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Abstract 

 

Hydrogels, due to their soft and water abundant natures, highly resemble human 

skins and tissues and thereby have attracted extensive attention in recent years. 

Functional hydrogels showing responsiveness to various stimuli such as pH, temperature, 

strain and pressure are promising for a wide range of biomedical and electrical 

applications. However, traditional hydrogels crosslinked via permanent covalent bonds 

are generally weak, brittle and lack of functionalities. Incorporation of reversible and 

dynamic crosslinks into hydrogel networks can effectively improve their mechanical 

performances, introduce multiple responsiveness, and endow the hydrogels with self-

healing capability. On the other hand, introduction of stiff nanomaterials into hydrogel 

matrix is an effective approach towards strong and functional gel materials. The 

combination of the nanofillers and appropriate interfacial reversible and dynamic 

interactions provides a promising method for the fabrication of high-performance 

multifunctional hydrogels to meet the increasing needs of modern materials. In this 

thesis, a review on hydrogels based on reversible and dynamic crosslinks, stimuli-

responsive and self-healing functions, and nanocomposite hydrogels was presented first 

followed by three original research projects on developing nanocomposite hydrogels with 

stimuli sensitivity and self-healing property based on reversible interactions for 

biomedical and electrical applications. 

Injectable, self-healing and pH-responsive hydrogels are great intelligent drug 

delivery vehicles for controlled and localized therapeutic release. Hydrogels that show 

pH-sensitive behaviors in mildly acidic range are ideal to be used for the treatment of 

regions showing local acidosis like tumors, wounds and infections. In the first project, we 
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present a facile preparation of an injectable, self-healing and super-sensitive pH-

responsive nanocomposite hydrogel based on Schiff base reactions between aldehyde-

functionalized polymers and amine-modified silica nanoparticles. The hydrogel shows 

fast gelation, injectability and rapid self-healing capability. Moreover, the hydrogel 

demonstrates excellent stability under neutral physiological conditions while a sharp gel-

sol transition induced by faintly acidic environment. The pH-responsiveness of the 

hydrogel is ultra-sensitive, where the mechanical properties, hydrolytic degradation and 

drug release behaviors can alter significantly when subjected to a slight pH change of 0.2. 

The novel injectable, self-healing and sensitive pH-responsive hydrogel serves as a 

promising candidate as localized drug carriers with controlled delivery capability 

triggered by acidosis, holding great promise for cancer therapy, wound healing and 

infection treatment.    

Conductive hydrogels are of great significance for soft electronic devices. In the 

second project, we have developed a novel hydrogel ionic conductor by integrating 

nanofiller reinforcement with micelle cross-linking. The hydrogel was facilely prepared 

via one-pot polymerization of acrylamide and an amino-functionalized monomer in the 

presence of carbon nanotubes, aldehyde-modified F127 and LiCl. The dynamic chemical 

and physical interactions of the cross-linked network offers the hydrogel with a wide 

spectrum of properties, including excellent stretchability, toughness, exceptional 

elasticity, resistance to damage by sharp materials, self-healing property and high 

conductivity. In addition, the hydrogel demonstrated cooling-induced whitening optical 

behavior. When exploited as a strain and pressure sensor to monitor diverse human 

motions, the prepared hydrogel sensor showed excellent sensitivity and reliability. The 

hydrogel was further integrated with an eye mask to monitor human sleep and showed 
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high reliability for the detection of rapid eye movement (REM) sleep. This work provides 

new insights into the fabrication of multifunctional, smart and conductive materials, 

holding great promise for a broad range of applications like wearable sensors, artificial 

skins, and soft robotics. 

In the third project, we have developed an ionic conductive nanocomposite 

hydrogel with ultra-stretchability and intelligent sensing functions. By leveraging the 

dynamic feature of multiple intermolecular interactions, polymer/carbon nanotube 

networks with excellent mechanical performances (i.e., tensile strength, stretchability and 

toughness up to 1.09 MPa, 4075% and 12.8 MJ/m3, respectively) were achieved. 

Additionally, the hydrogel is soft, elastic, transparent and self-healing. The rational 

combination of the mechanical and electrical properties renders the as-prepared hydrogel 

with excellent sensing performances and cycling stability, and therefore enables it to 

perform as a sensory unit of a complete platform for the recognition of some complicated 

human behaviors. Specifically, with the integration of machine learning module, the 

hydrogel-based platform exhibits great recognition accuracies to human handwriting 

motions from single letters to words and phrases after proper training. The combination 

of superior mechanical performances and intelligent sensing functions within this 

hydrogel-based ionic skin unlocks its potential as the intelligent human-device interface, 

which promotes the application of artificial intelligence in customized electronic devices.  
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CHAPTER 1 Introduction 

 

1.1 Hydrogels Through Dynamic and Reversible Crosslinks  

 
Hydrogels are water-swollen polymeric materials that maintain a distinct three-

dimensional (3D) structure.1-3 They have been widely used in biomedical applications 

including drug delivery, tissue engineering and wound healing owing to their high 

resemblance with biological tissues and extracellular matrices (ECM) by sharing 

common natures of water-abundant, soft and highly porous structures.3-16 Also, hydrogels 

with some advanced features like conductivity and stretchability can serve as ideal 

candidates for soft electronics such as implantable bioelectronics, wearable sensory 

devices, artificial electronic skins, flexible touch panels, actuators and triboelectric 

generators.17-26 In addition, the 3D network, porous structure and high water retention of 

hydrogels make them promising in environmental applications like wastewater 

treatment.27-31 

Traditional hydrogels are crosslinked through permanent covalent bonds and are 

generally weak and brittle. Therefore, various dynamic and reversible interactions that 

can effectively dissipate energy upon force loading were introduced as crosslinks 

including reversible physical bonds (e.g., hydrogen bonding, electrostatic forces, 

hydrophobic interactions, metal-ligand coordination and host-guest interactions) and 

dynamic covalent chemistries (e.g., Schiff base or imines, boronate complexations, 

hydrazones, disulfide bonds), as shown in Figure 1.32-37 Besides the mechanical 

performances, these interactions render the corresponding hydrogels with diverse 

functionalities such as stimuli responsiveness, self-healing capability and injectability, 
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which makes them to better fulfill the increasing demands of advanced and 

multifunctional modern materials. 

 

 

 
 

Figure 1.1. Dynamic and reversible interactions involved in the construction of hydrogel 

networks. (a−e) reversible physical interactions and (f−i) dynamic covalent bonds. 

 

 

1.1.1 Physical Interactions in Hydrogel Networks 

 

1.1.1.1  Hydrogen Bonding 

 

Hydrogen bonding is a weak and reversible physical interaction that ubiquitously 

exist in biological systems. It has been widely adopted for the preparation of hydrogels. 

Some polymers like polyacrylamide (PAM) and polyacrylic acid (PAA) alone can 

generate hydrogels without the addition of crosslinkers through their multiple 

intermolecular hydrogen bonding. However, these gels undergo swelling and dissolution 

when immersed in water due to hydrogen bonds competitively formed with water 
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molecules. Inspired by the assembly behaviors of biological molecules (e.g., double-

helical DNA and protein β-sheets), complementary multiple hydrogen bonds have been 

increasingly used in the self-assembly of supramolecular structures and materials.38-40 

Considering the insufficient stability of many multiple hydrogen bonds, Meijer and co-

workers found that 2-ureido-4[1H]-pyrimidinone (UPy) could dimerize strongly 

(dimerization constant Kdim > 106 M-1 in CHCl3) in a self-complementary DDAA (donor-

donor-acceptor-acceptor) array of four cooperative hydrogen bonds (Figure 1a).41 

Prompted by this finding, they further use units of UPy as the associating end group in 

reversible self-assembling polymers.42 The quadruple hydrogen bonding formed by UPy 

is reversible, strong, directional and thermo-responsive, which makes it widely used for 

the fabrication of hydrogels in recent years.43-46  

 

 

1.1.1.2  Ionic Interactions 

Ionic bonding refers to reversible electrostatic interactions between oppositely 

charged ions. Hydrogels via ionic crosslinks between certain combinations of 

polyelectrolytes and/or counter ions have been successfully prepared. A typical hydrogel 

category via ionic crosslinks is that formed between oppositely charged polyelectrolytes. 

Especially, benefiting from the various strength and lifetime of the ionic bonds formed by 

different pairs of polyelectrolytes, the mechanical properties of the resultant hydrogels 

can be tuned in a wide range. For example, Gong and co-workers47 reported a class of 

polyion complexes (PIC) hydrogels, where two-step polymerization and water dialysis 

were involved for preparation. They found the PIC formed by anionic sodium 2-

acrylamido-2-methylpropanesulfonate (NaAMPS) and cationic 3-(methacryloylamino) 

propyl-trimethylammonium chloride (MPTC) is soft and stretchable with a fracture stress 
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of 0.02 MPa and a breaking strain of 3500%, whereas another pair of polyions, i.e., 

sodium p-styrenesulfonate (NaSS) and acryloyloxethyltrimethylammonium chloride 

(DMAEA-Q), resulted in a strong and stiff gel with fracture stress to be 5.1 MPa and 

stretchability of 1180%. On the other hand, polyampholytes from one-step 

polymerization can also generate tough and strong hydrogels,48 but with some drawbacks 

like random and uncontrollable charge sequence and globule conformation due to 

intrachain ionic bonds. Another type of hydrogels via ionic crosslinks is those constructed 

between polyelectrolyte and multivalent ions, such as poly(allylamine hydrochloride) 

(PAH) and phosphate or citrate.49 

 

 

1.1.1.3  Hydrophobic Associations 

 

Hydrophobic associations are easily formed from the aggregation of hydrophobic 

moieties or hydrophobes in aqueous media and can quickly reform when disturbed.50 

Micelle crosslinking is a common strategy to incorporate hydrophobic structures into 

hydrogel networks. Large hydrophobes like stearyl methacrylate (C18) can be solubilized 

into surfactant micelles such as sodium dodecyl sulfate (SDS) and 

cetyltrimethylammonium bromide (CTAB) by the addition of salt. Subsequent micelle 

copolymerization with hydrophilic monomers like AM and AA led to hydrogels with 

good mechanical performances.51, 52 Copolymers that can intrinsically form micellar 

structures have also been incorporated in the hydrogel networks to prepare functional 

materials. For example, poly (ethylene oxide)-b-poly(propylene oxide)-b-poly(ethylene 

oxide) (PEO-PPO-PEO) triblock copolymers have been incorporated to fabricate thermo-

responsive and elastic hydrogels for biomedical applications.53, 54 Besides acting as 

reversible and strong crosslinks,  hydrophobic associations provide essential protection to 
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other crosslinking mechanisms especially hydrogen bonding that is susceptible to water, 

giving rise to high-performing hydrogels. For example, Zeng and coworkers reported a 

hydrogel with excellent self-healing capability by entrapping catechol binary hydrogen 

bonding in the hydrophobic poly(N-isopropylacrylamide) (PNIPAM) microdomains to 

protect it from environmental oxidation.55 In another research, an extremely stretchable 

and fast self-healing hydrogel was prepared by embedding UPy motifs in the SDS 

micelle.56 Also, tough and strong hydrogels were generated through weak hydrogen 

bonding between N,N-dimethylacrylamide (DMAA) and methacrylic acid (MAA) due to 

polymer-rich aggregates stabilized by hydrophobic interactions among α-methyl groups 

of PMAA.57  

 

1.1.1.4  Metal-Ligand Coordination 

 

Metal-ligand coordination is a dynamic and reversible interaction between a metal 

ion and a ligand (electron doner), resulting in the formation of complexes of a preferred 

coordination geometry.50 By incorporating different metal ions and ligands, hydrogels 

with various mechanical properties and functionalities have been prepared. For instance, 

Messersmith and coworkers developed a self-healing hydrogel based on catechol-Fe3+ 

interpolymer cross-linking between catechol-terminated 4-arm poly(ethylene glycol) 

(PEG) and ferric ions in FeCl3 solution.58 The hydrogel demonstrated pH-mediated 

gelation behavior, i.e., being a fluid at acidic condition (pH ~5), forming a sticky gel at 

pH~8 and turning into an elastomeric gel at basic pH of 12, which was attributed to the 

stoichiometric transitions of the catechol-Fe3+ complexes at different pH (monospecies at 

pH < 5.6, bis- at 5.6 <pH < 9.1, and tris- at pH > 9.1). Hydrogels based on dynamic Ca2+-

bisphosphonate coordination have been reported to form under physiologic neutral 

conditions and used in tissue engineering.59 Tough hydrogels have also been fabricated 
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by incorporating metal-ligand complexation between Ca2+ and carboxyl groups on 

alginate chain as reversible sacrificial bond to dissipate energy.60 

 

1.1.1.5 Host-Guest Interactions 

Host-guest interaction is a commonly exploited physical interaction in 

supramolecular chemistry, where a unique complementary inclusion structure is formed 

via the insertion of one chemical entity (the “guest”) into another chemical entity (the 

“host”).50, 61 The inclusion process is spontaneous and driven by forces like geometric 

compatibility, hydrogen bonding, hydrophobic, electrostatic and van der Waals 

interactions.61 Due to their unique cavity structure, macrocycles especially cavitands 

(including cyclodextrins (CDs), calixarenes and cucurbit[n]urils (CB[n]s)) are frequently 

used “host” in aqueous solutions, and also in hydrogel preparations. Among the CDs, α-, 

β-, and γ-CD with increased cavity have been extensively studied. α-CD is able to form 

inclusion complexes with PEG and thus has been widely reported for the construction of 

hydrogels with PEG or copolymers containing PEG segments.62-64 The gels formed are 

usually thixotropic and reversible. β-CD with larger cavity has been widely reported to 

form hydrogel with a variety of guest moieties including adamantane,65 azobenzene,66 

ferrocene,67 and cholesterol68. CB[n]s, which exhibit higher binding strength and large 

cavity compared to CDs,69, 70 have also been exploited in hydrogel network construction. 

For example, Scherman and coworkers developed a hydrogel based on CB[8] host–guest 

complexes with two 1-benzyl-3-vinylimidazolium guest groups inserting into one CB[8] 

molecular.71 Owing to the reversible dissociation/reformation of the host-guest 

interaction, the gel demonstrated excellent elasticity (complete recovery from 800% 

tensile strain in 2 min).   
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1.1.2 Dynamic Chemical Bonding in Hydrogel Networks 

 

1.1.2.1  Schiff base 

 

Imine bond (−N═CH−) is a dynamic chemical bond formed from the 

condensation reaction between aldehydes and primary amines. The imine formation 

reaction was discovered by Schiff72 in 1864, and thereby imines are also referred to as 

Schiff bases. Hydrolysis of the Schiff base will take place under acidic conditions.73-75 

The bond is reversible and dynamic under mildly acidic to slightly basic conditions due 

to the imine hydrolysis/reformation reaction reaching a dynamic equilibrium and the 

rapid imine exchange reaction occurred under such conditions.36, 74, 76 Owing to their 

ready formation and dynamic nature under neutral conditions, and stimuli-responsive 

properties, Schiff base bonds have been extensively adopted in the fabrication of 

functional self-healing hydrogels. Hydrogels based on natural macromolecules bearing 

primary amino groups like chitosan53, 77-81 and gelation82, 83 crosslinked by aldehydes like 

oxidized polysaccharide80, 82 and synthetic benzaldehyde-modified difunctional PEG77-79 

have been widely reported, and applied in various biomedical applications like wound 

healing,53, 81 drug or cell delivery,79, 83 and central nervous regeneration78.  

 

1.1.2.2  Boronic ester 

 

Boronic ester bond is another dynamic covalent bond that has been widely used in 

the preparation of hydrogels. Boronate esters are generated by the condensation of 

boronic acid compounds and 1,2-/1,3-diols. The hydrogel networks formed by this type 

of bonds are considered to be transient due to the reversible hydrolysis and reformation of 

the boronic acid–diol complexes under certain conditions.84 The gelation of boronic ester-

based hydrogels are closely related to the pH of the system, i.e., the boronic ester 
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formation is favored at the pH near or higher than the pKa of boronic acids.85-88 Deuel et 

al. reported the first borate-diol crosslinked hydrogel upon mixing borax and poly(vinyl 

alcohol) (PVA) around seven decades ago.89 Until now, numerous boronic ester-based 

hydrogels have been developed through the reactions between borax90-92 or 

phenylboronic acids (PBAs)-functionalized polymers88, 93-95 and different diols (e.g., 

PVA,91, 96 sugar moieties-modified polymers or glycopolymers,97, 98 catechol-containing 

polymers87, 88, 99). One challenge for the fabrication of hydrogels via boronic acid–diol 

complexation is the gelation normally occurred under alkaline conditions, which may 

impede their further use in biomedical applications. Tremendous efforts have been 

dedicated to address this issue with several strategies developed: using diols with high 

affinity for boronic acid at lower pH like salicylhydroxamic acid moiety;93 making use of 

PBAs with intramolecular coordination to stabilize the boronate ester formation such as 

2-acrylamidophenylboronic acid;87 using PBA derivatives with lower pKa like 

benzoxaborole with pKa value ∼7.2;88 increasing the pH of the microenvironment around 

the boronic acid by copolymerizing PBA-modified monomers with N,N-

dimethylaminopropyl acrylamide100.  

 

 

1.1.2.3  Disulfide 

 

Disulfide bond is a biologically relevant bond involved in multiple biological 

processes such as the folding of proteins and maintenance of intracellular redox potential. 

The bond is reversible and dynamic because of the rapid disulfide exchange reaction. The 

disulfide exchange occurs either through nucleophilic displacement of a thiolate anion 

from the disulfide by another thiolate anion, or displacement of a thiyl radical from the 

disulfide by another thiyl radical. This reaction is highly pH dependent, lowering pH to 

acidic values giving rise to kinetically locked S-S bonds due to the protonation of 

javascript:;
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thiolates. The disulfide bond is cleavable under reductive conditions and can be reformed 

on oxidation. Light stimulus can also lead to the cleavage of the S-S bond by creating 

sulfur radicals that can exchange and recombine. The dynamic and multi-stimuli sensitive 

nature make the disulfide bond well suited for preparation of dynamic hydrogels with 

self-healing and stimuli-responsive properties. Small molecular crosslinkers containing 

disulfide bond have been widely used for the preparation of dynamic disulfide exchange-

based hydrogels.101-103 Cyclic disulfides, which have higher reactivity compared to linear 

disulfides due to the ring tension, have been utilized to prepare disulfide exchange-based 

hydrogels with structurally dynamic networks and self-healing properties under neutral 

conditions.104-106 By introducing gold(I) ions to form gold(I)−thiolate (Au−S) species, 

disulfide-based hydrogels that show dynamic networks under neutral conditions have also 

been developed.107-109 

 

1.1.2.4 Hydrazone 

 

Hydrazone bond is formed from the condensation reaction between an aldehyde 

or a ketone and a hydrazide (R-NHNH2). It forms very slowly under neutral conditions 

without catalyst, while its formation can be greatly accelerated under mildly acidic 

conditions or by nucleophilic catalyst such as aniline.102 Harsh acidic conditions can 

cause the decomposition of this bond. Hydrazone hydrolysis and exchange occur rapidly 

at acidic pH values, at high temperatures, or under catalyzation, which renders the bond 

with reversibility and dynamic nature under these conditions, whereas it tends to be 

kinetically inert under neutral conditions. Hydrazones have been widely used as dynamic 

crosslinks in hydrogels, where, in most cases, acryhydrazone crosslinks are adopted. This 

is because the electron-withdrawing acryl group increases the electrophilicity of the 

acryhydrazone and therefore accelerates the hydrolysis and exchange reactions and 
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makes the bond more dynamic. Natural polysaccharides like hyaluronic acid,110-112 

carboxyethyl cellulose,113 and alginate,80, 114, 115 and synthetic polymers including PEG116-

118 and PNIPAM119, 120 have been involved for the preparation of hydrazone-crosslinked 

hydrogels. 

 

 

1.2 Stimuli-Responsive and Self-healing Functions 

1.2.1 Stimuli-Responsiveness  

1.2.1.1 Thermo Responsiveness 

Thermo-responsive hydrogels are the hydrogels that undergo property changes 

including sol-gel transition, appearance change, mechanical property alternation and/or 

volume variation under thermo stimulus. Thermo-triggered sol-gel transition is an 

appealing feature for hydrogels in various applications, which renders the gels with 

injectability and shape remoldability. For example, hydrogels that were solution at low 

temperatures whereas turned into freestanding gels at body temperature have been 

developed based on the temperature-sensitive hydrophobic association of polymers with 

lower critical transition temperature (LCST) like PNIPAM or PEG copolymers as 

crosslinkers.55, 121 These hydrogels are promising injectable carriers of bioactive 

molecules like drugs, proteins and DNAs that allow non-invasive administration for 

controlled drug delivery. Besides hydrophobic interaction, hydrogen bonding is known to 

be temperature-responsive, raising temperature would result in its dissociation. By 

employing UPy as the major crosslinking strategy, Chen et al. have prepared a hydrogel 

that was an elastic gel at room temperature but transformed into a viscous liquid over 45 

°C, which made it to be injectable and remoldable at elevated temperatures.46 

For some hydrogels that involve multiple crosslinking mechanisms, if the major 
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crosslinking force is not thermo-responsive, the corresponding hydrogels would undergo 

physical appearance, mechanical and/or volume changes instead of sol-gel transition. 

PNIPAM-containing hydrogels can be transparent at room temperature while turn into 

turbid at temperature higher than LCST.122, 123 Hydrogels with fast and reversible 

whiteness changes are promising for thermo-responsive color displays, smart windows, 

and optical switches. Mechanical modulus variations of hydrogels triggered by 

temperature changes have also been widely reported. For instance, a micelle crosslinking 

hydrogel (C18/SDS) experienced a reversible 20-fold decrease in the elastic modulus 

with the temperature rising from 5 to 80 °C as a result of the increased solubility of 

hydrophobic moieties at high temperatures, which was demonstrated for shape memory 

applications.51 Hydrogels showing thermo stimuli-triggered volume change especially 

asymmetric swelling have been reported to act as actuators using in micromanipulators, 

sensors and optical devices.124 

1.2.1.2  pH responsiveness 

pH is a common stimulus in nature. Especially, the pH varies in different parts or 

tissues in human body, which makes it possible to serve as an internal stimulus to trigger 

the release of drugs and thus the pH-responsive materials have been extensively reported 

in biomedical applications. One category of pH-sensitive hydrogels is that based on pH-

sensitive polymers including acidic polymers (e.g., poly(carboxylic acid)s, 

poly(phosphoric acid)s and poly(boronic acid)s ) and basic polymers (e.g., the polymers 

containing amine, tertiary amine, pyrrolidine, morpholino, imidazole, piperazine, and 

pyridine groups).125 The pH transition of the gels derived from pH-sensitive polymers 

depends on the pKa of the corresponding polymers that determines their 

ionization/deionization behaviors. Among them, poly(carboxylic acid)s with pKa ~4−5 

are widely used for pH-responsive hydrogel preparations due to their potential 
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applications in gastric environment. For example, a pH-responsive injectable hydrogel 

that can form a gel under pH 3 but decomposed at neutral pH has been developed by 

introducing a carboxyl-containing monomer, acryloyl-6-aminocaproic acid, into block 

copolymer chains.126 By injection of the hydrogel to the gastric perforation site of a rat, 

local gelation was observed and the perforation healing process was enhanced.   

Another kind of pH-sensitive hydrogels is that relies on the 

association/dissociation of crosslinking bonds. Hydrogels based on dynamic covalent 

bonds open up new opportunities for pH-responsive hydrogels. Almost all commonly 

exploited dynamic covalent bonds in hydrogels are sensitive to pH stimulus with the pH-

responsive range highly depending on the reaction species. Schiff base-crosslinked 

hydrogels decompose in mildly acidic conditions and demonstrate reversible sol-gel 

transition triggered by pH stimulus.54, 77  Hydrazone debonding occurs in a more acidic 

environment.113 Boronic esters are unstable under acidic to slightly basic pHs based on 

the reacting boronic acid and diol species.98 These interactions that demonstrate mildly 

acidic pH-responsive behaviors are attractive for the fabrication of hydrogels in 

biomedical applications for the treatment of regions showing local acidosis like tumors, 

wounds and infections.  

1.2.1.3  Strain and Pressure Responsiveness 

Due to the water abundant nature, many hydrogels are intrinsically conductive, 

which enables them to sense strain and pressure changes in electrical circuit. Soft 

hydrogel strain/pressure sensors hold great potential in various applications such as 

wearable devices, sport monitoring, health diagnosis, and soft robotics. Normally, the 

conductivity of hydrogels should be enhanced to fulfill the needs of practical sensory 

applications. There are two strategies that have been adopted for the enhancement of 
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hydrogels’ conductivity and strain/pressure sensitivity. One is the incorporation of 

conductive fillers127-129 (e.g., carbon nanotubes, graphene, MXene and silver nanowires), 

or intrinsic conductive polymers46, 130 (e.g., polythiophene and polyaniline) to establish 

electronic conductive gels whose conductivity and strain/pressure sensitivity originate 

from moving electrons via tunneling effect and contact effect. Another is to introduce 

ions21, 131 (e.g., NaCl and LiCl) into hydrogel matrixes or utilizing polyelectrolytes132, 

which generates ionic conductive hydrogels. Their conductivity depends on the 

movement of ions in free water. The sensitivity to strains and pressures is ascribed to 

geometrical changes. Both strategies have their advantages and disadvantages. Electron-

conductive hydrogels are generally in dark color while many ion-conductive gels are 

transparent. Losing water would lead to the increase of the conductivity of the former but 

decreased conductivity for the latter due to their different conducting mechanisms.23 The 

electronic conductive gels commonly possess higher tensile strain sensitivity (gauge 

factor (GF) ~ 3−100) than that for ionic conductive hydrogels (GF ~ 1−3).23 Since many 

conductive fillers are hydrophobic, relatively complicated chemical modification is 

needed to incorporate these materials into hydrogel networks whereas introduction of salt 

ions is a facile method to improve hydrogels’ conductivity.  

