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ABSTRACT: Catering the hydrogel manufacturing process toward defined viscoelastic properties for intended biomedical use is
important to hydrogel scaffolding function and cell differentiation. Silk fibroin hydrogels may undergo “physical” cross-linking
through β-sheet crystallization during high pressure carbon dioxide treatment, or covalent “chemical” cross-linking by genipin.
We demonstrate here that time-dependent mechanical properties are tunable in silk fibroin hydrogels by altering the
chronological order of genipin cross-linking with β-sheet formation. Genipin cross-linking before β-sheet formation affects
gelation mechanics through increased molecular weight, affecting gel morphology, and decreasing stiffness response. Alternately,
genipin cross-linking after gelation anchored amorphous regions of the protein chain, and increasing stiffness. These differences
are highlighted and validated through large amplitude oscillatory strain near physiologic levels, after incorporation of material
characterization at molecular and micron length scales.
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1. INTRODUCTION

In the past 30 years, engineered tissues have been researched as
permanent treatments for many disorders.1,2 Tissue engineer-
ing implants require mimicry of tissue: chemically,3,4

mechanically,4−7 and morphologically, to best aid tissue growth.
Both decellularized matrix,4,8,9 and novel biomaterials have
been successful in developing new tissues. Although decellu-
larized matrices are advantageous in mimicking intended tissue,
lab synthesized materials may still be a best option due to
availability, storage, and cost. Hydrogels excel at mimicking
tissue due to highly viscoelastic mechanical properties and
nutrient transport capabilities.10−12 High porosity and hydro-
philicity both aid in nutrient transport, especially peptide and
protein-based drugs, through swelling and reduced adsorp-
tion,13 leading to higher efficiencies. Due to the wide range of

tissues requiring replacement, tunable hydrogels are ideal
candidates for tissue engineering scaffolding.
Although mechanical replacement of tissue has long been an

emphasis in implantation medicine and tissue engineering,
research in the past decade has shown that the cell interaction
with scaffold mechanics is equally important. Tissue and
implant mechanics have been shown as characteristic features in
many disease pathologies14 and as critical factors to regulate cell
activity,15,16 such as stem cell fate.6,7,17 Material stiffness may
affect cells through cell deformation caused by matrix strain via
cell adhesion sites,6,7,15,16,18−22 where the time scale of strain
loading is dependent on tissue use and location. Physiologic
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loading varies in frequency from static, to ∼0.05 Hz in the small
intestine, to ∼1 Hz in the circulatory system, and to varied
levels in orthopedics. The static environment, however, is most
frequently used in examining cell activity,6,7,15,16 which shows
cell response over extended time scales.23,24 Stiffness of
viscoelastic materials across a range of time scales offers
frequency-dependent response for cells. Viscoelasticity of
hydrogels measured by large amplitude oscillatory strain
(LAOS) determines material response in application, and
provides insight into contribution of microstructure to material
stiffness response.25,26 Mechanical properties of hydrogels and
tissues are dependent on hierarchical material organization,
ranging from molecular structures to microstructures.27,28 By
characterizing material hierarchies of different length scales, we
may gain more comprehensive understanding of hydrogel
viscoelasticity, and thus develop new methods of tuning time-
dependent properties.
Silk fibroin hydrogels are a versatile material, capable of

excellent cell attachment and control of material properties. Silk
fibroin derived from domesticated silk worms (Bombyx mori) is
a long chain protein (∼375 kDa) with Glycine, Alanine, Serine,
and Tyrosine consisting of 90% of their primary structure.
These form repeat units, contributing to β-sheet secondary
structures with hydrophobic side groups on their surface,
leading to intra- and intermolecular, close-packed crystallization
structures,29−31 acting as “physical” cross-links, resulting in
stable gel structures. These gels can be highly porous and
exhibit excellent cell attachment and viability.12 Fibroin gelation
may occur through reduction of solution pH until the molecule
isoelectric point is reached, and resulting nucleation and
crystallization of the protein.32 Fibroin stiffness is heavily reliant
on secondary and quaternary protein structures, and the overall
content of β-sheet crystals within the gel.30,31,33 The
morphology of gel microstructure,27,28,34 and resulting pore
connectivity,34,35 also contribute material stiffness response.
In addition to crystallization or physical cross-link through β-

sheet formation, silk fibroin can be chemically cross-linked.
Genipin, due to its low cytotoxicity and ease of use, is a
common chemical cross-linker.36−40 It contains a bicyclic, fused
ring structure of pentane and dihydropyran rings, and
covalently bonds to primary amine structures,41 often forming
dimer bridges during cross-linking.42,43 Primary amines are
available at the protein N-terminus and 2% of fibroin amino
acid side groups,44,45 allowing additional, but limited, tailoring
of material by chemical cross-link formation.41 Additionally,
genipin cross-linking (GCX) was shown to increase fibroin
“physical” cross-linking by β-sheet crystallization in both
electro-spinning,37 ultrasonication gelation,46 and film cast-
ings.47 Genipin reactivity is proportional to its concentration,
cross-linking temperature, and time,38,39,48 but is reduced at low
pH,42 allowing for control over cross-link density. Increased
stiffness from changes in chemical cross-link density by genipin
content could be quantifiable by coloration changes,41 primary
amine content,46,49 and fluorescence.43

