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Abstract

Nature utilizes proteins as building blocks to create 3D structural components (like spiderwebs
and tissue) that are recycled within a closed loop. Furthermore, it is difficult to replicate the
mechanical properties of these 3D architectures within synthetic systems. In the absence of
biological machinery, protein-based materials can be difficult to process and can have a limited

range of mechanical properties. Herein, we present an additive manufacturing workflow to



fabricate tough, protein-based composite hydrogels and bioplastics with a range of mechanical
properties. Briefly, methacrylated bovine serum albumin-based aqueous resins were 3D printed
using a commercial vat photopolymerization system. The printed structures were then treated with
tannic acid (TA) to introduce additional non-covalent interactions and form tough hydrogels. The
hydrogel material could be sutured and withstand mechanical load even after immersion in water
for 24 h. Additionally, a denaturing thermal cure could be used to virtually eliminate rehydration
of the material and form a bioplastic. To highlight the functionality of this material, a bioplastic
screw was 3D printed and driven into wood without damage to the screw. Moreover, the 3D printed
constructs enzymatically degraded up to 85% after 30 days in pepsin solution. Thus, these protein-

based 3D printed constructs show great potential for biomedical devices that degrade in situ.

1. Introduction

The growing use of plastics and rapid accumulation of plastic waste calls for the development
of alternative materials that are promptly degradable and environmentally benign.! Proteins
represent a class of biopolymers with remarkable structural and functional diversity. Utilizing
proteins for commercial materials applications can reduce our reliance on petroleum-based
materials, as protein feedstocks can be obtained in high volumes from microbial, plant, and animal
sources.* ¢ Proteins also represent a platform for creating a circular economy for recycling.” Silk
fibroin, collagen, gelatin, and bovine serum albumin (BSA) are examples of proteins and protein
derivatives that have thus far been investigated for materials applications that range from
commodity materials to specialized biomedical materials. Protein-based materials can generally
be processed via solvent casting, melt extrusion, and injection molding,® however, their application

is limited by poor processability into 3D form factors coupled with poor mechanical performance.’



Vat photopolymerization'®!'! 3D printing techniques such as stereolithographic apparatus (SLA)
3D printing, digital light processing (DLP), continuous liquid interface production (CLIP),'? and
high-area rapid printing (HARP)'? have emerged as promising techniques that offer high quality
parts at increasingly fast production rates.'* The list of 3D printable elastomers, plastics, and
composites reported in the literature continues to grow; however, most of these materials are not
biodegradable, and only a few are based on biopolymers.!> ! The design of photocurable resins
for vat photopolymerization requires photo-crosslinkable molecules with low intrinsic viscosities
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and fast photocuring rates. In general, a low resin viscosity (0.25 Pa-sto 10 Pa‘s
to facilitate resin reflow and minimize the undesirable stresses exerted on the printed object during
the printing process.?? >* The polymer concentration should be maximized in a resin formulation.
Yet, increasing the polymer concentration in the resin increases viscosity, as does increasing the
molecular weights of the polymeric components, as predicted by Mark-Houwink equation.?> An
alternative design strategy is to employ synthetic polymers with cyclic, branched, or dendritic
architectures, or cross-linked unimolecular particles. These architectures are characterized by low
intrinsic viscosities relative to that of a linear polymer counterpart.’®2° Interestingly, the majority
of photocurable protein derivatives that have been reported are based on structural proteins (e.g.,
gelatin and silk fibroin),'®!” which form fibrous higher-order assemblies. Anisotropic structures
or macromolecules that undergo significant entanglement is undesirable in vat
photopolymerization processes, as this substantially increases the resin viscosity, which can limit
processability.

BSA is a globular protein that is well suited for vat photopolymerization 3D printing.*® At around

neutral pH, BSA is highly aqueous soluble (up to 50 wt %) largely due to its high surface charge.