 
1.2.2 Self-Healing Property 

 

Self-healing generally refers to a material’s capability to spontaneously heal or 

mend fractures and defects, restoring their structures and functionalities after inflicted 

damage.33, 34, 133 Self-healing is a common phenomenon in nature, such as bone fracture 

healing and blood vessel coalesce,134 but rarely seen in traditional artificial materials 

because, in most cases, the building blocks of the materials are organized into rigid 

architectures which lack the ability to migrate across fractures longer than molecular 
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scale.135 However, it is possible for macromolecular components in hydrogels based on 

reversible physical or dynamic chemical bonds to move across defects, reform bonds and 

repair fractures. Self-healing hydrogels have attracted considerable attention over the past 

decade. With self-healing ability, the lifetime of hydrogels can be greatly extended, and 

their reliability, durability and safety can be enhanced. Macroscopically, a hydrogel self-

healed from cutting should be able to bond back to withstand its own weight, shaking, 

bending and/or stretching. Rheological test is another commonly employed method to 

characterize the self-recovery ability of hydrogel networks, in which the recovery of the 

internal damage caused by rheological deformation was reflected by a material's 

viscoelastic properties.  

 

Figure 1.2. Schematic demonstration of the self-healing process of hydrogels.  

 

 

 Two factors play critical roles in determination of a hydrogel’s self-healing 

capability, i.e., the reversibility of crosslinking bonds and the molecular chain mobility. 

Dynamic hydrogels crosslinked via transient linkages generally demonstrated complete 

self-healing ability with two gel halves merging into one piece after healing or a punched 
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hole disappearing.77, 87, 108 Dynamic covalent interactions are common transient linkages, 

reversible formation/exchange reactions giving rise to the self-healing of corresponding 

hydrogels. However, the dynamic nature of the dynamic covalent linkages was only 

observed under certain conditions. Schiff base bond is reversible under mildly acidic to 

neutral pH but becomes permanent under basic conditions. Hydrogels based on boronate 

complexations demonstrated best self-healing ability at the pH near the boronic acid pKa 

under which the exchange between the boronic esters and the starting components is most 

effective.85 Hydrazone and disulfide exchange reactions occur under acidic and basic 

conditions, respectively, both bonds tending to be kinetically locked under neutral 

conditions.102 Physical interactions are generally considered to be reversible while the 

self-healing of the hydrogels based on these forces are also shown with limitations. For 

example, hydrogen bonding is generally reversible and dynamic, however, solvation of 

the bonds hindering the self-healing of relevant hydrogels. Protecting the hydrogen 

bonding with hydrophobic associations is an effective way to endow the corresponding 

hydrogel with good self-healing property.56 For tough hydrogels in which the molecular 

chains are well-connected into 3D networks and thus have limited mobility, complete 

self-healing is relatively hard to achieve. Different approaches that can soften the 

hydrogels and enhance the chain movements across interfaces have been applied. For 

example, saline solution (3 M NaCl) was used to treat the cut surface of the hydrogel 

composed of oppositely charged polyelectrolytes, resulting in the self-healed hydrogel 

with ~2 MPa breaking stress and ~600% fracture strain.47 For hydrogels involving 

hydrophobic associations, organic solvents like N,N-dimethylformamide (DMF) that can 

dissolve hydrophobic domains have been used to facilitate the self-repairing process.136 

In addition, treating the cut surface with surfactant is an effective way to enhance the 

healing efficiency of micelle crosslinking hydrogels.51 Raising temperature is a common 
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strategy for the enhancement of the self-healing efficiency.  

 

1.3 Nanocomposite Hydrogels 

Nanocomposite (NC) hydrogels are hydrogels that incorporate nanomaterials into 

polymer/water matrixes, forming complex nanometer-scale structures.137 The 

performances of the composite hydrogels are related to both the polymer matrix and the 

nanofillers. Taking advantage of the mechanical stiffness, various functionalities and 

large surface areas of nanomaterials, NC gels possess enhanced mechanical performances 

and functionalities, which makes them attractive for a wide range of applications. 

Depending on the miscibility of polymers/water and nanomaterials, different approaches 

have been adopted to fabricate NC gels such as direct mixing, in situ polymerization and 

in situ nanofiller formation. 

 

 

 

Figure 1.3. Schematic representation of the network of nanocomposite hydrogels.  
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1.3.1 Nanofillers 

Nanomaterials are those of which at least one dimension is confined to nanoscale 

(<100 nm). They can be categorized into three main types based on their dimensions:  

zero-dimensional (0D) nanoparticles, one-dimensional (1D) nanofibers and two- 

dimensional (2D) nanosheets.138  

1.3.1.1  Nanoparticles 

 

The incorporation of nanoparticles can improve the mechanical performances of 

hydrogels. For instance, silica nanoparticle-crosslinked hydrogels have been developed 

with good stretchability and toughness by in situ copolymerizing vinyl-functionalized 

silica nanoparticles with hydrophilic monomers like AM and AA.139-141 Quantum dots 

like carbon dots have been introduced into PAM gel networks through in situ 

polymerization, resulting in highly stretchable and elastic hybrid hydrogels.142 The 

addition of high content of amorphous CaCO3 nanoparticles into PAA/alginate hydrogels 

endowed the gels with robust yet compliable mechanical properties, which made them 

promising for the application as artificial ionic skins.143  Besides, by introducing 

functional nanoparticles, hydrogels with various functionalities have been developed. For 

example, aldehyde-modified carbon dots have been prepared from different aldehyde 

precursors and mixed with branched polyethylenimine (PEI), producing imine-

crosslinked self-healing hydrogels demonstrating fluorescence emissions of different 

colors.144 Gold nanoparticles that can act as light absorbers for photothermal therapy have 

been incorporated into hydrogel networks by in-situ formation from chloroauric acid 

(HAuCl4) and the resultant hydrogels were utilized for tumor treatment.145 Similarly, 

silver nanoparticles were usually introduced into the gel networks via in-situ formation 

from precursor solutions like AgNO3, to render the hydrogel with antibacterial property 

and/or conductivity.146, 147 Magnetic hydrogels have been fabricated by incorporating 
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Fe3O4 nanoparticles, which can be used for tumor treatment though the heating effect 

induced by alternating current magnetic field.148, 149  

 

1.3.1.2 Nanofibers 

 

Nanofibers including nanowires, nanotubes and nanorods have been widely 

incorporated for the reinforcement of hydrogel networks or providing functionalities. 

Carbon nanotubes (CNTs), which consist of sp2-connected carbon atoms and possess 

high aspect ratio (>1000), exceptional electrical (109 A cm−2) and mechanical properties 

(tensile strength ~ 11–63 GPa, Young's modulus ~ 1–1.8 TPa),150 have been widely 

utilized as nanofillers in nanocomposite hydrogels for bioengineering151-154 and 

electrical155, 156 applications. Since CNTs are hydrophobic, surface modification like 

oxidation to produce carboxy-bearing CNTs are commonly adopted strategy to enable 

their dispersion in water.157 In order to avoid agglomeration of oxidized CNTs of high 

loadings, molecules like gelatin that can form interactions with the surface functional 

groups have been introduced.156 Virgin CNTs can also be dispersed into hydrogels 

through involving hydrophobic associations such as adding surfactant155 or π–π 

interactions like  decorating with β-CD158. Silver nanowires are also commonly used 

nanofibrous fillers in hydrogels due to their excellent conductivity and bioactivity. They 

can be incorporated either through in-situ formation from AgNO3
159 or post-treatment 

like dipping Ag nanowire solutions onto hydrogel surfaces followed by annealing160. 

Gold nanowires, with good conductivity, have also been utilized as conductive agent in 

composite hydrogel. For example, PAM hydrogels have been integrated with Au 

nanowires through in-situ polymerization and micropattern technology for wearable 

pressure sensors.161 Cellulose nanocrystals (CNCs), strong and stiff rodlike nanomaterials 

extracted from natural cellulose resources, is a promising reinforcement agent for 
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hydrogels. They have been used for the reinforcement of hydrophilic polymers like PAA 

and PVA due to their good compatibility with these polymers.162, 163 Owing to their 

excellent biocompatibility, they have also been incorporated with natural polymers for 

biomedical applications. For instance, by mixing aldehyde-functionalized CNCs with 

carboxymethyl chitosan, an injectable and self-healing hydrogel have been prepared for 

deep burn wound healing.164 Additionally, the CNCs can also be employed as medium 

for the deposition of metal nanoparticles to facilitate their dispersion in the hydrogel 

matrix for electrical applications.146 

 

1.3.1.3  Nanosheets 

 

Clay nanosheets is a commonly utilized reinforcement agent in hydrogel systems. 

Haraguchi and coworkers reported the first clay-crosslinked tough hydrogel by in situ 

polymerization of NIPAM in exfoliated clay solutions. Compared to chemically 

crosslinked gel, the extensibility of the hydrogel dramatically increased from 10−30% to 

over 1000%.165 In another example, Wang et al. reported a facile way of preparing clay-

reinforced hydrogel with the storage modulus as high as ~400 kPa by directing mixing a 

positively charged dendrimer with anionic polyacrylate-exfoliated clay nanosheets.166 

Graphene oxide (GO) and reduced GO (rGO) nanosheets, 2D carbon nanomaterials with 

good water dispersion, high mechanical strength, conductivity (for rGO) and thermal 

conductivity, have been extensively used for the preparation of tough hydrogels167, 168 and 

conductive hydrogels169-171. Mxene nanosheets, made of the carbides and nitrides of 

transition metals, are newly emerging 2D materials with excellent conductivity and water 

dispersion and thus have been utilized for the preparation of high-performance 

conductive hydrogels.172-174  
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1.3.2 Nanocomposites toward Tough Hydrogels 

 

Traditional hydrogels crosslinked via permanent covalent bonds are brittle and 

weak mainly due to two reasons. First, conventional hydrogels, prepared by free radical 

polymerization of hydrophilic monomers and crosslinkers, generally have highly random 

or heterogeneous networks, which will cause stress localization upon loading and thereby 

easily fracture of the material.175 Second, traditional hydrogels generally lack effective 

energy dissipation mechanisms when experiencing force loadings. Various strategies 

have been developed for the preparation of tough hydrogels (tensile strength > 0.1 MPa 

and fracture energy > 100 J/m2) by improving network homogeneity like preparation of 

tetra-PEG hydrogels176 and using γ-radiation for initiation,177 or introducing energy 

dissipation mechanisms such as integration of reversible crosslinks,47, 51, 178, 179 and by 

construction of double-networks (DN),60, 136, 180 introduction of nanofillers,165, 168, 181 and 

assembly of anisotropic structures182-184. Among these approaches toward tough 

hydrogels, the introduction of nanomaterials into hydrogel matrix can simultaneously 

lead to even distribution of stress by homogeneously dispersed nanofillers and introduce 

interfacial bonding to dissipate energy.  

The mechanical robustness of NC hydrogels relies on the well dispersion of 

nanomaterials in hydrogel matrix and robust interfacial interactions between polymers 

and nanofillers. The dispersion of nanomaterials is related to various factors like their 

hydrophilicity, concentration, and the interaction with polymers. The interfacial bonding 

is of critical importance to the corresponding hydrogel’s mechanical performance by 

providing effective energy dissipation, enabling forces transfer between soft polymers 

and stiff fillers, and avoiding the slide of nanomaterials within the matrix when subjected 

to external forces. Permanent chemical bonds as interfacial interactions between silica 
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nanoparticle surfaces and hydrophilic polymers (PAA and PAM) led to stretchable 

hydrogels with medium tensile strength ~100−300 kPa and stretchability ~1000−4000%, 

however, similar to covalently crosslinked hydrogels, elevating nanofiller content 

resulting in significantly impaired mechanical performance. Hydrogen bonding have also 

been introduced at the interfaces of polymers and nanomaterials. Due to the ubiquitously 

presented polar groups on nanomaterials with good water dispersion and hydrophilic 

polymers used for hydrogel preparation, hydrogen bonding widely exist at 

polymer/nanofiller interfaces. However, in many cases, it is not strong enough to generate 

tough hydrogels. Other interactions156, 168 or special hydrogen bonding169, 185 should be 

integrated. Polydopamine (PDA) surface coating is a facile strategy to introduce 

functional catechol groups on nanofiller surfaces that enable the hydrogen bonding with 

polymer matrixes as well as endow the material with self-healing and adhesive properties. 

For example, PDA-modified GO and clay have been incorporated with PAM to produce 

ultra-stretchable hydrogels (strain at break > 4000%, tensile strength ~50−200 kPa).169, 185 

Ionic interaction is a commonly utilized strong physical interaction between nanofillers 

and polymers. The brilliant mechanical property of the first tough NC gel, clay/PNIPAM, 

was attributed to the strong ionic interaction between clay nanosheets and the persulfate 

initiator.186 In another example, the introduction of ionic forces and hydrogen bonding 

into interfaces between CNTs and polymers enabled well dispersion of high 

concentrations of the nanomaterials, and led to a tough hydrogel with high tensile 

strength of ~0.7 MPa.156  
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1.4 Objectives and Outline of this Thesis 

 

Owing to the unique water abundant and biomimetic nature, hydrogel materials 

hold great promise to fulfill the diverse needs of modern biomedical and electrical 

engineering applications. Despite the great progress made in developing multifunctional 

hydrogels that are mechanically strong, stimuli-responsive and/or self-healing, challenges 

still exist to achieve highly performing hydrogels that mingle multiple functionalities to 

meet specific applications. The combination of reversible physical and chemical 

interactions with nanomaterial fillers opens up new opportunity for the development of 

multifunctional and tough hydrogels. The overall objective of this thesis is to develop 

novel NC hydrogels incorporated with reversible interfacial bonding, and use them in 

specific bioengineering and electrical applications like controlled drug delivery vehicles 

and flexible sensors. The research work in this thesis contains three parts. The first part 

(Chapter 2) is the development of ultra pH-sensitive hydrogels and the implication for 

controlled drug delivery. The second (Chapter 3) and third (Chapter 4) parts are the 

fabrications of hydrogel materials that combine mechanical, conductive, stimuli-

responsive and self-healing properties for wearable sensory applications.  

With the development of modern drug delivery systems, hydrogels that can be 

injected to the local site, self-heal to an integrated piece and release drugs on demand 

have attracted widespread attention in biomedical community. Hydrogels via dynamic 

covalent crosslinks like imines make it possible for local mildly acidic pH to trigger the 

release of carried drugs for the treatment of body regions showing acidosis like tumors, 

wounds and infections. Nevertheless, the fabrication of hydrogels with slightly acidic pH 
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responsiveness and narrow and adjustable pH-sensitive ranges still remains a challenge. 

In chapter 2, we presented a facile preparation of an injectable, self-healing and ultra pH-

sensitive hydrogel by direct mixing an aldehyde-functionalized zwitterionic polymer and 

amine-modified silica nanoparticles. The gelation occurred rapidly in 10 s owning to the 

fast Schiff base formation between the components. The gel was not only injectable and 

self-healing, but also demonstrated sharp gel-sol transition located in the faintly acid 

environment (6.4−7.0) whilst kept stable in neutral PBS buffer. Moreover, a slight pH 

change of 0.2 in the responsive range led to significant variations of the hydrogel’s 

rheological, dissolution and drug release behaviors.  

Hydrogels, with soft, stretchable and conductive features, highly resemble the 

human skin, and thus are ideal for skin-like flexible sensors to provide comfort human-

machine interaction experiences and avoid mechanical mismatch with tissues. 

Mechanical robustness, fatigue resistance and good conductivity are prerequisite for such 

applications. Other desirable properties are the self-healing capability, stimuli-

responsiveness and transparency. In chapter 3, we report an ultra-elastic, tough, self-

healing and ionic conductive hydrogel by simple one-pot polymerization of AM and an 

amine-bearing monomer in the presence of carboxyl-modified multiwalled carbon 

nanotubes (MWCNTs), aldehyde-modified F127 micelles and LiCl. In this composite, 

both the ionic interactions generated between the nanofillers and polymers and the imine 

bonds between micelles and polymers contribute to the mechanical performances and 

self-healing of the hydrogel. The elastic nature, recovery from ultra-high tensile and 

compressive strains, ensures the excellent fatigue resistance of the gel to fulfill the 

reliability and durability requirement of sensory applications. The gel is thermo-

responsive, being turbid at room temperature while turning into transparent at body 
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temperature. The resultant hydrogel was used for the detection of large human motions, 

subtle physiological signals like wrist pulse and the monitoring of the human sleeping 

process with high sensitivity and stability.  

In chapter 4, we designed a stretchable, tough, self-healing, transparent and ionic 

conductive hydrogel based on the dual ionic interactions between the carboxy-modified 

MWCNTs and functional cations of PAM copolymers. The strong and weak interfacial 

ionic interactions served as the long lifespan bond for crosslinking of the molecular 

chains and the sacrificial bond for energy dissipation upon force loading, respectively, 

which resulted in extremely stretchable (up to ~4000%), strong (up to ~1 MPa) and 

elastic hydrogels (recovery from 1000% tensile strain). Due to the low MWCNTs 

concentration, the hydrogel is transparent. It was used as a skin-like strain/pressure sensor 

for the detection of human motions and wrist pulse signals, as well as touching, pressing 

and water dropping. The high sensing performance of the gel for fine motions enabled it 

to be further used for the writing recognition process, with brilliant recognition rate from 

single letters to more complicated words and sentences.  

 Finally, in chapter 5, we outlined the conclusions and contributions of this work, 

and proposed some future research prospects. 
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CHAPTER 2 Injectable and Self-healing Nanocomposite Hydrogels 

with Ultra-sensitive pH-Responsiveness and Tunable Mechanical 

Properties: Implications for Controlled Drug Delivery 

2.1 Introduction 

 
In recent years, there has been growing research interest in the development of 

“smart” or stimuli-responsive drug delivery systems to meet complicated requirements in 

biomedical applications.7, 187-191 Smart delivery vehicles are crucial for transporting 

therapeutic agents as they can help to achieve controlled release of the carried cargos, 

avoiding side effects of traditional pharmacotherapy techniques.188, 192_ENREF_6 

Hydrogels, especially stimuli-responsive hydrogels, play an irreplaceable role in drug 

delivery technologies owing to their unique characteristics like water abundance, soft, 

high porosity, biocompatibility and high resemblance to ECM.7-9, 189, 190, 193-196 They can 

retain the nature of the entrapped therapeutic factors like drugs, proteins, DNA and cells 

by providing biomimetic wet circumstances and protect these delicate bioactive 

molecules from undesirable enzymatic or hydrolytic degradation.197, 198 In addition, 

compared to nano drug carriers like liposomes, nanoparticles and micelles that suffer 

from low delivery efficiencies because of quick clearance by human’s renal and 

reticuloendothelial systems (RES), hydrogels can be directly located at the desired sites 

and realize localized, sustained and on-demand release of the therapeutics.199-201 Up to 

now, enormous progress has been made in the development of controlled drug delivery 

systems based on smart hydrogels that are responsive to specific environmental changes 

(temperature, pH, magnetic field, electric field, etc.).187, 190-192, 202-204 Among all the 

stimuli, since pH value varies in different parts or tissues in human body, it can serve as 
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an internal stimulus and has been widely exploited to trigger the release of drugs.7, 205, 206 

Traditional pH-responsive hydrogels composed of covalently crosslinked ionic polymers 

are well developed as drug delivery systems.7, 205 However, they generally lack injectable 

and self-healing properties, which makes them face problems like invasive surgical 

implantation, improper adaption to the defect site, loss of structural integrity and 

functionality during frequent stress in human body, and increased risk of infections.50, 123, 

207 Another limitation of conventional pH-responsive hydrogels is that they are not 

suitable for the treatment of regions showing local acidosis such as sites of tumor, wound, 

infection and ischemia, where pH-sensitive behavior in mildly acidic range is required.205 

    To address these issues and meet the rapidly growing requirements of well-

performed and multifunctional biomaterials, hydrogels crosslinked via dynamic covalent 

bonds,36, 208 such as imines,77, 78, 209-211 phenylboronate complexations,97, 98 hydrazones118, 

212, 213 and disulfide bonds,102, 104 have attracted widespread attention in biomedical 

community. Taking advantage of the dynamic, reversible and responsive to external 

stimuli natures of the dynamic covalent bonds, these hydrogels possess distinct features 

like self-healing capability, stimuli-responsiveness, shear-thinning property and 

injectability. They provide an approach to reliable and durable intelligent drug carriers 

with minimally invasive administration and improved tissue adaptability for localized 

therapeutic delivery. Among all the dynamic covalent linkages, imines, also known as 

Schiff bases, which are formed from the condensation reactions between aldehydes and 

primary amines, have become one of the most commonly used strategy for the fabrication 

of injectable and self-healing smart hydrogels owing to their readily formation under 

neutral conditions, outstanding neutral reversibility and pH-dependent stability.77 

Moreover, as imine structures generally decompose in mildly acidic environment,75 they 

are attractive candidates for the construction of smart therapeutic delivery platforms to 
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treat areas of local acidosis. Although some Schiff base-crosslinked hydrogels have been 

developed as drug carriers for cancer therapy,54, 214-220 wound healing53, 219 and local 

infection treatment,221_ENREF_51 they are not able to satisfy the practical needs of the 

complicated biomedical processes. For example, it is known that the extracellular pH of 

tumors is mildly acidic due to exuberant production of lactic acid.222, 223 For cancer 

therapy through localized drug delivery, the delivery system is required to show a sharp 

gel-sol transition under faintly acidic physiological conditions (pH 6.0-7.4) to release 

drugs in tumor microenvironment while maintain gel stability under normal physiological 

conditions to minimize drug release to surrounding normal tissues.217, 218, 224 Besides, the 

degree of tumor acidity increases with the increase of tumor size and growth rate and has 

considerable variation within different regions of the same tumor.222 To maximize the 

therapeutic efficiency, it is highly desired to develop a delivery system with drug release 

profile precisely regulated by a slight alteration of the local pH. However, the hydrogels 

reported previously, which are mostly composed of natural polymers (e.g., chitosan or its 

derivatives, oxidized polysaccharides) or aldehyde-modified PEG, are difficult to be 

precisely modified and thereafter lack of fine-tuned functionalities such as ultra-sensitive 

pH-responsiveness and gel stability under neutral physiological conditions. It is still a 

challenge for the design of synthetic polymeric hydrogels with good neutral stability, 

tunable and sensitive pH-responsive behaviors as well as injectable and self-healing 

properties for controlled drug release.  

Herein, we report a novel injectable, self-healing and super-sensitive pH-

responsive hydrogel based on Schiff base reaction between aldehyde-containing 

copolymers and amine-modified silica nanoparticles. The copolymer was synthesized 

through simple free radical polymerization of 2-methacryloyloxyethyl phosphorylcholine 

(MPC) and an aromatic aldehyde-functionalized monomer, 4-formylbenzoate ethyl 
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methacrylate (FBEMA). We chose MPC as one of the primary components of the 

hydrogel because of its cell membrane-mimic molecular structure, super hydrophilicity 

and excellent biocompatibility.88, 97, 225, 226 3-Aminopropyl triethoxysilane (APTES)-

modified silica nanoparticles (ASNP) were utilized as another gelator since silica 

nanoparticles have been extensively investigated as drug delivery platforms and the 

involvement of nanoparticles in hydrogels has been reported as a facile approach to 

improve mechanical performances of hydrogels as well as to introduce multiple 

functionalities.227-231 It is known that the pH range of Schiff base formation is closely 

related to the pKa of amines, since protonated amino groups (-NH3
+) lack nucleophilicity 

to form imines with aldehydes.73, 74 Amines with low pKa values like chitosan (pKa 6.2-

7.0) could lead to corresponding hydrogels to be too stable under local acidosis 

conditions, i.e., pH-induced hydrogel degradation were only triggered at relatively strong 

acidic environment (pH<6)204, 217. On the other hand, imine-based hydrogels containing 

synthetic polyamines with high pKa values (pKa >9) like polyethyleneimine (PEI)123, 

polylysines216, 232 and hyperbranched poly(amido amine)233 face problems like instability 

under neutral pH, slow or only gel formation under alkaline conditions (pH 8-8.5). 