Though crystallization and genipin cross-linking are both
employed in previous studies to manufacture fibroin hydrogels,
no studies have been attempted to examine the impact of the
sequence of using both processes for manufactur-
ing.37,40,45−47,50 Combining crystallization with chemical
cross-linking may provide more control over hydrogel proper-
ties such as mechanical stiffness, viscoelastic ratio, and gel
microstructure. However, the chemical cross-linking process is
reliant on contact between two primary amine groups and the

genipin molecule, which is limited by low primary amine
amounts in fibroin and restricted diffusion and chain mobility
within the hydrogel with β-sheet crystals. Additionally, the
reaction would be limited by low pH of the solution during the
gelation process of crystal formation. Therefore, optimizing
cross-linking potential would be reliant on material phase
transition and its relation to the order of cross-linking
treatments; the chronology of these two processes can greatly
influence the stiffness and morphology of fibroin gel.
This paper examines the interaction between chemical cross-

linking and crystallization in the formation of fibroin hydrogels.
We have previously developed high pressure carbon-dioxide
treatment (PCT) to decrease solution pH for β-sheet crystal
formation in silk fibroin, which improved gel structure when
compared to common citric acid titration methods.51 We also
characterized silk fibroin materials chemically cross-linked with
genipin.37,46,50 Bulk gel strength, stiffness, degradation rate, and
swelling properties are highly reliant on cross-link den-
sity.38,39,52 Incorporation of these separate effects would allow
for control over gel structures and properties. Cell response and
activity may be improved and/or dependent on control of
hydrogel scaffolding material properties over various time and
length scales. By characterizing gel material properties at the
molecular and micron length scales, and comparing to modeled
viscoelastic modulus, we may better interpret tunability of
genipin/fibroin gels. Herein, we characterize how tunability of
genipin/fibroin hydrogel frequency response and viscoelastic
moduli are dependent on the order of cross-linking treatments.

2. MATERIALS AND METHODS
2.1. Materials. Bombyx mori polyhybrid silkworms were bred and

selected by Centro Sperimentale di Gelsibachicoltura (Como, Italy).
Silk cocoons were kindly supplied by Cooperativa Sociolario (Como,
Italy). Lithium Bromide salt (LiBr) was purchased from Fluka
Chemicals (Buchs, Switzerland) and Genipin was obtained from Waco
Chemicals (Neuss, Germany). Other reagents, buffers, and salts were
purchased from Sigma-Aldrich (St. Louis, MO, USA) and used
without further purifications.

2.2. Preparation of Silk Fibroin Solution. Silk fibroin solutions
in water were prepared according to Kim et al.,53 with limited
modifications. First, Bombyx mori cocoons were degummed to remove
sericin proteins; silk cocoons were treated twice in alkaline water baths
at 98 °C for 1.5 h with concentrations of 1.1 and 0.4 g/L Na2CO3,
respectively. Degummed silk was then washed several times in
deionized (DI) water and dried at room temperature (RT) to obtain
pure silk fibroin fibers. Fibroin fibers were then dissolved in 9.3 M LiBr
(2 g of fibroin in 10 mL of LiBr solution) at 65 °C for 2.5 h. The
solution was then dialyzed against DI water for 3 days at RT in a Slide-
A-Lyzer dialysis cassette (3.5K MWCO, Pierce, Rockford, IL, USA) to
remove the LiBr salt, and subsequently filtered through a ceramic filter
foam (porosity <5 μm) to eliminate impurities. Protein concentration
was determined using a NanoDrop ND-1000 spectrophotometer
(Nanodrop Tech Wilmington, DE, USA), and concentration was
adjusted to 4%w/v. Fibroin solution was then frozen in liquid nitrogen
and stored at −80 °C until use. Frozen solution was later thawed at
RT, refiltered to remove any aggregate formation, and concentration
was adjusted to 3% to obtain working fibroin solutions. For all
solutions except control, genipin was added to obtain a 1 mM
concentration within the 3% fibroin solution.

