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Abstract

In situ multiphoton microscopy (MPM) imaging method combining two-photon
fluorescence (TPF) and second harmonic generation (SHG) optical signals helped to
discover localized disaggregation and restructuring of collagen fibers within 3D
hydrogels as a result of stem cell culture. We prepared hydrogels at different solid content
(2 g/l or 4 g/1) and self-assembly temperatures (27 °C or 37 °C). In a separate experiment,
we stabilized 2 g/l 37 °C hydrogels with the nontoxic cross-linkers carbodiimide (EDC),
EDC/N-Hydroxysuccinimide (NHS) or genipin. We characterized all collagen hydrogels
nondestructively with MPM with and without culturing embryonic stem cells on/within
them. 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.

We evaluated nine possible scenarios of how embryonic stem cells could be set
up to interact with collagen scaffolds when used in tissue engineering or regenerative
medicine applications. The cells encapsulated or placed on top of 4 g/l self-assembled
hydrogels extended significantly slower compared to cells interfaced with 2 g/l materials.
Cultured cells modified the structure within non-cross-linked materials while the
structure within cross-linked hydrogels was less affected. The non-invasive in situ MPM
imaging analysis in this study is valuable because it enables longitudinal, 3D analysis of
structural and functional status of thick, opaque scaffolds as they interact with stem cells
and are being degraded.

Keywords: embryonic stem cells, cross-linking, collagen hydrogels, multi-photon
imaging
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Introduction

The many potentialities of employing embryonic stem cells in regenerative medicine,
and as models are described in literature.' The majority of published research had focused
on the effects 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 elasticity
of the extracellular matrix can regulate mesenchymal stem cell differentiation.*” More
detailed morphological in situ characterization of cell supporting scaffolds before and
during cell culture as well as correlating the role of scaffolds’ architecture to stem cells’
behaviors are 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 I,
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 is inevitably altered by changing 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. Earlier research emphasized mechanical properties of
scaffolds in driving differences in cellular behaviors.” More recent studies uncovered
importance of microstructures defining these mechanical properties.lo’ 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.

Multiphoton Microscopy (MPM) is a nondestructive optical method that can be used
to image directly and in real time the microstructure within collagen systems in situ in
three dimensions with high resolution and contrast. It employs femtosecond pulses of
near-infrared (NIR) laser light, which reduces scattering and affords deeper sample
penetration compared to confocal and traditional microscopy-based techniques. The
intrinsic second harmonic generation (SHG) and two-photon fluorescence (TPF)
contrasts used in MPM emerged as valuable label-free spectroscopic probes that can
provide complementary information regarding microstructure in thick tissue,'*"”
biomaterial” * "** and wound examinations.”>*® SHG contrast 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.

We aimed to envision possible scenarios of how stem cells could be found to interact
with collagen scaffolds when used in tissue engineering/regenerative medicine
applications. To that extent we prepared nine different stem-cell models (Table 1) that
employ 3D collagen hydrogels and mammalian embryonic G-Olig2 stem cells (green
fluorescence protein (GFP) inserted into the locus of Olig2®’). The parameters varied in
preparation of 3D collagen hydrogels were: (1) collagen biopolymer solid content; (2)
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self-assembly temperature; (3) cross-linking type and degree varied through stabilization
with a zero-crosslinker carbodiimide (EDC) and EDC/N-Hydroxysuccinimide (NHS) or a
non-zero crosslinker genipin and (4) the environment type varied through embedding or
surface depositing stem cells within/on the scaffolds.

We chose 2 g/l and 4 g/l collagen concentrations because they covered the range
commonly used in tissue engineering. These concentrations produce significantly
different physical microenvironments resembling provisional or immature extracellular
matrix that occurs during development. The 1.8 g/l 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/l gels. The 4 g/l gels
could be readily made from the stock solution concentrations of eight to nine g/l 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
and to better understand and quantify behavior of the cultured embryonic stem cells
on/within them in situ by employing MPM imaging method. The properties characterized
were: (1) collagen fiber and effective pore structure within hydrogels prior to and during
cell culture, (2) degradation pattern and degradation kinetics of hydrogels with
collagenase, (3) the aspect ratios of cellular components during cell culture, (4) optical
properties of hydrogels stabilized with genipin, (5) 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. The data and methods developed provide an outline to monitor non-

Collagen Hydrogel
Preparation Conditions
Environment  Cross-linker

Type Temperature Collagen Solid

°cO) Content (g/1)
1 Encapsulated None 37 2
2 Encapsulated None 37 4
3 Topographic None 37 2
4 Topographic None 37 4
5 Topographic None 27 2
6 Topographic None 27 4
7 Topographic EDC 37 2
8 Topographic EDC/NHS 37 2
9 Topographic Genipin 37 2

Table 1. Summary of the embryonic stem-cell models that employed 3D collagen
hydrogels.
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destructively in situ behaviors of cells during cell culture on and within thick,
scattering collagen-based substrates in regenerative medicine and tissue engineering
applications. Furthermore, it demonstrates the utility of multiphoton microscopy in the
stem cell and other biology-related research, which is novel and timely.

Materials and Methods
1. Advanced characterization of synthesized collagen hydrogels

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 to establish the relative
cross-linking degree. 100 ul of sample mix of the following final composition were
added to a well of 96 well plate: 30 mM phosphate buffer, [NaCl] = 0.3 M, [collagen] = 2
g/l, pH 7.4 and incubated under 37 °C for 24 hours. The 100 pl same-day-prepared 1 mM
genipin or 0.1 M EDC or 0.1 M EDC/0.025M NHS solutions (in 30 mM phosphate
buffer, [NaCl] = 0.3 M, pH=7.4) were 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 pl of 2 g/l collagenase were added to 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) were added to each sample and boiled for 2 min. UV-Vis-NIR
spectrophotometer (Varian, Carry 500) was used to detect the absorbance of samples in
the range of 300 — 900 nm. Different concentrations of glycine solution, 10 pl 2 g/l
collagenase solution and 350 pl 2 % ninhydrin stock solution (in ethanol) were used to
construct the calibration curve and repeated at least three times. Cross-linking degree was
then calculated as: crosslinking degree = (1 — (cross-linked Absorbances;o/non-cross-
linked Absorbances7p))*100%. All samples were prepared in triplicates. 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 result in the formation of the covalent
bonds between collagen molecules and are stable overtime (unpublished data).

