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ABSTRACT

Bragg, John Campbell M.S.B.M.E., Purdue University, December 2016. Silk Fibroin-
Reinforced Hydrogels for Growth Factor Delivery and In Vitro Cell Culture. Major
Professor: Chien-Chi Lin.

A variety of polymers of synthetic origins (e.g., poly(ethylene glycol) or PEG)

and naturally derived macromolecules (e.g., silk fibroin or gelatin) have been ex-

plored as the backbone materials for hydrogel crosslinking. Purely synthetic hydro-

gels are usually inert, covalently crosslinked, and have limited degradability unless

degradable macromers are synthesized and incorporated into the hydrogel network.

Conversely, naturally derived macromers often contain bioactive motifs that can pro-

vide biomimicry to the resulting hydrogels. However, hydrogels fabricated from a

single macromer often have limitations inherent to the macromer itself. For exam-

ple, to obtain high modulus PEG-based hydrogels requires an increase in macromer

and crosslinker content. This is associated with an increase in radical concentration

during polymerization which may cause death of encapsulated cells.

Pure gelatin (G) hydrogels have weak mechanical properties and gelatin under-

goes thermo-reversible physical gelation. Covalent crosslinking is usually necessary

to produce stable gelatin hydrogels, particularly at physiological temperatures. The

limitations of these hydrogels may be circumvented by combining them with another

macromer (e.g., silk fibroin) to form hybrid hydrogels. Silk fibroin (SF) from Bombyx

mori silkworms offers high mechanical strength, slow enzymatic degradability, and

can easily form physical hydrogels.

The first objective of this thesis was to evaluate the effect of sonication and the

presence of synthetic polymer (e.g, poly (ethylene glycol) diacrylate or PEGDA) or

natural macromer (e.g., gelatin) on SF physical gelation kinetics. SF physical gelation

was assessed qualitatively via tilt tests. Gelation of pure SF solutions was compared



xiii

to mixtures of SF and PEGDA or G, both with or without sonication of SF prior to

mixing. The effect of gelatin on SF gelation was also evaluated quantitatively via real

time in situ rheometry. Sonication accelerated gelation of SF from days to hours or

minutes depending on SF concentration and sonication intensity. Both PEGDA and

G were shown to accelerate SF physical gelation when added to SF and sonicated SF

(SSF) solutions.

The second objective was to develop a simple strategy to modulate covalently

crosslinked PEG-based hydrogel properties by physically entrapping silk fibroin. The

physical entrapment of silk fibroin provides an alternative method to increase gel stor-

age modulus (G′) without the cytotoxic effect of increasing macromer and crosslinker

concentration, or altering degradation kinetics by increasing co-monomer concentra-

tion. The effect of SF entrapment on gel physical and mechanical properties, as

well as hydrolytic degradation and chemical gelation kinetics were characterized. SF

physical crosslinking within the PEG-based network was shown to increase gel storage

moduli by two days after gel fabrication. There was no change hydrolytic degrada-

tion rate associated with the increased moduli. SF entrapment did not affect gelation

efficiency, but did alter gel physical properties.

The third objective of this thesis was to develop a silk-gelatin in situ forming hy-

brid hydrogel for affinity-based growth factor sequestration and release and in vitro

cell culture. SF provides mechanical strength and stability, whereas G contains bioac-

tive motifs that can provide biomimicry to the gel network. Hydrogel (G′) and its

dependency on temperature, SF processing conditions, and secondary in situ chem-

ical crosslinking (i.e., genipin crosslinking) were studied. Gelatin can be conjugated

with heparin, a glycosaminoglycan, to impart growth factor (GF) binding affinity.

Growth factor sequestration and release were evaluated in a pair of designed exper-

iments. The hybrid gels were evaluated as substrates for human mesenchymal stem

cell proliferation.



1

1. INTRODUCTION

1.1 Silk Fibroin for Biomedical Applications

Silk fibroin (SF) derived from Bombyx mori silkworm cocoons is an appealing ma-

terial for biomedical applications because of its biocompatibility, high tensile strength,

slow enzymatic degradation, and versatile processing methods to produce scaffolds

with a variety of forms and shapes [1, 2]. SF has been formulated into hydrogels for

3D cell culture [3–5], particles for drug loading and delivery [6], and spun fibers for

scaffolding materials [7]. SF is composed of paired heavy (∼370 kDa) and light chains

(∼26 kDa) linked by a disulfide bond [8,9]. The primary structure of SF heavy chain

is mostly hydrophobic owing to the repetitive oligopeptides primarily composed of

Gly-Ala repeats (Fig. 1.1) [1,6,8,9]. The light chain sequence is rich in glutamic and

aspartic acid residues and is less repetitive than the heavy chain [8].

Fig. 1.1. Major oligopeptide repeat structure of SF heavy chain.

Despite its hydrophobicity, SF can be prepared in aqueous solution through high

salt and ethanol-based dissolution and dialysis processes. To obtain SF for biomedical

applications requires several processing steps (Fig. 1.2). First, Bombyx mori cocoons

are boiled in sodium carbonate solution (0.02 M Na2CO3) to remove sericin proteins

from the SF fibers. [7] The SF fibers are rinsed and dried, providing degummed SF
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fibers. The SF fibers are dissolved in ethanol and/or high salt aqueous solutions (e.g.,

CaCl2/H2O/ethanol [10] or LiBr [7]) at elevated temperature. Dissolution is followed

by dialysis in ddH2O to purify the SF solution. The resulting SF solution is often

concentrated to obtain a desired concentration prior to storage.

Fig. 1.2. Schematic of the silk fibroin extraction process [7]. Dissolution conditions
and SF solution processing and storage vary.
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SF hydrogels can be prepared using several methods, by physical or chemical

crosslinking. Solubilized SF exhibits strong intra- and intermolecular interactions,

which facilitate their self-assembly from α-helices and random coils into anti-parallel

β-sheets and ultimately lead to physical gelation [1, 3, 5, 11]. These processes, how-

ever, can take several hours to days, depending on SF concentration, solution com-

positions, and storage conditions [11]. SF physical gelation may be controlled via

multiple solution parameters and mechanical processes. Solution salt concentration,

pH, temperature, and the presence of organic solvents are all parameters which alter

SF gelation kinetics [7, 9, 12]. Zhou et al. demonstrated that the presence of metal

ions (Mg2+ and Cu2+) induced a conformation transition of SF from α-helices to β-

sheets [13]. Reducing solution pH accelerates SF gelation due to a net reduction in SF

chain charge repulsion that occurs between negatively charged residues at physiolog-

ical pH [12]. Increased temperature accelerates SF gelation by increasing the average

kinetic energy of the system, increasing the movement and frequency of interaction

between SF chains, hence promoting SF self-assembly [12].

Physical gelation could also be accelerated by exposing SF to organic solvents

such as methanol, which dehydrates the protein chains and accelerates the formation

of β-sheet crystalline domains [14,15]. However, the residual presence of methanol in

the SF network could pose cytotoxic effect to cells [3, 5]. Physical gelation of SF can

also be accelerated by mechanical means via sonication [5], or subjecting the solution

to high shear forces (e.g., vortexing [8]). These methods forgo changing SF solution

conditions, providing simple, rapid mechanisms for SF gelation. Sonication decreases

the time of SF gelation from days to hours or even minutes [5, 16] because it causes

cavitation and elevated temperature, pressure, and strain rate, all of which disrupt

water molecules surrounding the SF protein chains and accelerate SF self-assembly

[3,5,17]. SF gelation kinetics can be readily tuned by adjusting the sonication duration

and intensity [5, 16].

SF hydrogels can also be prepared by chemical crosslinking. Among the various

gelation mechanisms, chemical crosslinking is ideal for biomedical applications requir-

ing long-term network stability. However, modifying SF chemically is
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challenging due to its hydrophobicity and poor solvent solubility. The majority of

amino acid residues in SF are non-reactive (e.g., Gly, Ala), however there is a fraction

of SF amino acid residues with hydroxyl side groups (Ser, Tyr, and Thr; ∼18%) [18]

that can be modified via established chemistries [12, 19]. Another option for chem-

ical modification is the small number of primary amines (Arg and Lys, 0.5%) [20].

For example, Ryu et al. reacted SF with carbic anhydride to synthesize silk fibroin-

norbornene (SF-NB). SF-NB was then chemically crosslinked with norbornene func-

tionalized 4-arm PEG via UV light-mediated thiol-vinyl photopolymerization form-

ing a hybrid hydrogel which they used for in situ encapsulation of mouse embry-

onic fibroblasts (NIH3T3) and adenocarcinoma human alveolar basal epithelial cells

(A549) [20].

