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Pancreatic cancer is the present third leading cause of all cancer-associated deaths with a under
9% 5-year survival rate. Aggressive tumor progression and lack of early detection technique lead
to the fact that most patients are diagnosed at terminal stage - pancreatic ductal adenocarcinoma
(PDAC). Despite that numerous therapeutic approaches have been introduced, most options cannot
advance to or fail at the clinical trials. It has been suggested that previous failure is due to
insufficient understanding of PDAC tumor microenvironment (TME). Human PDAC is composed
of severely fibrotic tissue (i.e., desmoplasia) that harbors a variety of malignant cells (e.g.,
pancreatic stellate cells, cancer-associated fibroblasts, macrophages, etc.), excessive extracellular
matrices (ECM), as well as abnormal expression of growth factors, cytokines, and chemokines.
Multiple cell-cell and cell-ECM interactions jointly result in a stiffened, hypoxic, and fluid
pressure-elevated PDAC tissue. The resulting pancreatic TME not only physically hinders
penetration of therapeutics, but also dynamically interacts with the residing cells, regulating their
behaviors.
Increasing tumor tissue stiffness in PDAC is not only a passive outcome from desmoplasia,
but an active environmental factor that promotes tumor survival, growth, and invasion. However,
traditional in vitro cell culture systems such as two-dimensional (2D) culture plate and animal
models are not ideal for mechanistic understanding of specific cell-matrix interactions. Therefore,
dynamic hydrogels have been introduced as a category of advanced biomaterials that exhibit
biomimetic, adaptable, and modularly tunable physiochemical property. Dynamic hydrogels can
be precisely engineered to recapitulate a variety of aspects in TME, from which to investigate the
role of dynamic tumor-stroma interaction in PDAC progression. The goal of this dissertation was
to exploit synthetic polymers (i.e., poly(ethylene glycol) (PEG)) or natural ECM (i.e., gelatin and
hyaluronic acid (HA)) as precursors to prepare the dynamic cancer-cell laden gels. The design
utilized the orthogonal thiol-norbornene photopolymerization to prepare the primary homogenous
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gel network. Next, through further functionalizing gel precursors with phenolic derivatives,
enzymatic reaction (i.e., tyrosinase) or flavin mononucleotide (FMN)-mediated photochemistry
could be harnessed to manipulate the dynamic changes of substrate mechanics. Experimentally, a
computational model and the associated validation were presented to investigate the process of gel
stiffening. Finally, these techniques were integrated to prepare cell-laden gels with spatialtemporally tunable properties that were instrumental in exploring the synergistic effects of
dynamical matrix stiffening and presence of HA in promoting epithelial-mesenchymal transition
(EMT) in PDAC cancer and stromal cells.
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INTRODUCTION

1.1

Pancreatic cancer overview
Cancer is a class of disease which initiates from a subset of cells with genetic aberration in

human tissue [1, 2]. These mutated cells exhibit rapid proliferation and develop capability of
resistance to apoptosis [3]. The multiple abnormal cellular events collectively result in formation
of a begin tumor [4]. At the initial stage, tumor is still localized at its onset, which can be simply
removed through surgical intervention. Few cancer types lack noticeable symptoms or early
diagnosis techniques, which results in the consequently poor prognosis. It leads to the fact that
patients are commonly diagnosed cancer at the advanced stage, where cancer cells develop
capability of distant metastasis and weak response to anti-cancer drugs [5]. With the lowest 5-year
survival rate (i.e., ~9 %) (Figure 1.1A) and the minimal improvement (Figure 1.1B), pancreatic
cancer shares all the above lethal characteristics [6]. Moreover, pancreatic cancer is the present
third leading cause of all cancer-related deaths and projected to be the second by 2030 in United
States [6, 7].

40

80

30

60
20

40

10

0

0

Pr
os
ta
Th te
ry
oi
d
T
M est
el
an is
om
Br a
ea
Bl st
ad
Co d
H
e
Ov ea lor r
ec
d
ar
ia and tal
n
an N e
c
d
Ut k
er
u
Ki s
dn
St ey
om
ac
h
Li
ve
r
Lu
ng
B
Pa rain
nc
re
as

20

100

Prostate
Melanoma

80

Breast
Urinary Bladder

60

Lymphoma
Colorectum

40

Leukemia
Ovary

20

Lung
Pancreas

0

20
08
-2
01
4

Approval drugs

19
87
-1
98
9

Incidence

5-Year Survival Rate (%)

100

5-year survival

B.

50

19
75
-1
97
7

120

Amount

Percentage (%)

A.

Year

Figure 1.1.
Statistical report among all cancer types, including (A) 5-year survival rate, number
of available drugs, and disease incidence. (B) Change of 5-year survival rate among all the cancer
types from year 1975 to 2014 [8].
Development of pancreatic cancer is a multi-stage but rapid process, from few stages of
pancreatic preneoplastic lesions (PanINs) that consists of intraductal papillary mucinous
neoplasms (IPMNs) and mucinous cystic neoplasms (MCNs) to the last stage - pancreatic ductal
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adenocarcinoma (PDAC) [9-15]. In the clinical practice, more than 50 % patients are diagnosed at
PDAC stage when malignant cells have already metastasized to lung or liver, forming the
secondary tumor tissue. Few available anti-cancer drugs have been presented to treat patients with
pancreatic cancer since 1997, such as gemcitabine (GEMZAR), 5-fluorouacil (5-FU), and
FOLFIRINOX (i.e., combination of leucovorin (folinic acid), 5-FU, irinotecan (campto), and
oxaliplatin) [16, 17]. Unfortunately, these options are mostly categorized in the purely cytotoxic
therapeutics without the targeting capability, which can eliminate both healthy and cancer cells.
Thus, the high-dose will cause strong side effect (e.g., fatigue, nausea, diarrhea, and loss of
appetite), whereas the low-dose may have weak drug response on tumor [16]. Both the
consequences are far from optimistic to patients.
Nowadays, numerous innovative therapeutics have been introduced to target the universal
generic mutation in human pancreatic cancer, such as a subset of small GTPases (KRAS, ~95 %),
cyclin-dependent kinase inhibitor 2A (CDKN2A, ~90 %), and tumor suppressors (i.e., tumor
protein 53 (TP53), ~75 % and SMAD4, ~50 %). Additional to these oncogenes, it has been
indicated
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phosphoinositide 3-kinase/protein kinase B (PI3K/AKT) [20, 21], nuclear factor kappa-lightchain-enhancer of activated B cells (NF-κB), janus kinase/signal transducer and activator of
transcription

protein

(JAK/STAT),

yes-associated

protein/TEA-domain

DNA-binding

transcription factors (YAP/TAZ) [22-24], transforming growth factor-β/SMAD (TGF-β/SMAD)
[25, 26], c-Jun N-terminal kinase (JNK) [27, 28], and sonic hedgehog (SHH) [24] collectively
contributing to the aggressiveness and chemoresistance of PDAC [29-32]. The current
improvement on high-throughput screening (HTS) technique, such as expansion of drug analogue
library (e.g., genome sequencing and development of transgenic mice), higher HTS efficiency, and
the advanced approaches for characterizing therapeutic structure, it allows researchers to
efficiently recognize the potential targets within pancreatic TME. However, while these advanced
therapeutics have shown promising results in the drug discovery phase, almost 95% of them
showed high discrepancy on evaluation of tumor response to the treatment that cannot advance to
clinical success [33-35].
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1.2

Tumor microenvironment (TME) in pancreatic cancer
The previous failure on developing therapeutics against pancreatic cancer has been attributed

to lack of considering the PDAC tumor microenvironment (TME) when evaluating drug efficacy
in the preclinical trial [9, 36]. Tumor formation not only affects the adjacent cell behavior, but also
changes the cell residing microenvironment, as well as local tissue homeostasis [9-12, 14, 15, 2932]. Human PDAC is notorious for the presence of abundant fibrotic stroma in primary tumor
tissue, which occupies almost 90% of overall tumor volume. Accumulation of the cancer stroma
has been associated to the desmoplastic reaction (i.e., desmoplasia) [32, 37, 38]. Such unique
tumor tissue property has been suggested not just a passive outcome from desmoplasia, but an
important environmental factor aggravating tumor progression [21, 39]. Presence of desmoplasia
results in the abnormal expression of stromal cells and extracellular matrix (ECM), which
dynamically interact with cancer cells, generating multiple homotypic/heterotypic cell-cell and
cell-ECM interactions [40-44]. These abnormal biological events collectively contribute to a dense,
hypoxic, hypovascular, and fluid-pressure elevated TME [18, 19]. Hence, current strategy has been
focused on proposing approaches to inactivate the signature signaling transductions or inhibit the
synthesis of some specific soluble factors within pancreatic TME, as shown in Figure 1.2 [24, 45].
In addition to target the non-cellular components mentioned above, pancreatic stromal cells
(e.g., pancreatic stellate cells (PSCs), cancer-associated fibroblasts (CAFs)) is a group of cellular
component within pancreatic TME that has been drawn attention at early 2000s, owing to their
capability on stroma deposition [46-50]. The cell-cell interaction between stromal and pancreatic
cancer cells (PCCs) has been found to foster tumor invasion [32, 51-56]. For example, PSCs are
normally distinguished by their spherical cell morphology and capability of vitamin-B storage in
the healthy pancreas [46-49]. In the PDAC tissue, PSCs surprisingly exhibit the myofibroblastlike morphology and produce high level of α-smooth muscle actin (α-SMA), ECM, matrix
metalloproteinases (MMPs), and tissue inhibitors of matrix metalloproteinases (TIMPs) [47, 53,
57]. These factors are commonly presented during tissue fibrosis and remodeling. Nowadays,
although the different PSCs behavior have been reasoned to be outcome of the cell-cell interaction
or the tissue stiffening during PDAC progression, it is still under exploring [49, 58].
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Figure 4. Overview of Inhibitors that Perturb Cell-ECM Interactions and/or Adhesion Signaling that May Have Applications for the Treatment
of Metastatic Cancers

Figure 1.2.
Developing therapeutics to target the critical signaling cascades or the important
environmental factors in PDAC tumor tissue [17, 45].
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colonization. All of these steps have been shown influenced by cell-ECM interaction. Another
pancreatic tumor ECM, hyaluronic acid (HA) is a type of polysaccharide, commonly
overexpressed in both human (hTME) and mouse PDAC (mTME) tissue, as shown in Figure 1.3
[77]. HA has the distinctive physicochemical property, such as high-water retention and viscosity.
Depends on the molecular weight or amount of HA, it can alter the physicochemical property of
PDAC tissue from different aspects [77-87]. The low molecular weight HA can enhance tissue
inﬂammation and angiogenesis, whereas the high molecular weight HA elevates local tissue
interstitial fluid pressure, anti-angiogenic, immune-suppressive, and hinders drug penetration
physically [30, 50, 59, 60, 88-90]. Furthermore, HA can bind to some distinct cell membrane
receptors (e.g., CD44, extracellular-matrix metalloproteinase inducer (EMMPRIN), and receptor
for hyaluronic-acid-mediated motility (RHAMM)), which induces the corresponding downstream
signaling (i.e., FAK, PI3K, MAPK, and KRAS) to promote cancer cell growth, chemoresistance,
and self-renewal [79, 91-95]. Moreover, HA can also induce MMP-2 and MMP-9 secretion which
direct cancer invasion [84].

Figure 1.3.
Tissue composition of desmoplastic stroma in mouse (mTME) and human (hTME)
pancreatic cancer tissue at PDAC stage. Masson’s trichrome stains the collagen in TME (blue),
while Movat’s pentachrome highlights the presence of glycosaminoglycans (GAGs) and mucins
(blue) co-localized with collagen (turquoise/green). Histochemistry with hyaluronic acid binding
protein (HABP) confirms the abundance of HA in TME and immunohistochemistry for a-SMA
identifies activated PSCs, or myofibroblasts (Scale bars: 50 mm) [77].
While previous research has greatly enriched the knowledge about cell-cell and cell-ECM
interactions within PDAC tissue, there are few unique cell-ECM interactions still far from well-
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understood. For example, the increasing PDAC tissue stiffness has been indicated to impose
biophysical signals on residing malignant cells (i.e., mechanotransduction), regulating several
biological events, such as cell migration, differentiation, and tissue organization [96, 97]. However,
limited in vitro cell culture systems can integrate the tunable mechanics (i.e., stiffness, porosity,
and viscoelasticity) into the substrate property. Two-dimensional (2D) cell culture is a simple and
fundamental technique for researchers to conveniently identify generic target, validate biomarker,
and apply drug screening [98, 99]. Since the 2D culture plate and dish are generally produced by
the flattened glass or polystyrene, they have the static substrate property and mechanics (G’ ~3
GPa) [100-102]. Another frequently-used approach, genetically engineered mouse model (GEMM)
with natural matrices (e.g., laminin, fibronectin, elastin, and collagen) but beneficial for assessing
PDAC pathobiology or generic mutation during tumor angiogenesis, metastatic processes and
evaluating drug uptake during blood circulation [103, 104]. These animal-based models are
manipulated through subcutaneous transplanting human cancer cells into living animals.
Nonetheless, they have the complex substrate property and the tumor response to drug treatment
in animal models are rarely (i.e., ~8 %) corresponded with that to human [105]. Owing to
advantages as standardized manufacturing technique, convenience, commercial availability, and
ease for accessing biological information, 2D culture platform and animal models are still the
major platform to study cancer in pre-clinical trial. However, the static or the confounding
substrate physicochemical property is difficult for these systems to perform reductionist study in
cell-ECM interactions within pancreatic TME. Moreover, impact of tissue physical property (i.e.,
stiffness, porosity, and viscoelasticity) on tumor behaviors cannot be explored using these systems
[33, 106-108].

1.3

Hydrogel systems for recapitulating the tumor microenvironment
Three-dimensional (3D) cell culture systems, such as tumor spheroids and cell-laden

hydrogels are more sophisticated platforms capable of preserving native tumor structure and
permitting cell to receive environmental stimuli from 3D [109-113]. With high biocompatibility
and controllable substrate physiochemical property, cancer cell-laden hydrogels are highly
attractive as tumor models for studying impact of cell-ECM interaction on cell fate [114-121]. For
example, matrigel extracted from the decellularized animal tissue, has been frequently employed
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as artificial cell microenvironment. Matrigel resembles several natural ECM and growth factors
that can easily retain cells outside of the living body with high cell viability and functionality. The
matrigel-based gel systems have been used to study tumor angiogenesis and invasion [122-124].
Unfortunately, a critical drawback for using matrigel-based system to study cell-ECM interaction
is its confounding substrate compositions. Furthermore, when using matrigel-based systems to
study tissue mechanics (i.e., biophysical signal), it is essential to adjust amount of precursors to
produce gel with varying mechanics. However, the native ECM and growth factors within
matrigels are also changed between conditions at the same time. It convolutes the interpretation
from two different cell-ECM interactions (i.e., biochemical and biophysical signaling). Synthetic
hydrogels (e.g., poly(ethylene glycol) (PEG), poly(vinyl alcohol) (PVA), and poly(lactic acid)
(PLA)) can be endowed with user-defined composition and mechanical property [125-127].
Through incorporating biomimetic peptides or natural matrices, the semi-synthetic gel systems can
present the tissue heterogeneity [128-133]. The adaptability and versatility of the synthetic
hydrogels are also convenient for researchers to decouple different interactions within tumor tissue.
Additionally, these chemically defined hydrogels are advantageous owing to their high
reproducibility, cost-efficiency, and amenability for the scale-up production.
A group of innovative approaches, dynamic hydrogel systems have been appealing for
studying cell-ECM interaction in a physiological manner. This technique allows for tuning the
physicochemical property in the presence of cells [134-137]. The design principle of a dynamic
gel system is to perform two-step reaction on the functionalized polymeric materials. The first
reaction is for building hydrogel primary network, whereas the second is for manipulating the
property changes, such as matrix stiffening, degradation, and presence of bioactive ligand. For
example, Young et al. have presented a cardiomyocytes-encapsulated gel system with feature of
temporal gel stiffening [138]. Cells were encapsulated in gel by crosslinking thiolated HA (THA)
and PEG-diacrylate (PEGDA) via the thiol-ene click reaction. The gel stiffening was then achieved
by the additional thiol-diacrylate crosslinkings. The degree of gel stiffening was tunable via
applying varying molecular weight of macromers (i.e., PEGDA) as gel precursors. Interestingly,
the result suggested that the temporal matrix stiffening promoted differentiation of cardiomyocytes,
which has not been shown when cells were cultured in a static stiff matrix. Although it noted the
importance of dynamic mechanical changes on cellular processes, the process of gel stiffening in
this study was spontaneous, not capable of precisely controlling the initiation of stiffening process.
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Stimuli-responsive hydrogels with the higher controllability are a group of advanced approaches
that have been introduced to dynamic hydrogels fabrication [139-145]. Substrate property of these
systems can be user-defined through applying an exogenous stimuli, as list in Table 1.1 [146-153].
All of these approaches not only demonstrated capability of stimuli-responsive hydrogels for
mimicking the spatial-temporal nature in TME, but also emphasized impact of the environmental
inputs on cellular processes [143, 151, 154].
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Table 1.1.

Stimuli-responsive gel systems for dynamical cell culturing.
Stimuli

Material

pH

Physical

Temperature

Electromagnetic
field

Light

Chemical
Enzyme

Parameters

References

• Anionic or cationic material
(e.g., alginate, collagen, chitosan)
• Poly(diethylaminoethyl
methacrylate) (PDEAEMA)
• Poly(N-vinyl caprolactam)
(pNVCL)
• Pluronic F-127

• Anion or cation
contents
• Exposure time

[15, 96, 155]
[156] [142]

• Poly(ethyl pyrrolidine
methacrylate) (PEP)
• Poly(ethyl piperazine acrylate)
(PAcrNEP)
• Poly(N-isopropylacrylamide)
(pNIPAAm)
• poly(N’N’-diethyl acrylamide)
(PDEAAm)

• Temperature
• Exposure time

[157-161]

• Poly(ethylenimine) (PEI)
• Polyelectrolyte
• Poly(2-(acrylamide)-2
methylpropanesulfonic acid)
(PAMPS)
• Poly(2-hydroxyethy methacrylate)
(PHEMA)

•
•
•
•

Field force
Field flux
Electroconductivity
Exposure time

[15, 162]

• Polyacrylamide
• Methacrylated polymers
• Polyethylene glycol diacrylate
(PEGDA)

•
•
•
•
•

Wave length
Light intensity
Exposure time
Path length
Quantum efficiency

[101, 163165]

•
•
•
•
•
•

• Enzyme or substrate
concentration
• Exposure time
• Turnover number
• Enzyme-substrate
binding affinity

[166-170]

Oxidoreductase
Ligase
Lyase
Isomerase
Hydrolase
Transferase
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Various external stimuli (Table 1.1.) have been used to initiate property changes in
hydrogels. However, some of these techniques lack tunability or flexibility. For example, pH and
temperature are the parameters heavily associated with cell culturing condition. Variation of these
parameters may lead to reduced cell viability or abnormal cell behavior. On the other hand, photoresponsive systems can be applied in a spatial-temporally controlled manner. Current
photochemistry is largely limited to the utilization of ultraviolet light (UV) light and synthetic
photoinitiators, which may cause additional cytotoxicity. Therefore, current advances have been
dedicated to preparing hydrogels using visible light irradiation and more cytocompatible
photoinitiators.
In addition to photochemistry, enzymatic reaction is increasingly used in hydrogel synthesis
and modification. Enzymes are advantageous owing to their substrate specificity, mild reaction
conditions, and predictable kinetics. As such, enzymatic reactions have been employed for gel
fabrication in drug delivery and tissue regeneration [171-173]. According to the Enzyme
Commission (EC) database, enzymes are classified into seven categories based on their
functionality [174], including oxidoreductase (EC1), transferase (EC2), hydrolase (EC3), lyase
(EC4), isomerase (EC5), ligase (EC6), translocases (EC7). Among these enzymes,
oxidoreductase-catalytic reactions involve electrons transfer, which can be applied to polymeric
crosslinking. The commonly used oxidoreductases include hydrogen peroxide (H2O2)-dependent
peroxidases and oxygen (O2)-dependent polyphenol oxidases (PPO), as listed in Table 1.2 [175].
Table 1.2.

Oxidoreductases for enzyme-mediated polymerization [175].
Type

Enzyme

Substrate

Oxygen (O2)-associated
polyphenol oxidase (PPO)

•
•
•

Tyrosinase (tyrase)
Laccase
Glucose oxidase (GOX)

•

Phenol derivatives

Hydrogen peroxide (H2O2)associated peroxidases

•
•
•
•
•
•
•
•
•
•
•

Horseradish peroxidase (HRP)
Catalase (CAT)
Hematin
Cytochrome c peroxidase
Lignin peroxidase
Glutathione peroxidase
Myeloperoxidase
Lactoperoxidase
Haloperoxidases
Glucose oxidase (GOX)
Monoamine oxidase B (MAO B)

•
•
•
•
•
•
•
•

Phenol derivatives
Aniline
Vinyls
Thioanisole
Alkene
N-N-Dimethylaniline
Dihydroxyfumaric acid
Aldehyde
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Horseradish peroxidase (HRP) is a typical peroxidase that has been widely used for
producing injectable hydrogels or adhesive gel patches in the field of tissue regeneration [176178]. Macromers with phenolic moieties (e.g., tyramine, dopamine, and catechol) have been
crosslinked via HRP-mediated reaction to prepare hydrogels, bioadhesives, and nanoparticles
[179-183]. To initiate HRP-catalytic reaction, it is essential to have the addition of hydrogen
peroxide (H2O2), forming HRP/H2O2 complex. In the presence of HRP substrate, with which the
resulting HRP/H2O2 complex react, generating products via the two-step single electron
transferring [175]. The process contains the carbon-carbon (C-C) or carbon-oxygen (C-O)
coupling within the HRP substrate [183]. However, such reaction will manipulate reactive oxygen
species (ROS), causing potential cytotoxicity to the encapsulated cells. Furthermore, due to the
high reactivity of peroxidases, they have multiple types of substrate which minimize the enzyme
specificity (Table 1.2). On the other hand, mussel-inspired polyphenol oxidase (PPO)-mediated
reactions have also been used for fabricating cell-laden hydrogels [181, 184-186]. For example,
tyrosinase (tyrase) is a PPO-associated enzyme extracted from bacteria or plants [187, 188]. In the
presence of oxygen (O2), copper-containing tyrase catalyzes the oxidation of tyrosine-contained
molecules into 3,4-dihydroxy-phenyl-L-alanine (DOPA), ortho-quinone (o-quinone), and
subsequently DOPA dimers [189-192]. This reaction does not require free radicals, nor does it
generate ROS in the process, making it a mild and highly biocompatible reaction for biomedical
applications. Finally, this dissertation will focus on using light and enzyme as external stimuli to
design dynamic hydrogels as desmoplasia-mimetic systems for studying tumor-stroma interactions.
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OBJECTIVES

Dynamical change of tumor tissue physicochemical properties often results in several
interactions between cell and its microenvironment. These tumor-stroma interactions have
attracted much attention due to their impact on pancreatic cancer malignancy, metastasis, and
chemoresistance. These schemes include not only the 3D (i.e., length, width, and height), but also
the fourth dimension 4D (i.e., time), such as the spatiotemporally increasing tumor tissue
mechanics. While the cell-ECM interactions in pancreatic TME have been shown influential in
PDAC progression, minimal in vitro culture platforms are capable of representing these unique
features. To this end, the main objective of this dissertation was to design cancer cell-laden
hydrogels that are adaptable, biomimetic, and with highly tunable mechanics. Next, these systems
were used to study the impact of evolving matrix mechanics in TME on pancreatic cancer cell
behaviors. The last objective of this dissertation was to integrate the critical matrix components
found in PDAC tumor tissue into a biomimetic and dynamic hydrogel platform. The specific
objectives of this dissertation were:

Objective 1. Develop dynamic stiffening hydrogels via an enzymatic reaction
Matrix stiffening is a typical but crucial dynamic process in PDAC tissue. To mimic a
temporally stiffening TME, a dynamic stiffening gel was designed via first photopolymerizing
norbornene-functionalized PEG-based macromer with bi-cysteine bi-tyrosine peptide crosslinker
into hydrogels. Next, through incubating in media containing an enzyme (i.e., tyrosinase), the cellladen hydrogels will be dynamically stiffened owing to the extra crosslinking between peptidebound tyrosine residues. Chapter 3 of this dissertation describes the hydrogel design principle,
crosslinking technique, computational model prediction, as well as corresponding experimental
validation. In Chapter 4, additional bifunctionalities (e.g., laminin-derived peptide with RGD
sequences and MMP-sensitive crosslinker (i.e., KCYGPQGIWGQYCK) were tailored in this gel
system to optimize the condition for cell culture. Finally, pancreatic stellate cells (PSCs) were
encapsulated in this gel system to assess system biocompatibility and the effect of matrix stiffening
on cell behaviors.
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Objective 2. Biomimetic and enzyme-responsive dynamic hydrogels for studying cellmatrix interactions in pancreatic ductal adenocarcinoma
In order to design a pathophysiologically relevant in vitro culture system, a biomimetic and
dynamic gel system was presented in Objective 2. This PDAC-inspired hydrogel system was
fabricated by functionalized hyaluronic acid (HA) and gelatin, a denatured collagen. Specifically,
gelatin was dually modified with norbornene (NB) and additional hydroxyphenylacetic acid (4HPA) moieties. The resulting dual-functionalized gelatin (i.e., GelNBHPA) enabled both lightinitiated thiol-norbornene crosslinking and enzyme-mediated DOPA dimer formation.
Physicochemical property of this gel system and experimental validation of the increasing gel
mechanics were systematically investigated. To explore the role of HA (i.e., biochemical signaling)
or/and matrix stiffening (i.e., biophysical signaling) in PDAC progression, two different human
pancreatic cancer cell line (i.e., COLO-357 and PANC-1) were cultured in this gel system with
pre-defined compositions, including (1) GelNB with PEG4SH (GelNB&PEG), (2) GelNB with THA
(GelNB&HA), (3) GelNBHPA with PEG4SH (GelNBHPA&PEG), and (4) GelNBHPA with THA (Gel
GelNBHPA&HA) (Chapter 5).