Enzymatic Degradation Assay

The samples were prepared between No. 1 coverslip, 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 collagen hydrogel mix of the following final
composition was used per sample: 30 mM phosphate buffer, [NaCl] = 0.3 M, [collagen] =
2 g/l, pH 7.4. To gel the samples we incubated them for 2 hours at the specified
temperature. For the cross-linked hydrogels, the 50 pl 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
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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
RheoStress 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 liner regions for the non-cross linked 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 synthesis of collagen hydrogels were prepared as described previously.’
Briefly, 550 pl of self-assembly mix were 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 was collected.
Oscillation frequency sweep (0.1 — 50 Hz) controlled deformation (CD) mode rheology
data was obtained with the strain rate of 0.05.

For measurements on the cross-linked hydrogels, the gap was 2 mm. 2 g/l 24-hr
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 measurements

All UV-Vis spectra were obtained with UV-Vis-NIR spectrophotometer (Varian,
Carry 500). The multi-photon spectra were acquired with a 10%, 2.6 mm working
distance, N-Acroplan, 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-Di01-34x46) 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 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). The spectrograph and camera settings were PC-
controlled through WinSpec/32 v.2.5K software. The CCD 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 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
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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 long pass 650 nm dichroic beamsplitter. The SHG images
were collected with the 390-405 nm band-pass filter (Ax = 800 nm). The two-photon
fluorescence (TPF) images were collected with the 390 — 465 nm + 530-590 nm band-
pass filters and Acx = 770 nm. Unless noted, the images presented in this work are 12 bit,
512 x 512 pixels representing 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 (10 and more) were
acquired per each sample and the representative images are shown in the figures.

To confirm validity and reproducibility of our imaging observations, randomly
selected samples were additionally re-imaged on the 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 kinetics data plots. It is 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
corresponds to 700 pm x 700 pm field of view for Olympus 20x water objective
(Olympus, XLUMPLFLN, N.A. 1.0, 2.0 mm working distance). For the degradation
experiments, the samples are placed onto the in-house build 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
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 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 would take place
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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 materials’ degradation. 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 a top of the
attenuation curve obtained at the zero time point. 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 porosity of the degrading hydrogels. We first
obtained SHG or TPF signal attenuation curves. We would subsequently measure
porosity at a section around the area of 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 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 % 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  Imagel
(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 straight forward 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 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.

2. Collagen hydrogel three-dimensional cellular models

Murine embryonic stem cell culture

Cells of the embryonic stem cell line G-Olig2 (ATCC, SCRC-1037) were cultured
on mouse embryonic fibroblasts (ATCC, CCL163) in Advanced DMEM (Dulbecco's
Modified Eagle Medium, 12491) with 0.1 mM B-mercaptoethanol (Sigma) and Leukemia
Inhibitory Factor (LIF) at a concentration of 1000 U/ml. The cell culture medium was
changed daily.
Three-dimentional encapsulated cellular model

The final collagen concentrations used in this work were 2.0 g/l and 4.0 g/l. An
ice-cold collagen mix was prepared consisting of 6.5 parts of collagen type I (BD
Biosciences, 354249), 1 part of reconstitution buffer (10x) and 2 parts of DMEM growth
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medium (Gibco Cat. No. 12800-058, 5%). For the 6.5 parts of collagen solution, 3.0 g/l
was used for the final concentration of 2.0 g/l and 6.2 g/l was used for the final
concentration of 4.0 g/l. The 3.0 g/l and 6.2 g/l collagen solution was corrected from the
8.58 g/l collagen stock.

The 10x reconstitution buffer was prepared by combining 2.2 g of NaHCO;
(tissue culture grade) and 4.77 g HEPES (tissue culture grade, Gibco Cat. No 845-1344)
in a 100 mL medium bottle, adding 75 mL of 0.05 N NaOH (5 mL of 1 N NaOH [Fisher,
SS266-1] added to a 95 mL of doubly distilled, deionized water) to the sodium
bicarbonate and HEPES powder, mixing well to dissolve and bringing solution to the
final volume of 100 mL with 0.05 N NaOH. The buffer was sterilized with 0.22 um filter
into a sterile medium bottle and stored at 4 °C. After three components were mixed and
pH was adjusted to neutral, cells in 0.5 parts of 1x PBS buffer were added to the mixture.
The mixture was added into each well of 8-well chambered coverglass (MP Biomedicals)
and incubated at 37 °C until the gels were formed. The number of cells in each gel was
3x10*. All procedures were performed under the BSL-II cell culture hood and employing
sterile techniques. The stock solution of retinoic acid at concentration of 2 x 10” M was
prepared by dissolving retinoic acid (Sigma, R2625) in DMSO (Sigma, D2650). The
stock solution was filtered with 0.2 um nylon filter (Corning, 431224) and stored at —80
°C. The stock solution of retinoic acid was diluted with Advanced DMEM to bring the
concentration to 2 x 10°M and added to each gel starting at day 0. The retinoic acid was
refreshed daily. This concentration of retinoic acid and frequency of treatments were
shown to induce embryonic stem cell differentiation to neuronal lineage cells.***