Additionally, BSA has a low intrinsic viscosity, which is related to its compact nanoparticle-like



structure. Together, the high solubility and low intrinsic viscosity of BSA facilitate high BSA
loading into resins as well as facile processing of BSA-based resins. Methacrylated BSA
(MABSA) was synthesized by functionalizing available surface lysines of BSA.** Unlike gelatin
methacrylate (GelMA),*'*> MABSA does not naturally form physical hydrogels at moderate
concentrations (2—40 wt %) in water. We reported this photo-crosslinkable derivative of BSA for
vat photopolymerization 3D printing using a commercially available Form 2 SLA 3D printer.*
While mechanically stiff (6 MPa) hydrogels were reported,*® the applicability of these materials
for a broader array of load-bearing applications was limited by their swelling in water, which
reduced their mechanical strength.*% Additionally, poly(ethylene glycol) diacrylate (PEGDA)
was necessary for network formation but also precluded complete enzymatic degradation of the
material (Table S1).

Tannic acid (TA) is a plant-sourced polyphenol that has been shown to enhance the mechanical
properties of synthetic and biopolymer hydrogels.***>* TA can introduce secondary crosslinks
within polymeric networks through hydrogen bonding and hydrophobic interactions** ¢ to
enhance the elastic modulus, strength, and toughness of a hydrogel. Additionally, the noncovalent
interactions with TA can reduce the extent of swelling of a polymer network and provide sacrificial
bonds as an energy dissipation mechanism that improves toughness.

Herein, we present a process for fabricating biodegradable 3D constructs from a MABSA-TA
composite material, which can be used either as a tough hydrogel or dehydrated bioplastic.*” We
developed resin formulations for SLA 3D printing that comprised MABSA and water-soluble
acrylate monomers. The mechanical properties of these as-printed hydrogel constructs could be

enhanced with the incorporation of TA into the crosslinked MABSA network. MABSA-TA

composite hydrogels had greater toughnesses than the as-printed counterparts; this was afforded



by the incorporation of the secondary noncovalent crosslinks introduced by TA. In a subsequent

step, MABSA-TA composites were thermally cured at 120 °C to unfold a-helical regions and

concomitantly form B-sheet structures,*®*’ thereby enhancing mechanical properties. We refer to

thermally denatured MABSA-TA (AIMABSA-TA) composites as bioplastics. The presence of TA

in these bioplastics enhanced mechanical properties and prevented rehydration of these materials

when immersed in water. The improvements in ultimate strength, elastic modulus, and toughness

for these protein-based materials enabled 3D printed constructs that were mechanically functional,

such as screws and suturable devices. To the best of our knowledge, this is the first reported

demonstration of a biodegradable and 3D printable hydrogel that can hold a suture after immersion

in water for at least 24 h.
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Figure 1. SLA 3D printed MABSA lattice structures. Swelling in water of the as-printed hydrogel

constructs was reduced by TA treatment. This TA treatment also increased toughness of the

(resultant MABSA-TA) hydrogel. An additional 120 °C thermal cure denatured the MABSA and

virtually eliminated rehydration, resulting in a dAMABSA-TA bioplastic.




2. EXPERIMENTAL SECTION

2.1 Methacrylation of BSA. A previously published method for methacrylation of BSA was
used.?? In short, BSA (20 g, 0.3 mmol) and NaHCO3 / Na,COjs 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 at 2—-8 °C until the BSA dissolved completely. Then, methacrylic anhydride (4 mL, 27
mmol) was added dropwise to the BSA solution over 10 min. The reaction mixture was stirred at
2-8 °C for 2 h. The crude product was diluted two-fold with deionized (DI) water and then dialyzed
against DI water for 48 h at 2—8 °C. After dialysis, the product was lyophilized with yields typically
> 91.5%. The percent functionalization of the available lysines of BSA with methacryloyl
functionalities was determined to be 85-95% using a 2.4,6-trinitrobenzene sulfonate (TNBS)
assay.>’