Therefore, ASNP with moderate pKa around 7.6234 is promising for the fabrication of 

hydrogels with pH responsiveness under mildly acidic conditions and maintenance of gel 

stability at neutral pH. The hybrid hydrogel was formed after a simple mixing process of 

the copolymer and nanoparticle solutions. It not only shows fast gelation process (<10 s), 

injectability, rapid self-healing capability, sharp gel-sol transition located in the faintly 

acid environment, but also exhibits excellent neutral stability and ultra-sensitive pH-

responsive behavior. A slight pH change of 0.2 can cause significant shifts of the 

hydrogel’s rheological, dissolution and drug release behaviors. By varying the 

composition of the hydrogel, its mechanical and pH-sensitive behaviors can also be 
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manipulated. In addition, the as-prepared hydrogel shows low cytotoxicity to human 

dermal fibroblast cells (HDFa). All these features suggest that the hydrogel has great 

potential in bioengineering applications such as therapeutic delivery vehicle for the 

treatment of local acidosis (e.g., tumors, wounds and infections).  
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2.2 Experimental Methods 

 

2.2.1 Materials 

 

2-Methacryloyloxyethyl phosphorylcholine (MPC, 97%), 2-hydroxyethyl 

methacrylate (HEMA, 97%), 2,2’-azobis (2-methylpropionitrile) (AIBN, 98%), APTES-

functionalized silica nanoparticle dispersion in water (ASNP, <30 nm), N,N’-

dicyclohexylcarbodiimide (DCC, 99%), congo red and bovine serum albumin-fluorescein 

isothiocyanate conjugate (BSA-FITC) were purchased from Sigma-Aldrich and used as 

received. 4-Formylbenzoic acid (FB, 98%), 4-dimethylaminopyridine (DMAP, 99%) and 

all solvents were purchased from Fisher Scientific.  
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2.2.2 FBEMA Synthesis 

 

4-Formylbenzoic acid (FB, 2.25g, 0.015 mol), HEMA(1.95g, 0.015 mol) and 

DMAP (0.25g) were dissolved in 50 ml of dry tetrahydrofuran (THF), followed by the 

addition of DCC (4.0g, 0.019 mol) under a nitrogen atmosphere. The reaction system was 

stirred at room temperature for 48 h. The resulting mixture was first filtered to eliminate 

the white solid (dicyclohexylurea, DCU), and then precipitated in ethyl ether and filtered 

to remove other dissolved DCU. The obtained solution was concentrated under vacuum 

and passed through a silica gel column with hexane: ethyl ether 1: 1 as eluent to separate 

FBEMA from reactants and by-products. After dried in vacuum oven overnight, the 

product appeared to be a light-yellow liquid with a yield of 43%. Chemical structure of 

the monomer was confirmed by an Agilent 400-MR DD2 NMR spectrometer. 1H NMR 

(DMSO-d6, 400 MHz): δH (ppm) = 10.08 (s, 1H, CHO), 8.11 (m, 2H, CHCHCCHO), 

8.01 (m, 2H, CHCCHO), 6.00 (dq, 1H, CH2C(CH3)COO), 5.65 (p, 1H, 

CH2C(CH3)COO), 4.55 (m, 2H, C(CH3)COOCH2CH2), 4.44 (m, 2H, C(CH3)COOCH2), 

1.83(dd, 3H, CH2C(CH3)COO). 

2.2.3 P(MPC-co-FBEMA) Synthesis 

 

The random copolymers of MPC and FBEMA with various contents of FBEMA 

ranging from 0 to 20 wt% were synthesized through free radical polymerization using 

AIBN as an initiator. A typical process to synthesis copolymers with FBEMA feeding 

fraction of 10 mol% is as follows. MPC (1.0 g, 3.4 mmol), FBEMA (0.099 g, 0.38 mmol) 

and AIBN (0.0062 g, 0.038 mmol, 1 mol% relative to monomers) were dissolved in 10 

ml of ethanol. After purged with nitrogen for 20 min, the mixture was allowed to stir at 

60 ºC for 24 h. The P(MPC-co-FBEMA) copolymer (denoted as PMF) was precipitated 
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out by adding the resulting solution dropwise in THF (200 ml), collected by filtration, 

redissolved in ethanol (10 ml) and precipitated from THF again. The recovered product 

was then dried under vacuum overnight to yield a white polymer powder. 1H NMR 

spectra of the copolymers were collected with CD3OD as the solvent. The molecular 

weights and polydispersity indexes (PDIs) of copolymers were measured by gel 

permeation chromatography (GPC) on an Agilent Technologies 1200 series system in 

water.  

2.2.4 Characterization of ASNP 

 

The solid content of ASNP aqueous dispersion was measured by evaporating the 

dispersion in an oven at 60 ºC overnight and comparing the weights before and after the 

evaporation. Surface element analysis was done on a Kratos AXIS 165 X-ray 

photoelectron spectrometer (XPS). The size and PDI of ASNP were characterized by 

dynamic light scattering (DLS) with a Malvern Zetasizer Nano ZSP. The zeta potentials 

of ASNP at various pH were also measured on a Malvern Zetasizer with samples 

prepared by first dissolving 40 μl of ASNP dispersion in 4 ml deionized water followed 

by adjusting pH using 2 M tris buffer. The amino group content in the ASNP solution 

was detected through ninhydrin reaction.235 

2.2.5 Preparation of Hydrogels 

 

The P(MPC-co-FBEMA)-ASNP hydrogels with different compositions were 

prepared. The hydrogel samples were denoted as PMFx-S y-z, where PMF means the 

copolymer, S represents the amine-modified silica nanoparticle, x, y and z are the mole 

fraction of FBEMA in the copolymer, weight percent of copolymer in the hydrogel and 

weight percent of nanoparticles in the hydrogel, respectively. For a typical fabrication 
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procedure of PMF10-S 10-13 hydrogel, P(MPC-co-FBEMA) with 10 mol% of FBEMA 

was first dissolved in deionized water (20 wt%) under a short time of sonication. The pH 

of the ASNP dispersion (26 wt%) was adjusted to 7.4 using 2 M tris buffer. The polymer 

solution (100 μl) and nanoparticle dispersion (100 μl) were then mixed well by vortex to 

give the hydrogel final concentrations of polymer and nanoparticles to be 10 wt% and 13 

wt%, respectively.   

2.2.6 SEM Characterization 

 

The porous morphology of the hydrogel was characterized using a Zeiss Sigma 

field emission scanning electron microscope (SEM) at an acceleration voltage of 5 kV. 

To prepare samples for imaging, 500 μl of hydrogel was cryo-dried and transferred into a 

liquid nitrogen bath. After 2 h, the frozen sample was taken out and fractured using a 

sharp blade. A thin layer of gold metal was sputter-coated on the freshly cut surface prior 

to imaging. 

2.2.7 Rheological Tests 

The hydrogel’s gelation, mechanical, shear-thinning, self-healing and pH-

responsive performances were studied through rheological tests on a TA Instruments AR-

G2 stress-controlled rheometer. The measurements were conducted using a 20 mm 

(diameter) 2º cone geometry with a gap of 53 μm and analyzed using TA Instruments 

TRIOS software. The rheological behaviors of PMF10 copolymer solution (20 wt%), 

ASNP dispersion (26 wt%, pH 7.4), and mixtures of pure polymer of MPC and ASNP 

with different concentrations of the nanoparticles were investigated by oscillatory 

frequency sweeps from 0.1 to 100 rad/s with a constant strain of 1%. For all rheological 

measurements of hydrogels, the hydrogels were formed in situ on the rheometer stage by 
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adding 50 μl of ASNP dispersions and 50 μl of PMF polymer solutions to the center of 

the stage. Silicone oil was dropped outside of the hydrogel layer to protect it from 

possible moisture loss. Dynamic oscillatory time sweeps were performed at a constant 

angular frequency (ω) of 10 rad/s and a 1% strain amplitude (γ) to measure the gelation 

process. The hydrogel’s shear-thinning property was evaluated by a steady flow sweep 

with shear rate varying from 1 to 100 1/s. The self-healing property of PMF10-S 10-13 

hydrogel was quantitatively studied by an oscillatory strain amplitude sweep (γ from 1% 

to 200%) with fixed frequency (ω = 10 rad/s) followed by a dynamic time sweep with 

constant frequency and strain (ω = 10 rad/s, γ = 1%). Cyclic strain experiment was also 

conducted to examine the repeatability of the self-healing behavior. In the test, the strain 

was shifted between 1% and 200% for four cycles at a fixed frequency (ω = 10 rad/s).  

To measure the pH responsiveness of PMF-S hydrogel, concentrated HCl solution 

(5 μL, 5 M) was first added to the hydrogel (100 μL) on the stage of the rheometer, after 

mixing by pre-shearing for around 20 s, rheological behavior of the mixture was recorded 

by oscillatory time sweep (ω 10 rad/s, γ 1%). After the measurement, concentrated tris 

solution (10 μL, 5 M) was added to the mixture to increase the pH and regenerate the 

hydrogel of which the rheological property was immediately recorded by oscillatory time 

sweep (ω 10 rad/s, γ 1%). The pH of the system was measured before each rheological 

test step. The reversible sol-gel transitions were also optically demonstrated in a vial by 

alternatively adding concentrated HCl (10 μL, 5 M) and tris solution (20 μL, 5 M) to a 

pre-formed hydrogel (200 μL) for two cycles. The rheological properties of hydrogels at 

different pH values were characterized by oscillatory frequency sweeps from 0.1 to 100 

rad/s with constant strain of 1%, where hydrogel samples were formed by mixing ASNP 

solutions of pH values varying from 4 to 8.5 with copolymer solutions. All rheological 
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tests were conducted at 37 ºC.  

2.2.8 The pH-Regulated Hydrogel Degradation and In Vitro Drug Release 

For the pH-dependent hydrolytic degradation tests, PMF10-S 10-13 hydrogels 

were prepared at the bottom of 2 ml glass vials of which the weights (Wv) were recorded 

before experiments. Then the weights of hydrogel together with glass vial were measured 

and recorded as W0. Afterwards, 10 mM PBS buffers (1.5 ml) with pH varying from 6.4 

to 7.4 were added on top of the hydrogels and the set-ups were placed into a 37 ºC water 

bath. At predetermined time intervals, the buffers were carefully pipetted out, the 

remained hydrogels together with vials were weighed (Wt) and the buffers were put back 

into the vials again. The weight remaining ratio of hydrogels was thus calculated by the 

following equation: 

    Weight remaining ratio %= 
Wt-Wv

W0-Wv

 ×100%            (2.1) 

In the in vitro drug release experiments, congo red and BSA-FITC were used as 

two model drugs. First, PMF10 copolymers were dissolved in the solutions of congo red 

(0.4 mg/ml) or BSA-FITC (4 mg/ml). Then the copolymers solutions (100 μl) with model 

drugs were mixed with equal volumes of ASNP dispersions to form drug-loaded PMF10-

S 10-13 hydrogels. Similar to the degradation experiments, the hydrogels were immersed 

in PBS buffers (1.5 ml) with various pH values. After incubated in 37 ºC water bath for 

predetermined periods, 1 ml of the aqueous supernatant solutions were taken out for 

ultraviolet-visible (UV-Vis) analyses on a Thermo Evolution 300 UV-Vis spectroscopy 

and then put back into the vials after measurements. The absorbances at 510 nm and 495 

nm were recorded for congo red and BSA-FITC samples, respectively. Samples of which 

the absorbances were defined as 100% were prepared by mixing 100 μl of copolymer 

solutions containing the dye or protein with 1.5 ml deionized water first and then adding 
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100 μl of ASNP dispersions to the mixtures. All experiments on pH-sensitive degradation 

and in vitro drug release were carried out in triplicate. The release data were fitted using 

the Korsmeyer-Peppas equation,  

    
Mt

M∞

=ktn                           (2.2) 

where Mt/M∞ is the cumulative release fraction, k is a constant incorporating 

characteristics of the delivery system and the drug, and n indicates the transport 

mechanism.236-238 

2.2.9 Cytotoxicity 

The cytocompatibility of PMF10-S 10-13 hydrogel toward human primary dermal 

fibroblast cells (HDFa, ATCC® PCS-201-012TM) was assessed by MTT assay. Both 

mixtures of gel components which were composed of PMF copolymer and ASNP 

solutions and PMF-S gel extracts were used for the tests. The mixtures of gel components 

were prepared by diluting a 30 mg/ml polymer/nanoparticle mixture solution (13 mg/ml 

copolymer, 17 mg/ml nanoparticle) to 2, 1, 0.5, 0.25 mg/mL using complete growth 

media composed of fibroblast basal media (ATCC® PCS-201-030TM) and fibroblast 

growth kit-low serum (ATCC® PCS-201-041TM). Hydrogel extract (100%) was obtained 

by adding 2 mL of complete growth media to 200 µL hydrogel and incubating in an 

incubator (37 °C, 5% CO2) for 24 h, which was further diluted to 50%, 25% and 12.5% 

gel extracts. Fibroblast cells (100 µL cell suspension) were seeded into a 96-well plate at 

a density of 7800 cells/well. After incubated in the incubator (37 °C, 5% CO2) for 24 h, 

the spent media were discarded and 100 µL of sample solution or control were added. 

The cells were then allowed to incubate for another 24 h. After that, the sample solutions 

were removed, and each well was washed with 100 µL Dulbecco's phosphate-buffered 

saline (DPBS) to remove residual samples before the addition of MTT solution (0.5 
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mg/mL in DPBS). After incubation of the plate at 37 °C for 4 h, MTT solutions were 

discarded and 100 µL of dimethyl sulfoxide was added to dissolve the MTT formazan. 

The optical density at 570 nm (OD570 nm) was measured using a microplate reader, and the 

cell viability was then calculated by comparing OD570 nm of cells treated with/without 

mixtures of gel components or gel extracts. 

2.3 Experimental Methods 

2.3.1 Aldehyde-Functionalized Monomer Synthesis and Hydrogel Fabrication 

An aromatic aldehyde-functionalized monomer FBEMA was synthesized through 

carbodiimide-catalyzed esterification of HEMA and 4-formylbenzoic acid as shown in 

Figure 2.1a. Its molecular structure was confirmed by 1H NMR spectrum (Figure S2.1a 

in Appendix A). In the spectrum, the benzaldehyde functional group gave signals at 

10.08 (h), 8.11 (f) and 8.01(g) ppm, and the peaks of carbon-carbon double bond 

appeared at 6.00 (b) and 5.65 (a) ppm. The integration ratios of all the characteristic 

peaks showed good consistency with the theoretical values, indicating the successful 

synthesis of the FBEMA monomer. Then, a series of random copolymers consisting of 

MPC and FBEMA with the feed fraction of the latter monomer ranging from 0 to 20 

mol% were synthesized through facile and efficient free radical polymerization. (Figure 

2.1b) NMR and GPC were employed to investigate the structures of the corresponding 

P(MPC-co-FBEMA) statistical copolymers (denoted as PMF), and their characteristics 

were summarized in Table 2.1. 1H NMR spectrum reveals the coexistence of the two 

monomers (Figure S2.1b and b′ in Appendix A), where the actual FBEMA molar 

contents in the products were determined from the integral values of the characteristic 

signals. The desired copolymer compositions were easily obtained as suggested by the 

close feed and actual molar ratios of the aldehyde moiety.  
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Figure 2.1. Synthesis routes of (a) 4-formylbenzoate ethyl methacrylate (FBEMA) and (b) 

P(MPC-co-FBEMA). 

 

Table 2.1. Characteristics of synthesized P(MPC-co-FBEMA) random copolymers 

determined by 1H NMR and GPC. 

 FBMA content (mol%)  PDI 

Polymera Feed Product Mn (g/mol) Mw/Mn 

PMF 2 2 1.7 1.404×105 1.695 

PMF 5 5 3.9 1.611×105 1.916 

PMF 10 10 9.2 1.310×105 1.663 

PMF 20 20 18.6 2.567×105 1.373 

a
 For polymer PMF x, PMF represents the P(MPC-co-FBMA) copolymer and x is the feed molar fraction 

of FBEMA. 
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Nanoparticles were exploited to act as crosslinkers in the hybrid hydrogels. Since 

their size would exert profound influence on the hydrogel formation, where very big 

particles tend to result in the failure of polymer bridging of multiple nanoparticles,227 the 

ASNP used was relatively small with a z-average diameter around 22 nm and a PDI of 

0.18, as indicated by DLS results (Figure S2.2a). XPS was utilized to verify the 

existence of amino groups on the surface of silica nanoparticles, and as shown in Figure 

S2.2b in Appendix A, the characteristic signal of N 1s can be clearly distinguished at 

399.6 eV. The –NH2 concentration in the ASNP solution (26 wt%) was quantitatively 

determined to be 0.17 M by ninhydrin reaction. 

Hydrogels were generated through a simple mixing process of PMF solutions and 

ASNP aqueous dispersions. In this work, gel PMF10-S 10-13 (10 mol% of FBEMA in 

copolymer, 10 wt% of PMF and 13 wt% of ASNP) with the molar ratio of the amino 

group to the aldehyde group in the final nanocomposite hydrogel of 2:1 was used for all 

characterizations unless otherwise noted. As illustrated by pictures in Figure 2.2a and 

rheological results in Figure S2.3a in Appendix A, each solution of PMF or ASNP 

before mixing appeared to be a low-viscous liquid. The low viscosity of ASNP dispersion 

of high solid content is attributed to the electrostatic repulsion of the abundant protonated 

amino groups on the surface of the silica, which avoids their coalescence and further 

gelation. However, upon blending and agitation of these two components, the mixture 

lost its mobility and became a freestanding hydrogel within 10 s (from vial inversion test) 

under neutral pH at room temperature (Figure 2.2a). The gelation process was further 

monitored by rheological oscillatory time sweep (Figure 2.2b). With two precursor 

solutions successively mounted on the rheometer stage, a hydrogel formed in situ 

immediately, where the shear storage modulus (G′) surpassed the loss modulus (G′′) at 
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the beginning of the test, signifying a gel-like behavior, and then slowly grew from 1440 

to 1568 Pa in 300 s. In contrast, the mixtures of pure polymer of MPC and ASNP 

appeared to be low-viscous liquids as indicated by the rheological results in Figure S2.3b 

in Appendix A. Therefore, the rapid hydrogel formation of PMF-S is induced by the fast 

Schiff base reaction between aromatic aldehyde groups on copolymers and multiple easy-

accessible amino groups on the surface of ASNPs, enabling instant and efficient bridging 

of nanoparticles by polymer chains to construct the hydrogel network. SEM images in 

Figure 2.2c and 2.2d display the morphology of the cross-section of the cryo-dried 

hydrogel sample. The hybrid hydrogel exhibits a uniformly porous structure, and closely 

packed nanoparticles can be clearly observed at high magnification showing diameters 

around tens of nanometers. 
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Figure 2.2. (a) Schematic of PMF-S hydrogel formed through Schiff base linkage 

between ASNP and P(MPC-co-FBEMA). (b) Oscillatory time sweep with PMF10-S 10-

13 hydrogel formed in situ on the rheometer stage at 37 °C. (c, d) SEM images of the 

cross-section of the cryo-dried hydrogel. 

 

2.3.2 Injectability and Self-Healing Property 

Injectability is essential in biomedical applications for minimally invasive and 

localized administration of therapeutic hydrogels. It requires the hydrogel to show 

viscous flow under shear stress and a rapid recovery when the stress is relaxed.239 

Generally, the viscosity (η) under high shear rate (~100 1/s) should not be higher than 1 
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Pa·s for convenient injection of the hydrogel through high gauge needles.227 In our 

experiments, the PMF-S hydrogel generated upon mixing the polymer and nanoparticle 

solutions in the syringe could be freely extruded to write letters such as  “UA” (Figure 

2.3a) or to form a bulk gel (Figure S2.4a in Appendix A) through 23-gauge needles 

without clogging. This good injectability is attributed to the shear-thinning property of 

the dynamic imine-crosslinked hydrogel. As demonstrated by the rheological steady flow 

sweep in Figure 2.3b, the hydrogel's viscosity dropped below 1 Pa·s as soon as the shear 

rate reached 50 1/s and it ended up with 0.6 Pa·s at 100 1/s.  

 Self-healing property is not only a prerequisite for the recovery of a hydrogel 

after injection, but also beneficial to a drug-loaded hydrogel to autonomously heal 

fractures and avoid any possible leakage of loading cargo after inflicted damage in the 

body.240 The self-healing process of PMF-S hydrogel is exhibited in Figure 2.3c, 2.3d 

and 2.3e. When two pieces of a cracked hydrogel were brought into contact, dynamic 

Schiff base interaction was instantly generated at the contact area, and the adhesion 

between the two fragments was strong enough to integrate the pieces into a free-standing 

hydrogel. Oscillatory strain sweep was conducted to further reveal the hydrogel’s strain-

dependent rheological property and its self-healing ability. In Figure 2.3f, G′ remained 

greater than G′′ in a broad strain region from 1% to 117%, indicating the PMF-S hydrogel 

could withstand relatively large deformation. After the strain reached the crossover of G′ 

and G′′ (117%), severe dislocation between molecular chains and ASNP occurred and the 

hydrogel network started to rupture, leading to a quasi-liquid state of the material. Once 

the stress was relaxed and the strain amplitude reverted to 1%, the material’s mechanical 

property recovered immediately with G′ and G′′ returning to their original states, 

manifesting the fast and complete self-healing process of the PMF-S hydrogel. Moreover, 

the healing process is repeatable, as presented by the step-strain measurement in Figure 
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2.3g, in which the hydrogel was first destroyed at a high magnitude strain of 200%, 

followed by the reformation at a low magnitude strain of 1%. Both G′ and G′′ were able 

to recover their initial values even after several cycles of network breakage and 

reconstruction, suggesting the reversible and robust nature of the applied Schiff base 

linkages in PMF-S hydrogel. 

 

Figure 2.3. (a) PMF10-S 10-13 hydrogel injected from a 23-gauge needle. (b) 

Rheological steady flow sweep at 37 °C showing the relationship between viscosity and 

shear rate. (c-e) Photographs illustrating the self-healing property of PMF10-S 10-13 

hydrogel, (c) two separate hydrogel pieces, (d) two pieces adhering to each other instantly 

when brought into contact, (e) the healed gel supporting its own weight. (f) Oscillatory 

strain sweep of PMF10-S 10-13 hydrogel followed by an oscillatory time sweep at a 
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strain of 1% and 37 °C. (g) Strain-step test with strain altering between 1% and 200% for 

four cycles at 37 °C. 

2.3.3 Effect of Composition on the Mechanical Performance of Hydrogels 

The mechanical performance of the hybrid hydrogel was highly dependent on its 

composition. As shown in Figure 4, by altering the ratio of two monomers, copolymer or 

nanoparticle contents, the G′ (T=37 °C, ω=10 rad/s, γ=1%) of the prepared PMF-S 

hydrogels can be finely modulated from several to over 2000 Pa, which enables the 

hydrogels to serve diverse biomedical applications. To be specific, with FBEMA molar 

percentage ranging from 2% to 20%, all the resultant copolymers were able to form 

hydrogels with ASNP (Figure 2.4a). The higher the aldehyde-functionalized monomer 

ratio was, the more Schiff base interactions per unit volume possessed, resulting in 

significant improvement of storage modulus from 82 to 2211 Pa. The increase of 

crosslinking degree also induced higher opacity of the hydrogel (Figure S2.4 in 

Appendix A). Similarly, increasing the loading of PMF copolymers or ASNP would 

directly enhance the density of Schiff base linkages, consequently improving the 

hydrogels’ modulus. As displayed in Figure 4b, it should be noted that, with only 2% of 

PMF, a hydrogel with G′ around 200 Pa was constructed, and the value jumped to near 

1000 Pa when the polymer content increased to 5% (Figure 2.4b). The relatively high 

modulus at low PMF concentration was ascribed to the incorporation of nanoparticles 

that could not only contribute to the crosslinking degree but also hinder the sliding of 

polymer molecular chains when the material was under stress. In good agreement, Figure 

2.4c further demonstrates that a mild increase of the nanoparticle fraction would cause a 

considerable scale-up of G′, and specifically, the G′ almost doubled with a slight increase 

of ASNP content from 10% to 13%. Generally, the tan delta (equal to G′′/G′) of the as-
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formed PMF-S gels located at very low values (< 0.04) except those weak gels with G′ 

lower than 100 Pa, indicating high elasticity of the nanocomposite hydrogels.  

 

Figure 2.4. Oscillatory rheological properties of hydrogels prepared from (a) 10 wt% 

PMF with different MPC:FBEMA molar ratio and 13 wt% ASNP, (b) different loadings 

of PMF10 and 13 wt% ASNP, and (c) 10 wt% PMF10 and different loadings of ASNP. 

2.3.4 pH-Dependence of the Rheological and Degradation Properties 

It is well known that imine structures would undergo hydrolysis in an acid-

sensitive manner, resulting in pH-responsive behaviors of the corresponding hydrogels. 

The change of hydrogel behaviors when varying the pH of the gels was measured in situ 

by the rheometer. As shown in Figure 2.5a, upon the addition of concentrated HCl 

solution (5 μL, 5 M), the PMF10-S 10-13 hydrogel was rapidly liquified (pH measured to 

be ~2) with a sharp drop of G′′ to very low values (0.3~0.4 Pa). This result is due to the 

complete hydrolysis of the dynamic Schiff base bonds between PMF copolymer and 

ASNP. However, after the acid was neutralized (pH measured to be ~7) by the addition of 
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tris solution (10 μL, 5 M), gelation occurred immediately with G′ (~1300 Pa) and G′′ (~ 

20 Pa) recovered close to their original values at the beginning of the rheological sweep, 

indicating rapid and reversible pH-responsiveness of the PMF-S hydrogel. It should be 

noted that the slight deterioration of the mechanical performance of the hydrogel was 

attributed to the slight dilution of the gelators after the addition of acid or base solutions. 

The reversibility of the pH-sensitive gel-sol-gel transition of the hydrogel was also 

demonstrated by cyclic tests in Figure 2.5b. 

