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Abstract

In this work, | developed a 3D printable collagen-based double-network (DN)
hydrogel, which demonstrated excellent mechanical properties and low cytotoxicity.
Collagen fibrils and poly(AAM-co-DMAPS) formed the double network structure and
increased the toughness, as well as elastic modulus, to as high as 2,380% and 2,070%,
respectively, compared with a pure collagen hydrogel. The fracture energy of DN
hydrogels is 1,100% that of the pristine synthetic hydrogel. Through introduction of
collagen, the cell viability of DN hydrogels reached 88%, which is 900% higher
compared to pristine polymer hydrogel in viability. A human nose model with good
resolution was fabricated using the optimized DN resin by DLP 3D bioprinting, which

demonstrates the good potential in tissue engineering for articular cartilage.
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1. Introduction

Articular cartilage, a smooth tissue which covers the ends of bones, provides a low
friction surface to facilitate the transmission of loads to the underlying subchondral
bones. However, cartilage cannot regenerate after injury or normal wear and tear. It
also degenerates by common diseases such as osteoarthritis, which affects
approximately 300 million people worldwide. To regenerate or replace the articular
cartilage, which is a hydrogel, materials with good mechanical properties and
biocompatibility are needed.

Hydrogels are three-dimensional networks formed by crosslinked polymer chains.
Because of their high water content, porosity, and attractive properties such as
biocompatibility, biodegradability, permeability, and excellent functionality hydrogels
represent a promising class of biomaterials. As such they have attracted attention as

candidates for tissue engineering for different applications. [1]
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Figure 1. Schematic illustration of the hierarchical structure of a collagen fibril. [2]

As the most abundant protein in the human body, collagen is the key component of the
extracellular matrix and constitutes nearly 30% of the body’s dry weight. As shown in
Figure 1, collagen fibrils have a hierarchical structure, in which collagen molecules
consist of a triple helical protein with a characteristic repeating sequence. Collagen
plays an important role in cell behavior and biomechanics and provides the ideal
environment for cell attachment and proliferation. Because of its structure, collagen
shows good biocompatibility, low antigenicity, chemotaxis, flexibility, and good
biodegradability. To date, 28 different types of collagen have been identified.
However, more than 90% of the collagen in the human body is classified as types I, 11
and I1. Specifically, 90-95% of the collagen in the Extracellular Matrix (ECM) is
collagen type I1, which helps to stabilize the matrix, providing tensile and shear
strength to the articular cartilage. Collagen hydrogels, in which water is the dispersion
medium and collagen is the solute, are the most well-studied platforms in tissue
engineering. [3] Collagen hydrogels in vitro have been studied for tissue engineering
and biomedical applications. Bosnakovski et al. fabricated a collagen hydrogel and
cultured bone marrow mesenchymal stem cells in collagen type | and Il hydrogels.
Differentiation was prominent for stem cells in the collagen type Il hydrogel, which
demonstrated potential for tissue engineering. [4] Achilli et al. studied the effects of
pH, ionic strength, and temperature on the gelation behavior of collagen hydrogels.
Three to four-fold increases in compressive and tensile moduli were achieved at

pH=10, ionic strength of 174 mM and temperature of 4 <C, compared with the control
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prepared at neutral pH, ionic strength of 119 mM and 37 <C. [5] Despite this progress,

poor mechanical strength still limits their applications as artificial articular cartilage.

[6]

Brittle Ductile Tough
first network second network double-network
.
<
- . -

Figure 2. Schematic illustration of the DN structure. [7]

To overcome this limitation, in this study I used a double network (DN) strategy to
construct a new family of hydrogels. DN hydrogels show good mechanical properties
because of the combination of two networks with complementary structures. As
shown in Figure 2, the first network provides sacrificial bonds and will break to
disperse the stress surrounding the damage area. The second network is soft and
ductile and can sustain large deformation. In 2003, Gong et al. first synthesized
PAMPS/PAAmM DN hydrogels using a two-step sequential free-radical polymerization
process. This DN hydrogel shows a fracture stress of 17.2 MPa, which is 2,000%
higher compared to the component single-network gel. [8] However, the irreversible
rupture of the covalent bonds upon loading permanently degrades the mechanical
properties and, thus, limits its practical applications for repeated loading. Following

