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ABSTRACT OF THE DISSERTATION

The Study of the Properties of Collagen Hydrogel and 3T3 Fibroblast Cells’ Behavior
Within Collagen Hydrogel by Multiphoton Microscopy (MPM)

by

Xuye Lang

Doctor of Philosophy, Graduate Program in Biochemistry and Molecular Biology
University of California, Riverside, August 2016
Dr. Julia G. Lyubovitsky, Chairperson

The goal of tissue engineering is to create the functional engineered tissue to replace or
repair the damaged one in human body. The complex multi-phase collagen hydrogel
systems are more and more popular in the tissue engineering field where they are used as
scaffolds because of biodegradability and biocompatibility. The properties of collagen
hydrogel are very important because they can lead to different cellular behavior. My
study employed the non-invasive technologies to probe the properties of collagen-based
materials (optical, microstructural and mechanical properties) and fibroblast cells’
behavior within collagen hydrogels.

We identified that the ion types and ionic strength, initial pH and self-assembly
temperature all affect the microstructure of collagen hydrogels, which was detected with
the Second Harmonic Generation (SHG) images. Besides that, initial collagen
concentration can affect the mechanical properties of collagen hydrogels, which was
determined with rheology (storage modulus of 4 g/l collagen hydrogels is five times

higher compared to 2 g/l collagen hydrogels).

Vi



Collagen hydrogel needs to be crosslinked with cross-linkers to improve its mechanical
strength since it is generally too soft to support cellular behavior, such as, cell
proliferation and migration. According to our experience, the 3D collagen hydrogel
collapsed into film after 2 days cell culture. Zero-length cross-linker (EDC) and non-
zero-length cross-linker (Genipin) were employed to crosslink collagen hydrogel.
Genipin can introduce very strong fluorescence into the collagen hydrogels and weaken
their SHG signal. Genipin crosslinked collagen hydrogel has higher cross-linking degree
(~85%) compared to EDC cross-linked collagen hydrogel (~10%). The storage modulus
of genipin cross-linked collagen hydrogel is more than two times of EDC cross-linked
collagen hydrogel.

Different “aged” genipin solution can result in different properties of collagen hydrogel.
For the optical properties, older genipin solution can increase the fluorescence signal in
the green channel (470 nm — 550 nm) and weaken fluorescence signal in the red channel
(570 nm — 610 nm). For the microstructural properties, older genipin can result in a
thinner collagen fiber within a hydrogel. For the mechanical properties, the storage
modulus of genipin cross-linked collagen hydrogel dropped down along with the age
increasing of genipin solutions. The embryonic BALB/3T3 (clone A31) fibroblasts
cultured on collagen hydrogels cross-linked with stored genipin reagent are
disproportionately more round compared to cells cultured on unmodified collagen
hydrogels and collagen hydrogels stabilized with fresh genipin solutions. The best
correlation of cellular extension is with morphological properties of synthesized

hydrogels and no correlation is identified with mechanical properties of materials.
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Chapter 1: Thesis overview

Introduction

In the tissue engineering field, the main procedure is to prepare the engineered tissue by
seeding the sub-cultured cells into a 3D scaffold, then use the engineered tissue to repair
or replace the damaged one in our body. The 3D scaffold plays a very important role in
the tissue engineering field because it can affect the cells behavior within it, such as: cell
proliferation, survival rate, migration rate, gene expression and so on. To date, a lot of
polymer materials have been used as scaffolds in the tissue engineering field, such as,
Poly Lactic-co-Glycolic Acid (PLGA), Polyglycolic Acid (PGA), gelatin and so on. Now
collagen-based biomaterial is more and more popular, as a scaffold in the tissue
engineering field*, to support cell behavior because of the properties of biocompatibility®,
biodegradability® and low cytotoxicity.’

Collagen is the main component of the extracellular matrix (ECM) in human connective
tissue.! So far, 28 kinds of collagen have been identified and described by researchers 2.
Collagen accounts for 20-30 % of the total protein found in the human body® and 90% of
collagen is collagen type I. Collagen type | molecules have a triple helix structure which
contains two oy and one a, peptide chains.® The length of collagen type | molecule is
about 300 nm and diameter of collagen type I molecule is about 1.5 nm. Collagen
molecules undergo assembly process to form the fibrils (nanostructure) and fibers

(microstructure) sequentially. (Figure 1.1)
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Figure 1.1 The collagen fibers formation process.

Fibrils Fibers

Besides the advantages, collagen hydrogel material also has shortcomings, it is too soft
(the storage modulus, G’, is less than 10 Pa) to support the cell behavior within it.
Specifically, uncross-linked 3D collagen hydrogel material will often collapse to 2D
collagen film material in the very beginning of cell culturing (2 or 3 days), especially at
low solid collagen content (2 g/l). In tissue engineering field, the chemical cross-linkers
are normally employed to crosslink collagen hydrogel in order to improve the mechanical
properties.’® The chemical cross-linkers can be divided into two groups, (1) zero-length
crosslinking agents and (2) non-zero-length crosslinking agents.” On the one hand, zero-
length cross-linkers crosslink two amino acid residues by an ester condensation reaction
without leaving any part of the cross-linker molecules remaining after the crosslinking
process. On the other hand, the whole non-zero-length cross-linker molecule or part of
the non-zero-length crosslinking molecule becomes part of the materials after the cross-
linking process. The most obvious disadvantage of the traditional chemical cross-linkers,
for example, glutaraldehyde, is cytotoxicity.* New alternative cross-linkers, for example

genipin, are finding wider use as a kind of a natural cross-linker in tissue engineering due



to the properties of low-cytotoxicity*? and anti-inflammatory™ activity It has been
reported by Nishi et al.* that genipin is 5000-10000 times less cytotoxicity than
glutaraldehyde.

For any kind of 3D scaffold in the tissue engineering field, the properties need to be
studied first because the properties of the scaffold can result in different cell behavior at
different levels (molecular level and morphology level). At the molecular level, Mui et
al.™® reported that stiffer materials can result in the higher level expression of N-cadherin,

which is related to cell proliferation, Zhu et al.*®

also reported that the higher elasticity of
the material can induce the high level expression of collagen type 1. At the morphology
level, Herley et al.'” and Pizzo et al."® further detailed that the microstructure of the
material can affect the cell migration rate and cells’ shape. For my research, | focused on
the microstructural, mechanical and optical properties of collagen hydrogel material.

The 3D collagen hydrogel materials can be formed by incubating collagen molecules at
different conditions and/or crosslinked by cross-linkers.® The collagen hydrogel is a very
complicated and sensitive system. It contains two phases, a liquid phase and a solid
phase. Liquid phase (solutions) account for ~90% of the hydrogel system, the solid phase
(collagen fibers) account for another 10% of the hydrogel system. There are a lot of
elements that can affect the microstructure of collagen hydrogel, such as: collagen
concentration, self-assembly temperature, self-assembly time, ionic conditions and pH.
So far, most research has focused on the effect of ionic conditions or pH on the

nanostructures formed by collagen molecules and the stability of collagen molecules in

the solution. This kind knowledge can help us to understand how the collagen molecule



behave in solution, but it is not adequate for us to understand how the 3D collagen
performs and functions as it exists within various tissues and organs. There is currently
very little research on collagen at the microstructural level as it occurs in tissues and
hydrogels. My work looked at experimentally modeling how the 3D collagen performs in
different tissues and tissue structures. My research aims to fill this gap to help us
understand the performance and function of collagen hydrogels with a future goal to
potentially apply that knowledge to the construction of more functional engineered
tissues.

The cross-linking process of collagen hydrogel by a specific cross-linker can improve the
mechanical properties of the material. At the same time, other properties (microstructural,
optical, etc.) are also altered after the cross-linking process. The properties of crosslinked
collagen hydrogel also need to be further studied. In my study, I studied the properties of
EDC (1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride), EDC/NHS (N-
hydroxysuccinimide) and genipin crosslinked collagen hydrogels.

All of the prior investigations (Mui’s, Zhu’s, Herley’s and Pizzo’s research) suggest that
the cells’ responses to materials with different properties need to be studied. The
knowledge obtained can help us to understand the mechanism of the interaction between
cells and materials. In my study, | investigated the 3T3 fibroblast cells response to
different “aged” genpin crosslinked collagen hydrogel.

Specifically | investigated the in situ non-invasive methods needed to characterize the
properties of collagen-based materials at the microstructural level. The Second Harmonic

Generation (SHG) contrast and Two Photon excited Fluorescence (TPF) can serve as



label-free spectroscopic probes that can be used to directly, non-invasively and in situ
image the microstructure of collagen hydrogels.™ The SHG signal is from the interaction
between the collagen hydrogel fibers and near-infrared (NIR) pulsed, femtosecond laser
produced by scanning non-liner microscopy. The photons are combined when they are
interacting with the collagen fibers. The photons form a new photon with exactly twice
the energy as the original photon. (Figure 1.2) Because NIR scattering is less compared
with UV and visible excitation wavelengths, it is possible to generate and image the
contrast deep inside the 3D collagen hydrogels. The advantage of SHG contrast is that it
does not bleach, therefore, it had been employed to successfully image structural proteins
with high resolution and contrast in biomedical assessment of tissue structure.?’ The TPF
signal is generated from the energy released from real excited state, which is excited by

the absorption of two photons.

Real Excited State

Virtual State

w Second ] w Two Photon
Interaction of _ Harmonllc Absorption of Excited
two photons generation 4,5 photons A\ Fluorescence
w ws = 2w w W< W < 2w

Ground State (S;) Ground State (S,)

Figure 1.2 Generation process of Second Harmonic Generation (SHG) and Two Photon excited Fluorescence (TPF)
signal.
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Chapter 2: Structural dependency of collagen fibers on ion types revealed by in
situ second harmonic generation (SHG) imaging method

Abstract

lonic species in aqueous solutions alter protein solubility and aggregation behavior
through a variety of complex interactions. Employing second harmonic generation (SHG)
imaging in a backscattering configuration in situ we discovered that added phosphate
modulates the aggregated collagen fibers' lengths within 3D hydrogels. For example, the
about 1 um in length collagen fibers formed in 30 mM phosphate-only buffer, 37 °C, 2 ¢
I collagen solid content extended to about 45 pm and increased in width in high (>/ =
60 mM) phosphate. Adding sodium sulfate in a 30 mM phosphate buffer to polymerize
collagen into a hydrogel at 37 °C had similar effects. On the other hand, adding sodium
chloride did not lengthen collagen fibers. The fiber lengths and widths decreased in very
high concentrations of all salts. To establish the timescales of the involved
polymerization processes, we used traditional turbidity measurements of gelation. Based
on the solubility experiments we concluded that over 85% of collagen had precipitated
under all experimental conditions. The non-invasive in situ SHG imaging in this study is
valuable because it reduces the possibility of artifacts associated with changes to the
fragile collagen hydrogels taking place in the conventional electron and optical imaging
experiments.

Introduction

The exact mechanism of how salt ions and other charged species interact with proteins is

not fully understood. These interactions, however, are known to modulate proteins'



solubility and aggregation processes. There are many works to date that focused on the
effects of ions on the water environment and described how it may affect protein stability
in solutions and formation of nanostructures. Few studies explored the impact of the
interactions on the fiber structures self-assembled at the microscopic scale. In situ non-
invasive methods are needed to characterize the structures formed to understand the
contributions of ions to the formation of the higher order assemblies that form
microstructures within the biologically derived protein 3D scaffolds.

Collagen protein is a major component of the extracellular matrix (ECM) within the
mammalian connective tissues. It accounts for approximately 20-30% of all protein in a
human body.* Due to collagen ability to form fibers that contribute to stability within the
polymeric networks, it remains a popular biomaterial choice for tissue engineering? and
preparation of 3D scaffolds. Collagen protein undergoes a complex hierarchical
organization at multiple length scales that range from triple-stranded helical collagen
molecules to nano- (fibrils), micro- (fibers and fiber bundles) and macro- (gel) scales.
Second harmonic generation (SHG) contrast serves as a valuable label-free spectroscopic
probe that can be used to directly detect aggregated collagen structures (fibers) within
scaffolds non-invasively and in situ. The SHG contrast results from an interaction
between fibrillar collagen and near-infrared (NIR) pulsed, femtosecond laser light of
scanning non-liner microscopy.® SHG is produced when photons interacting with fibrillar
collagen are combined to form new photons with exactly twice the energy. The
interaction between laser pulses and collagen's noncentrosymmetric, triple helix structure

in addition to collagen packing within the materials leads to scattering from the tertiary



(fibrils)* and quaternary (fibers)® level of collagen organization thus producing

SHG® contrast. Because NIR wavelengths are utilized,” it is possible to generate and
image this contrast deep inside opaque 3D samples such as collagen hydrogels. A
significant advantage of SHG contrast is no bleaching and it had been employed to
successfully image structural proteins with high resolution and contrast in biomedical
assessment of tissue structure.®

We have examined with SHG contrast the contributions of different ions to collagen
aggregation that forms microscopic fiber structures within three-dimensional (3D)
hydrogels. To our knowledge, these studies represent first attempts to systematically
study directly, non-invasively and in situ the effect of various ions on collagen fibers and
hydrogel microstructure assembled with different salts. To gain insights into the
structural changes associated with adding salts to proteins, we carried out such studies
throughout a wide range of salt concentrations. We further combined our optical imaging
experiments with traditional turbidity measurements of gelation to establish the
timescales of the involved processes and solubility to assess the amount of collagen
remaining in solution after completion of fibrogenesis.

Materials and methods

Collagen hydrogel preparation: High concentration rat-tail type I collagen stock was
obtained from BD Biosciences (354249), used as received and stored in 4 °C. The
polymerization process of collagen was started by mixing 2x fibrogenesis initiation
buffer with 0.02 N acetic acid, collagen stock and adjusting the final pH of samples with

1 M NaOH to the pH = 7.4. The mixing process was done gently on ice. The samples
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were then incubated under experimental temperature (room temperature (RT), 27 °C or
37 °C). We used Henderson—Hasselbalch equation (pH = pK, + log([base]/[acid])) to
calculate the concentrations of mono- and dibasic phosphate for the pH = 7.4. At pH 7.4,
the [HPO4]* ion is in 2 to almost 4 fold excess compared to [H,PO4] ™ ion. After the pH
adjustment, all the buffers were filtered with 0.22 pm, 33 mm syringe filter (Millipore,
Millex-GV, SLGV033RS). For NaCl and Na,SO, assisted collagen hydrogel assembly
the salts were dissolved in 60 mM phosphate buffer (2x fibrogenesis initiation buffer).
The 2x fibrogenesis initiation buffers were prepared by mixing buffer A and buffer B in
the appropriated ratios. The composition of buffer A was 36 mM K,;HPQO,, 23 mM
KH2PO,4 and 1.8 M NaCl or 0.9 M Na,SO,. Buffer B contained only K;HPO, and
KH,PQO, at the same concentration as buffer A and was used to dilute the concentration of
salt of buffer A to the appropriate 2x concentration values as needed. The composition of
the ionic species in the final mix was the following: (1) phosphate assembled collagen
hydrogels — only phosphate buffer giving 5, 10, 20, 30, 40, 50, 60, 80, 100, 120, 140,
160, 180, 200, 300 and 500 mM concentrations; (2) NaCl assisted collagen hydrogel
assembly — the final concentrations of NaCl employed to polymerize collagen hydrogels
were 0, 150, 300, 600, 900 mM; (3) Na,SQO, assisted collagen hydrogel assembly — the
final concentrations of Na,SO4 employed to polymerize collagen hydrogels were 0, 5, 10,
20, 50, 75, 100, 150, 300 mM. The measurement experiments on hydrogels prepared
under these different conditions were repeated at least three times and/or on different

days to verify reproducibility.
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Solubility measurement: For the solubility measurements, fibrogenesis was carried out
for 24 hours at the specified polymerization conditions and 2 g I* collagen solid content.
Upon completion of fibrogenesis, the samples were centrifuged at 12 000g for 5 minutes
to separate precipitated collagen from soluble collagen molecules in the supernatant. We
recorded the volume of the supernatant and measured the absorbance values at 218 nm.
The absorbance values were converted to concentrations through dividing absorbance by
an extinction coefficient value® of 9.43 ml mg™* cm*and 1 cm pathlength of the cuvette.
The average values and standard deviations from the mean were calculated with
Microsoft Excel.

Turbidity assays: The kinetics of collagen self-polymerization process was followed by
detecting changes in turbidity at 450 nm. The samples were prepared as described in
collagen hydrogel preparation section. After preparation, the samples were transferred
into pre-chilled on ice cuvettes (NSG Precision Cells Inc., 9 PS). We used temperature
controlled UV-Vis-NIR spectrophotometer (Varian 500 Scan) to measure turbidity at the
specified experimental temperatures (room temperature (RT), 27 °C or 37 °C). The
turbidity was measured every 30 seconds until optical density (OD) value was stable for
at least 20 minutes. From the kinetics curves, we determined delay times (Timey,g) which
were the times needed to start the polymerization process, total times (Timeta), Which
were the times needed to complete the polymerization process, half times (Timey,),
which were the times needed to get the half of maximum optical density (OD) values, and
maximum OD values. The average values and standard deviations from the mean were

calculated with Microsoft Excel.
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Second harmonic generation (SHG) imaging experiments: The samples were prepared
according to the procedure described in collagen hydrogel preparation section. A silicone
gasket was manually secured to the glass slide to prepare a chamber. The diameter of the
chamber was 17 mm and the depth of the chamber was 2.2 mm. We placed the silicone
chamber on ice. The liquid sample was introduced into the chamber and cover-slipped
with no. 1 thickness cover glass. We incubated the sample under experimental
temperature (room temperature (RT), 27 °C or 37 °C). The upright multiphoton laser
scanning microscope used to image collagen hydrogels in this work was the Thorlabs
Multiphoton Microscope. It is based on an upright Nikon microscope equipped with a
standard illumination system for the transmitted light. It was equipped with a
femtosecond titanium:sapphire laser excitation source that provided femtosecond pulses
at a repetition rate of about 80 MHz, with the center frequency tunable from 690 to 1040
nm. The long working distance immersion objectives (Zeiss, 63x water, N.A. 1.0; Zeiss,
10x water, N.A. 0.3; Olympus, 20x water, NA 1.0) were used to acquire images. The
laser excitation used was linearly polarized at 810 nm. The two-photon signals from the
samples were epi-collected and discriminated by the short pass 650 nm dichroic
beamsplitter. Further spectral filtering with a dichroic (480 nm) and a 405 £ 5 nm
bandpass filter was used to separate the SHG signal. Each image presented is 2048 x
2048 pixels corresponding to about 200 um % 200 um field of view for 63x images and
about 1 mm x 1 mm for 10x images. We generally collected about forty 2D images with
a step size of 10 um through the depth of 3D collagen hydrogels. Twenty to fifty

representative fibers and pores were commonly selected from the collected images and
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measured using Image J (free open source Java image processing software developed at
the National Institutes of Health (http://rsb.info.nih.gov/ij/)). The average values and
standard deviations from the mean were then calculated with Microsoft Excel. To obtain
the second harmonic generation (SHG) signal averaged intensities as a function of
penetration depth we used eight-chambered cover glass (MP Biomedicals,
09LX155411A) to prepare the samples and Olympus, 20x water, NA 1.0 objective
(XLUMPLFLN) to image them. In these experiments the imaging parameters were kept
the same. The laser power before the entrance into the microscope was 250 mW as
measured with 818P Series Power Detector and 842-PE Optical Power/Energy Meter
(Newport). The home written Matlab code was used to evaluate SHG signal averaged
intensities by calculating the average pixel values in the acquired images.