Three-dimensional topographic cellular model

3D collagen hydrogels were prepared as described previously.'® The stock
concentration of soluble rat-tail type I collagen was 8.58 mg/mL (BD Biosciences). The
final pH was 7.4 £ 0.1 and the hydrogels were polymerized either at 27 °C or 37 °C. The
materials were prepared in the 8-well chambered coverglass (MP Biomedicals). The final
collagen concentration of the materials (solid content) was 2.0 g/l or 4 g/l as noted. 1 mM
genipin was prepared by dissolving genipin (Sigma) in PBS buffer and adjusted to pH 7.4
with 1 N NaOH. The genipin solution was sterilized with a 0.22 um filter (Millipore,
Millex GV Filter, Cat # SLGV003RS) and kept at 4 °C. Fresh 1 mM genipin solution was
added to each gel-containing well. The self-assembled 2 g/l collagen hydrogels were
incubated at 37 °C in presence of 1 mM fresh genipin solution for 24 hrs. After 1 day of
incubation, the genipin solution was removed, 1x PBS buffer (Invitrogen, Dulbecco's
Phosphate-Buffered Saline, 14190) was added, incubated with materials for 20 min at
room temperature and subsequently removed. This procedure was repeated at least 3
times to remove the cross-linking reagent. The incubation with 0.1 M EDC and 0.1 M
EDC/0.025M NHS solutions (Sigma) was at 37°C for 24 hr and the reagents were
removed in a similar manner. Prior to cell culture, the cross-linked gels were equilibrated
with Advanced DMEM for 24 hrs at 37 °C. For seeding on collagen gels, 3x10* cells
were added to each gel and incubated at 37 °C for 3 hrs. When after 3 hrs cells attached
to gels, we treated them with retinoic acid in a manner identical to encapsulated cellular
models.
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6 1. Advanced characterization of synthesized collagen hydrogels

2

8 1.1 Optical properties and microstructure of synthesized collagen hydrogels

20 When we treat the opaque collagen hydrogels with clear solutions of fresh 1 mM genipin
11 at pH 7.4 and room temperature, a noticeable blue-grey color’* corresponding to ~590 nm
12 absorbance (Figure 1B, left) and two-photon fluorescence (TPF) (Figure 1B, right)
13 develop within 24 hours. The TPF spectra exhibits two peaks centered at ~490 nm and at
14 ~615 nm. The ratio of the intensity of 615 nm emission band to the intensity of 490 nm
ig emission band is five and does not change significantly at longer modification times (72
17

18

19 B. Optical properties characterization
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38 D. Mechanical properties characterization

ig —>1 Add stem cells Storage modulus (G’); Loss modulus (G”'); Viscosity (n)

41

42

43 Figure 1. The experimental schematic. (A) Overview of an experimental strategy; (B) Typical
44 one photon absorbance spectrum (left). The one photon absorbance spectrum of fresh genipin
jg solution used to modify materials is shown for comparison. Typical two-photon fluorescence
47 (TPF) spectra (right) of genipin modified collagen hydrogels; (C) Second harmonic generation
48 (SHG) images (Aex/Aem = 810 nm/400—410 nm, white arrows point to the white fibers; effective
49 pores are the black spaces between the white fibers) and two-photon fluorescence (TPF)
50 images (Aex/Aem = 810 nm/470—550 nm + 570—610 nm) of a genipin-modified hydrogel; (D)
51 The output mechanical properties such as storage modulus G’, loss modulus G” and viscosity
52 n of the prepared materials were characterized as well.

53

o4 hrs). There is a very slight bathochromic (red) shift of fluorescence when the excitation
gg wavelength is varied between 760 and 900 nm. Fluorescence from non-crosslinked gels is
57 negligible compared to genipin cross-linked gels when excited with wavelengths we
58

59
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used. For example, in the two photon spectrum of a non-cross-linked gel, an excitation at
800 nm, leads only to a second harmonic generation (SHG) signal at 400 nm that can be
readily seen (Figure S1).

Figure 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 470 — 550 nm spectral region (TPF #1) increases two fold and TPF collected
in 570 — 610 nm spectral region (TPF #2) increases nine fold compared to non-modified
control hydrogels.

In Table 2, 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 compared to those formed at 37 °C. As determined from SHG
images, upon treating collagen hydrogels with 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

kozsgfgar:;’tens'ty (arb. units) injr;ZISe Raman  microspectroscopy’’). Upon
- cross-linking with a genipin reagent,’'
S ~5 um .lon.g SHG-generqting fibers
- Fa—— present within hydrogels prior to cross-
o) linking reaction ‘wash out’ leading to
n less strong second harmonic generation
~ 2 fold (SHG) contrast. Newly induced TPF-
incggase generating  fibers are less well
B R, structured and are significantly longer
§ o (~19 pm, Table 2) than initially present

— SHG-generating fibers.

1 1 1 1 1 1

Genipin Control Genipin Control Genipin Control
modified SHG modified TPF#1modified TPF#2
SHG TPF#1 TPF#2

1.2. Enzymatic degradation assay of
synthesized collagen hydrogels

Figure 2. Quantifying genipin cross-linking To
reaction with collagen within hydrogels. The
hydrogels were prepared at 0.3 M sodium
chloride, pH 7.4, 30 mM phosphate, 37 °C
polymerization temperature, 2 g/l collagen solid

evaluate the enzymatic
degradation of our  synthesized
materials, we topically applied a
solution of collagenase to collagen

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 40525 nm. The
spectral range of acquired TPF#1 was 470 — 550
nm. The spectral range of acquired TPF#2 was
570 — 610 nm.

hyrogels and with multiphoton optical
imaging method: a) for ~24 hours
continuously imaged in situ the
degradation of collagen gels; b)
quantified percent of materials left after
24 hours of degradation. Figure 3
shows a typical in situ degradation
kinetics profile of collagen hydrogels.

