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ABSTRACT

Bio-sourced and biodegradable polymers for additive manufacturing could enable the rapid
fabrication of parts for a broad spectrum of applications ranging from healthcare to aerospace.
However, a limited number of these materials are suitable for vat photopolymerization processes.
Herein, we report a two-step additive manufacturing process to fabricate robust protein-based
constructs using a commercially available laser-based SLA printer. Methacrylated bovine serum
albumin (MA-BSA) was synthesized and formulated into aqueous resins that were used to print
complex 3D objects with a resolution comparable to a commercially available resin. The MA-BSA
resins were characterized by rheometry to determine the viscosity and the cure rate, as both of
these parameters can ultimately be used to predict the printability of the resin. In the first step of
patterning these materials, the MA-BSA resin was 3D printed, and in the second step, the printed
construct was thermally cured to denature the globular protein and increase the intermolecular
noncovalent interactions. Thus, the final 3D printed part was comprised of both chemical and
physical cross-links. Compression studies of hydrated and dehydrated constructs demonstrated a
broad range of compressive strengths and Young’s moduli that could be further modulated by
adjusting the type and amount of co-monomer. The printed hydrogel constructs demonstrated good
cell viability (> 95%) after a 21-day culture period. These MA-BSA resins are expected to be
compatible with other vat photopolymerization techniques including digital light projection (DLP)
and continuous liquid interface production (CLIP).



INTRODUCTION

Bio-sourced materials that can replace existing petroleum-based materials are essential for
sustainability. Moreover, bio-sourced materials with greater functionality will be required to meet
the demands for the full spectrum of applications from aerospace to medicine. Additive
manufacturing (AM) is an advanced fabrication method for creating complex 3D geometries and
shows great promise for the future of manufacturing.!> While many forms of AM exist, vat
photopolymerization methods are advantageous for the speed at which high resolution objects can
be produced.®* Laser-based stereolithography (SLA) 3D printing is a form of vat
photopolymerization wherein a laser is scanned through photocurable resin to selectively cure the
growing feature. This method of 3D printing provides micron-scale features with good accuracy
and reproducibility.” While this technique enables access to high resolution 3D geometries, it is
greatly limited by the availability of resins designed for additive processes.®’

There have been few examples of bio-sourced materials that were designed for AM via a vat
photopolymerization process.®'? Ideally, these materials should also be biodegradable to create a
closed loop cycle. Other biodegradable resins have been reported, such as poly(alkyl fumarate)
derivatives'*>~!* and poly(lactide).!® One of the main challenges in designing new oligomeric and
polymeric resins for SLA is the increased viscosity of the resin, based on concentration and
molecular weight as predicted by the Mark-Houwink equation.!” Resins with high viscosity do not
adequately self-level and recoat the surface of the resin tray between layers, resulting in long print
times or unsuccessful prints.!®2° An alternative design strategy is to employ cyclic, branched, or
dendritic polymer architectures, or cross-linked unimolecular particles, that have a lower intrinsic
viscosity relative to a linear polymer of comparable molecular weight.?!?

In this report, we demonstrate a protein-based resin for vat photopolymerization using bovine
serum albumin (BSA) that can be utilized to 3D print objects with complex geometries. BSA is a
water-soluble, globular protein that is relatively abundant and low-cost. A critical aspect of this
protein is that it is a single polypeptide chain that is folded into a globular particle. Despite the
high molecular weight of BSA, ~66.5 kDa, the protein has an extremely high solubility in water
(up to ~40 % w/v) due to its globular shape. The protein is comprised of 68% a-helical structure
and contains 17 disulfide bonds, with a net negatively charged surface that helps the protein resist
aggregation.”>>* BSA is particularly advantageous over gelatin as a protein scaffold because it
does not self-assemble or aggregate as its concentration in aqueous solution is increased. For
example, at concentrations above ~2 wt%, the Gel-MA resin forms a gel, which limits its
printability in a vat photopolymerization process.?

