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Abstract 

 Self-healing hydrogels can autonomously heal from damage to preserve their integrity 

and functionalities which hold great promises in a wide range of applications. Different 

types of dynamic molecular interactions have been explored to develop self-healing 

hydrogels. Nevertheless, it remains a challenge to integrate multifunctionalities in one 

“smart” hydrogel platform based on different requirements in diverse biomedical 

applications. In addition, the molecular level understanding of different dynamic molecular 

interaction mechanisms is limited. In this thesis, a review of different self-healing 

mechanisms and some typical biomedical applications of self-healing hydrogels is first 

presented, followed by three original studies of developing multifunctional self-healing 

hydrogels for different potential biomedical applications and investigating the associated 

molecular interaction mechanisms.  

 Self-healing hydrogels with injectability, multi-stimuli-responsive and antimicrobial 

properties are highly desired for wound healing. In the first project, an injectable self-

healing hydrogel with dual temperature-pH responsive and antimicrobial properties was 

developed based on dynamic Schiff base reactions between a synthetic multifunctional 

ABA triblock copolymer gelator, poly{(4-formylphenyl methacrylate)-co-[[2-

(methacryloyloxy)ethyl] trimethylammonium chloride]}-b-poly(N-isopropylacrylamide)-

b-poly{(4-formylphenyl methacrylate)-co-[[2-(methacryloyloxy)ethyl] 

trimethylammonium chloride]} (PFMNMF) and polyethylenimine (PEI). The self-healing 
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capability was characterized by rheology tests and the associated molecular interaction 

mechanism was studied using a surface forces apparatus (SFA). The hydrogel 

demonstrated excellent injectability as well as sensitive dual temperature-pH 

responsiveness. In addition, the hydrogel could also effectively inhibit the growth of both 

Gram-negative and Gram-positive bacteria (Escherichia coli and Staphylococcus aureus), 

while showed low cytotoxicity to both fibroblast and cancer cells (MRC-5 and HeLa). Such 

multifunctional self-healing hydrogel can be potentially applied as wound dressing 

material. 

 The development of biological tissue-like hydrogels with both self-healing and strain-

stiffening capabilities is of great significance in various biomedical and engineering 

applications. In the second project, a biomimetic self-healing strain-stiffening flexible 

hydrogel was developed based on the dynamic boronic acid-diol interactions between 

diphenylboronic acid-terminated telechelic poly(ethylene glycol) (DPB-PEG) and a 

glycopolymer, poly(acrylamide-co-2-lactobionamidoethyl methacrylamide) (P(AM-co-

LAMEA)). The hydrogel can be reversibly and repeatedly stiffened up to 8 times of its 

original modulus as it is strained, without showing mechanical hysteresis. In addition, the 

damaged hydrogel can repeatedly self-heal within seconds and fully retains the strain-

stiffening capability. The associated dynamic molecular interactions were quantitatively 

measured using a SFA. Based on the biomimetic characteristics as well as the excellent 

biocompatibility, the hydrogel served as an ideal cell culture matrix to mimic the in vivo 
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mechanical environments for 3D cell culture. 

 In the third project, an injectable self-healing hydrogel with anti-biofouling property 

was developed as internal wound dressing for the treatment of gastric perforation. The 

hydrogel was designed based on the biological environment-adaptive supramolecular self-

assembly of an ABA triblock copolymer, employing a central poly(ethylene glycol) (PEG) 

block and terminal thermoresponsive poly(N-isopropylacrylamide) (PNIPAM) block with 

pH sensitive acryloyl-6-aminocaproic acid (A6ACA) moieties randomly incorporated. Due 

to the thermo-sensitivity, the hydrogel could be rapidly formed at the targeted site after 

simple injection. The formed hydrogel dressing could smartly utilize the acidic 

environment to self-heal from repeated damage through the synergy of hydrophobic and 

pH-mediated hydrogen bonding interactions. The associated molecular interaction 

mechanism was studied using a SFA. Besides, the hydrogel exhibits excellent anti-

biofouling performance against microorganism attachment. The in vivo rat model 

demonstrated the remarkable capabilities of the hydrogel dressing to simplify surgical 

procedures, reduce postoperative complications as well as enhance the healing process of 

gastric perforation compared with the conventional omental implantation.  

 This thesis work develops three novel multifunctional self-healing hydrogels based on 

different dynamic molecular interactions for biomedical applications, as well as 

investigates the self-healing mechanisms from the perspective of intermolecular 

interactions and surface forces. This work not only expands the applicability of self-healing 
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hydrogels in some new biomedical applications, but also provides fundamental insights 

into the development of multifunctional self-healing hydrogel in various biomedical 

applications. 
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CHAPTER 1 General Introduction 

1.1 Functional Hydrogels and Self-healing Hydrogels 

 Hydrogels are three-dimensional (3D) cross-linked polymer networks, which can absorb and 

retain large amount of water.1-3 Due to their tunable physical, chemical and biological properties 

as well as their versatile preparation methods, hydrogels with different properties (e.g., stimuli-

responsive,4-5 conductive,6-7 anti-bacterial,8-9 anti-fouling,10 shape-memory,11-12 etc.) have been 

developed and applied in diverse biomedical and engineering applications, ranging from tissue-

engineering scaffolds,13-14 drug-delivery systems,15-16 soft contact lenses,17 and antifouling 

coatings,18 to sensors,19-20 actuators,21-22 soft robotics,23 and wastewater treatment.24-25 

Nevertheless, conventional hydrogels can be easily damaged when they are subjected to constant 

mechanical forces. The accumulation of small damage (i.e., cracks, breaks, cuts, etc.) could 

eventually lead to the loss of structural integrity and functionalities of the hydrogels, limiting their 

applications. 

 Self-healing is a remarkable capability pervasively adopted by biological tissues but is rare in 

synthetic soft materials. Developing functional hydrogels with self-healing property is of great 

significance to improve material reliability and extend material lifespan in various biomedical and 

engineering applications.26-28 Self-healing hydrogels can be designed based on two major 

mechanisms: extrinsic and intrinsic self-healing. The former relies on the utilization of healing 

agents after damage and the latter is based on different types of dynamic molecular interactions 

(e.g., dynamic non-covalent interactions and dynamic covalent chemistry) between polymers.  
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1.2 Self-healing Mechanisms 

1.2.1 Extrinsic Self-healing  

 The extrinsic self-healing materials usually consist of three major components: 1) a non-self-

healable polymer matrix and 2) the healing agent encapsulated in 3) the embedded reservoir 

material.29 Figure 1.1 shows the typical self-healing process of extrinsic self-healing materials. 

The cracking of polymer matrix ruptures the embedded reservoirs, which leads to the release of 

healing agent. Subsequently, the chemical reaction of the healing agent is triggered with the 

presence of catalyst, resulting in the mending of cracks. Such design strategy of extrinsic self-

healing materials was pioneered by White et al. in 2001.30 They developed a self-healing epoxy 

matrix which contains Grubbs' catalyst and dicyclopentadiene (DCPD)-loaded microcapsules. As 

the approaching crack breaks the microcapsules, Grubbs’ catalyst initiates the ring-opening 

metathesis polymerization (ROMP) of DCPD, which bonds the crack planes. The healed epoxy 

matrix exhibits ~ 75% recovery in toughness. 

Various healing agents (e.g., monomers, crosslinkable oligomers, etc.), reservoir materials 

(e.g., microcapsules, microvascular networks and hollow fibers) and healing chemistries (e.g., 

ROMP, polycondensation, free radical polymerization, addition reaction, etc.) have been explored 

to develop extrinsic self-healing materials, including self-healing hydrogels.29, 31-32 Chen et al. 

reported a self-healing polyacrylic acid (PAA) hydrogel which contains stellate mesoporous silica 

(STMS)-based microcapsules.33 The healing agent ethylene glycol dimethacrylate (EGDA) and 

the photoinitiator benzoin isobutyl ether (BIE) were loaded into the STMS microcapsules. The 

damaged hydrogel was healed after being exposed under 370 nm ultraviolet light for 4 h to induce 

the photo-polymerization of EGDA. Compared with blank PAA hydrogel, the self-healing 

efficiency remarkably increased from 39.2% to 86.8%. Similar concept was also demonstrated by 
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Liu et al. They developed a self-healing guar gum hydrogel with glutaraldehyde (GA)-loaded 

porous carbon (PC).34 The self-healing was achieved by the crosslinking reactions between GA 

and guar gum after GA being released from PC.  

 Although great progress has been made in extrinsic self-healing materials, such self-healing 

strategy suffers from several limitations. First, the self-healing capability is strongly dependent on 

the amount of healing agent left in the system. Once all the healing agents are consumed, the 

material would be irreversibly damaged and loses the self-healing capability. Second, the healing 

process of extrinsic self-healing materials could be relatively slow if the healing agents suffer from 

low reactivity. Third, the preparation methods of healing agent-loaded microcapsules lack 

flexibility and adaptability, which may not be easily scaled-up for practical applications. Last but 

not least, the healing agents and catalysts used in the system may cause cytotoxicity, limiting the 

applications in bioengineering applications. Recent research interest has been shifted to the 

development of intrinsic self-healing materials, especially self-healing hydrogels. 
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Figure 1.1. Schematic illustration of self-healing process of extrinsic self-healing materials.30 

1.2.2 Intrinsic Self-healing  

 Instead of using additional healing agents and catalysts, intrinsic self-healing is enabled 

through the dynamic molecular interactions between polymers.35 Modification or functionalization 

of polymers is required to incorporate specific molecular structures that can establish the dynamic 

interactions. Considering the tunable functionalities and versatile preparation methods of synthetic 

polymers, most of self-healing hydrogels are designed based on intrinsic self-healing mechanism. 

Intrinsic self-healing hydrogels can be further classified into physically and chemically self-

healing hydrogels. The former recover from damage through non-covalent interactions and the 

latter restore the network through dynamic covalent chemistry.27, 36  
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1.2.2.1 Dynamic Non-covalent Interactions 

 Hydrogen bonding interaction is one of the most common non-covalent interactions used in 

preparing self-healing hydrogels. Hydrogels bearing ureidopyrimidinone (UPy) moieties possess 

self-healing property due to the reversible dimerization of two UPy units through quadruple 

hydrogen bonds (Figure 1.2a). Chen et al. reported an UPy-containing polyaniline/poly(4-

styrenesulfonate) (PANI/PSS) conductive hydrogel.6 The damaged hydrogel could rapidly self-

heal through the hydrogen bonding interactions between UPy moieties, without sacrificing the 

original mechanical strength and conductivity. In another example, Phadke et al. developed a self-

healing hydrogel by arming the network with acryloyl-6-aminocaproic acid (A6ACA) side 

chains.37 The hydrogel was rapidly healed at low pH due to the formation of hydrogen bonds 

between A6ACA side chains with both “face-on” and “interleaved” configurations (Figure 1.2b).  

 

Figure 1.2. Hydrogen bonding interaction between (a) UPy moieties. (b) A6ACA side chains. 

 Self-healing can be achieved through hydrophobic interactions. Hydrophobic monomers can 

be introduced into the hydrogel system with the aid of surfactant micelles.38-39 The hydrophobic 

monomers could form hydrophobic domains/associations within the micelles, which serve as the 

transient cross-links. Once the hydrogel is damaged, it can self-repair through hydrophobic 

interactions between the hydrophobic domains/associations (Figure 1.3). Tuncaboylu et al. 

developed a tough self-healing hydrogel by the copolymerization of two hydrophobic monomers, 

a b
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stearyl methacrylate (C18) and dococyl acrylate (C22) with hydrophilic monomer acrylamide (AM) 

in a micellar solution of sodium dodecyl sulfate (SDS).40 Both excellent mechanical and self-

healing property were attributed to the strong hydrophobic interactions between the hydrophobic 

domains. The recovery of the elongation was about 100% after healing.  

 

Figure 1.3. Self-healing through hydrophobic interactions between hydrophobic 

domains/assocaitions. 

 Electrostatic interactions exist between two oppositely charged components, which can be 

leveraged to construct self-healing hydrogels. Zheng et al. developed a self-healing hydrogel by 

embedding poly(2-dimethylaminoethyl methacrylate) brushes modified silica nanoparticles 

(SiO2@PDMAEMA) into a PAA network.41 The strong electrostatic interactions between the 

positively charged PDMAEMA and negatively charged PAA not only render the self-healing 

property, but also improve the mechanical properties of the hydrogel through energy dissipation 

mechanism. Long el al. also developed a mechanically robust self-healing hydrogel based on 

electrostatic interactions.42 In their design, the hydrogel was prepared through a facile one‐step 

polymerization of positively charged imidazolium‐based ionic liquid monomers and negatively 

charged 3‐sulfopropyl methacrylate potassium salt (SPMA). The hydrogel exhibited excellent self-
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healing efficiency ~ 96% after 3 days. 

 Host-guest interactions refer to the complexation of host and guest molecules through specific 

molecular recognition, in which guest molecule can be inserted into the cavity of the cyclic host 

molecule through a combination of non-covalent interactions, such as hydrogen bonding, 

hydrophobic interactions, van der Waals forces, etc. (Figure 1.4).43 The design strategy of self-

healing hydrogels based on host-guest interactions is to incorporate the appropriate host-guest 

pairs into the hydrogel network. The commonly used host molecules include cyclodextrin (CD),44-

45  cucurbituril (CB),46 crown ether (CE),47 etc. Different guest molecules can bind to host 

molecule with different binding affinity, which would affect the self-healing efficiency of the 

hydrogel. Kakuta et al. developed two self-healing hydrogels based on two types of host-guest 

interactions, cyclodextrin-n-butyl acrylate (CD-nBu) and cyclodextrin-adamantane (CD-Ad).48 It 

was found that the hydrogel based on CD-Ad interactions could self-heal damage immediately. 

However, the hydrogel based on CD-nBu interactions self-repaired the damage after a few hours.  

 

Figure 1.4. Host-guest interactions between host and guest molecules. 

 The self-healing properties can be resulted from a combination of multiple non-covalent 

interactions in the system. For example, inspired by marine mussel wet adhesion mechanism, 

hydrogels functionalized with catechol groups or polydopamine (PDA) possess remarkable self-

healing capability through a combination of multiple non-covalent interactions including, 

hydrogen bonding interactions, metal-catechol coordinations, cation-π interactions, anion-π 

interactions, π-π interactions, etc. (Figure 1.5).49-54 Li et al. reported a series of thermoresponsive 
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injectable self-healing hydrogels based on self-assembly of catechol-functionalized ABA tri-block 

thermoresponsive copolymers.55 The hydrogel could self-heal from repeated damage due to the 

multiple intermolecular interactions between catechol groups. Han et al. developed a series of 

mussel-inspired self-healing nanocomposite hydrogels.56-58 In their approach, nanomaterials, such 

as nanoclay, reduced graphene oxide (rGO) or carbon black nanoparticles (CBNPs) were coated 

with PDA by in situ polymerization of dopamine. The PDA-coated nanomaterials were then 

incorporated into polyacrylamide (PAM) network. The developed hydrogels showed great 

promises in various applications including, soft electronics, tissue adhesive, and wound dressing. 

 

Figure 1.5. Different non-covalent interactions involved in mussel-inspired chemistry. 

1.2.2.2 Dynamic covalent chemistry 

 Phenylboronate ester is the dynamic complex formed between phenylboronic acid (PBA) and 

cis-diol.59 Typical molecules with cis-diol group includes catechol, glucose, lactose, etc.60-61 The 

self-healing capability of the hydrogel depends on the relative stability of the phenylboronate ester 

bonds, which can be controlled by the pKa of PBA groups and the pH of aqueous medium.62-63 

Yesilyurt et al. studied the self-healing property of three hydrogels prepared from cis-diol-

hydrogen bonding interactions π-π interactions

cation-π interactions metal-catechol coordinations anion-π interactions
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terminated 4-arm polyethylene glycol (PEG) macromonomers and those bearing PBA derivatives 

with varied pKa value. (Figure 1.6).64 It was found that hydrogels prepared from PEG-FPBA and 

PEG-PBA could rapidly self-heal, whereas the hydrogel prepared from PEG-APBA exhibited poor 

self-healing capability at physiological pH (~7.0). The difference in self-healing capability was 

resulted from the relative low pKa value of APBA (pKa~6.5-6.7) as compared with FPBA 

(pKa~7.2) and PBA (pKa~7.8). When pH > pKa, the phenylboronate ester formed between APBA 

and diol were thermodynamically “locked” and behaved more like a typical covalent bond, losing 

its dynamic nature. 

 

Figure 1.6. 4-arm PEG macromonomers bearing diol or PBA derivatives for the preparation of 

self-healing hydrogels. 

 Schiff base refers to the imine bonds formed by nucleophilic attack of amine to aldehyde 

groups (Figure 1.7), which have been leveraged to fabricate self-healing hydrogels.65-67 Usually, 

aromatic Schiff-base linkages are preferred than aliphatic Schiff-base linkages since they can not 

only preserve the dynamic nature but also improve the mechanical properties of the hydrogels.36, 
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68 Zhang et al. developed a self-healing hydrogel based on dynamic Schiff base reactions using an 

amine-containing biopolymer, glycol chitosan, and benzaldehyde-modified PEG.4 Due to the 

reversibility of Schiff-base reaction, the hydrogel possessed excellent self-healing property. In a 

self-healing test, two pieces of hydrogels merged into one single piece of hydrogel after being 

contacted for 2h. The storage modulus (G’) recovery was about 100% after the rupture of the 

network. In addition, the dynamic Schiff-base linkages are sensitive to a variety of stimuli, such 

as pH, vitamin B6 derivative, amino acids, and enzymes. The hydrogel network can be rapidly 

decomposed under these stimuli, which shows great promises in controlled drug delivery. 

 

Figure 1.7. Dynamic Schiff base reaction between benzaldehyde and amine groups. 

 Acylhydrazone bonds are derivatives of imine bonds with higher stability, which are formed 

between aldehyde and hydrazine groups. Self-healing hydrogels based on acylhydrazone bonds 

have been reported.69-70 However, the acylhydrazone exchange reaction only proceed under a 

slightly acidic environment (pH 4–6). The self-healing process of the hydrogels can only occur 

within a narrow pH range, which limits their applications. To solve the issue, acylhydazone bonds 

can be utilized along with other dynamic covalent bonds for achieving self-healing capability in a 

broader pH range. Deng et al. developed a self-healing hydrogel based on both acylhydazone and 

disulfide bonds (Figure 1.8).71 The hydrogel was prepared using benzaldehyde-terminated three-

arm PEG and dithiodipropionic acid dihydrazide. The hydrogel could self-heal at both acidic (pH 

3–6) and basic (pH 9) conditions due to the acylhydrazone exchange or disulfide exchange 

reactions. In neutral condition (pH 7), the hydrogel could not self-heal because both acylhydazone 
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and disulfide bonds are kinetically “locked.” However, the hydrogel regained the self-healing 

capability by accelerating the acylhydrazone exchange reactions with the addition of aniline as the 

catalyst. 

 

Figure 1.8. Self-healing hydrogel based on dynamic acylhydazone and disulfide bonds.71 

 Disulfide bonds are the dynamic covalent bonds based on thiol/disulfide exchange reactions, 

which have been employed for fabricating a wide range of self-healing materials, including rubber, 

polymer film, and hydrogels.72-74 The thiol/disulfide exchange reaction needs to be triggered by 

external stimuli, such as heat, photo-irradiation, basic pH, and mechanical forces, in which the 

“old” disulfide bonds are broken into thiols and are readily to be reformed (Figure 1.9).36
 

Fairbanks et al. reported a self-healing hydrogel prepared by the oxidation of thiol end groups of 

the four-arm PEG macromonomers using H2O2/NaI.73 After swelling in a lithium acylphosphinate 

photoinitiator solution, two pieces of hydrogel could be annealed by photoinduced thiol/disulfide 

exchange reactions. 

 

Figure 1.9. Thiol/disulfide exchange reactions. 

 Metal-ligand coordination is a special covalent bond formed between the binding sites on a 

ligand and a central metal atom. The reversible chelation between ligands and metal atoms could 

benzaldehyde-terminated three-arm PEG

dithiodipropionic acid dihydrazide

+
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endow the hydrogel with self-healing capability. The common metal-ligand coordinate bonds 

include bisphosphonate (BP)-Ca2+/Mg2+,75-76 carboxylate-Ca2+,77 catechol-Fe3+,52, 78-79 etc.80 Shi et 

al. developed an injectable self-healing hyaluronic acid (HA) hydrogel based on BP-Ca2+ 

coordinate bonds (Figure 1.10a).76 The HA was first functionalized with BP, then the hydrogel 

was formed after mixing of solutions of HA-BP and CaCl2. The hydrogel could self-heal 

immediately after rheological deformation due to the reversible BP-Ca2+ interactions. Such 

dynamic hydrogel was applied as “bioink” for 3D printing applications. Holten-Andersen et al. 

developed a PEG-based self-healing hydrogel using catechol-Fe3+ coordination (Figure 1.10b).78 

The storage modulus (G’) recovery of the hydrogel was about 100% after the rheological 

destruction due to the reversible catechol-Fe3+ coordination. Moreover, the stoichiometry of 

catechol-Fe3+ complexes (mono-, bis-, or tris-) can be controlled by pH, which provides a facile 

approach for tuning the mechanical property of the hydrogels. 

