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Additive manufacturing (AM) has seen significant growth in tissue engineering and
medical device applications, with bioplastics emerging as preferred materials due to their
biocompatibility and environmental sustainability. However, these bioplastic systems typically
contain high water content, presenting significant challenges during the drying process. The high

water content leads to anisotropic shrinkage, resulting in undesirable bending and warping of



printed structures, which compromises their dimensional accuracy and functional properties.
This study investigates the optimization of solvent exchange protocols using ethanol to produce
dimensionally stable prints from bovine serum albumin (BSA) and poly(ethylene glycol)
diacrylate (PEGDA) resin through vat photopolymerization. Our methodology focuses on
establishing precise drying procedures that maintain the structural integrity of the printed
components while preserving their mechanical properties. The results demonstrate that solvent-
exchanged samples exhibited less than 30% volume reduction compared to control samples,
indicating superior dimensional stability. Mechanical characterization revealed that the solvent
exchange process did not significantly alter the material's mechanical properties, suggesting the
preservation of its structural functionality. Thermal analysis was conducted to quantify the
residual water content in solvent-exchanged samples, providing insights into the effectiveness of
the dehydration process. Furthermore, complex printed structures subjected to the optimized
solvent exchange protocol showed significantly reduced shrinkage, bending, and warping
compared to untreated samples. This work establishes a robust methodology for producing high-
resolution, dimensionally stable BSA-PEGDA prints suitable for consistent mechanical testing
and complex structure fabrication, potentially advancing the field of biofabrication for tissue

engineering and medical device applications.



ACKNOWLEDGEMENTS

I would like to express my deepest gratitude to the Department of Chemistry at the University of
Washington, and to the many individuals who have shaped and supported my journey toward a

Master’s degree.

Above all, I am profoundly thankful to my advisor, Professor Alshakim Nelson. His guidance,
patience, and encouragement were foundational—not only to my development as a researcher
but also to my ability to navigate the challenges of graduate school. I am truly fortunate to have
had his mentorship. The Nelson Lab became a second home during these years, and the people
within it defined my experience. I thank every member of the group for the camaraderie, shared
effort, and lasting memories. I am especially grateful to Dr. Naroa Sadaba and Siwei Yu for their
mentorship. Entering the lab with limited experience, I relied deeply on their clarity, patience,

and generosity as | found my footing.

To Meijing Zhang—thank you for being my closest friend and constant companion throughout
this journey. From our first days in orientation to shared coursework, joining the same lab, and
working side by side in the same subgroup, you were there through every stage. We learned,
grew, and endured together. Your presence made all the difference, and it was an honor to work
with you. To Jimin, Jennifer, and Sahana—thank you for your friendship, encouragement, and
presence. You brought perspective and laughter when it was most needed, and helped make this

experience far more meaningful. I wish each of you the very best in your own journeys ahead.



Finally, to my dearest parents and family—thank you for your unwavering love, belief, and
support. Through every difficulty and moment of doubt, your presence sustained me. I owe this

accomplishment to you.



Table of Contents

Chapter 1 INTroduction......ceeiieeineinsiisseiisecnssicseinssissecsssecssssssssssesssseesssssssssssasssssssssssssssssassse 1
1.1 Additive ManUaCtUIING .....c.eeeitieiiiieiieiie ettt ettt ettt et e st eebeees 1
Classification of AM teChNOIOZIES: ......c.eeviieiieiiieiiecie et 3
1.2 Vat PhotopolymMeriZation...........ceecuiieeiiiieeiieeeiieeciee ettt e et eeete e et eeetaeesaaeessseeesnsaeesaneees 4
1.3 Protein-based BIOMAterials ...........cociriiiiiiiiiiiiiiiricieeiceeee e 6
Bovine Serum AIBumin (BSA).....co.eo oottt ettt et 7
Protein-based Biomaterial for 3d-printing...........ccccvveeiiieriiienieeeie e 8
LA BSA-PEGDA ...ttt ettt sttt et sttt et 10
Chapter 2: Solvent EXchange.........cueiciveiciceicssneicssnnicssnnicssnnscssssecssnnes e 12
Section 1: Back@round .........cccocuiiiiiiiiiiiiiee et 12
2.1 Additive manufacturing for Biomaterials.............cooceeiiiiiiiiiiiiiieiecee e 12
2.2 SOIVENt EXCRANZE .....oooviiiiiiieceeee ettt et e e e e e 12
2.2 Solvent Effects on Polymer-Protein SyStems...........ccccvvieeiiieeiiieeeieeeee e 14
2.3 Post processing MeEthOdS.........ccuuiiiieiiiiiiiiiiecie et ete e 17

B B e (e 1 0] o) 1118 A SRR 19
Section 2: Materials & Experimental Procedures .............occoviiiiiiiiiiiiiiniieececce e 20
2.5 List Of CHemMICAIS .....coviiiiiiiiiiiitieieete et st 20
2.6 Experimental proCeAUIES ........cccuiieiuiiiiiiieeiiie ettt e s e e saee e sreeeseaeeeenaeeeens 20
Section 3: Results and DiSCUSSION.......cc.eiiiiiiiiiiieiie ettt ettt 22
2.7 Processing and FabriCation ...........c.eeouieriieiieniieiieeie ettt sve e e seaeste e e e 22
2.8 Mechanical Analysis (TeNSIle) ......cc.eeeeireriiiieiiiieeiiiece e e e 29
2.9 FTIR CharacteriZAtiON ...........eecueerieesiieniieeiiie st eteeseeerteesteeteesnseesseesnseesseesnseesseesnseenseeans 31
2.10 Thermal CharaCteriZAtION .........cc.eevverieerieeierierieete ettt et et enee 33
CONCIUSION: ...ttt e e e e st e et e et e e e s 36

U VW OT K ..ot e e et e et e et e e e e e et e e eae s et e e aaaeeeaaaaes 37



List of Figures
Chapter 1

Figure 1.1 Classification of AM techniques® ...........c.ccoovoviiiieiiiiiiieceeeeeeeeee e, 4
Figure 1.2 Schematic illustrating material composition for vat polymerization process, which

can be either a pure resin or advanced material, such as ceramic or metal suspensions, which can

be added and mixed with the resin before printing!®..............cooeiiiiiriieiiiee i 5
Figure 1.3 Schematic representation of BSA-PEGDA resin preparation.!®.............c..ccooevevnee. 10
Chapter 2

