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Abstract

Collagen methacrylation is a promising approach to generate photo-cross-linkable cell-laden
hydrogels with improved mechanical properties. However, the impact of species-based variations
in amino acid composition and collagen isolation method on methacrylation degree (MD) and

its subsequent effects on the physical properties of methacrylated collagen (CMA) hydrogels and
cell response are unknown. Herein, we compared the effects of three collagen species (bovine,
human, and rat), two collagen extraction methods (pepsin digestion and acid extraction), and
two photoinitiators (lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) and Irgacure-2959
(1-2959)) on the physical properties of CMA hydrogels, printability and mesenchymal stem cell
(MSC) response. Human collagen showed the highest MD. LAP was more cytocompatible than
1-2959. The compressive modulus and cell viability of rat CMA were significantly higher (p <
0.05) than bovine CMA. Human CMA vyielded constructs with superior print fidelity. Together,
these results suggest that careful selection of collagen source and cross-linking conditions is
essential for biomimetic design of CMA hydrogels for tissue engineering applications.
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1. INTRODUCTION

Collagen type I, the most abundant protein in the human body, is characterized

by a helical triple ring conformation composed of two pro-alpha (a;) polypeptide

chains and one pro-alpha (ay) chain.12 Each unit of the collagen molecule consists

of a repeating glycine-X-Y triplet with X and Y usually representing amino acids

proline and hydroxyproline.® This structure provides collagen with unique functionality
such as biocompatibility, biodegradability, permeability, and fibrillogenesis.> Collagen’s
ubiquitous nature, biological characteristics, and ease of processing have allowed for its
use in a range of different biomaterial-based applications including grafts and various
manufactured products.5 However, weak mechanical properties and increased susceptibility
to enzymatic degradation are major limitations.

To address these limitations, chemical cross-linking schemes with agents such as genipin or
carbodiimide (i.e., EDC-NHS) cross-linkers are routinely used to impart mechanical stability
to collagen scaffolds.”-8 However, cytotoxicity of chemical cross-linkers, especially when
applied directly to cell-laden scaffolds, is a major concern.® For example, Kajave et al. have
shown that application of low concentrations of genipin (i.e., 1 mM) directly to human
mesenchymal stem cells (MSC) resulted in significant decrease in cell viability.10 Recent
work has shown that it is feasible to modify the chemical structure of the collagen molecule
via methacrylation of the free amine groups and yet maintain the innate functionality of

the polymer.11 Methacrylated collagen (CMA) is amenable to photochemical cross-linking
in the presence of a cytocompatible photoinitiator and UV light to yield mechanically
improved cell-laden collagen hydrogels without loss in cell viability.11-12 On the basis of
prior literature, while methacrylation mainly modifies the e-amine groups, the minority

of OH- groups can also be modified, and therefore CMA can also be termed collagen
methacryloyl.13

Distinct species-based differences exist in the amino acid composition of collagen.14-17
Because methacrylation of collagen chemically modifies the free amine groups on the
collagen backbone, species-based differences in amino acid composition are bound to
impact the methacrylation degree (MD) and therefore can also influence the physical
properties of CMA as well as the cellular response. In addition, differences in isolation
methods (i.e., acid extraction vs enzymatic digestion) yield collagen protein with structural
disparities with (telo) and without (atelo) the telopeptide ends which can also impact the
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properties of CMA. While prior studies have investigated the effects of different species and
isolation techniques on properties of collagen hydrogels,18-20 how these innate structural
differences impact the physiochemical properties of CMA is unknown. In addition, changes
in compositional and mechanical properties of CMA can also influence cell behavior and

its applicability as a bioink for 3D printing applications. Therefore, there is a need for

a systematic investigation to unravel the effects of species and isolation technique-based
structural differences of collagen on MD and its subsequent effects on the physical
properties and cytocompatibility of CMA. Such knowledge can be vital in selection of
appropriate collagen source for the development of biomimetic 3D hydrogels systems and
bioinks for tissue engineering applications.21:22

In this study, collagen isolated from three different species (i.e., bovine, human,

and rat) were modified using the same methacrylation process. Bovine and human

collagen were pepsin digested (atelo) whereas rat collagen was isolated via acid

extraction (telo). Two different photoinitiators (Irgacure (1-2959) or lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP)) were employed for photochemical cross-linking. The
effects of different species, isolation method, and photoinitiator type on physical properties,
cytocompatibility, and 3D print fidelity of CMA were investigated.

