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ABSTRACT

Greene, Tanja L. M.S.B.M.E., Purdue University, December 2015. Modular Crosslink-
ing of Gelatin Based Thiol-Norbornene Hydrogels for In V itro 3D Culture of Hepatic
Cells. Major Professor: Chien-Chi Lin.

As liver disease becomes more prevalent, the development of an in vitro culture

system to study disease progression and its repair mechanisms is essential. Typically,

2D cultures are used to investigate liver cell (e.g., hepatocyte) function in vitro; how-

ever, hepatocytes lose function rapidly when they were isolated from liver. This has

promoted researchers to develop 3D scaffolds to recreate the natural microenviron-

ment of hepatic cells. For example, gelatin-based hydrogels have been increasingly

used to promote cell fate processes in 3D. Most gelatin-based systems require the

use of physical gelation or non-specific chemical crosslinking. Both of these methods

yield gelatin hydrogels with highly interdependent material properties (e.g., bioactiv-

ity and matrix stiffness). The purpose of this thesis research was to prepare modularly

crosslinked gelatin-based hydrogels for studying the influence of independent matrix

properties on hepatic cell fate in 3D. The first objective was to establish tunable

gelatin-based thiol-norbornene hydrogels and to demonstrate that the mechanical

and biological properties of gelatin hydrogels can be independently adjusted. Fur-

thermore, norbornene and heparin dual-functionalized gelatin (i.e., GelNB-Hep) was

prepared and used to sequester and slowly release hepatocyte growth factor (HGF).

The second objective was to investigate the viability and functions of hepatocytes

encapsulated in gelatin-based hydrogels. Hepatocellular carcinoma cells, Huh7, were

used as a model cell type to demonstrate the cytocompatibility of the system. The

properties of GelNB hydrogels were modularly tuned to systematically evaluate the

effects of matrix properties on cell viability and functions, including CYP3A4 activity
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and urea secretion. The last objective was to examine the effect of heparin immo-

bilization on hepatocyte viability and functions. The conjugation of heparin onto

GelNB led to suppressed Huh7 cell metabolic activity and improved hepatocellular

functions. This hybrid hydrogel system should provide a promising 3D cell culture

platform for studying cell fate processes.
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1. INTRODUCTION

1.1 Liver, Disease, and 2D Culture of Hepatocytes

The liver is the largest organ in the body and is responsible for detoxification,

metabolism, and protein synthesis. [1] Due to the presence of many cell types, the

liver contains a very complex architecture (i.e., stellate cells, kupffer cells, hepato-

cytes, cholangiocytes, and mast cells). [2] Of the cell types found within the liver,

hepatocytes are the major parenchymal cells that play crucial roles in liver func-

tions. [1,3,4] Damages to hepatocytes can lead to hepatic diseases, including hepatitis,

hepatocellular carcinoma, and cirrhosis. [1]

In 2011, liver disease was the twelfth-leading cause of death in the United States,

contributing to nearly 11 deaths per 100,000 people. [5] Liver transplantation is the

most common means of treating end stage liver failure; however, donors are in short

supply, and many patients waiting to receive transplants experience death. [6] Re-

cipients of transplanted livers experience recurring disease, or relapse, indicating a

need to better understand the cause of disease. [6] An appropriate in vitro culture

system is fundamental in understanding cell behavior and molecular signaling events

involved in disease progression and repair mechanisms. [1]

Conventionally, two-dimensional (2D) cell cultures are employed to assess hepato-

cyte functions in vitro. However, when hepatocytes are cultured on two-dimensional

(2D) tissue culture plastics (TCP), they typically experience abnormal proliferation

profiles and suffer from loss of hepatocyte functions. [1,3,4] Additionally, hepatocytes

cultured on 2D TCP do not experience appropriate cell-extracellular matrix (ECM)

interactions and do not display natural polarity. [3] Due to the loss of liver-specific

functions and a decrease in cell viability, drug screening applications are negatively

impacted when hepatocytes are cultured in 2D. [4,7,8] Three-dimensional (3D) scaf-
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folds recapitulating aspects of the natural ECM microenvironment should provide

crucial cell-ECM interactions to maintain cell survival and functions. [9] As a result,

there has been a paradigm shift in cell culture from 2D TCP to 3D biomaterials. [10]

1.2 Gelatin Based Hydrogels

Gelatin is a naturally derived protein hydrolyzed from fibrous collagen (type I).

[11] The acidic hydrolysis of porcine skin results in type A gelatin with an isoelectric

point (pI) of 8 and a net positive charge at a physiological pH of 7.4. On the other

hand, the basic hydrolysis of bovine skin or bone results in type B gelatin possessing

a pI of 5 and a net negative charge at pH 7.4. [12] Compared to its precursor, gelatin

is more water soluble and has lower immunogenicity. [13] This property arises from

gelatin’s negligible quantities of aromatic amino acids tryptophan, phenylalanine, and

tyrosine. As a result, antigenic reactions stimulated by aromatic radicals are less likely

to form. [11]

Gelatin contains peptide sequences as binding sites (e.g., Arg-Gly-Asp sequence)

for integrins and protease sensitive sites for matrix metalloproteinases (MMPs; specif-

ically MMP-2 and MMP-9). [12–14] These domains allow cells to bind to and interact

with the gelatin. Exploiting this property, gelatin has been used to modify materials

that are otherwise inert to cells. [15] Gelatin in its unmodified form is considered to be

a thermo-reversible biomacromolecule. Upon heating, gelatin can be dissolved into a

viscous solution. Upon cooling to a temperature that is less than what is required for

cell culture gelation occurs again. [12] Therefore, gelatin must be chemically modified

to improve its stability in order to be used as a 3D culture system. [13]

Some researchers utilize small molecular weight crosslinkers such as genipin and

glutaraldehyde to create gelatin hydrogels. For example, one group generated chitosan-

gelatin scaffolds through crosslinking with glutaraldehyde to compare these scaffolds

with alginate scaffolds. [16] Scaffolds without glutaraldehyde showed improved cyto-

compatibility verifying the enduring toxic effects of glutaraldehyde. [16] Due to the
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toxicity of glutaraldehyde others have moved towards using the natural crosslinker

genipin. Lau and colleagues crosslinked gelatin through reacting the primary amines

of gelatin with genipin forming microspheres to function as hepatocellular microcar-

riers. [9] Although genipin has shown to have improved cytocompatibility over glu-

taraldehyde crosslinked constructs, genipin crosslinking of natural based structures

(i.e., chitosan, alginate, collagen, gelatin, etc.) have lower mechanical properties. [17]

Based on this, improved methods to generate increased mechanical properties while

maintaining high levels of cytocompatibility are crucial in creating stable gelatin hy-

drogels for the culture of cells.

1.3 Chain-Growth Photopolymerization for Forming Covalently Crosslinked

Gelatin Hydrogels

The crosslinking of hydrophilic polymeric networks creates hydrogels that are ca-

pable of imbibing large amounts of water. Hydrogels are permeable, which allows the

diffusion of nutrients and oxygen. The polymerization mechanism (i.e., chain-growth

polymerization or step-growth polymerization) affects the biophysical (e.g., stiffness)

and biochemical (e.g., cell-responsive sights) properties of hydrogels. [18] Through

modifying the amine groups of gelatin with methacrylic anhydride, methacrylamide

groups were added onto the gelatin backbone creating a chemically modified form of

gelatin (Figure 1.1). [19] Methacrylamide modified gelatin (i.e., GelMA) has allowed

researchers to use chain-growth photopolymerization to form stable gelatin hydrogels

useful for 3D cell culture, as well as soft and hard tissue regeneration. [20–26] For ex-

ample, through a radically mediated polymerization, Anseth et al. and Khademhos-

seini et al. prepared GelMA hydrogels for in situ cell encapsulation and 3D cell

culture. [27–29] In an effort to investigate hepatocyte viability and the restoration of

hepatocellular functions, another group developed GelMA hydrogels with covalently

immobilized galactose. [23]



www.manaraa.com

4

Fig. 1.1. Schematic of the synthesis of methacrylamide modified gelatin, or GelMA.

Although methacrylamide modified gelatin has proven to be useful when fabri-

cated as a 3D cell culture platform, studies have shown that chain-growth photo-

chemistries are less cytocompatible for radical-sensitive proteins and cells. [13,30,31]

This is attributed to a high concentration of radical species and the long half-life of

these radicals. [31, 32] In addition, the resulting heterogeneous network comprised of

hydrophobic poly(methacrylamide) kinetic chains is not ideal for cell culture (Figure

1.3a). [13, 31] For chain-growth polymerized GelMA hydrogels, the elastic moduli,

or stiffness, of gels are coupled to the network crosslinking density. To adjust stiff-

ness, macromer concentration and/or the degree of macromer functionalization must

be altered. [27, 28] Therefore, in order to tune the mechanical properties of GelMA

hydrogels, gelatin concentration must be altered thereby altering the biological prop-

erties as well.