Objective 3. Dynamic PEG-peptide hydrogels via visible light and FMN-induced tyrosine
dimerization
Photo-responsive hydrogels are another group of hydrogel system which have shown
fundamental in controlling different substrate properties, including stiffness, bioactive motifs. To
achieve another important dynamic feature in PDAC tissue, the spatially distributed bioactive
motifs, nutrients or the tissue mechanics in gradient. A visible light-mediated dynamic gel system
was introduced by using the nature-derived photoinitiator (i.e., flavin mononucleotide (FMN)).
Although this system was prepared with the same gel precursors in objective 1, it integrated the
FMN and visible light-initiated tyrosine dimerization to achieve the spatial-temporal
controllability. To validate the modular tunability in hydrogel stiffening, effect of FMN and visible
light treatment on changes of gel mechanics was investigated via adjusting the treating FMN
concentration, amount of the built-in tyrosine residues within peptide crosslinkers, dosage, and
duration of visible light exposure. To examine spatial tunability of this photo-responsive system,
the tyrosine-functionalized fluorescent molecule, photomask, and varying light exposure time
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were utilized to exhibit the user-defined gel patterning. For the in vitro cell study, pancreatic cancer
cells (PCCs) were encapsulated in this gel for evaluation of system biocompatibility and impact
of temporal gel stiffening on cancer cell fate. Additionally, to study effect of increasing tissue
mechanics on PDAC stromal cells, the pancreatic cancer-associated fibroblasts (CAFs) were
seeded on top of the system with regional gel stiffening, achieved by using the soft
photolithography technique (Chapter 6).
(3.1)

41
A DIFFUSION-REACTION MODEL FOR PREDICTING ENZYMEMEDIATED DYNAMIC HYDROGEL STIFFENING

(As published in Gels, 2019 (5) 1-17)

3.1

Abstract
Hydrogel systems with the spatiotemporally controllable mechanics have been increasingly

employed for studying impact of tissue mechanical property on cell fate processes. These dynamic
hydrogels are particularly suitable for recapitulating the temporal stiffening of a tumor
microenvironment. To this end, we have reported an enzyme-mediated stiffening hydrogel system
where tyrosinase (tyrase) was used to stiffen the orthogonally crosslinked cell-laden hydrogels.
Herein, a mathematical model was proposed to describe enzyme diffusion and reaction within a
highly swollen gel network and to elucidate the critical factors affecting the degree of gel stiffening.
Briefly, Fick’s 2nd Law of Diffusion was used to predict enzyme diffusion in a swollen
poly(ethylene glycol) (PEG)-peptide hydrogel, whereas the Michaelis-Menten model was
employed for estimating the extent of enzyme-mediated secondary crosslinking. To
experimentally validate model predictions, we designed a hydrogel system composed of 8-arm
PEG-norbornene (PEG8NB) and bis-cysteine containing peptide crosslinker. Hydrogel was
crosslinked in a channel slide that permits one-dimensional diffusion of tyrase along the microchannel. Both the model prediction and experimental results suggested that the increasing
crosslinking over gel network did not significantly affect enzyme diffusivity during process of the
dynamic stiffening. On the other hand, the diffusion path length and the duration of enzyme
incubation were more critical for determining distribution of tyrase and formation of additional
crosslinking in the hydrogel network. Finally, we have demonstrated that the enzyme-stiffened
hydrogels exhibited elastic properties similar to other chemically crosslinked hydrogels. This study
provided a better mechanistic understanding in process of the enzyme-mediated dynamic stiffening
gel systems.
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3.2

Introduction
Hydrogels are the hydrophilic and crosslinked water-swollen polymers [122, 193, 194],

particularly suitable for mimicking extracellular matrix (ECM) in human tissues [195, 196]. The
effects of ECM compositions and degradability on cell fate processes have been extensively
studied with these systems [197, 198]. In recent years, mechanical properties of cell
microenvironment are increasingly considered as a crucial environmental factor, regulating tissue
regeneration and disease progression [199, 200]. As such, hydrogels with the spatiotemporally
regulated mechanics are increasingly utilized for studying mechanotransduction in healthy and
diseased cells. Mechanical properties of a water-swollen hydrogel have been well-established by
Anseth and colleges using Flory-Rehner and rubber elasticity theories [201, 202]. In general,
hydrogel elasticity, viscosity, and plasticity are characterized via tensile, dynamic mechanical
analysis, or shear rheometry [203, 204]. Mechanical properties of a swollen-hydrogel are directly
related to gel crosslinking density, which are determined by macromer functionality, precursor
compositions, polymerization conditions, and degree of gel swelling [205]. Understanding the
impact of these factors on hydrogel crosslinking is instrumental when preparing hydrogels with
user-defined and highly tunable mechanical properties [206].
Gels can be prepared through chemical reactions (e.g., chain-growth or step-growth
polymerization) or physical interactions (e.g., electrostatic or supramolecular binding) [143, 207].
Regardless of the crosslinking method, however, bulk modulus of a hydrogel generally scales with
its crosslinking density [208, 209]. Therefore, hydrogels with a build-in mechanism for postgelation adjustment of crosslinking density are ideal for mimicking the stiffening process of a
diseased tissue. In this regard, various dynamic cell-laden gel systems are being actively
introduced for studying the changes of tissue mechanics on cell behaviors [96, 152, 210-212]. In
principle, dynamic stiffening hydrogels are fabricated with a two-step crosslinking process. The
first crosslinking reaction forms a primary gel network with immobilization of additional
polymerizable moieties for the secondary polymerization [118, 164, 212]. The later increases the
crosslinking density and hence stiffness of the cell-laden hydrogel. For example, Young et al.
designed cardiomyocyte-encapsulated hydrogels crosslinked by thiolated hyaluronic acid (THA)
and poly(ethylene glycol)-diacrylate (PEGDA) [138]. The cell-laden hydrogels were stiffened
gradually via thiol-acrylate Michael-type addition. While the two-step click reactions achieved
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dynamic increase in gel crosslinking, the degree of stiffening was pre-determined by the
thiol/acrylate contents and could not be modularly and dynamically controlled post-gelation.
In order to control the magnitude of matrix stiffening, our lab has introduced an enzymemediated dynamic hydrogel system [166, 213]. The primary cell-laden hydrogel network was
formed by thiol-norbornene photochemistry using PEG-8-arm norbornene (PEG8NB) and biscysteine, bis-tyrosine-contained peptide crosslinker (i.e., CYGGGYC). Here, we incorporated
additional tyrosine residues on the peptide crosslinker sequence to serve as substrates for
tyrosinase (tyrase). Upon diffusing into the gel network, tyrase oxidizes tyr residues on peptide to
generate 3,4-dihydroxy-phenylalanine (DOPA) that leads to the formation of additional DOPAdimer [214, 215]. The later was key to the dynamic gel stiffening scheme. Previously, we have
applied the tyrase-stiffened cell-laden gels to evaluate the impact of dynamic matrix stiffening on
activation of pancreatic stellate cells (PSCs) [213] and metastatic potential of pancreatic cancer
cells (PCCs) [166]. To provide a better understanding in enzyme diffusion and reaction during the
gel stiffening process, we proposed here a mathematical model that accounts for both enzyme
diffusion and reaction within the highly swollen hydrogel network. The key parameters associated
with Fick’s 2nd law and Michaelis-Menten kinetics were investigated, including the catalytic
reactions between and tyr-containing peptidyl crosslinkers. Furthermore, we employed a channel
slide to experimentally validate model prediction of the one-dimensional diffusion into the PEGpeptide hydrogel [170]. These experimental data were further used to verify and enhance model
predictions, which could offer pivotal information when applying enzymatic reaction for dynamic
stiffening of cell-laden hydrogels.

3.3
3.3.1

Results and Discussion
Design principle of the dynamic hydrogel network
In this work, we used a bio-inert norbornene-functionalized polymer PEG8NB (Figure

3.1A) and a bifunctional peptidyl crosslinker (CYGGGYC, Figure 3.1B) to prepare gel as an
experimental model for verifying computational prediction of the enzyme-induced matrix
stiffening. The major advantage of a PEG-based gel prepared from orthogonal step-growth
polymerization is its high gelation efficiency that produces a well-defined and nearly ideal network
structure (Figure 3.1C). Additionally, thiol–norbornene hydrogel affords much more uniform
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distribution of tyrosine residues in the primary gel network, which increases substrate accessibility
for tyrase-mediated reaction (Figure 3.1D). In principle, the infiltrating catalyzes DOPA dimer
formation, which leads to the increasing gel crosslinking density, as well as gel stiffness (Figure
3.1E).
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Figure 3.1.
Design principle of the enzyme-mediated gel stiffening. (A) Structure of 8-arm
PEG-norbornene (PEG8NB, 20 kDa, N ≅ 56); (B) bis-cysteine/bis-tyrosine peptide crosslinker
(i.e., CYGGGYC); (C) schematic of thiol–norbornene photopolymerization for forming primary
hydrogel network.
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3.3.2

Correlation of gel crosslinking density, mesh size, and enzyme diffusivity
Hydrogel crosslinking density has a significant impact on the diffusion of soluble

molecules in the network [216]. More specifically, mesh size of a gel network is the primary factor
determining diffusivity of any solute into a highly swollen gel. During the process of enzymemediated gel stiffening, gel crosslinking density not only increases with time, but also vary
spatially. Consequently, the diffusivity may be impacted by the stiffened gel network. The
diffusivity of any solute in a highly swollen hydrogel can be estimated by the classical LustigPeppas relationship, which describes solute diffusivity (i.e., DEgel) using a correlation of
hydrodynamic radius of the solute (RE), mesh size of the network (ξ), and the diffusivity of the
solute in a solution (see section 3.5.2). These parameters can be obtained from literature or
experimentally determined. To gain insight into the impact of gel crosslinking on enzyme diffusion
in hydrogels, we prepared hydrogels with different macromer compositions that led to varying
shear moduli ranging from ~0.5 kPa to ~10 kPa (Figure 3.2A). At any given formulation (and
modulus), the mass (q) and volumetric (Q) swelling ratio, as well as the corresponding mesh size
(ξ), of the resulting hydrogels could be readily determined. These results were then used to
establish a correlation between gel stiffness and DEgel (see section 3.5.2).
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Figure 3.2.
Correlation of crosslinking density, mesh size, and enzyme diffusivity. (A)
volumetric swelling ratio (Q) and mesh size (ξ) of PEG-peptide (CYGGGYC) hydrogels with
different shear moduli (G’); (B) correlation of enzyme diffusivity (DEgel) with gel modulus.
DEsolution is the diffusivity of enzyme (i.e., tyrase) in solution, independent of the hydrogel modulus.
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The shear moduli of gels ranging from ~0.5 kPa to ~5 kPa is relevant to changes of tissue
stiffness during tumor progression [217]. In this study, we experimentally determined the Q and ξ
of hydrogels within shear moduli from ~0.5 kPa to ~5 kPa. Within this range, Q was decreased
from ~30 to ~18, while ξ was correspondingly decreased from ~19 nm to ~15 nm (Figure 3.2A).
It is important to note that this range of mesh size is much larger than the hydrodynamic radius of
tyrase (rE = 4.5 nm) [187]. Next, we used this range of mesh size to estimate DEgel using the Lustig–
Peppas relationship [218]. Clearly, diffusivity of tyrase in solution (DEsolution) was not significantly
affected by changes of gel mesh size (i.e., both ξ and Q approach infinity). In a soft gel (G’ ~0.5
kPa), DEgel was 3.80 × 10−11 m2/s. In a stiff gel (G’ ~5 kPa), it was decreased slightly to 3.58 ×
10−11 m2/s (Figure 3.2B). Conceptually, since DEgel only decreased ~5.8 % in a stiff gel (G’ ~5
kPa), the gradually increasing gel crosslinking should not impose a significant hindrance for tyrase
diffusion during the process of gel stiffening.
3.3.3

Prediction of enzyme diffusion in hydrogels with varying gel crosslinking density
Correlations of gel modulus, mesh size, and enzyme diffusivity as shown in , have provided

critical information regarding the extent to which DEgel was affected by increasing gel crosslinking
density. To establish the premise that the gradually stiffening hydrogel would not impose
significant diffusion hindrance for tyrase, we first predicted the distribution of diffusing tyrase within
hydrogels using a constant DEgel, which contributed to the following equation (3.1):
∂C E (x,t)
∂ 2 C E (x,t)
.
= − DE gel ⋅
∂t
∂x 2

(3.1)

where 3.80 × 10−11 m2/s and 3.58 × 10−11 m2/s were used to represent in a soft and stiff gel (DEgel),
respectively. If distributions of tyrase in hydrogels with these two diffusivities show negligible
differences within a relevant time scale, it can then be safely assumed that the stiffening network
can only exhibit a minimal hindrance on enzyme transport. Equation (3.1) was solved numerically
using the initial and boundary condition, listed in section 3.5.2 [219]:
2
− DE (2n+1)2 π ⋅t 2
x(2n + 1)π ⎤ ⎪⎫
⎪⎧ 4 ∞ ⎡ 1
h
C E (x,t) = C E 0 ⋅ ⎨1− ∑ ⎢
⋅e
⋅sin(
)⎥⎬
h
⎪⎩ π n=0 ⎣ 2n + 1
⎦ ⎪⎭

(3.2)

The computational results from Equation (3.2) represented time- and space-dependent
tyrase diffusion into a soft (Figure 3.3A) or a stiff gel (Figure 3.3B). We plotted the results from 0
hour to 6 hour, a timeline previously used for tyrase-mediated hydrogel stiffening [166, 213]. From
the prediction results, it was clear that, regardless of enzyme diffusivity, the entire hydrogel was
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equilibrated (i.e., CE/CE0 ≈ 1) with the infiltrating enzyme after only 2 hours of diffusion.
Furthermore, a symmetrical tyrase distribution could be clearly seen along the thickness of the gel
owing to the bi-directional diffusion condition. While significant variations of tyrase distribution as
a function of time and space were observed in the first 2 hour, there was no discernable differences
between enzyme diffusion in softer and stiffer hydrogels, suggesting that the stiffening process
would not significantly hinder enzyme diffusion in these hydrogels. Finally, a gradient of enzyme
concentration could be expected near the surface of the gel within the first 2 hour. These
predictions had justified that, regardless of gel-network crosslinking density, a period of 6-hour
tyrase incubation was sufficient for the gel stiffening.

Figure 3.3.
Diffusion profile of tyrase throughout hydrogel systems with varying stiffness: (A)
concentration profiles of tyrase in a soft gel (G’ ~0.5 kPa); (B) concentration profiles of tyrase in a
stiff gel (G’ ~5 kPa). Note that gel thickness was set at 1 mm with the assumption that tyrase diffuses
symmetrically from the surfaces (x = 0 and x = 1) to the center of the hydrogel (x = 0.5).
3.3.4

Verification of enzyme diffusion in non-stiffening hydrogels
In addition to model predictions, we obtained the experimental tyrase diffusion results

through imaging tyrase distribution in a hydrogel strip casting in a channel slide, which was
connected by two reservoirs with a constant initial enzyme concentration (CE0). We prepared the
hydrogel with high shear moduli (G’ ~5 kPa), which represented a stiffened hydrogel network that
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had the most hindrance in solute transport. Figure 3.4A illustrated the progression of bi-directional
tyrase transport into the thin hydrogel strip (i.e., thickness = 1 mm), where tyrase concentration in
the hydrogel (CE) increased as more enzyme molecules infiltrate the hydrogel. Figure 3.4B showed
the experimental tyrase diffusion profiles at 1, 3, and 6 hours (i.e., solid symbols), as well as the
diffusion model predictions (i.e., dashed lines). After 1 and 3 hours of the bi-directional diffusion,
both experimental data and the model prediction exhibited symmetrical tyrase distribution along
the diffusion path. After 6-hour enzyme diffusion, CE at center of the gel reached equilibrium
(≃CE0) in both experiment and model prediction. Since the gels were formed at a higher
crosslinking density (i.e., G’ ~5 kPa) in this example, a 6-hour period should be sufficient for
hydrogels with lower stiffness (i.e., higher mesh size) to reach equilibrium with CE0. While these
assessments have not yet taken enzyme reactions (see section 3.5.4) into account, they complement
the diffusion model prediction shown in Figure 3.4B. These results are also supported by
experimental stiffening results reported previously, in which gel stiffening was completed within
6 hours tyrase incubation [213].
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Figure 3.4.
Schematic and validation of enzyme diffusion into hydrogel. (A) Experimental set
up for validation of tyrase diffusion into a PEG-peptide (CYGGGYC) hydrogel with 1 mm
thickness. (B) Comparison of experimental data (symbols) and computational results (dashed
lines). Note that the modeling results were derived from the Fick’s second law (See section 3.5.2)
using diffusivity of tyrase in a stiff gel (G’ ~5 kPa) at 1, 3, and 6 hour.
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3.3.5

Effect of the treating enzyme concentration on reaction velocity
In addition to predicting enzyme diffusion in gels with different crosslinking densities, we

investigated catalytic reactions of tyrase using different phenolic substrates. Tyrase is known to
catalyze oxidization of tyrosine, tyramine, and other phenolic derivatives (e.g., 4hydroxyphenylacetic acid (4-HPA) into DOPA, DOPAquinone, and finally to DOPA dimers [187].
The catalytic reaction of tyrase involves several steps, including a monophenol cycle, a diphenol
cycle, and substrate inhibition (Figure 3.5A) [188]. First, the non-activated deoxy-tyrosinase
(tyraseDeoxy) binds with the oxygen molecule (O2) to generate an activated form of tyrosinase
(tyraseOxy). In the presence of L-tyr, tyraseOxy initiates the monophenol cycle that produces DOPA.
Since DOPA and L-tyr are both substrate of the tyraseOxy, the excess L-tyr can react with both
tyraseOxy and the DOPA-tyraseOxy complexes, and thus reaction may move toward the diphenol cycle
or substrate inhibition [214]. To gain more insight into this reaction kinetics, we first monitored
the concentration of dissolved O2, as its disappearance is the first step in the activation of tyrase.
As expected, concentration of dissolved O2 decreased only after the addition of tyrase (at the 2-min
mark) to the L-tyr containing solution (Figure 3.5B). O2 content dropped rapidly, except for the
lowest enzyme concentration used (i.e., 0.3 µM). Furthermore, dissolved O2 was completely
depleted within 5, 3.5, and 2 min when the solution was added to 1.5, 2.25, and 3 µM tyrase,
respectively. At 0.3 µM tyrase, only ~3% decrease in dissolved O2 was detected after 6 min of
enzyme addition, potentially because the rate of oxygen consumption by the small amount of
enzyme was much slower than its replenishment from the air.
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Figure 3.5.
Evaluation of enzymatic reaction kinetics using tyrase and L-tyr, (A) steps and
kinetics of tyrase-catalyzed DOPA dimer formation; (B) detection of oxygen content (O2) as a
function of time and enzyme concentration (see section 3.5.3); (C) quantification of L-tyr oxidation
using the MBTH assay (i.e., absorbance at 475 nm); (D) correlation of reaction velocity (VP) and
the treating tyrase concentration.
Figure 3.5B suggested that a faster tyrase reaction was owing to the rapid consumption of
dissolved oxygen. However, the consumption of dissolved oxygen represented only the first step
in the tyrase reaction cycle (i.e., from tyraseDeoxy to tyraseOxy, Figure 3.5A). In order to understand the
kinetics of subsequent reaction steps, it was necessary to determine the amount of actual product
formation. To this end, we utilized the MBTH assay to monitor the production of DOPA [220,
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221]. In principle, MBTH reacts with oxidized substrates through both monophenol and diphenol
cycles and produces a visible complex with a pink color [222]. Although higher DOPA contents
were detected at higher doses of tyrase (Table 3.1.), all reactions (except for 0 µM tyrase) were not
completed within 6 min of testing, suggesting that the catalytic step of tyrase/L-tyr reaction was
slower than the rate of oxygen binding to tyraseDeoxy. Additionally, the kinetics of DOPA production
appeared to be in a linear relationship with respect to time. After plotting reaction velocity as a
function of enzyme concentration, a linear correlation was established (Figure 3.5D). This linear
relationship might be due to a relatively high substrate concentration (i.e., 10 mM) when compared
with the high binding affinity between L-tyr and tyrase. In the case of a much smaller KM compared
with CS and KM can be omitted in either the regular or the modified Michaelis–Menten equation
(see section 3.5.4), which yielded the following equations:
VP =

kcat ⋅C E ⋅CS
C
= kcat ⋅C E (1+ S )
C
Ki
K M + Cs (1+ S )
Ki

VP =

kcat ⋅C E ⋅CS
K M + Cs

= kcat ⋅C E

(3.3)

(3.4)

As shown in Equations (3.3) and (3.4), omitting KM results in a linear correlation between
Vp and CE regardless of the status of substrate inhibition, which can be characterized by a
decreasing reaction rate at high substrate concentrations [223]. Using the general or modified
Michaelis–Menten equation, we obtained kcat and KM for tyrase-mediated reactions (Table 3.1.).
Clearly, all three substrates exhibited at least 10-fold lower KM than the substrate concentration
used in the experiments (i.e., 10 mM, Figure 3.6A), thus justifying the omission of KM in Equation
(3.3) and Equation (3.4).
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Table 3.1.

3.3.6

Kinetic constant in tyrase-mediated reaction

Parameter

Unit

L-tyr

L-DOPA

CYGGGYC

kcat

s−1

0.93

8.63

0.60

KM

mM

0.85

1.02

0.58

Ki

mM

19.85

-

-

R2

-

0.956

0.971

0.98

Effect of Substrate Concentration of Enzymatic Reaction
As mentioned earlier, utilization of L-tyr for tyrase may exhibit substrate inhibition that

reduces catalytic activity of tyrase. To evaluate whether such an effect exists when a peptide
substrate is used, we treated a model peptide CYGGGYC with tyrase and used other substrates as
controls (e.g., L-tyr or L-DOPA). As shown in Figure 3.6A, tyrase exhibited the highest reactivity
for L-DOPA (VP = 8.6 µM/s) among all substrates. The reaction rates for L-tyr and CYGGGYC
were 0.88 and 0.70 µM/s, respectively. Tyrase/L-DOPA reaction appeared to proceed through the
diphenol cycle without discernable substrate inhibition, as the reaction velocity reached a plateau
value at high substrate concentration. Furthermore, we noticed a slightly lower maximum reaction
rate at a higher concentration (2-10 mM) of L-tyr, which was indicative of substrate inhibition
(Figure 3.5A). Therefore, the modified Michaelis–Menten equation (see section 3.5.4) was utilized
to obtain kinetic constants for tyrase/L-tyr reaction. Interestingly, there was no significant substrate
inhibition when tyrosine-containing peptide (i.e., CYGGGYC) was used as substrate for tyrase. It
was likely that the peptidyl residues exhibited different affinity (KM) for tyrase. Indeed, Marumo et
al. have investigated the effect of peptide sequencing on tyrase-catalytic reaction efficiency [189].
Compared to the L-tyr, some tyrosine-containing peptide sequences (e.g., Gly-Tyr-Gly and LysGlu-Thr-Tyr-Ser-Lys) have a higher DOPA conversion ratio when reacting with tyrase due to a
higher binding affinity between tyrase and oxidized L-tyr. Upon fitting the reaction velocity data
with the general or modified Michaelis–Menten model (see section 3.5.4), we found that peptidyl
tyr exhibited a higher binding affinity (i.e., lower KM) with tyrase than the soluble L-tyr (Table 3.1.).
Another key aspect for designing an enzymatic stiffening hydrogel is to understand how
fast the enzyme fully converts substrate (e.g., peptidyl tyrosine residues) into product (i.e.,
additional DOPA dimer crosslinking). At any given enzyme and substrate concentration, the time
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needed to convert all substrates into products can be approximated through dividing the initial
substrate content (CS0) by reaction velocity (VP) and catalytic efficiency (kcat). Regardless of
substrate concentration, there is a hyperbolic relationship between reaction time and enzyme
concentration. Naturally, at a higher enzyme concentration, the time needed to convert all
substrates (i.e., 10 mM) into products would be much faster than using a lower enzyme
concentration. For example, at 3 µM of tyrase, it would take about 2 hours to convert all 10 mM of
substrate into product. Without considering the enzyme diffusion, Figure 3.6C provides a first pass
estimation of the time needed to achieve stiffening at any given enzyme and substrate
concentration.

Figure 3.6.
Effect of substrate concentration on tyrase-mediated catalytic reaction: (A) reaction
kinetics of tyrase (0.6 µM) using different substrates (2-10 mM), including L-tyrosine (L-tyr), LDopamine (L-DOPA), and peptide crosslinker (CYGGGYC) - kinetics of L-tyr and CYGGGYC
are highlighted in the right panel; (B) estimation of the time for the enzyme to convert all substrates
into product.
3.3.7

Analytical simulation of diffusion-reaction in hydrogel
We have separately characterized/analyzed tyrase diffusion (Figure 3.4B) in hydrogels and

studied enzymatic reactions of tyrase with tyrosine-containing peptide crosslinker (Figure 3.6A).
Next, we considered both enzyme diffusion and reaction to obtain profiles of peptide substrate
consumption and product formation within the gel network over time and space. First, we
generated computational data using tyrase diffusion profile CE(x,t), which served as input for the
Michaelis–Menten equation. With experimentally obtained kcat and KM for the peptide linker
CYGGGYC (Table 3.1.), we employed the Lambert-W function to numerically solve the

54
Michaelis–Menten equation (see section 3.5.4) [224, 225]. First, (substrate consumption rate) can
be rearranged into the following equation:

dCS
V ⋅C
= − Max S
dt
K M + CS

⇒

K M ⋅ ln(

CS 0
) + (CS 0 − CS ) = V Max ⋅t
CS

(3.5)

where the space- and time-dependent CS(x,t) could be expressed as equation (3.6):

CS (x,t) = K M ⋅W { f (x,t)}

(3.6)

The space- and time-dependent product (i.e., oxidized tyrosine or DOPA) concentration
could be expressed using the Equation (3.7), since it was equivalent to the amount of consumed
substrate (i.e., L-tyr) consumed:

C P (x,t) = CS 0 − K M ⋅W { f (x,t)}

{

(3.7)

}

ln { f (x,t)} = W { f (x,t)} + ln W { f (x,t)}
(
C
f (x,t) = S 0 ⋅ e
KM

CS 0 −C E ( x,t )⋅kcat ⋅t

KM

)

(3.8)
(3.9)

We then plotted solution of Equation (3.7), as shown in Figure 3.7A and B, which
described the formation of DOPA dimers owing to the tyrase-mediated reaction within the gel
network. The prediction result demonstrated that the majority of network-immobilized tyrosine
residues would be converted to product within the first 6 to 8 hour of tyrase (3 µM)
diffusion/reaction. Furthermore, comparing simulation results shown in (i.e., enzyme distribution
in hydrogel) with Figure 3.7B (product formation in hydrogel), it was clear that, while enzyme
diffusion might not be critically affected during the stiffening process (see Figure 3.3B), the rate
of product formation lags behind enzyme diffusion. Hence, it was critically important to take both
diffusion and reaction into account when predicting the degree of additional crosslink formation.
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Figure 3.7.
Prediction of time- and space-dependent enzyme-catalyzed product formation in a
hydrogel. (A) viewing from the y-axis (time) in the 3D chart (time, space, and CP); (B) viewing
from x-axis (space) in the 3D chart. DEgel = 3.58 × 10−11 m2/s, tyrase = 3 µM.
3.3.8

Correlation of hydrogel mechanical property and its microstructure
In our previous experimental results, we have shown that a period of 6 hour is sufficient to

induce enzymatic hydrogel stiffening [166, 213]. Further increasing the enzyme incubation time
to 12 h - 48 h only marginally increased gel stiffness. Prior experimental observations were largely
in agreement with the diffusion-reaction modeling results shown in Figure 3.7A. To gain a deeper
understanding of the crosslinking of enzyme-stiffened hydrogels, we prepared additional
PEG8NB–CYGGGYC hydrogels (G0’ ~1 kPa) and performed enzyme-induced stiffening using
different concentration of tyrase (0-3 µM). After 6 hours of stiffening (and overnight washing to
remove residue enzyme), the gels were characterized by their moduli and swelling ratio. As shown
in Figure 3.8A, tyrase treatment led to increased gel shear moduli (from ~1 kPa to ~4 kPa) and
decreased volumetric swelling ratio (from ~36 to ~12), a correlation commonly observed in
chemically crosslinked hydrogels [205, 226]. Next, we examined whether the correlation of G’
and the polymer volume fraction (ν2,s, a reciprocal of Q) of the enzyme-stiffened hydrogels could
be described by the classical rubber elasticity theory, which predicts a linear dependency between
G’ and ν2,s [201, 227]. As shown in Figure 3.8B, the correlation of experimentally obtained G’ and
ν2,s followed a power law with an exponent of 1.95. This value was significantly higher than the
linear dependence (i.e., exponent = 1) predicted by the theory of rubber elasticity, and suggested
the presence of network non-ideality, either due to ineffective initial crosslinking (performed with
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low macromer concentration) and/or as a result of enzymatic stiffening [207]. However, it should
be noted that this degree of network non-ideality (i.e., the exponent in the power law) is similar to
other chemically crosslinked hydrogels [228].

Figure 3.8.
Correlation of hydrogel physical properties and enzyme concentration: (A) shear
moduli (G’) and volumetric swelling ratio (Q) of hydrogel stiffened by different concentrations of
tyrase-all gels were initially crosslinked by thiol-norbornene photopolymerization using 2.5 wt%
PEG8NB, 5 mM peptide crosslinker (CYGGGYC), and 1 mM photoinitiator (LAP); (B)
correlation of the polymer volume fraction (v2,s) with G’ (N = 3, Mean ± SEM).
3.4

Conclusion
In summary, we have predicted and validated enzyme diffusion in gels with varying

stiffness (Figure 3.2-Figure 3.4). We have also monitored tyrase-mediated reactions and predicted
the degree of gel stiffening from the perspective of product formation under varying enzyme and
substrate concentrations (Figure 3.5 and Figure 3.6). The modeling and experimental results have
demonstrated that while a period of 3 hour is sufficient for the enzyme to equilibrate the entire gel,
it would take at least another 3 hour for the reactions to be completed (Figure 3.7A) [213].
Furthermore, the enzyme-stiffened hydrogels exhibited physical properties (e.g., gel swelling ratio
and modulus) similar to other chemically crosslinked hydrogels (Figure 3.8A and B). Collectively,
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the information acquired from this study should be highly useful in designing enzyme-mediated
dynamic hydrogel system for the fundamental material science and tissue engineering applications.

