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ABSTRACT

Nguyen, Han D. M.S.B.M.E., Purdue University, May 2019. Thiol-Norbornene Hy-
drogels with Tunable Mechanical Properties for Engineered Extracellular Matrices.
Major Professor: Chien-Chi Lin.

The extracellular matrix (ECM) governs many cellular processes through bio-

chemical and mechanical cues. Particularly, the effect ECM mechanical properties

on cells fate has been well established over the years. Many hydrogel systems have

been used to mimic the dynamic stiffening processes occurring in ECM. However,

changes in ECM stiffness does not fully recapitulate the mechanics of native ECM,

as viscoelasticity is also a major factor contributing to ECM dynamic property. This

thesis describes the design and characterization of an enzyme-crosslinked hydrogel

system that is not only capable of being stiffened on demand, but also can be tuned

to obtain viscoelasticity. The first objective of this thesis was to utilize horseradish

peroxidase (HRP) to crosslink thiol-norbornene hydrogel and use mushroom tyrosi-

nase (MT) to create secondary DOPA-dimer crosslinks that stiffened the hydrogel.

The cytocompatibility of HRP-mediated thiol-norbornene gelation and the effect of

stiffening on cell fate was evaluated. The second objective of this thesis represented

the first step towards developing a hydrogel system whose viscoelasticity could be

dynamically tuned. Thiol-norbornene hydrogel was designed to yield dynamically

adaptable boronic ester bonds via partial enzymatic reaction. Thiol-norborne hy-

drogel was made to contain hydroxyl phenol as well as boronic acid residues within

its network. MT, in this case was used to oxidize the hydroxy phenol moieties into

DOPA, which then complexed with boronic acid, created dynamic bonds, introducing

viscoelasticity to an initial elastic hydrogel.
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CHAPTER 1. INTRODUCTION

1.1 Mechanical Properties of Extracellular Matrix (ECM)

The interactions between cells and their ECM have been extensively studied be-

cause the ECM not only provides structural support for cells but also transduces me-

chanical and biochemical signals to regulate cellular activities [1]. Recent advances

in biomaterials science and engineering have permitted scientists to elucidate impor-

tant ECM components as well as the mechanisms by which ECM influences normal

cellular processes such as migration, differentiation, as well as pathological events

like cancer [2, 3], fibrosis [4], and wound healing [5]. There has been growing evi-

dences indicating that changes in the ECM mechanical properties greatly affect cells

organization and functions. Particularly, excessive collagen I deposition/crosslinking

orchestrated by activated fibroblasts during fibrosis and in tumor progression is be-

lieved to contribute significantly to the aberrant mechanosensing and abnormal cell

behaviors [6].

1.1.1 Cells Behaviors in Response to Changes in ECM Elasticity

ECM remodeling during cancer progression has been observed in many tumor

types and used as a hallmark in cancer progression [2, 3, 6]. Tumor tissues have ab-

normally high stiffness, which is known to fosters cancer cell metastasis and drug

resistance [3]. Depending on the cancer types, the stiffness of tumor environment

can be 2-fold up to 10-fold higher than noncancerous tissue [2, 7]. In one report,

the Weaver group showed that the breast tumor subtypes, Basal-like and HER2 had
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stromal invasion fronts that were up to 4-fold stiffer in elastic modulus when com-

paring to the normal adjacent tissues and the non-invasive regions at the core [2]. It

is believed that the higher matrix stiffness was a result of progressive deposition and

remodeling of type I collagen within the ECM [2]. Immunohistochemistry analysis

also revealed, among other breast cancer subtypes including luminal A and B, Basal-

like and HER2 had the highest levels of activated integrin β-1, focal adhesion kinase

(FAK), as well as the highest nuclear level of Yes-Associated Protein (YAP). Col-

lectively, these experimental observations suggested that aggressive cancer cells were

more mechanically-activated than non-invasive and benign ones [2]. Similarly, Rice et

al. found that the progression of pancreatic ductal adenocarcinoma (PDAC) from nor-

mal pancreas tissues correlates strongly with the increase in tissue fibrotic rigidities.

The Young′s modulus of healthy pancreas was below 1000 Pa, while pancreatic intrap-

itheilia neoplasia (PanIN), precursor of PDAC had a stiffness around 2000 Pa, and

PDAC′s stiffness was around 4000 Pa. It was also discovered that higher matrix stiff-

ness induced tumor chemoresistance and promoted promotes epithelial-mesenchymal

transition (EMT) of pancreatic cancer cells [3]. Changes in ECM mechanics also

plays a key role in mesenchymal stem cells (MSCs) differentiation [8]. Wang et al.

conducted a study where hMSCs were encapsulated within gelatin-based hydrogels

with different stiffness [9]. The results showed that, even without adding any bio-

chemical cues, cells encapsulated within soft hydrogels (300 Pa) exhibited higher

neuronal commitment than in stiffer hydrogels (800 Pa). Specifically, the levels of

neuronal protein markers, including neurofilament light chain (NFL), neurofilament

heavy chain (NFH), microtubule associated protein 2 (MAP2), and neuron-specific

marker β3 tubulin were all upregulated [9]. Moreover, significant difference in focal

adhesion and F-actin rearrangement between the soft and stiff groups were also ob-

served. Cells were more scattered in soft gels and more organized in stiff ones. These

results suggested that hMSCs can indeed sense the stiffness of the surrounding envi-

ronment and respond to subtle difference in gel moduli (i.e., 300 pa vs 800 Pa) [9].

ECM elasticity also regulates stem cells renewal. As reported by Gilbert et al., muscle
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stem cells (MuSCs) cultured in substrate with 12 kPa modulus experienced higher

survival rate and delayed differentiation [10]. On the contrary, MuSCs grown within

a much stiffer substrate (>42 kPa) over time lost their stemness and regenerative

potential [10].

1.1.2 Cell Behaviors in Viscoelastic ECM

In addition to matrix elasticity, ECM viscoelasticity can also impact cellular re-

sponse. Many human tissues like adipose, liver, and brain are viscoelastic and can

stress-relax more than 50% within 10s [11]. This means that when cells exert forces

onto their matrices, the mechanical energy is not stored, like in many elastic ma-

terials. Instead, the force is dissipated over time throughout the network via ECM

reorganization, which allows cells to migrate and spread [12]. Viscoelastic materials

have been reported to better maintain cell viability and to promote cell-matrix inter-

action, spreading, and migration [13]. In one example, Chaudhuri et al. encapsulated

3T3 fibroblasts in non-degradable, nanoporous RGD-couple alginate hydrogels with

varying stress-relaxation rate to show that at the same initial elastic modulus, fast

relaxing gels enhanced cell spreading and proliferation [13]. When the same experi-

ment was performed using MSCs, osteogenesis was also significantly improved with

increased stress-relaxation rate [11]. The effect of stress relaxation on osteogenic dif-

ferentiation was hypothesized to be mediated through ECM ligands, where cycles

of strain and stress exerted on network by cells led to matrix reorganization, cell

shape change, and clustering of RGD [11]. In another research, the Mooney group

has established that stress relaxation rate regulated myoblast spreading and prolif-

eration [14]. The same group has also reported a new mode of protease-independent

cell migration when cells were surrounded by stress relaxing viscoelastic hydrogel

network [15]. Human breast adenocarcinoma MDA-MB-231 cells encapsulated in a

nanoporous alginate-basal membrane interpenetrating network hydrogel were shown

to extend invadopodia protrusion to physically widening the mesh size of surrounding
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gel network to enable migration. Longer protrusions were observed in gels with higher

plasticity, suggesting matrices that can easily be deformed promote more spreading

and invasion [15]. Overall, these results show that, in addition to changes in ECM

stiffness, viscoelasticity is another parameter to take into consideration while design

biomimetics materials.

1.1.3 Engineered Biomimetic Materials to Recapitulate ECM

Over the past years, efforts have been dedicated to develop hydrogel systems that

can be stiffened on demand to prompt specific cell response. For instance, instead

of static soft or stiff hydrogel network, hydrogels capable of being stiffened over time

were employed to tailor hMSCs fate [4]. User controlled hydrogel stiffening are typ-

ically achieved by employing a secondary crosslinking. As presented by Guvendiren

and Burdick, methacrylated hyaluronic acid-dithiolthreitol (DTT) hydrogel can be

formed via Michael type addition with off stoichiometric thiol to ene ratio [4]. The

extra methacrylate moieties can then further undergo crosslinking via radical po-

lymerization to increase stiffness of a hydrogel (G′ was increased from 3 to 30 kPa).

hMSCs encapsulated within hydrogel experienced different degrees of stiffening ex-

hibited different lineage commitment. Specifically, hMSCs cultured within 10-fold

stiffened hydrogels increased cell spreading and possessed much stronger actin fibres.