Figure 2.1 Schematic representation of protein-based biomaterials air drying vs. solvent
EXCRANZE ...eieeeie ettt ettt ettt e bt h e e bt e he e e bt e sat e e bt e abe e bt e eabeeehteenbeeneeenteas 19
Figure 2.2 Drying Procedure for (A) Control sample (B) Solvent exchanged sample (C) Control
HT sample (D) Solvent exchanged HT Sample..........ccccoeviieiiiiiiiiniieiieieeeee e 21
Figure 2.3 Visual comparison of BSA-PEGDA flat sheets processed by solvent exchange (left)
and bench drying (right) over two days. Each row shows samples imaged on Day 1 (first
column) and Day 2 (second column) to assess changes in shrinkage and warping over time ..... 24

Figure 2.4 Qualitative comparison between bending angle of solvent exchange vs. bench drying

Figure 2.5 Comparison of interlocking ring structures demonstrating shape retention. (A)
Original CAD models used for 3D printing. (B) Air-dried control samples after 2 days. (C)
Ethanol-treated samples (90% EtOH, 2-day drying). Top and side views are shown for each

COMMAILION. ettt e e e et e e et e e e e e e e e e e et eaaeeee e e e e e e aaeeeeeeeeaae e aaaeeeesaeaeenaaaeeeeeeenenanaaaaseaaeae 26



Figure 2.6 Comparison between the 9x9x9 mm lattice original CAD model (A) printed BSA-
PEGDA lattice structures after bench drying (B) and solvent exchange in 90% ethanol (C).
Solvent exchange better preserves the intended geometry compared to bench drying. ............... 27
Figure 2.7 Volume and mass change for printed bars ............ccoooeeriiiiieniieiienieeee e 29
Figure 2.8 Tensile result of BSA/PEGDA 3:1, BSA/PEGDA 3:1 HT, BSA/PEGDA
3:1EtOH90%, BSA/PEGDA 3:1 EtOH90% HT ....ccviiiiiieeieeeeee e 31
Figure 2.9 FTIR Spectra of BSA/PEGDA 3:1, BSA/PEGDA 3:1 HT, BSA/PEGDA

3:1EtOH90%, BSA/PEGDA 3:1 EtOHO90% HT ....ccoeiiiiiiiiieieeeeeceeeee e 33



List of Tables

Table 1. Printing parameters of BSA/PEGDA 3:1 .....oooiiiiiioiiiieeeeeee e 22

List of Equations

1. VOIUME CRANEE ....eeeeviieiiie ettt ettt s e e et e e st e e saseeessaeeessseeessseeessseeessseeennseens 27

2. MASS CRANGE .....coviieiiieiieeieeeiee ettt ettt e et et e et e eaeeebeesseeesseesseessseessseesseenssesasaenssesnseenssennsens 28



Abbreviation

AM

BSA

PEGDA

DLP

EtOH

HT

List of Abbreviations

Definition

Additive Manufacturing
Bovine Serum Albumin
Poly(ethylene glycol) diacrylate
Digital Light Processing
Ethanol

Heat Treatment



Chapter 1 Introduction

1.1 Additive Manufacturing

Additive Manufacturing (AM), commonly known as 3D printing, represents a
transformative approach to fabrication where physical objects are created directly from digital
designs. This revolutionary process offers significant advantages over conventional
manufacturing methods, particularly in terms of production efficiency and flexibility!. AM has
experienced substantial development since its introduction in the 1980s. Originally intended for
rapid prototyping, it has evolved into a reliable and versatile manufacturing approach used across
various industries. Advances in material science, processing technologies, and digital design
tools have played a key role in expanding its applications to sectors such as aerospace,
automotive, healthcare, and fashion?. AM is now recognized for its ability to produce highly
customized components, minimize material waste, and fabricate complex geometries that are
often impractical with conventional manufacturing methods?. This progress has established AM
as a diverse set of processes capable of working with polymers, metals, ceramics, and composite
materials, which contributes significantly to innovation across multiple fields. AM has gained
significant interest in both industry and academia, with its market projected to reach $96.7 billion
by 2030, growing at a compound annual growth rate (CAGR) of 21% between 2024 and 20304,
Particularly, the polymer segment of additive manufacturing is projected to grow to USD 23.15
billion by 2033, with an expected compound annual growth rate (CAGR) of 8.25% over the

forecast period from 2025 to 20335,

The AM workflow consists of three primary stages: digital design, model preparation,

and physical fabrication. Initially, a three-dimensional digital model is created using Computer-



Aided Design (CAD) software and saved in a stereolithography (STL) format. This digital
blueprint is then processed through specialized software that segments the model into precise,
printable layers. During this "slicing" phase, the complex geometries of the CAD model are
approximated using triangular meshes, generating detailed instructions for each printed layer.
Finally, these instructions guide the 3D printer in depositing material layer by layer to construct

the physical object®.

The technology's advantages are multifaceted. AM enables unprecedented design
customization, allowing objects to be tailored to specific requirements without additional tooling
costs. It significantly reduces material waste compared to subtractive manufacturing methods, as
material is added only where needed. Furthermore, AM opens new possibilities in design
complexity and functionality, enabling the creation of intricate structures that would be

impossible or impractical to produce through traditional methods.

As an emerging technology, AM shows promise in high-value applications across various
sectors. It has gained significant traction in aerospace engineering, medical device
manufacturing, and scientific research, where its ability to produce complex, customized
components with high precision offers compelling advantages. As technology continues to
mature, it may increasingly supplement or replace traditional manufacturing processes,
especially for applications requiring intricate geometries, customization, or small production

runs.



Classification of AM technologies:

The ISO/ASTM 52900 standard classifies additive manufacturing in seven process
categories: binder jetting, directed energy deposition, material extrusion, material jetting, powder
bed fusion, sheet lamination and vat polymerization (Figure 1.1). As AM is used in wide
industries with different purposes, each different kind of printer is used for different kinds of
material. In additive manufacturing, the choice of material is closely tied to the printing process,
as each technology supports specific classes of materials with unique processing requirements’.
For instance, material extrusion techniques such as Fused Deposition Modeling (FDM)
commonly use thermoplastics like PLA and ABS due to their ease of melting and solidification.
Powder bed fusion methods work predominantly with metals (e.g., titanium, stainless steel) or
polymers (e.g., nylon), while binder jetting can be applied to sand, ceramics, or metal powders.
Vat photopolymerization (VP), which includes processes like SLA and DLP, primarily utilizes
liquid photopolymer resins that solidify under light exposure'. This category has garnered
growing interest, particularly in the development of bio-based and biodegradable resins, due to
its compatibility with high-resolution applications and expanding use in biomedical and

sustainable materials research.



