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Department of Chemistry

Additive manufacturing (AM) has claimed its place as one of the key elements in the fourth
industrial revolution, the automation and digitization of industry. By enabling one to rapidly
fabricate and test any 3D structure over a range of length scales with limited expertise, AM is
challenging the status quo of how things are invented and manufactured. However, the severe lack
of materials that are compatible with AM limits its ability to disrupt the traditional manufacturing
industry. To push the boundaries and drive forward innovation in manufacturing, new materials
must be designed specifically for AM.

This thesis explores the investigation of the printability of a library of synthetic inks for direct-ink
write 3D printing and the development of globular protein-based resins for stereolithography. The

inks for DIW are based on Pluronic F127, a triblock copolymer that forms temperature responsive,



shear thinning hydrogels. Several rheological parameters that define a successful ink for DIW 3D
printing are identified. Additionally, the development of a protein-based resin is reported, wherein
the globular protein, bovine serum albumin, is modified and formulated into a photocurable resin
for stereolithography. Several post-print treatments such as 120 °C thermal denaturation or tannic
acid incubation were employed to tune the mechanical properties of the printed structures. This
work demonstrates a set of resins and post-print treatments that can be used for a range of

applications from biomedical devices to bioplastics.
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Chapter 1. INTRODUCTION

1.1  INTRODUCTION TO ADDITIVE MANUFACTURING OF HYDROGELS

Additive manufacturing (AM) has claimed its place as one of the key elements in the fourth
industrial revolution, the automation and digitization of industry. By enabling one to rapidly
fabricate and test any 3D structure over a range of length scales, AM is challenging the status quo
of how things are invented and manufactured. Traditional manufacturing of parts typically requires
several steps, each using different processes such as molding, turning, or milling. However, in AM
the process is simplified and goes directly from a computer aided design (CAD) model to a
fabricated part using a single device, cutting the iterative prototyping process to a span of days
compared to months while also significantly cutting the costs. While this will certainly disrupt the
way traditional parts are manufactured today, recent material advancements have expanded the
scope of AM into new fields such as medicine, tissue engineering, and cell culture. The advent of
3D printed hydrogels has opened the door for the development of new bio-interfacing applications.
To continue to push the boundaries and drive forward innovation, new materials with a wide range
of mechanical and functional properties must be designed specifically for AM.

Hydrogels are crosslinked, hydrophilic polymer networks that may absorb large amounts of
water or aqueous solutions.! The high water content in hydrogels enable the ability to mimic native
extracellular matrix (ECM) and transport hydrophilic agents, making them ideal for bio-interfacing
applications. Many researchers have employed AM techniques to pattern hydrogels into complex
structures for such applications. Two common AM techniques that are compatible with hydrogels

are direct-ink-write (DIW) 3D printing and vat photopolymerization (\VVP).



Figure 1. 1 Schematic of a) SLA and b) DIW printing processes.

In DIW 3D printing, hydrogel materials are extruded through a nozzle and deposited as filaments
layer-by-layer into a 3D structure. There are two strategies to pattern hydrogels via DIW 3D
printing. In the first method, low viscosity inks are extruded into a support bath or build plate
followed by a curing step during or immediately after each layer.? In the second method, shear-
thinning hydrogels, like Pluronic F127, are used because they can flow under applied load and
rapidly re-form a self-supporting gel upon deposition. Pluronic F127 is a triblock copolymer
consisting of poly(ethylene oxide)-b-poly(propylene oxide)-b-poly(ethylene oxide) (PEO-b-PPO-
b-PEQ). At the critical micelle concentration (CMC), the F127 chains aggregate into micelles with
an inner core of hydrophobic PPO units and an outer shell of hydrophilic PEO units. At
concentrations well above the CMC (~20 wt%), the micelles pack together forming a 3D hydrogel
network. These F127 hydrogels have a temperature responsive sol-gel transition, wherein at low

temperature, the polymer chains are all individually solvated as unimers forming a low viscosity
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solution. Upon increasing to room temperature, the unimers form micelles and the micelles pack
to form a free-standing gel. The reversible sol-gel transition enables easy incorporation of additives
such as colloidal particles or living cells into solution at low temperatures and upon increasing to
room temperature, the gel network recovers. The gel network is held together by reversible,
physical bonds that reversibly break down and re-form in response to shear force, making F127 an
excellent polymer for DIW 3D printing. To “turn off” the shear thinning response, the chain ends
may be functionalized with polymerizable groups, like acrylates or methacrylates, which are

polymerized to form covalent crosslinks after 3D printing.

25 wt% F127

Figure 1. 2 Schematic of temperature and shear responses of Pluronic F127

A second AM technique used to fabricate hydrogels is vat photopolymerization which uses
patterned light to photopolymerize a liquid resin. This technique typically has higher resolution

than DIW 3D printing, enabling the fabrication of much more complex structures. UV or visible
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light is used to activate a catalyst or reactive species to initiate curing using reactions such as
radical polymerization of acrylates and methacrylates, cationic ring opening polymerization of
epoxides, thiol-ene click chemistry, or reversible Diels-Alder reactions. Two commonly used VP
techniques are stereolithography (SLA) and digital light processing (DLP). In SLA printing, a
build plate is submerged into a resin tank filled with a photopolymerizable liquid resin. A single
wavelength laser is then rastered through an optical window to selectively polymerize the liquid
resin to the build plate. The build plate moves up a previously defined step size, liquid resin flows
to cover the optical window, and the next layer is irradiated and covalently bound to the previous
layer. Two key parameters for successful SLA resins are low viscosity and fast cure rate upon
irradiation. The viscosity should be minimized to allow the resin to flow between layers, and each
layer must cure rapidly, as irradiation times longer than a few seconds can lead to exceedingly
long print times. Similarly, DLP uses light to initiate photopolymerization of a liquid resin.
However, in DLP, an image is projected into the resin, polymerizing the entire layer at the same
time. While this enables faster print times, SLA typically has higher resolution.

Many synthetic polymers have been used to create hydrogels for DIW and VP, as starting from
synthetic polymers offers great tunability and batch to batch consistency. While there are many
applications for 3D printed synthetic hydrogels, it is also desirable to develop methods to print
with natural polymers. Natural polymers, such as proteins and carbohydrates, offer several
advantages over synthetic polymers such as biodegradability, native sites for cell interactions, and

sustainable sourcing.
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1.2 INTRODUCTION TO NATURAL POLYMERS FOR ADDITIVE MANUFACTURING

Nature’s biopolymers, including polysaccharides, proteins, and DNA/RNA, are perfectly
integrated into closed-loop systems wherein they can be degraded, recycled, and reused in a
manner that is unmatched by synthetic polymers. Bio-sourced materials that can replace existing
petroleum-based materials are an integral component of sustainability.® Moreover, renewable
materials with greater complexity and functionality that can supplant petroleum-derived materials
will be required to meet the demands for the full spectrum of applications from aerospace to
medicine. Protein-based materials*® utilize natural and unnatural amino acid repeat units to create
well-defined macromolecules that can be precisely folded and assembled. Biologically derived
proteins, engineered proteins, and polymer-protein conjugates have been developed to create
materials that emulate biological and nonbiological function, as well as other physical
characteristics (i.e., mechanical properties).®> While there are significant efforts to develop
protein-based materials for commercial use, their application is restricted by generally poor
processability and limitations in mechanical performance. Protein-based materials can be
processed via solvent casting, melt extrusion, and injection molding,'®° but the fabrication of
objects with complex 3D form factors is limited. Thus, in order to create the next generation of
sustainable materials, there is a need for manufacturing of proteins and other natural polymers into
highly resolved, complex structures with mechanical properties comparable or superior to those of
petroleum-based polymers.

Additive manufacturing (AM) of natural polymers has tremendous potential for the future
production of parts and supplies.?>?* Many groups have investigated DIW 3D printing of natural
polymers, such as alginate or gelatin methacrylate. However, DIW 3D printing of these materials

typically results in poorly resolved structures. Vat photopolymerization?>2® techniques such as
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SLA and DLP have emerged as promising techniques that can offer high quality parts at
increasingly faster rates of production.* While a growing list of elastomers, plastics, and
composites have been reported, most of these resins are based on petrochemical feedstocks that
can only be regenerated on geologic timescales. There are relatively few examples of resins that
are bio-sourced and bio-degradable, >%° yet these features are critical for creating a sustainable
future materials economy that includes AM for production.® Thus, the lifecycle of parts®'=* made
by AM will need to involve recycling of the printed object back into feedstock resin, or its
degradation into non-toxic products.

Generally, designing new oligomers and polymers for vat photopolymerization is
challenged® 3" by the increase in viscosity of the resin with polymer concentration and molecular
weight as predicted by Mark-Houwink equation.®® An alternative design strategy is to employ
synthetic polymers architectures such as cyclic, branched, dendritic, or cross-linked unimolecular
particles architecture that have a lower intrinsic viscosity relative to a linear polymer of comparable
molecular weight.>*? Interestingly, the photocurable protein derivatives that have been reported
(gelatin and silk fibroin) are structural proteins that are designed to form fibrous assemblies. This
formation is counterproductive, as it increases the viscosity of the resin, which limits its
processability via vat photopolymerization. In chapters 3 and 4 of this thesis, a globular protein,
bovine serum albumin (BSA), is formulated into low viscosity photopolymerizable resins for SLA.
The development of a series of inks and resins for DIW and SLA is discussed in the following
chapters. Chapter 2 investigates the printability of synthetic polymer inks for DIW 3D printing of
hydrogels. Chapter 3 introduces an easily processible protein-based resin for SLA that is

biocompatible and biodegradable. Chapter 4 covers additional formulations and post-processing
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conditions of our protein-based resin that enable us to tune the mechanical properties over a wide

range, enabling future applications.
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Chapter 2. CHEMICAL MODIFICATION AND PRINTABILITY OF
SHEAR-THINNING HYDROGEL INKS FOR
DIRECT-WRITE 3D PRINTING

2.1 ABSTRACT

Shear-thinning hydrogels are often employed in direct-write 3D printing, however, the viscoelastic
behaviors that define a printable hydrogel have not been fully established. Herein, we demonstrate
a library of hydrogel inks based on the incorporation of water-soluble reactive meth(acrylate)
monomers into F127-dimethacrylate hydrogels. This strategy afforded printed hydrogels with a
broad range of chemical functionalities and mechanical properties. A systematic investigation was
also performed to correlate the printability and mechanical properties to the viscoelastic properties
of the hydrogel ink formulations. The materials with a high dynamic yield stress afforded extruded
filaments that correlated well with the inner diameter of the printing nozzle. The static yield stress
of the material was correlated to the extrusion pressure and print speed required for optimal
printing. Thus, this study provides a guide for the future development of hydrogel inks for direct-

write 3D printing along with a new set of functional hydrogel inks.