Results

To understand how salts influence polymerization of collagen into the aggregated ‘fiber-
like” structures as well as formation of hydrogels, we changed concentrations and kinds
of salts in the polymerization mix.

37 °C phosphate assembled collagen hydrogels

Polymerization and kinetics: As the phosphate-buffer-induced-assembly proceeds from
an optically transparent collagen solution into a scattering, semitranslucent hydrogel,
there is an increase in the optical density (OD), which we detect at the wavelength of 450
nm. At this wavelength, there is no measurable absorption from collagen and an increase
in the OD values indicates formation of structures within hydrogels that scatter 450 nm

light. At pH 7.4, 5 mM through 20 mM phosphate concentrations, instead of inducing
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hydrogel formation, precipitate collagen protein into small particles. These particles are
detectable by eye. Because precipitated particles are randomly moving in and out of the
excitation beam we could not detect an increase in turbidity in these samples. Figure
2.1 and Table 2.1 summarize the effect of 30 mM—-200 mM phosphate on the
polymerization of collagen into hydrogels. As seen in Figure 2.1, in agreement with
somewhat similar prior experiments carried out on dilute solutions,'® increasing
phosphate concentration (from 30 mM up to about 140 mM in our experiment) slows
down collagen polymerization. However, there is no significant change in how long it
takes to assemble collagen into hydrogels when phosphate is added at concentrations of
100 mM to 140 mM. Upon increasing the phosphate concentration beyond about 140
mM, polymerization of collagen speeds up and becomes noticeably faster when the
concentration of phosphate reaches 200 mM. Based on the solubility measurements,”
1 (Figure 2.S1) over 85% of collagen precipitates under all phosphate concentrations

used in this work.
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Figure 2.1 The effect of different concentrations of phosphate on turbidity and kinetic parameters during collagen self-
assembly into a 2 g I *hydrogel at pH 7.4, 37 °C. (A) Typical turbidity—time curves and corresponding standard
deviations of the mean during collagen self-assembly. (B) The rate constants (K, in units of min™) of collagen self-
assembly evaluated by fitting the slopes of turbidity curves like those shown in (A). (C) The observed final optical
densities as a function of final phosphate concentration and corresponding standard deviations from the mean. (D) The

times to the beginning (Time,,y), middle (Timey;,) and completion (Timeq,) Of collagen self-assembly and

corresponding standard deviations from the mean.

Table 2.1 Summary of the effect of 30 mM-200 mM phosphate on the polymerization of collagen into a hydrogel at 37

°C, 2 g I"* solid content, pH 7.4 and corresponding standard deviations from the mean

Phosphate concentration (mM)

Delay time (min)

Half time (min)

Total time (min)

OD value (min)

Rate (min™")

30
40
50
60
80
100
120
140
160
180
200

5.7 = 0.29

7.7 £ 0.29

8.8 = 0.29
12.8 = 0.60
20.0 = 0.50
26.8 = 1.04
26.8 = 1.53
303 +£1.15
26.5 = 0.50
22.3 + 0.29
17.0 = 0.50

7.87 £ 0.65
11.2 £ 0.27
12.7 £ 0.27
17.2 £ 0.72
313 £1.20
45.6 £ 1.77
44.9 £ 1.37
46.6 £ 1.51
38.9 £ 0.66
39.4 +£1.15
25.7 £1.91
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10.2 £ 0.76
15.2 £ 0.29
18.2 £ 0.29
22.7 £ 0.57
41.2 £ 0.76
61.8 = 2.47
60.7 £ 2.08
61.3 £ 2.52
51.0 £1.00
51.0 £1.32
353 £2.51

1.4 = 0.05
1.7 £ 0.03
1.6 = 0.02
1.7 £ 0.04
2.1 x 0.05
2.2 x 0.01
2.2 + 0.08
2.2 + 0.08
2.3 + 0.06
2.4 + 0.02
2.2 + 0.04

0.38 £ 0.016
0.37 £ 0.006
0.35 £ 0.006
0.28 £ 0.002
0.13 £ 0.001
0.08 £ 0.001
0.08 £ 0.001
0.09 £ 0.001
0.13 £ 0.001
0.12 £ 0.001
0.16 £ 0.001



Second harmonic generation (SHG) imaging: The second harmonic generation images
show that the microstructure formed within collagen hydrogels depends strongly on the
concentrations of phosphate present (Figure 2.2 and Figure 2.S2). For example, when
concentration of phosphate is 30 mM, the fibers formed are very small (about 1

um, Figure 2.2). When concentration of phosphate reaches 60 mM, few fibers extend in
length (up to 15 um, Figure 2.2). Upon further increasing the concentration of phosphate
in a buffer solution, we observe a progressive shift in the fiber length and width towards
larger values. For example in 160 mM phosphate, the fiber length and width are about 40
um and 18 um respectively (Figure 2.2). Upon further increasing the phosphate

concentration we observe reduction in fiber widths and lengths. For example in 200 mM

phosphate, the fiber length and width are about 17 pm and 1 um respectively.
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Figure 2.2 (Top row) backscattered second harmonic generation (SHG) images from collagen hydrogels assembled at
pH 7.4, 37 °C and different phosphate concentrations; (bottom row) quantification of collagen hydrogel parameters:
fiber lengths, widths and effective pore sizes and corresponding standard deviations from the mean.
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Sodium chloride assisted collagen hydrogel assembly

Polymerization and Kinetics: Figure 2.3 summarizes the contribution of 0-0.9 M sodium
chloride to the polymerization of collagen into hydrogels. Overall, the self-assembly rate
does not appear to be affected by NaCl concentration and remains relatively constant for
all conditions. As seen in Figure 2.3A, when temperature is 37 °C, 4 g I * collagen
hydrogels' self-assembly rate (K, in units of min) is somewnhat faster compared to that
observed for 2 g I"* collagen hydrogels for most concentrations of sodium chloride. At
the same time, for 4 g I"* collagen samples' final OD values (Figure 2.3B) are also higher
than for 2 g I"* collagen hydrogels. The total time (Timeo — Figure 2.3C) for 4 g

I"* samples' polymerizations are shorter compared to 2 g I"* samples. Polymerization
kinetics of 27 °C and room temperature (RT) assembled samples show trends similar to
37 °C assembly condition. When NaCl concentration is set at the physiological value of
0.15 M, we obtain the maximum OD value for every combination of temperature and
collagen concentration. Based on the solubility measurements, the amount of precipitated
collagen is nearly 90% at 37 °C and is essentially the same at different sodium chloride

concentrations.
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Figure 2.3 The effect of initial collagen concentrations, incubation temperatures and concentrations of sodium chloride
on the kinetic parameters during collagen self-assembly into the fibers at pH 7.4, 30 mM phosphate. (A) The rate
constants (K, in units of min™) of collagen self-assembly evaluated by fitting the slopes of turbidity curves. (B) The
observed final optical densities as a function of final sodium chloride concentration and corresponding standard
deviations from the mean. (C) The times (Time,) to the completion of collagen self-assembly and corresponding
standard deviations from the mean.

Second harmonic generation (SHG) imaging: When incubation temperature is RT, for
sodium chloride concentration of 0.9 M, collagen fibers formed are very small within
both 2 g I”* (Figure 2.4, top row) and 4 g I"* (Fig. S3) hydrogels. When sodium chloride
concentration is 0 M, collagen fibers formed are larger compared to when sodium
chloride concentration is 0.9 M. However, for both, 2 g ™ and 4 g I* collagen hydrogels,
fibers formed with 0 M sodium chloride concentration are smaller compared to fibers
induced with 0.3 to 0.6 M sodium chloride. For sodium chloride concentration of 0 M,
the fibers formed are slightly longer in 2 g I collagen hydrogels (up to about 45 pm)
compared to 4 g I collagen hydrogels (about 20 pm). When sodium chloride
concentration is 0.3 M, the resulting effective pores within collagen hydrogels are clear
(Figure 2.4) but for sodium chloride concentration of 0.6 M (not shown), the effective
pores are filled with smaller fibers. For sodium chloride concentration of 0.3 M, the fiber
lengths are about 50 pm within both 2 g 1™ and 4 g I™* collagen hydrogels. On average,

0.3 M sodium chloride induced fibers within 2 g I collagen hydrogels are slightly
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thinner compared to fibers within 4 g I™* samples (about 3 pum versus 5 um). An average
diameter of the effective pores is about 60 pm within both 2 g 1™ and 4 g I"* hydrogels
prepared with 0.3 M sodium chloride.

OMNaCl . 0.3 M NaCli

o

0.9 M NaCl

IS

Figure 2.4 Backscattered second harmonic generation (SHG) images from 2 g I * collagen hydrogels assembled at pH
7.4, 30 mM phosphate and different sodium chloride concentrations as indicated. (Top row): room temperature (RT)
assembly; (bottom row): 37 °C assembly. The effective pore is indicated with text and the fiber is indicated with an
arrow.

The trend of how different sodium chloride concentrations affect the microstructure
formation at 27 °C assembly temperature (Fig. S4) is similar to RT (Figure 2.4). When
temperature is 27 °C, an average diameter of the effective pores formed at 0.3 M sodium
chloride concentration (Fig. S4) is almost three times smaller compared to that observed
at RT (about 22 pm versus about 60 um). When temperature is 37 °C (Figure 2.4, bottom
row), the fibers formed are smaller than at RT and at 27 °C. Nevertheless, the trend of
how different sodium chloride concentrations affect the microstructure formation is

similar to RT and 27 °C.
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In summary, for all assembly temperatures, when sodium chloride concentrations are at
the two extremes of 0 M and 0.9 M, the fibers formed are smaller compared to those
formed at other sodium chloride concentrations under the same temperature and collagen
solid content. For 0.9 M sodium chloride samples, the hydrogel's effective pore sizes are
smaller than at other sodium chloride concentrations and some are too small to be reliably
measured (Table 2.2). For samples polymerized at RT and 27 °C, for 0.3 M sodium
chloride induced hydrogels, the effective pore structure is clear. On the contrary, there are
many small fibers in the pore structure of 0.6 M sodium chloride samples at these
incubation temperatures. In 0.3 M sodium chloride induced hydrogels, the fibers seem to
be compacted better than in 0.6 M sodium chloride induced hydrogels. However, there
are more connections between fibers in 0.6 M sodium chloride samples than in 0.3 M
sodium chloride samples. When temperature is room temperature and sodium chloride
concentration is 0.3 M, hydrogels have a good balance of fiber length, fiber width,

effective pore structure and connections between fibers.
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Table 2.2 Summary of the collagen hydrogel microstructural parameters upon sodium chloride assisted assembly at pH
7.4, 30 mM phosphate, different temperatures and collagen solid content (2 g 1" or 4 g I') and corresponding standard
deviations from the mean

[NaCl]= 0 M [Nacl] = 0.3 M [Nacl] = 0.6 M [NaCl] = 0.9 M
Fibre Length Fiber Length Fiber Length Fiber Length
Condition temperature, Fiber Width Fiber Width Fiber Width Fiber Width
Solid content Pore Diameter (um) Pore Diameter (um) Pore Diameter (pm) Pore Diameter (um)
RT, 2 g 1= 34.3 £ 10.2 52.0 £12.1 42.4 +£ 9.3 2612
1.7 £ 03 25£08 2509 0201
18.7 = 8.7 60 £ 13 223+ 47 39113
RT, 4 g 1=t 204 = 4.7 50.0 7.4 35.7 £ 54 2710
1.3 £04 5.2+1.4 1.9+ 0.4 0.6 = 0.2
10.0 = 2.6 60 £ 11.5 17 = 4.0 4.5+ 0.9
27°G,2¢g 1= 16.8 = 4.4 43.0 =121 46.6 + 10.1 2517
0.7 0.3 31+08 24+08 0.6 =06
9.2+ 33 21774 227+ 71 85128
27°C, 4 g 1! 23.2 = 5.0 389 9.6 20.6 £ 7.0 _—
1.1 £04 2105 1.6 £ 0.4 —_
13.5 £ 3.3 16.4 = 3.9 16.7 = 5.1 —
37°C, 2g 1! 3.2+13 11.0 £ 3.1 9.6 + 3.8 3.0+13
0.6 0.2 1.1 +0.4 0.6+02 0.9=+0.3
52114 14.9 £ 4.2 10.2 £+ 2.7 _—
37°C,4¢g 1! 1.8 1.1 9.0 =24 3.8x15 —_
0.2 =01 1.0 =04 0.9 0.3 —
26 =05 3107 48+ 1.2 —_

The relative scattering intensities and attenuation lengths (the depth into the hydrogel at
which maximum SHG signal at the surface of the gel drops to 1/e of its value) of the
prepared hydrogels are estimated from second harmonic generation (SHG) images. They
are shown in Figure 2.5 (2 g I"" hydrogels; A, B: 37 °C assembly; C, D: RT assembly).
The maximum of the SHG intensities, which is related to the amount of scattering, shows
similar trend to the optical density (OD) values obtained in turbidity measurements
(Figure 2.3B). As determined in this work, 37 °C, 2 g I"' hydrogels have 2 mm and
greater attenuation lengths. These attenuation lengths do not appear to be significantly
affected by difference in the amount of scattering between samples formed at different
sodium chloride concentrations. RT 2 g I”! hydrogels, 0 M sodium chloride samples are
too heterogeneous to obtain practical decay data or the attenuation lengths. The

attenuation length shows both fast (about 100 pm) and slow (about 2 mm) decaying
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components for RT 2 g I”" hydrogels induced with 0.3 M sodium chloride. They are
about 500 pm and 1500 um for RT 2 g 1" hydrogels induced with 0.6 M sodium chloride
and RT 2 g I! hydrogels induced with 0.9 M sodium chloride respectively. Multi-
exponential decaying components recovered for the values of attenuation length in RT

hydrogels indicate heterogeneity*? in these samples.
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Figure 2.5 Backscattered second harmonic generation (SHG) signal averaged intensities plotted as a function of
penetration depth (A), (C) and attenuation lengths (B), (D) in 2 g I hydrogels assembled with 30 mM phosphate and
different sodium chloride concentrations; (A) and (B) 37 °C assembly; (C) and (D) room temperature (RT) assembly.
Lines are fits to the exponential decays.
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Sodium sulfate assisted collagen hydrogel assembly

Polymerization and Kinetics: Upon incubation at 37 °C, the samples formed stable
hydrogels at all Na,SO,4 concentrations. The polymerization trends with sodium sulfate
are similar to polymerization with phosphate (Table 2.1). For example, the total time to
polymerize collagen into hydrogels first increases upon increasing salt concentration
(from about 17 min to about 50 min in the sodium sulfate concentration range of 5 mM to
75 mM). The total time subsequently decreases to about 26 min when salt concentration
is further increased to 150 mM. Under the room temperature, collagen hydrogels
assembled with different concentrations of Na,SO, show three distinct regimes for the
assembly. When Na,SO, concentration is from 5 to about 50 mM, the measured delay
times increase. When Na,SO, concentration is from about 75 mM to 100 mM, the
samples needed 7 to 10 days to polymerize. When Na,SO, concentration is from 150 mM
to 300 mM, the total time needed to polymerize hydrogels decreases along with
increasing Na,SQO, content. The hydrogels formed under the room temperature are not
homogenous by visual inspection.

Second harmonic generation (SHG) imaging: For 2 g I hydrogels polymerized at room
temperature (RT), on average, fibers become longer and thinner if we change final
Na,SO, concentration from 5 mM (Figure 2.6, top row, left image and Table 2.3) to 20
mM (Table 2.3). However, 5 mM to 20 mM Na,SO, induced hydrogles are not stable and
samples imaged consist of fiber clusters dispersed in a somewhat liquid phase. When
Na,SO, concentration is from 75 mM to 100 mM, the samples take 7-10 days to partially

polymerize. Therefore, we could not obtain images of the final products for this regime.
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When Na,SO, concentration is from 150 to 300 mM, the total time needed to polymerize
hydrogels decreases along with increasing Na,SO,4 concentrations. The resulting fibers
for 150 mM Na,SO, are on the average longer and significantly thinner (Eigure 2.6, top
row, right image and Table 2.3) then in the first regime (5 mM to about 50 mM Na,S0,).

The 4 g I'* hydrogels polymerized at RT show similar trends (Table 2.3). In all three

regimes, the RT polymerized hydrogels are not homogenous.

5mM Na,SO, 20mM Na,SO, 150 mM Na,SO,

Figure 2.6 Backscattered second harmonic generation (SHG) images from 2 g I * collagen hydrogels assembled at pH
7.4, 30 mM phosphate and different sodium sulfate concentrations as indicated. (Top row): room temperature (RT)
assembly. Red line indicates that fibers imaged correspond to different assembly regimes influenced by sodium sulfate
concentration; (bottom row): 37 °C assembly.
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Table 2.3 Summary of the collagen hydrogel microstructural parameters upon sodium sulfate assisted assembly at pH
7.4, 30 mM phosphate, different temperatures and different collagen solid content (2 g I or 4 g %) and corresponding
standard deviations from the mean

[Na,S0,] = 5 mM fiber [Na,S0,] = 10 mM fiber [Na,S80,] = 20 mM fiber [Na,S0,] = 150 mM fiber
Condition temperature, length, fiber width, length, fiber width, length, fiber width, length, fiber width,
solid content pore size (pm) pore size (um) pore size (um) pore size (um)
RT,2¢gl? 36.2 +12.3,5.3 £ 1.9, 50.2 + 11.3, 6.4 + 2.1, 49.3 £ 16.0,3.5 £ 1.2, 52.8 + 23.9, 1.2 + 0.22,
64.9 £ 16.7 36.7 £11.8 39.2 £ 14.2 49.9 + 14.5
RT,4gl™? 39.3 +15.3, 5.1 &+ 1.4, 37.1+9.6,4.8 +£ 1.1, 47.5 £ 11.6,3.3 £ 0.7, 71.9 + 17.9, 1.5 = 0.3,
43.4 +£11.6 53.1+16.3 47.1 £ 11.5 35.1 = 8.8
37°c,2¢g1™" 22.0 + 8.2, 1.6 + 0.3, 24.6 + 5.9,1.7 + 0.3, 24.2 + 6.0, 1.54 + 0.2, 25.6 + 5.7, 1.56 + 0.3,
16.6 = 4.4 14.1 £ 2.9 8.8 28 19 + 3.7
37°C,4g17" 13.8 + 5.9, 1.1 + 0.3, 19.1 + 6.1, 1.3 + 0.4, 22.5 + 5.2, 1.4 + 0.2, 19.2 + 4.6, 1.6 + 0.2,
7.8 =24 16.5 &+ 4.7 11.8 = 4.1 22.8 £ 5.9

When polymerization temperature is 37 °C (Figure 2.6, bottom row), the hydrogels'
microstructure is further altered. At this temperature, the microstructure of 2 g

I”* collagen hydrogels prepared with 5 mM Na,SO, consists of some elongated fibers
dispersed within material that does not produce strong second harmonic generation
(SHG) signals. The somewhat smaller, however better defined SHG generating structures
are observed within 4 g I™* hydrogels (not shown) prepared under the same concentration
of Na,;SO,. A dense network of elongated fibers is seen in the SHG images of 2 g

I"* hydrogels prepared with 20 mM Na,SO.. On average, within 4 g I"* hydrogels (not
shown), fibers prepared at this Na,SO,4 concentration appear slightly shorter and more
densely packed. When Na,SO, is 150 mM, similar to the phosphate-modulated
polymerization, we observe substantially larger effective pores within both 2 g I (Figure
2.6, bottom row, right image) and 4 g I * hydrogels (not shown) compared to lower
concentration of sulfate.

