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Abstract

Lithography-based three-dimensional (3D) printing technologies allow high spatial resolution
that exceeds that of typical extrusion-based bioprinting approaches, allowing to better mimic the
complex architecture of biological tissues. Additionally, lithographic printing via digital light
processing (DLP) enables fabrication of free-form lattice and patterned structures which cannot be
easily produced with other 3D printing approaches. While significant progress has been dedicated to
the development of cell-laden bioinks for extrusion-based bioprinting, less attention has been directed
towards the development of cyto-compatible bioresins and their application in lithography-based
biofabrication, limiting the advancement of this promising technology. In this study, we developed a
new bioresin based on methacrylated poly(vinyl alcohol) (PVA-MA), gelatin methacryloyl (Gel-MA)
and a transition metal-based visible light photo-initiator. The utilization of a visible light photo-
initiating system displaying high molar absorptivity allowed the bioprinting of constructs with
complex, high resolution features, in the range of 25-50um. Biofunctionalization of the resin with
Gel-MA allowed long term survival of encapsulated cells, and enabled attachment and spreading of
endothelial cells seeded on the printed hydrogels. Furthermore, 3D biofabrication of cell-laden
hydrogel constructs with ordered architecture was successfully demonstrated, where the encapsulated
cells remained viable, homogenously distributed and functional. Osteogenic and chondrogenic tissue
formation was confirmed following long-term culture of encapsulated stem cells, underlining the
potential of these DLP-bioprinted hydrogels for tissue engineering and biofabrication. Overall, the
PVA-MA/Gel-MA bioresin is a promising material for biofabrication and provides important cues
for the further development of lithography-based bioprinting of complex, free-form living tissue

analogs.
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1. Introduction

Over the past decade, three-dimensional (3D) biofabrication demonstrated potential to
fabricate cell-laden hydrogel constructs by the hierarchical layer-by-layer assembly of cells and extra-
cellular matrix components, with the aim to engineer functional tissues [1,2]. The most commonly
reported strategies in biofabrication using cell-laden hydrogels, also termed bioinks, include
extrusion-based or jetting-based 3D bioprinting approaches [3—6]. Often, bioinks are co-printed with
thermoplastic polymers and/or sacrificial support materials to generate anatomical structures and
hybrid, multi-material constructs [7,8]. However, these technologies have limited resolution, dictated
by the gauge of the extrusion nozzle, shear stress imposed to the extruded cells, and are characterized
by relatively slow printing time. Lithography-based bioprinting technologies, such as
stereolithography (SLA) or digital light processing (DLP), represent versatile alternative approaches
for shaping photo-sensitive biomaterials into complex 3D constructs. Importantly, these technologies
allow high spatial resolution exceeding that of extrusion-based bioprinting approaches, and thereby
offering the potential to better mimic the complex architecture and micro-environment of biological
tissues [9—12]. However, while significant recent progress has focused on the development of cell-
laden bioinks for extrusion-based bioprinting, with an associated improvement in our understanding
of bioink rheological properties that define a successful biofabrication window [7,13,14], less
attention has been directed towards the development of cyto-compatible, cell-laden bio-resins and
their application in lithography-based biofabrication [10,11,15].

Lithography-based fabrication via digital light processing (DLP) adopts a digital micro-mirror
device to project a patterned mask of light (usually in the UV or visible range) onto the bottom surface
of a polymer resin bath in contact with an inverted build platform, thereby photo-polymerizing
specific regions of the resin via light exposure. The platform then moves stepwise in the z-direction
(vertically), with subsequent flow of the resin to achieve a fresh resin level before repeating the

process [16,17]. The incorporation of an appropriate biocompatible photo-polymerizable hydrogel
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precursor solution, photo-initiators and cells into the resin — defined herein as a bio-resin — results in
high resolution biofabrication of a 3D cell-laden construct using a layer-by-layer approach. The
reported maximum resolution of DLP is within the range of 25 — 50um [10]. However, the full
capacity of lithography-based biofabrication technologies demonstrating the ability to fabricate cyto-
compatible, cell-laden hydrogels of defined architecture at these length scales (<50um) has not yet
been realized. Therefore, the aim of this study was to develop a novel biofunctional, photo-
polymerizable bio-resin for biofabrication of thick, cell-laden hydrogel constructs with high spatial
resolution and defined architectures, even when using commercial DLP printing technology. A
photoresponsive methacrylated poly(vinyl alcohol) (PVA-MA), biofunctionalized with gelatin-
methacryloyl (gelMA) was used as a platform hydrogel for DLP biofabrication, activated via highly
efficient visible light initiators, enabling the generation of accurate hydrogel structures, with superior

spatial resolution, that cannot be obtained with other bioprinting techniques.