2.3. Hydrogel Formation. 2.3.1. High Pressure CO2 Reactor.
Fixed volumes (240 μL) of initial fibroin solution were pipetted into
custom-made polytetrafluoroethylene (Teflon) cylindrical molds (8
mm diameter × 5 mm depth) and placed within a stainless steel high
pressure reaction vessel (BR-300, Berghof Products + Instruments,
Eningen, Germany). The temperature of the reactor was controlled
through an electrical heating jacket run by a BDL-3000 temperature
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controller (Berghof). CO2 gas was introduced in the reactor and
pressurized at a working pressure of 60 bar through a high
performance liquid chromatography (HPLC) pump (Model 426,
Alltech, Deerfield, IL, USA).
2.3.2. Fibroin Gelation. Genipin was activated to chemically cross-

link neighboring fibroin molecules by heat-treating samples at 37 °C
for a minimum of 24 h. To prevent GCX reactions during PCT,
temperature during the treatment was held at room temperature,
unless otherwise noted. Control samples were fabricated at 37 °C
during PCT, consistent with previous work.51 Co-cross-linked (CCX)
samples were treated at 37 °C during PCT, allowing for maximum
genipin activation during the physical cross-linking process. All other
gels underwent heat treatment for 24 or 48 h, before (Pre24CX,
Pre48CX) or after (Post24CX) PCT. After gel formation, samples
were immediately submerged in 5 mL of DI water, and stored at 4 °C.
DI was changed after 24 h to remove any residual, unreacted genipin
from gels. Any samples visibly fractured or damaged during the gel
removal process from the mold were removed from mechanical
testing.
2.3.3. Modeling CO2 Diffusion. Diffusion of CO2 into the fibroin

solution and the resulting pH was modeled using coefficient values
determined by Duan et al.,54−56 and the pH model of CO2 in fibroin
solution derived by Floren et al.51 Resulting concentrations were
discerned for 60 bar and temperatures of 20, 22, 25, and 37 °C.
Modeling shows higher concentration equilibrium at lower temper-
atures, and therefore faster diffusion of CO2 into the fibroin solution.
These values concur with tables listed in Duan et al.55,56 Resulting pH
was between 1.5 and 4, where gelation occurs through fibroin reaching
the isoelectric point, and a plateau region in gelation times.32

2.4. Molecular Structure. 2.4.1. Determination of Amino Acid
Composition by RP-HPLC. The amino acid content of frozen fibroin
samples was determined with Waters AccQ-Fluor Reagent Kit using
the AccQ-Tag amino acid analysis method (WatersCorp., Milford,
MA, USA). Briefly, fibroin-based hydrogels and solutions, without
genipin, were frozen in liquid nitrogen and freeze-dried using a Lio-5P
lyophilizer (5Pascal, Milan, Italy). About 5 mg of lyophilized fibroin
was hydrolyzed with 6 N HCl at 114 ± 2 °C in a silicone oil bath for
24 h. Air-dried hydrolysates were later reconstituted with 20 mM HCl
to obtain a solution at a concentration in the range 4−200 pmol and
then derivatized with Water AccQ Flour Reagent to obtain stable
amino acid. The amino acid content was determined by reverse phase
high performance liquid chromatography (RP-HPLC) using a AccQ-
Tag column (Waters Corp) with a gradient of Waters AccQ-Tag
Eluent A, Milli-Q water, and acetonitrile (HPLC grade) at a flow rate
of 1 mL/min. The amino acids were detected with Jasco UV-1570
detector set (Jasco, Bouguenais, France) at 254 nm. The chromato-
grams obtained were compared with waters amino acid hydrolysate
standards to identify single amino acid residues.
2.4.2. Molecular Weight Measurement by GPC. Gel permeation

chromatography (GPC) analysis of the fibroin samples was conducted
with a Shodex SB-805HQ column (Shodex OH pak, Showa Denko,
Munich, Germany). Freeze-dried fibroin-based hydrogels and
solutions were redissolved in 9.3 M LiBr at 65 °C for 0.5 h. The
obtained fibroin solutions were dialyzed against DI water at RT and
diluted with eluent solution (3 M Urea, 0.02 M Tris HCl, 0.15 M
NaCl, pH 7.5) to obtain a protein concentration in the range of 0.5−
0.8 mg/mL. The chromatography system was operated with a flow rate
of 1 mL/min at 27 ± 1 °C and elution was detected with a Jasco UV-
1570 detector set (Jasco, Bouguenais, France) at 224 nm. The
calibration curve was obtained with Low/High Molecular Weight Gel
Filtration Calibration Kit (GE Healthcare Europe, Freiburg,
Germany).
2.4.3. Determination of Genipin Cross-Linking Activity by

Confocal Microscopy. Previous literature shows GCX content is
fluorescent with the excitation peak at 590 nm and emission peak at
630 nm.43 Increased fluorescence from GCX formation occurs due to
increased π-bonding within the genipin bicyclic, fused ring structure
after opening of the dihydropyran ring.41−43,45 Further increase in π-
bonding and genipin concentration may occur in genipin dimerization

during cross-linking, and is a commonly proposed mechanism of
genipin cross-linking,42,43 including to fibroin.45