MATERIALS AND METHODS

Materials.

PureCol, bovine hide type I collagen solution, 3.1 mg/mL (bovine), and RatCol, rat

tail type I collagen solution, 4 mg/mL (rat), were purchased from Advanced BioMatrix
(Carlsbad, CA). HumaDerm, human skin type I collagen lyophilized (human), was
purchased from HumaBiologics, Inc. (Phoenix, AZ). Methacrylic anhydride (2000 ppm
topanol A as inhibitor, 94%), collagenase (Clostridium histolyticum, 1873 U/mL), and
2,4,6-trinitrobenzenesulfonic (TNBS) acid solution (5% w/v) were purchased from Sigma-
Aldrich, Inc. (St. Louis, MO). Lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP)
and Irgacure (1-2959) were also purchased from Advanced BioMatrix (Carlsbad, CA).
Deuterium oxide (99.9 atom % D), deuterium chloride for NMR (20 wt % solution in
D0, 100.0 atom % D), and all other chemicals and reagents were purchased from Fisher
Scientific (Waltham, MA) unless stated otherwise.

2.2. Methacrylation of Collagen.

Bovine, human, and rat collagen solutions were first reconstituted to 3.1 mg/mL using

10 mM HCI for bovine and human collagen and 20 mM acetic acid for rat collagen.

Each collagen sample was then reacted with sodium phosphate dibasic to make a 0.1

M buffer. Following this, 160 gL of methacrylic anhydride (MA) was added dropwise

to 2 mL of collagen solution and reacted for 8 h at 4 °C. Solution pH was maintained
between 7 and 7.5 during the first hour following MA addition, using 1 M NaOH for any
necessary adjustments. Following the reaction period, excess MA and buffer were removed
via centrifugation at 2000g at 4 °C, and the supernatant was collected. Collagen solution
was then transferred to a 6-8 kDa dialysis tube and dialyzed against 10 mM HCI for 3 days
at 4 °C with dialysate changes twice daily. After dialysis, the CMA solution was frozen
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at —20 °C and lyophilized. The final product was obtained by solubilizing the lyophilized
CMA in 10 mM HCI for bovine and human CMA and 20 mM acetic acid for rat CMA at a
concentration of 6 mg/mL for all the experiments.

2.3. Confirmation and Quantification of Methacrylation.

Methacrylation of collagen species was verified using proton nuclear magnetic resonance
(*HNMR).11 A Bruker Avance 400 MHz NMR was used to obtain spectra of both CMA

and unmethacrylated collagen for each species at room temperature. NMR samples were
prepared by combining freeze-dried CMA from two separate batches and dissolving in
deuterated DMSO (3.1 mg/mL). NMR spectra of each species of CMA and unmethacrylated
collagen were taken in triplicate (16 scans) and compared to provide qualitative confirmation
of derivatization and semi-quantitative assessment of MD. MD was estimated through
examination of the CMA spectra and measurement of the methacrylate beta protons
(vinylics) of interest at delta-H 5.65-5.25. These methacrylate vinylics were then compared
to aromatic protons at delta-H 8.6—7.6 which were present in the spectra of both CMA

and unreacted collagen for all species. Because the aromatic rings are not targeted during
methacrylation, they were used for normalizing data from each the spectra.