3.5
3.5.1

Materials and Methods
Macromer preparation and peptide synthesis
Hydroxyl-terminated 8-arm PEG (20 kDa) and 5-norbornene-2-carboxylic acid were

purchased from JenKem Technology (Plano, TX, USA) and Sigma-Aldrich (St. Louis, MO, USA),
respectively. All reagents and Fmoc-capped amino acids for solid-phase peptide synthesis were
acquired from Anaspec (Fremont, CA, USA) or ChemPep (Wellington, FL, USA). Other reagents
for chemical synthesis were purchased from Sigma-Aldrich or Thermo Fisher (Waltham, MA,
USA) unless noted otherwise. PEG8NB and LAP were synthesized as described elsewhere [207,
229]. Bis-cysteine/bis-tyrosine-bearing peptides (CYGGGYC) were synthesized via standard
Fmoc coupling chemistry on an automated, microwave-assisted peptide synthesizer (Liberty 1,
CEM, Matthews, NC, USA). The crude products (0.25 mmole) were cleaved in a trifluoroacetic
acid (TFA) cleavage cocktail composed of 7.6 mL trifluoroacetic acid (TFA), 0.2 mL
triisopropylsilane (TIPS), 0.2 mL distilled water, and 400 mg phenol. The cleaved and dried
peptides were purified by reverse-phase HPLC (PerkinElmer Flexar system) using 95%/5% (v/v)
water/acetonitrile (ACN) with a trace (0.1% v/v) of TFA as the starting mobile phase. A linear
gradient of ACN was employed to separate the products through a semi-prep peptide C18 column
(5 ml/min). The separated products were monitored with a UV/vis detector and the purified
peptides were characterized with liquid chromatography coupled with mass spectrometry (Santa
Clara, CA, USA, 1200 series LC/MS system, Santa Clara, CA, USA).
3.5.2

Modeling of enzyme diffusion into hydrogels
We harnessed Fick’s second law of diffusion (equation (3.10)) to estimate distribution of

tyrase in hydrogel over space and time:
∂C E (x,t)
∂C (x,t)
∂
= − (DE gel (x,t) × E
)
∂t
∂x
∂x

(3.10)

note that the diffusivity of enzyme in hydrogel (DEgel) negatively scales with hydrogel crosslinking
density and positively correlates to hydrogel mesh size (ξ). As enzyme infiltrates the hydrogel, it
catalyzes tyrosine residues into DOPA dimers, resulting in an increase in hydrogel crosslinking
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density (i.e., smaller mesh size) that may lead to lower diffusivity. Hence, DEgel may be dependent
on the location of the enzyme in the hydrogel. In this mathematical model, we assume that enzyme
diffusion proceeds bi-directionally from the top and bottom (i.e., along the x-axis) of the thin
hydrogel with a thickness of h (i.e., neglecting diffusion from the gel edge). Initially, the entire
hydrogel (i.e., 0<x<h) is free of enzyme, which gives the following initial condition (equation
(3.11)):

C E (x,0) = 0

(3.11)

where we also assume that enzyme concentration in the solution remains unchanged (CE0), which
yields the following boundary conditions (equation (3.12)):

C E (0,t) = C E 0
C E (h,t) = C E 0

(3.12)

Since enzyme diffusion proceeds bi-directionally, at any given time there is no flux at the
center of the hydrogel (i.e., x = h/2), which yields the second boundary condition (Equation (3.13)):

h
∂C E ( ,t)
2 =0
∂t

(3.13)

As mentioned earlier, diffusivity of any solute in a crosslinked hydrogel is affected by gel
mesh size. Hence, it is necessary to determine whether the additional DOPA dimer crosslinks
significantly with the affected tyrase transport in the stiffened gel. In this regard, the Lustig-Peppas
estimation of solute diffusivity in a highly swollen gel can be used to establish a correlation
between tyrase diffusivity and hydrogel mesh size (equation (3.14)) [218].
DE gel (x,t) = DE sol ⋅(1−

−Y
RE
) ⋅ e (Q−1)
ξ

(3.14)

where DEsol is the diffusivity of enzyme in solution (i.e., 5.05 × 10−10 m2/s for tyrase), RE is the
hydrodynamic radius of the enzyme (i.e., 4.5 nm for tyrase) [230], and Y is the critical volume
required for a successful translational movement of the substrate relative to the average free
volume of a water molecule (i.e., 1 for PEG-based gels) [218]. Note that this equation is used only
when gel mesh size is larger than hydrodynamic radius of the soluble molecule (i.e., RE/ξ < 1)
because no diffusion is possible when RE is larger than ξ. Clearly, when RE approaches ξ, DEgel
becomes much smaller than DEsol. Therefore, it is critical to determine the relative sizes of RE and
ξ even for highly swollen PEG-based hydrogels (i.e., Q >> 10). To obtain mesh size of a swollen
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gel, we first measured the mass swelling ratio (q) by dividing mass (m) of the swollen and dried
gels (equation(3.15)):

q=

mSwollen gel

(3.15)

mDried gel

where the volumetric swelling ratio (Q) of the hydrogel (equation (3.16)) is determined using mass
swelling ratio (q) and the density (ρ) of PEG (1.087 g/cm3 at 37 °C) and water (0.994 g/cm3 at 37
°C):
Q=

ρ H 2O

(q-1) ρ H O + ρ PEG

(3.16)

2

once Q is obtained, gel mesh size (ξ) can be derived using the equation (3.17):
1

ξ = Q3 ⋅ℓ ⋅(

3Cn M c
Mn

)

(3.17)

where ℓ is the average bond length (1.47 Å) in the backbone of an ethylene glycol subunit (i.e.,
–CH2–CH2–O–), 3 is the total number of bonds in a PEG repeat subunit, Cn is the Flory
characteristic ratio (4 for PEG-based hydrogel), and M n is the number for average molecular
weight of PEG8NB (20 kDa) [122]. To obtain the average molecular weight between crosslinks
( M c ) within a step-growth hydrogel, equation (3.18) can be used:
M c = 2(

MWA MWB
+
)
fA
fB

(3.18)

where MWA and MWB represent molecular weights of the two macromer crosslinkers PEG8NB
and CYGGGYC, and fA and fB are the functionality of the macromer and peptide crosslinker (i.e.,
8 and 2), respectively. The numerical model predictions were programmed and executed via
Grapher (Arizona Software) using a spatial step size (Δx) of 1 µm and a temporal step size (Δt) of
1 second.
3.5.3

Characterization of oxygen consumption
During oxidation of the soluble L-tyr, tyrase exhibits four distinct oxidation states (deoxy-,

oxy-, met-, and deact-tyrase), and the oxygen molecule (O2) is a key component initiating the overall
catalytic processes [220]. The association of O2 and tyrase forms tyraseoxy that oxidizes L-tyr (or
other phenolic precursors) into DOPAquinone. Hence, the consumption of soluble O2 can be used
to gauge the extent of tyrase-catalyzed DOPA formation. To this end, we measured soluble O2
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contents in a 2 ml microtube which contained L-tyr (10 mM) and tyrase (0.1, 1.5, and 3 µM) by a
portable fiber optic oxygen probe and meter (PreSens Microx 4, Regensburg, Germany). The
needle-type probe was extended into the center of the solution. Note that the O2 quantifications
were started 2 minutes prior to tyrase addition.
3.5.4

Tyrase-Mediated Reaction Kinetics
The kinetics of tyrase-mediated reactions were modeled using the standard Michaelis–

Menten equation (3.19) [231]:
−Vs = VP =

Vmax ⋅CS C E ⋅ kcat ⋅CS
=
K M + CS
K M + CS

(3.19)

where CS and CP are the concentration of substrate and product, respectively; VS and VP are the
velocity of substrate consumption and product formation; and Vmax is the maximum reaction
velocity, which is equivalent to enzyme concentration (CE) multiplied by the turnover number
(kcat). In the event of substrate inhibition, a modified Michaelis-Menten equation was employed
(3.20) [232]:
VP =

C E ⋅ kcat ⋅ CS
K M + CS (1+

CS
Ki

(3.20)
)

here, Ki is the kinetic constant for substrate inhibition [214].
To obtain kinetic constants for tyrase-mediated reactions with different substrates, we
utilized 3-Methyl-2-benzothiazolinone hydrazone (MBTH) as an indicator. MBTH is a hydrazonebased compound capable of reacting with DOPAquinone to produce a pink pigment [221, 222]. In
brief, 2 mM MBTH was prepared in pH 6.5 PBS, mixed with 0.6 µM tyrase and different amounts
of substrates (0-10 mM) such as L-tyrosine (L-tyr), L-dopamine (L-DOPA), or the peptidyl
crosslinker (CYGGGYC). We measured absorbance of the mixture at 475 nm to quantify the
production of DOPAquinone-MBTH complex. Note that since cysteine residue within a peptidyl
sequence also reacts with MBTH, peptides were first conjugated with the linear norbornenefunctionalized

PEG

(PEGdNB)

through

photoinitiator

(lithium

phenyl-2,4,6-

trimethylbenzoylphosphinate, LAP) and a light (i.e., 365 nm, 5 mW/cm2)-initiated thiol–
norbornene reaction for 2 minute prior to the MBTH assay. The process of enzymatic reaction was
monitored for 20 minutes with a microplate reader (Biotek, Synergy HTX, Winooski, VT, USA).
A linearly increased absorbance at 475 nm is indicative of MBTH-resulting pink product formation.
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At any given Cs, VP can be obtained by calculating the slope of absorbance vs. the time curve.
Next, VMax and Cs values were fitted to the general or modified Michaelis-Menten model (i.e.,
equation (3.19) or (3.20)) to acquire the kcat and Michaelis constant (KM). Additionally, to
understand the correlation between CE and VP, we also treated the substrate (L-tyr, 10 mM) with
varying tyrase concentrations (0-3 µM). The reactions were monitored via the MBTH assay as
described above.
3.5.5

Fabrication and Characterization of the Step-Growth PEG-Peptide Hydrogels
PEG-peptide hydrogels were prepared by coupling norbornene moieties of PEG8NB and

the terminal cysteine moieties of peptide crosslinker (CYGGGYC) via thiol–norbornene
photopolymerization. Hydrogels were prepared with different macromer contents but with the
stoichiometric ratio of thiol to norbornene maintained at 1 to minimize network defects. In brief,
aliquots of precursor solutions (45 µl) were deposited between two glass slides separated by silicon
spacers (1 mm). Hydrogel crosslinking was initiated by 365 nm light (5 mW/cm2) exposure for 2
minutes. Following the initial photopolymerization, gels were maintained in PBS at 37 °C for 24
hours prior to characterization or tyrase-mediated stiffening. Shear moduli (strain-sweep mode) of
the pre- and post-stiffened hydrogels were characterized using a digital rheometer (Bohlin CVO
100, Malvern Instruments, Malvern, Worcestershire, UK) equipped with an 8-mm diameter
parallel plate geometry. Measurements of gel shear moduli (G’) were acquired from the average
of the linear region on the modulus-strain curve (0.1-5% strain) with oscillation frequency set at 1
Hz.
3.5.6

Statistical Analysis

All experiments were repeated three times independently with four samples per condition.
Experimental results were reported as Mean ± SEM with a sample size of at least three (N = 3).
The data were analyzed by one-way or two-way ANOVA with GraphPad Prism 8 software. Single,
double, and triple asterisks represent p < 0.05, 0.001, and 0.0001, respectively, and only p < 0.05
is considered statistically significant.
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ENZYME-MEDIATED STIFFENING HYDROGELS FOR PROBING
ACTIVATION OF PANCREATIC STELLATE CELLS

(As published in Acta Biomaterialia, 2017 (48) 258-269)

4.1

Abstract
The complex network of biochemical and biophysical cues in the pancreatic desmoplasia not

only presents challenges to the fundamental understanding of tumor progression, but also hinders
the development of therapeutic strategies against pancreatic cancer. Residing in the desmoplasia,
pancreatic stellate cells (PSCs) are the major stromal cells affecting the growth and metastasis of
pancreatic cancer cells by means of paracrine effects and extracellular matrix protein deposition.
PSCs remain in a quiescent/dormant state until they are ‘activated’ by various environmental cues.
While the mechanisms of PSCs activation are increasingly being described in literature, the
influence of matrix stiffness on PSCs activation is largely unexplored. To test the hypothesis that
matrix stiffness affects myofibroblastic activation of PSCs, we have prepared cell-laden hydrogels
capable of being dynamically stiffened through an enzymatic reaction. The stiffening of the
microenvironment was created by using a peptide linker with additional tyrosine residues, which
were susceptible to tyrosinase-mediated crosslinking. Tyrosinase catalyzes the oxidation of
tyrosine into dihydroxyphenylalanine (DOPA), DOPAquinone, and finally into DOPA dimer. The
formation of DOPA dimer led to additional crosslinks and thus stiffening the cell-laden hydrogel.
In addition to systematically studying the various parameters relevant to the enzymatic reaction
and hydrogel stiffening, we also designed experiments to probe the influence of dynamic matrix
stiffening on cell fate. Protease-sensitive peptides were used to crosslink hydrogels, whereas
integrin-binding ligands (e.g., RGD motif) were immobilized in the network to afford cell-matrix
interaction. PSC-laden hydrogels were placed in media containing tyrosinase for 6 hours to achieve
in situ gel stiffening. We found that PSCs encapsulated and cultured in a stiffened matrix expressed
higher levels of α-SMA and hypoxia-inducible factor-1α (HIF-1α), suggestive of a myofibroblastic
phenotype. This hydrogel platform offers a facile means of in situ stiffening of cell-laden matrices
and should be valuable for probing cell fate process dictated by dynamic matrix stiffness.
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4.2

Introduction
The stiffness of extracellular matrices (ECM) increase during the progression of many

diseases, including cancers [233, 234]. The implications of a stiffened tissue include abnormal
intracellular mechano-sensing and signal transduction, increased expression of ECM proteins, and
durotaxis of cells (i.e., cell migration guided by gradients of matrix rigidity). Seminal works
concerning the influence of matrix mechanics on cell fate processes relied largely on twodimensional (2D) polyacrylamide hydrogels with surface-adsorbed or conjugated ECM proteins
[235]. Culturing cells on a 2D surface, however, does not truly recapitulate the complex
architecture of three-dimensional (3D) ECM [236]. In this regard, cell-laden hydrogels are
increasingly being explored for modeling disease progression in vitro or ex vivo, as well as for
regenerating tissues in vivo. The high water content and good permeability of a highly swollen
hydrogel permits facile nutrient-waste exchange, whereas the crosslinked polymeric network gives
rise to tunable elasticity and easy tethering of bioactive motifs for supporting cell survival and
function in 3D [237]. Hydrogels prepared from synthetic polymers, such as poly(ethylene glycol)
(PEG), are particularly suitable for investigating the influence of extracellular matrix mechanics
on cell fate because the crosslinking density, and hence the stiffness, of a biomimetic hydrogel can
be precisely engineered [238].
In recent years, hydrogels with dynamically tunable crosslinking kinetics are increasingly
being explored for studying mechanobiology in 3D [239-241]. The general principle of designing
a dynamic hydrogel is to perform cell encapsulation within a primary hydrogel network that allows
for post-gelation modification in gel crosslinking density. Employing a two-stage crosslinking
strategy, Burdick and colleagues showed that cell-laden hydrogels could be stiffened in a spatialtemporally controlled manner [241]. The hydrogels were first prepared by thiol-based Michaeltype addition between methacrylated hyaluronan (MeHA) and dithiothreitol (DTT) with an offstoichiometric ratio. The excess methacrylate moieties in the primary hydrogel network permit
subsequent light-and-radical-mediated chain-growth polymerization to produce a stiffened gel
matrix. Anseth et al. showed that a stiffened hydrogel matrix could be achieved simply by
performing a secondary step-growth photopolymerization in the presence of a pre-gelled cell-laden
hydrogel network [101]. In situ hydrogel stiffening could also be achieved through light irradiation.
For example, PEG-based hydrogels with azobenzene were prepared to undergo reversible swelling
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upon azobenzene cis-trans isomerization, which is induced by UV or visible light exposure,
respectively [242]. Although the azobenzene-linker chain length, and hence hydrogel swelling,
could be modulated by light exposure, the magnitude of gel modulus change was minimal and not
physiologically relevant. Alternatively, infrared (IR)-induced heating was used to tune the stiffness
of alginate hydrogels across a physiologically relevant range [96]. In this example, temperaturesensitive liposomes were loaded with gold nanorods as well as calcium and were subsequently
encapsulated in the alginate gels. Upon IR irradiation, the heated gold nanorods disrupt the
liposomes, causing the release of calcium ions to induce gelation of alginate chains. Although IR
light is considered safer than UV light, the generation of heat upon IR irradiation might not be
ideal for certain applications. Our group has utilized host-guest (cyclodextrin-adamantane)
interactions to reversibly tune the stiffness of cell-laden hydrogels across several hundreds to
thousands of Pascals [243]. Collectively, these approaches provide a wide variety of options for
irreversibly or reversibly tuning the stiffness of cell-laden hydrogels.
Owing to their substrate specificity and predictable enzymatic reaction kinetics, various
enzymes (e.g., plasmin, transglutaminase, horseradish peroxidase, glucose oxidase, and tyrosinase)
have been successfully used to induce gel crosslinking and, in some cases, cell encapsulation [244248]. For example, tyrosinase (also named polyphenol oxidase) catalyzes the oxidation of phenol
into dihydroxyphenylalanine (DOPA), DOPA quinone, and subsequently into DOPA dimer [249].
Tyrosinase-mediated reactions also consume molecular oxygen and produce water as the only byproduct. Tyrosine or DOPA conjugated polymers (e.g., PVA, gelatin, dextran, etc.) are susceptible
to tyrosinase-mediated crosslinking [250]. Due to its mild reaction conditions, tyrosinase is
increasingly being explored for hydrogel crosslinking and in situ cell encapsulation [245]. To the
best of our knowledge, however, tyrosinase-mediated DOPA crosslinking mechanism has not been
exploited for in situ stiffening of cell-laden hydrogels. While tyrosinase-mediated DOPA
formation was not found in the pancreatic tissue, this strategy provides facile, effective, and
cytocompatible means of tuning matrix stiffness for in vitro or ex vivo tissue engineering
applications.
In this contribution, we describe the design of orthogonally crosslinked PEG-peptide thiolnorbornene hydrogels susceptible to tyrosinase-mediated in situ gel stiffening. The primary
hydrogel network was prepared by a light-mediated thiol-norbornene photopolymerization [251,
252] utilizing bis-cysteine-bis-tyrosine-bearing peptide crosslinkers. The pendant tyrosine
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residues in the primary step-growth hydrogel network permit additional crosslinking and gel
stiffening triggered by the infiltration of tyrosinase. In addition to verifying the formation of DOPA
crosslinks within a PEG-peptide hydrogel network, we also optimized the conditions for achieving
a biologically relevant range of stiffening. Finally, we utilized this in situ stiffening PEG-peptide
hydrogel system to probe the effect of a stiffened matrix on the activation of pancreatic stellate
cells.

4.3
4.3.1

Result and Discussion
Design principles of enzyme-mediated in situ stiffening of PEG-peptide gels
Compared with the relatively heterogeneous chain-polymerized gels, step-polymerized

hydrogels possess increased network homogeneity and mechanical integrity [253]. Here, we
prepared the primary PEG-peptide hydrogel with orthogonal crosslinks and homogeneous network
structure using PEG8NB (Figure 4.1A) and a model peptide CYGGGYC (Figure 4.1B). The basic
peptide design rationale was to incorporate two terminal cysteines to permit light-mediated
orthogonal thiol-norbornene step-polymerization (Figure 4.1C), as well as two pendant tyrosines
to allow tyrosinase-mediated DOPA dimer formation (Figure 4.1D). The DOPA dimers formed
within a covalently crosslinked hydrogel network would lead to an increased hydrogel crosslinking
density, and hence a stiffened matrix. In principle, the step-polymerized PEG-peptide hydrogel
can be stiffened at any point in time post-gelation by placing the hydrogels in a solution containing
tyrosinase (Figure 4.1E). The degree of gel stiffening is dictated by the diffusion of tyrosinase into
the hydrogel network, as well as the enzymatic reaction between infiltrated tyrosinase and pendant
tyrosine residues. For most gel formulations used in this study, the concentration of pendant
tyrosine is fixed (i.e., 10 mM tyrosine for 2.5 wt% PEG8NB20kDa, R[thiol]/[ene] = 1). Therefore, the
formation of DOPA dimer and therefore the degree of hydrogel stiffening, depends largely on
availability of tyrosinase.
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Figure 4.1.
Schematics of thiol-norbornene hydrogels susceptible to tyrosinase-mediated in
situ gel stiffening. (A) Structure of 8-arm poly(ethylene glycol)-norbornene (PEG8NB). (B) Model
bis-cysteine-bis-tyrosine peptide crosslinker CYGGGYC. (C) Light mediated thiol-norbornene
photo-click reaction to form PEG8NB-peptide hydrogel. 1 mM LAP was used as the photoinitiator.
(D) Tyrase-mediated oxidation of tyrosine into DOPA, DOPA quinone, and DOPA dimer. (E)
PEG8NB-peptide hydrogel bearing pendant tyrosine for tyrosinase-mediated DOPA dimer
formation that leads to increased gel crosslinking density. (F) Prediction of T99% (i.e., Cz=0 ≥ 0.99
× Cz=h) in a disc-shape hydrogel with a thickness of h. Regions 1-3 represent scenarios for which
a period of 6 hour tyrase incubation are sufficient (regions 1 & 2) or insufficient (region 3) to fulfill
the criterion of Cz=0 ≥ 0.99 × Cz=h.
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Fick’s 2nd Law of Diffusion was used to estimate the time scale of tyrosinase diffusion in the
hydrogel (see section 4.5.2). Two parameters are of utmost importance: the thickness of the
hydrogel (h) and the diffusivity of tyrosinase (DE). Gel thickness is easily controlled during
hydrogel fabrication (typically between 0.5-1 mm), whereas DE in hydrogel is affected by hydrogel
crosslinking density and can be estimated using a free-volume approach described by Lustig and
Peppas (equation (3.21)) [218]. The purpose of this modeling was to understand the minimal time
needed for the hydrogel to be equilibrated with the enzyme. Therefore, the enzymatic reaction is
not considered in this modeling and future work will focus on developing a comprehensive
diffusion-reaction model to predict the degree of gel stiffening.
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Figure 4.2.
Characterization of gel property. (A) Swelling ratio, (B) Mesh size, and (C)
Diffusion coefficient of PEG-2Y or PEG-4Y hydrogels before and after tyrosinase-mediated
stiffening. PEG8NB 2.5 wt%, 2Y or 4Y peptide 5 mM. Data represent Mean ± SEM (N = 3).
***p<0.0001.
Depending on its size, the diffusivity of a protein in a highly swollen hydrogel is estimated
to be about 20-80% of its value in aqueous solution [254, 255]. Since the diffusivity of tyrosinase
(MW: 128 kDa) in water has been determined to be ~5 × 10-7 cm2/sec [230], the possible range of
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tyrosinase diffusivity in the highly swollen PEG-peptide hydrogels should be 1 × 10-7 to 4 × 10-7
cm2/sec. This assumption was also supported by our determination of tyrosinase diffusivity in
either non-stiffened or stiffened hydrogels (i.e., 3 × 10-7 to 4 × 10-7 cm2/sec, see Figure 4.2C).
Fick’s 2nd Law of Diffusion in planar geometry (Equations 1-4) was used to estimate the time scale
of tyrosinase diffusion in the highly swollen PEG-peptide hydrogel. As shown in Figure 4.2F, the
minimal time required to achieve 99% (T99%) of equilibrium tyrosinase concentration at the center
of the hydrogel (i.e., CT,z=0/CT,z=h = 99%) is governed by the diffusivity of tyrosinase and the
thickness of the hydrogel. From the numerical solutions, we randomly selected T99% = 6 hour to
gauge the relative influence of h and DT on tyrosinase diffusion in hydrogels. Intuition suggests
that h is positively correlated to T99%, while DT is negatively correlated to T99%. Indeed, we found
that when the gel is thin (e.g., h = 0.5 mm), T99% is much shorter than 6 hours regardless of DT
(regions 1 & 2). On the other hand, when the gel is thicker (e.g., h = 1 mm), T99% is highly
dependent on DT, which is governed by hydrogel crosslinking density. For example, T99% is under
6 hours if the crosslinking density of a 1mm thick gel is adjusted such that DT is greater than
2.05×10-7 cm2/sec (region 1). On the other hand, T99% is longer than 6 hours if the crosslinking
density of the 1mm-thick hydrogel is high enough to decrease DE to below 2.05 × 10-7 cm2/sec
(region 3). The modeling results shown in Figure 1F suggest that the degree of tyrosinase-mediated
gel stiffening should be highly effective for thin hydrogels (h < 0.5 mm) and for thick hydrogels
(e.g., h = 1 mm) with lower crosslinking density. Furthermore, our estimation of tyrosinase
diffusivity in non-stiffened or stiffened hydrogels (i.e., 3 × 10-7 to 4 × 10-7 cm2/sec. (3.21)Equation
5 and Figure 4.1F) suggested that 6 hour of incubation was sufficient for the hydrogels (actual
thickness ~1 mm) to be equilibrated with tyrosinase (region 1). While this model prediction did
not take into account enzymatic reaction, the results nonetheless provide general guidance for
fabricating the primary hydrogel network.
4.3.2

Tyrosinase-mediated in situ stiffening of step-polymerized PEG-peptide hydrogels
Prior to testing the hypothesis that tyrosinase could be used to stiffen hydrogels crosslinked

by bis-tyrosine-bearing peptide (e.g., CYGGGYC), we first examined the formation of DOPA
from tyrosinase-mediated oxidation of soluble model peptide CYGGGYC. Scanning of UV/Vis
absorbance from 250-500 nm demonstrated the formation of DOPA. As shown in Figure 4.3A,
solution containing only the model peptide CYGGGYC exhibited strong absorbance at 280 nm.
Immediately upon the addition of 1 kU/ml tyrosinase into the peptide solution (e.g., Peptide +

70
tyrosinase, 0 hour), the observed peak absorbance redshifted slightly to 285 nm and an absorbance
shoulder between 300-500 nm emerged. After 24-hour incubation, the peak absorbance redshifted
further to 295 nm, and the absorbance shoulder became even more pronounced. The absorbance
redshift could also be easily observed in the peptide/tyrosinase solutions. As the incubation time
was increased, the color of the solution turned from light yellow to dark brown (data was not
shown). As previously reported, the redshift in absorbance and the emergence of dark brown color
are clear indications DOPA formation in the solution [256].
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Figure 4.3.
Tyrosinase-mediated in situ stiffening of PEG-based hydrogels. (A) UV/Vis
absorbance spectrum of 5 mM CYGGGYC peptide, peptide/tyrosinase (1 kU/ml) mixture before
(0 hour) and after 24-hour incubation. (B) Photographs of PEG-peptide (i.e., 2.5 wt% PEG8NB,
5mM CYGGGYC) hydrogels treated with different concentrations of tyrosinase. (C) Effect of
tyrosinase concentration of shear moduli (G’) of the PEG-peptide hydrogels. Crosslinked
hydrogels were incubated in PBS for one day prior to 6 hours of tyrosinase treatment. Afterward,
the gels were transferred to PBS and gel moduli were monitored periodically using oscillatory
rheometer. Data represent Mean ± SEM (N = 3). Asterisks indicate p<0.05 (compared with gels
at 0 hour, i.e., prior to tyrosinase treatment).
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After confirming that tyrosine-containing peptides could be oxidized into DOPA by
tyrosinase, we sought to test whether the same phenomenon would occur in bis-tyrosine-containing
peptide crosslinked PEG8NB hydrogels, which were polymerized from light initiated thiolnorbornene photo-click reaction using 2.5 wt% PEG8NB20kDa and 5 mM CYGGGYC (R[thiol]/[ene]
= 1). After swelling for 24 hours, hydrogels were placed in buffer solution containing different
concentrations of tyrosinase (i.e., 0, 0.01, 0.1, and 1 kU/ml) for 6 hours. As shown in Figure 4.3B,
the hydrogels incubated in 0 and 0.01 kU/ml tyrosinase remained transparent. On the other hand,
the color of gels incubated in 0.1 and 1 kU/ml tyrosinase turned to light yellow and brown,
respectively. Since tyrosine residues were immobilized in the hydrogel network, the darker color
formed in the initially transparent hydrogels indicated the formation of DOPA. Furthermore, the
diameter of the hydrogel incubated in 1 kU/ml tyrosinase reduced about 20%, suggesting shrinkage
of the hydrogel upon the formation of DOPA in the hydrogel network. Finally, we evaluated the
shear moduli (G’) of these hydrogels (Figure 4.3C) and found that gels incubated in 0 and 0.01
kU/ml tyrosinase for 6 hours showed no difference in moduli before and after incubation (i.e., 0,
2, and 6 hour). The moduli remained similar after prolonged incubation in PBS for another 18 hour
and 42 hours (i.e., total time 24 and 48 hour). For gels incubated in 0.1 kU/ml tyrosinase, however,
moduli increased rapidly from 500 Pa to respectively 1,200 Pa and 1,900 Pa after 2 hour and 6
hours of tyrosinase incubation. After 6 hours of incubation, gels were again moved to PBS for
another 18 hour and 42 hour (i.e., total time 24 and 48 hour) and the moduli remained at around
1,900 Pa to 2,000 Pa. The stiffening effect after tyrosinase incubation suggests that DOPA formed
in the hydrogel network led to increased crosslinking density. Similar phenomenon occurred in
gels incubated in 1 kU/ml tyrosinase, except that the increases in moduli were even higher (to more
than 3,100 Pa). Interestingly, the moduli increased for another 200-400 Pa after the gels were
transferred to PBS, indicating that tyrosinase retained in the hydrogel continued to crosslink
tyrosine residues after the gels were transferred to PBS. In addition, hydrogels pre- and poststiffening (by 1 kU/ml tyrosinase) did not exhibit noticeable stress relaxation (Figure 4.4) since
both the primary and secondary crosslinks (i.e., thioether bonds and DOPA dimers) were all
covalent bonds. These results show that tyrosinase indeed could be used to effectively stiffen
hydrogels containing pendant tyrosine residues. Through simple peptide sequence design (i.e.,
adding additional tyrosine residues) and exogenously adding tyrosinase, we have achieved tunable
in situ gel stiffening. Although tyrosinase has been used to crosslink DOPA-bearing macromers
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into hydrogels [244, 245], we believe the present work represents the first example of using
tyrosinase to tune matrix stiffness.
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Figure 4.4.
Moduli (G’ and G”) of 2.5 wt% PEG-CYGGGYC hydrogels showing no stress
relaxation regardless of tyrosinase treatment conditions. Hydrogels were incubated in PBS for one
day prior to 6 hour of 1 kU/ml tyrosinase treatment. Afterward, the gels were transferred to PBS
and gel moduli were monitored periodically using oscillatory rheometer. Error bars were omitted
for clarity (N = 3).
4.3.3