We developed a two-step process for 3D printing methacrylated BSA (MA-BSA), where in the first
step, the protein is photo-patterned 3D dimensionally, and in a separate subsequent step, the protein is
denatured during a thermal curing step to improve the mechanical properties of the printed construct
(Figure 1). The resolution capabilities of the MA-BSA resin, using a commercially available Form?2
printer, were comparable to a commercially available resin (~200 um), and 3D objects with
complex lattice geometries were fabricated. The dual cross-linked network, comprised of chemical
cross-links from the printing step and physical cross-links from the thermal curing step, afforded
printed hydrogels and bioplastics with excellent mechanical properties. The resulting hydrogels
and bioplastics are suitable for stiff structural elements and were biocompatible and biodegradable.
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Figure 1. Graphical overview of the two-step process to fabricate protein-based hydrogels and
bioplastics using vat photopolymerization. (a) This idealized general scheme as shown involved a
resin comprising (b) a solution of highly aqueous-soluble MA-BSA that was initially polymerized
via photo-initiated free radical polymerization to afford a 3D printed construct. (¢) The polymerized
protein network was then cured by first irradiating with 400 nm light to induce further
polymerization of any unreacted components, and then heat treated (120 °C) for 3 h to afford (d) a
denatured protein matrix which improves the mechanical properties of the printed construct.

EXPERIMENTAL SECTION

Materials. All materials were purchased from Sigma Aldrich unless otherwise stated.
Methacrylic anhydride (94%), Tris(2,2'-bipyridyl)dichlororuthenium(Il) hexahydrate (Ru(bpy):Cl)
(99.95%), poly(ethylene glycol) diacrylate (M, 700 Da), poly(ethylene glycol) methyl ether
acrylate (M, 480 Da) and sodium persulfate (SPS) were used as received. Ultra-pure and ultra-low
fatty acid content BSA was purchased from Nova Biologics. Formlabs Standard Clear Resin
(FLGPCLO04) was purchased from Formlabs.

Methacrylation of BSA. A procedure for methacrylation of gelatin was modified and used
to methacrylate BSA.?¢ In short, BSA (20 g, 0.3 mmol) and NaHCO3 / Na,COs5 buffer (200 mL,
0.25 M, pH 9.0) were added to a 1000 mL round-bottom flask equipped with a magnetic stir bar.
The mixture was stirred in an ice bath until the BSA dissolved completely. Then, methacrylic
anhydride (4 mL, 27 mmol, ~2.5 eq. per lysine residue) was added dropwise to the BSA solution
over 10 min. The reaction mixture was stirred in an ice bath for 1 h. The crude product was diluted
and dialyzed against deionized (DI) water for 48 h. After lyophilization, the product was isolated
as a white powder of MA-BSA (18.3 g, 91.5 % yield). The percent functionalization of the
available lysines of BSA with methacryloyl functionalities was determined using a 2,4,6-
trinitrobenzene sulfonate (TNBS) assay.?’ The TNBS assay is a method used to quantify primary



amino groups by N-trinitrophenylation of primary amines, which have high absorption at 335 nm.
BSA and MA-BSA were dissolved in carbonate-bicarbonate buffer at a concentration of 20 pg/mL.
A 0.01% (w/v) solution of TNBS (0.25 mL) was added to 0.5 mL of each protein solution. The
samples were incubated at 37 °C for 2 h. To quench the reaction, 0.25 mL of 10% SDS and 0.125
mL of 1 N HCI were added to each sample. The absorption of each solution was measured at 335
nm with a UV/VIS spectrophotometer (Agilent 8453, Figure S1). The absorbance of the MA-BSA
was compared to the absorbance of native BSA and the percent functionalization was then
calculated as follows:

Absgss — Abs
% functionalization = stlélbs MABSA %100
BSA

Characterization of secondary structure. Circular dichroism (CD) spectroscopy (Jasco J-
720 spectropolarimeter) was used to evaluate the structure of BSA in solution after methacrylation.
The experiments were performed at 25 °C in 1 mm quartz cuvettes. The wavelength of the CD
spectrum was measured from 190 to 270 nm, with a step resolution of 0.2 nm, a scanning rate of
100 nm/min, a 1 s response time, and 2.0 nm bandwidth. The spectrum displayed for native BSA
and MA-BSA were an average of 8 spectra (Figure S2). Solvent-corrected CD spectra were
analyzed using the BeSTSel web server (http://bestsel.elte.hu) to estimate the secondary
structure.?%%

