−1, 

respectively, and the bending vibration of alkane C-H displayed characteristic peaks at 1421 

cm−1 and 1380 cm−1, while the characteristic peaks at 1154, 1082 and 1032 cm–1 were 

assigned to antisymmetric stretching of the C–O–C bridge and skeletal vibrations involving 

the C–O stretching, respectively. The FTIR spectrum of PAM exhibits a broad peak at around 

3339 cm-1 and a characteristic peak at 3186 cm-1 due to the N-H stretching vibration. The 

significant characteristic peaks at 1649 cm-1 and 1606 cm-1 correspond to the C=O stretching 
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vibration (Amide I) and N-H bending vibration (Amide II), respectively. The C-N stretching 

vibration exhibits a characteristic peak at 1338 cm-1.275-276 All the spectra show broad and 

strong signals in the range from 3500 to 3200 cm-1due to the overlapping of the O-H 

stretching vibration of the carbohydrate and the N-H bending vibration from primary amine 

bonds. All the major characteristic peaks of PAM and CS could be observed in the 

microgel@PAM/CS spectra, but the shift of characteristic peaks of Amide I and II indicate 

the inter- and/or intramolecular interactions among microgels, PAM and CS via hydrogen 

bonding and possible covalent bonding due to residual monomers in the microgels. 

4.3.2 Study of Swelling Behavior 

Swelling behavior is significant for hydrogels because it affects the mechanical 

properties and is highly related to the drug delivery behavior of hydrogel systems.277-278 

Two key parameters affect the swelling properties: the hydrophilicity of the functional 

groups present in the hydrogel and its crosslinking degree. For the microgel@PAM/CS 

hydrogel, various hydrophilic groups affect its swelling behavior with the hydrophilicity 

of the moieties following the order: –COO– > –COOH > –CONH2 > –OH.279-280 Figure 

4.3a shows the swelling ratio of microgel@PAM/CS hydrogel under different swelling 

times in (1) PBS, (2) water, and (3) in PBS for 1 hour and then transferred into the water. 

It was found that the swelling rates were very similar under the three solution conditions, 

the hydrogels reached a swelling equilibrium after 40 h with the equilibrium swelling ratio 

of around 250%, suggesting the hydrogel's ability to absorb fluid, but it will not absorb too 

much liquid to lose its mechanical robustness and affect surrounding tissues.281 The 

swelling behaviors observed in Figure 3a suggest that the presence of salts (i.e., in PBS 

solution) could enhance the swelling of microgel@PAM/CS hydrogel or its adsorption of 

water, which could be achieved through their influence on the electrostatic interactions 
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among the charged functional groups (e.g., -COO-) and the association and dissociation of 

hydrogen bonds within the hydrogel network.282 Figure 4.3b shows the water weight 

remaining associated with the evaporative water loss test for 12 h under a constant 

temperature of 37 °C and relative humidity of 35%, which indicates that water was 

evaporated steadily from the hydrogel. Noticeably the dehydrated hydrogel could recover 

to the same hydration stage after swelling or immersion in water for 2 h. The reversible 

dehydration-hydration behavior indicates that the microgel@PAM/CS hydrogel maintains 

its network structure during this process to support its potentially cyclic use in practical 

applications. 

 

Figure 4.3. (a) Swelling ratio of microgel@PAM/CS hydrogel in PBS, water and a 

hydrogel sample swollen in PBS for 1 hour and transferred to water was used as a control 

group (PBS-Water). (b) Water weight remaining of microgel@PAM/CS hydrogel after 

evaporative water loss test for 12 h under a constant temperature of 37 °C and relative 

humidity of 35% and rehydration in water for 2 h and repeated 2 times. 