2.2 INTRODUCTION

Additive manufacturing (also referred to as 3D printing) represents a versatile technology which
enables the customized fabrication of three-dimensional objects for applications ranging from soft
robotics? to tissue engineering.®® Direct-write 3D printing is a type of additive manufacturing
wherein a nozzle is rastered across a surface in a pattern-wise manner while an ink is deposited.
An advantageous feature of this method of 3D printing is the easy access to the fabrication of

functional materials, as well as multi-material printing.® A broad spectrum of inks has been
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developed that include polymeric materials,” polyelectrolyte complexes,'®*! and colloids.'? As a
result, direct-write 3D printing has become an attractive tool in the additive manufacturing of 3D
objects.?314

Polymer hydrogels have gained prominence as candidates for 3D printing and bioprinting
of tissue constructs®™1® and implants.'”'® These soft materials are largely comprised of water, and
serve as natural mimics of extracellular matrices. Synthetic hydrogels have tunable chemical
features, and are also suitable for flexible electronics,'®?° supercapacitors,? controlled drug
release?? and sensor??* applications. Direct-write 3D printing is a facile method to pattern
functional hydrogels to afford unique geometries and functionalities that are difficult or impossible
to produce by conventional methods.?® There are two strategies to print hydrogels via direct-write
printing. The first strategy utilizes a low viscosity ink that is extruded from a nozzle, which then
undergoes gelation induced by a chemical, photo-chemical,?®?’or noncovalent process.?® For
example, calcium alginate gels have been printed in this manner using divalent calcium ions to
cross-link the polyanionic polysaccharide.?® Alternatively, a shear-thinning hydrogel ink—which
exhibits a viscoelastic response to applied pressure—can be extruded from a nozzle to directly
deposit the gel into a 3D object. Our group has focused®® on this latter approach to develop
synthetic hydrogels for direct-write 3D printing. Despite the importance of understanding the
viscoelastic behavior of hydrogel inks for direct-write 3D printing, a clear quantitative
understanding of the viscoelastic requirements has yet to emerge. The palette of new hydrogel ink
compositions for direct-write 3D printing can be more rapidly improved with a fundamental
understanding of the viscoelastic parameters necessary to fabricate 3D objects consistently and
accurately. For example, the optimization of the printed resolution should be dictated by inks that

minimize die-swelling behavior and affords extruded filament diameters commensurate with the
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inner diameter (1.D.) of the nozzle. Additionally, the ink should demonstrate rapid shear recovery
and robust mechanical properties post-extrusion to maintain the printed form over time and allow
easy manipulation and handling.

Pluronic F127 is a commercially available triblock copolymer with the composition,
poly(ethylene oxide)-block-poly(propylene oxide)-block-poly(ethylene oxide) (PEO-b-PPO-b-
PEO), which has been used as a biocompatible polymer for wound dressings and drug delivery.3%-
33 When dissolved in aqueous media, F127 forms dual stimuli-responsive hydrogels (at 20-40 wt
% concentrations in water) that responds to temperature and pressure (shear-thinning) stimuli.3*
This polymer hydrogel is suitable for direct-write 3D printing, and is most commonly utilized as
a fugitive ink, wherein the hydrogel is printed as part of a 3D sacrificial template that is removed
afterward.®®® Zenobi-Wong and co-workers have also demonstrated that F127 can be
functionalized at the chain-ends with methacrylate groups (F127-DMA) to afford a cross-linkable
hydrogel that can be photo-polymerized after 3D printing.?® While F127 and F127-DMA are
useful inks for direct-write 3D printing, the field presently lacks approaches to modify the hydrogel
ink in order to afford printed structures with greater control over chemical functionality and
mechanical properties of the printed hydrogel.

Herein, we demonstrate a library of hydrogel inks for direct-write 3D printing formulated
with F127-DMA and water-soluble reactive monomer additives. Furthermore, we utilize
rheometry to correlate the viscoelastic properties of these hydrogel inks to its printability. The
addition of any number of such monomers can add new functionality to the native F127-DMA
hydrogels, to increase its versatility as a biomaterial, pH/ temperature responsive smart material,
or handle for peptide and fluorophore conjugation.®3 Previous reports for direct-write 3D

printing hydrogel demonstrated that the quality of the printed object can be optimized by tuning
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parameters such as extrusion pressure and printing speed.®” Mathematical models that predict
filament resolution for shear-thinning hydrogels have also been developed.® M’Barki et al.
recently investigated shear-thinning ceramic inks and demonstrated that the yield stress is a critical
parameter in defining a suitable ink for extrusion-based printing.>® There are two different types
of yield stresses: the static yield stress (ostat) IS the stress required to make a fluid (or gel) flow
from rest, and the dynamic yield stress (ogyn) iS the minimum stress required for a fluid (or gel) in
motion to sustain its flow. Thus, in order for a shear-thinning hydrogel to be employed as a 3D
printable ink, the material must not only overcome the static yield stress to initiate extrusion from
a nozzle, but also exceed the dynamic yield stress to sustain the extrusion of a filament from that
nozzle to form a continuous filament with minimum deformation. The dynamic yield stress also
determines the extent to which a hydrogel filament continues to flow after it has exited the nozzle.
The minimization of this flow will lead to filament diameters that are commensurate with the
nozzle diameter. In this report, we will correlate the rheometrical analysis of these hydrogel inks
to the printing parameters required for direct-write 3D printing. As a demonstration of the
versatility that these inks provide,* 4! we also demonstrate the changes to the mechanical

properties of the printed hydrogels with the inclusion of these additives.

2.3 RESULTS AND DISCUSSION

2.3.1 Flow behavior and rheological characterization of the polymer

compositions

Figure 2.1 shows the general scheme to formulate and direct-write 3D print with the
hydrogel inks. The reversible temperature response of the hydrogel allows facile incorporation of
additives to the solution-phase of the aqueous mixture at temperatures below its gelation

temperature (Tger) Where the aqueous mixtures of F127-DMA behave as a solution. The shear-
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thinning property of the inks enable their extrusion through the nozzle with applied pressure.
Irradiation with 365 nm light initiates photo-polymerization of the reactive monomers to cross-
link the hydrogel, and effectively turn off the shear-thinning response. We chose water-soluble,
photo-polymerizable monomers as additives, such as acrylic acid (AA), 2-hydroxyethyl acrylate
(HEA), 2-(dimethylamino)ethyl methacrylate (DMAEMA) and poly(ethylene glycol) diacrylate
(PEG-DA), which can undergo in situ photo-copolymerization of the methacrylate end-groups of
F127-DMA with the reactive monomer additives. The additives were included as either 4 or 10

wt% of the total hydrogel composition.
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Figure 2. 1 Overview of extrusion printing process.

(a) Additives are incorporated into F127-DMA in its sol state, and then transferred into a syringe
where it becomes a gel at 21 °C. (b) Nitrogen gas is used to pressurize the syringe to dispense the
shear-thinning hydrogel ink from a nozzle at 21 °C. (c) The printed structure is irradiated with 365

nm light to induce in-situ co-polymerization of F127-DMA and the additives.

A temperature ramp experiment was performed for each of the samples to characterize the
thermo-responsive behavior of the materials (Supporting Information). The Tgel is represented by
the cross-over point between the storage (G’) and loss moduli (G). All the formulations exhibited
a temperature-dependent sol-gel transition, although the value for the Tge changed with the
quantity and the composition of the additive (Table 2.1). The values for the Tqe ranged from 7.5 to

17.5°C.
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Table 2. 1 Rheological properties and filament diameters of each hydrogel ink
Printed at 20 psi and 5 mm/s at 21 ° C, 6 gyn is the dynamic yield stress of the material and ¢ is

the error in printability from the nozzle size.

POLYMER 1 ADDITIVE FILAMENT

(wt %) (wt%) D":m:)m o(,?;’)'“ €(%) Tge (0
F127DMA (30) - 430+ 15 322.70 4.87 13.9
F127DMA (25) i 1176420 22464 18683  16.2

TF127DMA (25)  PEG-DA(10) - a0+10 417.02 244 152
F127DMA (25) DMAEMA(10)  415%10 365.90 3.65 7.5
F127DMA (25)  DMAEMA(4) 450+ 10 313.66 9.75 14.2
F127DMA (25) AA(10) 735+ 15 260.54 7926 122
F127DMA (25) AA(4) 909+5 23674 12170 142
F127DMA (25) HEA(10) 1150430 25104 18049  15.9
F127DMA (25)  PEG-DA(4) N/A? 179.39 N/A 14.6
F127DMA (25) HEA(4) N/AT 8.187 N/A 15.1

a A filament could not be extruded with this formulation at the given temperature.

Rheological experiments such as viscosity versus shear rate and cyclic shear strain
(Supporting Information) were used to probe the differences in the viscoelastic responses of the
inks under conditions representative of 3D printing. For extrusion-based 3D printing of hydrogel
inks, shear-thinning materials are often favored since they undergo a substantial reduction in
viscosity under shear stress. All formulations showed similar shear-thinning behavior, wherein the
viscosity decreased by almost three orders of magnitude as the shear rates increased from 0.01 s
to 100 s (Supporting information). This feature is important to ensure the smooth flow of
hydrogels from a nozzle during direct-write 3D printing. In the cyclic shear strain experiment,
periods of high strain emulated the shear forces the inks experienced as they were extruded through
a nozzle and the subsequent period of low strain represented the ink after it exited the nozzle.
Alternating periods of low amplitude strain of ~ 1% and high amplitude strain of ~ 100% were
applied on each sample for 5 mins and 3 mins, respectively for five cycles (Figure 2.2). All the

samples showed a sharp decrease in moduli under high strain and recovered within 4 s upon relief
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from that strain. The hydrogel displayed minimal hysteresis between strain cycles, which suggests
that the hydrogel inks can rapidly reform the physical cross-links between the polymer chains that
provide the mechanical stability of the hydrogel. Even after several cycles, the yielding and
recovery behavior of the materials did not appreciably change, which suggested that the hydrogel
inks were suitable for direct-write printing processes wherein the flow of the ink is turned ‘on’ and

‘off”.
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Figure 2. 2 Cyclic shear strain experiment for 25 wt % F127-DMA hydrogel.
Alternates between 5 min periods of low strain (1 %) and 3 min periods of high strain (100 %)

performed at 21 ° C.

2.3.2 Evaluation of ink printability

Given that all the hydrogel ink formulations were temperature responsive and shear-thinning, we
next sought to correlate the printability of the hydrogel inks to rheometrical differences. The
critical printing parameters, which included the pressure exerted onto the gel in the syringe, the
printing speed (the rate at which the nozzle moves across the surface), and the temperature of the
printing environment, were kept constant at 20 psi, 5 mm/s and 21 °C, respectively. Each of the
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inks was tested for printability by extruding the ink through a 410 um 1.D. nozzle. If there was a
significantly large deviation from this value, then the hydrogel ink is not ideal for direct-write 3D
printing. Filaments were extruded and analyzed with an optical microscope for differences in shape
or diameter. “Printable” filaments were defined as those that produced continuous, tubular
filaments with diameters close to the actual nozzle diameter. To define the error in printability, a
term & was defined using the equation:

D¢ -D
€ = filament nozzle % 100 (3)

Dnozzie

where Dsilament and Dnozzle are the measured diameter of the printed filament and diameter of the

nozzle, respectively (Table 2.1).