Preparation of MA-BSA based resin for vat photopolymerization. All resin formulations
were prepared in amber bottles and covered in aluminum foil to prevent auto-polymerization. The
weight percentages are based on the total composition of the resin, including the aqueous solvent.
As a representative example, we describe here the preparation of the resin with 30 wt% MA-BSA
and 5 wt% poly(ethylene glycol) diacrylate (PEG-DA). First, 0.3 g of PEG-DA was dissolved in
3.66 mL of DI water, then 1.8 g of MA-BSA was slowly added to this solution with gentle mixing
until dissolved. Next, 0.075 wt% Ru(bpy);Cl dissolved in 120 pL of DI water and 0.24 wt% SPS
dissolved in 120 puL of DI water were sequentially dissolved into the resin formulation. The final
resin formulation was covered in aluminum foil and stored at 4 °C until use. To prepare other
formulations, the same procedure was followed, changing only the co-monomer and DI water
quantities.

Fabrication of MA-BSA hydrogels using SLA printing. A Formlabs Form 2 printer was
used to fabricate the hydrogel constructs. The build plate and resin tray were modified to reduce
the total volume of resin required to print. The build plate was cut down to 45 mm x 45 mm and a
48 mm x 78 mm x 28 mm border was 3D printed on a Flashforge® Creator Pro, then glued to the
resin tray to form a small reservoir within the standard resin tray. 3D constructs were designed
with Autodesk® Fusion 360 or downloaded from Thingiverse®. The resin was poured within the
border and ice was placed around the outside of the border to prevent the temperature of the resin
from increasing during printing. Hydrogel constructs were then printed in ‘open mode’ with a layer
height of 50 um. Upon completion of the print, samples were removed from the build plate, rinsed
in DI water to remove any uncured resin, and post cured in a custom photo-curing chamber (Quans,
400 nm, 1 mW/cm?) for 90 min. Some samples were further thermally cured. These samples were
air-dried after the photo-curing step, then placed in the 120 °C oven for 180 min.

Swelling experiments. 3D printed cylindrical disks (10 mm diameter x 5 mm height) were
used for mass loss and swelling experiments. After printing and post-photo curing, the disks were



lyophilized to obtain the initial dry weight (mary,i). Samples were then submerged in an excess of
DI water and weighed after 1 day (mswoien). The swollen samples were then freeze-dried and
weighed again (mary). The swelling ratio (q) and mass loss were calculated as follows:

Maryi — mdry) x 100%

% mass loss = <
mdry,i

_ Mswolien
q - —_—
Mary

Rheological characterization. Rheological characterization was performed on a TA
Instruments Discovery Hybrid Rheometer-2. Viscosity versus shear rate experiments were
performed at a shear rate increasing from 1-100 s™! using a 40mm cone and plate geometry with a
cone angle of 1.019°, a solvent trap, and a gap height of 26 um. Due to surface tension effects,
only the range from 6-100 Pa's was reported.> To conduct photo-rheology experiments, the
rheometer was outfitted with a collimated light source (A = 400 nm, 10 mW cm, Thorlabs) that
was turned on 60 seconds after the start of the experiment. Using a 20 mm parallel plate and a gap
height of 1000 um, the storage and loss moduli were monitored for a total of 150 seconds at 1%
strain and 6.28 rad/s.

Uniaxial compression testing. Compression testing was performed using an Instron 5585H
load frame with a 2 AN and 50 AN load cell for hydrated and dehydrated samples, respectively.
Cylindrical compression samples (10 mm diameter x Smm height) were 3D printed as described
above. Samples were tested both in their dehydrated state and at equilibrium swelling with DI
water. Thermally treated samples were air dried after photo-curing, placed in a 120 °C oven for
180 min, then tested either in their dehydrated state or at equilibrium swelling. All tests were
conducted at room temperature (22 °C) using a crosshead rate of 1.3 mm/min until specimen
failure or 80% strain. Prior to testing, the hydrated samples were removed from the DI water and
blotted dry with a Kim wipe. Then, the dimensions of each specimen were measured with calipers.
At least 5 specimens of each formulation were tested. The modulus, compressive strength, and
toughness were determined from the resulting stress-strain curve. The toughness was determined
by calculating the area under the stress-strain curves using Matlab. The compressive modulus was
determined from the slope of the elastic region of the stress-strain curve.