The pH-regulated sol-gel transition of the PMF-S hydrogel was also quantitatively 

investigated by rheological tests with pH ranging from 4 to 8.5. In Figure 2.5c, at high 

pH values (6.8, 7.4, 8.0 and 8.5), the system shows gel-like behaviors with G′ dominant 

across the whole range of the applied angular frequencies. However, the hydrogel lost 

over half of its strength (G′) when the pH condition changed from neutral to mildly acidic 

of 6.8. A further decrease of pH to 6.4 induced a significant drop of G′ to values 

comparable to that of G′′, suggesting a viscous liquid-like behavior at the static state (ω < 

4 rad/s). Rapid decreases of G′ and G′′ were observed for samples at pH 6, which 

indicated the mixture completely turned into a liquid with low viscosity. Figure 2.5d 

displays the variations of G′ and G′′ as a function of pH. A sharp sol-gel transition could 

be clearly observed in the faintly acidic pH range of 6.0-7.4. In addition, the pH-

responsive behaviors of the PMF-S hydrogel could be readily adjusted by varying 

hydrogel compositions. For example, decreasing the ratio of FBEMA monomer in the 

copolymer to 5 mol% resulted in a shift of the sol-gel transition to pH range of 6.4-7.4 

(Figure S2.5 in Appendix A).  

It is known that the protonation state of amino group exerts a profound influence 

on it reactivity for Schiff base formation, i.e., protonated amino groups (-NH3
+) lack 

nucleophilicity to react with aldehyde groups for the formation of hydrogels.73 To better 
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clarify the pH-responsive gelation behavior of PMF-S hydrogel, the protonation degree of 

amino groups on ASNP at various pH ranging from 4-8.5 was evaluated by zeta potential 

measurements. As demonstrated in Figure 2.5e, ASNPs were almost fully protonated 

when pH was lower than 6, pulling the equilibrium of Schiff base reaction toward 

hydrolysis,36 and thereby no gelation occurred at such conditions. At higher pH values, 

the protonation degree of amino groups rapidly decreased with pK1/2 (the pH at which 

half of the surface amino groups are ionized and also denoted as pKa) measured to be 7.6 

which is consistent with the value reported in previous studies234. Therefore, the Schiff 

base formation and gelation are greatly accelerated under neutral conditions. The zeta 

potential results are in good agreement with the pH-dependent rheological performance 

of PMF-S hydrogel, indicating the critical role ASNP played in determining the pH-

responsive behavior of the hydrogel. 

 The swelling and hydrolytic degradation behaviors of PMF-S hydrogels in PBS 

buffers with pH ranging from 6.4 to 7.4 were demonstrated in Figure 2.5f. All the 

samples started to swell when they were immersed in PBS solutions, and the swelling 

ratio was higher with a lower pH value within the first 6 h. This result was because, in a 

more acidic environment, the larger number of the protonated amino groups tended to 

lower the crosslinking degrees as well as drive more counter ions migrating into the 

hydrogel, leading to a higher osmotic pressure. With incubation time increasing, 

hydrogels in mildly acidic media (6.4, 6.6 and 6.8) exhibited degradation behaviors. 

Moreover, the degradation rate depended on the acidity of the buffers in an ultra-sensitive 

manner. The hydrogel completely dissolved in the pH 6.4 PBS medium within 4 days and 

partially degraded at pH 6.6 in 5 days, while, at pH 6.8, the hydrogel kept most of its 

integrity within the experimental period. This sensitive pH-controlled hydrolytic 

degradation profile is attributed to the increased hydrolysis rate of Schiff base under more 
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acidic conditions and the high hydrophilicity of the as-synthesized PMF copolymer. In 

contrast, in neutral pH buffer, no hydrogel dissolution was observed, suggesting the 

excellent gel stability under physiological condition, which is highly desirable in 

controlled drug release to avoid side effects to normal tissues.  

 

Figure 2.5. (a) Rheological time sweeps (strain 1%, angular frequency 10 rad/s) showing 

reversible gel−sol−gel transition of PMF10-S 10-13 hydrogel by changing pH, and (b) 

pictures showing the reversible gel−sol−gel transitions for two cycles. (c, d) Rheological 

characterization of the pH-dependent behavior of PMF10-S 10-13 hydrogel at 37 °C and 
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strain of 1% by (c) oscillatory frequency sweeps, and (d) G′ and G′′ versus pH at 10 rad/s. 

(e) Zeta potentials of ASNP at pH varying from 4 to 8.5. (f) Swelling and hydrolytic 

degradation of PMF10-S 10-13 hydrogel in 10 mM PBS of various pH at 37 °C. Inserted 

picture was taken after 96 h of degradation.  

2.3.5 In Vitro Release 

The pH-responsive in vitro release profiles of PMF-S hydrogels were investigated 

upon soaking the cargo-loaded hydrogels in PBS of pH 6.4, 6.6, 6.8 and 7.4 (Figure 2.6). 

To demonstrate the potential application of the PMF-S hydrogel as a pH-responsive 

delivery depot for localized release of both small water-soluble molecules and protein 

drugs, two molecules, congo red and BSA-FITC were selected as model “drugs”. Congo 

red is a low-cost small molecular dye that has been used as a model drug in previous 

studies241, 242. More importantly, it bears an amino group that can react with the aldehyde 

group in the PMF hydrogel, which makes it of high resemblance to the widely used 

amine-containing drugs in cancer therapy and wound healing like the anti-tumor drug 

Dox and anti-bacterial drug amoxicillin. Its release patterns were demonstrated in Figure 

2.6a and graphically shown in Figure 2.6d. In order to better understand the release 

mechanism, the data were fitted using the well-known Korsmeyer-Peppas equation, 

Mt/M∞ = ktn, with high correlations (r2 ≥ 0.989) (Figure 2.6b). In the equation, the 

diffusional exponent n is an indication of the mechanism of drug release, i.e., n ≤ 0.5 

characterizing Fickian diffusion controlled rate release, 0.5 < n < 1 indicating anomalous 

(non-Fickian) transport of cargos and n = 1 reflecting zero-order or case-II relaxational 

release of drugs which is ascribed to the erosion and/or swelling of hydrogel matrix.236, 

237, 243 As shown in Figure 6a, the PMF-S hydrogel displayed an ultraslow congo red 

release under neutral physiological pH (7.4) with only 12% of the molecule released after 
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5 days of incubation, which was ascribed to the imine formation between the amino 

groups in the dye and the aldehyde moieties in copolymers as well as the outstanding gel 

stability at neutral pH. According to the Korsmeyer-Peppas fitting curve (n = 0.47), a 

small portion of dye molecules unbound to the hydrogel network was released from the 

hydrogel in a Fickian diffusion-controlled profile. The release rate gradually enhanced 

with the increase of medium acidity, reaching 23% of release after 5 days for the 

hydrogel at pH 6.8. The exponent n increased to 0.71, indicating the hydrogel dissolution 

and swelling together with diffusion played roles in the controlled release process.243, 

244_ENREF_67 It is noted that further mild decreases of pH to 6.6 and 6.4 led to a 

significant acceleration of the process, with 56% and 93% of drug released at the end of 

the experiment, respectively. Moreover, zero-order release (n ≈ 1), a highly desirable 

feature for controlled drug delivery, was realized under these two conditions, owing to 

the hydrogel erosion-dominated release of the drug. 

BSA-FITC, which has been commonly used as a protein model drug203, 227, was 

chosen as another model therapeutic. As shown in Figure 2.6c, the PMF-S hydrogel 

exhibited a faster release of BSA within the first 24 h compared to that of congo red due 

to the weaker drug-hydrogel interaction. Korsmeyer-Peppas fitting of the first-24 h 

release data gave the exponent n of 0.86~0.89 (Figure S2.6 in Appendix A), which was 

indicative of the anomalous (non-Fickian) transport mechanism, suggesting the diffusion 

process of trapped molecules was controlled by the swelling and/or dissolution of 

hydrogels. After 24 h, similar sensitive pH-regulated release manners were obtained, 

where high levels of BSA release of ~90% were attained in mildly acid environment (pH 

6.4 and 6.6), while only 58% of the proteins were released at neutral pH after 5 days 

(Figure 6c, 6d). The ultra-sensitive pH-induced release of both agents suggests the PMF-

S hydrogel can serve as a promising candidate to fulfill the practical needs in controlled 
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drug delivery for cancer therapy, wound healing and so forth.  

 

Figure 2.6. (a) Cumulative release of model drug (i.e., congo red) from PMF10-S 10-13 

hydrogel immersed in 10 mM PBS of various pH at 37 °C, and (b) Korsmeyer-Peppas 

fitting of the congo red release data. (c) Cumulative release of BSA-FITC from the 

hydrogel in 10 mM PBS of various pH at 37 °C. (d) Photographs showing the release of 

the two model molecules at the beginning and at the end (120 h) of the experiments. 

2.3.6 Cytotoxicity 

The biocompatibility of the PMF-S hydrogel was examined by MTT assay using 

human fibroblast cells HDFa and the results are shown in Figure 7. Due to the 

decomposition of the Schiff base, the potential toxicity of the hydrolysis products of the 

hydrogel, i.e., PMF copolymer and ASNP, was evaluated by examining the cytotoxicity 

of the mixtures of these two components. As shown in Figure 7a, after incubation with 
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the mixtures of hydrogel components for 24 h, the cell viability remained to be more than 

88% for samples at all concentrations and even reached 103% for the mixture solution of 

a concentration as high as 2 mg/ml (Figure 2.7a), indicating the potential toxicity of the 

hydrolysis products of the PMF-S hydrogel is low. The cytotoxicity of hydrogel extracts 

was also assessed and over 80% of the cell retained viable with highly concentrated 

100% gel extract (Figure 2.7b). Therefore, the PMF-S hydrogel possessing good 

cytocompatibility has great potential for biomedical applications.  

 

 

Figure 2.7. Cell viability of HDFa cells after 24 h incubation with (a) various 

concentrations of mixtures of PMF10-S 10-13 hydrogel components, and (b) different 

dilution percentages of the 100% hydrogel extracts.  

 

2.4 Conclusions 

 

In this work, we have prepared an injectable, self-healing and ultra-sensitive pH-

responsive hydrogel PMF-S through dynamic Schiff base linkages between aldehyde-

functionalized zwitterionic polymers and amine-modified silica nanoparticles. The 

hydrogel shows rapid gelation, shearing-thinning induced injectability, as well as fast and 
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repeatable self-healing ability. Notably, it decomposes rapidly under mildly acid 

environment while displays excellent gel stability under neutral physiological pH 

condition. Very interestingly, the hydrogel’s mechanical, hydrolytic degradation and drug 

release behaviors can be manipulated by varying pH in an ultra-sensitive manner in the 

faintly acidic range, that is, a slight pH change of 0.2 can induce significant variation of 

the corresponding properties. Additionally, the hydrogel’s mechanical and pH-responsive 

properties can be readily tuned by its composition. Cytotoxicity tests demonstrate good 

biocompatibility of the hydrogel. Therefore, our results provide a facile approach for the 

fabrication of novel drug delivery systems particularly triggered by local acidosis, and the 

ultra-sensitive pH-responsiveness of the developed hydrogel can be employed for 

applications demanding a precise control of pH-induced release. 
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CHAPTER 3 Ultra Elastic, Stretchable, Self-Healing Conductive 

Hydrogels with Tunable Optical properties for Highly Sensitive Soft 

Electronic Sensors 

3.1 Introduction 

 
Soft electronics have received growing attention in recent years due to their 

unique advantages such as flexibility, stretchability and human-friendly nature, enabling 

a broad range of applications including wearable sensory devices, implantable 

bioelectronics, artificial electronic skins (e-skins), flexible touch panels, actuators and 

triboelectric generators.19, 91, 245, 246 Up to now, enormous progress has been made in the 

development of soft electronic devices using a variety of materials like carbon- or metal-

based thin films,247, 248 conductive hydrogels21, 249, 250 and elastomers251, 252. Among them, 

hydrogels, which are water-swollen polymeric materials that maintain a distinct 3D 

structure, have emerged as promising candidates for flexible electronics owing to their 

soft, water-rich, conformable and biocompatible characteristics.17, 19, 23, 249, 253-255 Closely 

resembling human skin, hydrogels are particularly appealing for the fabrication of 

wearable and biomedical electronics to avoid mechanical mismatch with tissues and 

provide comfortable human-machine interaction experiences.18, 91 In order to efficiently 

transmit electrical signals, hydrogel electronics are required to possess good conductive 

performance. Several strategies have been adopted to improve the conductivity of 

hydrogels, including the incorporation of conductive nanofillers127-129 (e.g., carbon 

nanotubes, graphene and silver nanowires), intrinsic conductive polymers46, 130 (e.g., 

polythiophene and polyaniline) or ions21, 131 (e.g., NaCl and LiCl) into hydrogel matrixes. 

While the former two strategies suffer from filler agglomeration, complicated synthetic 
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processes, high cost and dark color, the introduction of ions appears to be a facile, 

economical and bio-inspired approach to prepare conductive hydrogels with high 

transparency and water retention capability.256  

In practical applications, since soft electronics usually undergo frequent stress 

caused by stretching, bending, tapping or pressure during usage, it is highly desirable for 

the conductive hydrogels to have decent mechanical properties such as stretchability, 

toughness and fatigue resistance. Traditional chemically cross-linked hydrogels are 

generally weak and brittle due to the lack of energy dissipation mechanisms and network 

homogeneity.33, 257, 258 Therefore, dynamic physical bonds like hydrogen bonds, 

hydrophobic interactions and ionic interactions instead of permanent chemical bonds are 

generally introduced to allow effective mechanical energy dissipation through hydrogels, 

and thereby to provide the hydrogels with suitable toughness.57, 60, 259 More interestingly, 

the incorporation of dynamic bonds endows hydrogels with self-healing capability, that 

is, the ability to autonomously heal fractures and restore functionality after damage, 

which could significantly prolong hydrogels’ life spans and enhance their reliability.34, 260-

262 In recent years, dynamic chemical bonds36, 263 (e.g., imines,77, 209, 264 phenylboronate 

complexations,95, 98 hydrazones111, 265 and disulfide bonds105, 266), which combine the 

merits of both dynamic physical interactions and traditional covalent bonds, have drawn 

widespread attention due to their strong, robust yet reversible natures. Among dynamic 

covalent bonds, imines or Schiff bases, which are formed from the condensation reactions 

between aldehydes and primary amines, have been extensively employed in the 

fabrication of hydrogels for various biomedical applications, owing to their dynamic 

nature, ready formation under neutral conditions, and stimuli-responsive property.77, 264 

However, these interactions have seldom been expanded to the preparation of tough 

conductive devices to provide these fascinating features. 
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For the fabrication of tough hydrogels, besides involving dynamic bonds, creating 

special structures within the hydrogel matrixes is also extensively employed.33 Up to 

now, a variety of hydrogels showing good mechanical performances have been developed 

based on elegant structure design, such as DN hydrogels,60, 180, 267 NC hydrogels,23, 165, 268 

tetra-arm PEG hydrogels,176 micelle cross-linked hydrogels51, 178, 269 and so forth. Among 

them, the construction of NC hydrogels, which could simultaneously introduce effective 

energy dissipation mechanisms and increase homogeneity of cross-linked networks,258, 270 

is an effective yet facile approach to reinforce hydrogels and thus is promising for the 

fabrication of soft electronics. Fatigue resistance or elasticity is another essential feature 

towards more reliable and durable flexible devices, particularly for applications subjected 

to constant large deformations like wearable sensory gadgets. Despite a great number of 

tough conductive hydrogels developed, most of them lack satisfactory elasticity to fulfill 

practical needs. Micelle cross-linking is an appealing method that could endow 

corresponding hydrogels with good elasticity owing to the quick reassembly of micelle 

structures after deformation.56, 155, 269 However, its adoption in conductive hydrogels has 

rarely been reported. In recent studies, there has been growing interest in integrating two 

or more cross-linking mechanisms into one hydrogel to achieve improved mechanical 

performance as well as multiple functionalities.53, 116 Therefore, incorporating nanofillers, 

micelle cross-linking and Schiff base interaction into one platform holds great promise 

for elastic, tough and self-healing hydrogel conductors. On the other hand, to meet the 

increasingly complex and multifunctional requirements for modern electronics, it is 

desired to prepare conductive “smart” hydrogels that can respond to environmental 

stimuli such as temperature, pH and magnetic field.204, 271 Although a variety of 

conductive hydrogels have been developed, they struggle to meet all these performance 

demands including good conductivity, stretchability, elasticity, self-healing property and 
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stimuli-responsiveness. It is still a challenge to fabricate such conductive hydrogel that 

possesses multiple desirable attributes. 

Herein, we have developed a novel tough conductive hydrogel showing 

outstanding elasticity, stretchability, self-healing and stimuli-responsive properties, and 

high conductivity. The hydrogel was generated from a facile one-pot free radical 

polymerization process of acrylamide (AM), and 2-aminoethyl acrylamide hydrochloride 

(AEAM), with the presence of carboxy-modified multiwall carbon nanotubes (MWCNT) 

and aldehyde-terminated poly(ethylene oxide)-b-poly(propylene oxide)-b-poly(ethylene 

oxide) (F127-CHO) under neutral condition. Among these components, AM plays a 

major role in the formation of polymer network through its multiple intermolecular 

hydrogen bonding.272, 273 MWCNT was selected to construct a nanocomposite network 

due to its large aspect ratio and the remarkable reinforcement effect on composite 

materials.155, 156, 274 In addition, carboxyl-functionalized MWCNT shows better water 

dispersity and biocompatibility compared to unmodified CNT,275 and thus was chosen for 

the hydrogel preparation. F127, which can self-assemble to micelles in a thermo-sensitive 

manner,276 offers hydrophobic associations to the hydrogel as well as endows it with 

stimuli-responsiveness. Most importantly, the amine-containing monomer AEAM, which 

can generate ionic interaction and Schiff base bond with MWCNT and F127-CHO, 

respectively, was introduced to enable strong and dynamic interfacial bonding between 

gelators. In addition, LiCl was incorporated to improve the ionic conductivity of the 

hydrogel, and it is chosen over other salts because of the better water retention ability and 

hygroscopicity.256 The integration of dynamic Schiff base bonds with nanofiller 

reinforcement and micelle cross-linking endows the hydrogel with an unique combination 

of properties, i.e., combining exceptional elasticity with outstanding self-healing 

performances. The hydrogel reached 97% recovery from 1000% tensile strain and 100% 
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recovery from 90% compression strain within 1 min, while achieving high stretchability 

of 635% after self-healing. The well cross-linked network also offers the hydrogel with 

excellent damage resistance to sharp materials. Meanwhile, the hydrogel possesses 

sensitive thermo-responsive property, i.e., its optical appearance could be readily tuned 

from transparent to opaque through altering temperature from high to low. The hydrogel 

was successfully employed as a strain/pressure sensor to detect human motions including 

both large movements and tiny physiological activities with extremely sensitive and 

repeatable responses. Compared to previously reported hydrogel sensors, the as-prepared 

hybrid hydrogel achieved more favorable multifunctionalities for high-performance 

sensory devices, which makes it hold great potential in soft intelligent sensors and e-

skins. 

 

3.2 Experimental Methods 

3.2.1 Materials 

 
Acrylamide (AM, 99%), Pluronic® F127 (F127, 99.99%), N,N’-

dicyclohexylcarbodiimide (DCC, 99%), ethylenediamine (99%), ethylenediamine 

dihydrochloride (98%), hydrochloric acid (HCl, 37%), acryloyl chloride (97%) and 2,2'-

azobis(isobutyramidine hydrochloride) (AIBA, 97%), MWCNT (> 8% carboxylic acid 

functionalized, average diameter × length: 9.5 nm × 1.5 μm) were purchased from Sigma-

Aldrich and used as received. 4-Formylbenzoic acid (98%), 4-dimethylaminopyridine 

(DMAP, 99%), lithium chloride (LiCl, 98.5%) and all solvents were purchased from 

Fisher Scientific and used as received.  

3.2.2 Synthesis of F127-CHO 

F127-CHO was synthesized by DCC/DMAP catalyzed esterification reaction 

between Pluronic® F127 and 4-formylbenzoic acid. First, Pluronic® F127 (10 g, 0.8 
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mmol), 4-formylbenzoic acid (0.9 g, 6 mmol) and DMAP (0.05 g, 0.4 mmol) were 

dissolved in 60 mL of tetrahydrofuran (THF) under sonication, followed by the addition 

of 20 mL THF with DCC (1.6 g, 7.8 mmol) dissolved in. After stirred at room 

temperature for 40 h, the mixture was concentrated under vacuum and precipitated from 

ethyl ether twice. The resultant white solid was dried and then dissolved in Milli-Q water. 

After centrifugation, the supernatant was collected and lyophilized to obtain the white 

powder product with a yield of 96.1%. Its chemical structure was confirmed by 1H NMR 

spectrum on an Agilent 400-MR DD2 NMR spectrometer with DMSO-d6 as the solvent 

and by Fourier transform infrared (FTIR) spectrum on a Nicolet iS50 FTIR spectrometer 

(Thermo Scientific, USA).  

3.2.3 Synthesis of Amine-Functionalized Monomer 

For the synthesis of amine-functionalized monomer (AEAM), first, 

ethylenediamine dihydrochloride (30 g, 0.226 mol), Milli-Q water (120 mL) and 

ethylenediamine (31.9 g, 0.532 mol) were mixed and stirred at room temperature for 1 h. 

After the addition of 160 mL methanol, the mixture was allowed to react for another 1 h, 

followed by cooling down to –30 °C. Acryloyl chloride (48.1 g, 0.532 mol) was then 

slowly added to the system. After the complete addition of acryloyl chloride, the solution 

was kept below –20 °C for 1 h before the addition of HCl (37 %) to adjust the pH to 1−2. 

After the temperature of the system rose to room temperature naturally, solvents were 

removed under vacuum and lyophilization. The resultant white powder was then 

dissolved in isopropanol, filtrated and crystallized at –20 °C from the filtrate to obtain the 

crude product. Finally, the raw product was recrystallized from isopropanol and 

precipitated from THF to obtain a white powder product with a yield of 25.1%. The 

chemical structure of the monomer was confirmed by 1H NMR spectrum with D2O as the 



Chapter 3 

 

60 

 

 

solvent. 

3.2.4 Preparation of Hydrogels 

For a typical synthesis process of 1.8 mL hydrogel, AM (0.36 g), F127-CHO (0.1 

g), AEAM (0.08 g) were first dissolved in 0.9 mL LiCl aqueous solution (2 M), and then 

mixed with 0.9 mL MWCNT aqueous dispersion (2 mg/L), followed by adjusting pH of 

the system to 7.4 using NaOH solution. After purged with nitrogen for 20 min and the 

addition of initiator AIBA (6 mg), the mixture was allowed to polymerize overnight at 30 

°C to obtain the final hydrogel in which the concentrations of polymers, MWCNT and 

LiCl were 300 mg/mL, 1 mg/L and 1 M, respectively. This composite hydrogel was 

denoted as PAAFC-L, where PAA, F, C and L represent the copolymer of AM and 

AEAM, F127-CHO, MWCNT and LiCl, respectively. To study the effects of functional 

gelators on the mechanical performance of the hydrogel, a series of control hydrogels 

with the same total polymer content were also synthesized following the above 

procedure. These control hydrogels include pure PAM hydrogel only composed of AM, 

PAMF hydrogel consisting of AM and unmodified F127, PAAF hydrogel composed of 

AM, AEAM and F127-CHO, PAM/MWCNT hydrogel, P(AM-co-AEAM)/MWCNT 

hydrogel, PAAFC hydrogel without the addition of LiCl, PAAFC-L hydrogels with 

various contents of MWCNT, and PAAFC-L hydrogel prepared under mild acidic pH of 

6, respectively. The morphologies of freeze-dried hydrogels and dispersity of MWCNTs 

in the hydrogel were characterized using a Zeiss Sigma field emission scanning electron 

microscope (SEM) at an acceleration voltage of 10 kV.  

3.2.5 Mechanical Properties of the Hydrogels 

Mechanical properties of the hydrogels were characterized on an AGS-X 

universal tensile testing machine (Shimadzu, Japan) at room temperature. Tensile tests 
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were performed with a 50 N load cell and rectangular specimens of 20 mm (length) × 5 

mm (width) × 1.5 mm (thickness). The stretchability of hydrogels was measured at a 

constant crosshead speed of 10 mm/min. The true tensile stress of samples was 

determined by multiplying the tested nominal tensile stress with the tensile strain, and the 

toughness of hydrogels was calculated from the area below nominal stress-strain 

curves.277 

For the measurements of elasticity, cyclic tensile tests were conducted at a 

constant stretching rate of 20 mm/min and various predetermined maximum strains of 

100, 200, 500 and 1000% under ambient condition (room temperature 20°C, 60% 

humidity). The wait time between cycles was set to be 20 s for 100 and 200% stains, and 

60 s for 500 and 1000% stains. Cyclic compression experiments were performed at a 

constant compressing rate of 5 mm/min and wait time between cycles of 60 s with a 5000 

N load cell. In compression tests, cylindrical hydrogel specimens were prepared with a 

diameter of 17 mm and a height of 8 mm.  

3.2.6 Self-Healing Property of the Hydrogels 

The self-healing capability of the hydrogels was first studied through rheological 

tests on a TA Instruments AR-G2 stress-controlled rheometer using a 20 mm (diameter) 

2º cone geometry with a gap of 53 μm. Oscillatory strain (γ) amplitude sweep at fixed 

angular frequency (ω) of 10 rad/s was carried out with γ ranging from 1 to 20000%, 

followed by a dynamic time sweep at constant frequency of 10 rad/s and strain of 1%. 