 

Figure 1.10. Self-healing hydrogels based on (a) BP-Ca2+ coordinate bonds.76 (b) catechol-Fe3+ 

b

a
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coordinate bonds.78 

 Diels-Alder (DA) reaction is one of the “click” chemistry reactions between dienes and 

dienophiles for fabricating chemically crosslinked hydrogels.81-82 The DA linkages can be cleaved 

on heating and reach a new equilibrium due to the thermo-reversibility of DA reaction. Thus, 

heating is required in order to activate the self-healing process. Wei et al. developed a self-healing 

hydrogel prepared by fulvene-modified dextran and dichloromaleic acid-terminated PEG (Figure 

1.11).83 It was found that the starch on hydrogel surface completely healed after being heated at 

37°C for 7h. 

 

Figure 1.11. Self-healing hydrogel based on DA reaction using fulvene-modified dextran and 

dichloromaleic acid-terminated PEG.83 

1.3 Biomedical Applications of Self-healing Hydrogels 

1.3.1 Wound Healing 

 Skin is the largest human organ, which effectively protects the internal organs from 

mechanical impacts, microbial invasion and direct contact with chemicals and radiation.84 Once 

wound is developed in the skin, dressing materials should be applied to promote the healing of the 

DA reaction
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wound. An ideal wound dressing material should include several characteristics. First, it should be 

able to maintain a moist wound environment for the transport of nutrients and migration of 

epithelial cells. Second, it can absorb tissue exudates and allow gaseous exchange. Third, it can 

inhibit the proliferation of bacteria or microorganisms at the wound site. Last but not least, it should 

be easily removed without causing secondary damage to the tissue.85 Traditional dry dressing 

materials include cotton wool, gauze, bandage, etc. cannot fully fulfill these requirements. Self-

healing hydrogels have attracted great research interests in wound healing due to their tunable 

functionalities and prolonged material lifespan.  

 Compared with the pre-formed hydrogel film dressings, injectable hydrogels could offer more 

advantages in wound healing, such as the ability to fill the irregular wound space, in situ drug 

encapsulation capability and the non-invasive accessibility to the deep wound site.86-87 Therefore, 

injectable self-healing hydrogels have been developed for external wound healing.88 Qu et al. 

developed an injectable self-healing hydrogel based on Schiff base reaction using quaternized 

chitosan (QCS) and benzaldehyde-terminated Pluronic®F127 (PF127-CHO).89 The antioxidant 

drug, Curcumin, was facilely loaded into the hydrogel to promote the wound healing. The 

Curcumin-loaded hydrogel significantly enhanced the wound healing process as demonstrated in 

a full-thickness skin defect model in vivo.  

Self-healing hydrogels with antibacterial property is highly desired in wound healing to 

prevent wound infections. The design strategies of antibacterial hydrogels include the 

incorporation of antibacterial nanoparticles (e.g., Ag nanoparticles,90 ZnO nanoparticles,91 etc.), 

encapsulation of antibiotics (e.g., Ciprofloxacin, Gentamicin, Curcumin, etc.),92 conjugation of 

antibacterial peptides and inclusion of cationic polymers into the hydrogel network.93-94 Among 

these approaches, introducing cationic polymers into the network is one of the simplest methods, 
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which can be facilely achieved by the copolymerization of cationic monomers. Li et al. developed 

a self-healing hydrogel with antibacterial property based on self-assembly of a catechol-

functionalized ABA triblock copolymer, employing positively charged poly{[2-

(methacryloyloxy)-ethyl] trimethylammonium iodide} (PMETA) as the central block.95 The 

hydrogel could effectively inhibit the growth of Escherichia coli (E. coil) with over 99.8% killing 

efficiency.  

 Considering the slightly acidic environment of wounded skin, “smart” self-healing hydrogels 

with stimuli-responsive property (e.g., temperature-responsive, pH-responsive, redox-responsive, 

etc.) can be applied as drug delivery system to promote the wound healing process.96 Dynamic 

covalent bonds such as Schiff base bonds, phenylboronate esters and acylhydrazone bonds are 

subjected to hydrolysis under acidic environment.63, 97 Therefore, self-healing hydrogels based on 

these inherently pH-responsive linkages are preferred in wound healing application.    

1.3.2 3D Cell Culture Matrix 

 Developing advanced ex vivo cell culture models is of great significance to decipher complex 

cell behaviors (e.g., migration, proliferation, differentiation, etc.) and construct artificial tissues or 

organs for regenerative medicines and tissue engineering.98 Although the conventional 2D cell 

culture models offer great opportunities to study the basic cellular functions and screen drug 

cytotoxicity, the 2D culturing environment is distinct from the 3D structure of extracellular matrix 

(ECM) in vivo. Naturally derived ECM composed of collagen, elastin, actin, fibronectin, etc. has 

been applied for 3D cell culture. Nevertheless, their chemical, physical, mechanical properties as 

well as biofunctionalities are difficult to be tuned. Due to the high similarity to ECM, synthetic 

hydrogels with tailored properties prepared from functional “building blocks” have been widely 

used for 3D cell culture.98-99  



16 

 

 Compared with covalently crosslinked hydrogels, dynamic self-healing hydrogels are 

preferred in 3D cell culture due to their in situ gelation and cell encapsulation capabilities. Zhang 

et al. reported a physically self-healing hydrogel prepared from ABA triblock copolymer 

containing a PEG middle block and terminal poly(N-isopropylacrylamide) (PNIPAM) block with 

UPy moieties randomly incorporated.100 The formation of the hydrogel can be triggered by 

increasing temperature. Due to the remarkable sol-gel transition, mesenchymal stem cells could 

be facilely mixed with the precursor polymer solution at mild conditions and be encapsulated in 

the hydrogel network at physiological temperature (37 °C). Similar concept has also been 

demonstrated by Nagao et al, using a highly biocompatible thermosensitive zwitterionic hydrogel 

to encapsulate HeLa cells (Figure 1.12a).101 Since the precursor polymer exhibited excellent ice 

recrystallization inhibition (IRI) activity, such cell culture matrix showed great promises in 

cryopreservation of cells.   

 

Figure 1.12. 3D cell culture using (a) physically self-healing hydrogel.101 (b) chemically self-

healing hydrogel.60 

 Chemically self-healing hydrogels can also be applied as 3D cell culture matrix. Chen et al. 

developed a biocompatible self-healing hydrogel prepared from boronic acid- and catechol-

functionalized poly(2-methacryloyloxyethyl phosphorylcholine) (PMPC) zwitterionic polymers 

a b
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(Figure 1.11b).60 3D cell encapsulation could be facilely achieved by mixing the precursor 

polymer solutions containing the cells. Due to the non-toxic polymer matrix and the efficient 

transport of nutrients through the porous structure, the cell viability could achieve ~ 86% after 24 

h culture period.   

 Natural ECM composed of collagen, actin and intermediate filaments possesses unique strain-

stiffening property (viz., the stiffness of ECM increases with applied strain or stress).102-104 Such 

dynamic micro-mechanical environment plays important roles in controlling and regulating cell 

behaviors. Although great progress has been made in the development of advanced hydrogels for 

3D cell culture, the biological strain-stiffening behavior is rarely duplicated in synthetic hydrogel 

materials. Therefore, the development of hydrogel-based ECM mimics with biological strain-

stiffening property for 3D cell culture is of great significance while remains a challenge.  

1.3.3 Postoperative Anti-adhesion Barrier 

 Postoperative adhesion is one common and serious complication in abdominal surgery. It can 

cause many diseases, including bowel obstruction, female infertility, abdominal pain, etc, raising 

huge health care burden.105 One solution to the issue is to implant anti-adhesion barrier materials 

that can physically isolate the internal wound from adjacent tissues to lower the risk of 

postoperative tissue adhesion and promote the healing of injured tissues.105 Currently, the most 

commonly used postoperative anti-adhesion barrier materials are polymer-based materials in the 

form of solution, solid film or hydrogel. Among them, hydrogels show great promises due to their 

high similarity to ECM and tunable functionalities. However, the application of conventional pre-

formed hydrogel patch is limited when they are required to be placed to deep or narrow wounds, 

or to the tissues with irregular shape and those are heavily folded (e.g., small intestine, stomach, 

etc.).  
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 Injectable hydrogels have attracted great research interests as postoperative anti-adhesion 

barrier materials due to their in-situ gelling capability, non-invasive administration method as well 

as the ability to fully cover the injured tissues.87 Stapleton et al. reported an injectable 

supramolecular hydrogel composed of dodecyl (C12)-modified hydroxypropylmethylcellulose 

(HPMC-C12) and poly(ethylene glycol)-b-poly(lactic acid) (PEG–PLA) nanoparticles for 

postoperative anti-adhesion application (Figure 1.13a).106 The hydrogel can be facilely prepared 

via a self-assembly process due to the hydrophobic interactions between HPMC-C12 and PEG-

PLA NPs. In vivo rat and sheep models demonstrated the remarkable capability of the dynamic 

hydrogel to reduce pericardial adhesion after surgery. Yang et al. also reported a photo-crosslinked 

anti-adhesion hydrogel prepared from o-nitrobenzyl alcohol (NB) modified carboxymethyl 

cellulose (CMC-NB) and glycol chitosan (GC) (Figure 1.13b).107 The hydrogel can be photo-

crosslinked in situ through the formation of Schiff base. It successfully prevented the postoperative 

peritoneal adhesion in a cecum defect rat model. However, the non-bioorthogonal curing process 

of the hydrogel may associate with potential bio-safety issues. 

 

a

b
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Figure 1.13. (a) HPMC-C12/PEG-PLA hydrogel formed via self-assembly process due to the 

hydrophobic interactions between HPMC-C12 and PEG-PLA nanoparticles.106 (b) CMC-NB/GC 

hydrogel formed through photo-crosslinking process.107  

 Most of the existing injectable hydrogels used for postoperative anti-adhesion application are 

based on a two-component system design, in which two precursor polymers are crosslinked 

through a variety of crosslinking chemistries. Although some dynamic crosslinking chemistries 

(e.g. Schiff base,108-109 thiol-ene click reaction,110 etc.) render excellent self-healing property of the 

hydrogels, most of these chemically cross-linked hydrogels lack the adaptability to local biological 

environment, particularly to gastric environment (pH 1-3) since the crosslinking linkages are 

subjected to hydrolysis under acidic environment. Therefore, the development of anti-adhesion 

injectable self-healing hydrogel with local biological environment-adaptability (e.g. gastric 

environment) is of great significance while remains a challenge.  

 It is generally believed that the postoperative adhesion is triggered by the 

deposition/attachment of various proteins, cells (e.g. fibroblasts, inflammatory cells, etc.) and 

microorganisms.111 Therefore, hydrogel barrier materials with anti-biofouling property could 

further improve the postoperative anti-adhesion performance.112-113   

1.4 Objectives 

 Functional self-healing hydrogels hold great promises in various biomedical applications. 

Although the design strategies of intrinsic self-healing hydrogels based on dynamic molecular 

interactions have been well studied in the literature, it remains a challenge to integrate 

multifunctionalities (e.g., self-healing, injectability, anti-bacterial, stimuli-responsive, anti-

biofouling, strain-stiffening, biocompatibility, etc.) in one hydrogel platform and explore the 

applicability of these materials in practical biomedical applications. Besides, the understanding of 
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dynamic molecular interaction mechanisms from the perspective of intermolecular and surface 

forces is limited, which could provide useful insights into the development of advanced self-

healing materials.  

 The overall objective of this thesis is to develop three novel multifunctional self-healing 

hydrogel systems based on different types of dynamic molecular interactions for biomedical 

applications, and investigate the corresponding dynamic molecular interaction mechanisms at 

molecular level. The detailed objectives are listed as follows.  

(1) Develop an injectable self-healing hydrogel with dual temperature-pH responsive and anti-

bacterial properties based on Schiff base reaction, and investigate the Schiff base interaction 

mechanism at molecular level. 

(2) Develop a biocompatible self-healing strain-stiffening flexible hydrogel based on dynamic 

boronic ester bonds for 3D cell culture, and investigate the boronic acid-diol interaction 

mechanism at molecular level.  

(3) Develop an injectable self-healing hydrogel with anti-biofouling property based on biological 

environment-adaptive supramolecular self-assembly of multifunctional polymer as internal wound 

dressing for the treatment of gastric perforation, and study the associated self-healing mechanism 

at molecular level. 

1.5 Structure of the Thesis 

 Chapter 1 introduces functional self-healing hydrogels, followed by a brief literature review 

of self-healing mechanisms and several biomedical applications of functional self-healing 

hydrogels. The objectives of this work are presented.  

 Chapter 2 describes the major experimental methods/techniques used in this work. 

 Chapter 3 reports an injectable self-healing hydrogel with dual temperature-pH responsive and 
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antibacterial properties. The hydrogel was prepared using PEI and a synthetic multifunctional 

gelator PFMNMF which was synthesized by reversible addition-fragmentation chain transfer 

(RAFT) polymerization. Due to the dynamic Schiff base reactions between two polymers, the 

hydrogel exhibited excellent self-healing property. The Schiff base interaction mechanism was 

quantitatively studied by surface force measurements using a surface forces apparatus (SFA). In 

addition, the injectability, dual temperature-pH responsive property, biocompatibility as well as 

antibacterial property of the developed hydrogel were demonstrated.  

 Chapter 4 introduces a biomimetic hydrogel with tissue-like strain-stiffening and self-healing 

properties for 3D cell culture. The hydrogel was crosslinked through dynamic boronic ester bonds 

formed between two linear flexible polymers, DPB-PEG and a glycopolymer, P(AM-co-LAMEA). 

The effects of boronic acid/sugar ratio, polymer concentration, temperature and crosslinker length 

on the strain-stiffening behavior of the hydrogel were investigated. In addition, due to the dynamic 

nature of boronic ester bonds, the hydrogel could self-heal from repeated damage and fully retain 

the strain-stiffening capability. The boronic acid-diol interaction mechanism was studied by SFA 

force measurements. The developed biomimetic hydrogel was successfully applied for 3D culture 

of HeLa cells.  

 Chapter 5 presents an injectable self-healing hydrogel with anti-biofouling property as internal 

wound dressing. The hydrogel was designed based on the biological environment-adaptive 

supramolecular self-assembly of an ABA triblock copolymer, employing poly[(N-

isopropylacrylamide)-co-(N-acryloyl 6-aminocaproic acid)] (P(NIPAM-co-NA6ACA)) A block 

and PEG B block. Due to the hydrophobic interactions between the collapsed P(NIPAM-co-

NA6ACA) block at body temperature, the hydrogel showed excellent in situ gelation capability. 

In addition, the synergy of pH-mediated hydrogen bonding and hydrophobic interactions between 
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the P(NIPAM-co-NA6ACA) block rendered the hydrogel excellent self-healing property under 

acidic condition. The pH-mediated hydrogen bonding interaction mechanism was investigated by 

SFA force measurements. The anti-biofouling property and biocompatibility of the hydrogel were 

demonstrated in vitro. In vivo rat model showed the remarkable capabilities of our hydrogel to 

simplify surgical procedures, reduce postoperative complications as well as enhance the healing 

process of gastric perforation compared with the conventional treatment.  

 Chapter 6 presents the major conclusions and contributions of this work. The suggestions for 

future work are also outlined.  
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CHAPTER 2 Major Experimental Methods 

2.1 Polymerization Techniques 

2.1.1 Conventional Free Radical Polymerization  

 Conventional free radical polymerization is one of the simplest polymerization 

techniques to synthesize homopolymers or statistical copolymers. Vinyl monomers and 

initiators are the two key components in conventional free radical polymerization. The 

conventional free radical polymerization can be divided into three stages: initiation, 

propagation and termination.  

 Initiation involves the generation of active free radicals by the initiators. Free radicals 

can be generated in several ways, including thermal or photochemical decomposition of 

organic peroxides and azo compounds,1-2 high-energy radiation as well as oxidation-

reduction reactions.3-4 Figure 2.1 shows some commonly used initiators in conventional 

free radical polymerization. 

 

Figure 2.1. Commonly used initiators in conventional free radical polymerization. 

Photochemical decomposition of I2959

Thermal decomposition of ACVA

Oxidation-reduction reaction between TEMED and APS
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 During propagation, active radical initiators attack the monomers and the polymer 

chains will continuously grow by successive addition of the monomers until termination 

(Figure 2.2). The propagation step can be affected by several factors, including radical and 

monomer reactivity, solvent, temperature, etc.5  

 

Figure 2.2. Propagation step of conventional free radical polymerization. 

 Termination refers to the reaction of the chain end active center with species other than 

monomer, leading to the removal of reactivity. Termination can occur by several 

mechanisms, including combination of two active chains, combination of an active chain 

with radical initiator, disproportionation or reaction with inhibitors, such as oxygen (Figure 

2.3). 

 

Figure 2.3. Termination mechanisms of conventional free radical polymerization. 

 Although conventional free radical polymerization is applicable to a wide range of 

commercially available monomers, it sometimes suffers from unwanted side reactions (i.e., 

Combination of two active chains

Combination of an active chain with initiator

Disproportionation of polymethyl methacrylate (PMMA)

Reaction of an active chain with oxygen
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chain transfer reactions). Besides, due to its uncontrolled nature, it is limited to produce 

well-defined polymers or block copolymers with narrow polydispersity (PDI). In some 

cases, living free-radical polymerization techniques (e.g., RAFT, atom transfer radical 

polymerization (ATRP)) are preferred for polymer synthesis. 

2.1.2 Reversible addition−fragmentation chain-transfer (RAFT) Polymerization 

 RAFT polymerization has been an important and versatile living free-radical 

polymerization technique to synthesize polymers with well-controlled molecular weight, 

molecular weight distribution and molecular structure since the pioneering work by Thang 

et al. in 1998.6 RAFT polymerization proceeds via a degenerative chain transfer process 

and relies on the use of highly reactive thiocarbonylthio-containing compounds as the chain 

transfer agents (CTAs).7-8 Figure 2.4 outlines the generally accepted mechanism of RAFT 

polymerization. After the initiation (step i), the propagating oligomeric radical (Pm•) can 

react with CTA (1) to form an unstable radical intermediate (2). The radical intermediate 

can either fragment back to the original reactants or yield a dormant oligomer chain capped 

with thiocarbonylthio group (3) and an active radical (R•) (step ii). The active radical (R•) 

can re-initiate the polymerization and produce a new propagating oligomeric radical (Pn•) 

(step iii).  After all the CTA (1) is consumed (i.e., completion of step ii), the RAFT 

polymerization proceeds to its main equilibrium stage, which involves the rapid exchange 

between the propagating radicals (Pm• and Pn•) and the dormant compound (4) (step iv). 

Due to the fast initiation and rapid equilibrium, all the active radical chains (Pm• and Pn•) 

have equal opportunity to grow, producing polymers with narrow molecular weight 

distributions. Most synthesized polymer chains are “living” polymer chains, which are 

capped with thiocarbonylthio group. Only few dead chains can form through termination 
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reaction via combination or disproportionation mechanisms (step v).  

 

Figure 2.4. Reversible addition−fragmentation chain-transfer (RAFT) polymerization 

mechanism.9 

 A highly efficient thiocarbonylthio-containing CTA plays critical roles in a successful 

RAFT polymerization. A typical CTA contains a reactive C=S thiocarbonyl group, a free 

radical leaving group R which initiates the growth of polymer chains and a Z group which 

activates the C=S bond towards radical addition and stabilizes the intermediate radical 

(Figure 2.5).7, 10 Both R and Z groups could affect the RAFT polymerization process. 
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Generally, the selection of CTA should be based on the type of monomers. Typical CTAs 

include dithiobenzoates, trithiocarbonates, xanthates and dithiocarbamates. 

 

Figure 2.5. General structure of thiocarbonylthio-containing chain transfer agent (CTA). 

2.2 Rheometer 

 Hydrogels exhibit unique viscoelastic behavior upon deformation. The viscoelastic 

properties of the hydrogels are usually studied through oscillatory tests using a rheometer.1, 

11-12 In a typical test, a piece of hydrogel is placed between two parallel disks (Figure 2.6a). 