Discussion

Mixing an initiation buffer solution which contains dissolved ions with stock collagen

protein solution and adjusting pH of the mix to 7.4 initiates self-assembly of collagen
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within forming hydrogels. Upon completion of the collagen polymerization process
within these colloidal systems, fiber is a salted out fraction or a floc consisting of
collagen protein.

lons' ability to salt out or salt in proteins in solutions is ordered into the Hofmeister
series.”® The series can be applied to understand interactions among ions, water and
macromolecules such as proteins in bulk solutions as well as at the interface.'* The
classical anion series are arranged as SO,*~ > HPO,* > CH;COO >OH >F >CI >
Br =NO; >1 >ClO, >SCN . The strongly hydrated anions, which have stabilizing
effect and decrease solubility of proteins (salt out), are to the left of Cl . The weakly
hydrated anions to the right of CI™ are protein denaturants, which increase protein
solubility (salt in) upon interaction. The divalent anions HPO,*~ and SO,*~ employed in
this study are early in the Hofmeister series. Compared to monovalent CI™ anion, which is
later in the series, they carry a greater capacity to decrease the solubility of collagen
molecules and to promote aggregation.

In spite of many works of the past decade, the specific salting out effects of different ions
with respect to the protein structure are poorly understood and lack systematic
explanation.** However, there is consensus that a type and a concentration of added salts
are the driving forces behind aggregation behavior.* The two processes potentially
explaining this behavior that can take place simultaneously are: (i) the attenuation of
electrostatic repulsion through the specific association of ions with proteins' charged
groups and (ii) the ions altering the tension at the protein-aqueous interfaces. Association

of anions with positively charged protein residues reduces the effective surface charges
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on the protein macromolecules. Larger (softer) anions are more efficient at screening the
electrostatic repulsion between protein molecules and promoting salting-out behavior.
Additionally, the surface tension of water increases along with an increase in the amount
of salt™ added thus stabilizing flocs'® — collagen protein molecules and/or fibrils
aggregated into the “fiber-like” structures observed in the second harmonic generation
(SHG) images. Thus increased surface water tension and attenuated electrostatic
repulsion due an increased amount of salt in the final polymerization mix can potentially
lead to an increased size of the aggregated collagen flocs (fibers).

Under low phosphate concentrations (less than 20 mM), stable collagen hydrogels did not
form and samples were essentially liquid. Along with inability to form stable gels, similar
to previous studies, we observed an increase in collagen solubility in this range of

phosphate concentrations. Kuznetsova et al.*’

referred to phosphate ions being strong
fibrillogenesis inhibitors in the range of 10 to 25 mM and leading to an increase in
collagen solubility. Subsequent studies by Mertz et al.’® attribute this increase in
solubility to the preferential interaction of the dibasic form of phosphate with collagen
fibrils. The same study determined from infrared measurements that under physiological
conditions there are one to two sulfate and dibasic phosphate binding sites per collagen
molecule inside fibrils and none for the monovalent phosphate. The researchers proposed
that bound divalent anions formed salt bridges between positively charged amino acid
residues within the collagen fibrils. However, the study further suggested that this

binding is insignificant to the formation, stability and structure of collagen fibrils and that

the fibrils are stabilized by preferential exclusion of non-bound anions from interstitial
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water within fibrils. NaCl was proposed to affect binding of dibasic phosphate and
partitioning of monobasic phosphate in collagen fibrils.

When we increased the phosphate concentration to about 30 mM-60 mM, we formed
stable hydrogels. Similarly to prior work on collagen assembly in diluted protein

solutions (0.1 g I'%),2%

we observed a decrease in collagen polymerization rate when
phosphate concentration was increased beyond 30 mM. The fibers in 30 mM-60 mM
phosphate concentration range remained small. We believe that aggregation into the
larger fiber structures is unfavorable in this phosphate concentration range due to only a
modest disruption of the hydration shell of water around protein packed into the fiber
structures. When phosphate concentration was high (80—-160 mM), the phosphate in
addition to maintaining the pH and binding to collagen molecules, must be significantly
compressing the hydration shell within collagen fibers. The interactions of protein groups
with salt can potentially make it easier for the fibrils to stick to each other to form a larger
“fiber” floc. This possibly explains why fibers are larger under this phosphate
concentration compared to 30—-60 mM phosphate-induced samples. Yet, increasing
phosphate concentration further (200 or 300 mM) induced again smaller ‘fiber-like’
features within hydrogels. Very high phosphate concentrations (500 mM) resulted in the
formation of fine precipitate along with slight increase in solubility. Proteins are often
denatured by high concentrations of inorganic salts.'® The ions formed due to dissolution
of inorganic salts are possibly binding to ionic groups of proteins and disrupting

interactions that stabilize collagen ‘fiber-like’ structures. These interactions lead to the

formation of fine precipitate. Similar insight can be applied to the sodium sulfate and
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sodium chloride assisted collagen materials assembly at 37 °C. In those samples, there
was enough phosphate to maintain the pH and to stabilize collagen fibers. Similarly, high
concentration of 0.9 M NaCl appeared to encourage collagen solubility and led to the
formation of smaller ‘fiber’ flocs.

In general in self-assembling systems, lowering or raising temperature affects formation
of colloidal flocs in different and not obvious ways. This further raises a need to conduct
measurements on such systems directly, non-invasively and in situ. The optical methods
presented in this study are perfectly suited for such task. In a sodium-chloride-assisted
collagen materials assembly at lower temperature (27 °C and/or room temperature) we
observed formation of longer and thicker “fiber-like” structures compared to 37 °C
assembled gels. Lowering temperature is potentially improving an exothermic adsorption
step thus leading to the formation of larger “fiber-like” aggregates seen at 27 °C and
room temperature. Interestingly, when a divalent anion such as sulfate is used, in the 5
mM-20 mM concentration range of sulfate, large and long fibers are formed at room
temperature. However, for these sulfate concentrations, a stable polymeric network
within gels is not established perhaps due to insufficient overlap between the formed
fibers. It is only more challenging to obtain a stable hydrogel in 75 mM to 100 mM
sulfate since they did not seem to polymerize within even a few days. When sodium
sulfate concentration was from 150 to 300 mM, the total time needed to polymerize
hydrogels decreased along with increasing salt concentrations. The fibers were
significantly thinner and somewhat longer then when sulfate was 5 mM-20 mM. Further

experiments are carried out to understand these complex phenomena resulting from
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combined effects of polymerization temperature,> ** pH,% collagen solid content** and
ionic species on the self-assembly of collagen at the fiber structural level.

The studies presented in this work are timely. Recently, Li et al.?* also studied collagen
molecular interactions with a focus on fibrils formed in various salts dissolved directly in
the collagen solutions adjusted to the appropriate pH with 0.1 M NaOH. Based on the
low resolution transmission electron microscopy (TEM) images the authors concluded
that at pH 7.4, low concentrations of salts that have monovalent ions lead to the
formation of small filaments without banding patterns. When the ionic strength was
increased to 200 mM, the collagen fibrils were more ordered and some large fibrils with
the banding patterns were observed. When salts with multivalent ions were used, collagen
monomers aggregated to form ordered fibril bundles that showed clearer banding
patterns. Polarized light microscopy images of dispersed on glass slides collagen fibrils
formed in NaCl and KCl salts (100 mM, pH 7.4) and about 80 um in diameter fibril
bundles detected in Na,SO, and Na;HPO, samples (ionic strength 250 mM, pH 7.4) were
also obtained.

In a somewhat related study, Jiang et al.?

evaluated the effects of pH and electrolytes on
the assembly of collagen into microribbons (about 3 nm anisotropic ribbon-like
structures) deposited onto freshly cleaved mica supports. The deposition was controlled
by employing hydrodynamic flow and the structures formed were examined with atomic
force microscopy (AFM). The influence of MgCl,, NaCl and KCl electrolytes on the

assembly was studied at the neutral pH of 7.5. Interestingly, low NaCl concentration (50

mM) and high NaCl concentration (200 mM) resulted in single layer of collagen fibrils
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on the mica surface. However, when NaCl concentration was 100 mM, the protrusions of
the first layer merged into incomplete second fibrillar layer.

Gobeaux et al.?®

also recently studied polymerization of collagen from concentrated
solutions (40-300 mg ml™?) at different pHs and ionic strengths. Two methods were used
to adjust ionic strength. One method was to increase the concentration of phosphate
buffer from 10 to 500 mM. Alternative method was to add NaCl in a 200 mM phosphate
buffer. The gels formed in low ionic strength (24 mM) consisted of a dense network of
15-20 nm wide and 200-250 nm long nanofibrils observed in low resolution transmission
electron microcopy (TEM) images. The fibrils increased in size and formed bundles as
the ionic strength increased up to 261 mM along with an increase in gels' strength and

opacity. Similarly, Harris et al.?*

concluded that at pH 7.0 and 8.0, in presence of 150
mM NacCl, the characteristic 67 nm D-banded collagen fibrils organized into fiber
bundles predominated. At 529 mM and 1300 mM ionic strengths, Gobeaux et al.? study
found that the polymerized collagen systems were biphasic. Specifically, at 529 mM
ionic strength, large fibrillar bundles were surrounded by nanofibrils (about 40 nm in
width and about 600 nm in length). On the other hand, at 1300 mM ionic strength the
nanofibrils were surrounded by larger fibrils. The authors reported similar structures
when monovalent salt was used to adjust the ionic strength.

Non-destructive in situ SHG imaging-based methods furnish new structural information
regarding gross microscopic morphology of the synthesized collagen hydrogels. In our

studies, collagen hydrogels were several millimeters in thickness. The structural

information presented in this work is not attainable from transmission electron
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microscopy (TEM) methods used by prior investigations. TEM imaging is generally
destructive to biological samples and requires transmission of the electron beams through
ultra-thin specimens. Unlike prior studies, using SHG imaging, we assessed the
parameters relevant to the structure of collagen fibers in situ without disturbing materials.

For example, unlike the study by Li et al.*

we did not need to smear samples on the glass
substrates to form thin sections in order to pass the transmitted light to form optical
images.

To quantify relative differences in the hydrogels' microstructural parameters, we used a
straight forward method of measuring the resulting fibers and effective pore sizes. While

we reproducibly attain the measured numbers, the data analysis can greatly benefit from

implementing automated methods. Some recent automatated approaches to analyze the

2
.25 .26

2D SHG images include works of Bayan et al.”and Matteini et al.”” which employed
Fourier transform and entropy analysis methods to obtain information regarding
orientation of collagen fibers in gels and cornea respectively. While these methods can
work well for the thin and/or linear fibers, these approaches tend to be more global type
of comparisons. It is not clear how to take into account the width of the fibers for
larger/spreading fibers that we observed at the lower temperature. Texture analyses have
also been employed to analyze the SHG images of the collagen structure within
extracellular matrix of normal ovarian stroma and high grade ovarian serous

cancer.”” Another method recently developed and used to analyze collagen structure in

3D employs operators from mathematical morphology to obtain fiber orientations and

radius distributions.?
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The attenuation lengths parameters presented in this manuscript help to establish design
criteria to construct hydrogels for applications in which imaging directly through such
materials is anticipated. Our measurements indicate that 37 °C hydrogels we prepared are
homogeneous and have great transparency using the imaging conditions we employ.
When these gels were used topically on the mice skin, they did not impact imaging of the
underlying either epidermal or deep dermal structures.

Endogenous fields and currents occur naturally due to presence of ions in the wounds in
order to guide cell migration.? It is conceivable therefore to envision the data and
methods developed to be useful in examining the wound healing process where newly
synthesized collagen aggregation process could be under ionic regulation. Manufacturing
medical devices for bone tissue repair requires interactions of ionic regions of inorganic
molecules of hydroxyapatite with collagen at the surfaces of fibrils/fibers*®® during its
crystallization onto them and will potentially benefit from this research as well. The
studies presented are also scientifically important and relevant to the field of tissue
engineering as well, especially in the context of using ions as therapeutic agents.*
Conclusion

The second harmonic generation (SHG) imaging in situ allowed us to determine that
increasing concentrations of phosphate increase the lengths of 37 °C, pH 7.4 polymerized
collagen fibers. When increasing concentrations of sodium sulfate are added to 30 mM
phosphate buffer used to polymerize collagen into hydrogels, fiber lengths similarly
increase. On the other hand, adding sodium chloride at physiological and higher

concentrations does not significantly lengthen the fibers within 37 °C, pH 7.4
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polymerized hydrogels. Lowering temperature leads to a multilateral response, which
depends on the type of ion employed. The fiber lengths and widths decrease in very high
concentrations of all salts at all temperatures. Traditional turbidity measurements
provided timescales for the gelation processes examined and solubility data showed that
85% of collagen was precipitated under all experimental conditions. lons are an
important element to take into account when gelation of collagen and other biologically
derived protein scaffolds takes place. The methods and knowledge presented in this work
can be applied to understand these practically important and complex assembly
processes.
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Figure 2.S1 The solubility of collagen in samples prepared under 37 °C and different concentrations of phosphate.
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Figure 2.52 Additional backscattered second harmonic generation (SHG) images from collagen materials assembled at
pH 7.4, 37 °C and 40 mM, 50 mM, 80 mM, 100 mM, 120 mM, 140 mM, 180 mM, 300 mM and 500 mM phosphate
concentrations.
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Figure 2.S3 Backscattered second harmonic generation (SHG) images from collagen materials assembled at pH 7.4, 4
g/l collagen solid content, room temperature as well as 37 °C and different sodium chloride concentrations.

[coliagen]=4 g/L [coliagen]=2 g/L.
60 Fiber length - Flbetleng}h
g : g%
B N
20 r
; i o 2
s Fiber width s Fiber width
£ 3 g 3 i
22 I . ke '
o NN o w
0 0 -
- Pore diameter 40 Pore diameter
30 30
E 2 E»

-
=
-
=

4 '; |
Ji BN " B i .
NaCJO 03 06 O09M [NaC] O 03 06 O09M

Figure 2.54 Backscattered second harmonic generation (SHG) images from collagen materials assembled at pH 7.4, 27
°C, different sodium chloride concentrations and quantification of the collagen hydrogel parameters.

40



Chapter 3: The effect of pH on microstructure of collagen hydrogel

Abstract

Multiphoton Microscopy (MPM) is a noninvasive imaging technology that was used for
the characterization of microstructure of collagen hydrogels by collecting Second
Harmonic generation (SHG) signal and Two-Photon excited fluorescence (TPF) signal
form collagen hydrogel which was prepared at different pH conditions. The fibers’ length
and the pore structure diameter were quantified by the image J. Higher pH (pH 8.2)
results in 2-4 folds longer fibers compared with lower pH (pH5.5) at room temperature
for four different ionic conditions. Fibers’ length correlates well with the polymerization
pH at room temperature (R?= 0.98 or 0.99) for most ionic conditions. When phosphate
concentration is same, higher NaCl concentration (0.3M) can result in the 2 fold longer
fibers compared with lower NaCl concentration (0.15M) at room temperature for all
conditions. The 2 g/l pH 5.5 room temperature samples and 3 g/l pH 5.5 room
temperature samples do not form hydrogels.

Introduction

Collagen, which is the main component of extracellular matrix* and accounts for 20-30%
of protein in human body,? plays very important roles in connective tissue because
collagen microstructure can determine the properties of the connective tissue. It has been
reported by Parry et al. that different nano-structure (structure in molecule or fibril level)
of collagen can result in different mechanical properties of connective tissue.? Patterson-
Kane also identified that the more rigid property of tendon in axial direction than in

lateral direction is due to the fibers of collagen (microstructure) being parallel to the
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tendon axis.” So Far, collagen hydrogel materials are widely used in tissue engineering
field as a scaffold for cell proliferation and differentiation. The microstructure of collagen
hydrogel materials can result in different cellular behavior within collagen hydrogel
materials. Then it is important and necessary to study the microstructure of collagen
hydrogel materials. The structure of collagen can be affected by a lot of parameters, such
as ionic conditions, temperature, pH and so on.” So far, Most of researches focus on the
effect of pH on the nanostructure and/or stability of protein molecules in solution. On one
hand, Yang and Schaefer has reported that protein stability is pH-dependence.® On
another hand, Chan reported the effect of pH on the protein aggregation and deposition.’
But few studies have been done about the effect of pH on the microstructure formation of
collagen hydrogels. The mechanism is not well understood. In situ non-destructive
methods are needed to characterize the microstructure properties of collagen hydrogel
which was prepared at different pH. pH is not just an parameter to indicate [H™] in the
solution. It is also a parameter to indicate the phosphate pH-dependent ionic forms and
the side chain charge state of collagen molecules. In this chapter, we talk about the effect
of pH on the microstructure of collagen hydrogel.

Multiphoton microscopy (MPM), a kind of nondestructive optical method, is used to real
time and in situ to collect the Second Harmonic Generation (SHG) signal which is
generated by the interaction of two photons on the fibers (microstructure) of collagen
hydrogel with high resolution and contrast.® The light source is Near-Infrared (NIR)
femtosecond pulsed laser which has the advantage of reduced scattering and deeper

penetration than optical based techniques. SHG contrast can be used to directly detect
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aggregated collagen structures within scaffolds. SHG signal is also label free and resists
photobleaching.

Materials and methods

The preparation of 2X buffer: In this study, four kinds of 2X buffer were employed to
prepare collagen hydrogel. They are 2X buffer A, 2X buffer B, 2X buffer C and 2X
buffer D. The composition of 2X buffer A is 60 mM phospahte and 0.6 M NaCl. The
composition of 2X buffer B is 60 mM phosphate and 0.3 M NaCl. The composition of 2X
buffer C is 20 mM phosphate and 0.6 M NaCl. The composition of 2X buffer D is 20 m
phosphate and 0.3 M NaCl. The pH of 2X buffers were adjusted to 7.4 by 1 M NaOH. All
buffers are filtered with 0.22 pm, 33 mm syringe filter.

Collagen hydrogel preparation: The Type I collagen stock solution (9.07 g/l) was
purchased from BD Biosciences (354249). It was stored at 4 °C. The collagen hydrogel
was prepared by mixing the 2X buffer, 0.02 N acetic acid and collagen stock solution.
The final concentration of collagen is 2 g/l, 3 g/l and 4g/1 respectively. Then samples’ pH
was adjusted to 5.5, 7.5 or 8.2 before polymerization by 1 M NaOH or 1 N HCI. All the
procedures are carried out on ice. The Henderson-Hasselbalch equation (pH = PKa +
lg([base]/[acid])) is employed to calculate the concentration of mono- and dibasic of
phosphate at different pH. The calculation procedure is shown in the result part.