Afterward, the repeatability of the self-healing behavior was examined by cyclic strain 

experiment with γ shifting between 1% and 2000% for three cycles at a fixed frequency 

of 10 rad/s. The self-healing property was also macroscopically observed by bringing two 

pieces of hydrogels into contact. One of the hydrogel pieces was prepared with a trace 
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amount of Rhodamine B to give a color difference. The stretchability of hydrogels after 

healing for 2, 24 or 48 h was detected on the AGS-X universal tensile testing machine. 

Besides, the electrical properties of the hydrogel before and after self-repairing were 

evaluated by both the light-emitting diode (LED) illumination and the current change 

during several cutting-healing cycles on an electrochemical workstation (CHI920, CH 

Instruments, USA). All the autonomous healing experiments were conducted at room 

temperature.  

3.2.7 Temperature-Responsive Properties of the Hydrogels 

The thermo-responsive optical property of the hydrogels was captured by images 

at temperatures of 10, 20, 37 °C. The hydrogels at 10 and 37 °C were obtained by treating 

the samples in fridge and a water bath at 37 °C, respectively, and the surface temperatures 

were measured by an infrared thermometer. Additionally, the change of transparency was 

quantitatively recorded by a microplate reader (Cytation 5, Biotek, USA) at different 

temperatures in visible light range (400−800 nm), with samples of 6.5 mm diameter and 

1.5 mm thickness. The repeatability of the hydrogel’s temperature-tuned optical property 

was evaluated by alternatively float the hydrogel on a 37 °C water bath and an ice-water 

bath and for several cycles. To reveal the mechanism of the transparency change, the 

sizes of the unmodified F127 and F127-CHO micelles at various temperatures ranging 

from 10 to 60 °C were characterized by dynamic light scattering (DLS) with a Malvern 

Zetasizer Nano ZSP. The topography images of F127-CHO micelles at different 

temperatures were acquired using a Dimension Icon atomic force microscope (AFM) 

system (Bruker, Santa Barbara, CA, USA) operated in air in the tapping mode. The 

samples for AFM imaging were prepared by depositing two drops of micelle aqueous 

solution (10 mg/mL) onto a cleaned silica substrate. The surfaces were then dried in air at 
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20 or 60 °C followed by rinsing with Milli-Q water of corresponding temperatures and 

dried by nitrogen flow.  

3.2.8 Electrical and Sensing Performances of Hydrogels 

The electrical conductivities (σ) of hydrogels were measured by the 

electrochemical workstation (CHI920, CH Instruments, USA). Electrochemical 

impedance spectroscopy was conducted in the frequency range of 10-1−106 Hz with an 

amplitude of 5 mV at open circuit voltage. The σ values were calculated by the following 

equation 

σ=
L

𝑅𝑏S
                     (3.1) 

where L is the gauge length, S refers to the cross-section area of the hydrogel sample and 

Rb is the bulk resistance (intercept at Z′ axis). The strain and pressure sensing properties 

of the PAAFC-L hydrogel upon stretching and compression were evaluated by mounting 

the samples on an in-house prepared stretching stage and the AGS-X universal tensile 

testing machine, respectively. In these tests, the real-time I−t (current vs time) curves 

were recorded and the ratio of resistance change (∆R) to resistance at t = 0 (R0) was 

calculated according to the following equation 

∆R

R0

= 
I0

I
-1                   (3.2) 

where I0 represents the current at t = 0. Afterwards, the sensing performances of the 

hydrogel for diverse human activities like finger, wrist, elbow and knee movements were 

characterized by mounting hydrogels on corresponding positions. The hydrogel sensor 

was also mounted on face, throat, tummy and radial artery and a sleeping eye mask to 

detect subtle human motions such as facial expressions, speaking, breathing, wrist pulse 

and sleeping. The dimensions of the hydrogel sensors for all sensing characterizations 
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were around 20 mm (length) × 5 mm (width) × 1.5 mm (thickness), except for the wrist 

pulse tracking where a thinner (thickness ~ 0.7 mm) hydrogel sensor was used to achieve 

higher sensitivity. A thin layer of Vaseline was applied on the surface of the hydrogel 

sensors after the fixing of copper foils and conductive wires to the hydrogel to avoid 

moisture loss.  

 

3.3 Results and Discussion 

3.3.1 Design and Synthesis of PAAFC-L Hybrid Hydrogel  

In order to introduce dynamic Schiff base interactions into the hybrid hydrogel, 

first, the triblock copolymer of poly(ethylene oxide)-b-poly(propylene oxide)-b-

poly(ethylene oxide), (PEO100-PPO65-PEO100, F127), was functionalized to bear terminal 

benzaldehyde groups through carbodiimide-catalyzed esterification with 4-formylbenzoic 

acid (Figure 3.1a). The molecular structure of F127-CHO was confirmed by 1H NMR 

spectrum (Figure S3.1a in Appendix B), in which the benzaldehyde functional group 

gave signals at 10.07, 8.12, and 8.02 ppm. The degree of aldehyde modification was 

86.6% as calculated from the characteristic peak of the aldehyde group and −CH3 of PPO. 

The successful aldehyde-modification of F127 was also confirmed by FTIR spectrum. As 

demonstrated in Figure S3.1b in Appendix B, compared to unmodified triblock 

copolymer, extra adsorption peaks of F127-CHO appeared at 1723, 1706 and 761 cm-1, 

which were assigned to the stretching vibration of C═O bond of ester group, C═O 

stretching of aldehyde group and out-of-plane C–H bending of aromatic ring, 

respectively. Next, the amine-containing monomer, AEAM, was synthesized via a two-

step reaction as shown in Figure 3.1b. Its molecular structure was characterized by 1H 

NMR, which is shown in Figure S3.2 in Appendix B. According to the spectrum, the 
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molecule gave characteristic signals of C═C at 6. 13−6.26 and 5.75 ppm, and −CH2CH2− 

at 3.12 and 3.53 ppm. All integrals showed good consistency with the theoretical values, 

suggesting the successful synthesis of the monomer.  

The composite PAAFC-L hydrogel was then fabricated via a facile one-pot 

polymerization of AM and AEAM with the existence of F127-CHO, carboxy-

functionalized MWCNT and LiCl under a mild condition of neutral pH (7.4) and 

temperature of 30 °C. The synthetic process and hierarchical 3D network of the hydrogel 

are schematically displayed in Figure 3.1c. In the hydrogel, the intermolecular hydrogen 

bonding among AM contributes to the construction of the primary polymer network. 

Through copolymerization with AEAM, the P(AM-co-AEAM) random copolymer forms 

dynamic imine linkages with the aldehyde groups on the surface of F127 micelles. 

Meanwhile, electrostatic interactions are generated between the copolymer and MWCNT 

because of the partially protonated amino groups in AEAM (pKa ~ 8.8)278, 279 and the 

completely ionized carboxyl groups on MWCNT (pKa ~ 4)280 under neutral conditions. 

LiCl was incorporated to enhance the conductivity of the hydrogel as well as improve its 

water retention capability. Compared to PAAFC hydrogels using NaCl as conducting 

ions or without the addition of salts, the PAAFC-L hydrogel shows the slowest water loss 

rate and the best water retention ability in 30 days under ambient condition, as shown in 

Figure S3.3. The water content of prepared hydrogels was around 74%. (Table S3.1 in 

Appendix B) 
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Figure 3.1. Synthesis routes of (a) aldehyde-modified F127 (F127-CHO) and (b) 2-

aminoethyl acrylamide hydrochloride (AEAM). (c) Schematic illustration of the synthetic 

process, hierarchical network and dynamic interactions involved in the network 

construction of the hybrid PAAFC-L hydrogel.  

 

3.3.2 Mechanical Properties 

The mechanical strengths and stretchabilities of the hydrogels were characterized 

by uniaxial tensile tests, and their nominal stress-strain curves are presented in Figure 

3.2a. For pure PAM hydrogel, the tensile strength was relatively low and yielding 

occurred during stretching followed by plastic flow, suggesting the poor elasticity of the 

PAM hydrogel. The PAMF hydrogel, which was only composed of AM and unmodified 
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F127, showed improved stretchability but impaired strength due to the weak interfacial 

interaction between these two components. When AEAM was introduced to the system 

(denoted as PAAF), the interfacial bonding was greatly enhanced by the formation of 

Schiff base linkages, and thereby the hydrogel was effectively reinforced with an almost 

tripled breaking strength of 0.076 MPa. Further incorporation of a tiny amount of 

MWCNT (1 mg/L) remarkably increased the strength to 0.147 MPa. The strain upon 

failure and toughness (Figure S3.4a in Appendix B) of the composite hydrogel reached 

high values of 1205% and 0.98 MJ/m3, respectively. Additionally, no typical yielding and 

well-defined plastic flow region were observed, indicating an elastomer-like tensile 

behavior of the PAAFC-L hydrogel. Since the cross-section area of samples would 

gradually decrease during stretching, the true stress that can better reflect a material’s 

tensile performance was also calculated as shown in Figure S3.4b in Appendix B. The 

true breaking stress of PAAFC-L hydrogel ended up being 1.77 MPa which was seven 

times that of pure PAM hydrogel.  

The microscopic morphology of hydrogels, which has an important influence on 

their mechanical performances, was characterized by SEM and are showed in Figure S5. 

According to Figure S3.5a in Appendix B, pure PAM hydrogels demonstrated 

ununiform porous structure, with pore size differing greatly in different regions. After the 

incorporation of MWCNTs, micelles and dynamic interfacial bonds, the structure 

homogeneity is remarkably enhanced, as reflected by the uniform porous morphology of 

PAAFC hydrogel in Figure S3.5b in Appendix B. Moreover, the pore size of the 

composite hydrogel is much smaller than that of PAM, which may be attributed to the 

multiple cross-linking strategies involved in the hydrogel construction and thereby denser 

hydrogel networks. Also, MWCNTs can be clearly seen from images at higher 

magnifications (Figure S3.5c and S3.5d in Appendix B), where no aggregations of the 



Chapter 3 

 

68 

 

 

nanofillers were observed. The good dispersion of the MWCNTs in the hydrogel matrix 

makes for its significant reinforcement of the composite hydrogel. 

It is worth noting that the interfacial ionic interaction between MWCNT and 

AEAM plays a critical role in the considerable reinforcement effect of MWCNT. This 

effect was evidenced by the inferior stretching performance of PAM/MWCNT hydrogel 

in the absence of AEAM and greatly improved mechanical property of P(AM-co-

AEMA)/MWCNT hydrogel (Figure S3.6a in Appendix B). The effect of other factors 

like LiCl, pH and nanofiller content on the tensile properties were also investigated. As 

presented in Figure S6b, the stress-strain curves of hydrogels with 1 M or without LiCl 

almost overlapped, suggesting an ignorant effect of LiCl at such concentration on the 

hydrogel’s mechanical performance. However, with further increasing LiCl concentration 

from 1M to 3, 5 and 7 M, both the mechanical strength and stretchability of the PAAFC 

hydrogels gradually decreased, which can be attributed to the suppression of the 

electrostatic interactions between MWCNTs and P(AM-co-AEAM) at a higher ionic 

strength.281 Therefore, PAAFC-L hydrogel with 1 M LiCl was chosen for electrical and 

sensing experiments. pH also poses great influence (Figure S3.6c in Appendix B) on the 

tensile properties of the hydrogel. The hydrogel prepared at pH 6, under which condition 

the Schiff base tended to be fully hydrolyzed, showed considerably impaired strength and 

stretchability, also indicating the essential role the imine bond played in the effective 

mechanical strengthening of the hydrogel. On the other hand, increasing MWCNT 

content could improve the hydrogel’s tensile strength whereas sacrifice its strain at break 

and transparency (Figure S3.6d in Appendix B). Therefore, 1 mg/L was chosen as the 

MWCNT concentration in the composite hydrogel. The outstanding stretchability and 

flexibility of the PAAFC-L were also demonstrated by images in Figure 3.2b, where a 

hydrogel knot was manually stretched to 10 times its original length without fracture. In 
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addition, the shape of the hydrogel quickly recovered after stretching, reflecting its good 

elasticity. 

The elasticity and fatigue resistance of the PAAFC-L hybrid hydrogel were 

quantitatively characterized by cyclic tensile tests with a range of maximum loading 

strains. As shown in Figure 3.2c, the hydrogel was capable to completely recover both its 

shape and strength after applying a maximum loading strain of 100% for 100 tensile 

cycles. Similar excellent recovery behaviors were also observed at 200% and 500% 

strains. Moreover, when an extremely high strain of 1000% was applied, although a slight 

decrease of energy dissipation (18 %) was observed for the second cycle, good 

superposition of the following successive cycles was achieved. The PAAFC-L hydrogel 

restored 94.2 % of its original shape ((1000%-residue strain)/1000%) and 97% of its 

primary strength at the 20th cycle, which is comparable to the most elastic hydrogel 

reported to date.282 The outstanding elasticity was also revealed by compression 

experiments. As demonstrated in Figure 3.2d, upon compression to a high strain of 90% 

for 10 cycles, the loading/unloading curves of the hydrogel for all cycles overlapped, 

indicating 100% recovery of the hydrogel network. The compressive modulus was 

calculated from the first 5% strain of the compression curve, which gave a value of 18.6 

kPa, similar to natural skin. In addition to elastically retrieve from tensile or compressive 

deformation, the hydrogel could bear the damage from sharp materials. For example, the 

hydrogel recovered its initial state after cut by a sharp steel blade from top to bottom, 

with no visible scar left once the blade was removed (Figure 3.2e). This excellent cut-

resistance signifies the well-crosslinked 3D network of the PAAFC-L hydrogel and its 

effective energy dissipation upon cutting.283 The brilliant elasticity of the hydrogel is 

attributed to the reversible deformation and rapid reassembly of micelles, as well as the 

dynamic breakage and reconfiguration of the Schiff bases and ionic interactions during 
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tensile or compressive loading/unloading processes (Figure 3.2f).  

 

Figure 3.2. Mechanical properties of the PAAFC-L hydrogel. (a) Stress-strain curves of 

hydrogels with different compositions. (b) Photographs showing a PAAFC-L hydrogel 

knot being stretched 10 times its original length. (c) Tensile loading/unloading cycles 
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with various maximum strains for the composite hydrogel. (d) Compression-relaxation 

cycles with maximum strain of 90%. (e) Images demonstrating a PAAFC-L bulk 

hydrogel withstood cutting and recovered instantly after release with no visible scar left. 

(f) Schematic of the proposed mechanism for the tensile and compressive elasticity of the 

PAAFC-L hydrogel. 

 

3.3.3 Self-Healing Properties 

The reversible disengagements of the associations in the hydrogel also endow it 

with self-healing properties. Figure 3.3a and 3.3b show the rheological characterizations 

of the self-repairable performance of the hydrogel. In Figure 3a, when oscillatory strain 

sweep was conducted, the storage modulus (G′) surpassed the loss modulus (G′′) in a 

broad strain range until a high shear strain of 1172% applied, where the crossover of G′ 

and G′′ manifested the rupture of the hydrogel network. This result suggested the 

capability of the hydrogel to endure large shear deformations. Once the strain reverted to 

1%, the network immediately self-healed as indicated by the instant and complete 

recovery of G′ and G′′, indicating fast regeneration of the dynamic interactions in the 

hybrid hydrogel. The cyclic experiment with shear strain shifted between 1% and 2000% 

shows the excellent repeatability of the self-healing performance (Figure 3.3b).  

The hydrogel’s self-mending property was also displayed macroscopically by 

images in Figure 3.3c. When the hydrogel specimens (one of them stained to give a color 

difference) were cut into halves and then brought into contact at room temperature, the 

adhesion force generated from the dynamic bonds on the interface was strong enough to 

integrate the fragments into a free-standing gel. The healed hydrogel can instantly support 

its own weight and bear bending. After healing for 1 h, the gel was able to withstand 
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stretching of ~200% strain. To quantify the self-healing efficiency, tensile tests were 

performed on cut and healed hydrogels from one original samples with a healing time of 

2, 24 and 48 h, respectively (Figure 3.3d and Figure S3.7 in Appendix B). The 

elongations at break were 291% and 523% for the sample after 2 h and 24 h healing, 

respectively. The hydrogel allowed to self-repair for 48 h could be stretched over 7 times 

its initial length and achieved a healing efficiency of 53% (the ratio of breaking strain of 

the healed specimen to that of the original hydrogel). Although the hydrogel did not reach 

100% self-healing, which was limited by the diffusion ability of hydrophobic species 

across ruptured interfaces,180 its self-healing efficiency and stretchability after healing 

outperform most of the elastic hydrogels reported (Table S3.2 in Appendix B).  

The self-healing ability was further demonstrated in electrical circuits. In Figure 

3.3e, a LED bulb was illuminated with a piece of hydrogel as part of the circuit, 

manifesting the conductive nature of the hydrogel. The light went out once the hydrogel 

in the closed loop was cut into two halves and appeared again after the two gel pieces 

brought into contact. Real-time current measurement confirmed the good self-repairing 

electrical property. As shown in Figure 3.3f, the current disappeared when the hydrogel 

was cut into two fragments, however retrieved the original value after an increase caused 

by gentle pressure during healing, suggesting the rapid and complete reconstruction of the 

conductive paths. Moreover, after several cutting-healing cycles, the current could be 

fully restored, indicating good repeatability of this self-repairable electrical property.  
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Figure 3.3. Self-healing properties of the PAAFC-L hydrogel. (a) Rheological oscillatory 

strain sweep of the hybrid hydrogel (left) followed by oscillatory time sweep at a strain of 

1% (right). (b) G′ and G′′ of cyclic steps with shear strain shifting between 1% and 200%. 

(c) Optical demonstration of a healed hydrogel withstanding its own weight, bending and 

stretching. Scale bar: 1 cm. (d) Tensile stress-strain curves of hydrogel samples healing 

for different time. (e) Illuminance variation of an LED bulb during the hydrogel 

cut/healing process. The red rectangle indicates the healing zone of the hydrogel, and the 

scale bar is applied to all three images. (f) Time-dependent current change with the 

cutting and healing of PAAFC-L hydrogel for several cycles. 
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3.3.4 Thermo-Responsive Optical Properties 

The optical property of the PAAFC-L hydrogel can be readily tuned by 

temperature. The hydrogel was opaque at 10 °C, became translucent at 20 °C and turned 

to entirely transparent when heated to body temperature of 37 °C (Figure 3.4a). This 

transparency change was quantitatively characterized by optical spectroscopy in visible 

light range of 400−800 nm. As demonstrated in Figure 3.4b and 3.4c, the transmittance 

of the hydrogel remarkably increased with the increasing of temperature, reaching around 

90% at 37 °C and then leveling off when further raising the temperature. Moreover, such 

optical transition process occurred rapidly in air and was highly repeatable, as displayed 

in Figure 3.4d, where a hydrogel sample shaped as capital letters of “UA” was 

successively float on a 37 °C water bath and an ice-water bath for several cycles. The 

optical property shift of the hydrogel was most likely attributed to the size change of 

F127 micelles with temperature, where the sizes of unmodified F127 and F127-CHO at 

various temperatures were detected by DLS and the results are shown in Figure S3.8 in 

Appendix B and Figure 3.4e, respectively. Both the micelles displayed thermo-sensitive 

size distribution, however, in different manners. The unfunctionalized F127 micelle was 

small at low temperatures (< 25 °C), while exhibited growth as the temperature further 

rose. This result is due to the dehydration of PEO heads of F127 at elevated temperatures, 

thus reducing steric repulsions between the heads and allowing more molecules to 

associate in a micelle.276, 284 In contrast, for aldehyde terminated F127 (F127-CHO), 

below the critical temperature of 25 °C, the size greatly increased as compared to that of 

F127, which may be attributed to the increased hydrophobicity of the PEG head due to 

the existence of benzaldehyde groups and thereby led to the formation of micelle clusters. 

The generation of aggregates at relatively low temperatures was evident in AFM 

topography images of F127-CHO prepared at 20 °C (Figure 3.4f), while homogeneous 
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dispersed small micelles of F127-CHO were observed at 60 °C (Figure 3.4g). Therefore, 

the thermo-tunable optical property of the hydrogel can be interpreted in terms of the 

local hydrophobic domains formed through the thermo-induced phase transition of the 

F127-CHO micelles, which also led to slight increase of G′ of the hydrogel during 

cooling from 60 to 10°C, as displayed by rheological temperature sweeps in Figure S9a 

in Appendix B. Temperature also poses a significant influence on the self-healing 

behavior of the hydrogel. As shown in Figure S9b in Appendix B, the hydrogel showed 

the highest self-healing efficiency at room temperature, both lowering and raising 

temperature would impair the stretchability of self-healed PAAFC-L hydrogel. The 

demonstrated tunable whiteness of the hydrogel broadens its applications such as in the 

field of switchable color display.122  
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Figure 3.4. (a) Photographs showing the thermo-responsive optical property of PAAFC-

L hydrogel. (b) Optical spectra in visible light range of the hydrogel at 10, 20 and 37 °C. 

(c) Transmittance change at 550 nm for PAAFC-L hydrogel with the increasing of 

temperature. (d) Images demonstrating the repeatability of the temperature-tunable 

transparency variation of PAAFC-L hydrogel shaped as “UA”. (e) DLS size 

characterizations of F127-CHO micelles at various temperatures ranging from 10 to 

60 °C. AFM topography images of F127-CHO micelles prepared at (f) 20 °C and (g) 

60 °C.  
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3.3.5 Electrical Properties 

The conductivities of the hydrogels were calculated from the electrochemical 

impedance spectra (Figure S3.10 in Appendix B) measured by an electrochemical 

workstation. As shown in Figure 3.5a, the conductivities of pure PAM and PAMF 

hydrogel were relatively low (~0.08 S/m) due to the absence of ions. When AEAM was 

introduced to the hydrogel, the values were greatly enhanced to 0.66 S/m because of the 

existence of counterions to protonated amino groups. Further incorporation of MWCNT, 

however, did not further enhance the conductivity, suggesting no electric conductive 

paths formed by MWCNT due to its low content. After 1 M LiCl was incorporated, the 

electrical conductivity was dramatically improved to 3.96 S/m, which is higher than that 

of many reported gel ionic conductors.283 Figure 3.5b shows the relative resistance 

change ΔR/R0 (equals to (R−R0)/R0) of the PAAFC-L hydrogel to the applied tensile 

strain. Following previous studies,250, 285 the experimental data were fitted into a parabolic 

equation y = Aε2 + Bε with high correlation (r2=0.9999), where y represents the relative 

resistance change and ε is the tensile strain. The gauge factor, which reflects the 

sensitivity of the resistance change with strain, was thus calculated from the 

differentiation of the fitting curve (Figure S3.11a in Appendix B). The value increased 

with the stretching of the hydrogel, being 1.07 at 100% strain and reaching 2.32 at 900% 

strain. The moderate gauge factor values ensured good sensitivity of the hydrogel, and 

meanwhile retained its conductive nature upon applying extremely high strains, enabling 

a wide workable strain range (0−930%) of the conductor.  

The repeatability of the strain-sensitive electrical performance was then evaluated 

by cyclic tests. As demonstrated in Figure 3.5c, the hydrogel shows stable and 
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reproducible response signals after 100 successive cycles of 100% strain as indicated by 

the well-preserved amplitude. Benefiting from the elastic nature of the PAAFC-L 

hydrogel, no obvious hysteresis was observed during tensile loading/unloading processes 

(Figure S3.11b in Appendix B). Furthermore, identical waveforms in each cycle were 

also obtained when larger strains of 200% and 500% were applied for 20 cycles (Figure 

3.5d). Besides responding to tensile strains, the hydrogel displays high sensitivity to 

pressures or compressive strains, where ΔR/R0 value decreased with the compression of 

the sample, as demonstrated in Figure 3.5e and Figure S3.12a in Appendix B. The 

pressure sensitivity of the hydrogel is 0.25 kPa-1 at low pressures (< 2 kPa) and remains 

to be 0.053 kPa-1 at higher pressures (~ 5 kPa), indicating its wide workable pressure 

range. Similarly, stable and repeatable pressure response signals were obtained when 

cyclic pressure loading of 3 kPa (compression strain of 10%) was applied to the hydrogel 

for 100 successive cycles (Figure S3.12b and S3.12c in Appendix B). Combining the 

excellent stretchability, skin-mimetic modulus, brilliant fatigue resistance and good 

electrical performances, the hydrogel is therefore promising to act as soft electronic 

devices, especially for applications that experience constant large deformations like 

wearable sensors. Moreover, together with its self-healing and thermo-responsive 

properties, the PAAFC-L hydrogel that processes multiple desirable features stands out of 

the reported elastic hydrogels (Table S3.2 in Appendix B), which enables it to serve as a 

great candidate for more durable and reliable smart electronics.   
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Figure 3.5. (a) Conductivities of hydrogels with different compositions. (b) Relative 

electric resistance change as a function of tensile strain for the PAAFC-L hydrogel. (c) 

Relative resistance response under repeated loading-unloading processes with maximum 

strain of 100% for 100 cycles. (d) Cyclic relative resistance variations with maximum 

strain of 100, 200 and 500%. (e) Relative resistance changes as a function of pressure for 

the hydrogel. Insert figure showing the pressure sensitivity (S) of the hydrogel at different 

pressure ranges. 