2. Materials and Methods
2.1 Synthesis of PVA-MA

PVA-MA was prepared by reacting PVA (Sigma-Aldrich, 13-23kDa, 98% hydrolysed) with
methacrylic anhydride (Sigma) in water. A 10wt% solution of PVA (50g) in water (500ml) was
heated to 80°C until the PVA was completely dissolved. The PVA solution was then left to cool to
room temperature prior to the addition of methacrylic anhydride (18.75ml) and the mixture was left
to react for 48 hours. The pH of the reaction solution was adjusted to 8. To stop the reaction, the
solution was precipitated in toluene. The precipitated polymer was re-dissolved in water and then
purified by ultrafiltration through a 10kDa molecular weight cut-off membrane (Sigma). Lastly, the
purified solution was sterilised by filtration and lyophilized. The degree of methacrylation of PVA
was calculated by comparing the area of the methacrylate vinyl proton peak, & = 6.1 (s, H') and 5.8
(s, H?) to the area of the protons in the PVA backbone, § = 4.0 (s, H?), using 1H-proton nuclear

magnetic resonance spectroscopy (Bruker Avance 400 MHz).
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2.2 Synthesis of Gel-MA

Gelatine (Sigma-Adrich, porcine skin, 300g bloom strength) was dissolved in PBS ata 10wt%
concentration. 0.6g of methacrylic anhydride per gram of gelatine was added to the gelatine solution,
and left to react for 1h at 50°C under constant stirring, followed by dialysis against deionised water
to remove unreacted methacrylic anhydride. The purified Gel-MA solution was sterile-filtered and
lyophilised. The degree of methacryloyl substitution was quantified to be 60% using 1H-proton

nuclear magnetic resonance spectroscopy.

2.3 3D printing using DLP and construction of working curve

Constructs were fabricated using the Perfactory® 3 Mini (EnvisionTec, Gladbeck, Germany).
The final bio-resin formulation used was 10wt% PVA-MA + 1wt% photo-absorber (Ponceau 4R)
with or without 1wt% Gel-MA. The photoinitiator concentration was 0.2mM/2mM Ru/SPS. (tris-
bipyridyl-ruthenium (II) hexahydrate, Ru) combined with a persulfate compound (sodium persulfate,
SPS). Solid shapes and complex porous constructs were first designed with a CAD software
(Tinkercad, Autodesk, USA) or downloaded as STL files from existing repositories. Constructs were
printed by exposing each layer (50um) to 10 seconds of 7.25mW cm of visible light, using a step

size of 25-50 um. A schematic of the DLP bioprinting set-up is reported in Figure 1.
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Figure 1. Scheme of top-down biofabrication approach in a DLP apparatus. Inset shows the
compounds in the bio-resin : methacrylated poly(vinyl alcohol) (PVA-MA), gelatin-methacryloyl
(Gel-MA), tris-bipyridyl ruthenium hexahydrate (Ru) and sodium persulfate (SPS).

The bio-resin formulation used to construct the working curve is 10wt% PVA-MA +
0.2mM/2mM Ru/SPS, with and without the photo-absorber (1wt% Ponceau 4R). The bio-resin was
pipetted onto a glass slide and then exposed to a range of irradiation dosages (E = light intensity x
exposure time) using the Perfactory 3 Mini (EnvisionTec, Gladbeck, Germany). The thickness of the
crosslinked layer (cure depth) was measured. The working curve is defined by the plot of cure depth

versus the irradiation dosage and is given by the equation 1, where Ca is the cure depth, Dy is the light

penetration depth, and Ec is the critical energy required to reach the gel point.