Second Harmonic Generation (SHG) imaging experiment: The samples are prepared
according to the description above. The SHG signal of 3D collagen hydrogel was
collected by upright Thorlabs multiphoton laser scanning microscopy which is based on

an upright Nikon microscopy. The femtosecond titanium:sapphire laser excitation source
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provided femtosecond pulses at a repetition rate of about 80 MHz. The long working
distance water immersion objectives (Zeiss, 63x water, N.A. 1.0; Zeiss, 10x water, N.A.
0.3; Olympus, 20x water, NA 1.0) were used to acquire images. The excitation
wavelength is 810. 650 nm dichroic beamsplitter, 480 nm dichroic beamsplitter and 405
+ 5 nm bandpass filter are employed separate SHG signal. 63X image is 2048 x 2048
pixels size image which correspond to 200 um x 200 pm field of view. 25 to 50 fibers’
length and pore diameter are measured for each sample by image J.

Results

Figure 3.1 The effect of different pH on the microstructure of collagen hydrogel. Collagen concentration is 2 g/l.
Polymerization temperature is room temperature. Top row is pH 5.5 samples. Middle row is pH 7.5 samples. Bottom
row is pH 8.2 samples. The ionic condition a is 30 mM phosphate + 0.3 M NaCl. The ionic condition b is 30 mM
phosphate + 0.15 M NacCl. The ionic condition c is 10 mM phosphate + 0.3 M NaCl. The ionic condition d is 10 mM
phosphate + 0.15 M NacCl.
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The effect of pH on the microstructure of collagen hydrogel

To study the effect of pH on the microstructure of collagen fibers, we prepare the samples
at pH 5.5, pH 7.5, and pH 8.2 in different ionic conditions. When pH is 5.5, the average
length of collagen fibers are 15.85 pm, 8.99 pum, 17.15 um and 12.85 pum respectively for
the four ionic conditions (A: 30 mM phosphate + 0.3 M NaCl; B: 30 mM phosphate +
0.15 M NaCl; C: 10 mM phosphate + 0.3 M NaCl; D: 10 mM phosphate + 0.15 M NaCl).
The collagen fibers prepared at pH 5.5 are obviously much shorter than pH 7.5 and pH
8.2 samples’ fibers for the same four ionic conditions. (Figure 3.1) The fibers expend
wider at pH 7.5 and pH 8.2 compared with lower pH (pH 5.5) for the four ionic
conditions. (Figure 3.1 Arrow indicated). Different pH can result in different
microstructure of collagen fibers, pH also can influence the samples state (hydrogel state
or liquid state) at room temperature. When temperature is room temperature, the samples
exist in the liquid state at pH 5.5, collagen hydrogel was formed at pH 7.5 and pH 8.2.
Figure 3.2 demonstrates the correlation between pH and fiber length. For most ionic
conditions (A, B and C), the correlations between pH and the fiber length are very good
(R?=0.99 or 0.98). For the ionic condition D, there is no obvious correlation between pH

and the fiber length.
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Figure 3.2 The correlation between pH and fiber length at different ionic conditions. (A: 30 mM Phosphate + 0.3 M
NaCl; B: 30 mM Phosphate + 0.15 M NaCl; C: 10 mM Phosphate + 0.3 M NaCl; D: 10 mM Phosphate + 0.15 M
NaCl). Collagen concentration is 2 g/l.

For the length of collagen fiber, it doesn’t just depend on the pH, it also depends on the
ionic conditions.® For our polymerization system, it is the phosphate and NaCl
concentrations. When phosphate concentration is same, higher NaCl concentration (0.3
M) can result in longer fiber (~ 2 times) compared with lower NaCl concentration (0.15
M) at room temperature (Table 3.1, Figure 3.2A, Figure 3.2B, Figure 3.2C and Figure
3.2D). When NaCl concentration is same, there is no obvious fiber length difference for

the high (30 mM) and low (10 mM) phosphate concentration samples at room
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temperature for the equivalent pH (Table 3.1, Figure 3.2A Figure 3.2C, Figure 3.2B

and Figure 3.2C).

37°C

Figure 3.3 The effect of different pH on the microstructure of collagen hydrogel. Collagen concentration is 2 g/l.
Polymerization temperature is 37 °C. Top row is pH 5.5 samples. Middle row is pH 7.5 samples. Bottom row is pH 8.2
samples. The ionic condition a is 30 mM phosphate + 0.3 M NaCl. The ionic condition b is 30 mM phosphate + 0.15 M
NaCl. The ionic condition ¢ is 10 mM phosphate + 0.3 M NaCl. The ionic condition d is 10 mM phosphate + 0.15 M
NaCl.

Temperature also can result in the differences of microstructure and the state of collagen
samples. When temperature is 37 °C, all samples exist in the hydrogel state for all pHs
(5.5, 7.5 and 8.2) and all ionic conditions (a, b, c, d) (Figure 3.3, Table 3.1) and the 37
°C samples’ fiber length are much shorter than room temperature samples’ fiber length.
When pH is 5.5, high NaCl concentration (0.3 M) result in longer collagen fibers (2-3
folds) compared with lower NaCl concentration (0.15 M) at 37 °C. (Table 3.1) When pH
is 7.5 and 8.2 and temperature is 37 °C, the fibers’ length and pore structure diameters are

similar for the four ionic conditions samples.
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Collagen concentration also can affect the microstructure of collagen fibers and the
samples’ state. To investigate the effect of collagen concentration on the microstructure
of collagen fibers, we image the microstructure of collagen fibers which are prepared at
different collagen concentration at pH 5.5. At pH 5.5, when collagen concentration is 2
g/l and 3 g/l, the samples existed in the liquid format at room temperature. (Figure 3.4)
At room temperature, collagen hydrogel was formed when collagen concentration is 4 g/l.
And the fiber density increased along with the increasing of the collagen concentration.
(Figure 3.4) The fibers’ microstructure is also altered by increasing collagen
concentration at this low pH. As shown in the first column of fig.4 (indicate by the
arrow), fibers just extend to one direction when collagen concentration is 4 g/l at room
temperature, fibers extend to all directions when collagen concentration is 2 g/l and 3 g/l

at room temperature.

3g/l

2g/l

Figure 3.4 The effect of collagen concentration on the microstructure of collagen fiber at pH 5.5. Temperature is room
temperature. Top row is 4 g/l collagen samples. Second row is 3 g/l collagen samples. Bottom row is 2g/I collagen
samples (a: 30 mM Phosphate + 0.3 M NaCl; b: 30 mM Phosphate + 0.15 M NaCl; c: 10 mM Phosphate + 0.3 M NaCl,
d: 10 mM Phosphate + 0.15 M NaCl)
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Table 3.1 The summary of collagen microstructure parameters and the samples’ state. (a: 30 mM Phosphate + 0.3 M
NaCl; b: 30 mM Phosphate + 0.15 M NaCl; c: 10 mM Phosphate + 0.3 M NaCl; d: 10 mM Phosphate + 0.15 M NaCl)
FL (Fiber Length), PD (Pore Diameter)

Cone. Room Temperature 37°C
pH col:‘age
) A B C D A B Cc D
Not hydrogel | Not hydrogel | Not hydrogel | Not hydrogel Hydrogel Hydrogel Hydrogel Hydrogel
FL: FL: FL: FL: FL: FL: FL: FL:
2 15.85+3.51 8.99 £2.08 17.53+£3.90 | 12.85+2.00 5.64 £0.96 2.65+0.59 7.06+1.38 1.94+0.52
g/I PD: PD: PD: PD: PD: PD: PD: PD:
——— e e e 5.98£+0.98 5.44+1.01 8.42 + 1.60 4.49 £ 0.66
Not hydrogel | Not hydrogel | Not hydrogel | Not hydrogel
FL: FL: FL: FL:
55 3 18.97 +3.49 9.11+1.64 20.07 £3.55 12.36+2.49
' g/| PD: PD: PD: PD:
35.38+6.21 8.47+2.14 35.23+6.74 20.56 £ 4.02
Hydrogel Hydrogel Hydrogel Hydrogel
FL: FL: FL: FL:
4 27.57+£5.01 | 11.24+2.30 | 14.44+237 13.67 £ 2.86
g/| PD: PD: PD: PD:
9.24+1.95 | 20.37+5.16 | 16.59%3.27
Hydrogel Hydrogel Hydrogel Hydrogel Hydrogel Hydrogel Hydrogel Hydrogel
FL: FL: FL: FL: FL: FL: FL: FL:
2 52.00+£12.1 | 30.97+7.21 | 48.80+8.57 | 20.00 £ 3.09 561+154 5.38+1.37 6.40+1.65 4.37+0.96
75 g/| PD: PD: PD: PD: PD: PD: PD: PD:
40.17+8.81 | 41.06+850 | 3481+7.19 |  -—--- 7.83+1.06 6.42+1.03 5.85+0591 5.08 £ 0.65
Hydrogel Hydrogel Hydrogel Hydrogel Hydrogel Hydrogel Hydrogel Hydrogel
FL: FL: FL: FL: FL: FL: FL: FL:
2 63.59+£8.83 | 36.34£9.91 | 54.30+7.90 | 42.67+£6.24 3.80+0.79 3.81+0.81 5.04+147 4,18 +0.93
8.2 g/| PD: PD: PD: PD: PD: PD: PD: PD:
38.21+£6.27 | 31.06+£6.18 | 31.55+5.51 | 23.23+4.45 4.65 £ 0.69 4.09 +0.56 474+1.11 4.47 +0.79
Discussion

Henderson—Hasselbalch equation (pH = pKa + Ig [Base]/[Acid]) was employed to
calculate the ratio of [H,PO4]/[HPO,*] at pH 5.5, 7.5 and 8.2. Phosphate exists in four
kinds of forms in solution (HsPO,, H,PO,", HPO,* and PO,> ). Three chemical
equilibrium equations (1)(2)(3) exist between four kinds of phosphate forms:

HsPO,= H,POS + H" (1)

H,PO, = HPO,~ + H*  (2)

HPO,/“=PO*+H"  (3)
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For the equations (1)(2)(3), the pKa are 2.21, 7.21 and 12.67 respectively. When pH is
5.5, 7.5 or 8.2, the phosphate exists in the forms of H,PO, or HPO4*. Then equation (2)
is employed to calculate the ratio of concentrations of H,PO, and HPO4 - two primary
forms of phosphate ion existing at the pHs employed in self-assembly experiments.
Based on the Henderson-Hasselbalch equation:

pH = PKa + Ig([HPO,*]/[ H.POLT)

lg([HPO4*1/[ H.PO4]) = pH - pKa
When pH is 5.5, Ig([HPO,*]/[ H:PO4]) = 5.5 — 7.21 = -1.71, then [HPO,*]/[ H,PO4] is
0.02;
When pH is 7.5, Ig([HPO,*]/[ H,PO,]) = 7.5 — 7.21 = 0.29, then [HPO,*]/[ H,PO,] is
1.95;
When pH is 8.2, Ig([HPO,*]/[ H,PO,]) = 8.2 — 7.21 = 0.99, then [HPO,*]/[ H,PO,] is
9.8.
The table below summarized the concentration ratio of H,PO, or HPO,* at different pHs

employed in self-assembly experiments.

Table 3.2 The ratio of concentrations of H,PO, and HPO,* at different pH

pH [H:PO,1[HPO,’]
55 50:1
7.5 0.51:1
8.2 0.1:1

When pH is 5.5, ~ 98% of phosphate is highly protonated and exists in the monobasic
phosphate form, H,PO, (Table 3.2). At the same time, the polar positively charged
amino acid, such as lysine and arginine, exists in the positive charge state at pH 5.5

because the pH is lower than the pKas of those amino acids. At pH 5.5, collagen
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molecules are surrounded by the monobasic phosphate (H,PO,) because of the
electrostatics/hydrogen bond (NH™...OP) between positive side chain of amino acid
(NH") and negative charge of monobasic phosphate (O'P).? The double bonded oxygen
atom of phosphate bonded to collagen molecules has the potential to form the hydrogen
bond with water molecules (21 kJ/mol). The hydration shell make collagen molecules
stably exist in the solution. There is a need for more energy to overcome the hydration
shell for the collagen molecules to form collagen fibers at pH 5.5 (Figure 3.5). When pH
is 7.5 and 8.2, HPO,* account for 66.1% and 90.7% respectively. At pH 7.5 or 8.2, the
lysine and arginine also exist in the positive charge state. The dibasic phosphate (HPO,%)
can electrostatics/hydrogen bond bind to two different side chain of amino acid at the
same time (Figure 3.5). This make it is easier for collagen molecules to form collagen
fibers at higher dibasic phosphate concentration. This model provides an explanation why
collagen fibers are longer at higher pH (pH 7.5 and pH 8.2) compared with lower pH (pH
5.5). (Figure 3.1 and Table 3.1) High temperature can alter the thermodynamic
movement of collagen molecules. When temperature is 37 °C and pH is 5.5, the
temperature is high enough to overcome the hydration shell of collagen molecules to
form many small collagen nuclei leading to formation of many small fibers that stabilize

a hydrogel state. (Figure 3.3)
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Figure 3.5 The model of the interaction between phosphate and collagen molecules at different pH

.29 Then there are fewer

In the solution, the ion can bind water to form the hydration shel
“free” water molecules to accommodate other solutes. For our system, more free water
molecules can be attracted by NaCl if we increase NaCl concentration. Then it decreases
the water molecules amount in the hydration shell for the high NaCl concentration
samples. Then the hydration shell of collagen molecules is weaker at high NaCl
concentration (0.3 M) compared with lower NaCl concentration (0.15 M). This means it
is easier for collagen molecules to form fibers at higher NaCl concentration (0.3 M)
because of the weaker hydration shell. (Figure 3.6) This model can explain that higher

NaCl concentration (0.3 M) samples’ fiber length is longer compared with low NaCl

concentration (0.15 M) samples’ fiber length. When phosphate concentration is same, 0.3
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M NaCl samples’ the fiber length is about 2 times longer compared to 0.15 M NaCl

samples’ fiber length at room temperature. (Figure 3.1 and Table 3.2)

weak hydration shell strong hydration shell
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Figure 3.6 The modeling of the hydration shell at different NaCl concentration.

Conclusion

To investigate the effect of pH on microstructure of collagen fibers, in situ non-invasive
technology (MPM) is employed to capture the microstructure of collagen hydrogel with
Second Harmonic Generation (SHG) contrast imaging at different pHs. It shown that (1)
higher pH (pH 8.2) results in 2-4 folds longer fibers compared with lower pH (5.5) at
room temperature for four ionic conditions; (2) the higher NaCl concentration (0.3M) can
result in the 2 folds longer fibers compared with lower NaCl concentration (0.15M) at
room temperature for all conditions; (3) collagen concentration and polymerization
temperature influence the sample’ state (hydrogel or liquid). pH is a very significant
element which needs to be considered for the collage-based or other protein-based
scaffold preparation in tissue engineering field. The methods and results presented in this
chapter can help us to understand (a) the effect of pH on microstructure of collagen

hydrogel and (b) the collagen polymerization process.
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Chapter 4: The properties of crosslinked collagen hydrogel

Abstract

In situ multiphoton microscopy (MPM) imaging method combining two-photon
fluorescence (TPF) and second harmonic generation (SHG) optical signals helped to
discover the microstructure restructuring of collagen fibers within 3D hydrogels after
chemical cross-linker modification. We prepared hydrogels at different solid contents (2
g™ or4 g 1™ and self-assembly temperatures (27 °C or 37 °C). In a separate
experiment, we stabilized 2 g I"* 37 °C hydrogels with the nontoxic cross-linkers
carbodiimide (EDC), EDC/N-hydroxysuccinimide (NHS) or genipin. We used rheology
measurements to assess the flow behavior of the materials we prepared. All cross-linkers
reduced the viscous part G” of the modulus, implying that cross-linked materials are
more rigid and non-flowing compared to non-cross-linked hydrogels. After genipin
crosslinking, the SHG signal of collagen hydrogel decrease 5 fold, TPF signal increase 2
fold in the green channel and 5 fold in red channel. The crosslinked collagen hydrogel
can resist the degradation by activated collagenase.

Introduction

The many potentialities of employing embryonic stem cells in regenerative medicine, and
as models are described in the literature." The majority of published research had focused
on the roles that gene expressions, growth factors and cell communications play in the
embryonic differentiation. Recently, there have been discussions that the nanoscale
features of material surfaces can be used to control cellular behavior? and that the

elasticity of the extracellular matrix can regulate mesenchymal stem cell differentiation.’
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More detailed morphological in situ characterization of cell supporting scaffolds before
cell culture is necessary for the development of successful applications.

Collagen hydrogels play an important role as scaffolds in tissue engineering and
regenerative medicine. The 3D architecture of scaffolds composed of collagen type |
includes micron-sized fibers that constitute the solid phase and effective pores, which are
interconnected channels containing a fluid phase. Optical properties and the overall
architecture of collagen hydrogels are inevitably altered by changing the physicochemical
self-assembly conditions® including temperature® and collagen biopolymer solid

content as well as by adding cross-linkers. The above manipulations can further
simultaneously change ligand type and/or ligand density sensed by the cells, mechanical
strength of scaffolds and structures within. Previous research emphasized the mechanical
properties of scaffolds in driving differences in cellular behaviors.” More recent studies
uncovered the importance of microstructures defining these mechanical properties.? At
present, the microstructure, which is one of the elements needed to rationally engineer
functional tissues, organs and model systems, is also one of the least explored.
Spectroscopic probes that can provide complementary information regarding

1°% 1% and wound examinations.** SHG contrast

microstructure in thick tissue,” biomateria
is used to directly detect aggregated collagen structures (fibers) within scaffolds. It resists
photobleaching and is generated when NIR photons that interact with fibrillar collagen
are combined to produce new photons at twice the energy. TPF detects fluorophores

initially present or in this work induced as a result of modifying collagen with a chemical

cross-linker genipin.
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We chose 2 g 1™t and 4 g I* collagen concentrations because they covered the range
commonly used in tissue engineering. These concentrations produce significantly
different physical microenvironments resembling a provisional or immature extracellular
matrix that occurs during development. 1.8 g I"* was the lowest concentration at which,
using the assembly conditions in this work, we could still form hydrogels,® compelling us
to use concentrations above this critical value. The cellular behavior and collagen fiber
structure could be clearly visualized in the low concentration 2 g I* gels. The 4 g I"* gels
could be readily made from the stock solution concentrations of eight to nine g I we
carry in the laboratory and served as a ‘high’ endpoint in establishing materials.

Our main goal was to provide further characterization of the synthesized materials in
situ by employing the MPM imaging method. The properties characterized were (1)
collagen fiber and effective pore structure within hydrogels prior to cell culture, (2)
degradation pattern and degradation kinetics of hydrogels with collagenase, (3) optical
properties of hydrogels stabilized with genipin, (4) storage and loss moduli of all
materials. The prepared hydrogels are biodegradable, the chosen chemical cross-linkers
are nontoxic and the in situ MPM method employed to characterize the models is
nondestructive to biological samples. All seem highly valuable for biological
applications.