The shear stress (𝜏) or deformation (𝛾) is measured as a preset sinusoidal shear strain (𝛾) 

or stress (𝜏) is applied to the hydrogel. For viscoelastic materials like hydrogels, there is a 

phase shift 𝛿 (usually between 0° and 90°) between the preset and measured parameters 

on the sine curves (Figure 2.6b). Storage modulus (G’) and loss modulus (G”), which 

measure the elastic and viscous response of the hydrogel respectively, are two most 

important parameters that can be obtained from a rheology test. Based on the measurements, 

the software will automatically calculate G’ and G” using the following equations:  

         𝐺′ =
𝜎0

𝜀0
𝑐𝑜𝑠 𝛿                            (1)

         𝐺′′ =
𝜎0

𝜀0
𝑠𝑖𝑛 𝛿                           (2) 

where 𝜎0, 𝜀0 and 𝛿 are stress amplitude, strain amplitude and the phase shift between 

them. Generally, three types of rheology tests are commonly performed to characterize the 

Free radical leaving group

Reactive C=S double bond

Controlling reactivity of 

C=S double bond
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hydrogels. 

 

Figure 2.6. (a) Typical rheology measurement set-up. (b) Typical measurements of 

viscoelastic materials (e.g., hydrogels). 

 The first test is the oscillatory strain amplitude sweep test, in which a sinusoidal shear 

strain (𝛾) with increasing amplitude at fixed frequency is applied on the material (Figure 

2.7a). The strain amplitude test can be used to characterize the linear viscoelastic region 

(LVR) and the critical strain value of the hydrogel.13-14 In a typical strain amplitude sweep 

test, G’ and G’’ of the hydrogel are measured as a function of strain amplitude. Usually, 

both G’ and G’’ values are constant within small strain range. In the LVR, G’ is always 

greater than G’’, indicating the solid-like behavior of the hydrogel. G’ value would exhibit 

a sharp drop and become smaller than G’’ value when certain strain is reached, indicating 

the destruction and liquid-like behavior of the hydrogel. The critical strain value is defined 

as the crossover point of G’ and G’’. It measures the maximum shear strain a hydrogel can 

withstand.  

 The second test is the oscillatory frequency sweep test, in which a sinusoidal shear 

strain (𝛾) with increasing frequency at fixed amplitude is applied on the material (Figure 

2.7b). The frequency sweep test is used to characterize the equilibrium modulus of the 

Rotating “back and forth”

Hydrogel

Preset shear strain

Measured shear stress
Phase shift

a b
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hydrogels in the non-destructive deformation range (i.e., applied a strain value within the 

LVR).15 In a typical procedure, G’ and G’’ are measured as a function of frequency. 

Typically, for the covalently crosslinked hydrogels, both G’ and G’’ values are constant 

over the entire frequency range and G’ is always greater than G’’. However, for some 

hydrogels crosslinked by dynamic molecular interactions, G’ and G’’ values may depend 

on the frequency. G’ can be lower than G’’ initially. It would gradually increase and surpass 

G’’ until reaches the equilibrium value as the frequency increases. The variation of modulus 

and crossover frequency may be attributed to the change of cross-linking density, water 

content, and polymer concentration of the hydrogels. 

 

Figure 2.7. (a) Applied strain in an oscillatory strain amplitude test. (b) Applied strain in 

an oscillatory frequency test. 

 The third test is the oscillatory time sweep test, in which a sinusoidal shear strain (𝛾) 

at fixed frequency and strain amplitude is applied on the material. The time sweep test is 

often used to characterize the gelation time of the hydrogels.15-16 In a typical procedure, 

two polymer precursor solutions are spread on upper and lower geometry respectively. 

After two disks are brought to the preset distance, the change of modulus is measured as a 

function of time. Typically, G’’ is greater than G’ in the early stage, indicating the liquid-

a b
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like behavior of the system. As the time goes, G’ would gradually increase and surpass G’’, 

indicating the formation of hydrogel and the solid-like behavior of the system. The gelation 

time is defined as the crossover point of G’ and G’’. The G’ value would finally reach 

equilibrium, indicating the formation of a stabilized hydrogel. Gelation time is an important 

parameter for the use of injectable hydrogels in a wide range of biomedical applications, 

such as tissue adhesives, hemostatic materials, etc. 

 For hydrogels with self-healing property, the self-healing performance can be 

evaluated by cyclic strain amplitude sweep test.13-14 In a typical test, alternating strains 

(smaller/greater than the critical strain) are applied to the hydrogel and the change of 

modulus is measured as a function of time. The recovered G’ value is compared with the 

initial G’ value to determine the self-healing efficiency. Such cycle can be repeated for 

several times to examine the reproducibility of the self-healing capability. 

2.3 Surface forces apparatus (SFA) 

 Surface forces apparatus (SFA) is a powerful tool for directly measuring the physical 

forces between surfaces (e.g., van der Waals and electrostatic forces in vapors and liquids, 

polymer interactions, bio-specific interactions, friction, etc.), and for studying other 

interfacial and thin film phenomena at the molecular level.17 Since the pioneering work by 

Tabor, Winterton and Israelachvili,18-19 SFA has been improved and developed. Based on 

the early versions of SFA, such as SFA Mk I, SFA Mk II and SFA Mk III, SFA 2000 (Figure 

2.8) has been designed to have fewer parts, to be more user-friendly and to be able to accept 

various attachments while retains the excellent performance as the previous versions.  
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Figure 2.8. The picture of SFA 2000. 

 Figure 2.9 shows the cross-section of SFA 2000 through the center. The main 

components are the micrometers, the main stage containing the central single cantilever 

spring, the lower disk holder and the upper disk holder. The separation distance between 

the upper and lower surfaces can be precisely determined over a range of seven orders of 

magnitude (from millimeters to ångstroms) with 1Å (0.1 nm) resolution using four main 

controls.17  
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Figure 2.9. Cross-section of SFA 2000 through the center.17  

2.3.1 Setup of the SFA Measurement 

 Figure 2.10 shows the typical setup of SFA experiment.20-21 Briefly, two back-silvered 

mica surfaces (1−5 μm) are glued onto two cylindrical silica disks (R ≈ 2 cm). To study 

the polymer interactions, the mica surfaces are coated with polymer solution for 15 min, 

followed by a thorough rinse with DI water to remove unbound or loosely bound polymers. 

Two surfaces are then mounted into the SFA chamber in a cross-cylinder configuration, 

and the SFA chamber is saturated with water vapor. Buffer solution or polymer solution is 

injected between two mica surfaces.  
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Figure 2.10. Schematic illustration of SFA experiment setup.22 

2.3.2 Force measurement using SFA  

 The force measurement is conducted by bringing two surfaces to contact for some time 

followed by separation. Normal forces between two surfaces are determined based on the 

Hooke’s law. The changed force between the surfaces ∆𝐹(𝐷) = 𝑘 ∆𝐷, where k is the 

spring constant of the force springs supporting the lower surface, and ∆𝐷 =  𝐷𝑎𝑝𝑝𝑙𝑖𝑒𝑑 −

𝐷𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑. The applied separation distance between upper and lower surfaces 𝐷𝑎𝑝𝑝𝑙𝑖𝑒𝑑 is 

determined by the differential micrometer and motor-driven fine micrometer. The actual 

separation distance between upper and lower surfaces 𝐷𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑  is measured using 

multiple beam interferometry (MBI) by employing fringes of equal chromatic order 

(FECO).23-24 The measured interaction forces ∆𝐹(𝐷) is normalized by R (the curvature of 

the surface) and can be related to the interaction energy per unit area between two flat 

surfaces 𝑊𝑓𝑙𝑎𝑡 using the Derjaguin approximation:25 
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        𝑊𝑓𝑙𝑎𝑡(𝐷) =
𝐹(𝐷)

2𝜋√𝑅1𝑅2
=

𝐹(𝐷)

2𝜋𝑅
                    (3) 

when 𝑅1 = 𝑅2 = 𝑅 

For soft deformable surfaces, such as polymer coating, the measured adhesion or “pull-off” 

force 𝐹𝑎𝑑 and adhesion energy per unit area 𝑊𝑎𝑑 are correlated by 𝐹𝑎𝑑 = 1.5𝜋𝑅𝑊𝑎𝑑.17, 

26 
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CHAPTER 3 Injectable, Self-Healing Hydrogel with Tunable Optical, 

Mechanical, and Antimicrobial Properties 

3.1 Introduction  

 Hydrogels are three-dimensional crosslinked polymeric networks with high water content 

which have great similarities to natural extracellular matrix (ECM) and have been widely applied 

in biomedical applications including drug delivery, tissue engineering, wound dressing, etc.1-3 

However, the conventional pre-formed hydrogels or scaffolds face the problem of invasive surgical 

implantation, increasing the risk of infections and improper adaption to the defect site, which could 

lead to the scaffold failure.4 Injectable hydrogels have attracted great research interests over the 

past decade due to their ease of operation, complete filling of the defect area and minimum tissue 

invasion.5-6 Nevertheless, subjected to constant mechanical forces from daily body movement, 

implanted hydrogels could easily be deformed or damaged. The deformation or destruction of the 

implanted hydrogels would not only cause the failure of tissue regeneration due to the 

microorganism invasion but also could lead to the sacrifice of the functionalities of the hydrogels 

resulting from the loss of structural integrity. To address the issue, fabricating hydrogels with self-

healing property could prolong the lifetime as well as increase the reliability and durability of the 

implanted hydrogels. 

 Generally, non-covalent interactions (e.g., hydrogen bonding,7 hydrophobic interaction8 and 

host-guest interaction9) and dynamic covalent chemistry (e.g., phenylboronic ester 

complexation,10-11 disulfide bond,12 dynamic Schiff base13-14 and Diels-Alder reaction15) are two 

approaches commonly adopted to construct self-healing hydrogels. Dynamic Schiff base reaction, 

which refers to the reversible reaction between aldehyde (-CH=O) and amine (-NH2) reactants, has 

been studied in self-healing hydrogels for a wide range of biomedical applications including blood 
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capillary formation,16 central nervous system repair,17 and wound healing.18-19 In most of previous 

studies, the self-healing hydrogels are prepared by amine-containing or aldehyde-functionalized 

natural polymers such as chitosan, cellulose and alginate.20-22 However, natural polymers are 

difficult to be tuned in terms of structure and functionalities, which may not satisfy different 

requirements in diverse biomedical processes.23-24  

 Soaked in complex body fluid environment, injectable hydrogels often associate with the issue 

of microbial infections caused by pathogenic bacteria.25 To tackle the obstacle, several approaches 

have been adopted to endow the hydrogel with antimicrobial property, such as the releasing of 

antibiotics, the incorporation of silver nanoparticles, the conjugation of antimicrobial peptides and 

the inclusion of cationic polymers into the hydrogel network through cross-linking or 

copolymerization.26-30 Sensitivity to temperature and pH responsiveness is another desired feature 

for “smart” hydrogels since it can not only fine-tune the properties of the hydrogel, but also 

potentially achieve controlled release of therapeutics, detection of biomolecules and actuation of 

muscle.31-33 Using functional synthetic polymers to fabricate hydrogels, both antimicrobial and 

multi-stimuli-responsive properties can be obtained. Nevertheless, randomly sequenced 

copolymers would exhibit the properties deviating from the homopolymers of each kind of 

monomer distinctively, especially for the thermoresponsive polymers whose lower critical solution 

temperature (LCST) is dependent on the ratio of hydrophobic/hydrophilic components.34-35 

Therefore, the precise design of polymer sequence is crucial for maximizing the effect from 

individual polymer segment. It has been reported that ABA triblock copolymers could be used to 

prepare thermoresponsive injectable self-healing hydrogels through non-covalent interactions.36-38 

However, the study on injectable self-healing hydrogels with tunable mechanical and optical 
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properties as well as antimicrobial ability, which are fabricated by functional synthetic ABA 

triblock copolymers through dynamic covalent chemistry is limited. 

 Herein, we report a new injectable self-healing hydrogel with tunable optical and mechanical 

properties along with the excellent antimicrobial capability, fabricated by a multifunctional ABA 

triblock copolymer gelator (Figure 3.1). The ABA triblock copolymer poly{(4-formylphenyl 

methacrylate)-co-[[2-(methacryloyloxy)ethyl] trimethylammonium chloride]}-b-poly(N-

isopropylacrylamide)-b-poly{(4-formylphenyl methacrylate)-co-[[2-(methacryloyloxy)ethyl] 

trimethylammonium chloride]} (PFMNMF), was synthesized via two-step reversible addition-

fragmentation chain-transfer (RAFT) polymerization. The ABA triblock copolymer gelator could 

form injectable and self-healing hydrogel with branched polyethylenimine (PEI) in a facile mixing 

process due to the formation of dynamic Schiff base. The hydrogel could not only respond to pH 

change but also show altered optical and mechanical properties in a sensitive temperature 

responsive manner compared to the hydrogel fabricated by the random copolymer gelator, 

poly{(4-formylphenyl methacrylate)-co-[[2-(methacryloyloxy)ethyl] trimethyl-ammonium 

chloride]-co-(N-isopropylacrylamide)} (PFMN). In addition, the hydrogel could effectively inhibit 

the growth of both Gram-negative and Gram-positive bacteria (E. coli and S. aureus), while 

showing low cytotoxicity to both fibroblast and cancer cells (MRC-5 and HeLa). Combining all 

these features, the novel multifunctional hydrogels show great potential in various bioengineering 

applications.  
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Figure 3.1. Schematic Illustration of Injectable Self-healing Hydrogel with Tunable Optical, 

Mechanical and Antimicrobial Properties Fabricated by PFMNMF and PEI. 

3.2 Experimental Methods 

3.2.1 Materials 

 4-formylphenyl methacrylate (FPMA) and 2-(1-carboxy 

methylethylsulfanylthiocarbonylsulfanyl)-2-methylpropionic acid were synthesized as previously 

reported.39-40 [2-(Methacryloyloxy)ethyl] trimethylammonium chloride solution (META, 80 wt% 

in H2O, stabilized with 600 ppm MEHQ), N-Isopropylacrylamide (NIPAM, 97%), 4,4′-Azobis(4-

cyanovaleric acid) (ACVA, 98%) and branched polyethylenimine (PEI, Mw ~ 25,000) were 

purchased from Sigma-Aldrich. Organic solvents were purchased from Caledon Laboratories Ltd. 

(Canada) and used without further purification. 

3.2.2 Polymer Synthesis 

 Poly{(4-formylphenyl methacrylate)-co-[[2-(methacryloyloxy)ethyl] trimethylammonium 

chloride]} Macro-CTA (PFM). The macro-CTA, PFM was synthesized by RAFT polymerization 

using 2-(1-carboxy methylethylsulfanylthiocarbonylsulfanyl)-2-methylpropionic acid as chain 

transfer agent (CTA) and ACVA as initiator. Briefly, a 50 mL polymerization tube was charged 

with FPMA (190 mg, 1 mmol), META chloride solution (2.2 mL, 9 mmol), CTA (28.2 mg, 0.1 
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mmol) and ACVA (5.6 mg, 0.02 mmol).  The reagents were then dissolved in a mixed solvent of 

DI water and dimethylformamide (DMF). After degassing with nitrogen for 30 min, the 

polymerization was carried out in an oil bath at 70 °C for 24 h. The reaction was then quenched in 

liquid nitrogen, and the polymer was obtained by precipitation in acetone. The product was further 

washed with acetone to remove residual monomers and CTA and yield as white solid. Molecular 

weight and molecular weight distribution (PDI) were determined by gel permeation 

chromatography (GPC) (Viscotek model 250 dual detectors system), using 0.5 M sodium 

acetate/0.5 M acetic acid buffer as eluent at a flow rate of 1.0 mL/min.41 1H NMR spectrum of the 

product was recorded on a Varian 500 MHz spectrometer at room temperature using D2O as 

solvent. Chemical shifts are reported in parts per million (δ) relative to TMS as the internal 

reference. 

 Poly{(4-formylphenyl methacrylate)-co-[[2-(methacryloyloxy)ethyl] trimethylammonium 

chloride]}-b-poly(N-isopropylacrylamide)-b-poly{(4-formylphenyl methacrylate)-co-[[2-

(methacryloyloxy)ethyl] trimethylammonium chloride]} ABA Triblock Copolymer (PFMNMF). 

PFMNMF ABA triblock copolymer was synthesized by RAFT polymerization using PFM as 

macro-CTA and ACVA as initiator. For a typical synthesis, a 50 mL polymerization tube was 

charged with NIPAM (339 mg, 3 mmol) and PFM macro-CTA (645 mg). The reagents were then 

dissolved in a mixed solvent of DI water and DMF, followed by adding 0.1 mL of ACVA DMF 

stock solution (6 mg/mL) to the mixture. After degassing with nitrogen for 30 min, the 

polymerization was carried out in an oil bath at 70 °C for 24 h. The reaction was then quenched in 

liquid nitrogen and the copolymer was precipitated in diethyl ether. The product was further 

purified by dialysis against DI water for 2 days and obtained as white solid after freeze-dried. 1H 

NMR spectrum of the product was recorded on a Varian 500 MHz spectrometer at room 
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temperature using D2O as solvent. Chemical shifts are reported in parts per million (δ) relative to 

TMS as the internal reference. 

 Poly{(4-formylphenyl methacrylate)-co-[[2-(methacryloyloxy)ethyl] trimethylammonium 

chloride]-co-(N-isopropylacrylamide)} Random Copolymer (PFMN). PFMN random copolymer 

was synthesized by RAFT polymerization using 2-(1-carboxy 

methylethylsulfanylthiocarbonylsulfanyl)-2-methylpropionic acid as chain transfer agent (CTA) 

and ACVA as initiator. For a typical synthesis, a 50 mL polymerization tube was charged with 

FPMA (47.5 mg, 0.25 mmol), META chloride solution (0.53 mL, 2.25 mmol), NIPAM (848 mg, 

7.5 mmol), CTA (7.1 mg, 0.025 mmol) and ACVA (1.4 mg, 0.005 mmol). The reagents were then 

dissolved in a mixed solvent of DI water and DMF. After degassing with nitrogen for 30 min, the 

polymerization was carried out in an oil bath at 70 °C for 24 h. The reaction was then quenched in 

liquid nitrogen and the product was obtained as white solid after purification by dialysis against 

DI water for 2 days and freeze-drying. The 1H NMR spectrum of the product was recorded on a 

Varian 500 MHz spectrometer at room temperature using D2O as solvent. Chemical shifts are 

reported in parts per million (δ) relative to TMS as the internal reference. Molecular weight and 

molecular weight distribution (PDI) were determined by GPC. 

3.2.3 Fabrication of the Hydrogels 

 The hydrogels were prepared by a simple mixing process of PFMNMF and PEI solutions. 

First, a PEI solution (3%, w/v) was prepared by dissolving PEI (0.30 g) in PBS buffer solution (10 

mL, pH 7.4). PFMNMF solutions (12%, 14%, 16%, w/v) were prepared by dissolving the polymer 

(30 mg, 35 mg, 40 mg) in a PBS buffer solution (0.25 mL, pH 7.4) respectively. As a typical 

hydrogel preparation, the same volume (0.25 mL) of these two polymer solutions were mixed via 

pipetting. After being mixed, the resultant solution was allowed to keep still and the formation of 
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the hydrogel was checked by vial inversion method. The hydrogels with three different total 

polymer concentrations were denoted as Gel-7.5%, Gel-8.5% and Gel-9.5%, respectively. Similar 

procedure was followed to prepare RGel-9.5% formed by PFMN random copolymer gelator and 

PEI solutions. 

3.2.4 Rheological Characterization of the Hydrogels 

 A rheometer (TA Instruments, AR-G2) fitted with a Peltier stage using a 20 mm parallel-plate 

configuration and with a gap of 53 μm was used to characterize both the gelation process and the 

mechanical properties of the hydrogels. First, the gelation process of the hydrogels with different 

polymer concentration was studied by dynamic time sweep rheological experiments. Briefly, 

PFMNMF solution was spread onto the the parallel plates of the rheometer followed by the 

addition of PEI solution dropwise and uniformly to the surface of PFMNMF solution. The modulus 

change was measured as a function of time under fixed frequency (ω = 1Hz) and strain (γ = 1%). 

Then, the equilibrium modulus of the hydrogels with different total polymer concentration was 

characterized by dynamic oscillatory frequency sweep under fixed frequency (ω = 1Hz) and strain 

(γ = 1%) at 25 °C. All the samples were prepared and stabilized for 1 hour before testing. 

 The injectability test of the hydrogel was simulated by extruding Gel-9.5% by a syringe 

through a 21-G needle. The change in viscosity was measured as a function of shear rate (0.1 s-1 

to 1000 s-1) by rheometer to study the shear-thinning behavior of the hydrogel. 

3.2.5 Self-healing Property and Measuring the Associated Polymer Interactions using SFA 

 To test the self-healing property of the Gel-9.5%, two pieces of hydrogels were prepared with 

a trace amount of Rhodamine B (RdB) added in one piece to give a colour difference. Then, the 

two pieces of hydrogels were brought together and the images at different time intervals were 

captured to monitor the change in the appearance. Rheological analyses were carried to monitor 
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the self-healing process at 25 °C and 37 °C respectively.1, 25 First, dynamic strain sweep was 

performed on Gel-9.5% to determine the linear viscoelastic region and the critical strain at constant 

frequency (ω = 1 Hz). The critical strain value was defined as the crossover point of G’ and G”. 