this work, dynamic and reversible interactions had been introduced into DN materials
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to overcome this issue. In particular, strategies such as ionic interactions, hydrogen
bonding, dipole-dipole interactions, and chelation have been proposed. Due to this
design, recoverable mechanical properties as well as novel properties, such as self-
healing, self-gluing and shape memory have been achieved. Zhang et al. developed
polyacrylamide (PAAM) / polyvinylpyrrolidone (PVP)/ Ethylene glycol (EG) DN gels
and fabricated them as wearable strain sensors. These EG organogels exhibit extreme
stretchability of more than 21,000% and high stability. [9] Li et al. synthesized a DN
hydrogel based on an ionically cross-linked agar network, a covalently cross-linked
acrylic acid (AAC) network. The dynamic and reversible, ionically cross-linked
coordination between the AAC chains and Fe3* ions increase the mechanical
properties, achieving stretchability up to 3,174.3%, and gauge factors up to 0.83 at a
strain of 1,000%. [10] Jia et al. developed a DN hydrogel composed of a polyurethane
hydrogel and incorporated dipole—dipole and hydrogen-bonding interactions. This
material shows excellent self-healing, self-gluing, and shape-memory properties. [11]
In this project, I chose collagen fibrils to form the first network and zwitterionic

polymer to form the second network.

Zwitterionic polymers are characterized with both cationic and anionic groups on the
polymer repeating units. Because of their good biocompatibility and antifouling
properties, zwitterionic polymers are good candidates in drug delivery and tissue
engineering. Yuan et al. synthesized zwitterionic polymer-based nanoparticles, which
are able to respond to pH changes. Because of the reduced, non-specific protein

adsorption of zwitterionic polymers, these nanoparticles show prolonged circulation
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time in the body. In response to pH the charge switches to positive, which promotes
tumoral cell internalization in vivo, resulting in increased inhibition of tumor growth.
[12] Zhang et al. fabricated a poly(carboxybetaine methacrylate) hydrogel and
implanted it in mice, which resisted the formation of collagenous capsule for at least 3
months and shows good potential for improving the performance of medical devices.
[13] In previous research, Pan et al. successfully achieved versatile 3D printable DN
hydrogels based on zwitterionic acrylates, using digital light processing (DLP). Due
to the addition of zwitterionic molecules, the gelling rate of DN hydrogel was much
faster and showed significantly higher G’ and G” than its counterpart based on PAAm
hydrogels. These hydrogels show a toughness 141.6 kJ/m? and good antifouling

properties (e.g. the DN hydrogels absorbed significantly less bovine serum albumin).
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Figure 3. Schematic illustration of four different 3D printing techniques for
bioprinting. (a) Inkjet-based 3D printing. (b) Extrusion-based 3D printing. (c) Laser-

assisted 3D printing. (d) DLP 3D printing. [15]
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In this project, | used 3D bioprinting for fabricating artificial cartilage. Bioprinting, as
an emerging research field, has attracted tremendous attention because of its enormous
potential applications, such as tissue repair and regeneration, tissue models, and drug

delivery. [16-18] Several different bioprinting techniques using collagen-based bioink

have already been developed.

One commonly used technique is bioinkjet printing, which uses thermal or acoustic
force to eject droplets of bioink onto a substrate in a layer-by-layer fashion to fabricate
a 3D structure. Its advantages include low cost and convenience. Lee et al. created a
3D porous scaffold based on collagen, decellularized extracellular matrix (lECM),
and silk-fibroin (SF), which shows enhanced mechanical properties and good cell
proliferation and differentiation compared to that of the neat collagen scaffold. [19]
Another group fabricated a skin equivalent with a layered structure based on collagen,
primary human dermal fibroblasts and primary human epidermal keratinocytes.
Higher accuracy and uniformity in the distribution of epidermal keratinocytes on the
dermal layer and uniform distribution of epidermal layers were achieved. [20]
However, major limitations of bioinkjet printing technology include low mechanical
properties and a requirement of low-viscosity bioinks to avoid nozzle clogging. In

addition, the printing rate is relatively slow.