Materials and methods

Crosslinking degree assay: We used the ninhydrin colorimetric method to determine
the extent of modification of amino groups with cross-linking reagents within collagen

hydrogels. The percentage of the remaining free amines after cross-linking was calculated
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to establish the relative cross-linking degree. 100 ul of sample mix of the following final
composition was added to a well of a 96 well plate: 30 mM phosphate buffer, [NaCl] =
0.3 M, [collagen] =2 g I"*, pH 7.4 and incubated under 37 °C for 24 hours. 100 ul of
same-day-prepared 1 mM genipin or 0.1 M EDC or 0.1 M EDC/0.025 M NHS solution
(in 30 mM phosphate buffer, [NaCl] = 0.3 M, pH = 7.4) was added on top of collagen
hydrogels and incubated for another 24 hours under 37 °C. The control samples were
incubated in 30 mM phosphate buffer, [NaCl] = 0.3 M, pH = 7.4 for the same duration of
time. The cross-linking reagents were removed by adding double deionized H,O (ddH,0)
and incubating for at least 30 min. This washing procedure was repeated at least three
times. Subsequently, 10 pul of 2 g 1"* collagenase was added to the samples, adjusted to
the volume of 650 pl with ddH,O and incubated for 72 hours at 37 °C. 350 ul of 2%
ninhydrin stock (in ethanol) was added to each sample and boiled for 2 min. A UV-vis-
NIR spectrophotometer (Varian, Cary 500) was used to detect the absorbance of samples
in the range of 300-900 nm. Different concentrations of glycine solution, 10 pul of 2 g

I collagenase solution and 350 ul of 2% ninhydrin stock solution (in ethanol) were used
to construct the calibration curve and repeated at least three times. The cross-linking
degree was then calculated as: crosslinking degree = (1 — (cross-linked
absorbanceszo/non-cross-linked absorbanceszg)) x 100%. All samples were prepared in
triplicate. For the cross-linked hydrogels the cross-linking degree was (a) genipin-cross-
linked hydrogel: 87%; (b) EDC/NHS-cross-linked hydrogel: 60%; (c) EDC-cross-linked-

hydrogel: 12%. The chemical modifications with the above reagents resulted in the
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formation of covalent bonds between collagen molecules and were stable overtime
(unpublished data).

Enzymatic degradation assay: The samples were prepared between no. 1 coverslips,
separated with a 2.3 mm thick silicone gasket having an 18 mm round opening. All the
preparations were done under sterile conditions on ice. 600 pl of the collagen hydrogel
mix of the following final composition was used per sample: 30 mM phosphate buffer,
[NaCl] = 0.3 M, [collagen] =2 g I, pH 7.4. To gel the samples we incubated them for 2
hours at the specified temperature. For the cross-linked hydrogels, 50 ul of cross-linker
solutions prepared at 10x concentration in 30 mM phosphate buffer, [NaCl] = 0.3 M, pH
= 7.4 were added on top of collagen hydrogels. The hydrogels were subsequently
incubated with cross-linkers for 24 hours at 37 °C. To remove the cross-linkers, we
incubated the hydrogels with 30 mM phosphate buffer, pH = 7.4, [NaCl] = 0.3 M for 20
minutes at room temperature. The cross-linker removal procedure was repeated at least
three times. To digest the materials, we added 50 pl of collagenase (C0130, Sigma)
activated with buffer as specified in the supplied instructions.

Rheology measurements: Rheological measurements were carried out with a computer
interfaced Haake Rheo Stress 1 temperature controlled parallel plate rheometer. The
sensor diameter was 35 mm and the measurements were carried out at the specified
temperatures. Oscillation amplitude sweeps were performed in the controlled stress (CS)
mode to establish the viscoelastic linear regions for the non-crosslinked hydrogels. The
frequencies used were 0.5 Hz, 0.7 Hz and 1 Hz. The gap was re-calibrated prior to daily

measurements. The samples for the synthesis of collagen hydrogels were prepared as
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described previously.” Briefly, 550 pl of the self-assembly mix was loaded on the bottom
plate of the rheometer preheated to the desired temperature. The gap was adjusted by
lowering the top plate to create 0.2 mm distance between the two plates. The hydrogels
were allowed to polymerize (20 min at 37 °C or 50 min at 27 °C) and the rheology data
were collected. Oscillation frequency sweep (0.1-50 Hz) controlled deformation (CD)
mode rheology data were obtained with a strain rate of 0.05. For measurements on the
cross-linked hydrogels, the gap was 1 mm. 2 g I 24 h 37 °C pre-polymerized collagen
hydrogels were separately incubated with cross-linkers (1 mM genipin, 0.1 M EDC or 0.1
M EDC + 0.025 M NHS) for 24 hours at 37 °C. Upon transferring them to the bottom
plate of the rheometer, we carried out oscillation frequency sweep (0.1-50 Hz) rheology
measurements (strain rate 0.05) in a controlled deformation (CD) mode.

Spectral measurement: All UV-vis spectra were obtained with a UV-vis-NIR
spectrophotometer (Varian, Cary 500). The multi-photon spectra were acquired with a
10x%, 2.6 mm working distance, N-Achroplan, water immersion objective (Zeiss, 420947-
9900-000, N.A. 0.3) in the epi-collected configuration.'® The spectra were filtered from
the laser excitation with a long pass 705 nm single-edge dichroic beamsplitter (Semrock,
FF705-Di01-34 x 46) and additionally filtered through a 720 nm short pass filter
(Semrock, FF01-720/SP-25) introduced at the original exit port of the modified Zeiss
Axioexaminer.Z1. Spectra were obtained with an Acton SP2300 spectrograph equipped
with a 68 mm x 68 mm, 300 grooves per mm ruled grating blazed at 500 nm and a Pixis
1024B CCD camera (Princeton Instruments, Trenton, New Jersey). The spectrograph and

camera settings were PC-controlled through WinSpec/32 v.2.5 K software. The CCD

61


http://pubs.rsc.org/is/content/articlehtml/2016/ay/c5ay02520f#cit7
http://pubs.rsc.org/is/content/articlehtml/2016/ay/c5ay02520f#cit18

temperature was maintained at —75 °C in all the experiments to ensure low dark noise.
The entrance slit of the spectrograph was set to a width of 1 mm. A typical spectral
acquisition time was 16 s. The multiphoton spectra were corrected for a dark noise
background and obtained under equivalent power and other settings for different samples
and wavelengths.

Multiphoton microscopy (MPM) imaging: The inverted multiphoton laser-scanning
microscope used in this work was the Zeiss LSM 510 NLO Meta microscopy system. It is
based on an Axiovert 200M inverted microscope equipped with standard illumination
systems for transmitted light and epi-fluorescence detection. It was also equipped with an
NLO interface for a femtosecond titanium:sapphire laser excitation source (Chameleon-
Ultra, Coherent, Incorporated, Santa Clara, CA) for multiphoton excitation. The
chameleon laser provided femtosecond pulses at a repetition rate of 76 MHz, with the
center frequency tunable from 690 to 1040 nm. A long working distance objective (Zeiss,
40x water, N.A. 0.8) was used to acquire images shown in this work. The signals from
the samples were epi-collected and discriminated by a long pass 650 nm dichroic
beamsplitter. The SHG images were collected with a 390-405 nm band-pass filter (1ex =
800 nm). The two-photon fluorescence (TPF) images were collected with the 390465
nm + 530-590 nm band-pass filters and Aex = 770 nm. Unless noted, the images presented
in this work are 12 bit, 512 x 512 pixels representing a 225 um x 225 um field of view.
The multiphoton images were obtained from at least four gel replicates. Typically, two
independent samples were imaged per day. Imaging was repeated at least one more time

on another completely independent set consisting of two samples. Many fields of view
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(10 and more) were acquired for each sample and the representative images are shown in
the figures.

To confirm the validity and reproducibility of our imaging observations, randomly
selected samples were additionally re-imaged on an upright Thorlabs Laser Scanning
Multiphoton Microscope.” This upright Nikon microscope was used to obtain images
used to follow degradation of collagen hydrogels with collagenase and to construct
degradation kinetic data plots. It was equipped with a femtosecond titanium:sapphire
laser excitation source (Mai-Tai HP, Spectra Physics, Santa Clara, CA) that provided
femtosecond pulses at a repetition rate of 76 MHz, with the center frequency tunable
from 690 to 1040 nm. Long working distance (2 mm to 2.6 mm imaging range)
aberration corrected UV-vis/near IR imaging/excitation water immersion objectives
(Zeiss, 63x water, N.A. 1.0; Zeiss 10x water, N.A. 0.4 and Olympus 20x water, N.A. 1.0)
were used as needed. Spectral filtering with dichroics and bandpass filters was used to
separate second harmonic generation (SHG) and two-photon excited fluorescence (TPF)
signals as indicated in the text. Each image acquired was 2048 x 2048 pixels, which
corresponded to a 700 um % 700 um field of view for an Olympus 20x water objective
(Olympus, XLUMPLFLN, N.A. 1.0, 2.0 mm working distance). For the degradation
experiments, the samples were placed on an in-house built temperature controlled stage
adaptor made from anodized aluminum kept at 32 °C. We imaged the top 500 um within
the materials, throughout the duration of the degradation experiments. We imaged all the
necessary controls for the same time durations and under the same conditions as the

samples that were degraded with collagenase. To ensure reproducibility, all the
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experiments were repeated on different days and at least two times. The in-house written
Matlab code was used to evaluate SHG and TPF signals averaged intensities by
calculating the average pixel values in the acquired images.

The SHG or TPF signal averaged intensities were plotted as a function of depth to obtain
attenuation curves.’™ Briefly, at different laser focus depths, there are different values of
SHG and TPF signals. As the laser focus is moved deeper into the samples by adjusting
the vertical position of the focusing objective, the SHG and TPF signal intensities first
build up, reach the maxima and then decay due to both attenuation of excitation and
decrease in the collection efficiency of the scattered signals. In all the degrading samples,
we observed that the degradation with collagenase took place starting at the top of the
materials where we applied it. Therefore, we found that SHG or TPF signal attenuation
curves were moving as the signals were progressively attenuated due to the degradation
of materials. The SHG or TPF signal attenuation curves remained stationary for the
controls (no collagenase was applied) imaged for the same time durations and under the
same conditions. To obtain the kinetic traces, we selected signal intensity values at the
same imaging depths, which coincided with the top of the attenuation curve obtained at
the zero time point. A Plan-Apochromat water immersion 63x, 2.1 mm working distance
objective (Zeiss, 421480-9900-000, N.A. 1.0) was employed to obtain images used to
evaluate the porosity of the degrading hydrogels. We first obtained SHG or TPF signal
attenuation curves. We subsequently measured porosity at a section around the area of the
possible maximum in SHG or TPF signal attenuation curves collected at zero degradation

time. We followed the changes in the effective pore structure size at the selected depth
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for the duration of the degradation experiment. These experiments were repeated at least
three times and at least fifty effective pore structure sizes were measured.

To obtain the percentage of materials degraded after 24 hours of digestion, we imaged the
height of materials from the side opposite to where collagenase was added and divided by
an original 2 mm height of the materials.

The network structural parameters such as collagen fibers' length, width and pore
dimensions were quantified with either LSM software or ImageJ
(http://imagej.nih.gov/ij/) and the error bars are the standard deviations from the mean
values. Between twenty and fifty independent measurements of each parameter were
performed for each experimental system. For the cell-containing samples where the
collagen fiber distribution was very heterogeneous, the measurements were grouped into
separate categories (long and short fibers). We used a straightforward method of
measuring the resulting fibers' lengths by tracing along the fibers, reproducibly attaining
the measured numbers.

To determine how spherical (round) the cellular components are in our models we used
images to determine their aspect ratios. The aspect ratio was estimated as a percent of
sphericity by calculating the width to length ratio. Between fifteen and twenty
independent measurements were performed to establish estimates. The aspect ratio of
100% indicates a perfectly round cell/cell cluster while small numbers indicate extended,
slender objects. The errors were calculated as the standard deviations of the mean.
Results

Optical properties and microstructure of the synthesized collagen hydrogels
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When we treat the opaque collagen hydrogels with clear solutions of fresh 1 mM genipin
at pH 7.4 and room temperature, a noticeable blue-grey color*? corresponding to ~590
nm absorbance (Figure 4.1B, left) and two-photon fluorescence (TPF) (Figure 4.1B,
right) develops within 24 hours. The TPF spectra exhibit two peaks centered at ~490 nm
and at ~615 nm. The ratio of the intensity of the 615 nm emission band to the intensity of
the 490 nm emission band is five and does not change significantly at longer modification
times (72 h). There is a very slight bathochromic (red) shift of fluorescence when the
excitation wavelength is varied between 760 and 900 nm. Fluorescence from non-
crosslinked gels is negligible compared to genipin cross-linked gels when excited with
wavelengths we used. For example, in the two photon spectrum of a non-crosslinked gel
excitation at 800 nm leads only to a second harmonic generation (SHG) signal at 400 nm

that can be readily seen (Figure 4.S1).
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Figure 4.1 The experimental schematic. (A) Overview of the experimental strategy. (B) Typical one photon absorbance
spectrum (left). The one photon absorbance spectrum of fresh genipin solution used to modify materials is shown for
comparison. Typical two-photon fluorescence (TPF) spectra (right) of genipin modified collagen hydrogels. (C) Second
harmonic generation (SHG) images (Aex/2em = 810 nm/400—410 nm, white arrows point to the white fibers; effective
pores are the black spaces between the white fibers) and two-photon fluorescence (TPF) images (Aex/2em = 810 nm/470—
550 nm + 570-610 nm) of a genipin-modified hydrogel. (D) The output mechanical properties such as storage

modulus G’, loss modulus G” and viscosity # of the prepared materials were characterized as well.

Figure 4.2 shows that the genipin-modified hydrogels generate approximately five times
less SHG signal compared to non-modified controls (24 hours of modification at 37 °C).
On the other hand, as determined from the average TPF image intensities, TPF collected
in the 470-550 nm spectral region (TPF #1) increases two fold and TPF collected in the
570-610 nm spectral region (TPF #2) increases nine fold compared to non-modified

control hydrogels.
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Figure 4.2 Quantifying genipin cross-linking reaction with collagen within hydrogels. The hydrogels were prepared
under the conditions 0.3 M sodium chloride, pH 7.4, 30 mM phosphate, 37 °C polymerization temperature, 2 g
I collagen solid content. After 24 hour incubation, samples were modified for another 24 hours by 1 mM genipin
solution adjusted to pH 7.4. The optical filter used to acquire SHG signals was 405 + 5 nm. The spectral range of
acquired TPF #1 was 470-550 nm. The spectral range of acquired TPF #2 was 570-610 nm.

In Table 4.1, we report sizes of collagen fibers and effective pores within hydrogels
quantified from SHG and TPF images of synthesized hydrogels prior to stem cell culture.
The 27 °C self-assembly temperature produces longer and thicker fibers separated by
larger effective pores than those formed at 37 °C. As determined from SHG images, upon
treating collagen hydrogels with the zero-length cross-linker EDC,'® with or without
addition of NHS, the microstructure within gels remains the same (the molecular
changes, however, are detectable with Raman microspectroscopy™). Upon cross-linking

with a genipin reagent,'”"

~5 um long SHG-generating fibers present within hydrogels
prior to the cross-linking reaction ‘wash out’ leading to the less strong second harmonic

generation (SHG) contrast. Newly induced TPF-generating fibers are less well structured
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and are significantly longer (~19 um, Table 4.1) than initially present SHG-generating

fibers.

Table 4.1 Summary of the collagen hydrogel microstructural parameters and corresponding standard deviations from
the mean. The hydrogels were prepared with 0.3 M sodium chloride, pH 7.4, 30 mM phosphate, 37 °C or 27 °C self-
assembly temperatures and collagen solid content of 2 g I or 4 g I”. Additionally, some hydrogels were separately
cross-linked with carbodiimide (EDC), carbodiimide (EDC)/N-hydroxysuccinimide (NHS) or genipin

Collagen hydrogel microstructural parameters

Collagen hydrogel preparation conditions Fiber length, fiber width, effective pore diameter; all in pm = st. dev.

37°C.2g1* 48=11.095202.52=1
37°C. 4g1t 46=08.10=01.3.0=05
27°C.2g1* 43=84.71=214.502=108
27°C. 4g1t 515+£72661=17.40+£115
37°C.2 g 1" EDC-crosslinked 6.13x1.1=012.56=14
37°C. 2 g 1" EDC/NHS-crosslinked 618=09.10=01.819=12
37°C, 2 g I”! genipin-crosslinked — SHG contrast 29=206,07202.51+11
37 °C. 2 g 17! genipin-crosslinked — TPF contrast 19339 3414 174£45

Enzymatic degradation assay of synthesized collagen hydrogels

To evaluate the enzymatic degradation of our synthesized materials, we topically applied
a solution of collagenase to collagen hydrogels and with multiphoton optical imaging
method (a) for ~24 hours continuously imaged in situ the degradation of collagen gels;
and (b) quantified the percent of materials left after 24 hours of degradation. Figure

4.3 shows a typical in situ degradation kinetic profile of collagen hydrogels. Depending
on the experiment, these types of kinetic profiles were obtained by following SHG or
TPF signals as a function of time. The typical data for 2 g I"* 37 °C materials show the
microstructure of a collagen hydrogel immediately after collagenase solution was
topically added (Figure 4.3A) and 25 min later (Figure 4.3B). For all non-crosslinked
collagen gels, regardless of the hydrogel preparation conditions, the half-time for
degradation was approximately fifteen minutes. Tables in Figure 4.3 summarize the
observed increase in collagen hydrogels' porosity detected in real time in situ during

degradation reactions.
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Figure 4.3 The effect of collagen hydrogels' digestion by a topically applied collagenase solution. Typical

Insitu degradation kinetics plot for 2 g I™* 37 °C polymerized non-crosslinked hydrogel (left). Second Harmonic
Generation (SHG) images collected with 20x Olympus objective show the microstructure of a collagen hydrogel
immediately after collagenase solution was added (A) and 25 min later (B). Tables (bottom) summarize the porosity of
collagen hydrogels detected in real time during degradation with collagenase.

All non-crosslinked collagen hydrogels completely degraded after 24 hours while cross-
linked hydrogels showed enhanced stability. For the genipin-crosslinked materials, after
20 h of degradation, hardly any material was removed by collagenase. Thus for the
conditions we sampled, no time constants could be determined. The situation was similar
for the EDC + NHS crosslinked collagen hydrogels and EDC-crosslinked collagen
hydrogels at the spots where we collected kinetic data.

The percent of each material left after 24 hours of degradation with collagenase is shown

in Figure 4.S2 Genipin stabilized hydrogels are nearly 94% intact after 24 hours of
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degradation. EDC cross-linked hydrogels show great spatial variability of degradation
and there is ~30% to 80% of material that remains intact depending on the location
sampled. EDC/NHS cross-linked hydrogels exhibit medium degradability with 75% of
the material remaining intact at 24 hours of degradation with collagenase.