Additive Manufacturing (AM)

Vat Photopolymerization
(VPP)

| Stereolithography
(SLA)

Digital Light
Processing (DLP)/

Liquid Crystal
Display (LCD)

Continuous Digital
Light Processing
(CDLPY

"~ Continuous Liquid
Interface
Production (CLIP)

Material Extrusion

(MEX)

Fused Deposition
Modeling
(FDM)/
| Fused Filament

Fabrication (FFF)/
Continuous
Filament
Fabrication (CFF)

| Direct Ink
Writing (DIW)

Liquid

Deposition
Modelling
(LDM)

Powder Bed Fusion
(PBF)

Selective Laser
Sintering (SLS)

Direct Metal Laser
Sintering (DMLS)/

Selective Laser
Melting (SLM)

|__ Multi Jet Fusion
(MJF)

Electron Beam
Melting (EBM)/
| Electron Beam
Additive
Manufacturing
(EBAM)

Material }1‘;:::_:
Jetting (MJT) s
Poly Jet I_Binficr
— Printing Jetting
(PJP) (BJT)
Nano
= Particle
Jetting (NPJ)
Drop On
— Demand
(DOD)

Direct Energy
Deposition (DED)

Laser Engineering
Net Shaping (LENS)/
Direct Laser
Deposition (DLD)/
Direct Metal
| Deposition (DMD)/
Directed Light
Fabrication (DLF)/
Laser Cladding (LC)/

Laser Metal
Deposition (LMD)

Wire Arc Additive

Manufacturing
(WAAM)

Figure 1.1 Classification of AM techniques®
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Vat photopolymerization (VP) is one of the popular techniques in AM where it uses a

light source to cure photocurable resin. This technology has many variants, such as digital light

printing (DLP), stereolithographic apparatus (SLA), mask projection SL (MPSL),

microstereolithography (uSL), and two-photon polymerization (TPP)®. However, the most

commonly used techniques are DLP, SLA and TPP as it allows for an easy set up and fast

production’®. The advantage of VP is that it is very fast and could cure resin with high precision

and results with good resolution. This characteristic 1s important for applications that require

precise geometries and shapes such as tissue engineering, blood vessels, or even artistic designs.

Among the various vat photopolymerization (VP) techniques, Digital Light Processing

(DLP) offers a compelling combination of high resolution, rapid fabrication speed, and cost-

efficiency, making it particularly attractive for biofabrication and microstructure printing. Unlike
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point-by-point methods such as stereolithography (SLA), DLP utilizes a Digital Micromirror
Device (DMD) to project a sequence of two-dimensional light patterns onto a photosensitive
resin, thereby polymerizing entire layers in parallel. This parallel processing significantly
reduces printing time while preserving fine structural detail and surface quality. Each projected
image is composed of pixels defined by an array of individually tilting micromirrors within the
DMD. The size and arrangement of these mirrors directly influence the resolution in the XY

plane, as they determine the pixel density of each exposed layer!”.

Photopolymer (resin) Advanced materials for vat polymerization
Oligomer

*« Monomer

® rt,._ toinitiator :
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Figure 1.2 Schematic illustrating material composition for vat polymerization process, which
can be either a pure resin or advanced material, such as ceramic or metal suspensions, which can
be added and mixed with the resin before printing!'°

As for all the VP types of printers, all of them have almost the same set up, which
includes a light source, a resin tray, and a printer head. The light source is typically a UV laser

light source, which shines the light through to the resin tray. Then there is a build head that



moves up and down in a Z-direction, trapping a layer of liquid resin into each layer depending on
the thickness parameter'?. Figure 1.2 shows a schematic flow diagram of how the DLP printing

process works.

1.3 Protein-based Biomaterials

Protein-based biomaterials have emerged as promising alternatives to conventional
petroleum-based materials. These environmentally friendly, versatile, and biodegradable
materials consist of high protein content and minimal polymer additives, making them
increasingly attractive for sustainable applications. What makes protein-based biomaterials
distinct from conventional polymeric materials is that they are sourced from sustainably grown
renewable resources. Some criteria for these types of materials are that they are produced using
environmentally friendly manufacturing processes, safe and non-hazardous for the environment,
reused and recycled at the end of their intended use, such as feedstock for another process or via

recycling or composting!'!.

In the past years, studies have been using different kinds of protein such as casein, whey,
gelatin, and soy for cooperation with polymers to create a distinct protein material for desired
applications®. However, there are still drawbacks from these kinds of protein since some of them

possess fast degradation, batch-to-batch variations, or big quantity availability'>!3.

Proteins are complex macromolecules composed of linear chains of amino acids linked
by peptide bonds. Each amino acid contributes its unique structure to the protein backbone,
resulting in a wide range of sizes, shapes, and chemical properties. Based on their morphology,
proteins are commonly classified as either fibrous or globular. Fibrous proteins, such as collagen,

keratin, and elastin, have elongated, thread-like structures that primarily serve structural or



mechanical roles and are typically water-insoluble due to their repetitive sequences and extended
conformations. In contrast, globular proteins, including enzymes, antibodies, and serum albumin,
adopt compact, spheroid configurations with hydrophobic interiors and hydrophilic exteriors,

making them soluble in aqueous environments.'*

The choice to use globular proteins for biomaterial development is motivated by their
favorable solubility, chemical versatility, and structural complexity, all of which are critical for
applications such as hydrogels, drug delivery systems, and bioplastics. Their solubility allows for
easy processing in aqueous media, while their diverse amino acid compositions and folded
structures, rich in a-helices and B-sheets, provide tunable interactions and mechanical
properties.'* These features enable globular proteins to form functional biomaterials that can
retain water, interact with other biomolecules, and be readily crosslinked or modified.'¢ By
leveraging these properties, globular proteins offer a robust platform for designing responsive

and adaptable biopolymeric systems.

Bovine Serum Albumin (BSA)

BSA is a globular protein extracted from cows, with a structure resembling the heart-like
shape of human serum albumin (HSA). Composed of 583 amino acid residues, BSA has a
molecular weight of approximately 66.5 kDa and contains 67% alpha helix with no beta sheets'®
. At 25 °C in water, BSA has an isoelectric point of 4.7, contributing to its high water solubility”’.
The protein features lysine residues positioned on its surface, making these charged amino acids

accessible to external molecules and facilitating molecular interactions.

BSA has been used in various types of applications ranging from drug delivery systems to

material chemistry. A work by Wang and Zhang showed the use of BSA as drug carrier, surface



engineering and biomimetic synthesis for cancer imaging and therapy!’. Holt et al. used BSA as
a biocompatible dispersant for single-wall carbon nanotubes (SWCNTs), enabling their
individual dispersion in water while preserving their optical properties and facilitating cellular
uptake without toxicity'®. Also, in the field of material science, Sanchez et al. uses Polyethylene
glycol diacrylate (PEGDA) to functionalize with BSA through aza-michael addition to create a

shape memory protein-based biomaterial°.