Trinitrobenzenesulfonic acid (TNBS) assay was also used to quantify the MD.” Briefly,
lyophilized CMA (1 mg) was incubated in 1 mL of 4% (w/v) sodium bicarbonate buffer and
1 mL of freshly prepared 0.5% (v/v) TNBS solution for 2 h at 40 °C. Following incubation,
3 mL of 6 N HCI was added to stop the reaction, and the solution was allowed to incubate
for an additional 2 h at 60 °C. The final solution was then diluted 2-fold with ultrapure
water to make a total volume of 10 mL, and 150 gL of the solution was added in triplicate
into the wells of a clear bottom 96-well plate (Greiner). The absorbance was measured

at a wavelength of 345 nm (SpectraMax M2e plate reader, Molecular Devices). The same
protocol was performed with unmethacrylated collagen. The number of free e-amine groups
in unmethacrylated collagen and CMA was determined by using the following equation.23:24

2 X AbSysym X 0.01L X MW
146 x 10¥ x b x Y

no. of free e-amine =

where 1.46 x 10% L/(mol cm) is the molar absorptivity of TNP-lys, 0.01 L is the total volume
of the solution, MW is the molecular mass of collagen (300,000 g/mol), 5 is the cell path
length (cm), and Y is the protein weight (0.001 g).

The MD of each species was determined by calculating the percentage of free amine groups
remaining in CMA using the following equation:

no. of free e-amine in CMA
no. of free e-amine in unmethacrylated collagen

MD(%):(]— )XIOO

2.4. Preparation of Photochemically Cross-Linked Methacrylated Collagen Hydrogels.

CMA prepared using collagen isolated from three different species (bovine, human, and rat)
was combined with a photoinitiator (LAP or 1-2959) and exposed to UV light to prepare the
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hydrogels. At first, 5% wi/v stock solutions of LAP and 1-2959 photoinitiators were prepared
individually, in 70% ethanol. Photoinitiator was then added to pH neutralized CMA solution
at a concentration of 0.1% w/v. CMA solution was prepared using an 8:1:1 ratio of CMA,
10x PBS, and 0.1 N NaOH and well mixed at 4 °C. Following this, the CMA solution was
extruded into rubber washers (7.5 mm diameter, 2.5 mm height) and exposed to UV light
(365 nm, 17 mW/cm?2) for 2 min to induce gelation and form the CMA hydrogels.

2.5. Mechanical Assessment of Photochemically Cross-Linked Methacrylated Collagen
Hydrogels.

Uniaxial compression tests were performed to determine the mechanical properties of CMA
hydrogels. Briefly, CMA hydrogels (/= 10/group) were hydrated in ultrapure water for

1 h, blotted using a KimWipe, and then carefully mounted onto an acrylic stage of a

MT G2Micro Tester (CellScale Biomaterials Testing, Waterloo, Canada). Compression tests
were performed using a 0.5 mm cantilever beam mounted with a 3 x 3 mm? stainless

steel platen tip at a constant loading rate of 10 gm/s. The load was employed until 10%
displacement of the hydrogel thickness was achieved. Stress—strain curves were then plotted
and analyzed to obtain the compressive modulus from the slope of the 0-10% strain region
of the stress—strain curve.25

2.6. Assessment of CMA Hydrogel Stability Using In Vitro Collagenase Assay.

Stability of the photo-cross-linked CMA hydrogels (V= 8/group) was assessed using an
in vitro collagenase degradation assay.2 Briefly, hydrogels were prepared and weighed,
and their initial mass (W,) was recorded. The hydrogels were then incubated in 500 £ of
collagenase solution (5 U/mL in 0.1 M Tris-HCI buffer and 5 mM CaCls, pH 7.4) at 37
°C. At hourly intervals, the hydrogels were removed from the collagenase solution, gently
blotted, and weighed (W,). The residual mass of each gel was then calculated using the
following equation:

residual mass (%) = II//I‘//I x 100
0

2.7. Morphological Assessment of CMA Hydrogels Using Scanning Electron Microscopy

(SEM).
SEM was used to assess the topography of freeze-dried CMA hydrogels. The freeze-drying
process was employed to reduce specimen distortion and yield highly porous collagen
scaffolds.2” CMA hydrogels were freeze-dried by dipping them in liquid nitrogen for 15 s
followed by lyophilization. Following this, hydrogels were mounted on stubs using carbon
adhesive discs, sputter-coated with gold, and observed at 100x magnification under SEM
(JEOL JSM-6380LV).