Rheology analysis of synthesized hydrogel

The linear regime in which collagen gels exhibit equilibrium storage modulus is 8% for
27 °C self-assembled gels and 40% for 37 °C self-assembled gels (data not shown) with
the latter exhibiting a strain-stiffening response.'* For unmodified hydrogels, the
viscosity, storage modulus G’ and loss modulus G" all increased with increasing collagen
solid content from 2 g I™* to 4 g I'* for hydrogels prepared at both 37 °C and 27 °C
incubation temperatures (Figure 4.4). The data shown are for 0.1 Hz frequency. Figure
4.83. shows the dynamic mechanical properties for 2 g I and 4 g I'™* collagen gels
prepared at 27 °C and 37 °C. For all the materials, the average storage modulus G’ is
always higher than the loss modulus indicating that the hydrogels have polymerized into
solid materials prior to measurements. The measured dynamic mechanical properties
(viscosity, G’, G") reach higher values for hydrogels prepared at 27 °C compared to the
materials prepared at 37 °C. Nevertheless, the variability in the measured mechanical
parameters for 27 °C self-assembled samples is also greater. Therefore, no significant
difference in the mechanical properties for hydrogels self-assembled at 27 °C versus 37
°C could be reliably measured for either 2 g 1> or 4 g I'* gels. The values of loss tangent
(tan 6 = G"/G’) are 0.24 to 0.35 with the highest value of 0.35 for 2 g 1! 27 °C

hydrogels.
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Figure 4.4 Storage moduli G’ for collagen hydrogels prepared at different collagen solid contents and self-assembly
temperatures (A); loss moduli G” for collagen hydrogels prepared at different collagen solid contents and
polymerization temperatures (B); relative storage moduli G’ for collagen hydrogels cross-linked with EDC, EDC/NHS
and genipin reagents (C); relative loss moduli G” for collagen hydrogels cross-linked with EDC, EDC/NHS and
genipin reagents (D). For non-crosslinked gels, the data plotted are for 0.1 Hz frequency and error bars reflect the
standard deviations from the mean measured values. For cross-linked gels, the data plotted are an average for 0.1-1 Hz
frequencies and the error bars are the standard deviations from the mean of the averaged values.

As seen in Figure 4.4, the storage modulus (G') is 40%, 60% and 90% higher in EDC,
EDC/NHS and genipin cross-linked materials respectively compared to non-crosslinked
controls. The loss modulus (G”) is 40% and 70% higher in EDC/NHS and genipin cross-
linked materials compared to non-crosslinked controls. The variability in the measuredG”
values for EDC-cross linked materials is high and therefore, no significant difference in
these values compared to non-crosslinked controls is reliably detected. The value of loss
tangent (tan 0 = G"/G’) is the lowest for genipin-stabilized hydrogels. The loss tangent

calculated (0.17) is lower by nearly 45% compared to non-crosslinked controls. This
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indicated that a G” viscose component decreased concomitantly with an increase in

the G’ elastic modulus.

Discussion

Optical properties and microstructure of synthesized collagen hydrogels: To date, an
understanding of how physicochemical self-assembly conditions, cross-linking and
degradation processes of scaffolds affect collagen formulations is limited. In hindsight,
low reproducibility and predictability of the fate and behavior of cells interacting with
soft materials™ could be due to their incomplete characterizations as a result of a short
supply of noninvasive methods. We employ spectroscopic characterization to further
follow the processes taking place during modification of collagen within hydrogels with a
genipin reagent and resulting optical properties of synthesized materials. We also
quantify collagen fiber and effective pore structure within hydrogels prior to and during
cell culture.

An increase in the density of collagen triple helices aligned in a parallel way within
fibrils'® and/or an increase in the number of fibrils' interfaces within the collagen fibers®
are responsible for second harmonic generation (SHG) signals from collagen structures.
The intra- and intermolecular cross-linking of collagen molecules by genipin is expected
to extend to all levels of collagen organization, including triple helices, their alignment
within fibrils and interfaces of collagen fibrils within fibers. The attenuation of SHG
signals in the genipin crosslinked collagen hydrogels is a result of this strong modifying
effect. Genipin was shown to form polymeric structures of 40 to 44 monomers long upon

its reaction with methylamine.'” The newly formed genipin oligomeric structures is what
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possibly additionally bridges the collagen molecules between the adjacent fibrils*® within
hydrogels. The carbodiimide which connects the carbonyl containing residues

of aspartic and glutamic acids and amino groups cannot bridge these groups when they
are located on the adjacent collagen microfibrils, which are too far apart (1.3 pm to 1.7
Mm)~18
Enzymatic degradation assay of synthesized collagen hydrogels: Conventional
degradation assays employ in vitro methods that determine fractional mass loss during
degradation of a polymeric biomaterial such as collagen hydrogel. The methods rely on
measuring the dry sample weight of degraded samples and comparing it with the initial
dry weight. This process of evaluating the degradation of materials removes materials
from further experimentations, can lack accuracy due to a need to precisely weigh
increasingly small amounts of sample and is not applicable to in vivo examinations of
degrading scaffolds. Histological and immunohistochemical methods that are also
conventionally employed are invasive as well. They carry little information regarding the
structural or functional status of scaffolds. Furthermore, in vivo, many enzymes

that degrade biomaterials including hydrogels would exert predominantly a surface effect
during degradation,*® necessitating development of non-invasive imaging techniques
including fluorescent tagging® that have potential to track surface modifications by
enzymes. Our work outlines a non-destructive imaging method utilizing SHG and TPF
contrasts, to follow degradations of collagen hydrogels in situ. It can obtain a more

comprehensive level of detail regarding hydrogels' degradation patterns/kinetics, and to
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quantify collagen fiber and effective pore structure within them during degradation. The
method can be applied to other soft materials with only minor modifications.

Rheology analysis of synthesized hydrogels: Collagen hydrogels exhibit viscoelastic
properties that are related to their composition and multiscale organization of collagen
protein. The solid phase within the hydrogel further interacts with the liquid phase of the
final preparations. To assess the characteristic properties and behavior of all prepared
hydrogels, we carried out dynamic mechanical analysis. We determined the storage
modulus — a measure of the elastic energy stored (G’) and the loss modulus — a measure
of the energy lost through the flow (G"). The ratio of G"/G’ is used to evaluate
viscoelasticity, since in a purely elastic material, G” = 0 and in a Newtonian viscous
material G' = 0.

The hydrogels prepared in this study are stable over the low frequency range as indicated
by G’ and G” running nearly parallel. In the low frequency range, for both 2 g1 *and 4 g
I"* 37 °C hydrogels, the elastic modulus G’ is significantly greater than the viscous
modulus G”. On the other hand, for 2 g 1! 27 °C hydrogels, G’ and G” overlap and can
be considered indistinguishable within the standard deviation of the measurement,
indicating that it is not a very solid gel network. In shear rheology measurements we
performed, the collagen fiber network and solution phases deformed together. Therefore,
the rheology measurements on 27 °C gels could be affected by the liquid phase of
collagen gel's effective pores. For example, the effective pores tend to be much greater in
2 g 1™ 27 °C assembled materials (50 pm + 11 pm) than in 2 g 1! 37 °C assembled

materials (5 um = 1 pm). Alternatively, the greater variability in the viscosity, G’, G” for
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hydrogels prepared at 27 °C could be due to 3D heterogeneity intrinsic to these
materials.®

The increase in the moduli for the 2 g I"* 37 °C cross-linked hydrogels correlated with the
degree of cross-linking: the greater the degree of cross-linking the higher were the
moduli. Genipin was the only reagent, however, that led to a sizable increase in the
elastic modulus G’ of collagen hydrogels. All cross-linkers, however, reduced the viscous
part G" of the modulus, implying that cross-linked materials are more solid-like, rigid
and non-flowing compared to non-crosslinked counterparts. The reductions in the viscous
modulus were observed in the studies that examined cross-linking of collagen hydrogels
with a reducing sugar glucose-6-phopshate.?*

Conclusion

Multiphoton microscopy (MPM) imaging that combines two-photon fluorescence (TPF)
and second harmonic generation (SHG) contrasts helped to identify microstructural and
optical properties of crosslinked/non-crosslinked collagen hydrogel. All cross-linkers
increased the rigidity of the synthesized collagen gels by reducing the viscous

component G” of the complex shear modulus. Genipin can result in the increasing of TPF
signal and decreasing of SHG signal of collagen hydrogel.
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Figure 4.S1 Typical two-photon spectrum of a non-cross-linked collagen hydrogel. Only second harmonic generation
(SHG) signal at 400 nm is readily observed.
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Figure 4.S2 The percent of the cross-linked materials that remained present after 24-hrcollagenase degradation. The
non-cross-linked materials were all fully degraded after 24 hrs of exposure to collagenase. The collagen hydrogels were
prepared at 0.3 M sodium chloride, pH 7.4, 30 mM phosphate, 37 °C polymerization temperature, 2 g/l collagen solid
content. They were separately cross-linked with carbodiimide (EDC), carbodiimide (EDC)/N hydroxysuccinimide
(NHS) or genipin.

80



2g137°C -
T " G
"G
A G E . (O]
. i a " * a
[ . = 1T T
_ = : s G
w I r T . s
€ ] 1 &1
o S b
g e g CLipatiaa
> (11 ° 1 ittt |
: o T A v |
1 l l S A A 1
[ ]|
, 10 T
01 1 10 o '
frequency (Hz) frequency (Hz)
[
. 2g127°C . 4gN27°C
- G:' = G '
A G A G" T
I LA T T b i PO I T T ]
E [] I L
o w
b 111 | Siof Lo-
= ] E 1 » A
o ] = A s + 1 SR
] o L A
i 1 4
1 T 10 v
01 1 10 0.1 1
frequency (Hz) frequency (Hz)

Figure 4.S3 The dynamic mechanical properties of 2 g/l and 4 g/l collagen gels prepared at 27 °C and 37 °C.
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Chapter 5: The study of the optical, mechanical and microstructural properties of
Genipin Crosslinked Collagen hydrogel (GCC) and the 3T3 fibroblast cells response
to GCC

Abstract

Genipin, a kind of natural and non-cytotoxic crosslinker is widely used in tissue
engineering field to strengthen biopolymer materials. Based on our research results, the
crosslinking with pre-incubated genipin solution altered the two-photon excited emission
peaks intensity ratio of GCC compared to crosslinking with fresh genipin solution. The
results showed that pre-incubated-genipin-solution-crosslinked collagen hydrogel’s
(pGCC) blue-green emission (Aex = 400 nm) peak was greatly enhanced. On the contrary,
the pGCC’s red emission peak (Aex = 590 nm) disappeared. The locations of the peaks in
the two-photon- excited-emission-spectra of genipin crosslinked collagen hydrogel
(GCC) were the same as in the one-photon-excited-emission spectra. However, the ratio
of blue emission peak and red emission peak was completely different. Crosslinking with
pre-incubated genipin solution decreased the fibers’ length, storage modulus (G”), loss
modulus (G’”) and crosslinking degree of GCC compared to crosslinking with fresh
genipin solution. There was no correlation between G’ or G*’ and microstructural
properties of GCC. The embryonic BALB/3T3 (clone A31) fibroblasts cultured on pGCC
were rounder compared to the cells cultured on un-crosslinked collagen hydrogel or fresh
genipin solution crosslinked collagen hydrogel. Cellular extension had some correlation
with fibers’ thickness of collagen hydrogels, and no correlation with mechanical

properties of materials.
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Introduction

Genipin is an extract from the fruit of Gardenia jasminoides Elli*, a kind of Chinese
herbal medicine?, It also can be used as food dye (gardenia blue) via the reaction between
genipin and primary amine in presence of oxygen.® Recently, the genipin is more and
more popular as a chemical crosslinker in tissue engineering field because of its
biocompatibility,” low toxicity and anti-inflammatory properties.®

Genipin-protein reaction molecular mechanisms have been described in literature: (a) the
amino group nucleophilic attack on the C-3 atom of genipin molecule, subsequently the
tertiary nitrogen takes the place of oxygen:*’ (b) the amino group can nucleophilic
substitute the ester group of Genipin.® Besides that, under alkaline environments,® the
genipin monomer can form the genipin polymer via polymerization reaction. It has been
reported by Mu et al. that the ring-opening polymerization of genipin can happen under
alkaline environment by aldol condensation.® The genipin polymers has the potential to
induce the long-range modification into amino-group containing materials.

Based on the analysis of the product of reaction genipin-polymer chitosan, it was shown
that short genipin polymers (about 4 genipin monomers units, MW (genipin) = 226.3
g/mol) exist at acidic and neutral pH, long chains of cross-linked genipin molecules (7 to
88 genipin monomers units) are formed at strongly basic pH, the short and long genipin
polymers exist at the same time at the pH values in-between.® Other studies® also
described genipin monomer instability in aqueous solutions. Furthermore, some studies
focused on effect of temperature and pH on the genipin polymers formation.® There are

also some studies focused on the effect of phosphate ions® on genipin polymer
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formation. Besides those, based on the study of kinetics of the reaction between f3-
lactoglobulin and genipin,™ it was shown that the cross-linking reaction is approximately
pseudo-first-order with respect to genipin. All the above findings indicated that the
genipin monomer polymerization process and the modification process by genipin of
materials strongly depend on the reaction system conditions.

Collagen hydrogel has been widely used in tissue engineering field as a 3D scaffold
because of the biocompatibility, biodegradability and relatively low cost of collagen. The
microstructure of collagen hydrogels can be affected by concentration and type of ions,**
collagen concentration*? and temperature.'?** The mechanical properties of collagen
hydrogels are poor and cannot easily support cell behavior within them. Then collagen
hydrogel needs to be crosslinked by chemical crosslinkers to improve its mechanical
properties. After the crosslinking by chemical crosslinkers, the properties of collagen
hydrogel are altered (microstructural properties, mechanical properties and optical
properties). Thus properties of different crosslinker crosslinked collagen hydrogels need
to be studied before applying these materials in the tissue engineering field.

The cell behaviors within 3D scaffold can be affected by the physical interactions
between cells and scaffolds, chemical components in the scaffolds and the charge state of
the scaffolds. It has been reported that properties of the scaffolds (dimensionality, surface
topography, chemistry and mechanics) can result in different cell migration rate'®, cell
proliferation'®, gene expression'” and cell morphology™®. Chemical crosslinker
modifications of collagen can improve the mechanical properties of the materials, but at

the same time, they also alter materials’ other properties, such as morphology and
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electrostatics™®, which in turn can change the interactions between scaffolds and integrin
cell receptors.?’ The interaction between cells and the crosslinked collagen hydrogel is
very complicated, and the minor differences in the material preparation protocol can
result in the different cell behavior. It is necessary to study the effect of crosslinker
preparation method (such as genipin) on the properties of collagen hydrogel ahead of the
study of the cell response to materials.

In situ second harmonic generation (SHG)?! and two-photon excited fluorescence (TPF)?

contrasts have been used to detect different structural components within the thick

14d, 23 2,11-13, 14b, 14d, 24

tissues, ,engineered tissue systems and 3D biomaterials system due to
the noninvasive and nondestructive property, longer tissue penetration property and
labels free peopertiy.”> SHG signal is generated when two NIR photons interact with
fibrillar collagen and then are combined to generate new double frequency photons. The
near-infrared wavelength laser source allows deeper tissue penetration distance within the
biological tissues and tissue engineered matrices compared to visible sources because of
the less scattering.?® MPM technology provides a method to study the 3D materials in-
situ, in real time and non-destructively.

In the study, we characterized the properties of different “aged” genipin solution
crosslinked collagen hydrogel: (1) One photon and two photon optical properties, (2)
collagen fiber thickness and pore diameter prior to cell culture, (3) cross-linking degree
of crosslinked collagen hydrogel, (4) rheological properties (G’ and G*”), (5) fibroblast

viability and spreading during cell culture. During the collagen hydrogel preparation

process, we changed (1) collagen polymerization time and (2) the “age” of genipin
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solution. (Table 5.1) The “age” of genipin solution had significant influences on the
properties of collagen hydrogel, which in turn changed the cell behavior. Thus this study
provides a very important guideline, which can be used to conduct the genipin cross-

linker applications in the tissue engineering field.

Table 5.1 Summary of the fabrication parameters employed to prepare 3D collagen hydrogels

Genipin Age 0 Days (fresh) 2 Days 8 Days 15 Days
Polymerization Time
2 Hours 2H GCC 0d 2H GCC 2d 2H GCC Bd 2H GCC 15d
24 Hours 24H GCC 0d 24H GCC 2d 24H GCC &d 24H GCC 15d

Materials and Methods

Preparation of collagen hydrogels: High concentration (9.46 g/l) rat-tail collagen type |
stock was bought from BD Bioscience and it was kept at 4 °C. The 2g/l collagen
hydrogel was prepared according to Lang’s methods. ** mixing 2X PBS buffer (pH
7.4+0.1), 0.02N acetic acid, 1N NaOH and collagen stock. The collagen hydrogel final
pH was 7.4+0.1. All preparation process was carried out on ice. Then the samples were
incubated under 37 °C. The component of 2X PBS buffer was 36 mM K,;HPO,, 23 mM
KH2PO, and 0.6 M NaCl and it was filtered by 0.22 um filter.

Preparation of genipin solutions: The genipin was dissolved in the 1X PBS, the
concentration of genipin solution was 1mM. The pH of genipin solution was adjust to 7.4
+ 0.1 by NaOH and filtered by 0.22 um filter. The genipin solution was incubated at 37

°C for further experiments.
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Genipin solution absorption spectra: The absorption spectrum of 1 mM genipin
solution was collected from 190 nm to 900 nm by Carry 50. The cuvette was 1 cm quartz
cuvette. The age of the genipin solutionwas 0, 1, 2, 3,4, 5,7, 9, 12, 13, 14, 15 days.
Genipin-solution-modified collagen hydrogel absorption spectra: One photon
emission spectra: The collagen hydrogel was prepared according to the above description.
110 pl of final mix for collagen hydrogel were added to 96-well pre-chilled clear Falcon
plate. After 2 hours of incubations at 37 °C, 110 ul of I mM genipin solution were added
on the top of polymerized collagen hydrogel. The emission spectrum was collected by
FlexStation Il fluorescence microplate reader in a backscattering mode (Molecular
Devices) after 24 hours of incubating collagen hydrogel with genipin solutions at 37 °C.
The “ageing” of genipin solutions was for 0 days, 2 days, 4 days, 8 days or 13 days.

Genipin-solution-modified collagen hydrogel emission spectra: The collagen hydrogel

was prepared according to the description above. 110 pl collagen hydrogel was added in
96 well falcon clear plate, which was pre-chilled on the ice. After 2 hours incubations at
37 °C, 110 pl 1 mM genipin solution was added on the top of collagen hydrogel. The
emission spectrum was collected by flex station after 24 hours incubation at 37 °C. The
age of genipin solution was 0 day, 2 days, 4 days, 8 days and 13 days.