Covalent crosslinking of SF can also be achieved by tyrosinase-mediated enzyme

crosslinking or genipin crosslinking. Tyrosinase is an oxidative enzyme that oxidizes

protein tyrosine residues into reactive o-quinone moieties without breaking the pep-

tide bond. It was reported that tyrosinase can oxidize 10% [21] and 20% [22] of the

tyrosine residues of silk and gelatin, respectively. The o-quinone residues can either

react with each other or undergo nucleophilic substitution with amines of gelatin and

silk fibroin [21, 22]. Genipin is a natural crosslinker derived from geniposide, a com-

pound found in gardenia fruit [23] and has been used to covalently crosslink proteins

with abundant primary amine groups (e.g., gelatin and silk fibroin) [4,23,24]. Genipin

crosslinking is a two-step mechanism (Fig. 1.3). First, genipin undergoes ring-opening

by a primary amine of an arginine or lysine residue, and then nucleophilic substitution

by another primary amine Genipin can also crosslink protein chains via dimerization

of bound genipin molecules [25].
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Fig. 1.3. Schematic of genipin crosslinking mechanism [26].

1.2 Synthetic Photo-Polymerized Thiol-Acrylate PEG Hydrogels

Hydrogels are hydrophilic, crosslinked polymeric matrices suitable for a variety

of biomedical applications including: drug/protein delivery [27], studying cell fate

processes [28], and promoting tissue regeneration [29]. Many synthetic polymers and

naturally-derived macromolecules have been explored as base materials for hydrogel

fabrication. The characteristics of the resulting hydrogel are to a large extent depen-

dent on the properties of these base materials. PEG-based hydrogels are purely syn-

thetic and primarily covalent crosslinked with limited degradability. PEG macromer

can be chemically modified to introduce tunable degradability to the resulting PEG-

based hydrogel network [28, 30, 31]. Among the various mechanisms of chemical

crosslinking, our focus was on mixed-mode thiol-acrylate photo-polymerization (Fig.

1.4B) [32]. Salinas and Anseth had previously presented a UV light photo-initiated
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mixed mode polymerization mechanism to produce thiol-acrylate PEG-peptide hy-

drogels [33]. However, a concern for this polymerization mechanism was the use of

UV light which could induce cell damage during the 10 minutes of light exposure [33].

Recently, a visible light initiated mixed-mode thiol-vinyl photo-polymerization sys-

tem was developed. This polymerization is attractive as it not only allows rapid and

efficient crosslinking, but also produces hydrolytically degradable hydrogels without

synthesizing degradable macromers [32, 34]. The step-growth reaction generates a

hydrolytically degradable thioether-ester crosslink.

Fig. 1.4. (A) Components used in visible light cured thiol-acrylate hydrogels. (B)
Schematic of visible light mediated mixed-mode thiol-acrylate photopolymerization.
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The mechanical properties of thiol-acrylate PEG hydrogels can be tuned by al-

tering concentration of macromer (e.g., PEG-diacrylate or PEGDA), di-thiol linker

(e.g., dithiothreitol or DTT), or co-monomer (e.g., N-vinylpyrrolidone or NVP) (Fig.

1.4A). Furthermore, by tuning the ratio of PEG-based macromer and multifunctional

thiol linker or the concentration of co-monomer, thiol-acrylate PEG hydrogels can

undergo controllable hydrolytic degradation characterized by pseudo-first order ki-

netics [32, 34]. To fabricate thiol-acrylate hydrogels with high crosslinking density

and high modulus the concentrations of macromer and crosslinker can be increased,

but could be cytotoxic for cell encapsulation applications due to high radical con-

tent during polymerization. An easier method is to increase the concentration of

co-monomer NVP in the prepolymer solution [8, 35]. However, this approach simul-

taneously decreases the degradation rate of the resulting hydrogels, which depending

on the application may be undesirable. This was attributed to the formation of

dense and non-degradable poly(acrylate-co-VP) chains in the crosslinked hydrogel

network [35]. A different approach is required to increase the initial modulus of

PEG-based thiol-acrylate hydrogels without significantly modulating the hydrolytic

degradation kinetics (i.e., decouple G′0 from khyd).

1.3 Naturally-Derived Gelatin Hydrogels

Hydrogels are ideal for in vitro cell culture owing to their high water content

and tunable material properties that can mimic the extracellular matrix (ECM).

Naturally-derived biomacromolecules (e.g., gelatin) are increasingly used for hydro-

gel fabrication as these molecules possess biologically relevant structure and function

that emulate aspects of ECM properties [36]. Gelatin, a collagen-derived water-

soluble protein, contains peptide sequences for cell adhesion (e.g., integrin binding

sites RGD) and protease-mediated cleavage (e.g., substrates for matrix metallopro-

teinase (MMPs)) [3, 37]. Gelatin experiences thermo-reversible physical gelation. At

sufficient concentration gelatin is a gel at room temperature and undergoes gel-sol

transition at an elevated temperature [38]. Specifically, at temperatures below ∼30◦C
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gelatin in aqueous solution is in a triple-helix conformation that form physically

crosslinks between protein chains. At elevated temperatures gelatin transforms from

triple-helix to random-coil conformation and loses the physical crosslinks [39].

Gelatin can be chemically modified to provide additional features (e.g., hep-

arinization [37] or PEGylation [40]) or to provide covalently crosslinkable motifs (e.g.,

methacrylates [41], norbornene [37, 41], etc.). For example, via carbodiimide chem-

istry [29,37,42], the amino groups on gelatin can be conjugated with carboxyl groups

on heparin (Fig. 1.5), a sulfated glycosaminoglycan that binds to various growth

factors for controlling their bioavailability and for protecting them from proteoly-

sis [43–45]. Sequestering growth factors by heparin near the cell surface provides a

mechanism for controllable amplification of specific growth factor signaling to direct

cell fate. For example, our laboratory has reported an orthogonal thiol-ene crosslinked

gelatin-heparin hybrid hydrogel for studying the effect of matrix properties on hep-

atocellular carcinoma cell fate in vitro [37]. In that application, gelatin was dually

functionalized with norbornene and heparin. While the norbornene motif affords

facile thiol-ene crosslinking, the conjugated heparin permits binding and slow release

of hepatocyte growth factor (HGF).

In another application, Hudalla et al. fabricated self-assembled monolayers with

heparin bound to the surface as a platform for in vitro cell culture of human mes-

enchymal stem cells (hMSCs). They demonstrated that the heparin-coated mono-

layers were capable of enhancing hMSC proliferation by heparin sequestering basic

fibroblast growth factor (bFGF) and amplifying endogenous growth factor signaling

to the hMSCs [43]. This work and others exhibit how the proliferation of hMSCs is

enhanced and their differentiation potential maintained by increased bFGF signal-

ing [43,46].
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Fig. 1.5. Schematic of heparin-conjugated gelatin (GH) synthesis.

Recently, silk fibroin and gelatin were combined to form hybrid hydrogels through

different crosslinking mechanisms. For example, Das et al. used an SF-gelatin

blend as bioink for bioprinting three-dimensional SF-gelatin hydrogel constructs to

study multi-lineage differentiation of stem cells [3]. The SF-gelatin hydrogels were

crosslinked via either sonication prior to bioprinting or by tyrosinase-mediated enzyme

crosslinking post-bioprinting. In another example, genipin was used to crosslink SF-

gelatin hybrid hydrogels for studying stem cell behavior [23]. One common feature of

these prior studies was that SF provides mechanical strength and stability, whereas
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gelatin lends its bioactive motifs for promoting cell-materials interactions. Addition-

ally, gelatin could be modified with heparin conjugates to affect cell fate in vitro via

growth factor sequestration and signaling [43].

Both PEG-based and gelatin-based hydrogels have their disadvantages. Namely,

tuning PEG-based gel mechanical properties is difficult without altering degradation

kinetics. Also, the low mechanical strength and thermo-reversible physical gelation

of gelatin require chemical crosslinking to stabilize and strengthen gelatin hydrogels.

The disadvantages of these hydrogel systems can be overcome by combining them with

a complementary macromer to form hybrid hydrogels. A hybrid hydrogel system

with more advantageous properties for biomedical applications may be generated

by combining macromers, macromer modifications, and utilizing a combination of

previously characterized gelation mechanisms in a novel manner. In this work we

demonstrate the use of silk fibroin to reinforce PEG-based and gelatin hydrogels for

growth factor delivery and in vitro cell culture applications.
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2. OBJECTIVES

2.1 Overview

The characteristics of hydrogels are, to a large extent, determined by the properties

of the base materials. Hydrogels produced from a single macromer or polymeriza-

tion mechanism often have inherent limitations that may limit their use for specific

biomedical applications. Creating a hybrid hydrogel system combining two or more

macromers and/or gelation mechanisms often can improve the properties of the re-

sulting hydrogels, thus increasing their utility for biomedical applications. This work

demonstrates the improvement of hydrogel properties through fabricating hybrid hy-

drogels composed of more than one macromer. First, accelerated SF physical gelation

can be used as a secondary crosslinking mechanism to modulate properties of chem-

ically crosslinked hydrogels. Alternatively, SF physical gelation could be employed

as the primary gelation mechanism for fabricating in situ forming naturally-derived

hybrid hydrogels for growth factor delivery.

2.2 Objective 1: Evaluate the Effect of Sonication and the Presence of

Other Macromers on SF Physical Gelation

This objective focuses on SF physical gelation and how it is affected by process-

ing conditions (e.g., sonication) or in the presence of other macromers, either (e.g.,

PEGDA or gelatin). SF physical gelation was examined qualitatively via tilt tests.