Afterwards, dynamic cyclic strain tests were carried out on Gel-9.5% to monitor the modulus 

change of the hydrogel under alternately changing strain (γ = 1% and γ = 200%) at constant 

frequency (ω = 1 Hz).  

 A Surface Forces Apparatus (SFA) was used to quantitatively probe the interaction forces 

between PFMNMF and PEI which account for the self-healing property of the hydrogel. The 

detailed experimental setup for SFA measurements have been reported previously.42-45 Briefly, in 

a typical force measurement, two back-silvered mica surfaces (1-5 μm) were glued onto two 

cylindrical silica disks (R ≈ 2 cm). The mica surfaces were then coated with PFMNMF solution 

(10 μg/mL) or PEI solution (10 μg/mL) for 15 min, followed by a thorough rinsing with PBS buffer 

solution in order to remove unbound or loosely bounded polymers. Then, the two surfaces were 

mounted into the SFA chamber in a cross-cylinder configuration and the SFA chamber was 

saturated with water vapor. 100 μl of PBS buffer solution (pH 7.4) was injected between the two 

mica surfaces. The force measurement was conducted by bringing two surfaces to contact followed 

by separation. The interaction forces F(D) was monitored as a function of absolute surface 

separation distance D in real-time using multiple beam interferometry (MBI) by employing fringes 

of equal chromatic order (FECO).46-47 For each condition, force-distance profiles was measured at 

least two different interaction positions on a set of surfaces and using two sets of independently 

prepared surfaces to confirm the reproducibility. In addition, the surfaces were approached to 

contact and then kept in contact for different duration time (i.e., 5 min, 10 min, 30 min and 60 min) 
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followed by separation to study the effect of contact time on the interaction forces. The measured 

adhesion or “pull-off” force Fad and adhesion energy Wad are correlated by eq 1:48 

         

3

2
ad adF RW

                                (1) 

3.2.6 Temperature and pH Responsive Properties of the Hydrogel 

 The volume phase transition temperature (VPTT) of the Gel-7.5%, Gel-8.5% and Gel-9.5% 

was determined by an optical absorption spectrometer (TECAN GENios Pro, Mainz, Germany). 

Briefly, the hydrogels (200 μL) were loaded into a 96-well plate and an average absorbance was 

measured at different temperature, ranging from 25 to 40 °C, with a 1 °C temperature increase 

every 5 min. VPTT was defined as the temperature at which 50% of the maximum transmission 

change was observed. Besides, Gel-9.5% was put in a water bath at 37 °C to monitor the change 

of transparency and the change of the transparency was captured by images. Additionally, dynamic 

oscillatory frequency sweep was performed on Gel-9.5% at different temperature (25 and 37 °C) 

under fixed strain (γ = 1%) to determine whether the modulus of the hydrogel changes with 

temperature in a responsive manner. As a control, the thermoresponsive property of RGel-9.5% 

was characterized following the same procedure. The topography images of PFMNMF and PFMN 

surfaces were obtained in air using a Bruker ICON atomic force microscope (AFM) system 

(Bruker, Santa Barbara, CA) operated in tapping mode. The samples for AFM imaging were 

prepared by depositing one drop of PFMNMF or PFMN polymer solution (100 μg/mL) onto a 

cleaned silica substrate, followed by drying the polymer film in air at 25 or 37 °C.49 

 For the pH responsiveness test, a trace amount of RdB was added to Gel-9.5% for better 

observation. Concentrated HCl solution (10 μL, 5M) was added to the hydrogel followed by 

shaking. After the hydrogel was completely liquefied, the pH of the solution was measured. Then, 

concentrated NaOH solution (10 μL, 5M) was added to regenerate the hydrogel, followed by pH 
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measurement. The process was repeated for 2 cycles and the reversible sol-gel transitions were 

captured by images.  

 The pH-dependent hydrolytic degradation behavior of Gel-9.5% was assessed. Briefly, the 

hydrogels were prepared in 1.5mL centrifuge tubes. Then the hydrogels were immersed in PBS 

buffer (pH 7.4 or 5.4) at 37 °C, respectively. At designed time point, the hydrogels were taken out 

and carefully wiped with filter paper to remove excess water, then weighted. The weight remaining 

ratio of hydrogels was calculated by eq 2: 

       Weight remaining ratio % = 
𝑊𝑡

𝑊𝑖
∗ 100%                    (2) 

where Wt is the weight of remaining hydrogels after degradation at different time intervals and Wi 

is the weight of initial hydrogels. 

 The porous morphology of the remaining Gel-9.5% was characterized by field emission 

scanning electron microscopy (FESEM, Zeiss Sigma 300/VP). The hydrogels were freeze-dried 

and sputter-coated with gold to provide a conductive environment prior to SEM characterization. 

Additionally, SFA was used to quantitatively study the pH effect (7.4, 6.4 and 5.4) on the 

interaction forces between PEI and PFMNMF. 

3.2.7 Antimicrobial Assay and Cell Cytotoxicity 

 Escherichia coli (ATCC®25922™) (Gram-negative bacteria) and Staphylococcus aureus 

(ATCC®25923™) (Gram-positive bacteria) were selected as the model bacteria. The culture 

medium ( Luria-Bertani broth (LB) for E. coli and tryptic soy broth (TSB) for S. aureus) and 

bacterial suspension (E. coli and S. aureus suspension) were prepared  as reported previously.25 

The hydrogels (Gel-9.5%) used for antimicrobial assessment were prepared by adding equal 

volume (35 µL) of PFMNMF and PEI solutions into each well of a 96-well plate followed by 

rinsing the hydrogels culture medium (LB or TSB) three times to remove any uncrosslinked 
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polymers. Then, a ten-fold serial dilution of the E. coli or S. aureus suspension was made and 100 

μL of the dilution was added into each well with the hydrogel sample. The 96-well plate was 

incubated at 37 °C for 24 h. The 96-well plate was left at room temperature for 10 min and 50 μL 

of the suspension was transferred into a new 96-well plate. The optical density at 600 nm (OD600 

nm) was measured by an optical absorption spectrometer. The culture medium (LB or TSB) and the 

bacterial suspension (E. coli or S. aureus suspension) without hydrogel served as the blank and the 

negative control respectively. The inhibition efficiency was calculated by eq 3:50  

   Inhibition Efficiency (%) = (1 −
𝑂𝐷600𝑛𝑚,𝑠𝑎𝑚𝑝𝑙𝑒−𝑂𝐷600𝑛𝑚,𝑏𝑙𝑎𝑛𝑘

𝑂𝐷600𝑛𝑚,𝑐𝑜𝑛𝑡𝑟𝑜𝑙−𝑂𝐷600𝑛𝑚,𝑏𝑙𝑎𝑛𝑘
) ∗ 100         (3) 

 Gel extracts of Gel-9.5% were used to examine the biocompatibility of the hydrogel by MTT 

assay. In brief, Gel-9.5% was incubated in DMEM medium for 24 h. MRC-5 fibroblast cells and 

HeLa cancer cells were seeded onto a 96-well plate at a density of 6000 cells per well with 100 µL 

of  DMEM medium. After incubation of the cells for 24 h, the culture media were replaced by 

100 µL of fresh DMEM media or DMEM media containing the gel extracts. The cells were allowed 

to be further incubated for 24 h before the addition of 15 µL of MTT solution (5mg/mL). After 3 

h of incubation, the media were carefully removed and DMSO was added to dissolve the formazan 

crystals. The optical density at 570 nm (OD570 nm) was measured by an optical absorption 

spectrometer and the cell viability was calculated by comparing OD570nm of cells treated 

with/without gel extracts. 

3.3 Results and Discussions 

3.3.1 Synthesis of Polymers 

 FPMA and 2-(1-carboxy methylethylsulfanylthiocarbonylsulfanyl)-2-methylpropionic acid 

were first synthesized as previously reported and characterized by 1H NMR (Figures S3.1 and 

S3.2 in Supporting Information). PFM macro-CTA, PFMNMF ABA triblock copolymer and 
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PFMN random copolymer were synthesized by RAFT polymerization and characterized by 1H 

NMR spectroscopy and GPC. PFMNMF ABA triblock copolymer was prepared by a two-step 

RAFT polymerization as illustrated in Figure 3.2a.  The successful synthesis of PFM macro-

CTA (PDI = 1.08) was confirmed by the characteristic peaks (δH (ppm) = 9.98, 8.08, 7.50) and (δH 

(ppm) = 3.33) found in the 1H NMR data (Figure 3.3a), which correspond to the benzaldehyde 

groups of FPMA and the quaternary ammonium groups of META respectively. Then, PFMNMF 

ABA triblock copolymer was synthesized by RAFT polymerization using PFM as the macro-CTA. 

Due to the poor solubility in organic solvents resulting from the positively charged quaternary 

ammonium pendent groups and the polymer aggregation caused by the sensitive thermoresponsive 

property of the ABA triblock copolymer in aqueous solution, the ABA triblock copolymer could 

not be characterized by GPC. However, from the 1H NMR data shown in Figure 3.3b, the 

characteristic peaks (δH (ppm) = 3.91, 1.18) corresponding to the isopropyl groups of PNIPAM 

were clearly observed in ABA triblock copolymer which indicates the successful synthesis. The 

composition of PFMFNF was determined as FPMA/META/NIPAM = 2/29/69 from the 1H NMR 

spectrum.  

 PFMN random copolymer (PDI = 1.25) was synthesized to study the effect of polymer 

architecture on the properties of the hydrogels as illustrated in Figure 3.2b. The success of the 

synthesis was determined by the characteristic peaks observed in the 1H NMR spectrum (Figure 

S3.3 in Supporting Information). The composition of PFMN was determined as 

FPMA/META/NIPAM = 3/24/73 from the 1H NMR spectrum.  
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Figure 3.2. Synthesis Route of (a) PFMNMF ABA Triblock Copolymer and (b) PFMN Random 

Copolymer.  

 

Figure 3.3. 1H NMR spectra of (a) PFM macro-CTA and (b) PFMNMF ABA triblock copolymer. 
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3.3.2 Fabrication and Rheology Characterization of the Hydrogel 

 The hydrogels were formed after a simple mixing process of PEI solution (3%, w/v) with 

PFMNMF ABA triblock copolymer solutions (12%, 14%, 16%, w/v) to yield homogeneous 

transparent hydrogels with different polymer concentration, denoted as Gel-7.5%, Gel-8.5% and 

Gel-9.5% respectively. The hydrogels were formed in less than 30 sec by vial inversion tests. The 

rapid construction of the hydrogel network is due to the fast formation of imine bonds between 

benzaldehyde and amine groups. The gelation process was monitored by dynamic time sweep 

rheological experiments (Figure 3.4a). Typically, after the addition of PEI solution to the 

PFMNMF solution, both the storage modulus (G’) and loss modulus (G”) gradually increased and 

G’ surpassed G” within 30 sec, indicating the formation of hydrogel network. The hydrogel with 

the highest total polymer concentration (Gel-9.5%) exhibited the fastest increase of G’ during the 

early stage of hydrogel formation, which suggests that the gelation process was highly dependent 

on the total polymer concentration as a result of its significant impact on the cross-linking reaction 

rate.  

 The equilibrium modulus of the hydrogels were studied by dynamic oscillatory frequency 

sweep rheological experiments (Figure 3.4b). It was observed that G’ was consistently greater 

than G” for all hydrogels and the value of G’ remained unchanged regardless of the frequency 

change, indicating the elastic behavior of the hydrogels. In contrast, G” changed depending on 

frequency. The mechanical properties of the as-prepared hydrogels are different from the 

covalently cross-linked hydrogels with both constant G’ and G”, which may be attributed to the 

dynamic nature of the hydrogel network as reported previously. In addition, as shown in Figure 

2b, G’ strongly depends on the total polymer concentration and it increased from 320 Pa to 1100 

Pa with an increase of the total polymer concentration from (7.5%, w/v) to (9.5%, w/v) as a result 
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of the formation of much denser hydrogel networks. It is noted that the G’ values of the hydrogels 

at the initial stage of hydrogel formation are lower than those for the equilibrated hydrogels of the 

same concentrations. The difference in the G’ values is most likely attributed to (1) the insufficient 

mixing condition of the polymer solutions (in between parallel plates with diameter of 20 mm and 

gap of 53 µm of the rheometer)20 and (2) the tests at the early stage of hydrogel formation in Figure 

2(a).21, 51 The mechanical properties of ECM plays an important role in a series of biological 

activities.52-53 Therefore, the as-prepared hydrogels with tunable mechanical properties are desired 

for various biomedical applications, such as cell culture and tissue engineering. 

 

Figure 3.4. (a) Gelation process of the hydrogels at 25 °C. (b) Dynamic oscillatory frequency 

sweeps of the hydrogels (γ = 1%, ω = 1 Hz). 

 Hydrogels with injectable property can offer advantages, such as ease of operation, minimum 

tissue invasion, when they are used as implanted biomaterials. Gel-9.5% was used to demonstrate 

the injectable property of the hydrogels. As shown in Figure 3.5a, Gel-9.5% with a trace of RdB 

could be easily extruded through a 21-G needle. Moreover, the continuously extruded hydrogel 

could serve as ink to write typical letters of “U of A” as illustrated in Figure 3.5b, indicating the 

great potential of this novel hydrogel to be used for 3D bio-printing applications. Besides, the 
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viscosity of Gel-9.5% was quantitatively measured as a function of shear rate as shown in Figure 

3.5c. The viscosity decreased dramatically as the shear rate increased, which verified the shear-

thinning behavior of a typical injectable hydrogel.6  

 

Figure 3.5. Injectable property of Gel-9.5%. (a) Extrusion of hydrogel through a 21-G needle. (b) 

Writing “U of A” by using Gel-9.5% as ink. (c) Viscosity of Gel-9.5% measured as a function of 

shear rate. 

3.3.3 Self-healing Property and Associated Polymer Interaction Mechanism 

 It is important for the hydrogels used in bioengineering to have autonomously self-healing 

capability to recover form inflicted damage and maintain both structural and functional integrity. 

To demonstrate the self-healing property of the hydrogels, two pieces of Gel-9.5% hydrogels (one 

of them dyed with RdB) were prepared and brought together. As shown in Figure 3.6a, after two 
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pieces completely disappeared. The excellent self-healing ability is attributed to the reversible 

formation of dynamic Schiff base across the interface of two pieces of hydrogels. The self-healing 

property of Gel-9.5% was studied by rheological analyses at 25 °C and 37 °C respectively. 

Dynamic strain sweep test (γ = 0.1% to 1000%) was first performed on Gel-9.5% to determine the 

linear viscoelastic region and the critical strain value for the gel-sol transition. As shown in Figure 

3.6b, beyond the linear viscoelastic region, G” decreased dramatically above the critical strain 

value (γ = 100%), which indicates the destruction of the hydrogel network. Afterwards, dynamic 

cyclic strain sweep tests (γ = 1% or 200%) were conducted on Gel-9.5%. When a large strain of 

200% was applied, the G’ value decreased significantly from 1000 Pa to 100 Pa and the G” value 

exceeded the G’ value as observed in Figure 3.6c, which suggests the collapse and the liquid-like 

behavior of the hydrogel. However, the G’ value could almost recover to its initial value in 60s 

when a small strain of 1% was applied, indicating the re-construction of the hydrogel. Moreover, 

such recovery behavior was reproducible for multiple cycles. Similar self-healing behavior was 

verified at 37 °C (body temperature) (Figure S3.4a and S3.4b in Supporting Information). Such 

reproducible recovery behavior is highly desired in practical biomedical applications.  
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Figure 3.6. (a) Demonstration of self-healing property of Gel-9.5%. (b) Dynamic strain sweep 

measurement of Gel-9.5% at 25 °C (ω = 1 Hz). (c) Dynamic cyclic strain sweep measurement of 

Gel-9.5% at 25 °C (ω = 1 Hz, γ = 1% or 200%). 

 The fundamental study of the self-healing mechanism at molecular-scale and nano-scale is 

crucial for the comprehensive understanding of the self-healing property of the hydrogel.54 In this 

work, a Surface Forces Apparatus (SFA) was employed for the first time to quantitatively probe 

the molecular interactions between PEI and PFMNMF ABA triblock copolymer, which account 

for the self-healing property of the hydrogels. An asymmetric configuration was adopted for SFA 

setup (Figure S3.5 in Supporting Information). The interaction forces between PEI-coated 

surface and PFMNMF copolymer-coated surface were first investigated in PBS buffer solution at 

pH 7.4. As shown in Figure 3.7a, an adhesion Fad/R ~ 6.0 mN/m (Wad ~ 1.3 mJ/m2) was observed 
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between two surfaces. The adhesion is originated from the partially formed dynamic imine bonds 

between PEI and PFMNMF copolymer across the two surfaces. Moreover, the adhesion of the 

same magnitude was probed in sequential approach-separation force measurement, indicating the 

reversible nature of the dynamic Schiff base chemistry.55 Since the self-healing process of the 

hydrogel is time dependent, the effect of contact time on the interaction forces between two 

polymers was studied in PBS buffer solution at pH 7.4. As shown in the force curves and the 

adhesion histograms in Figure 3.7b and 3.7c, the adhesion force (energy) exhibited an increase 

from Fad/R ~ 9.8 mN/m (Wad ~ 2.1 mJ/m2) to Fad/R ~ 11.2 mN/m (Wad ~ 2.38 mJ/m2) as the contact 

time increased from 5 min to 10 min and it further increased to Fad/R ~ 14.0 mN/m (Wad ~ 3.0 

mJ/m2) as the contact time increased to 30 min. The increase of adhesion force (energy) is 

attributed to the higher number of the dynamic imine bonds formed across the two surfaces as a 

result of longer contact time. Furthermore, the adhesion force (energy) reached a plateau at the 30 

min contact time, indicating the equilibrium state of the reaction between the benzaldehyde groups 

and the amine groups across the two surfaces. The results of the nanomechanics experiments not 

only well agreed with the demonstrated self-healing capability of the as-prepared hydrogel but also 

provided insights at nanoscale into the self-healing mechanism.  
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Figure 3.7. (a) Force-distance profiles show the force magnitudes and reversibility of the dynamic 

imine bonds formed between PEI and PFMNMF in PBS buffer solution (pH 7.4). (b) Force-

distance profiles show the effect of contact time on the interaction forces between PEI and 

PFMNMF in PBS buffer solution (pH 7.4). (c) Normalized adhesion force and energy between 

PEI-coated and PFMNMF-coated mica surfaces in PBS buffer solution (pH 7.4) with different 

contact time. 

3.3.4 Temperature and pH Responsive Properties of the Hydrogel 

 The volume phase transition temperature (VPTT) is a key parameter for temperature 

responsive hydrogels to be used under physiological conditions. All three hydrogels fabricated 

with ABA triblock copolymer exhibited a sharp VPTT at 32 °C (Figure S3.6 in Supporting 
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Information), which shares the same value with the LCST of the PNIPAM homopolymer in 

aqueous solution.35 The results indicate that the precise sequence design of the thermoresponsive 

segment in hydrogel network could not only endow the hydrogel with rapid temperature 

responsiveness but also could avoid the deviation of the VPTT when the hydrophobic/hydrophilic 

ratio of the polymer within the network is changed, which is a common but undesired issue in the 

fabrication of temperature responsive hydrogels.56-57 Gel-9.5% was used to further demonstrate 

the sensitive temperature responsive property of the hydrogels. As shown in Figure 3.8a and 3.8b, 

a sharp transparency change was observed when Gel-9.5% was heated to 37 °C, which results from 

the phase transition of the PNIPAM central block of the ABA triblock copolymer. In contrast, 

RGel-9.5% did not exhibit such rapid temperature responsiveness (Figure S3.7a and S3.7b in 

Supporting Information).  

 The mechanical properties of the hydrogels also varied with temperature in a responsive 

manner. As shown in Figure 3.8c, G’ value of Gel-9.5% increased from ~ 1000 Pa to ~ 2500 Pa 

as the temperature increased from 25 °C to 37 °C. The enhancement of the mechanical strength is 

attributed to the nano-hydrophobic domains formed locally within the network upon heating, 

which serve as the temporary cross-linking points and lead to a denser hydrogel network.8, 58 The 

formation of nano-hydrophobic domains was confirmed by AFM topography images of PFMNMF 

surface. As shown in Figure 3.8d and 3.8e, PFMNMF ABA triblock copolymer tended to form 

aggregation at 37 °C and the surface roughness increased from 0.43 nm at 25 °C to 27.0 nm at 

37 °C. As a comparison, the mechanical strength of RGel-9.5% did not exhibit such temperature 

responsiveness (Figure S3.8 in Supporting Information) as well as the corresponding 

topography images of PFMN surface (Figure S3.9a and S3.9b in Supporting Information). The 
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results reveal the important role of polymer architecture in regulating the mechanical strength of 

temperature responsive hydrogels, which is crucial for a wide range of biomedical applications. 