1.4 Step-Growth Thiol-Ene Photopolymerization for Forming Covalently

Crosslinked Gelatin Hydrogels

Creating a 3D cell culture system that utilizes step-growth thiol-norbornene (or

thiol-ene) photo-click chemistry will provide improved cytocompatibility and control

over material properties. These improvements are a direct result of the photo-click

reaction between thiol and ene moieties. Upon the exposure to light, thiyl radi-

cals (generated from thiol containing crosslinkers) crosslink with ene moieties (Figure

1.2) to form a thiol-ene step growth polymerized network. The formation of thiol-
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ene networks can be controlled both spatially and temporally and is non-oxygen

inhibited. [13,31] In addition, thiol-ene photo-click hydrogels provide a more efficient

immobilization of proteins/peptides and are suitable for creating a biomimetic mi-

croenvironment. [32, 33] Table 1.1 summarizes major advantages and disadvantages

of different crosslinking methods used for gelatin hydrogels.

Fig. 1.2. Schematic of thiol-ene step growth polymerization. (1) Hy-
drogen atom is extracted from thiol group by initiating radical leading
to the formation of a thiyl radical. (2) Thiyl radical associates with an
ene functional group creating a carbonyl radical. (3) Chain transfer
occurs between carbon radical and another thiol regenerating a thiyl
radical, and the process repeats.

Our group has been interested in the biomedical applications of thiol-ene hydro-

gels formed by inert poly(ethylene glycol)-tetra-norbornene (PEG4NB) and simplistic

protease sensitive bis-cysteine terminated peptides. Using this system, MIN6 β-cell

viability was increased using step-growth thiol-ene photopolymerization over chain-
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Table 1.1.
Chemical crosslinking methods used for gelatin hydrogels.

Crosslinking Advantages Disadvantages

Method

Glutaraldehyde • Very reactive • Low cytocompatibility

• Low mechanical strength

• Natural

Genipin • Cytocompatible • Low mechanical strength

• Very reactive

• Gelatin must be

chemically modified

• Oxygen inhibited

Chain-growth • Increased mechanical • Radical-mediated damage

Photo- properties • Heterogeneous

polymerization hydrophobic kinetic chains

• High-molecular-weight

degradation products

• Improved cytocompatibility

• Increased spatial-temporal • Gelatin must be

Step-Growth control in gelation kinetics chemically modified

Photo- • Requires fewer radicals • Radical-mediated damage

polymerization for initiation • Thiol groups react or

(thiol-ene) • Rapid Gelation denature proteins

• Idealized and orthogonal

network

growth photopolymerization.[31] In another study, we also reported orthogonal thiol-

ene photochemistry using PEG4NB crosslinked by MMP-sensitive peptides enhanced
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hepatocyte-specific genes and functions (i.e., NTCP, HNF4α, urea, CYP450) of Huh7

and HepG2 cells compared to PEG4NB crosslinked by DTT. Although proven to be

cytocompatible, various biomimetic peptides were required to re-establish the com-

plex cell-ECM interactions necessary to support cell fate processes in vitro. [4,34–36]

(a)

(b)

Fig. 1.3. Schematic of hydrogel network structure formed by: (a)
Chain-growth photopolymerization. (b) Step-growth photopolymer-
ization. (Items are not drawn to scale.)

To avoid the additional inclusion of synthetic peptides, our group synthesized or-

thogonally crosslinked gelatin based hydrogels from norbornene-functionalized gelatin

(GelNB) and multifunctional-thiol crosslinker. [13] Mechanical properties of GelNB

hydrogels could be tuned through a multitude of methods such as adjusting macromer

concentration, crosslinker concentration, or by adjusting the functionality of the

crosslinker. For example, a higher degree of network crosslinking could be achieved

without changing the concentration of GelNB but through replacing bi-functional

dithiothreitol (DTT) with tetra-functional PEG-thiol (PEG4SH). GelNB hydrogels
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crosslinked by thiol containing crosslinkers were cytocompatible with human mes-

enchymal stem cells (hMSCs). Comparing hydrogels prepared by step-growth poly-

merization with hydrogels prepared by chain-growth polymerization a greater extent

of cellular interaction can be seen. Differences in cellular interaction are a direct re-

sult of the networks created by the specific chemistries. Step-growth polymerization

allows the formation of orthogonal (1 to 1 reaction of thiol to ene moieties) crosslinks

in GelNB gels (Figure 1.3b); whereas chain-growth chemistry leads to the creation of

heterogeneous poly(methacrylamide) kinetic chains in hydrogels formed by GelMA

(Figure 1.3a). [30,31] While GelNB hydrogels crosslinked by thiol containing crosslink-

ers have proven cytocompatible, the modification of GelNB with additional bioactive

motifs (e.g., heparin), which may further impact cell fate processes, especially for

hepatic cells, has not yet been reported.

1.5 The Role of Heparin within the Liver and on Hepatocytes

Heparin is a highly sulfated and negatively charged glycosaminoglycan (GAG)

found in abundance in the liver and is capable of sequestering growth factors as well

as protecting them from proteolysis. [37–41] Mast cells of the liver are responsible for

the synthesis of heparin and other cytokines, chemokines, proteases. These cells are

located in proximity of vasculature walls or in close association with the surround-

ing connective tissues of vessels. [42] This ideal location assists in the distribution

of inflammatory responses mediated by mast cells during inflammatory events or in-

jury. The most commonly known medical use of heparin is for anti-coagulation. In

the liver, heparin has been identified in the sequestering of hepatocyte growth fac-

tor (HGF). Together, heparin and HGF form a complex that aids in hepatocytes

expressing necessary liver functions such as albumin production, CYP function, and

urea secretion. [38, 43,44]

To investigate the effect of heparin on hepatocytes, many researchers have utilized

heparin in conjunction with synthetic polymers for the cultivation of hepatocytes in
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2D as well as 3D. You and associates created multi-layered heparin/PEG microwells

for enhancing hepatocyte function. [40] Rat primary hepatocytes cultured in microw-

ells coated with heparin presented cuboidal morphology indicative of a natural hep-

atocyte phenotype. Cells cultured in heparin-containing microwells expressed more

urea and albumin compared to those cultured in wells without heparin. Kim et al.

prolonged the cultivation of rat primary hepatocytes with the inclusion of thiolated

heparin within PEG-diacrylate (PEGDA) hydrogels formed by Michael-type addi-

tion chemistry. [37] The incorporation of heparin within PEG hydrogels improved the

viability and hepatocyte-specific functions (i.e., albumin and urea secretion) of the

encapsulated cells. In the same study, the growth factor sequestering effect of heparin

was examined through the sustained release of HGF. [37]

Instead of using inert PEG, others have conjugated heparin onto natural ma-

terials such as collagen and gelatin in order to study heparin’s influence on neigh-

boring cells and/or the sequestering of growth factors. Hou and colleagues de-

veloped a HGF/heparin immobilized collagen system with which they could quan-

tify albumin synthesis and investigate hepatocyte morphology. [45] The presence of

heparin enhanced the synthesis of albumin but had no effect on the morphology

of rat primary hepatocytes. Nakamura et al. reported the conjugation of hep-

arin to gelatin through a Borch reaction between aldehyde-modified heparin and

the amino groups of gelatin. [38] Li and associates utilized standard 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC) and N-hydroxysuccinimide (NHS) chem-

istry to conjugate heparin onto tyramine modified gelatin in order to evaluate growth

factor immobilization and its effect on angiogenesis. [46] Regardless of how heparin

was incorporated, its inclusion enhanced growth factor performance and hepatocyte

function.
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2. OBJECTIVES

2.1 Prepare Modularly Crosslinked Gelatin Hydrogels with Heparin Im-

mobilization

The first objective of this thesis was to utilize thiol-ene photochemistry to cre-

ate gelatin based hydrogels with independently tunable mechanical and biological

properties. Through adjusting either macromer concentration or the ratio of thiol to

norbornene moieties, the mechanical and biological properties of thiol-ene hydrogels

were easily controlled. In addition, heparin was immobilized within gelatin based

hydrogels, and its effect on stiffness and growth factor sequestering was investigated.

Results obtained here provide the ground work for subsequent studies of hepatic cell

fate in 3D.

