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Polymers are a group of materials that consist of large molecules (macromolecules) arranged
in a pattern of repeating small subunits. They can be classified into natural polymers and synthetic
polymers, degradable and non-degradable polymers. A variety of processing techniques are
available to process the polymers, including hot melt extrusion, additive manufacturing, and
molding. The versatility of polymer science enables its broad applications to range from

packaging, and automotive to biomedical concerns. Particularly, the application in biomedical
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fields has been of the utmost interest because of the hope of increased longevity and improved
quality of life. We here investigated novel polymer engineering methods to improve the interface
between materials science and biology and presented a couple of biomedical applications examples
based on protein/ polymer composites and non-degradable conductive polymers.

Virus nanoparticles (VNPs) (plant viruses in this thesis) are virus-based nanoparticles with
highly symmetrical, polyvalent, and monodisperse structures. They can have icosahedral or rod-
shaped geometry. Interestingly, the rod-shaped virus, tobacco mild green mosaic virus (TMGMV)
presents as high as 1 GPa Young’s modulus and has been utilized as a hydrophilic nanofiller to
strengthen the hydrogel networks in this thesis. Cowpea mosaic virus (CPMV) by itself is a potent
cancer immunotherapy agent, however, multi-dosage injections are generally required for CPMV
treatment. This brings challenges for patients’ compliance as well as difficulty in treating hard-to-
inject tumors. Here, we introduced a hot melt extrusion (HME) fabrication method to manufacture
a sustained CPMV delivery device. A lyophilization-based genomic material elimination method
was accidentally discovered in the development of the CPMV implant. A small molecule STING
agonist sustained delivery implant was further fabricated based on the reported HME method and
the in vivo efficacy of the biomedical device was examined with murine models.

Poly(3,4-ethylenedioxythiophene) (PEDOT) is so far the most conductive commercial
conductive polymer, however, 3D printable PEDOT is still under development. We here developed
a coagulation-bath-assisted method to pattern PEDOT hydrogel, which resulted in high
conductivity and biological tissue-matched mechanical properties. A cortex-wide brain-machine
interface was fabricated based on the developed technology, and its feasibility has been studied

with an electrical stimulation experiment observed by a wide-field microscope.
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Polymer science is a highly multidisciplinary subject, we here separately presented the
engineering methods of polymers to fabricate protein/polymer composites for drug delivery, and
conductive polymers for bioelectronics. However, the idea of protein/polymer composites and
bioelectronics can be combined and enabled a “living material” based on bioelectronics. The
concept of wirelessly controllable contact lenses for immunotherapy has been proposed in the
outlook of the thesis. With the hope of improved human health and increased living quality, the
development from the perspective of polymer engineering was studied in this thesis and served for

further research investigations.
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INTRODUCTION

0.1 Polymers in biomedical fields

Polymers are a group of materials that consist of large molecules (macromolecules) arranged
in a pattern of repeating small subunits.! Polymers are classified into natural polymers and
synthetic polymers based on the origin of the material composition. Synthetic polymers have more
controllable and consistent properties than natural polymers. Synthetic polymers also have the
advantage of providing high chemical flexibility, yielding great versatility in physical, mechanical,
and biological properties. Therefore, they have achieved tremendous success in numerous
industrial applications, such as packaging, automotive, consumer goods, aerospace, building,
agriculture and medical concerns.?? Particularly, the application in biomedical fields have been
among the utmost interest because of the hope of increased longevity and improved quality of
life.*> A range of applications have been demonstrated, including general surgical implants such
as sutures, tissue adhesives and sealants, and scaffolds for ligament and tendon repair; vascular
and cardiovascular intervention, such as vascular stents and vascular grafts; ophthalmology, such
as contact lenses and intraocular lenses; dentistry composites®; drug delivery systems, such as
drug-polymer conjugates, nanoparticles delivery system and sustained delivery implants’ and
more recently bioelectronics, such as skin-inspired wearable devices,® brain-machine interface
(BMI)’ and soft robotics!®.

0.1.1 Degradable polymers in biomedical fields

The synthetic polymers used in biomedical applications can be classified based on their
degradability. Degradation is an irreversible process, resulting in the change of the polymers’
physical properties caused by the breakage of polymer chains through biological or passive

activities, such as enzymatic catalysis or hydrolysis, respectively.!! The degradation leads to the



self-removal of the materials after they have served their function. Therefore, degradable polymers
are of utmost interest when selecting the polymer substrates for biomedical applications that
require resorption of the polymer, such as drug delivery and tissue engineering. Degradable
polymers commonly perform chain-scission on hydrolytically labile chemical bonds, such as
esters, anhydrides, acetal, carbonates, amides, urethanes, and phosphates.!> Among them, poly
glycolic acid (PGA), polylactic acid (PLA) and their copolymer poly(lactide-co-glycolide)
(PLGA) are the earliest degradable polymers ever investigated for biomedical use, and have been
approved by FDA for implantation in humans.'® In the thesis, we investigated the application of

PLGA in manufacturing sustained protein and small molecule drugs delivery implants.
0.1.2 Important non-degradable polymers in biomedical fields

In contrast to degradable polymers, non-degradable polymers are a resistant to degradation by
hydrolytic and other mechanisms operating in the biological environments. Therefore, they offer
attractiveness of biological inertness, high versatility in mechanical properties and a variety of
available processing options.'*

Among all the non-degradable polymers in biomedical fields, polyethylene oxides (PEO) are
a widely used hydrophilic polymer. It can increase the biocompatibility, solubility, and
bioavailability of incorporated therapeutics, and it is also a great plasticizer used to modify the
formulation of drug products. PEO has a range of different molecular weights and in many forms
(liquid, wax, solid). It is generally regarded as safe by the FDA and is approved for many
applications.!> We here used the property of low melting temperature of low molecular weight

PEG to modulate the formulation of protein/ polymer mixture to achieve desired processability for

HME manufactured sustained delivery implants.



Conductive polymers are a special type of non-degradable polymer that possesses unique
molecular-level electrical conductivity due to its unique conjugated chain structure. The
importance of conductive polymers was recognized by the 2000 Nobel Prize in chemistry
(polyacetylene).'® Polythiophene (PT), polypyrrole (PPy), polyphenylene, polyaniline (PANi) and
poly(3,4-ethylene dioxythiophene) (PEDOT) are some of the most widely used conductive
polymers in biomedical applications, such as 3D tissue engineering scaffold construction.!”
Among them, PEDOT provides the highest conductivity and therefore are of utmost interest.'®> We

here developed a 3D printable PEDOT hydrogel formulation and a bioelectronics to demonstrate

the advances of the material.