Protein-based Biomaterial for 3D-printing

The field of additive manufacturing has been using conventional polymer materials such
as PLA, PET, or PVC for filaments or resin. However, these materials have a relatively slow
degradation lifespan. Therefore, protein/protein-based material has been an alternative

constituent for additives in polymeric materials.

There are some criteria for choosing a protein of choice in these materials. They must be
sourced from renewable resources, stable from batch-to-batch, and cost effective in order to be
used in real-world applications. Some common proteins that have been used previously in the

field of 3d-printing are collagen, gelatin, keratin, fibrin, and BSA?°,

Various proteins serve as building blocks for biomaterial applications, each with distinct
characteristics that determine their suitability for specific biomedical applications'¢. Collagen,
the most abundant extracellular matrix protein in mammals, constitutes approximately 35% of
total protein content and features a primary sequence of repeating peptide units (Gly-X-Y),
where X and Y are often proline or hydroxyproline. While its structural organization provides
excellent mechanical properties, the telopeptide domains represent the most immunogenic

regions of collagen!>2!22, Although enzymatic removal of these domains can reduce



immunogenicity in purified preparations, this approach is not feasible for tissue-based
biomaterials since these regions serve as critical crosslinking sites. Alternative immunogenicity
reduction methods include glutaraldehyde crosslinking, though this introduces additional

considerations regarding cytotoxicity.

Gelatin, a denatured form of collagen not found in nature but obtained through hydrolytic
processing, offers improved processability despite reduced mechanical strength. This
characteristic makes gelatin particularly valuable for 3D printing applications, where its thermal
responsiveness enables structural stability after printing. Keratin, abundant in feathers, wool, and
hair, exists in two structural categories: alpha-types exhibiting helical structures with 7 nm
diameter and beta-types forming beta-sheet structures with 3 nm diameter. The high cysteine
content in keratin facilitates extensive disulfide bond formation, providing exceptional stability
but simultaneously contributing to poor aqueous solubility, which limits its processability for

certain biomaterial application'?.

Fibrin, a nanofibrous protein involved in blood clotting and wound healing, provides a
natural scaffold that supports cellular activities during tissue regeneration. However, its
crosslinked form presents technical challenges for extrusion-based fabrication methods,
particularly in 3D printing applications?>*4. In contrast, BSA offers distinctive advantages that
address many limitations encountered with other protein-based materials. Derived from cows,
BSA features an almost complete absence of heterologous groups on its surface, which is
predominantly composed of lysine residues. This composition creates a generally hydrophilic
surface chemistry that promotes excellent solubility and processability without requiring
extensive modifications. Additionally, the abundance of lysine residues provides numerous sites

for controlled chemical modification and crosslinking, allowing precise tuning of material



properties for specific applications. These combined characteristics make BSA an optimal choice
for developing biomaterial systems that require precise control over physical, chemical, and

biological properties, positioning it as the protein of choice for our research focus.

1.4 BSA-PEGDA
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Figure 1.3 Schematic representation of BSA-PEGDA resin preparation.!”

Poly(ethylene glycol) diacrylate or PEGDA is a derivative from polyethylene glycol
(PEQG) that is widely used in the field of creating hydrogels. It consists of diacrylate groups at the
chain end which could gel rapidly at room temperature with the presence of photo initiator and

light. Nowadays, it is a good candidate to make bioplastic or hydrogel in the field of AM.

As mentioned previously, Sanchez et.al. has created a shape memory protein-based
biomaterial. This particular material is made up of BSA as a protein and PEGDA as the polymer.
In this work, PEGDA was functionalized in-situ with BSA through aza-Michael addition where
the acrylate chain ends reacted with the lysine surface of BSA (Figure 1.3). This generates a

BSA-functionalized PEGDA solution. Upon adding photo initiator, whether it’s
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tris(bipyridine)ruthenium(Il) chloride with sodium persulfate (Ru/SPS) or lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP), and UV curing, the free acrylate groups will crosslink with
each other to form a hydrogel network. And therefore, we get a BSA-PEGDA network in a
hydrogel state. Since the BSA-PEGDA network is made up of a high amount of water after UV-
curing and it is in its hydrogel state, there are high chances that water could leave the system
during drying into a bioplastic state?>. This consequently could affect the mechanical properties
internally and externally and causes the desired structure to bend/warp and shrink from the

original structure!'!.
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Chapter 2: Solvent Exchange
Section 1: Background

2.1 Additive manufacturing for Biomaterials

Additive Manufacturing (AM) is a fabrication technique that creates objects by
depositing material layer by layer. Nowadays bio-based resins have gained attention in this field
due to their potential for biomedical applications. Among the various 3D printing methods, vat
photopolymerization is often preferred for protein-based bioplastics. This technique involves the

use of a liquid resin that is cured layer by layer through light exposure.

Protein-based resins typically incorporate a photoinitiator, making them suitable for digital light
processing (DLP) or stereolithography (SLA) printing. In this work, a BSA-PEGDA resin is
prepared by adding a photoinitiator and then printed using a DLP printer. During the printing
process, the projected light selectively cures the resin, building the structure layer by layer

according to the digital design.

2.2 Solvent Exchange

Solvent exchange has emerged as a powerful technique in biomaterial fabrication, where
it offers precise control over microstructures and material properties beyond conventional
manufacturing methods. This process involves the rapid solidification of polymer structures
through controlled solvent-non-solvent interactions, enabling the creation of precisely engineered
materials with unique structural and functional characteristics. In industrial applications, solvent
exchange techniques such as Solvent Exchange Deposition Modeling (SEDM) have been utilized
to fabricate micro-sized, flexible PLGA scaffolds for skin substitutes by directly printing PLGA

dissolved in N-methyl pyrrolidone into ethanol at room temperature®®. Similarly, solvent-

12



exchange-assisted direct ink writing has overcome limitations of traditional solvent-evaporation
techniques in creating accurate and stable 3D polyvinylidene fluoride piezoelectric energy
harvesters, enabling complete retention of filament measurements while generating beneficial
micropores and promoting specific phase crystallization?”-?%. However, despite these advances,
solvent exchange has been predominantly explored in the context of hydrogels, often employing
critical drying techniques to freeze structures and create micropores. The application of solvent
exchange methodologies to bioplastics remains comparatively underexplored, representing a
significant gap in current research. This limited exploration of solvent exchange in bioplastic
systems presents valuable opportunities for extending these techniques beyond conventional
hydrogel applications, potentially enabling novel microstructural control and functional
properties in sustainable bioplastic materials that could address pressing challenges in fields

ranging from medical devices to environmental remediation.