Lyophilized gels were rehydrated using DI for 24 h. Maximum GCX
efficiency was measured by Control gels immersed in 15 mM glycine
solution and 1 mM genipin for 24 h at 37 °C. Samples were removed
from DI and separated on a single chamber slide, partitions removed,
and a second glass slide placed over the samples to ensure
homogeneous surface depth. Samples were then imaged using confocal
microscopy (Nikon Corporation, Chiyoda, Tokyo, Japan). Genipin
was excited by means of a diode pumped solid state laser (561 ± 0.5
nm, Melles Griot). Emission band collected ranged from 616 to 658
nm, with the gain set to maximize emission intensity without
saturation for the gel with the highest emission intensity, and kept
constant for all the others. Images where collected using a 20× Plan
Flu objective with 2× scanning zoom (40× total, 4.97 μm/pixel
resolution). The microscope pinhole was opened maximally to permit
high PMT sensitivity, even with low emitting samples, and from the
thickest optical section possible (7.83 μm), with a dwell time of the
laser equal to 12.6 μs/voxel. After maximum emission intensity was
determined within the sample set, program settings were maintained as
a method of comparing between samples. Max GCX allows the
determination of the overall GCX efficiency. Summation of emission
intensity over the given area was recorded and converted to numerical
byte values for each pixel in a 64 × 64 matrix. Images were analyzed
using NIS-Elements Viewer (Nikon Corporation), and emission
intensities were determined with ImageJ (NIH, Bethesda, MD, USA).

2.4.4. Determination of Chemical Cross-Linking Density by
Ninhydrin Assay. Ninhydrin assay was used to determine active
genipin content.49 Ninhydrin reacts with active NH2 groups,
producing a visible purple color, detectable at a 570 nm wavelength
by a spectrophotometer. By comparing ninhydrin content between
control and variable gel samples, genipin bonding conditions may be
determined. To ensure protein primary structures in samples were
preserved, samples were first flash frozen by submerging in liquid
nitrogen, and subsequently lyophilized at temperature of −50 °C and
pressure of 5 mmHg for no less than 24 h. Ninhydrin (Sigma-Aldrich)
solution of 0.35% w/v in ethanol (>96%) was added to lyophilized
samples to a concentration of approximately 5 mg/mL, and heated at
90 °C for 30 min under mild shaking. Blank and glycine control
solutions underwent the same treatment. After cooling down, optical
absorbance of each solution was measured at 570 nm using a
microplate reader (Tecan Group AG, Man̈nendorf, Switzerland); each
solution was measured in triplicate. Change in primary amine available
was calculated as

Δ =primary amine
NHN

NHN
sample

cntrl (1)

where NHNsample is the color intensity presented by ninhydrin assay
performed on the variable sample, and NHNcntrl is the color intensity
presented by the control gel.

2.4.5. Determination of Physical Cross-Linking Density by Fourier
Transform Infrared Spectroscopy. Protein secondary structures were
determined through Fourier transform infrared spectroscopy (FTIR)
Spectrum One (PerkinElmer, Waltham, MA, USA) with Zinc Selenide
crystal. Two additional samples were compared with Control samples:
Amorphous sample is fibroin solution that has not undergone PCT,
and Genipin sample is 3% fibroin that has undergone 1 mM genipin
cross-linking for 48 h without undergoing PCT. To preserve protein
secondary structure, samples were lyophilized, then placed in FTIR
sampling surface and compressed until a minimum force of 100 N was
reached. Sample spectra were averaged over 4 scans, ranging from 650
to 4000 cm−1 at a resolution of 4 cm−1.

2.5. Microstructure Visualization. 2.5.1. Scanning Electron
Microscopy Imaging. Imaging of samples was obtained using a
scanning electron microscope (Quanta 200 FESEM). Prior to imaging,
lyophilized cross sections were sputter coated (Biorad SC500, Hemel
Hempstead, UK) with a thin layer of gold or platinum/palladium
mixture.

2.5.2. Confocal Microscopy Imaging. It is difficult to image
hydrogel microstructure without altering gel structure using
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lyophilization or environmental SEM. Therefore, wet gel samples were
stained with Rho 123, a fluorescent small molecule capable of
penetrating bulk gel material, and then imaged with confocal
microscopy. Samples were placed in Rho 123 solution at 4 °C for
24 h for staining, and then put in DI at 4 °C for 72 h to remove the
dye from pores. Gels were then placed on glass slides for confocal
imaging.
2.5.3. Image Analysis. Images were analyzed both quantitatively

and qualitatively. Pore dimension was determined using ImageJ.
Results were compared across gel sample sets, and between same
sample sets across different imaging modes (Confocal vs SEM).
Qualitative analysis was done by comparing morphology and gel
structure across gel sample types.
2.6. Mechanical Properties. 2.6.1. Swelling Ratio. Gels were

submerged in DI for a minimum of 24 h and stored at 4 °C. Before
mass measurement, samples were brought to room temperature and
weighed. Subsequently, samples were submerged in liquid nitrogen
and lyophilized. Dried samples were then weighed, and the swelling
ratio was determined with the equation below:

=
−m m

m
swelling ratio

( )wet dry

dry (2)