4.3.3 Mechanical Properties 

Mechanical properties of the hydrogels with different compositions were 

investigated and the results were shown in Figure 4.4. Figure 4.4a shows the typical 
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tensile strain-stress curves of the hydrogels. PAM hydrogel possesses the poorest strength 

and stretchability mainly due to its single network structure. It could only be stretched over 

two times its initial length. The semi-IPN PAM/CS hydrogel demonstrates greatly 

enhanced fracture strength (~ 70 kPa) and stretchability (over 600% strain at break). The 

improved tensile stretchability and strength are mainly attributed to the hydrogen bonding 

interactions between PAM and CS chains in the network, which enable the elongation of 

polymer network and prohibit the propagation of microcracks under tensile loads. The 

incorporation of the microgels into the hydrogel network further significantly improved the 

tensile performances of the hydrogel (microgel@PAM/CS), that is, the gel can withstand 

more than ~850% strain and reach a high tensile strength of around 160 kPa. As 

biomaterials like wound dressings are generally used under wet conditions, the mechanical 

properties of microgel@PAM/CS after swelling were also studied. As shown in Figure 4a, 

after swelling in water for 2 h, the microgel@PAM/CS keeps an excellent stretchability of 

over 900% and a good fracture strength of ~ 80 kPa, suggesting its good mechanical 

performances in wet conditions and thus its potential in practical biomedical applications. 

The calculated elastic modulus (E) and toughness of the hydrogels were demonstrated in 

Figure 4.4b. According to the figure, the microgel@PAM/CS hydrogel possesses an 

elastic modulus up to 28 kPa and a toughness of 483.0 kJ/m3. The toughness of the 

composite hydrogels reached twice of the PAM/CS hydrogel and more than ten times of 

the PAM hydrogel. Such significantly enhanced mechanical properties of the 

microgel@PAM/CS hydrogel can be possibly attributed to the formation of hydrogen 

bonding among the carboxylic groups of PNIPAAm-co-AAc microgels, amide groups of 

PAM chains, as well as the hydroxyl and amine groups of chitosan. The interactions of the 

embedded PNIPAAm-co-AAc microgels with the surrounding polymers in the 

microgel@PAM/CS hydrogel introduce additional cross-linkages among the polymer 
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matrix, resulting in a relatively dense network structure, as confirmed by the SEM images 

(Figure 4.2a-d), which contribute to its excellent mechanical properties. As compared to 

the freshly prepared microgel@PAM/CS hydrogel, the swollen microgel@PAM/CS 

hydrogel exhibits only slightly impaired stretching stiffness (22% less) and toughness (15% 

less).  

Cyclic tensile loading-unloading tests under a maximum stretching strain of 100%, 

without rest between the cycles, were conducted to evaluate the anti-fatigue property of the 

microgel@PAM/CS hydrogel. As shown in Figure 4.4c, the curves of different cycles 

almost overlapped and only slight hysteresis was detected during the loading-unloading 

cycles even when there was no rest time between the successive cycles, which indicates 

the excellent elasticity of the microgel@PAM/CS hydrogel due to both reversible 

molecular interactions (e.g., hydrogen bonding) and covalent crosslinkings.283 Figure 4.4d 

shows the energy dissipation (i.e., the area of the loading-unloading hysteresis loop) 

associated with the 20 loading-unloading tensile cycles. The energy dissipation value was 

fairly low of only 38 J/m3 for the first cycle. The value dropped to 15 J/m3 for the second 

cycle and remained almost constant (around 16 J/m3) for following cycles, which suggests 

the stabilized network after the second cycle. Cyclic compression tests were also conducted 

for the microgel@PAM/CS hydrogel with 60% maximum compression strain applied. As 

shown in Figure 4.4e., the maximum compression stress gradually decreased from 110 kPa 

for the first cycle to about 80 kPa for the fifth cycle and kept almost unchanged for the next 

15 cycles, indicating the pressure tolerance was mostly maintained when the sample was 

subjected to successive compressing loading-unloading processes. The energy dissipation 

in cyclic compression tests was shown in Figure 4.4f. The value decreased from 8 kJ/ m3 

to 5 kJ/m3 after the first cycle. However, the subdued decreasing tendency of dissipated 

energy in the next cycles indicates that the hydrogel kept most of its structural integrity to 
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resist the external pressures.284 