0.2 Processing and fabrication techniques of polymers for biomedical applications

Synthesis and processing of polymers are both critical design parameters to determine the
functional utility of a given polymer. In the biomedical field, polymer synthesis is generally
utilized for formulation design, new material development and novel drug delivery systems, while
processing and fabrication are utilized to offer a structure, shape, or delivery device of synthesized
polymers. Conventional processing techniques of polymers including injection molding,
pultrusion, extrusion, and filament winding,'” they own the merits of ease of scale-up, high
throughout and low-cost. Among them, extrusion has been widely used in the pharmaceutical
industry. Hot melt extrusion not only offers an efficient and cost-effective processing manner, but
also introduces several advantages such as solvent-free processing, enhanced solubility and
bioavailability, and improved content uniformity.?°

Additive manufacturing, also known as 3D printing, is becoming a major processing technique
for polymers in biomedical fields. It is a versatile technology platform for computer-assisted

design (CAD) and rapid manufacturing. Based on the formation of structures, 3D printing



techniques can be categorized into material extrusion, material jetting, binder jetting, sheer
lamination, vat photopolymerization, powder bed fusion, and directed energy deposition.?!
Material extrusion (commonly known as bioprinting) and vat photopolymerization (primarily
stereolithography (SLA) and digital light processing (DLP)) are widely used for polymer-based
biomedical applications, such as micro scaffolds for tissue engineering. 22-2* Bioprinting offers
multi-material printing and thus enables wearable-device prototyping, implants and tissue
engineering, among other appplications.?> 28

Molding is a process that shapes the material into a refined structure with a prefabricated mold.
It is a common processing method for polymeric biomedical products. For polymers with high
melting temperatures, injection molding is commonly used. Moreover, molding provides a highly
versatile fabrication platform, such as a guided model for the development of material®’, and it can
be simply designed to a structure used for rapid prototyping.*® Furthermore, CNC machining is
vital in the process of polymers in biomedical fields. It is a precise method to fabricate the top-
quality molds used for injection molding as well as the die used for hot melt extrusion.

These processing techniques are not independent, instead they can be combined to use in an
innovative way to support the development of a given biomedical application. For example, hot
melt extrusion can be used to fabricate an amorphous solid dispersion (ASD) filament, and the
filament can be printed into a specific shape to realize certain functionality, such as a star-shaped
tablet that attached to the intestine for sustained release’!. 3D printing can support molding by first
setting a disposable designed pattern, then pouring polydimethylsiloxane (PDMS) to create a
geometrically unique negative cavity. Processing is not independent of synthesis, however;
processing tools can act as a reactor, such as reactive hot melt extrusion®? and direct-write

assembly®*. In a word, with a targeted application need, polymers can be synthesized, modified,



and processed/ fabricated into various forms, such as gels, solids, sprays, coatings, nanoparticles,

and knitted fabrics.

0.3 Hydrogels in biomedical applications

Hydrogels are hydrophilic, three-dimensional networks containing large amounts of water. The
high-water content of hydrogels makes them highly biocompatible, and thus hydrogels are
considered to have great potential for biomedical applications. Examples of the applications range
from tissue engineering, drug delivery, self-healing materials, to biosensors and hemostatic
bandages.>* Poor mechanical properties are the main hindrance for hydrogels; addition of
reinforcing filler to the polymer matrix and polymer matrix manipulation are two strategies to
strengthen the hydrogel network.*® Incorporating high mechanical strength nanoparticles into the
hydrogel network by mixing is the simplest method;*® nanoparticles with high aspect ratio serve
as a great strengthening agent by absorbing impact energy and providing load transferring.
However, there are limited types of commercialized nanotubes, such as carbon nanotubes.
Commercially available carbon nanotubes (CNCs) are commonly hydrophobic or even
superhydrophobic,?” and tend to form poor interfaces with hydrogels and form aggregates in the

hydrogels. Therefore, new types of hydrophilic nanotubes are needed.

0.4 Drug delivery systems

A polymeric drug delivery system can be formulated in the form of drug-polymer conjugates,
nanoparticle-encapsulated delivery systems, and drug delivery implants (scaffold) with the goal of
introducing active pharmaceutical ingredients (APIs) into the polymer in a designed manner that
controls release. It improves safety and efficacy by controlling the rate, time, and place of release

of drugs in the body.*8



Polymer-drug conjugates and polymer-protein conjugates are common drug delivery systems.
The polymer is covalently attached to the non-active functional groups of the API in order to
improve the pharmacokinetic and pharmacodynamic properties of pharmaceutics through a variety
of measures, including increased plasma half-life, protection of the therapeutic from proteolytic
enzymes, reduction in immunogenicity, enhanced stability of therapeutics, enhanced solubility of
low MW drugs, and the potential for targeted delivery.” A variety of polymers have been used for
polymer-drug conjugates, such as PEG, HPMA, and more recently polynorbornene®. Similarly,
nanoparticle delivery systems can increase the pharmacological properties of APIs by protecting
them from degradation, reducing renal clearance and providing sustained release kinetics.*’
However, drug-polymer conjugates and nanoparticle delivery systems generally require repeated
intravenous injections in the medical setting. Skin reactions, such as pain, swelling, and soreness
are frequently caused by intravenous (IV) injections.*! Small or collapsed veins pose challenges
to healthcare professionals for IV injections ,** and patients who have trypanophobia may have
difficulty accepting IV injection-related treatment**. Furthermore, unexpected special
circumstances such as the COVID-19 pandemic may result in limited access to trained health care
professions. These factors may affect the efficacy of the treatments associated with repeated IV
injections.

Polymer-based drug delivery implants are a polymeric drug delivery device incorporating
APIs in a targeted and localized manner and may achieve a therapeutic effect with zero-order drug
delivery. Implantation of the drug delivery device normally requires a healthcare professional for
insertion, however, it only requires a single administration and leads to no reliance on patient

compliance compared to the repeated scheduling of the other types of drug delivery treatments. It

also can increase the efficacy of the treatment in general.** This new route of drug delivery has



great promise, and therefore a high-throughput manufacturing is needed for the fabrication of such

treatments.

0.5 Conductive polymers in bioelectronics

The term “cyborg” was first coined by Manfred E. Clynes and Nathan S. Kline to conceptualize
self-regulating extraterrestrial humans in 1960.% This conceptual idea is emerging to reality by the
milestone contributions on the field of bioelectronics.*® Bioelectronics is the application of
electrical engineering principles to biology, medicine, behavior or health.*” These devices can be
presented in a epidermal and wearable form, implantable form, and ingestible and minimally
invasive form, ¥ for a range of biomedical applications from biosensors for monitoring of
metabolites and nutrients,* biomechanics of deep tissue,’® and neural responses to speech,’! to
therapy devices for cardiac surgery,®® prosthetic control and cognitive monitoring,”®> and
neuromodulation.* The materials used for bioelectronics need to mechanically bridge the soft
living tissue to rigid electronic system, and enable efficient ionic and electronic signal transmission.
Conductive hydrogels possess a unique set of properties to bridge the gap between biology and
electronics, providing features for future bioelectronics development. Conductive hydrogels can
be classified into ionically conductive hydrogels, conductive nanocomposite hydrogels and
conducting polymer hydrogels.> Among them, conducting polymer hydrogels, especially PEDOT,
own high molecular-level conductivity, and are therefore of utmost interest. Lithography is still
the most common method to fabricate PEDOT-based bioelectronics, however, clean-room access
is required for lithography and may limit the development of PEDOT-based bioelectronics
development. Moreover, 3D structures are preferred for biological tissue engineering to best mimic

the morphology and function of natural tissues, yet lithography can only offer 2D planar structures.