Scanning electron microscopy. Scanning electron microscopy (SEM) samples were air dried
after printing and imaged using an Apreo-S SEM operated at 2.0 £V.

Print resolution and accuracy. The accuracy and resolution of the MA-BSA resin was
compared with the commercial Form 2 resin by printing test structures with various sized features.
The test structure was designed to have hollow squares that increase in size from 400 pm to 2000
um and posts that range from 100 um to 1000 um. The dimensions of the printed features were
measured using Image J and compared to the CAD dimensions (Figure 3 and S9).

Cell culture and biocompatibility assessment: Hydrogel films 1 mm thick and 5 mm in
diameter were inserted into wells of a poly(styrene) 96-well culture plate. NIH/3T3 murine
fibroblasts (ATCC, VA, USA) were then seeded onto these thin films at a density of 1 x 10°
cells/cm? and cultured in high-glucose Dulbecco’s Modified Eagle Medium (DMEM) (Invitrogen,
MA, USA) supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin
(Invitrogen). Cultures were maintained for 21 days before cells were stained with a live/dead



viability kit (Invitrogen) following the protocol provided by the manufacturer. Stained samples
were then imaged using a widefield fluorescent microscope (A1R, Nikon Instruments, NY, USA)
at 20 x magnification. Live cells appeared green (calcein-AM excitation/emission: 488/515 nm),
while dead cells appeared red (ethidium homodimer-1 excitation/emission: 570/602 nm). Analysis
of the images was conducted using ImageJ image processing software (National Institutes of
Health, MD, USA).

Enzymatic degradation of printed constructs. For the in vitro degradation study, hexagonal
lattice structures were printed using formulation 4 (Table 1) and degraded using proteinase K. The
lattice structures were initially weighed, then incubated at 37 °C in either Tris-CaCl» buffer (pH 8
0.1 M, GoldBio) with a final proteinase K concentration of 2 mg/mL, or the Tris-CaCl, buffer
alone as a control. Every 24 hours, the lattices were removed from solution, blotted dry with a Kim
wipe, weighed, then placed into a fresh solution of enzyme or buffer. Optical images were taken
at different time points.

RESULTS AND DISCUSSION

Radical photopolymerization of acrylates and methacrylates is a common reaction scheme
employed in the development of resins for vat photopolymerization.**!” The polymerization
occurs rapidly, and the incorporation of multiple (meth)acrylates per molecule decreases the time
to reach gel-point. We note that during the 3D printing step, we did not seek to fully cure the
structure as it was printed. Instead, the printed construct was sufficiently cross-linked to hold its
form, and a post-print curing step (h2v and thermal) was necessary to further improve the
mechanical properties of the material.

Commercially available BSA was converted into MA-BSA by reaction with methacrylic
anhydride in an aqueous buffer. Based on a TNBS assay, we determined that >90% of the available
lysines were converted into methacrylamides. We hypothesized that MA-BSA would make an
excellent cross-linker and resin component based on the presence of multiple (ca. 27-31)
methacrylamides present on the protein surface.’® The MA-BSA was soluble in aqueous solutions
at concentrations up to 40 wt%.

Circular dichroism (CD) spectroscopy was employed to assess whether the protein
underwent significant changes in terms of its secondary conformation upon methacrylation. The
CD spectra for the functionalized and unfunctionalized BSA were deconvoluted using BeStSel to
estimate each protein’s secondary structure. The BeStSel program produced similar values for
both native and methacrylated BSA (Table S1), which suggests that there was not a significant
change in the overall secondary structure of the BSA after methacrylation.