13



2.2 Solvent Effects on Polymer-Protein Systems

Polymer—Solvent Interactions

Hydrogels contain a high percentage of water, which can cause network collapse or
anisotropic shrinkage when dried conventionally into bioplastics. Solvent exchange offers an
alternative drying method that helps preserve structural integrity. This technique is commonly
employed to introduce porous structures into hydrogel networks, enhancing mechanical
properties and facilitating the preparation of aerogels and xerogels. One such method is critical
point drying, where the hydrogel is frozen to extremely low temperatures under CO: conditions.
This process removes solvents while maintaining a uniform porous network structure, preventing

collapse during conventional drying methods?.

A variety of solvents can be used in the solvent exchange process of hydrogels. However,
amphiphilic solvents are often favored due to their ability to penetrate both hydrophilic and
hydrophobic regions of the polymer network. Ethanol (EtOH) is commonly preferred among
these solvents due to its small molecular size, amphiphilic nature, and relatively low boiling
point*®. These properties make ethanol highly effective at diffusing into PEGDA hydrogels,
facilitating the replacement of water and other solvents without compromising the polymer

network structure.

When ethanol interacts with PEGDA hydrogels, it can promote temporary disruption of
the water-bound network, leading to physical changes such as swelling or partial collapse
depending on concentration and exposure time?!~33 Ethanol's rapid evaporation rate further
supports efficient drying, preserving porosity and microstructural integrity*. Additionally,
ethanol is often used in solvent-induced phase separation (SIPS) to create macroporous structures
that enhance the mechanical properties and swelling behavior of PEGDA hydrogels. Hydrogels

14



fabricated via SIPS with ethanol demonstrate increased storage modulus (G'), indicating

enhanced stiffness compared to those prepared with aqueous precursors 336

Furthermore, ethanol’s amphiphilic nature supports uniform solvent exchange throughout
both hydrophilic and hydrophobic domains of the PEGDA matrix, helping retain structural
integrity during dehydration and promoting mechanical performance tailored to specific

applications?’.

Protein—Solvent Interactions: Ethanol and BSA

In protein-based systems such as BSA—-PEGDA hydrogels, ethanol presents a dual role.
While it facilitates drying and structural stabilization, ethanol can also disrupt protein structure
due to its chaotropic nature. Ethanol exposure has been shown to induce conformational changes
in BSA, leading to partial or full denaturation in a concentration-dependent manner. These

structural alterations are supported by changes in spectroscopic properties3®,

Moreover, ethanol affects BSA's binding characteristics, particularly its interaction with
fatty acids. It has been observed to reduce the fraction of strongly bound fatty acids in BSA
hydrogels by up to 52%, potentially altering the protein's role in the matrix and affecting its
stability 37. Ethanol-induced denaturation can also lead to aggregation or loss of solubility,

thereby impacting the functional and mechanical properties of the hydrogel.

Therefore, careful optimization of ethanol concentration during solvent exchange is
essential. While too much ethanol may lead to protein denaturation and material deformation,
controlled use allows for efficient water removal, porosity preservation, and partial retention of

BSA bioactivity?’.
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Role of water in material properties

Protein-based bioplastics incorporate substantial quantities of water that functions as an
essential binding medium for the polymer-protein network architecture. The progressive
dehydration of these materials inevitably leads to dimensional instability as water molecules
gradually evacuate the system through evaporation. This water loss disrupts the internal network
configuration through anisotropic shrinkage, whereby the material contracts non-uniformly
across different axes. These heterogeneous contractions manifest as visible distortions in both the
surface topography and macroscopic morphology of the bioplastic construct, where it

compromises the structural fidelity and its functional performance.

Water significantly influences the mechanical properties of polymeric materials. Higher
water content increases chain mobility within the polymer network by reducing intermolecular
forces, resulting in enhanced flexibility. Water acts as an effective plasticizer by forming
hydrogen bonds with both the polymer chains and protein components, further facilitating
molecular movement. However, this increased elasticity comes with a trade-off, while the
material becomes more flexible, its overall strength may decrease. Materials with high water
content typically exhibit lower young’s modulus due to the loosened network structure, though

they demonstrate superior elongation capabilities before failure®.

Purpose of Solvent Exchange in hydrogels/biomaterial

In recent days, many studies have been using solvent exchange methods to create
macroporous materials within a hydrogel to achieve higher mechanical properties for many
applications such as thermal super insulators to scaffold for regenerative medicine®®. Many
hydrogels are known for high water uptake, which is known as a medium to create a loose

network. However, upon drying the hydrogel turned into a bioplastic, these materials tend to
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have a collapse network, which could potentially affect the mechanical properties. Therefore,
solvent exchange method is an alternative way that is used to preserve the internal structure of
the hydrogel to create a macroporous structure to keep its functionality while in dehydration
state. The most common method that was used is supercritical drying, where hydrogels are

prepared first prior to solvent exchange and then sent to freeze dry under COo.

2.3 Post processing methods

Post-processing refers to the set of techniques applied to improve the surface finish and
overall quality of printed objects after fabrication. The specific methods used vary depending on
the printing technology and material involved. For example, fused deposition modeling (FDM)
often utilizes paper sanding to achieve a smoother surface. Among the different additive
manufacturing methods, vat photopolymerization (VP) typically requires the most extensive

post-processing due to the nature of the resin-based printing process.

After objects are printed using VP techniques, residual uncured resin invariably remains
on the surface, which requires dedicated post-processing steps to achieve optimal finish quality.
In contemporary additive manufacturing, industry leaders such as Formlabs, Anycubic, and Prusa
have developed sophisticated post-processing protocols that typically involve UV curing,
treatment with anhydrous industrial alcohols, and mechanical refinement through paper sanding

to produce defect-free printed objects with superior surface characteristics*’.

Among the solvents commonly employed in the post-processing workflow, anhydrous
alcohol such as Isopropyl alcohol (IPA) and ethanol (EtOH) have gained widespread usage due

to their commercial availability and economic feasibility*!. IPA has emerged as the industry-
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preferred option owing to its cost-effectiveness and ubiquitous availability in the markets.
Additionally, specialized solvents like Tripropylene glycol monomethyl ether (TPM) have been
commercialized by numerous companies as alternative cleaning agents*?. These solvents
demonstrate excellent capability in dissolving commercial photopolymer resins without initiating
undesirable chemical interactions that might compromise the integrity of the resin's internal or

external polymeric network structure®3.

In stark contrast to the well-established post-processing protocols for conventional
photopolymer resins, the post-processing method for protein-based resins remains largely
unexplored in the field of biofabrication. Most research studies employing protein-based resins
have predominantly relied on simple finishing techniques such as air-drying or direct UV curing
to solidify and stabilize the printed structures. However, this approach presents significant
challenges when applied to protein-based formulations, particularly those based on BSA-PEGDA

systems, which inherently contain substantial quantities of water in their composition.