As the most affordable technique, microextrusion bioprinting uses a controlled
pneumatic or physical force to extrude the bioink through a nozzle and deposit it onto

a substrate in a layer-by-layer manner to fabricate the 3D structure. As the most
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widely used collagen printing technology, it is known for its ease of programming,
robust handling, and ability to print multiple cells and materials at a wide range of
bioink viscosities. Rhee et al. printed a thermally cured high-density collagen hydrogel
using microextrusion bioprinting, which allowed for the deposition of adjacent
domains with distinct composition and mechanical properties. [21] Another novel
microextrusion bioprinting method was developed by Lee et al. to fabricate an organ-
on-a-chip by a simple one-step fabrication process using collagen hydrogel, which
achieved low protein absorption and accurate position of heterotypic cell types. [22] In
addition, Kim et al. reported a printing strategy combining microextrusion bioprinting
with cross-linking to fabricate a 3D porous cell block using a collagen/genipin-bioink,
which demonstrated sufficient cell viability, high proliferation and increased
osteogenic activities. [23] However, this method typically results in low mechanical
strength. It also poses limitations when constructing long and unsupported structures
or sharp overhangs. The slow printing speed and low resolution also hamper its

applications.

Being a nozzle-free technique, laser-assisted bioprinting (LAB) uses a low energy
laser beam to generate bioink droplets from a donor layer and transfers it to a
substrate. The main advantages of LAB include high resolution, high cell-seeding
density, high cell survival rates, and no nozzle allowing for a wider range of printable
bioink viscosities previously limited by nozzle clogging. The tunable energy of the
laser pulse also allows accurate positioning of cells and materials at pre-defined

location. The separation between the dispenser and bioink limit possible
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contamination. Koch et al. used LAB as a multicellular graft to achieve a 3D
arrangement of vital cells, which is analogous to native archetype and formed tissue.
[24] Michael et al. fabricated a fully cellularized skin substitute using LAB, which
formed a 3D skin-like tissue in vivo. However, this technology requires rapid gelation
kinetics. [25] The powered laser beam may also reduce the cell viability or alter the
capacity of cells to communicate and grow in the final tissue construct. Finally, the
difficulty to fabricate 3D structures, low throughput rates, high cost, and the inability
to move cells to stack them in the Z-direction, limit its widespread application in

collagen printing.

Based on the above, a more rapid and versatile printing technique for highly viscous
collagen-based resins, with high resolution, smooth surfaces, and desirable resultant
mechanical properties is needed. None of the above technologies can achieve these
requirements simultaneously. To solve these problems, | selected DLP, which relies
on a visible or UV light source to selectively photo-crosslink defined regions of a
bioink bath to yield a 3D structure. This method offers much faster printing, smoother
surfaces, higher resolution, and the ability to fabricate free-form lattice and patterned
structures. To the best of my knowledge, there are no reports of collagen hydrogel

printing based on DLP.

In this work, I fabricated a collagen and zwitterion based DN hydrogel and printed a
complex human nose model using DLP. The zwitterionic polymer [2-

(methacryloyloxy)ethyl]dimethyl-(3-sulfopropyl) ammonium hydroxide (DMAPS)
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combined with acrylamide (AAM) and poly(ethylene glycol) diacrylate (PEGDA)
formed the first or primary network and collagen fibrils formed the secondary
network. Because of this DN structure, a substantial increase in mechanical properties
was observed compared to pure collagen hydrogels (e. g. the elastic modulus and
toughness of the DN gel are 1,700% and 2,400% higher, respectively, than those of
pure collagen hydrogels). The ionic bridging between zwitterionic moieties in the
polymer network and zwitterionic moieties with collagen fibrils between the two
networks also play an important role in structure stabilization. Polymer chain
entanglements between the two networks also contribute to the improved mechanical
properties. All together there was an ~1,100% higher fracture energy of the DN

hydrogel compared to the single zwitterionic polymer network.

2. Materials and Methodology
2.1. Materials

Acetic acid, acrylamide (AAM, =99%), [2-(methacryloyloxy)ethyl]dimethyl-(3-

sulfopropyl) ammonium hydroxide (DMAPS, 95%), hydroguinone, poly(ethylene
glycol) diacrylate (PEGDA, My 575), phosphate buffered saline (PBS) tablets, 2-
acrylamido-2-methyl-1-propanesulfonic acid (AMPS) sodium salt solution (50% wt in

H20), 0 (SPS, =98% ), iron(ll) chloride tetrahydrate (98%), iron(l1) chloride
hexahydrate (=98%) and tartrazine were purchased from Sigma-Aldrich Co. (St.