Therefore, a 3D printable PEDOT fabrication is required to unearth the full potential of PEDOT

in biomedical applications, one of the major goals of this dissertation.

0.6 Dissertation structure

The goal of my dissertation is to utilize the strength of polymers and to apply them to improve
their interface with biological systems, including improvement of low-mechanical strength
hydrogels, a drug delivery implants fabricated in a high-throughput method and a 3D printable
PEDOT technology.

This thesis organically connects polymer science and biomedical engineering to demonstrate
the tremendous potential of polymers in biotechnology research. We present a range of work, from
the design and characterization of materials and fabricated biomedical devices based on the novel
materials, to the application of the biomedical devices in murine models to the demonstration of
feasibility and strength of innovative solutions based on polymer synthesis and processing.

Chapter 1 strengthens hydrogel systems by incorporating a rod-shaped plant virus, tobacco
mosaic green mild virus (TMGMYV). We investigated its great potential as a versatile hydrophilic
nanofillers to strengthen different hydrophilic polymeric systems. We used a living polymerization
technique — reversible addition fragmentation chain transfer polymerization (RAFT) to synthesize
the hydrogel in a controlled manner to ensure the batch-to-batch quality, as well as solution casting
as a processing method for films.

Chapter 2 discusses an important finding in which freeze drying results in genomic material
being ejected from viral nanoparticles (cowpea mosaic virus, CPMV), likely rendering them non-
infectious. We observed the finding during the investigation of the drug delivery implant system
(as discussed in Chapter 3), and further improved and developed the findings to a protocol for the

fabrication of RNA-free virus-like particles. In chapter 3, we discuss the potential of hot melt



extrusion to produce sustained-release drug delivery implants. We examined feasibility in
manufacturing of both protein pharmaceuticals (CPMV) and small molecule drugs
(diamidobenzimidazole (diABZI)), and the efficacy of the produced drug delivery implant in
murine models.

Chapter 4 describes a coagulation-bath assisted manufacturing method to develop 3D printable
PEDOT formulation. The printed material possesses advanced properties such as high conductivity
and stable electrochemical properties, and the printing method enables a range of fabrication
innovations, such as multi-material 3D printing and simple modification of the printed PEDOT by
the change of coagulation bath. With the great properties of the reported PEDOT, we further
demonstrate a JECoG cortex-wide neural interface fabricated based on the technique. Lastly,
Chapter 5 summarizes the dissertation and provides an outlook to direct the future investigation

based on the findings and developments reported in this dissertation.



CHAPTER 1 ROD-SHAPED PLANT VIRUS — REINFORCED HYDROPHILIC POLYMERIC
COMPOSITES

1.1 Introduction
Hydrogels are three-dimensional, hydrophilic, polymeric networks with the ability to absorb
large quantities of aqueous solution and can swell up to 40-fold when compared with their dry

weight>°

. Hydrogels are of particular use in biomedical applications because the high water content
mimics that of hydrated tissues, making them a strong candidate to replace native tissue functions
for organ replacement’’. Furthermore, the high water content contributes to their bio-
compatibility®®. Thus hydrogels have many applications in the medical and pharmaceutical sectors,
such as contact lenses, wound dressings, hygiene products, and drug delivery systems™. A key
limiting factor for the use of hydrogels in medicine are their poor mechanical properties®®. For
example, hydrogels can easily collapse and limit cell motility through the gel, which hampers
feasibility in regenerative medicine®!. Additionally, mechanically unstable hydrogels used for cell
encapsulation may result in unexpected cell release and death upon collapse®?. Another example
where poor mechanical properties can limit biomedical utility is the durability of contact lenses
caused by poor toughness of the hydrogel®.

For this reason, several different strategies have been used to improve the mechanical
properties of polymeric hydrogels, including topological gels, double-network gels and
nanocomposite hydrogels®*. Among these strategies, recent trends indicate significant and growing
interest in developing nanocomposite hydrogels with a host of nanofillers. In particular, high
aspect ratio nanotubes have become a common addition to hydrogels that improve mechanical
properties, and better mimic the natural tissue organization and its resulting composition®>®®. High

aspect ratio nanotubes can not only absorb energy but also allow an ideal transfer of load from the

soft polymer matrix to the stiff filler when the composite is put under mechanical stress. In other

10



words, the modulus of the resulting composite will be similar to the high modulus and strength of
the nanofillers®’. The mechanism of reinforcement for nanotube-enhanced hydrogels is similar to
how steel bars reinforce concrete.

Carbon nanotubes (CNTs) are one of the most common nanotubes used as reinforcing agents
for hydrogels; they have an extremely high Young's modulus of ~1 TPa®. However, it has been
generally recognized that the reinforcing efficiency of CNTs largely depends on their dispersion®.
CNTs have a hydrophobic surface which makes them challenging to fully disperse into aqueous
matrices. As a result, CNTs tend to form clusters and bundles in the matrix’’. These large
aggregates of nanofillers initiate cracks in composites, rather than reinforcing them’!. Besides that,
favorable interactions between the nanotubes and matrix are necessary for good load transfer
between the two, however, poor interfaces are often formed between CNTs and the surrounding
matrix’2. In order to solve these issues, modifying the surface of nanotubes has been used to
improve dispersion within the nanocomposite’”>. Surface modification has been accomplished
through attachment of moieties that undergo m—m interactions’®, non-covalent interactions
(polymer wrapping)’, and covalent attachments’>. However, these methods can affect the integrity
of the nanotubes and can be cumbersome to implement. In contrast, cellulose nanocrystals (CNCs)
have a high elastic modulus of ~143 GPa and are hydrophilic, which make them good candidates
for composite hydrogels’®. However, the processing method and source of CNCs greatly impacts
their morphology. The abundant hydrogen bonding of cellulose causes aggregation of cellulose
nanocrystals to form bundles which restricts their future uses’’. As such, we sought to explore a
high aspect ratio protein nanoparticle that can homogenously disperse in aqueous solutions,