Although cultured in bipotential media supporting both adipogenesis and osteoge-

nesis, the cells showed osteogenesis markers immediately after stiffening. Notably,

stiffening at day 7 resulted in no differentiation if hMSCS had already differentiated

toward adipogetic lineage, however, if cells had not differentiated, they would go

through osteogenesis as a result of stiffening [4]. More recently, Liu et al. has devel-

oped a dynamic cell-laden hydrogel that can be stiffened via flavin mononucleotide

and visible light to observe tumorigenesis [16]. In short, PEG8NB hydrogel was

crosslinked with peptides containing tyrosine residues. FMN and visible light were

employed to initiate secondary di-tyrosine crosslinking, which subsequently stiffened
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the hydrogel. Cancer associated fibroblasts cultured on stiffened region were said

to be significantly more activated with increased spreading morphology and nuclear

translocation of YAP. The impacts of ECM mechanics on cellular activities have been

well established [16]. Gaining knowledge from the projects mentioned above, the over-

arching goal of this thesis was to develop a versatile hydrogel system that not only

captures key changes in ECM remodeling (e.g., stiffening), but also displays time-

dependent response to mechanical loading and deformation (e.g., stress-relaxation).

1.2 In situ Formation of Thiol-norbornene Hydrogel via Horseradish Per-

oxidase

1.2.1 Thiol-norbornene Photopolymerization

Hydrogel can be crosslinked via a myriad of reactions, including Michael type ad-

dition [4,17,18], Schiff-based [19,20], DielsAlder [21], and alkyne-azide cyclo-addition

[22]. Owing to its tunabilty, orthogonality, and biocompatibility, one chemistry that

is highly popular amongst biomaterial scientists is the thiolnorbornene click reaction.

The UV-mediated thiol-norbornene reaction was developed by the Anseth group to

fabricate hydrogels that can be used as biomimetic material [23]. Upon UV irradia-

tion with an initiator, a hydrogen on the thiol molecule is abstracted, yielding a thiyl

radical. The thiyl radical can then propagate to the C=C on the norbornene groups,

creating a carbon-center radical [23]. This intermediate transfers its radical onto

another thiol molecule to give the final thioether bond and another thiyl radical to

continue the thiol-norbornene reaction until depleting the functional groups [23]. The

thiol-norbornene reaction possesses several attractive features, such as fast process,

no oxygen inhibition, and most importantly, orthogonality in macromer crosslinking.

Light-mediated thiol-norbornene reaction also offers precise spatial-temporal controls

in gelation kinetics, allowing users to easily tune hydrogel properties both before and

after gel formation [24]. Up to this point, all thiol-norbornene hydrogels are strictly

fabricated via photo-polymerization with either UV or visible light [23, 25]. The use
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of light-mediated reaction, however, has its limitations, especially in many in vivo ex-

periments where light penetration is restricted only near the surface of the tissue [26].

It would be advantageous if these limitations can be overcome by employing an en-

zymatic reaction that can crosslink hydrogel rapidly under physiological condition

without dimension limitation.

1.2.2 Horseradish Peroxidase-Catalyzed in situ Hydrogels

Horseradish peroxidase (HRP) has emerged as a powerful enzyme for in situ

crosslinking of hydroxyl-phenol-modified (e.g., hydroxyphenylacetic acid (HPA), tyra-

mine, or tyrosine) polymers, including silk [27, 28], hyaluronic acid [29], gelatin [30],

poly (vinyl alcohol) [31], and poly (ethylene glycol) (PEG) [32, 33]. Table 1.1 sum-

marizes notable HRP-crosslinked hydrogels with applications ranging from drug de-

livery [24,34,35] and tissue engineering [36–40] to wound dressing [30,31].

HRP initiates hydrogel crosslinking by generating radical species in the presence

of hydrogen peroxide (H2O2), which can be provided with either exogenous H2O2

or by supplying indirectly through a secondary reaction. When comes in contact

with H2O2, a strong oxidizing agent, HRP loses two electrons and becomes activated

Compound 1, which is two oxidizing equivalents above the resting state. In the

first one-electron reduction step, Compound 1 reacts with a reducing substrate AH,

to produce Compound 2, a species that is one oxidizing equivalent above resting

state. Finally, in the second one-electron reduction step, Compound 2 gains one more

electron from the reducing substrate to return back to the inactivated HRP [41]. As

HRP is being continuously regenerated, the reaction stops only when H2O2 is no

longer available.
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Table 1.1: HRP-mediated Hydrogels Applications
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Fig. 1.1: Catalytic cycle of Horseradish Peroxidase in the presence of H2O2.

In addition to direct supply, H2O2 can be generated by Glucose oxidase (GOX)

with glucose as its substrate. Kim et al. have reported a gelatin based hydrogel sys-

tem initiated by dual enzymes HRP-GOX with controlled mechanical property and

gelation time via tuning concentrations of GOX and glucose [36]. The study has also

demonstrated that hydrogels made with the HRP-GOX enzyme pair were cytocom-

patible for encapsulating human dermal fibroblasts. More recently, Gantumur and

colleagues have reported a method to form hydrogel using HRP as both the catalyst

and supplier of H2O2 [38]. The research group hypothesized that HRP can oxidize

the thiol moieties on itself to generate H2O2. This self-oxidization can be accelerated

with high concentration of glucose and HRP [38]. HRP can also catalyze Reversible

Addition-Fragmentation chain Transfer (RAFT) polymerization [42], as well as thiol-

allyether [26], and tetrazine-norbornene [43] hydrogel crosslinking. As demonstrated

by Zavada et al., PEG diallyl ether (PEGDAE) and ethoxylated trimethylolpropane

tri(3-mercaptopropionate) (ETTMP) can be successfully crosslinked to form hydro-

gels with HRP and H2O2 through thiol-ene reaction. However, the gelation of HPR-

initiated thiol-allylether gelation required high HRP concentrations (∼100-300 U/mL)

and H2O2 (∼100 mM). Employing HRP to initiate thiol-norbornene reaction provides

alternative routes to create thiol-norbornene hydrogels, eliminating photopolymeriza-

tion limitations, making the reaction more translatable in many in vivo applications.
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1.3 Enzyme-induced Dynamic Stiffening of Hydrogels

It has been well-established that excessive collagen deposition and crosslinking

are the reasons behind ECM stiffening in diseased tissues. As reported by Levental

et al., inhibition of lysyl oxidase (LOX)-mediated collagen crosslinking significantly

decreased fibrosis and delayed tumor progression [44]. Enzymatic reactions have been

exploited as a means to stiffen cell-laden hydrogels. This approach for hydrogel stiffen-

ing may be more relevant than light-mediated stiffening because enzymatic reactions

mimic the mechanism and timescale of enzyme-mediated tissue stiffening. Mushroom

tyrosinase is a polyphenol oxidase that is widely used to crosslink hydroxyl phenol

in to hydrogel as well as to stiffen hydrogel. In the presence of oxygen, MT can

oxidize hydroxyl phenol moieties into L-DOPA, then to dopaquinone, dopachrome,

and eventually DOPA-dimers [45]. Choi et al. used MT to modify tyrosine residues

on gelatin to DOPA, which can coordinate with Fe3+ to form hydrogel for wound

healing application. DOPA residues were reported to bind to tissue surface through

formation of H-bond and electrostatic interaction, thus enhancing hydrogel dressing

adhesiveness [45]. Apart from forming hydrogel, Liu et al. demonstrated tyrosinase

can be used to stiffen hydrogel and investigate PDAC response to matrix modifica-

tion. It was discovered matrix stiffening coupled with the incorporation of hyaluronic

acid significantly increased the migratory phenotype of PDAC cells types, making

the cells more invasive. MT provided a perfect tool for temporal controlling of ma-

trix stiffening; due to its slow diffusion time into hydrogels, the timescale of ECM

modification experienced by cells can be more closely mimicked.

1.4 Hydrogels with Tunable Viscoelasticity

1.4.1 Boronic acid-containing Hydrogels

Boronic acid (BA) can form dynamic covalent bond with molecules contain diol

moieties, such as dopamine, catechol, or sugar molecules such as glucose, mannose,
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ascorbic acid, etc. (Fig 1.2) [46]. Bornic acid-diol complex is highly desired in the

biomedical field due to rapid association and dissociation dynamics, nontoxicity, and

its mechanical resilience comparing to the physical crosslinked counterparts. The

equilibrium or binding affinity between boronic acid and diol functional groups de-

pends greatly on the pH of the reaction buffer and the pKa of the boronic acid [22,47].