Louis, MO). Riboflavin and triethanolamine (TEOHA) were obtained from Neta
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Scientific (Hainesport, NJ). Methacrylic acid (MA)was purchased from Tokyo
Chemical Industry Co. (Tokyo, Tokyo, Japan). Ammonium hydroxide (29 wt.%) was
obtained from Thermo Fisher Scientific Co. (Waltham, MA). All chemicals were used
as received without further purification. Millipore Milli-Q water (resistivity > 18 MQ

cmat 25 <) was used in all the experiments.

Collagen was provided by Professor Bonassar’s group. It was extracted from rat tail
tendons as previously reported. [26] Firstly, rat tail tendons were solubilized in 0.1%
acetic acid at 4<C and kept for 48 hours. The concentration of rat tail tendons is 6.67
g/L. Then the supernatant was obtained by centrifugation (9000 rpm, 90 min, 4<C).
After that, the supernatant was freeze-dried to get the collagen sponge, which was
redispersed in 0.1% acetic acid at a concentration of 30 mg/mL, and stored at 4<C.
Iron oxide nanoparticles were synthesized as followed. First, 27 g AMPS sodium salt
solution was mixed with 20 mmol MA, 0.71 mmol SPS and dissolve in 200 g Milli-Q

water and the solution was stirred at 450 rpm, 65 °C under nitrogen atmosphere for 12

hours. 3. 8 g of the solution was further diluted with 50 g Milli-Q water.
Subsequently, 8.88 mmol FeClsz -6H20 and 4.23 mmol FeCl> -6H2>0 were dissolved

in this solution under vigorous stirring (600 rpm) at 70 °C under nitrogen atmosphere

followed by the addition of 4.286 mL NH4+OH dropwise while continuing the vigorous

stirring (600 rpm) at 70 °C under nitrogen atmosphere. The mixture was kept stirring

for 30 mins and then left undisturbed at 85 <C for 24 hours under a nitrogen

atmosphere.
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2.2. Preparation of Collagen-Based Double Network

Hydrogels

The chemicals and their amounts used to prepare different samples of the DN hydrogel
are summarized in Table 1. A control, single network (SN) sample was also prepared
using the same chemicals and method but collagen was not included in the synthesis.
AAM, DMPAS, PEGDA, Riboflavin and TEOHA were all dissolved in 10X PBS
buffer and Milli Q water. To that solution collagen was added and care was taken to
ensure that the highly viscous solution was mixed uniformly throughout. The final

concentration of PBS is 1X. 0.187 mmol tartrazine or 20 um iron oxide nanoparticles

solution were added to the solution as light absorbers.

Table 1. Chemicals and their ratios used to prepare 3D printable resins.

Riboflavin

Solution TEOHA

Final collagen 0.1% Solution 10X Milli-Q
concentration AAM  DMPAS PEGDA wt) (30%wt)  Collagen PBS  water
(mg/mL) (mmol) (mmol) (mmol) (uL) (L) () (mL) (mL)
0 5.63 1.43 0.0730 8 42 0 0.2 0.958
5 5.63 1.43 0.0730 8 42 0.333 0.2 0.597
10 5.63 1.43 0.0730 8 42 0.666 0.2 0.264

15 5.63 1.43 0.0730 8 42 1 0.2 0
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2.3. Photorheology Measurement

Photorheology measurements were performed on a DHR3 Rheometer (TA Instrument,
New Castle, DE). The wavelength of the light source (Omnicure Series 2000, Lumen
dynamics) is 400-500 nm and the power level was set at 100%. The liquid resin was
loaded on a 20 mm transparent plate. The frequency of the rheometer was fixed at 1

Hz at a strain of 0.01.

2.4. Scanning Electron Microscope Characterization

The preparation of samples was done by Leigh Slyker. A 4 mm biopsy punch was
used to get the samples from the hydrogels, which were incubated for 2 hours at 37 <C.
A 4% Formalin in PBS solution was used to cross-link the samples for 1 hour. After
that, samples were rinsed three times with PBS and two times with Milli-Q water for
10 mins each. Then the samples were cross-linked using 1% osmium tetroxide for 1
hour. A series of ethanol/water (30%, 50%, 70%, 90%, then 100% [x2]) followed by
hexamethyldisilazane/ethanol (33%, 50%, 66%, 100% HMDS in ethanol) were used to
dehydrate the samples. Gels were dried at room temperature for 12 hours and vacuum
dried for 48 hours. After that, samples were attached to sample pins. Silver conductive
paint and copper tape were used to increase the conductivity. Finally, samples were
sputter coated with Au/Pd alloy for 20 seconds with a current of 20 mA. SEM images

were obtained using an accelerating voltage of 0.5 kV and working distance of 5 mm.
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2.5. Mechanical Tests