2.8. Cell Culture and Encapsulation in Photochemically Cross-Linked CMA Hydrogels.

Human MSCs (Lonza; PT-2501) were seeded onto 75 cm? flasks and maintained in a
low-glucose Dulbecco’s Modified Eagle Medium (DMEM) growth medium supplemented
with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin in 5% CO, at 37
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°C. Passage-5 cells were used for all the experiments. Cells were encapsulated within

the CMA hydrogels (10° cells/mL) by adding them to the pH neutralized CMA and
photoinitiator mixture prior to gelation. Hydrogels were prepared by pipetting 100 /i of cell
containing CMA—photoinitiator solution into individual wells of a 96-well plate (Corning)
and cross-linking for 2 min under a UV lamp (17 mW/cm?) inside the biosafety cabinet.
Following cross-linking, cell-laden hydrogels were cultured in alpha-MEM medium (Gibco)
supplemented with 10% FBS and 1% penicillin/streptomycin for 7 days.

2.9. Cell Viability and Metabolic Activity in Cell-Laden CMA Hydrogels.

Cell viability was evaluated on days 1 and 7 using live-dead assay (V= 3 hydrogels/group/
time point). Cell-laden hydrogels were washed with 1x PBS and stained using 100 /1 of a
1:2 ratio mixture of calcein AM and ethidium homodimer at 37 °C for 45 min. The esterase
substrate calcein AM (4 mM in DMSO) stains live cells green while ethidium homodimer 111
(2 mM in DMSO/H,0) stains dead cells red. Following this, the cell-laden hydrogels were
imaged under a fluorescence microscope (Zeiss). Images were then taken (V=5 images/
sample/group/time point), and image assessment was performed to evaluate cell viability by
manually counting the number of live and dead cells present in each image using ImageJ
(National Institutes of Health, Bethesda, MD).

Alamar Blue assay was used to measure cell metabolic activity of human MSCs
encapsulated in the CMA hydrogels (N = 6 hydrogels/group/time point). At days 1, 4, and
7, the cell-laden hydrogels were incubated with 10% Alamar Blue solution at 37 °C for 4 h.
After incubation, 100 4L of solution from each well was added in duplicate into individual
wells of a clear bottom 96-well plate (Greiner). Fluorescence was measured at an excitation
wavelength of 555 nm and an emission wavelength of 595 nm using a SpectraMax M2e
plate reader.

2.10. Assessment of Print Fidelity.

The applicability of CMA synthesized using collagen from different species for use as

a bioink was compared by printing 3D grid constructs using the freeform reversible
embedding of suspended hydrogels (FRESH) method (/= 3 prints/fCMA group).28 CMA
inks were prepared by mixing chilled bovine, human, or rat CMA solution (6 mg/mL),
NaOH (0.1 N), and 10x PBS in an 8:1:1 ratio with 0.1% w/v LAP in a syringe. The syringe
was mounted on to an extrusion-based printer, REGEMAT 3D Bio V1 (Granada, Spain), and
the bioink was extruded into the FRESH bath using the parameters described in Table 1.
Photochemical cross-linking of CMA constructs was performed post printing by exposing
them to UV light for 2 min. The constructs embedded in FRESH were then incubated at

37 °C for 30 min to melt the gelatin support bath and retrieve the printed constructs. The
constructs were gently washed in 1x PBS to ensure removal of gelatin and were stained
with a red dye to allow for visualization of the constructs. High quality images of the
constructs were taken using a Nikon DX 8-55 mm camera (Tokyo, Japan). The thickness

of the cross-struts (4 measurements per cross-strut or 8 measurements per printed construct)
and the area of the pore size (4 measurements per construct) were measured using ImageJ to
assess printability and evaluate print fidelity.
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2.11. Statistical Analysis.

Results are expressed as mean = standard deviation. Each experiment was repeated at

least twice to confirm reproducibility, and data were combined to obtain the sample size.
Statistical analysis was performed using one-way ANOVA with Tukey post hoc for pairwise
comparisons (JMP Pro 14 Statistical Discovery, SAS, Cary, NC). Statistical significance was
set at p<0.05.