The complex is favored only when pH value is above the pKa. Reducing pH to

lower than pKa or adding stronger affinity binder for diol can cause dissociation of

boronate ester bond. Boronic acid-diol interaction has also been explored to create

self-healing materials. When the boronate bonds are broken by mechanical forces,

the reversible boronic acid/diol binding can rearrange to form new bond that heals

the damage [47,48].

Fig. 1.2: Boronic interaction with 1,2 - diol to form dynamic covalent boronate ester

bond.

Incorporating boronate ester bond into hydrogels introduced many advantageous

functions to the network. Boronic acid-containing hydrogel has been employed in

many applications, ranging from biosensor [46], drug delivery [49] to self-healing ma-

terials for dynamic cell culture [22, 47]. For example, Yesilyurt et al. prepared glu-

cose responsive PEG-based hydrogels using phenylboronric acid and cis-diol deriva-

tives [50]. The hydrogels were capable of releasing Immunoglobulin G (IgG) and

insulin upon exposure to high glucose concentration. Utilizing the shear thinning

properties of the boronic-diol bonds, the hydrogel can also be injected subcutaneously

for therapeutics delivery [50]. More recently, Smithyer et al. demonstrated that

boronic-diol complex can be utilized to generate self-healing gels to probe directional
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cell migration and invasion [47]. Two cell-laden boronic ester hydrogels separately

encapsulating fibroblasts and breast cancer cells were fused together to generate a

co-culturing hydrogel block. The interaction between the two cells types was mo-

nitored, especially at the healed interfaced [47]. The results showed that while both

cell types were able to cross the healed interface and migrate toward one another,

breast cancer cells migrated in a longer distance than fibroblast cells. As mentioned

previously, the binding affinity of the boronic acid to diol depends greatly on pKa

of the boronic acid group. Exploiting this knowledge, Accardo and Kalow reported

a hydrogel system possessing boronic ester bonds that can be reversed using visible

light, where light exposure would alter pKa of boronic acid moieties, hence, influ-

ences the equilibrium of the complex [51]. To achieve this, BA was conjugated with

azobenzene groups, under light exposure, the azo moieties can switch between E and

Z isomers, resulting in changes in pKa of BA [51]. Furthermore, the reversible bond

can be used to mimic the dynamic mechanical properties found in native tissue. The

Anseth group reported a fast stress-relax hydrogel construct containing both per-

manent non-degradable azide-akynebonds and dynamic covalent boronic ester bonds

that can promote hMSCs spreading through physical remodeling of the surround-

ing network [22]. Furthermore, by varying the phenylboronic acid derivatives with

different pKa, stress relaxation rate of materials can be systematically tuned over a

broad range of timescales to be physiologically relevant to various cellular develop-

ment states and cell types [52].

1.4.2 Mushroom Tyrosinase-triggered Boronate Ester Formation in the

Presence of Ascorbic Acid

Recently, Montanari et al. introduced a technique to conjugate boronic acid to

tyrosine through enzymatically converting tyrosine into catehchol [53]. During the

treatment of tyrosine with mushroom tyrosinase, ascorbic acid (or vitamin C) was

added as a reducing agent to stop tyrosine oxidation at the catechol stage without
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being oxidized further to dopaquinones and dopachrome (Figure 1.3) [53]. The newly

formed DOPA could immediately complex with boronic acid to create a reversible

bond. This conjugation technique was reported to be advantageous for sustained

release of tyrosine-containing protein and drugs. Using this knowledge, we hypothe-

sized that a purely elastic hydrogel containing tyrosine and boronic acid moieties can

be converted in to a gel with tunable viscoelasticity by forming a secondary boronic

ester network.

Fig. 1.3: Schematic of MT-mediated oxidation in the presence of AA.
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CHAPTER 2. OBJECTIVES

2.1 Objective 1: HRP-mediated Crosslinking of Thiol-norbornene

Hydrogels

The first objective of this thesis was to develop an innovative way to enzymatically

crosslink thiol-norbornene hydrogel. The thiyl radicals required for thiol-norbornene

gelation can be generated by HRP and H2O2. The system will eliminate the limita-

tions of photopolymerization while maintaining the reaction orthogonality, cytocom-

patibility and efficiency. Specific tasks in this objective were:

• To test whether crosslinking of thiol-norbornene hydrogels can be initiated by

HRP in the presence of , with H2O2 supplied either directly or indirectly through

GOX/glucose reaction (Figure 2.1).

• To examine whether mechanical properties of the enzymatically crosslinked

thiol-norbornene hydrogels can be tuned via adjusting HRP, H2O2 and

macromers concentration or by adjusting thiol/norbornene ratio.

• To evaluate whether the incorporation of tyrosine residue within the sequence

of peptide crosslinkers can improve gelation kinetics.

• To stiffen enzymatically crosslink hydrogels via mushroom tyrosinase mediated

DOPA-dimer crosslinking and to evaluate the effect of hydrogel stiffening on

changes in cell morphology.
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Fig. 2.1: Schematic of HRP-mediated thiol-norbornene polymerization.

2.2 Objective 2: Mushroom Tyrosinase-triggered Boronic acid-DOPA

Dynamic Covalent Bonds Formation

The second objective of this thesis was to convert the initially elastic hydrogel to a

viscoelastic one via enzymatic reaction. Hydrogels can be made to carry both boronic

acid and tyrosine moieties within their network. After treatment of hydrogel with MT

and ascorbic acid, the oxidation of tyrosine residues will be stopped at the catechol

product, which can immediately click with BA moieties due high binding affinity. The

formation of the dynamic covalent bond effectively introduces viscoelasticity to the

initial elastic hydrogels (Figure 2.2). The dynamic bond can reorganize and dissipate

energy if stress was imposed on it by cells or other sources. The specific tasks were:

• To fabricate gelatin-based hydrogels containing boronic acid (BA) and hy-

droxyphenyl acetate (HPA).

• To confirm the conversion of HPA to DOPA in the presence of asocorbic acid

(AA) and mushroom tyrosinase (MT).
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• To examine the viscoelasticity of the hydrogels after treatment with MT and

AA.

• To conduct preliminary cell study and observe cell behavior within the converted

viscoelastic hydrogel.

Fig. 2.2: Schematic of mushroom tyrosinase-induced viscoelastic hydrogel.
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CHAPTER 3. MATERIALS AND METHODS

3.1 General Materials

8-arm poly(ethylene glycol) (PEG-OH) (20 kDa) was purchased from JenKem

Technology; HRP (220 U/mg) and mushroom tyrosinase (MT, 845 U/mg) were pur-

chased from Worthington. GOX (111 U/mg) was acquired from Amresco. All other

chemicals were purchased from Fischer Scientific and used without further purifica-

tion unless otherwise stated. Photoinitiator lithium aryl phosphinate (LAP) were

synthesized as described previously [54].

3.2 Macromers Synthesis

Following protocol published previously [23], 8-arm PEG-norbornene was synthe-

sized with minor modifications. Briefly, 5-norbornene-2-carboxylic acid (5-fold molar

excess to hydroxyl groups on PEG) was dissolved in anhydrous DCM and reacted

with N,N,-dicyclohexylcarbodiimide (DCC) for 1 hour to obtain norbornene anhy-

dride. The norbornene anhydride solution was filtered to remove by-product precip-

itate urea and added to a flask containing 8-arm PEG-OH, DMAP (0.5 equivalent),

and pyridine (0.5 equivalent). The flask was covered, and the reaction was allowed

to proceed overnight on ice. The reaction was repeated with additional norbornene

anhydride to improve the norbornene substitution. The final PEG8NB product was

precipitated in cold ethyl ether, dried in vacuo and redissolved in ddH2O for dialy-

sis. Dialysis against double distilled water and HCl took place for 3 days before the

product was subjected to lyophilization. 1H NMR (Bruker Advance 500) was used
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to confirm the degree of PEG functionalization. PEGNB linear was synthesized in

a similar manner. Gelatin-norbornene was synthesized following a published proto-

col [55], where 10 wt% gelatin (type B) and 20 wt% carbic anhydride were dissolved

in DPBS, at 40 ◦C. The pH value if buffer solution was adjusted to 4.7 with 2N HCl.