2.2 Preparation of MABSA-based resin for vat photopolymerization. Three resin
formulations were used in this study, each with 30 wt% MABSA and the minimum amount of co-
monomer that afforded a printable resin: 5 wt% for poly(ethylene glycol) diacrylate (PEGDA), 3
wt% for acrylamide (AAm), and 2 wt% for 2-hydroxyethyl acrylate (HEA). All stated weight
percentages were calculated from the total (final) composition of the resin, including mass of DI
water as the solvent. As a representative example, we describe here the preparation 6 g of the resin
with 30 wt% MABSA and 5 wt% PEGDA. First, 0.3 g of PEGDA was dissolved in 3.66 mL of DI
water; then, 1.8 g of MABSA was slowly added to this solution with gentle mixing until dissolved.
Finally, 0.075 wt% Ru(bpy);Cl> was dissolved in 120 pL of DI water, and 0.24 wt% SPS was
dissolved in 120 pL of DI water; these solutions were sequentially added to the resin formulation

with gentle mixing. The final resin formulation was covered with aluminum foil and stored at 4



°C until use. To prepare the other formulations, similar procedures were followed, changing only
the co-monomer and DI water quantity. For fabrication of the bioplastic screw, 0.075 wt% New
Coccine was included in the resin formulation. The screw thread geometry was difficult to resolve
without inclusion of a photoabsorber. Use of New Coccine as a photoabsorber with this
photoinitiator system has been previously reported.'*>°

2.3 SLA 3D printing of MABSA-based hydrogels. A Formlabs Form 2 printer with a modified
build platform and resin tray was used to fabricate the hydrogel constructs.’* Hydrogel constructs
were printed in the Form 2’s Open Mode, with a layer height of 100 um. Upon completion of the
print, samples were removed from the build platform, rinsed with DI water to remove uncured
resin, and post-cured in a custom photocuring chamber (Quans, 400 nm, 1 mW/cm?) for 90 min.
Some samples were further treated with TA, thermally cured at 120 °C, or treated with both TA
and thermally cured.

RESULTS AND DISCUSSION

3.1 Formulation and printability of MABSA-based resins. The MABSA-based resin
formulations for SLA 3D printing which we have reported previously° afforded printed constructs
that only partially degraded in the presence of protease and became mechanically weaker upon
swelling in water. We hypothesized that the presence of PEGDA as a non-degradable reactive co-
monomer (10 wt% of the resin, 25 wt% of the solids) in these formulations limited the ability of
protease to digest the protein network, as the construct only degraded 22% in a concentrated
solution of proteinase K (Table S1). We hypothesized that the presence of the nondegradable
PEGDA network limited the access of the enzyme to the protein matrix. In this work, we
demonstrated fully degradable structures by replacing PEGDA with low molecular weight,

monofunctional co-monomers. The use of such co-monomers afforded printable inks at lower co-



monomer concentrations in which enzymatically degradable MABSA served as junctions in the
cross-linked network. Finally, the addition of TA as an additive to the printed constructs gave
hydrogels and bioplastics that could retain their toughness even in the presence of water.

We investigated three co-monomers as additives in MABSA-based resin formulations:
acrylamide (AAm), hydroxyethylacrylate (HEA), and PEGDA. All of the resin formulations
investigated comprised 30 wt% MABSA, with 0.075 wt% Ru(bpy);Cl, and 0.24 wt% sodium
persulfate (SPS) as the photoinitiating system. The minimum quantity of co-monomer additive
required to produce a printable resin was determined by printing cylinders using a Form 2 printer
with 1-10 wt% of co-monomer. We observed that resin formulations with <3 wt% AAm, <2 wt%
HEA, or <5 wt% PEGDA exhibited insufficient photocuring rates, which resulted in delamination
between layers and failed prints (Figure S1). At equal or greater values than these respective
concentrations of co-monomer, we consistently obtained successful prints. These minimum
concentrations of co-monomer (3 wt% AAm, 2 wt% HEA, and 5 wt% PEGDA) were used in all
subsequent experiments.

3.2 MABSA-TA interactions. For each of the formulations, we investigated post-print
processing of the printed constructs with TA to increase toughness of the materials. The as-printed
constructs were immersed in a solution of 300 mg/mL TA for 72 h to infuse TA into the polymer
matrix to afford MABSA-TA composite hydrogels. We hypothesized that the incorporation of
noncovalent interactions (primarily hydrogen bonding) between MABSA and TA would improve
the toughness of these materials by providing a mechanism for energy dissipation. FTIR spectra
of the MABSA-TA network hydrogel showed that the peak representing TA carbonyl groups
shifted from 1700 to 1721 cm™!, confirming the formation of hydrogen bonds between TA and the

printed MABSA structures (Figure S4). Gravimetric analysis of the samples showed that the



masses of the dehydrated TA composites were higher than those before TA infusion and contained
up to 25 wt% TA relative to the total dry mass (Table S3).