2.5.1 Samples Preparation

Four different samples with different collagen loading (0, 5, 10, 15 mg/mL), among
which 0 mg/ml corresponded to the control zwitterionic hydrogel, were prepared.
Curing time was tuned based on photorheology data to achieve full curing of the

samples.

2.5.1.1 Dog bone samples for tensile test

Sylgard 184 was used to fabricate a transparent 1ISO 527-2 Type 5A mold with a gauge

length of 25 mm and thickness of 2 mm to prepare samples for mechanical testing.

2.5.1.2 Single edge notch samples for fracture energy measurement

The size of rectangular samples with a single edge notch were 7.5 mm x 50mm x
1.5mm. A jig with a razor blade was used to create consistent 2.5 mm cracks at the

halfway point of the long side.

2.5.2 Measurements

A Zwick/Roell Z010 testing system (Ulm, Germany) was used to perform the
mechanical testing. Because of the nature of the samples, sandpaper was used to
provide extra friction to prevent slipping during the testing. Three tests for each

condition were run for reproducibility.
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2.5.2.1 Tensile tests

For the tensile test, the strain rate was 10 mm/min. Elastic modulus values were
calculated from the initial slope of the stress-strain plot up to an engineering strain of

0.05.

2.5.2.2. Fracture energy measurements and calculation

Fracture energy measurements and calculation were done by Cameron Darkes-Burke.
The values can be calculated based on the methods from Chen et al. and Tutwiler et al.

[27, 28] The values was verified using a method by Tutwiler et al. [28]

2.6. Cell Toxicity Tests

Cell toxicity tests is done by Leigh Slyker. Briefly, samples were rinsed in ethanol and
PBS to sterilize the hydrogels. Firstly, the hydrogels were rinsed using ethanol and
PBS 6 times for 15 mins each. Then the hydrogels were placed in individual wells in a
24-well plate and primary bovine articular chondrocytes were seeded at a density of
5000 cells/cm?. The hydrogels were then incubated in Dulbecco’s Modified Eagle's
Medium (DMEM) with 10% fetal bovine serum at 37 <C for 4 days. Then PBS was
used to rinse the hydrogels to wash out DMEM and fetal bovine serum. Calcein AM
and Ethidium Homodimer-1 were used to stain the live and dead cells for 20 mins,
respectively. PBS was used to wash out Calcein AM and Ethidium Homodimer-1.
Then the hydrogels were covered with PBS to prevent drying and immediately imaged

on an inverted Zeiss LSM880 confocal microscope with a 10x/0.45 water immersion
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objective. For imaging, the wavelength of excitation light was 488 nm and the
emission filter for live and dead cells was set at 510-560 nm and 610-660 nm,
respectively. A custom MATLAB code was used to count the number of live and dead

cells.

2.7. Light Source Curing and 3D Printing

The power of the light source (Omnicure Series 1500, Lumen dynamics) was set at an
output of 100% at the wavelength of 400-500 nm. An Ember 3D Printer (Autodesk,
San Rafael, CA) was used for printing. 10 mg/mL collagen was added to the
zwitterionic resin and the pH was set to 7.5 for 3D printing. The layer thickness was
0.1 mm with an exposure time of 30 s. The human nose model with a length of 12.7

mm, width of 19.88 mm and thickness of 6.57 mm was printed.
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3. Results and Discussion

AAM
DMAPS
PEGDA
Ribo
TEOHA
10x PBS
Milli-Q water

Light absorber 1

Figure 4. One-step synthesis of the 3D printable resin.