Where mwet is the mas of the fully hydrated sample, and mdry is the
mass of the lyophilized sample.
2.6.2. Mechanical Response. Large amplitude oscillatory strain

(LAOS) in compression was performed to establish the viscous and
elastic properties of the material. Frequency sweep of cyclic, uniaxial
compression testing was used to determine approximate location of
the transition frequency (ω), first harmonic storage modulus (E1′),
and first harmonic loss modulus (E1″) of samples. Samples were
placed between horizontal, quartz slides attached to both the base
fixture and driving piston of a mechanical testing machine. (Bose,
Eden Prairie, MN, USA) The driving plate was brought into contact
with the gel, and DI was placed around the gel, with surface tension
allowing DI to maintain its integrity for the duration of the test.
Subsequently, an average strain of 25% was applied in compression
and the system allowed to reach equilibrium. Dynamic strain was then
oscillated at peak-to-peak amplitude of 20% strain, chosen from
previous studies,20−22,57 and in vivo examples.58,59 Oscillation
frequencies ranged from 2.202 × 10−3 to 1 Hz, where a plateau was
reached. Data was recorded after 4 s of preconditioning of the sample
for each frequency.
Data was analyzed using Wolfram Mathematica (Wolfram Research,

Champaign, Illinois, USA). Discrete Fourier-transform was taken of
both strain and stress data. Complex modulus (E1*) of the first
harmonic was discerned from stress and strain response at the
dominant frequency. Stress data curves were additionally smoothed
through convolution with the normalized Gaussian kernel. Bandwidth
varied with data frequency. Resulting smoothed curves were plotted
against strain data to measure and visualize hysteresis curves, as well as
overall stiffness response (E).

3. RESULTS AND DISCUSSIONS
Results from the study have shown significant changes in the
material structure and gel property among all the silk fibroin
gels, with the presence of genipin as well as the order of cross-
linking treatment.
3.1. Physical Appearance of Gels. Because genipin is

known to produce a distinct blue coloration after GCX occurs
while fibroin aggregation produces a white and/or cloudy
liquid, the physical appearance of the gels suggests the status of
protein aggregation and cross-linking. Thus, we first studied the
physical appearances of both the solution and the gels of the
genipin/fibroin solution. All the fibroin and genipin/fibroin
solutions were initially transparent with no coloration. The
minimal primary amine content in fibroin, and genipin
concentration in solution would necessitate increased reaction

kinetics to initiate significant GCX formation between fibroin
molecules. To test this, fibroin and genipin/fibroin solutions
were compared after 24, 36, and 48 h at both 20 °C (room
temperature or RT) and 37 °C. Genipin/fibroin solutions held
at RT after a period of 24 h indicated no color changes or
noticeable increases in solution turbidity. After a period of 36
and 48 h at RT, they showed a faint blue coloration, with
minimal aggregation or no visible increases in turbidity.
Minimal aggregation and coloration ensured chemical cross-
linking is confined to the heat treatment (at 37 °C) step.
Fibroin and genipin/fibroin solutions held at 37 °C still did not
exhibit visible turbidity and remained a liquid after 24 or 48 h.
But the genipin/fibroin solutions showed a medium blue color
after 24 h, and turned into a darker blue coloration after 48 h.
The color changes in the solutions correlated well with the
corresponding gel samples: Pre48CX and Pre24CX gels both
showed blue coloration, with a darker color in Pre48CX,
whereas the Control, CCX, and Post24CX gels did not exhibit
color changes, all showing white and translucent. Figure 1
summarizes the results with preparation protocols and
representative pictures of the gels.

3.2. Molecular Structure. Results from RP-HPLC did not
show significant alterations in the protein amino acid
composition and therefore minimal difference in protein
primary structure, among different gels.44 The protein
secondary and quaternary structures showed no difference
when compared to the control. All the gels showed high
concentration of intermolecular β-sheet cross-linking, with no
variation in the peak locations or intensities.
Results from GPC showed significant increases in both

number-average and weight-average molecular weights (MN
and MW, respectively) for Pre48CX, when compared to control
gels. As illustrated with the Pre48CX curve, the GCX formation
presented a distribution more skewed toward higher molecular
weights, with both MW and MN higher than control gels (Figure
2).

Figure 1. Preparation protocols and physical appearances of the gel
samples. All samples were prepared from 3% w/v concentration of silk
fibroin. The protocols show the order and degree of genipin cross-
linking (GCX) with shaded blocks. Processing temperature during
each 24 h block is listed, along with the cumulative time of processing.
Herein, the control gels were from pure fibroin solution with 24 h
PCT-induced crystallization, whereas all the other samples contained 1
mM concentration of genipin. Representative pictures of gels
illustrating sample coloration and shape are shown on the right.
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To understand further the GCX mechanism in changing the
molecular structure, confocal microscopy was used to image
GCX fluorescent signals. Results demonstrate significant
increases of fluorescence emission in all GCX gels, when
compared to control gels (Figure 3). The GCX concentration
in Pre48CX and Pre24CX correlates with the cross-linking
time.