 

Figure 3.8. Transparency change of Gel-9.5% (a) 25 °C. (b) 37 °C. (c) Modulus change of Gel-

9.5% at 25 °C and 37 °C (γ = 1%, ω = 1 Hz). AFM topography images of PFMNMF (d) 25 °C. (e) 

37 °C. 

 The formation of dynamic Schiff base is well-known to be pH dependent as the imine bonds 

are sensitive to hydrolysis under acidic conditions.20 As shown in Figure 3.9a, upon the addition 

of concentrated HCl aqueous solution (10 μL, 5M), Gel-9.5% was rapidly decomposed into liquid 

(pH was measured ~3), indicating the complete hydrolysis of the dynamic imine bonds formed 

between the benzaldehyde groups of PFMNMF and the amine groups of  PEI. However, the 
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μL, 5M) to neutralize the acid (pH was measured ~6). Such gel-sol-gel transitions can be repeated 

for several cycles, indicating the excellent reversibility of the dynamic hydrogel.  

 The degradation profile of Gel-9.5% showed that 63% of the hydrogel was left in pH 7.4 PBS 

buffer solution and only ~20% of the hydrogel was left in pH 5.4 PBS buffer solution after 24h 

(Figure 3.9b). The hydrogel can be degraded much more rapidly in acidic environment than in 

physiological environment due to the faster hydrolysis of the dynamic imine bonds in acidic 

condition. The morphology of the remaining hydrogels was observed by SEM (Figure S3.10a and 

S3.10b in Supporting Information). A looser structure with less polymers between the pores was 

observed for the hydrogel immersed in pH 5.4 PBS. The interaction forces between PEI and 

PFMNMF copolymer at different pH conditions (7.4, 6.4 and 5.4) was quantitatively studied using 

a SFA. As shown in the force curves and the adhesion histograms in Figure 3.9c and 3.9d, the 

adhesion force (energy) between two surfaces decreased from Fad/R ~ 6.0 mN/m (Wad ~ 1.3 mJ/m2) 

at pH 7.4 to Fad/R ~ 2.5 mN/m (Wad ~ 0.53 mJ/m2) at pH 6.4 and there is no adhesion found 

between two surfaces at pH 5.4. The results elucidate the pH sensitivity of the dynamic imine 

bonds and well agree with the demonstrated gel-sol-gel transitions of Gel-9.5% induced by pH 

change. The novel hydrogels with sensitive dual temperature/pH responsiveness show great 

potential for applications, such as controlled drug delivery and biomolecules sensing.   
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Figure 3.9. (a) Reversible gel-sol-gel transitions of Gel-9.5% by changing pH. (b) Degradation 

profile of Gel-9.5% in PBS buffer solutions (pH 7.4 and 5.4) at 37 °C. (c) Force-distance profiles 

show the effect of pH on the interaction forces between PEI and PFMNMF in PBS buffer solutions 

(pH 7.4, 6.4 and 5.4). (d) Normalized adhesion force and energy between PEI-coated and 

PFMNMF-coated mica surfaces in PBS buffer solutions at different pH. 

3.3.5 Antimicrobial Property and Cell Cytotoxicity 

 Antimicrobial property is an essential requirement for implanted hydrogel materials since it 
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antimicrobial performance against both S. aureus and E. coli with increasing concentration from 
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kill more than 90% of both S. aureus and E. coil when challenged with bacterial concentration up 

to 108 CFU/mL. Even at extreme concentration (109 CFU/mL), Gel-9.5% was able to inhibit the 

growth of ~92.3% of S. aureus and ~ 82.6% of E. coil respectively. Since the hydrogel was not 

fully degraded within 24 h of incubation time, the antimicrobial activity is primarily through a 

contact-killing mechanism.14, 50 The excellent antimicrobial property of the hydrogel is attributed 

to the synergistic effects of the quaternary amine groups of the ABA triblock copolymer and the 

partially protonated amine groups of the PEI exposed to the hydrogel surface, targeting the 

negatively charged microorganism lipid membrane through electrostatic interaction, which leads 

to lysis and cell death.50, 59 The hydrogel demonstrated the great potential as antimicrobial 

biomaterial for tissue engineering and regenerative medicine. 

 The biocompatibility of the hydrogel (Gel-9.5%) was evaluated by MTT assay using both 

cancer (HeLa) and fibroblast (MRC-5) cell lines as shown in Figure 3.10b. After 24 h of 

incubation with Gel-9.5% gel extracts, cell viability of more than 80% was retained for both HeLa 

and MRC-5 cells. In spite of the difference in cell viability between different cell lines, the gel 

extracts showed low cytotoxicity to both cell lines. Although PEI has been reported to have 

potential cytotoxicity issue, many PEI-based hydrogels with excellent biocompatibility have been 

reported previously.60-61 The good biocompatibility should be attributed to the formation of a well-

interconnected hydrogel network by using low concentration of PEI solution to fabricate the 

hydrogel, which prevents the release of the non-crosslinked toxic PEI.62 Therefore, the developed 

hydrogel serves as a potential candidate for various bioengineering applications.  
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Figure 3.10. (a) Inhibition efficiency of S. aureus and E. coli after 24 h incubation with Gel-9.5%. 

(b) Cell viability of HeLa cancer cells and MRC-5 fibroblast cells after 24 h incubation with Gel-

9.5% gel extracts. 

3.4 Conclusions 

 Novel injectable self-healing hydrogels with tunable mechanical, optical and antimicrobial 

properties were designed and prepared. The hydrogels were formed after simple mixing of the 

multifunctional ABA triblock copolymer gelator PFMNMF solution with the PEI solution due to 

the formation of dynamic imine bonds as the cross-links. The hydrogel exhibited excellent 

injectability and self-healing capability. SFA force measurements provide insights into the self-

healing mechanism of Schiff base reaction. Additionally, compared with the hydrogel fabricated 

by PFMN random copolymer gelator, the optical and mechanical properties of the hydrogel can 

be fine-tuned in a sensitive temperature responsive manner due to the nano-hydrophobic domains 

formed locally within the hydrogel network. The hydrogel could also undergo reversible gel-sol 

transitions subjected to pH change due to the pH-sensitive nature of dynamic imine bonds. 

Moreover, the hydrogel could effectively inhibit bacterial growth (S. aureus and E. coli)  as a 

result of the synergistic effects of the quaternary amine groups of the PFMNMF polymer gelator 
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and the partially protonated amine groups of PEI exposed to the hydrogel surface, while showing 

low cytotoxicity to both fibroblast and cancer cells (MRC-5 and HeLa). Combining all these 

features, the developed novel hydrogels show great potential in various bioengineering 

applications. 
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Supporting Information 

 

Figure S3.1. 1H NMR spectrum of 4-formylphenyl methacrylate (FPMA) in DMSO-d6. 

 

Figure S3.2. 1H NMR spectrum of 2-(1-carboxy methylethylsulfanylthiocarbonylsulfanyl)-2-

methylpropionic acid in DMSO-d6. 
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Figure S3.3. 1H NMR spectrum of PFMN random copolymer in D2O. 

 

Figure S3.4. (a) Dynamic strain sweep measurement of Gel-9.5% at 37 °C (ω = 1 Hz). (b) 

Dynamic cyclic strain sweep measurement of Gel-9.5% at 37 °C (ω = 1 Hz, γ = 1% or 200%). 
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Figure S3.5. A typical SFA setup with asymmetric configuration for force measurement. 

 

Figure S3.6. Volume phase transition temperature (VPTT) of Gel-9.5%, Gel-8.5% and Gel-7.5%. 
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Figure S3.7. Transparency change of RGel-9.5% (a) 25 °C. (b) 37 °C. 

 

Figure S3.8. Modulus change of RGel-9.5% at 25 °C and 37 °C (γ = 1%, ω = 1 Hz). 
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Figure S3.9. AFM topography images of PFMN random copolymer (a) 25 °C. (b) 37 °C. 

 

Figure S3.10. SEM images of freeze-dried Gel-9.5% after degradation in PBS buffer solutions at 

different pH for 24 h. (a) pH 7.4. (b) pH 5.4. 
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CHAPTER 4 Dynamic Flexible Hydrogel Network with Biological Tissue-like 

Self-protective Functions 

4.1 Introduction 

Biological tissues can elegantly adopt different self-protection strategies to maintain their 

structural integrity and biological functionalities in response to the deformation induced by 

external mechanical stress. For instance, biological assemblies of microtubules, actin, collagen, 

and intermediate filaments can stiffen before being strained to the fracture (viz., their stiffness 

increases as the applied strain or stress increases).1-3 The strain-stiffening capability not only limits 

the biological tissues from deformation, but also plays important roles in various biological 

processes, such as cell differentiation and long-distance cell-cell communication.4-5 In 

bioengineering applications, to endow synthetic soft materials with such strain-stiffening 

capability is vital in mimicking the dynamic mechanical environment to decipher cell behaviors, 

and fabricating artificial tissues (e.g., muscle, skin, blood vessel, etc.), implantable actuators and 

soft robotics. Current design strategies of strain-stiffening materials mainly rely on the use of semi-

flexible polyisocyanopeptide (PIC) bundles with helical architecture or semi-flexible fibers 

prepared through self-assembly of gelator molecules, which possess inherent strain-stiffening 

property.6-10 However, sophisticated preparation methods and limited number of candidates restrict 

their applications. Considering the various synthetic routes and tunable functionalities of synthetic 

polymers, using flexible synthetic polymers to develop novel functional hydrogels for mimicking 

biological tissues is highly desired. Nevertheless, the strain-stiffening behavior is rarely observed 

in synthetic flexible hydrogels, which, instead, generally tend to be softened when strained.  

For the biological tissues, when their deformation exceed the maximum tolerable strain, 

they can be irreversibly damaged. In such case, the biological tissues can adopt the strategy of self-
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healing to autonomously repair damage and restore the physiological functions. Inspired by 

biological tissues, hydrogels with self-healing capability can be designed based on two major 

interaction mechanisms: non-covalent interactions (e.g., hydrogen bonding,11 hydrophobic 

interactions,12 host-guest interactions,13 etc.) and dynamic covalent chemistry (e.g., Schiff base,14 

boronic ester,15-16 disulfide,17 etc.).  By far, only few hydrogels that possess both strain-stiffening 

and self-healing properties have been reported, including bolaamphiphiles (BA) fiber-based 

supramolecular semi-flexible hydrogels, PIC-based semi-flexible physical gels and the PVA-borax 

flexible hydrogel.18-20 Recently, a flexible self-healing hydrogel with branching network 

architecture constructed by branched PEI and dibenzylaldehyde-functionalized PEG has been 

reported to have strain-stiffening property.21 The branched PEI could cause cytotoxicity issue,22 

which potentially limits this type of hydrogel in bioengineering applications. Besides, the 

branching network architecture is generally difficult to achieve and control since the synthesis of 

well-defined precursor branched polymers should follow complicated and time-consuming 

processes, which could not be easily scaled-up for practical applications. Therefore, conferring 

both strain-stiffening and self-healing properties in a biocompatible flexible hydrogel with simple 

network architecture is of great significance while remains a challenge. 

Herein, we report a strain-stiffening self-healing hydrogel prepared from two flexible linear 

polymers, both of which have excellent biocompatibility (Figure 4.1). The hydrogel is cross-

linked through the condensation reactions between boronic acids of diphenylboronic acid-

terminated telechelic poly(ethylene glycol) (DPB-PEG) and the 1,2-/1,3-diols of a glycopolymer, 

poly(acrylamide-co-2-lactobionamidoethyl methacrylamide) (P(AM-co-LAMEA)) under 

physiological conditions. The as-prepared hydrogels exhibit remarkable biomimetic strain-

stiffening behavior, which can be facilely tuned by crosslinking density, polymer concentration, 
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temperature and the length of the cross-linkers. The underlying strain-stiffening mechanism is 

elucidated as the non-linear stretching and finite extensibility of PEG, which provides novel 

insights into the molecular design for the functional hydrogels with tunable mechano-response. In 

addition, due to the dynamic boronic ester cross-linking chemistry, the damaged hydrogel can 

repetitively self-heal within seconds without sacrificing the strain-stiffening capability. The 

significant biomimetic characteristics along with the excellent biocompatibility enable the 

hydrogel as an ideal platform for 3D cell encapsulation. The presented biocompatible strain-

stiffening self-healing hydrogel may pave the way for the development of novel multifunctional 

biomimetic soft materials for a wide range of biomedical and engineering applications.  

 

Figure 4.1. Preparation of biocompatible flexible hydrogel network using DPB-PEG and P(AM-

co-LAEMA) and its biomimetic strain-stiffening and self-healing functions in response to 

mechanical deformation.  
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4.2 Experimental Methods 

4.2.1 Materials 

All the chemicals used for polymer synthesis were purchased from Sigma Aldrich. 2-

lactobionamidoethyl methacrylamide (LAEMA) was synthesized according to the published 

papers.23-24 LIVE/DEADTM cell imaging kit was purchased from Fisher Scientific. All the cell 

culture products, including DMEM medium, antibiotics, fetal bovine serum (FBS), and trypsin 

with EDTA, were obtained from Gibco. 

4.2.2 Polymer Synthesis and Characterization 

 DPB-PEG4k was synthesized by esterification of hydroxyl-terminated PEG with 3-

carboxyphenylboronic acid. Briefly, PEG4k (0.5 mmol, 2 g), 3-carboxyphenylboronic acid (2 

mmol, 332 mg) and DMAP (15 mg) were dissolved in dry THF (20 mL) in a 100-mL round-

bottomed flask. DCC (2.5 mmol, 516 mg) in 10 mL of dry THF was added to the system via a 

syringe after degassing the whole system with nitrogen for 30 min. The reaction was allowed to 

proceed at room temperature for 24 h with vigorous stirring. The white solid was filtered and the 

filtrate was concentrated under vacuum. The polymer was obtained as white solid after repeated 

dissolution in THF and precipitation in diethyl ether for three times, followed by drying under 

vacuum. DPB-PEG8k was synthesized following a similar procedure, except changing the amount 

of the chemicals (PEG8k (0.25 mmol, 2g), 3-carboxyphenylboronic acid (1 mmol, 166mg), DMAP 

(8 mg), DCC (1.25 mmol, 258 mg)). 

 The glycopolymer P(AM-co-LAEMA) was synthesized by free radical polymerization. 

Briefly, a 50-mL round-bottomed flask was charged with acrylamide (7 mmol, 497 mg), LAEMA 

(3 mmol, 1.404 g) and the initiator AIBN (0.025 mmol, 4 mg). The reagents were then dissolved 

in a mixed solvent of DI water (9 mL) and DMF (1 mL). After degassing with nitrogen for 15 min, 
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the polymerization was carried out in an oil bath at 70 °C for 24 h. The polymer was obtained as 

white solid after dialysis against DI water for three days followed by lyophilization.  

 The 1H NMR spectra of DPB-PEG4k and P(AM-co-LAEMA) were recorded on a Varian 500 

MHz spectrometer at room temperature using D2O as solvent. Chemical shifts are reported in parts 

per million (δ) relative to TMS used as the internal reference. The FT-IR spectra of PEG4k and 

DPB-PEG4k were obtained on a Thermo Scientific Nicolet iS50 Fourier transform infrared 

spectrophotometer equipped with diamond crystal/built-in all-reflective diamond ATR. The 

number (Mn) average molecular weights and polydispersity (PDI) of P(AM-co-LAEMA) were 

determined by Viscotek conventional gel permeation chromatography (GPC) system equipped 

with two WAT011545 Waters Ultrahydrogel linear columns using 0.5 M sodium acetate/0.5 M 

acetic acid buffer as eluent at a flow rate of 1.0 mL/min. The GPC was calibrated by monodisperse 

pullulan standards (Mw = 5900−404 000 g/mol). 

4.2.3 Hydrogel Preparation 

 Hydrogels with designated boronic acid/sugar molar ratios and final polymer concentrations 

were prepared by mixing PBS solutions (pH 7.4) of DPB-PEG4k/8k and P(AM-co-LAEMA) at 

different ratios. For instance, to prepare a 10 w/v% hydrogel at boronic acid/sugar=1:1, 32 mg of 

DPB-PEG4k and 8 mg of P(AM-co-LAEMA) were firstly dissolved in 320 µL and 80 µL of PBS 

buffer solutions (pH 7.4) respectively. The hydrogel can be formed within ~30 s after mixing two 

solutions through vortex and stay still when the vial was inverted. The hydrogels using shorter 

crosslinkers DPB-PEG4k and longer crosslinkers DPB-PEG8k are denoted as BL4k and BL8k 

respectively.  

4.2.4 Rheology Characterization 

 A rheometer (TA Instruments, AR-G2) fitted with a Peltier stage using a 20 mm parallel-plate 
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configuration and with a gap of 53 μm was used to characterize the mechanical behaviors of the 

hydrogels. All the hydrogels were stored at room temperature for 1 h to reach equilibrium before 

rheology measurements. For all the tests, a few drops of silicon oil is applied around the edge to 

prevent moisture evaporation during the tests.  

 A reported dynamic oscillatory strain amplitude sweep protocol (γ from 0.1 % to 1000 %) was 

used to investigate the strain-stiffening behavior of the hydrogels.1, 25
  

 The temperature-dependent mechanical properties of hydrogel were characterized through 

temperature ramp tests from 15 (75) to 75 (15) °C with a heating (cooling) rate of 2 °C/min at 

constant strain (γ = 1%) and angular frequency (ω =10 rad/s). 

 The on-demand and targeted mechanical properties of the hydrogels were characterized 

through cyclic strain step tests by applying a low strain (γ = 5%, below γc) and higher strains 

(between γc and γmax) at constant angular frequency (ω =10 rad/s) on the hydrogels.  

 To study the self-healing property of the hydrogels, sequential strain amplitude sweeps (γ from 

0.1 % to 1000 %) at constant angular frequency (ω =10 rad/s) were performed on the hydrogels to 

monitor the recovery of the mechanical properties after a strain failure. The reproducibility of the 

self-healing capacity was characterized through cyclic strain step tests by applying a low strain (γ 

= 5%, below γc) and a high strain (γ = 650%, above γmax) on the hydrogel at constant angular 

frequency (ω =10 rad/s). 

4.2.5 SFA Experiment Setup and Force Measurements 

 A surface forces apparatus (SFA) was used to quantitatively probe the interaction forces 

between P(AM-co-LAEMA) and DPB-PEG4k or unmodified PEG4k. The detailed experiment 

setup for SFA measurements have been reported previously.26-28 In this work, a symmetric 

configuration was adopted. Briefly, two back-silvered mica surfaces (1−5 μm) were glued onto 
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two cylindrical silica disks (R ≈ 2 cm). The mica surfaces were then coated with P(AM-co-

LAEMA) solution (100 μg/mL) for 15 min, followed by a thorough rinse with PBS buffer to 

remove unbound or loosely bound polymers. Two surfaces were then mounted into the SFA 

chamber in a cross-cylinder configuration and the SFA chamber was saturated with water vapor. 

PBS solution of DPB-PEG4k or unmodified PEG4k (100 μg/mL, pH 7.4) was injected between 

two mica surfaces. The force measurement was conducted by bringing two surfaces to contact 

followed by separation. The interaction forces F(D) were monitored as a function of absolute 

surface separation distance D in real time using multiple beam interferometry by employing fringes 

of equal chromatic order (FECO). For each case, force-distance profiles were measured at least 

two different interaction positions on a set of surfaces to confirm the reproducibility. The measured 

adhesion or “pull-off” force Fad and adhesion energy Wad are correlated by: 

                𝐹𝑎𝑑 =  
3

2
𝜋𝑅𝑊𝑎𝑑                               (4) 

4.2.6 Cell Culture  

Cervical cancer cell line (HeLa ATCC® CCL-2™) were cultured in Dulbecco's Modified 

Eagle's medium/Nutrient Mixture F-12 media supplemented with 10% Fetal bovine serum, 2mM 

L-glutamine and 10% Penicillin Streptomycin. Cells were cultured in a humidified incubator at 

37o C with 5 % CO2 and divided when reached 80% confluency. 

4.2.7 3D cell encapsulation 

 A reported procedure was followed for 3D cell culture with slight modification.29 HeLa cells 

were taken as the model cell line for the demonstration of 3D cell culture in a 10 w/v% BL4k 

hydrogel under sterile conditions. HeLa cells at a density of 2.5 × 106 cells/mL were suspended in 

320 μL of low glucose DMEM medium with 10 w/v% of DPB-PEG4k and transferred to a glass-

bottomed petri-dish. Then 80 μL of 10 w/v% P(AM-co-LAEMA) PBS solution was gently mixed 
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with the cell suspension to form cell-loaded hydrogel. After the addition of 0.5 mL of low glucose 

DMEM culture medium, the cell-loaded hydrogel was incubated at 37 °C for 24 h. The cell-loaded 

hydrogel was visualized by CLSM 710 Meta confocal laser scanning microscope (Carl Zeiss, Jena, 

Germany) after stained with live/dead cell imaging kit. The live/dead staining solution is a mixture 

of two fluorescent dyes that are able to label live and dead cells respectively. The live cells would 

be stained green due to the enzymatic conversion of membrane-permeant non-fluorescent live cell 

dye to the intensely fluorescent molecules. The dead cells will be stained red as the membrane-

impermeant dead cell dye enters the cells with damaged membrane and binds to the DNA. The 

cell viability was quantified using Imaris Image Analysis software. 