Depending on the experiment, these types of kinetics profiles were obtained by following
SHG or TPF signals as a function of time. The typical data for 2 g/l 37 °C materials
shows microstructure of a collagen hydrogel immediately after collagenase solution was
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1
2
2 topically added (Figure 3A) and 25 min later (Figure 3B). For all non-cross-linked
5 collagen gels, regardless of the hydrogel preparation condition, the half-time for
6 degradation was approximately fifteen minutes. Tables in Figure 3 summarize the
7 observed increase in collagen hydrogels’ porosity detected in real time in situ during
8 degradation reactions.
20 All non-cross-linked collagen hydrogels completely degraded after 24 hours while
11 cross-linked hydrogels showed enhanced stability. For the genipin-cross-linked materials,
12 after 20 hrs of degradation, hardly any material was removed by
13
14
15 Collagen Hydrogel Collagen Hydrogel
16 Preparation Condition Microstructural Parameters
17 Fiber Length
18 Fiber Width
19 Effective Pore Diameter;
20 allin (um) + St. Dev.
g; 4811
37°C, 24l 0.95+ 0.2
23 52+1
24 46+0.8
25 37°C, 4 g/l 1.0+0.1
26 3.0+05
27 43+84
28 27°C,2gll 71+1.4
29 50.2+10.8
30 51.5+7.2
31 27 °C, 4 ¢/l 6.61+1.7
32 40+11.5
33 6.13+ 1
34 37 °C, 2 g/l, EDC-crosslinked 1+£0.12
35 56+14
36 6.18+ 0.9
37 37 °C, 2 g/l, EDC/NHS-crosslinked 1.0+0.1
38 8.19+1.2
39 29+0.6
40 37 °C, 2 g/l Genipin-crosslinked — SHG contrast 0.7+0.2
41 SalEENE
42 19.3%£3.9
43 37 °C, 2 g/l Genipin-crosslinked — TPF contrast 34+14
44 174+ 4.5
45
46 Table 2. Summary of the collagen hydrogel microstructural parameters and corresponding
47 standard deviations from the mean. The hydrogels were prepared at 0.3 M sodium chloride,
48 pH 7.4, 30 mM phosphate, 37 °C or 27 °C self-assembly temperatures and collagen solid
gg content of 2 g/l or 4 g/l. Additionally, some hydrogels were separately cross-linked with
51 carbodiimide (EDC), carbodiimide (EDC)/N-Hydroxysuccinimide (NHS) or genipin.
52
53 collagenase. Thus for the conditions we sampled, no time constants could be determined.
2‘51 The situation was similar for the EDC+NHS crosslinked collagen hydrogels and EDC-
56 crosslinked collagen hydrogels at the spots where we collected kinetics data.
57
58
59
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The percent of each material left after 24 hours of degradation with collagenase is
shown in Figure S2. Genipin stabilized hydrogels are nearly 94% intact after 24 hours of
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.

1.3. Rheology analysis of synthesized hydrogels

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
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37 °C materials 27 °C materials
e > p . .S SHG contrast SHG contrast
Time (min) Time Pore Size Time Pore Size
(minutes) (wm) (minutes) (m)
0 7.7%+2.0 0 20.2+6.1
18 17.1+22 18 39.2+93
Genipin materials EDC+NHS materials EDC materials
TPF (470-550) TPF (570-610) SHG SHG
contrast contrast contrast contrast
Time Pore Size Time Pore Size Time Pore Size Time Pore Size
(hours) (1m) (hours) (1m) (hours) (pm) (hours) (pum)
2 11.0+3:1 2 13.0+ 2.4 2 87+1.6 0 10.2+2.2
16 24.1+3.5 16 23.4+3.9 16 42.1+3.9 16 15.7 +3.3

Figure 3. The effect of collagen hydrogels’ digestion by a topically applied collagenase
solution. Typical in situ degradation kinetics plot for 2 g/l 37 °C polymerized non-cross-
linked hydrogel (Left). Second Harmonic Generation (SHG) images collected with 20x
Olympus objective show 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.

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/l to 4 g/l for hydrogels prepared at both 37 °C and 27 °C
incubation temperatures (Figure 4). The data shown is for 0.1 Hz frequency.
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Supplementary information Figure S3 shows the dynamic mechanical properties for 2 g/l
and 4 g/l 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/l or 4 g/ 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.

As seen in Figure 4, the storage modulus (G’) is 40%, 60% and 90% higher in EDC,
EDC/NHS and genipin cross-linked materials respectively compared to non-cross-linked
controls. The loss modulus (G”) is 40% and 70% higher in EDC/NHS and genipin cross-
linked materials compared to non-cross-linked controls. The variability in the measured
G” values for EDC-cross linked materials is high and therefore, no significant difference
in these values compared to non-cross-linked controls is reliably detected. The value of
loss tangent (tan 6 = G”/G’) is the lowest for genipin-stabilized hydrogels. The loss
tangent calculated (0.17) is lower by nearly 45% compared to non-cross-linked controls.
This indicated that a G” viscose component decreased concomitantly with an increase in
the G’ elastic modulus.

2. Characterization of the collagen hydrogel three-dimensional cellular models with in-
situ TPF and SHG contrasts.

2.1. 37 C 3D encapsulated models at 2 g/l or 4 g/l collagen solid content: The
encapsulation of stem cells in collagen hydrogels can potentially be an effective method
to deliver them to injured areas. We encapsulated stem cells directly within hydrogels
prepared either at 2 g/l or 4 g/l collagen solid content and 37 °C self-assembly
temperature. To identify stem cells in the models, we acquired true focus (Figure SA)
and endogenous two-photon fluorescence (TPF) (Figure 5B) images. The TPF images of
cells are obtained from the same optical section as second harmonic generation (SHG)
images of collagen microstructure within hydrogels (Figure SC) while true focus images
carry information from optical planes through the entire thickness of hydrogels. All
images in Figure 5 were obtained on day six of cell culture and show that the extension
rate of stem cells encapsulated in 4 g/l collagen hydrogels is slower compared to 2 g/l
materials. For cells embedded in 4 g/l collagen hydrogels, the aspect ratio is 83% + 6%
indicating almost perfectly round objects. The aspect ratio is 17 £ 5% for cells embedded
in 2 g/l collagen hydrogels signifying that cells elongated.
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Cultured stem cells do not modify the microstructure of 4 g/l collagen hydrogels while
the highly processed hydrogel architecture is seen in the SHG images of 2 g/l collagen
models (Figure SF). We could resolve invaginations formed at the points where there are
contacts of cells and collagen. Both short and long collagen fibers were detected within
these materials. The short fibers are 2.4+0.6 um in length, which is similar to collagen
fibers within hydrogels prior to cell culture. The newly induced long fibers are 15.4+2.8
pm in length (Figure 5, table beneath). In 4 g/l 37 °C models, the fiber length remains
similar to that found in collagen hydrogels prior to cell culture. The fiber widths remain
similar to controls (~ 1 um) in both 2 g/l and 4 g/1 37 °C models. In a 2 g/1 37 °C model
the effective pore size (Figure 5, table beneath) is somewhat smaller (~2 pum) compared