 

Figure 4.4. (a) Typical strain-stress curve of PAM, PAM/CS, microgel@PAM/CS, and 

swollen microgel@PAM/CS hydrogels. (b) Elastic modulus and toughness of the 

hydrogels. (c) Tensile strain-stress curves of 20 loading-unloading cycles of the 

microgel@PAM/CS hydrogel with a maximum tensile strain of 100%. (d) Energy 

dissipation changes in cyclic tensile tests of the microgel@PAM/CS hydrogel. (e) 

Compressive stress-compressive strain curves of 20 loading-unloading cycles of the 

microgel@PAM/CS hydrogel with a maximum compression strain of 60%. (f) Change of 

energy dissipation in cyclic compression tests of the microgel@PAM/CS hydrogel.  

4.3.4 Adhesion 

Robust adhesion is an important property which allows dressing materials to attach 

to diverse tissue surfaces. As shown in Figure 4.5a, the as-prepared microgel@PAM/CS 

hydrogel could adhere to various porcine tissues (e.g., heart, kidney, liver, intestine and 

skin) and the adhesion is sufficiently strong to hold the weight of respective tissues. The 
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microgel@PAM/CS hydrogel could also glue two separated organs together as shown in 

Figure 4.5b. Figure 4.5c shows the illustration for the experimental setup of the normal 

adhesion strength measurements between the microgel@PAM/CS hydrogel and different 

porcine tissues. As demonstrated in Figure 5d, after applying a small pressure of 15 kPa 

for 10 min, the microgel@PAM/CS hydrogel can firmly adhere to all the tested porcine 

tissues with the normal adhesion strength reaching from ~55 kPa with liver to 70 kPa with 

kidney. In practical applications, stable adhesion between wound dressing materials and 

tissues in physiological environment is also required. Therefore, the influence of hydrogel 

swelling on its adhesion performance was also investigated. From Figure 4.5e, after the 

microgel@PAM/CS hydrogels were immersed in water or PBS solution for 30 min, the 

normal adhesion strengths remain almost the same as the untreated cases in Figure 4.5c, 

which suggests that the adhesion properties of the hydrogels are not sensitive to swelling 

treatment. The adhesion of the microgel@PAM/CS hydrogel also shows a pressure-

sensitive manner. As shown in Figure 4.5f, the normal adhesion strength of the hydrogel 

and porcine skin increased from ~25 to ~173 kPa with the preload increasing from 1 to 100 

kPa. The repeatability of the adhesive process with the porcine skin was characterized by 

cyclic contact-separation test in both water and PBS with a short preloading contact time 

of 1 min after the first cycle and a preload pressure of 15 kPa. The adhesion strength kept 

high values of 62 and 59 kPa in PBS and water after 15 cycles, respectively, indicating the 

hydrogel’s stable and repeatable adhesion to porcine skin. The high lap shear strengths 

shown in Figure S4.1 also proved the excellent adhesion between the hydrogel and various 

tissue surfaces. 
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Figure 4.5. (a) Pictures for demonstrating the adhesive properties of microgel@PAM/CS 

hydrogel glued with different tissue surfaces. (b) Pictures for demonstrating that the 

microgel@PAM/CS hydrogel can glue two separated tissues together. (c) Scheme of 

normal adhesion test and (d) experimental results of adhesion strength between the 

microgel@PAM/CS hydrogel and various porcine tissues (e.g., heart, kidney, liver, 

intestine and skin) measured in air. (e) Normal adhesion strength measured in air between 

the microgel@PAM/CS hydrogels and various porcine tissues after immersed in water or 

PBS for 30 min. (f) Normal adhesion strength between the microgel@PAM/CS hydrogels 

and porcine skin measured under different preloading. (g) The adhesion strength of the 

microgel@PAM/CS hydrogels on porcine skin during cyclic attaching-detaching process 

after immersed in both water and PBS. 
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4.3.5 In Vitro Drug Release 