4.3 Results and Discussions 

4.3.1 Polymer Synthesis and Hydrogel Preparation 

Two hydrogel precursor polymers were first synthesized. DPB-PEG with molecular 

weights of 4 kDa and 8 kDa (DPB-PEG4k and DPB-PEG8k) were synthesized by esterification of 

hydroxyl-terminated PEG with 3-carboxyphenylboronic acid. (Figure S4.1a in Supporting 

Information). The polymer was characterized by 1H NMR and FT-IR spectroscopy (Figure S4.2 

and S4.3 and Supporting Information for details of polymer characterizations). The linear 

glycopolymer, P(AM-co-LAMEA) was synthesized by free-radical polymerization of acrylamide 

(AM) with 2-lactobionamidoethyl methacrylamide (LAEMA) (Figure S4.1b in Supporting 

Information). The resulting polymer was characterized by 1H NMR spectroscopy (Figure S4.4 

in Supporting Information). The number average molecular weight (Mn=53800 g/mol) and 

polydispersity (PDI=2.9) were determined by gel permeation chromatography (GPC).  

Hydrogels with designated boronic acid/sugar molar ratios and final polymer 

concentrations were readily prepared at physiological pH by mixing PBS solutions of DPB-
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PEG4k/8k and P(AM-co-LAEMA) at different ratios. All the hydrogels could be rapidly formed 

within ~30 s (Figure S4.5 in Supporting Information), resulting from the efficient formation of 

boronic ester crosslinks between boronic acids and 1,3-diols on the sugar moieties. Hydrogels 

crosslinked by DPB-PEG4k and DPB-PEG8k are denoted as BL4k and BL8k respectively. 

4.3.2 Mechanical Analysis of Strain-stiffening Behavior 

 The as-prepared hydrogels exhibited a well-defined non-linear mechano-response to 

deformation after a critical strain (stress) is reached (Figure S4.6 in Supporting Information). 

Such strain-stiffening behavior is commonly observed in biopolymer-based semi-flexible 

networks but is extremely rare in synthetic flexible hydrogel networks. Differential modulus K’, 

which is defined as the derivative of shear stress σ with respect to shear strain γ (𝐾′ = 𝜕𝜎/𝜕𝛾), is 

employed to describe the mechano-response of the hydrogels by plotting K’ against σ. Two distinct 

regimes are observed: in the low-stress linear regime, K’ remains constant and equals to the plateau 

modulus G0; while above the critical stress σc, K’ starts to increase with σ as 𝐾′ ∝  𝜎𝑚, indicating 

the strain-stiffening property. The power m represents the stiffening index, which measures the 

intensity of the strain-stiffening response of the network. K’max/G0 is defined as the stiffening range, 

which measures the increase in stiffness relative to the initial stiffness before material failure. 

4.3.3 Boronic acid/sugar Molar Ratio Dependence 

 The influence of different boronic acid/sugar ratios on the network mechanics of BL4k is 

investigated when the polymer concentration of the hydrogels is fixed at 10 w/v%. All the samples 

show clear linear and non-linear mechano-responsive regimes, where G0 and σc can be easily tuned 

by varying the molar ratio between boronic acid and sugar groups (Figure 4.2a). As the molar 

ratio of boronic acid/sugar increases from 1:0.5 to 1:4, G0 significantly increases from 32 Pa to 

405 Pa (Figure 4.2b). The increase of G0 could be attributed to the higher crosslinking density of 
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the network as more boronic esters can be formed with increasing amount of sugar groups. 

Consequently, σc also increases from 16 Pa to 209 Pa as the stiffness of the hydrogel increases 

(Figure 4.2b). Plotting normalized differential modulus (K’/ G0) against normalized stress (σ/σc) 

shows that the stiffening index m varies with different boronic acid/sugar molar ratios (Figure 

4.2c). m decreases from 0.62 to 0.37 as the boronic acid/sugar molar ratio increases from 1:0.5 to 

1:4 (Figure 4.2d). The stiffening index of our hydrogel is relatively lower than biopolymer-based 

and polyisocyanopeptide (PIC)-based semi-flexible hydrogels (m ~ 1.5),7 which show purely 

entropic elasticity.3 The lower m may result from the flexible nature of our polymers, which exhibit 

both entropic and enthalpic elasticity when being deformed.30  

 

Figure 4.2. Mechanical properties of BL4k hydrogels (10 w/v%, T=25 °C) at different boronic 
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acid/sugar molar ratios. (a) Differential modulus K’ against stress σ. (b) Plateau modulus G0 and 

critical stress σc against boronic acid/sugar molar ratio. (c) Normalized differential modulus (K’/ 

G0) against normalized stress (σ/σc). (d) Stiffening index m as a function of boronic acid/sugar 

molar ratio.  

4.3.4 Polymer Concentration Dependence 

 A series of BL4k hydrogels with a total polymer concentration between 5.0% to 15.0% (w/v%) 

at boronic acid/sugar molar ratio=1:1 were prepared to tune the mechanical properties. All the 

samples displayed strain-stiffening behavior, with strong dependence of both G0 and σc on the 

polymer concentration (Figure 4.3a). A 3-fold decrease in polymer concentration not only drops 

G0 from ~500 Pa to ~10 Pa, but also drastically lowers σc from ~200 Pa to less than 10 Pa (Figure 

4.3b), which falls within the biologically accessible stress range.31 Such concentration-dependent 

network mechanics is similar to various biological gels based on collagen, actin and fibrin.1-2 In 

addition, the strain-stiffening response of our hydrogels can be also tuned by varying the polymer 

concentration (Figure 4.3c), which is different from the universal strain-stiffening behavior 

adopted by semi-flexible hydrogels and PEI/PEG flexible hydrogels with branched network 

architecture.7, 21 The stiffening index m exhibits ~30% decrease from 0.66 to 0.47 as the polymer 

concentration increases from 5 to 15 w/v% (Figure 4.3d).   
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Figure 4.3. Mechanical properties of BL4k hydrogels (boronic acid/sugar molar ratio=1:1, 

T=25 °C) at different polymer concentration. (a) Differential modulus K’ against stress σ. (b) 

Plateau modulus G0 and critical stress σc against polymer concentration. (c) Normalized 

differential modulus (K’/ G0) against normalized stress (σ/σc). (d) Stiffening index m as a function 

of polymer concentration. 

4.3.5 Temperature Dependence 

The temperature effect on mechanical properties of BL4k (boronic acid/sugar molar 

ratio=1:1, 10 w/v%) was investigated through a temperature ramp test. In a heating ramp, both 

storage modulus G’ and loss modulus G” decreased as the temperature increased from 15 to 75 °C 

and recovered the original values in a reversed cooling ramp (Figure S4.7 in Supporting 
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Information). The decreased hydrogel stiffness at elevated temperatures is most likely due to the 

“softening” behavior of PEG at high temperatures.32-33 Nevertheless, the hydrogel retained the 

strain-stiffening behavior within the whole temperature range (Figure 4.4a and 4.4b), where both 

G0 and σc exhibit a 4-fold decrease as the temperature increases from 20 to 70 °C. Interestingly, 

the normalized differential modulus (K’/ G0) against normalized stress (σ/σc) at different 

temperatures collapsed into a single master curve with m ~0.6 (Figure 4.4c), suggesting 

temperature has limited impact on the strain-stiffening response of our hydrogel.  

 

Figure 4.4. Mechanical properties of BL4k hydrogel (boronic acid/sugar molar ratio=1:1, 10 w/v%) 

at different temperatures. (a) Differential modulus K’ against stress σ. (b) Plateau modulus G0 and 

critical stress σc against temperature. (c) The master curve fitted to the normalized data in (a). 
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4.3.6 Cross-linker Chain Length Dependence 

The network mechanics can be further tailored by altering the length of the cross-linking 

molecules. Two hydrogels (BL4k and BL8k) with different cross-linker length (DPB-PEG4k and 

DPB-PEG8k), but the same polymer concentration (10 w/v%) and boronic/sugar molar ratio (1:1) 

were prepared and measured. The stiffness of the hydrogel (BL8k) crosslinked by longer PEG is 

smaller than the hydrogel (BL4k) crosslinked by shorter PEG, which thereby leads to a significant 

decrease of σc from 94 to 4.8 Pa (Figure 4.5a). The reduction of the stiffness could be attributed 

to the looser and disorganized network structure. Such effect has been also found in the PIC-based 

and cytoskeletal polymer-based gels.19, 34 Plotting normalized differential modulus (K’/G0) against 

strain γ for both hydrogels shows that the K’ continuously increases in the non-linear response 

regime until it reaches the maximum strain γmax, where the hydrogel network is ruptured (Figure 

4b). The stiffening range K’max/G0 (i.e., increase of stiffness relative to the initial stiffness before 

failure) is closely related to the maximum strain that the network could sustain. Due to the higher 

extension of the longer PEG chains, BL8k could sustain a large γmax, which consequently leads to 

a higher value of K’max/G0 (Figure 4.5b). 

Biological tissues span a wide spectrum of stiffness. The stiffness of our hydrogels mainly 

matches those relatively soft tissues, including intestinal mucosa, neural tissue, crystalline lens, 

adipose tissue as well as extracellular matrix (ECM) composed of collagen, actin, fibrin and 

neurofilaments.1, 35 To match the higher stiffness of other biological tissues (e.g., skin, muscle, etc.) 

with strain-stiffening response, one can possibly consider to introduce some stiff nanomaterials 

(e.g., carbon nanotubes, cellulose nanocrystals, etc.) or a 2nd semi-flexible network into the 

hydrogel, which could not only stiffen the material, but also preserve the biomimetic strain-

stiffening mechano-repsonse.  
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Figure 4.5. Mechanical properties of BL4k and BL8k (boronic acid/sugar molar ratio=1:1, 10 

w/v%, T=25 °C). (a) Differential modulus K’ against stress σ. (b) Normalized differential modulus 

(K’/ G0) against strain (γ) showing the maximum strain γmax and stiffening range K’max/G0. 

4.3.7 Reversibility and Reproducibility of Strain-stiffening Behavior  

Similar to biological tissues, our hydrogel can provide on-demand and targeted mechanical 

properties due to the reversible strain-stiffening capability. Both BL4k and BL8k can be repeatedly 

stiffened to a designated G’ value and maintain such mechanical strength as long as a suitable 

strain is continuously applied (Figure 4.6a and 4.6b). The original mechanical properties of the 

hydrogels are immediately recovered once the applied strain is reduced.  

Unlike some biopolymer networks that delay the onset of strain-stiffening response at a 

gradually increasing strain after being repeatedly deformed,36 the strain history does not affect the 

strain-stiffening response of the as-prepared hydrogel. Seven sequential strain sweeps were 

performed on BL8k by applying strain from 0.05 to 7.5 (below γmax =7.6). The strain-stiffening 

profiles of the hydrogel follow the same trace and the hydrogel can be reversibly and repeatedly 

stiffened to 8 times of its original modulus, without showing mechanical hysteresis (Figure 4.6c). 

The reproducibility of the strain-stiffening behavior shows promises for various bioengineering 
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applications, such as cell culture matrices, artificial muscle, soft robotics and intelligent soft 

machines, which are required to tolerate repeated deformation.  

 

Figure 4.6. (a) Cyclic strain step tests of BL4k (boronic acid/sugar molar ratio=1:1, 10 w/v%, 

T=25 °C) (b) Cyclic strain step tests of BL8k (boronic acid/sugar molar ratio=1:1, 10 w/v%, 

T=25 °C). (c) Seven sequential strain sweeps of the hydrogel tested in (b). 

4.3.8 Strain-stiffening Mechanism 

In our hydrogel system, the biomimetic strain-stiffening behavior is originated from the 

non-linear stretching and finite extensibility of the PEG.21, 37 The role of another linear polymer 

P(AM-co-LAEMA) is to provide sufficient amount of 1,3-diol groups, which allow both ends of 

DPB-PEGs to be covalently bonded through the formation of boronate esters. As shown in Figure 

4.7, once two ends of DPB-PEGs are strongly bonded, the PEG strands could act like springs when 
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being strained. During deformation, the randomly oriented PEG strands tend to align parallel with 

the strain/stress direction. As the PEG strands are stretched to their “straightened” state, the 

conformational entropy is significantly reduced and the flexible PEG strands could exhibit some 

enthalpic elasticity due to bending or stretching of the covalent bonds within the PEG strands. The 

synergy of both effects could induce an opposing force against the applied strain/stress, which 

leads to the stiffening response of the network. The strain-stiffening effects dominate the 

mechanical behavior of the hydrogel, causing the drastic increase of G’ until the PEG strands are 

stretched to the maximum extensibility (γmax), where the rupture of the hydrogel occurs.  

The theoretical value of γmax can be roughly estimated from the maximum uniaxial 

extension ratio λmax of a linear polymer chain using the following reported equations:37-38 

          𝜆𝑚𝑎𝑥 =
𝑙𝑚𝑎𝑥

𝑙0
                                 (1) 

      𝑙0 = √2𝑙𝑝𝑙𝑚𝑎𝑥[1 −
𝑙𝑝

𝑙𝑚𝑎𝑥
(1 − 𝑒−𝑙𝑚𝑎𝑥/𝑙𝑝)]                     (2) 

           𝛾𝑚𝑎𝑥 = 𝜆𝑚𝑎𝑥 − 𝜆𝑚𝑎𝑥
−1

                           (3) 

where lmax is the contour length of a fully extended polymer chain, which can be calculated based 

on the PEO monomer repeating unit length of 0.28 nm in water;39 l0 is the end-to-end distance of 

the unstretched polymer chain, which can be calculated from the persistence length lp of PEG in 

water (lp of PEG ≈ 0.37 nm).38 Based on Equations (1)-(3), γmax is calculated to be 5.7 and 8.2 for 

DPB-PEG4k and DPB-PEG8k respectively, which is greater than the experimental values 2.9 and 

7.6.  

The difference between the theoretical and experimental values may arise from: 1) the PEG 

are constrained and crosslinked in a network structure. The extension of the crosslinked PEG is 

greatly limited as compared with the case in the bulk solution. 2) the estimated l0 may not be precise 



110 

 

since the PEG could adopt different conformations from those in the bulk solution, resulting from 

polymer entanglement and other intermolecular interactions within the network. 3) the bond 

strength of boronic esters is relatively low due to the dynamic nature. They can be possibly 

ruptured before the PEG strands being stretched to the maximum extension, leading to a lower 

experimental γmax.  

Although many hydrogels crosslinked by PEG have been reported, the strain-stiffening 

mechano-response is rarely observed. Several key factors play important roles in realizing and 

tuning the strain-stiffening response in such type of flexible hydrogels. First, the dynamic nature 

offers great flexibility and extensibility of the polymer network,40 which contributes to the unique 

stiffening response during deformation. Second, the molecular weight of the precursor polymers 

could affect the network mechanics. The molecular weight of the synthetic glycopolymer P(AM-

co-LAEMA) used in our system is relatively smaller than the natural macromolecules (e.g., 

chitosan, hyaluronic acid, cellulose, etc.), which are often used in the hydrogels crosslinked by 

PEG.41-43 As a result, less polymer entanglement is expected in our network, which thereby permits 

the “free” motions of PEG upon network deformation. The selection of suitable molecular weight 

of our polymer could provide useful insights into the molecular design of strain-stiffening flexible 

hydrogels, with implications for future investigation of the molecular weight dependence of the 

strain-stiffening response. Third, networks with relatively low crosslinking density are more likely 

to obtain strain-stiffening property since the polymer strands can be stretched under less restriction. 

In fact, we found that the hydrogel with lower crosslinking density possesses a stronger strain-

stiffening response as suggested by the increase of stiffening index. However, lower crosslinking 

density also leads to the reduction of material stiffness. Fourth, the total polymer concentration 

also plays important roles in tuning the network mechanics. Higher polymer concentration would 
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also enhance polymer entanglement and other intermolecular interactions (e.g., hydrogen bonding) 

within the network, which also limits the extension of PEG. Similar to the effect of crosslinking 

density, decreasing polymer concentration could achieve a stronger strain-stiffening response, 

while sacrificing the initial stiffness. Last but not least, the overall increase in stiffness of the 

material (i.e., stiffening range, K’max/G0) can be tuned by varying the length of the crosslinkers. 

Although using longer crosslinkers could extend the stiffening range, it also decreases the stiffness 

of the hydrogel due to a less compact and organized network structure. Generally, increasing the 

stiffness of flexible hydrogels would weaken the non-linear strain-stiffening response and make 

them less sensitive to the applied stress. Such trend has been also found in a strain-stiffening hybrid 

network based on PIC semi-flexible and polyacrylamide (PAM) flexible polymers.44 To conclude, 

strain-stiffening flexible hydrogels should be constructed based on dynamic molecular interactions 

and one could balance the material stiffness and the strain-stiffening response by tuning the 

molecular weight of precursor polymers, the crosslinking density, the total polymer concentration 

as well as the length of the crosslinkers. 
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Figure 4.7. Illustration of the strain-stiffening mechanism. 

4.3.9 Self-healing Property and Associated Interaction Mechanism 

When strain-stiffening capability of biological tissues fails to maintain the integrity above 

maximum strain, they adopt the strategy of self-healing to heal the damage and recover the original 

properties. Our strain-stiffening hydrogel also possesses such biomimetic self-healing capability. 

As shown in Figure 4.8a-d and Video S4.1, after bringing two pieces of separated hydrogels into 

contact, the hydrogels could adhere to each other and autonomously merge into one single piece 

within a few seconds. The self-healed hydrogel can be easily lifted against its own weight without 

breakage. The self-healing property of the hydrogels was further investigated by sequential strain 
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sweeps. It was found that after being damaged at a high strain (γ= 6.0, above γmax = 2.9), the 

damaged hydrogel could not only immediately self-heal to recover the original mechanical 

strength, but also fully retain the strain-stiffening capability (Figure 4.8e). Similar self-healing 

behavior was observed in other hydrogels with different polymer concentrations (Figure S4.8a-

S4.8d in Supporting Information). The reproducibility of the self-healing property is further 

confirmed by performing cyclic strain step tests, where both G’ and G” could fully recover to the 

original values even after the hydrogel being repeatedly ruptured (Figure 4.8f). 

To gain insights into the self-healing mechanism, a surface forces apparatus (SFA) was 

employed to quantitatively probe the molecular interactions between P(AM-co-LAEMA) and 

DPB-PEG or unmodified PEG at nano-scale using symmetric configuration (Figure S4.9 in 

Supporting Information). Reversible adhesion forces of Fad/R ~ 6.1 mN/m (Wad ~ 1.3 mJ/m2) 

were measured between P(AM-co-LAEMA) and DPB-PEG (Figure 4.8g) in three sequential 

approach−separation force measurements. In contrast, no adhesion was observed between P(AM-

co-LAEMA) and the unmodified PEG (Figure S4.10 in Supporting Information). Considering 

the structural difference in end groups between two types of PEG, the adhesion is attributed to the 

formation of dynamic boronic ester bonds between diphenylboronic acid and 1,3-diol groups 

across two surfaces, which should play a dominant role in the excellent self-healing capability of 

our hydrogel. Moreover, the reversible nature of the adhesion force between P(AM-co-LAEMA) 

and DPB-PEG also well agrees with the reproducibility of the self-healing behavior. 
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Figure 4.8. The self-healing process of BL4k (boronic acid/sugar=1:1, 10 w/v%, T=25 °C). (a) 

original hydrogel, (b) hydrogel was cut into two pieces, (c) separated hydrogels were brought into 

contact, (d) self-healed hydrogel can be lifted against its own weight. (e) Sequential strain sweeps 

of BL4k (boronic acid/sugar molar ratio=1:1, 10 w/v%, T=25 °C). (f) Cyclic strain step tests of 

the hydrogel tested in (e). (g) Force-distance profiles show the interactions between P(AM-co-

LAEMA) and DPB-PEG in three sequential approach−separation force measurements. 

4.3.10 3D Cell Encapsulation 

The potential application of our biomimetic hydrogels is to be used as artificial ECM to 

encapsulate cells and further grow artificial tissues or organs for tissue engineering. Culturing 

cancer cells is of particular interest to create tumor tissue models for precision medicine.45 In this 
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study, HeLa cells were chosen as the model cells to preliminarily investigate the cytotoxicity and 

3D cell encapsulation ability of our hydrogel. As shown in Figure 4.9a and 4.9b, the live cells 

(green colour) take the majority of the population compared with the dead cells (red colour). The 

cell viability is assessed to be ~80% in both 5 and 10 w/v% BL4k hydrogel after 24 h (Figure 

4.9c), which confirms the excellent biocompatibility of our hydrogels. However, compared with 

the round shape morphology of HeLa cells, which are homogeneously distributed in the 10 w/v% 

hydrogel, the cells exhibit flat morphology and sink to the bottom in the 5 w/v% hydrogel. The 

results suggest that low material stiffness could not provide ideal 3D environment for the cell 

growth.  