200 &
A B

50

»
o

Storage Modulus G' (Pa)
g 8 B
Loss Moduls G" (Pa)

-] 8

S

A B %

e,
29/137°C 291Z7°C 4917 T 49127°C

29/137°C 2912Z7°C 4917 C 49127°C

100 100

c V77 relative G' %/ /

D V7 Arelative G"

80 &0

&0 )

0 ek 40

20 20

o L2072

EDC EDC/NHS genipin

\\4
.

EDC/NHS genipin

Figure 4. Storage moduli G’ for collagen hydrogels prepared at different
collagen solid content and self-assembly temperatures (A); Loss moduli G” for
collagen hydrogels prepared at different collagen solid content 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-cross-linked gels, the data plotted is for 0.1 Hz
frequency and error bars reflect the standard deviations from the mean measured
values. For cross-linked gels, the data plotted is an average for 0.1 — 1 Hz
frequencies and the error bars are the standard deviations from the mean of the
averaged values.
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to controls (~ 5 um). In a 4 g/l 37 °C model, the pore size remained nearly the same as in
collagen hydrogels prior to cell culture.

2.2. 37 °C topographic 3D cellular models at 2 g/l collagen solid content: In addition to
the embedded models, we prepared a set of different topographic 3D models of G-Olig2
stem cells seeded on top of collagen hydrogels. In one set of experiments, cells were
seeded and induced with RA directly on top of the pre-formed 2 g/l hydrogels. In another

Collagen Hydrogel Collagen Hydrogel
Condition Microstructural Parameters

Fiber Length
Fiber Width
Effective Pore Diameter;
all in (um) + St. Dev.

C).37°C, 4 g/l 56+1.05
1.03+0.1
52+09
F).37 °C, 2 g/ 2.4 +0.6 (short) or 15.4 + 2.8 (long )
0.98+0.1
2.2+0.5

Figure 5. Multi-photon images of the 37 °C 3D encapsulated models at 4 g/l (A-D) or
2 g/l (E-G) collagen solid content. Multi-photon images were taken on day six of cell
culture. (A): True-focus transmission image showing overall arrangement of
embryonic stem cells. The arrow points to a ~5 um bleb routinely observed in the
undifferentiated stem cell; (B)&(E): Two photon fluorescence (TPF) images of the G-
Olig2 embryonic stem cells. Aex = 770 nm. Aeyy = 390—465 nm + 530-590 band-pass
filters; (C)&(F): Second harmonic generation (SHG) images of a surrounding collagen
hydrogel. Aex = 800 nm; (D)&(G): images in (B)&(C) are superimposed and (E) & (F)
are superimposed respectively. Focusing objective is Zeiss; 40x water immersion; NA
0.8. Scale bar is 20 um. Table summarizes the measured collagen hydrogels’
parameters after cell culture and lists standard deviations from the mean.
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set of experiments, cells were seeded and induced on the pre-formed 2 g/l collagen
hydrogels that were cross-linked separately with non-toxic reagents 0.1 M carbodiimide,
0.1 M carbodiimide/0.025 M NHS or 1 mM genipin. Sundararaghavan et al.*’ entrapped
L929 fibroblasts in collagen hydrogels, directly exposed them for 24 hours to culture
medium containing 1 mM genipin and showed that cells survive at numbers statistically
not different from controls that consisted of cells entrapped in collagen hydrogels with no
genipin added. Several other studies reported low toxicity following rinsing (extensively
done in our work) of the tissues cross-linked with genipin. The other chemicals that we
used to stabilize gels (carbodiimide (EDC) and N-Hydroxysuccinimide (NHS)) are not
considered to be cytotoxic either. We did not add any chemical directly to cells and
removed them prior to cell culture through rinsing.

Multiphoton imaging of collagen hydrogels’ microstructure: After culturing stem cells
for five days on various collagen hydrogels we examined hydrogels’ microstructure with
SHG imaging. The fibers within non-cross-linked 2 g/l gels became aligned (Figure 6B)
at the periphery of cellular cluster (Figure 7A), which started to form on the second day
of cell culture. Collagen fibers were absent in the area directly under where the cellular
cluster resided (Figure 6B). The rest of the collagen hydrogel was as initially prepared.
The lengths of collagen fibers located in the proximity of cells were heterogeneous. The
short fibers were similar in length to collagen fibers within control hydrogels (4.8%1.1
um). Long, newly induced ‘fiber-like’ structures were nearly 40 um in length. The fiber
widths remained similar to controls (~1 um) while the effective pore sizes were slightly
smaller (~2 um) compared to controls (~5 pum).

Cells aligned collagen fibers of the materials modified with EDC (Figure 6C) but
not of the materials modified with EDC/NHS (Figure 6D). In both EDC and EDC/NHS
modified materials, upon cell culture, there were short fibers similar to controls
(4.8+1.1um). However, EDC modified materials also developed longer fibers of varying
lengths (15 pm to 35 pum) upon cell culture. Fiber widths within EDC and EDC/NHS
stabilized materials were similar to controls (~1 um). The pore size for the EDC
stabilized materials were ~ 5 um and were similar to controls. In the EDC/NHS stabilized
materials there was almost a 2 fold reduction in the pore size after culturing cells on
them.