After 24 hrs, the reaction was quenched by adding 5 times volume of DBPS. Gelatin-

norbornene (Gel-NB) product was dialyzed in ddH2O for 3 days, and lyophilized.

The degree of norbornene substitution was determined with fluoraldehyde assay us-

ing unmodified gelatin as standard.

3.3 Peptide Synthesis and Purification

All peptides were synthesized using standard solid peptide synthesis in an auto-

mated microwave-assisted peptide synthesizer (CEM Liberty 1) using Fmoc-protected

amino acids. Peptide cleavage was performed using a cleavage cocktail containing tri-

fluoroacetic acid (TFA), triisopropylsilane (TIS), phenol, and double distilled water

with TFA:H2O:TIS molar ratio equaled 40:1:1 (prepared with 400 mg of phenol, 7.6

ml of TFA, 0.2 ml ddH2O, and 0.2 ml TIS). The peptides were cleaved from the resin

for 3h at room temperature and precipitated in cold ethyl ether, dried in vacuo, pu-

rified by reverse phase HPLC (PerkinElmer Flexar system), and characterized with

mass spectrometry (Agilent Technologies).

3.4 HRP-mediated Thiol-norbornene Hydrogel Fabrication

To fabricate HRP/H2O2 mediated thiol-norbornene hydrogel, macromer PEG8NB

was crosslinked with either DTT or bis-cysteine-bearing peptides (i.e. CGGGC,

CYGGGYC, CGGYGGC, KCYGGYGGYCK). Specifically, to make a 1:1 thiol to

norbornene (Rthiol/ene =1) ratio of PEG8NB-KCYGGYGGYCCK hydrogel, 3 wt%

of PEG8NB and 10 mM of KCYGGYGGYCK (final concentrations) were dissolved

in phosphate buffer solution (PBS) at pH 7.4 with 1 U/ml HRP and 0.5 mM H2O2.

The solution was vortexed for approximately 5 seconds before pipetting in between
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two glass slides separated by 1-mm-thick spacers. Gelation occurred within 5 min-

utes. The hydrogels made with tyrosine-free peptide CGGGC or with DTT and

GelNB-PEG4SH gels were also prepared following the same procedure with a more

concentrated HRP (100 to 200 U/ml). With HRP/GOX/glucose-mediated gelation,

PEG8NB-DTT and PEG8NB-peptide hydrogels were prepared following similar pro-

cedure mentioned above. Briefly, 3 wt% PEG8NB and 12 mM (final concentrations)

DTT or peptides were dissolved in PBS with 1 U/ml (for tyrosine-containing pep-

tide), or 200 U/ml HRP (for CGGGC and DTT), 1 U/ml GOX, and 10 mM glucose.

The solution was vortexed for approximately 5 seconds before pipetting in a Teflon

mold with 8-mm diameter cavity. Hydrogel discs were obtained after 10 minutes

of gelation. To stiffen hydrogels using MT, PEG8NB hydrogels were crosslinked

by tyrosine-containing peptides (CYGGGYC and KYCGGYGGYCK) (thiol to nor-

bornene ratio was fixed at 1). Prior to MT-mediated stiffening, hydrogels were swollen

in PBS for 24 hrs to wash off un-crosslinked species. To induce dynamic stiffening,

hydrogels were submerged in 1 kU/ml MT for 6 hrs. Afterwards, MT was removed

via swelling hydrogels in PBS for 24 hrs. Moduli of the stiffened gels were measured

using oscillation rheometry in strain-sweep mode.

3.5 Rheometry

Rheological property measurements were conducted with circular hydrogel discs

fabricated between two glass slides. Gel discs were punched out with an 8 mm biopsy

punch. The hydrogels were carefully transferred to the rheometer platform prior to

initiating the measurements. The shear moduli of hydrogels were determined using a

Bohlin CVO 100 digital rheometer fitted with an 8-mm diameter parallel geometry.

The measurements were performed in strain-sweep mode with the strain ranging from

0.1% to 5%, and the oscillation frequency was 1 Hz. For in situ gelation experiments,

single frequency oscillation test was used (oscillation frequency was 1 Hz and 1%

strain). The precursor PEG8NB solution containing thiol crosslinkers, HRP, H2O2
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(or GOX and glucose) were mixed and vortexed for 5 seconds. Immediately after

vortexing, 7 µL of the mixture was placed on the lower plate and the geometry was

lowered to 90 µm. A layer of mineral oil was applied on the edge of the plate geometry

head to prevent dehydration.

3.6 Norbornene and Thiol Consumption

The thiol conversion study was conducted with precursor solutions containing

linear PEGNB, DTT, HRP and H2O2. Portions of the solution was collected imme-

diately after mixing and at intervals of every 2 minutes afterward for Ellman′s assay to

determine thiol contents. The thiol concentration left at each specific time point was

used to determine the amount of thiol that had been consumed. As for norbornene

consumption, mixtures of linear PEGNB, DTT, HRP, H2O2 at different thiol to nor-

bornene ratios (keeping PEGNB concentration constant at 3.5 wt%), were prepared

and subjected to NMR analysis. NMR spectra were recorded on a Bruker Avance III

500 Hz. Polymer samples for 1H NMR analysis were prepared at a concentration of

20 mg/ml. The amount of norbornene left after the reaction for each Rthiol/ene ratio

was calculated using the ratio of the integration of the norbornene peaks at 6.00 to

6.36 ppm over the integration of the PEG backbone region from 4.21 to 4.37 ppm.

3.7 Characterization of Gel Fraction

Hydrogels were formed with PEG8NB, DTT, HRP and H2O2 (or GOX/glucose);

each gel was prepared from 45 L of precursor solution. Immediately after gelation,

hydrogels were dried in vacuo and weighed to obtain first dried weight (Wdry,1). The

dried gels were incubated in ddH2O at 37 ◦C overnight to remove un-crosslinked

species. Afterwards, swollen weights were obtained; swollen gels were dried and
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weighed again to obtain the second dried weight (Wdry,2). Gel fraction was deter-

mined by the ratio of the second dried weight over the first dried weight:

Gelfraction =
Wdry,1

Wdry,2

Hydrogel mass swelling ratios (Q) were calculated following equation:

Q =
Wswollen

Wdry,2

3.8 In-gel Oxygen Measurements

A needle-type oxygen probe connected to Microx4 oxygen sensor (PreSens Preci-

sion Sensing GmbH) was used to obtain the oxygen concentrations within the gels.

The needle of the oxygen probe was inserted into the gel at specified time points.

After needle penetration, the optical fiber of the probe was extended to the tip of the

needle so that it was exposed to the gel but remained housed within the needle.

3.9 3T3 Fibroblasts Encapsulation

Cytocompatibility of the enzymatically crosslinked thiol-norbornene hydrogels

were evaluated using 3T3 fibroblasts. Cells were cultured in high glucose Dulbeccoś

modified eagle medium (DMEM) containing 10% fetal bovine serum and 1% penicillin-

streptomycin before performing cell encapsulation. A solution of 3 wt% PEG8NB,

13 mM KCYGGYGGYCK peptide, 1 mM CRGDS peptide, 1 U/ml HRP, and 0.5

mM H2O2 were mixed together then 3T3 cells were gently suspended into precursor

solution at a density of 2 × 106 cells/ml. The mixture was then added to syringes

with the top cut open and allowed to gel for 5 minutes. After that, cell-laden gels were

transferred into a 24-well plate. GelNB-PEG4SH cell-laden hydrogels were prepared

following similar steps but with higher HRP concentration (100 U/ml) and no addition

of CRGDS peptide. To evaluate cell viability after encapsulation and throughout cul-

turing period, the encapsulated cells were stained with NucBlue, which labels nuclei
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of all cells, and NucGreen, which stains cells with compromised plasma membranes

(i.e., dead cells). The numbers of live (all cells minus dead cells) and dead cells were

imaged with a confocal microscope and counted using ImageJ software.

3.10 Dynamic Stiffening of Enzymatically Crosslinked PEG-peptide

Hydrogels

MT was used to induce dynamic stiffening of PEG8NB-peptide hydrogels follow-

ing procedure mentioned in section 2.3. Briefly, 24 hrs after cell encapsulation, the

gels were incubated in 1 kU/ml MT for 6 hours, and the enzyme was removed via

swelling in culture media for 24 hrs. To observe the effect of matrix stiffening on

cell morphology and cytoskeletal organization, cell-laden hydrogels were fixed and

stained for cell nuclei and F-actin. Briefly, at predetermined time after encapsula-

tion, cell-laden hydrogels were fixed with 4% paraformaldehyde and permeabalized

with saponin solution following a published protocol. Then, rhodamine phalloidin

and DAPI were used to stain for F-actin and nuclei, respectively. Live/Dead and

immunofluorescence stained samples were imaged with Olympus Fluoview FV100

laser scanning microscopy. Live/Dead images were captured at 10x objective, with

Z-stacked of 10 slices and 10 µm per slice. Immunofluorescence images were captured

at 20x objective, with Z-stacked of 10 slices and 2 µm per slice.