Since that the hydrogel formulations in this study were shear-thinning, their flow behavior

was approximated by the Hershel-Bulkley equation given by:
0 = Ogyn + Ky" 4)

Where v is the shear rate, K is the consistency index and n is the flow index. A plot of stress vs.
shear rate shows a good fit to the model (R? = 0.99467, Supporting Information). As shown in
Figure 2.3, the yield stresses were determined from the plot of shear stress versus shear rate,
wherein the shear history of a hydrogel ink undergoing extrusion is simulated in the rheometer.
An increasing shear stress was applied until the material yielded, after which the shear rate was

reduced allowing the material to relax until it stopped flowing. The ostat Was measured from the
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change in the slope of the stress from the first part of the loop (increasing shear rate) while the cgyn

was measured from the y-intercept (y = 0 s™) of the same plot under decreasing shear rate.
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Figure 2. 3 A stress vs shear rate plot of a 30 wt % F127-DMA hydrogel.

The shear rate was increased until the material yielded (ostat), after which the shear rate was

decreased to zero (odyn). The static yield stress was obtained from the onset of the slope change

while the shear rate was increased, while the dynamic yield stress was obtained from the y-

intercept of the plot when shear rate was decreased.

We observed that some materials produced filaments which were much larger in size than the
nozzle diameter while others showed minimal deviation. The cayn Values of the material closely
matched their trend in printability. This indicated that of the materials investigated, the ones with
a higher dynamic shear stress retained the filament shape and diameter more uniformly after
extrusion. The native ink F127-DMA had better filament resolution at higher concentrations (30

wt %, €= 7.3 %) in contrast to the filament diameter of the 25 wt % hydrogel. (e= 186.6 %). Upon
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addition of the functional monomers, the printability of the Pluronic hydrogel changed

significantly (Figure 2.4).

Figure 2. 4 Filaments and grids printed at 20 psi and 5Smm/s.

(@) AA (10), (b) 30% F127-DMA, and (c) DMAEMA (10) under an optical microscope (scalebar
represents 200 pm). Optical photographs of printed grid structures for (d) AA (10), (e) 30%
F127-DMA, and (f) DMAEMA (10).

For example, a grid structure printed with 30 wt % F127-DMA showed good printability (~ 446 +
10 um) with good resolution in contrast to the hydrogel formulation with the AA additive (10 wt
%), which had very broad extruded filaments (~ 750 = 15 um). The DMAEMA (10 wt %)
containing hydrogel formulation had smaller diameter filaments (~ 270 = 10 um) under the same
printing conditions. In addition to viscosity, the monomers also exhibited considerable influence
upon the vyield stresses of the material. The addition of DMAEMA in different proportions

increased the aayn Of the ink. The protic AA monomer also showed similar trends, but to a much
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lesser degree than the aprotic DMAEMA. On the other hand, HEA (10 wt %) behaved very
similarly to the native 25 wt % F127-DMA, whereas HEA (4 wt %) caused the oayn to decrease
significantly. The addition of PEGDA monomers afforded an unexpected behavior. The
formulation with lower PEGDA content (4 wt %) exhibited a reduction in a4y While PEG-DA (10
wt %) was much stiffer with very high ogyn and showed high fidelity to the nozzle diameter (e= 1.7
%). The cumulative set of results with the addition of these additives suggested that a gayn Value of

ca. 300 Pa affords hydrogel filaments that correspond well to the I.D. of the nozzle.

Table 2. 2 Static yield stress values and optimized printing conditions for each hydrogel ink

formulation.
POLYMER 1 ADDITIVE Ogtar PRESSURE ;fé':; DIAMETER
(wt %) (wt %) (Pa) (psi) (mm/s) (um)
F127-DMA (30) - 394.14 20 5 44045
F127-DMA (25) - 224.64 15 20 770425
F127-DMA (25) PEG-DA(10)  454.18 20 3 41020
F127-DMA (25) DMAEMA (10)  414.01 20 3 415£10
F127-DMA (25)  DMAEMA (4)  356.98 20 5 468+20
F127-DMA (25) HEA (10) 270.60 12 20 47115
F127-DMA (25) AA (10) 260.55 15 10 510%20
F127-DMA (25) AA (4) 286.82 15 5 530230
F127-DMA (25) PEG-DA (4) 194.13 12 20 N/A
F127-DMA (25) HEA (4) 17.30 12 20 N/A

It is, however, important to distinguish between the two parameters (Gstat and Gayn) and their
relationship to the hydrogel ink printability. Although the values of Gstat and oayn can be similar
(Table 2.1 and Table 2.2) for our shear-thinning hydrogels, the static yield stress should dictate the

extrusion pressure, while the oayn Should determine the quality of the filament shape. For example,
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HEA (10 wt %) exhibited a lower yield stress (270 Pa) relative to the other formulations, and
therefore, required less pressure (12 psi) to extrude the filament. At the same time, this HEA
formulation also retained filament fidelity (relative to the nozzle 1.D.) (¢ = 12.15 %) as a
consequence of its moderately good dynamic stress 250 Pa. The quality of the extruded filament
decreased as the extrusion pressure was increased, which further demonstrates that extrusion
pressure is an important parameter in direct-write 3D printing.

The reason behind the differences of the printability and the yield stresses due to the
addition of monomers has yet to be fully elucidated. We hypothesize that the polarity and hydrogen
bonding capability may be important parameters. Alexandridis et. al.*>“® has also shown that the
addition of co-solvents can alter the micelle formation of Pluronics in water by partitioning into
different blocks of the macromolecule.** The co-solvents may cause local dehydration effects and
changes in micelle packing that are comparable to those induced by changes in temperature. The
extent and direction in which the co-solvents change the self-assembly behavior depends on the
polarity of the added solvents. The differences in polarity of the additives used in this study may
be causing the differences in material properties, and further investigations are underway to
delineate the origins of these affects.

The optimized filament resolution for each of the formulations are listed in Table 2.2.
These results were obtained by controlling print speed and extrusion pressure during the printing
of a hydrogel ink (at 21 °C). The extrusion pressure is defined as the minimum pressure to extrude
a smooth and continuous filament from a nozzle and was varied from 0 to 20 psi. For hydrogel
materials, a minimal printing time is desired to minimize dehydration of the printed filaments over
time. The printing speed in this study was varied between 2 to 25 mm/s. Table 2.2 also shows the

static yield stresses along with the filament diameter produced by the different hydrogel inks.
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Extrusion pressure and print speed are not mutually independent, and a higher extrusion pressure
can be offset by a faster print speed. However, a closer examination of the extruded filaments
under an optical microscope (Figure 2.5), showed that a higher extrusion pressure and print speed
yielded filaments with non-uniform diameters due to uneven extrusion or jetting. For example,
when 30% F127-DMA is printed at a lower print speed (5 mm/s), the filament obtained is smoother
and more uniform than printing at 10 mm/s which afforded filaments with a variable width (~270
pum). A static yield stress greater than 450 Pa could not be extruded at 20 psi, which was the

maximum pressure available for the direct-write 3D printer.

Figure 2. 5 30% F127-DMA extruded at different print speeds, (a) 5mm/s and (b, ¢) 10 mm/s.
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2.3.3 Rheometrical and tensile characterization of crosslinked hydrogel

ink formulations

The mechanical properties of the hydrogel formulations after the photo-initiated cross-linking was
investigated by performing in situ UV curing rheometrical experiments. The storage modulus was
recorded prior to, during, and after UV irradiation (Figure 2.6). The 25 wt % F127-DMA had a
storage modulus of 143 kPa after curing. The storage modulus of the various PEG-DA
formulations increased with increasing concentration of PEG-DA, ranging from 134 kPa to 429
kPa for 6 wt % to 20wt% PEG-DA, respectively. This drastic increase in storage moduli suggests
that bis-functionalized PEG-DA increased the crosslinking density of the hydrogel.*® Conversely,
the storage modulus of each of the DMAEMA formulations decreases with increasing additive
concentration, 100 kPa and 73 kPa for 4 wt % and 10 wt %, respectively. For the HEA and AA
formulations, the storage modulus does not depend on the additive concentration and the
equilibrium storage modulus after crosslinking is about 140 kPa and 130 kPa, respectively.

Figure 2.6 shows the change in storage modulus of the various hydrogel ink formulations as they

undergo UV irradiation (N=3)
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Figure 2. 6 Dynamic oscillatory UV cure experiments performed at 21 ° C.

There is an increase in storage modulus when the lamp is turned on 120 s after the start of the
experiment for a total irradiation time of 600 s. (a) 25 wt % F127-DMA, AA (4), and AA (10) (b)
25 wt % F127-DMA, HEA (4), and HEA (10) (c) 25 wt % F127-DMA, DMAEMA (4), and
DMAEMA (10) and (d) 25 wt % F127-DMA, PEG-DA (6), PEG-DA (12), and PEG-DA (20).

Note that the x-axis for (c) ranges from 0-800 s.

The chemical structure of the different additives also influences the rate of polymerization.
The monomers with acrylate groups (HEA, AA, and PEG-DA) all reach maximum storage
modulus during UV irradiation faster than monomers with methacrylate groups (DMAEMA) and

F127-DMA alone. Upon 290 s of UV irradiation, F127-DMA reached its maximum storage
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modulus, while HEA and AA formulations reach equilibrium storage moduli within 15 s, and
PEG-DA formulations within 35 s. DMAEMA formulations required a longer time period (394 s
or 410 s for 4 wt % or 10 wt %, respectively) to reach their maximum storage moduli, likely a

consequence of the slower reactivity of methacrylates.*®
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Figure 2. 7 Plots of the (a) tensile strength, (b) Young’s modulus, and (c) elongation at break for
each hydrogel ink formulation.
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The elongation at break, ultimate tensile strength, and Young’s modulus of the hydrogel ink
formulations are summarized in Figure 2.7. The addition of PEG-DA increased the tensile strength
and Young’s modulus of F127-DMA. These two parameters increased with increasing amount of
PEG-DA, with the maximum change in strength and Young’s modulus coming from the 10 wt %
PEG-DA formulation (240 % and 366 %, respectively) compared to native 25 wt % F127-DMA.
However, as the concentration of PEG-DA was increased, the elongation at break decreased
significantly (88 % for 10 wt % PEG-DA versus 237 % for native 25 wt % F127-DMA). The
Young’s moduli and ultimate tensile strength for AA and DMAEMA formulations remained
unchanged in comparison to native 25 wt % F127-DMA. For HEA formulations, the stiffness and
tensile strength increased with increasing concentration of monomer. The elongation at break was
improved by 35 %, 41 %, and 43 % for 10 wt % HEA, AA, and DMAEMA, respectively. Thus,
these results reveal that the additives can serve an important role in modifying the mechanical

properties of the cross-linked hydrogels.