 

Figure 4.9. 3D confocal microscopy images of HeLa cells cultured in (a) 5 w/v%, (b) 10 w/v% 

BL4k hydrogel. (c) Cell viability quantification after 24 h incubation (live control: DMEM+10% 

FBS; dead control: 70% ethanol). Images were taken from randomly selected 5 fields and 
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quantification was done using Imaris Imaging Software. Data shown represents the means ± S.D., 

n=5. 

4.4 Conclusions 

 In summary, we successfully realize both tissue-like strain-stiffening and self-healing 

functions in a flexible hydrogel network constructed by biocompatible glycopolymers and boronic 

acid-functionalized PEG. The biomimetic hydrogel can elegantly adopt either strain-stiffening or 

self-healing protective strategy to maintain the integrity and original properties in response to 

mechanical stress. Moreover, our novel biocompatible hydrogel shows the great promises to be 

used for 3D cell encapsulation. The current work provides novel insights into the molecular design 

of strain-stiffening materials, with useful implications for the development of biomimetic cell 

culture matrices, artificial tissues as well as soft machines and robotics for various biomedical and 

engineering applications. 
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Supporting Information 

 

Figure S4.1. (a) Synthesis route of DPB-PEG4k/8k. (b) Synthesis route of glycopolymer P(AM-

co-LAEMA) 

Characterizations of Polymers 

 From the 1H NMR spectrum of DPB-PEG4k (Figure S4.2), the peaks assigned to benzene 

ring (signal a, b, c, d: δ = 8.41, 8.12, 8.01, 7.57 ppm) and ester methylene (signal e: δ = 4.47 ppm) 

were clearly observed. The integration ratio among Ia, Ib, Ic, Id and Ie was calculated to be ~1:1:1:2, 

indicating the hydroxyl groups at both ends of PEG were converted to phenylboronic acids. The 

successful synthesis of DPB-PEG4k was further confirmed by FT-IR. Compared with the spectrum 

of unmodified PEG4k, two new peaks appeared at 1750 and 700 cm-1, which are assigned to C=O 

stretching of ester bond and aromatic C-H bending, respectively (Figure S4.3). The successful 

synthesis of DPB-PEG8k was verified through the similar methods.  

 P(AM-co-LAEMA) was characterized by 1H NMR, in which the characteristic sugar peaks 

can be clearly observed (Figure S4.4), indicating the successful copolymerization of the LAEMA 

monomers. The molar percentage of AM and LAEMA was determined to be 67.8% and 32.2% by 

a

b
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comparing the peaks of the polymer backbone, which is consistent with the designed ratio. 

 

Figure S4.2. 1H NMR spectrum of DPB-PEG4k. δH (ppm)= 8.41, 8.12, 8.01, 7.57 (B(OH2)C6H4), 

4.47 (-COO-CH2-CH2-), 3.92 (-COO-CH2-CH2-), 3.63-3.68 (-O-CH2-CH2-O-). 
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Figure S4.3. FT-IR spectra of PEG4k and DPB-PEG4k. Wavelength (cm-1)= 1750 (C=O 

stretching), 700 (C-H bending, aromatic). 
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Figure S4.4. 1H NMR spectrum of P(AM-co-LAEMA). δH (ppm)= 4.54 (-O-CH-O-), 4.40 (OH-

CH-CO-), 4.19 (-O-CH2-O-CH-), 3.36 (CO-NH-CH2-CH2-NH-). 

 

Figure S4.5. After mixing PBS solutions of DPB-PEG4k and P(AM-co-LAEMA), the BL4k 

hydrogel (boronic acid/sugar=1:1, 10 w/v%) was formed and stayed still when the vial was 

inverted.  
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Figure S4.6. Dynamic oscillatory strain amplitude sweeps show the well-defined non-linear strain-

stiffening behavior of BL4k hydrogels (boronic acid/sugar=1:1; 10, 7.5, 5 w/v%). 

 

Figure S4.7. Temperature ramp tests conducted on BL4k hydrogel (boronic acid/sugar=1:1, 10 

w/v%) show the temperature-dependent mechanical properties.  
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Figure S4.8. Sequential strain amplitude tests show the self-healing capability of BL4k hydrogels 

(boronic acid/sugar=1:1, T=25 °C) with different polymer concentrations. (a) 15 w/v%, (b) 12.5 

w/v%, (c) 7.5 w/v% and (d) 5 w/v%. 
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Figure S4.9. Illustration of symmetric configuration for SFA force measurements. 

 

Figure S4.10. Force-distance profiles show the interactions between P(AM-co-LAEMA) and PEG 

in sequential approach−separation force measurements. 

Video S4.1 Self-healing property of the hydrogel BL4k (boronic acid/sugar=1:1, 10 w/v%, 

T=25 °C). 

Link for the video: https://pubs.acs.org/doi/10.1021/acs.chemmater.0c035 
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CHAPTER 5 Injectable Self-healing Hydrogel via Biological-Environment 

Adaptive Supramolecular Assembly as Internal Wound Dressing 

5.1 Introduction 

 Injectable hydrogels represent an ideal material candidate for internal wound dressings due to 

their advantages of simple administration approach, minimum tissue invasion and high similarity 

to extracellular matrix (ECM).1-6 Due to their in situ gelation capability, the hydrogel dressing 

could provide complete coverage of the injured tissues with irregular shape and those are heavily 

folded (e.g., small intestine, stomach, etc.), which could significantly lower the risk of 

postoperative adhesion.7-9 Most of existing injectable hydrogels for wound dressing is based on a 

two-component design, in which two precursor polymers can be cured in situ to from a chemically 

cross-linked hydrogel through various types of chemical reactions (e.g., amine-aldehyde Schiff 

base reactions,10-11 boronic acid-diol reactions,12 thiol-ene Michael addition reactions,13 etc.). 

Nevertheless, such crosslinking mechanisms are generally non-bioorthogonal, which could affect 

the native tissues (i.e., crosslinking of native tissues) or interfere with the biological processes. 

Some photo-curing methods are associated with high irradiation safety risks.14-15 Besides, most of 

these chemically cross-linked hydrogels lack the adaptability to local biological environment, 

particularly to gastric environment (pH 1-3) since the crosslinking linkages are subjected to 

hydrolysis under acidic environment.16-17 The decomposition of the material would lead to the 

exposure of the wound to surrounding microorganisms or bacteria, resulting in various 

postoperative complications and delay the wound healing process (Figure 5.1a).3, 18  

 To conquer these limitations, we envisage that an ideal injectable hydrogel dressing for 

internal wound repair should exhibit two critical properties. First, the curing process should be 

biorthogonal to improve the bio-safety. Second, the material should be able to adapt to the local 
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biological environmental to promote wound healing process. Herein, we present the first injectable 

self-healing hydrogel based on biological-environment adaptive supramolecular assembly of an 

ABA triblock copolymer, and have further demonstrated its successful application in repairing 

gastric perforation as dressing material in a rat model (Figure 5.1b). The ABA triblock copolymer 

is composited of a central poly(ethylene glycol) (PEG) block and terminal thermoresponsive 

poly(N-isopropylacrylamide) (PNIPAM) block with pH sensitive acryloyl-6-aminocaproic acid 

(A6ACA) moieties randomly incorporated (Figure 5.1c). By adapting to the biological 

environment, the injected polymer solution can rapidly transform into a physical supramolecular 

hydrogel due to the hydrophobic interactions between the collapsed P(NIPAM-co-NA6ACA) 

blocks. Besides, the hydrogel could smartly utilize the acidic environment to self-heal from 

repeated damage through the synergy of hydrogen bonding and hydrophobic interactions between 

the P(NIPAM-co-NA6ACA) segments. In addition, the supramolecular hydrogel dressing exhibits 

excellent anti-biofouling performance against microorganism attachment. Compared with 

conventional treatment of gastric perforation in a rat model, using our supramolecular hydrogel 

dressing not only simplifies the surgical procedures, but also reduces various postoperative 

complications and promotes the healing process. The developed biological-environment adaptive 

supramolecular hydrogel holds great promises for internal tissue repair and other biomedical 

applications. 
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Figure 5.1. a) Previous acid nonresistant injectable hydrogel dressings formed through non-

bioorthogonal curing process. b) The biological environmental adaptive supramolecular hydrogel 

as internal wound dressing. c) Chemical structure of the ABA triblock copolymer and 

supramolecular hydrogel network structure.  

5.2 Experimental Methods 

5.2.1 Materials 

 All the chemicals used for polymer synthesis were purchased from Sigma Aldrich. N-

isopropylacrylamide (NIPAM) was recrystallized from hexane/toluene. N-acryloyl 6-

aminocaproic acid (A6ACA) and macro-RAFT agent (CTA-PEG20K-CTA) were synthesized 

according to the previous reports.19-20  

5.2.2 Polymer Synthesis 

 Poly[(N-isopropylacrylamide)-co-(N-acryloyl 6-aminocaproic acid)]-b-poly(ethylene 

glycol)-b-poly[(N-isopropylacrylamide)-co-(N-acryloyl 6-aminocaproic acid)] (ANGNA) was 

synthesized by one-step reversible addition-fragmentation (RAFT) polymerization. Briefly, 

NIPAM (904 mg, 8 mmol), A6ACA (370 mg, 2 mmol) and CTA-PEG20K-CTA (518 mg, 0.025 

mmol) were dissolved in 9 mL of 1,4-dioxane in a 50-mL round bottom flask. 1 mL of N,N’-

azobis-isobutyronitrile (AIBN) 1,4-dioxane stock solution (1 mg/mL) was added to the mixture. 

After degassing with argon for 30 min, the polymerization was allowed to proceed at 70 °C for 24 

h. The polymerization was quenched by adding 5 mL of THF into the reaction mixture and the 

polymer was obtained after repeated dissolution in THF and precipitation in diethyl ether for three 

times, followed by drying under vacuum. 1H NMR (DMSO-d6, 500 MHz) : δH (ppm) = 3.89 (s, 

O=C-NH-CH-(CH3)2), 3.73 (m, -CH2CH2O-), 3.17 (s, O=C-NH-CH2-(CH2)3-CH2-COOH), 2.38 

(s, O=C-NH-CH2-(CH2)3-CH2-COOH), 1.45-1.71 (br, -CH2-CH(CONH)-), 1.36 (br, -CH2-
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CH(CONH)-), 1.15 (s, O=C-NH-CH-(CH3)2). (Mn = 50700 g/mol, Mw = 63600 g/mol, PDI = 

1.25).  

5.2.3 Polymer Characterization 

 The 1H NMR spectra were recorded on a Varian 500 MHz spectrometer at room temperature 

using DMSO-d6 as solvent. Chemical shifts are reported in parts per million (δ) relative to TMS 

as the internal reference. Molecular weighs (Mn and Mw) and polydispersity (PDI) of the ANGNA 

were determined using a Waters gel permeation chromatography (GPC) system equipped with a 

refractive index detector (RI 2414) and a UV/vis 2489 detector. A Waters 510 liquid 

chromatography pump equipped with one (HR4E) Styragel column was used at 40 °C. THF was 

used as the eluent at a flow rate of 1 mL min−1. The GPC system was calibrated using monodisperse 

polystyrene standards. The hydrodynamic diameters of ANGNA in pH=3 PBS buffer solution at 

temperatures between 0-45 °C were characterized using a Malvern Zetasizer Nano ZSP. Samples 

were allowed to be stabilized for 3 min at each temperature before measurement. The lower critical 

solution temperature (LCST) was determined at the temperature where a sudden increase of 

hydrodynamic diameter occurs. 

5.2.4 Hydrogel Preparation 

 The hydrogels were prepared by dissolving ANGNA copolymer in PBS buffer solutions (pH 

3 or 7.4) with a concentration of 10 w/v%. The polymer solutions were stored at 4 °C for 24 h 

before use. 

5.2.5 Rheology Characterization  

 A rheometer (TA Instruments, AR-G2) fitted with a Peltier stage using a 20 mm parallel-plate 

configuration and with a gap of 53 μm was used to study the rheological properties of the hydrogels. 

A few drops of silicon oil were applied around the edge of the sample to prevent moisture 
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evaporation. The temperature responsive sol-gel transition was characterized by temperature ramp 

test, in which both storage G’ and loss G” modulus were recorded as a function of temperature 

from 5 to 40 °C, with a heating rate of 1°C/min, angular frequency of 10 rad/s and strain of 1 %. 

The gelation temperature was determined as the crossover point of G’ and G”. The reversibility of 

the sol-gel transitions was characterized by temperature cyclic step tests between 10 and 37 °C 

with angular frequency of 10 rad/s and strain of 1 %. 

To characterize the self-healing property of the hydrogels, a strain amplitude test was 

performed at 37 °C and angular frequency of 10 rad/s by applying strain from 1% to 1000% to 

achieve the material failure, followed by the immediate recording of G’ and G” as a function of 

time at 1 % strain to determine the self-healing efficiency. The reproducibility of the self-healing 

capability was characterized by strain cyclic step tests between 1 % and 650 % at 37 °C and angular 

frequency of 10 rad/s. 

5.2.6 SFA Force Measurements 

 A surface forces apparatus (SFA) was used to quantitatively probe the interaction forces 

between ANGNA in PBS buffer solution (100 mM) at pH 3 or 7.4. The detailed experiment setup 

for SFA measurements have been reported previously.21-22 In this work, a symmetric configuration 

was adopted. Briefly, two back-silvered mica surfaces (1−5 μm) were glued onto two cylindrical 

silica disks (R ≈ 2 cm). The mica surfaces were then coated with ANGNA solution (100 μg/mL) 

for 15 min, followed by a thorough rinse with PBS buffer to remove unbound or loosely bound 

polymers. Two surfaces were then mounted into the SFA chamber in a cross-cylinder configuration 

and the SFA chamber was saturated with water vapor. PBS solution (100 mM) at pH 3 or 7.4 was 

injected between two mica surfaces. The force measurement was conducted by bringing two 

surfaces to contact followed by separation. The interaction forces F(D) were monitored as a 
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function of absolute surface separation distance D in real time using multiple beam interferometry 

by employing fringes of equal chromatic order (FECO). For each case, force-distance profiles were 

measured at least two different interaction positions on a set of surfaces to confirm the 

reproducibility. The measured adhesion or “pull-off” force Fad and adhesion energy Wad are 

correlated by 𝐹𝑎𝑑 =  
3

2
𝜋𝑅𝑊𝑎𝑑. 

5.2.7 Bacteria Adhesion Assay 

 The anti-fouling performance of ANGNA hydrogel was evaluated through bacteria adhesion 

assay. Gram-negative Escherichia coli (E. coli) was used as the model bacteria. Bacterial 

suspension with concentration of 109 CFU/mL was prepared following the previous reports.23 Bare 

glass substrates were used as the control. In a typical procedure, a thin layer of ANGNA hydrogel 

was formed to cover the glass substrates. Bacterial suspension was dropped on the top of coated 

and uncoated glass substrates and the samples were mildly shaken for 3 h at 37 °C to study the 

initial attachment of bacteria. After 3 h incubation, the substrates were rinsed with PBS solution 

to remove the unattached bacteria. The bacteria attached to the surface were stained with 50 μL of 

LIVE/DEAD stain in dark for 15 min and then washed with PBS gently, followed by observation 

using a fluorescence microscope. 

5.2.8 MTT Assay 

 The cytotoxicity of ANGNA was evaluated through MTT assay. HeLa and MRC-5 cells were 

seeded into 96-well plates at a density of 1x105 cells per well. The cells were allowed to grow for 

24 h. Fresh DMEM cell culture medium containing ANGNA copolymer was added to each well 

to reach a final polymer concentration of 0.16, 0.32, 0.64, 1.25, 2.50 and 5.00 mg/mL respectively. 

The untreated cells were used as the control. After 24 h incubation, 15 μL of MTT dye solution 

(10 mg/mL) was added to each well. After 4 h incubation, the culture medium was carefully 
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removed from each well and replaced with 100 μL of lysis buffer solution (DMSO:isopropanol = 

1:1). The plates were read at 570 nm using an optical absorption spectrometer and the cell viability 

was calculated with respect to the control group. 

5.2.9 2D/3D Cell Culture  

 2D/3D cell culture was conducted following the reported procedures with slight 

modification.24 FaDu cells were used as the model cells. For 2D cell culture, a 10 w/v% ANGNA 

hydrogel was prepared in PBS buffer solution at 37 °C. DMEM culture medium containing FaDu 

cells at a density of 1x106 was then added on the top of the hydrogel. For 3D cell culture, DMEM 

culture medium containing Fadu cells at a density of 1x106 was added to a 10 w/v % ANGNA PBS 

solution, followed by the formation of hydrogel/cell complex at 37 °C. Cells treated with DMEM 

culture medium and 70% ethanol were treated as live and dead controls respectively. After 24 h 

incubation, cells were stained with live/dead cell imaging kit and imaged by a confocal microscope. 

The cell viability was quantified using Imaris Image Analysis software. 

5.2.10 In vivo Gastric Perforation Repair in a Rat Model 

 The in vivo gastric perforation repair experiment was carried out using male Sprague Dawley 

rats (~280 g, 8-week age). 12 rats were randomly divided into the experiment group (ANGNA 

hydrogel dressing) and the control group (omentum majus). First, the rats were anesthetized 

preoperatively with isoflurane inhalation, and prepared at the abdominal surgical site. Then, they 

were subjected to general anesthesia with intraperitoneal injection of sodium pentobarbital (50 

mg/kg body weight). Next, the rats were placed supine on the super clean mesa, and a 2 cm incision 

was made to cut the skin, subdermal tissue and fascia. The gastric perforation was created by 

removing full thickness gastric wall with a size of 0.5cm × 0.5cm. In the experimental group, 1 

mL of ANGNA solution (stored at 4 °C) was injected at the wound to form the hydrogel, and the 
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gastric wall at the wound was sutured with 4×0 non-absorbable suture. In the control group, an 

omentum majus was inserted into the serosal layer and the incision was sutured with 4×0 non-

absorbable suture (To imitate the surgical method of clinical gastric perforation). The abdominal 

cavity was cleaned and a little ceftriaxone was injected into the abdominal cavity according to the 

degree of contamination of the abdominal cavity during the operation. The abdominal cavity was 

closed by 4×0 non-absorbable line. At 2nd, 4th and 8th week, the rats were sacrificed and the stomach 

samples were collected. Postoperative adhesion was compared through direct observation. 

5.2.11 Histopathological Observation and Immunohistochemical Examination 

 For evaluation of inflammatory response after surgery, stomach tissues collected at 2nd, 4th and 

8th week were fixed in 4% paraformaldehyde for 24 hours and embedded in paraffin. After being 

cross sectioned to ~4μm thickness, the tissues were stained with Haematoxylin-Eosin (H&E). All 

slides were analyzed and imaged by microscope. 

 T lymphocytes of the tissue sections were marked by immunohistochemical examination 

using CD3 biomarker. All slides were analyzed and imaged by microscope. 

5.3 Results and Discussions 

5.3.1 Polymer Synthesis and Characterization 

 The ABA triblock copolymer poly[(N-isopropylacrylamide)-co-(N-acryloyl 6-aminocaproic 

acid)]-b-poly(ethylene glycol)-b-poly[(N-isopropylacrylamide)-co-(N-acryloyl 6-aminocaproic 

acid)] (ANGNA) was synthesized by reversible addition fragmentation transfer (RAFT) 

polymerization (Figure S5.1). The synthesized polymer was characterized by 1H NMR 

spectroscopy (Figure S5.2) and gel permeation chromatography (GPC) (Mn = 50700 g/mol, Mw = 

63600 g/mol, PDI = 1.25).Since A blocks are thermoresponsive and B blocks are permanently 

hydrophilic, increasing polymer solution temperature above the lower critical solution temperature 
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(LCST) would trigger the formation of the hydrogel, in which the dehydrated PNIPAM blocks 

assemble into micellar core-like cross-links and the central PEG blocks serve as the network 

bridges25 (Figure 5.1c). The dynamic light-scattering (DLS) measurement in pH=3 PBS buffer 

solution shows the ANGNA polymer chains assembled into micelles with hydrodynamic diameter 

~60 nm above 15 °C (Figure 5.2a), which was determined as the LCST of the PNIPAM block. 

The hydrogel dressing was facilely prepared by dissolving the copolymer in PBS buffer solution 

(pH = 3). 