2.2 Investigate Hepatic Cell Viability and Functions in Modularly Cross-

linked Gelatin hydrogels

After establishing a tunable gelatin based hydrogel platform, the second objective

was to evaluate the viability and hepatocellular functions of Huh7 cells cultured in

3D. Metabolic activity, CYP enzyme activity, and urea secretion were monitored.

Additionally, cell viability was investigated through live/dead staining of cells. The

purpose of these studies is to investigate whether our platform provides relevant

mechanical and/or biological properties that will support the survival and function

of hepatic cells.
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2.3 Examine the Effect of Heparin Immobilization on Hepatic Cell Via-

bility and Functions in 3D

The third objective of this thesis was to evaluate the viability and hepatocellular

functions of Huh7 cells in heparin immobilized thiol-ene gelatin based hydrogels.

Cell viability was investigated through metabolic activity and live/dead staining of

cells. Additionally, hepatocellular functions such as CYP enzyme activity and urea

secretion were examined. These results provide information regarding the utility of

this hydrogel platform as a 3D culture for hepatic cells.
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3. MATERIALS AND METHODS

3.1 Materials

Type A gelatin (Bloom 238282) and type B gelatin (Bloom 225) were obtained

from Amresco, and Electron Microscopy Sciences, respectively. 4-arm PEG-OH

(M.W. 20 kDa) and 4-arm PEG-SH (M.W. 10 kDa) were purchased from JenKem

Technology USA. AlamarBlue reagents were purchased from Thermo Scientific. Urea

assay and CYP3A4 assay were purchased from BioAssay Systems and Promega,

respectively. Live/Dead staining kit for mammalian cells was acquired from Life

Technologies Corp. DPBS, fetal bovine serum (FBS), 100 antibioticantimycotic, and

DMEM were acquired from HyClone. Heparin sodium salt was obtained from Akron

Biotech. 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and N-Hydroxysuc-

cinimide (NHS) were obtained from Fisher and TCI chemicals, respectively. Recom-

binantmurine HGF and ELISA kit were procured from Peprotech and R&D systems,

respectively. Bromocresol green sodium salt was purchased from Alfa Aesar. 1,9-

Dimethyl-methylene Blue (DMMB) zinc chloride and all other chemicals were ob-

tained from Sigma-Aldrich unless otherwise noted.

3.2 Synthesis of Gelatin Based Macromers

GelNB was synthesized by reacting gelatin with carbic anhydride as previously

published by our group. [13] At 50°C, 10 wt% gelatin was added to a round bot-

tom flask containing PBS (pH 7.4) and stirred. Once the gelatin dissolved, carbic

anhydride (20wt/vol%) was slowly added to the solution while the pH was adjusted

using a solution of sodium hydroxide. After 72 hours of reaction time, 3X warm PBS

(37°C) was added to halt the reaction. The solution was then centrifuged to rid the
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solution of any unreacted or undissolved carbic anhydride. Following centrifugation,

the GelNB solution was dialyzed against 40°C ddH2O for 3 days (MWCO: 6-8 kDa)

and lyophilized to retrieve final dry product. The degree of norbornene substitution

was determined with fluoraldehyde assay using unmodified gelatin with known con-

centrations as standards (D.S. ∼2.2 mM ene per 1 wt% of gelatin; for both type A

and type B). GelNB-Hep was synthesized using standard EDC/NHS chemistry [46,47]

but with GelNB as the starting material. Briefly, heparin (1 wt/vol%) was dissolved

in ddH2O and the concentration of carboxyl groups on heparin was determined by

bromocresol green assay. To the heparin solution, 10x molar excess of EDC and NHS

were added for the activation and stabilization of carboxyl groups on heparin and

was stirred for 30 minutes at room temperature to allow the reaction to occur. In

another vessel, GelNB (∼2.5 wt/vol%) was dissolved in ddH2O and added to the

activated heparin solution. The reaction was allowed to proceed for another 18 hours

at room temperature with gentle stirring. After which, the GelNB-Hep solution was

collected and dialyzed (MWCO of dialysis membrane: 6-8 kDa) against 0.2M NaCl

for 72 hours, followed by another dialysis in ddH2O for 72 hours. The dialyzed sam-

ples were lyophilized and the degree of heparin substitution (D.S.) was determined

with DMMB assay using unmodified heparin at known concentrations as a standard

(D.S. ∼0.003 wt% heparin per 1 wt% of GelNB).

3.3 Hydrogel Fabrication

Thiol-norbornene hydrogels were created by radical-mediated step-growth pho-

topolymerization. Macromers gelatin-norbornene (GelNB) and poly(ethylene glycol)-

tetra-norbornene (PEG4NB, 20kDa) were reacted with gel cross-linker and co-initiator

Poly(ethylene glycol)-tetra-thiol (PEG4SH, 10kDa)) to form a crosslinked hydrogel.

The molar ratio between thiol and ene groups (R) was adjusted to achieve numer-

ous hydrogel formulations. Aliquots of pre-polymer solutions were injected into glass

slides separated by 1 mm Teflon spacers and utilizing an ultra violet light-mediated
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thiol-ene photopolymerization with the primary initiator lithium acylphosphinate

(LAP, 1 mM) hydrogels were fabricated. Pre-polymer solutions, for all hydrogels,

was subjected to 365 nm light at an intensity of 5mW/cm2 for 5 minutes.

3.4 Rheometry

A Bohlin CVO 100 digital rheometer was used to probe in situ gelation kinet-

ics and to investigate rheological properties. To form gels for rheometry, aliquots of

pre-polymer solutions were injected into glass slides separated by 1 mm Teflon spac-

ers. Following gelation, disc-shaped hydrogels were punched with an 8 mm diameter

biopsy punch. Moduli of the gels were measured using parallel plate with gap size

of 800 µm. Oscillatory rheometry was operated in strain sweep mode (0.1% to 5%

strain) at a frequency of 1 Hz and averaged G’ values were obtained from the linear

portion of the modulus-strain curves. A light cure cell was further used to probe the

in situ gelation kinetics of thiol-ene gelatin hydrogels at room temperature. On top

of a quartz plate within the light cure cell, the pre-polymer solution (100 µL) was

placed and exposed to UV light (Omnicure S1000. 365 nm, 5 mW/cm2).

3.5 Proteolyitic Degradation

After photopolymerization of hydrogels following the method described previously,

the initial mass of hydrogels was measured, and then gels were placed in wells contain-

ing 1 mL of PBS containing chymotrypsin (1mg/mL). Gels were incubated at room

temperature on an orbital shaker. Every 10, 15, or 30 minutes, gels were removed

from protease solution, blotted dry, mass was recorded, and returned to incubate in

the chymotrypsin solution. This process was repeated until the gel itself had com-

pletely degraded. Every 30 minutes the chymotrypsin solution was refreshed to ensure

enzyme activity. Results were presented as percent mass loss, and percent mass loss

is defined as: Mass loss (%) = (( Wt - W0 ) / W0 ) x 100%, where Wt is the hydrogel

weight measured at specified time points and W0 is the initial mass measured.
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3.6 Immobilization of Heparin and In V itro HGF Release from GelNB

Hydrogels

As briefly mentioned, the degree of heparin substitution onto GelNB was deter-

mined (∼0.003 wt% Heparin per 1 wt% of GelNB) with the dimethyl-methylene blue

assay using unmodified GelNB with known concentrations as standards. DMMB was

further used as a qualitative reagent to detect the immobilization of heparin within

GelNB hydrogels. After thiol-ene gelation, hydrogels (pure PEG, 1% GelNB-A/B, or

1% GelNB-A/B-Hep) were washed in PBS (pH 7.4) for 1 hour to allow un-crosslinked

elements to be leached from the gel. Following one hour, gels were moved to a 2 mL

bath of DMMB and allowed to incubate at room temperature for nearly 24 hours.

After which, gels were then transferred to PBS to remove remaining DMMB solu-

tion within the network. Once gels were washed in PBS for 24 hours, images were

captured.