Cq = D, lnEEC (eq 1)
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2.4 Sol-gel analysis and physical characterization of the bio-resin and DLP 3D printed
hydrogels

Viscosity of the bio-resin, with or without 1wt% Gel-MA, was determined with a DHR2
rheometer (TA Instruments, Etten-Leur, The Netherlands), by subjecting samples of the
uncrosslinked resin to a continuous flow at a shear rate of 200 s! for a duration of 120 s. Next,
cylindrical, non-porous samples (5 mm diameter and 1 mm height) with or without Gel-MA, were
prepared as described in the previous section, to perform sol-gel analysis, in order to evaluate the
physico-chemical and mechanical properties of the printed constructs. Mass loss and swelling studies
were conducted according to previously published protocols. Directly after printing, all samples were
weighed for the initial wet mass (minitial, 10) and three samples were immediately lyophilised to obtain
their dry weights (madry 10). The actual macromer concentration was calculated based on equation 2:

mdry,to

% macromer = 100% (eq2)

Minitial,to
These samples were then submerged in a excess volume of PBS, incubated, and weighed (mswollen)
after 1 day. The swollen samples were then freeze-dried and weighed again (mdry). The mass swelling
ratio (q) and mass loss were calculated as follows:

m; — m
LAy A 100% (eq3)
mi,dry

% mass loss =
Mswollen
q=——— (eq 4)
mdry
The sol fraction which is a measurement of the macromers not crosslinked into the hydrogel network
is given by the mass loss at 1 day [18]. The crosslinking density (px) was calculated using a modified

Flory-Rehner equation as follows [19]:

2 (7) (1 =vz) + vas + V3]

1
MC Mn Uz,s 3 1 UZ,S
| (5) - 2 52)
1
1 2M . \2 =
wi=1 () (¢q6)
M,
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1

§=v,] (7§ )2 (eq7)
1

Px = T (eq 8)

Where Mc: number average molecular weight between crosslinks, Mn: number average molecular
weight in the absence of any crosslinking (16000 g mol! for PVA), ¥: specific volume of the polymer
(0.788 m* kg™! for PVA), V1: molar volume of the solvent, v2,s : equilibrium polymer volume fraction,
vz : polymer volume fraction after crosslinking, (¥3)/?: end to end distance of the unperturbed
(solvent free) state of the polymer, y: polymer solvent interaction (0.49 for PVA in water), I: bond
length (1.54A for PVA c-c bond), Mr: molecular weight of the repeating unit (44 for PVA), Cn:
characteristic ratio (8.9 for PVA).

Mechanical properties of the printed gels were evaluated with a Dynamical Mechanical
Analyser (DMA, Q800, TA Instruments) in a uni-axial, unconfined compression test. Briefly, the
cylindrical samples were compressed up to 30% deformation at a strain rate of 20%/minute.
Compression modulus was defined as the slope of the stress strain curve in the linear range between
10 and 15% strain.

DLP 3D printed scaffolds were sputter coated with carbon (Electron Microscopy Sciences,
EMS150T), following scanning electron microscopy (SEM) imaging using a Jeol JSM 7000F FE-

SEM with secondary electron detection used at an acceleration voltage of 15kV.

2.5. Cell isolation and culture

Human endothelial colony-forming progenitor cells (ECFCs) were derived from human
umbilical cord blood (following a previously published protocol) [20], while human mesenchymal
stromal cells (MSCs) were obtained from bone marrow aspirates and characterized as previously
reported [21]. Patient material was received upon informed consent and obtained in agreement with
patient data protection and ethical guidelines of the local Medical Ethics Committee (University

Medical Center Utrecht). ECFCs were cultured on collagen-coated plates in Endothelial Growth

8
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Medium (EGM), containing EGM-2 (Lonza, Breda, the Netherlands) supplemented with 10% heat-
inactivated fetal calf serum (FCS, Lonza), 100U ml"! penicillin, 100ug ml™! streptomycin (Life
Technologies), and Single Quots (EGM-2 BulletKit (CC-3162) containing hEGF, Hydrocortisone,
GA-1000 (Gentamicin, Amphotericin-B), VEGF, hFGF-B, R3-IGF-1, Ascorbic Acid, Heparin).
MSCs were cultured in alpha-MEM (Life Technologies), supplemented with 10% FCS, 100 U ml!
penicillin, 100 ug ml! streptomycin, 0.2mM L-ascorbic acid-2-phosphate and 1 ng ml™! basic
fibroblast growth factor (bFGF, R&D Systems). ACPCs were obtained from the articular cartilage in
the metacarpal joint of deceased equine donors as previously described [22], donated to science by
their owner, in accordance to the ethical guidelines of the School of Veterinary Medicine of Utrecht
University. ACPCs were expanded in Dulbecco Modified Eagle Media, supplemented with 10% FCS,
100 U ml! penicillin, 100 pg ml™! streptomycin, 0.2 mM L-ascorbic acid-2-phosphate and 2.5 ng ml-