Controlling the degree of in situ gel stiffening
In addition to adjusting enzyme concentration and incubation time, we also evaluated the

effect of initial gel crosslinking density on the degree of in situ gel stiffening. Figure 4.5A shows
the results of tyrosinase-mediated in situ gel stiffening using PEG8NB at three weight percentages
during gel crosslinking (2.5 wt%, 3.0 wt%, and 3.5 wt%). As expected, gels crosslinked with
higher weight percent of PEG8NB were stiffer following thiol-norbornene photo-crosslinking (~
800 Pa, 1,800 Pa, and 2,800 Pa for 2.5 wt%, 3.0 wt%, and 3.5 wt%, respectively). After 6 hours
of tyrosinase treatment (0.1 kU/ml), hydrogels had various degree of stiffening where stiffer gels
exhibited moderate degrees of stiffening (~ 1.8-fold, 1.3-fold, and 1.1-fold increase in G’ for 2.5
wt%, 3.0 wt%, and 3.5 wt%, respectively). The decreases in the degree of stiffening at higher
weight percent PEG hydrogels could be attributed to the hindered tyrosinase diffusion in highly
crosslinked gels. This shortcoming, however, could be circumvented by using a higher
concentration of tyrosinase (Figure 4.3C). Figure 4.5B shows that the degree of stiffening could
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be tuned by mixing peptides without tyrosine in its sequence. As expected, hydrogels crosslinked
with 100% tyrosinase-sensitive peptide (i.e., CYGGGYC) showed the highest degree of stiffening.
The degree of gel stiffening in gels crosslinked by 50% CYGGGYC peptide fell in between gels
crosslinked by 100% and 0% CYGGGYC peptide. The moduli of gels crosslinked with purely
tyrosinase-insensitive CGGGC peptide remained relatively unchanged after tyrosinase treatment.
Finally, we examined whether the stiffening process could be temporally controlled. At day-1 postgelation, PEG8NB-CYGGGYC hydrogels were incubated in 0.1 kU/ml tyrosinase solution for 3
hour and once again at day-3 post-gelation (Figure 4.5C). Although a step-wise increase in gel
stiffness was observed, the degree of stiffening was lower after the second tyrosinase treatment. It
is also worth noting that between the two tyrosinase treatments, gel moduli gradually increased,
which again was a result of residual reactivity from tyrosinase trapped in the hydrogel.
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Figure 4.5.
Controlling the degree of in situ gel stiffening. (A) Effect of PEG8NB weight
percent (2.5, 3.0, and 3.5 wt%) on the degree of gel stiffening. The concentration of CYGGGYC
was adjusted such that a stoichiometric ratio of thiol-to-ene moieties was maintained (i.e., 5, 6,
and 7 mM peptide, respectively). Hydrogels were allowed to swell for one day post-gelation,
followed by tyrosinase treatment for 6 hours (shaded area). (B) Effect of tyrosinase-sensitive
peptide content on the degree of in situ gel stiffening. PEG8NB content was fixed at 2.5 wt%,
whereas tyrosinase-sensitive (i.e., CYGGGYC) and insensitive (i.e., CGGGC) peptide
crosslinkers were mixed at different percentages (0, 50, and 100% CYGGGYC). (C) Temporal
control in gel stiffening. Swollen hydrogels (2.5 wt% PEG8NB and 5 mM CYGGGYC) were
treated with tyrosinase at day 1 for 3 hour and again at day 3 for another 3 hours. Data represent
Mean ± SEM (N = 3).
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4.3.4

Designing stiffening hydrogels with protease-sensitivity
The design of hydrogels for cell encapsulation often requires incorporating integrin-

binding and protease-cleavable motifs that permit cell binding to the matrix and protease-mediated
cleavage of the pericellular matrix, respectively [257, 258]. These motifs have proven critical in
cell migration, proliferation, and differentiation. For thiol-norbornene hydrogels, integrin-binding
motifs are commonly incorporated as pendant peptides (e.g., CRGDS), whereas protease-cleavable
motifs are incorporated as hydrogel crosslinkers [251, 252, 259, 260]. Based on this design
principle, we used three versions of protease-cleavable peptide crosslinkers, including regular
MMP-sensitive

peptide

without

tyrosine

residues

(designated

as

0Y,

sequence:

KCGPQGIWGQCK), and MMP-sensitive peptide with two or four tyrosine residues (designated
as 2Y (Figure 4.6A) and 4Y (Figure 4.6B), respectively). These peptides also contain two cysteine
residues that are essential in thiol-norbornene gel crosslinking. Since these peptides will be used
for cell encapsulation, we tested whether gels crosslinked by 2Y peptide were susceptible to
tyrosinase-mediated in situ stiffening in cell culture media (CM). We found that, while PEG-2Y
hydrogels were stiffened by 0.1 kU/ml tyrosinase in both PBS and in CM, the degree of stiffening
in CM was much less than that in PBS (Figure 4.6C) at the same tyrosinase concentration (i.e., 0.1
kU/ml). This deficit, however, could be easily rectified by using a higher concentration (i.e., 1
kU/ml) of tyrosinase (Figure 4.6C). In this study, we still observed increases in gel moduli after
the gels were transferred to PBS. This phenomenon, however, was less apparent when the gels
were transferred to tyrosinase-free CM (Figure 4.6C). The decreased responsiveness in tyrosinasemediated stiffening in CM suggested that the components in serum-containing CM might hinder
enzymatic reaction.
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Figure 4.6.
In situ stiffening of MMP-sensitive PEG8NB-peptide hydrogels. (A, B) Chemical
structures of bis-cysteine MMP-sensitive peptide crosslinker bearing additional two (A) or four
(B) tyrosine residues for tyrosinase-mediated gel stiffening. (C) Effect of solution composition on
elastic moduli of in situ stiffened PEG-peptide hydrogels. CM: PSC culture media. Gel formulation:
2.5wt% PEG8NB with 2Y peptide. (D) Effect of tyrosine residues (2 or 4 tyrosines) on elastic
moduli of in situ stiffened PEG-peptide hydrogels (2.5 wt% PEG8NB). Data represent Mean ±
SEM (N = 3).
We also explored in situ gel stiffening using different tyrosine-containing peptides.
Specifically, 2Y and 4Y peptides were used to crosslinked PEG8NB, and the resulting gels were
stiffened using 1 kU/ml tyrosinase in CM for 6 hours. Since the concentration of tyrosine residues
in PEG8NB-4Y hydrogels was two-fold higher than that in PEG8NB-2Y hydrogels, it was not a
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surprise to obtain almost a two-fold difference in the degree of stiffening when 4Y peptide was
used. This study demonstrated that the tyrosinase-mediated gel stiffening could be achieved
through the adjustment of multiple parameters, including the content of macromer or tyrosinasesensitive peptide in the hydrogels, or simply through using peptides with a higher number of
tyrosine residues.
4.3.5

Proteolytic degradation of stiffened hydrogels
Proteolytic susceptibility of a biomimetic hydrogel supports various aspects of cell fate

processes. Here, we demonstrated that PEG8NB-peptide hydrogels stiffened by tyrosinase were
still susceptible to collagenase mediated proteolysis. Figure 4.7A shows the timeline of the
stiffening and degradation study using PEG8NB hydrogels crosslinked by either 2Y or 4Y MMPsensitive peptide (Figure 4.7B). Figure 4.7 showed the profiles of collagenase induced mass loss
of PEG-2Y and PEG-4Y hydrogels without (Figure 4.7B) and with (Figure 4.7C) tyrosinasemediated in situ gel stiffening. Similar to data reported in literature, non-stiffened hydrogels
crosslinked by MMP-sensitive peptide started to lose mass as soon as the gels were placed in
collagenase solution [252, 261]. Furthermore, the mass loss profiles exhibited good linearity with
time owing to the step-polymerized hydrogel network structure [261]. Interestingly, the gels
crosslinked by 4Y peptide appears to degrade slower than those crosslinked by 2Y peptide. We
reason that the delayed proteolysis in PEG-4Y hydrogels was due to the presence of additional
aromatic tyrosine residues that reduced the accessibility of collagenase to the MMP-sensitive
peptide sequence, as the swelling ratio (Figure 4.2A), mesh size (Figure 4.2B), and diffusion
coefficient (Figure 4.2C) of the two sets of hydrogels appeared to be very similar before tyrosinasemediated stiffening. The degradation profiles of tyrosinase-stiffened hydrogels (Figure 4.7C), on
the other hand, were drastically different than their non-stiffened counterparts. Although
collagenase treatment still caused changes in gel mass, the hydrogels actually gained weight (i.e.,
negative mass loss) during the first two days; after which, the gels started to lose mass (i.e., positive
mass loss). We have previously described similar degradation profiles in highly crosslinked
gelatin-based thiol-norbornene hydrogels [262]. We reason that the initial mass gain in stiffened
hydrogel was due to partial network cleavage that allowed water infiltration. Since the stiffened
hydrogels were composed of thiol-norbornene crosslinks and DOPA dimer crosslinks, simply
cleaving the peptide linker was not sufficient to cause gel mass loss. Therefore, a longer incubation
time (> 2 days) was required to cause positive gel mass loss. Furthermore, PEG-4Y hydrogels
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exhibited less responsiveness to collagenase-mediated degradation. This was again attributed to
the potential decrease in collagenase accessibility to its peptide substrate due to the presence of
additional DOPA crosslinks; because both stiffened PEG-2Y and PEG-4Y hydrogels had similar
gel properties (Figure 4.2C). Although the proteolytic degradation profiles were different in nonstiffened and stiffened hydrogels, this study nonetheless demonstrated that tyrosinase-stiffened
hydrogels were still susceptible to proteolytic degradation. Furthermore, the delayed degradation
behavior in stiffened hydrogels may more closely resemble a stiffened tumor matrix.
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Figure 4.7.
Proteolytic degradation of MMP-sensitive PEG8NB-peptide hydrogels. (A)
Timeline of the study. (B, C) Collagenase-mediated mass loss of non-stiffened hydrogels (B) and
tyrosinase-stiffened hydrogels (C). All gels were formed with 2.5 wt% PEG8NB with 5 mM
MMP-sensitive peptide (2Y or 4Y). Data represent Mean ± SEM (N = 3).
4.4

Probing the effect of in situ gel stiffening on myofibroblastic activation in human
pancreatic stellate cells
We have previously reported the use of biomimetic PEG-peptide hydrogels for studying

pancreatic cancer cell growth, morphogenesis, and drug sensitivity [260]. The diagnosis and
treatments of pancreatic cancer remain difficult owing to the complicated interactions between
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various components in the pancreatic tumor mass, including primary tumor cells, stromal cells
(e.g., stellate cells, cancer associated fibroblasts (PSCs)), immune cells, cytokines, proteases (e.g.,
matrix metalloproteinases (MMPs)), and ECM proteins (e.g., collagen, fibronectin, laminin, etc.)
[234]. Experimental evidence suggests that activated PSCs are the major stromal cells that secrete
cytokines to enhance proliferation of primary tumor cells and increase their metastasis potential
through epithelial-mesenchymal transition (EMT) [263, 264]. Activated PSCs become cancer
associated fibroblasts (CAFs) which are responsible for depositing and organizing ECM proteins,
such as collagen and laminin, leading to the stiffening of the local desmoplasia. PSCs remain in a
quiescent/dormant state until they are ‘activated’ by various environmental cues whose identities
are gradually being identified [263]. For example, PSCs are activated by transforming growth
factor β (TGF-β) through Smad2/3 phosphorylation [265]. TGF-β-activated PSCs express a higher
content of α smooth muscle actin (α-SMA), which leads to increased intracellular cytoskeletal
tension and myofibroblast-like contractile phenotype. In spite of its potential importance, the
influence of matrix stiffness on PSCs activation is largely unexplored.
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Figure 4.8.
(A) Elastic moduli of PEG-peptide hydrogels formed by different concentrations of
PEG8NB (MW: 20 kDa) with MMP-sensitive peptide crosslinker (sequence:
KCGPQGIWGQCK). All hydrogels also contained 1mM of integrin-binding ligand CRGDS. The
stoichiometric ratio of thiol-to-norbornene was maintained at 1. Asterisks represent p < 0.05
compared to gels formed with 2.5 wt% PEG8NB. (B) Viability of PSCs encapsulated in thiolnorbornene PEG-peptide hydrogels through quantifying the number of live cells (stained green) to
dead cells (stained red) using confocal images as shown in (C). Data represent Mean ± SEM (N =
3).
We utilized human pancreatic stellate cells (PSCs) as a model to evaluate the biological
relevance of tyrosinase-mediated gel stiffening strategy. Prior to the stiffening experiments, we
demonstrated that regular thiol-norbornene PEG-peptide hydrogels formed with different stiffness
(2.5-4 wt% PEG8NB) were cytocompatible for in situ encapsulation of PSCs (Figure 4.8D). The
cells were able to survive for at least one week in the hydrogels with soft (2.5 wt%) and stiff (4
wt%) hydrogels, as demonstrated by the steady increase in metabolic activity (Figure 4.9F).
However, cells grown in stiff hydrogels appeared to have lower metabolic activity (Figure 4.9F).
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Figure 4.9.
Effect of matrix stiffening on pancreatic stellate cell fate in 3D. (A) Timeline of the
study. (B) Oxygen contents in PSC culture media with 0Y or 2Y PEG-peptide hydrogels.
Tyrosinase-mediated stiffening was conducted on day-1 for 6 hours. (C) Photographs of cell-laden
hydrogels crosslinked by 0Y or 2Y MMP-sensitive peptide. (D) Representative confocal z-stack
images of live/dead stained PSCs encapsulated in 0Y or 2Y MMP-sensitive PEG-peptide
hydrogels. (E) Aspect ratio of encapsulated PSCs at day-7 post-encapsulation. (F) Metabolic
activity of encapsulated PSCs. All gels were treated with 1kU/ml tyrosinase at day-1 postencapsulation. Data represent Mean ± SEM (N = 3).
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Figure 4.10. Metabolic activity of PSCs encapsulated in soft (2.5 wt%) or stiff (4 wt%) PEGpeptide hydrogels. Data represent Mean ± SEM (N = 3). ***p<0.0001.
Figure 4.9A outlines the timeline of the in situ stiffening experiments, including cell
encapsulation, tyrosinase-mediated stiffening, and evaluations. On day-0, PSCs (1 × 106 cells/ml)
were encapsulated in 2.5 wt% PEG8NB hydrogels crosslinked by either regular MMP-sensitive
peptide (designated as 0Y, sequence: KCGPQGIWGQCK) or tyrosinase-MMP dually-sensitive
peptide linker (2Y, Figure 4.11A). Evaluations were conducted at day-1 (prior to stiffening), day3, and day-7. Because tyrosinase-mediated oxidation consumes dissolved oxygen (Figure 4.9C),
we characterized the oxygen content in serum-containing PSC cell culture media where the
stiffening occurred. As shown in Figure 4.11B, the oxygen content (O2) in both the control group
(i.e., 0Y) and the experimental group (i.e., 2Y) were essentially identical throughout the course of
the study. Although this enzymatic reaction consumes oxygen, no significant decrease in oxygen
content was detected. This was most likely due to the fact that the reaction took place in a cell
culture incubator where oxygen (21%) was allowed to freely diffuse into the media. The
maintenance of oxygen content in the stiffened hydrogels implies that hypoxia would not be an
issue affecting cell fate behavior in the stiffened hydrogels.
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Figure 4.11. (A) Timeline of the study. Representative confocal z-stack images of live/dead
stained PSCs encapsulated in PEG-peptide hydrogels at day-1 (B), day-3 before stiffening (C),
day-7 without stiffening (D), and day-7 with stiffening (E). Representative confocal z-stack images
of F-actin stained PSCs at day-7 without (F) and with stiffening (G).
Figure 4.9D shows the pictures of the two sets of gels (0Y and 2Y) after treated with 1 kU/ml
tyrosinase for 6 hours. From the top view, it can be seen that the size of the gel shrunk significantly
in 2Y hydrogels, which were susceptible to tyrosinase-mediated stiffening. From the side view,
however, the gel thickness remained roughly the same, suggesting that 2Y gels would be stiffer
than the 0Y gels that were tyrosinase-insensitive. Live/dead staining and confocal imaging results
revealed that almost all cells were viable in the hydrogels regardless of the stiffening conditions.
Furthermore, there was higher degree of spreading in PSCs encapsulated in 0Y hydrogels than in
2Y gels (Figure 4.9D). The spreading of PSCs was quantified by measuring the aspect ratio of the
cells encapsulated in 0Y and 2Y hydrogels (Figure 4.10E). Although the peptide crosslinker in
both 0Y and 2Y hydrogels contained MMP-sensitive sequence, only 2Y hydrogels were

86
susceptible to tyrosinase-mediated in situ stiffening. As a result, the degree of spreading of cells
in stiffened 2Y hydrogels was significantly less than those in 0Y hydrogels. We also quantified
the metabolic activity in the encapsulated PSCs using Alamarblue® reagent (Figure 4.11F). While
both cell-laden hydrogels were treated with tyrosinase, only cells encapsulated in 2Y hydrogels
showed reduced metabolic activity after the gels were stiffened by tyrosinase. It is worth noting
that the reduction in metabolic activity was not due to cell death as most of the cells were still
viable as revealed by live/dead staining (Figure 4.9D). Together, these results demonstrate that the
enzyme-mediated stiffening strategy was effective in affecting cell fate process in 3D. In a separate
experiment, we performed in situ gel stiffening at day-3 post encapsulation (Figure 4.11A). In this
case, cells were allowed to spread for three days prior to stiffening (Figure 4.11B and C). After
stiffening with 1kU/ml tyrosinase, the cells were further cultured for 4 days and results showed
that while cells in non-stiffened (i.e., 0 kU/ml tyrosinase) hydrogels continued extending their
cellular processes in 3D (Figure 4.11D and F), the spreading of cells after in situ stiffening was
significantly hindered (Figure 4.11E and G). The effect of stiffening on cells was also observed in
the metabolic activity (Figure 4.10A) and the aspect ratio (Figure 4.12B) of the cells.

Figure 4.12. (A) Metabolic activity and (B) aspect ratio of PSCs encapsulated in PEG-peptide
hydrogels without or with 1 kU/ml tyrosinase-mediated gel stiffening (at day-3). Metabolic activity
data represent Mean ± SEM (N = 3). ***p<0.0001.
In addition to cell morphology changes, we were interested in examining the molecular level
changes in cells encapsulated in the stiffened hydrogels. We isolated mRNA from the cells and
performed quantitative PCR (qPCR) on select genes that are known to be associated with the
activation of PSCs, including α-smooth muscle actin (α-SMA, Figure 4.13A), connective tissue
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growth factor (CTGF, Figure 4.13B), and hypoxia-inducible factor 1α (HIF-1α, Figure 4.13C). We
found that the expression levels of α-SMA were significantly higher in stiffened 2Y hydrogels than
in 0Y hydrogels at day-7 post-encapsulation (i.e., day-6 post-stiffening). On the other hand, a
significant difference in HIF1α expression was detected day-3 post-encapsulation (i.e., day-2 poststiffening). The expression of CTGF in cells encapsulated in 0Y and 2Y hydrogels increased over
time, but there was no statistically significant difference between the two groups.
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Figure 4.13. Effect of matrix stiffening on gene expression in pancreatic stellate cells. mRNA
samples were collected from cell-laden hydrogels before stiffening (day-1), as well as day-2 and
day-6 post-stiffening using 1kU/mL tyrosinase (i.e., day-3, day-7 culture time). Soft: Cell-laden
hydrogels crosslinked by regular MMP-sensitive peptide (i.e., 0Y peptide). Stiffened: Cell-laden
hydrogels crosslinked by 2Y peptide. GAPDH was used as the housekeeping gene and the
expression levels of α-SMA (A), CTGF (B), and HIF-1α (C) in different samples were normalized
to that in day-1 soft gel (1-fold). Experiments were repeated independently for three times with
three samples in each group. (Data represent Mean ± SEM, N = 3). **p<0.01, ***p<0.001.
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We chose to detect the expression of α-SMA, CTGF, and α-SMA in encapsulated PSCs
because these genes have been associated with myofibroblastic activation [265]. The increased
expression of α-SMA is a hallmark sign of myofibroblastic activation in many cells, such as
hepatic stellate cells (HSCs) and valvular interstitial cells (VICs). Burdick and colleagues showed
that αSMA expression was significantly higher when HSCs were cultured on the surface of stiff
hydrogels [266, 267]. Accompanied with the increased expression of α-SMA was the extensive
spreading and protrusion of the cells. Differing from these earlier works, which were conducted
on planar gel surface, we encapsulated PSCs in 3D hydrogels with different stiffness. Although
increased α-SMA expression was detected (Figure 4.13A), the cell spreading in 3D was restricted
due to a tightened network (Figure 4.11D). On the other hand, no statistically significant difference
was found in the expression of CTGF between non-stiffened and stiffened matrices. Kwon et al.
recently showed that the expression of CTGF in PSCs was significantly upregulated when the cells
were treated with TGF-β [265]. Although both biochemical (e.g., TGF-β) and biophysical (e.g.,
matrix stiffness) signals are capable of activating stellate cells, the downstream molecular
mechanisms involving these two environmental cues are different, and further studies are required.
Lastly, we detected elevated HIF1α expression in PSCs encapsulated in stiffened gels (Figure
4.11C) and this result was not due to hypoxia (Figure 4.13B). Recent work has connected the
relationship between increased expression of HIF-1α in HSCs and the degree of liver fibrosis due
to increased TGF-β signaling and EMT [268]. Other work on PSC showed that cellular stress,
including hypoxia, could induce activation of PSCs [269]. Our results suggested that increased
matrix stiffness, which can be considered a form of cellular stress, likely increased the expression
of HIF-1α independent of oxygen tension in the system. Future mechanistic studies, however, are
needed to test this hypothesis.
Table 4.1.

Primer sequences used in real time PCR.

Gene

Forward (5’®3’)

Reverse (5’®3’)

GAPDH

GAAGGTGAAGGTCGGAGTC

GAAGATGGTGATGGGATTTC

[270]

ACTA2 (α-SMA)

AAAAGACAGCTACGTGGGTGA

GCCATGTTCTATCGGGTACTTC

Harvard Primer Bank,
http://pga.mgh.harvard.edu/
primerbank/

CTGF

AGGAGTGGGTGTGTGACGA

CCAGGCAGTTGGCTCTAATC

[233]
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4.5
4.5.1

Material and Methods
Materials
Hydroxyl-terminated 8-arm PEG (20 kDa) and 5-norbornene-2-carboxylic acid was

obtained from JenKem Technology USA and Sigma-Aldrich, respectively. All reagents for
chemical synthesis were purchased from Sigma-Aldrich unless otherwise noted. Reagents and
Fmoc-amino acids for solid phase peptide synthesis were acquired from Anaspec or ChemPep.
4.5.2

Modeling of tyrosinase diffusion in hydrogels
The time-scale of tyrosinase diffusion into PEG-peptide hydrogel was estimated by Fick’s

2nd Law of Diffusion in planar geometry equation (3.21) with appropriate initial (3.22) and
boundary conditions (3.23) as listed below:
∂C E (x,t)
∂ 2 C E (x,t)
= − DE gel ⋅
∂t
∂x 2

(3.21)

C E (x,0) = 0

(3.22)

h
∂C E ( ,0)
2
=0
∂x

(3.23)

Here, CE and DE are the concentration and diffusion coefficient of tyrosinase in a hydrogel,
respectively; z is the coordinate perpendicular to the gel; t is the time of gel incubation in tyrosinase
solution; h is thickness of the gel; CE0 is the tyrosinase concentration in the buffer solution, which
is assumed to be constant. Diffusion in this case was assumed to be symmetrical and only in the zdirection since the gels’ diameter (~10 mm) was much greater than its thickness (< 1 mm).
Equations (3.21) was solved using Polymath software using a range of diffusion coefficients (~9
× 10-8 to 5 × 10-7 cm2/s) and gel thickness (~0.5-1 mm). The time needed for CE at the center plane
of the gel (i.e., z = 0) to reach 99% of that in solution was plotted against the diffusion coefficient
at a specific gel thickness. The diffusion coefficient of tyrosinase is a function of hydrogel
crosslinking density (ρx) and can be expressed using the Lustig-Peppas relationship [218]:
DE (x,t) = DE sol ⋅(1−

−Y
RE
) ⋅ e (Q−1)
ξ

(3.24)

Here, DEsol is the diffusion coefficient of tyrosinase in aqueous solution. Y is the critical
volume (Y = 1 for PEG-based gels) required for a successful translational movement of the
substrate relative to the average free volume of a water molecule. ρx is the crosslinking density of
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the hydrogel dictated by the volumetric swelling ratio (Q) and mesh size (ξ) that are determined
experimentally.
4.5.3

Macromer and peptide synthesis
Macromer eight-arm PEGNB (PEG8NB) and photoinitiator lithium phenyl-2,4,6-

trimethylbenzoylphosphinate (LAP) were synthesized as described elsewhere [252, 271, 272]. The
three MMP-sensitive bis-cysteine peptide crosslinkers, including KCGPQGIWGQCK,
KCYGPQGIWGQYCK (designated as 2Y peptide), and YGKCYGPQGIWGQYCKGY
(designated as 4Y peptide), were purchased from GenScript (purity > 90%). All other peptides,
including CYGGGYC and CRGDS, were synthesized in an automated microwave-assisted peptide
synthesizer (Liberty 1, CEM) using standard Fmoc coupling chemistry. Crude peptide was cleaved
in a trifluoroacetic acid (TFA) cleavage cocktail, purified using reverse phase HPLC, and
characterized by mass spectrometry. The purity of peptides was at least 90%.
4.5.4

Thiol-norbornene hydrogel crosslinking
The crosslinking of thiol-norbornene hydrogels was initiated by 365 nm light exposure and

with 1 mM LAP as the photoinitiator. PEG8NB (Figure 4.1A), bis-cysteine peptide crosslinker
(e.g., CYGGGYC, Figure 4.1B), and LAP at desired concentrations were mixed in phosphatebuffered saline (PBS) and irradiated under 365nm light (5 mW/cm2) for 2 minute (Figure 4.1C).
For all gel formulations, the stoichiometric ratio of thiol to norbornene was maintained at one to
afford the highest degree of gel crosslinking. Gels were maintained in DPBS at 37°C for at least
24 hours prior to characterization or stiffening experiments.
4.5.5

Tyrosinase-mediated in situ gel stiffening and characterization
Hydrogels were formed and swollen for 24 hours in PBS at 37˚C, followed by incubation

in tyrosinase solution for 6 hours. Afterwards, gels were transferred to PBS. Hydrogel elastic
moduli (G’ & G”) before and after tyrosinase-mediated stiffening were obtained using oscillatory
rheometry in strain-sweep mode (8 mm parallel plate geometry with a gap size of 750 µm). Due
to volumetric shrinkage after stiffening, the gap size was reduced to 550 µm when measuring
moduli of the stiffened hydrogels. The reported gel elastic moduli were averaged from the linear
region of the modulus-strain curves.
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4.5.6