The absorption spectrum of genipin-amino acid reaction product and the genipin-
amino acid reaction product separation: The genipin-amino acid reaction system
condition is same as the genipin-collagen hydrogel reaction system conditions (1x PBS
buffer). The phosphate concentration is 30 mM and NaCl concentration is 0.3 M. The

reaction temperature is 37 °C and pH is 7.4. In the genipin-amnio acid reaction system,
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the genipin concentration is 1 mM and the amino acid concentration is 10 mM. The
absorption spectra of genpin-amino acid reaction product was collected after 24 hours
reaction at 37 °C by UV-Vis spectrophotometer form 190 nm to 900 nm. Bio-Gel P2,
100-1800 MW working range, was employed to separate the components of the genipin-
amino acid reaction product. The volume of 1x PBS buffer, which was used to hydrate
the gel, was 2 times as the expected packed final bed volume. The volume of every gram
of dry Bio-Gel P2 was 3 ml after hydration. The diameter of the column is 2.5 cm. The
final height of the packed column bed was 19 cm. The flow rate was 5 ml/min established
using gravity. The separated genipin-amino acid product was collected into the 2 ml
centrifuge tubes. The absorption spectrum of each centrifuge tube was collected by UV-
Vis spectrophotometer from 190 nm to 900 nm.

Rheology measurements of genipin modified collagen hydrogels: 2 g/l collagen
hydrogel was prepared according to the description above. 2 ml collagen hydrogel was
added in the cell culture plate (diameter is 35 mm) which was pre-chilled on ice. 2 ml
genipin solution was added on the top of collagen hydrogel after 2 hours incubation at 37
°C. The rheology data was measured by Haake rheostress rheometer after 24 hours
crosslinking at 37 °C. The age of genipin solution was 0 days, 4 days, 8 days and 15
days. The diameter of the plate is 35mm, the gap between two plates was 1 mm and the
strain was 0.05.

Multiphoton microscopy (MPM) imaging and spectroscopy of genipin modified
collagen hydrogels: Collagen hydrogel was prepared based on protocol of preparation

section. 350 pl 2 g/l collagen hydrogel was added into the pre-chilled 8-well cell culture
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chamber. 350 pl genipin solution was added on top of collagen hydrogel after 2 hours
incubation at 37 °C. The MPM images were collected after 24 hours crosslinking at 37
°C. The upright Thorlabs multiphoton microscope was employed to image the genipin
crosslinked collagen hydrogel or uncrosslinked collagen hydrogel. The laser source was
femtosecond titanium:sapphire laser excitation source. In this study, we used 100 mW
horizontally polarized 810 nm laser excitation wavelength to excite the genipin
crosslinked collagen hydrogel and Zeiss 63x (water, N.A. 1.0) to collect the images. Two
fluorescence signal filters (470-550 nm and 570-610 nm) were employed to collect
fluorescence signals, narrow filter (400-410 nm) was employed to collect SHG signal.
Every image was 2048 x 2048 pixels which corresponded to 200 pm x 200 pum. The
pixel average intensity was evaluated with Matlab.

The multi-photon spectra were acquired with Acton SP2300 spectrograph equipped with
a 68 mm x 68 mm, 300 grooves/mm ruled grating blazed at 500 nm and a Pixis1024B
CCD camera (Princeton Instruments, Trenton, New Jersey).* Briefly, the spectrograph
and camera settings were PC-controlled through WinSpec/32 v.2.5K software and the
CCD temperature was maintained at —75 °C in all the experiments. A typical spectral
acquisition time was 16 s and the collection of spectra was repeated at least three times
on at least two independently prepared samples, averaged and corrected for dark noise
background. 10x, 2.6 mm working distance, N.A. 0.3, N-Acroplan, water immersion
objective from Zeiss (420947-9900-000) was used to obtain spectra in the epi-collected
configuration. The spectra were filtered from the laser excitation with a long pass 705 nm

single-edge dichroic beamsplitter (Semrock, FF705-Di01-34x46) and additionally filtered
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through a 720 nm short pass filter (Semrock, FF01-720/SP-25) introduced at the exit port
of the modified Zeiss Axioexaminer.Z1.

The distribution of genipin crosslinked collagen hydrogel fiber’s diameters: The
areas selected for measurements were 70 um x 70 pum in the central part of the 200 pm x
200 um MPM images. Then at least 60 fibers’ diameters in these fields were measured

using Image J. *

After measuring the fibers, we grouped them into different size ranges
and calculated fractions of fibers in a defined specific range. We repeated this procedure
separately for fibers emitting in 470 nm — 550 nm and 570 nm — 610 nm spectral regions
and for two different “ages” of genipin solutions.

Crosslinking degree of genipin modified collagen hydrogel: In order to detect the
degree of genipin modification of collagen hydrogels, we assayed the percentage of free
amines after crosslinking with genipin using ninhydrin colorimetric method.**® 2 g/l
collagen hydrogel was prepared based on the description above. 100 pl sample was added
into the 1.5 ml pre-cold centrifuge tube. After 2 hours of polymerization, different age 1
mM genipin solution was added on the top of collagen hydrogel for 24 hours crosslinking
at 37 °C. Collagen hydrogel was rinsed by deionized water three times (20 min per time)
at room temperature after crosslinking process. After rinsing, the material was digested
by activated collagenase in the water system at 37 °C for 72 hours. The digested product
was mixed with 0.7% ninhydrin solution (in ethanol) and boiled for 2 min. The

absorption spectrum was collected in the 900-190 nm spectral range. The calibration

curve was obtained with glycine and added identical amounts of collagenase used to
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digest materials. The relative crosslinking degree was calculated based on the formula
below:

Crosslinking degree (%) = [1 — Crosslinked absorbance 570/non-Crosslinked absorbance
570]*100%

Fibroblast Cell Culture on Collagen Hydrogels: The embryonic BALB/3T3 (clone
A31) fibroblasts were purchased form ATCC. It is stored in liquid nitrogen and sub-
cultured in Advanced DMEM (Dulbecco’'s Modifed Eagle Medium, 12491) media
according to standard procedures.

The 29/l collagen hydrogel was prepared in the 8-well chambered coverglass (MP
Biomedicals) as described above (250 pul/well). After 2 hours or 24 hours of
polymerization at 37 °C, 1 mM fresh or 1 mM 15 dyas old genipin solution were
employed to crosslink the polymerized collagen hydrogel for 24 hours at 37 °C. After
crosslinking, the GCC material was washed by the same volume of 1X PBS three times
(20 min/per wash) at room temperature. 3x10* fibroblast cells were seeded on the surface
of the gel and cultured at 37 °C. 42,800 fibroblast cells/cm? were seeded per gel surface.
Then cells were cultured in 37 °C, 10% CO, incubator. The cell culture medium was
changed every 3 days.

In order to test the cell survival rate, the cell culture medium, which existed on the top of
collagen hydrogel, was carefully removed, then 50 ul 0.4% toluidine blue solution was
added on the top of collagen hydrogel to stain cells for 20 minutes at room temperature.
After that, the cells were imaged with a phase contrast microscope. To identify the round

cells in the phase contrast images, phase contrast images were visually divided into four
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equivalent sections. Then Image J was used to measure pixel number of each individual
cell length and width, only when the numbers were within 1.5 pixels, the cell was defined
as a round cell. We counted the total number of cells in the entire image and subtracted
the number of round cells obtained to obtain the count of the extended cells.

766 nm center wavelength of the excitation laser and 470 nm to 550 nm emission filters
were employed to collect the MPM images of fibroblast cells cultured on collagen
hydrogel. The images were used to determine how spherical (round) the cellular
components are by calculating their aspect ratios. The aspect ratio was estimated as a
percent of sphericity by calculating the width to length ratio. Twenty to thirty
independent measurements were performed to establish sphericity estimates. The aspect
ratio of 100% indicates a perfectly round cell while small numbers indicate extended,
slender objects. The errors reported are the standard deviations of the mean.

Results

Genipin cross-linker solution
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Figure 5.1 The absorbance spectra of freshly prepared and 24 hr stored 1 mM genipin solutions.

Based on our experience, the fresh prepared pH 7.4 1 mM solution genipin prepared in 30
mM phosphate buffer is clear and colorless. It will change color to yellow after long term
storage at 4 °C, the color becomes darker along with prolonging the storage time. Higher
temperature (37 °C) can shorten the time of the color change process and the yellow color
of genipin solution can be obviously observed after 1 day incubation at 37 °C. We
believe that color change of genipin solution is due to the formation of genipin polymers
because it has been reported that genipin monomer has the potential to form polymeric
molecules in basic conditions.?* Currently, there is little published data about the color
change process of genipin solutions. In order to understand this process/polymeric
genipin formation, we collected absorbance spectra of genipin solutions on different

days. The genipin monomer ~240 nm ® absorbance shifts to ~250 nm (Figure 5.1) after
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24 hours of storing solutions at 37 °C. The shifting of the ~240 peak is because of the

ring-opened genipin polymer formation.®
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Figure 5.2 The absorbance spectra of freshly prepared and stored 1 mM genipin solutions. (A)250-550 nm spectral
range; (B) the increase in absorbance at ~355 nm.

We observed the development of genipin solution absorbance peak at ~355 nm (Figure
5.2A) when genipin solution was incubated at 37 °C. Genipin solution ~355 nm
absorption peak got highest absorption value after 8 day incubation at 37 °C (Figure
5.2B). 37 °C kinetics data can be fitted by single exponential, the ~ 355 nm peaks
increasing rate is about 0.18+0.02 (per day) at 37 °C. We believe that that ~355 nm
absorption peak is the characteristic peak for the formation of genipin polymers. Arrenius
equation can be employed to model the colorful genipin polymer formation at different
temperature. It shown that higher incubation temperature can accelerate the genipin
polymer formation process, the modeling result also corresponds to our genipin solution

storage experience.
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Mu et al.® reported the characteristic absorbance peak of genipin polymer is about 300
nm and 355 nm shoulder peak can be also recognized if pH was increased. For our
reaction system, we did not change the pH of solutions, but higher genipin concentration
(2 mM) was employed to prepare genipin polymer. It is also reported that ~265 nm
absorbance peak corresponds to the genipin polymer.® So far, there isn’t clearly
absorption for the genipin polymers based on the literature and our experiment result.
This is maybe because the absorption peak of genipin polymer/genipin polymer
formation is very sensitive to the reaction system.

Polymerization of collagen into hydrogels

After the collagen self-assembly process, the samples change from transparent liquid
state to opaque hydrogel state. The 24 hours self-assembled collagen hydrogel’s second
harmonic generation (SHG) intensity is almost two times as that for the 2 hours self-
assembled materials. And the microstructure of 24 hours self-assembled and 2 hours self-
assembled collagen hydrogels are also different. The 2 hours self-assembled collagen
hydrogel’s and 24 hours self-assembled collagen hydrogel’s SHG contrasted fiber length
is around 15.2 um and 4.8 um respectively. But the SHG contrasted pore diameter is

similar for both materials. (Figure 5.3)
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B Fiber Length Pore Diameter SHG Intensity
(um) (um)
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Figure 5.3 2 g/l collagen hydrogels self-assembled for 2 hours versus 24 hours. (A) Second harmonic generation (SHG)
images. A IS 810 nm. (B) Material parameters obtained. Errors reported are the standard deviations from the mean.
SHG intensity is measured as the peak in the maximum scattering intensity minus the background.

There is no relationship between the self-assembly time of collagen hydrogel and the
color of genipin crosslinked collagen hydrogel (GCC). The color of fresh genipin
crosslinked collagen hydrogel is gray-blue. The color of “aged” genipin crosslinked
collagen hydrogel is yellow- brown.

One photon optical properties of GCC hydrogels

To study the optical properties of different “aged” genipin crosslinked collagen hydrogel,
we collected the absorbance and one photon excited emission spectra of different “aged”
genipin crosslinked collagen hydrogel (Figure 5.4). It has reported that the characteristic
peak ~590 nm is from the reaction of free amines and C3 of fresh genipin (genipin
monomer). If the older genipin solution was employed to crosslink collagen hydrogel, the

~590 nm characteristic peak is less and less obvious (Figure 5.4A). On the contrary,
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~410 nm peak becomes more and more clearly defined in the absorbance spectra of the
older genipin crosslinked collagen hydrogel. This band slightly blue-shifts as the storage
time of genipin solutions used to modify hydrogels increases from 0 to 4 days. We
believe the disappearance of the ~590 nm peak and the appearance of the ~410 nm peak
is due to the accumulation of the genipin polymers and the less concentrated genipin
monomer.

When the excitation wavelength is 395 nm, the fluorescence emission peak is at ~470 nm
(Figure 5.4B) and there is also a small emission peak around 620 nm. The 470 nm band
intensity increases if “aged” genipin solutions are employed to crosslink collagen
hydrogel. When the genipin solutions age is 4 days, the 470 nm band intensity gets the
highest value. The 620 nm peak undergoes a blue shift to 610 nm and it completely
disappeared if genipin solution age is older than 4 days. (Figure 5.4B) This result
correspond to the changing of the 410 nm peak which located on the absorption spectra
of “aged” genipin crosslinked collagen hydrogel (Figure 5.4A).

when excitation wavelength is 590 nm, the emission peak of GCC is at ~625 nm (Figure
5.4C). This emission peak has maximum intensity when 2 days old genipin solution was
employed to crosslink collagen hydrogels. 625 nm emission peak almost disappeared if
the age of genipin solution was older than 4 days. This disappearance of the 625 nm peak
in the emission spectra is due to a significant reduction in 590 nm absorbance peak of old
genipin crosslinked collagen hydrogel (Figure 5.4A).

Our result show that the different storage time can result in different optical properties of

GCC. This also indicates that the preparation protocol is very significant for the final
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properties of materials. If different “aged” genipin solution was employed to crosslink
collagen hydrogel, we can get different characteristic peaks. 590 nm peak for fresh
genipin and 410 nm peak for old genipin. We thought this is because of genipin
monomer/genipin polymer different modification preference on the amino acid residues
of collagen. Lee et al.?’ reported that different product of genipin-amino acid have
different absorbance peaks. Genipin-lysine product shows high absorption peak at 590
nm, genipin-proline product only shows a shoulder-like absorbance peak at ~ 420 nm.
Park’s study?® additionally reported a very weak absorbance at 590 nm for genipin
polymer-methylamine product. The absorption peaks of the product between single
amino acids and genipin also can help us to explain the disappearance of 590 nm peak

and the 410 nm appearance.
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Figure 5.4 The absorption and emission spectra of different “aged” genipin crosslinked collagen hydrogel (A) The
absorbance spectra of reaction products between a 2 g/l collagen hydrogel and 1 mM genipin solutions of different
ages. (B) Emission spectrum of GCC gel excited with 395 nm wavelength. (B) Emission spectrum of GCC gel excited
with 590 nm wavelength. The cross-linking reaction was carried out for 24 hours.
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Figure 5.5 The absorption spectrum of genipin-amino acid product. (A) The absorption spectrum of 8 days genipin-
amino acid product.(B) The absorption spectrum of fresh genipin-amino acid product. The reaction system is 1X PBS
(30 mM phosphate, 0.3 M NaCl, pH is 7.4). Temperature is 37 °C.
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To investigate the differences of the different “aged” genipin crosslinked collagen
hydrogel absorption spectrum, the fresh genipin solution and 8 days genipin solution was
employed to react directly with selected amino acids, the absorption spectra of different
“aged” genipin-amino acid reaction products were collected. For the 8 days genipin
solution (Figure 5.5A black), there are two main peaks, one peak is around 250 nm and
another peak is around 355 nm. The appearance of the two peaks (250 nm and 355 nm) is
because of the genipin polymer formation. For the 8 days genipin solution — proline
reaction system (Figure 5.5A pink), the absorption spectrum of 8 days genipin-Pro is
similar as 8 days genipin solution absorption spectrum, it can illustrate that there is no
reaction between 8 days genipin solution and proline. For the fresh genipin-Pro reaction
system (Figure 5.5B pink), there was just single absorption peak around 250 nm, the
appearance of 250 nm peak is because of the ring-opened genipin polymer formation
during the reaction time, the appearance of 250 nm peak is not due to the genipin
monomer -Pro reaction. Then we can get the conclusion that there is no reaction between
genipin (genipin monomer and genipin polymer) and proline. This is maybe because the
proline closed ring structure affect the reaction rate of genipin and proline.

For the 8 days genipin-Lys and 8 days genipin-Ala reaction system, there were two main
peaks, one peak is around 305 nm and another peak is around 395 nm. But 590 nm and
250 nm peaks were not obvious any more. (Figure 5.5A) This indicated the reaction
between 8 days genipin and lysine or alanine can result in the appearance of the 395 nm
absorption peak. Possibly, this 395 nm absorption peak is the same as the 410 nm

absorption peak observed for the “aged” genipin crosslinked collagen hydrogel. The
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wavelength of the two peaks is not exactly same and the peak shift maybe because of the
difference in the local environments of reacting amino acids within collagen hydrogel
and/or some scattering of the hydrogel.

For the fresh genipin-Lys and fresh genipin-Ala reaction system, there were two main
absorption peaks, one peak is around 290 nm and another one is around 575 nm. There
was no absorption peak around 250 nm for the fresh genipin-Lys or fresh genipin-Ala
reaction system, (Figure 5.5B) this is because genipin monomer reacted with the amino
acid immediately and there was no ring-opened genipin polymer formation during the
reaction period. The 570 nm absorption peak of fresh genipin-Lys or Ala reaction system
is likely the same absorption peak observed at 590 nm for fresh genipin crosslinked
collagen hydrogel. The peak shift (570 nm to 590 nm) maybe because of the difference in
the local environments of reacting amino acids within collagen hydrogel and/or some
scattering of the hydrogel. The 290 nm absorption peak has been reported by Park et al. 2
to correspond to the intermediate of the genipin-amino acid product.

According to our experiment results, different “aged” genipin solution can result in
different absorption spectra of genipin-amino acid product when it reacted with the same

amino acid.
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Figure 5.6 The absorption spectra of different fractions separated with Bio-Gel P2 size exclusion chromatography
resin. (A) Genipin-Lys reaction product fractions’ absorption spectra formed using genipin solutions stored for 8 days.

(B) Genipin-Ala reaction product fractions’ absorption spectra formed using genipin solutions stored for 8 days. The
diameter of column is 2.5 cm. The height of the resin bed is 19 cm. Flow rate is 5 ml/min.
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To investigate the reaction products of stored 8 days genipin-collagen hydrogel reaction,
we incubated the genipin solution stored for 8 days with different amino acid solutions.
After reaction at 37 °C, the stored 8 days genipin-amino acid reaction products were
passed though the Bio-rad size exclusion chromatography column eluted with water.
(Figure 5.6) For 8 days genipin-lysine reaction products and 8 days alanine reaction
products, the components are similar. There are at least four components exist in the
system after reaction because there are at least 4 separated peaks in the absorption
spectra. They are 395 nm peak, 315 nm peak, 290 nm peak and 273 nm peak. (Figure
5.6) The 395 nm peak should correspond to the product of genipin polymer-amino acid
and the wavelength of the peak (395 nm) is very similar to the main peak (410 nm) of the
absorption spectra of 8-days-old-genipin-crosslinked collagen hydrogel. Besides this, this
peak (395 nm) is the first elution peak, which means this component has the highest
molecular weight, which also can prove that this component (395 nm peak) is the product
of genipin polymer-amino acid. For the 290 nm peak component, is has been reported
that it is the genipin monomer-amino acid intermediate. The 273 nm peak maybe the ring
opened genipin monomer. However, it is needed to conduct further experiments to

understand the exact components of the four peaks.