7 wt% of type A GelNB or GelNB-Hep hydrogels were prepared as described

earlier but the gels were loaded with 200 ng/gel of recombinant mouse HGF. After

gelation, gels were submerged in 5mL of release buffer composed of 0.1 wt% BSA

and kept at 37°C. At pre-determined time periods, 400 µl of solution samples were

collected and the buffer was reconstituted to 5 ml with fresh release buffer. Immedi-

ately following collection the samples were stored at -80°C until analysis with HGF

ELISA kit (DuoSet ELISA mouse HGF kit, R&D Systems). In brief, a 96-well clear

microplate was coated with 100 µL/well of capture antibodies without protein carri-

ers (goat anti-mouse HGF, 0.8 µg/mL in PBS). The plate was sealed and allowed to

incubate over night at room temperature. Following a series of 3 washes using wash

buffer (0.05% Tween in PBS pH 7.4), the wells were blocked by adding 300 µL reagent

diluent (1wt% BSA in PBS pH 7.4, filtered) to each well. After 1 hour incubation,

covered, at room temperature, the reagent diluent was removed from the plate and

100 µL of the collected samples and HGF standard were added and allowed to incu-

bate covered at room temperature for 2 hours. Again, after a series of 3 washes with
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wash buffer, 100 µL of detection antibody (biotinylated goat anti-mouse HGF, 200

ng/mL in reagent diluent) was added to each well and incubated at room temperature

for an additional 2 hours. Following, the plate was washed again and 100 µL of a

working solution of streptavidin conjugated horseradish-peroxidase was added to each

well. After 20 minutes incubation at room temperature the plate was washed a final

time. While avoiding direct sunlight, the plate was incubated at room temperature

for 20 minutes after the addition of 100 µL of substrate solution (1:1 mixture of Color

Reagent A (H2O2) and Color Reagent B (Tetramethylbenzidine)) per well. Upon the

expiration of time, 50µL/well stop solution (2N H2SO4) was added to the plate and

the absorbance was immediately read at 450 nm.

3.7 Cell Culture

Human derived immortalized hepatocarcinoma cells (Huh7) (courtesy of Dr. Guoli

Dai Biology Department, IUPUI) were maintained in high glucose DMEM (Hyclone)

augmented with 10% fetal bovine serum (FBS) (Gibco) and 1x antibioticantimycotic

(Invitrogen, 100 U/mL penicillin, 100 µg/mL streptomycin). Culture media were

refreshed every 2-3 days.

3.8 Cell Encapsulation

Following a procedure similar to that performed for hydrogel fabrication, cell en-

capsulation was achieved. Upon suspending cells (used at a final cell density of 5x106

cells/mL) in a sterile polymer precursor solution containing the desired concentration

of GelNB/PEG4SH or GelNB/PEG4NB/PEG4SH with 1mM LAP (photo-initiator)

for every 20 µL of precursor solution, cell encapsulation as well as hydrogel formation

were concurrently completed through exposure to long-wave ultra violet light (365

nm, 5 mW/cm2) for 5 min at room temperature. Succeeding cell encapsulation, cell-

laden hydrogels were maintained in Huh7 growth media (high-glucose DMEM,) and

cultured at 37°C in 5% CO2. Culture media were refreshed every 2-3 days.
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3.9 Cell Viability and Functional Assays

To investigate cell viability within hydrogels qualitatively, encapsulated HUH7

cells were incubated in a solution containing Live/Dead stain (Life Technologies)

and imaged with a confocal microscope (Olympus Fluoview FV100 laser scanning

microscope). Z-stack images (100 µm thick, 10 µm per slice) from one gel and of at

least three random fields were captured for all experimental conditions. On Day-0,

live (green) and dead (red) cells were counted in each of the three captured images

and the viability was determined by normalizing the number of live cells to the total

number of cells. For each group, total number of cells ranged from about 140-280

cells.

Cell metabolic activity was evaluated to investigate the long-term viability and

proliferation of encapsulated cells via incubating the cell-laden hydrogels in Alamar-

Blue reagent (1:10 dilution in cell culture media) for 90 minutes. Following incubation,

200 µl samples of media were transferred to a clear 96-well plate. Using a microplate

reader, the changes in fluorescence were read (excitation: 560 nm, emission: 590 nm).

Hepatocyte-specific functions in the encapsulated cells, including urea secretion

and CYP3A4 enzymatic activity, were measured post-encapsulation. The cell culture

media were refreshed 48 hours prior to sampling and the collected media samples were

analyzed for urea content using a commercially available urea assay kit (QuantiChrom

Urea assay kit, Bioassay systems). In brief, 50 µL of collected samples, urea standard,

and media blank were added to a white 96-well plate. After which, 200 µL/well of

working reagent (1:1 ratio of Reagent A and Reagent B) were mixed with plated

standards and samples and were allowed to incubate for 20 minutes. Following the

incubation period, the optical density was measured via a microplate reader (430

nm).

CYP3A4 enzyme activity assay was performed using P450-Glo CYP3A4 Lucifierin-

IPA kit (Promega). Using a 48-well plate, 300 µL of culture media containing 3 µM

luciferin IPA to each well. Gels were then transferred to individual wells and allowed
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to incubate for 60 minutes at 37°C. Following incubation, gels were transferred back

into original culture plates, and 50 µL samples of IPA-media were transferred from the

48-well plate to a white 96-well plate individual already containing 50 µL of luciferin

detection reagent per well. The two components were allowed to incubate at room

temperature for 20 minutes. Immediately following the 20 minutes, the luminescence

was read using a microplate reader (2D samples were scaled to high whereas media

blanks were scaled to low). Urea secretion and CYP3A4 activity levels were normal-

ized by the cell metabolic activity from the respective cell-laden hydrogel in an effort

to offset variances in metabolic activity so that cell functions may be investigated

independently of metabolic activity.

3.10 Statistics

All experiments were conducted independently for at least three times. Each ex-

perimental or control group contained at least three samples. Results were presented

as Mean ± SD. 2-way ANOVA and when permitting a Bonferroni post-test was per-

formed to evaluate the statistical significance between indicated groups (* denote p

< 0.05, ** denote p < 0.001, *** denote p < 0.0001).
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4. RESULTS AND DISCUSSION

4.1 Prepare Modularly Crosslinked Hydrogels with Heparin Immobiliza-

tion

Step-growth photopolymerized GelNB hydrogels can be mechanically tuned by

holding gelatin content constant and adjusting only the concentration of crosslinker.

Conversely, biologically tunable properties can be achieved through holding the stiff-

ness constant while the gelatin content is adjusted. The ability to independently tune

biophysical and biochemical properties can be used to gain a better understanding of

the influence of ECM cues on cell processes.

(a)

(b)

Fig. 4.1. (a) Chemical structures of norbornene-functionalized gelatin
(GelNB) and PEG-tetra-thiol (PEG4SH). (b) Light and radical me-
diated thiol-norbornene photo-click reaction.
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Norbornene-functionalized gelatin had to first be synthesized. This was achieved

through reacting carbic anhydride with unmodified gelatin. The resulting degree of

norbornene substitution was determined by using fluoraldehyde assay to quantita-

tively assess the amount of amine groups present on gelatin’s backbone before and

after the reaction. No matter the type of gelatin, ∼2.2 mM ene was successfully

conjugated per 1 wt% of gelatin.

To investigate the effect of GelNB macromer content and thiol-to-ene molar ratio

(R) on light-mediated orthogonal thiol-norbornene gelation, we conducted gelation

studies using in situ photorheometry. Macromer GelNB and crosslinker PEG4SH

(Figure 4.1a) were used to form gelatin hydrogels with orthogonal thiol-ene crosslinks

(Figure 4.1b).

Fig. 4.2. In situ photorheometry of GelNB-A using PEG4SH as
crosslinker. Light was turned on 10 seconds after initiating the mea-
surements. Inlet image shows a representative gelatin based thiol-ene
hydrogel.

Precursor solutions begin to gel very rapidly upon exposure to 365 nm light at

an intensity of 5 mW/cm2. As shown in Figure 4.2, increased [GelNB] from 2wt%

to 3wt% or increased R from 0.5 to 1 did not change gel point significantly (∼6-

8 seconds). However, gels formed by higher [GelNB] or higher R yielded higher

stiffness (Table 4.1, formulations A-C). The rapid gel points of GelNB hydrogels can

be attributed to the rapid radical-mediated photopolymerization, the non-oxygen-
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inhibited thiol-norbornene reaction, as well as the presence of multiple norbornene

functionalities on a single GelNB macromer.

Table 4.1.
Hydrogel formulations used in Figures 4.2 and 4.3.

GelNB PEG4SH10kDa

wt% [ene](mM) wt% [thiol](mM) Ratio[thiol]/[ene](R)

A 2 4.4 0.6 2.2 0.5

B 2 4.4 1.1 4.4 1.0

C 3 6.7 1.7 6.7 1.0

Fig. 4.3. Temporal control of thiol-ene gelation using intermittent
light exposure. Shaded regions represent the presence of light.

Because gelatin can gel physically, it is crucial to verify that the formation of

GelNB hydrogels is a result of light-mediated thiol-ene gelation. Here, pre-polymer

solutions were subjected to alternating rounds of light exposure (i.e., alternating light

exposure and darkness for at least 3 cycles) during in situ rheometry (Figure 4.3).