The high water content in protein-based resins introduces complex drying dynamics that
can significantly impact on the structural integrity of printed objects. During conventional air-
drying processes, water evaporation occurs unevenly throughout the printed structure, inducing
anisotropic shrinkage of the polymeric network (Figure 2.1). This differential contraction
generates internal stresses that manifest as macroscopic warping or bending of the printed object.
This dimensional distortion represents a critical challenge in the field, as the functional utility of
3D printed objects across various applications fundamentally depends on their ability to replicate

the dimensional specifications and geometric features of the original digital design.

The development of specialized post-processing methodologies tailored specifically for

protein-based resins therefore represents a crucial research frontier that must be addressed to
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unlock the full potential of these biomaterials in advanced manufacturing applications where

dimensional accuracy and structural fidelity are the key requirements.

Solvent Removal

Bioplastic State
v' Homogeneous pores

@ = Crosslinker

= Polymer
& =Water
¢ =Solvent

Bioplastic State
x Heterogeneous and less pores

Figure 2.1 Schematic representation of protein-based biomaterials air drying vs. solvent
exchange

2.4 Research objective

The objective of this research is to develop solvent exchange methods/drying procedures to
produce warp-free BSA-PEGDA resin prints for reliable mechanical testing. Where the approach
is to replace water with solvent, explore the effect of solvent exchange on the material’s

mechanical property, and to prevent the printed structure from bending/warping.
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Section 2: Materials & Experimental Procedures

2.5 List of Chemicals

Bovine serum albumin was purchased from Proliant. Poly(ethylene glycol diacrylate) 575,
Lithium Bromide, and ethyl acetate was purchased from Sigma-Aldrich. Dimethyl
phenylphosphonite, 2,4,6-Trimethylbenzoyl Chloride was purchased from TCI America. Ethanol

was obtained from Fischer Scientific.

2.6 Experimental procedures

2.6.1 Preparation of LAP

Lithium Phenyl (2,4,6-Trimethylbenzoyl) Phosphinate (LAP) is prepared by mixing (0.018 mol)
of dimethyl phenylphosphonite and (0.018 mol) 2,4,6-trimethylbenzoyl chloride (under
Nitrogen). The reaction was left stirred for 18 hours. Then, Lithium Bromide and Ethyl acetate
(excess) was added and heated up to 50°C for 10 minutes to precipitate the reaction. The

precipitated product was filtered, crude, and checked with NMR before usage.

2.6.2 Preparation of BSA/PEGDA Resin

The resin formulation used is 40% solid content is used and 60% of water. The ratio between
protein and polymer used in this experiment was a 3:1 ratio of BSA/PEGDA. For each batch of
samples, 20 grams of resin were made. BSA was added with water first, vortex until BSA is fully
dissolved, then PEGDA is added after. The reaction mixture is left on the bench for 24 hours to

let the BSA and PEGDA react, then LAP is added before 3D printing.
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2.6.3 Drying Procedure

The drying procedure is a procedure of preparing samples after printing. For our control samples
(BSA/PEGDA 3:1), the printed structure is bench dried on a drying rack for 2 days prior to doing
any mechanical test. In our solvent exchanged samples (BSA/PEGDA -Ethanol) The printed
structure is directly swelled in ethanol for 1 day, followed by bench drying 1 day before testing

(Figure 2.2).

(A) Control Sample :
BSA/PEGDA 3:1

Bench dried 2 days
S
ﬁ - = = - w

Printed Structures

(B) Solvent Exchanged Sample:
BSA/PEGDA 3:1 in EtOH90%

Bench dried
Solvent exchange z 1 day
1 day
- ) EtOH90% ‘ ‘“"""llllllIl"n"“,
= (T TS

Printed Structures

Figure 2.2 Drying Procedure for (A) Control sample (B) Solvent exchanged sample

2.6.4 Preparation of Tensile Test Specimens
Tensile tests were performed with a TestResources 100 Series Universal uniaxial tension with 1
kN load cells at a speed of | mm/min until mechanical failure. Preparing for tensile test

specimens, the resin prints are printed from Asiga max mini (DLP printer) in dogbone shapes

following an ISO 527-2 (ISO 527-2/5B/6) standard.
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Section 3: Results and Discussion

2.7 Processing and Fabrication

2.7.1 Optimization of DLP Printing Parameters for BSA/PEGDA

Optimizing the printing parameter is very crucial since it’s the first step that is used to

prepare samples. A slight change of exposure time, layer height, and print orientation can greatly

impact the final print quality. These factors influence surface finish, accuracy, mechanical

strength, and overall part functionality, making it crucial to fine-tune them for each specific print

job and material to achieve the desired results.

The printer that was used in this work is the Asiga max mini (Din). Where the light

intensity used is 20.00 cm/s. Burn-in-layer and exposure is 1.00 second per scan and built plate

separation distance is 1.00 mm/s (Table 1).

Table 1. Printing parameters of BSA/PEGDA 3:1

Settings

Adjusted Parameters

Light intensity

20.0 cm/second

Burn-in-layer

1.00 second/scan

Built plate separation distance

1.00 mm/second

Visual Comparison of Bench-dried vs Solvent Exchanged Samples

2.7.2 Surface Quality and Dimensional Accuracy

We printed flat sheets with a thickness of 1.00 mm, matching our dogbone specimens, to

evaluate dimensional stability during drying. This thickness was chosen deliberately as it allows
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air to penetrate the samples more easily than thicker structures, making any warping tendencies

readily apparent.

After the initial drying process (Figure 2.3) we observed striking differences between the
two preparation methods. The solvent-exchanged samples remained flat with no visible
distortion along the edges. In contrast, bench-dried samples showed obvious bending,
particularly along the lower left corner. This warping indicates that water evaporated unevenly
from the bench-dried samples, causing anisotropic shrinkage of the polymer network. The

solvent-exchanged samples appeared to maintain a more uniform network alignment throughout.

To assess stability over time, we continued observations for two days after initial drying.
The solvent-exchanged samples preserved their original flat geometry with no evidence of
warping. Meanwhile, bench-dried samples showed progressive deterioration in shape fidelity,
with increased bending extending to the top right corner. These results strongly suggest that
solvent exchange effectively prevents the uneven internal stresses that typically develop during
conventional air drying of hydrogel structures, resulting in superior dimensional accuracy of the

final parts.