 

3.3.6 Sensing Performances 

To demonstrate the hydrogel’s practical application as a wearable strain/pressure 

sensor, it was directly mounted on diverse parts of the human body (Figure 3.6a) to 

monitor a wide range of human activities in real time. Figure 3.6b shows the relative 

resistance change of the hydrogel with the bending of the forefinger. Apparent relative 

resistance variations were observed when the bending angle was sequentially set as 15°, 
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30°, 60° and 90°. Also, at each specific angle, the electrical signals were highly 

repeatable and stable. Similarly, when the hydrogel sensor was attached to other joints 

like wrist, elbow and knee, the bending of the joints can be detected sensitively and 

repeatedly, as shown in Figure 3.6c, 3.6e and 3.6f, respectively. This desired strain-

dependent sensing property allowed the hydrogel to recognize fine human activities such 

as handwriting. As displayed in Figure 6d, when a tester wrote capital letters of “A”, “B” 

and “C” with the hydrogel sensor mounted on the wrist, the corresponding electrical 

patterns of each letter were highly reproducible and could be clearly distinguished from 

the others. In addition, precise recognition of human walking and running was achieved 

by the differentiated frequencies of the resistance change and waveforms of the signals 

(Figure 3.6g). Large human motions like squat and sitting can also be readily detected as 

displayed in Figure 6h and 6i, respectively.  
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Figure 3.6. Real-time monitoring of human motions by the PAAFC-L hydrogel 

electronic sensor. (a) Schematic showing the sensing locations. Signals of relative electric 

resistance during (b) finger bending, (c) wrist bending, (d) handwriting, (e) elbow 

bending, (f) knee bending, (g) walking and running, (h) squatting, and (i) sitting.  

 

Taking advantage of the excellent sensitivity of both tensile strain and pressure, 

where easily distinguishable positive and negative ∆R/R0 values were shown, 

respectively, the hydrogel sensor was then exploited to discern subtle human motions. As 

shown in Figure 3.7a, when a piece of hydrogel was attached to the volunteer’s throat, 

the pressure caused by swallowing generated corresponding electric variations that could 

be clearly distinguished, which gave incredibly detailed information of the throat 

movement. In addition, tiny yet complicated muscle movements involved in speaking can 

also be recorded accordingly. Figure 3.7b shows the time-dependent relative resistance 
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change curves with the tester pronouncing different phrases of “hello”, “how are you”, 

“hydrogel” and “sensor”, where distinct and repeatable characteristic signal was obtained 

for each phrase. Besides, facial expressions recognition has been readily realized as 

shown in Figure 3.7c and 3.7d. In Figure 3.7c, when the tester made expressions like 

frowning and astonishing, the corresponding relative resistance variations exhibited 

opposite valleys and peaks as a result of the compression and stretching of the hydrogel 

sensor, respectively, indicating the high sensitivity of the hydrogel device. Similarly, 

expressions of smiling and laughing can be recognized by the disparate intensity of the 

ΔR/R0 value (Figure 3.7d). Furthermore, the hydrogel sensor was used for real-time 

tracking of human physiological signals like breathing and radial artery pulse by 

assembling it on the tester’s tummy and over wrist radial artery, respectively (Figure 3.7e 

and 3.7f). Notably, as shown in Figure 3.7f, the wrist pulses that reflect the complicated 

blood flow and heartbeat information were detected with excellent sensitivity and 

accuracy. In relaxation, the pulse gave electrical signals of well-defined percussion peak, 

dicrotic notch associated with the close action of the valve in heart, and dicrotic peak in 

each beat (Figure 3.7g), which were typically obtained from healthy people.286 After 

exercise, not only the pulse rate increased from 73 beats/min to107 beats/min. Also, the 

pulse pattern change was acquired from “moderate” to “taut” with an elevated tidal peak 

shown up (Figure 3.7h), according to classification in traditional Chinese pulse diagnosis 

(TCPD).287 This waveform alternation is due to the straining of subject’s muscle that led 

to increased systolic pressure.288 Such high sensitivity for pulse waveform detection has 

seldom been reported in simple hydrogel systems.  
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Figure 3.7. Real-time tracking of human subtle physiological signals by the PAAFC-L 

hydrogel electronic sensor. Time-dependent relative resistance variations during (a) 

swallowing, (b) speaking different phrases, (c) making expressions of frowning and 

astonishing, (d) smile and laugh, (e) breathing with the hydrogel sensor attached on the 

tummy, and (f) wrist pulse before and after exercise. Variations of wrist pulse patterns: (g) 

“moderate” pulse with unnoticeable tidal wave before exercise and (h) “taut” pulse with a 

high tidal peak after exercise.                

 

Next, to further demonstrate the hydrogel’s potential application in real life, the 

PAAFC-L hydrogel sensor was integrated with a sleep mask to make a “smart” eye mask 

for real-time monitoring of human sleep. The experimental setup is shown in Figure 

3.8a. The hydrogel sensor surface was covered by a thin layer of polyethylene film to 
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segregate it from the eyelid, which could avoid possible irritation to the skin as well as 

minimize water loss from the hydrogel. Eye and head activities that might occur during 

sleep were first detected during awake state of a healthy subject. There are mainly two 

types of eye movement involved in sleeping process. One is slow, rolling or pendular eye 

movements and the other is rapid and jerky ocular movements with the latter occurring 

during Rapid Eye Movement (REM) sleep.289 These two kinds of eye movement can be 

clearly distinguished by the different relative resistance variation signals caused by 

pressure change, as shown in Figure S3.13a and S3.13b in Appendix B. Since light 

sleep stage generally features head and body movements,290 the electrical signals of head 

movements were also recorded and displayed much larger amplitude of ΔR/R0 than that 

of eye movements (Figure S3.13c in Appendix B). The one-night sleep of the subject 

was then recorded as shown in Figure 3.8b. The sleep process was divided into three 

stages: deep, light and REM sleep as marked in different colors in Figure 3.8b. Light 

sleep was differentiated from a deeper stage of sleep according to its relatively frequent 

head movement signals. Particularly, the smart sleep mask shows excellent sensitivity for 

the detection of rapid eye movement (REM) sleep that is associated with intense neuronal 

activity and dreaming and thereby of high research and public interest, giving signals 

with obviously recognizable boundary between REM and deep sleep (Figure S3.13d in 

Appendix B). Compared to the sleep recorded by a popular sleep monitoring mobile app 

“Sleep Monitor” (Figure 3.8c) that measures sleep only based on the body movements 

and voices, the sleeping process measured by the smart sleep mask shows much higher 

reliability for the recognition of REM sleep. Total REM time was calculated to be 1 h 55 

min (28% of total sleep time), in good accordance with the previously reported average 

REM sleep time (~25% of total time asleep) for healthy people between 25 to 50 years 

old.291 In addition, compared to Polysomnography (PSG) that has been usually used to 
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monitor sleep in hospital,290 the sleep mask is much less costly, easier to apply and non-

intrusive to sleep itself, thus being more applicable to the general public. Owing to the 

outstanding sensing performances, the PAAFC-L hydrogel sensor is promising for a 

broad range of applications ranging from wearable sensors for health care, sports and 

disease diagnosis to artificial electronic skins. 

 

Figure 3.8. (a) Scheme showing the experimental setup of the sleep monitoring 

experiment. (b) One-night relative resistance changes with time during sleeping. Left 

insert figure indicating the slow rolling or pendular eye movements during deep sleep. 

Middle insert figure showing the rapid and jerky eye movements during REM sleep. 

Right insert figure demonstrating head movement signals during light sleep. (c) Sleep 

record obtained from the mobile app “Sleep monitor”. 
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3.4 Conclusions 

In this work, we have prepared an ultra elastic, stretchable, self-healing and 

stimuli-responsive ionic conductive hydrogel PAAFC-L. The hydrogel was fabricated via 

facile one-pot free radical polymerization of AM and amine-containing monomer AEAM, 

with the presence of aldehyde-functionalized F127 micelles, MWCNT and LiCl. Through 

the Schiff base bonds between AEAM and F127-CHO as well as the ionic interactions 

between AEAM and MWCNT, the hydrogel possesses robust and dynamic interfacial 

bonding which results in outstanding mechanical properties and self-healing capability. 

The as-prepared hydrogel PAAFC-L can be stretched over 13 times its original length 

and almost fully recover from an extremely high strain of 1000% with in 1min. 

Additionally, the PAAFC-L hydrogel completely restores its shape and strength after 

compression to 90% strain and shows superior damage resistance to sharp materials. 

Moreover, the autonomously self-healed PAAFC-L hydrogel samples can withstand 

stretching over 7 times its original length. Very interestingly, the PAAFC-L hydrogel’s 

optical properties can be readily tuned by thermal stimuli, that is, being translucent at 

room temperature while turning into entirely transparent at body temperature of 37 °C. 

Electrical characterization evidenced the high sensitivity of the hydrogel in broad strain 

and pressure windows. This multifunctional PAAFC-L hydrogel was successfully applied 

as a flexible sensor to monitor a variety of human activities including large motions and 

tiny physiological signals. Notably, when employed for the acquisition of wrist radial 

artery pulses, the hydrogel sensory device detected about not only the frequency of the 

beats but also ultra-detailed pattern of each pulse, which has seldom been reported in 

previous hydrogel sensory systems. The hydrogel was also integrated with a sleep mask 

to monitor human sleep and showed excellent reliability for the detection of REM sleep. 



Chapter 3 

 

87 

 

 

Therefore, the ultrasensitive smart hydrogel sensor is promising for a variety of 

applications including health and sports monitoring, disease diagnosis, remote control 

through vocal or facial recognition, artificial muscles and skins, soft robotics, etc. The 

developed strategy of combining dynamic covalent chemistry with nanofiller 

reinforcement and micelle crosslinking opens up new prospects for designing highly 

sensitive soft electronic sensors.     
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CHAPTER 4 Ultra Stretchable, Tough, Elastic and Transparent 

Hydrogel Skins Integrated with Self-Evolving Sensing Functions 

Enabled by Machine Learning Algorithms 

4.1 Introduction 

 
Human skin is soft, mechanically tough, stretchable, elastic, capable to feel a 

variety of environmental changes such as pressure, strain, temperature, etc. To develop 

artificial skin-like materials that imitate the properties and functions of our skin is of 

great significance, and has attracted growing attentions.292-294 Among the various mimics 

of different sophistication, “ionic skins”, which are ionic conductive skin-mimetic 

materials, emphasize the flexible and sensory properties of the skins, and thereby find a 

broad range of applications in the fields of wearable sensors, soft robotics and machines, 

personal health monitoring and diagnosis, triboelectric nanogenerators, etc.131, 295-298 

Especially, ionic conductive hydrogels, simulating the natural skins in various aspects 

like water abundance, stretchability, softness and biocompatibility, are ideal ionic 

skins.246, 299 

Skins are tough and elastic while traditional hydrogels are generally fragile and/or 

undergo plastic deformation upon large strains. Despite great efforts dedicate into ionic 

skins with a range of systems developed including polyacrylamide/NaCl hydrogel295, 

polyacrylic acid/alginate/amorphous CaCO3 hydrogel131 and so forth, to develop hydrogel 

ionic conductors that combine the decent mechanical performances and sensitive feeling 

abilities of skins is still a great challenge. Tough hydrogels, through their elegant network 

design, can achieve high strength and toughness, and thus are promising for ionic skins. 

Multiple strategies such as construction of double-networks (DN),60, 136, 180 introduction 
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of nanofillers,165, 168, 181 assembly of anisotropic structures,182-184 using oppositely charged 

polyelectrolytes47 and integration of micelle cross-linking51, 178, 179 have been adopted for 

the fabrication of tough hydrogels. Among these approaches, introducing nanofillers to 

construct nanocomposite (NC) hydrogels, which can simultaneously provide effective 

energy dissipation and increase homogeneity of the gel networks, is an effective yet facile 

way to enhance the hydrogels’ mechanical performances.33, 300  

Besides the strong, elastic and tough features, it is highly desirable to design 

tough hydrogels with skin-like low elastic moduli and high stretchability to achieve good 

sensory capabilities comparable to human skin, to ensure conformable contact with 

curved surfaces and to avoid mechanical mismatch with tissues.18, 131, 301, 302 However, 

many existing tough hydrogels with good strength are too stiff for applications as skin-

like sensors. On the other hand, our skin can autonomously heal from wound. It is of 

great interest for a skin-mimetic material of high sophistication to be self-healing, which 

can significantly prolong its lifespan and enhance its reliability.34, 303, 304 Another 

desirable feature for ionic skins is the transparency, which renders the materials with the 

ability to transmit optical signals and therefore considerably broadens their 

applications.305 Regrettably, a majority of the current high-performing tough hydrogels 

are not or only partially transparent due to the existence of associated micro domains, 

high loadings of nanofillers or anisotropic structures.  

Here, we have developed a new class of ionic skins based on tough NC hydrogels 

that demonstrated a wide range of attractive features including ultra stretchability, high 

toughness, skin-mimetic moduli, elasticity, self-healing property, transparency, fatigue 

resistance and great sensing performances. The materials were fabricated by a simple 

one-step free radical polymerization of acrylamide (AM), an amino-functionalized 

monomer and a quaternary ammonium-bearing monomer in the presence of small 
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amounts of carboxyl-modified multiwalled carbon nanotubes (MWCNTs) and LiCl. In 

the hydrogel, hydrogen bonding between acrylamide comprises the primary network. 

MWCNT was selected as a reinforcement agent for our NC hydrogel due to its large 

aspect ratio and ultra-high mechanical strength. However, high loadings of the MWCNTs 

will inevitably darken the material. It is a challenge for MWCNTs of a low concentration 

to effectively reinforce the material and lead to a transparent hydrogel, which might be 

achieved by the introduction of strong and dynamic interfacial interactions. In this work, 

the interfacial connection between the polymer and the reinforcement agent, the 

MWCNTs, was built by introducing dual electrostatic interactions between carboxyl 

groups on MWCNTs and the two cationic comonomers. Benefiting from the efficient 

force transduction within the gel network, a trace amount of MWCNTs could remarkably 

improve the resultant NC gel’s mechanical performances with toughness reaching up to 

46.9 times that of PAM hydrogel and stretchability up to 4075%. The two ionic 

interactions play different roles in the hydrogel network. The strong amine-carboxylate 

interaction acts as relatively permanent crosslinkers while the weak quaternary 

ammonium-carboxylate crosslinkings break/reform reversibly to dissipate energy upon 

deformation, as confirmed by atomic force microscopy (AFM) force measurements. 

Meanwhile, considering that high salts loadings in ionic skins might impair the materials’ 

biocompatibility or cause skin irritation,306 LiCl of a low concentration was added into 

the system, which not only ensures the excellent sensory capabilities but also 

demonstrates positive effect on the gel’s toughness. The desired combination of 

mechanical and electrical properties enables the skin-like hydrogel sensor with brilliant 

sensibility and cycling stability. Strains during human motions and subtle wrist pulsing 

were accurately detected. Small pressures originated from water droplets falling were 

also sensitively discerned. Moreover, a complete platform to recognize handwriting in 
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two manners (writing on paper and in air) was developed for the first time, which shows 

high recognition accuracies from writing single letters to more complicated words, 

phrases and short sentences. Taking advantages of the facile one-step synthesis, tough yet 

soft nature, decent sensory performances, and integration of the favorable self-healing 

and transparent properties, the developed skin-like hydrogels hold great potential for 

various applications including intelligent and wearable sensors, health diagnosis and soft 

robotics. 

 

4.2 Experimental Methods 

 

4.2.1 Materials 

 

Acrylamide (AM, 99%), 2-methacryloyloxy ethyl trimethylammonium chloride 

(MTAC, 80 wt% in water solution), acryloyl chloride (97%), ethylenediamine (99%), 

ethylenediamine dihydrochloride (98%), hydrochloric acid (HCl, 37%), MWCNT (> 8% 

carboxylic acid functionalized, average diameter × length: 9.5 nm × 1.5 μm) and 2,2'-

azobis(isobutyramidine hydrochloride) (AIBA, 97%) were purchased from Sigma-

Aldrich and used as received. Lithium chloride (LiCl, 98.5%) and all solvents were 

purchased from Fisher Scientific and used as received. 

4.2.2 Synthesis of Amine-Modified Monomer (AEAM) 

 

The amine-functionalized monomer, 2-aminoethyl acrylamide hydrochloride 

(AEAM), was synthesized following the method reported in our previous research. 

Briefly, ethylenediamine dihydrochloride (30 g, 0.226 mol), Milli-Q water (120 ml) and 

ethylenediamine (31.9 g, 0.532 mol) were mixed and allowed to react for 1 h at room 

temperature under stirring, followed by the addition of methanol (160 ml) and reaction 

for another 1 h. After cooling the system to -20 °C, acryloyl chloride (48.1 g, 0.532 mol) 
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was slowly added to the mixture within 2 h, followed by stirring for another 1 h. HCl (37 

%) was then added to adjust the pH of the system to 1−2. After removal of the solvents 

under vacuum and lyophilization, the resultant solid was dissolved in isopropanol and 

filtrated. The filtrate was crystallized at –20 °C and recrystallized twice. Finally, the raw 

product was precipitated from THF to obtain a white powder. The chemical structure of 

the monomer was confirmed by 1H NMR spectrum on an Agilent 400-MR DD2 NMR 

spectrometer with D2O as the solvent.  

4.2.3 Preparation of Hydrogels 

 

The hydrogels were prepared through one-pot polymerizations. To achieve the 

optimal mechanical and electrical performances, a series of hydrogels with various ratios 

of MTAC to AEAM (MT:AE), LiCl concentrations and carboxyl-functionalized 

MWCNT contents were synthesized and characterized. For a typical synthetic process of 

1.8 ml composite hydrogel with MT:AE of 7:3, 50 mM LiCl and 2 mg/L MWCNT, 

acrylamide (0.6 g), MTAC (0.07 g) and AEAM (0.03 g) were mixed in 1.6 ml of 

MWCNT dispersion (2 mg/L) with 50 mM LiCl dissolved in, followed by the addition of 

~ 10 μL 1 M NaOH solution to adjust the pH to ~7.4. After purging with nitrogen for 20 

min and the addition of the initiator, AIBA (8 mg dissolved in 0.2 ml MWCNT 

dispersion), the mixture was allowed to react overnight at 30 °C. The resultant hydrogel 

was denoted as PAMAC-L, where PAMA is the copolymer of AM, MTAC and AEAM, 

C represents the MWCNT, and L refers to LiCl.  

4.2.4 Transparency and Micromorphology of Hydrogels 

The transparency of the composite hydrogel was measured using ultraviolet-

visible (UV-Vis) spectroscopy (Thermo Evolution 300 UV-Vis) with a hydrogel sample 

thickness of 3 mm. The micromorphology of the hydrogel cross-section was 
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characterized using a Zeiss Sigma field emission scanning electron microscope (SEM) at 

an acceleration voltage of 10 kV. For the preparation of SEM samples, hydrogel strips 

were first quenched in a liquid nitrogen bath, cut into two pieces and cryo-dried, followed 

by the sputtering of gold prior to imaging.  

 

4.2.5 Mechanical Properties of hydrogels 

The mechanical performances of the hydrogels were characterized on an AGS-X 

universal tensile testing machine (Shimadzu, Japan) equipped with either a 50 N load cell 

for tensile tests or a 5000 N load cell for compression characterizations. For tensile tests, 

rectangular hydrogel specimens with dimensions around 20 mm (length) × 4 mm (width) 

× 0.8 mm (thickness) were used, and a constant crosshead speed of 50 mm/min was 

applied. Cyclic tensile measurements were performed at various predetermined maximum 

strains. The wait time between cycles was set to be 20 s for 100% and 60s for other 

strains, respectively. All the tensile tests were conducted at room temperature (20 °C) and 

humidity around 60%. A thin layer of Vaseline was applied on the surfaces of the 

hydrogels to avoid moisture loss. The cyclic compression performances of hydrogels 

were characterized with cylindrical specimens (diameter of 17 mm and height of 10 mm) 

at a constant compressing rate of 5 mm/min and room temperature. The interval between 

cycles was set to be 60 s. 

4.2.6 AFM Characterization 

To better understand the intermolecular interactions involved in the construction 

of the hydrogel networks, a nanomechanical tool, AFM, was employed to quantitatively 

characterize the intermolecular forces. Other than the hydrogen bonding between AM, the 

ionic interactions between the carboxyl groups on MWCNT and two cationic moieties 
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(amino groups of AEAM and trimethylammonium groups of MTAC) on the copolymers 

were proposed to play critical roles in the formation and reinforcement of the hydrogel. 

Therefore, to measure these two ionic interactions, first, two copolymers, i.e., the 

copolymer of AM and MTAC (PAM-MT) and the copolymer of AM and AEAM (PAM-

AE) were synthesized following the same procedure that of the hydrogel synthesis and 

the same acrylamide to functional monomers weight ratio (6:1). Next, freshly cleaved 

mica sheets were immersed in the copolymer solutions (0.1 wt% polymer dissolved in 

100 mM NaCl solution) for 24 h to obtain PAM-MT- or PAM-AE-coated surfaces. The 

surfaces were washed with DI water for 3 times to remove free polymer chains and dried 

with nitrogen blow. The surface morphologies were confirmed by AFM imaging.  

The interaction forces were then measured between the polymer-coated mica 

surfaces and carboxyl-functionalized AFM tips in Phosphate Buffer solution (PB, 5 mM 

that is similar to the salinity in PAMAC hydrogel) at a neutral pH of 7.4 with different 

LiCl salinity, using an MPF-3D AFM (Asylum Research, Santa Barbara, CA, USA). The 

COOH-coated AFM tips were prepared by immersing the AFM tip (NPV-10, Bruker, 

Santa Barbara, CA) in 6-mercaptohexanoic acid solution (10 mM, in anhydrous ethanol) 

for 2 h followed by water/ethanol wash to remove the loosely bonded residues.307, 308 

After positioning the COOH-coated AFM tip over the polymer-coated mica surfaces, in a 

typical force measurement experiment, the AFM cantilever was first driven to approach 

the mica surface at a fixed velocity of 2 μm/s until a pre-set force load of 5 nN was 

reached, and then retracted from the substrate to obtain a force-distance curve. In the 

experiment, the force was calculated from the deflection and spring constant of the AFM 

cantilever via the Hooke's law, with the deflection detected through a laser beam reflected 

onto a 4-quadrant photodiode detector.  Force mapping was conducted on a 20 μm x 20 

μm surface to obtain more than 50 force curves for the calculation of the average 
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adhesion forces between the cationic copolymers and the carboxyl groups.  

4.2.7 Self-Healing Performances of Hydrogels 

The self-healing capability of the PAMAC-L hydrogel was investigated by 

bringing two hydrogel pieces into contact with one of them stained by methyl orange to 

give a color difference. Rheological experiments were also carried out to quantitatively 

evaluate the self-repairing behavior of the hydrogel on a stress-controlled rheometer (TA 

Instruments, AR-G2) using a plate-plate geometry (20 mm diameter) at a gap of 200 μm. 

First, oscillatory strain (γ) sweep was performed with γ ranging from 1 to 3000% to 

rupture the hydrogel network at a constant angular frequency (ω = 10 rad/s), followed by 

an oscillation time sweep at a small strain (1%) to allow the recovery of the network. The 

repeatability of the self-healing process was assessed by cyclic strain experiment with the 

strain shifted between 1% and 1000% for three cycles. In addition, the electrical self-

healing performances of the hydrogel were investigated by monitoring the cutting-healing 

processes using either the light-emitting diode (LED) illumination with a hydrogel strip 

as part of an electrical circuit or the current change measured by an electrochemical 

workstation (CHI920, CH Instruments, USA). All self-healing experiments were 

conducted at room temperature. 

4.2.8 Electrical and Sensing Performances 

The electrical conductivity (σ) values of the hydrogels were calculated by 

electrochemical impedance spectroscopy measured on the electrochemical workstation in 

a frequency range of 10-1−106 Hz with an amplitude of 5 mV at open circuit voltage, 

following the equation 3.1 in chapter 3. The tensile strain and pressure sensitivities of the 

PAAFC-L hydrogel were determined by the real-time current vs time (I−t) curves 

recorded during the stretching or compression process at constant speeds same with those 
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for mechanical tests. Cyclic tensile and compressing experiments were also carried out to 

evaluate the electrical signal repeatability of the hydrogel, where the testing speed was set 

to be 150 and 20 mm/min for tensile and compressing cycles, respectively. The relative 

resistance changes were calculated from the I−t curves according to the following 

equation 3.2 in chapter 3. Next, the PAMAC-L hydrogel integrated with copper foils and 

conductive wires were used for the sensing of human activities like finger bending and 

physiological signals such as wrist pulses, and for the detection of finger pressing and 

water dropping.  

4.2.9 Handwriting Recognition 

To further explore the practical application of the PAMAC-L hydrogel, the 

hydrogel sensing system was used for the monitoring of human writing processes and the 

recognition of handwriting. By mounting the hydrogel device on the forefinger of the 

tester, the finger motions reflecting the writing activity were recorded through real-time 

I−t curves. Two manners of writing, i.e., handwriting on paper and writing using the 

forefinger in air, were monitored. The collected current signals were then processed in a 

self-developed software which was written in Matlab R2021b. For the recognition of 

writing signals, first, multiple current signals for each of the 26 letters from a to z were 

collected and used for the training of models through the Machine Learning toolbox of 

Matlab. For the model training, the peak features of each letter were extracted first, 

trained in the Machine Learning toolbox using all available algorithms and the model 

showing the best predicted accuracy (Ensemble Classifier: Bagged Trees) was selected. 