The stimuli-responsive in vitro drug release behaviors of the microgel@PAM/CS 

hydrogels were studied using two model drugs, one model protein, BSA, and a small 

molecular antibiotic, SMZ. First, the BSA loading and releasing efficiency of the 

PNIPAAm-co-AAc microgel and the PAM/CS semi-IPN hydrogel were investigated. The 

loading of the BSA in these two gels were conducted under acidic pH of 4 for different 

time periods. As shown in Figure 4.6a and 4.6b, the loading of BSA in the microgels is 

much faster than that in the PAM/CS semi-IPN hydrogel with the efficiency reaching as 

high as 72% in the first 12 h for microgels compared to ~65% for bulk PAM/CS gel. Both 

gels gradually reached plateaus with the further increase of the incubation time to 48 h, 

with the final BSA loading efficiencies to be 80% and 71% for PNIPAAm-co-AAc 

microgel and PAM/CS bulk gel, respectively. The higher loading efficiency of the 

microgels is mainly due to the electrostatic attractions between the partially negatively 

charged PNIPAAm-co-AAc and the positively charged BSA under pH 4 which is lower 

than the isoelectric point of BSA (~4.7).285-286  

     To better understand the role of the stimuli-responsive microgels in the drug 

delivery behaviors of the hydrogels, the BSA releasing from the microgels and the 

PAM/CS bulk gels were studied using PBS as the medium under pH of 4 and 7.4 and 

temperature of 22 and 37 °C, and the results were shown in Figure 4.6c and 4.6d. From 

Figure 4.6c, the PNIPAAm-co-AAc microgels release the model protein in an obviously 

pH-sensitive manner, i.e., the release in pH 7.4 PBS much faster than that in pH 4 PBS, 

with the releasing efficiency to be 46% and 10.2% at 37 °C under neutral and acidic pH, 

respectively. This can be ascribed to the electrostatic repulsion between the copolymers 

and the protein under neutral pH that is much higher than the pKa of AAc and isoelectric 

point of BSA, as well as the looser gel network due to the stronger repulsion among the 
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polymer chains at pH 7.4. Temperature also poses an influence on the BSA release profiles 

from the microgels. BSA was released slightly faster at body temperature compared with 

that at room temperature, which may be due to the partial dewatering of the PNIPAAm at 

temperatures higher than its lower critical solution temperature (LCST, around 32 °C) and 

the higher mobility of molecules at higher temperatures. In contrast, the effects of pH and 

temperature on the release of BSA from the PAM/CS semi-IPN hydrogel are less 

pronounced, as shown in Figure 4.6d. The different plateau BSA releasing efficiencies 

from the PAM/CS bulk gel and the microgels might be caused by the different crosslinking 

degrees and pore sizes. As the PNIPAAm-co-AAc microgels demonstrated excellent 

protein loading efficiency and dual-stimuli sensitive protein release, the BSA model drug 

was loaded in the microgels for the investigation of the drug release behaviors of the 

composite hydrogel. 

    Next, the drug release behaviors of the composite microgel@PAM/CS were 

studied with two model drugs co-loaded into the hydrogel, i.e., SMZ in the matrix and BSA 

in the microgels. Typical dual drug release profiles of SMZ and BSA from 

microgel@PAM/CS hydrogel as a function of pH and temperature are shown in Figure 

4.6e and 4.6f, respectively. According to these figures, rapid release behaviors of the SMZ 

were observed with the releasing efficiency reaching ~90% in 6 h. The enlarged inserted 

figures show that the release rates of SMZ in acidic (pH=4) and warm (37oC) environment 

are slightly faster than those in neutral and cooler solutions which are correlated with the 

swelling behavior of microgel@PAM/CS hydrogel. Compared with the short-term release 

of SMZ, the releasing profiles of BSA feature sustained and long-term release, and high 

dependence on the environmental pH and temperature. Figure 4.6e shows that the releasing 

efficiency of BSA is much higher at pH 4 than that at pH 7.4, and the increased temperature 

also accelerates the release rate and slightly affects the final release efficiency of BSA as 
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shown in Figure 4.6f, which is in good agreement with the BSA releasing behaviors of the 

microgels, indicating that the microgels control the BSA release in this composite system. 