Figure 2.4 compares the deformation of BSA-PEGDA printed bar samples between
untreated controls and samples subjected to solvent exchange in 90% ethanol. In the control
samples (top row), noticeable bending was observed, with recorded angles of 3.51° and 2.85°,
indicating a slight but consistent warping behavior. In contrast, the solvent-exchanged samples
(bottom row) exhibited much lower bending angles of 0.19° and 0.27°, suggesting that solvent
exchange treatment reduced the extent of deformation. Although this example demonstrates a
clear reduction in bending after solvent exchange, it should be noted that direct comparison

across different batches is challenging because warping does not consistently occur at the same
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location on the samples. Therefore, while solvent exchange appears to mitigate bending in this
instance, more controlled and positionally consistent studies would be necessary to fully quantify

this effect.

Drying Day 2

Side view

Top view

Figure 2.3 Visual comparison of BSA-PEGDA flat sheets processed by solvent exchange (left)
and bench drying (right) over two days. Each row shows samples imaged on Day 1 (first
column) and Day 2 (second column) to assess changes in shrinkage and warping over time
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Figure 2.4 Qualitative comparison between bending angle of solvent exchange vs. bench drying
sample

To further validate our findings, we fabricated a more intricate structure with interlocking
rings designed to test shape retention properties under different drying conditions (Figure 2.5).
This complex geometry represents structures commonly encountered in practical applications
that require difficult prints. The results clearly demonstrate that the ethanol-treated sample
(EtOH 90% dried for 2 days) maintained remarkable fidelity to the original design, preserving
both the circular profile and spatial relationships between the interlocking components. In
contrast, the control sample (air-dried for 2 days without solvent exchange) exhibited significant
deformation and structural collapse, this demonstrates that it is unsuitable for precise

applications

Another example (Figure 2.6) shows the original CAD model (left) alongside BSA-
PEGDA printed lattice structures that were either bench-dried (middle) or solvent-exchange in

90% ethanol (right). Because of the thin line thickness in the lattice design, maintaining the
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printed structure’s shape was challenging. The bench-dried sample shows significant bending
and distortion, with visible collapse of the lattice compared to the original model. In contrast, the
solvent-exchanged sample more closely preserves the intended geometry, with strut alignment
and overall form better matching the CAD design. These results suggest that solvent exchange
helps stabilize thin-walled structures, reducing deformation that would otherwise occur during
drying. This comparison provides compelling evidence that our solvent exchange protocol is
essential for maintaining geometric accuracy in complex 3D-printed structures with accurate

features.

Figure 2.5 Comparison of interlocking ring structures demonstrating shape retention. (A)
Original CAD models used for 3D printing. (B) Air-dried control samples after 2 days. (C)
Ethanol-treated samples (90% EtOH, 2-day drying). Top and side views are shown for each

condition.
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Figure 2.6 Comparison between the 9x9x9 mm lattice original CAD model (A) printed BSA-
PEGDA lattice structures after bench drying (B) and solvent exchange in 90% ethanol (C).
Solvent exchange better preserves the intended geometry compared to bench drying.

2.7.3 Solvent Exchange Process

During solvent exchanging, the original concentration used is EtOH100%. However, after
the exchange process, the dogbones still bent to a high degree. This suggests that the exchange
rate of EtOH100% is too rapid, causing the network to shrink anisotropically and that leads to
bending/warping. By this, we decrease the concentration of the solvent to EtOH90% with 10%
water %v/v to slow the exchange rate of the solvent and water in the network. Prior to changing
the solvent concentration, surface observation based, the dogbones do not bend or warp and

result with an accurate structure as printed.

1. Volume Change

Ve: — Vs
final initial x 100 (1)

Volume change =
Vfinal
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To see the surface level of how solvent exchanging could preserve the structure of the
printed sample, we observe the dimensional changes in volume of the printed sample based on
(Equation 1). The samples were printed in bars with dimensions of 20x5x2 mm. The bars were
measured in its initial dimension right after printing. Consequently, the final volume was
measured after solvent exchange for 1 day. As a result, Control samples have lost 60% volume
change while for EtOH90% samples have lost 22% samples. This could show that control
samples have lost all the water content after drying, which corresponds to the amount of water
used in the resin formulation. While for EtOH90% samples, the volume change shows a small
difference, showing that it could preserve the dimensions to an extent and the shrinkage is much
lesser compared to our control sample. However, for heat treated samples, both of the control
heated and EtOH90% heat shows the same volume decrease around 60% meaning that most of
the contents left in the sample are the solid content and that water and solvent has been removed

from the samples (Figure 2.7).

2. Mass Change

Wfinal - winitial

x 100 2)
Wfinal

Mass change =

Prior to volume change, we also conducted mass change to observe the trend to see if the
mass of the object corresponds to the shrinkage in dimension of the sample (Equation 2). As a
result, the mass change correlates with the volume change. EtOH90% sample has 28% changes

in the final volume from the initial volume, while all the other samples have almost 60% changes
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(Figure 2.7). This could confirm that the trend of shrinkage is reliable since the mass trend also

aligns with it.
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Figure 2.7 Volume and mass change for printed bars

To better understand how solvent exchange affects mechanical properties, we conducted
uniaxial tensile testing on our samples. The control samples had a Young’s modulus of about
617.8 £ 12.70 MPa, while the samples treated with 90% ethanol (EtOH90%) showed a modulus
0f 367.8 £ 9.80 MPa—about 30% lower than the control. This suggests that while solvent
exchange does weaken the material, the effect is not drastic. The reduction in stiffness could be

due to ethanol acting as a plasticizer, making the material more flexible but slightly less tough.

Interestingly, the elongation at break, or how much the material stretches before breaking,
was significantly higher in the EtOH90% samples. They stretched on average 148.74 + 10.9%,
which is about 40% more than the control samples (89.7 + 8.4%). This increased stretchability

could be due to two factors. First, some residual ethanol and water likely remained in the
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network, softening the material and increasing mobility. Second, the solvent exchange may have
introduced larger pores into the structure. In contrast, the control samples, which were dried on a

bench, became denser and more compact, reducing their ability to stretch.

After heat treatment (HT), we saw a major increase in stiffness for both the control and
ethanol-treated samples. Their Young’s modulus doubled, likely due to changes in the protein’s
structure. In BSA-based materials, heat treatment tends to unfold a-helices into B-sheets, which
act like reinforcing structures. This makes the material significantly tougher but also less elastic.
The HT control samples had a modulus of 1045 + 46.4 MPa, while HT EtOH90% samples
reached 810.9 + 56.2 MPa. The difference between them was only about 20%, suggesting that

ethanol treatment didn’t significantly alter the mechanical properties after heat exposure.