2.4 CONCLUSIONS

In this report, several hydrogel inks were formulated by the addition of reactive monomers,
which included acrylic acid, 2-N,N-dimethylaminoethyl methacrylate, 2-hydroxyethyl acrylate,
and poly(ethylene glycol) diacrylate to F127-DMA hydrogels. The printability of the resulting
hydrogel inks prior to photo-polymerization, and the mechanical properties of the ink after photo-
polymerization, were investigated. Prior to UV irradiation, the two critical rheological parameters
that correlate to printability were the dynamic and the static yield stress. Materials with low
dynamic yield stress, below 200 Pa, are not promising candidates for direct-write printing, as they

do not retain their shape well enough to form a filament upon extrusion. On the other hand, we
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observed that there was a correlation between the static yield stress and the pressure required to
extrude the hydrogel ink from a 410 pum I.D. nozzle. At a printing pressure of 20 psi, the maximum
value for the static yield stress that still afforded a smooth and continuous hydrogel filament was
450 Pa. Finally, we demonstrated that the monomer additives were covalently incorporated into
the cross-linked hydrogels and had a significant affect upon the mechanical properties of the
resulting hydrogels. The results of these findings can serve as a guide to the development of new

functional shear-thinning hydrogel inks for direct-write 3D printing.

2.5 EXPERIMENTAL

251 Materials

Pluronic F-127 (BioReagent, powder, suitable for cell culture) was purchased from Sigma Life
Science. Triethylamine (> 99.5%), 2-hydroxy-2-methylpropiophenone (97%), 2-hydroxyethyl
acrylate (96%), acrylic acid (99%), 2-(dimethylamino)ethyl methacrylate (98%), methacryloyl
chloride (97%; 200 ppm monomethyl ether hydroquinone as stabilizer), and poly(ethylene glycol)
diacrylate (Mn 700 Da) were purchased from Sigma-Aldrich. Toluene (HPLC Grade, 99.9%) and

diethyl ether (anhydrous) were purchased from Fisher Chemical.

25.2 Functionalization of F127

Pluronic F-127 (30 g, 2.4 mmol, 1.0 eq) was dried under vacuum for 24 hours, then dissolved in
275 mL of anhydrous toluene (dried using activated molecular sieves, Grade 514, 4A) under N
atmosphere at 40 °C. Triethylamine (3.4 mL, 24 mmol, 10 eq) was added to the solution via
syringe. The reaction mixture was cooled to 0 °C, then a solution of methacryloyl chloride (2.4

mL, 24 mmol, 10 eq) in 25 mL toluene was added dropwise over 30 minutes with constant stirring.
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Following complete addition of methacryloyl chloride, the reaction mixture was stirred at 0 °C for
1 h, then warmed to room temperature and stirred for 24 h under N> atmosphere. The following
day, the reaction mixture was warmed to 40 °C and vacuum-filtered through a fritted glass funnel
with filter paper. The slightly turbid filtrate was concentrated under reduced pressure, then
reconstituted in 300 mL fresh toluene and warmed to 40 °C. This process was repeated for a total
of 3 filtrations. The transparent filtrate was concentrated under reduced pressure, then dissolved in
100 mL of toluene and precipitated with a large excess (800 mL) of anhydrous diethyl ether (dried
over magnesium sulfate). The slurry was centrifuged at 4400 rpm for 15 min, and the supernatant
was discarded. The solid residue was rinsed twice with fresh diethyl ether, and then centrifuged.
F127-DMA was recovered as a fluffy, white powder and was dried under ambient conditions for
12 h. Finally, powder was dried under reduced pressure at 40 °C for 24 h. Dry F127-DMA (29 g)
was transferred to amber glass containers and stored at 5 °C. *H NMR spectroscopy indicated 94-
96% functionalization of chain ends. *H NMR sample was prepared in deuterochloroform at
concentrations of 20 mg / mL (Supporting information) and *H NMR spectra was collected on a
Briker Avance 500 MHz spectrometer. Pluronic F127 has average poly (propylene oxide) block
lengths of DP = 69 and poly(ethylene oxide) block lengths of DP =97 (total M, = 12,500 g / mol).
In all F127-DMA spectra, the methyl groups of the poly (propylene oxide) block were calibrated
to (69 x 3) = 207. The degree of DMA functionalization (f,) was estimated by dividing the
integrated methacrylate vinyl and methyl protons, as well as the PEO chain-end methylene protons,
by their theoretical values. For example, 1.90 (vinyl, actual) / 2 (vinyl, theoretical) x 100 = 95%
functionalization of chain ends. The degree of DMA-functionalization is reported as a range of
estimates, from lowest to highest. *H NMR (500 MHz, CDCls, 298 K): & = 6.12 (m, 2H, H-CH=C)

556 (m, 2H, H-CH=C) 4.29 (t, 3] = 4.9 Hz; 4H, CH.OC(0)) 3.79-3.40 (m, 1001H, CH,0,
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CH3CHO) 1.93 (dd, 4J = 1.7 Hz, 4J = 0.9 Hz; 6H, CH3C(CO2)=CHy) 1.12 (dd, 3J = 6.1 Hz, 4] =

4.4 Hz; 207H, CH3CO).

2.5.3 Preparation of hydrogel ink formulations

The weight percentages provided (supporting information) are based on the total composition of
the hydrogel including the aqueous solvent. F127-DMA (1.25 g) was dissolved in 3.75 g of
deionized (DI) water and cooled at 4 °C overnight to prepare 25 wt % F127-DMA hydrogel. Photo
radical generator, 2-hydroxy-2-methylpropiophenone (5 pL), was added to the hydrogel and
vortexed, creating a homogenous solution. Then, the solution was allowed to equilibrate at 4 °C
until bubbles were removed. Finally, the solution was warmed to room temperature to undergo a
sol to gel transition, resulting in a shear-responsive gel. The same process was used to prepare the
various 4 wt % and 10 wt % hydrogel ink formulations, with the additional step of replacing 0.2 g
or 0.5 g of water with 0.2 g or 0.5 g of the additives, respectively. For example, 1.25 g F127-DMA
and 0.5 g HEA were dissolved in 3.25 g DI water and cooled at 4 °C overnight to prepare the 10

wt % HEA formulation.

25.4 Rheological characterization

For rheological characterization of the materials, dynamic oscillatory experiments were performed
on a TA Instruments Discovery Hybrid Rheometer-2 (DHR-2) equipped with a peltier. The
instrument operates by applying a known displacement (strain) and measuring the material’s
resistance (stress) to the force. Rheological tests were conducted by depositing hydrogel between
the rheometer base plate and 20 mm parallel plate geometry at a gap of 1 mm unless otherwise
mentioned. Samples were equilibrated in an ice bath for at least 30 min and then were carefully

loaded onto the Peltier plate at 5 °C and a preshear experiment was applied to eliminate the bubbles
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from the sample. The sample was equilibrated at 21 °C for 8 min before each run. Viscosity versus
shear rate experiments were performed under a shear rate increasing from 0.0001 to 50 s™ then
decreasing back to 0.0001 s using a 40 mm cone and plate geometry with a cone angle of 1.019°
using a solvent trap. Cyclic shear strain tests (frequency 1 Hz) were performed at 21 °C using
alternating strains of 1% for 5 min and 100% for 3 min per cycle, to investigate the yielding and
recovery behavior of the hydrogels. Temperature ramp experiments were performed at 1 Hz from
5-50 °C at 2 °C/min. Photo-curing was performed using a fully integrated smart swap LED photo
curing accessory. A 600 s irradiation with 365 nm light at 5 m\W/cm? intensity was triggered into

the experiment, and the sample was monitored for a total of 1020 s at 1% strain and at 1 Hz (n=3).

255 Preparation of tensile specimens

All hydrogel formulations were brought below their Tge and poured into ASTM D638 type V
specimen molds. Each specimen was then brought back to 21 °C to induce gelation. Upon
complete gelation, the specimens were cured for 30 minutes in a custom-fabricated curing chamber
with sunlite 365 nm A19 UV Lamps. To prevent evaporation, tensile specimens were stored

alongside moist Kim wipes in centrifuge tubes until the mechanical tests were conducted.

25.6 Mechanical tests

Tensile mechanical measurements were performed on as-prepared tensile specimens using an
Instron 5585H load frame with a 50 N load cell and flat pneumatic grips. All tests were conducted
using a crosshead rate of 10mm/min, until specimen failure. The dimensions of each specimen
were measured with calipers prior to testing to ensure accurate calculation of stress and strain. At
least five specimens of each formulation were tested. The Young’s moduli were calculated from

the linear region of stress vs strain curve.
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2.5.7 Printing of hydrogel inks

All the polymer formulations were loaded into 10 ml syringes fitted with a barrel-shaped size 22
Metcal extrusion nozzle (410 um I.D.) and allowed to equilibrate to the surrounding temperature
of 21 °C before printing. The printing was performed on a Prusa 13 RepRap printer, where each
ink printed single layered filament (n=3). This was photo-polymerized by UV irradiation for 60 s
and then imaged with Nikon Eclipse E600 Pol fitted with a Optix Cam camera. The filament
diameter analysis was done using ImageJ software. All CAD models were designed in
Solidworks 2016. All printing was done using with printing parameters as mentioned later. The
tip of the needle was positioned at a designated point on the support gel holder that served as the
XYZ origin for all prints. Printing was controlled through standard 3DP software to generate G-

code commands (Slic3r) from CAD-generated (Solidworks).
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Chapter 3. ADDITIVE MANUFACTURING OF BOVINE SERUM
ALBUMIN-BASED HYDROGELS AND
BIOPLASTICS

3.1 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
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
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compatible with other vat photopolymerization techniques including digital light projection (DLP)

and continuous liquid interface production (CLIP).

3.2 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.1> 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.® Despite these advantages, SLA 3D printing is greatly limited by the
availability of resins designed for additive processes.5’

There have been few examples of bio-sourced materials that were designed for AM via a vat
photopolymerization process.®-1? 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.!” According to literature reports,
resins with a viscosity greater than 10 Pa-s result in long print times or unsuccessful prints because
they do not adequately self-level and recoat the surface of the resin tray between layers.’82° The
resin viscosity can be reduced by printing at elevated temperatures or incorporating reactive
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diluents.?® 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 low viscosity, protein-based resin for vat photopolymerization
using bovine serum albumin (BSA). 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. BSA is comprised of 68% a-helical structure and contains 17
disulfide bonds, with a net negatively charged surface that helps the protein resist aggregation.?®2*
Despite the high molecular weight of BSA, ~66.5 kDa, the protein’s globular shape and negatively
charged surface enables an extremely high solubility in water (up to ~40 % wi/v) and low intrinsic
viscosity relative to other linear polymers of similar molecular weight. BSA is particularly
advantageous as a protein scaffold because it does not self-assemble or aggregate as its
concentration in aqueous solution is increased. For example, at room temperature, gelatin
methacrylate, a commonly used protein for 3D printing, forms a gel at concentrations above ~2
wit%, which limits its printability in a vat photopolymerization process.?