The results indicate that the PBS with pH of 7.4 and temperature of 37oC, which simulates 

the condition of human tissue, provides an ideal environment for both SMZ and BSA 

release with intelligent and controlled dual drug release profiles. 
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Figure 4.6. (a) BSA loading efficiency of PNIPAAm-co-AAc microgel in pH 4 PBS at 22 

oC. (b) BSA loading efficiency of PAM/CS hydrogel in pH 4 PBS at 22 oC. (c) BSA 

releasing efficiency of PNIPAAm-co-AAc microgel in pH 4 and 7.4 PBS at 22 and 37 oC. 

(d) BSA releasing efficiency of PAM/CS hydrogel in pH 4 and 7.4 PBS at 22 and 37 oC. 

(e) SMZ and BSA releasing efficiency of microgel@PAM/CS hydrogel in pH 4 and 7.4 

PBS at 37 oC. (f) SMZ and BSA releasing efficiency of microgel@PAM/CS hydrogel in 

pH 7.4 PBS at 22 and 37 oC. 
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4.3.6 Antimicrobial Tests 

It is critical for wound dressing materials to possess antimicrobial property, which 

can act as the first barrier to damaged tissue. The antimicrobial property of the 

microgel@PAM/CS hydrogel was evaluated by counting the inhibited number of E. coli 

through the spread plate method.287 E. coli suspension was treated with SMZ-loaded 

microgel@PAM/CS and PAM (as a control) hydrogels for 4 h, and then transferred to 

Luria-Bertani (LB) agar plates for another 14 h incubation. Figure 4.7a shows a 92.50 ± 

0.01 % reduction of colonies for the SMZ-loaded microgel@PAM/CS hydrogel treated 

agar plates as compared to those treated by bare PAM hydrogel. The excellent 

antimicrobial properties were also demonstrated by images showing the inhibition of the 

growth of E. coli colonies in Figure 4.7b. The significant inhibition of E. coli can be 

attributed to the antibiotic effect of SMZ as well as the pronated amino groups of CS chains. 

 

Figure 4.7. Antibacterial properties of SMZ-loaded microgel@PAM/CS hydrogel. (a) 

Statistical E. coil survival rate (n=3, p < 0.001) and (b) Optical images of E. coli colonies 

after incubation with PAM hydrogel (left) and SMZ loaded microgel@PAM/CS hydrogel 

(right) for 4 h.     
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4.3.7 Wound Healing Process Enhanced by the Microgel@PAM/CS Hydrogel Dressing 

Figure 4.8a shows the pictures of typical macroscopic wound healing panorama of 

wound surfaces of rats treated with the as-prepared SMZ-loaded microgel@PAM/CS 

hydrogel (denoted as the experimental group) and without the hydrogel (denoted as the 

control group) over 15 days. The wound area of rats in both experimental group and control 

group gradually healed, but the healing rate of each group was significantly different. On 

the 7th day, compared with the control group, the experimental group which was treated 

with the microgel@PAM/CS hydrogel showed reduced wound size, with no apparent 

redness, inflammation, or eschar in the wound areas. On the 11th day, epithelialization 

could be observed in the wound areas, and the new epithelium and the healing of wounds 

were more evident in the experimental group. On the 13th day, epithelialization was almost 

completed in the experimental group, while the control group still had residual eschar. On 

the 15th day, the wound shrinkage rate achieved the highest and the wound was nearly 

healed. The wound dressed with microgel@PAM/CS hydrogel showed a faster closure rate 

than the control group, indicating the hydrogel dressing accelerated the wound healing. 