The viscosity and the rate of photo-curing of MA-BSA formulations (Table 1) were evaluated
via rheometry and optimized for vat photopolymerization. Resins that have a high viscosity (>10
Pa-s)*** are slow to self-level and exert greater capillary forces that hamper vat
photopolymerization. MA-BSA formulations over the range of 10-40 wt% in aqueous solution
were investigated (Figure 2a). Formulations up to 30 wt% MA-BSA maintained a low viscosity
up to 0.035 Pa-s, with a more significant increase in the viscosity for 35 wt% and 40 wt% MA-
BSA (1.56 Pa's and 29.4 Pa-s, respectively). Based on these results, we formulated resins with 30
wt% and 35 wt% MA-BSA with the goal of maximizing protein content while maintaining a
viscosity below 10 Pa-s.



The dwell time and intensity of the laser (405 nm) on the Form 2 printer are not adjustable,
and thus, the photo-curing rate of the resin formulation must be optimized for the printer. The cure
rates of the MA-BSA formulations were investigated by photo-rheology using a 400 nm light
source and were compared to the resin available from the commercial supplier (Figure S4).
Ruthenium tris(bipyridyl) chloride (Ru(bpy);Cl) and sodium persulfate (SPS) were used as the
photo-initiating system for their excellent solubility in water and high molar extinction coefficient
at 405 nm.'%!2 We observed that formulations comprising MA-BSA (30 wt%), Ru(bpy)sCl (0.075
wt%) and SPS (0.24 wt%) did not cure at a rate appropriate for SLA printing (Figure S5). In this
case, nearly 30 s passed before an appreciable change in the storage modulus (G') occurred. This
may be attributed to the large size of BSA (~66 kDa) and limited number of methacrylamides
available to form a cross-linked network. Based on these experiments, we hypothesized that the
addition of a second reactive monomer could increase the cure rate of the resins. Thus,
poly(ethylene glycol) diacrylate (PEG-DA, M, 700 Da) or poly(ethylene glycol) methyl ether
acrylate (PEG-A, M, 480 Da) were included as additives in the formulations.
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Figure 2. Rheometrical evaluation of MA-BSA formulations to determine viscosity and rate of
photo-curing. (a) Viscosity versus shear rate data for 10-40 wt% MA-BSA formulations; 40 wt%
MA-BSA (black squares), 35 wt% MA-BSA (red circles), 30 wt% MA-BSA (blue pentagons), 20
wt% MA-BSA (pink triangles), 10 wt% MA-BSA (green diamonds). (b) Photo-rheology of 30 wt%
MA-BSA resin with various amounts of co-monomer. The light source (400nm) was turned on after
60 s; no co-monomer (red squares), 1 wt% PEG-DA (black circles), 5 wt% PEG-DA (blue
pentagons), 10 wt% PEG-DA (pink triangles), 10 wt% PEG-A (green diamonds).

The time required to reach gel point (G’ = G") and the cure rate (based on the change in G’
upon irradiation with 400 nm light) were used to assess the formulations for suitability in vat
photopolymerization.*'*> We first evaluated the time to reach gel points because it has been
previously reported that the macromer conversion at the interface between layers should be slightly
higher than the gel point to ensure chemical bonding between layers.** Additionally, a successful
SLA resin should surpass its gel point quickly. The 30 wt% MA-BSA formulation without any
additives required 18 s of irradiation to reach its gel point. The addition of a co-monomer into the



formulation decreased the required irradiation time to 5.5 s, 4.0 s, and 2.2 s for 1 wt%, 5 wt%, 10
wt% PEG-DA, respectively. The mono-functional co-monomer, PEG-A, also decreased the time
to reach gel point (3.2 s) relative to the MA-BSA formulation at 30 wt%. The cure rate based on
the change in G’ over time was assessed for each of the formulations over the first 30 s of irradiation
(Table 1). The storage modulus of the formulation without any co-monomer increased at a rate of
0.006 kPa/s while the incorporation of monomer increased the cure rate by orders of magnitude
(three orders of magnitude for 1 wt% and four orders of magnitude of Pa/s for both 5 and 10 wt%
added co-monomer). Importantly, the addition of co-monomer does not significantly alter the
viscosity, and the resin remains well within the working range for SLA printing (Figure S6).