tobacco mild green mosaic virus (TMGMV).
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TMGMYV is a plant virus and a characteristic member of the tobamovirus genus; it is closely
related to the most common and well-studied member of this genus, tobacco mosaic virus (TMV).
TMGMYV and TMV share 65% amino acid sequence similarity’® and are essentially structurally
and morphologically identical. However, TMGMYV is produced on a vast scale for agricultural uses
when compared to TMV, thus TMGMYV was chosen as a more economical alternative’. Based on
its rather narrow host range (compared to TMV)*, TMGMV may also provide a safer alternative
from a biosafety point of view for implementation in materials. TMGMYV is a RNA-containing
virus comprised of rod-shaped nanoparticles with a geometry of 308 nm in length and 18 nm in
diameter (Figure 1.1)%!. Considering the structural similarity of TMGMYV to TMV, TMGMYV is
likely to exhibit a similar high bending modulus value as TMV, reported at 1 GPa or greater, and
provide ample strength to enhance the mechanical properties of hydrogels®>**. Viruses provide
additional benefits as nanofillers, as they can be chemically and genetically modified to
incorporate functional ligands with high density and ordered arrangement®*. TMV has been
extensively researched in materials and nanoscience, showing outstanding potential to direct stem
cell differentiation in the field of regenerative medicine®>®. Given, the already impressive
biological results of tobamovirus particles, this chapter describes the robust mechanical properties
of tobamoviruses could be readily translated to the improvement of mechanical features of
hydrophilic nanocomposites. In this chapter, we will describe the TMGMV- enhanced polymeric
hydrogels system. Due to the utilization of living polymerization - RAFT, we achieved controlled

polymerization and assured the mechanical performance batch to batch. Due to the formation of

hydrogel, we here use glass scintillation vials as the shaping mold to shape the hydrogel.
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1.2 Results and Discussion
1.2.1 Design of the uniform dispersed polymer network

Poly(ethylene glycol) (PEG) hydrogels have been extensively used in biomedical fields as
matrices for controlling drug delivery and as cell delivery vehicles for promoting tissue growth
and repair”’. Step-growth, chain-growth, or mixed-mode polymerizations are primary mechanisms
to synthesize covalently cross-linked PEG hydrogels, while non-covalent interactions can also
drive polymer cross-linking and gel formation®. The varying synthetic routes to PEG hydrogels
can lead to tunable physicochemical properties such as permeability, molecular diffusivity,
equilibrium water content, elasticity, modulus, and degradation rate’®°!. Reversible addition-
fragmentation chain-transfer polymerization (RAFT), a reversible deactivation radical
polymerization system offers various advantages when compared to traditional polymerization
chemistry, such as more uniform polymers, controlled size and structure, and active chain ends for
further derivatization®’. As such, we chose to use RAFT to synthesize polyPEGMEA hydrogels

with PEG dimethacrylate cross-linking.

1.2.2 Fabrication of TMGMYV- reinforced composites

In our system, covalent cross-linking restricted chain movements in the PPEGMEA hydrogel,
while physical cross-linking between PPEGMEA chains and TMGMV further hinder chain
movement and significantly increased toughness of the polymer nanocomposites (Figure 1.1B).
Reagents were homogeneously mixed and heated at 45 °C for 3 h to form stable gels. TMGMV
was shown to be stable to these conditions (Figure S1.1 and Figure S1.2). TMGMYV concentration
was varied in the system (0.1 wt%, 0.2 wt%, 0.5 wt%, 1 wt%, 2 wt% and 5 wt%) to determine the
effect of filler concentration on gel properties. Due to the hydrophilicity of TMGMYV, no phase

separation was observed even at the highest concentrations during the gel forming reactions. Pure
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PPEGMEA formed transparent yellow gels, while TMGMYV nanocomposite gels were opaque
yellow due to the addition of TMGMV which scatters light (Figure 1.1C), as TMGMV

concentration increases, the opacity of the gels increased.

18 nm PEGMEA PEGDMA
[+]
e g e ————
J\ﬁi\ﬂ/\/ o
HyN VA-044
[ — DPsAM 45°C,3hr
+ 308 nm >
Tobacco Mild Green Mosaic Virus
(TMGMV)
C.

=~ Polymer Chain
*  Chain end with trithiocarbonate group

2% TMGMV Pure Gel \ ®  Chain end with carboxylic acid

Figure 1.1 Schematic of nanocomposite synthesis and images. A) Surface model of crystal

structure of TMGMV: PDB =1VTM. B) Synthetic scheme for RAFT hydrogel formation. C)
Digital micrographs of hydrogels with and without 2 w/w% TMGMYV.

1.2.3 Characterizations of TMGMY - reinforced composites

Hydrophilic PEG-based polymers will hydrate and swell in an aqueous environment. Swelling
in turn will lead to changes in physical, chemical and biological properties that affect protein
adsorption and cell adhesion. The pure hydrogel exhibited an almost six-fold increase in water
uptake by weight at equilibrium when compared to the dry weight. As TMGMYV concentration
increased in nanocomposites, the swelling concomitantly decreased to less than four-fold after
saturation (Figure 1.2). This result is expected, as TMGMYV forms physical cross-links that were
inelastic, limiting swelling. TMGMYV may also occupy void spaces within the polymer network
and make the hydrogel more compact than a pure hydrogel. As a result, the nanocomposite

hydrogel swelled much less than the pure hydrogel due to the rigid nature of the viral nanoparticle

14



as TMGMYV content increased. However, the highest TMGV content (5 wt%) deviated from the
trend and had a much higher swelling ratio when compared to other hydrogel composites. The
high concentration of TMGMYV likely forms large bundles and aggregates, causing defects and
voids within the hydrogel matrix (which is further supported by SEM analysis, see below and
Figure 1.3). More water may enter in these defects and voids, thus causing the 5 wt% TMGMV

hydrogel to deviate from the trend.

—— Pure gel

— 0.1 wt% TMGMV
— 0.2 wt% TMGMV
—— 0.5 wt% TMGMV
— 1 wi% TMGMV
—— 2 wi% TMGMV
—— b wi% TMGMV

0 100 200 300 400 500
Time (min)

Swelling Ratio

Figure 1.2 Kinetics of hydrogel swelling. Swelling saturation was reached after 300 min for all
hydrogels. Swelling ratio is calculated as a relative-fold weight increase.
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Figure 1.3 SEM micrographs of PPEGMEA/TMGMYV hydrogels. A) PPEGMEA hydrogel, B-G)
PPEGMEA hydrogel contains 0.1 wt%, 0.2 wt%, 0.5 wt%, 1 wt%, 2 wt% and 5 wt% TMGMV,
respectively. Smooth surfaces were observed without obvious aggregates or defects for
PPEGMEA hydrogel and PPEGMEA/TMGMV hydrogel at concentrations below 5%. Obvious
defects and aggregates can be seen in G.