To investigate how TA influences the swelling behavior of the printed constructs, different
treatments including TA treatment, 120 °C thermal cure, and the combination of the two treatments
(TA and 120 °C thermal cure) were performed. After the TA treatment, the swelling ratio of the
MABSA-AAm, MABSA-HEA, and MABSA-PEGDA hydrogels reduced by more than 50% for
each formulation (Figure 2). We have shown previously that thermal curing of photocured
MABSA results in loss of a-helix structure with concomitant formation of intermolecular B-
sheets.’! Separately, the thermal cure and TA treatment each decreased the swelling ratio of the
printed constructs in water by roughly the same amount. Interestingly, a combination of TA
treatment followed by 120 °C thermal cure greatly reduced the swelling ratio to below 0.11 for all

formulations (Figure 2). (add crosslink data response to reviewer)
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Figure 2. (a) Swelling ratios of 3D printed MABSA-based formulations after each post-print
treatment, including: no treatment, 120 °C thermal cure, TA treatment, and TA treatment and 120
°C thermal cure; (b) Image of 3D printed MABSA-HEA constructs at equilibrium swelling in DI
water after each post-print treatment: none, 120 °C thermal cure, TA treatment, and TA treatment

and thermal cure (from left to right).

3.3 Effect of post-print treatments on mechanical properties. The uniaxial tensile mechanical
properties of the cured materials (ultimate strength, toughness, and elastic modulus) were
quantified using a load frame (Figure 3a-f). Among the non-treated hydrogels, MABSA-AAm had
the highest Young’s modulus (2.02 MPa), which was ~ 3 times greater than those of MABSA-
HEA (0.64 MPa) and MABSA-PEGDA (0.68 MPa) (Figure 3d). Similarly, MABSA-AAm
demonstrated the highest ultimate strength and toughness (Figure 3e,f). These results are likely
due to the additional hydrogen bonding interactions between the acrylamide groups and MABSA.
The TA treatment afforded higher ultimate strength and toughness for all formulations. When
compared to the non-treated samples, the ultimate strength increased 27-fold for MABSA-HEA-
TA, 3.4-fold for MABSA-AAm-TA, and 15-fold for MABSA-PEGDA-TA. These improvements
are attributed to energy dissipation afforded by the disruption of hydrogen bonding and other
noncovalent interactions under tensile strain.*>*>* The increased hydrogen bonding interactions
that are introduced with the presence of TA in the matrix decreased the water uptake by the
materials and also improved the mechanical properties of the hydrogels. Finally, the samples that
were thermally cured at 120 °C after the TA treatment exhibited the greatest improvements in
mechanical properties. The ultimate strength increased to 7.1 MPa for AIMABSA-HEA-TA, 3.2

MPa for dAMABSA-AAmM-TA, and 3.8 MPa for dAMABSA-PEGDA-TA. These increases in

10



mechanical strength were also accompanied by significant reductions in water uptake. Thus, post-
print TA treatment followed by thermal curing transforms the as-printed hydrogels into bioplastics
(which show minimal rehydration in water, Figure 2b).

To demonstrate the high mechanical strength of these 3D printed bioplastics, a mechanically
functional screw was fabricated. The MABSA-PEGDA resin was formulated with 0.075 wt% New
Coccine (a red food dye). In particular, for 3D printing a screw, we found it beneficial to include
the dye to enhance the resolution of the screw threads.!” Following TA treatment and thermal
curing, the screw was successfully driven into a piece of balsa wood and then removed without

any visible structural damage to the screw (Figure 3h).
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Figure 3. Tensile stress-strain curves of all formulations at equilibrium swelling (a) with no post-

print treatment, (b) after TA treatment, (c¢) after TA treatment and 120 °C thermal cure. (d) Young’s

modulus, (e) toughness, and (f) Ultimate strength of each formulation with no post-print treatment,