3. RESULTS

3.1. Species-Based Differences in Collagen Methacrylation Degree.

IHNMR was initially used to confirm functionalization via methacrylation of the three
species of collagen. Representative NMR spectra are shown in Figure 1. Spectra revealed
distinct differences between unmethacrylated collagen and CMA for all three species.
Methacrylate beta protons (vinylics) at delta-H 5.65-5.25 were present only in CMA.
Quantitative assessment of MD using THNMR was performed by comparing the number

of methacrylate beta protons present at the two peaks of interest (delta-H 5.65-5.25) in each
species of CMA. This assessment is shown in Figure 2A, where the y~axis is representative
of the area of the beta-proton signal, as a fraction of the aromatic signal. The highest MD
was observed for human CMA compared to bovine and rat CMA (Figure 2A). These results
were confirmed using the TNBS assay which showed that the MD of human CMA was
significantly higher (o < 0.05) at approximately 40% compared to bovine and rat CMA,
which showed a MD of around 25% (Figure 2B). In addition, possible differences in the
number of free e-amine groups for unmethacrylated collagen (159+55, 178+41, and 133+7
per mg of collagen for unmethacrylated bovine, human, and rat collagen, respectively)
suggest that species-specific variations in starting amine composition may exist. Together,
these results indicate that despite application of the same methacrylation protocol, species-
based differences in amino acid composition can yield varying MD of collagen.

3.2. Species and Photoinitiator Effects on Stiffness of CMA Hydrogels.

Typical stress vs strain curves for CMA hydrogels synthesized using collagen isolated from
different species and cross-linked using either LAP or 1-2959 photoinitiators are shown

in Figure 3A. Results showed that the compressive modulus of rat CMA hydrogels was
significantly higher than both human and bovine CMA irrespective of the photoinitiator used
(p < 0.05; Figure 3B). In addition, the compressive modulus of human CMA hydrogels

was significantly higher (p < 0.05) than bovine CMA hydrogels upon cross-linking with
LAP photoinitiator. When comparing different photoinitiators, the compressive modulus of
bovine CMA hydrogels cross-linked using 1-2959 was significantly higher than the ones
cross-linked with LAP (p < 0.05). Together, these results indicate that rat CMA hydrogels
are stiffer than bovine and human CMA hydrogels.

3.3. Species and Photoinitiator Effects on Stability of CMA Hydrogels.

Change in residual mass over a 4 h period revealed that CMA hydrogels cross-linked
using LAP photoinitiator degraded slower compared to the ones cross-linked using 1-2959
(Figure 4A). Specifically, human LAP CMA hydrogels degraded significantly slower (p

Biomacromolecules. Author manuscript; available in PMC 2024 May 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ali et al. Page 8

< 0.05) than human 1-2959 CMA hydrogels as indicated by ~70% residual mass when
cross-linked with LAP as opposed to <50% residual mass with 1-2959 cross-linking (Figure
4B). When comparing different species, the rate of degradation was the fastest for rat

CMA hydrogels followed by human and bovine CMA hydrogels for both photoinitiators.
Specifically, rat CMA hydrogels showed significantly lower residual mass (p < 0.05) at
around 40% compared to bovine and human CMA hydrogels that showed >60% residual
mass when cross-linked with LAP (Figure 4B). Together these results indicate that bovine
and human CMA hydrogels exhibit greater enzymatic stability. In addition, LAP yields more
stable CMA hydrogels compared to 1-2959.

3.4. Assessment of CMA Hydrogel Surface Morphology Using SEM.

Surface topography of all CMA hydrogels exhibited a rough texture with some degree of
porosity which can be attributed to the freeze-drying processing technique employed for
sample preparation prior to imaging (Figure 5). In addition, fibrous morphology that is
typically found in collagen hydrogels was not observed indicating that CMA hydrogels
developed in this work do not undergo fibrillogenesis.2%-30 Overall, no visible difference in
microstructure was observed, indicating that change in collagen species and photoinitiator
type does not impact the surface morphology of CMA hydrogels.