In the genipin stabilized 37 °C, 2 g/l models, there are some SHG generating
fibers that have lengths of ~ 3 um, which is similar to what is observed in the materials
prior to cell culture. Fluorescent fibers (~ 20 um) induced upon genipin modification
remain nearly the same length after cell culturing. Prior to cell culture, in the genipin-
modified materials the width of SHG generating fibers is ~1 um while widths of
fluorescent fibers vary in size between 2 um and 5 um. After five days of culturing stem
cells on genipin-stabilized hydrogels, the width of SHG generating fibers remained
similar to that seen in the original materials while the width of fluorescent fibers reduced
to between 0.6 um and 2 pm. In the collagen hydrogels prior to cell culture, the size of
the effective pores is ~ 5 um when evaluated from the SHG images and is 15 to 25 um
when measured from the images that captured fluorescent fibers. The SHG signals are too
weak to determine effective pore sizes in collagen hydrogels after culturing stem cells on
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1
2
2 them. Based on the measurements from fluorescence images the size of the effective
5 pores does not change significantly after cell culture (25+4.5 pum).
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
27 Collagen Hydrogel Collagen Hydrogel
28 Condition Microstructural Parameters
29
Fiber Length
32 Fiber Width
Effective Pore Diameter

32 allin (um) + St. Dev.
33 A). 37 °C, 2 g/l, not-crosslinked (before cell culture) 4.5+1.14
34 0.95:0.18
35 5.17+1
36 B). 37 °C, 2 g/l, not-crosslinked 36.4+£13.3 (long) or 4.5+0.9 (short)
37 25:05
38 C). 37 °C, 2 g/l, EDC-crosslinked 24+11.9 (long) or 4.9+0.9 (short)
39 1.4:0.5
40 4.1:1.3
41 D). 37 °C, 2 g/l, EDC/NHS-crosslinked 2.5:0.6
42 0.73:0.2

4.15:0.52
43 E). 37 °C, 2 g/l Genipin-crosslinked — SHG contrast 2.26+1.5
44 0.45:0.14
45 F). 37 °C, 2 g/l Genipin-crosslinked — TPF contrast 24.9+8.2
46 1.30.8
47 25.9:4.7
48 Figure 6. Multi-photon images show the microstructure of 2 g/l 37 °C collagen
49 hydrogels before (A) and after (B-F) culturing induced G-Olig2 embryonic stem cells
22 on top of them. (A) Second Harmonic Generation (SHG) image of non-cross-linked
52 hydrogel prior to cell culture. (B) SHG image of non-cross-linked hydrogel after cell
53 culture for five days. (C) SHG image of EDC-crosslinked hydrogel after cell culture
54 for five days. (D) SHG image of EDC+NHS cross-linked hydrogel after cell culture for
55 five days. (E) SHG image of genipin cross-linked hydrogel after cell culture for five
gs days. (F) TPF image of genipin cross-linked hydrogel after cell culture for five days.
58 Table under the images summarizes collagen fiber lengths, width, effective pore sizes
59 and deviations from the mean measurements.
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Collagen Hydrogel Sphericity (%)

Condition + Standard Deviation
A). 37 °C, 2 g/l, not-crosslinked (cell cluster) 84+5
B). 37 °C, 2 g/l, EDC-crosslinked (cell bundle) 175
C). 37 °C, 2 g/l Genipin-crosslinked — (cells) 14+6
D). 37 °C, 2 g/l, EDC/NHS-crosslinked (cell 19+7

bundle)

Figure 7. Two photon fluorescence images of cultured induced G-Olig2 embryonic
stem cells on top of non-cross-linked (A), EDC-cross-linked (B), genipin-cross-linked
(C) and EDC+NHS-cross-linked (D) 2 g/1 37 °C collagen hydrogels. Aex = 770 nm. Ay
= 390-465 nm + 530-590 band-pass filters. Table below summarizes single cells’,
cellular bundles’ or cellular clusters’ sphericity parameter on different hydrogels and
the corresponding standard deviations of the mean.

Imaging stem cells cultured on top of collagen hydrogels.

Figure 7A shows that after culturing stem cells for five days they aggregated into
clusters (134 um £ 33 um —bigger and 113 um £ 29 pm —smaller directions) on top of 2
g/l 37 °C collagen hydrogels that have not been cross-linked. On EDC and EDC/NHS
cross-linked hydrogels materials, the stem cells scattered and formed bundles (Figure
7B,D). In the clusters, the cells were very close together, creating a ‘mass’ that could be
separately identified (as seen in the figure) and forming actual aggregates. In the bundles
the cells were loosely connected. The embryonic stem cells cultured on top of genipin-
stabilized hydrogels (Figure 7C) were slender compared to those on EDC or EDC/NHS
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strengthened materials and remained highly scattered. The aspects ratio results (Figure 7)
indicate that the cellular clusters formed on the 2 g/l collagen hydrogels that have not
been cross-linked are fairly round (84+15% sphericity), while on genipin—stabilized
hydrogels the dispersed cells are elongated with aspect ratio of 14+5%.

2.3.27°C, 2 g/l or 4 g/l and 37 °C, 4 g/l three-dimensional topographic models:

Disaggregated collagen fibers characterized by very weak second harmonic
generation (SHG) signals were detected on day five of stem cell culture that employed
27° C self-assembled collagen hydrogels (Figure 8B, 27 °C, 2 g/l hydrogel). The SHG
signals from collagen were strong and the microstructure was completely intact at the
depth within hydrogels, which was naturally excluded from any contact with stem cells.
As quantified from SHG images, in the topographic stem cell models prepared from 2 g/l
and 4 g/l initial collagen concentrations at 27 °C self-assembly temperature (Figure 8),
the fiber lengths were ~20 um, which is half of their ~50 um length prior to cell culture
(Table 2). The fiber width was reduced from ~7 pum to ~4 um (Table 2 and Figure 8).
There is 40 — 50 um pore associated with 27 °C collagen hydrogels and it does not
change upon culturing stem cells on this material.

After culturing stem cells on top of 4 g/l 37 °C hydrogels, the fiber lengths
became much smaller (0.5 um) compared to controls. The fiber widths were 0.5 pm and
the effective pore sizes were not measurable in the topographic model due to low
intensity of second harmonic generation (SHG) signal from disaggregated fibers.