All of the formulations were evaluated using a Form2 printer. The 30 wt% MA-BSA
formulations with the inclusion of 5-10 wt% additive (Table 1, entries 3-5) were the best
candidates as resins, which was consistent with our rheological experiments. The resin formulation
with 1 wt% co-monomer (Table 1, entry 1) printed the initial 10-20 layers before the printed part
delaminated from the build plate. The formulations with 35 wt% MA-BSA were also unacceptable
as resins because they were too viscous. Based on these results, the successful formulations met
two requirements: (i) a resin viscosity that was <3.4 Pa-s, and (ii) a cure rate that was >13.5 kPa/s.

Table 1. Rheometrical data for MA-BSA resin formulations.

1 30 -- No 0.035 18 0.006
2 30 PEG-DA (1) No 0.020 5.5 1.61
3 30 PEG-DA (5) Yes 0.061 4.0 14.0
4 30 PEG-DA (10) Yes 0.267 2.2 24.2
5 30 PEG-A (10) Yes 0.072 3.2 13.5
6 35 PEG-DA (5) No 8.2 4.5 19.1
7 35 PEG-DA (10) No 3.4 4.8 50.1

2 Based on the first 30 s of irradiation.



The resolution of each print is governed by both the printer (laser spot size and laser accuracy)
and the curing kinetics of the resin. We designed a CAD file for a test structure with an array of
fins (100 — 1000 um), as well as an array of square holes with widths that ranged from 400 — 2000
um. This test structure (Figure 3) was used to evaluate the resolution limit of the formulation with
the highest printable MA-BSA content (Table 1, entry 4). The smallest fin printed was 243 um
and the smallest square hole resolved was 700 um. In comparison, the smallest feature fin and hole
for a commercially available acrylate resin was 173 um and 400 um, respectively. In general, the
printed constructs were consistent with the CAD model, and on average, the MA-BSA printed
structure deviated higher (67.5 pm) than the dimensions designed in the CAD model. The
commercially available resin exhibited a similar behavior but with a smaller deviation from the
CAD model (8.9 pm).
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Figure 3. A test structure comprised of lines/spaces of varying line widths from (100 um to 1000 pm)
and square holes with dimensions from (400 um to 2000 pm) was designed and printed using the
Form?2 printer. (a) Comparison of the original CAD, printed commercial resin, and formulation with 30
wt % MA-BSA and 10 wt % PEG-DA (top to bottom, scale bar Smm). Plots showing the measured
feature sizes for the printed (b) lines and (c) square holes versus the CAD.

The as-printed structures of the MA-BSA formulation were hydrogels with a water content of
ca. 60 wt%. These structures were subjected to a post-print curing step to induce further cross-
linking within the material. The printed hydrogel samples were first irradiated with 400 nm light
for 1.5 h to further polymerize any unreacted meth(acrylate)s. Then, the samples were dehydrated
and thermally cured at 120 °C for 180 min. During this step, the BSA protein was also expected
to denature, which would increase the physical associations between protein chains via
hydrophobic and hydrogen bonding interactions.***’ The printed and cured samples afforded
bioplastics that could be re-hydrated with water to re-form the hydrogel. Swelling studies were
performed to determine the amount of water the printed constructs absorbed (swelling ratio, q) and
the gel fraction for the material (based on percent mass loss) for each formulation after printing
(Table S2). The thermally cured samples exhibited lower swelling ratios and decreased mass loss
relative to the non-cured samples. This difference could be attributed to the denaturation of BSA
during the thermal curing step, which would lead to an increase in intermolecular interactions
between protein chains. As a result, there are more physical associations present within the re-
hydrated hydrogel matrix and the swelling ratio decreased.



We also observed that the difunctional monomer, PEG-DA, afforded samples with a lower
swelling ratio (2.64) and mass loss after swelling (3.3%) than the monofunctional monomer, PEG-
A (3.32 and 9.9 %, respectively). Additionally, the concentration of PEG-DA was inversely related
to the swelling ratio as 5 wt % PEG-DA absorbed 81 % more water than 10 wt% PEG-DA. Thus,
the reswelling behavior of the MA-BSA hydrogels can be controlled by altering the cross-linking
density of the matrix.