We developed a two-step process for 3D printing methacrylated BSA (MA-BSA). In the first
step, the protein is photo-patterned three-dimensionally, and in a subsequent step, the protein is
denatured during a thermal curing step to improve the mechanical properties of the printed
construct (Figure 3.1). 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
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resulting hydrogels and bioplastics are suitable for stiff structural elements and were biocompatible

and biodegradable.
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Figure 3. 1 Overview of fabrication of protein-based structures via SLA.

(a) 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. (c) The polymerized protein network was then
cured by first irradiating with 400 nm light to induce further polymerization of any unreacted
components, and then thermally cured (120 °C) for 3 h to afford (d) a denatured protein matrix

which improved the mechanical properties of the printed construct.

3.3 RESULTS AND DISCUSSION

Radical photopolymerization of acryloyl and methacryloyl groups is a common reaction
scheme employed in the development of resins for vat photopolymerization.*33" The
polymerization occurs rapidly, and the incorporation of multiple (meth)acryloyl groups per

molecule decreases the time to reach the crossover point. We note that during the 3D printing step,
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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 (h(J and thermal) was
employed to polymerize unreacted methacrylamide groups, denature the protein, and 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 methacrylamide derivatives. 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 to its secondary structure 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 B.1), 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 B.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 3.2a). 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
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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. Photo-
rheometry was used to investigate the cure rates of the MA-BSA formulations by observing the
storage and loss moduli, G* and G” respectively, over time (Figure B.4). For viscoelastic
materials, G’ represents the gel-like or elastic behavior and G” represents the sol-like or viscous
behavior. Upon irradiation with 405 nm light, the liquid resin (G’ < G”) begins to cure and goes
through a modulus crossover point (G’ = G”) to form a gel (G’ > G”). Ruthenium tris(bipyridyl)
chloride (Ru(bpy)sCl) 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.1%!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 B.5). In this case, nearly
30 s passed before G’ began to increase, meaning little or no photo-curing occurred within the
first 30 s of irradiation. This amount of time is not ideal for any type of SLA printing because it
could require over 30 s of irradiation to cure each layer, which would result in exceedingly long
print times. The slow cure rate may be attributed to the large size of BSA (~66.5 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, My 480 Da) were included as additives in

the formulations.
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Figure 3. 2 Rheometry 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-rheometry of 30 wt% MA-
BSA resin with various amounts of co-monomer. The light source (400 nm) 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 the crossover 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.*'4? We first evaluated the time to reach the crossover point because it has
been previously reported that the macromer conversion at the interface between layers should be
slightly higher than the crossover point to ensure chemical bonding between layers.*® Additionally,
a successful SLA resin should surpass its crossover point quickly. The 30 wt% MA-BSA
formulation without any additives required 18 s of irradiation to reach its crossover 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,
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PEG-A, also decreased the time to reach crossover point to 3.2 s. The cure rate based on the
increase in G’ over time was assessed for each of the formulations over the first 30 s of irradiation
(Table B.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 alter the viscosity, and the
resin remains well within the working range for SLA printing (Figure B.6).

All of the formulations were then evaluated using a Form 2 printer. The 30 wt% MA-BSA
formulations with the inclusion of 5-10 wt% additive (Table B.1, entries 3-5) were the best
candidates as resins, which was consistent with our rheometrical experiments. The resin
formulation with 1 wt% co-monomer (Table B.1, entry 1), which had a slow cure rate (1.61 kPa/s),
printed the initial 10-20 layers before the printed part delaminated from the build plate.
Delamination occurred because the resin did not cure quickly enough to crosslink the layers
together, for the given irradiation dose. 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 kPal/s.

Table 3. 1 Rheometrical data for MA-BSA resin formulations.
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Crossover G’ rate of

Cor(n::;;ner Printable Vi(sl:::ssi)ty point change?

(s) (kPa/s)

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 3.2 135
6 35 PEG-DA (5) No 8.2 4.5 191
7 35 PEG-DA (10) No 34 4.8 50.1

@ 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 pum), as well as an array of square holes with widths that ranged from 400-2000
pum. This test structure (Figure 3.3) was used to evaluate the resolution limit of the formulation
with the highest printable MA-BSA content (Table 3.1, entry 4). The smallest fin printed was 243
pum and the smallest square hole resolved was 700 pum. 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 pum) 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 um).
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Figure 3. 3 A test structure comprised of lines/spaces.

Varying line widths from (100 pum to 1000 pum) and square holes with dimensions from (400 pm
to 2000 pm) were 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 5 mm). 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 was also expected to
denature, which would increase the physical associations between protein chains via hydrophobic
and hydrogen bonding interactions.**4" The printed and cured samples afforded bioplastics that
could be re-hydrated to re-form the hydrogel. Swelling studies were performed to determine the
amount of water the printed constructs absorbed (swelling ratio, ) and the gel fraction for the
material (based on percent mass loss) for each formulation after printing (Table B.2). 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
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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 3.1, 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 3.4). The SEM images of the
printed lattices also showed that 50 pum layer heights were clearly visible when angled structures

were formed from offset stacked layers (Figure 3.4c).
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Figure 3. 4 Lattice designs were 3D printed using the 30 wt% MA-BSA and 10 wt% PEG-DA
formulation.

The CAD images 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 3.5a—d and the corresponding data are in Table B.4 and B.5, where we compared the
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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 g-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 B.2). Biologically sourced hydrogels printed via SLA are typically
quite soft with compressive moduli ranging from 70-120 kPa and compressive strengths up to 910
kPa.>'2 MA-BSA hydrogels have higher compressive moduli and strengths, up to 6.26 and 4.27
MPa, respectively, due to the high concentration of MA-BSA and the formation of additional
crosslinks upon denaturation. Thus, our system expands the range of mechanical properties of

hydrogels fabricated via vat photopolymerization.
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Figure 3. 5 Representative compressive stress vs. strain curves and printed structures.

(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 3.5c) 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 3.5d) also had a much higher modulus than the uncured
samples (Figure 3.5¢). 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
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content. The higher concentration of MA-BSA increased the number of inter-protein non-covalent

interactions that could occur.
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Figure 3. 6 Compressive stress vs strain curve for a cast dehydrated sample of 30 wt% MA-BSA.
Three distinct regions were observed and are highlighted: (1) linear elastic region, (I1) plateau

region, and (I11) 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 3.6 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 3.7). Overall cell viability was
good (> 95%), with some hydrogel samples outperforming even conventional tissue-culture

poly(styrene). The greatest viability was observed on the 1 wt% PEG-DA hydrogels. While the
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viability decreased as a function of increasing PEG-DA content, this difference from the 1 wt%
formulation was not statistically significant (Figure 3.7b). The slight decrease in viability is likely
due to a decrease in cell adhesion as PEG-DA concentration in the hydrogels increases. This
phenomenon has been observed in prior studies and with a variety of cell types. For example,
Mazzoccoli et al. reported that human breast cancer cells had an average initial cell viability of 79
+ 7.9% in hydrogels containing 20 wt % PEG-DA, and that this viability plummeted to an average
of 36 + 7.0% in 40 wt % PEG-DA gels.*® Similarly, Nuttelman et al. reported that human
mesenchymal stem cells (hMSCs) cultured on 10 wt % PEG-DA hydrogels that were not
functionalized with RGD binding groups exhibited poor viability (approximately 15%), while
hMSCs cultured on PEGDA-RGD hydrogels exhibited significantly improved viability
(approximately 75%).%° In our study, cell viabilities were generally quite high relative to these
reported values for plain PEG-DA, and this might be due to the presence of BSA in our composite
hydrogels, which has been shown to promote the activity of matrix proteins such as fibronectin
and thus improve cell adhesion.> It should be noted that even with the observed decrease in
viability in our study, cell viability levels were still on par with that of fibroblasts that were cultured
on standard tissue culture plates. 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.
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Figure 3. 7 MA-BSA hydrogels are biocompatible with fibroblasts.

(a) Representative live/dead staining of fibroblasts on tissue culture polystyrene (TCPS) and on
composite hydrogels with varying PEG-DA and PEG-A content. Scale bars: 200 um. (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 B.7). 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

62



and thermally cured sample degraded and lost 22.0% of its mass (Table B.3). 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.

3.4 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 photo-curing 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 > 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 re-hydrated 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 in any type of vat photopolymerization process including, digital
light projection (DLP) and continuous layer interface printing (CLIP). These protein-based
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constructs could be well-suited for load bearing applications in tissue engineering and in medical

devices.

3.5 EXPERIMENTAL

351 Materials

All materials were purchased from Sigma Aldrich unless otherwise stated. Methacrylic
anhydride (94%), Tris(2,2-bipyridyl)dichlororuthenium(ll) hexahydrate (Ru(bpy)sCl) (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 (FLGPCL04) was

purchased from Formlabs.

3.5.2 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,COs 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
(D1) water for 48 h. After lyophilization, the product was isolated as a white powder of MA-BSA
(18.3 g, 91.5 % vyield). 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-
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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 B.1). 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 = 554 MABSA %100
3.5.3 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 spectra displayed for native BSA and MA-BSA were an average of 8 spectra
(Figure B.2). Solvent-corrected CD spectra were analyzed using the BeSTSel web server

(http://bestsel.elte.hu) to estimate the secondary structure.?®2®

65



3.5.4 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)sCl dissolved in 120 pL
of DI water and 0.24 wt% SPS dissolved in 120 uL 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.

3.55 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 into the reservoir and ice was placed around the outside of the reservoir to prevent
the temperature of the resin from increasing during printing. Hydrogel constructs were then printed
in the Form 2’s Open Mode with a layer height of 50 pm. 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
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further thermally cured. These samples were air-dried after the photo-curing step, then placed in a

120 °C oven for 180 min.

3.5.6 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 (Mswolien). The swollen samples were then freeze-dried and weighed again (madry). The

mass loss and swelling ratio (q) were calculated as follows:

mdry,i - mdry) x 100%

% mass loss = <
mdry,i

Mgwollen

mdry

3.5.7 Rheometry

Rheometry 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 40
mm 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-rheometry experiments, the rheometer was outfitted with a collimated light source (A =400
nm, 10 mW cm2, 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.
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3.5.8 Uniaxial compression testing

Compression testing was performed using an Instron 5585H load frame with a 2 kN and 50
kN load cell for hydrated and dehydrated samples, respectively. Cylindrical compression samples
(20 mm diameter x 5mm 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 a digital caliper. 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.

3.5.9 Scanning electron microscopy

Scanning electron microscopy (SEM) samples were air dried after printing and imaged using

an Apreo-S SEM operated at 2.0 kV.