The double network hydrogel (Figure 4) was synthesized using a mixture of AAM and
DMAPS (monomers used to form the polymer network), collagen fibrils (second
interpenetrating network), PEGDA (chemical crosslinker), Riboflavin (photoinitiator),
and TEOHA (co-initiator). Tartrazine or iron oxide nanoparticle were used as light

absorbers.
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3.1. Chemical Structure

Figure 5 chematic illustration of DN collagen hydrogel. (a) the DN structure consists
of two interpenetrating networks: a collagen network (orange) and a polymer network
(blue) (b) The polymer network, showing ionic bonding between the zwitterionic
charged groups. (c) The Y branch structure of the collagen fibrils’ network. (d) lonic

bridging between the zwitterionic network and the collagen fibril network.
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As shown in Figure 5a and 5c, the collagen-based DN consists of two interpenetrating
networks: the first network is a poly(AAM-co-DMAPS) and the other consists of the
collagen fibril network. Besides the covalent bonds, ionic bonding is also formed in
the pristine polymer network and between collagen fibrils and the pristine polymer
network because of the charges on the zwitterionic moieties and the collagen, as
shown in Figure 5b and 5d. These ionic interactions between ionizable amino acid
residues and the hydrogel bound between collagen fibrils also enhance the stability
and performance of the hydrogel. [29, 30] Polymer chain entanglement between the
polymer network and the network of collagen fibrils may also contribute to the

improved performance of the composite.
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3.2. Scanning Electron Microscopy Imaging

Figure 6. SEM surface images of hydrogel samples containing different amounts of

collagen. The concentration of collagen added to the samples is 0 (a-c), 5 (d-f), 10 (g-
i), and 15 mg/mL (j-1). The scale bar is 10 micron (left), 1 micron (middle) and 200

nm (right).

Morphology plays a key role in tissue engineering, not only providing mechanical

support but also affecting the cell adhesion, proliferation, migration, and
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differentiation. [31] SEM images of collagen zwitterionic DN hydrogels confirmed the
formation of a collagen fibril network within the hydrogels. Samples containing higher
collagen concentrations (10 and 15 mg/mL) show visually increased surface roughness
(Figure 64, 6j) compared to the relatively smoother surfaces of hydrogels with 0 and 5
mg/mL of collagen (Figure 6a, 6d). Increased roughness tends to favor cell
colonization and improves the bioactivities of the hydrogel. Fibril-forming collagens

have high-avidity ligands for a2B1 integrin, which can mediate cell adhesion and

migration. [32, 33] Distinct collagen fibrils can be observed in all gel samples

containing 5, 10 and 15 mg/mL collagen (Figure 7e-I).

Collagen-rich microdomain

‘") N Polymer-rich microdomain

Figure 7. Cross-section SEM images of DN hydrogels. (a-d) The concentration of
collagen is 10 mg/mL. (e) Schematic illustration of the structure seen in the images

showing the collagen rich (yellow) and polymer rich (blue) domains.

In order to further investigate the morphology of collagen-based DN hydrogels, we

sectioned the samples using a razor blade and imaged using SEM. As illustrated in
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figure 8a-d, collagen-based DN gels show micro phase separation. One microdomain
is collagen-rich while the other is polymer rich (shown in yellow and blue respectively
in Figure 7e). Compared to others in the literature these hydrogel composites show
smaller domains and better distribution. [34] As shown in Figure 7c, a highly
interconnected network with porous and loose structure was formed in the collagen-
rich microdomains. The microporous structure is present in both microdomains. These
small pores can lead to a higher invasion efficacy, which is important for bioprinting
with cells. [35] They also promote cell attachment and proliferation and help with

nutrient transport.

3.3. Photorheology
3.3.1 Chemistry Mechanism

Ribo * ) S3Ribo*

TEOHA TEOHA
(Ribo~ + TEOHA") }(Ribo~ + TEOHA"") wessssssssss) RiboH: + TEOHA(-H)-
\ / \ Monomer
Ribo + TEOHA Polymer

Ribo

Figure 8 Schematic of the photopolymerization mechanism.
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Riboflavin and TEOHA act as the photoinitiator and coinitiator, respectively.
Riboflavin and TEOHA were used because of their good biocompatibility. [36] The
reported mechanism is as follows. First, Riboflavin forms excited singlet or triplet
under light exposure. Then they are quenched by TEOHA and form radicals. Only the
radicals formed from triplets are the initiating species leading to polymerization, as
shown in Figure 8. [37] The resin used is acidic because of the acidity of DMAPS. To
tune the pH to neutral or slightly basic for the photochemistry TEOHA was added and

the rates of photopolymerization were studied at different pHs.
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3.3.2 Photorheology Measurements
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Figure 9. (a-d) Photorheology of hydrogels containing different concentrations of

collagen: a) 0 mg/mL, b) 5 mg/mL, c) 10 mg/mL, and d) 15 mg/mL. The pH varied
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from 6.5 to 8.5. e) Gelation time for samples with different concentrations of collagen

and at different pHs.