The same formulation that was used to print the resolution test structures (Table 1, entry 4)
was also used to print lattice geometries. These examples demonstrate the successful printing of
complex geometries with good resolution (250 um struts) (Figure 3). The SEM images of the
printed lattices also showed that 50 pm layer heights were clearly visible when angled structures
were formed from offset stacked layers (Figure 3¢).
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Figure 4. Lattice designs were 3D printed using the formulation comprised of 30 wt % MA-
BSA and 10 wt % PEG-DA. The CADs are shown in (a), (d), and (g); optical images are
shown in (b), (e), and (h) where the scale bars represent 5 mm; representative SEM images
are shown in (c), (f), and (i) where the scale bars represent 1 mm. The samples shown are the
dehydrated constructs after the thermal cure.

Uniaxial compression tests were performed to characterize the mechanical properties of cured
hydrogels and the corresponding dried bioplastics. The compressive stress-strain curves are plotted



in Figure Sa-d and the corresponding data are in Table S4 and S5, where we compared the
monofunctional PEG-A versus difunctional PEG-DA as the additive. As expected, the samples
with 10 wt% PEG-A had a lower compressive modulus than samples with 10 wt% PEG-DA (3.3
MPa and 6.3 MPa, respectively). This is attributed to the linear chain architecture afforded by
PEG-A versus the highly crosslinked network chain architecture that arose from PEG-DA.
Samples that were thermally cured exhibited markedly different stress-strain curves compared to
un-cured samples. For the hydrated samples (hydrogels), the thermal treatment increased the
compressive strength by over 500%, 175%, and 200% for 5 wt% PEG-DA, 10 wt% PEG-DA and
10 wt% PEG-A, respectively. This increase in compressive strength could be the result of the
formation of increased noncovalent interactions between the protein chains, forming a dual-
crosslinked network. Secondary structural motifs such as intermolecular f-sheets have previously
been reported for BSA upon thermal denaturation above 70 °C.*® The presence of additional
intermolecular physical cross-linking was corroborated by the decreased swelling ratio of the
thermally cured samples (Table S2).
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Figure 5. Compressive stress vs strain curves of (a) the ‘as printed’ hydrogel after equilibrium
swelling in water, (b) the thermally cured hydrogel after equilibrium swelling, (c) the ‘as
printed’ sample in the dehydrated state, and (d) the thermally cured sample in the dehydrated
state. Photographs of a representative printed lattice are shown in the sample in the (e) swollen
hydrogel state and (f) dehydrated state.

Similar to the hydrogels, the bioplastics (Figure 5¢) with PEG-A additive exhibited a lower
modulus than the bioplastics with PEG-DA (73 MPa and 473 MPa, respectively). The thermally
cured and dehydrated samples (Figure 5d) also had a much higher modulus than the uncured
samples (Figure 5c¢). For example, the 10 wt% PEG-A bioplastic had a compressive modulus of
73 MPa without the thermal cure and increased to 382 MPa with the thermal cure. Surprisingly,



the thermally cured 5 wt% PEG-DA bioplastic had the highest modulus of all formulations, 638
MPa. We attribute this to the greater proportion of MA-BSA present relative to the total polymer
content. The higher concentration of MA-BSA increased the number of inter-protein non-covalent
interactions that could occur.
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Figure 6. Graph of compressive stress versus
strain for a cast dehydrated sample of 30 wt%
MA-BSA that has been cross-linked. Three
distinct regions were observed and are
highlighted: (I) linear elastic region, (II) plateau
region, and (III) strain-stiffening region.

Interestingly, the bioplastics that were tested in their dehydrated state did not fail by brittle
fracture. Instead, they exhibited plastic deformation and flattened into a disk under compressive
load. Figure 6 shows a representative compressive stress versus strain curve for a dehydrated
sample of 30 wt% MA-BSA and highlights three distinct regions in the graph. Beyond the linear
elastic region, there is a distinct yield point, beyond which plastic deformation occurs. We attribute
this behavior to the high molecular weight of the BSA, which can become irreversibly stretched
as the load is increased.