3.5.10 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
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pm to 1000 um. The dimensions of the printed features were measured using ImageJ and compared

to the CAD dimensions (Figure 3.3 and B.9).

3.5.11 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
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 removed and placed into new wells with fresh medium at the
time of imaging to ensure that we were not imaging cells that had adhered to the bottom of the
wells. No other seeding densities were tested, and no images were taken prior to 21 days. The
samples were imaged using a widefield fluorescence microscope (A1R, Nikon Instruments, NY,
USA) at 20X 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).

3.5.12 Enzymatic degradation of printed constructs

For the in vitro degradation study, hexagonal lattice structures were printed using formulation
4 (Table 3.1) and degraded in a solution of 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

69



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.
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Chapter 4. METHACRYLATED BSA (MABSA) AND TANNIC ACID
COMPOSITE MATERIALS FOR 3D PRINTING
TOUGH AND MECHANICALLY FUNCTIONAL
PARTS

4.1 ABSTRACT

Protein-based materials continue to show promise as potential alternatives to petroleum-based
materials. 3D printing of protein-based materials is expected to further extend their application to
new frontiers. However, existing 3D printable protein-based materials are generally limited by
their poor range of mechanical properties and difficult processing. Herein, we develop a three-step
additive manufacturing workflow to fabricate tough protein-based composite hydrogels and
bioplastics with a range of mechanical properties. First, methacrylated bovine serum albumin
(MABSA)-based aqueous resins were 3D printed via stereolithography (SLA). Next, the materials
were treated with tannic acid (TA) to introduce additional noncovalent interactions within the
network to improve mechanical properties via a means of energy dissipation. In the last step, a
denaturing 120 °C thermal cure served to further enhance mechanical properties via formation of
intermolecular -sheets and other noncovalent interactions. The combination of TA treatment and
thermal cure virtually eliminated rehydration of the materials, enabling application as bioplastics.
Compression and tensile studies of 3D printed constructs demonstrated a range of ultimate
strengths, elastic moduli and toughnesses that could be modulated by adjusting resin composition

and post-print treatment protocol. 3D printed hydrogels enzymatically degraded up to 85% after
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30 days in pepsin solution. To highlight the diverse mechanical functionality achievable with these
materials, a bioplastic screw was 3D printed and successfully driven into wood without damage to
the screw. Finally, the hydrogel material could be sutured, and the suture could be placed under

mechanical load without signs of failure.

4.2 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.[*-
31 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.* 8 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.
These materials have ranged from commodity materials to specialized biomedical materials.
Protein-based materials can generally be processed via solvent casting, melt extrusion, and
injection molding,t”! however, their application is often restricted by poor processability into 3D
form factors and poor mechanical performance.®!

Vat photopolymerizationt®°! 3D printing techniques such as stereolithography (SLA),
digital light processing (DLP), continuous liquid interface production (CLIP),*YI 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.[**-*81 The design of photocurable resins
for vat photopolymerization requires photo-crosslinkable molecules with a low intrinsic viscosities
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and fast photocuring rates. In general, a low resin viscosity (0.25 Pa-s to 10 Pa-s)[1%2 js necessary
to facilitate resin reflow and minimize the undesirable stresses exerted on the printed object during
the printing process.

Generally, design of new oligomers and polymers for vat photopolymerization is limited[?*-
231 py the viscosity of the final resin formulation. Increasing 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.’?>-281 Interestingly, the majority of photocurable protein derivatives that have thus far
been reported are based on structural proteins (e.g., gelatin and silk fibroin),"&1 which form
fibrous assemblies. Use of these anisotropic structures is counterproductive 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 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. This photo-crosslinkable
derivative of BSA was used to prepare resins for vat photopolymerization 3D printing using a
commercially available Form 2 SLA 3D printer. While a mechanically stiff (6 MPa) hydrogel was

previously reported,i?® the applicability of this material for a broader array of load-bearing
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applications was limited by its swelling in water, which reduced its mechanical strength.[2034
Additionally, while the printed constructs primarily consisted of cross-linked MABSA, the
presence of some cross-linked poly(ethylene glycol) diacrylate (PEGDA) in the network precluded
complete degradation of the material. However, without the PEGDA present as a co-monomer in
the resin, the photocuring rate was insufficient for SLA 3D printing.

Tannic acid (TA) is a plant-sourced polyphenol that can be used as an additive to enhance
the mechanical properties of synthetic and biopolymer hydrogels.2324% 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
mechanical 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 toughness than 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 treated at 120 °C to unfold o-helical regions and
concomitantly form B-sheet structures,44%1 thereby enhancing mechanical properties. We refer to
thermally denatured MABSA-TA (dMABSA-TA) composites as bioplastics. The presence of TA

in these bioplastics enhanced mechanical properties and contributed to preventing rehydration of
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these materials when immersed in water. The improvements in ultimate strength, elastic modulus,
and toughness for these protein-based 3D printed materials enabled 3D printed constructs that were

mechanically functional, such as a screw and suturable constructs.

MABSA Network MABSA-TA dMABSA-TA

Methacrylated BSA ret
(MABSA)
| Dehydrate J 120 °C cure

— y . . poly(HEA),
Swell in TA ' poly(AAm), or PEGDA

Noncovalent interactions 1]

Tannic Acid  Ho  ou
(TA) OH

»

3D printed hydrogel Reduced swelling No swelling HOO_{) o
(Tough hydrogel) (Bioplastic) wd oW

Figure 4. 1 SLA 3D printed MABSA lattice structure. Swelling in water of the as-printed
hydrogels was controlled by incubation in TA solution. This TA treatment formed a tough
MABSA-TA hydrogel. An additional 120 °C thermal cure denatured the MABSA and virtually
eliminated rehydration, forming a dAMABSA-TA bioplastic.

4.3 RESULTS AND DISCUSSION

Formulation and printability of MABSA-based resins. The MABSA-based resin
formulations for SLA 3D printing reported previously!®? afford 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) in these formulations limited the ability of protease to digest the protein
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network, as the construct only degraded 22% in a concentrated solution of proteinase K. While the
enzyme could degrade protein that was accessible, the presence of the PEGDA cross-linked
network physically prevented further access (Table C10). In this work, we show that replacing
PEGDA with monofunctional co-monomers that can only form linear chains affords 3D matrices
that can be fully degraded, and the addition of TA as an additive to the printed constructs gives
hydrogels and bioplastics that can retain their toughness in the presence of water.

We investigated three co-monomers as additives to the MABSA-based resin formulation:
AAm, HEA, and PEGDA. All of the resin formulations investigated comprised 30 wt% MABSA,
with 0.075 wt% Ru(bpy)sClz and 0.24 wt% 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 showed insufficient
photocuring rates, which resulted in delamination between layers and failed prints (Figure C3). 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.

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 TA carbonyl vibration increased from 1700
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to 1721 cm, confirming the formation of hydrogen bonds between TA and the printed MABSA
structures (Figure C4). Gravimetric analysis of the samples showed that the masses of the
dehydrated TA composites were higher than those before TA infusion. We determined that the
MABSA-TA composite hydrogels contained up to 25 wt% TA relative to the total dry mass (Table

Cc1).

Effect of post-print treatments on mechanical properties. The mechanical properties of
the cured materials (ultimate strength, toughness, and elastic modulus) were studied in
compression using a load frame. Among the non-treated hydrogels, MABSA-AAm had the highest
Young’s modulus (2.02 MPa), which was ~ 3 times higher than MABSA-HEA (0.64 MPa) and
MABSA-PEGDA (0.68 MPa), respectively (Figure 4.3d). Similarly, MABSA-AAmM demonstrated
the highest ultimate strength and toughness (Figure 4.3e,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 mechanisms associated with the disruption of hydrogen bonding and other
noncovalent interactions.3%#”-4° This phenomenon also decreased the water uptake, which can
also improve the mechanical properties of 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 dAMABSA-HEA-TA, 3.2 MPa for
dMABSA-AAM-TA, and 3.8 MPa for AMABSA-PEGDA-TA. These increases in mechanical

strength were also accompanied by significant reductions in water uptake. Thus, the post-print TA
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treatment followed by thermal cure transforms the as-printed hydrogels into bioplastic materials

(which show minimal rehydration in water).

The combined TA-treated and 120 °C cured samples exhibited excellent mechanical
properties. The TA reinforces the protein-composite matrix via hydrogen-bonding interactions.
Additionally, the thermal denaturation of the MABSA results in increased hydrogen-bonding
interactions between neighboring protein chains. To demonstrate the high mechanical strength, a
screw was 3D printed and treated with TA followed by a 120 °C thermal cure. The screw was
mechanically functional and was successfully driven into a piece of wood without any visible

structural damage to the screw (Figure 4.3h).

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
pepsin solution (pH 1.5-2.0). Without any post-print treatment, the samples degraded 46.0%,
61.2%, and 59.9% for MABSA-HEA, MABSA-AAmM, and MABSA-PEGDA, respectively.
Regardless of co-monomer used, the samples with TA treatment lost the most mass, 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 disruption of TA-protein interactions under low pH,
leading to release of TA from the construct.’°! Additionally, polyphenols have been shown to
enhance the enzymatic activity of pepsin.5l Samples that were treated with TA and 120 °C
exhibited the lowest degradation rates. This is likely due to the low water uptake, which could

limit pepsin transport into the material, thus limiting degradation.
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Suturing. To further demonstrate the excellent mechanical functionality of these MABSA-
based hydrogels, we explored the response of the materials to suturing. The MABSA-based
hydrogels without post-print treatments were brittle and exhibited crack propagation throughout
the material upon suture insertion, as shown in Figure 4.5a. Interestingly, after TA treatment, a 3
mm thick sample exhibited markedly reduced crack propagation (Figure 4.5b) and could support

500 g loaded on a single loop of suture material (Figure 4.5c).

(a) 2.0
@ MABSA-HEA
BES8 MABSA-AAm
I MABSA-PEGDA

1.5

1.0

Swelling ratio

None 120 °C cure TA TA +120 °C cure

Figure 4. 2 (a) Swelling ratio 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 printed MABSA-HEA 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).
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Figure 4. 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, () 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.
(9) 3D printed bioplastic screw after TA treatment and 120 °C thermal cure. (h) Bioplastic screw

driven through wood.
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Figure 4. 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-
HEA, and dAMABSA-HEA-TA at (d) day 0 prior to incubation in pepsin solution, (e) after 5 d

incubation in pepsin solution, (f) after 30 d incubation in pepsin solution.
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No treatment

(b)

TA treatment

Figure 4. 5 3D printed hydrogel upon insertion of a suture needle (a) with no post-print
treatment; MABSA-HEA network and (b) after TA treatment; MABSA-HEA-TA network. (c)
MABSA-HEA-TA network hydrogel supporting 500 g weight via a single suture.