Afterwards, the current curves of the written words and short sentences were processed 

with the trained models to give final recognition results.   
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4.3 Results and Discussion 

4.3.1 Fabrication of Nanocomposite Hydrogels 

The amino-functionalized monomer, AEAM, was first synthesized via a two-step 

reaction and characterized by 1H NMR (Figure S4.1 in Appendix C). From the NMR 

spectrum, the characteristic peaks of C═C can be observed at 6.20−6.32 and 5.78−5.82 

ppm, and −CH2CH2− can be found at 3.19 and 3.59 ppm, which confirmed the successful 

synthesis of the monomer. The nanocomposite hydrogel was fabricated via a facile one-

pot free radical polymerization of AM, MTAC and AEAM in the presence of carboxyl-

modified MWCNTs and LiCl under mild conditions of 30 °C and physiological neutral 

pH, as illustrated in Figure 4.1a. In this hydrogel (denoted as PAMAC-L), AM 

comprises the main network via their intermolecular hydrogen bonding. Since good 

interfacial interactions between matrix and nanofillers are critical for the mechanical 

robustness of nanocomposite materials, strong/reversible ionic interactions were 

introduced to the polymer-MWCNT interfaces by introducing functional cationic and 

anionic moieties. Specifically, dual electrostatic interactions were generated under the 

experimental pH conditions, i.e., the interactions between ionized carboxyl groups (pKa ~ 

4)280 on MWCNT and the two cations including quaternary ammonium cations in MTAC 

(pKa ~ 9.4)309 and protonated amino groups of AEAM (pKa ~ 8.8)278, 279 (Figure 4.1b). 

As shown in Figure 4.1c, the yielded hybrid hydrogel is homogeneous and transparent, 

demonstrating high transmittances over 90% within the visible light range of 410-700 

nm, which is attributed to the excellent dispersion and low concentration of the 

nanotubes. Microscopically, a uniform interconnected porous morphology was observed 

from SEM images of the freeze-dried hydrogel cross-section (Figure S4.2a in Appendix 

C). MWCNTs can be clearly seen in higher magnification of the SEM image (Figure 
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S4.2b in Appendix C), whilst no apparent aggregations of the nanofillers were found, 

also indicating their good dispersion. 

 

 

Figure 4.1. (a) Scheme showing the synthesis process of nanocomposite PAMAC-L 

hydrogels. (b) Schematic illustration of the binary ionic interactions in the hydrogel 

network. (c) UV-Vis spectrum of the hydrogel in visible light range and an image 

showing the high transparency. 

 

 

4.3.2 Mechanical Performances of Hydrogels 

The mechanical properties of the resultant hydrogels are presented in Figure 2. 

The water content of all hydrogels was fixed at 70% (Table S4.1 in Appendix C). 

According to the nominal tensile stress-strain curves in Figure 4.2a, original PAM gel is 

weak and relatively brittle. Yielding followed by plastic flow were clearly observed, 
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giving a final fracture strength and strain of 0.05 MPa and 555%, respectively. In 

contrast, the breaking strain of the hydrogel composed of AM, MTAC and a tiny amount 

of MWCNTs (PAM-MT-C, MT:AE=1:0) was drastically increased to 3818%. 

Meanwhile, by introducing AEAM and MWCNT to the PAM gel (PAM-AE-C, 

MT:AE=0:1), a high fracture strength of 0.39 MPa was reached. The improvements of 

the mechanical performances were attributed to the electrostatic forces generated between 

−N(CH3)3
+ or −NH3

+ on copolymers and −COO- on the nanotubes that provides effective 

ways for force transduction and energy dissipation. The role of ionic interactions was 

evidenced by the poor tensile performances of the hydrogels composed of only AM and 

the nanotubes (PAM-C), PAM-MT and PAM-AE without the additions of MWCNTs 

(Figure S4.3 in Appendix C). The nanocomposite solely involving one of the cationic 

monomers, however, suffers from either poor strength (in the case of MTAC) or limited 

stretchability (in the case of AEAM), which restricts their further applications. 

Surprisingly, incorporation of dual cations into the composite resulted in strong and 

highly stretchable hydrogels (PAMAC) that combines the merits of both functional 

moieties, suggesting the synergetic effect of these two interactions. As demonstrated in 

Figure 4.2a and 4.2b, by adjusting the weight ratio of MTAC to AEAM to 7:3, optimized 

tensile properties were achieved, i.e., the fracture stress reached up to 0.67 MPa and the 

toughness was attained up to 6.92 MJ/m3 that was 22.6 times that of PAM hydrogel. The 

concentration of MWCNTs also poses effects on the mechanical properties of the 

composite gels. Raising MWCNTs’ content led to enhanced strength and fracture 

elongation while too high concentrations resulted in macroscopic aggregations of the 

nanofillers and thus inferior performances, giving an optimizing MWCNTs concentration 

of 2 mg/L (Figure S4.4 in Appendix C).  

On the other hand, introducing salt ions is a facile, economical and bio-inspired 
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strategy for the enhancement of a hydrogel’s conductivity as well as favoring the water 

retention capability of a gel, and thus has been widely adopted in hydrogel conductors. 

Considering the suppressing effect of the ions on the electrostatic interactions,281 the 

tensile properties of the nanocomposite PAMAC-L hydrogels containing various LiCl 

concentrations were investigated, as shown in Figure 4.2c and 4.2d. It is interesting that, 

with the addition of a small amount of LiCl (50 mM), the stretchability of the hybrid 

hydrogel was increased up to a remarkably high value of 4075%, which resulted in a 

fracture strength as high as 1.09 MPa (average breaking strength of 0.68 MPa) and an 

impressing toughness of 12.8 MJ/m3 (average toughness of 9.11 MJ/m3). The excellent 

stretchability of the PAMAC-L hydrogel was also demonstrated by the image in Figure 

4.2e. Further increasing the LiCl concentration caused the dropping of both the strength 

and stretchability of the hydrogel as a result of the shielded ionic interactions, confirming 

the key role of the binary interfacial electrostatic interactions to the nanocomposites’ 

strength and toughness. Therefore, PAMAC-L with 50 mM LiCl was used in all other 

characterizations unless otherwise noticed. Also, under such concentration, the salt was 

considered to be safe to human cells.310  

The elasticity or fatigue resistance of the hybrid PAMAC-L hydrogel was 

characterized by cyclic elongation and compression tests. The hydrogel was first allowed 

to be cyclically stretched to a series of predetermined maximum strains ranging from 

100% to 1500%.  As shown in Figure 4.2f, the gel was capable to completely recover 

both its shape and strength before the strain of 500%. After that, small residue 

deformations were observed while full recovery of the strength was achieved until a high 

strain of 1000%. It should be noted that the material was still able to recover 92% of the 

deformation ((maximum strain-residue strain)/maximum strain) even when an ultra-high 

strain of 1500% was applied. The excellent elasticity was also confirmed by the good 
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superposition of the loading/unloading curves for 100 successive cycles of 100% strain 

(Figure 4.2g). When the hydrogel was subjected to 20 cycles of 1000% maximum strain 

(Figure 4.2h), although an energy dissipation decrease of 28% was observed from the 

2nd cycle, the stress-strain curves for the 2nd to 20th cycles overlapped, indicating a 

stabilized network after the first cycle. Besides, the PAMAC-L hydrogel restored 92% of 

its primary strength and recovered 90% of the maximum strain even after 20 cycles of the 

large tensile deformation. The well-connected 3D network and the efficient energy 

dissipation of the involved interactions also endows the hydrogel with the capability to 

resist damage by sharp materials, which highly resembles the human skin’s protection 

function. As demonstrated in Figure 4.2i, when a cylindrical gel was cut by a sharp steel 

blade from top to bottom, the hydrogel was not damaged but elastically retrieved to its 

original shape with no visible scar left once the blade was removed. Also, the hydrogel is 

robust to bear compression strain with a compressive modulus of 96.0 kPa (calculated 

from the first 5% of the compression curve of 50% strain), similar to the modulus of 

human skins311. Moreover, it could completely recover from 10 consecutive compression 

cycles of 50% maximum strain as reflected by the overlapped loading/unloading curves 

of different cycles (Figure 4.2j). When a large strain of 90% was applied, the 

compressive stress reached as high as 2.52 MPa. The composite hydrogel retained the 

strength of 2.09 MPa after 10 rounds of loading and unloading processes (Figure 4.2k). 

Compared to previously reported tough hydrogels as summarized in Table S4.2 in 

Appendix C, the prepared PAMAC-L hydrogel outstands in aspects of ultra extensibility, 

skin-mimetic modulus, repeatable recovery from large strains and high transparency, 

which made it extremely suitable for ionic skins. Also, the NC gel outperforms the 

previous ionic skins and e-skins (Table S4.2 in Appendix C) owing to its mechanically 

stretchable, tough and strong nature.  
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Figure 4.2. Mechanical properties of the hydrogels. (a) Tensile stress-strain curves of 

PAM and PAMAC composite hydrogels with various ratios of MTAC to AEAM 

(MT:AE). (b) Average strength and toughness of PAM and PAMAC composite 

hydrogels with different cationic monomer ratios calculated from three stress-strain 

curves. (c) Tensile stress-strain curves of the nanocomposite hydrogel with LiCl 

concentrations ranging from 0 to 1000 mM. (d) Average strength and toughness of the 

hydrogels with different LiCl concentrations. (e) Images showing the PAMAC-L 
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hydrogel before and during stretching. (f) Tensile stress-strain curves of the PAMAC-L 

gel subjected to successive loading/unloading cycles with maximum strain setting from 

100−1500%. Tensile stress-strain curves for loading/unloading cycles with maximum 

strain of (g) 100% and (h) 1000%. (i) Images demonstrating the hydrogel withstanding 

damage by sharp materials like a blade and recover to its original shape. Compressing 

stress-strain curves for loading/unloading cycles with maximum strain of (j) 50% and (k) 

90%.  

4.3.3 AFM Force Measurements 

To better understand the role of the dual electrostatic interactions in the 

hydrogel’s network and elucidate the reinforcement mechanism, AFM was employed to 

directly measure forces between carboxyl groups and the two functional cations. The 

AFM experimental setup is schematically depicted in Figure 4.3a.312 Cationic-

functionalized copolymers PAM-MT and PAM-AE were synthesized and coated on mica 

surfaces. Carboxyl groups were dressed on AFM tips. The COOH-coated AFM tip was 

brought into contact with the polymer coatings and then retracted from the substrate 

surfaces to obtain force–distance curves. To mimic circumstances in the hydrogels, force 

measurements were conducted under a neutral pH of 7.4 with different LiCl salinity, 

under which carboxyl groups were negatively charged and the amino or quaternary 

ammonium groups carried positive charges as confirmed by zeta potential tests (Figure 

S4.5 in Appendix C). The morphologies of the PAM-MT- and PAM-AE-coated surfaces 

were first characterized by topographic AFM imaging as shown in Figure 4.3b and 4.3c 

using bare mica as the reference (Figure S4.6 in Appendix C), suggesting the high 

coverage and low roughness of the surfaces.  

Force mapping was then conducted on a 20 μm x 20 μm area to obtain more than 
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50 force curves and average adhesion between AFM tips and the surfaces was calculated. 

Representative force–distance curves of −COO- interacting with PAM-MT and PAM-AE 

without LiCl are presented in Figure 4.3d and 4.3h, respectively. In both cases, an 

apparent attractive force was measured during the approaching process, featuring 

electrostatic interactions between the oppositely charged moieties. Upon separation, 

significant adhesions were measured between the carboxylate and both cations with the 

adhesion energy (Force/Radius, F/R) value for PAM-MT (17.0 ± 3.6 mM/m) much lower 

than that for PAM-AE (115.3 ± 27.4 mM/m). This coincides with the tensile result that 

the PAM-AE-C hydrogel was much stronger than PAM-MT-C, whilst weaker yet 

possibly more dynamic carboxylate-quaternary ammonium interaction gave rise to 

hydrogels with better stretchability. After the additions of 50 mM LiCl, both interactions 

were suppressed with the F/R values to be 6.0 ± 1.6 and 72.7 ± 22.1 mM/m for PAM-MT 

and PAM-AE, respectively, as demonstrated by force–distance curves in Figure 4.3e and 

4.3i, along with summaries of the F/R averages in Figure 4.3h and 4.3k. Partially 

shielded ionic interaction at a low LiCl concentration surprisingly led to enhanced 

stretchability (from 2531 ± 256% for PAMAC to 3652 ± 619% for PAMAC-L) and 

toughness of the hydrogels, which might be ascribed to the lowered interaction energies 

facilitating the dynamic dissociation/reassociation of reversible electrostatic bindings 

during stretching processes. Further increasing the ionic strength to 1000 mM severely 

suppressed the ionic forces (Figure 4.3f and 4.3j), which is consistent with the 

mechanical results. According to the force measurement results, it is clear that there 

exists two types of ionic interactions that contribute to the assembly of the gel networks. 

The strong and stretchable nature of the composite hydrogel originates from the 

synergetic effect of both forces, i.e., carboxylate-protonated amino complexes provide 

robust backbone to the network while carboxylate-quaternary ammonium interactions 
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offer effective energy dissipation to the hydrogel upon deformation.  

 

 

Figure 4.3. Force measurements of the dual electrostatic interactions. (a) Schematic 

illustration of a typical AFM force measurement experiment. Topographic AFM images 

of (b) PAM-MT coating (RMS roughness ~ 0.874 nm) and (c) PAM-AE coating (RMS 

roughness ~ 0.583 nm) on mica surfaces. Interaction force profiles of a COOH-coated 

AFM tip and a PAM-MT-coated surface in PB solution (pH 7.4, 5 mM) containing (d) 0, 

(e) 50, and (f) 1000 mM LiCl, and (g) average adhesion forces for PAM-MT. Interaction 

force profiles of the COOH-coated AFM tip and a PAM-AE coating in PB solution 
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containing (h) 0, (i) 50, and (j) 1000 mM LiCl, and (k) the average adhesions calculated 

from force curves for PAM-AE. 

4.3.4 Self-Healing Properties 

The reversible physical crosslinks including ionic interactions and hydrogen 

bonding endows the PAMAC-L hydrogel with autonomous self-healing capability as 

shown in Figure 4, which is highly favorable for prolonging the lifespan and enhancing 

the durability of the material. Figure 4.4a demonstrates that a self-repaired hydrogel can 

bear lifting, vigorous shaking and bending after healing for 2 h, as well as being stretched 

around 100% of its original length with 24 h self-healing. The viscoelastic behaviors as 

characterized by rheological tests in Figure 4.4b and 4.4c also confirmed the self-

recovery of the nanocomposite’s network under oscillation shear stress. In Figure 4B, the 

storage modulus (G′) of the PAMAC-L showed high values of ~8500 Pa and surpassed 

the loss modulus (Gʺ) until a large shear strain of 364.2% was reached, after which the 

network ruptured. Recovery of the network was observed once the stress was released 

with strain reset to 1%, as indicated by the completely restored G′ and Gʺ. Cyclic 

rheological result in Figure 4C suggests the repeatability of the self-healing processes, 

where fully recovered shear moduli were obtained with the hydrogel cyclically subjected 

to a large deformation of 1000%. Electrically, a hydrogel strip was connected into a 

circuit to form a closed loop, with either an LED bulb (Figure 4.4d) or real-time current 

measurement (Figure 4.4e) to monitor its cutting-healing processes. In both cases, the 

LED light or the current can immediately retrieve their initial states after self-repairing of 

the composite, manifesting the fast reconstruction of the conductive paths in the hydrogel. 

In addition, the repeatability of this self-recoverable electrical property was evidenced by 

the complete restoration of the current after cycles of the cutting-healing process.  
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Figure 4.4. Self-healing properties of the PAMAC-L hydrogel. (a) Images demonstrating 

a self-healed gel to withstand lifting, bending and stretching. Scale bar in all images is 1 

cm. (b) Rheological oscillatory strain sweep followed by time sweep of the hydrogel. (c) 

Cyclic oscillatory time sweep with the shear strain shifting between 1% and 1000% for 

three cycles. (d) Photographs showing the illuminance variation of an LED bulb during 

the hydrogel’s cutting-healing process. (e) Real-time current changes with the cutting and 

healing of the gel.  

 

4.3.5 Electrical and Sensing Performances 

Conductivity is an essential requirement for ionic skins. The conductivities (σ) of 

the prepared gels were measured via electrochemical impedance spectroscopy as 

demonstrated in Figure 4.5a and Figure S4.7 in Appendix C. PAM hydrogel is less 

conductive with σ around 0.1 S/m, while introducing cationic functional monomers and 

MWCNTs sextupled the value. The similar conductivities of PAMA without MWCNTs 

and PAMAC hydrogel evidenced that the MWCNTs did not form conductive paths due to 

their low concentration. Further incorporation with LiCl raised the average σ value to 
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0.85 S/m. Sensitivities of the PAMAC-L to tensile strains and pressures were 

characterized and showed in Figure 4.5b and 4.5c, respectively. According to Figure 

4.5b, the gel ionic conductor is workable over an extremely wide strain range (0-1800%) 

superior to most of the previously reported hydrogel sensors or ionic skins. The relative 

resistance changes (∆R/R0) increased sensitively with tensile deformations, giving gauge 

factors (GF) to be 0.98, 2.19 and 3.35 over strain ranges of 0−300%, 300−800% and 

800−1800%, respectively. Compared with previously reported ionic conductive 

hydrogels of high ion loadings (Table S4.2), the PAMAC-L possesses comparable or 

even higher GFs but much lower risk of skin irritation and biotoxicity caused by high 

concentrations of salts. Also, the moderate GF values enable the material to keep 

conductive at strains as high as 1800% as well as ensure stable and sensitive current 

responses during deformation. Pressures also trigger sensitive changes of the resistances 

over a large range of 0−15 kPa but led to negative ∆R/R0 values. The pressure sensitivity 

(S) was 0.062 within pressure range of 0−5 kPa, remaining values of 0.022 and 0.008 

when reaching high pressures of 5−9 kPa and 9−15 kPa, respectively. Taking advantages 

of the elastic recovery under tensile/compressive strains, the skin-like PAMAC-L sensor 

demonstrated repeatable and stable strain/pressure response signals within wide ranges. 

As illustrated in Figure 4.5d and 4.5f, identical waveforms were obtained when the 

hydrogel was subjected to stretching or compressing for 20 cycles with maximum strains 

to be 100, 200 and 500% or pressures of 2.5, 5 and 12 kPa. Also, there is no cyclic 

loading-unloading hysteresis was detected for 200% stretching process as shown in 

Figure S4.8A. Slight hysteresis was observed for 5 kPa compression loading-unloading 

cycle (Figure S4.8B). Besides, well-preserved ∆R/R0 amplitudes were observed for 100 

consecutive cycles of 100% tensile strain and 200 successive cycles under 5 kPa pressure 

as shown in Figure 4.5e and 4.5g, respectively, and in Figure S4.8C and S4.8D in 
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Appendix C, validating the long-term durability of the ionic composite skins for 

electrical sensory applications.   

 

Figure 4.5. Electrical properties of the hydrogels. (a) Conductivities of different 

hydrogels. Relative resistance changes vs (b) tensile strain and (c) pressure for the 

PAMAC-L hydrogel. (d) Cyclic relative resistance responses under repeated tensile 

loading/unloading processes with maximum strain of 100, 200 and 500%. (e) Relative 

resistance variation with maximum strain of 100% for 100 cycles. (f) Relative resistance 

changes under cyclic pressure loading of 2.5, 5 and 12 kPa. (g) Relative resistance 

response under cyclic pressure of 5 kPa for 200 loading/unloading cycles. 
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The desirable strain-responsive electrical properties enable the hydrogel to detect 

human activities and subtle motions with high sensitivity and accuracy. For example, 

when a hydrogel sensor was mounted on the tester’s finger, stable and reproducible 

relative resistance changes were measured when the finger sequentially bended to angles 

of 15°, 30°, 45° and 90° (Figure 4.6a). Subtle human physiological signals like wrist 

pulse can also be discerned with a thin hydrogel sensor fixed over the wrist radial artery 

of the tester (Figure 4.6b). Particularly, the soft sensor precisely detected both the 

systolic and diastolic processes of the pulses, giving clearly distinguishable percussion 

peak (systolic peak), dicrotic notch and dicrotic peak (diastolic peak) in each beat 

(Figure S4.9 in Appendix C) and a heartbeat rate of 84.5/min. After exercise (20 squats), 

both the changes of the heartbeat rate and the pulse’s waveform were readily acquired. 

An increase in heartbeat rate to 140.4/min was detected. In addition, the pulse signals 

featured weakened dicrotic peaks, reflecting the deficient cardiovascular compensation of 

the subject after exercise288. The recovery of the dicrotic wave and pulse rate could be 

clearly observed 90 s after the exercise. These results suggest the superb sensitivity and 

stability of the ionic hydrogel strain sensor, and its great potential in health diagnostic 

applications. On the other hand, when a gel layer was integrated to be a pressure sensor 

as shown in Figure 4.6c, both slight touch and pressing were detected in good sensitivity. 

Notably, the hydrogel pressure sensor is able to discern very subtle pressure changes like 

water dropping. As displayed in Figure 4.6d, when a small water droplet was allowed to 

fall from a constant height (15 cm) and gently removed, a sharp negative ∆R/R0
 signal 

indicating the moment of the water droplet hitting the surface (in ~0.18 s) was first 

sensitively detected as shown in the insert image of Figure 4.6d, followed by slowly 

recovery of the ∆R/R0 to 0 reflecting the water removal. The signal for falling water 

droplets is also highly reproducible.  
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Figure 4.6. Sensing performances of PAMAC-L hydrogel. Real-time monitoring (a) 

finger bending and (b) human wrist pulse before and after exercise using a hydrogel 

strain sensor. Real-time detection of (c) touch and pressing, and (d) water dropping by a 

hydrogel pressure sensor. 

 

4.3.6 Writing Recognition 

Writing is a common activity in our daily life and a keyway for recording and 

communication. Despite the growing utilization of typing by keyboards, handwriting still 

comprises a critical part of many people’s writing activities. Therefore, handwriting 

recognition (HWR), which aims to translate handwritten input from papers, touch-screens 

and other devices into a digital format that the computer understands,313 have attracted 

much attention. Different from tradition HWR based on the artificial graphical marks on 

a surface, hydrogel sensors detect writing processes by monitoring the relevant joint 
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movements, however, previous sensors146, 179, 314, 315 halted at the motion recording step 

due to limited mechanical performance, sensitivity, signal stability and/or lack of 

appropriate platform. Benefiting from the great sensitivities of the PAMAC-L ionic skin 

to fine motions, it holds great potential in writing sensation. Here, we developed a 

complete English writing recognition platform including signal collection, processing and 

output by monitoring forefinger joint motions of the tester using the PAMAC-L gel and 

processing the collected signals using a self-developed software. As shown in Figure 

4.7a (upper left), first, traditional handwriting on paper using a pen was investigated. By 

writing 26 English letters in lower case from “a” to “z” in the size of daily handwriting, 

the slight movements of the finger were sensitively detected, and a series of current 

signals was gathered where each letter demonstrated clearly distinguishable and highly 

repeatable waveform (Figure S4.10a in Appendix C). These signals were then used for 

the training of a model in the Matlab machine learning toolbox. The trained model 

originated from nearly a thousand current signals gave a good letter prediction accuracy 

of 70% (Figure S4.10b in Appendix C). Afterward, English words like “letter” (Figure 

4.7b and Figure S4.10c in Appendix C) and “hydrogel” (Figure 4.7c and Figure S4.10d 

in Appendix C) were written, and the obtained electrical signals were processed in the 

software using the pre-trained model. The average recognition rates calculated from 10 

writings of each word reached 87% and 68% for these two words, respectively (Figure 

4.7d).  

On the other hand, in modern life, there have been growing interests in more 

portable, comfortable, intelligent and wearable devices to accomplish daily writing. Thus, 

another handwriting manner, i.e., writing in the air using the forefinger as schematically 

shown in Figure 4.7a (lower left), was monitored and recognized, by which the writing 
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activity can be readily translate into digital text even without using of a keyboard or a 

touch panel. Similarly, letter current signals were first collected to train a model with 

ultra high accuracy of 92% (Figure S4.11a and S4.11b in Appendix C). Next, words 

writing was recorded by current changes and recognized in the software. Writing English 

words “letter” (Figure 4.7e and Figure S4.11c in Appendix C) and “hydrogel” (Figure 

4.7f and Figure S4.11d in Appendix C) gave excellent recognition rates of 97% and 

91%, respectively (Figure 4.7i). According to Figure 4.7i, even for more complicated 

phrases and short sentences, good recognitions can be acquired with the average success 

rates of 82% for “ionic skin” (Figure 4.7g and Figure S4.11e in Appendix C) and 86% 

for “how are you” (Figure 4.7h and Figure S4.11f in Appendix C). From these results, 

the skin-like PAMAC-L gel-based platform shows great feasibility for the monitoring of 

human writing process and is promising towards more intelligent and wearable writing 

electronic devices. Since the writing habits of different person may vary a lot, the 

integration of flexible sensor with machine learning module can provide a promising 

approach towards customized and evolvable iontronics. 
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Figure 4.7. Writing recognition by PAMAC-L hydrogel. (a) Scheme showing the 

handwriting recognition procedure. Recognition results from the software for handwriting 

of the word (b) “letter” and (c) “hydrogel” on paper. (d) Word recognition accuracies for 

these two words calculated from 10 writings of each word. Recognition results for 

writing of (e) “letter”, (f) “hydrogel”, (g) “ionic skin”, and (h) “how are you” by the 

tester’s forefinger in the air. (i)Average recognition accuracies for handwriting in air. For 

the recognition results shown below processed signals, the letters out of the parentheses 

are the input ones and in the parentheses are the output letters. Blue indicating right 

recognition and red indicating wrong recognition.     
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4.4 Conclusions 

In this work, we have fabricated a novel type of ionic conductive hydrogel via 

simple one-pot polymerization of AM and two cationic functional monomers in the 

presence of MWCNTs and LiCl. Owing to the binary strong/dynamic interfacial 

electrostatic interactions, the resultant skin-like material possesses a wide spectrum of 

desirable properties including outstanding stretchability, strength, toughness, elasticity, 

transparency, self-healing ability and stable electrical cycling performance. The hydrogel 

ionic skin was used as a strain and pressure sensor to monitor the human motion, wrist 

pulse, touching, pressing and water dropping with excellent sensitivity and signal 

repeatability. More importantly, with the integration of machine learning module, the 

hydrogel ionic skin demonstrated its great potential in recognition of complicated human 

behavior (i.e., handwriting in air and on paper) by detecting finger movements during 

writing and translating the analog current signal into digital text with high accuracies. 