To examine the genipin activity along single fibroin chains,
ninhydrin assay was used. Results demonstrate significant
decreases in primary amine groups for all GCX samples
compared to the Control (Figure 4). Results do not correlate
with confocal fluorescence data.
To characterize changes in major functional groups among

gels, FTIR was used. Infrared spectroscopy results show that
the presence of genipin or the order of cross-linking treatment
did not induce any changes in peak locations or intensities
(Figure 5A). Resulting peaks were typical for fibroin hydrogels,
as previously shown by our lab.46,51 Specifically, all results
showed the peaks representing strong, intermolecular β-sheet
structures (1622 cm−1, amide I30), weak β-sheet structures
(1700 cm−1, amide I30), and peak shift for tyrosine side chains
(1516 cm−1, amide II31); peaks representing α-helix structures

(1656−1662 cm−1, amide I30), random coils (1640−1655
cm−1, amide I;30 1540 cm−1, amide II31), turns (1663−1696
cm−1, amide I30), or side chain residues (1605−1615 cm−1,
amide I30) were not present. In comparison, FTIR results of
amorphous fibroin that did not undergo PCT with or without
GCX (Figure 5B) showed peaks at 1645 cm−1 (random coil)
and 1516 cm−1 (Tyr side chains). Amorphous fibroin after
GCX showed an additional peak at 1532 cm−1, which may
result from in-plane deformation of genipin bicyclic, fused ring
structure.60 In summary, lyophilized silk solution without PCT-
induced crystallization indicated no β-sheet formation, even
after 48 h of GCX.

3.3. Microstructure from SEM and Confocal Imaging.
SEM images show that the gel microstructure changes with the
cross-linking order. Two types of morphology were found in
SEM images (Figure 6). Control gels and gels with GCX during
or after PCT (CCX and Post24CX) exhibit porous micro-
structure with limited connectivity between pores. Low
connectivity between pores is determined by decreased
concentration of connected perforations, as illustrated with
blue circles in Figure 7. Contrarily, gels with GCX before PCT
show more fibrous morphology and higher pore connectivity.
Morphology changes were more drastic in Pre48CX.
Confocal imaging results supported SEM findings by

showing evenly distributed pores of uniform size within the
saturated, wet gel (Figure 8). No changes were found along the
depth of the gel, indicating homogeneous gel formation.

3.4. Mechanical Properties. Mechanical testing results
showed significant differences among all the gels (Figure 9).
Gel stiffness was inversely correlated with pore connectivity
visualized from SEM images. It was found that gels with GCX
occurring during or after PCT (CCX and Post24CX)
augmented stiffness whereas Pre48CX and Pre24CX gels
showed decreased stiffness.
Gel mechanical behaviors show significant changes in storage

and loss modulus. Low frequency response indicated decreased
stiffness with pre-PCT gelation GCX formation (Pre48CX,
Pre24CX), and greater stiffness with GCX after PCT-induced
gelation (Post24CX), when compared to Control (Figure 9).
E1′ and E1″ reveal typical viscoelastic response of gels, with

lower and upper plateau regions at lower and higher

Figure 2. Gel permeation chromatography results, showing an increase
in both MN and MW for gels with genipin cross-linking before gelation.

Figure 3. Genipin fluorescence emission results. Lyophilized and
rehydrated samples were examined for genipin cross-linking (GCX)
efficiencies, illustrated with the average intensities from confocal
images. Results show the fluorescent signals from all the cross-linked
gels are statistically (p < 0.10) different from control. Also, Pre48CX
and CCX show statistically significant (p < 0.10) differences from all
other cross-linked gels (labeled with “*”).

Figure 4. Primary amine sites quantified by ninhydrin assay. Results
show the fraction of primary amine quantity in GCX gels (y-axis),
when compared to control gels. All gels show decreased fraction in
primary amine groups. Higher reduction in primary amine groups
suggests increased genipin reactivity at bonding sites along single
fibroin chains, rather than reaction between two fibroin molecules.
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frequencies, respectively, separated by a transition region.
Values for E1″ show similar results to E1′ across all samples
when compared to control. Interestingly, E1″ decreases with
lower frequencies at a rate equal to or greater than that of E1′,
which indicate that the material always acts as an elastic solid
within the environmental constraints placed on the material.
Energy dissipation curves indicate significant energy loss at

all frequencies for all gels. Gels with GCX pre-PCT gelation
show decreased energy dissipation, while GCX after PCT
shows much greater energy dissipation values. All energy

dissipation values correspond well with E1″ values (Figure 10).
Both Post24CX and CCX gels showed a distinct peak shift to
lower transition frequency, also corresponding to shifts seen in
E1′.