One can see that gel modulus only increased in the presence of light and leveled

off immediately upon switching off the light, indicating that hydrogel crosslinking
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was indeed a result of light-mediated thiol-ene photopolymerization and not physical

gelation.

4.1.1 Result of Macromer Concentration on Stiffness and Degradation

The mechanical property of the GelNB hydrogel was tuned by adjusting the con-

centration of bio-inert macromers (i.e., PEG4NB or PEG4SH) in the precursor solu-

tion (Table 4.2, formulations B, D-H). Results shown in Figure 4.4 demonstrate that,

at a fixed concentration of GelNB (i.e., 2 wt%), or bioactive motifs, hydrogel shear

moduli increased (∼0.8 kPa to ∼8 kPa) with increasing concentrations of bio-inert

crosslinkers for both types of GelNB. This signifies the ability to tune the mechanics

while maintaining constant biological properties. Additionally, Table 4.3 demon-

strates the independent control of gelatin content (1-7 wt%), or biological properties,

without significantly affecting gel stiffness, or mechanics. This allows the concentra-

tion of bioactive motifs to be adjusted while maintaining a similar crosslinking density

in all groups.

Table 4.2.
Hydrogel formulations used in Figure 4.4.

GelNB PEG4NB20kDa PEG4SH10kDa

wt% [ene](mM) wt% [ene](mM) wt% [thiol](mM) R

B 2 4.4 0 0 1.1 4.4 1.0

D 2 4.4 0.20 0.4 1.2 4.8 1.0

E 2 4.4 0.45 0.9 1.3 5.3 1.0

F 2 4.4 0.58 1.2 1.4 5.6 1.0

G 2 4.4 1.13 2.3 1.7 6.7 1.0

H 2 4.4 1.68 3.3 1.9 7.7 1.0
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Fig. 4.4. Fine-tuning the crosslinking density through altering concen-
trations of macromer (GelNB, PEG4NB, or PEG4SH). At a constant
gelatin content (2wt%) hydrogel crosslinking density could be tuned
by adjusting PEG4NB and PEG4SH (Table 4.2 compositions B, D-H)
while maintaining a constant ratio of mM thiol per mM ene (R = 1).

Table 4.3.
Hydrogel formulations used to tune gelatin content without signifi-
cantly affecting hydrogels stiffness.

GelNB PEG4NB20kDa PEG4SH10kDa

wt% [ene](mM) wt% [ene](mM) wt% [thiol](mM) G’ (Pa)

I 1 2.2 1.0 2.0 1.05 4.2 2.0±0.76

J 3 6.7 0 0 1.2 4.8 2.2±0.13

K 5 11 0 0 0.9 3.7 2.1±0.95

L 7 15.4 0 0 0.85 3.4 2.0±0.42

To understand the protease degradability of orthogonally crosslinked GelNB hy-

drogels, we conducted proteolytic degradation studies using chymotrypsin as a model

enzyme. While collagenase or gelatinase can be used to degrade gelatin hydrogel, we

chose to use chymotrypsin since it is a more economical option and can achieve similar

proteolytic gel degradation. [31] Chymotrypsin cleaves C-terminal peptide bonds fol-
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lowing large hydrophobic amino acids like tyrosine, proline, and tryptophan. Gelatin

contains high proportion of proline and some tyrosine, both of which are substrate

for chymotrypsin-mediated cleavage. [12, 31,48]

One method to modularly tune the crosslinking density of orthogonal gelatin hy-

drogels is through adjusting macromer concentration. GelNB hydrogels were formed

with different concentrations (3, 5, 7 wt%) at a unity of R. At a fixed R-value (i.e.,

R = 1), gels could be easily prepared with a wide range of stiffness (i.e., ∼5 kPa to

∼20 kPa) through adjusting the gelatin content (Figure 4.5, Table 4.4 formulations

C, M-N). Clearly, gel moduli increase at higher weight contents of GelNB or higher

R-values.

Fig. 4.5. Fine-tuning the crosslinking density through altering the
concentration of gelatin. At a fixed R-value, crosslinking density can
be tuned by varying the amount of macromer GelNB (Table 4.4 com-
positions C, M, N).

Within 3 hours of chymotrypsin treatment, all GelNB hydrogels eroded (Figure

4.5). Interestingly, hydrogel degradation mode seemed to be influenced by the initial

gel crosslinking density. Specifically, the weights of hydrogels formed with 5 and

7 wt% GelNB increased (i.e., negative % in mass loss) during the initial hours of

chymotrypsin treatment (Figure 4.6). These hydrogels also appeared to swell in

size during the first one to two hours of protease treatment, indicating that the

degradation had happened throughout the hydrogel network and in turn the gels
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Table 4.4.
Formulations and initial moduli of hydrogels used in Figures 4.5-4.8.

GelNB PEG4SH10kDa

wt% [ene](mM) wt% [thiol](mM) R G’ (Pa)

C 3 6.7 1.7 6.7 1 4.9±0.12

M 5 11 2.7 11 1 10.6±0.70

N 7 15.4 3.8 15.4 1 22.0±0.75

O 7 15.4 1.9 7.7 0.5 6.7±0.34

P 7 15.4 2.9 11.5 0.75 14.2±0.37

imbibed more protease solution, leading to a gain in gel mass. After a sufficient

amount of gelatin molecules were cleaved, the gel mass started to decrease (positive

in mass loss) and the gels eventually lost their structural integrity. On the other hand,

gelatin hydrogels formed at 3 wt% started to lose mass immediately upon placing gels

in chymotrypsin solution. The gels also appeared thinner as the enzyme cleaved the

gels from the exterior through a surface erosion mechanism. This process continued

until the entire hydrogel disappeared.

Fig. 4.6. Chymotrypsin-mediated (2mg/mL) proteolysis and mass
loss of GelNB hydrogels crosslinked at different GelNB content.
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These experiments demonstrated the ability to modularly control the mechanical

(e.g., crosslinking density and stiffness) and biological properties (e.g., cell adhesive-

ness and protease sensitivity) of the cell-laden GelNB hydrogels.

4.1.2 Effect of Thiol to Ene Ratio on Stiffness and Degradation

Another method to modularly tune the crosslinking density of orthogonal gelatin

hydrogel is through adjusting R, the molar ratio of thiol to norbornene groups. At a

fixed gelatin content (i.e., 7 wt% GelNB-B), again, gels could be easily prepared with

a wide range of stiffness (i.e., ∼6 kPa to ∼20 kPa) by simply adjusting R from 0.5 to

1 (Figure 4.7, Table 4.4 formulations N-P).

Fig. 4.7. Fine-tuning the crosslinking density through altering con-
centrations thiol to ene ratio. At a fixed GelNB-B content (7wt%)
crosslinking density can be tuned by varying the ratio of mM thiol
per mM ene via adjusting only the crosslinker PEG4SH (Table 4.4
compositions N-P).

Similar to controlling the weight percent of GelNB, altering the R-value also dic-

tates how GelNB hydrogel is degraded proteolytically. As shown in Figure 4.8, all

GelNB hydrogels eroded within 4 hours but hydrogels formed at R = 0.5 and 0.75

degraded faster and with a surface-erosion mechanism (enzyme cleaves gels from the

exterior). On the other hand, gels formed at R = 1 degraded slower and in a bulk

degradation mechanism (enzyme cleaves gels from the inner network). These results
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suggest that when the crosslinking density of GelNB hydrogels is low, the cleavage of

gelatin chains by protease leads to easy removal of gel fragments and the degradation

exhibits a typical surface erosion mechanism. On the other hand, when the crosslink-

ing density of GelNB hydrogels is high, initially most of the protease-cleaved gelatin

chains are still attached to the network because of the high amount of crosslinks. This

leads to the infiltration of more protease into the gel network that causes increased

network cleavage and water uptake (hence the increase in gel mass), and eventually

the loss of gel integrity. The variation in degradation mechanisms may be explored

for delivering growth factors in a dynamic fashion. Additionally, these experiments

further demonstrate this platform’s ability to be independently tuned mechanically

and biologically.

Fig. 4.8. Chymotrypsin-mediated (2mg/mL) proteolysis and mass
loss of GelNB hydrogels crosslinked at different thiol-to-ene ratios.

4.1.3 Detection of Heparin Immobilization and Its Effect on Stiffness

Heparin, a highly sulfated and negatively charged glycosaminoglycan, acts as

reservoir for matrix proteins and is abundant in the liver indicating that its use

in recreating a liver cell’s native environment may be important. [41] To immobilize

heparin within the modularly crosslinked gelatin hydrogels, we synthesized a hep-
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arin modified form of GelNB (GelNB-Hep, Figure 4.9a) through standard EDC/NHS

chemistry (refer to section 3.2). Heparin conjugation onto GelNB was qualitatively

assessed by dimethyl-methylene blue (DMMB) assay (Figure 4.9b).