3.11 Functionalization of Gelatin with Boronic Acid and Hydroxylphe-

nolic Acid

To further functionalize gelatin-norbornene with boronic acid, 1 g of GelNB (type

B) was dissolved in 25 ml of double distilled water at 40 ◦C. Next, 10 mmol of

boronic acid was dissolved in 15 ml of DMF/water mixture at 3:2 ratio, into which

10 mmol of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and 10 mmol of

N-hydroxysulfosuccinimide (NHS) was added. The EDC/NHS reaction was allowed

to run for 30 minutes before the gelatin solution was added. The mixture was then
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allowed to stir for 48 hours at room temperature. The modified gelatin was dialyzed

for 3 days to remove impurities. After dialysis, the functionalized gelatin (GelNB-BA)

was frozen, lyophilized at -50 ◦C, and stored at -2 ◦C. The functionalization of GelNB

with hydroxylphenol acetate (HPA) was proceeded following the same procedure with

BA replaced by HPA.

3.12 Mushroom Tyrosinase-triggered Boronic acid DOPA Dynamic

Covalent Bonds Formation

MT was also used along with ascorbic acid to generate L-DOPA, which in turn

leads to formation of boronic ester dynamic covalent bonds. GelNB-BA, GelNB-HPA,

PEG4SH were used to make thiol-norbornene hydrogel via UV-mediated gelation (365

nm, for 2 minute, 1 mM LAP as an initiator). After incubating in PBS for 24 hours

to wash off unreacted reagents, GelNB-BA/GelNB-HPA/PEG4SH hydrogels were

incubated in 0.5 kU/ml MT and 2.5 mM AA at 37 ◦C. After 6 hours, MT and AA

were removed by incubating hydrogels in PBS.

3.13 MBTH colorimetric assay to detect dopachrome formation

To perform MBTH assay, 10 mM soluble tyrosine or GelNB-HPA and 2 mM

MBTH reagent were mixed with AA at concentrations ranging from 0.2 mM to 1 mM.

After that, 0.2 kU/ml MT were added to the mixture and immediately subjected to

absorbance analysis on the micro plate reader at 475 nm.

3.14 BA-conjugated Lucifer Yellow Fluorescent Assay to Detect DOPA-

formation

BA was conjugated to lucifer yellow by mixing 2 mmol of 4-amino-3,6-disulfo-1,8-

napthalic anhydride dipotassium salt (lucifer yellow) with 10 mmol 3-aminophenyl-

boronic acid in 1 mL of 5% acetic acid for 2hrs at 60 ◦C until the solution became clear.
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Afterward, the solution was cooled to room temperature and allowed to crystalized

overnight at 4 ◦C. The crystal was collected by centrifuge and washed with ethanol

three times. The final product was subjected to NMR analysis. To perform Luc-

BA fluorescence assay, soluble GelNB-HPA were prepared at various concentration

ranging from 0.03125 mM to 2 mM and mixed with 0.2 mM BA-lucifer yellow, 0.2

U/ml MT, and 5 mM ascorbic acid. The fluorescence was excited at 380 nm and

the emission intensity was recorded at 528 nm. The emission was normalized using

fluorescence emission of solution containing 0.2 U/ml MT, 5 mM AA, no addition of

GelNB-HPA or Luc-BA
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CHAPTER 4. RESULTS AND DISCUSSION

4.1 HRP-mediated Thiol-norbornene Hydrogels

4.1.1 Characterization of HRP-mediated Thiol-norbornene gelation

In the past, myriad of hydrogel networks formed via HRP has been reported. In

this project, HRP is used to prepare thiol-norbornene hydrogels that are crosslinked

traditionally by photopolymerization. We hypothesized that in the presence of H2O2,

HRP was activated to become a powerful oxidant that can generate active thiyl

radicals. These thiyl ra-dicals can propagate to the norbornene groups, creating

carbon-center radicals to continue abstracting hydrogens from other thiols, eventually

forming stable thioether bonds. Enzymatic hydrogel formation was confirmed with

both a simple tilt test and in situ rheological analysis. As seen in Fig 4.1, gelation

only occurred when all components, including PEG8NB macromers, crosslinker DTT,

HRP, and H2O2 were present.

Fig. 4.1: Tilt test of HRP-mediated thiol-norbornene hydrogel. All components: 200

U/mL HRP, 0.5 mM H2O2, 3.5 wt% PEG8NB, and 14 mM DTT.
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In the absence of any one component, hydrogel did not form, indicating thiol-

norbornene indeed was triggered by HRP/ H2O2 reaction. Moreover, solution with

only PEG4SH macromer (i.e., No PEG8NB (+PEG4SH) group) did not yield hy-

drogel within 30 minutes, indicating hydrogel was not crosslinked by HRP-mediated

disulfide bond formation.

In situ rheology was conducted to determine gelation kinetics of the enzymatic

reaction, where the time of G′/G′′ crossover was defined as gel point. At 200 U/ml

HRP and 0.5 mM H2O2, gelation occurred rapidly within 80 seconds (Figure 4.2),

with kinetics comparable to that of light-mediated thiol-norbornene hydrogels [23].

Fig. 4.2: In situ rheometry of HRP-initiated thiol-norbornene gelation (3.5 wt%

PEG8NB, 14 mM DTT, 200 U/ml HRP, 0.5 mM H2O2).

Next, thiol and norbornene conversion experiments were conducted to further con-

firm that gelation indeed occurred via HRP-mediated thiol-norbornene reaction. For

these experiments, linear PEG was used to allow solution-based assay and to pre-

vent hydrogel crosslinking. Via quantifying free thiol contents within the precursor

solution overtime, thiol depletion kinetics can be generated. As shown in Figure 4.3

A, complete conversion of thiol was achieved only in the presence of HRP, H2O2 and

PEGNB. Without PEGNB addition, only 40% of thiol was consumed, potentially
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due to HRP-mediated disulfide formation. As for norbornene conversion, solutions of

PEGNB, DTT, HRP and H2O2 at different thiol to norbornene ratios were prepared

and subjected to proton NMR to analyze chemical shift of the norbornene functional

groups. As the thioether bonds formed, disappearance of norbornene peak was ob-

served. The NMR result showed linear relationship between thiol-norbornene ratio

and norbornene consumption (Figure 4.3 B), which is one unique feature of orthogonal

reactions.

Fig. 4.3: (A) Thiol conversion profiles as a function of reaction time. (B)

Norbornene conversion as a function of thiol-norbornene ratio.

To optimize gelation conditions, hydrogels were prepared at various concentrations

of HRP and H2O2. As seen in Fig 4.4 A and B, gelation can be achieved at relatively

low HRP and H2O2 concentrations. Within 10 minutes gelation time, increase in

HRP concentration resulted in higher moduli. Similarly, adding more H2O2 also

improved crosslinking density. Both trends were consistent with earlier literature

[9]. Through adjusting PEG8NB content, we showed that hydrogel properties can

be readily tuned to obtain moduli relevant to many normal and diseased tissues

(1000 - 3000 Pa) including stem cells differentiation [56–58], wound healing [5], tumor

progression [2, 7, 44].
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Fig. 4.4: Effect of (A) HRP concentrations and (B) H2O2 concentration on shear

moduli of PEG8NB-DTT hydrogels. Gelation was formed with 3.5 wt% PEG8NB,

and 14 mM DTT, Rthiol/ene=1. N = 3, mean ± SEM). (C) Strain-sweep rheometry

of thiol-norbornene hydrogels formed with different macromer contents (3, 3.5, and

4 wt%. Rthiol/ene = 1). (n≥3, Mean ± SEM, ***p<0.001).

In principle, the enzymatic crosslinking can be adapted for injectable delivery of

thiol-norbornene hydrogel that possesses the shape and size of delivery site without

limitation of light attenuation. Figure 4.5 showed that unlike photopolymerization,

HRP-catalyzed thiol-norbornene hydrogel could form homogenously throughout large

thickness and maintain the integrity of the syringe mold.
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Fig. 4.5: HRP-crosslinked thiol-norbornene hydrogel with a diameter of 4 mm and

and a length of 15 mm (200 U/mL HRP, 0.5 mM H2O2, 3.5 wt% PEG8NB, and 14

mM DTT).