104



3.0

25

2.0

Abs

1.5

i #
200 300 400 500 600 700 800
Wavelength (nm)

Abs

500 800
wavelength

Figure 5.7 The absorption spectra of different fractions separated with Bio-Gel P2 size exclusion chromatography resin

(A) fresh genipin-Lys reaction product fractions’ absorption spectra. (B) fresh genipin-Ala reaction product fractions’

absorption spectra. The diameter of column is 2.5 cm. The height of the bed is 19 cm. Flow rate is 5 ml/min. The
reaction carried out 24 hours.
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To investigate the products of the reaction between genipin monomer (fresh genipin) and
collagen hydrogel, we incubated the fresh genipin solution with different amino acid
solutions at 37 °C. There are just two obvious absorption peaks in the absorption spectra,
570 nm peak (or 580 nm) and 290 nm peak. (Figure 5.7) The 580 nm (or 570 nm) peak is
the absorption peak of the product of genipin monomer-amino acid. 290 nm absorption
peak is the absorption peak of genipin monomer-amino acid intermediate. The molecular
weight of the two products must be very close, making it harder to separate the two
components. According to our experiment results, the fresh genipin-Lys reaction products
came out much earlier than genipin-Ala reaction products. The molecular weight of fresh
genipin-Lys reaction products and the molecular weight of fresh genipin-Ala reaction
products are very close. Therefore, we attribute the later elution of the genipin-Ala
reaction products compared to fresh genipin-Lys reaction products to inconsistency in

manually packing the resin inside the column
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Nonlinear optical and micro-structural properties
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Figure 5.8 The emission spectra and microstructure of different “aged” genipin crosslinked collagen hydrogel (A)
Multiphoton emission spectra of GCC gel and ratio of the intensities (insert) for red (intensity at 600 nm) and blue-
green (intensity at 500 nm) emitting species induced as a result of modifying collagen gel with genipin solutions stored
(“aged”) for different times. The intensities were measured from spectra in (A). dex is 810 nm; (B) Multi-photon
microscopy (MPM) images. Aex is 810 nm. For the GCC (0 day GCC, 2 days GCC and 8 days GCC), only TPF images
are shown while SHG images are omitted due to the intensity of SHG signals being significantly reduced upon
modification. Images correspond to 470 — 550 nm (left) and 570 — 610 nm (right) spectral ranges. For the collagen
hydrogel, the SHG image was shown; (C) average fiber thickness in GCC gels for fibers emitting in 470 — 550 nm and
570 — 610 nm spectral ranges and effective pore sizes. Data shown is for 2 g/l collagen hydrogels cross-linked with 2

days and 8 days stored genipin solutions.
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In order to understand two-photon excited emission spectra and the microstructure of
GCC, multiphoton spectra (Figure 5.8A) and images (Figure 5.8B) were collected.
When excitation wavelength is 810 nm, there are two main emission peaks in the spectra
of fresh genipin crosslinked collagen hydrogel: one peak is at ~490 nm and another one
at 610 nm. The location of the two main peaks on the spectra of fresh genipin crosslinked
collagen hydrogel (Figure 5.8B) is similar to the main peaks location of one photon
excited fluorescence spectrum of fresh genipin crosslinked collagen hydrogel (Figure
5.4B), but relative ratios of the two main emission peaks are totally different. For the
fresh genipin crosslinked collagen hydrogel, the red channel emission signal is much
stronger than the green-blue channel. But if the “aged” genipin solution was employed to
crosslinked collagen hydrogel, the red channel peak intensity decrease along with the
increasing of the genipin age and the green-blue channel peak intensity increase along
with the age increasing of genipin solution. On one hand, the red emission band is more
than five times as intense as 490 nm band when fresh genipin solution is used to crosslink
collagen hydrogel. On the other hand, the intensity of the red emission band significantly
decreases compared to emission intensity at ~ 490 nm when 8 days old genipin solution
is used to crosslink collagen hydrogels. The changing of relative intensities of the two
peaks is also shown in the figure (Figure 5.8A, insert), and the two peaks location shift
to each other if “aged” genipin was employed to crosslink collagen hydrogel.

Before genipin modification, SHG signal (400 nm-410 nm) is the main signal and there is
no TPF signal in the blue-green channel (470-550 nm) and red channel (570-610 nm)

(Figure 5.8A). After modification, SHG signal (not shown) becomes weaker than before
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modification and TPF signal is the main signal which covers both blue-green channel and
red channels. The crosslinking by genipin can reconstruct the microstructure of collagen
hydrogel, and the reconstructed microstructure is also different if the age of genipin is
different (Figure 5.8B). The older genipin solution can result in thinner fibers, for
example, when a genipin age was 8 days, the induced fibers were thinner (0.3 — 0.5 pum)
compared to fluorescent fibers induced with 2 days old genipin (0.5 — 0.7 um) and fresh
(~1.4 um) genipin solutions (Figure 5.8C). Fibers formed are ~ 1.8 um thick in the
materials where collagen was polymerized for 24 hours before subsequent cross-linking

with genipin and no variation in the fibers’ width was seen (Figure 5.9).
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Figure 5.9 The fiber length distribution (A) Multi-photon microscopy (MPM) images. Aex is 810 nm. Only TPF
images are shown while SHG images are omitted due to the intensity of SHG signals being significantly reduced upon
modification. Images correspond to 570 — 610 nm (right) spectral ranges and data shown is for 2 g/l collagen hydrogels
self-assembled for 2 hours (2/24) and cross-linked for 24 hours with 2 days and 8 days stored genipin solutions vs.
hydrogels self-assembled for 24 hours (24/24) and prepared under the same conditions. (B) average fiber thickness in
GCC gels for fibers emitting in 570 — 610 nm spectral ranges and effective pore sizes for 24/24 hydrogels.
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Rheological properties and cross-linking degree of GCC hydrogels
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Figure 5.10 The G°, G, viscosity and crosslinking degree of different “aged” genipin crosslinked collagen hydrogel
(A) The dynamic mechanical properties of GCC gels prepared with genipin solutions stored for different times as
indicated and standard deviations from the mean; (B) The viscosity of GCC gels prepared with genipin solutions stored
for different times as indicated and standard deviations from the mean; (C) The cross-linking degree of GCC gels
prepared with genipin solutions stored for different times and standard deviations from the mean.

In order to study the effect of the genipin age on the mechanics of the genipin crosslinked
collagen hydrogel, we obtained the dynamic modulus of GCC by rheometer (Figure
5.10A). When the age of genipin solutions is less than 4 days, storage modulus (G”) and
loss modulus (G””) of GCC are very similar. G’ and G”’ has obvious decreased when the
genipin age is 8 days. And G’ and G’’ do not have obvious differences if the genipin age
is beyond that of 8 days, such as, 8 day and 15 days genipin crosslinked collagen
hydrogel. The “aged” genipin solution also led to a lower viscosity of GCC compared
with fresh genipin solution. (Figure 5.10B).

The correlation between the mechanical properties and microstructure parameter is also
attempted in Figure 5.11, it shows that G’ of 2 hours self-assembly, different “aged”

collagen hydrogel some correlation (R2 = 0.99) with the fiber thickness measured from
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TPF images (570 — 610 nm spectral range). And there is no obvious correlation between
mechanical properties and microstructure parameters for 24 hours self-assembly, genipin
crosslinked collagen hydrogel.

The mechanical behavior of the collagen gels arises from entropic factors due to the
movement of the liquid phase through the effective pores and fibers’ reorganizations.”
Since the solid fraction present in the form of fibers within collagen hydrogels is low, the
fiber strength usually is not a significant factor in determining bulk mechanical properties
of these materials. Cross-linking reduces materials’ entropy, constrains fibers capacity to

rearrange and affects the bulk elastic properties of the materials.
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Figure 5.11 Exploration of the correlation of storage (G”) modulus and loss (G”) modulus with scaffold properties such
as fiber thickness and effective pore diameter. The errors are standard deviations of the mean.

According to the ninhydrin reagent measurement, the crosslinking degree of GCC
obviously dropped if the genipin age was older than 8 days (Figure 5.10C). The
decreasing of the crosslinking degree of GCC maybe is the reason which causes the
decreasing of G’ and G”’. The formation of the genipin polymers decrease the amount of
the genipin molecules (genipin monomer and/or genipin polymers), it also decreases the
crosslinking reaction between genipin and collagen and the crosslinking degree.

After incubation at 37 °C, genipin monomer molecules can form genipin polymers. The
molecules length is different for genipin monomer and genipin polymer. The genipin

molecules with different length may have different modification pattern, such as, long
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range modification by genipin polymers®. The different cross-linking pattern may result

in different mechanical properties.

Fibroblasts’ interaction with GCC gels
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Figure 5.12 Verification of viability of fibroblast cells on the prepared hydrogels with a trypan blue exclusion method .
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Figure 5.13 Verification of fibroblast cell proliferation on the prepared hydrogels. C = control, uncross-linked gel; F =
fresh genipin cross-linked gels; O = 15 day old genipin-cross-linked gels. D1, D2, D3 = day 1, day 2 and day 3
respectively. Error is the standard deviation of the mean.
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To understand the interaction between cell and GCC, we cultured BALB/3T3 (clone
A31) embryonic fibroblasts on the top of control collagen (uncrosslinked collagen
hydrogel) and different “aged” genipin crosslinked collagen hydrogel.

In order to study the survive rate of fibroblast on different “aged” genipin crosslinked
collagen hydrogel in the beginning of cell culture, 0.4 % trypan blue exclusion was
employed to stain the cell directly.*® For the dead cells, cell membrane was damaged and
the trypan blue stained cells dark blue color that can be observed with an optical
microscope. In the beginning of the cell culture (day 2), fibroblasts, which were cultured
on the uncrosslinked collagen hydrogels, fresh genipin crosslinked collagen hydrogels
and 15 days old genipin crosslinked collagen hydrogels, were alive and the death rate is
similar (Figure 5.12). For the three materials, the fibroblast cell’s proliferation rate is

also similar for the first three days of cell culture. (Figure 5.13)
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Figure 5.14 Effect of cross-linking collagen hydrogels on BALB/3T3 (clone A31) embryonic fibroblast cells response
during cell culture. Two-photon fluorescence images of BALB/3T3 (clone A31) embryonic fibroblast cells cultured on
(A) control (not cross-linked) collagen hydrogels; (B) fresh-genipin cross-linked collagen hydrogels, white arrow
points to newly induced as a result of cross-linking fluorescent collagen fibers of the scaffolds; (C) 15 day-old-genipin
cross-linked collagen hydrogel. White arrow points to newly induced as a result of cross-linking fluorescent collagen
fibers of the scaffolds; Exploration of the correlation of cellular spread expressed as % sphericity and scaffold
properties such as (D) fiber thickness, (E) effective pore diameter, (F) storage and (G) loss modulus. The errors are
standard deviations of the mean.
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To study the fibroblast morphology and microstructure of GCC after cell culture, MPM
was employed to collect the SHG contrasted and TPF contrasted cellular and fiber
images. The fibroblasts’ morphology was different on the three materials. For the
fibroblasts which were cultured on the uncrosslinked collagen hydrogel, the fibroblasts
extended very long (> 100 pum). (Figure 5.14A) And the percentage of extended cell on
uncrosslinked collagen hydrogel is also very high at day 2, ~85 % (Figure 5.15). The
fibroblasts which were cultured on old genipin crosslinked collagen hydrogels were
disproportionately more round compared to cells cultured on uncrosslinked collagen
hydrogels and fresh genipin crosslinked collagen hydrogels (Figure 5.14 A-C). The
sphericity of extended fibroblasts were ~20%, ~40% and ~60% for uncrosslinked
collagen hydrogel, fresh genipin crosslinked collagen hydrogel and old genipin
crosslinked collagen hydrogel, respectively. This means the cells’ shape is different on
the three materials. And we can get some correlation between cell sphericity and the
microstructure parameters of GCC (fiber width, R? = 0.91; effective pore diameter, R? =
0.95) (Figure 5.14 D-E). There is no correlation between cell morphology and
mechanical properties of the GCC (Figure 5.14 F-G). After 9 days cell culture, the

extended fibroblast morphology appeared similar on all three materials (Figure 5.16).
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Figure 5.15 Verification of fibroblast cell morphology during cell culture on on the prepared hydrogels. (A) %
occurrence of round versus extended cells. Error is the standard deviation of the mean. Bigger (L) and smaller (W)
directions as well as sphericity (insert) of cultured BALB/3T3 (clone A31) embryonic fibroblast cells on day 2 (B) and
day 9 (C) of cell culture. C = control, uncross-linked gel; F = fresh genipin cross-linked gels; O = 15 day old genipin-
cross-linked gels. D1, D2, D3 = day 1, day 2 and day 3 respectively. sh = short cells.
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Figure 5.16 Effect of cross-linking collagen hydrogels on BALB/3T3 (clone A31) embryonic fibroblast cells response
during cell culture after 9 days cell culture. Two-photon fluorescence images of BALB/3T3 (clone A31) embryonic
fibroblast cells cultured on (A) control (not cross-linked) collagen hydrogels; (B) fresh-genipin cross-linked collagen
hydrogels; (C) 15 day-old-genipin cross-linked collagen hydrogel.
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To investigate the attachment between collagen hydrogel and the fibroblast, we employed
grid to simulate the surface of the collagen hydrogel. Initially, for different collagen
hydrogels (crosslinked/uncrosslinked, old/fresh genipin crosslinked), the pore diameters
are different. The diameter of the pore structure is shown by the diagonal of the square.
(Figure 5.17) The uncrosslinked collagen hydrogel has smallest pore diameter (5 pm)
compared with fresh genipin crosslinked collagen hydrogel (FGCC) (9 um) and old
genipin crosslinked collagen hydrogel (OGCC) (20 pum). Then in the beginning of the
cell culture, cells can make more contact with fibers on the unmodified collagen fibers.
More attachments would make it easier for the fibroblasts to extent. The fibroblast
cultured on the OGCC has less attachment with the fibers due to a larger pore diameter. It
is harder for them to extent in the beginning of cell culture. This model can explain the
difference of cell morphology in the beginning of the cell culture and the correlation

between fibroblast
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Figure 5.17 A model of the attachment between scaffold and fibroblast. (A) The model of the attachment between
control collagen hydrogel and fibroblast. (B) A model of the attachment between fresh genipin crosslinked collagen
hydrogel (FGCC) and fibroblast. (C) A model of the attachment between old genipin crosslinked collagen hydrogel
(OGCC) and fibroblast.
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Conclusions

There is nearly three-fold enhancement in emission intensity at 470 nm when “aged”
genipin are employed to cross-link collagen hydrogels. On the contrary, the 620 nm
emission band disappears when “aged” genipin was employed to crosslink collagen
hydrogel. The location of the emission peaks in two photon excited spectrum is similar as
one photon excited emission spectrum, but the relative ratios of the two peaks are very
different. Furthermore, the band positions shift towards each other as “aged” genipin is
used to prepare GCC gels.

In general, a modification of collagen hydrogels with genipin solutions results in the
reconstruction of the original scaffold microstructure. The increasing of the genipin age
can lead to the thinner fibers of GCC. The increasing of genipin age also can cause the
decreasing of the G’ and G’ of GCC

In the beginning of the cell culture, fibroblasts are more round on old genipin crosslinked
collagen hydrogel compared to uncrosslinked collagen hydrogel and fresh genipin
crosslinked collagen hydrogel, and we can obtain some correlation between cell
morphology and the materials’ microstructure parameters. After 9 days cell culture on
materials, the morphology of fibroblast cultured on the three materials are similar.
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Chapter 6: Conclusion

My thesis explored the properties of collagen hydrogel prepared at different conditions,
with/without crosslinkers linking form optical, mechanical and microstructural aspects.
My thesis work provided a framework which can be used to design collagen hydrogel
with the properties we desire. The model of 3T3 fibroblast cells’ response to different
collagen hydrogel materials are also discussed in my thesis. This information can help us
to understand the interaction between collagen hydrogel and cells and how to increase
their performance.

The main result of my thesis is:

1. The characterization of properties of collagen hydrogel

(1) How ionic strengthen and ionic type influence the microstructure and polymerization
process of collagen hydrogel.

(2) How pH has a dramatic influence on the microstructure of collagen hydrogel.

(3) How specific crosslinkers can alter the properties of collagen hydrogel, such as
mechanical, optical and microstructural properties.

(4) Different “aged” genipin can result in different properties of collagen hydrogel.

2. The 3T3 fibroblast cells’ behavior:

(1) Different “aged” genipin crosslinked collagen hydrogel can result in a different initial
response (morphology, survive rate, replication rate)

The main goal of tissue engineering is to use engineered tissue to replace or repair the
damaged tissue in our body. The most important step is to regenerate the engineered

tissue by culturing the cell in a scaffold. The effect of the scaffold on the cell’s behavior
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plays a very significant role in this process. The interaction between scaffold materials
and cells needs further investigation. For collagen hydrogel materials, it is necessary to
continue to improve the design of collagen hydrogel with desired properties and study
cell response to different collagen hydrogel materials. On one hand, so far, most research
focused on the nanostructure of collagen molecules and/or the stability of collagen
molecules in the solution. Less research has focused on the microstructure of 3D collagen
hydrogel. On the other hand, the most cellular behavior study focused on the signal
pathway transduction and/or the specific gene expression with molecule biological
technologies, such as, bio-marker technology or PCR based technology. Definitely, these
researches are very helpful for us to understand the properties of collagen molecules and
the cellular behavior controlling pattern in molecular level. But it is insufficient for us to
develop the engineered tissue. My thesis work focused on two areas, the properties of
collagen hydrogel and the cellular response to different collagen hydrogel. It fills the gap
by detailed understanding of the collagen hydrogel properties and the fibroblast response
to collagen hydrogel.

Besides those, my thesis further elaborated the application of Multiphoton microscopy
(MPM) in the biomaterials and cellular behavior research. The microstructure of collagen
hydrogel and the morphology of the cell have been elucidated by using Second Harmonic
Generation (SHG) and Two Photon excited Fluorescence (TPF) signals. MPM is one
kind of nonlinear optical technology. The non-destructive nature of this technique, its
label-free properties and deeper tissue penetration make MPM a suitable technology in

tissue engineering or cellular research fields.
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In my thesis work, the microstructure parameters were obtained by processing MPM
images, optical properties were acquired by collecting the absorption and emission
spectra. The mechanical properties were obtained by measuring storage and loss moduli
with a rheometer. These engineering parameters are very valuable for the design of the
fibrous protein scaffold systems in tissue engineering and other fields. MPM was
employed to detect the kinetic data during digestion of collagen hydrogel with activated
collagenase. This data is very helpful because it can predict the degradation rate of
collagen hydrogel in cell-scaffold systems. MPM can image the fibroblast morphology in
addition to imaging the fibroblast-collagen interactions and fibroblast-fibroblast
interactions. The fibroblast-collagen system also can work as a model that can help us to
understand the some disease development and/or wound healing process by monitoring

the new collagen fibers formation and cell morphology.
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