Pure samples of SF were compared to SF-PEG and SF-gelatin (SF-G) mixtures with

or without sonication of SF prior to mixing. The effect of gelatin on SF gelation was

also assessed quantitatively via real time in situ rheometry.
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2.3 Objective 2: Modulating Properties of Chemically Crosslinked PEG

Hydrogels via Physical Entrapment of Silk Fibroin

This objective focuses on presenting a simple strategy to prepare hybrid PEG-SF

hydrogels with chemically crosslinked PEG network and physically entrapped SF.

The effect of physically entrapped SF on the mechanical, physical, and degradation

properties of covalently crosslinked PEG thiol-acrylate hydrogels was characterized.

The ability of entrapped SF to increase the storage modulus of PEG thiol-acrylate

hydrogels without changing the hydrolytic degradation rate (i.e., decouple G′0 and

khyd) was evaluated. The effect of SF entrapment on chemical gelation kinetics,

crosslinking efficiency, and gel physical properties were also assessed.

2.4 Objective 3: Develop In Situ Forming Silk-gelatin Hybrid Hydrogel

System for Affinity-based Growth Factor Sequestration and Release

and In Vitro Cell Culture

This objective focuses on developing and characterizing an in situ crosslinked

silk-gelatin hybrid physical gel system as a device for tunable growth factor seques-

tration. This was achieved by using heparin-conjugated gelatin (GH) as part of the

hybrid hydrogel. In addition, this work evaluated hybrid hydrogel mechanical prop-

erties and gelation kinetics. Specifically, storage modulus (G′) and its dependency

on temperature, SF processing conditions, and secondary genipin-mediated chemical

crosslinking was studied. Growth factor sequestration and release by SF-G hybrid

gels were evaluated. SF-G hydrogels were further used as platforms for culturing

human mesenchymal stem cells (hMSCs) to investigate the effect of growth factor

sequestration on hMSC proliferation.
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3. MATERIALS AND METHODS

3.1 Materials

SF purified from Bombyx mori silkworm cocoons was provided by our collabo-

rators from the Rural Development Administration (RDA) of the Republic of Ko-

rea. PEGDA (3.4 kDa) was synthesized following an established protocol [10, 47].

Eosin-Y disodium salt was purchased from MP Biomedical and used without pu-

rification. Type A Gelatin (Bloom 238-282) was obtained from Amresco. Heparin

sodium salt was obtained from Celsius Laboratories. 1-(3-(Dimethyl amino) propyl)-

3-ethylcarbodiimide hydrochloride (EDC) and N-hydroxysuccinimide (NHS) were ob-

tained from Fisher and TCI chemicals, respectively. Genipin was obtained from Enzo

Life Sciences. Recombinant human bFGF and Mini ABTS ELISA Development Kit

were obtained from Peprotech. 1,9-Dimethyl-methylene blue (DMMB) was obtained

from Sigma-Aldrich. DPBS, 100X antibiotic-antimycotic, and DMEM were purchased

from HyClone. Fetal bovine serum (FBS) and Alamar Blue reagent were obtained

from Thermo Scientific. All other chemicals and reagents were obtained from Thermo

Fisher Scientific unless noted otherwise.

3.2 Preparation of SF Aqueous Solution

Silk fibroin was purified from Bombyx mori silkworm cocoons as previously de-

scribed [10, 47]. Two types of SF were used in this work: degummed SF (D-SF) and

regenerated SF (R-SF). D-SF describes the silk fibroin protein after the removal of

sericin from silk worm cocoons. On the other hand, R-SF designates SF produced

from degummed SF solution that was lyophilized and stored for later use. R-SF and

was prepared as previously described [48]. To solubilize SF, D-SF was dissolved at

6 wt % in aqueous solution composed of 9.3 M CaCl2, and 20% (v/v) of absolute
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ethanol (molar ratio of CaCl2: H2O: ethanol = 1:8:2). The solution was refluxed

at 95◦C for 1 h, cooled to room temperature, filtered, and dialyzed against ddH2O

(MWCO 6 − 8 kDa, Fisher) for 3 days to remove the salts. Following dialysis, the

SF solution (still within the dialysis membrane) was concentrated in a bath of dry

poly (ethylene glycol) (PEG, 10 kDa). The final concentration of SF solution (5 − 6

wt/vol %) was determined gravimetrically by drying a small sample of dialyzed and

concentrated SF solution. Sonication of SF solution was performed using a Branson

S450 Sonifier with a converter, an externally threaded disruptor horn, and 1
8

inch

diameter-tapered microtip. There were two forms of regenerated SF (R-SF) solution

which were generated from degummed SF (D-SF) that were refluxed for different du-

rations. R-SF was from silk that had been refluxed for 1 hour (RS-SF) or more than

2 hours (RL-SF). RL-SF was sonicated at 20% amplitude for 20 s unless otherwise

stated. RS-SF and D-SF solutions were sonicated at 20% amplitude for 5 s.

Table 3.1. Hydrogel formulations used in Figures 4.1 and 4.5 − 4.11. All numbers

indicate the final wt % of each component in the hydrogels. All prepolymer

solutions contained 7.5 mM DTT, 0.1% NVP, and 0.1 mM eosin-Y.

Group PEG PEG-SF PEG-SSF

PEGDA 10 10 10

Silk fibroin (SF) 0 1 0

Sonicated silk fibroin (SSF) 0 0 1
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3.3 In Situ Photo-rheometry

In situ gelation and real time photo-rheometry studies were conducted on a digital

rheometer (Bohlin CVO 100) to determine gel points, which were the time at which

storage moduli (G′) surpasses loss moduli (G′′). Briefly, prepolymer solution was

placed in a light cure cell and was irradiated through a quartz plate using a flexible

visible light guide. Time-sweep photo-rheometry was operated at 10% strain, 1 Hz

frequency, and 90-µm gap size. Visible light was turned on 30 s after starting the

time-sweep measurement. Hydrogel shear moduli were also measured to reveal gel

stiffness and hydrolytic degradation as a function of time.

3.4 Visible Light-Initiated Thiol-Acrylate Gelation and Characterization

of Gel Properties

Hydrolytically degradable PEG hydrogels were formed by visible light initiated

thiol-acrylate photopolymerization using PEGDA and dithiol linker (e.g., dithiothre-

itol or DTT). A typical prepolymer solution was prepared in pH 7.4 PBS and con-

tained macromer PEGDA (10 wt %), photosensitizer eosin-Y (0.1 mM), bi-functional

co-initiator DTT (7.5 mM), and co-monomer NVP (0.1 vol %) [32,34]. All concentra-

tions indicated were final concentrations in the prepolymer solutions. Aliquots of the

prepolymer solution were subjected to halogen cold light (400 - 700 nm, AmScope)

exposure for 5 min (10mW/cm2 at 550 nm or 70 k Lux). In some experiments, sol-

uble SF was added at different weight contents. For gel fraction characterization,

hydrogels were dried immediately following thiol-acrylate photopolymerization. Af-

ter 2 days, the dried polymer weights were measured gravimetrically and denoted as

Wdry−1. The dried gels were then incubated in ddH2O at 37◦C on an orbital shaker

for 24 hours to remove all unreacted macromers, followed by a second drying process

for another 24 hours to obtain the second dried gel weight (Wdry−2). Gel fraction,

an index of gelation efficiency, was defined as Wdry−2/Wdry−1 X 100. For swelling

ratio characterization, hydrogels were swollen for 2 days in ddH2O at 37◦C on an

orbital shaker. Hydrogel swollen weights were measured gravimetrically and denoted
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as Wswollen. The swollen gels were then dried in vacuo for 24 hours to obtain dried

gel weight, which was denoted as Wdry. The mass swelling ratio (Q) was defined as

Wswollen/Wdry. The mass swelling ratios were used to calculate hydrogel mesh size as

described elsewhere [27].

3.5 SF Retention

PEG-SF or PEG-SSF hybrid hydrogels (1 wt % RL-SF or RL-SSF) were prepared

as described above and incubated in 2 mL pH 7.4 PBS at 37◦C for 48 hours. Aliquots

(500 µL) of the buffer solution were sampled at 1 and 24 hours. After solution

sampling, equal amount of fresh buffer was added to maintain the total volume. SF

release from the gels was quantified using a Micro-BCA protein assay kit (Thermo-

Scientific). A series of SF solutions with known concentrations were used as standards

to determine the amount of SF leached out to the sampling buffer. SF retention

was obtained by subtracting the amount of released SF from the total SF in PEG

hydrogels.

3.6 Fabrication of SSF/Gelatin Physical Hydrogels

Prepolymer solution was prepared in pH 7.4 PBS containing SSF and G or GH.

In select experiments, genipin (GN, final concentration at 0.1 wt %) was added to

provide partial chemical crosslinking for improving the stability of the hybrid network.

Hydrogels were formed between two glass slides separated by 1 mm thick Teflon

spacers [28]. The glass slides containing prepolymer aliquots were incubated at room

temperature for 24 hours within a humidified chamber.
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3.7 Synthesis, Characterization, and Retention of GH by SSF-GH Hy-

drogels

Heparin was conjugated onto type A gelatin following an established protocol [37].