3.5. Species and Photoinitiator Effects on Cell Viability and Metabolic Activity.

The viability of human MSC encapsulated in CMA hydrogels was evaluated using live—
dead assay at days 1 and 7. Qualitative assessment of live—dead images revealed that cells
exhibited a round morphology at day 1 and an elongated morphology at day 7 on all
hydrogels (Figure 6). Higher cell viability was observed in CMA hydrogels cross-linked
with LAP photoinitiator compared to 1-2959 (Figure 6). In addition, greater cell viability
was evident on rat CMA hydrogels. Quantitative assessment of the live—dead images using
image analysis confirmed these findings. Cell viability in CMA hydrogels was maintained
between days 1 and 7 when cross-linked using the LAP photoinitiator (Figure 7A). On

the other hand, use of 1-2959 resulted in a decrease in cell viability with time. When
comparing the two photoinitiators, cell viability in bovine CMA and rat CMA hydrogels
was significantly higher (p < 0.05) when cross-linked with LAP compared to 1-2959 (Figure
7A). When comparing different collagen species, no difference in cell viability was observed
in LAP cross-linked CMA hydrogels. Photo-cross-linking with 1-2959 yielded significantly
higher (p < 0.05) cell viability in rat CMA and human CMA hydrogels compared to bovine
CMA hydrogels. Together, these results indicate that rat CMA and human CMA hydrogels
better support human MSC viability, and LAP is more cytocompatible than 1-2959.

Cell metabolic activity was assessed using Alamar Blue assay at days 1, 4, and 7. Results
revealed that LAP photoinitiator was more cytocompatible than 1-2959 for all collagen
species (Figure 7B). In addition, human MSC metabolic activity was significantly higher (o
< 0.05) in rat CMA hydrogels compared to bovine CMA hydrogels when LAP was used as
the photoinitiator (p < 0.05). These results indicate that both species and photoinitiator type
impact metabolic activity of human MSC encapsulated in CMA hydrogels.
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3.6. Species-Based Effects on CMA Printability.

Qualitative assessment of print fidelity showed that use of bovine CMA and human CMA

as inks yielded 3D constructs with print fidelity comparable to the designed 3D mesh model
(Figure 8). On the other hand, rat CMA yielded deformed constructs and hence was rendered
not printable. Quantitative measurements revealed that constructs printed using human CMA
showed significantly finer line width (o < 0.05) and significantly greater pore size (v < 0.05)
compared to bovine CMA (Figure 8). These results indicate that human CMA exhibits the
best print fidelity and hence can be used as a viable bioink for 3D printing of collagen
constructs.

4. DISCUSSION

Distinct species-based differences exist in the amino acid sequences of collagen.31:32
Considering these innate species-based differences and the knowledge that methacrylation
specifically involves the alteration of these amino acids on the collagen backbone, it is
crucial to understand the effects of different collagen species on MD and its subsequent
impact on the physical properties and cytocompatibility of CMA. The current study is the
first attempt to compare changes in MD of collagen isolated from three different species
—Dbovine, human, and rat—and using two different extraction methods—acid extraction
(telo) and enzymatic digestion (atelo)—and correlate the differences in MD with physical
properties, cytocompatibility, and printability of CMA hydrogels. In addition, two different
photoinitiators (1-2959 and LAP) were also compared.

According to a report by Meyers, amino acid composition in collagen varies based on not
only the species but also the tissues from which they are prepared.8 While the key repeating
glycine motif (Gly-X-Y), is preserved across species, the ratio of the 21 different amino
acids that fill the X and Y positions of the triplicate vary widely depending on the collagen
source. The methacrylation process actively targets the amino acids with primary free amine
side chains (i.e., lysine and arginine) whose concentration may vary between species.®
Because collagen from bovine hide and human skin were isolated via pepsin digestion

(i.e., atelo collagen), the varying MD obtained between these two species (Figure 2) can

be directly attributed to the inherent differences in the amino acid compaosition. For rat tail
collagen, apart from differences in amino acid composition, the method of isolation (i.e.,
acid extraction, telo collagen) can also impact MD.