I'bFGF. Cells were cultured up to passage 3 before bioprinting.

2.6. ECFC attachment study on DLP printed scaffold

ECFCs were seeded onto the hydrogel surfaces at a density of 150 cells mm™. After 1 and 3
days in culture, the samples were washed with PBS and a live/dead assay was conducted using lug
ml! of calcein-AM and propidium iodide. Images were taken using a BX51 microscope (Olympus,
Zoeterwoude, The Netherlands). The amount of cells attached on the sample surfaces were counted

using Imagel.

2.7. DLP bioprinting

Cylindrical samples (diameter = 5 mm, height = 1 mm) were produced to test cell viability
upon encapsulation, while larger structures were fabricated to evaluate 3D cell distribution (Smm x
5mm x Smm, 1.5h printing time). MSCs were mixed with the bio-resin at a final density of 5 x 10°
cells/ml prior to light projection, then samples were placed in culture and at 1, 7 and 14 days, tested
for live/dead staining (calcein-AM/ethidium homodimer). To assess cell distribution, constructs were

fixed in formalin, stained with ethidium homodimer, and cross-sections of the large construct were
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cut with a razor blade and imaged with a fluorescent microscope. Each gel slab was divided into
seven zones (from top to bottom in the printing direction) and cells in each zone were counted, and
the percentage of cells found in each zone was reported. To study cell differentiation and tissue matrix
deposition, MSCs and ACPCs were encapsulated at a density of 5 x 10° and 20 x 10° cells/ml and
printed. MSC-laden samples were cultured in osteogenic conditioning media (alpha-MEM,
supplemented with 10% FCS, 100U ml! penicillin, 100pg ml! streptomycin, 0.2mM L-ascorbic acid-
2-phosphate, 20 mM [-glycerol phosphate, 100nM dexamethasone). After 7 days of culture, ALP
expression was visualised by incubation with the Dako Basic Fuchsin kit (Dako, Heverlee, Belgium)
for 1 hour at room temperature according to the manufacturer’s protocol. After 21 days, samples were
fixed in formalin and thin sections (10um) were cut with a cryostat, then stained with Alizarin Red S
to visualize the deposition of calcified matrix. ACPC-laden constructs were instead cultured for 21
days in chondrogenic differentiation medium, consisting of DMEM, supplemented with 1% Insulin-
Transferrin-Selenous acid premix (ITS-premix, Corning), 100U ml! penicillin, 100pg ml!
streptomycin, 0.2 mM L-ascorbic acid-2-phosphate, 100 nM dexamethasone and 10ng ml’
transforming growth factor f1 (TGF-B1). After 21 days of culture, formalin-fixed samples were
sectioned with a cryostat, and stained with Alcian Blue to observe the deposition of sulphated

glycosaminoglycans.

2.8. Statistical analysis

All data are represented as average and standard deviation of independent replicates (n=3 to
5). Statistical analysis was performed using the GraphPad Prism 6 software package, and performing
a one-way analysis of variance (ANOVA). A significance level of 0.05 and a Tukey’s post hoc

analysis was used for all tests.