Proteolytic degradation of stiffened hydrogels
Collagenase was used to evaluate the susceptibility of tyrosinase-stiffened hydrogels to

protease-mediated gel degradation. Hydrogels were prepared and stiffened as described in the
sections above. The stiffened hydrogels were incubated in PBS for two days, followed by
collagenase-1 (40 U/ml) mediated degradation. At pre-determined time intervals, the gels were
removed from the protease solution, blotted dry, and weighed to determine the % mass loss, which
is defined as the percentage of weight loss at each time interval to the initial weight obtained before
protease treatment. The process was repeated until the gels were fully degraded.
4.5.7

Oxygen detection
Solution oxygen contents were recorded with an oxygen microsensor (MicroX4, PreSens)

at specific time points during in situ stiffening. For this experiment, hydrogels were prepared using
sterile-filtered macromers, MMP-sensitive peptides, photoinitiator, and tyrosinase. After the thiolene gelation, the hydrogels were incubated in PBS for a day at 37˚C before transferring to complete
PSC culture media (ScienCell). Oxygen content (O2) before and after tyrosinase treatments were
recorded periodically for 7 day.
4.5.8

Human pancreatic stellate cell (PSC) culture and encapsulation
Primary human pancreatic stellate cells (PSC or HPSteC) were obtained from ScienCell

Research Laboratories and maintained in stellate cell media supplemented with 2% fetal bovine
serum (FBS), antibiotics, and growth supplements (ScienCell). The cells were cultured on poly-Llysine (PLL) coated plates according to the manufacturer’s protocol. Cell culture media were
refreshed every 2-3 day. Prior to encapsulation, cells were detached from the plate by trypsinEDTA treatment for 3 minutes. Trypsin was neutralized with equal volume of media and
transferred into 5ml of FBS pre-warmed to room temperature. Trypsinized cells were centrifuged
at 1,000 rpm for 5 minutes, counted, and mixed with sterile-filtered pre-polymer solutions
(PEG8NB, peptide crosslinker (e.g., MMP-sensitive linker: KCGPQGIWGQCK), 1 mM CRGDS,
and 1 mM LAP). Twenty-five microliter (25 μl) of the cell-polymer mixtures were transferred to
a 1 ml syringe (tip cut open for solution loading and gel removal) and placed under 365 nm light
tube in an aseptic laminar flow hood for in situ gel crosslinking and cell encapsulation. The
encapsulation was achieved within 2 minutes. In all experiments, cells were encapsulated with a
cell density of 1 million cells/ml. After encapsulation, cell-laden hydrogels were maintained in
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complete stellate cell medium and placed in a CO2 incubator. Cell culture media was refreshed
every 2-3 day.
4.5.9

In situ stiffening of cell-laden hydrogels and characterization of cell viability and
morphology
To induce in situ stiffening, cell-laden hydrogels were transferred to a 48-well plate with

wells containing cell media supplemented with 1kU/ml tyrosinase. Gels were incubated for 6 hour
at 37oC in 5% CO2. Following the stiffening process, cell-laden hydrogels were transferred to and
maintained in a 24-well plate containing only cell culture media. Encapsulated PSCs were stained
with live/dead staining kit (Life Technologies) and imaged via confocal microscopy (Olympus
Fluoview FV100 laser scanning microscope). To qualitatively assess the viability of the cells, zstack images (100 μm thick, 10 μm per slice) were obtained from a minimum of three random
fields of view for all experiments. Cell viability was also quantitatively assessed using
AlamarBlue® reagent. In brief, cell-laden hydrogels were incubated in 500 µl of cell culture media
diluted by 1:10 dilution of the reagent for 2.5 hour. Following incubation, 200 µl of diluted media
was transferred to a clear 96-well microplate, and the resulting fluorescence from the cells within
hydrogels was determined by a microplate reader (SynergyHTX, BioTek; ex 560 nm, em 590 nm).
F-actin staining was conducted to visualize cell spreading. Briefly, encapsulated cells were fixed
in 4% paraformaldehyde for 1 hour at room temperature on an orbital shaker. Following fixation,
hydrogels were washed with DPBS (2 time for 10 minute each) and permeabilized using 100X
dilution of saponin (100 mg/ml in DMSO) in DPBS for 1 hour, followed by two successive washes
in DPBS for 10 minute each. Cell-laden gels were then incubated overnight at 4oC in DPBS
solution containing 100 nM working solution of rhodamine phalloidin (F-actin) and a 1:1000
dilution of DAPI (cell nuclei). On the day of imaging, cell-laden gels were washed three times in
DPBST (DPBS with 1 v/v% of Tween-20) and imaged with confocal microscopy as described
above. Cell spreading was quantified using three different fields for each condition. The
perpendicular major (length) and minor (width) axes of individual cells were measured using
Nikon imaging software (NIS-Elements) and length to width aspect ratios were determined. For
each condition the total number of cells assessed ranged from 75 to 90 cells. GraphPad Prism 6
software was used to determine the cumulative distribution of aspect ratios collected.
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4.5.10 mRNA isolation, reverse transcription, and quantitative real time PCR
On predetermined days, hydrogels containing encapsulated PSCs were collected, placed
in Dnase/Rnase-free microtubes, and ﬂash frozen using liquid nitrogen. Samples were then stored
at -80oC until use. To extract mRNA, frozen gels were homogenized in 300 μl of lysis buffer
(NucleoSpin RNA Ⅱ kit, Clontech) and were subjected to two additional cycles of freeze-thaw in
order to lyse cells. Lysates were purified using NucleoSpin Filters. Following purification, 300 μl
of Rnase-free 70% ethanol was added to the lysates and mixed thoroughly. The mixtures were then
transferred to NucleoSpin RNA columns for RNA extraction following manufacturer’s protocol.
Using 30 μl of Dnase/Rnase-free water, the isolated RNAs were eluted and then quantiﬁed by UV
spectrometry (NanoDrop 2000, Thermo Scientiﬁc). Using PrimeScript RT reagent kit (Clontech)
the total isolated RNA was converted into single-stranded cDNA. Gene expression level was
assessed by quantitative real-time PCR and analyzed following a published protocol. Real-time
PCR primer sequences can be found listed in Table 4.1.
4.5.11 Statistics
Statistical analyses were conducted by Two-Way ANOVA followed by Bonferroni’s posthoc test using GraphPad Prism 6 software. The control group was specified in the respective figure
caption. All experiments were conducted independently for at least three times and data presented
were Mean ± SEM. Single, double, and triple asterisks represent p < 0.05, 0.001, and 0.0001,
respectively. p<0.05 was considered statistically significant.

4.6

Conclusion
In summary, we have developed a dynamic hydrogel platform capable of undergoing on-

demand and in situ gel stiffening by means of tyrosinase-mediated DOPA formation. Building
upon the biomimetic features afforded by the diverse thiol-norbornene hydrogels, we designed
simple peptide crosslinkers containing additional tyrosine residues for tyrosinase-mediated gel
stiffening. Through exogenously adding tyrosinase, the hydrogels could be stiffened on-demand
and with high controllability. The hydrogel system was cytocompatible for in situ cell
encapsulation and the stiffening process did not induce cell damage. The stiffened hydrogel
network restricted cell spreading and enhanced expression of genes relevant to myofibroblastic
activation of PSCs, including α-SMA and HIF-1α. This hydrogel system provides an alternative
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stiffening strategy for in situ hydrogel stiffening without creating additional radicals during the
stiffening process. Finally, the stiffening process takes hours to days to complete, and hence more
closely mimics the actual tissue stiffening process in vivo. Future work will be focused on
exploiting this stiffening strategy for molecular mechanisms related to the stiffening
microenvironment found in pancreatic desmoplasia.
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BIOMIMETIC AND ENZYME-RESPONSIVE DYNAMIC
HYDROGELS FOR STUDYING CELL-MATRIX INTERACTIONS IN
PANCREATIC DUCTAL ADENOCARCINOMA

(As published in Biomaterials, 2018 (160) 24-36)

5.1

Abstract
Tumor microenvironment (TME) governs most aspects of cancer progression and in vitro

3D cell culture platforms are increasingly developed to emulate the interactions between
components of the stromal tissues and cancer cells. However, conventional cell culture platforms
are inadequate in recapitulating the TME which has complex compositions and dynamically
changing matrix mechanics. In this study, we developed a dynamic gelatin-hyaluronic acid hybrid
hydrogel system through integrating modular thiol-norbornene photopolymerization and enzymetriggered on-demand matrix stiffening. In particular, gelatin was dually modified with norbornene
and 4-hydroxyphenylacetic acid to render this bioactive protein photo-crosslinkable (through thiolnorbornene gelation) and responsive to tyrosinase-triggered on-demand stiffening (through HPA
dimerization). In addition to the modified gelatin that provides basic cell adhesive motifs and
protease cleavable sequences, hyaluronic acid (HA), an essential tumor matrix, was modularly and
covalently incorporated into the cell-laden gel network. We systematically characterized
macromer modification, gel crosslinking, as well as enzyme-triggered stiffening and degradation.
We also evaluated the influence of matrix composition and dynamic stiffening on pancreatic ductal
adenocarcinoma (PDAC) cell fate in 3D. We found that either HA-containing matrix or a
dynamically stiffened microenvironment inhibited PDAC cell growth. Interestingly, these two
factors synergistically induced cell phenotypic changes that resembled cell migration and/or
invasion in 3D. Additional mRNA expression array analyses revealed changes unique to the
presence of HA, to a stiffened microenvironment, or to the combination of both. Finally, we
presented immunostaining and mRNA expression data to demonstrate that these irregular PDAC
cell phenotypes were a result of matrix-induced epithelial-mesenchymal transition (EMT).
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5.2

Introduction
Pancreatic cancer is currently the third leading cause of all cancer-related deaths. More than

53,000 new pancreatic cancer cases and 43,000 deaths are projected in 2017 [273]. The
exceptionally dense stromal tissue (i.e., desmoplasia) in pancreatic ductal adenocarcinoma
(PDAC), the most common form of pancreatic cancer, is considered the major hurdle to effective
treatments [274]. Pancreatic desmoplasia is rich in extracellular matrix (ECM) proteins (e.g.,
collagen, fibronectin), glycosaminoglycans (GAGs, e.g., hyaluronic acid (HA)), cytokines (e.g.,
epidermal growth factor (EGF), transforming growth factor-β (TGF-β)), as well as immune and
stromal cells [47, 83, 275, 276]. The compositions in the stroma tissue act collectively to induce
epithelial-mesenchymal transition (EMT) in cancer cells [277]. EMT is a complex process
regulated by interactions of cancer-stromal cell, as well as bi-directional signaling between cancer
cells and the surrounding tumor matrix [1, 36]. For example, inflammatory cytokines and growth
factors, including TGF-β and EGF, are known to promote EMT in PDAC cells [23, 36, 234, 278].
These cytokines are abnormally expressed during tumor progression, leading to downregulation
of epithelial markers (e.g., E-cadherin) and upregulation of mesenchymal markers (e.g., Ncadherin, SNAIL, TWIST, SLUG, and ZEB1, etc.) [279, 280]. Under the stimulation of
abnormally expressed cytokines, PDAC cells lose cell-cell junctions and transform into cells with
a migratory and invasive phenotype. Moreover, these cellular changes render cancer cells chemoresistant [72, 277, 279, 281].
In addition to soluble cytokines, many ECM components are overexpressed by stromal and
cancer cells during tumor progression. The accumulation of ECM proteins and GAGs around
cancer cells builds up a dense desmoplasia that not only physically restricts penetration of
chemotherapeutics but also causes abnormal mechanotransduction in cancer cells [135, 282]. For
example, excessive accumulation of HA was detected in cell culture and in mature PDAC stroma
[283]. HA binds to cell surface receptors, including CD44, layilin, and receptor for hyaluronanmediated motility (RHAMM) [84, 283, 284]. The activation of these receptors has been positively
correlated with enhanced cancer cell proliferation, invasion, and drug resistance [285]. In addition,
HA accumulation also leads to elevated fluid stress that could induce abnormal mechanosensing
in the cancer cells and limit the transport of anti-cancer drugs [43, 79]. Nonetheless, the roles of
HA in a stiffening microenvironment on PDAC cell EMT have not been extensively studied owing
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to the lack of an appropriate three-dimensional (3D) culture system capable of mimicking the
dynamic stroma stiffening process.
To investigate cancer cell responses induced by ECM, most studies utilized twodimensional (2D) tissue culture plate coated with matrix proteins or 3D hydrogels with static or
degrading mechanical property [119]. Unfortunately, these convenient culture platforms do not
capture the dynamic landscape of a stiffening tumor microenvironment (TME). Some dynamic
hydrogels have been developed to mimic the temporal mechanical changes of tumor matrix. For
example, Suggs and colleagues developed an alginate-based hydrogel that could be dynamically
stiffened by temperature-induced calcium release [96]. MCF10A mammary epithelial cells, which
are non-tumorigenic, were nonetheless found to exhibit an invasive phenotype when cultured in a
stiffened matrix, a result consistent with earlier work [10, 286]. In another example, Xu et al.
developed a double-network dynamic hydrogel via a two-step light-mediated polymerization
process [287]. Methacrylate and cysteine dually functionalized HA were crosslinked into
hydrogels through ultraviolet (UV) light polymerization, followed by infiltrating the hydrogel with
additional macromers, photoinitiators, and secondary UV light-mediated polymerization. The
authors concluded that encapsulated cancer cells became invasive in the stiffened gel. Although
these strategies presented dynamic matrix stiffening, the components and approaches were either
not biologically relevant to the TME due to the inclusion of alginate, or exposed cells to UV light
excessively.
Our group has reported several semi-synthetic poly(ethylene glycol) (PEG)-peptide
hydrogels for in vitro culture of pancreatic cancer cells [260, 278, 288, 289]. For example, we have
evaluated PDAC cell EMT in hydrogels immobilized with fibronectin or laminin-derived peptides
[288]. We have also studied the influence of matrix-entrapped collagen-1 and soluble cytokines
(e.g., TGF-β1 and EGF) on PDAC cell fate, including proliferation, chemo-resistance, and EMT
in 3D [260]. In order to mimic the dynamic tumor stromal tissue, we have recently developed a
tyrosinase-triggered post-gelation crosslinking platform for on-demand stiffening of cell-laden
hydrogels [213]. These hydrogels were prepared by thiol-norbornene photopolymerization using
8-arm PEG-norbornene (PEG8NB) and a simple peptide linker (i.e., KCYGPQGIWGQYCK)
sensitive to both matrix metalloproteinase (MMP) induced cleavage and tyrosinase-triggered dityrosine crosslinking. Following the thiol-norbornene gelation, the tyrosine residues in the primary
network served as substrates for exogenously added tyrosinase, which catalyzes di-tyrosine
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crosslinking and increases hydrogel crosslinking density and stiffness. Furthermore, enzymetriggered on-demand stiffened hydrogels altered morphology of pancreatic stellate cells (PSCs)
cultured in 3D and resulted in upregulation of α-smooth muscle actin (α-SMA), a signature marker
of myofibroblastic activation.
Although the tyrosinase-stiffened PEG-peptide hydrogels have been useful in studying the
effect of dynamic matrix stiffening on cancer stromal cell fate, these gels represented minimal
tumor-related matrix components. In a separate study, our group designed biomimetic hydrogels
formed by visible light initiated crosslinking of gelatin-norbornene (GelNB) and thiolated HA
(THA) [289]. These gels were established to understand the effect of individual matrix component
and static gel stiffness on PDAC cells grown in 3D but did not encompass dynamic stiffening
feature. Here, we present a pathophysiologically relevant dynamic biomimetic hydrogel system
where the gel network was formed by THA and dually-functionalized gelatin. The later was
chemically modified with norbornene (NB) and hydroxyphenylacetic acid (HPA), yielding a
multifunctional and cell responsive macromer (i.e., GelNBHPA). Through orthogonal thiolnorbornene photopolymerization, GelNBHPA were modularly crosslinked by THA or by inert
macromer PEG-tetra-thiol (PEG4SH). The bioactive peptide sequences on gelatin permitted cell
adhesion and MMP-mediated local matrix cleavage. The conjugated HPA moieties rendered the
cell-laden hydrogels sensitivity to tyrosinase-triggered di-HPA crosslinking, which led to
physiologically relevant degree of on-demand stiffening in the presence of PDAC cells. With this
new hybrid biomimetic hydrogel system, the effects of matrix biochemical and biophysical cues
could be easily decoupled for gaining new insights into the effects of matrix compositions on
PDAC cell behavior. We systematically characterized gel crosslinking and enzyme-triggered
stiffening and degradation. We also studied the independent and synergistic effects of matrix
compositions and dynamic stiffening on PDAC cell fate in 3D by analyzing cell morphological
changes, immunostaining, and expression of PDAC-related genes at the mRNA level. Through
modularly crosslinking and dynamically stiffening of tumor-mimetic matrices, we discovered the
unique role of HA on PDAC cell fate processes and modulation of gene expression.

100
5.3

Result and Discussion

5.3.1

Principles of dynamic hydrogel design and macromer synthesis
In order to recapitulate the bioactive components and the stiffening tumor

microenvironment in PDAC (Figure 5.1A), we prepared gelatin-hyaluronic acid (GelNB&HA)
hydrogels capable of undergoing on-demand stiffening. We synthesized GelNB and GelNBHPA
(Figure 5.1B), which could be modularly crosslinked with commercially available THA (Figure
5.1C) through thiol-norbornene photopolymerization. GelNBHPA was synthesized through
sequentially reacting gelatin with carbic anhydride (yielding GelNB) and 4-HPA (yielding
GelNBHPA). The degrees of gelatin functionalization, as characterized by fluoraldehyde assay, was
~ 37% and ~ 41% respectively for NB and HPA modification (equivalent to 1.6 mM NB and 1.64
mM HPA per wt% gelatin, data was not shown). The presence of NB group on gelation permitted
rapid

gelation

with

THA

(within

2

minute)

through

orthogonal

thiol-norbornene

photopolymerization (Figure 5.1D). When GelNBHPA was used, the gels could be dynamically
stiffened due to tyrosinase-triggered HPA dimerization (Figure 5.1E).
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Figure 5.1.
Enzyme-triggered on-demand stiffening of biomimetic hydrogels for in vitro
cancer cell research. (A) Schematic of a tumor microenvironment with various matrix proteins and
glycosaminoglycans (e.g., HA). Accumulation of these ECM leads to matrix stiffening and tumor
progression. Chemical structures of (B) GelNBHPA and (C) THA. (D) Thiol-norbornene
photopolymerization. (E) Schematic of tyrosinase-triggered di-HPA crosslinking for on-demand
hydrogel stiffening.
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Successful conjugation of NB and HPA moieties was characterized by the 1HNMR (Figure
5.2A). Chemical shifts between 6.1-6.3 ppm (blue region) indicated successful NB
functionalization on the gelatin backbone (7.2-7.4 ppm, green region). After HPA conjugation,
new chemical shifts emerged (6.9-7.2 ppm, red region) in GelNBHPA, indicating the presence of
aromatic HPA [290]. The modification of HPA on GelNB was further confirmed by UV/Vis
absorbance spectrometry (Figure 5.2B) through detecting increased absorbance at 280 nm [291].
UV/Vis spectrometry were also used to monitor tyrosinase-triggered HPA dimerization. Due to
the limited amount of tyrosine residue in the unmodified gelatin sequence (< 0.5 %) [292], addition
of tyrosinase (tyrase, 1 kU/ml) did not change the absorbance signature of GelNB significantly
(Figure 5.2C). However, when GelNBHPA was treated with tyrase, new absorbance shoulder emerged
at ~ 320 nm (Figure 5.2D), suggesting that HPA motifs were dimerized by tyrosinase [293].
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Figure 5.2. Characterization of functionalized gelatin macromers. (A) 1NMR spectra of Gelatin,
GelNB, and GelNBHPA. UV/Vis absorbance spectra of soluble (B) GelNB and GelNBHPA, (C) soluble
GelNB, and (D) soluble GelNBHPA treated with tyrase, 1 kU/ml.
5.3.2

Gel crosslinking and tyrosinase-mediated dynamic stiffening
To evaluate if conjugation of HPA on GelNB altered the efficiency of light-mediated thiol-

norbornene photopolymerization, we conducted in situ photorheometry using GelNB or GelNBHPA
(7 wt%) and with PEG4SH (1.4 wt%) as the thiol crosslinker. As shown in Figure 5.3A and Figure
5.3B, gel points (i.e., storage modulus G’ surpassed loss modulus G”) were ~9 and ~18 seconds
for gelation using GelNB and GelNBHPA, respectively. However, G’ reached plateau within 2
minutes for both gelatin macromers. Furthermore, gels prepared from GelNBHPA had lower moduli
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(~1 kPa) compared with gels crosslinked by GelNB (~1.7 kPa). Hydrogels crosslinked by GelNBHPA
and PEG4SH were used to evaluate the efficiency of tyrosinase-triggered on-demand stiffening.
As shown in Figure 5.3C, gel moduli did not change overtime when the solution contained no tyrase.
Gel moduli only increased slightly when incubating with low tyrase concentration (0.1 kU/ml) for
4 hours. When tyrase concentration was increased to above 0.5 kU/ml, hydrogels were significantly
stiffened after only two hours of incubation. The color of gels treated with higher tyrase
concentrations was darker (Figure 5.3D), indicative of HPA dimer formation and higher degree of
stiffening.
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Figure 5.3.
Characterization of thiol-norbornene gelation using functionalized gelation
macromers. Evaluation of storage (G’) and loss (G”) moduli of thiol-norbornene gelation using
(A) GelNB&PEG and (B) GelNBHPA&PEG. GelNB or GelNBHPA was added at 7 wt%, whereas
PEG4SH was added at 1.4 wt% (R = 0.5). (C) On-demand stiffening of GelNB&PEG hydrogels via
adding tyrase at different concentrations (N = 3, Mean ± SEM). (D) Photograph of tyrase-stiffened
hydrogels.
In addition to tyrase concentration, HPA contents in the hydrogel could also be modularly
adjusted to control the degree of stiffening. As shown in Figure 5.4A, hydrogels formed with pure
GelNB (i.e., 0% GelNBHPA) were not susceptible to tyrase -triggered stiffening. However, when the
amount of GelNBHPA was modularly increased to 50 % (i.e., half GelNB, half GelNBHPA) and 100 %
(i.e., pure GelNBHPA), gel was stiffened from ~1 kPa to ~2.2 kPa and ~2.9 kPa, respectively. We
further adjusted the weight percentages of GelNBHPA (e.g., 3, 5, 7 wt%) and PEG4SH (e.g., 0.6, 1,
1.4 wt%) in the macromer precursor solution to obtain gels with varying HPA contents but similar
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initial shear moduli (~1 kPa, Figure 5.4B). Following tyrosinase treatment, gels with higher HPA
content (i.e., 11.2 mM in 7 wt% GelNBHPA) were stiffened to a higher degree (~2.7 kPa, Figure
5.4B). We also prepared gels with different thiol/norbornene stoichiometric ratio (Rthiol/ene) but
with the same HPA contents (i.e., 7 wt% GelNBHPA and PEG4SH at 0.8, 1.4, 2, or 2.8 wt%. Figure
5.4C). There was a positive correlation between Rthiol/ene, initial gel modulus and these gels could
all be dynamically stiffened regardless of the initial moduli (Figure 5.4C). Most importantly, once
stiffened by tyrase (1 kU/ml), all gels remained stiff for the next few days and the degree of
stiffening (~1 kPa to ~8 kPa) was relevant to the stiffness change in a stiffening TME [294].
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Figure 5.4.
Effect of macromer compositions on tyrase-triggered on-demand gel stiffening. (A)
Shear moduli of hydrogels formed by 7 wt% of gelatin macromer (GelNB and/or GelNBHPA) and 1.4
wt% PEG4SH. Gels were formed with different fraction of GelNBHPA and GelNB. (B) Shear moduli
of hydrogels formed by 3, 5, or 7 wt% of GelNBHPA and with 0.7 wt% of PEG4SH, yielding gels
with varied HPA contents but with similar initial modulus. (C) Shear moduli of hydrogels formed
by 7 wt% of GelNBHPA but with varied PEG4SH content to yield thiol/ene ratio of 0.3, 0.5, 0.7, and
1. These gels contained the same HPA content but different initial modulus. All hydrogels were
treated with 1 kU/ml tyrase from 0-6 hour (N = 3, Mean ± SEM).
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5.3.3

Enzyme-mediated degradation of soft and stiffened hydrogels
Owing to the use of naturally derived macromers (i.e., gelation and HA), this hydrogel

system was susceptible to degradation by cell-secreted collagenase and hyaluronidase. To evaluate
the degradability of these hydrogels, we crosslinked gels modularly using GelNB, GelNBHPA,
PEG4SH, and THA. Prior to enzymatic degradation, we evaluated the stiffness of these gels prior
to and after tyrase-treatment. As expected, hydrogels crosslinked with GelNB were not sensitive to
tyrase-triggered stiffening, as demonstrated by their relatively constant moduli (~1 kPa. Figure
5.5A). On the other hand, the use of GelNBHPA rendered the hydrogels sensitive to tyrase -triggered
on-demand stiffening (Figure 5.5A). For example, 1 kU/ml of tyrase treatment to gels crosslinked
by 0.7 wt% THA led to significant increase of gel moduli from ~1 kPa to ~3.5 kPa. Next, soft gels
(~1 kPa) or tyrase-stiffened gels (~3.5 kPa) were treated with collagenase-1 (40 U/mL, Figure 5.5B)
or hyaluronidase (300 U/ml, Figure 5.5C). In general, stiffened gels degraded slower due to higher
crosslinking density contributed by the additional di-HPA linkages [213]. Different from
collagenase-mediated degradation where all gels were degraded regardless of stiffness, limited
hyaluronidase-mediated degradation was observed (~25 % mass loss) in tyrase-stiffened gels.
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Effect of tyrosinase-mediated gel stiffening on enzyme-mediated degradation. (A)
Comparison of modulus changes in hydrogels modularly crosslinked by GelNB or GelNBHPA with
PEG4SH or THA. Gel moduli were characterized prior to and after treating with 1 kU/ml tyrase for
6 hour (***p < 0.001). (B) Mass loss profiles of GelNB&HA (soft) or GelNBHPA&HA (tyrase-stiffened)
hydrogels treated with collagenase (40 U/ml). (C) Mass loss profiles of GelNB&HA (soft) or
GelNBHPA&HA (tyrase-stiffened) hydrogels treated with hyaluronidase (300 U/ml). Hydrogels were
formed by 7 wt% GelNB or GelNBHPA with 0.7 wt% THA (N = 3, Mean ± SEM).
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5.3.4

Effect of matrix compositions on PDAC morphological changes
To study the influences of matrix compositions on PDAC cells, we evaluated proliferation

and morphology of COLO-357 cells, a PDAC cell line with wild-type KRAS, in modularly
crosslinked hydrogels, including: (1) GelNB with PEG4SH (GelNB&PEG), (2) GelNB with THA
(GelNB&HA), (3) GelNBHPA with PEG4SH (GelNBHPA&PEG), and (4) GelNBHPA with THA
(GelNBHPA&HA). Note that only gels with GelNBHPA were susceptible to tyrase-mediated dynamic
stiffening. These gels were formulated such that they had similar initial shear moduli (i.e., 7 wt%
GelNB or GelNBHPA, 1.4 wt% PEG4SH or 0.7 wt% THA, G’~ 1 kPa). Live/dead staining images
showed high cell viability after the initial cell encapsulation process and throughout the 14-day in
vitro culture (Figure 5.6A). Cells grew into spheroids or clusters in all gels but were visibly larger
in Gel/PEG hydrogels (i.e., soft and HA-free). Cell proliferation was significantly inhibited (i.e.,
smaller spheroids) when the hydrogels were soft and contained HA (i.e., GelNB&HA) or stiffened
but contained no HA (i.e., GelNBHPA&PEG). Interestingly, the morphology of the
spheroids/clusters in GelNBHPA&HA gels became highly irregular (Figure 5.6A, right column), an
indication of increased cell motility. This could be attributed to higher cell proliferation and/or
migration. F-actin staining images also revealed extensive spreading of PDAC cells encapsulated
in GelNBHPA&HA gels (Figure 5.6B).
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Figure 5.6.
Effect of matrix compositions on morphological changes of COLO-357 cells. (A)
Representative confocal z-stack live/dead stained images of cells in GelNB&PEG, GelNB&HA,
GelNBHPA&PEG, and GelNBHPA&HA gels. Gels were incubated with tyrosinase for 6 hours at day
2 and transferred to fresh media. (B) Confocal z-stack images of F-actin staining of encapsulated
cells on day 14 post-encapsulation. Cell nuclei were counter-stained with DAPI. (C) Cell spheroid
diameters as a function of time and hydrogel formulations. Histograms were fitted with Gaussian
distribution.
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To quantify changes of spheroid sizes in matrices with different compositions, we analyzed
spheroids size from live/dead stained images (Figure 5.6A). The average diameter of spheroids
was around 20 µm on day 2 in all gels (Figure 5.7). Cells encapsulated in soft HA-free matrix (i.e.,
GelNB&PEG) grew into relative large spheroids (~ 50 µm), whereas the size of cell spheroids in
GelNB&HA and GelNBHPA&PEG gels maintained at around 20-30 µm on day 14 (Figure 5.8B and
C). As for PDAC cells encapsulated in GelNBHPA&HA gels, the spheroids appeared to have similar
sizes as the other groups at early days (~20 µm from day 2 to day 7, Figure 5.8A). However, due
to the highly irregular cell morphology on day 14, we did not analyze cluster sizes in this condition
(Figure 5.8).
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Figure 5.7.
Effect of gel formulations on spheroids size. COLO357 cells were grown in soft
and HA-free (GelNB&PEG), soft and HA-containing (GelNB&HA) or stiffened and HA-free
(GelNBHPA&PEG) hydrogels (***p<0.005).
To gain insight into the influences of microenvironment changes on PDAC cells, we
evaluated mRNA expression profiles using TaqMan® Array - Human Pancreatic Adenocarcinoma,
which contained pre-deposited primer sets for 92 PDAC-associated and 4 housekeeping genes.
Cells were encapsulated in the four groups of hydrogels as described in Figure 5.6A, following by
tyrase incubation for 6 hour on day 2 and culturing for additional 12 day (14 day in total). As
described before, only gels containing HPA groups would be stiffened. mRNA expression levels
were detected using quantitative real time-PCR in TaqMan® Array with pre-deposited primers.
The expression levels were normalized to GAPDH (housekeeping gene), then to the respective
gene in the control group (i.e., GelNB&PEG gels). The expression levels of all mRNA in this group
were set as one-fold). mRNA expression levels in the remaining three groups (each with three
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biological repeats) were ranked from the highest to the lowest fold-changes and then plotted into
heat maps (Figure 5.8 and Table 5.1). Among the 92 PDAC-related mRNA, 29, 24, and 48 were
up-regulated by more than 2-fold for cells encapsulated in GelNB&HA (i.e., soft and with HA),
GelNBHPA&PEG (i.e., stiffened and HA-free), and GelNBHPA&HA (i.e., stiffened and HAcontaining) gels, respectively. Furthermore, 52, 48 and 32 mRNA were down-regulated by more
than 2-fold in respective gels. The much higher number of mRNA (i.e., 48) upregulated in the cells
encapsulated in GelNBHPA&HA gels suggested a potential synergistic effect of HA and a stiffening
matrix on PDAC cell progression.