4.4 CONCLUSIONS

In summary, we demonstrated a three-step additive manufacturing process to fabricate tough,
protein-based hydrogels and bioplastics. In the first step, MABSA was 3D printed via SLA. Then,
the printed constructs were treated with TA to introduce additional energy dissipation mechanisms,
such as hydrogen bonding, to form tough hydrogels. In the final step, bioplastics were formed by
thermally denaturing the protein to form intermolecular B-sheets, thus reducing the rehydration of
the printed construct. The TA-treated hydrogels degraded up to 85% after a 30 day incubation in
pepsin solution. The broad range of mechanical properties and ability to support a suture enables

opportunities to generate biomaterials for applications such as biomedical devices.
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4.5 EXPERIMENTAL

45.1 Materials

All materials were purchased from Sigma Aldrich unless otherwise stated. Methacrylic anhydride
(94%), Tris(2,2-bipyridyl)dichlororuthenium(ll)  hexahydrate  (Ru(bpy)sCl2)  (99.95%),
poly(ethylene glycol) diacrylate (Mn 700 Da), poly(ethylene glycol) methyl ether acrylate (Mn 480
Da), tannic acid, 2-hydroxyethyl acrylate, acrylamide, and sodium persulfate (SPS) were used as

received. Ultra-pure and ultra-low fatty acid content BSA was purchased from Nova Biologics.

45.2 Methacrylation of BSA

A previously published method for methacrylation of BSA was used.!??! In short, BSA (20 g, 0.3
mmol) and NaHCOz / Na,COs 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, ~2.5 eq. per lysine residue)
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 (18.3 g obtained,
91.5% vyield). The percent functionalization of the available lysines of BSA with methacryloyl
functionalities was determined using a 2,4,6-trinitrobenzene sulfonate (TNBS) assay. For the
TNBS assay, BSA and MABSA were dissolved in NaHCO3 / Na2COg 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%
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SDS and 0.125 mL of 1 M HCI were added to each sample. The absorbance of each solution was
measured at 335 nm with a UV/Vis spectrophotometer (Agilent 8453). The percent

functionalization was calculated from the measured absorbance values as follows:

Absgss — Abs
% functionalization = Bsilbs MABSA % 100
BSA

45.3 Preparation of MABSA-based resin for vat photopolymerization

All resin formulations were prepared in amber bottles and covered with aluminum foil to prevent
auto-polymerization. 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). The weight percentages are based on the total composition of the resin, including 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)sCl. was dissolved in 120 pyL of DI water, and 0.24 wt% SPS was
dissolved in 120 uL 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.
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45.4 SLA 3D printing of MABSA-based hydrogels

A Formlabs Form 2 printer with a modified build platform and resin tank was used to fabricate the
hydrogel constructs (cite paper). 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 in 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 heating.

455 Post-print treatments

4551 Tannic acid treatment

TA solutions were prepared by dissolving TA in deionized water at a concentration of 300 mg/mL,
with pure DI water included as a control. For the TA treatment, 3D printed MABSA hydrogel
constructs were photocured, dehydrated, then immersed in TA solution for 72 h, to produce tough
TA-MABSA hydrogel constructs. Free TA was removed by equilibration in DI water. Some
samples were then thermally cured at 120 °C to produce virtually non-rehydratable

bioplastics.

455.2 Thermal cure

3D printed MABSA hydrogels with or without TA treatment were photocured, dehydrated then

placed in a 120 °C oven for 180 min.
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45.6 Measurement of TA content

3D printed MABSA hydrogel disks (10 mm diameter x 5 mm height) were equilibrated in DI water
for 24 h to remove unreacted MABSA and co-monomer. Then, the disks were vacuum dried and
weighed (mj). After immersing the disks in 300 mg/mL TA solution for 72 hours, unbound TA
was removed by equilibration in DI water for 24 hours. Finally, the disks were vacuum dried and

weighed (my). The TA content was calculated as follows:

mf —-m;
TA content = (T) X 100%
i

45.7 Swelling experiments

3D printed cylindrical disks (10 mm diameter x 5 mm height) were subjected to post-print
treatments (either 120 °C thermal cure, TA treatment, 120 °C thermal cure and TA treatment, or
no treatment). Disks were then vacuum dried and measured in height and diameter to determine
volume (Vi). The disks were then equilibrated in DI water for 24 hours and measured in diameter

and height to determine volume (Vs). The swelling ratio was calculated as follows:

Swelli ti =(
welling ratio 7
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45.8 Uniaxial compression testing

Compression tests were performed using an Instron 5585H load frame with a 2 kN load cell.
Cylindrical compression test specimens (10 mm diameter x 5 mm height) were 3D printed as
described above. Specimens were tested at equilibrium swelling with DI water. 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 specimens were removed from DI water, blotted
dry with a Kimwipe, and the dimensions of the specimens were measured using a digital caliper.
At least 5 specimens of each formulation (MABSA-AAmM, MABSA-HEA, and MABSA-PEGDA)
and post-print treatment (120 °C thermal cure, TA treatment, 120 °C thermal cure and TA
treatment, or no treatment) were tested. Compressive modulus and strength were calculated from

the resulting stress-strain curves.

4.5.9 Uniaxial tensile testing

Tensile mechanical measurements were performed using a TestResources 100 series Universal
Test Machine with a 1 kN load cell. ASTM D638 type V specimens were printed and post-print
treated as described above. Specimens were tested at equilibrium swelling with DI water. All tests
were conducted at room temperature (22 °C) using a crosshead rate of 5 mm/min until specimen
failure. Prior to testing, the hydrated specimens were removed from DI water, blotted dry with a
Kimwipe, and the dimensions of the specimens were measured using a digital caliper. At least 5
specimens of each formulation (MABSA-AAmM, MABSA-HEA, and MABSA-PEGDA) and post-
print treatment (120 °C thermal cure, TA treatment, 120 °C thermal cure and TA treatment, or no
treatment) were tested. Tensile modulus, tensile strength, and tensile toughness values were

calculated from the resulting stress-strain curves. Toughness was calculated as the area under the
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stress-strain curve; this was done using a MATLAB program. Compressive modulus was

determined from the slope of the elastic region of the stress-strain curve.

45.10 Biodegradation

The biodegradation profiles of 3D printed constructs were monitored using a pepsin solution to
hydrolyze the protein. Biodegradation assays were performed at 37 °C in a shaking incubator at
221 rpm. The incubation medium was prepared by dissolving pepsin (> 2500 U/mg) at 3.2 g/L in
0.1 M HCI (pH 1.5-2.0). DI water and a solution of 0.1 M HCI (pH 1.5-2.0) were used as controls.
4 mL of incubation medium was added to each test structure. Dry mass data were collected on
days 3, 5, 10, 20 and 30. Dry mass for each sample was measured after drying the sample under

vacuum. The percentage of remaining dry mass was calculated as follows:

o (Dry mass after biodegradation)
% remaining dry mass = — x 100
Initial dry mass
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APPENDIX A

Appendix A accompanies Chapter 2

'H NMR spectrum for F127-DMA in CDCl,
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Figure A. 1 *H NMR spectrum of F127-DMA in CDCls.
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Figure A. 2 Viscosity vs. shear rate plot of hydrogel ink formulations performed at 21 °C.
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Figure A. 3 Stress versus shear rate plots of hydrogel formulations under increasing shear rates

from 0 to 50 S, performed at 21 °C.
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Figure A. 4 Stress versus shear rate plots of hydrogel formulations under decreasing shear rates

from 50 to 0 S, performed at 21 °C.
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Herschel-Bulkley Fit of 30% F127-DMA:
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Figure A. 5 Herschel-Bulkley fit of 30 wt % F127-DMA.

Calculation of Viscosity of Hydrogel Inks:

Based on previous work by Chua et.al®®. when the reference shear rate (yo) = 1 s, the
viscosity for Pluronic hydrogels could be determined by using the Power law equation for shear
thinning fluids given by:

n=ney" (1)
Where n and no are the apparent and zero-shear viscosities and vy is the shear rate. Thus equation
(1) can be changed into a logarithmic expression:
Log = (n-1) Logy + Log 7o
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A log-log plot of viscosity versus shear rate for each formulation would enable us to calculate its
dynamic viscosity (supplementary information). The value of n, the Power Law index appearing
in the expression, from the above equation enabled us to calculate the viscosities of the materials

using the equation

. (Bn+1)x 2V
V=" /D (2)

Where V is the print speed and D is the nozzle diameter. Thus for 25 % F127-DMA, n= 0.0673,
Putting that in equation (2) gives the shear rate as 467 s, which corresponds to a viscosity value
of 1.486 Pa.S. All the hydrogel ink viscosities were determined this way.

Diffusion tests

For each formulation, three tensile specimens were prepared then cut in half. The resulting six
specimens were then subjected to one of two conditions; dried under vacuum immediately after
preparation (non-swollen) or immersed in water until reaching equilibrium swelling then dried
under vacuum (swollen). The non-swollen samples were massed, dried under vacuum for 48
hours, then massed again. The masses of the swollen samples were recorded prior to swelling,
followed by immersion in a large excess of deionized water for 96 hours at 21°C. During the 96-
hour immersion, the water was replaced with fresh deionized water every 12 hours. After four
days of immersion, the equilibrium swelling masses were recorded, then the specimens were dried
under vacuum for 48 hours.

The final dried mass of each specimen was subtracted from its initial mass, then divided by its
initial mass to determine the % mass loss after drying. The % mass loss of the swollen samples
was compared to the % mass loss of the non- swollen samples to prove that the polymerized
additives are covalently bound to the hydrogel network. The swelling ratios are represented as

(swollen mass — dried mass) / dried mass.
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For the controls, formulations with 4 wt % and 10 wt % poly(acrylic acid) (PAA) were tested.
All of the PAA was able to diffuse out of the crosslinked F127-DMA network, as the PAA was

not covalently bound to the F127-DMA.