10
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3. Result and discussion
3.1. Synthesis of PVA-MA and Gel-MA

PVA is investigated as a promising biomaterial for tissue engineering of multiple tissues
including cartilage [23-25] and bone [26,27]. PVA has pendant hydroxyl groups that can be further
chemically modified with a range of functional groups, such as vinyl sulfone [28], ester acrylate [29],
and tyramine [30]. In this study, we chose to graft methacrylate groups onto PVA, where the resultant
PVA-MA is well-established to be a cyto-compatible, water soluble macromer with low batch-to-
batch variability, allowing simple hydrogel synthesis with tailorable physico-mechanical properties
[31,32]. The synthesis of PVA-MA has been previously reported to be conducted in organic solvents,
often due to the solubility of the methacrylate carries, such as 2-isocyanatoethyl methacrylate
(ICEMA) [31] or glycidyl methacrylate (GMA) [33]. In this study, we successfully conjugated
functional methacrylate groups onto PVA, using methacylic anhydride in a water based reaction, as
observed by the peaks at 6 = 6.1 and 5.8 (Figure 2A & B). It was also observed that a minimum of 4
hours is required until the saturation point of the methacrylation reaction, where the degree of
modification was quantified to be ~15% (Figure 2C). Previous study conducted by Nilasaroya et al.
reported on synthesis of PVA-MA using GMA in water but required 7 days to obtain complete

reaction [33].

11
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Figure 2: Schematic of PVA-MA synthesis route (A). 'TH-NMR spectra of PVA-MA (B), H! and H?
represents protons of the methacrylate vinyl groups, indicating successful conjugation of
methacrylate onto the PVA backbone. Degree of modification of PVA-MA over reaction time (C).
Similarly, Gel-MA was synthesised by reacting gelatin with methacrylic anhydride, a
commonly used approach previously reported in the literature. Yue ef al. has showed that methacrylic
anhydride can react with primary amines, carboxyls and hydroxyls on gelatin, resulting in both

functional methacrylate and methacrylamide groups. The GelMA component used in this study had

a 60% degree of modification [34].

3.2. Fabrication of PVA-MA hydrogels using DLP lithography printing

A set of visible-light responsive photo-redox catalysts based on the transition metal complex
(tris-bipyridyl-ruthenium (II) hexahydrate, Ru) combined with a persulfate compound (sodium
persulfate, SPS) were selected as the photo-initiators. We have previously reported that these
initiators absorb in 400 — 450nm of the visible light region [35,36], with exceptionally high molar

1

extinction coefficient (¢ = 14600M-'ecm™ at 450nm) compared to other conventionally used light

responsive initiators [37-39].

12
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Initially, a working curve for the PVA-MA bio-resin was evaluated to understand the curing
properties. We hypothesise that only a low irradiation dosage is required to crosslink the bio-resin
due to the high molar absorptivities of the Ru/SPS based photoinitiator utilized in this study. Figure
3 shows that the Ec for the bio-resin without the photo-absorber is 13mJ/cm, which is significantly
lower than previous values reported in the literature using the photoinitiator 1-[4-(2-hydroxyethoxy)-
phenyl]-2-hydroxy-2-methyl-1-propane-1-one (I2959) and poly(ethylene glycol) based resin.
Arcaute et al. reported that a minimum of 30.65mJ/cm? of UV light (365nm) was required to
crosslink a resin consisting of 20wt% poly(ethylene glycol) dimethacrylate (PEG-DMA, Mw =
1000Da) and 0.5wt% 12959 [40]. Furthermore, Neiman et al. found that for 20wt% PEG-DMA of
lower molecular weight (700Da) and 0.5wt% Irgacure 2959, at least 48mJ/cm™ of UV light (325nm)
was required to fabricate hydrogel constructs [39]. Both values are considerably higher than the
critical energy required to crosslink the PVA-MA based bio-resin in this present study. However, we
also observed that in order to improve the print resolution, a photo-absorber (1wt% Ponceau 4R) is
required to be added to the bio-resin formulation (Figure 3). This addition resulted in an increment in
the Ec to 110mJ/cm?, which significantly reduced the light penetration depth (Dp), allowing better
control over the printing resolution. As demonstrated in our attempt to print a simple cube computer-
aided-design (CAD) model, the addition of photo-absorber is showed to be crucial to prevent
unwanted over-curing of the bio-resin (Figure 3C&D). Similarly, Melchels et al. has previously
reported that when printing polylactide-based resins, the addition of photo-absorber reduces the Dy

and is required to produce constructs of high resolution [9].