The working hypothesis of this study was that higher MD would yield better mechanical
properties because of greater levels of cross-linking between the modified amine groups

on the collagen backbone. In line with this hypothesis, significantly higher compressive
modulus of human CMA can be explained by the greater MD of human CMA compared to
bovine CMA (Figure 3). However, the hypothesis is not validated with rat CMA hydrogels
which showed the highest stiffness despite exhibiting the lowest MD. These results suggest
that structural differences in the collagen molecule, depending on the extraction protocol
(i.e., enzymatic extraction vs acid extraction), can impact the mechanical properties.33
Enzymatic extraction (atelo) involves cleavage of the nonhelical region of the alpha 1 (a;)
and alpha 2 (ay) chains of the collagen molecule called the aminotelopeptides. Conversely,
with acid extraction methods (telo) this telopeptide region is left intact. While both types of
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collagen have been proven useful for 3D gel synthesis and cell culture, studies have shown
that telocollagen produces mechanically stronger hydrogels than atelocollagen possibly due
to the presence of higher number of cross-linking sites within the telopeptide region of the
collagen molecule.19.20.34

The /n vitro degradation outcomes can help select specific collagen source depending on end
use which may require expedited degradation of collagen-based drug delivery vehicles or
more sustained degradation of collagen scaffolds to match the regeneration rate of diseased
or damaged tissues in the tissue engineering realm. Prior work has shown that change in
species can significantly impact the degradation kinetics of collagen.3° Results from this
study agree with prior work which demonstrated that bovine and human collagen were
shown to exhibit greater hydrogel stability than other species examined (Figure 4).18 The
extraction method used to obtain the collagen may have influenced these stability results.
The initial exposure of rat collagen to acid during the extraction process may have weakened
some of the peptide bonds in the collagen molecule, thus making the rat CMA (telo)

more susceptible than bovine and human CMA (atelo) to degradation by the action of the
collagenase enzyme which targets these same peptides.36:37

SEM results for surface morphology showed that the CMA hydrogels are nonfibrous (Figure
5). This finding is contrary to prior work that showed that collagen post methacrylation
retains the fiber formation ability upon exposure to physiological conditions.12 Unlike prior
studies, the collagen methacrylation protocol employed in this study does not involve
preactivation of the methacrylic acid using carbodiimide (EDC) prior to reaction with
collagen. This modified methacrylation process may explain why the fiber formation
abilities of CMA in this study were not preserved post methacrylation.11:38 Prior research
has shown that the fibrous architecture of collagen scaffolds (i.e., aligned vs random
collagen fibers) can have a profound effect on cell morphology, proliferation, and tissue-
specific differentiation.3%40 In this study, despite the CMA hydrogels being nonfibrous, high
cell viability and proliferation demonstrate that these hydrogels are cytocompatible (Figures
6 and 7). More studies are warranted to evaluate species-based effects in EDC preactivated
fibrous CMA hydrogels.

Cell viability results revealed that both collagen species and photoinitiator choice
significantly impact the viability and metabolic activity of human MSCs encapsulated

in CMA hydrogels (Figures 6 and 7). Human MSCs encapsulated in CMA hydrogels
cross-linked using LAP demonstrated significantly greater (p < 0.05) cytocompatibility
than 1-2959, which was consistent with previously published reports.#142 Species-based
differences revealed that rat CMA was more cytocompatible than bovine CMA,; a finding
consistent with a recent publication that compared different species of collagen.18 Higher
cell viability and metabolic activity in rat CMA hydrogels may be attributed to greater
matrix stiffness of rat CMA compared to bovine CMA counterparts.*3