113

2

4

0
-2

MMP7
FIGF
BIRC5
CDK2
MMP2
TGFB3
E2F1
EGF
CCNA2
RB1
CCNB1
ERBB2
KRAS
TGFBR2
BCL2
SRC
RAF1
NOTCH1
PIK3R1
CDK4
HSP90AA1
CDC42
CCNE2
CCND1
BCL2L1
ELK1
BRCA2
E2F4
SMAD2
RAC2
TGFBR1
STAT1
PIK3R2
E2F3
TGFB2
TP53
NFKB1
STAT6
AKT1
GRB2
RELB
JAK3
CDKN2A
EGFR
RAC1
SOS1
STAT5B
AKT2
MAP2K2
RHOA
GAPDH
CDKN1B
STAT3
CDKN2C
VEGFB
JAK1
CDKN2D
CCNE1
MDM2
RHOB
AKT3
SMAD3
MMP1
NFKB2
PIK3CB
CDKN1A
RELA
PTGS2
BRAF
MAP2K1
PIK3CD
JAK2
ARHGEF7
STAT2
SMAD4
REL
HBEGF
PIK3CA
VEGFA
TGFA
MAPK1
VEGFC
IL6
MAPK3
TGFB1

-4

MMP7
BIRC5
EGF
CCNA2
CDK2
MMP2
CCNB1
RAF1
BRCA2
HSP90AA1
CCND1
RB1
E2F1
CCNE2
CDK4
TGFB3
STAT1
GRB2
PIK3R1
SMAD2
TGFBR2
BCL2
E2F3
E2F4
CDC42
GAPDH
KRAS
MAP2K2
STAT3
ERBB2
TGFBR1
SRC
MDM2
ELK1
CDKN1B
NFKB1
RELB
CCNE1
CDKN2A
RHOA
PIK3R2
AKT3
PIK3CB
CDKN2C
RAC1
FIGF
STAT5B
TGFB2
RAC2
AKT1
VEGFB
NOTCH1
BCL2L1
TP53
SOS1
EGFR
HBEGF
AKT2
BRAF
PIK3CA
JAK3
SMAD3
RELA
JAK1
JAK2
PTGS2
NFKB2
MMP1
STAT6
CDKN1A
RHOB
STAT2
ARHGEF7
CDKN2D
REL
SMAD4
MAP2K1
PIK3CD
VEGFA
VEGFC
IL6
MAPK3
MAPK1
TGFA
TGFB1

4

GelNBHPA
&PEG GelNBHPA
&HA
HA&Stiff
Stiff

Log2 (Fold change)

GelNBHA
&HA
EGF
CCNA2
MMP7
BIRC5
CDK2
BCL2
CCND1
STAT6
ERBB2
ELK1
BRCA2
E2F1
STAT1
RAF1
FIGF
KRAS
RB1
NOTCH1
E2F4
CDK4
TGFBR2
PIK3R2
HSP90AA1
BCL2L1
SMAD2
CDC42
SRC
STAT5B
PIK3R1
MAP2K2
GRB2
GAPDH
TGFB3
CCNB1
AKT1
RAC2
CDKN1B
STAT3
SOS1
JAK1
E2F3
CCNE2
RHOA
CDKN2A
SMAD3
EGFR
TGFBR1
AKT2
CDKN2C
RELB
BRAF
NFKB1
MMP2
NFKB2
PIK3CD
AKT3
CCNE1
MDM2
CDKN1A
RHOB
TP53
RAC1
STAT2
JAK3
MAP2K1
VEGFB
HBEGF
PIK3CB
RELA
SMAD4
ARHGEF7
TGFB2
CDKN2D
JAK2
MAPK3
PTGS2
TGFA
PIK3CA
REL
VEGFA
MMP1
MAPK1
VEGFC
IL6
TGFB1

-4

Figure 5.8.
Effect of matrix compositions on PDAC-related gene expression in COLO-357
cells. Heat maps of Taqman® array analyses of gene expression in cells encapsulated in
GelNB&PEG (control group, data not shown in the figure as expression levels of all genes were set
as one-fold), GelNB&HA, GelNBHPA&PEG, and GelNBHPA&HA hydrogels. Gene expression levels
(plotted in log2 scale) were normalized to GAPDH within each group, then normalized to
respective gene in GelNB&PEG hydrogels. Each of the four gel formulations contained three
biological replicates. Warm (red) colors showed high expression, whereas cold (blue) colors
showed low expression.

114
We further examined the expression of genes that were only upregulated in cells
encapsulated in stiffened gels (Figure 5.9A), in HA-containing gels (Figure 5.9B), as well as in
stiffened and HA-containing gels (Figure 5.9C). We found that the expression of MMP-2 (encodes
matrix metalloproteinase-2), TGF-β3, CCNB1 (encodes Cyclin B1), CCNE2 (encodes Cyclin E2),
and E2F3 (encodes E2F transcription factor 3) were significantly upregulated in cells encapsulated
in tyrase-stiffened gels (Figure 5.9A). We also identified mRNAs that were exclusively upregulated
by the presence of HA regardless of matrix stiffness, including FIGF (encodes VEGF-D), ERBB2
(encodes ErbB2 Receptor Tyrosine Kinase 2), KRAS (encodes K-Ras), SRC (encodes Src),
NOTCH1 (encodes Notch-1), BCL2L1 (encodes Bcl-2-Like Protein 1), ELK1 (encodes ETS
Transcription Factor), STAT6 (encodes Signal Transducer and Activator of Transcription 6),
MAP2K2 (encodes Mitogen-Activated Protein Kinase 2), and STAT5B (encodes Signal
Transducer and Activator of Transcription 5B) (Figure 5.9B). Finally, genes that were upregulated
only in a stiffened and HA-containing matrix were RAC2 (encodes Small GTP Binding Protein
Rac2), TGFβR1 (encodes TGFβ receptor 1), TGF-β2, TP53 (encodes Tumor suppressor P53),
NFKB1 (encodes Nuclear Factor KB1), AKT1 (encodes serine-threonine protein kinase), RELB
(encodes NF-KB Subunit), JAK3 (encodes Janus Kinase 3), CDKN2A (encodes Cyclin Dependent
Kinase Inhibitor 2A), EGFR (encodes EGF receptor), RAC1 (encodes Small GTP Binding Protein
Rac1), SOS1 (encodes SOS Ras/Rac Guanine Nucleotide Exchange Factor 1), AKT2 (encodes
AKT Serine/Threonine Kinase 2), and RHOA (encodes Ras Homolog Family Member A) (Figure
5.9C).
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Table 5.1.
Taqman gene array analysis of COLO-357 cells in gels. All experiments here were
conducted independently three samples per groups. Each group was compared to cells
encapsulated in soft (GelNB&PEG) gels and pairs of groups were compared with one-way ANOVA
on IBM SPSS software, and following by the Bonferroni post-analysis.
Sum of Squares
AKT1

AKT2

AKT3

ARHGEF7

BCL2

BCL2L1

BIRC5

BRAF

BRCA2

CCNA2

CCNB1

CCND1

CCNE1

Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total

4.134
1.414
5.548
3.498
4.950
8.448
.296
.303
.599
.909
1.587
2.495
7.670
2.282
9.953
9.361
3.789
13.150
.789
2.280
3.069
.470
1.938
2.408
1.261
1.328
2.589
.313
3.008
3.321
7.404
.597
8.001
.581
8.292
8.873
.766
1.215
1.980

df
2
6
8
2
6
8
2
6
8
2
6
8
2
6
8
2
6
8
2
6
8
2
6
8
2
6
8
2
6
8
2
6
8
2
6
8
2
6
8

Mean
Square

F

Sig.

2.067
.236

8.771

.017

1.749
.825

2.120

.201

.148
.051

2.925

.130

.454
.264

1.719

.257

3.835
.380

10.082

.012

4.680
.632

7.411

.024

.394
.380

1.038

.410

.235
.323

.728

.521

.631
.221

2.849

.135

.156
.501

.312

.743

3.702
.099

37.217

.000

.291
1.382

.210

.816

.383
.202

1.891

.231
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CCNE2

CDC42

CDK2

CDK4

CDKN1A

CDKN1B

CDKN2A

CDKN2C

CDKN2D

E2F1

E2F3

E2F4

EGF

EGFR

ELK1

ERBB2

Between Groups
Within Groups
Total
Between Groups
Within Groups
Total

5.034
.915
5.949
1.197
1.047
2.245

2
6
8
2
6
8

2.517
.152

16.511

.004

.599
.175

3.429

.102

Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total

1.290
1.678
2.968
.246
.627
.873
.957
4.259
5.216
.335
.848
1.183
1.487
1.129
2.616
.772
.521
1.294
4.454
.448
4.902
4.187
1.951
6.138
1.643
.938
2.581
.960
2.631
3.592
2.182
.953
3.134
3.292
1.581
4.873
5.575
2.809
8.384
7.205
2.143
9.348

2
6
8
2
6
8
2
6
8
2
6
8
2
6
8
2
6
8
2
6
8
2
6
8
2
6
8
2
6
8
2
6
8
2
6
8
2
6
8
2
6
8

.645
.280

2.306

.181

.123
.104

1.178

.370

.479
.710

.674

.544

.168
.141

1.187

.368

.743
.188

3.949

.080

.386
.087

4.445

.065

2.227
.075

29.821

.001

2.093
.325

6.437

.032

.822
.156

5.258

.048

.480
.439

1.095

.393

1.091
.159

6.871

.028

1.646
.264

6.247

.034

2.788
.468

5.955

.038

3.602
.357

10.085

.012
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FIGF

GAPDH

GRB2

HBEGF

HSP90AA1

IL6

JAK1

JAK2

JAK3

KRAS

MAP2K1

MAP2K2

MAPK1

MAPK3

MDM2

MMP1

Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total

57.899
6.085
63.984
.000
.000
.000
.154
.545
.699
.035
2.849
2.883
.625
.642
1.266
1.621
10.599
12.219
2.566
.417
2.983
.750
3.031
3.781
8.075
2.559
10.634
3.857
.945
4.801
2.317
3.630
5.947
.306
3.150
3.456
2.200
4.821
7.022
2.993
5.184
8.177
1.114
1.840
2.954
9.851
5.304
15.155

2
6
8
2
6
8
2
6
8
2
6
8
2
6
8
2
6
8
2
6
8
2
6
8
2
6
8
2
6
8
2
6
8
2
6
8
2
6
8
2
6
8
2
6
8
2
6
8

28.949
1.014

28.546

.001

.000
.000

.

.

.077
.091

.848

.474

.017
.475

.036

.964

.312
.107

2.921

.130

.810
1.766

.459

.653

1.283
.069

18.467

.003

.375
.505

.742

.515

4.037
.427

9.465

.014

1.928
.157

12.249

.008

1.158
.605

1.914

.227

.153
.525

.291

.757

1.100
.804

1.369

.324

1.497
.864

1.732

.255

.557
.307

1.816

.242

4.925
.884

5.571

.043
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MMP2

MMP7

NFKB1

NFKB2

NOTCH1

PIK3CA

PIK3CB

PIK3CD

PIK3R1

PIK3R2

PTGS2

RAC1

RAC2

RAF1

RB1

REL

Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total

21.740
.514
22.254
9.717
4.484
14.201
3.180
.864
4.043
1.562
.944
2.507
8.580
2.216
10.796
2.075
19.577
21.652
1.512
2.898
4.411
2.590
4.163
6.753
1.986
2.584
4.570
3.697
1.898
5.595
2.009
.914
2.923
2.903
1.252
4.155
5.365
3.058
8.422
.364
2.610
2.974
1.610
2.759
4.369
1.176
2.579
3.755

2
6
8
2
6
8
2
6
8
2
6
8
2
6
8
2
6
8
2
6
8
2
6
8
2
6
8
2
6
8
2
6
8
2
6
8
2
6
8
2
6
8
2
6
8
2
6
8

10.870
.086

126.866

.000

4.859
.747

6.501

.031

1.590
.144

11.045

.010

.781
.157

4.964

.053

4.290
.369

11.618

.009

1.038
3.263

.318

.739

.756
.483

1.565

.284

1.295
.694

1.867

.234

.993
.431

2.306

.181

1.849
.316

5.845

.039

1.005
.152

6.597

.031

1.451
.209

6.954

.027

2.682
.510

5.263

.048

.182
.435

.419

.676

.805
.460

1.751

.252

.588
.430

1.368

.324
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RELA

RELB

RHOA

RHOB

SMAD2

SMAD3

SMAD4

SOS1

SRC

STAT1

STAT2

STAT3

STAT5B

STAT6

TGFA

TGFB1

Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total

2.599
7.243
9.842
2.391
1.290
3.681
.854
2.208
3.062
4.716
5.784
10.500
.291
1.023
1.314
4.285
1.437
5.721
2.136
.652
2.787
2.451
.643
3.094
3.242
1.966
5.208
.998
1.108
2.106
.526
.979
1.505
.193
2.575
2.769
2.801
2.889
5.690
15.133
3.757
18.890

2
6
8
2
6
8
2
6
8
2
6
8
2
6
8
2
6
8
2
6
8
2
6
8
2
6
8
2
6
8
2
6
8
2
6
8
2
6
8
2
6
8

1.300
1.207

1.076

.399

1.195
.215

5.562

.043

.427
.368

1.161

.375

2.358
.964

2.446

.167

.145
.170

.853

.472

2.142
.239

8.947

.016

1.068
.109

9.833

.013

1.226
.107

11.434

.009

1.621
.328

4.947

.054

.499
.185

2.700

.146

.263
.163

1.611

.275

.097
.429

.225

.805

1.400
.481

2.908

.131

7.566
.626

12.083

.008

Between Groups
Within Groups
Total
Between Groups
Within Groups
Total

4.411
1.834
6.245
4.690
2.231
6.922

2
6
8
2
6
8

2.205
.306

7.215

.025

2.345
.372

6.306

.034
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TGFB2

TGFB3

TGFBR1

TGFBR2

TP53

VEGFA

VEGFB

VEGFC

Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total

8.351
3.606
11.957
9.799
5.623
15.422
3.546
4.266
7.812
2.749
1.554
4.302
7.508
5.184
12.693
.992
1.629
2.621
2.075
.847
2.922
1.108
2.076
3.184

2
6
8
2
6
8
2
6
8
2
6
8
2
6
8
2
6
8
2
6
8
2
6
8

4.176
.601

6.947

.027

4.900
.937

5.228

.048

1.773
.711

2.493

.163

1.374
.259

5.308

.047

3.754
.864

4.345

.068

.496
.271

1.827

.240

1.038
.141

7.348

.024

.554
.346

1.601

.277
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Figure 5.9.
Identification of genes that were upregulated in COLO-357 cells encapsulated in
specific gel formulations. (A) Stiffening gel regardless of HA presence, (B) HA-containing gel
regardless of gel stiffening, and (C) HA-containing and stiffened gel. Gene expression levels
(plotted in log2 scale) were normalized to GAPDH within each group, then normalized to
respective gene in GelNB&PEG hydrogels. Each of the four gel formulations contained three
biological replicates. Warm (red) colors showed high expression, whereas cold (blue) colors
showed low expression.
5.3.5

Evaluation of relationship between matrices properties and EMT induction
To understand if cell phenotypes observed in GelNBHPA&HA gels were a result of matrix-

induced EMT (Figure 5.6A), we characterized the expression of epithelial and mesenchymal
markers using immunostaining (Figure 5.10A) and real-time PCR (Figure 5.10B). Immunostaining
results showed that when the HA-containing hydrogels were dynamically stiffened (i.e.,
GelNBHPA&HA), the expression of epithelial marker E-cadherin (E-cad) decreased drastically
(Figure 5.10A), whereas the expression of N-cadherin (N-cad, a mesenchymal marker) was visibly
noticeable. On the other hand, qPCR results (Figure 5.10B) revealed significantly lower level of
E-Cad mRNA expression (CDH1, ~0.5-fold), as well as higher expression levels of mesenchymal
markers, including N-cad (CDH2, ~2-fold), SNAIL1 (~ 1.7-fold), vimentin (VIM, ~2.6-fold), and
Sonic hedgehog (SHH, ~2.3-fold). Importantly, tyrosinase alone did not cause the observed
changes in EMT-related mRNA expressions (Figure 5.10B). Spreading cell phenotype and

122
upregulation of mesenchymal cell markers in HA-containing/stiffened gels were also obtained
using a second PDAC cell line, PANC-1 (Figure 5.12A). These results demonstrated that EMT
was likely the cause of on cell spreading/invasion in the HA-containing gels that had been
dynamically stiffened.
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(Folds change)
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HA/Stiffening
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***

2

*
1
0

CDH1 CDH2 SNAIL1
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Figure 5.10. Evaluation of selected epithelial and mesenchymal markers in COLO-357 cells
grown in HA-containing and soft (i.e., GelNB&HA) or in HA-containing and tyrase-stiffened gels
(i.e., GelNBHPA&HA). (A) Immunofluorescence staining of E-cadherin and N-cadherin. Cells were
counterstained with DAPI. (B) mRNA expression levels of CDH1 (E-cadherin), CDH2 (Ncadherin), SNAIL1, VIM (vimentin), and SHH (sonic hedgehog). All assays were conducted with
samples collected at day-14. (Housekeeping gene: GAPDH. N = 3, Mean ± SEM. *p<0.05,
***p<0.001).
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Table 5.2.
The relative gene expression levels were analyzed by the 2-∆∆CT method with
GAPDH as the internal control (i.e., housekeeping gene) and the expression level of respective
gene in the control group (i.e., GelNB&PEG gel with no HA and no stiffening) as the external
control.
Gene

Forward (5’®3’)

Reverse (5’®3’)

GAPDH

GAAGGTGAAGGTCGGAGTC

GAAGATGGTGATGGGATTTC

[270]

SNAI1

GAGGCGGTGGCAGACTAG

GACACATCGGTCAGACCAG

[295]

VIM

GAACGCCAGATGCGTGAAATG

CCAGAGGGAGTGAATCCAGATTA

[296]

CDH1

GAAAGCGGCTGATACTGACC

CGTACATGTCAGCCAGCTTC

[297]

CDH2

TGTTTGACTATGAAGGCAGTGG

TCAGTCATCACCTCCACCAT

[297]

MMP14

GCAGAAGTTTTACGGCTTGCA

TCGAACATTGGCCTTGATCTC

[298]

SHH

GGAAGCAGCCTCCCGATT

CGAGTCCAAGGCACATATCCA

[299]
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Figure 5.11. Effect of tyrosinase on expression of EMT-related genes. COLO-357 cells were
plated in 24 well plate (1.25×105 cells/well) and cultured for 2 day. Cells were treated with or
without tyrase (1 kU/ml) for 6 hours, collected for mRNA isolation and RT-PCR analysis of mRNA
expression (Mean ± SEM. N = 6).
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Figure 5.12. Evaluation of selected epithelial and mesenchymal markers in PANC-1 cells grown
in HA-containing and soft (i.e., GelNB&HA) or in HA-containing and tyrase-stiffened gels (i.e.,
GelNBHPA&HA). (A) Representative confocal z-stack live/dead stained images of cells in
GelNB&PEG, GelNB&HA, GelNBHPA&PEG, and GelNBHPA&HA gels. Gels were incubated with
tyrosinase for 6 hours on day 2 and transferred to fresh media. (B) mRNA expression levels of
CDH1 (E-cadherin), CDH2 (N-cadherin), SNAIL1, VIM (vimentin), and SHH (sonic hedgehog).
All assays were conducted with samples collected at day 14. (Housekeeping gene: GAPDH. N =
3, Mean ± SEM. ***p<0.001).
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PDAC microenvironment is a complex network of cells, growth factors, and extracellular
matrices whose compositions and properties change significantly as the tumor progresses (Figure
5.1). The dynamic changes in the TME pose significant challenges for in vitro cancer research and
for testing the efficacy of anti-stromal therapeutics. Therefore ideal in vitro 3D cell culture
platforms for cancer research should have modular and adaptable matrix compositions, as well as
dynamically tunable matrix stiffness. Commercial matrices like Matrigel® can provide a
convenient 3D culture model but do not have defined compositions and dynamically tunable
properties, making it difficult to study the impact of ECM on cancer cell behavior and fate.
Alternatively, hydrogels crosslinked by gelatin (Gel) and hyaluronic acid (HA) are increasingly
developed as 3D cell culture matrices owing to their protease degradability and bioactive
sequences that are critical in promoting cell proliferation and migration. Besides complex features
of ECM composition, accumulating evidence suggest that matrix mechanics is an indispensable
parameter regulating cancer cell biology [29, 210, 300]. Numerous studies have utilized synthetic
hydrogels with tunable stiffness to investigate cancer mechanotransduction. For example, our
group has reported GelNB&HA hydrogels formed by visible light initiated thiol-norbornene
photopolymerization to study the influence of hydrogel crosslinking and compositions on PDAC
cell fate [289]. Our earlier efforts have demonstrated that matrix compositions influence the
expression of some critical genes related to tumor progression, such as MMP-14, SHH [289], and
vascular endothelial growth factors (VEGF) [260]. Moreover, PDAC cells grown in stiffer
hydrogels were less susceptible to anti-tumor drugs [288], hence reinforcing the importance of
developing an adaptable tumor-mimetic matrix for in vitro cancer research.
The hydrogels developed in the current study integrated modular thiol-norbornene
crosslinking (Figure 5.1D) [251, 258, 289] with the enzyme-triggered dynamic stiffening strategy
(Figure 5.1E) that we reported previously [213]. The basic macromer used in this study was gelatin
– denatured collagen with enhanced solubility. Native gelatin and modified gelatin macromers are
widely used in tissue engineering and regenerative medicine applications owing to its bioactive
peptide sequences that permit integrin-binding and protease-triggered degradation [301]. Our lab
has also exploited modularly crosslinked gelatin-based hydrogels as 3D cell culture platforms [262,
289, 302, 303]. For example, we utilized GelNB as the main functional macromer to construct
modular hydrogels for encapsulation and in vitro culture of hepatocellular carcinoma (HCC) [262]
and PDAC cells [289]. We have also exploited tyrosinase-triggered di-tyrosine crosslinking for
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dynamically stiffening cell-laden hydrogels and for evaluating its effect on activation of pancreatic
stellate cells (PSCs), the major stroma cells in PDAC [213]. Built upon these work, we report here
the use of modified gelatin (Figure 5.1B), THA (Figure 5.1C), and bioinert macromer (e.g., PEGtetra-thiol, PEG4SH) for constructing gels that were: (1) HA-free and soft (i.e., GelNB&PEG gel),
(2) HA-free and dynamically stiffened (i.e., GelNBHPA&PEG gel), (3) HA-containing and soft (i.e.,
GelNB&HA gel), and (4) HA-containing and dynamically stiffened (i.e., GelNBHPA&HA gel). Note
that gelatin was used in all gel formulations to provide basic cell adhesion and protease-mediated
degradation, whereas only gels composed of GelNBHPA (i.e., GelNBHPA&PEG and GelNBHPA&HA)
were susceptible to tyrosinase-triggered dynamic stiffening.
We fabricated cell-laden hydrogels with lower thiol-ene ratio but with higher content of
GelNBHPA to obtain gels that were initially soft (G’<1 kPa) but could be stiffened to physiologicallyrelevant modulus (G’ ~3 kPa. Figure 5.3C), akin to what is observed in human PDAC samples and
sufficient to induce cell phenotypic and mRNA expression changes [58, 217, 304, 305]. As
expected, tyrosinase-triggered HPA dimerization increased gel crosslinking and stiffness (Figure
5.3C, D, Figure 5.4A). The degree of gel stiffening was highly tunable owing to the modular
crosslinking nature of thiol-norbornene photopolymerization (Figure 5.4A). While soft hydrogels
could be rapidly and completely degraded by collagenase (Figure 5.4B) and hyaluronidase (Figure
5.4C) within hours, tyrosinase-stiffened hydrogels were less sensitive to these enzymes. When
treated with collagenase, degradation followed a surface erosion mechanism regardless of gel
stiffness, as indicated by the almost linear mass loss profiles (Figure 5.4B). This also applied to
hyaluronidase-mediated degradation in soft gels (Figure 5.5C). Exogenously added hyaluronidase,
however, did not result in complete degradation of the stiffened gels (only ~ 25% mass loss (Figure
5.5C). It was possible that the THA used in this study (from ESI·BIO) had high degree of thiolation,
making it difficult for hyaluronidase to cleave HA backbone in a stiffened network. The
susceptibility of HA-containing gels to hyaluronidase could be improved by using THA with lower
degree of substitution. Nonetheless, all matrices were susceptible to degradation induced by cellsecreted enzymes, a feature critical and necessary in cell-mediated matrix remodeling. It should
be noted that these degradation studies were designed to inform the influence of tyrosinasetriggered gel stiffening on subsequent matrix degradation by relevant enzymes (i.e., collagenase
and hyaluronidase). The fact that the stiffened gels were susceptible to exogenously added
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enzymes (especially collagenase) suggests that the encapsulated PDAC cells would still be able to
degrade stiffened matrix locally, hence facilitating their proliferation, invasion, and migration.
The changes in cell morphology among different gel formulations and stiffening conditions
indicated that 3D matrix composition exerts a profound impact on PDAC cell fate. Through
modular control of gel compositions and dynamic stiffening, we show that the presence of HA in
a soft gel (i.e., GelNB&HA) or an HA-free but stiffened gel (i.e., GelNBHPA&PEG) hindered the
growth of PDAC cells in 3D (Figure 5.6A), underscoring the complex relationship between cell
proliferation, HA levels, and TME stiffness. On the other hand, smaller spheroids observed in the
stiffened and HA-free gel could be a result of stress-induced signaling and physical restriction
imposed by tighter network crosslinking after stiffening. We have observed a similar phenomenon
in PDAC cells using hydrogels with higher but static stiffness [289]. However, the negative impact
of network-immobilized HA on spheroid sizes was surprising since HA has been shown to induce
PDAC cell proliferation in 2D culture [306]. The suppression of spheroid growth compared with
that in soft and HA-free gel (i.e., GelNB&PEG) could be due to the dependence of HA-mediated
mitogenic signaling on matrix stiffness. Interestingly, when cells were grown in HA-containing
and stiffened gels (i.e., GelNBHPA&HA), significant cell spreading was observed (Figure 5.6A and
B). This could be attributed to the upregulation of mRNAs implicated in the Ras/MAPK pathway,
including RAC1, RAC2, RHOA, and RAF1 (Figure 5.9B), and EMT-induced alterations. The
upregulation of these mRNAs could lead to enhanced proliferation and to increased cell
migration/invasion as observed in the stiffened and HA-containing hydrogel.
We also identified mRNAs that were upregulated only when the cells were encapsulated
in stiffened gels (Figure 5.9A), in HA-containing gels (Figure 5.9B), or in HA-containing and
stiffened gel (Figure 5.9C). We found that FIGF, ELK1, KRAS, SRC, and NOTCH1 were
upregulated in cells grown in HA-containing gels, and that their expression was further
upregulated when combined with gel stiffening. These findings are of crucial importance for
several reasons. First, increased expression of KRAS and SRC is known to enhance tumorigenesis
and metastasis [217, 307], and here we show for the first time that their expression is upregulated
by key features found in the PDAC TME. Second, the upregulation of FIGF likely leads to
increased levels of VEGF-D, which is known to promote lymph node metastasis in PDAC [24,
308]. Third, NOTCH1 encodes Notch 1, whose activation correlates with increased drug resistance
in PDAC [309-311].
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Another interesting phenomenon is the elevated expression of MMPs, which are involved
in ECM degradation and cancer cell invasion [312, 313]. We noted high levels of MMP-7, the
smallest member of the MMP family yet endowed with high proteolytic activity [314], in all
experimental groups (compared to that in GelNB&PEG hydrogel). On the other hand, MMP-2 was
only highly expressed in gels that were stiffened dynamically regardless of HA presence (Figure
5.9A). These findings suggest that our modular and dynamic hydrogels are ideal for future studies
regarding the influence of matrix components on the expression and activity of MMPs or as an
adaptable platform to test the efficacy of anti-MMP therapeutics. Furthermore, in a stiffened
tumor-mimetic hydrogel, HA was found to upregulate mRNAs responsible for enhancing cancer
cell survival and drug resistance (i.e., AKT1, AKT2, PIK2R1, PIK3R2, NFKNB1, and RELB.
Figure 5.8 and Figure 5.9C).
Additional genes in the EGF and TGF-β pathways were significantly upregulated only in
the setting of a stiffened and HA-containing microenvironment. These genes included TGF-βR1,
TGF-β2, and EGFR (Figure 5.9C). Moreover, TGF-β3 was upregulated in the setting of a stiffened
gel and further upregulated when combined with HA (Figure 5.9A). These signaling events may
collaboratively lead to enhanced EMT in PDAC cells (Figure 5.10A). In addition, these
observations underscore the fact that EGFR and TGF-β pathways are known to cross-talk in the
context of upregulated KRAS activity, thereby lead to autocrine dysregulation that promotes
invasion and metastasis, as well as to aberrant paracrine actions that contribute to the desmoplasia
in the TME and that impair cancer-directed immune mechanisms [315, 316]. While previous
efforts have led to current understanding of soluble factors (e.g., growth factors, cytokines, soluble
HA) on PDAC cell growth and EMT, the influence of 3D matrix compositions and time-dependent
mechanics on PDAC cell fate remains elusive owing to the lack of a modular and adaptable
biomimetic culture platform. Although the GelNBHPA&HA gel system developed here only
recapitulated aspects of the complex PDAC stroma, it nonetheless provides a highly relevant
dynamic biomaterial platform for studying tumor cell-materials interactions in a reductionistic
manner. In this contribution, we reported the unique synergistic roles of HA and a stiffening matrix
on PDAC cell behaviors, which has not been reported before. Built upon the current system, other
stroma-relevant components (e.g., fibronectin, laminin) may be added in future studies to
understand the crosstalk between these stroma components and matrix mechanics on PDAC cell
fate processes. Furthermore, the enzyme-responsive matrix stiffening approach is highly
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cytocompatible, controllable, and adaptable for creating cell-laden gels with spatial-temporally
regulated stiffness. For example, our on-going work is focused on generating biomimetic gels with
stiffness gradient to evaluate durotatic cell migration and invasion in 3D. The system can be further
exploited in the future for studying molecular signaling induced by specific tumor matrix
compositions, as well as for testing the efficacy of anti-stromal therapeutics.