SEM was carried out to detect the microstructure of lyophilized hydrogels (Figure 1.3). The
cross-sectional surfaces of hydrogels were very smooth as expected and no obvious porous
structure was observed. Gels comprised of TMGMV between 0 and 2 wt% were very smooth
exhibiting a homogenous surface. Additionally, these gels all have consistent morphology without
obvious aggregates or defects. This implied that the TMGMYV nanofillers were homogenously
dispersed in PPEGMEA (Figure 1.3A—F). However, rigid rods have a tendency to self-assemble
end to end (also refer to as tail to end) and side to side®>. When in acidic conditions, TMV particles
assemble head to tail which is most likely caused by complementary hydrophobic interactions
between the dipolar ends of the helical structure®®. Similarly, the possibility of interaction between
TMGMYV particles will largely increase at high concentration even in a neutral environment, which
may lead to formation of aggregates and bundles. 5 wt% TMGMYV gels showed significant defects

and cratering in the micrographs (Figure 1.3 G), which is consistent with the observed increase in

swelling ratio.
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In sum, low concentrations of TMGMYV were homogenously dispersed in the polymer matrix,
while high concentrations of TMGMYV led to defects in hydrogels. Mechanical testing was used to
further study the influence of TMGMYV on the mechanical performance of these gels.

The mechanical properties of the nanocomposites were tested with a universal testing machine
in compression mode (Figure 1.4). The compressive moduli increased with increasing TMGMV
concentrations between 0.1 wt% to 2 wt%, as well as the compressive strength at 30% strain
(Figure 1.4). The compressive modulus of nanocomposites with 2 wt% TMGMYV increased
approximately two-fold compared to the polymer control. The high modulus at 2 wt% was due to
high strength of the filler content and physical cross-linking caused by interactions of TMGMYV at
the interface with the PPEGMEA matrix. When high load was applied to the hydrogel, TMGMV
acted as an effective energy transfer agent to distribute energy throughout the matrix as well as an
energy absorber. However, once the concentration of TMGMYV reached the highest value of 5 wt%,
the enhanced mechanical properties of the gel diminished likely caused by aggregation and

bundling of the nanofillers observed in previous morphology results.
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Figure 1.4 Mechanical properties of nanocomposites. A) Compressive properties of
nanocomposite hydrogels were determined using compression testing. The effect of TMGMV
concentration on the loading during the compression test is shown. B) Compressive moduli
increased with an increase of TMGMYV concentration in the range of 0.1 wt% to 2 wt%.
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In order to better characterize the hydrogels to suit particular applications, shear rheology was

conducted to observe mechanical properties. The storage modulus (G’ ) and the loss modulus (G
"), which represented the elastically stored energy (the elastic portion) and the energy dissipated

as heat (the viscous portion) within the hydrogel, respectively, were evaluated against non-virus
controls using a constant strain rheometer. The nanocomposites were studied at frequencies
ranging from 100 rad s—1 to 10 rad s—1 with 0.1% strain. The small strain was applied to ensure
that values were in the linear viscoelastic regime, and the frequency was selected to ensure a
plateau modulus could be reached.

The G’ values were greater than G” values and showed a large viscoelastic plateau at all

frequencies, indicating that all samples were hydrogels (Figure 1.5). No crossover point between

the G’ and G” was observed, indicating stable elastic properties in the range measured. The

relation between viscoelastic properties of the nanocomposites to concentration of TMGMV
followed the results of compression testing. The storage modulus increased from a value of around
2500 Pa-9500 Pa with only 0.1 wt% addition of TMGMYV. The storage modulus increased with
the increasing amounts of TMGMYV loading from the range of 0.1 wt% to 1 wt%, and had an almost
seven-fold of increase in storage modulus at 1%. However, the increasing trend stopped at the
concentration of 2 wt% and dropped significantly when the TMGMYV reached a high level of
5 wt%. This further supports the notion that TMGMYV forms aggregates and/or leads to structural

inhomogeneity at the highest concentrations studied.
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Figure 1.5 Rheological properties of TMGMYV composite gels.

Taken together, these data showed that the mechanical properties of chemically-cross-linked
composite hydrogels can be significantly improved with the addition of appropriate amounts of
TMGMV. High concentrations of TMGMYV may cause unwanted aggregation or bundling which

may interfere with mechanical enhancement.

1.2.4 Versatility of TMGMYV in various hydrophilic systems

After successful reinforcement of PEG hydrogels with TMGMYV, we aimed to demonstrate
that TMGMYV could strengthen other hydrophilic polymer systems. To accomplish this, a series of
poly(vinyl alcohol) (PVA) and TMGMYV composite films were made. PVA is a commercially
available water-soluble synthetic polymer and has excellent film forming and emulsifying
properties. PVA films also exhibit high tensile strength and flexibility. Thus, it has been widely
used as a matrix for the preparation of nanocomposites. Due to the large number of hydroxyl
groups in PVA, hydrogen bonding has a pronounced effect on the bulk properties of PVA
materials.

PVA exhibits different crystalline structures based on the stereochemistry of the PVA, which

results in different hydrogen bonding patterns®. Hydrophobic nanotubes, such as carbon

19



nanotubes, strictly interact with PVA films by non-covalent forces (van der Waals), and have been
shown to largely enhance the mechanical properties of PVA films by forming crystalline coatings
around the nanotubes and a strong correlation between the fracture surface and the edge of this
crystalline coating”®®’. However, CNTs still have the problem of hydrophobicity. In order to see
whether hydrophilic TMGMYV can also strengthen PVA films, we measured the tensile properties
as well as the dynamic mechanical properties of PVA/TMGMYV nanocomposites. DSC was carried
out to measure the impact of TMGMV on the crystallization of PVA films as well as the
mechanism of reinforcement.

A series of varied concentration of TMGMYV at 0.8 wt%, 1.6 wt%, 3.2 wt% reinforced PVA
composite films were manufactured by solvent casting PVA. Tensile properties of the dry PVA
films reinforced by the TMGMYV were evaluated (Figure 1.6). The tensile modulus increased by
~60% with increasing TMGMYV content up to 1.6 wt% (Figure 1.6A). Interestingly, this was
followed by a sudden drop at 3.2 wt%, which reduced the value of tensile modulus by half when
compared to the neat PVA film. A similar trend was also observed in tensile strength (Figure 1.6B).
The highest tensile strength occurs at 1.6 wt% TMGMYV content, which increased by ~60%. When

the 3.2 wt% of TMGMYV was added, the presence of the TMGMYV adversely affected the tensile

strength.
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Figure 1.6 Tensile properties of TMGMV/PVA composites. A) Tensile modulus of dry
PVA/TMGMYV films. B) Tensile strength of dry PVA/TMGMV films.
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Similar results were observed in dynamic mechanical analysis. The storage modulus (E’)
versus temperature curves for neat PVA films and the TMGMV-reinforced nanocomposites were
evaluated using DMA in order to examine the thermomechanical properties of the nanocomposites
(Figure 1.7). The reinforcing effect of the TMGMYV appeared even at low temperatures. When the
1.6 wt% TMGMYV was incorporated into the PVA matrix, the E’ of the resultant nanocomposite
greatly increased, by 42%, and addition of 0.8 wt% resulted in a 34% increase compared to that of
the neat PVA film at 37 °C. 3.2 wt% TMGMYV, however, only showed a small increase of 6%.
PVA films have a crystalline structure due to abundant hydrogen bonding. The nanocomposites
underwent strain-induced crystallization during tensile tests, which contributed to the
enhancement of mechanical performance®. With little strain caused by DMA, there was little
strain-induced crystallization compared to tensile testing. Herein, the enhancement of mechanical
performance shown by DMA from an improved stiffness of the nanocomposite as well as the dense
physical bonding between TMGMYV and PVA. However, TMGMYV tended to aggregate at 3.2 wt%

and led to decreased mechanical performance.
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Figure 1.7 Dynamic mechanical analysis. Storage tensile modulus (E’) versus temperature for
TMGMV-reinforced PVA nanocomposites.