However, once heat-treated, nearly all residual solvent and water were removed, making the
material much more brittle. As a result, the elongation at break dropped drastically. HT control

samples only stretched 7.9%, and HT EtOH90% samples stretched 15.5% before breaking.
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Figure 2.8 Tensile result of BSA/PEGDA 3:1, BSA/PEGDA 3:1 HT, BSA/PEGDA
3:1EtOH90%, BSA/PEGDA 3:1 EtOH90% HT

2.9 FTIR Characterization

To explain the results obtained from tensile analysis, we use FTIR (Fourier transform infrared
spectroscopy) to see the relationship between the control samples, solvent exchanged samples
and control heated, solvent exchanged heated samples. Based on our tensile results, the heat-
treated samples showed 3-fold higher in young’s modulus compared to our control samples. We
believe that it is due to the changes of secondary structure in the protein upon heat treatment.
1640 cm™! represents alpha helical segments of the BSA while 1622 cm™! corresponds to the
aggregated intermolecular beta-sheets**, Literature suggests that upon heating BSA at 74 °C will
reveal the formation of significant irreversible beta aggregation of the protein!> Therefore in this

study, we wanted to use ftir to confirm the changes in secondary structure where alpha-helix has
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been converted into beta sheets upon heat treatment. Based on the result (Figure 2.9), both
heat-treated samples (BSA/PEGDA 3:1 HT and BSA/PEGDA-EtOH 90 % HT) showed a peak at
1622 cm-', which corresponds to B-sheet peaks that arose from unfolding of the protein. This
finding dovetails with our mechanical data, where Young’s modulus increases drastically owing
to protein denaturation and the formation of B-sheet that physically reinforce the hydrogel
network. Also, as mentioned previously, ethanol tends to favor partial unfolding of BSA under
mild conditions. Recent ATR-IR and rheology work on ethanol-induced BSA gels showed that a
shoulder at 1620 cm-! grows gradually but remains smaller than in thermally denatured samples,
and the resulting gels display only modest gains in storage modulus®. Our spectra manifests a
slight peak at 1635 cm-' feature in the solvent-exchanged (non-heated) sample, indicating that
some a-helices have converted to -sheets; however, the extent of conversion is limited, which
corresponds to the tensile data where the modulus is not significantly increased compared to the
fully heat-treated samples. Ultimately, FTIR confirms that the dramatic stiffening after thermal
annealing is driven by a substantial increase in B-sheet content, whereas ethanol alone induces
only partial unfolding and, by acting as a plasticizer, does not translate into a comparable

mechanical reinforcement.
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Figure 2.9 FTIR Spectra of BSA/PEGDA 3:1, BSA/PEGDA 3:1 HT, BSA/PEGDA
3:1EtOH90%, BSA/PEGDA 3:1 EtOH90% HT

2.10 Thermal Characterization

2.10.1 Residual Solvent/Water Content

To observe the composition of our sample, TGA (Thermogravimetric Analysis) was used
to determine the amount of residual solvents and water. The test was ramped 10 °C/min
isothermally at 100 °C since water’s boiling point is 100 °C and ethanol is 78 °C. All the samples
show different amounts of water content. Starting from control samples, there’s only 3.09% of
residual solvents in the sample, while EtOH90% sample shows 7.36%. This corresponds to our

tensile data of the higher elasticity of the material. While for thermal treated samples, both
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control and EtOH90% shows only 2.33% and 1.09% of residual solvent respectively, indicating
that most of the solvent contents has been removed or evaporated prior to thermal treatment

(Figure 2.10).
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Figure 2.10 TGA Result of of BSA/PEGDA 3:1, BSA/PEGDA 3:1 HT, BSA/PEGDA
3:1EtOH90%, BSA/PEGDA 3:1 EtOH90% HT
2.10.2 Protein Denaturation

Furthermore, we used differential scanning calorimetry (DSC) to investigate how BSA
responds to various treatments. Our DSC measurements compared untreated BSA with samples

that underwent ethanol treatment (90%), heat treatment, or a combination of both (Figure 2.11).

The control BSA exhibited its typical endothermic peak around 100-120°C, which

represents the protein unfolding from its native state. When treated with ethanol alone, BSA
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showed a stronger denaturation peak at approximately 90°C. This shift suggests ethanol interacts

with the protein structure, though not enough to cause complete denaturation on its own.

Most importantly, our heat-treated samples (both with and without ethanol) showed
virtually no denaturation peaks at 90°C. This absence clearly indicates that the BSA had already
denatured during our heat treatment protocol, before the DSC analysis was performed. The flat

profile in this temperature range provides strong evidence of prior denaturation.

We observed that the combination of ethanol treatment followed by heat exposure
produced the flattest thermogram, suggesting the most thorough denaturation. This points to
ethanol making the protein more susceptible to heat-induced structural changes, likely by

weakening the stabilizing forces within BSA's structure.

These findings confirm our hypothesis that our heat treatment successfully causes

irreversible denaturation of BSA, and that ethanol pre-treatment enhances this effect.
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Figure 2.11 DSC result of BSA/PEGDA 3:1, BSA/PEGDA 3:1 HT, BSA/PEGDA 3:1EtOH90%,
BSA/PEGDA 3:1 EtOH90% HT

Conclusion:

This study demonstrates the effectiveness of solvent exchange as a post-processing
strategy to improve the dimensional stability and mechanical reliability of 3D-printed BSA-
PEGDA bioplastics. By replacing water with 90% ethanol prior to drying, we successfully
reduced warping and preserved the original printed geometry, even in complex structures.
Solvent-exchanged samples showed significantly lower volume and mass shrinkage compared to
control samples, indicating more uniform drying and network retention. Mechanical testing
revealed that while ethanol treatment slightly reduced stiffness, it significantly increased
elongation at break, suggesting enhanced flexibility due to residual solvent and a potentially
more open microstructure. Heat treatment further reinforced the material, doubling the Young’s
modulus for both control and solvent-treated samples through protein structural transitions from

a-helix to B-sheet formations. Complementary thermal and spectroscopic analyses confirmed
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these structural changes and the role of ethanol in facilitating protein denaturation. Overall, this
work presents solvent exchange as a simple yet promise method to improve print quality and

consistency in protein-based resins.

Future Work:

While this study successfully demonstrated the effects of solvent exchange on
dimensional stability and mechanical properties of BSA-PEGDA prints, further analysis is
necessary to understand the underlying microstructural changes responsible for these
improvements. This analysis will help clarify how the solvent exchange process alters the
material’s network structure compared to the control. By examining cross-sectional SEM images,
we can visualize and compare pore size, distribution, and density between solvent-exchanged
and bench-dried samples. This could provide direct evidence supporting the observed differences
in mechanical flexibility and dimensional stability. It is hypothesized that solvent-exchanged
samples retain more uniform and open porous networks, while control samples may exhibit
denser, collapsed structures due to uneven water loss during drying. Understanding these
microstructural differences will offer deeper insight into how solvent exchange contributes to

warping prevention and mechanical performance.
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