The degree of heparin substitution (DS) was quantified by DMMB assay using un-

modified heparin sodium salt solutions as standards. The results were quantified using

a microplate reader (abs 525 nm) and determined to be about 0.5% (∼5 µg heparin

per 1 mg of gelatin). GH retention by SSF-GH gels was evaluated by DMMB assay.

Briefly, SSF-GH and SSF-GH-GN gels were prepared as described above, except one

group of SSF-GH-GN gels was allowed to crosslink at 37◦C for 24 hours. Gels were

incubated in 3 mL pH 7.4 PBS at 37◦C for 72 hours. At 24 hour intervals, 500 µL of

solution was collected and replaced with fresh PBS to maintain total solution volume.

Samples were stored at -20◦C until analysis by DMMB assay as described above.

3.8 In Situ Physical Gelation

To evaluate gelation kinetics, in situ rheometry was performed in time-sweep mode

on a Bohlin CVO 100 digital rheometer. Gel point was defined as the time at which

storage modulus (G′) surpasses loss modulus (G′′). Immediately post-sonication,

prepolymer solution was aliquoted between the rheometer platform and 8mm parallel

plate geometry. The rim of the geometry was lightly sealed with mineral oil to prevent

drying. Time-sweep rheometry was operated at 0.5% strain, 1 Hz frequency, 90 µm

gap size, and at 37◦C (temperature controlled by a Peltier controller).
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3.9 Characterization of SF-Gelatin Hydrogel Properties

G′ and G′′ of SF-G hybrid hydrogels were measured using a Bohlin CVO 100 dig-

ital rheometer in oscillatory strain-sweep (0.1 − 2 %) mode with 8 mm parallel plate

geometry at 1 Hz frequency and 680 µm gap size for most studies. During thermosta-

bility study, G′ was measured at constant 0.5% strain. The effect of temperature

on gel modulus was evaluated at a temperature range of 25 to 37◦C (temperature

controlled by a Peltier controller).

3.10 In Vitro bFGF Sequestering and Release from Hybrid Hydrogels

The SSF, SSF-G, SSF-GH, SSF-GH-GN hydrogels (compositions listed in Table

3.2) were prepared in 96-well plates for the bFGF sequestering and release experi-

ments. 50 µL of prepolymer solutions were added per well. The plates were sealed

and incubated for 24 hours at room temperature.

Table 3.2. Hydrogel Formulations used in Figures 4.2, 4.3, and 4.12 4.21. All

numbers indicate the final wt % of each component in the hydrogels.

Group SSF SSF-G SSF-GH SSF-GH-GN

Sonicated silk fibroin (SSF) 3 3 3 3

Gelatin (G) 0 3 0 0

Gelatin-heparin (GH) 0 0 3 3

Genipin (GN) 0 0 0 0.1

For sequestration study, gels were cast in 96-well plate, followed by adding 250

µL of bFGF solution (3 ng/mL in pH 7.4 PBS containing 0.1% BSA) in each well.

The plate was sealed and incubated at 37◦C for 24 hours. After incubation, the re-

lease buffer with bFGF was collected and replaced with 250 µL fresh release buffer

(0.1% BSA in pH 7.4 PBS) per well. This process was repeated at 48 and 72 hours
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of incubation. Immediately following collection, the samples were stored at -80◦C

until analysis with Human FGF-basic Mini ABTS ELISA Development Kit following

manufacturers protocol. Results were displayed as percentages of the total bFGF

originally introduced either in solution or within the gels. Release study was per-

formed as described above, except recombinant human bFGF (3 ng/mL) were added

to prepolymer solutions and not included in the release buffer.

3.11 Statistics

All statistical analyses and curve fittings were conducted using GraphPad Prism

5 software. Gel modulus, and gel point were analyzed by One-Way ANOVA followed

by Tukeys post-hoc test. Heparin and bFGF retention were analyzed by Two-Way

ANOVA followed by Bonferroni post-hoc test. All data was presented as Mean ±

SEM. Single, double, and triple asterisks represent p < 0.05, 0.001, and 0.0001, re-

spectively. p < 0.05 was considered statistically significant.
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4. RESULTS AND DISCUSSION

4.1 Physical Gelation of SF Hybrid Hydrogels

It is known that SF self-assembles into β-sheets and forms physical hydrogels in a

concentration and temperature dependent manner [8,49]. While sonication has been

shown to accelerate SF physical gelation, it was not clear what effect the presence

of other macromers would have on the physical gelation of SF. Here, conventional

tilt tests were performed to demonstrate the influence of sonication and/or macromer

incorporation on physical gelation of SF (Fig. 4.1). Solutions of pure regenerated SF,

SF-PEG, and SF-Gelatin (SF-G) were incubated at 37◦C. As shown in Fig. 4.1B,

pure R-SF (1 wt %) remained in solution after 2 days of incubation, but for 1 wt% R-

SF mixed with PEGDA precursor solution (10 wt % PEGDA 3.4kDa, 7.5 mM DTT,

0.1% NVP), partial gelation occurred at 37◦C after 2 days of incubation.

Gelation of SF is characterized by an increase in solution turbidity. The PEGDA

macromer likely acted as a crowding agent to increase local SF concentration, and

hence accelerate SF β-sheet formation and self-assembly into SF fibrils (Fig. 4.1A).

This phenomenon supports a recent report where SF physical gelation was accelerated

by low molecular weight PEG entrapment [16]. Some R-SF solution was also subjected

to sonication, as previous studies have shown sonication causes localized increases in

temperature, pressure, and strain rate that accelerate SF self-assembly [3,5,17]. Using

a similar sonication strategy, sonicated R-SF solution (R-SSF) was prepared in the

same manner as PEG-SF. Sonication of R-SF accelerated gelation of PEG-SSF to

form a gel after 1 day (Fig. 4.1B).
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Fig. 4.1. (A) Schematic of accelerated -sheet formation and physical gelation of SF
mixed with PEGDA macromer solution. (B) Tilt tests of SF physical gelation using

1 wt % pure RL-SF solution (SF), 1 wt % RL-SF mixed in PEGDA macromer
solution (PEG-SF), and 1 wt % sonicated RL-SF (20% amplitude, 20 s) mixed in

PEGDA macromer solution (PEG-SSF). Composition of the PEG macromer
solution was: 10 wt % PEGDA, 7.5 mM DTT, and 0.1% NVP.

While sonication has been shown to accelerate physical gelation of SF, it is not

clear whether the presence of gelatin in the mixture would adversely affect the physical

gelation of the hybrid hydrogels. Solutions of 3 wt % R-SF and 6 wt % SF-G and

SSF-G (equal weight ratio of SF and gelatin) were incubated at 37◦C. As shown

in Fig. 4.2, both SF and SF-G were still in solution after 2 hours of incubation.
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Conversely, SSF and SSF-G appeared to gel by 20 minutes of incubation (Fig. 4.2).

This simple tilt test showed that the presence of gelatin was not detrimental to the

physical gelation of sonicated SF.

Fig. 4.2. Tilt tests of SF physical gelation using pure RL-SF solution without or
with gelatin (SF and SF-G, respectively), and sonicated (25% amplitude, 25 s pulse)

RL-SF solution with gelatin (SSF-G). Components were added at 3 wt % for SF
and 6 wt % for SF-G and SSF-G (equal weight ratio of SF and gelatin).



23

4.2 Physical Gelation Kinetics of SF-G Hydrogels

We investigated whether the presence of gelatin or gelatin-heparin (i.e., GH) would

accelerate physical gelation kinetics of SSF hydrogels (Fig. 4.3). Real time in situ

rheometry was conducted at 37◦C immediately after mixing the solution components

with pure gelatin (Fig. 4.3A) or pure SSF (Fig. 4.3B) as controls.

Fig. 4.3. In situ rheometry of Gelatin (A), SSF (B), SSF-G (C), and SSF-GH (D).
All rheometry experiments were conducted at 37◦C. Compositions of the macromer
solutions were 3 wt % SSF and/or 3 wt % G/GH. Data shown were representative

of at least three independent experiments for each condition.
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The gel point (the time at which G′ exceeds G′′) is a metric of when the sol-gel

transition occurs and was identified from the in situ rheometry results. In situ rheom-

etry results show that all formulations tested, except for 3 wt % of pure gelatin (Fig.

4.3A), formed physical hydrogel at 37◦C. Specifically, gel point for SSF (Fig. 4.3B),

SSF-G (Fig. 4.3C), and SSF-GH (Fig. 4.3D) were 764 ± 47, 270 ± 25, and 374 ± 34

s, respectively (Fig. 4.4). Notably, the inclusion of G or GH accelerated the gelation

kinetics. Although gelatin by itself did not gel under the testing conditions [38], it did

act as a crowding agent for the SSF chains and increase their local concentration that

led to accelerated gelation [16,48]. GH also accelerated SSF gelation, but to a lesser

extent than unmodified gelatin. This is potentially due to charge repulsion between

the negatively charged heparin and SSF that disrupted the folding of SF β-sheets and

slowed the self-assembly process [50].