As a printing technology featuring high printing speeds and good resolution, DLP
requires resins that photocure fast and start at a relatively low viscosity to eventually
form solid structures. Photo-rheology is a useful technique to characterize resin
printability by monitoring the photo-polymerization as a function of light illumination.
As shown in Figure 9a, SN and DN resins have low initial viscosities, which enable a
rapid coating of the build layer during DLP printing. For all compositions, the loss
modulus (G”) is initially higher than the storage modulus (G”); a feature that is
characteristic of liquids. As the light is turned on, G’ rapidly increases over many
orders of magnitude and becomes greater than G’’, indicating the transition from
liquid to solid. This transformation is faster with higher concentrations of TEOHA
indicating that photopolymerization is accelerated at high pH. Gelation time is defined
as the time when G’ is greater than 95% of the final plateau value. As shown in Figure
9e, when the pH reaches 8, the gelation time is similar for all systems, which implies
that further addition of TEOHA did not lead to significant changes of the
photopolymerization rate. In addition, the concentration of collagen does not appear

to have much of an influence on photopolymerization.

34



3.4. Mechanical Testing
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pure collagen hydrogel, pristine polymer hydrogel and collagen-based DN hydrogels.

(c) Elastic modulus of collagen-based DN hydrogels with different concentrations of
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collagen. (d) Notched sample used for fracture energy experiments. (f) Fracture energy

of samples with different collagen concentration.

Two types of tensile test samples were used: a) dog bone samples for elastic modulus
and toughness (Figure 10a) measurements, and rectangular coupons with a notch for
fracture energy (Figure 10d). Compared with the pure collagen hydrogel (pH 7.5), DN
hydrogels with collagen concentration at 15 mg/mL (pH 7.0) show an increase in
mechanical properties compared with the single network hydrogel. The toughness of
DN hydrogels with 15 mg/mL collagen is 0.2171 MJ/m?, which is 2,380% higher that
of pure collagen hydrogel and 98% of that of the zwitterionic SN hydrogels. The
toughness value of the DN hydrogel is similar to that of articular cartilage (0.01-0.8
MJ/mq). [38] The elastic modulus of DN hydrogels with 15 mg/mL collagen is
2,070% higher compared to the pure collagen hydrogel and 163% of the SN hydrogels
but an order of magnitude lower than articular cartilage (7 MPa). [39] The failure
strain of DN hydrogels with 15 mg/mL collagen is 80% that of SN hydrogels and is
higher than articular cartilage by 25-30%. [39]

Besides elastic modulus and toughness, the fracture energy, or the energy required for
an existing sharp crack to propagate, was measured. Fracture energy defines a
material's tolerance for pre-existing cracks and other stress concentrators. Articular
cartilage, performing in highly dynamic stress environments, may develop small
cracks, which propagate and result in a common disease called osteoarthritis. [40] As
the target for this project was to fabricate artificial cartilage for potential tissue

replacement applications, fracture energy is an important property for the materials.
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By comparing fracture energy between samples with different concentrations of
collagens, failure resistances between different samples can be compared. Figure 10e
shows the engineering stress vs. engineering strain plot of the DN hydrogel with
collagen concentration of 15 mg/mL. During the test, the crack propagated as the
sample was stretched. As shown in Figure 10f, the fracture energy increased with
increasing concentration of collagen. Even at a very low weight fraction (1.5 %),
addition of collagen increased fracture energy significantly. The fracture energy of SN
hydrogels is 0.01740.003 kJ/m? and well below that of DN hydrogels (0.180+0.009
kJ/m?), which is within the same order of magnitude of articular cartilage (800 J/m?)
[41] The addition of fibers to the hydrogel enhanced the fracture energy and elastic
modulus observed in other hydrogel systems. [42] Compared with other collagen-
based hydrogel composites, higher fracture energy and toughness (the latter defined as
area under the stress-strain plot) indicates better performance and longer life of the 3D
printable DN hydrogels as a potential replacement of artificial cartilage. Moreover,
considering the low amount of collagen, this material may also offer a better choice

for cost-effective products for wider applications. [18]
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3.5. Cell Toxicity Tests
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Figure 11. (a, b) Images of live-dead staining of collagen-based DN hydrogels with
collagen concentrations of 0 and 15 mg/mL after 4 days of culturing. (c) Cell viability
of hydrogels with different concentrations of collagen. (d, €) Number of live and dead

cells per square centimeter attached to the hydrogel surface after 4 days. Green dots

represent live cells while red dots represent dead cells.