Additive Swelling % Water in % Mass Loss % Mass Loss
(Wt%) Ratio Formulation (non-swollen) (swollen)
-- 6.14 £ 0.04 75 70.50 £ 0.7 73.24+1.3
AA (4) 491 +0.01 71 67.78+ 1.0 70.98 £ 0.2
HEA (4) 6.55 + 0.02 71 68.10 £ 0.8 69.23+0.2
DMAEMA (4) 10.28+0.04 71 7152 +0.3 7454 + 0.2
PEG-DA (4) 5.13+0.01 71 64.58 + 1.3 68.31+0.2
PAA (4) 495+ 0.04 71 68.90+ 1.0 73.00+£0.3
AA (10) 3.00+£0.00 65 59.90+ 0.4 6145+ 2.1
HEA (10) 5.92 +0.01 65 56.67 + 2.0 5849+1.4
DMAEMA 9.79 £ 0.06 65 62.19+£ 0.3 65.57 + 3.2
(10)

PEG-DA (10) 3.59 +0.02 65 6246 +1.1 62.61+1.0
PAA (10) 457 +0.01 65 61.62 £ 0.2 70.97 £ 0.2

Table A. 1 Summary of swelling ratio and diffusion tests of 25wt% F127-DMA formulations in

deionized water. N =3
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Polymer (wt %)  Additive (wt %) Wt % of water  Photo-
(wt 9%0) initiator
(Wt%)
F127-DMA (25) -- 75 0.1
F127-DMA (30) -- 70 0.1
F127-DMA (25) AA (4) 71 0.1
F127-DMA (25) AA (10) 65 0.1
F127-DMA (25) HEA (4) 71 0.1
F127-DMA (25) HEA (10) 65 0.1
F127-DMA (25) DMAEMA (4) 71 0.1
F127-DMA (25) DMAEMA (10) 65 0.1
F127-DMA (25) PEG-DA (4) 71 0.1
F127-DMA (25) PEG-DA (6) 69 0.1
F127-DMA (25) PEG-DA (10) 65 0.1

Table A. 2 Summary of the hydrogel ink compositions used in this study.
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Figure A. 6 Cyclic shear strain experiment for the hydrogel ink formulations.
Cycling between 5 min periods of low strain (1 %) and 3 min periods of high strain (100 %)

performed at 25° C.
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Figure A. 8 Strain sweep experiments from 0-100 % strain performed at 21 ° C and 1.0 Hz.
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APPENDIX B

Appendix B accompanies Chapter 3

TNBS Assay

The percent functionalization was calculated using a 2,4,6-trinitrobenzene Sulfonate (TNBS)
assay. Primary amines react with TNBS to form a compound that absorbs strongly at 335nm. The
setup was as follows, BSA and MA-BSA were each dissolved in CB buffer at a concentration of
20 pg/mL. 0.25 mL of 0.01% (wi/v) solution of TNBS was added to 0.5 mL of each protein
solution. The samples were incubated at 37 °C for 2 hours. To quench the reaction, 0.25 mL of
10% SDS and 0.125 mL of 1N HCI were added to each sample. The absorbance of each solution

was measured at 335nm.

1.0
—a— BSA

0.8 - —e— BSA-MA

0.6 -

0.0 1

-0.2 4

Absorbance (Au)

-0.4 +

-0.6 -

300 400 500
Wavelength (nm)

Figure B. 1 UV-vis spectrum of BSA and MA-BSA after incubation with TNBS.
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Figure B. 2 CD spectra of native BSA and MA-BSA.

Table B. 1 Secondary structure of native and methacrylated BSA.

—r
180 200 220

Wavelength (nm)

280

Sample % Helix % Antiparallel % Parallel % Turn % Others
Native BSA 41.3 17.3 0.0 111 30.3
MA-BSA 38.6 16.4 0.0 10.8 34.2
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Figure B. 3 Printed compression disk at equilibrium swelling (left) and dehydrated (right).
Formulation: 30 wt% MA-BSA with 5 wt% PEG-DA.
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Figure B. 4 Photo-rheology of photo-polymerizable resin formulations.
Commercial resin, 30 wt% MA-BSA, and 30 wt% MA-BSA with 10 wt% PEG-DA. Light
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Figure B. 5 Photo-rheology of 10-30 wt% MA-BSA.
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Figure B. 6 Viscosity vs shear rate data for 30 wt% MA-BSA resins with various amounts of

comonomer.

Shear rate (s™)
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Table B. 2 Swelling ratio and % mass loss of various 30 wt% MA-BSA resin formulations, heat-

treated and non-heat treated.

Sample Swelling % mass loss
ratio

5 wt% PEG-DA 3.45 2.8

5 wt% PEG-DA (heat) 2.28 1.2
10 wt% PEG-DA 2.64 3.3
10 wt% PEGDA (heat) 2.21 0.3
10 wt% PEG-A 3.32 9.9

10 wt% PEG-A (heat) 2.64 3.9

Biodegradation

a)

0hr 2hr

b)

0hr 2hr 16 hr

Figure B. 7 (a) 30 wt% MA-BSA and (b) thermal cured 30 wt% MA-BSA digested by
proteinase K.
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Table B. 3 Change in mass over 1 week of incubation with proteinase K at 37 °C.

S % change M.ass % change
Control o Proteinase K (Prot. K)
@ @ :
0 0.2087 - 0.2017 -
1 0.2029 2.8 0.1824 9.6
2 0.2045 2.0 0.1781 11.7
7 0.1993 4.5 0.1573 22.0

Figure B. 8 Representative image of partially digested hydrogel.
After 1 week of biodegradation, the sample that was incubated with the enzyme (right) is unable
to support the weight of a penny, whereas the control (left) was able to support the weight.

Figure B. 9 Representative optical images of resolution test structures.
Fin (a) and hole (c) printed with the MA-BSA resin. Fin (b) and hole (d) printed with the Form 2

resin.
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Table B. 4 Mechanical properties of hydrogel constructs at equilibrium swelling.

Compressive  Compressive

Cm(n“'::;;ner Tl?:‘;lal Modulus Strength g Tz’;ﬁlﬁiﬁs
= ' (MPa) (MPa)
PEG-DA (5) No 2.17 0.68 0.28 0.089
PEG-DA (5) Yes 2.49 3.49 0.45 0.481
PEG-DA (10) No 6.26 2.43 0.35 0.391
PEG-DA (10) Yes 6.06 4.27 0.39 0.596
PEG-A (10) No 3.27 0.86 0.26 0.106
PEG-A (10) Yes 3.36 1.75 0.34 0.230

Table B. 5 Mechanical properties of bioplastics printed with various resin formulations.

Compressive Compressive

R T ey
PEG-DA (5) No 284 40 499 79
PEG-DA (5) Yes 638 120 804 173
PEG-DA (10) No 296 43 633 101
PEG-DA (10) Yes 473 97 896 198
PEG-A (10) No 73 7 203 17
PEG-A (10) Yes 382 63 635 107

* Measured at 20 % deformation.
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APPENDIX C

Appendix C accompanies chapter 4.

Table C. 1 Concentration of TA remaining in printed constructs after equilibration in DI water

Formulation TA concentration
(wt%)
2 wt% HEA 25.4
3wt % AAm 16.6
5 wt% PEG-DA 7.9
(a)100- (b) 100 (€)100-
T — ¢ S _ b [ —3——¢—¢
't*¥——{_,:,$ = B
80 80 80
60 60 60
Eg»',' 40 E 40 Ev' 40
[ O (1]
= = =
20 20 20
04 —m—None -—@-120°C cure 04 —&—None —e—120°C cure 04 —m—None @120 °C cure
—A-TA  —TA+120 °C cure —A-TA & TA + 120 °C cure A-TA & TA +120 °C cure
0 10 20 30 0 10 20 30 0 10 20 30
Time (days) Time (days) Time (days)

Figure C. 1 Degradation over 30 days in DI water a) HEA, b) AAm, ¢) PEGDA
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—&—TA —4—TA +120 °C cure —A—TA 4 TA + 120 °C cure —A—TA —4—TA + 120 °C cure
0 10 20 30 0 10 20 30 0 10 20 30
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Figure C. 2 Degradation over 30 days in HCI a) HEA, b) AAm, c) PEGDA

Time (days)

Table C. 2 Compression data for MABSA-HEA

Compression | 2 wit% HEA |
Toughness
E (MPa) o (MPa) £ (mm/mm) (MI/m3)
DI 3.0 0.74 0.28 0.10 £ 0.01
Heat 6.3 6.0 0.49 1.13 + 0.06
TA 6.6 12.0 0.76 2.07 +£0.26
TA + heat 18.8 286 0.7 50.20+3.34
Table C. 3 Compression data for MABSA-PEGDA
Compression | 5 wit% PEG-DA |
Toughness
E (MPa o (MPa € (mm/mm
(MPa) (MPa) (mm/mm) (MI/m3)
DI 2.2 1.0 0.40 0.16 + 0.02
Heat 4.5 5.2 0.50 1.14+0.13
TA 4.5 9.7 0.72 1.55+0.26
TA + heat 35.4 173 0.7 31.10+2.50
Table C. 4 Compression data for MABSA-AAM
Compression | 3 wi% Aam |
Toughness
E (MPa) o (MPa) € (mm/mm) (M)/m3)
DI 8.1 1.8 0.27 0.23 +0.04
Heat 5.5 5.3 0.45 1.04 + 0.05
TA 5.1 15.4 0.65 3.25+0.14
TA + heat 30.2 215 0.7 39.27 + 2.09

Time (days)
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Table C. 5 Effect of TA concentration on TA incorporation into hydrogel

TA concentration No heat No heat TA (24 hr) Heat TA
24 hours 72 hours
0 mg/mlL 2.37 2.32 0.81
50 mg/mL 1.84 1.58 0.45
100 mg/mL 1.30 0.90 0.42
150 mg/mL 1.21 0.73 0.33
200 mg/mL 0.98 0.61 0.33
250 mg/mL 0.93 0.58 0.26
300 mg/mL 0.92 0.58 0.17

Figure C. 3 Representative image of printability of tested resin formulations. 1 wt% AAm, 2
wt% AAm, and 3 wt% AAm (left to right)
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Figure C. 4 ATR-FTIR spectra of TA, MABSA, MABSA-AAmM, and MABSA-AAM-TA
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Table C. 6 Tensile data for MABSA-HEA

Tensile | 2 wt% HEA
E (MPa) ¢ (MPa) € (mm/mm) ;I;((?]L;?nhsr)}ess
None 0.64 0.242 0.61 89.66
TA 17.26 1.38 0.94 1120.80
TA + heat 118.0 7.115 0.54 34615
Table C. 7 Tensile data for MABSA-PEGDA
Tensile | 5 wt% PEG-DA
E (MPa) ¢ (MPa) € (mm/mm) ;I;(c;ljg]hgr)less
None 0.68 0.178 0.39 39.18
TA 105 0.948 0.75 608.61
TA + heat 58.7 3.84 0.43 1354.6
Table C. 8 Tensile data for MABSA-AAM
Tensile | 3 wt% AAm
E (MPa) ¢ (MPa) € (mm/mm) ;I;(%l;r%]hgr;ess
None 2.02 0.498 0.33 93.32
TA 6.81 0.909 0.67 464.16
TA + heat 37.4 3.169 0.81 1940.3

120



Table C. 9 Photorheology of MABSA resin formulations

Formulation Gel point (s) G’ @ 30 s (kPa)
1 wt% HEA 9.7 73.4

2 wt% HEA 7.6 273.1

2 wt% AAmM 6.5 513.5

3 wt% AAmM 5.8 420.1

4 wt% PEGDA 11.8 113.2

5 wt% PEGDA 9.5 132.8

Table C. 10 (Data from “Additive manufacturing of bovine serum albumin-based hydrogels and

bioplastics™)

% mass loss % mass loss
(control) (Proteinase K)

1 2.8 9.6
2 2.0 11.7
7 4.5 22.0
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