4.1.2 Tyrosine-assisted enzymatic crosslinking of PEG-peptide hydrogels

After demonstrating the feasibility of HRP-initiated thiol-norbornene hydrogel

crosslinking using DTT as a cross-linker, we utilized bis-cysteine peptide linkers to

form PEG-peptide hydrogels as peptide linkers are advantageous in tissue engineer-

ing applications. First, a model peptide linker containing only terminal cysteines and

internal glycine residues (i.e., CGGGC) was used for gelation with PEG8NB under 1

mM H2O2 and a range of HRP concentrations (i.e., 1 to 200 U/mL). While gelation oc-

curred at high HRP concentrations (100-200 U/mL) as expected, no sol-gel transition

was observed when HRP concentration was lower to 5 U/mL even after 30 minutes

(data not shown). In an attempt to lower HRP concentration to be more on par

with other reported HRP-triggered hydrogel systems, we examined whether adding

soluble tyrosine could promote HRP-mediated thiol-norbornene gelation. This ap-

proach was reported to improve HRP-induced crosslinking of thiolated polymer [59],

as well as the gelation efficiency of photopolymerized thiol-norbornene hydrogels [60].



29

Unfortunately, soluble tyrosine also did not improve PEG8NB-CGGGC gelation, no

gel was observed at 5 U/mL HPR (data not shown). Utilizing information reported

by Mishina et al., where tyrosine/cysteine dually labeled protein can be used to fa-

cilitate HRP-mediated disulfide crosslinks, we designed peptide sequences containing

both cysteine and tyrosine residues, with tyrosine placed directly next to cysteine

(CYGGGYC and KCYGGYGGYCK) [61]. Surprisingly, with these new peptides,

immediate gelation was obtained at 5 U/mL HRP and 1 mM H2O2, suggesting that

close proximity between cysteines and tyrosine residues improved thiyl radical gener-

ation, hence thiol-norbornene gelation. We hypothesized that hydroxyl phenol radi-

cals were generated on the tyrosine residues first, then rapidly transferred to cysteines

within the same sequence, subsequently initiating thiol-norbornene reaction (Figure

4.6) [62], [63]. Because HRP substrate binding site contains mostly hydrophobic

residues [64], [65], tyrosine residues fit better than cysteine within HRP pockets in

tyrosine-containing peptide chains, the radical generation rate was higher, leading

to fasting gelation. A control test was performed where PEG8NB and KGYGGYG-

GYGK (containing no cysteine) peptide used to made hydrogel clarified that gelation

was not due to norbornene-tyrosine reaction.

Fig. 4.6: Proposed schematic of thiyl radical generation via tyrosine residues.

In order to obtain hydrogel in a more manageable timeframe, concentration of

HRP was intentionally lowered H2O2 to 1 U/mL and 0.5 mM, respectively for PEG8NB-

KCYGGYGGYCK/CYGGGYC hydrogels. Between the two tyrosine containing pep-

tides, the degree of crosslinking was higher when using peptide with higher tyrosine
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content (Figure 4.7 A), further proving that tyrosine enhenced gelation efficiency. By

varying thiol to norbornene ratio, the moduli of hydrogel can be tuned providing

additional means to control hydrogel properties (Figure 4.7 B).

Fig. 4.7: Effect of (B) tyrosine concentration and (C) thiol to norbornene ratios on

the shear moduli of hydrogels. Hydrogels were crosslinked at 1 U/ml HRP, 0.5 mM

H2O2 (n=3, Mean ± SEM, ***p<0.001).

4.1.3 HRP/GOX Dual Enzymatic Thiol-norbornene Gelation

As the initial excess H2O2 is known to impedes HRP reactivity [66], [67] the used

of exogeneous H2O2 are typically undesirable in biomedical applications, we utilized

GOX and glucose to supply H2O2 in situ for the activation of HRP. This method sup-

posedly increases the efficiency of the HRP-mediated gelation system by supplying

larger amount of H2O2 overtime with less initial inactivation of HRP [68]. Schematic

of the reaction incorporating GOX/glucose is shown in Figure 1.4. Gelation occurred

when GOX, glucose, dissolved oxygen and HRP were present with no exogenous H2O2

needed. Similar to the HRP/H2O2 system, HRP/GOX gelation were highly control-

lable. By varying glucose concentrations, the moduli of the hydrogels fabricated with

PEG8NB and CYGGGYC can be tuned almost linearly using 1 to 10 mM glucose
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at 10 U/ml GOX and 1 U/ml HRP (Figure 4.8 A). However, at 15 mM glucose con-

centration, the hydrogel moduli started to decline, supposedly due to the excessive

H2O2 amount generated that undermined HRP or GOX activity [42, 43].

Fig. 4.8: (A) Effect of glucose concentrations on shear moduli of dual

enzyme-crosslinked thiol-norbornene hydrogels (1 U/mL HRP, 10 U/ml GOX, 3

wt% PEG8NB, and 12 mM CYGGGYC, Rthiol/ene = 1). (B) Oxygen contents

within hydrogels formed by HRP/GOX/glucose (1 U/ml HRP, 1 U/mL GOX, 10

mM glucose) and HRP/ H2O2 (1 U/mL HRP, 0.5 mM H2O2).

Because the GOX/glucose reaction consumes oxygen to generate H2O2, effect of

the dual enzymes reaction on oxygen contents was investigated. We used a needle-

type oxygen probe to detect concentrations of dissolved oxygen inside two groups

of hydrogels HRP/H2O2 and HRP/GOX at various time points post-gelation (0-

24 hrs). Hydrogels were made and placed in PBS immediately after gelation. As

shown in Figure 4.8 B, oxygen contents inside the hydrogels formed by HRP/ H2O2-

initiated gelation remained close to normoxia after gelation as no dissolved oxygen

was needed in HRP/H2O2-mediated reaction. However, in the HRP/GOX/glucose

gelation system, hypoxia (∼1%) was detected within an hour post-gelation. After

5 hours, O2 content started to slowly regain to 6%. Oxygen level in the hydrogel
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returned to almost normoxia after 24 hours, presumably due to oxygen diffusion

into the gel overtime. The increased ′in-gel oxygen′ results also demonstrated that no

GOX/glucose reaction were taken place within hydrogel 24 hrs after after crosslinking.

By this point, most of the glucose have either been consumed or diffused out of the

matrix. Similarly, GOX was no longer present within hydrogels.

We further compared gel fraction, mass swelling ratio, and storage moduli (G′) of

the two HRP-initiated thiol-norbornene hydrogels to that of UV crosslinked gels with

the same macromer compositions. Figure 4.9A shows that gel fractions of hydrogels

crosslinked by the HRP/GOX/glucose system (87.4 ± 2.08) were comparable to that

of UV crosslinked gels (87.8 ± 2.43), suggesting high crosslinking efficiency of the

enzymatic thiol-norbornene reactions. The HRP/H2O2 system showed slightly lower

gel fraction (77.5 ± 0.98), likely due to partial inactivation of HRP by exogenously

added H2O2 that reduced the efficiency of the crosslinking reaction [67, 69]. Mass

swelling ratio and G′ also followed the same trend indicating HRP/GOX produced

more effective crosslinking than HRP/ H2O2 system does. Higher moduli can be

obtained using the UV light-mediated and HRP/GOX systems.
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Fig. 4.9: (A) Gel fraction (B) Mass swelling ratio and Storage Moduli G′ of

hydrogels formed with HRP/H2O2, HRP/GOX and UV light-mediated thiol-ene

photopolymerization. (3.5 wt% PEG8NB-DTT, Rthiol/norbornene = 1, n = 3, mean ±

SEM, * p<0.05). HRP/H2O2 gels were formed with 200 U/ml HRP and 1 mM

H2O2; HRP/GOX gels were formed with 200 U/ml HRP, 10 U/ml GOX, and 10

mM glucose. UV light-mediated gels were formed with 1 mM LAP, and UV light at

365 nm wavelength for 2 minutes.