(a)

(b)

Fig. 4.9. (a) Schematic of heparin conjugated gelatin-norbornene
(GelNB-Hep) synthesis. (b) Dimethyl methylene blue (DMMB) qual-
itative assay to verify immobilization of heparin within hydrogels. All
gels contained 1.7 wt% PEG4NB and 1.4 wt% PEG4SH except type
A and B gelatin which include an additional 1 wt% of gelatin.

DMMB possesses a positive charge and as a result binds to sulfated polysaccha-

rides. Once bound DMMB undergoes a colorimetric change from blue to purple/pink.

Clearly, gels containing no gelatin appeared transparent since no DMMB was able to

bind to the non-charged PEG hydrogel. Similarly, gels made with GelNB-A also ap-

peared transparent; whereas, hydrogels containing GelNB-B appeared blue in color.

Gels containing heparin (GelNB-A-Hep and GelNB-B-Hep), on the other hand, ap-

peared dark pink in color, suggesting that the immobilized heparin was able to react
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with the DMMB dye as it infiltrated the hydrogels. Additionally, as mentioned previ-

ously the two types of gelatin possess different charges as a result of dissimilar process-

ing techniques. Type A gelatin is positively charged, and type B gelatin is negatively

charged. Therefore, the blue color obtained by the hydrogel including GelNB-B is a

result of electrostatic interactions between the negative charge of GelNB-B and the

positive charge of DMMB.

(a)

(b)

Fig. 4.10. (a) Effect of heparin immobilization on hydrogel stiffness
at different gelatin content (type B: 1, 3, 5, 7 wt%). (b) At a fixed
gelatin content (5 wt%) hydrogel stiffness more closely matches with
increasing thiol to ene ratio (R).
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Further investigating the effect of heparin conjugation onto GelNB, hydrogel mod-

uli was re-evaluated. As depicted in Figure 4.10a, heparin incorporation affected gels

containing 3 and 5 wt% GelNB-Hep to a greater degree than gels containing the

extreme concentrations of gelatin when compared to GelNB hydrogels of matching

formulations (**p < 0.001). However, 1 and 7 wt% GelNB-Hep hydrogels crosslink-

ing efficiency was not hindered. The stiffness of hydrogels comprised of only 1 wt%

gelatin was not affected by heparin due to the miniscule amount actually incorporated

(∼0.003 wt% Heparin). Heparin’s large size possibly interfered with the crosslinking

of 3 and 5 wt% hydrogels. Further experiments were conducted on 5 wt% gels using

different R-values to explore the mechanism behind heparin’s effect on stiffness. As

the ratio of thiol-to-ene was increased discrepancies in moduli decreased as shown in

Figure 4.10b. This relationship may derive from the negatively charged environment

created by type B gelatin assisting in the deprotonation of increasing thiol moieties

therefore increasing the crosslinking efficiency of hydrogels. Formulations for 7 wt%

GelNB hydrogels may contain a sufficient amount of thiol and gelatin to create the in-

creased effect of negative charge on deprotonation. It may also be likely that at 7 wt%

GelNB there exists an increase in the spatial arrangement of ene moieties positioned

along the gelatin backbone. This increase may allow more room to accommodate the

large heparin molecules preventing the hindrance of crosslinking induced by heparin.

4.1.4 Sequestering of Hepatocyte Growth Factor

To exploit heparin’s ability to sequester and sustain growth factor release, hep-

atocyte growth factor (HGF) was loaded into hydrogels made of either 7wt% type

A GelNB or GelNB-Hep (R = 0.40 and R = 0.47, respectively). To account for the

potential influence of heparin on gel crosslinking, the two gel formulations were tuned

to yield almost identical stiffness (G’ ∼5.5 kPa, Figure 4.11).

HGF-loaded type A GelNB or GelNB-Hep hydrogels were placed in PBS at 37°C

and buffer aliquots were sampled at various time points for analyzing HGF release. As
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Fig. 4.11. Elastic modulus of 7 wt% type A GelNB and GelNB-Hep
crosslinked by PEG4SH hydrogels used for HGF release.

shown in Figure 4.12, no significant difference in HGF release was observed between

the two groups during the initial few hours of release. However, at 24 hours, signifi-

cantly more HGF was released from the GelNB hydrogel than from GelNB-Hep gels.

Nearly 400 hours into the release study, ∼17% of HGF was released from GelNB hy-

drogels and only about ∼7% of HGF was released from GelNB-Hep hydrogels. While

the current study only demonstrates the ability of GelNB-Hep hydrogels to sequester

and control the release of HGF, this gel format should have broader impact on sup-

porting cell fate processes in 3D due to the broad affinity of heparin to various growth

factors and cell-secreted proteins.

In order to ensure that the delay in release was in fact a result of heparin incor-

poration, negatively charged type B GelNB and GelNB-Hep was used. Previously

others have found gelatin type B has a higher affinity for HGF over type A gelatin,

and heparin possesses the highest affinity overall [49, 50]; however, with the incorpo-

ration of such a small amount of heparin, the environments may possess a similar

degree of charge. Again hepatocyte growth factor (HGF) was loaded into hydrogels

made of 7wt% GelNB-B-Hep or 7wt% GelNB-B (R = 0.45 and 0.50, respectively).

Gel formulations resulted in hydrogels of similar stiffness (Figure 4.13) and therefore

a similar crosslinking density in order to negate the impact of differences in network

size on molecule diffusion within hydrogels.



www.manaraa.com

32

Fig. 4.12. Release of hepatocyte growth factor (HGF) from 7 wt%
type A GelNB or GelNB-Hep gels crosslinked by PEG4SH (**p <
0.001; ***p < 0.0001).

Fig. 4.13. Elastic modulus of 7 wt% type B GelNB and GelNB-Hep
crosslinked by PEG4SH hydrogels used for HGF release.

Again, samples were collected at various time points and were analyzed to de-

termine % HGF release. Figure 4.14 presents results obtained. As hypothesized, no

significant differences can be observed between groups at any point in time. Typical

release profiles can be seen during the first 80 hours, after which there is a sudden

increase in release. This sudden increase may be a result of accelerated degradation

of the hydrogel network. The lack of differences between release profiles is most likely

due to the type of gelatin (type B) from which GelNB was originally synthesized.
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Hydrogels contained 7 wt% GelNB-B-Hep indicating the incorporation of only 0.02

wt% heparin; therefore, as expected, an insufficient amount of heparin may have been

conjugated onto the gelatin to achieve a difference in negative charge.

Fig. 4.14. Release of hepatocyte growth factor (HGF) from 7 wt%
type B GelNB or GelNB-Hep gels crosslinked by PEG4SH

4.2 Investigate Hepatic Cell Viability and Functions in Modularly Crosslinked

Gelatin Hydrogels

As mentioned earlier, liver cells must interact with their environment to receive

or transmit signals for maintaining proper cell function. Huh7 cells were chosen

here because of being a common cell type used for drug testing and for modeling liver

cancer. We are interested in developing a tunable 3D biomimetic matrix to study liver

cancer cell fate and this work is the first step towards establishing a therapeutically

relevant biomimetic liver tumor niche. Utilizing the tunability of this particular

thiol-ene system, this chapter focuses on the viability and functions of Huh7 cells as

a result of being cultured within different formulations of GelNB hydrogels. Through

percent survival, metabolic activity, CYP and urea functions, and confocal imaging,

cell viability and functions were investigated.
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4.2.1 Effect of Macromer Concentration on Gel Stability, Cell Viability,

and Hepatocellular Functions

Fig. 4.15. Huh7 viability following encapsulation (day-0). Huh7 cells
encapsulated in 1 wt% indicate viability levels similar to those encap-
sulated in 7 wt% of the same stiffness (∼85% and ∼87%, respectively).

To evaluate the effect of bioactive motif (i.e., gelatin content) on cell fate without

the complication of different gel mechanical properties, we encapsulated Huh7 cells in

modular GelNB hydrogels with increasing gelatin content (1-7 wt%) but with similar

initial stiffness using formulations listed in Table 4.3. Live/Dead images were used

for counting the percentage of live cells following light-mediated cell encapsulation

(Figure 4.15, 1 and 7 wt% at ∼2000 Pa). With increasing gelatin concentration,

the estimated viability of cells slightly increased from ∼85% to ∼87% for 1wt% and

7 wt%, respectively. Although all hydrogels include a similar concentration of cells

(5x106 cells/mL), images obtained for 7 wt% GelNB gels present fewer cells compared

with hydrogels comprised of 1 wt% GelNB of the same viewing area. With increasing

gelatin content, it is expected that cells have a greater ability to degrade their envi-
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ronment thereby leading to a larger degree of hydrogel swelling. This larger degree

of swelling expands the environment of the cells resulting in a fewer cells per area.