The stem cells cultured on top of 27 °C 2 g/l hydrogels, did not exhibit propensity
to aggregate into round clusters as they did on 37 °C self-assembled materials prepared at
the same collagen solid content. Instead, on top of 27 °C 2 g/l hydrogels cells extended
and formed bundles with 20+8% sphericity. On the other hand, on top of 27 °C 4 g/l
hydrogels, cells did not extend as much and had 88+11% sphericity. Similarly to 27 °C 4
g/l hydrogels, cells cultured on top of 37 °C 4 g/l collagen hydrogels remained largely not
extended with 40+25% sphericity for those that did extend and 98+11% sphericity for
cells that remained not extended.

Discussion
1. Advanced characterization of synthesized collagen hydrogels

1.1 Optical properties and microstructure of synthesized collagen hydrogels

To date, an understanding 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 and during cell culture.
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Collagen Hydrogel Collagen Hydrogel
Condition Microstructural Parameters
Fiber Length
Fiber Width
Effective Pore Diameter;
all in (um) + St. Dev.
37 °C, 4 g/l after cell culture (not shown) 0.45
0.45
B). 27 °C, 2 g/l after cell culture 18.13£7.4 (long) or 0.45 (short)
3.7£1.6 (long) or 0.45 (short)
58.6+7.9
27 °C, 4 g/l after cell culture (not shown) 21.5+8.8
3.2+1.3
34.49+12

Figure 8. Second Harmonic Generation (SHG) images show the microstructure of 2
g/l 27 °C collagen hydrogels before (A) and after (B) culturing induced G-Olig2
embryonic stem cells on top of them. Table below the images, summarizes collagen
fiber lengths, width and effective pore sizes within hydrogels during the cell culture.
The errors shown are the standard deviations from the mean values.

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 are what possibly additionally bridges the collagen molecules between the
adjacent fibrils*' within hydrogels. The carbodiimide which connects the carbonyl
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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 pm).”*!

1.2. 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 dry sample weight of degraded samples and
comparing it with initial dry weight. This process of evaluating materials’ degradation
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 structural or functional status of scaffolds. Furthermore, in vivo, many enzymes
that degrade biomaterials including hydrogels would exert predominantly 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
quantify collagen fiber and effective pore structure within them during degradation. The
method can be applied to other soft materials with only minor modifications.

1.3. 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 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 g/l
and 4 g/1 37 °C hydrogels, the elastic modulus G’ is significantly greater than the viscous
G” modulus. On the other hand, for 2 g/l 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 deform 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/l 27 °C
assembled materials (50 um £ 11 pum) compared to 2 g/l 37 °C assembled materials (5
pum * 1 um). Alternatively, the greater variability in the viscosity, G’, G” for hydrogels
prepared at 27 °C could be due to 3D heterogeneity intrinsic to these materials.®

The increase in the moduli for the 2 g/l 37 °C cross-linked hydrogels correlated
with the degree of cross-linking: the greater was the degree of cross-linking the higher the
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moduli. Genipin was the only reagent, however, that led to a sizable increase in the G’
elastic modulus 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-cross-linked 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.**

2. Characterization of the collagen hydrogel three-dimensional cellular models

In this study we constructed cell-containing models while using biocompatible
collagen hydrogels of the micro-, nano-*'* and molecular™ structure characterized prior
to cell culture. Previous studies utilizing phase contrast images* and analysis of time-
lapse videos of displacement of 6 um beads trapped within collagen matrices recognized
that fibroblasts can translocate collagen fibrils in the collagen hydroges prepared at low
collagen concentration (1 g/l) while fibrils stay stationary for the matrices prepared at
higher (4 g/l) collagen concentration. To our knowledge, in this work we present first
direct evidence of the hydrogels’ microstructures that can result from collagen fiber
translocations.

Some cellular behavior described in our work that was previously documented for
the 3T3 fibroblasts, includes merging of cells to form tissue-like aggregates when plated
on soft substrates consisting of collagen coated polyacrylamide while migrating away
from each other and spreading on stiff substrates.”® The stiffness of substrates was
7.69 + 2.85 kPa and 2.68 + 0.99 kPa for the stiff and soft substrates respectively based on
the Young’s modulus obtained with Atomic Force Microscopy (AFM). Similarly, the
stiff substrates produced high traction forces and promoted scattering of Madin-Darby
canine kidney cells.*’

EDC, EDC/NHS and genipin-crosslinked 2 g/l collagen hydrogels as well as 4 g/
37 °C and 2 g/1, 4 g/l 27 °C collagen hydrogels synthesized in this work are more rigid
compared to 2 g/l 37 °C substrates. It seems this increase in rigidity can explain the
scattering behavior of cultured stem cells on top of cross-linked collagen hydrogels as
opposed to aggregation on the non-cross-linked 2 g/l 37 °C substrates.

The viscous component G” of the complex shear modulus is related to “internal
friction” and sensitive to structural morphology, heterogeneities and relaxation processes
of systems. It reflects the amount of energy dissipated as heat. On the other hand, the
storage or elastic modulus G’ is interpreted as “stiffness” and most closely associated
with the Young’s modulus. The 4 g/l 37 °C and 27 °C self-assembled gels both have
significantly high values of elastic modulus. It is 142 Pa for 4 g/l 37 °C self-assembled
gels and 122 Pa for 4 g/l 27 °C self-assembled gels. As manifested by G”, the dissipated
energy in these materials as well as in any non-cross-linked collagen gel, is higher than in
the cross-linked scaffolds. We, therefore, speculate that a combination of the higher
viscosity and reduction in pore size impeded cellular scattering and extension on 4 g/l 37
°C and 27 °C self-assembled gels.