4.1.4 Enzymatically Crosslinking of Gelatin-based Thiol-norbornene

Hydrogels

To demonstrate versatility of the enzymatic gelation system, gelatin function-

alized with norbornene group (GelNB) was used with PEG4SH to fabricate hy-

drogels. Gelatin possesses intrinsic biodegradability and biocompatibility that are

desirable in tissue engineering. Both H2O2 and GOX/glucose can be used to in-

duced HRP-mediated gelation. As expected, similar to the PEG-based hydrogel, the

GelNB-PEG4SH hydrogel could be made and readily tuned through adjusting either

gelatin content (Figure 4.10A) or thiol to norbornene ratio (Figure 4.10B). Higher

crosslinking density can be obtained using higher macromer concentration or by us-
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ing thiol/norbornene ratio closer to one. It is worth noting that, both GelNB and

PEG4SH are multifunctional macromers. Therefore, HRP concentration were lowered

to 100 U/ml to achieve slower gelation time and allowing more homogenous mixing.

Fig. 4.10: Effect of gelatin content (A) and thiol to norbornene ratio (B) on the

moduli of GelNB-PEG4SH hydrogels (100 U/ml HRP, 10 U/ml GOX, 10 mM

glucose) (n≥3, Mean ± SEM, *p<0.05, ***p<0.001).

4.1.5 Dynamic Stiffening of Enzymatically Crosslinked PEG-peptide

Hydrogels

To ascertain our hypothesis that tyrosine transferred its radicals to thiol groups

and regain its hydrogen after hydrogel formation, we subjected PEG8NB-CYGGGYC

(2Y) and KCYGGYGGYCK (3Y) hydrogels to mushroom tyrosinase (MT)-mediated

stiffening. MT oxidizes the tyrosine residues into DOPA, and eventually DOPA dimer,

forming a secondary network and stiffens the hydrogel (Figure 4.11 A). As seen in

Figure 4.11 B, MT successfully oxidized tyrosine into DOPA-dimer, shrunk the hy-

drogel slightly and changed the color of hydrogel from transparent to dark brown,

a characteristic color of MT-catalyzed DOPA products [70–72]. The stiffening oc-

curred in hydrogels crosslinked by peptides with two or three tyrosine residues, as

well as gels crosslinked with HRP/H2O2 or HRP/GOX/glucose systems. The result
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confirmed that the hydroxyl-phenol groups on tyrosine remained protonated following

HRP-mediated gelation. Most importantly, the degrees of stiffening were relevant to

normal and pathological tissue mechanics [5].

Fig. 4.11: (A) Schematic of MT-induced post-gelation dynamic crosslinking. (B)

Photographs of enzymatically crosslinked PEG-peptide (2.5 wt% PEG8NB and

KCYGGYGGYCK (3Y) thiol-norbornene hydrogels pre- and post-stiffening. Gel

crosslinking was initiated by 1 U/mL HRP, 10 U/mL GOX, and 10mM glucose.

Stiffening was induced by incubating the swollen gels in PBS containing 1 kU/mL

MT. (C) Shear moduli of hydrogels pre- and post-stiffening. HRP = 1 U/ml,

HRP/H2O2 hydrogels were made with 3 wt% PEG8NB, while HRP/GOX-glucose

were made with 2.5 wt% PEG8NB to give modulus around 1000 Pa. (n=3, Mean ±

SEM, ***p<0.001).

4.1.6 Cell Encapsulation and Dynamic Stiffening of Cell-laden

Hydrogels

To test the cytocompatibility of HRP system, 3T3 fibroblast was used for en-

capsulation. It has been shown that GOX/glucose system were more ideal for cell

encapsulation because H2O2 can be consumed immediately by HRP as it is generated.
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Ideally, this can ameliorate the toxic effect of adding a large amount of H2O2 [36].

However, the in-gel extreme hypoxia observed in Figure 4.8 B might not be ideal

for cell culture. Another potential challenge with the HRP/GOX/glucose system as

a means to supply H2O2 includes the continuous consumption of glucose within the

culture media by GOX. Therefore, HRP-H2O2 system was used in this thesis for cell

encapsulation studies.

For cell encapsulation application, a very low concentration of H2O2 was used ( 0.5

mM), which can be consumed within seconds by HRP, permitting minimal toxicity to

cells. As Live/Dead staining indicated in Figure 4.12A, 85% cells encapsulated within

GelNB-PEG4SH were alive 24 hrs after encapsulation. DAPI and F-actin staining

shown in Figure 3.12B revealed significant cell spreading and proliferation after 8 days

of culturing, indicating the encapsulated cells were able to attach to gelatin network

as well as degrade the matrix through protease and form interconnected cell network.

Fig. 4.12: (A) Live/Dead staining images of 3T3 cultured in GelNB-PEG4SH

hydrogels 24 hrs after encapsulation. Hydrogels were formed with 1.5 wt%

GelNB-PEG4SH, 100 U/ml HRP, and 0.5 mM H2O2, modulus G′ = 1000 Pa. (B)

Fluorescence staining images of spread 3T3 at day 1 and day 8.
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Next, using PEG8NB and peptides containing tyrosine residues, the effect of ma-

trix stiffening on cell fate was investigated. After cells were encapsulated within

PEG8NB-KCYGGYGGYCK gels, the gels were split into 2 groups, one group re-

ceived MT treatment (stiffened group), the other was left in regular culture media

(soft group). One day after the treatment took place, no significant cell death oc-

curred as revealed by live/dead staining and the cells remained viable through the

whole culturing period (Figure 4.13). To observe changes in cell morphology, fluo-

rescent staining of the nuclei and cell cytoskeleton was used. Although no difference

was observed in cell morphology 24 hrs after MT treatment, after 8 days, cells within

soft gels had spread significantly with dramatic interconnect cell network while cells

encapsulated within stiffened hydrogels had only started to develop minimal protru-

sion. The smaller mesh size in stiffened hydrogels was hypothesized to restrict cell

motility and to limit their spreading, resulting in rounded single cells. Stiffening did

not decline cell proliferation as live/dead staining at day 8 showed similar cell density

in both soft and stiff groups. It is also worth noting that the hydrogels crosslinked

by PEG8NB-peptide exhibited higher cell vi-ability comparing with gels formed by

GelNB-PEG4SH. This was likely caused by the use of different HRP concentrations

in the two group of gels (i.e., 1 U/ml and 100 U/ml for PEG8NB and GelNB gels,

respectively). Potentially, the difference in radical generation between crosslinking

with and without tyrosine residue, also affected cell viability. With that said, both

PEG-based and gelatin-based system were still appeared to be highly cytocompatible

and effective in promoting cell spreading as well as proliferation.
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Fig. 4.13: Live/Dead and Fluorescence images of 3T3 at Day 2 (24 hours after

stiffening) and Day 8. Stiffened group were treated with 1 kU/ml tyrosinase for 6

hours on day 1. Hydrogels were made with 3 wt% PEG8NB-KCYGGYGGYCK, 1

U/ml HRP, 0.5 mM H2O2, G′ ∼1500 Pa.

4.2 MT-mediated Viscoelastic Hydrogel Boronic Acid

To further tune the mechanical properties of hydrogel, we developed a hydrogel

system that can potentially become viscoelastic with treatment of mushroom tyrosi-

nase and ascorbic acid. Specifically, gelatin macromers containing HPA and BA were

synthesized and crosslinked into hydrogels. In the presence of AA, MT triggered

formation of DOPA to complex with BA, creating a secondary viscoelastic network

within the primary elastic thiol-norbornene hydrogel.
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4.2.1 Controlled Formation of L-DOPA Product using MT and Ascorbic

acid

To introduce viscoelasticity to hydrogel network, we first need to control the pro-

ducts of MT oxidation to specifically be DOPA, which can then complex with BA.

Ascorbic acid has been reported increase specificity of DOPA production via MT by

preventing further oxidization of DOPA by MT into dopaquinone and dopachrome.

To confirm this, we utilized 3-methyl-2-benzothiazoninone hydrazine (MBTH) to de-

tect dopaquinone and dopachrome formation in the presence of MT at various con-

centrations of ascorbic acid. The colorless MBTH reacts with ketone functional group

on dopachrome to produce a pink pigment that can be detected at 475 nm. As shown

in Figure 4.14, increasing AA concentration clearly decreased absorbance at 475 nm,

suggesting a delay in the formation of dopachrome caused by AA.

Fig. 4.14: MBTH assay to detect dopachrome formation in the presence of MT and

AA. Solution containing 10 mM tyrosine, 0.2 U/ml MT, 2 mM MBTH and various

concentration of AA was used.