Fig. 4.16. Effect of Huh7 cells presence on gel properties. Shear
moduli of cell-laden hydrogels over time.

Figure 4.16 further supports the differences in cell number shown in Figure 4.15.

The presence of cells affected, although not statistically significantly, the initial moduli

of the GelNB gels. Proteases secreted by Huh7 cells likely begin to degrade gelatin as

soon as the cells were suspended in the pre-polymer solution. While the gel moduli

in all gels decreased significantly over the course of 14 days, all hydrogels remained

intact throughout the experiment indicating hydrogel stability.

To understand the effect of gelatin content on Huh7 viability, metabolic activity

of the encapsulated cells was monitored over a two week period (Figure 4.17a). Huh7

cells encapsulated in gels with higher gelatin content (5 and 7 wt%) showed higher

metabolic activity from day-2 to day-14 when compared to gels at lower gelatin con-

tent (e.g., 1 wt%). Cells encapsulated in 7 wt% GelNB showed significantly higher

metabolic activity over all other groups by day-14 (*p < 0.05).

When investigating the effect of macromer concentration on the viability of Huh7

cells, live/dead staining and confocal imaging results show that almost all cells re-

mained alive and formed cell clusters in 5 and 7 wt% GelNB hydrogels whereas

significantly more dead cells were found in hydrogels containing lower gelatin content
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(a)

(b)

Fig. 4.17. Effect of type B GelNB content on Huh7 cell viability. (a)
Metabolic activity of Huh7 cells as a function of time. (*p < 0.05,
***p < 0.0001). (b) Representative live/dead staining and confocal
Z-stack images of encapsulated Huh7 cells on day 14.

(i.e., 1 and 3 wt% GelNB) (Figure 4.17b). These results demonstrate that higher

gelatin or macromer content facilitates Huh7 cell survival.
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(a)

(b)

Fig. 4.18. Effect of type B GelNB content on Huh7 liver specific
functions. (a) Normalized CYP3A4 enzymatic activity and (b) urea
secretion from encapsulated Huh7 cells on day 14. CYP3A4 and urea
levels were normalized to the metabolic activity on the same day of
experiments.

One of the most important functions of the liver is the conversion of fat-soluble

toxins into water-soluble waste, such as urea, by members of the CYP450 family.

Among all the members of the CYP450 family, CYP34A is the most abundant en-

zyme. Therefore, CYP3A4 enzymatic activity (Figure 4.18a) and urea secretion (Fig-

ure 4.18b) were assessed to gain insight into the hepatocyte-specific function of the

encapsulated cells. Interestingly, even though higher gelatin content improved cell

survival (Figures 4.17a,b), CYP3A4 activity and urea secretion were not enhanced.
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These results suggest that, in addition to the biological motifs provided by gelatin,

additional ECM cues may be required to enhance cellular functions.

4.2.2 Effect of Thiol to Ene Ratio on Gel Stability, Cell Viability, and

Hepatocellular Functions

Fig. 4.19. Huh7 viability following encapsulation (day-0). Increasing
the environment stiffness (or R-value) of encapsulated cells had little
to no effect on viability compared to a softer environment (∼87% for
7 wt% 2000Pa (R = 0.34) and 5500 Pa (R = 0.75)).

Mechanical properties of 2D substrates or 3D matrices have been shown to af-

fect cell fate processes. [51–53] While the mechanical properties of gelatin hydrogels

formed by chain-growth polymerization can be tuned by adjusting functionalized

gelatin content, this manipulation also simultaneously increases the concentrations of

cell signaling motifs afforded by gelatin. We aimed to adjust the stiffness of our mod-

ularly crosslinked GelNB hydrogels for studying the effect of matrix mechanical cues

on cell fate without the confounding effects of cell-ECM interactions. Since results

shown in Figure 4.17 reveal that higher concentration of GelNB facilitates Huh7 cell
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viability in 3D, we encapsulated Huh7 cells in gels containing 5 wt% GelNB while

adjusting the R-value to yield the gels with a wide range of stiffness (G’ ∼0.7 kPa

to ∼5.5 kPa). Day-0 viability results obtained from single cells within 7 wt% indi-

cate outcomes similar to that reported in the previous section; cell viability following

encapsulation remained to be ∼87% as depicted in Figure 4.19.

Upon the encapsulation of Huh7 cells, all cell-laden GelNB hydrogels degraded

over time but the moduli of the cell-laden hydrogels at day 14 were still significantly

different from each other (Table 4.5 and Figure 4.20). The metabolic activity of

Huh7 cells encapsulated in stiffer gels (R = 0.5 and 0.75) appeared to be suppressed

when comparing with that in the softer gels (R = 0.34) (Figure 4.21a). A significant

difference in metabolic activity was observed when cells were encapsulated in softer

environments on day 7 and on-ward (***p < 0.0001). The results found here coincide

with our previous findings that the metabolic activities of Huh7 cells were suppressed

in stiffer hydrogels formed by PEG-based mixed-mode thiol-acrylate hydrogels. [54]

Table 4.5.
Hydrogel formulations used to tune moduli of hydrogels without af-
fecting gelatin content.

GelNB PEG4SH10kDa G’ (Pa)

wt% [ene](mM) wt% [thiol](mM) R Day0 Day14

Q 5 11 0.9 3.7 0.34 1.50±0.09 0.52±0.06

R 5 11 1.4 5.6 0.50 3.76±0.30 2.42±0.10

S 5 11 2.1 8.4 0.75 6.90±0.12 5.40±0.40

Live/dead staining and confocal images indicate the effect of thiol to ene ratio

(R) on cell viability (Figure 4.21b) as a result of being grown in GelNB hydrogels

with different mechanical properties. Images captured on day-14 post-encapsulation

demonstrated that cells were mostly alive and formed clusters with no distinct differ-

ence.
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Fig. 4.20. Effect of Huh7 cells presence on gel properties. Stiffness of
cell-laden hydrogels over time.

One would speculate that the decreased metabolic activity from cells encapsu-

lated in stiffer gels was a result of cell death in stiffer gels. However, this was not

the case for Huh7 cells encapsulated in GelNB hydrogels with different stiffness (Fig-

ure 4.21b). Huh7 cells encapsulated in stiffer GelNB hydrogels may have received

increased mechanical stimuli that suppressed their cellular metabolic activity.

Matrix stiffness (G’) at 3-6 kPa might be relevant in hepatocyte functions as

this stiffness range is similar to the stiffness found in healthy liver (< 6 kPa). [55]

However, we found that CYP3A4 enzymatic activity was only slightly enhanced in

cells grown in stiffer gels (R = 0.50 or 0.75. G’ ∼5 kPa) at day 14 post-encapsulation

(Figure 4.22a). The same trend was also found in urea secretion (Figure 4.22b). This

result was different from our previous work where Huh7 cells encapsulated in bio-inert

PEG-based thiol-acrylate hydrogels exhibited lower metabolic activity but higher urea

secretion. [54] Future mechanistic studies are required to elucidate whether additional

signaling crosstalks between integrins and mechanosensors exist in Huh7 cells that

regulate protease activity and urea secretion.
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(a)

(b)

Fig. 4.21. Effect of matrix stiffness on Huh7 viability (formulations
listed in Table 4.5). (a) Metabolic activity of encapsulated Huh7 cells
as a function of time (***p < 0.0001). (b) Representative live/dead
staining and confocal Z-stack images of encapsulated Huh7 cells in
GelNB hydrogels on day 14.