120 °C thermal cure, TA treatment, and both TA treatment and 120 °C thermal cure. (g) 3D printed

bioplastic screw after TA treatment and 120 °C thermal cure. (h) Bioplastic screw being driven

into wood. (1) Side view of bioplastic screw in wood, (j) Bioplastic screw after removal from wood,

lacking visible damage.
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3.4 Biodegradation. All of the resin compositions afforded biodegradable materials with

degradation rates that depended upon the material composition and post-print processing

conditions. The biodegradability of these materials was investigated over the course of 30 d in a

pepsin solution (pH 1.5-2.0) at 37 °C. Without any post-print treatment, the samples degraded

46.0%, 61.2%, and 59.9% for MABSA-HEA, MABSA-AAm, and MABSA-PEGDA, respectively

(Figure 4). Regardless of co-monomer used, the samples with TA treatment exhibited the greatest

mass loss, 75.3% for MABSA-HEA-TA, 67.5% for MABSA-AAm-TA, and 85.0% for MABSA-

PEGDA-TA. This increase in degradation could be the result of TA disrupting protein interactions

and providing the enzyme with greater access to cleavage sites.>> Additionally, polyphenols have

been shown to enhance the activity of pepsin.*® Samples that were treated with TA and cured at

120 °C exhibited the lowest degradation rates. This is likely due to the low water uptake of these

materials, which could limit pepsin transport into the material, thus limiting degradation.
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Figure 4. Degradation of printed constructs over 30 d in pepsin solution (a) MABSA-HEA, (b)

MABSA-AAm, (c) MABSA-PEGDA. Images of MABSA-HEA, MABSA-HEA-TA, dMABSA-
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HEA, and dMABSA-HEA-TA at (d) day O prior to incubation in pepsin solution, (e) after 5 d

incubation in pepsin solution, () after 30 d incubation in pepsin solution.

3.5 Suturing. To further demonstrate the excellent mechanical functionality of these MABSA-
based hydrogels, we qualitatively investigated the response of the materials to suturing (Figure 5).
The MABSA-based hydrogels without post-print treatments were brittle and exhibited visible
crack propagation throughout the material upon insertion of the suture needle, as shown in Figure
Sa. Interestingly, after TA treatment, a 3 mm thick sample exhibited markedly reduced crack
propagation (Figure 5b) and could support 500 g loaded on a single loop of suture material (Figure
5¢). To demonstrate suturing to tissue, a hydrogel patch (~ 8 mm x 8§ mm) was 3D printed and
treated with TA. A square of matching size was cut from a section of bovine small intestine. After
equilibration in water, the hydrogel patch was sutured in place. The sutures held firmly even after

24 h of water immersion (Figure 5f and 5g).

No treatment

TA treatment
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Figure 5. Images showing the suturability of MABSA-HEA hydrogels. Piercing a 3D printed
hydrogel strip with a suture needle (a) with no post-print treatment (MABSA-HEA hydrogel) and
(b) after TA treatment (MABSA-HEA-TA hydrogel). (c) MABSA-HEA-TA hydrogel strip
supporting a 500 g weight via a single loop of suture material. (d, ¢) MABSA-HEA-TA hydrogel
patch sutured to bovine small intestine, with front and back views shown respectively. (f, g)

MABSA-HEA-TA patch sutured to bovine small intestine after immersion in water for 24 h.

4. CONCLUSION

In summary, we developed an additive manufacturing process using MABSA and TA to
fabricate tough, protein-based hydrogels and bioplastics. The 3D printed constructs exhibited
excellent mechanical properties (elastic modulus, strength, and toughness) and can biodegrade in
the presence of a pepsin protease. A mechanically functional screw was 3D printed to showcase
the utility of this process to afford bioplastic constructs. We also developed tough hydrogels that
could withstand a suturing process and demonstrated the robustness of the material even after
submersion in water. The broad range of mechanical properties achievable with this platform
affords opportunities for 3D printable and degradable bioplastics and hydrogels. In the future, we
envision these materials will enable customized 3D printed stents, patches, and drug delivery

devices that can degrade in situ.
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