To confirm the strengthening hypothesis of TMGMV to PVA, differential scanning
calorimetry (DSC) measurements were carried out on all films both before and after tensile testing.

It can be concluded from Table 1.1 that melting point and crystallinity of nanocomposites were
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somewhat dependent on the concentration of TMGMV, showing a slight decrease in melting
temperature at low weight percentages of TMGMYV. The original melting temperature, however,
was recovered upon elongation likely indicating strain induced crystallization. Furthermore, this
TMGMV-nucleated and strain-induced crystallization was observed when comparing the original
crystallinity and crystallinity after tensile break. Neat PVA showed an increase in crystallinity of
1% following break, while 0.8 wt% TMGYV increased by 47.3%, 1.6 wt% TMGMYV increased by
54.4%, and 3.2 wt% TMGMYV increased by 34.1%. All of which, within error, recovered the

original crystallinity of the PVA films.

Table 1.1 Tabulated DSC data of neat PVA and PVA/TMGMYV nanocomposite films.

Empty Cell PVA  08wt%  L6wt%  32wt%
TMGMV TMGMV TMGMYV

Original Tn(°C) 207.8+£0.8 197.9+82 1953+7.2 209.4=+0.3
T after tensile 208.4+0.3 210749 207.1+9.2 2123+0.0

break (°C)

Original 305+1.1 213+84 19.0+3.0 25.7+6.5
crystallinity (%)

Crystallinity after 30.8+4.3 31 294452 344+13
tensile break (%) 4+£5.6

Increase (%) 1.0 473 54.4 34.1

1.3 Experiment section

1.3.1 Materials
Potassium phosphate monobasic, potassium phosphate dibasic heptahydrate, poly(ethylene

glycol) methyl ether acrylate (Mn=480), poly(ethylene glycol) dimethacrylate, sodium
cyanoborohydride, N,N-dimethylformamide (DMF) (99%), dichloromethane (DCM) (99.8%),

hexane (95%), ethyl ether, trifluoroacetic acid (TFA), polyvinyl alcohol (average Mw 130,000,
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99+% hydrolyzed) were purchased from Sigma Aldrich. TMGMV was purchased from

BioProdex. 2,2 -azobis[2-(2-imidazolin-2-yl)propane] dihydrochloride was purchased from

Wako Chemicals USA, Inc.

1.3.2 Synthesis of Oligo(Acrylamide)-chain transfer agent (O-Am-CTA)
The synthesis was adapted from a previously published procedure [36]. To synthesize

oligoacrylamide- CTA (O-Am-CTA), RAFT polymerization was used to grow a short oligomer of
acrylamide from PAETC in a mixture of methanol and water. AIBN (1 equiv), PAETC (10 equiv)
and acrylamide (50.2 equiv) were added to a glass vial with 10 mL of methanol and mixed to
dissolve. The reaction mixture was transferred to a round-bottomed flask with 10 mL of water.
The flask was purged with nitrogen gas for 10 min to remove oxygen. The reaction was heated to
65 °C in an oil bath to initiate polymerization, and the temperature was maintained for 15 h.
Samples, upon completion of the reaction, were analyzed via IH NMR to confirm at least 95%
conversion of the monomer. The final reaction mixture was precipitated by dropwise addition to
an ice cold solution of 200 mL of THF and 50 mL of ether. The resulting mixture was centrifuged
at 6000 rpm for 2 min until all precipitate had been isolated. The collected product, O-Am-CTA,

was left to dry in a fume hood.

1.3.3 Synthesis of PPEGMEA/TMGMYV hydrogels
TMGMYV was thawed overnight at 4 °C and dialyzed against 10 mM kP pH 7.0 for 48 h to

remove any low molecular weight impurities. Then TMGMYV was centrifuged using a table top
centrifuge at 10,000 rpm for 10 min to remove any aggregates or large plant debris. Purified
solutions were stored at 4 °C in 10 mM kP pH 7.0 at concentrations varying between 10 and

20 mg mL—1. UV-visible spectroscopy and fast protein liquid chromatography using a Superose6
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column was used to verify the intact state of TMGMYV; intact TMGMYV elutes at 8 mL with an
absorbance ratio of A260/280 of 1.2. UV-visible spectroscopy was used to calculate the
concentration of TMGMYV with the Beer Lambert Law (g 260 nm =3 mL mg—1 cm—1)3!. 2,2 -
azobis[2-(2-imidazolin-2-yl)propane] dihydrochloride (VA-044) was made into a 16 mgmL—1
initiator stock (KP buffer, pH 7.2). 5 x 10—6 mol of initiator solution was first used to fully dissolve
0.0077 g CTA. PPEGMEA, PEGDMA and TMGMYV were added via pipette into a 20 mL glass
scintillation vial, the total volume of the added KP buffer was 1 mL. The stoichiometry for
hydrogel synthesis was optimized to yield a stable and elastic hydrogel, given the following ratios:
monomer: CTA: initiator: crosslinker = 185:3:1:15. The initial conditions were then modified to
introduce increasing amounts of the TMGMV nanofillers: 0, 0.1 wt%, 0.2 wt%, 0.5 wt%, 1 wt%,
2 wt% and 5 wt%. After bubbling the precursor solution with nitrogen for 30 min to remove

dissolved oxygen, the solution was heated to 45 °C in an oil bath for 3 h to form a gel.

1.3.4 PVA/TMGMY film fabrication
PV A powder was dissolved to 3.25 wt% in deionized water at 85 °C with rapid stirring for 6 h

to obtain a colorless transparent homogenous solution. TMGMYV was added to 10 mL of room
temperature PVA solution at the following concentrations: 0.8 wt%, 1.6 wt%, 3.2 wt%. The
solution was vortexed to disperse the filler and poured into a 60 x 15 mm glass petri dish. The
aqueous fraction was allowed to evaporate under ambient conditions for ~48 h until film formation

was apparent. Residual water in the film was removed in a vacuum oven at 40 °C for 6 h.

1.3.5 Equilibrium swelling
The equilibrium swelling ratio of the PPEGMEA/TMGMV hydrogel was estimated by

comparing the dry and the swollen weights. The swollen gel incubated in PBS (pH=7.2) was
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taken out and patted dry with filter paper to measure the weight at regular time intervals until
equilibrium was attained. The equilibrium swelling ratio was calculated using Equation (1): W%
= (Ws —Wd)/Wd x 100%, where Ws and Wd are the weights of swollen and dry nanocomposites,
respectively. The results were performed in triplicate and the error is calculated as standard

deviation.