3D bioprinting is an additive biofabrication methodology that allows for the development

of complex biological structures for use in tissue replacement/regeneration applications. Use
of collagen as a bioink for 3D bioprinting is highly advantageous to generate scaffolds

that mimic the physicochemical properties of native tissues.#4-46 While collagen hydrogels
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are inherently weak, modification of collagen structure via methacrylation allows for
photochemical cross-linking of the 3D construct post printing and thereby help retain the
fidelity of the printed construct.4” Previous work has shown that it is feasible to print
collagenous structures with high print fidelity using low concentrations of CMA bioink and
the FRESH printing approach.1048 However, the impact of species-based differences in MD
on printability of CMA bioinks is unknown. Results from this study show that applicability
of collagen as a bioink for 3D printing depends on the tissue source wherein human CMA
and bovine CMA yielded printed constructs while rat CMA was not printable (Figure

8). Higher MD of human CMA compared to bovine CMA may allow for more robust
cross-linking of the printed construct and thereby yield constructs with better print fidelity.
On the basis of the 3D printing results of this study, bovine- and human-derived collagen
can be used as bioinks for extrusion-based printing of collagenous constructs for use in
ACL reconstruction and skin regeneration applications.*%:50 3D printing of architecturally
complex tissues can be feasible by designing stereolithography (STL) models, and the
layer-by-layer fidelity in the microarchitecture of the resultant prints can be quantified
using techniques such as SEM and micro-CT.51-53 Additionally, extrusion-based printing
is dependent on the ink’s specific shear thinning coefficients which aid in ease of ink
ejection and the formation of prints with high structural fidelity following deposition.>4:55
It is likely that the shear-thinning properties of rat collagen may not be conducive to
extrusion-based 3D printing, and therefore use of microvalve or inkjet printing methods may
be more suitable for the formation of viable rat collagen constructs for tissue engineering
applications.#9:50.55.56

5. CONCLUSIONS

Results from this work demonstrate that collagen species, extraction method, and
photoinitiator choice can significantly impact the mechanical properties, cytocompatibility,
and printability of CMA hydrogels. Despite using the same methacrylation protocol, human
CMA showed significantly greater MD indicating that possible species-based variations in
amino acid composition can influence the MD of collagen. While MD was expected to
correlate with the measured physical properties of CMA, results from compression testing
showed that telocollagen nature of rat CMA may play a more significant role in governing
the mechanical properties of CMA hydrogels. Cell-based assays revealed that human MSCs
encapsulated in LAP cross-linked rat CMA had significantly greater viability and metabolic
activity than bovine CMA potentially because of the stiffer mechanical properties of rat
CMA and reduced cytotoxicity of LAP. Finally, human CMA was the most viable bioink
for 3D printing of collagen constructs. Although further research is necessary to understand
these effects on other species of collagen, results from this study collectively indicate that
judicious choice in selection of collagen source and cross-linking conditions is of vital
importance for the generation of cell-laden CMA scaffolds.
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Figurel.
NMR spectra of unmethacrylated (A) bovine, (C) human, and (E) rat collagen. NMR spectra

of methacrylated (B) bovine, (D) human, and (F) rat collagen. Red arrows denote the
presence of methacrylate beta protons.
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(A) Quantification of beta-protons from NMR spectra of bovine, human, and rat CMA. (B)
Quantification of MD using TNBS assay (# denotes p < 0.05 compared to human CMA).
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denotes p < 0.05 compared to bovine CMA, # denotes p < 0.05 compared to human CMA,
and horizontal line denotes p < 0.05 between connecting groups indicating photoinitiator-

based differences).
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Figureb5.
Assessment of surface microstructure of CMA hydrogels using SEM.
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Figure 6.
Live—dead assay to assess viability of human MSC encapsulated in CMA hydrogels at day 1

(A-F) and day 7 (G-L).
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(A) Quantification of cell viability of human MSCs encapsulated in CMA hydrogels using
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Table 1.
Parameters for 3D Printing of CMA Constructs

parameter value description
tip diameter 0.25 mm a blunt 25 gauge syringe tip for bioink extrusion
print shape cube 10 mm x 10 mm x 1 mm cube
infill pattern mesh cross-hatched inner patter
infill angle 45° extrusion angle within the construct
flow speed 5mm st extrusion speed
cross-link power 17 mW cm™2  power of the UV light
cross-linking duration 2 min exposure time to UV light
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