Therefore, the skin-like hydrogel sensor is promising in various applications including 

wearable devices, health monitoring and diagnosis, soft robotics, etc. The developed 

strategy also provides new insights into the development of multifunctional tough 

hydrogels and opens up new prospects for the application of artificial intelligence in next 

generation ionic skins with customized requirements. 
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CHAPTER 5 Conclusions and Prospects 

5.1 Conclusions and contributions 

In this thesis work, by incorporating nanomaterials and reversible crosslinking 

strategies, we have developed three novel NC hydrogels demonstrating responsiveness 

to various stimuli including pH, temperature, strain and pressure, and self-healing 

capability. These multifunctional materials have been applied in different biomedical 

and electrical applications. In the first project, a hydrogel that demonstrates sensitive pH 

responsiveness at mildly acidic range and excellent stability under neutral conditions 

superior to previous studies has been prepared, which made it a promising candidate as a 

drug carrier for cancer therapy and wound healing that require accurate drug delivery 

triggered by local acidosis but avoid harm to surrounding normal tissues. In the second 

project, by combining dynamic chemical and physical crosslinking mechanisms, ultra-

elasticity and excellent self-healing property were achieved in one single hydrogel, 

which provides new insights towards the fabrication of tough self-healing hydrogels. In 

the third project, a transparent and ultra-stretchable tough hydrogel that stands out of the 

previous opaque tough hydrogels has been prepared through a simple one-step method. 

By the integration of machine learning module, the hydrogel sensor was endowed with 

intelligent sensing functions that has not been reported in previous studies. 

To be specific, the major conclusions and original contributions are as follows.  

(1) An ultra pH-responsive hydrogel with sharp and faintly acidic responsive 

range has been fabricated based on imine bonds formation by facilely mixing aldehyde-

functionalized polymer and amine-modified silica nanoparticle. The gel is injectable and 
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can autonomously heal from fractures. Moreover, it was stable in neutral aqueous media, 

whereas decomposed under mildly acidic conditions right located at the local acidosis 

range, which made it promising to be used as vehicles for the controlled delivery of 

bioactive molecules to regions like tumors, wounds and infections. This ultrasensitive 

pH-responsive behavior was attributed to the utilization of the ASNPs with medium pKa 

(7.6) to enable the mildly acidic decomposition of imine bonds in the gel while ensure 

the neutral stability. We further demonstrated the feasibility of this hydrogel to be used 

as a drug delivery vehicle by in vitro experiments, where a slight drop of pH (0.2) in the 

region of 6.4−7.0 can trigger significant release of the loading model drugs.  

(2) An elastic, stretchable, self-healing and ionic conductive hydrogel that 

integrate nanomaterials with micelle crosslinking in one system has been prepared 

through simple one-pot polymerization. Especially, the gel can recover from extremely 

large tensile strain of 1000%. The self-healed hydrogel can be stretched up to 7 times its 

original length. The combination of the excellent mechanical and self-healing properties 

is ascribed to the reversibly crosslinked 3D networks generated from the ionic 

interactions between MWCNTs and protonated amine-bearing PAM copolymers, and 

the imine bonds between aldehyde groups on micelles and the amino moiety of the 

copolymer. In addition, the thermo-responsive behavior of the aldehyde-modified F127 

micelles endows the corresponding hydrogel with sensitive temperature-dependent 

optical properties. This hydrogel was successfully used as a strain and pressure sensor 

for the detection of diverse human activities. Particularly, it can be used to distinguish 

the subtle wrist pulse changes before and after exercise, and the slight eye movement 

variations during human sleep.  

(3) A tough, ultra-stretchable, self-healing and transparent hydrogel has been 
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prepared via synergetic ionic interactions between MWCNTs and PAM copolymers 

containing two types of cationic moieties. The gel can be stretched up to 40 times its 

original length, and reach high average strength of 0.7 MPa, whilst keep elastic in large 

strains (< 1000%). The two interfacial ionic interactions, stronger one between 

protonated amine of copolymers and carboxyl groups on MWCNTs and weaker one 

between quaternary ammonium on polymers and the carboxylate, endow the hydrogel 

with strong and reversible crosslinks to effectively transfer forces between polymers and 

nanomaterials and dissipate energy upon force loading. The resultant hydrogel was 

utilized as a strain and pressure sensor for the detection of human motions and subtle 

signals. To further demonstrate its practical application, we developed a platform 

combining the electrical signal collection, processing and output for the recognition of 

human activities with high success rate.  

5.2 Prospects 

In this study, we have explored the possibility of using functional nanomaterials 

and introducing reversible interfacial interactions to render the hydrogels with specific 

responsiveness and improve their mechanical and self-healing performances, together 

with investigating their applications in biomedical and electrical areas. For the future 

studies, in vivo and animal tests can be conducted to further evaluate their practical 

biomedical applications. Since dynamic covalent interactions like imines possessing 

some inviting features like the pH sensitivity and dynamicity, different modification 

strategies and synthesis routes can be developed to enable them to be used in a broader 

range of hydrogel systems. For example, water soluble aldehyde-containing monomer 

can be synthesized and utilized in relevant Schiff base-crosslinked materials. On the 

other hand, the fabrication of tough self-healing hydrogels, despite the huge efforts 



Chapter 5 

119 

 

 

devoted, remains a great challenge. A possible solution is to introduce interactions with 

good dynamicity like dynamic covalent interactions to tough hydrogel systems, to allow 

multiple crosslinking mechanisms. In addition, as introducing nanomaterials is a 

promising approach for enhanced mechanical performances, optimizing interfacial 

interactions and generating anisotropic structures are possible strategies to further 

develop NC hydrogels with superior mechanical properties. Finally, for the applications 

as flexible sensors, intelligent and wireless devices can be developed to fulfill the 

practical needs of modern electronics. For example, the intelligent writing recognition 

functions of our third system can be further enhanced by utilizing the finger movement 

signals of multiple fingers and involving writing manners of different person into the 

model training process.  
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Appendix A Supporting Information for Chapter 2 

 

 

Figure S2.1. 1H NMR spectra of (a) FBEMA, (b) PMF10 with CD3OD as solvent and (b′) 

PMF10 with D2O as solvent. 
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In Figure S1b, when CD3OD was used as the NMR solvent for PMF copolymer, 

the integration ratio of the peak for formyl proton (n) to aromatic ring signals (m+l) is 

less than the theoretical value, while the ratio shows good consistency with the 

theoretical value when using D2O as the solvent as shown in Figure S1b′. This difference 

is due to the reaction between the PMF copolymer and d-methanol, leading to the 

formation of hemiacetal, which was evidenced by the broad peak assigned to hemiacetal 

α-proton at chemical shift of 5.6 ppm in Figure S1b.316-319 The integration ratio of the 

sum of formyl proton peak and hemiacetal α-proton peak to aromatic ring signals (m+l) 

is around 1/4, which is in good agreement with the theoretical value. Since CD3OD gives 

sharper NMR peaks and more detailed information of the functional aldehyde group 

while the peaks are broad with D2O because of the limited solubility of the benzaldehyde 

moiety in D2O, the actual aldehyde contents in the copolymers were calculated from the 

integral values of the characteristic aromatic ring signals (m+l) of FBEMA and 

characteristic peaks of MPC (c+d+e). It’s worth noting that although hemiacetals 

between aldehyde groups and the solvent might form when ethanol was used as the 

solvent for copolymer synthesis, the unstable hemiacetals would decompose to 

aldehydes when the polymer was purified with the removal of ethanol2. 

 

 
Figure S2.2. (a) DLS and (b) XPS results of ASNP. 
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Figure S2.3. Rheological frequency sweeps (1% strain and 37 °C) of (a) PMF10 (20 wt%) 

and ASNP (26 wt%) solutions, and (b) mixtures of pure polymer of 2-

methacryloyloxyethyl phosphorylcholine (PMPC) and different concentrations of amine-

modified silica nanoparticle (ASNP). The mixtures were denoted as PMPC-S x-y, where 

S represents ASNP, x and y are the weight percent of polymer and nanoparticles in the 

mixture, respectively. It is noted that the fluctuation of some of the data points in Figure 

S3 was due to the very low viscosities of the related samples and the measured torques 

were close to the detection limits (in the cone-plate geometry) of the instrument. 
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Figure S2.4. Injected bulk hydrogels of (a) PMF10-S 10-13, and (b) PMF5-S 10-13 

through 23-gauge needles.  

 

 

 

 

 

 

 

Figure S2.5. Rheological characterization of the pH dependent behavior of PMF5-S 10-

13 hydrogel at 37 °C and strain of 1%. (a) Oscillatory frequency sweeps, and (b) G′ and 

G′′ versus pH at 10 rad/s. 
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Figure S2.6. Fitting of BSA-FITC release data of first 24 hours according to Korsmeyer-

Peppas equation. Inset table shows the fitting parameters. 
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Appendix B Supporting Information for Chapter 3 

 

 

 

 

Figure S3.1. (a) 1H NMR and (b) FTIR spectra of F127-CHO. 
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Figure S3.2. 1H NMR spectrum of 2-aminoethyl acrylamide hydrochloride (AEAM). 

 

Table S3.1. Water contents of hydrogels with different compositions. 

Sample Water content (%) 

PAM 75.7 

PAMF 78.8 

PAAF 75.8 

PAAFC 75.6 

PAAFC-L 73.9 
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Figure S3.3. Weight change of PAAFC hydrogel with LiCl, NaCl and without addition 

of ions under ambient condition (70−80 RH%, 20 °C). 

 

 

Figure S3.4. (a) Toughness and (b) true stress of hydrogels with different compositions.  
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Figure S3.5. SEM images of the cross-sections of freeze-dried (a) PAM hydrogel, (b) 

PAAFC hydrogel, (c) and (d) PAAFC at higher magnifications. Red arrows indicating the 

MWCNTs. 
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Figure S3.6. Stress-strain curves of (a) PAAFC-L, PAM/MWCNT and P(AM-co-

AEMA)/MWCNT hydrogels, (b) hydrogels with different concentrations of LiCl, (c) 

PAAFC-L hydrogels prepared at different pH, and (d) PAAFC-L hydrogels with various 

MWCNT concentrations.  
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Figure S3.7. Photographs showing the PAAFC-L hydrogel self-healing for 24 h (a) 

before and (b) during stretching.  

 

 

Figure S3.8. DLS size characterization results of unmodified F127 micelles at various 

temperatures ranging from 10 to 60 °C. 
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Figure S3.9. (a) Rheological oscillatory temperature sweeps of PAAFC-L hydrogel at an 

angular frequency of 10 rad/s and a strain of 1%. (b) Stress-strains curves of PAAFC-L 

hydrogels healed at different temperatures. 

 

As shown in Figure S9b, the hydrogel healed at room temperature displayed the 

best anti-stretching performance. Both lowering and raising temperature would impair the 

stretchability of self-healed PAAFC-L hydrogel. It is known the self-healing property of a 

hydrogel relies on several factors, where the most important ones are the dynamic nature 

of the cross-linking bonds and the mobility of polymer chains within the hydrogel. At 5 

°C, the low chain mobility and increased hydrophobic associations in PAAFC-L hydrogel 

hinder the self-healing of the hydrogel. Considering the molecular mobility should be 

enhanced at higher temperatures (37 and 60 °C), the decreased self-repairing efficiency 

with the increasing of temperature above room temperature is most likely caused by the 

reduction of dynamicity of the cross-linking bonds. Among the dynamic bonds involved 

for PAAFC-L hydrogel construction, imine bonds play an important role in self-healing 

of the hydrogel. The dynamic nature of imine bond originates from the reversible imine 

formation reaction, i.e., imine hydrolysis and re-formation reach a thermodynamic 
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equilibration under experimental conditions, and imine exchange reactions.320, 321  

Although raising temperature is favorable for exchange reactions, imine formation is also 

facilitated at the same time.322 That is, at elevated temperatures, the equilibrium of Schiff 

base reaction is pulled toward imine formation and the hydrolysis process would be 

suppressed, which might lead to reduced reversibility of the bond and the impaired self-

healing behavior. 

 

Figure S3.10. Electrochemical impedance spectra of hydrogels of various compositions. 

 

Figure S3.11. (a) Plot of gauge factor versus strain for PAAFC-L hydrogel calculated 

from the differentiation of the fitting curve of relative resistance change versus strain 
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experimental data. (b) Relative resistance change-tensile strain loading-unloading curves 

of PAAFC-L hydrogel. Dash line indicating the recovery process. 

 

Figure S3.12. (a) Relative resistance variation as a function of compression strain for 

PAAFC-L hydrogel. (b) Relative resistance response of the PAAFC-L hydrogel under 

cyclic pressure loading of 3 kPa (compression strain of 10%) for 100 cycles. (c) 

Magnified signal during 80-90 cycles. 
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Figure S3.13. Relative resistance changes of (a) slow and large eye movements, (b) rapid 

and small eye movements, and (c) head movements measured under awake state. (d) 

Relative resistance change curve showing the transition from deep to REM sleep.
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Table S3.2. Comparison of reported elastic hydrogels with this work 

Components of 

hydrogels 

Stretchability Stress at 

break 

(MPa) 

Elasticitya Self-

healing 

efficiencyb 

Stretchability 

after self-

healing 

Stimuli-

responsiveness 

Conductivity 

(S/m)  

Ref. 

Stretching Compression 

P(AM-co-AEAM) 

/MWCNT 

/F127-CHO/LiCl  

1205% 0.147 97% Strength 

recovery for 1000% 

strain at 20th cycle 

Complete 

recovery for 

90% strain 

53% 636% Thermo-

responsive 

3.96 This 

work 

Sodium alginate 

/NaCl/PAM 

3120% 0.75 98% Energy 

dissipation recovery 

for 1000% strain at 

20th cycle 

Complete 

recovery for 

98% strain 

n/a n/a n/a 0.023 282 

UPyHCBA/SDS 

/NaCl /PAM 

>10000% 0.004 93% Energy 

dissipation recovery 

for 500% strain at 2nd 

cycle 

n/a 100% >10000% n/a n/a 56 

Hydroxypropyl 

cellulose/PVA/NaCl 

975% 1.3 n/a Recovery after 

compression 

n/a n/a n/a 3.4 246 

GO/MeTro ~210% ~0.02 ~60% Strength 

recovery for 100% 

strain at 1000th cycle 

n/a n/a n/a n/a n/a 323 

PVA/PVP/CNC/Fe3+ 830% 2.1 60% Energy 

dissipation recovery 

for 500% strain at 2nd 

cycle 

n/a n/a ~150% n/a n/a 324 

PAM/AETA/sulfonat

e-modified silica 

nanoparticles 

370% 0.006 97% Energy 

dissipation recovery 

for 100% strain at 

100th cycle 

n/a n/a n/a n/a 2.9 325 

Agar/PAM/Stearyl 

methacrylate 

(SMA)/SDS 

5260% 0.267 40% of Energy 

dissipation recovery 

for 900% strain at 2nd 

cycle (2 min) 

n/a 40% 170% n/a n/a 180 

PAM/Alginate/Ca2+ 2200% 0.156 74% of Energy 

dissipation recovery 

for 600% strain at 2nd 

cycle (80 °C, 1 day) 

n/a n/a n/a n/a n/a 60 
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PAM/F127 diacrylate 2300% 0.27 98% Shape recovery 

for 1000% strain at 

2nd cycle (30 h) 

Complete 

recovery for 

90% strain 

n/a n/a Thermo-

responsive 

n/a 269 

PAAc/SMA/CTAB 

/NaBr 

800−900% 0.7−1.7 97% Strength 

recovery for 500% 

strain (5 min) 

Complete 

recovery for 

92% strain 

60−100% 

(treated at 

35 °C with 

surfactant) 

600−900% Thermo-

responsive 

n/a 51 

PAM/cucurbit[8]uril/

1-benzyl-3-

vinylimidazolium 

(host-guest)/MBAA 

2400% 0.13 100% Strength 

recovery for 800% 

strain at 2nd cycle (2 

min) 

n/a n/a n/a n/a n/a 71 

DMAA/MAAc 800% 1.3 100% of Energy 

dissipation recovery 

for 300% strain at 2nd 

cycle (60 min) 

n/a n/a n/a Thermo-

responsive 

n/a 57 

SBMA/dopamine-

modified clay/MBAA 

900% 0.077 85% Strength 

recovery for 400% 

strain at 2nd cycle (3 

min) 

n/a 80% 859% n/a 0.02 326 

PMPTC/ PNaSS 750–800% 3.7 100% of Energy 

dissipation recovery 

for 300% strain at 2nd 

cycle (120 min) 

n/a 66% 

(treated 

with NaCl) 

630% n/a n/a 47 

PAM/GO/Ca2+ 1100% 0.143 ~90% Strength 

recovery for 700% 

strain 

~90% 

recovery for 

80% strain 

n/a n/a n/a n/a 168 

PAM/CNT/SDS/ 
lauryl methacrylate 

3000% 0.267 ~90% Strength 

recovery for 1000% 

strain 

Recovery 

from 70% 

strain 

n/a n/a n/a 0.017 155 

PAM/oxCNT/gelatin 1041% 0.71 Recovery from 500% 

strain 
n/a n/a n/a n/a 0.067 156 

a The recovery percentages of the elasticity were obtained at room temperature with the wait time between cycles set within 1 min unless otherwise noticed.   
b The self-healing efficiencies were obtained by tensile tests at room temperature without external stimuli unless otherwise noticed. 
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Appendix C Supporting Information for Chapter 4 
 

 

 

 

 
Figure S4.1. (a) Synthetic route and (b) 1H NMR spectrum of 2-aminoethyl acrylamide 

hydrochloride (AEAM). 

 

 

 

 
Figure S4.2. SEM images of the cross-sections of freeze-dried PAMAC-L hydrogel at (a) 

lower magnification and (b) higher magnification. Red arrows indicating the MWCNTs. 
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Table S4.1. Water contents of hydrogels with different compositions. 

Sample Water content (%) 

PAM 69.3 

PAM-MT-C 70.8 

PAM-AE-C 69.7 

PAMAC 69.8 

PAMAC-L 69.9 

 

 

 

 

 

 

Figure S4.3. (a) Tensile stress−strain curves and (b) Average strength and toughness of 

PAM, PAM-MT, PAM-AE hydrogels with or without MWCNTs.  
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Figure S4.4. (a) Tensile stress−strain curves and (b) Average strength and toughness of 

PAMAC hydrogels with various concentrations of MWCNTs.  

 

 

 

 

 
Figure S4.5. (a) Zeta potentials of COOH-MWCNT, PAM-MT and PAM-AE. (b) 

Average zeta potentials calculated from three runs. 
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Figure S4.6. Topographic AFM images of bare mica.  

 

 

 

 
Figure S4.7. Electrochemical impedance spectra of hydrogels of different compositions. 
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Figure S4.8. Relative resistance changes for PAMAC-L hydrogel during a loading-

unloading cycle for (a) 200% tensile strain and (b) 5 kPa pressure, and subjected to (c) 

100 loading/unloading tensile cycles of 100% maximum strain, and (d) 200 

loading/unloading compressing cycles of 5 kPa maximum pressure. 

 

 
Figure S4.9. Waveform of a single wrist pulse before exercise.  
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Figure S4.10. (a) Representative current signals for writing English letters from “a” to “z” 

on paper. (b) Confusion matrix that validates the classifier performance of the trained 

model. Typical current−time curves of writing words (c) “letter” and (d) “hydrogel”. 
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Figure S4.11. (a) Representative current signals for writing English letters from “a” to “z” 

in air. (b) Confusion matrix that validates the classifier performance of the trained model. 

Typical current−time curves of writing words (c) “letter”, (d) “hydrogel”, (e) “ionic skin” 

and (f) “how are you”. 
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     Table S4.2. Comparison of reported tough hydrogels and ionic skins or e-skins with this work 

 Components of 

hydrogels 

Strain at 

break 

Stress at 

break 

(MPa) 

Elastic 

modulus 

(kPa)a 

Toughness 

(MJ/m3) 

Elasticityb Water 

content 

 (wt%)  

Transparent  Self-

healing 

GF 

This 

work 

P(AM-MT-AE) 

/MWCNT/LiCl  

4075% 1.09  65.4 (tensile) 

96.0 

(compressive

) 

12.8 

(average 

9.11) 

90% recovery 

from 1000% 

strain 

70  yes yes 0.98− 

3.35 

 

 

 

 

 

 

 

 

 

 

 

Tough 

hydrogel 

PAM/Alginate 

/Ca2+ 60 

2200% 0.156 29  n/a 74% recovery 

from 600% 

strain (80 °C, 1 

day) 

86  partially n/a n/a 

PAM/GO/Ca2+ 168 1100% 0.143 31.6 n/a ~90% recovery 

from 700% 

strain 

88 no n/a n/a 

PAM/PBMA-

PMAA-PBMA136 

600% 10 2000  ~30 recovery from 

100% strain 

(heating-cooling 

treatment) 

42  partially yes n/a 

Fe3+/P(AM-

AA)/MBAA327 

748% 5.9 ~1700  27 87.6% recovery 

from 300% 

strain (4 h) 

60−70 no n/a n/a 

PMPTC/ PNaSS47 750% 5.1 7900  18.8 100% recovery 

from 300% 

strain (2 h) 

42.5 no yes n/a 

PAM/CB[8] host–

guest complexes71 

2400% 0.13 ~4.6  n/a full recovery 

from 800% 

strain (2 min) 

n/a yes yes n/a 

Agar/PAM/ 

SMA/SDS 180 

5260% 0.267 106 9.35 40% recovery 

from 900% 

strain (2 min) 

~70 no yes n/a 

HA-PVA182 1400−2900

% 

11.5−23.5 2500  175−210 recovery from 

500% tensile 

strain 

70–95 no n/a n/a 

DMAA/MAAc57 800% 1.3 14000 n/a full recovery 

from 300% 

strain  

67 no n/a n/a 

PAAc/SMA/ 

CTAB/NaBr51 

800−900% 1.66 605 n/a 

 

 

 

97% recovery 

for 500% strain 

(5 min) 

 

70 no yes n/a 
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 Components of 

hydrogels 

Strain at 

break 

Stress at 

break 

(MPa) 

Elastic 

modulus 

(kPa)a 

Toughness 

(MJ/m3) 

Elasticityb Water 

content 

 (wt%)  

Transparent  Self-

healing 

GF 

 

 

 

 

 

 

 

 

 

Ionic 

skin and 

e-skin 

Sodium alginate 

/NaCl/PAM282  

2000% 0.65 ~50 4.77 98% recovery 

from 1000% 

strain 

72.7  yes yes 0−2.7 

PCL/PEG/ionic 

liquid328  

327% 1.56 420 n/a recovery from 

200% strain 

0 partially yes 1.23− 

1.54 

TA/CNC/Ag 

nanoparticle146 

4106% 0.246 n/a n/a n/a ~85 no yes ~0.87 

PEGDA/SBMA/ 

dopamine305 

n/a n/a n/a n/a ~80% recovery 

from 80% 

compression 

strain 

60−80 yes yes ~0.83 

HPC/PVA/NaCl 
246 

975% 1.3 900 5.85 recovery from 

compression 

~66 no n/a ~0.5− 

1.95 

PAAm/PAA–

Fe3+/NaCl329 

~580% 1.18 330 n/a full recovery 

from 200% 

strain (4 min) 

47.9 no yes 1.23− 

1.96 

PAA/gelatin/TA/ 

Al3+ 330 

1200% 0.04 n/a 0.148 ~90% recovery 

from 500% 

strain 

39 yes n/a 2.5 

LA/EGDMA331 1000% 0.04 n/a n/a Recovery from 

35% 

compression 

strain 

0 yes yes n/a 

PAM/CNT/SDS/ 

lauryl 

methacrylate155 

3000% 0.267 n/a 3.42 ~90% recovery 

for 1000% strain 

~80 no n/a 2.0−4.32 

PAM/oxCNT/ 

gelatin156 

1041% 0.71 59.6 2.29 recovery from 

500% strain 

~78 no n/a 1.5−3.39 

a The elastic moduli are obtained from tensile tests unless otherwise noticed. 
b The elasticity recovery was obtained at room temperature in less than 1 min unless otherwise noticed. 