4. DISCUSSION
Herein, we show order of GCX formation with PCT-induced
gelation through β-sheet crystallization affects SF hydrogel
morphology, and resulting material properties with physiologic,
high amplitude dynamic loading. Significant differences
between sample loss and storage moduli are shown, which
become greater at higher frequencies. GCX occurrence pre-
PCT presents more fibrous morphology and decreased stiffness
at higher frequencies. Occurrence of GCX during the PCT
phase showed minimal effect. Alternately, GCX after PCT
shows similar morphology, with increased stiffness at all
frequencies. Furthermore, this stiffness response approximates
gel response in different applications.

Figure 5. Infrared spectra (FTIR) showing similar peak patterns among gel samples treated with PCT. (A) All gels presented high similarity in all
major peaks of FTIR spectra, which showed the tight, intermolecular β-sheet crystals (1622 cm−1) and weaker β-sheet structures (1700 cm−1) of
fibroin. (B) Lyophilized fibroin solutions without or with genipin cross-linking, undergoing no PCT gelation, are compared to the Control with PCT
gelation. Both fibroin solutions present random coil (1645 cm−1) and tyrosine side chain peak shift (1516 cm−1), common in amorphous fibroin.
Additionally, there is a peak at 1532 cm−1 in fibroin with genipin cross-linking, possibly resulting from in-plane deformation of the genipin bicyclic,
fused ring structure.

Figure 6. SEM micrographs showing the gel microstructure and
morphology. (A) Control gel showed uniform pores with limited
connectivity. (B) Pre48CX gels presented greater average pore size
and more fibrous structure with high connectivity. (C) Pre24CX gels
presented even larger pores with connectivity lower than Pre48CX.
(D) CCX gels slightly increased pore size and connectivity when
compared to the Control. (E) Post24CX gels presented little change in
morphology from the Control. Scale bar equals 10 μm.

Figure 7. Comparison of Control (top) and Pre48CX (bottom)
microstructures. The images on the right panel illustrate analysis of
pore changes in the pore structure (red) and connecting perforation
(blue). Scale bar equals 3 μm.
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Silk fibroin that undergoes PCT-induced gelation forms
highly hydrated, porous hydrogels,51 through induction of β-
sheet crystallization. All samples within this study correspond
with this previous data, with stable, homogeneous, porous gels
forming as seen in SEM and confocal microscopy data (Figures
7 and 9). Reported stiffness data ranges from 15 to 60 kPa for
low applied strain rates (∼0.3%/s), which corresponds with
similar strain rates in our study ( f = 0.015 Hz). Additionally,

FTIR spectra show no significant changes between gels (Figure
5), indicating high levels of gel crystallinity between
samples.30,31,51 Covalent cross-linking before PCT leads to
more fibrous morphology, and decreased stiffness response.
The microstructure changes, taken in conjunction with changes
in MW distributions by GCX formation, suggest differences in
nucleation rates among the gels. Previous studies in polymer
formation indicate decreased nucleation times,61,62 and changed
morphology,61−63 in bimodal polymer distributions. Although
previous studies most frequently indicate chemical cross-linking
increases material stiffness,38,39,43 and morphology change,39

testing is performed in the linear range. The fibrous
morphology and greater pore connectivity may be responsible
for decreased E1′ values.34,35 This decreased stiffness would also
account for decreased energy dissipation, due to minimal elastic
storage, and corresponds with decreased E1″ values.
Covalent cross-linking after PCT (PostCX) leads to much

greater stiffness response, while maintaining similar morphol-
ogy to Control. Although GCX occurring postgelation has been
shown previously, molecular structure during GCX treatment
was not fully crystallized,40 possibly allowing more amorphous
chain movement. Furthermore, β-sheet content was increased
after GCX formation,40 confusing mechanical response
between GCX and higher crystallinity.
Taken together, results from ninhydrin assay, fluorescence

emission, and physical appearance of gels suggest that genipin
bonding to fibroin molecules occurs at low efficiency. After
PCT-induced crystallization, amorphous chain groups are
immobile, making primary amines less available for bonding,
thereby diminishing GCX formation. Genipin bonding to a
single fibroin molecule decreases primary amine content as
measured by ninhydrin (Figure 4),41,49,50 whereas fluorescence
(Figure 3) shows the greatest increase with genipin dimer
bridge formation due to additional π-bonds within the bicyclic
fused, ring structure.42,43,45 Therefore, mismatch between these
two data sets indicates partial, but not complete, GCX
formation in Post24CX gels. The first reaction to occur in
genipin bonding to a primary amine group is the opening of the
dihydropyran ring within the fused ring structure, thereby
causing one additional π-bond to form.41 Therefore,
fluorescence would increase without creating blue pigmentation
of full GCX formation. Of the two-part genipin reaction, this
was shown to occur first,41 and would increase fluorescence,
thereby creating a disparity between fluorescence and
pigmentation. This may explain the similarity in fluorescence,
but disparity in coloration between Pre24CX and Post24CX
gels.
Stiffness response in Post24CX samples showed significant

differences. GCX formation after gelation would cause partial
formation of a polymer network within the amorphous region,
reducing molecular motion, and increasing stiffness response.
This increased stiffness response may also be seen in increased
E1″ values, and corresponding increased energy dissipation as
seen in Figure 10. Peak shifts toward longer relaxation times
(1/f), present in both CCX and Post24CX energy dissipation
and first harmonic moduli plots, may result from amorphous
network cross-linking.64