5.3.2 Thermo-reversibility and Injectability of ANGNA Hydrogel 

 A 10 w/v% ANGNA sample transformed from a free-flow viscous liquid at 4 °C to a free-

standing gel at 37 °C, and returned to the sol state when the temperature was decreased to 4 °C 

(Figure S5.3). The thermo-sensitivity of the material was quantitatively characterized by 

temperature ramp test using a rheometer, in which the changes of storage G’ and loss modulus G” 

were measured with temperature increasing from 5 to 40 °C. G” was larger than G’ at low 

temperature, indicating the liquid-like behavior. Upon heating, G’ gradually increases and 

surpasses G” at the gelation temperature ~15 °C (consistent with the DLS result) until an 

equilibrium value is reached (Figure 5.2b), signifying a solid-like gel state. The thermo-

reversibility was further characterized by cycling the temperature between 10 and 37 °C. The 

hydrogel dressing demonstrated a completely reversible sol-gel transition behavior with full 

recovery of the mechanical properties during multiple cooling-heating cycles (Figure 5.2c), 

indicating the dynamic cross-linking characteristic. Due to the outstanding thermo-reversibility, 

injecting a 4 °C-preserved 10 w/v% polymer solution into a PBS buffer solution (pH=3) at 37 °C 

led to the instantaneous formation of a stable hydrogel under acidic environment (Figure 5.2d, 

left). The injectability potentially allows our hydrogel dressing to be delivered through 
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laparoscopic surgery, which could not only simplify the surgical procedure, but also minimize 

tissue invasion for the treatment of gastric perforation. In addition, letters “U of A” were facilely 

“written” by injecting the polymer solution onto a platform at 37 °C (Figure 5.2d, right). Such 

moldable property endows the as-synthesized material with great flexibility to construct 

customized complex 3D structures through 3D-printing for various biomedical applications. 

 

Figure 5.2. (a) DLS measurement showing the change of hydrodynamic radius of ANGNA with 

increasing temperature. (b) Thermo-sensitive storage (G’) and loss (G”) modulus of a 10 w/v% 

hydrogel. (c) Modulus change of a 10 w/v% hydrogel during multiple heating-cooling cycles. (d) 

Injection of a 4 °C-preserved 10 w/v% polymer solution into a PBS buffer solution (pH=3) at 37 °C 

and facilely writing letters “U of A” on a platform at 37°C (the hydrogel was dyed with Rhodamine 
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B). 

5.3.3 Self-healing Property and Associated Interaction Mechanism 

 In order to maintain the integrity and functionalities after implantation under gastric 

environment, the dressing materials should be able to adapt to the acidic conditions and self-heal 

from damage for extended material lifespan. As shown in Figure 5.3a-d, after bringing two 

separated 10 w/v% hydrogels prepared in pH = 3 PBS buffer solution into contact at body 

temperature, the hydrogels autonomously merged into one single piece. The healed hydrogel could 

be lifted to support its own weight without the rupture at the joint. The self-healing capability was 

further investigated by rheological measurements at 37 °C. In a strain amplitude test, G’ and G” 

initially remained constant when the strain increased from 1 to 100%. As the applied strain further 

increased, both G’ and G” dramatically dropped with a crossover point occurring at 600%, 

implying the rupture of the hydrogel network. However, the hydrogel could fully regain its original 

mechanical strength when a small strain (1%) was immediately applied after failure (Figure 5.3e). 

Afterwards, cyclic strain step test was conducted on the hydrogel at 37 °C, in which alternating 

strain (1% or 650%) was applied. G’ significantly decreased from ~700 Pa to ~20 Pa when the 

hydrogel was subjected to a large strain (650%). However, both G’ and G” instantaneously 

recovered to their initial values upon the strain returning to 1% (Figure 5.3f). Such self-healing 

behavior is fully reproducible during cyclic tests, which is desirable in a wide range of 

bioengineering applications.  

 To better understand the biological environmental adaptive self-healing capability of the 

hydrogel, a 10 w/v% ANGNA hydrogel was prepared in pH = 7.4 PBS buffer solution to 

deprotonate A6ACA moieties and characterized by a rheometer. The mechanical strength of the 

hydrogel was significantly weakened as the equilibrium G’ value decreased from ~750 Pa (pH = 
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3) to ~330 Pa (pH =7.4). Moreover, the modulus recovery could only reach ~54% after being 

damaged (Figure 5.3g). The decrease of mechanical strength and self-healing efficiency of 

ANGNA hydrogel at pH 7.4 is most likely due to the weakened hydrogen bonding interactions 

within the network as less hydrogen bonds can be formed between the deprotonated A6ACA 

moieties19. Therefore, it is evident that hydrophobic and hydrogen bonding interactions 

synergistically contribute to the excellent self-healing capability of as-prepared ANGNA hydrogel 

at low pH. 

 

Figure 5.3. Photos of the self-healing process of a 10 w/v% ANGNA hydrogel prepared in pH=3 

buffer solution at 37 °C: (a) initial hydrogel, (b) hydrogel was separated into two pieces, (c) 

separated hydrogels were brought into contact, and (d) the self-healed hydrogel can be lifted 
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against its own weight without rupture at the joint. (e) Strain amplitude measurement (left) 

followed by time sweep measurement (strain=1%) (right) on a 10 w/v % ANGNA hydrogel 

prepared in pH = 3 PBS buffer solution shows immediate recovery from damage. (f) Cyclic strain 

step test shows reproducible self-healing capability. (g) Strain amplitude measurement (left) 

followed by time sweep measurement (strain = 1%) on a 10 w/v % ANGNA hydrogel prepared in 

pH=7.4 PBS buffer solution. 

 To further elucidate the critical roles of hydrogen bonding interactions in self-healing behavior, 

a surface forces apparatus (SFA) was employed to quantitatively probe the molecular interactions 

between ANGNA in pH=7.4 and 3 buffer solutions. No adhesion was detected between ANGNA 

in pH=7.4 PBS buffer solution. In contrast, an adhesion ~7.9 mN/m (Wad ~1.7 mJ/m2) was 

measured between ANGNA in pH=3 PBS buffer solution (Figure 5.4a). In addition, such adhesion 

is fully reversible as confirmed in three sequential approach-separation force measurements 

(Figure 5.4b), which most likely results from the dynamic non-covalent interactions between 

ANGNA. At low pH, the carboxyl groups (pKa ~ 4.4)19 of A6ACA moieties are protonated and 

electroneutral. Thus, intimate contact between terminal-carboxyl groups or amide groups on 

different A6ACA moieties could be realized, allowing the formation of hydrogen bonds, which 

thereby results in the adhesion between two surfaces (Figure 5.4c). However, at pH 7.4, the 

carboxylate groups on A6ACA moieties are deprotonated. The formation of intermolecular 

hydrogen bonds across the A6ACA moieties on two opposite surfaces would be significantly 

impeded by the electrostatic repulsion between negatively charged carboxylate groups (Figure 

5.4d). Therefore, the hydrogen bonds formed between the protonated A6ACA moieties play 

important roles in achieving the self-healing performance of ANGNA hydrogel under acidic 

environment. Such pH-mediated hydrogen bonding interaction mechanism not only could regulate 
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both mechanical strength and the self-healing capability of the hydrogel, but also provides 

nanomechanical insights into the development of environmental adaptive self-healing materials 

based on tunable intermolecular interactions. 

 

Figure 5.4. (a) Force-distance profiles show the interactions between ANGNA in pH=3 or 7.4 PBS 

buffer solution. (b) Force-distance profiles show the reversible interactions between ANGNA in 

pH=3 PBS buffer solution. Schematics of interaction mechanism between ANGNA in (c) pH=3 or 

(d) pH =7.4 PBS buffer solution. 

5.3.4 Anti-biofouling Property and Biocompatibility 

 The fouling of microbes on the surface of the implanted biomaterials could trigger the 

0 20 40 60 80 100
-10

-5

0

5

10

15

20

 pH 3

 pH 7.4

Jump out

F
o
rc

e
/R

a
d

iu
s
, 
F

/R
 (

m
N

/m
)

Distance, D (nm)

Approach

Separation

 

 a

Mica

Mica Mica

Mica

c d

0 20 40 60 80 100
-10

-5

0

5

10

15

20

Approach

Jump out

Distance, D (nm)

F
o

rc
e

/R
a

d
iu

s
, 

F
/R

 (
m

N
/m

)

 1st

 2nd

 3rd

Separation

 

 b



145 

 

unfavorable immune response or inflammation, which delays the healing process. The number of 

initially attached microbes is one of the most important factors to evaluate the anti-biofouling 

performance of the surface. The as-prepared ANGNA hydrogel effectively prevents the initial 

attachment of Escherichia coli (E. coli). Both hydrogel-coated and uncoated glass substrates were 

challenged with extremely concentrated bacterial suspension of 109 CFU/. After 3h incubation, no 

live bacteria (green spot) was observed on the hydrogel-coated glass substrate for bacteria adhesion 

(Figure 5.5a). In contrast, a large number of live bacteria (green spots) were observed on the bare 

glass (Figure 5.5b), indicating the formation of a dense layer of biofouling film. The excellent 

anti-biofouling performance of the ANGNA hydrogel is attributed to the presence of PEG block, 

which forms strong hydration layer to prevent microorganism attachment.26-27  

 It is important to evaluate the biocompatibility of our hydrogel dressing for the practical 

biomedical applications. The cytotoxicity of ANGNA copolymer was determined by MTT assay. 

The ANGNA copolymer shows extremely low cytotoxicity to both HeLa and MRC-5 cells with 

nearly 100% cell viability within the tested concentration range (Figure S5.4). Considering the 

outstanding biocompatibility of ANGNA, the material was further explored for 2D/3D cell culture 

using FaDu cells. After 24 h incubation, the live cells (green color) took the majority of the 

population compared with the dead cells (red color) (Figure 5.5c and 5.5d). The cell viabilities 

were assessed to be over 85% for both 2D and 3D cell culture (Figure S5.5). The non-toxic porous 

polymer matrix (Figure S5.6) facilitates the efficient transportation of nutrients and metabolites, 

maintaining the normal cellular functions. The successful demonstration of 2D/3D cell culture 

reveals the great potential of our supramolecular hydrogel to encapsulate and deliver biomolecules, 

such as proteins, DNA/RNAs and cells for tissue engineering and regenerative medicine28.  
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Figure 5.5. Fluorescence microscopy images of (a) ANGNA hydrogel-coated and (b) uncoated 

glass surfaces after 3h incubation against E. coli attachment. Confocal microscopy images of (c) 

2D and (d) 3D culture of FaDu cells using a 10 w/v % ANGNA hydrogel. 

5.3.5 In vivo Gastric Perforation Repair in a Rat Model 

 We further demonstrated the capability of the developed supramolecular hydrogel dressing to 

repair gastric perforation by in vivo study in a rat model (Figure 5.6a). Due to the excellent 

temperature responsiveness and injectibility, the hydrogel dressing could be easily delivered at the 

wound site through simple injection (Figure 5.6b). In contrast, the conventional omental 

implantation (control group) involved laboring sutring procedures during the surgery (Figure 5.6c). 

 There was no fatality during the observation period. Postoperative adhesion is one of the most 

common and serious complications after abdominal surgery.29 After two weeks of surgery, no 
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obvious intraperitoneal adhesion was observed in the hydrogel group (Figure 5.6d). In contrast, 

the abdominal incision had severe adhesion with the implanted omentum and adjacent tissue in the 

control group (Figure 5.6e). In addition, white pus appeared at the sewed perforation site in the 

control group, while the perforated site remains smooth in the hydrogel group (Figure 5.6f). The 

use of hydrogel could reduce postoperative abdominal adhesion to a great extent, which is 

attributed to the prevention of direct contact between the wound and the adjacent tissue with the 

presence of the hydrogel as a physical barrier. 

 Inflammation is normally involved during the wound healing process.10 However, extended 

or unfavorable inflammatory response caused by wound infection and other postoperative 

complications could delay the healing process.30 The infiltration of inflammatory cells in the 

injured stomach tissue was investigated through histopathological observation by H&E staining 

(Figure 5.6g). In the 2nd week, both hydrogel group and control group showed similar degree of 

infiltration of inflammatory cells in submucosa, which indicates the establishment of inflammatory 

phase in both groups. In the 4th week, infiltration of inflammatory cells was significantly reduced 

in the hydrogel group. In contrast, the control group showed an enhaced infiltration of inflmmatory 

cells. The reduced inflammation in the hydrogel group implies the efficient healing of the gastric 

perforation. Such positive effect is most likely due to the anti-biofouling capability of our hydrogel, 

which prevents the accumulation of debris, bacteria and other microorganisms to cause infection. 

In the 8th week, no obvious inflammatory cell infiltration was observed in both groups and the 

gastric mucosa recovered to the normal state. 

 T lymphocytes are one type of inflammatory cells which appear in the late inflammatory phase 

of wound repair and could reflect the level of inflammation in the injured tissue.31 The infiltration 

of T lymphocytes in the injured stomach tissue was specifically traced through 
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immunohistochemical (IHC) examination. It is clear that the number of T lymphocytes (brown) 

decreased over time in the hydrogel group, while the infiltration of T lymphocytes significantly 

enhanced in the 4th week and still appeared in the tissue in the 8th week for the control group 

(Figure 5.6h). These results further indicate that our hydrogel dressing could suppress the 

inflammatory response, which is beneficial for the healing of the gastric perforation.  
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Figure 5.6. (a) Schematic illustration of using the supramolecular hydrogel dressing for gastric 

perforation repair. (b) injection of supramolecular hydrogel dressing at the perforated site. (c) 

implantation of an omentum majus into the stomach. Postoperative adhesion after 2 weeks of 

surgery. (d) hydrogel dressing group. (e) omentum patch group (control group). (f) sewing position 

on the stomach (left: control group, right: hydrogel dressing group). (g) histological evaluation of 

infiltration of inflammatory cells in hydrogel dressing and control groups in the 2nd, 4th and 8th 

week. Scale bar represents 20 μm. (h) immunohistochemical evaluation of infiltration of T 

lymphocytes (brown) in hydrogel dressing and control groups in the 2nd, 4th and 8th week. Scale 

bar represents 20 μm. 

5.4 Conclusions 

 In this study, we have developed a novel biological-environment adaptive supramolecular 

hydrogel as internal wound dressing. By apatpting to the physiological termperature, the hydrogel 

dressing can be facilely delivered via simple injection at targeted site through supramolecular self-

assembly of the ABA triblock copolymer. The formed supramolecular hydrogel could adapt to the 

gastric envionment and acquire remarkable self-healing capability to recover from repeated 

damage through the synergy of hydrophobic and hydrogen bonding interactions. The 

supramolecular hydrogel dressing can also effectively prevent the accumulation of 

microorganisms on the surface. The as-prepared state-of-art supramolecualr hydrogel dressing 

offers significant advantages over the conventional treatment of gastric perforation, including 

simplified surgical procedures, reduced postoperative adhesion as well as suppressed 

inflammatory response. To the best of our knowledge, this work presents the first design of a 

biological-environment adaptive supramolecuar hydrogel dressing for internal tissue repair. 

 Beyond the application of gastric perforation treatment, the developed material may also be 
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used as a 3D-printable versatile carrier of nano/micro-electronics (e.g., mini camera, nano robotics, 

etc.) and therapeutics (e.g., drugs, cells, siRNAs, etc.) to build gastric-retentive devices for 

applications such as disease diagnosis/therapy and health monitoring, which interact with 

gastrointestinal (GI) tract in human body. The design of our supramolecular  hydrogel may pave 

the way for the development of biological-environment adaptive self-assembled materials, 

providing useful insights into the development of functional biomaterials with various biomedical 

applications. 
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Supporting Information 

 

Figure S5.1. Synthesis route of the ABA triblock copolymer poly[(N-isopropylacrylamide)-co-

(N-acryloyl 6-aminocaproic acid)]-b-poly(ethylene glycol)-b-poly[(N-isopropylacrylamide)-co-

(N-acryloyl 6-aminocaproic acid)] (ANGNA). 

ANGNA

PEG20K-macro CTA

NIPAM

A6ACA
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Figure S5.2. 1H NMR spectra of ANGNA in DMSO-d6. 

 

Figure S5.3. The reversible sol-gel-sol transitions of a 10 w/v% ANGNA liquid bandage prepared 

in pH=3 PBS solution. 
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Figure S5.4. Cell viabilities of HeLa and MRC-5 cells after 24 h incubation with ANGNA 

copolymer at different concentrations. 

 

Figure S5.5. Cell viabilities of FaDu cells after 24 h 2D/3D culture using a 10 w/v% ANGNA 

liquid bandage. 
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Figure S5.6. SEM image shows the porous structure of a 10 w/v% ANGNA hydrogel. 
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CHAPTER 6 Conclusions and Future Work 

6.1 Major Conclusions and Contributions 

 In this thesis work, different types of dynamic molecular interactions (i.e., dynamic covalent 

chemistries and non-covalent physical interactions) have been leveraged to develop novel 

multifunctional self-healing hydrogels for various biomedical applications. The corresponding 

dynamic molecular interaction mechanisms have been investigated from the perspective of 

intermolecular and surface forces at molecular level. The major conclusions and original 

contributions are listed as below: 

 (1) An injectable self-healing hydrogel with dual temperature-pH responsive and antibacterial 

properties has been developed using PEI and a multifunctional gelator PFMNMF synthesized by 

reversible addition-fragmentation chain transfer (RAFT) polymerization. The shear-thinning 

rheological behavior endows the hydrogel with excellent injectability. The self-healing capability 

of the hydrogel is originated from the dynamic Schiff base interactions and such dynamic 

intermolecular interactions can be readily tuned by pH. The temperature-sensitive mechanical and 

optical properties of the hydrogel is resulted from the local hydrophobic domains formed by the 

collapsed PNIPAM block at elevated temperature. The amine-rich (quaternary or primary) groups 

render the hydrogel excellent antimicrobial property through a contact-killing mechanism. The as-

prepared biocompatible hydrogel holds great potential for wound healing and other bioengineering 

applications.  

 (2) A biomimetic hydrogel with tissue-like strain-stiffening and self-healing properties has 

been developed as artificial ECM for 3D cell culture. The hydrogel is crosslinked through the 

dynamic boronic ester bonds formed between two linear flexible polymers, DPB-PEG and a 

glycopolymer, P(AM-co-LAMEA). Unlike the strain-softening mechanical behavior of most 
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flexible hydrogels, the as-prepared hydrogel possesses a well-defined nonlinear strain-stiffening 

mechano-response which can be facilely tuned by crosslinking density, polymer concentration, 

temperature and the length of crosslinker molecules. The strain-stiffening behavior is originated 

from the non-linear stretching and finite extensibility of the PEG strands. The self-healing property 

of the hydrogel is resulted from the dynamic molecular interactions between the boronic acid and 

cis-diol groups. The as-prepared biomimetic and biocompatible hydrogel can serve as an ideal 

platform for 3D cell culture. This work provides novel insights into molecular design of strain-

stiffening self-healing materials, with useful implications for the development of biomimetic cell 

culture matrices, artificial tissues, as well as soft machines and robotics for various biomedical and 

engineering applications. 

 (3) An injectable self-healing hydrogel has been developed based on biological environment-

adaptive supramolecular self-assembly of an ABA triblock copolymer composed of a central PEG 

block and terminal thermoresponsive PNIPAM block with pH sensitive A6ACA moieties 

randomly incorporated. The formed supramolecular hydrogel can adapt to the gastric environment 

and acquire remarkable self-healing capability to recover from repeated damage through the 

synergy of hydrophobic and pH-mediated hydrogen bonding interactions. The supramolecular 

hydrogel dressing can also effectively prevent the accumulation of microorganisms on the surface 

due to the hydration layer formed by PEG. In vivo gastric perforation rat model has demonstrated 

the significant advantages of our state-of-art hydrogel dressing over the conventional treatment, 

including simplified surgical procedures, reduced postoperative adhesion as well as suppressed 

inflammatory response. The design of our supramolecular hydrogel provides useful insights into 

the development of functional biomaterials with various biomedical applications. 
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6.2 Future Work 

 (1) Although many types of dynamic intermolecular interactions (e.g., cation-π interactions, 

anion-π interactions, ternary π-cation-π interactions, etc.) have been recently identified by 

nanomechanical force measurement techniques (e.g., SFA, AFM, etc.), it is still limited to leverage 

these dynamic molecular interactions to design or tune the properties and functionalities of the 

bulk materials (e.g., self-healing hydrogels, self-assembled materials, etc.). The development of 

new functional materials could be explored based on these experimentally identified 

intermolecular interaction mechanisms.  

 (2) For the self-healing hydrogels designed for wound healing and postoperative anti-adhesion 

applications, the materials could be further improved by integrating tissue adhesive property, 

particularly in wet environment, since the tissues or organs are usually covered by body fluid. Such 

bioadhesives with wet adhesion property could be designed based on the understanding of the 

interfacial molecular interaction mechanisms.  

 (3) The translation of these state-of-art functional hydrogels could have huge positive impact 

on human health. More systematic in vivo tests should be conducted in large animal models to 

further verify the medical outcome of the materials with the collaboration of the clinical 

practitioners.  
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