Using a fluorescent live/dead assay, the biocompatibility of the MA-BSA formulations with
3T3 fibroblasts was assessed after a 21-day culture period (Figure 6). Overall cell viability was
good (> 95%), with some hydrogel samples outperforming even conventional tissue-culture
plastic. The greatest viability was observed on the 1 wt% PEG-DA hydrogels. While the viability
decreased as a function of increasing PEG-DA content, this difference from the 1 wt% formulation
was not statistically significant (Figure 6b). Interestingly, it also appeared that as PEG-DA content
increased, cultured fibroblasts displayed a tendency to form 3D aggregates that formed on top of
a layer of adherent cells. This observation could be attributed to a reduction in potential binding
sites for cells, because PEG is an anti-fouling and adhesion-resistant material and would induce
proliferating cells to preferentially adhere to neighboring cells, rather than to the material surface.
Indeed, such behavior has been observed in other PEG-containing hydrogels that have not been



otherwise modified with cell-adhesion ligands.**>! While further studies would need to be
conducted, particularly with other cell types that do not readily adhere to materials, this property
could allow for the use of these hydrogels in applications in which some degree of cell adhesion
resistance is desired, such as those that involve contact with flowing blood.

1 wt% PEG-DA : S wt% PEG-DA

10 wt% PEG-DA - 10 wi% PEG-A [o) My

% Viability

Figure 6. BSA-PEGDA hydrogels are biocompatible with fibroblasts. (a) Representative live/dead
staining of fibroblasts on tissue culture polystyrene (TCPS) and on composite hydrogels with
varying PEGDA and PEGA content. (b) A high percentage of cells remained viable on hydrogels
over a 21-day culture period and viability was comparable to that of TCPS controls.

Finally, the biodegradability of the printed constructs was confirmed by subjecting the printed
resin to a protease. The enzymatic degradability of a cross-linked and cured MA-BSA sample (in
the absence of any co-monomer) was confirmed by incubating the sample at 37 °C with proteinase
K (2 mg/mL). The sample that was cured only with 400 nm irradiation was digested within 2 h,
whereas the sample that was irradiated and thermally cured was completely digested within 16 h
(Figure S7). However, the formulations comprised of MA-BSA and PEG-DA as a co-monomer
showed a slower rate of enzymatic degradation. After 1 week of incubation at 37 °C, the irradiated
and thermally cured sample degraded and lost 22.0 % of its mass (Table S3). Thus, the addition
of the co-monomer significantly reduced the ability of the enzyme to completely degrade the
structure. We are currently investigating other cross-linkers that can further enhance or control the
degradability of the matrix.



CONCLUSION

In conclusion, we developed a protein-based resin for SLA printing biodegradable hydrogels
and bioplastics using a commercial 3D printer. MA-BSA is a versatile platform to create resins on
account of its high solubility in water and its low intrinsic viscosity. A two-step procedure was
utilized which involved first, patterning the resin using a Form 2 printer, and second thermally
curing the printed construct to denature the protein, thus producing a robust 3D structure. The resin
was optimized for printability with the inclusion of PEG-DA or PEG-A as a co-monomer. The
resin viscosity and rate of photocure were critical parameters that determined the printability of
the resin. The formulations that exhibited the best printability had viscosities that were <3.4 Pa-s
and a cure rate that was was >13.5 kPa/s. The MA-BSA resin formulations performed comparably
to a commercially available acrylic resin for the Form 2 printer, with ‘as printed’ dimensions as
small as 230 um. Upon thermal curing and dehydration, the printed constructs isotropically
decreased in size to resolve features down to 170 um. The printed and thermally cured constructs
had excellent mechanical properties for both the reswollen hydrogel and the dehydrated bioplastic
(compressive strength of 4.27 MPa at break and 97 MPa at 20% strain, respectively). To the best
of our knowledge, this is the first time that a protein’s folded and unfolded conformations have
been utilized as a switch that facilitates its 3D printing and subsequent physical cross-linking. We
expect this strategy to be useful any type of vat photopolymerization process including, digital
light projection DLP and continuous layer interface printing (CLIP). These protein-based
constructs could be well-suited for load bearing applications in tissue engineering and medical
devices.
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