Fig. 4.4. Gel points of the three physical hydrogels determined by iu situ rheometry.
Gel point data represent Mean ± SEM; *p < 0.05, ***p < 0.0001.
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4.3 Influence of SF Entrapment on the Modulus of Thiol-Acrylate PEG

Hydrogels

This study evaluated the influence of SF entrapment on hydrolytically degradable

PEG thiol-acrylate hydrogel properties, specifically storage modulus (i.e., G′) and

hydrolytic degradation rate (i.e., khyd). Following visible light exposure, a crosslinked

hydrogel network forms with two types of crosslinks: non-degradable poly(acrylate-

co-NVP) chains and hydrolytically labile thioether ester bonds (Fig. 4.5A, left). The

poly(acrylate-co-NVP) chain concentration influences hydrogel mechanical properties

and the labile thioether ester bonds impart the hydrolytic degradability of the hydro-

gels. In a previous work, our lab has shown that the hydrolytic degradation rate of a

thiol-acrylate hydrogel is dependent on co-monomer concentration and the absolute

concentration of thioether ester bonds [32,34]. Hydrogels with higher crosslinking den-

sity normally degrade slower due to increased poly(acrylate-co-NVP) chain content.

To decouple the storage modulus of thiol-acrylate hydrogels from their hydrolytic

degradation rate, we physically entrapped soluble SF during the photo-crosslinking

of thiol-acrylate hydrogels (Fig. 4.5A, right). Aliquots of RL-SF solution were mixed

with the PEGDA prepolymer solution to yield final RL-SF concentrations of 0, 0.5,

1, 1.5, and 2 wt %. The solutions were subjected to visible light exposure for 5 min.

Elastic shear moduli (G′) of the hybrid hydrogels were evaluated using strain-sweep

oscillatory rheometry (Fig. 4.5B).
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Fig. 4.5. (A) Schematics of thiol-acrylate hydrogel without or with SF entrapment.
(B) Effect of SF entrapment on shear modulus (G′) of thiol-acrylate PEG hydrogels
composed of 10 wt % PEGDA, 7.5 mM DTT, 0.1% NVP, and 0.1 mM eosin-Y. Gels
were formed by visible light exposure for 5 min.Data represent Mean ± SEM; ***p

< 0.0001.

Hydrogels with 0.5 and 1 wt % RL-SF entrapment showed moderate but not

statistically significant increase in shear moduli when compared to the 0 wt % RL-SF

control. A significant decrease in shear moduli was observed as the SF concentration

was increased to 1.5 and 2 wt %, indicating that SF at high concentrations interfered

with thiol-acrylate gelation efficiency. The decrease in moduli reached statistically

significant levels at 2 wt % RL-SF when compared to the control thiol-acrylate gels

(30% reduction in day 0 G′). The decrease in moduli with increasing SF concentration

can be attributed to an increase in solution turbidity which hinders light penetration

in the solution. It was also possible that the SF at high concentration physically

interrupted the formation of thiol-acrylate crosslinks. The hydrolytic degradation of

these hybrid hydrogels was then examined by monitoring hydrogel shear moduli as

a function of time. It has previously been shown that thiol-acrylate hydrogels follow

pseudo-first order degradation kinetics which can be written in the form:

ln(
G′

G′0
) = −khydt



27

where G′0 is the initial storage modulus (i.e., equilibrium swelled modulus prior to

significant degradation), and t is time. This relationship was used to obtain the

hydrolytic degradation rate to evaluate the influence of SF entrapment on thiol-

acrylate hydrolytic degradation (Fig. 4.6B) [32, 34]. The data were normalized and

fitted with exponential decay equation as reported previously (Fig. 4.6B) [51,52]. As

shown in Figs. 4.5B and 4.6B, the entrapment of SF at 2 wt % not only decreased gel

initial modulus, but also increased the hydrolytic degradation rate of the hydrogel.

The increased degradation rate was reasonable as our lab has previously reported that

thiol-acrylate hydrogels formed with lower crosslinking density would degrade faster

than the gels formed with higher crosslinking density [32]. Since the purpose of SF

entrapment was to modulate thiol-acrylate hydrogel stiffness but not the hydrolytic

degradation rate, 1 wt % of SF entrapment was utilized in the subsequent experiments.

Fig. 4.6. (A) Effect of SF entrapment on hydrolytic degradation of visible light
cured thiol-acrylate hydrogels. Pseudo-first order degradation kinetics was used for
the curve fittings, which represent exponential decay of gel moduli as a function of
time (note the log scale on the Y-axis). (B) Hydrolytic degradation rate constants

abstracted from the pseudo-first order degradation curve fitting in D. Data
represent Mean ± SEM; ***p < 0.0001.



28

4.4 Influence of SF Entrapment on Gelatin Kinetics of Thiol-Acrylate

PEG Hydrogels

To assess the potential influence of SF on gelation kinetics of thiol-acrylate PEGDA

hydrogels, we conducted in situ photo-rheometry using prepolymer solution with-

out SF (PEG) as a control and prepolymer solutions mixed with 1 wt % of RL-SF

(PEG-SF) or RL-SSF (PEG-SSF). Except for the silk component (SF or SSF), other

macromer compositions were identical for all thiol-acrylate hydrogels (i.e., 10 wt %

PEGDA 3.4kDa, 7.5 mM DTT, 0.1% NVP, and 0.1 mM eosin-Y). In situ gelation

was performed immediately after mixing SF or SSF solution with other solution com-

ponents to prevent the complications contributed by the potential self-assembly of SF

β-sheets. Fig. 4.7 shows the gelation kinetics of the three sets of hydrogels. Visible

light was turned on 30 s after the onset of the measurement. For all conditions tested,

gelation did not occur until roughly 2 min after the initiation of photo-polymerization.

The gel points (the time at which storage modulus (i.e., G′) surpasses loss modulus

(i.e., G′′) were 120 ± 4, 121 ± 6, and 121 ± 2 s for PEG, PEG-SF, and PEG-SSF

hydrogels, respectively (Fig. 4.7D). Although shear moduli of all groups rose rapidly

after the initiation of thiol-acrylate photo-polymerization, no statistical significance

was found between the any two of the three gel groups. In situ gelation results show

that the incorporation of 1 wt % SF or SSF does not impact chemical gelation ki-

netics. These gel points were similar to those reported previously for visible light

cured thiol-acrylate hydrogels formed by linear PEGDA and bifunctional crosslink-

ers [32, 34]. It is worth noting that the physical gelation in Fig. 4.1B occurred after

at least overnight incubation while PEG-based thiol-acrylate gels have been shown to

be polymerized with only 5 min of visible light exposure [32,48]. This proves that the

PEG-SF and PEG-SSF hybrid hydrogels gelation during visible light exposure were

indeed due to the light-mediated crosslinking process.
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Fig. 4.7. In situ photo-rheometry of thiol-acrylate PEGDA hydrogels without SF
entrapment (A), with 1 wt % RL-SF entrapment (B), and with 1 wt % RL-SSF
entrapment (C). Gel points determined by in situ photo-rheometry (D). In all

experiments, visible light was turned on at 30 s (n = 3). In situ graphs shown were
representative of three independent experiments in each condition. Compositions of
the macromer solution were: 10 wt % PEGDA, 7.5 mM DTT, 0.1% NVP, and 0.1

mM eosin-Y. Gel point data represent Mean ± SEM.



30

4.5 Influence of SF or SSF Entrapment on Hydrogel Properties

Fig. 4.5 demonstrates that entrapment of RL-SF at 1 wt % does not cause sig-

nificant difference in gel modulus or degradation rate. The effect of incorporating SF

or SSF solution on thiol-acrylate hydrogel properties are also of interest. Fig. 4.8A

shows that gel fractions (∼75%) were unaffected by SF or SSF entrapment, indicating

that gel crosslinking efficiency was similar among the three gel formulations. This

level of gel fraction was similar to the numbers reported previously [32,34]. Although

gel fraction was not affected (Fig. 4.8A), there was a significant reduction in equi-

librium swelling ratios (13.9 ± 1.1, 12.1 ± 0.4, and 11.4 ± 0.3 for PEG, PEG-SF,

and PEG-SSF hydrogels, respectively. Fig. 4.8B). Correspondingly, the calculated

hydrogel mesh size also decreased with SF entrapment (7.53 ± 0.14, 7.15 ± 0.04, and

7.01 ± 0.06 for PEG, PEG-SF, and PEG-SSF hydrogels, respectively. Fig. 4.8C).