5.4

Material and Methods
Gelatin type B, THA (MW: ~300 kDa), and PEG4SH (MW: 10 kDa) were obtained from

Electron Microscopy Sciences, ESI Bio, and JenKem Technology USA, respectively.
Collagenase-1 (300 U/mg) and hyaluronidase (770 U/mg) were purchased from Worthington
Biochemical. All the other chemicals were obtained from Thermo Fisher unless noted otherwise.
5.4.1

Synthesis of functionalized gelatin macromers
The synthesis of GelNBHPA was achieved in two steps. First, gelatin-norbornene (GelNB)

was synthesized by reacting gelatin with carbic anhydride as described previously [302]. The
second functional group, HPA, was conjugated on the remaining amine groups on GelNB through
standard carbodiimide chemistry with 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC)
and N-hydroxysuccinimide (NHS) as the coupling reagents [317]. The reaction was carried out for
24 hours and the degree of substitution was determined using fluoraldehyde assay with unmodified
gelatin as the standards. The functionalization was also characterized by UV/Vis
spectrophotometry (Synergy HTX microplate reader, BioTek Instruments) and 1H NMR (Avance
III 500, Brüker).
5.4.2

Hydrogel fabrication and characterization
Hydrogels were prepared by reacting norbornene moieties of functionalized gelatin with

thiol motifs on PEG4SH or THA via thiol-norbornene photopolymerization [229, 251]. Briefly,
precursor solutions (45 µl/gel) composed of macromers and photoinitiator lithium acylphosphinate
(LAP, 1 mM) were injected between two glass slides separated by 1-mm thick spacers. Gelation
was achieved in 2 minutes under 365 nm light exposure (5 mW/cm2). Hydrogels were swollen in
DPBS at 37ºC for 2 hours prior to characterization or stiffening experiments. Gelation kinetics and
mechanical properties of hydrogels were characterized with a digital rheometer (Bohlin CVO100,
Malvern Instruments). In situ gelation was performed in time-sweep mode using 10% strain, 1 Hz
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frequency, and a gap size of 90 µm. Hydrogel bulk moduli were obtained from averaging the linear
region of the modulus-strain curves in strain-sweep mode (8 mm parallel plate geometry with a
gap size of 700 µm).
5.4.3

Tyrosinase-initiated reaction for on-demand gel stiffening
Tyrosinase-mediated hydrogel stiffening was performed by incubating the pre-formed

hydrogels in tyrosinase solution as described previously [213]. Afterwards, gels were transferred
to DPBS (for cell-free gels) or fresh media (for cell-laden gels) in order to remove the residual
tyrosinase trapped in the hydrogels.
5.4.4

Enzymatic degradation of soft and stiffened hydrogels
Collagenase-1 and hyaluronidase were used to evaluate the susceptibility of the hydrogels

to on-demand enzymatic degradation. Briefly, hydrogels were prepared with or without tyrase triggered stiffening as described in the section above. The gels were incubated in DPBS for one
day prior to gravimetrically weighing to determine the initial gel mass (M0). Next, gels were
incubated in respective enzyme solution for predefined periods of time and weighed to obtain
current mass (Mt) and to determine percentage of mass loss (i.e., 100%×(M0–Mt)/M0). The
degradation process was continued until the gels were completely degraded or no substantial
changes in mass loss were observed.
5.4.5

PDAC cell culture, encapsulation, and characterization
COLO-357, a PDAC cell line with wild-type KRAS, was maintained in high glucose

DMEM supplemented with 10% of fetal bovine serum (FBS, Gibco) and penicillin-streptomycin
(Gibco, 50 U/ml for both antibiotics). Cells were maintained in a standard cell culture incubator
(37°C, 5% CO2). Prior to encapsulation, cells were trypsinized and suspended in precursor
solutions (to 2×106 cells/mL) composed of photoinitiator LAP and required macromers (i.e.,
PEG4SH, THA, GelNB, or GelNBHPA at desired concentrations as denoted in each Figure). Cellprecursor solution (25 µl) was loaded to a 1 mL disposable syringe with cut-open tip and exposed
to 365 nm light (5 mW/cm2) for 2 minutes. Cell-laden hydrogels were cultured in a 24-well plate.
To evaluate cells viability, cell-laden gels were stained with live/dead staining kit (Life
Technologies; Calcein-AM stained live cells green, Ethidium homodimer-1 stained dead cells red)
and imaged via confocal microscopy (Olympus Fluoview FV100 laser scanning microscope). Zstack images (100 µm thick, 10 µm per slice) were obtained from a minimum of three random
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areas within hydrogels. In addition, cells metabolic activity was obtained by using AlamarBlue
assay (AbD Serotec; 10% in culture media, 2.5 hour of incubation time) and quantified via a
microplate reader (Synergy HTX, BioTek). Additional cell encapsulation studies were conducted
using another human PDAC cell line, PANC-1, which harbors mutated KRAS.
5.4.6

RNA Isolation, reverse transcription PCR, and real-time PCR
Samples of cell-laden hydrogels were collected in DNase/RNase-free microtubes, flash-

frozen in liquid nitrogen and stored in -80°C. Total RNA was isolated from the encapsulated cells
with NucleoSpin RNA II kit (Clontech). The concentration and purity of RNA were obtained by
NanoDrop 2000 Spectrophotometer (Thermo Scientific). Next, purified mRNA samples were
converted into complementary DNA (cDNA) with PrimeScript RT Reagent Kit (Clontech,
TaKaRa). For Taqman® array experiments, only samples with concentration greater than 100
ng/mL, 260/280 > 2.0, 260/230 > 1.8 were used. cDNA samples were diluted to 100 ng/mL and
mixed with same volume of Taqman® fast universal master mix. For 96 well TaqMan® Array Gene
Signature Sets, 10 µl mixture was deposited in each well and detected by Applied Biosystems
7500 Fast Real-Time PCR machine. Three biological replicas were used for each experimental
condition. Additional qPCR on EMT-related genes was performed using cDNA and SYBR Premix
Ex TaqII kit (Clontech) with appropriate primers as listed in Immunofluorescence staining and
imaging
F-actin staining was used to visualize cytoskeletal structure of cells encapsulated in 3D
environment with different matrix properties. Briefly, encapsulated cells were fixed in 4%
paraformaldehyde for an hour at room temperature on an orbital shaker. Following fixation,
samples were rinsed with DPBS and permeabilized with 1 mg/mL saponin at room temperature
for 45 min. The samples were then washed with DPBS and blocked with 1% BSA and 10% FBS
overnight at 4°C with shaking. The gels were then incubated overnight at 4°C in phalloidin solution
(100 nM) and then washed with DPBS. Cell nuclei were counter-stained with DAPI (1:1000) for
an hour at room temperature and rinsed three times with DPBS. Z-stack images (15 µm thick, 1
µm per slice) were obtained with a confocal microscope. To examine potential EMT effect on the
encapsulated

cells,

E-cadherin

(E-cad)

and

N-cadherin

(N-cad)

were

stained

by

immunofluorescence. In brief, cell-laden gels were fixed, permeabilized, and blocked as described
previously [318], followed by incubation with Rabbit anti-E-cad (1:100) and Mouse anti-N-cad
(1:100) at 4˚C for two days. After washing with DPBS extensively, samples were incubated with
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goat anti-Rabbit IgG (H+L)-Texas red or Alexa Fluor® 488-labeled goat anti-mouse IgG F(ab’)2
for two days at 4˚C with gently shaking. Following by rinsing with DPBS and counter-staining
with DAPI (1:1000), the samples were imaged by z-stack images (25 µm thick, 1 µm per slice)
confocal microscopy with appropriate filters.
5.4.7

Statistical Analysis
All experiments were conducted independently three times with a minimum of three

samples per condition. Numerical data were analyzed with two-way ANOVA on GraphPad Prism
7 software and reported as Mean ± SEM. Single, double, and triple asterisks represent p<0.05,
0.001, and 0.0001, respectively. p<0.05 was considered statistically significant. For analyzing of
Taqman® mRNA expression array, pairs of groups were compared with one-way ANOVA using
Gel/PEG gels as the control (IBM SPSS software), following by Bonferroni post-analysis (Table
5.1).

5.5

Conclusion
In conclusion, we have designed a biomimetic hydrogel capable of mimicking the diverse

biochemical compositions and dynamic biophysical environment of pancreatic desmoplasia. The
modular thiol-norbornene crosslinking of gelatin, HA, and PEG-based macromers decoupled the
influence of HA and matrix stiffness on PDAC cell fate. Furthermore, the inclusion of HPA motif
rendered the gels responsive to tyrosinase-triggered HPA dimerization and additional gel
crosslinking. Through modular design, the hydrogels could be stiffened with high controllability.
PDAC cells responded to the stiffening or HA-containing gel with limited cell proliferation. On
the other hand, we confirmed that HA and matrix stiffening synergistically promoted invasive
phenotype in PDAC cells, most likely a result of matrix-induced EMT. The desmoplasia-mimetic
hydrogel developed here provides a diverse material platform for studying PDAC cell fate. Future
work will focus on utilizing this versatile system for investigating cellular response to therapeutics
under various matrix composition and mechanical properties.
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DYNAMIC PEG-PEPTIDE HYDROGELS VIA VISIBLE LIGHT AND
FMN-INDUCED TYROSINE DIMERIZATION

(As published in Advanced Healthcare Materials, 2018 (7) 1800954)

6.1

Abstract
Photo-responsive hydrogels have become invaluable three-dimensional (3D) culture

matrices for mimicking aspects of extracellular matrix (ECM). Recent efforts have focused on
using ultraviolet (UV) light exposure and multifunctional macromers to induce secondary hydrogel
crosslinking and dynamic matrix stiffening in the presence of cells. This contribution reports the
design of a novel yet simple dynamic poly(ethylene glycol)-peptide hydrogel system through
flavin mononucleotide (FMN) induced di-tyrosine crosslinking. These di-tyrosine linkages
effectively increase hydrogel crosslinking density and elastic modulus. In addition, the degree of
stiffening in hydrogels at a fixed PEG macromer content can be readily tuned by controlling FMN
concentration or the number of tyrosine residues built-in to the peptide linker. Furthermore,
tyrosine-bearing pendant biochemical motifs could be spatial-temporally patterned in the hydrogel
network via controlling light exposure through a photomask. The visible light and FMN induced
tyrosine dimerization process produces cytocompatible and physiologically relevant degree of
stiffening, as shown by changes of cell morphology and gene expression in pancreatic cancer and
stromal cells. This new dynamic hydrogel scheme should be highly desirable for researchers
seeking a photo-responsive hydrogel system without complicated chemical synthesis and
secondary UV light irradiation.

6.2

Introduction
Hydrogels with tunable physicochemical properties have been extensively utilized as three-

dimension (3D) cell culture platforms [258]. To mimic a cellular microenvironment, hydrogels are
commonly immobilized with biochemical motifs, including cell adhesive peptides (e.g.,
fibronectin-derived peptide sequence, RGD) or proteoglycans derived from extracellular matrix
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(ECM) (e.g., heparin sulfate proteoglycan, hyaluronan, etc.) [319]. These signaling motifs are
crucial for guiding complex cell-matrix interactions, as well as for promoting tissue morphogenesis
within the otherwise inert matrix. On the other hand, mechanical properties of native tissue play
an indispensable role in stem cell differentiation and cancer progression [213, 241, 267, 320-322].
In order to investigate the effect of matrix mechanics on cell fate processes in 3D, cells are typically
encapsulated in gels with varying but static or degrading mechanical property. However, recent
studies have revealed the critical influence of spatial-temporal (i.e., dynamic) changes in tissue
mechanics on cell behaviors [321]. Unfortunately, conventional cell culture devices cannot be
readily adapted to study the influence of dynamic matrix properties on cell fate processes.
Photo-responsive materials are ideal candidates for designing dynamic cell-laden
hydrogels. The most common approach is to perform cell encapsulation using photo-responsive
materials that are compatible with secondary crosslinking. For example, Burdick and colleagues
prepared photo-responsive hydrogel from acrylated hyaluronic acid (AHA) and bis-cysteinebearing matrix metalloprotease (MMP) sensitive peptides [323, 324]. The hydrogel was partially
crosslinked through Michael-type addition between acrylate and thiol motifs, leaving additional
acrylates available for photoinitiator (I-2959) and UV-light mediated in situ gel stiffening. In
another example, Mabry et al. and Fiedler et al. designed dynamic hydrogels through repeated
photopolymerization of cell-laden hydrogels [101, 325]. Photopolymerized hydrogels were
submerged in buffer solution containing additional PEG macromers and photoinitiator (lithium
phenyl-2,4,6-trimethylbenzoylphosphinate, LAP). The macromer/initiator imbibing gels were
polymerized again under UV light exposure to create ‘double network’, which exhibited higher
degree of crosslinking and gel stiffness. These gels could also be regionally patterned with
bioactive peptides through utilizing a photomask [325]. While the use of I-2959 or LAP enables
gel crosslinking and stiffening, these cleavage-type photoinitiators generate highly reactive
radicals upon absorbing light at the UV spectrum (e.g., 365 nm) [272]. LAP does absorb light at
the visible light wavelength (405 nm) [303]. However, high concentration (e.g., ~6 mM) is
generally required to achieve significant degree of additional crosslinking owing to its low molar
absorbability at the visible light wavelengths [326].
Non-cleavage type (type II) photoinitiators or photosensitizers, such as eosin-Y (EY) [327,
328], rose bengal (RB) [329], and riboflavin (RF) [330] can also be used to initiate
photopolymerization under visible light (400-700 nm) exposure. These types of photoinitiators
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have been noticed capable of oxidatively coupling phenolic residues, such as tyrosine and
tryptophan [331]. A particularly attractive type II photoinitiator is RF (i.e., vitamin B2) and its
natural derivatives, including flavin adenine dinucleotide (FAD) and flavin mononucleotide
(FMN). Flavins are natural photo-sensitizers that are commonly used as food additives and have
high molar absorbability at the UVA (370 nm) and visible light spectra (440 and 480 nm) [332].
Therefore, flavins have been harnessed as photoinitiators for UV or visible light-initiated hydrogel
crosslinking [333-335]. Finally, compared to RF, FMN has much high solubility in water (92
mg/ml for FMN v.s. 0.045 mg/ml for RF), making it an ideal choice for preparing photo-responsive
hydrogels [336].
Current photo-responsive dynamic hydrogels have been successfully used to answer
important biological questions, such as the effect of changing matrix mechanics on activation of
human mesenchymal stem cells [239, 337], hepatic stellate cells [267, 326], and valvular
interstitial cells [101]. However, the preparation of these dynamic hydrogels usually requires
multiple steps of chemical synthesis and purification that may not be friendly to many biomedical
laboratories. Here, we introduced a simple photo-responsive dynamic PEG-peptide hydrogel
system via visible light and FMN-induced tyrosine dimerization within a step-growth gel network.
Following the initial thiol-norbornene gel crosslinking, soluble FMN was added in the hydrogel
via diffusion to permit visible light induced tyrosine dimerization, which led to on-demand
hydrogel stiffening. The degree of stiffening could be readily tuned through adjusting dosage of
visible light exposure and FMN concentration, as well as the amount of tyrosine residues built-in
in the sequence of the peptide crosslinkers. In addition to investigating the conditions and
parameters for dynamic gel crosslinking, we also demonstrate spatiotemporally tunable stiffening
scenarios and post-gelation conjugation/patterning of biochemical motifs. Finally, we evaluated in
vitro cytocompatibility of the visible light-mediated stiffening process and utilized this platform
to study the impact of matrix stiffening on responses of pancreatic cancer cells (PCCs) and cancerassociated fibroblasts (CAFs). Since all components used in this study (i.e., PEG macromers,
peptides, LAP, FMN) as well as the visible light source (a cold halogen microscope light) can be
acquired commercially, this dynamic hydrogel system should be beneficial to many biomedical
laboratories interested in studying cell biology in a dynamically tunable microenvironment.
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6.3
6.3.1

Result and Discussion
Dynamic hydrogel stiffening via visible light and FMN-initiated tyrosine dimerization
FMN has been recently used as a visible light photoinitiator in thiol-ene polymerization of

PEG-based hydrogels [336]. In the current contribution, we discovered that visible light and FMN
initiated photochemistry could be used as a cytocompatible mechanism for tuning crosslinking
density of PEG-peptide hydrogels if the peptide crosslinkers contained at least one tyrosine residue.
We fabricated the primary hydrogel using PEG8NB (Figure 6.1A) and bis-cysteine peptide linkers
(e.g., CYGGGYC, Figure 6.1B) via LAP initiated thiol-norbornene photopolymerization (Figure
6.1C) [33]. In principle, tyrosine residues on the peptide crosslinker were susceptible to visible
light and FMN-mediated dimerization, leading to increased crosslinking density of the PEGpeptide hydrogel (Figure 6.1D).
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Figure 6.1.
Schematics of ﬂavin mononucleotide (FMN) & visible light-mediated dynamic
hydrogel fabrication. (A) Chemical structure of PEG8NB. (B) Bis-cysteine-bis-tyrosine containing
peptide crosslinker (i.e., CYGGGYC). (C) Crosslinking of primary gel network via thiolnorbornene photopolymerization. (D) FMN and visible light induced di-tyrosine crosslinking and
hydrogel stiffening.
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Following thiol-norbornene photopolymerization, soft hydrogels (G’~ 1-1.2 kPa) were
incubated in buffer solution containing 1 mM FMN for 30 min to allow its equilibration in the gel.
We determined that 30 min incubation was sufficient for FMN (MW: 456.3 g/mol; D0 = 4.8 × 1010

m2/s) [338] to reach equilibrium in the hydrogel based on a model developed previously [213].

First, we fabricated hydrogels with different crosslinking densities and measured their respective
swelling ratios (Q, Figure 6.2A), which were used to calculate mesh sizes (x, Figure 6.2B) [122].
The later were used to derive FMN diffusivity in hydrogels using the Lustig-Peppas relationship
[218]. For example, it was determined that for stiff hydrogels with shear moduli of 5 kPa, FMN
diffusivity was reduced to 4.54 × 10-10 m2/s, or 95% of D0. The small reduction of FMN diffusivity
in stiff hydrogel was reasonable due to its small molecular size. We utilized this diffusivity to
estimate the time needed for FMN to reach 99% of that in the solution. As shown in Figure 6.2C,
30 minutes of incubation was sufficient for the center of the gel to reach CFMN/C0 = 0.99.
Experimentally, hydrogel color changed from transparent to bright yellow (color of FMN) after 30
min incubation in 1 mM FMN solution (Figure 6.4A). After visible-light exposure for 2 minutes,
the gels were transferred to PBS for 30 min to allow for the removal of residual soluble FMN. At
which time, the gel returned to transparent, suggesting that FMN was not retained in the poststiffened hydrogels. The initially soft (G’ ~1 kPa) hydrogels were effectively stiffened to ~2.3 kPa
after the visible light and FMN-initiated stiffening process (Figure 6.1B)and the stiffened
hydrogels remained elastic as demonstrated by the strain-independent moduli. It is worth noting
that all components used in this study were commercially available, including the linear peptides
crosslinkers that can be designed to exhibit other functionality (e.g., protease sensitive sequence).
Furthermore, while thiol-norbornene photopolymerization was used here to prepare the primary
PEG-peptide hydrogel network, this stiffening strategy can be applied to other step-growth
hydrogels, such as those prepared by multi-arm PEG-vinyl sulfone/PEG-maleimide via Michaeltype addition, or by other commercially available click-based macromers.
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Figure 6.2.
(A) Swelling ratio, (B) mesh size, and (C) water content of PEG-peptide hydrogels
with G’ of 1 or 2.5 kPa. Gels were prepared by PEG8NB (2.5 wt% and 3.0 wt%) and CYGGGYC
peptide (5 mM and 6 mM) via light exposure (365 nm, 5 mw/cm2) for 2 minutes. 1 mM LAP was
used as photoinitiator for the initial gelation. (D) Concentration proﬁles of FMN in PEG-peptide
hydrogel as predicted by the Fick’s 2nd law of diffusion. DFMN = 4.54×10-10 m2 /s. Gel thickness =
1 mm. Data presented as mean ± SEM, N = 3.
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Figure 6.3.
Rheological property of gels prepared by macromers PEG8NB (2.5 wt%) with
peptide crosslinkers CYGGGYC (5 mM). Gels were crosslinked by thiol-norbornene
photopolymerization using 1 mM LAP as the photoinitiator (365 nm, 5 mw/cm2 for 2 minute).
After initial gelation, hydrogels were incubated in 1 mM FMN and stiffened by visible light (440
nm, 3 mW/cm2, 2 minute). Strain-sweep shear moduli of stiffened gels were measured 24 hours
after incubation in PBS.
After establishing the feasibility of FMN-induced photo-stiffening, we adjusted several
parameters to identify a range of conditions suitable for inducing stiffening to a
pathophysiologically relevant degree (G’~ 4 to 6 kPa).[260, 305] When the gels were incubated in
buffer containing 0.1 mM FMN, no significant stiffening was observed (Figure 6.4B) under 3
mW/cm2 of visible light (440 nm) exposure for 2 minute. When FMN concentrated was increased
to 0.5 mM, the same light exposure led to almost 2-fold of stiffening (i.e., G’ from ~1.2 to ~ 2.3
kPa. Figure 6.4B). Further increasing FMN concentration to 1 mM did not improve the degree of
stiffening. Next, we prepared gels by PEG8NB and peptide crosslinker with 0, 1, 2, or 3 tyrosine
residues (i.e., CGGGC, CGGYGGC, CYGGGYC, and KCYGGYGGYCK). Under a
stoichiometric ratio of thiol to norbornene, the use of these peptides led to different amount of
tyrosine residues immobilized in the hydrogels (i.e., 0, 5, 10, 15 mM, respectively). As expected,
gels crosslinked by peptide without tyrosine (i.e., CGGGC) were not susceptible to FMN and
visible light-induced stiffening (0 mM group in Figure 6.4C). On the other hand, gels crosslinked
with increasing tyrosine residues (i.e., 5 mM CGGYGGC, 10 mM CYGGGYC, or 15 mM
KCYGGYGGYCK) exhibited increased gel moduli (from 1 kPa to 1.9, 2.2, and 2.5 kPa,
respectively. Figure 6.4C).
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Figure 6.4.
Effect of FMN and tyrosine residues on hydrogel stiffening. (A) Images of soft
hydrogel (2.5 wt% PEG8NB, 5 mM CYGGGYC) formed by thiol-norbornene
photopolymerization (left), gel after incubation with 1 mM FMN for 30 min (middle), and gel after
stiffening and additional incubation in PBS for 30 min to remove soluble FMN (right). (B) Shear
moduli of hydrogels before and after FMN & visible light-mediated stiffening at different FMN
concentrations. (C) Shear moduli of hydrogels formed with different contents of tyrosine residues
in the peptide crosslinker (i.e., 0Y, 1Y, 2Y, and 3Y peptides). Data were presented as mean ± SEM
(N = 3). P-values were calculated using one-way ANOVA with Bonferroni correction, (*p<0.05,
**p<0.01, and ***p<0.001). In collaboration with Han D. Nguyen.
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6.3.2

Investigating mechanism of FMN and visible-light mediated di-tyrosine crosslinking
Different from cleavage-type photoinitiators that generate radicals via photolysis,

polymerization initiated by non-cleavage type photoinitiators was based on electron transfer
(Figure 6.5A)35. In the case of FMN, its ground state is excited to short half-life singlet state
(1FMN*, t1/2 = 5 ns) upon visible light exposure, and then to triplet state (3FMN*, t1/2 = 15 µs) with
longer half-life through intersystem crossing (ITC).[339, 340] Triplet state FMN (3FMN*) is a
strong oxidant capable of generating tyrosyl radical from tyrosine in type 1 reaction (Figure
6.4A).[340] The redox state of 3FMN*, flavin-hydroquinone (FMNH2) could further react with
dissolved O2, regenerating FMN and producing hydrogen peroxide (H2O2). On the other hand, in
Type 2 reaction, 3FMN* generates tyrosyl radical by means of singlet oxygen (1O2) excitation
without producing hydrogen peroxide (Figure 6.5B). We reasoned that gel stiffening observed in
Figure 6.3A was a result of FMN-initiated tyrosyl radicals’ combination, leading to di-tyrosine
crosslinking. We monitored contents of dissolved O2 and reactive by-product H2O2 during the
photoreaction. After 2 minutes of visible light exposure in the presence of 15 mM soluble tyrosine,
dissolved O2 decreased from 20% to 18% (Figure 6.5B). No oxygen reduction was detected in the
absence of tyrosine. Under the same light irradiation conditions, H2O2 concentration increased
from 0 to 0.16 mM in the presence of 15 mM soluble tyrosine (Figure 6.5C). Note that even in the
absence of tyrosine, FMN and visible light mediated photooxidation still produced H2O2, albeit in
lower amounts. The O2 consumption and H2O2 production profiles were indicative of type 1
reaction mechanism. Additional experiments revealed that, in the presence of soluble tyrosine,
FMN and visible light exposure led to significant increase of sample absorbance at 314 nm, which
was indicative of di-tyrosine formation (Figure 6.5D). These results were consistent with literature
regarding the effect of visible light and FMN on tyrosine.[341]
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Figure 6.5.
Investigation of FMN & visible light-induced photochemistry. (A) Potential
mechanisms of FMN-induced tyrosyl radical formation. (B) Oxygen consumption in the absence
or presence of 15 mM tyrosine (L-tyr). (C) Hydrogen peroxide (H2O2) production in the absence
or presence of 15 mM L-tyr. (D) Solution absorbance at 314 nm as a function of light exposure
time. All photo-reactions were conducted in the presence of 1 mM FMN with visible light exposure
(440 nm, 3 mW/cm2). Data were presented as Mean ± SEM (N = 3). In collaboration with Han D.
Nguyen.
6.3.3

Cytotoxicity of FMN and visible-light mediated di-tyrosine crosslinking
Prior to applying the FMN-mediated reaction to stiffening cell-laden hydrogels, we

evaluated cytotoxicity of this photochemistry using MTT assay. Specifically, COLO-357 cells, a
PCC line, were incubated with soluble tyrosine (i.e., 15 mM) in 2D well plate to test effect of the
additional tyrosines on cell viability (Figure 6.6A). Additionally, cytotoxicity of FMN & visible
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light-mediated reaction were also evaluated by incubating cells with 15 mM tyrosine and 1 mM
FMN, followed by exposure of visible light with different duration (i.e., 1 to 5 minute) at 3
mW/cm2 (Figure 6.6B) or with various intensities (i.e., 1.5, 3, 6 mW/cm2) for 2 minute (Figure
6.6C). Results indicated that cell viability were above ninety percent for all conditions, suggesting
that the parameters used in this study did not cause noticeable cell death. This is not surprising as
under these conditions, we only expect a slight elevation of H2O2 production (e.g., ~0.15 mM after
2-minute light exposure. Figure 6.5C) and a mild reduction in dissolve oxygen (e.g., ~2 %
reduction after 2-minute light exposure (Figure 6.6). Combining the results of dynamic hydrogel
stiffening (Figure 6.3) and cytotoxicity of FMN photochemistry (Figure 6.5), we have identified a
range of reaction conditions suitable for future cell studies (see section 6.4.5 and 6.4.6).