In the scientific literature that addressed relationship between mechanical
properties of soft materials and cellular behavior, the stiffness values determined are
Young (or elastic) modulus obtained from various types of mechanical measurements
including AFM, vibrational resonance, indentation, tension, compression and rheology.48
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These measurements in many cases are not easily translated to fibrous collagen
hydrogels. Additionally, in fibrous collagen hydrogels, bulk mechanical property
measurements obtained by compression, rheology or in tension reflect very different
elements within these systems and happen to be independent of fiber strengths.*’ For
example, since collagen fibers do not rearrange upon shear loading and do not support
loads as in tension, the shear elastic modulus obtained from rheological measurements is
much lower than tensile elastic modulus. As additional information regarding cellular
behavior on different gel-like materials of similar stiffness is emerging, it seems that a
single parameter of stiffness does not provide a full scope for understanding these
complex biosystems.® Material chemistry,”® biofunctionalization,”’ mechanics,” and
structure™>* are all potentially important factors in modulating cellular behavior
on/within biomaterials.” >

Conclusions

Multiphoton microscopy (MPM) imaging that combines two-photon fluorescence
(TPF) and second harmonic generation (SHG) contrasts helped to identify that for the 4
g/l 37 °C and both 2 and 4 g/l 27 °C self-assembled collagen hydrogels the stem cell
extension was concomitant with collagen fibers’ disaggregation near the cells.

The extension rate of stem cells on top or within 4 g/l collagen hydrogels was slower
compared to 2 g/l substrates. Cultured cells modified the structure of non-cross-linked
materials while the structure of cross-linked hydrogels was less affected. All cross-linkers
increased rigidity of synthesized collagen gels by reducing the viscous component G” of
the complex shear modulus. The increase in collagen hydrogels’ rigidity seems to explain
the scattering behavior of stem cells on top of cross-linked collagen hydrogels as opposed
to aggregation into clusters on the non-cross-linked 2 g/1 37 °C substrates.

MPM aided in quantifying and understanding the degradation pattern and kinetics
of synthesized hydrogels with collagenase. This work provides an outline to monitor non-
destructively in situ the outcomes of cellular culture in tissue engineering and
regenerative medicine applications that utilize millimeters in thickness scattering
materials.

Figure Captions
Table 1. Summary of the stem-cell models that employed 3D collagen hydrogels.

Figure 1. The experimental schematic. (A) Overview of an 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)
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Second harmonic generation (SHG) images (Aex/Aem = 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/Aem = 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 1 of the prepared materials were
characterized as well.

Figure 2. Quantifying genipin cross-linking reaction with collagen within hydrogels. The
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. 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.

Table 2. Summary of collagen hydrogel microstructural parameters and corresponding
standard deviations from the mean. The hydrogels were prepared at 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/l or 4 g/l. Additionally, some hydrogels were separately
cross-linked with carbodiimide (EDC), carbodiimide (EDC)/N-Hydroxysuccinimide
(NHS) or genipin.

Figure 3. The effect of collagen hydrogels’ digestion by a topically applied collagenase
solution. Typical in situ degradation kinetics plot for 2 g/l 37 °C polymerized non-cross-
linked hydrogel (Left). Second Harmonic Generation (SHG) images collected with 20x
Olympus objective show 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.

Figure 4. Storage moduli G’ for collagen hydrogels prepared at different collagen solid
content and self-assembly temperatures (A); Loss moduli G” for collagen hydrogels
prepared at different collagen solid content 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-cross-linked gels, the data plotted is
for 0.1 Hz frequency and error bars reflect the standard deviations from the mean
measured values. For cross-linked gels, the data plotted is an average for 0.1 — 1 Hz
frequencies and the error bars are the standard deviations from the mean of the averaged
values.

Figure 5. Multi-photon images of the 37 °C 3D encapsulated models at 4 g/l (A-D) or 2
g/l (E-G) collagen solid content. Multi-photon images were taken on day six of cell
culture. (A): True-focus transmission image showing overall arrangement of embryonic
stem cells. The arrow points to a ~5 um bleb routinely observed in the undifferentiated
stem cell; (B)&(E): Two photon fluorescence (TPF) images of the G-Olig2 embryonic
stem cells. Aex = 770 nm. Agp = 390-465 nm + 530-590 band-pass filters; (C)&(F):
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Second harmonic generation (SHG) images of a surrounding collagen hydrogel. Aex = 800
nm; (D)&(G): images in (B)&(C) are superimposed and (E) & (F) are superimposed
respectively. Focusing objective is Zeiss; 40x water immersion; NA 0.8. Scale bar is 20
pm. Table summarizes the measured collagen hydrogels’ parameters after cell culture
and lists standard deviations from the mean.

Figure 6. Multi-photon images show the microstructure of 2 g/l 37 °C collagen hydrogels
before (A) and after (B-F) culturing induced G-Olig2 embryonic stem cells on top of
them. (A) Second Harmonic Generation (SHG) image of non-cross-linked hydrogel prior
to cell culture. (B) SHG image of non-cross-linked hydrogel after cell culture for five
days. (C) SHG image of EDC-crosslinked hydrogel after cell culture for five days. (D)
SHG image of EDC+NHS cross-linked hydrogel after cell culture for five days. (E) SHG
image of genipin cross-linked hydrogel after cell culture for five days. (F) TPF image of
genipin cross-linked hydrogel after cell culture for five days. Table under the images
summarizes collagen fiber lengths, width, effective pore sizes and deviations from the
mean measurements.

Figure 7. Two photon fluorescence images of cultured induced G-Olig2 embryonic stem
cells on top of non-cross-linked (A), EDC-cross-linked (B), genipin-cross-linked (C) and
EDC+NHS-cross-linked (D) 2 g/l 37 °C collagen hydrogels. Aex = 770 nm. Aeyn =
390—-465 nm + 530-590 band-pass filters. Table below summarizes single cells’, cellular
bundles’ or cellular clusters’ sphericity parameter on different hydrogels and the
corresponding standard deviations of the mean.

Figure 8. Second Harmonic Generation (SHG) images show the microstructure of 2 g/
27 °C collagen hydrogels before (A) and after (B) culturing induced G-Olig2 embryonic
stem cells on top of them. Table below the images, summarizes collagen fiber lengths,
width and effective pore sizes within hydrogels during the cell culture. The errors shown
are the standard deviations from the mean values.
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