For potential applications as articular cartilage, high cytocompatibility is required. To
study the effect of the collagen on cytocompatibility, bovine articular chondrocytes

were chosen to seed on the surface of the hydrogels. The cells were cultured for 4 days
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and then the live or dead cells were labeled with Calcein AM (green) or Ethidium
Homodimer-1 (red), respectively. Confocal microscopy was used to characterize the
cell viability and attachment. As shown in Figure 11a, compared with the SN
hydrogel, which only showed very few dead cells without any live cells, a much
higher number of live cells were observed in the DN hydrogel with very few dead
cells 4 days after seeding. The viability of SN hydrogel is 7.9%, and that of DN
hydrogel (15 mg/mL) is 88.0% (Figure 11c). The live cell density of DN hydrogel (15
mg/mL) is 1,668 cell/cm? compared to 5.264 cell/cm? for the SN hydrogel. This
indicates that the SN hydrogel has higher cytotoxic effect or weaker cell attachment,
while the DN hydrogel has excellent biocompatibility with much better cell
attachment. Previous studies showed that collagen contains specific cell binding sites,
particularly the RGD amino acid sequence and provides a more biocompatible
environment, which leads to increases in biocompatibility and cell attachment of DN

hydrogels. [43]

39



3.6. DLP 3D Printing
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Figure 12. (a,) A schematic overview of the continuous, bottom-up DLP. The arrow
indicates the up and down motion used during printing. (b-g) Top, front, and left views
of the 3D printed human nose models based on DN hydrogel using DLP with different
light absorbers: b, d and f are with iron oxide nanoparticles and c, e, and g are with

tartrazine.

As proof of concept a human nose model was printed using DLP. As shown in Figure
12 light passes through a transparent window at the base of a vat and cures a layer of
resin. Then, after each layer curing, the build head rise and fall vertically, and resin
flows to replenish the build area. Then, the next layer is illuminated, and this process
continues. As shown in Figure 12, a human nose model with length of 12.69 mm,
width of 19.88 mm and thicknesses of 6.57 mm was printed. Small features such as
holes on the nose were preserved demonstrating the high resolution of the printing.
The layer thickness is 0.1 mm and the exposure time is 30 s. It took around 30 mins to
get the final product, which is much faster than inkjet printing and confirms the high
speed of printing process. [44] Typical acrylate photoresins consist of monomers,
oligomers, a photoinitiator, and an optical absorber. Iron oxide nanoparticle and
tartrazine were used as the light absorber. The function of absorber is to control the
penetration depth of the incident light within the print resin and, therefore, the
polymerization so as to improve the resolution. The printed model using iron oxide
nanoparticles as the absorber had some overcured part and delamination was observed.
In contrast, the printed model with tartrazine showed a smooth outer surface without

any overcured part, indicating that tartrazine provides better vertical and perpendicular
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resolution (Figure 12b-g). Since tartrazine is a low-cost and biocompatible food dye its

use is highly advantageous.

4. Conclusions and Recommendations

In this work, a collagen-based DN hydrogel with enhanced mechanical properties and
good cytocompatibility was demonstrated. In addition, and as a proof of concept high
resolution human nose models based on DLP were fabricated. The DN structure was
confirmed by SEM images, which show that the hydrogel consists of two
microdomains: a collagen-rich and a polymer-rich. The rate of photopolymerization
increases with increasing pH. The fracture energy increases more than 1,000% by the
addition of collagen compared with that of SN hydrogels. The addition of collagen
increases also the cytocompatibility and cell attachment of hydrogels. The cell
viability of DN hydrogels is much higher compared to the SN hydrogels and pure
collagen hydrogels. Taken all together the DN collagen hydrogel shows good potential
in applications of tissue engineering for articular cartilage, personalized surgical

reconstruction and regeneration. [44]
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