13



oNOYTULT D WN =

Cq (um)

B) cCAD design

AUTHOR SUBMITTED MANUSCRIPT - BF-101427

20001 = No photo-absorber A With photo-absorber
&
1500+ .’
I”
1000 i
~ AL
A
500" ’I' .
x s
&X
04—~ - .
10 100 10000
E (mJIcmz)
C) No D) With

photo-absorber

photo-absorber

2mm

Page 14 of 26

Figure 3: A) Working curve constructed for 10wt% PVA-MA + 0.2mM/2mM Ru/SPS with or without
the photo-absorber (1wt% Ponceau 4R) using the Perfactory 3 Mini. B) CAD design of a cube. C)
DLP printed cube construct without photo-absorber. D) DLP printed cube construct with photo-

absorber.

We then investigated the possibility of DLP 3D printing of other solid hydrogel constructs

such as the pyramid (Figure 4A-C) and cone (Figure 4D-F) using our formulated bio-resin. It was

observed that constructs with distinct sharp edges can be fabricated, where the 50pum voxel step size

was clearly visible in each constructs, demonstrating the precision that could be achieved. In figures

4H&I, we confirmed the possibility to fabricate hydrogels with channels (range = 50um to 500um)

in a single print (Figure 4D1-D3, flower-like print, with alternated petals and channels). We also

demonstrated that the open channels are capable to be infused with a secondary bioink (Figure S1).

14
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Figure 4: Fabrication of high resolution solid hydrogel structures: pyramid (A-C), cone (D-F), flower
with channels having sizes ranging from 50 to 500um (G-I).
3.3. Complex prints with high resolution

Moreover, further examples demonstrating the capability and sophistication of DLP printed
hydrogel designs include the woven mat (Figure SA-C) and ring mail (Figure 5D-F). These DLP-
fabricated constructs are composed by intertwined struts, which cannot be obtained using nozzle-
based additive manufacturing techniques, such as fused deposition modelling, inkjet or extrusion-
based bioprinting. In particular, steps of 30um were visible on the struts of the woven mat sample
(Figure 5C), further outlining the high resolution that could be achieved using this technology. More
importantly, the irradiation dosage used in this study was also sufficient to fabricate complex porous
constructs via DLP as demonstrated by the tetragonal lattice in Figure 5G-I. In this scaffold, the strut

diameter was 100um and the distance between struts was 500um. The observed porosity and
15
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interconnected pore network are essential for supporting nutrient diffusion through the scaffold and

convection within fabricated hydrogel struts [41].

Figure 5: DLP-printing allowed to generate hydrogels with 3D patterns that are not achievable with
extrusion-based printing systems, including woven mats (A-C), ring mails (D-F), and 3D lattice
structures with arches oriented in the z-direction (G-I).

The resolution capability of the DLP bio-resins was further highlighted in porous gyroid
scaffolds (Figure 6A-F), featuring highly curved surfaces, ordered pore size (500um, Figure C&F)
and high porosity. SEM images further confirmed the high resolution achieved where voxel sizes of
25um were highly visible in the petals of the DLP 3D printed hydrogel gyroid (Figure 6D&E). The
ability to fabricate gyroidal constructs at high resolution are of particular relevance given that

previous studies have demonstrated that the unique gyroidal surface characteristics yield optimal

nutrient flow profiles under perfusion, that are of interest for cell seeding and tissue engineering [9].

16
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Figure 6: A) Gyroid construct, showing its complex porous pattern as imaged via B,C) optical
microscopy, and D,E,F) Scanning Electron Miscroscopy. High-magnification SEM micrograph
highlighted the surface morphology of the DLP-printed voxels that compose the 3D construct.
Lithography-based fabrication technology has been traditionally used for jewelry making and
in the automotive industry with a range of commercially available resins [42,43]. However, these
resins are often composed of organic solvents or toxic chemicals that are not suitable for
biofabrication, where living cells are mixed within the bio-resin. For example, common DLP photo-
initiators  used, such as  bis-acylphosphine  oxide (BAPO) and ethyl-2,4,6-
trimethylbenzoylphenylphosphinate (Lucirin TPO-L) require toxic organic solvents such as
dichloromethane or acetonitrile for dissolution [10,44]. In order to fabricate cell-laden hydrogel
constructs, the bio-resin ideally should be water soluble, which greatly reduces the number of suitable
photo-initiators. To date, the two most popular water soluble photo-initiators used for DLP printing
are 12959 and lithium phenyl-2,4,6-trimethylbenzoyl-phosphinate (LAP). However, the molar
absorptivity of both 12959 (¢ = 4M'cm™! at 365nm) and LAP (g = 50M'cm! at 405nm) is relatively
weak, leading to poor reactivity [37]. As a result, higher initiator concentration, irradiation intensity
and longer irradiation times are required to achieve a high degree of crosslinking. This poor photo-
reactivity also limits achievable resolutions to 150-300um and is detrimental to the generation of