1.3.6 Mechanical testing
Rheology - An ARES G2 rheometer was used to determine the viscoelastic properties of

nanocomposite gels, all experiments were performed using the advanced Peltier system (APS) to
precisely control temperature and a 25 mm steel parallel plate geometry. The temperature was set
at 37 °C and the gap distance was not more than 2 mm. Strain sweep experiments were performed
using an oscillatory shear strain ranging from 0.1% to 100% and a constant frequency of 1 Hz.
0.1% strain was in the linear viscoelasticity region and was chosen to use for frequency sweep
experiments. Frequency sweep experiments were tested at frequencies ranging from 100 to 10 Hz
and an oscillatory shear strain of 0.1%.

Compression testing - An MTS compression system was used to test the mechanical properties
of the hydrogels. Cylindrical hydrogel samples with 15.75 mm diameter were subjected to a 30%
compressive strain at a strain rate of 0.1 mm s—1. The compressive modulus of each sample was
calculated by fitting a line through the linear region of the data measured between 3 and 5% strain.
Compression testing results were replicated in triplicate with hydrogels synthesized on different
days. Error is calculated as standard deviation.

Tensile testing - Tensile tests were performed using a Zwick testing machine (Xforce P load with
a nominal force of 100 N). The cross head speed was 5 mm/min and the preload was 0.1 N. The

specimens were cut to a width of 10 mm and a length of 50 mm. The thickness of the sample was
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calculated before the test. Tensile testing results were replicated in triplicate with different PVA
film batches. Error is calculated as standard deviation.

Dynamic mechanical analysis (DMA) - The DMA was conducted in a film tensile mode on a
DMA (Q800, TA, USA) with a temperature range from —50 °C to 150 °C at a heating rate of
10 °C min—1, 0.1% strain is used. DMA results were replicated in triplicate with different PVA
film batches.

Scanning electron microscopy - To observe the surface of PPEGMEA hydrogel, scanning
electron microscopy (SEM) was performed using a JEOL SEM under an emission voltage of
30kV.

Differential scanning calorimetry (DSC) - DSC was performed using a TA Q100 with nitrogen
as a purging gas. The samples underwent a heat/cool/heat cycle in order to diminish thermal
history. The samples were heated from 60 °C to 220 °C at a rate of 10 °C min—1 and held at 220 °C
for 1 min to allow the system equilibrate, then cooled the system from 220 °C to 60 °C at a rate of
10 °C min—1 and held at 60 °C for 1 min. An enthalpy of 155 J/g for a theoretical 100% crystalline
PVA was used’S. The crystallinity of neat PVA and PVA/TMGMYV composites were calculated by
deduction of the weight percentage of TMGMYV. DSC results were replicated in triplicate with

different PVA films and error is calculated as standard deviation.
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1.4 Conclusion
This chapter describes the use of the rod-shaped plant virus, TMGMYV, to strengthen different

hydrophilic polymer systems. Due to the high modulus of these protein nanotubes, it was found
that significant reinforcement could be had even at low concentrations. TMGMYV as a reinforcing
agent is manufactured in scale using molecular farming and its manufacture is a positive
contributor to the environment, rather than non-biological nanofillers. Furthermore, this work
complements the improved biological properties seen by other groups and goes into much greater
depth regarding the capabilities of viruses to tune mechanical properties of composites. The work
presented herein provides another variable that can be tuned in forming composite materials. Given
the ubiquity of viruses and the variety of shapes, sizes and particle flexibility, the potential for use
in nanocomposites remains largely untapped. In the future, we will continue to investigate new
viral particles as fillers, as well as functional viral composites to create biomedical or catalytic

materials.
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1.5 Supplemental Figures

100 nm

Figure S1.1 Transmission electron micrographs of TMGMV. A) Wild type TMGMV stored at
4°C, B) TMGMYV after heating for 3h at 45°C.
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Figure S1.2 FPLC chromatogram of TMGMYV. A) Wild type TMGMYV stored at 4°C, B) TMGMV
after heating for 3h at 45°C.
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CHAPTER 2 FREEZE DRYING — BASED METHODOLOGY FOR RNA REMOVAL
2.1 Introduction

Virus-like particles (VLPs) are a subclass of VNPs lacking genomic material but retaining
capsid structure and thus can elicit a similar immune response. The absence of nucleic acids makes
them noninfectious and eliminates a potential uncontrolled immunostimulatory source, rendering
VLPs ideal building blocks for immunotherapy®®. As such, several VLP vaccines are in clinical
trials or have been approved by the FDA. The most well-known is that of Gardasil, consisting of
the major capsid protein of several human papilloma virus (HPV) subtypes®. VLPs have also been
approved and are commonly used for vaccination against hepatitis B and hepatitis E'°’. Beyond
this, a vast amount of resources has been dedicated toward preclinical and clinical trials of VLP
vaccine candidates'?!. These novel therapies can be directed against the VLP itself or against
antigens decorated about the VLP surface!%!1%,

One of the most sought-after areas in vaccine development is the development of cancer
immunotherapies. A recent exciting innovation in cancer immunotherapy is the generation of in
situ cancer vaccines, where an immunostimulatory agent is directly administered to a tumor site.
The attributes of this class of therapy are that they are near universal immunotherapies, since no
antigen is displayed. In situ vaccines elicit a strong memory antitumor immune response by
inducing immunogenic cancer cell death. This facilitates the release of tumor-associated antigens,
increases the number of APCs, and enhances their activation to induce antitumor T cell responses,

104

which results in systemic antitumor immunity . One of the tools used for in situ vaccination are

oncolytic viruses'?, though the degree of immune responses they induce can relate to the particular

106

virus used, the tumor burden, and the immunogenicity °. Additionally, safety concerns like

infection and proliferation of oncolytic viruses cannot be eliminated since they are infectious'?’.
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Recently, plant viruses emerged as in situ vaccines and showed exciting therapeutic effects in
curing metastatic disease. In one example, a papaya mosaic virus had the capacity to activate the
innate immune system and reduce tumor volume in a murine melanoma model'%. Furthermore,
VLPs derived from cowpea mosaic virus engineered to lack the viral RNA (eCPMV) achieve
therapeutic activity in various poorly immunogenic murine tumor models, induce long-lasting
antitumor immunity, and eradicate metastatic sites'”. eCPMV has been further probed and was
shown to be a privileged immunotherapy when compared to other plant-derived VLPs and
VNPs'!?. ¢CPMV in combination with radiation was able to successfully treat advanced oral
melanoma in companion pets'!!. Lastly, CPMV was formulated into slow release devices for
intraperitoneal implantation and single-dose treatment of disseminated ovarian carcinomas''?.
eCPMYV has clearly shown great utility and promise for cancer immunotherapy, giving us strong
impetus to further this technology.