Meanwhile, the wound closure rate of different days was calculated by GraphPad 

prism 8.0 software, as shown in Figure 4.8b. The wound closure rate of the experimental 

group was significantly different from that of the control group on the 7th day, and the 

difference was statistically significant (P<0.05). Specifically, on the 11th day, the wound 

healing effect of the hydrogel group was significant (P<0.01), and the results on the 13th 

and 15th days were statistically significant (P<0.05). These results demonstrated that the 

experimental group treated with the microgel@PAM/CS hydrogel improved the wound 

healing, as compared to the control group. 
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Figure 4.8. (a) Typical macroscopic wound healing panorama with different treatments 

over 15 days. (A) represents the experimental group treated with the as -prepared 

microgel@PAM/CS hydrogel, and (B) represents the control group treated with 1×PBS, 

without the hydrogel material. (b) Wound closure rate with time (Hydrogel vs 

Control*P<0.05, **P<0.01). 

4.3.8 Histological Study 

Figure 4.9 shows the results of the histological study. Compared with the control 

group (without hydrogel treatment), the experimental group (treated with the 

microgel@PAM/CS hydrogel) had fewer neutrophils and other inflammatory cells, more 

capillaries, and fibroblasts. New epidermis began to form in the experimental group as 

compared with the control group, which still showed mild necrosis of the epidermis on the 

7th day of the wound repair procedure. On the 15th day, there were a few inflammatory cells 

and many fibroblasts in both groups, and skin appendages (hair follicles) were visible. The 
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fibroblasts and collagen fibers were neatly arranged in the experimental group, and the 

epithelium was basically formed with a denser tissue structure and complete wound healing. 

 

Figure 4.9. HE staining results for the control group (without hydrogel treatment, left panels) 

and the experimental group (treated using the microgel@PAM/CS hydrogel, right panels) on 

the 7th and 15th days (scale bars: 100 µm). 

4.4 Conclusions 

In this work, we have fabricated a pH and temperature dual-responsive microgel-

embedded hydrogel, microgel@PAM/CS, via a facile approach by incorporating 

PNIPAAm-co-AAc microgel particles to PAM/CS semi-IPN hydrogel. The 

microgel@PAM/CS hydrogel shows reversible swelling-dewatering capability while 

maintains its structure integrity, and also possesses excellent mechanical properties, i.e., 

reaching a tensile strength of 150 kPa, withstanding more than 800% strain and repeatedly 

recovering from tensile and compressive strains. The microgel@PAM/CS hydrogel also 

shows strong and reversible adhesion to different tissue surfaces such as porcine skin, 
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kidney, intestine, liver and heart, and is able to encapsulate and release both BSA (as a 

model protein) and SMZ. The as-prepared microgel@PAM/CS hydrogels demonstrated 

high protein drug loading efficiency (more than 80%), controllable drug-releasing 

behaviors and sustained drug-releasing duration over 2 days, showing advantages over the 

traditional oral, injection and smear medication methods. The macroscopic wound healing 

tests by monitoring the wound surfaces of rats treated with and without the 

microgel@PAM/CS hydrogels demonstrated that the microparticle-embedded hydrogels 

can significantly enhance the wound healing process and also possess good antimicrobial 

properties. Our results have demonstrated a facile and feasible approach for building 

multifunctional stimuli-responsive microparticle-embedded hydrogel materials, and 

microgel@PAM/CS hydrogels fabricated hold potential applications in the 

bioengineering field as smart wound dressing materials.
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CHAPTER 5 Conclusions and Future Work 

5.1 Major Conclusions and Contributions 

In this thesis work, various noncovalent interactions have been incorporated into 

hydrogel systems, and three integrated multifunctional hydrogels demonstrating 

stretchability, adhesion and self-healing capacity were developed for different 

bioengineering and sensing applications. The major conclusions and original contributions 

are listed as follows. 