It is worth noting that hydrogel equilibrium swelling ratio experiments involved

with incubating the gels in water for 2 days. During this time SF and SSF would have

sufficient time to at least partially physically crosslink (Fig. 4.1), which subsequently

affected the dried weight of the hydrogels. More importantly, the entrapment of SSF

caused significantly more reduction in gel swelling ratio and mesh size, indicating

that gel physical properties are affected by the SF physical crosslinks formed in the

chemically crosslinked hydrogels. Note that the mesh sizes obtained from these hy-

drogels were between 6 and 8 nm, a size range similar to or slightly larger than many

growth factors [27]. Therefore, this class of hybrid hydrogels should be useful in sus-

tained release of growth factors. In addition to modulating gel network properties, the

incorporation of SF also led to slight turbidity in the resulting thiol-acrylate hydro-

gels (Fig. 4.9A). This phenomenon was especially apparent in the PEG-SSF group,

further signifying the self-assembly of SF fibrils in the PEG thiol-acrylate hydrogels.
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Fig. 4.8. Characterization of thiol-acrylate PEG hydrogels formed without (PEG),
with non-sonicated (PEG-SF), or with sonicated RL-SF solution (PEG-SSF). (A)
Gel fraction; (B) Equilibrium swelling ratio; and (D) Mesh size (*p < 0.05; **p <

0.001 compared to PEG group) RL-SF or RL-SSF added at 1 wt %. Data represent
Mean ± SEM.
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We also evaluated the fraction of SF being retained in the PEG hydrogels (Fig.

4.9B). Notably, there was a significant decrease in SF retention in PEG hydrogels

after 24 hours of incubation. On the other hand, the fractions of SSF retained in the

hydrogels were similar (64 ± 1.4% vs. 73 ± 3.5%, no statistical significant difference)

after 1 hour and 24 hours of incubation. The retention of SSF after 24 hours can be

attributed to the accelerated physical gelation of SF, thereby offering less soluble SF

capable of leaching from the gels.

Fig. 4.9. (A) Photograph of a thiol-acrylate PEGDA hydrogel (PEG), PEGDA
hydrogel mixed with 1 wt % RL-SF (PEG-SF), and PEGDA hydrogel mixed with
sonicated RL-SF (PEG-SSF). (B) Retention of RL-SF or RL-SSF in thiol-acrylate
PEG hydrogels 1 and 24 hours after gelation (*p < 0.05). Data represent Mean ±

SEM.
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4.6 Influence of SF or SSF Entrapment on Hydrolytic Degradation of

Thiol-Acrylate PEG Hydrogels

It has been shown that SF forms β-sheets gradually and sonication accelerates this

process and leads to faster sol-gel transition [5,16]. When physically incorporated in

a chemically crosslinked PEG thiol-acrylate hydrogel, SF β-sheets will self-assemble

and entangle with the chemically crosslinked polymer network, resulting in increased

gel stiffness. To test this hypothesis, we examined the influence of RL-SF or RL-SSF

entrapment on hydrogel shear moduli as a function of time. While no statistically

significant difference was found between PEG, PEG-SF, and PEG-SSF hydrogels

following thiol-acrylate photo-polymerization (Fig. 4.10A), hydrogels containing SSF

(PEG-SSF) exhibited significantly higher moduli after 2 days of incubation when

compared with PEG or PEG-SF hydrogels (Fig. 4.10B). We found that the shear

moduli of gels containing RL-SF and RL-SSF increased from ∼2000 Pa to ∼3000 Pa

and ∼4200 Pa, respectively (day 2, Fig. 4.10B). The increases in gel shear moduli

suggest that SF physically crosslinked within the chemically crosslinked gel network

during the first two days of incubation.

Fig. 4.10. (A) Gel moduli at day 0. (B) Gel moduli as a function of time. Data
represent Mean ± SEM.
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It could be noted that the moduli of pure PEG hydrogels presented in Fig. 4.5B

(i.e., 3059 ± 341 Pa) is different from that in Fig. 4.10A (2497 ± 180 Pa). This

might be caused by experimental variations from two independent experiments. To

verify this, we performed additional statistical analysis (t-test) to compare the two

independent experiments and did not find statistical significance in the differences (p

> 0.08).

To assess the influence of SF entrapment on hydrolytic degradation of thiol-

acrylate PEGDA hydrogels, we tracked the shear moduli of these gels periodically

for two weeks. As shown in Fig. 4.10B, the moduli of all gels decreased as a func-

tion of time, which was attributed to the hydrolysis of thioether ester bonds formed

during thiol-acrylate photo-polymerization. We analyzed the moduli data using the

pseudo-first order degradation assumption as reported previously for thiol-acrylate

hydrogels [32]. The pseudo-first order hydrolytic degradation kinetics applied to all

three groups of hydrogels, as demonstrated by the linearity of the curve fits in Fig.

4.11A, and there was no statistically significant difference in hydrolysis rate constants

of these hydrogels (Fig. 4.11A). These results show that the entrapment of SF or SSF

did not alter the degradation rate of the hybrid hydrogels (Fig. 4.11B), suggesting

that the hydrolysis rate of thioether ester bonds was not affected due by SF physical

crosslinking.
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Fig. 4.11. (A) Pseudo-first order analysis of gel hydrolytic degradation rate as a
function of time (G′0 = shear modulus in respective group before significant

degradation has occurred, i.e., at day 2). (B) Hydrolytic degradation rate constants
abstracted from pseudo-first order degradation curve fitting in C. RL-SF or RL-SSF

were added at 1 wt %. Data represent Mean ± SEM.

The major implication for this type of material control is for controlled delivery

of therapeutically relevant molecules without the potential complications from alter-

ing gel crosslinking density. The delivery rate of drugs from a chemically crosslinked

hydrogel is often determined by the mesh size of the gel. To reduce the rate of drug

delivery, one can simply increase the crosslinking density of the gel, hence reduc-

ing gel mesh size and imposing hindrance on molecular transport. The increase of

gel crosslinking density, however, leads to higher gel modulus and potentially lower

gel degradation rate. By physically entrapping SF or SSF in chemically crosslinked

thiol-acrylate PEG hydrogels, we successfully decouple hydrogel degradation rate

from their initial moduli. This implies that future studies can be performed to inde-

pendently control the delivery rates of therapeutically relevant drugs and the moduli

of chemically crosslinked PEG-SF hydrogels.
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4.7 Effect of SSF and Gelatin Content on Gel Modulus

To quantitatively assess the effect of SSF and gelatin contents on physical gelation

of the hybrid hydrogels, we prepared gels with 1 − 3 wt % of RL-SSF at constant

gelatin content ( 3 wt %) or 0 − 4 wt % gelatin at constant SSF content ( 3 wt %)

and conducted shear modulus measurements at room temperature (25◦C). For the

oscillatory rheometry studies, frequency of 1 Hz was selected because it lies within

the linear region of SSF gel frequency response curve (Fig. 4.12).

Fig. 4.12. Frequency dependence of storage (G′) and loss moduli (G′′) for silk
fibroin-gelatin hydrogels.

Note that without SSF, pure gelatin at below 4 wt % could not gel at ambient

temperature 4.3. Prior to mixing SF with gelatin, regenerated SF solution (RL-SF)

was sonicated at 25% amplitude for 25 s pulse mode (5 s on, 2 s off). After mixing

in gelatin at desired concentration, the mixture solution was pipetted into the glass

slides assembly and allowed to form physical gels in a humidified chamber overnight.

While 20 min at 37◦C was sufficient for sol-gel transition when SSF was incorporated

(Fig. 4.2), we used longer incubation time at 25◦C for the modulus testing to ensure

complete gelation.
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To assess the effect of SSF concentration on gelation, we measured moduli of the

physical gels with varying RL-SSF concentration (1 − 3 wt %) while holding gelatin

concentration constant (3 wt %). Not surprisingly, gel moduli increased significantly

with increasing SSF concentration. Specifically, there was an approximately 6-fold

increase in gel shear modulus when SSF content was increased from 1 wt % to 3

wt % (G′ = 1,181 ± 30 Pa, 3,461 ± 141 Pa, and 7,573 ± 398 Pa for 1, 2, and

3 wt % SSF, respectively. Fig. 4.13A). Next, we evaluated the effect of gelatin

incorporation on the mechanical properties of the hybrid hydrogels using constant

RL-SSF content (i.e., 3 wt %). Increasing gelatin content from 0 to 4 wt % caused an

approximately 4-fold increase in G′ (G′ = 2,320 ± 134 Pa, 6,652 ± 178 Pa, 7,573 ±

398 Pa, and 10,057 ± 128 Pa for 1, 2, 3, and 4 wt % gelatin, respectively. Fig. 4.13B).

Increase in SSF content caused a greater increase in G′ than an equivalent increase

in gelatin content because semi-crystalline SF β-sheets provided greater mechanical

stability than amorphous gelatin [53]. It is worth noting that gels with lower SSF

concentration, particularly at 1 wt %, were too brittle and difficult to handle without

breaking. Based on these results, a single formulation (3 wt % SSF + 3 wt % G/GH)

was chosen for all subsequent experiments unless otherwise stated.
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Fig. 4.13. (A) Effect of SSF content on shear moduli (G′) of SSF-G hydrogels with
constant gelatin concentration (3 wt %) at 25◦C. (B) Effect of gelatin concentration
on shear modulus of SSF-G hydrogels with constant SSF concentration (3 wt %).

Data represent Mean ± SEM (n = 5); ***p < 0.0001.

4.8 Effect of SF Solution Processing on Hydrogel Mechanical Properties

Fig. 4.2 and Fig. 4.13 show that sonication accelerates silk physical gelation and

that increasing SSF or gelatin concentration increases gel stiffness. Gel physical prop-

erties can also be affected by altering SF processing conditions. Several processing

steps are necessary to obtain aqueous SF solution suitable for biomedical applications.