4.3 Examine the Effect of Heparin Immobilization on Hepatic Cell Via-

bility and Functions in 3D

Since adjusting the concentration of bioactive gelatin and matrix stiffness did not

yield statistically significant differences in Huh7 cell functions, we sought to further

modify GelNB hydrogels with other relevant bioactive motifs, such as heparin. Af-

ter synthesis, the degree of heparin substitution on GelNB was about 0.003 wt% of

heparin per 1 wt% of GelNB (or 3 µg heparin/mg GelNB). A previous study immobi-
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(a)

(b)

Fig. 4.22. Effect of matrix stiffness on Huh7 liver specific func-
tions. (a) Normalized CYP3A4 enzymatic activity and (b) urea se-
cretion from Huh7 cells cultured in gelatin based hydrogels on day 14.
CYP3A4 and urea levels were normalized to the metabolic activity on
the same day of experiments.

lized 1-7% (w/w) of heparin onto Gelatin/Tyramine and created vascular endothelial

growth factor (VEGF) loaded hydrogels for the in vitro cell migration study of human

umbilical vein endothelial cells (HUVECs) as well as an in vivo study of angiogen-

esis. In both experiments, protein bioactivity, cell migration, and angiogenesis were

improved with the inclusion of heparin. [46] Compared to this system, our platform

contains a much lower amount of heparin, therefore, the concentration used in our

hydrogels must be favorable to cells.
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4.3.1 Influence of Heparinization on Cell Viability and Hepatocellular

Functions

Based on the viability results we saw with higher wt% GelNB hydrogels and the

CYP3A4 function of cells within gels with increased stiffness, we sought to investigate

the effect of heparin on Huh7 cells without the complications from gel stiffness and

bioactive motifs. Here we prepared hydrogels with the same gelatin content (7 wt%

type A GelNB and GelNB-Hep) and with similar stiffness (∼5.5 kPa). Following

encapsulation of single cells on day-0, live dead images were obtained (Figure 4.23).

Images indicate that the incorporation of heparin positively influenced the viability

of cells immediately following polymerization resulting in fewer dead cells than can be

seen in GelNB only gels. The viability of cells within GelNB hydrogels indicate ∼87%

survival; whereas, cell survival within heparin conjugated GelNB hydrogels increases

to greater than 95%.

Fig. 4.23. Huh7 viability following encapsulation (day-0). The inclu-
sion of heparin improved viability to greater than 95%.

Over time, huh7 cells encapsulated in GelNB and GelNB-Hep hydrogels remained

viable, as demonstrated by the steady increase in metabolic activity (Figure 4.24a)
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and live/dead staining (Figure 4.24b). However, Huh7 cells encapsulated in GelNB-

Hep hydrogels showed significantly lower metabolic activity at days 7, 10, and 14 as

compared with cells in GelNB hydrogels (**p < 0.001; ***p < 0.0001). Since the re-

duction of cell metabolic activity was not due to cell death (Figure 4.24b), it is logical

to suggest that the immobilization of heparin altered intracellular signaling through

sequestering growth factors contained in the supplemented serum (i.e., 10% FBS) or

secreted by the encapsulated cells. It may be the case that cells are experiencing

a state of quiescence while committing to a more defined phenotype; therefore, the

inclusion of heparin possibly influenced a larger population of cells to enter this state

of differentiation compared to those encapsulated in GelNB without heparin.

In addition to suppressing metabolic activity, immobilized heparin also signifi-

cantly enhanced CYP450 enzymatic activity (Figure 4.25a) and urea secretion (Fig-

ure 4.25b). The enhanced hepatocyte-specific functions may be attributed to local

enrichment of growth factors from serum through binding to immobilized heparin.

Previously reported, FBS contains a number of growth factors, many of which have

the ability to influence hepatocyte functions (i.e., TGFβ1, IGF-2, IGFBP2). [56, 57]

TGFβ1 has been known to inhibit the growth of Huh7 cells and induce partial differ-

entiation. [58] IGF-2 has been documented as a contributor in neoplastic hepatocyte

proliferation (heterogeneous distribution of cells within a mass). [59] Therefore, the

presence of heparin locally likely enriched some growth factors that synergistically

enhance hepatocyte-specific functions. It is also possible that presence of heparin

affected growth factor-receptor binding kinetics, which in turn resulted in different

cell function.
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(a)

(b)

Fig. 4.24. Effect of heparin on Huh7 viability. (a) Effect of heparin
on metabolic activity of Huh7 cells. (**p < 0.001; ***p < 0.0001).
(b) Representative live/dead staining and confocal Z-stack images of
encapsulated Huh7 cells in type A GelNB or GelNB-Hep hydrogels
on day-14.
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(a)

(b)

Fig. 4.25. Effect of heparin on hepatocellular functions. (a) Nor-
malized CYP450 enzymatic activity in Huh7 cells cultured in gelatin
based hydrogels on day-14 (*p < 0.05). (b) Normalized urea secretion
of Huh7 cells cultured in gelatin based hydrogels (**p < 0.001).
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5. SUMMARY

In summary, highly tunable gelatin-based hydrogels were prepared using orthogo-

nal thiol-norbornene photochemistry. The biophysical and biochemical properties of

GelNB hydrogels can be easily and independently tuned through adjusting the com-

ponents in the precursor solution. As expected, these gelatin-based covalent hydrogels

can be degraded by proteases. Although this natural platform can be degraded, gels

remained stable for an extended period of time. The GelNB hydrogels are cyto-

compatible for in vitro 3D hepatocellular carcinoma cell culture. Through systemic

variation of gelatin content and matrix stiffness, it was found that higher gelatin

content and lower matrix stiffness promote cellular metabolic activity. However, sup-

pressed metabolic activity does not necessarily correlate well with cell viability and

function. The modularly crosslinked GelNB hydrogels were also modified with hep-

arin to sequester growth factors and to positively influence CYP450 activity and urea

secretion from encapsulated Huh7 cells. The ability to fine-tune matrix biophysical

properties (e.g., stiffness) independent of biochemical properties (e.g., cell-responsive

motifs) in gelatin hydrogels will allow researchers to study how independent local

matrix properties affect cancer cell fate processes and drug responsiveness. Hence,

the modularly crosslinked GelNB hydrogels should provide a highly favorable 3D cell

culture platform for in vitro cancer cell research.
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6. RECOMMENDATIONS

Future work will include the use of more relevant cell line to study the role of hepatic

cells in liver regeneration and the differentiation of progenitor cells, such as HepaRG

cells. HepaRG cells are classified as hepatoblasts and are immature epithelial cells

with bipotent capabilities. These cells can be differentiated towards cholangiocytic

(biliary) and hepatocytic cell lines. [3, 60] Unfortunately, differentiation requires the

use of dimethyl sulfoxide (DMSO). DMSO is cytotoxic and its differentiation effi-

ciency varies from batch to batch. [61] Based on the results obtained using Huh7

cells, it is hypothesized that this 3D culture system will provide the necessary envi-

ronment to induce and maintain hepatocyte-specific functions required for HepaRG

cell differentiation.

To investigate the differentiation of HepaRG cells, a controlled experiment was

performed in 2D. Before exposure to DMSO, HepaRG cells appear to be of epithelial

morphology as shown in phase contrast images (Fig. A.1 of the Appendix). After

proliferating cells have reached confluency, 1% of DMSO is added to the media to

induce cell differentiation. After one week of exposure to DMSO, cells begin to

differentiate into cuboidal shaped hepatocytes or polygonal shaped cholangiocytes.

30 days of DMSO treatment result in the formation of hepatocyte clusters or islands

and tightly packed polygonal cholangiocytes (Fig. A.2).

HepaRG cells were encapsulated in 7 wt% type A GelNB hydrogels with a stiffness

of ∼2,000 Pa. After 7 days of culture within gels, half of the cell-laden hydrogels were

subjected to DMSO treatment. Fig. A.3 presents live/dead images obtained on day

14 and metabolic activity of cells over the course of the experiment. Two distinct

areas of growth can be seen in the live/dead images of each group. Prolif. 1 (Fig.

A.3a) and Diff. 1 (Fig. A.3b) show that cells adapted a polygonal morphology

that more closely resembles cholangiocytes. On the other hand, Prolif.2 and Diff. 2
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show that cells adapted to a cuboidal morphology mimicking hepatocytes. Metabolic

activity results indicate a dramatic decrease in activity upon the exposure of DMSO,

a possible result of cell death (Fig. A.3c). This is further supported by the increased

presence of dead cells seen in live/dead images. While additional studies are needed

to verify these results, the preliminary work does indicate that our GelNB system has

the potential to induce differentiation of HepaRG cells without using DMSO.
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APPENDIX: HepaRG DATA

Fig. A.1. Undifferentiated HepaRG cells plated at 1.6 million/plate
(standard TCP) for proliferation. Cells appear clear and epithelial-
like.

Fig. A.2. Plated 0.8 million cells/well (6-wellplate) for differentiation
and allowed cells to reach 90% confluency. Then cells were subjected
to 1% DMSO. Nearly 30 days of DMSO exposure lead to the formation
of hepatocyte isles, a result of the differentiation of HepaRG cells.
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(a) (b)

(c)

Fig. A.3. (a) Representative live/dead staining and confocal Z-stack
images of encapsulated proliferating HepaRG cells in type A GelNB
hydrogels on day 14 without DMSO exposure and (b) with DMSO
exposure. (c) Effect of DMSO exposure on metabolic activity of Hep-
aRG cells.