(1) An ultra-stretchable hydrogel with strain-sensing and antibacterial properties 

was fabricated based on multiple hydrogen bonding interactions between catechol 

moieties of TA, hydroxide groups of PVA, and carboxylic acid groups of PMVEMA by 

facilely mixing the ternary polymer system. The gel showed fast and highly recovered 

healing behavior from fractures. Moreover, the stable swelling properties in different pH 

conditions, anti-freezing and remodeling characteristics indicated that the hydrogel could 

be used in a variety of conditions. Moreover, the hydrogel’s  substantial adhesive property 

on diverse substrates made it a promising vehicle for the delivery of drugs in suit by 

immobilizing it in regions like wounds, vessels and tumors. Due to the affluent dynamic 

hydrogen bonding interaction, this hydrogel exhibited superior stretchability, which also 

broadened the strain sensing range. We further demonstrated the electrical sensing 

performance of the prepared hydrogel network under stretching, bending, compression 

and folding behaviors, which provides great potential for developing sensing devices for 

health, motion, or pressure monitoring. In addition, the PMVEMA polymer and the 

polyphenol groups from TA provided the hydrogel with excellent antibacterial properties, 

resulting in great opportunities for wound dressing and other bioengineering applications. 
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(2) An adhesive, stretchable, self-healing and conductive hydrogel was fabricated 

by one-pot polymerization as a multifunctional strain sensor. The mechanical property of 

the hydrogel can be adjusted by the density of hydrogen bonding crosslinks in the 

PVA/PAA double network structure. The mechanically robust hydrogel was stretched up 

to 6 times its original length, withstood over 80% compressive strain and maintained a 

stable performance after 100 loading-unloading cycles. The self-healing and strong 

adhesion to diverse surfaces of the as-prepared hydrogel also contributed to the reversible 

nature of hydrogen bonding interactions, showing advantages for self-adhesive soft 

sensors. Notably, the incorporated conductive PEDOT: PSS polymer network endowed 

the hydrogel with high sensitivity of a gauge factor range from 2.21 to 3.82. Precise 

detection of diverse human activities, including finger bending, wrist bending, and 

stepping was demonstrated. In addition, the as-prepared hydrogel sensor distinguished 

many subtle human motions, such as pulse changes and vocal cord vibration, which 

provided valuable insights into the development of conductive hydrogel-based wearable 

soft electronics. 

(3) A pH-responsive hydrogel was developed by incorporating modified 

PNIPAAm microgel particles and a tough CS/PAAm hydrogel for adhesive drug delivery 

and other bioengineering applications. The pH and temperature-sensitive properties of the 

hydrogel resulted from the deprotonation of the AAc groups caused by the increased pH 

and the hydrophilic-hydrophobic transition of the collapsed PNIPAAm caused by the 

elevated temperature. The synthesized hydrogel can be stretched over 800% and 

compressed over 60% strain. The highly overlapping loading-unloading stress-strain 

curves indicate the high resilience, anti-fatigue and reliability of the hydrogel system. The 

adhesion to various surfaces of porcine tissues (e.g., heart, kidney, liver, intestine and skin) 
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and the pressure-sensitive behaviors make this material advantageous for attaching to 

tissue surfaces in biomedical applications. Moreover, the as-prepared hydrogel shows a 

higher drug release efficiency and longer release duration in the wound area (pH=7.4 @ 

37 °C) due to the shrinking of microgel networks and the protonation of functional groups. 

In addition, the hydrogel has excellent antibacterial properties and has remarkably 

accelerated wound healing in experimental SD rats. This microgel-embedded hydrogel 

provides insights conducive to developing multifunctional biomaterials with various 

biomedical and bioengineering applications.  