The solvent system, temperature and duration of dissolution, storage conditions, as
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well as intensity and duration of sonication all affect the properties and behavior of

aqueous SF. To illustrate the effect of SF solution processing conditions on SF hydro-

gel physical properties, we compared the moduli of pure SF hydrogels (3 wt % SSF)

fabricated from sonicated regenerated-SF derived from SF that was refluxed for 1

hour (RS-SSF) or for more than 2 hours (RL-SSF) at 95◦C and sonicated degummed-

SF (D-SSF). In this study, D-SF was refluxed for 1 hour at 95◦C. D-SSF hydrogels

presented almost 4-fold higher G than RL-SSF gels but only approximately 2-fold

higher G′ than RS-SSF gels (G′ = 2,320 ± 134 Pa, 4747 ± 402 Pa, and 8,572 ± 306

Pa for RL-SSF, RS-SSF, and D-SSF, respectively. Fig. 4.14).

The increased dissolution duration causes a higher degree of SF protein breakdown

leading to lower molecular weight SF [54, 55]. Also, the additional processing steps

including a second dissolution step appear to also induce SF protein breakdown and

a loss of mechanical strength. While RL-SF solution was sonicated at 25% amplitude

for 25 s pulse (5 s on, 2 s off), D-SF and RS-SF was only sonicated at 20% amplitude

for 5 s. Attempting to sonicate D-SF using the same conditions as for RL-SF resulted

in rapid gelation of D-SSF during sonication. The objective of sonication was to

accelerate gelation of SSF, while still allowing SSF to be soluble long enough for

preparing the prepolymer solution. Sonication parameters for RL-SSF were selected

based upon a previous work [48] but slightly increased to accelerate gelation even

more. Sonication at 20% amplitude for 5 s was selected for D-SSF and RS-SSF because

sonication with higher intensity or duration caused the silk to gel during, or seconds

after sonication. Since D-SSF exhibited higher gelation efficiency compared with R-

SSF and required fewer processing steps, it was used in the subsequent experiments.
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Fig. 4.14. Effect of SF solution processing conditions on shear modulus (G′) of pure
SSF physical hydrogels (RL-SSF: regenerated SSF (reflux > 2 hours), RS-SSF:

regenerated SSF (reflux 1 hour), and D-SSF. Data represent Mean ± SEM (n = 5);
***p < 0.0001.

4.9 Effect of Temperature on SF-G Hydrogel Modulus

Previous measurements of G′ to determine average gel stiffness (Figs 4.13 and

4.14) were carried out at room temperature (i.e., 25◦C). However, these SF-G gels

are intended for applications under physiological temperatures where gelatin is likely

unstable due to its thermo-reversibility. Hence, the effect of temperature on gel

modulus was evaluated in real time from 25◦C − 37◦C(Fig. 4.15 4.16), and as average

values at 25◦C and 37◦C (Fig. 4.17). While SSF gels were thermostable with little

change in modulus within the testing temperatures, the incorporation of G or GH

decreased gel modulus noticeably when the temperature was raised above ∼32◦C (Fig.

4.15). Due to the thermo-reversible nature of gelatin physical crosslinking, modulus

of SF-G hydrogels was also temperature dependent.
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Fig. 4.15. Thermostability of silk fibroin-gelatin physical gels. Shear moduli (G′) of
gels were measured over 300 s with temperature increasing from 25◦C to 37◦C. Data

represent Mean ± SEM of three independent experiments for each formulation.

To improve thermostability of the physical SF-G hydrogels, genipin (0.1 wt % final

conc.) was incorporated in the prepolymer mixture. Genipin is a natural crosslinker

derived from geniposide, a compound found in gardenia fruit [23] and has been used

to covalently crosslink proteins with abundant primary amine groups (e.g., gelatin

and silk fibroin) [4, 23, 24]. Typically, the standard reaction time allowed for genipin

crosslinking has been approximately 24 hours [4, 23, 24]. For example, Bigi et al.

showed that a high degree of gelatin crosslinking occurs after 24 hours with 0.15 wt

% genipin [24]. As shown in Figs 4.16 and 4.17, the addition of genipin improved

SSF-GH-GN hydrogel thermostability, most likely a result due to genipin-induced

crosslinking [26, 56, 57]. Since SF has relatively few primary amines for genipin to

react with, the majority of crosslinking would occur between gelatin chains [4].
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Fig. 4.16. Improvement of SF-GH gel thermostability by genipin crosslinking. Shear
moduli (G′) of gels were measured over 300 s with temperature increasing from

25◦C to 37◦C. Data represent Mean ± SEM of three independent experiments for
each formulation.

Fig. 4.17. Effect of temperature on shear modulus (G′) of silk fibroin-gelatin
physical gels. Data represent Mean ± SEM of three independent experiments for

each condition; *p < 0.05; ***p < 0.0001. Statistics shown compare between
temperatures within each group.
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4.10 GH Retention in SSF-GH Hydrogels

Fig. 4.12 shows that physically entrapped G or GH caused decreased stability

of the hybrid hydrogels and this might lead to leaching of G or GH from the phys-

ical hydrogels. The retention of GH within the SSF-GH hydrogels was particularly

important as it would affect the sequestration of growth factors. To this end, GH

retention was qualitatively evaluated by a modified DMMB assay (Fig. 4.18) [37].

After 24 hours incubation in DMMB solution, dark pink precipitate formed on top of

the SSF-GH gels, indicating the formation of DMMB/heparin complex (Fig. 4.18C).

This formation of DMMB/heparin complex over the SSF-GH gels also signified the

low retention of GH within the physical hydrogels. Low GH retention was of particu-

lar concern given the assay was carried out at 25◦C and the loss of GH would be even

more pronounced at physiological temperatures due to gel-sol transition of gelatin.

Fig. 4.18. (A) Chemical structure of dimethyl methylene blue (DMMB) (B)
Schematic of qualitative DMMB assay procedure (C) DMMB assay images to verify
heparin immobilization within hydrogels. All gels contained 3 wt % SSF and/or 3

wt % G/GH. SSF-GH-GN gels included an additional 0.1 wt % genipin.
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We hypothesized that additional GN crosslinking would limit GH leaching from

the hydrogels. To test this hypothesis, small quantity of GN (0.1 wt %) was added

during physical gelation of SSF-GH and the resulting SSF-GH-GN gels were formed

at 25◦C or 37◦C. GH retention by SSF-GH and SSF-GH-GN gels were quantified by

DMMB assay. The SSF-GH-GN hydrogels showed statistically significant improve-

ment in heparin (in the form of GH) retention over SSF-GH (Fig. 4.19). Also, SSF-

GH-GN crosslinked at 37◦C exhibited improved heparin retention over gels crosslinked

at 25◦C at 72 hours incubation. However, heparin retention was still less than 50%.

This was likely due to the low GN content available for crosslinking and some GN

crosslinking occurred between SSF chains.

Fig. 4.19. Retention of heparin by SSF-GH hydrogels with (SSF-GH-GN) or without
(SSF-GH) genipin crosslinking. Data represent Mean ± SEM of three independent

experiments for each formulation; *p < 0.05, **p < 0.001, ***p < 0.0001.
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4.11 Sequestering of Basic Fibroblast Growth Factor

To evaluate the ability of the SF-G hybrid hydrogels (Table 3.2) to sequester and

release growth factors, we designed two set of experiments: bFGF sequestration (Fig.

4.20) and sustained release (Fig. 4.21). Growth factor sequestering can be broadly

applied during in vitro cell culture to help direct cell fate [43]. The goal of this study

was to obtain high sequestration of growth factor (i.e., bFGF) from solution to the

surface of the hybrid hydrogel. Here, bFGF (3 ng/mL) in solution was added to

wells (96-well plate) with pre-cast hydrogels (Fig. 4.20A). As shown in Fig. 4.20B,

pure SSF gels sequestered about 50% of bFGF from the solution after 24 hours of

incubation. The sequestration reduced slightly to 42% after 72 hours of incubation.

SSF gels were able to sequester bFGF because at physiological pH, SF was negatively

charged and is attracted to positively charged bFGF [50]. Conversely, type A gelatin

is positively charged at physiological pH [38], which repels bFGF and so little to

no bFGF is sequestered by the SSF-G gels. When G was replaced with GH, the

resulting SSF-GH hydrogels displayed comparable bFGF sequestration to SSF gels

(Fig. 4.20B). The slight decrease in bFGF sequestration on SSF-GH gel surface when

compared with SSF gels was likely caused by leaching of GH to which bFGF was

bound. SSF-GH-GN gels showed the highest sequestration of bFGF (∼70% after

72 hours, Fig. 4.20B) due to additional genipin crosslinking. The improved bFGF

sequestration is at least partially due to the improved GH retention from genipin

crosslinking, presenting more available heparin on the gel surface to sequester bFGF.