large, thick constructs of high shape fidelity required for clinical translation of biofabrication [11,40].
17
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In this study, the set of Ru/SPS photo-initiators employed has significantly higher molar absorptivity,
approximately 300-fold higher than LAP. Additionally, the DLP technology allows fabrication of
multiple constructs on one base platform, which can be used to fabricate multiple cellular modules

for high throughput testing of tissue models or 3D bioassembly [45].

3.3. Biofunctionalisation of DLP 3D printed PVA constructs with Gel-MA

PVA-MA is a synthetic polymer lacking biological recognition sites for cellular signaling and
function [46]. Thus, gelatin-methacryloyl (Gel-MA), which has been previously reported to support
cell adhesion, growth and proliferation [47], was co-polymerized with PVA-MA to impart bio-
functionality into the resultant biosynthetic hydrogels. However, one concern was whether the
incorporation of 1wt% Gel-MA into the PVA-MA based bio-resin would perturb the overall
crosslinking reaction, and detrimentally affect print fidelity of DLP printed PVA-MA hydrogels
shown earlier. Hence, sol-gel analysis was conducted to evaluate the physico-mechanical properties
of both PVA-MA and PVA-MA/Gel-MA hydrogel discs fabricated using DLP. There are no
significant differences with respect to viscosity of the bio-resin (Figure 7A), sol fraction (~25%,
Figure 7B), mass swelling ratio (~9, Figure 7C), mesh size (~260A, Figure 7D) and crosslinking
density (~1.3 mol L"!, Figure 7E) between samples with or without Gel-MA. This could be expected
as Gel-MA has methacryloyl groups (methacrylates and methacrylamides) chemically grafted to its
polymer backbone [34], which can take part in the formation of covalent crosslinks with PVA-MA
during the photo-initiated radical polymerization reaction. As the concentration of Gel-MA added
into the PVA-MA based bio-resin is only 1wt%, it was anticipated that such small quantity will not
affect the crosslinking mechanics and overall physico-chemical property of the printed construct.
However, this minor increment in the total polymer concentration was correlated with a significant

increment in the mechanical stiffness, when compared to that of pure PVA-MA gels (Figure 7F).
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Figure 7: Physico-chemical and mechanical properties of DLP 3D printed PVA-MA or PVA-
MA/Gel-MA constructs (A-F). ECFC attachment (G) and live/dead images of ECFC on DLP printed
PVA-MA (H) or PVA-MA/Gel-MA (I) hydrogel constructs after 3days. Live = green; Dead = red.
Next, we evaluated the biofunctionality of the DLP 3D printed scaffolds with an initial 2D
cell adhesion study, where endothelial colony forming cells (ECFCs) were seeded onto DLP printed
PVA-MA or PVA-MA/Gel-MA discs. After 1 day of culture, less than 10% of seeded cells were
attached onto pure PVA-MA gels, as expected, due to its highly hydrophilic nature and lack of
bioactive sites (Figure 7G&H) [48,49]. However, addition of 1wt% Gel-MA into the PVA-MA gels
increased the percentage of adhered cells to 80% (Figure 7G&I). This result indicated that the
incorporated Gel-MA remained bioactive after the DLP process, and cell adhesive peptide sequences
(e.g. Arginine-Glycine-Aspartic acid, RGD) were not only present in the bulk of the printed gels, but

also accessible to the cells on the surface. This observation also further confirms that the Gel-MA

was indeed covalently co-polymerised within the PVA-MA hydrogel network.
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The resolution of the DLP printing process was also shown to not be affected by the presence
of Gel-MA. PVA-MA/Gel-MA hydrogel structures with a resolution of 25 - 50um was successfully
DLP 3D printed using the identical printing parameters (i.e. exposure time and light intensity) for the

formulated bio-resin without Gel-MA (Figure S2).