5.2 Future Work 

In this work, we have explored the integration of various noncovalent interactions 

with different hydrogel structures and introduced functional networks into the hydrogel 

systems, endowing the hydrogels with improved mechanical properties, specific 

responsiveness and multifunctionalities. The applications of those hydrogel systems in the 

areas of bioengineering and sensing have also been investigated. The possible areas of 

future work include the followings: 

(1) Although noncovalent interactions have been well identified by many types of 

nanomechanical force measurement tools such as Atomic Force Microscopy (AFM), 

Surface Forces Apparatus (SFA), nano tribometer, etc., it is still necessary to investigate 

the leverage of noncovalent interactions in macroscopic systems (e.g., polymers, 

elastomers, hydrogels, etc.) for the development of design strategies and tuned properties 

or functionalities. Novel multifunctional hydrogels could be discovered based on the 

identification of the role noncovalent interactions play within the whole system. 

(2) Despite the much effort devoted to applying hydrogels in diverse areas, there 



99 

Chapter 5 
 

 

are still numerous modification strategies and synthesis methods that could be used to 

broaden the applied ranges of functional hydrogels. For example, by modifying 

conductive hydrogels, portable wireless soft devices can be achieved to meet the practical 

needs of intelligent wearable electronics. For applications such as wound dressing and 

postoperative treatment materials, hydrogels with drug delivery capacity could be further 

improved to provide strong adhesion with tissue in wet conditions since tissues or organs 

are usually surrounded by bodily fluids.  

(3) Even though hydrogels are well-known as ideal candidates for biomedical 

applications, they can be further elevated by being incorporated with macromolecules 

such as DNAs, RNAs and enzymes to improve their biocompatibility and biodegradability. 

In addition, optimizing the mechanical properties of hydrogels toward mimicking the 

character of real tissue is also critical for their applications in bioengineering. Nevertheless, 

because the practical application of these novel multifunctional materials could have a 

considerable effect on human health, in vivo tests with large animal models should be 

conducted to further evaluate the medical outcomes of these materials.  
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Appendices 

Appendix A Supporting Information for Chapter  

 

Figure S2.1. Pictures of PPTA coacervate gels formed with different PMVEMA/PVA 

mass ratios. 

 
Figure S2.2. Photo images of PPTA coacervate gel soaked in aqueous solutions with 

different pH conditions for Day 0 (Up row) and Day 1 (Down row ). 
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Figure S2.3. Swelling test results of PPTA coacervate gel under different pH conditions. 

 

 

Figure S2.4. True stress calculation on the point of disruption as a demonstration of the 

discussion about the mechanical properties of the PPTA coacervate gel, which could be 

calculated using the force divided by the cross area of the fiber formed during the stretching 

process.
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Appendix B Supporting Information for Chapter 3 

 

Figure S3.1. (a) FTIR spectra of PVA, PVA/PAA and PEDOT:PSS@PVA/PAA DN 

hydrogels. SEM images of (b) PVA/PAA and (c) PEDOT:PSS@PVA/PAA DN 

hydrogel. 

 

Figure S3.2. EDS of pure PVA/PAA hydrogel. 
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Figure S3.3. EDS of PEDOT:PSS@PVA/PAA hydrogel. 

 

 

Figure S3.4. (a) Continuous 5 loading-unloading tensile cycles with 300% strain (b) 

with 600% strain of PEDOT:PSS@PVA/PAA hydrogel.  
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Figure S3.5. Image of specimen (a) Before hammering test, after (b) One trial (c) 

Five trials (d) Ten trials, (e) Fifteen trials and (f) Twenty trials. 

 

 

Figure S3.6. Picture demonstration of one-piece PEDOT:PSS@PVA/PAA hydrogel 

sample glue and lift a 500-gram weight.  
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Figure S3.7. Comparison of Gauge Factor with other previously published hydrogel 

strain sensor systems.1-12   

 

Figure S3.8. Strain sensing test results for random strain conditions (start points) 

agree well with the predicted signal curve (red curve) using the as-prepared 

PEDOT:PSS@PVA/PAA hydrogel sensor. 
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Figure S4.1. (a) Scheme of lap shear adhesion test. (b) Results of adhesion strength through 

lap shear method. 

 

 
 
 
 
   

  

 
 
 
 
   

  

        

  