For all groups, the slight decrease in sequestered bFGF after each 24 hours interval

was due to the release of some surface-sequestered bFGF back to the solution.
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Fig. 4.20. (A) Schematic of human basic fibroblast growth factor (bFGF)
sequestering from the buffer to the surface of different SF-G hybrid hydrogels. (B)

Sequestration of bFGF from buffer solution to the gel surface at 24, 48, and 72
hours of incubation. Data represent Mean ± SEM (n = 4).
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4.12 Release of Basic Fibroblast Growth Factor

Sequestration of growth factor onto hydrogel surface is useful in promoting cell

attachment, proliferation, and/or differentiation when the gel matrix is used as a

substrate for 2D cell culture. On the other hand, sustained release of growth factors

from hydrogels is useful for promoting tissue regeneration. The objective of this

study was to evaluate the release of bFGF from SF-G hybrid hydrogels (Table 3.2).

Here, bFGF was initially encapsulated in the hydrogels during the gelation process,

followed by gradual release into the buffer covering the gel (Fig. 4.21A). As shown

in Fig. 4.21B, the release of bFGF from SSF gels after 72 hours was only about 13%

of total bFGF loaded in the hydrogel. The limited release of bFGF from SSF gels

was likely caused by the molecular attraction occurring between oppositely charged

bFGF and SF, and/or entrapment of bFGF in the SSF β-sheet crystalline domains.

When G was added in the hybrid hydrogel (i.e., SSF-G), bFGF release reached ∼80%

after 72 hours (Fig. 4.21B), which could be explained by the charge repulsion effect

between G and bFGF as described earlier. It was also possible that gelatin was

soluble at 37◦C, which led to low retention (and hence high % release) of most bFGF

within the gels. The incorporation of GH into the hydrogel (i.e., SSF-GH) reduced

the amount of bFGF release (∼55% after 72 hours), confirming the growth factor

binding capability of the immobilized heparin. Finally, SSF-GH-GN gels showed the

lowest degree of bFGF release (i.e., ∼40% after 72 hours, Fig. 4.21B) among all

gelatin-containing gels. This was likely due to genipin-mediated GH retention, and

hence bFGF sequestration, in the hybrid hydrogel network.
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Fig. 4.21. (A) Schematic of bFGF release from the SF-G gels into the solution. (B)
Release of bFGF from SF-G gels at 24, 48, and 72 hours of incubation. Data

represent Mean ± SEM (n = 4).
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5. SUMMARY AND RECOMMENDATIONS

In summary, this thesis demonstrated the utility of silk fibroin to fabricate hybrid

hydrogels for biomedical applications. SF may serve multiple functions in the hy-

brid hydrogel systems. In the first part of this thesis, the effects of sonication and

macromer incorporation on SF physical gelation kinetics were evaluated. Conven-

tional tilt tests qualitatively demonstrated that SF physical gelation was accelerated

by sonication. Also, the presence of both synthetic macromer PEGDA and naturally-

derived gelatin acted as crowding agents to accelerate SF gelation. The effect of G and

GH on SF gelation were also assessed quantitatively via real time in situ rheometry.

Gel point data showed that the presence of gelatin (or gelatin-heparin) accelerated

SF physical gelation, though SSF-GH had a slower gel point than SSF-G.

In the second part of this thesis, a simple strategy to modulate the properties

of visible light cured PEG thiol-acrylate hydrogels via physical entrapment of SF

or SSF was developed. While SF at concentrations of 1.5 wt % and above nega-

tively affected hydrogel properties, SF entrapment at 1 wt % minimally affected gel

crosslinking, mechanics, and degradation. When hybrid hydrogels were prepared via

photo-polymerization, the entrapment of SF or SSF did not alter chemical gelation

kinetics (i.e., gel points) or crosslinking efficiency (i.e., gel fraction) but significantly

altered gel physical properties (reduced equilibrium gel swelling and mesh size). Fur-

thermore, SSF was retained more in the hybrid hydrogels, which increased gel moduli

but had minimal effect on hydrolytic degradation rate of the hybrid hydrogels. This

simple hybrid hydrogel fabrication strategy should be highly useful in future drug

delivery and tissue engineering applications.

In the third part of this thesis, a simple in situ forming silk fibroin-gelatin hybrid

hydrogel system as a platform for growth factor delivery and in vitro cell culture was

developed. At room temperature, increasing silk fibroin and gelatin
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concentration increased gel moduli. However, at physiological temperature the pres-

ence of gelatin and heparin-conjugated gelatin decreased gel moduli as compared to

pure SF hydrogels. Hydrogels containing G or GH had decreased stability at physio-

logical temperature and significant leaching of GH was detected in SSF-GH hydrogels

after 72 hours of incubation. On the other hand, hydrogel thermostability and GH re-

tention were improved upon introducing low concentrations of genipin, which formed

chemical crosslinks to stabilize the physical gels. In terms of growth factor sequestra-

tion, providing additional genipin crosslinking improved the sequestration of bFGF

from ∼30% (SSF-GH) to ∼75% (SSF-GH-GN) after 72 hours. Genipin crosslinking

also slowed bFGF release from 55% (SSF-GH) to ∼40% (SSF-GH-GN) after 72 hours.

This thesis work has fulfilled the three objectives by using SF physical entrapment

to evaluate the influence of sonication and macromer incorporation on SF physical

gelation; modulate the properties of chemically crosslinked thiol-acrylate PEG hydro-

gels via physical entrapment of SF; and by developing an in situ forming silk-gelatin

hybrid hydrogel system for affinity-based growth factor sequestration and release and

in vitro cell culture. Future studies could focus on using the PEG-SSF and SF-G

hybrid hydrogel systems for drug delivery or tissue engineering applications with var-

ious cell types. One disadvantage of PEG-based hydrogel is that the material on a

macroscopic level exhibits homogeneous or isotropic properties. A hybrid hydrogel

system such as the one presented here creates local heterogeneity in material prop-

erties, which might have the potential to provide a strategy to create an anisotropic

material for directing alignment of cells or for providing heterogeneous mechanical

cues for the encapsulated cells. Also, given the drug delivery relevant mesh size of

PEG-SF gels warrants investigation into their use for drug delivery. The demon-

strated growth factor sequestration and release by SF-G hybrid gels could be utilized

for studying the effect of amplified endogenous growth factor signaling on other cell

types or for promoting tissue regeneration in vivo.
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In a preliminary study, human mesenchymal stem cells (hMSCs) were seeded onto

the surface of SF-G hybrid hydrogels to evaluate the suitability of these gels as an

in vitro cell culture platform (Fig. A.1). Cells were seeded onto the precast gels

in a 48-well plate and cultured for two weeks. Two media conditions were used to

culture the hMSCs, either standard culture media (low glucose DMEM, 10% FBS,

standard antibiotic-antimycotics) without bFGF added (i.e., bFGF (-)) or culture

media supplemented with 1 ng/mL bFGF (i.e., bFGF (+)). Cell metabolic activity

was evaluated by Alamar Blue assay at day 2 and day 7 of cell culture (Fig. A.1A).

For each group the day 2 metabolic activity was set as 1 for comparison. Fig. A.1A

shows that hMSC proliferation is improved by the presence of bFGF in the culture

media. Cells seeded on SSF-GH-GN gels showed the highest fold change in metabolic

activity between day 7 and day 2, supporting the concept that SSF-GH-GN gels are

a more optimal cell culture platform. This is likely due to the stabilizing of SSF-GH

gels by GN crosslinking and the associated increased sequestration of growth factors

local to cells due to increased GH retention.

Subsequently on day 14 of culture, cells were collected for total isolation (DNeasy,

Qiagen) and quantification (UV/Vis using Nanodrop 2000) (Fig. A.1B). The cells

from each group were pooled for a single sample, whose DNA levels were then mea-

sured multiple times. For all gel formulations, cells cultured in bFGF (+) media

had higher total DNA concentration than their bFGF (-) counterparts (Fig. A.1B).

Under bFGF (+) media conditions, the DNA levels of the four groups mirror the

degree of bFGF sequestration in (Fig. 4.20B). Cells seeded on SSF-G have the lowest

DNA concentration, likely due to the lack of bFGF sequestration by the gels. SSF

and SSF-GH have similar DNA levels that are greater than SSF-G seeded cells from

the effect of sequestered bFGF on improving hMSC proliferation. MSCs seeded on

SSF-GH-GN gels displayed the highest DNA concentration (Fig. A.1B). Similar to

the day 7 metabolic activity (Fig. A.1A), the combined effect of gel stabilization and

increased growth factor sequestration due to genipin crosslinking leads to significantly

improved hMSC proliferation. In future work the effect of SSF-GH-GN hybrid gel
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system on hMSC proliferation should be further evaluated to expand the utility of

the hybrid hydrogels as a in vitro culture platform.
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A. APPENDIX: PRELIMINARY STUDY OF SF-G

HYBRID GELS FOR IN VITRO CELL CULTURE

Fig. A.1. Proliferation of hMSCs seeded (∼4,000 cells/well) on hybrid hydrogels.
(A) Day 7 metabolic activity of hMSCs. Day 2 metabolic activity for each group

was set as 1 for comparison. (B)DNA level of hMSCs seeded on gel surfaces. Data
represent Mean ± SEM (n = 4); **p < 0.01, ***p < 0.001.