After confirming that AA delayed dopachrome formation, we utilized fluorescent

molecule lucifer yellow conjugated with boronic acid (Luc-BA) to examine whether the

delay in dopachrome formation was indeed cause by DOPA generation. When DOPA

comes in contact with Luc-BA, the fluorescent intensity will decrease as reported by
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Coskun and Akkaya (Figure 4.15 A) [73]. As seen in Fig 4.15 C, in the presence

of both MT and AA, GelNB-HPA supposedly formed Gel-DOPA, which complexed

with Luc-BA and decreased its emission intensity. On the other hand, the decrease

in intensity was not observed within group treated with only AA (without MT),

proving that no DOPA was formed in this group. Even though AA is a type of sugar

molecule, which can complex with Luc-BA, the affinity of AA and BA was very low

(at 16 M−1) [53], hence no significant decrease in emission was detected. Gel-DOPA

formed via MT and AA reaction decreased the intensity of Luc-BA to a similar extend

with dopamine (∼85% at 1 mM) (Figure 4.15 B), which further confirmed that we

had successfully controlled the oxidation of HPA to specifically produce DOPA.

Fig. 4.15: (A) Selective recognition of DOPA by Luc-BA fluorescent molecule. (B-C)

Normalized emission intensity of Luc-BA at different concentration of (B) Dopamine

and (C) GelNB-HPA in the presence of MT, AA. Excitation wavelength is 430 nm.
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4.2.2 Characterization of Primary Elastic Network

Next, using GelNB-HPA and GelNB-BA, we fabricated elastic hydrogel via UV-

light mediated thiol-norbornene chemistry with PEG4SH as crosslinkers. Figure 4.17

demonstrated the storage moduli (G′) of GelNB-BA/GelNB-HPA/PEG4SH hydrogels

at different thiol-norbornene ratio. The elastic modulus of the hydrogels increased

as the thiol/norbornene ratio. The newly fabricated gelatin-based hydrogel were

immobilized both BA and HPA moieties.

Fig. 4.16: 3 wt% GelNB-BA/3 wt% GelNB-HPA/PEG4SH hydrogels formed via

LAP and UV-light (365 nm, 2 minutes) at different thiol-norbornene ratios.

4.2.3 Tunable Viscoelastic Hydrogels via MT and AA

As confirmed in earlier experiments, AA inhibited formation of dopaquinone and

dopachrome. We hypothesized that AA would also reduce MT-mediated gelation stiff-

ening. To test this hypothesis, we prepared UV-mediated GelNB-HPA and GelNB-

BA/GelNB-HPA hydrogels with PEG4SH as crosslinker, then submerged them in a

solution containing 1 kU/ml and 5 mM AA. As was anticipated, hydrogels treated

with only 1 kU/ml MT and no addition of AA, stiffened with 3-fold increase in stiff-

ness (Figure 4.18). GelNB-HPA and GelNB-HPA/GelNB-BA hydrogels stiffened to
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similar extent, suggesting that incorporating BA moieties within the hydrogel did not

interfere with MT-mediated stiffening. On the other hand, in the presence of AA,

stiffening did not occur, no change in storage moduli G′ was seen after the treatment.

Furthermore, the hydrogels did not change their color to dark brown after MT treat-

ment, suggesting that no DOPA dimers were formed and that it was likely that the

oxidation of HPA was stopped at the DOPA step.

Fig. 4.17: Effect of AA on MT-mediated stiffening. Hydrogels were made from 3

wt% GelNBHPA/3 wt% GelNB-BA/PEG4SH (Rthiol/nor = 0.75). Hydrogels were

incubated in 1 kU/ml MT for 6 hours in the presence and absence of 5 mM AA.

After asserting that Gel-HPA could be converted in to Gel-DOPA using MT and

AA, GelNB-BA/GelNB-HPA/PEG4SH hydrogels were made and subjected to treat-

ment with MT and AA to form viscoelastic gels (Figure 1.5). Figure 4.19 A showed

that comparing to the control group (no MT), MT treatment of hydrogels led to

increase in both G′ and G′′, a result of stiffening. Treatment of hydrogels with MT

and AA increased G′′, however, G′ maintained at the same modulus. The tan(δ) was

calculated using G′′/G′ to determine the damping characteristic of the hydrogels. The

higher tan(δ) value indicates a more viscoelastic material that are capable of dissipate

more energy when mechanical force was applied. Tan(δ) was the highest within the

group treated with MT, AA, implying that the hydrogels in this group were the most

viscoelastic due to formation of BA-DOPA dynamic bonds. The tan(δ) of hydrogels
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treated with only MT also had increased tan(δ) comparing to the control group, im-

plying the formation of dynamic bonds. It can be hypothesized that even without

AA, some DOPA still formed via MT and complex with BA, however without AA

most DOPA was converted into DOPA-dimer, resulting in stiffening. Cell encapsula-

tion with the viscoelastic hydrogel needs to be conducted to investigate whether the

increase in viscoelasticity was sufficient to impact cells behaviors.

Fig. 4.18: (A) Storage moduli and loss moduli (B) tan(δ) of 3 wt% GelNB-BA/

3wt% GelNB-HPA/PEG4SH hydrogels (Rthiol/norbornene= 0.75) treated with no MT;

1 kU/ml MT; and both 1 kU/ml MT, 5 mM AA.
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CHAPTER 5. SUMMARY AND RECOMMENDATIONS

5.1 Summary

In summary, an innovative enzymatic method to crosslink orthogonal thiol-norbor-

nene hydrogel was developed. The HRP-mediated system offers researchers an attrac-

tive alternative to form in situ thiol-norbornene hydrogel with high controllability and

without the concern of light attenuation or UV-light irradiation. The unique features

of this hydrogel system include the use of low concentrations of enzyme (both HRP

and GOX) and H2O2. More importantly, the preservation of tyrosine residues follow-

ing the primary thiol-norbornene crosslinking allowed dynamic stiffening of hydrogels

via tyrosinase-mediated crosslinking. These available tyrosine residues can also be

used as sites for bioconjugation to provide additional biochemical cues within the

ECM, if desired. HRP-mediated hydrogel was shown to support survival and prolif-

eration of encapsulated cells. In the second objective of this project, in addition to the

on-demand stiffening, MT was used to increase viscoelasticity of an otherwise elastic

hydrogel network. This was achieved via generation of DOPA-boronic acid dynamic

bonds. It was established that in the presence of MT and AA, the hydroxyl phenol

groups off GelNB-HPA chain can be oxidized into GelNB-DOPA. The DOPA moi-

eties complexed with BA moieties within the hydrogel to form a secondary network

increasing the network viscoelasticity.
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5.2 Recommendations

Although many aspects of HRP-mediated crosslinking system have been carefully

investigated, the polymerization kinetics of HRP comparing to UV-light mediated has

not been studied, especially in the case involving dual enzymes HRP and GOX. To be

used for injectable application, the kinetics of the enzyme-triggered thiol-norbornene

reaction is critical data to be collected. In the GOX/HRP system, the gradual release

of H2O2 can be useful in several tissue engineering applications as reactive oxygen

species are implicated to play an important role in wound healing as well as angio-

genesis [74]. To mitigate the extreme hypoxic environment caused by GOX/glucose

reaction, catalase, an enzyme decomposing H2O2 into H2O and O2 can be used to

supply oxygen within the hydrogels after cell encapsulation. As for the viscoelastic

hydrogel system, the effect of viscoelasticity on cellular behavior needs to be investi-

gated. The synergistic effect of viscoelasticity and stiffening via MT could be an inter-

esting aspect to explore. Further treatment of MT in viscoelastic hydrogels should be

conducted to see whether stiffening would affect the dynamic boronic ester bonds and

how the combined changes in elasticity and viscoelasticity would affect cell behaviors.

Furthermore, instead of using only gelatin-based macromers for fabrication of hydro-

gel, hyaluronic acid (HA) can be incorporated with hydrogel network as a bioactive

molecule. HA is a naturally occurring glycosaminoglycan (GAG) and a major com-

ponent of the native ECM, addition of HA within viscoelastic gel might be beneficial

as it would better mimic the heterogeneity of ECM and can increase cell-matrix inter-

action. HA also processes multiple functional groups along its backbone (carboxylic

and hydroxyl groups) that are accessible for dual functionalizations. Lastly, different

BA molecules has been reported to obtain different pKa values that could affect the

stability of the BA-DOPA complex [52]. Other than the 3-carboxyphenyl boronic

acid used in this thesis, different BA molecules with lower pKa should be used to

improve the complex stability at physiological pH and increase the viscoelasticity of

the network.
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APPENDIX

Fig. A.1: 1H NMR spectra showing the consumption of the alkene proton

(5.9-6.25 ppm) on the norbornene functional groups at different Rthiol/norbornene.