3.4. DLP 3D bioprinting of cell-laden hydrogel constructs

Cell culture studies demonstrated the capability for bioprinting of cell-laden constructs via
DLP, using our novel bio-resin/photoinitiator pair. Human bone marrow derived mesenchymal
stromal cells (MSCs) were firstly encapsulated into the PVA-MA based hydrogel constructs via DLP
bioprinting. We observed that the PVA-MA based bio-resins were non cytotoxic to MSCs irrespective
of whether 1wt% Gel-MA was added, with > 85% cell viability observed in biofabricated constructs
1 day post printing. However, it is important to note that the addition of 1wt% Gel-MA was crucial
to support long term survival of encapsulated cells. For example, in pure PVA-MA gels, MSC
viability decreased from 87 + 3% (day 1) to 71 + 7% (day 14), whereas the viability of cells
encapsulated within PVA-MA/Gel-MA samples remained at 92 + 3% after 14 days in culture (Figure
8A-C). Nevertheless, both samples were able to support osteogenic differentiation of the encapsulated
MSC:s as reflected in positive staining of alkaline phosphatase (Figure 8D&E) and alizarin red (Figure
8F&G). In order to test the potential of the bio-resin to support cartilage tissue formation, articular
cartilage-derived chondroprogenitor cells (ACPCs) [22], were also encapsulated within PVA-
MA/Gel-MA. Encapsulated ACPCs were able to produce extracellular matrix indicated by the
positive staining of sulfated glycosaminoglycan (Figure 8H&I). These results highlight the potential
of DLP bio-resins described herein for biofabrication of cell-laden hydrogel constructs for both bone

and cartilage engineering.
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51 MA/Gel-MA (B). Viability of MSCs over a culture period of 14 days (C). Alkaline phosphatase
>2 staining (red) of MSCs encapsulated in PVA-MA (D) and PVA-MA/Gel-MA (E) after 7 days, scale
bar = 500um. Alizarin red staining (red) of MSCs encapsulated in PVA-MA (F) and PVA-MA/Gel-
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57 scale bar = 100um. Cross-section image of construct, showing the whole height of the 5 mm x 5 mm
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Bio-resins should preferably display Newtonian fluid characteristics with sufficiently low
viscosity to flow under gravity between successive polymerization steps, to allow a fresh resin level
to be established and also to drain non-polymerized resin from the biofabricated part. In this study,
although we demonstrated that PVA-MA bio-resin flow properties supported native 30um step size
resolutions similar to commercial resins for standard DLP, there was a potential risk of cell settling
or sedimentation during DLP biofabrication, particularly when printing thick constructs needed for
tissue engineering. For example, Chan et al. previously reported that in a typical top-down
stereolithography approach, cells mixed within the resin settle to the bottom of the resin reservoir
during the printing process, causing inhomogeneous cell distribution within the printed construct [50].
In addition, Lin et al. showed that 37.5% (v/v) of Percoll was required as an additive in a PEG based
resin to match the buoyant density of the cells to prevent cell settling [11]. Therefore, the distribution
of cells within the DLP hydrogel constructs was examined. We demonstrated that without addition
of any buoyancy-modifying component to the bio-resin, cells remained homogenously distributed
throughout biofabricated hydrogel constructs. Figure 8] shows the cross-section of a Smm thick
hydrogel construct where the percentage of cells present in each zone (I — VII) from top to bottom
remained constant despite the long printing time (1.5h to obtain a thick Smm x Smm x Smm cube).
This data indicates that the viscosity of the developed bio-resin, combined with the gentle movement

of the DLP platform, were sufficient to maintain a homogenous cell suspension.
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4. Conclusions

This study describes the development and characterization of a bio-resin based on PVA-MA,
Gel-MA and Ru/SPS with demonstrated compatibility with commercial DLP technology. DLP of
bio-resins allowed biofabrication of constructs with higher resolution and shape fidelity (down to
25um) compared to existing extrusion-based 3D bioprinting technologies. Furthermore, DLP of cell-
laden bio-resin hydrogels supported long-term cell survival, promoted chondrogenic and osteogenic
differentiation, indicating potential applications in osteochondral tissue engineering, as well as the

capability to biofabricate thick constructs with homogeneous cell distribution.
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