Previously, genipin cross-linking has been studied with
fibroin, though the sequential order between GCX and gelation
was not examined.40,45−47,50 Dynamic mechanical response
with physiologic, nonlinear strain was also not examined in
these previous studies. Large compressive strain deformation
amplifies stiffness response from morphological structure26,65

Figure 8. SEM (left) and confocal microscopy (right) images, showing
the gels in dry and wet environments, respectively. These correlated
images demonstrate that the gel microstructure retained after
hydration. Confocal imaging was performed by illuminating pores
with Rhodamine 123. (A) Control; (B) Pre48CX; (C) Pre24CX; (D)
CCX; (E) Post24CX. Scale bar equals 100 μm.
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and permeability within poroviscoelastic solids.35 This may be
derived from Poisson’s ratio causing volumetric changes
between the solid and fluid phases of the material, resulting
in fluid flux, and corresponding pressure from fluid drag (see
the Supporting Information, S1). Application of a nonlinear
strain would therefore highlight morphological changes,
resulting in higher permeability, and material response under
physiologic strains.
Material tunability allows broader application, and may

improve scaffold design. Morphology plays an important role in
cell activity through cell attachment66 and nutrient trans-
port.10−12 Additionally, both microstructure27,28,34 and con-
nectivity34,35 affect matrix stiffness, an important contributor to
cell interaction and activity.14−16 Material stiffness and its
response to applied strain additionally play a role in cell
differentiation.6,7,17−19 Herein, we show that stiffness response
within the frequency spectrum may be controlled by changing
order of GCX formation and PCT-induced gelation in SF
hydrogels.

5. CONCLUSIONS
The order of GCX and PCT during formation of SF hydrogels
has significant effects, and is capable of “tuning” a gel

microstructure. Through alteration of both chemical (GCX)
and physical (PCT) cross-linking, we may affect either the
viscoelastic range or overall stiffness of the material.
GCX formation before PCT results in decreased stiffness

response at higher frequencies due to greater pore
connectivity34,35 (Figure 8). The underlying cause is probably
greater skewing and spread of SF molecular weight distribution
(Figure 3) before PCT, leading to morphological changes.61−63

In comparison to Control, the microstructure is most
responsible for hydrogel stiffness response, with both
Pre48CX and Pre24CX gels showing decreased E1′ and E1″
values. Here we illustrate GCX pre-PCT gelation alters the
microstructure, with minimal molecular structure changes.
GCX formation after PCT causes anchoring of amorphous

SF entanglements, causing much greater stiffness response at all
loading frequencies. Increased stiffness occurred in Post24CX
gels compared to Control (Figure 10) across all frequency
values, for both E1′ and E1″. Visually, SEM images of Post24CX
indicated the greatest similarity with control gels, indicating
that GCX augments stiffness of the control molecular and
morphology structures. Though gels with GCX formation pre-
PCT show much higher cross-linking concentration, GCX after
entanglement would create polymer networks within the

Figure 9. Storage (E1′) and loss (E1″) moduli as functions of frequency. Results in control gels indicate decreased overall stiffness at lower
frequencies. Additionally, E1″ appears lower than E1′ for all frequency values, and appears decreasing at similar or faster rate than E1′. (A)
Comparison of Control (n = 3), Pre48CX (n = 3), and Pre24CX (n = 3) shows decreased stiffness for both E1′ and E1″ at all frequencies. (B)
Post24CX (n = 2) shows increased stiffness compared to Control, whereas CCX (n = 4) shows lower transition frequency. Key: ●○, Control E1′
E1″; ■□, Pre48CX E1′ E1″; ⧫◊, Pre24CX E1′ E1″; ▲△, CCX E1′ E1″; ++, Post24CX E1′ E1″.

Figure 10. Energy dissipation per cycle was calculated from hysteresis curves, and plotted against frequency. (A) Comparisons of Control (n = 3),
Pre48CX (n = 3), Pre24CX (n = 3) show decreased energy dissipation in GCX cross-linked gels. (B) Comparisons of Control, CCX (n = 4), and
Post24CX (n = 2) show increased energy dissipation from Post24CX gels, and peak shift to lower transition frequency. Key: ●, Control; ■,
Pre48CX; ⧫, Pre24CX; ▲, CCX; +, Post24CX.
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amorphous region of the fibroin. Here we see that the
microstructure is similarly formed compared to Control, but
with major changes to molecular mechanics within the material.
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