Figure 6.6.
Cytotoxicity of visible light and FMN-based photochemistry. COLO-357 cells
were cultured in a 24-well plate with seeding density of 5×104 cells/well. Cells were cultured for
2 days prior to the visible light treatment and viability was evaluated via MTT assay. (A) Effect
of soluble tyrosine. (B) Effect of visible light exposure (3 mW/cm2) in the presence of 15 mM Ltyr. (C) Effect of light intensity (3 minute) in the presence of 15 mM L-tyr. All the conditions were
normalized to the well without treatment. Data presented as Mean ± SEM, N = 3.
6.3.4

Physicochemical patterning of hydrogel network
We next demonstrated that the degree of dynamic stiffening could be modulated by

controlling the duration and intensity of light exposure without changing formulation of gel
precursors or concentration of FMN. Specifically, PEG8NB-peptdie hydrogels initially
crosslinked with shear moduli of 1 kPa were incubated with 1 mM FMN for 30 minutes, followed
by visible light (3 mW/cm2) irradiation for 0.5-7 minute or with intensity from 0.6-3 mW/cm2 (for
3 min). Bulk gel moduli were characterized before and after the secondary visible light treatment.
As shown in Figure 6.7A, longer duration of light exposure led to higher magnitude of gel
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stiffening (~1.7 to ~2.5-fold). Similar degrees of stiffening were achieved via adjusting light
intensity (Figure 6.7B). In addition to changes in matrix mechanics, spatially distributed
biochemical cues in ECM also regulate cell behavior. To exploit the potential of FMN-mediated
photochemistry on presenting biochemical cues spatiotemporally, we designed a proof-of-concept
experiment where controlled amounts of 5(6)-Carboxy-X-rhodamine-tyramide (5(6)-ROXtyramide) were patterned as strips in hydrogels via tuning the duration of light exposure through a
photomask (Figure 6.7C). The patterned hydrogels were imaged by confocal microscopy. As
shown in Figure 6.7D, higher 5(6)-ROX fluorescence were detected in strips with longer visible
light exposure. By analyzing fluorescent intensity semi-quantitatively with Image J (Figure 6.7E),
we showed that the 5(6)-ROX patterned gels exhibited regions of higher intensities correlated
proportionally to visible light dosage (i.e., 3 and 5 minute). Similar to the patterning of 5(6)-ROXtyramide, future work may focus on visible light and FMN-based immobilization or patterning of
tyrosine-containing peptides/proteins for providing desired biochemical signaling to the cells.

148

Figure 6.7.
Spatial-temporal control of hydrogel stiffening and biochemical patterning. (A)
Effect of visible light exposure time on stiffening (at 3 mW/cm2). (B) Effect of visible light
intensity on stiffening (exposure for 2 minute). Data were presented as Mean ± SEM (N = 3). (C)
Schematic of photopatterning of biochemical motifs. (D) Photopatterning of hydrogels with 5(6)ROX-tyramide. Hydrogel was crosslinked by PEG8NB and CYGGGYC peptide. Light intensity
was 30 mW/cm2. (E) Fluorescence intensity proﬁle of the hydrogel photopatterned with 5(6)ROX-tyramide. Intensity of 5(6)-ROX throughout the gel was normalized to that on region treated
with 1 minute of light exposure. Numerical data were presented as Mean ± SEM (N = 3). In
collaboration with Han D. Nguyen.
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6.3.5

Effect of dynamic matrix stiffening on PCC behavior
To study the influence of the temporal matrix stiffening on cell fate processes, we evaluated

formation of multicell spheroids and expression of selected genes at the mRNA level in COLO357 cells grown in modularly crosslinked and dynamically stiffened hydrogels. We first prepared
two groups of cell-laden gels (i.e., PEG8NB crosslinked by CGGGC or KCYGGYGGYCK
peptide) with similar initial stiffness (G’~ 1 kPa). All cell-laden gels were treated with soluble
FMN (1 mM) and visible light (3 mW/cm2) for 3 minute one-day post-encapsulation. Only gel
crosslinked by tyrosine-containing peptide could be dynamically stiffened. Note that although the
stiffened gels would exhibit decreased swelling compared to the non-stiffened and soft gel (Figure
6.2A), they still had high water content (~95.8%) as shown in Figure 6.2B. After 2-week of culture,
the encapsulated single cells grew into PCC spheroids in both soft and stiffened gels. However,
spheroids formed in gels susceptible to FMN-mediated stiffening were smaller than those formed
in the statically soft hydrogels (Figure 6.9A). We quantified spheroid size from the live/dead
stained images and found that average diameter of PCC spheroids on day 2 was around 18 µm in
both conditions (Figure 6.9B). The differences in spheroid size were statistically significant on day
7 and 14. After two weeks of culture, the average spheroid size in soft gels was ~39 µm and that
in the stiffened gels was only ~28 µm. Additionally, cell metabolic activity was consistently and
significantly lower in dynamically stiffened matrices (i.e., day 7 and 14, Figure 6.9C). These
phenomena could be attributed to slower cell growth imposed by the strain of a tighter hydrogel
network, a result similar to our previous findings [289].
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Figure 6.8.
Effect of hydrogel stiffening on in vitro culture of COLO-357 cells. (A) Cell
spheroid formation in soft (non-stiffened) and stiffened hydrogels. Cell-laden hydrogels were
stained with live/dead staining kit and imaged with confocal microscopy. (B) Diameters and (C)
metabolic activity of cell spheroids formed in the dynamically stiffened hydrogels (N = 100). (D)
mRNA expression on day 14. Housekeeping gene: GAPDH (2-∆∆Ct method). Data were presented
as Mean ± SEM (N = 3) P-values were calculated using one-way ANOVA with Bonferroni
correction, (*p<0.05, **p<0.01, and ***p<0.001).
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In addition to cell morphology, we also examined the effect of matrix stiffening on mRNA
expression of matrix metalloproteinases-2 (MMP-2), MMP-7, and sonic hedgehog (SHH). These
genes were selected as they were found to be significantly upregulated in cells underwent enzymemediated dynamic matrix stiffening [165]. In the current study, we show similar trends of
upregulation at the mRNA levels (Figure 6.8D). Furthermore, we noticed the expression of
hypoxia inducible factor 1-alpha (HIF-1α) was also significantly increased in cells experiencing
dynamic gel stiffening. HIF-1α was stabilized in cells maintained under hypoxia and has been
suggested as a target for cancer therapy [342, 343]. Since the oxygen reduction during hydrogel
stiffening was mild (Figure 6.5B), the upregulation of HIF-1α was not likely due to hypoxia in the
stiffened gels. Instead, HIF-1α upregulation could be due to increased cellular stress in a stiffened
matrix. The up-regulation of MMP-2 and MMP-7 suggested that cancer cells were potentially
primed to migration/invasion in a stiffened matrix due to enhanced matrix remodeling by these
proteases. While future studies are necessary to test these hypotheses, the experimental results
presented here collectively highlight the significant impact of a dynamic stiffening
microenvironment on cancer cell fate.
6.3.6

Effect of dynamic stiffening/patterning on cancer-associated fibroblasts
CAFs are a group of activated stromal cells supporting the growth and metastasis of PCCs.

While the importance of CAFs in PDAC progression has been recognized, the effects of
biophysical cues on their activation have not been fully defined. Utilizing FMN/visible light
dynamic hydrogel system, we further examined the effect of matrix stiffening on activation of
CAFs. We seeded pancreatic CAFs on top of the initially soft hydrogel (i.e., G’~ 1 kPa) and
regionally stiffening half of the gel through a photomask one day after cell seeding. Based on the
degree of cell spreading, there appeared to be a distinguishable soft/stiff boundary. On the stiffened
region (i.e., right side of the gel), CAFs adopted spreading morphology, likely due to an increased
intracellular tension resulted from the higher matrix stiffness. On the other hand, cells grew into
smaller clusters in the non-stiffened gel (i.e., left side of the gel) (Figure 6.9A).
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Figure 6.9.
Effect of dynamic stiffening on pancreatic stromal cells (KPC/CAFs). (A)
Morphology and viability of CAFs cultured on a regionally stiffened (1×10−3 M FMN, 2 minutes
of visible light at 3 mW/cm2) PEG-peptide gel (2.5 wt% PEG8NB, 5×10−3 M 3Y peptide). (B)
Immunostaining of F-actin, YAP, and cell nuclei (counterstained with DAPI).
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Increased tissue stiffness during pathophysiological processes can lead to nuclear
translocation of yes-associated protein (YAP) in stromal cells [233, 337, 344, 345]. Activation of
YAP-related signaling pathways triggers EMT in various cancer cell types, including colorectal,
breast, hepatic, and pancreatic origins [71, 305, 346-349]. To gain insight into stiffness-regulated
YAP localization in pancreatic CAFs, we performed immunostaining of F-actin, YAP, and nuclei
in cells cultured on top of partially stiffened hydrogel. We found that cells adhered on the visible
light and FMN-stiffened area of the gel exhibited more nuclear translocation of YAP, as compared
to cells attached on the non-stiffened and soft gel (Figure 6.9B). Collectively, these results
established a causation link between matrix stiffness and activation of pancreatic CAFs. This
contribution presents a visible-light driven dynamic hydrogel system that is highly beneficial for
studying tumor-ECM interaction in a more physiological culture condition.
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Table 6.1.

Primer sequences for real-time PCR

Gene

Forward (5’®3’)

Reverse (5’®3’)

GAPDH

GAAGGTGAAGGTCGGAGTC

GAAGATGGTGATGGGATTTC

[270]

MMP2

CTCAGATCCGTGGTGAGATCT

CTTTGGTTCTCCAGCTTCAGG

[350]

MMP9

ATCCAGTTTGGTGTCGCGGAGC

GAAGGGGAAGACGCACAGCT

Harvard
Primer Bank

SHH

GGAAGCAGCCTCCCGATT

CGAGTCCAAGGCACATATCCA

[297]

CTGF

AGGAGTGGGTGTGTGACGA

CCAGGCAGTTGGCTCTAATC

[297]

HIF1α

GAACGTCGAAAAGAAAAGTCTCG

CCTTATCAAGATGCGAACTCACA

Harvard
Primer Bank

6.4

Material and Methods

6.4.1

Materials
Hydroxyl-terminated 8-arm PEG (20 kDa) and 5-norbornene-2-carboxylic acid were

obtained from JenKem Technology USA and Sigma-Aldrich, respectively. Reagents and Fmoccapping amino acids for solid phase peptide synthesis were acquired from Anaspec or ChemPep.
All other reagents for chemical synthesis were purchased from Sigma-Aldrich or Thermo Fisher
unless noted otherwise.
6.4.2

Macromers and peptide synthesis
While all macromers, peptides, and LAP photoinitiator can be purchased from commercial

vendors, we synthesized these materials using established protocols. PEG8NB and LAP were
synthesized as described elsewhere.[252, 272] Bis-cysteine bearing peptides with varied amounts
of

tyrosines,

including

CGGGC

(0Y),

CGGYGGC

(1Y),

CYGGGYC

(2Y),

and

KCYGGYGGYCK (3Y) were synthesized via standard Fmoc coupling chemistry with an
automated microwave-assisted peptide synthesizer (Liberty 1, CEM). Crude products were
cleaved in trifluoroacetic acid (TFA) cleavage cocktail and purified by reverse phase HighPerformance Liquid Chromatography (HPLC) to obtain final products with over 90% purity. All
peptides were characterized by mass spectrometry (MS). 5(6)-Carboxy-X-rhodamine-tyramide
was synthesized from 5(6)-Carboxy-X-rhodamine (5(6)-ROX) and L-tyramine using carbodiimide
chemistry. Briefly 0.01 mole of 5(6)-ROX was activated by 5-molar excess of 1-ethyl-3-(-3-
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dimethylaminopropyl) carbodiimide hydrochloride (EDC) and N-hydroxysuccinimide (NHS) in
1.5 ml solvent composed of 3 parts DMF and 2 parts ddH2O. After 30 minutes of activation, 5fold excess (0.05 mole) of L-tyramine was added and the reaction was allowed to proceed 24 h.
The final product was purified by column chromatography using silica gel as stationary phase and
mobile phase composed of 1-part ethyl acetate and 9 parts hexane.
6.4.3

Hydrogel fabrication and characterization
Gels were prepared by conjugating norbornene moieties of PEG8NB and terminal cysteine

moieties of the peptide crosslinker through thiol-norbornene photopolymerization. Briefly, gel
precursors (45 µl per sample, 1 mM LAP) were deposited between two glass slides separated by
spacers (1 mm). The samples were exposed to 365 nm light (5 mW/cm2) for 2 minute. Following
gelation, hydrogels were incubated in PBS at 37ºC for 24 hours prior to characterization or the
stiffening process. Stoichiometric ratio of thiol to norbornene was maintained at one to afford the
highest degree of crosslinking within the initial gel network. Shear moduli of the hydrogels were
characterized in strain-sweep mode using a digital rheometer (Bohlin CVO 100) fitted with an 8mm diameter parallel plate geometry. Gap sizes were adjusted to 650 µm and 580 µm for pre- and
post-stiffened gels, respectively. Shear modulus measurements were performed in strain-sweep
mode (0.1-5% strain) and oscillation frequency was maintained at 1 Hz. Note that most of the gels
were prepared with the shear moduli around 1,000 Pa prior to the stiffening process.
6.4.4

Prediction of time needed for FMN diffusion into hydrogel
The time-scale of FMN diffusion into a disc-shaped hydrogel was estimated by Fick’s

Second Law of Diffusion using mesh size-dependent diffusivity (i.e., Lustig-Peppas estimation of
solute diffusivity in a highly swollen hydrogel) [218]. Hydrogel mesh size was calculated from
experimentally obtained mass swelling ratio [122]. Correlations between hydrogel shear modulus
and mesh size were established and this information was used to determine diffusivity of FMN in
hydrogel.
6.4.5

Detection of dissolved oxygen and hydrogen peroxide produced during photoreaction
The contents of dissolved oxygen and hydrogen peroxide produced during visible light

exposure (3 mW/cm2, 5 minute) were measured in the presence of L-tyrosine (15 mM) and FMN
(1 mM) in PBS. Mixtures were deposited in a 24 well plate. Oxygen contents in solution were
detected with a dipping-type oxygen microsensor (MicroX4, PreSens) which was extended to ~2
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mm above the bottom of well plate. To quantify H2O2 production during FMN-mediated photoreaction, 10 µl of the mixture solutions were collected periodically and quantified with a
Quantichrom Peroxide Assay Kit (BioAssay Systems).
6.4.6

FMN and visible light-mediated in situ gel stiffening and molecular patterning
Process of hydrogels stiffening were initiated from incubating the hydrogels in FMN

solution for 30 minutes at 37°C. Next, gels were transferred to the top of glass slide and exposure
to visible light (480 nm, 3 mW/cm2) for 2 minutes. The stiffened hydrogels were returned to PBS
and incubated for a day prior to second measurement of the shear moduli. For proof-of-concept
spatial molecular patterning, hydrogels were fabricated in a rectangular silicon mold (5 (L) × 2 (W)
× 1 (H) mm) using 2.5 wt% PEG8NB, 5 mM peptide crosslinkers (KCYGGYGGYCK), and 1 mM
LAP. After overnight swelling in DPBS, gels were submerged in buffer solution containing 1 mM
FMN and 0.03 mM 5(6)-ROX tyramide for an hour. Next, gel was exposed to strips of visible light
(440 nm, 30 mW/cm2) for 1, 3, and 5 min through a photomask. The patterned gels were washed
and imaged by confocal microscopy at 10x objective. Images were analyzed via Image J.
6.4.7

Cells in 3D encapsulation and characterization
COLO-357 cells, a PCC line, were cultured in high glucose DMEM supplemented with 10%

fetal bovine serum (FBS, Gibco) and penicillin-streptomycin (Gibco, 50 U/mL for both antibiotics).
Cells were maintained in a standard cell culture incubator (37 °C, 5% CO2). Prior to encapsulation
in hydrogels, cells were trypsinized and suspended (to a final cell density of 2×106 cells/ml) in
buffer solution consisting of LAP and macromer precursors (i.e., PEG8NB and peptide crosslinker)
at desired concentrations. Cell-precursor solution (25 µl) was loaded to a 1 mL disposable syringe
with cut-open tip and exposed to 365 nm light (5 mW/cm2) for 2 minutes. These cell-laden gels
were cultured in a 24-well plate for two weeks. To evaluate cell viability, cell-laden gels were
stained with live/dead staining kit (Biotium; Calcein-AM stained live cells green, Ethidium
homodimer-1 stained dead cells red) on day 2, 7, 14, and imaged by confocal microscopy
(Olympus Fluoview FV100 laser scanning microscope). Z-stack images (10 µm per slice, 100 µm
total) were obtained from minimum of three random areas within the cell-laden gels. In addition,
cell metabolic activity was evaluated by AlamarBlue assay (AbD Serotec; 10% in culture media,
2.5-hour incubation time).
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6.4.8

RNA Isolation, reverse-transcription PCR, and real-time PCR
Cell-laden gels were harvested on day 14 in RNase-free microtubes, followed by flash-

freezing in liquid nitrogen and storage at -80°C. Total RNA was isolated from the encapsulated
cells with NucleoSpin RNA II kit (Clontech). The concentration and purity of RNA were obtained
by NanoDrop 2000 Spectrophotometer (Thermo Scientific). Next, purified RNA samples were
converted into complementary DNA (cDNA) with PrimeScript RT Reagent Kit (Clontech,
TaKaRa). mRNA expression of selected genes were evaluated by qPCR using SYBR Premix Ex
TaqII kit (Clontech) with primers listed in Table 6.1. GAPDH was used as the housekeeping gene.
The expression level of genes in the control hydrogel group (i.e., gels prepared by
PEG8NB/CGGGC) were used as negative controls, from which to calculate the relative fold
changes of each mRNA expression in the experimental hydrogel groups (2-∆∆CT method).
6.4.9

Effect of spatially-patterned gel mechanics on cancer-associated fibroblasts (CAFs)
Initial PEG-peptide gelation (i.e., 2.5 wt% PEG8NB, 5 mM peptide crosslinker

(KCYGGYGGYCK), 1mM CRGDS, and 1 mM LAP) were achieved using 2 min of visible-light
exposure (5 mW/cm2). Precursor solutions were loaded in a rectangular silicon mold (5 L × 2 W
× 1 H mm). After swelling the gels in DPBS overnight, 106 cells/mL of pancreatic CAFs, which
were derived from KRAS/mutp53-induced pancreatic cancer mouse (i.e., KPC/CAFs, a gift from
Prof. Murray Korc of IU School of Medicine), were seeded on top of the rectangular gel and
cultured for 2 days. Next, the gels were incubated with soluble FMN (1 mM) for 30 min, washed
with DPBS to remove excess FMN, and exposed to visible light (3 mW/cm2) for 2 minute through
a photomask covering half of the gel (2.5 × 2 mm). After the visible light/FMN-induced stiffening
process, gels were returned to culture media for another 5 day. On day 8, cells were imaged by
bright-field microscopy and confocal microscopy for evaluating cell morphology and YAP
localization.
6.4.10 Immunostaining of CAFs on top of soft and stiffened gel
After CAFs were cultured on top of partially stiffened gel for 8 days, cells were fixed with
4% paraformaldehyde, permeabilized with saponin (1:1000), and blocked with 1% BSA and 10%
FBS at 4°C for overnight. Sample was stained with the primary antibody, Rabbit anti-YAP (1:200)
at 4°C for overnight, and washed with PBS thrice for 10 min each, and treated with donkey antirabbit 488 (1:200) at 4°C for overnight. Sample were washed again with PBS and stained with F-
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actin using Rhodamine Phalloidin (1:200) at 4°C for overnight and washed. Finally, cell nuclei
were counterstained with DAPI (1:1000) for one hour, washed stored in ibidi mounting medium
to prevent photobleaching. Finally, images were obtained from confocal microscopy at 10X and
20X objectives.
6.4.11 Statistical Analysis
All experiments were repeated three times independently with minimum of four samples
per condition. Numerical data were analyzed by two-way ANOVA, and reported as mean ± SEM.
Single, double, and triple asterisks represent p < 0.05, 0.001, and 0.0001, respectively. p < 0.05
was considered statistically significant. For gene expression analysis, pairs of groups were
compared by one-way ANOVA with GraphPad Prism 8 software.

6.5

Conclusion
In summary, we have developed a visible light-initiated photo-responsive hydrogel system

using synthetically simple macromers and FMN, a vitamin-B2 derivative, as the photoinitiator. The
simple design of tyrosine-bearing peptide crosslinkers permit tunable degree of photo-responsive
stiffening and ligand immobilization without complicated macromer modification. We identified
parameters critical for tuning gel stiffening and showed that the stiffening/patterning process was
highly cytocompatible. Additionally, we evaluated the effect of dynamic matrix stiffening on
inhibition of PCCs growth in 3D and on potential activation of cancer-associated fibroblasts.
Future work will focus on using this dynamic hydrogel platform for studying cell-cell interactions
and durotaxis of PCCs under dynamically tunable matrix properties.
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CONCLUSION AND FUTURE RECOMMENDATION

7.1

Summary of Findings
The work presented in this dissertation has demonstrated the capability of a dynamic

hydrogel system can be designed to not only recapitulate tumor tissue compositions, but also
mimic the dynamical changes of tissue mechanics. The key concept in this design was to utilize
dually functionalized peptide crosslinker (i.e., cysteine and tyrosine containing peptides, e.g.,
CYGGGYC, CHAPTER 3) and norbornene and phenolic group modified gelatin (GelNBHPA,
CHAPTER 6). The gelation techniques (i.e., thiol-norbornene photopolymerization), and external
stimuli (i.e., enzyme and visible light exposure) were utilized to induce the additional gel property
changes. These systems and techniques should offer researchers useful platforms to effortlessly
study tumor-stroma interaction in cancer progression. Enzyme-mediated dynamic gel systems
have shown their capability in temporally modulating the gel mechanical property. These systems
may have potential to fabricate gels with gradient stiffness.
For the first technique using the incubation of soluble enzyme to stiffen gel system, the
peptide crosslinkers (i.e., CYGGGYC) was designed, allowing for both thiol-norbornene
photopolymerization with macromers PEG8NB and tyrosinase-catalytic reaction. Next, we built
the computational model to predict enzyme diffusion and reaction profile within hydrogel to
identify the key parameters in process of gel stiffening. We validated model prediction by the
experimental data that included enzyme diffusion in gel, enzymatic reaction kinetics, and
characterization of gel property (CHAPTER 3). After optimizing the gel stiffening process, we
studied impact of matrix stiffening on pancreatic stellate cells (PSCs) using a PEG-based dynamic
stiffening gel system (CHAPTER 4). In this chapter, we suggested that the matrix stiffening might
lead to PSCs activation which secreted extra ⍺-actin. To further incorporate the primary native
ECM of PDAC in the gel system such as HA, we introduced a biomimetic and dynamic gel system
with the bifunctional gelatin (GelNBHPA) and THA (CHAPTER 5). We verified the system
proteolytic degradability (i.e., collagenase-1 and hyaluronidase) and the capability of enzymemediated dynamical gel stiffening. The gel systems were then used to encapsulate two pancreatic
cancer cell line (COLO-357 and PANC-1) for evaluating impact of matrix stiffening and HA on
cancer cell fate. In CHAPTER 5, we found that the pancreatic cancer cells exhibited the spreading

160
morphology, different gene expression profile, and EMT characteristics when culturing in a
stiffening and HA-contained gel. In this study, we only explore the synergistic effect of matrix
stiffening and HA. The potential future study can be focus on other important ECM in PDAC
tissue, such as fibronectin and collagen. In addition to using enzymatic reaction for tuning matrix
stiffness, of the same macromers were also explored for their susceptibility to visible light and
flavin mononucleotide (FMN)-mediated photocrosslinking (CHAPTER 6). The use of photoresponsive dynamic hydrogel permitted tunable degree of gel stiffening and ligand immobilization
without complex macromer synthesis. This system was exploited for investigating the influence
of matrix stiffening on cancer cells growth in 4D. Furthermore, cancer-associated fibroblasts
(CAFs) were used to demonstrate the power of local gel stiffening on inducing EMT.
Gel with gradient stiffness has been beneficial for investigating cellular durotaxis, which is
a unique biological event picturing cell migration toward tissue with higher stiffness. In the cancer
study, cancer stromal cells (i.e., PSCs and CAFs) have been shown highly responsive to their
surrounding tissue mechanics. Additionally, invasion path of these stromal cells has been reported
to associate with the gradient stiffness of tissue. To evaluate effect of matrix stiffness gradient on
migration of stromal cells (i.e., durotaxis), live cell imaging may be utilized to evaluate cell
migration in gels with various degree of stiffness gradients. In brief, stromal cells such as PSCs or
CAFs may be seeded on top of the gel fabricated in a microchannel with two reservoirs on both
ends. One reservoir can be filled with soluble tyrase to generate a gradient of enzyme concentration,
which would result in a gradient of reaction, and hence a hydrogel with a stiffness gradient. Finally,
durotaxis of PCCs, PSCs, CAFs can be evaluated via real-time live cell imaging. In addition to
live cell imaging, evaluating critical mechanotransduction-associated gene expression should
provide insights into the mechanisms by which the cells sense their local environment.
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