The current method used to produce eCPMYV is the agroinfiltration of Nicotiana bethamiana

plants using a plasmid-based expression system''?

. This methodology could potentially introduce
immunostimulatory contaminants such as lipopolysaccharide (LPS) during bacterial
infiltration''*!'>. Furthermore, scalable implementation of agroinfiltration is tedious, and yields
are often significantly lower than wild-type CPMV production''®. Chemical methods exist for
RNA removal from wild-type CPMV; however, trace amounts of RNA remained present,
fractionation was necessary to obtain mostly empty particles, and the harsh conditions denatured
the capsid over time'!”. In this chapter, we describe a streamlined method to produce eCPMV from
native CPMV with a simple experimental setup and low demands for equipment and materials. A

simple freeze-drying procedure ejected the RNA from the capsid, and RNase treatment was able

to degrade the remaining nucleic acids to produce lyo-eCPMV. A series of characterization
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methods were carried out to show that the empty capsids maintained an intact capsid conformation.
Furthermore, in situ injection of lyo-eCPMV was observed to have similar efficacy in tumor

suppression as bacterially derived eCPMV.

2. 2 Results and discussion
2.2.1 Lyo-eCPMYV production and characterization

This method was found empirically and serendipitously when we tried to lyophilize CPMV
particles for storage and device manufacture. Removal of RNA from the capsid begins with a slow
freeze of a CPMV aqueous solution at =20 °C. Temperature, time, and concentration are critical
factors during the freezing step prior to lyophilization. Typical freezing procedures using liquid
N2 were unable to fully eject the RNA and resulted in increased aggregation, decreasing the yield
(Figure S2.1). Our optimized conditions were a slow freeze in a laboratory freezer (—20 °C, 4
days), followed by lyophilization. These conditions resulted in ideal capsid uniformity and
complete removal of RNA. Furthermore, concentration during freezing is a critical factor in
obtaining a sufficient yield. At high concentrations (>10 mg/mL), particles aggregate and
significant fractions are unable to resuspend following lyophilization; however, dilute solutions of
~1 mg/mL lessen particle aggregation and maintain high yields. Following freezing, a four-day
negative pressure lyophilization was the shortest time required in order to achieve complete
dehydration and RNA ejection based on our observations. The resulting dry powder was a mixture
of RNA, intact RNA-free particle, and a small amount of protein aggregates; the resulting mixture
of components is referred to as lyo-CPMV. Lyo-CPMV was resuspended into buffered solution,
and aggregates were removed by centrifugation and decanting. The last step in the lyo-eCPMV
preparation is removal of genomic RNA. This was accomplished using RNase A, an extremely

common endonuclease, to cleave the RNA into small fragments, which were easily removed using
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diafiltration with 100 kDa molecular weight cutoff centrifugal filters. Lyo-eCPMYV was recovered
at a yield of 0.5 mg of particles/1 g of infected leaf tissue, which was competitive with the yield

of eCPMV as prepared by agroinfiltration!'8, (Figure 2.1).

Lyo-CPMV

Figure 2.1 Schematic of RNA removal from CPMV. Wild-type CPMV were freeze-dried, which
resulted in intact lyo-CMPV. RNase A was used to remove genomic RNA and generate lyo-
eCPMV.

Lyo-eCPMV

2.2.2 Characterization of RNA content of lyo-eCPMYV and particles purity

Next, we used agarose gel electrophoresis to determine particle integrity and to test whether
residual RNA would be associated with the VLPs following lyophilization (Figure 2.2A). The
placement of the bands is determined by the absolute mobility of the viral nanoparticles, which is
dependent on the presence of RNA within the capsid. VLPs with RNA have a higher
electrophoretic mobility toward the anode based on the additional negative charge contribution
from the RNA. Native CPMV is detectable under UV light after EtBr staining and under white
light after Coomassie brilliant blue staining, indicating intact particles with encapsulated RNA.
(The appearance of a double band can be explained by the two different electrophoretic forms of
the virus.)!'” By contrast, lyo-CPMV shows “free” RNA with a high electrophoretic mobility that
is not associated with the capsid protein; therefore, suggesting that the RNA was ejected during
the lyophilization process. Native CPMV contains a bipartite RNA genome with RNA-1 of 5.9 kb
and RNA-2 of 3.5 kb;!'20122 the fact that only one RNA band is observed may suggest that the

RNA may be degraded, aggregated, or cannot be resolved under the conditions tested. Taken
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together, agarose gel electrophoresis gave a strong indication that RNA was ejected to form a

nucleic acid-free VLP.
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Figure 2.2 Characterization of RNA removal. A) 1% (w/v) agarose gel stained with ethidium
bromide (left) and Coomassie brilliant blue (right). B) UV—vis spectra and results for CPMV, lyo-
CPMV, and lyo-eCPMV.

Further evidence of RNA removal can be found in UV—vis spectroscopy (Figure 2.2B); the
encapsulated nucleic acids have a dominant absorbance peak at 260 nm, while absorbance at 280
nm is reflective of the protein capsid with a lesser contribution from the nucleic acids'?*. The ratio
between these two absorbance intensities is indicative of RNA presence in the final material. Wild-
type CPMV had a A260/A280 ratio of 1.573, which correlated with the literature value of 1.57'%4,
and suggested RNA encapsulation, as would be expected!®. The A260/A280 ratio of lyo-CPMV
increased to 2.090, which is a result of RNA unfolding and ejection from the capsid. The unusually
high ratio is likely further skewed due to insoluble protein precipitate. Finally, the absorbance ratio
of lyo-eCPMV dramatically dropped to 0.804, indicating that nearly all RNA was removed. This
value is slightly higher than the literature value of eCPMV at 0.69'?*, which likely indicates the
presence of trace nucleic acids either in the supernatant or encapsulated within lyo-eCPMV'?,

Agarose gels only give comparative sizes based on the band position of known standards. Dynamic

light scattering (DLS) and fast protein liquid chromatography (FPLC) were carried out to further
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characterize lyo-CPMV and lyo-eCPMV size and purity, respectively (Figure 2.3). DLS
measurements show that the lyophilization and “post-processing” method have minimal impact on
particle size and aggregation (Figure 2.3A). The DLS data indicate no obvious aggregates or
collapsed protein subunits for wild-type CPMV, with a hydrodynamic radius of 16.4 nm. The
hydrodynamic radius of lyo-CPMYV is approximately the same (Rh = 14.5 nm), indicating that
minimal aggregation occurred during the freeze-drying step. The hydrodynamic radius of lyo-
eCPMV (14.9 nm) also showed little difference compared to wild-type CPMV. FPLC was used to
determine particle purity (Figure 2.3B). Wild-type CPMV displays a single Gaussian peak
centered at ~19 mL elution volume on a Sephacryl 1000 SF 10/300 size exclusion column. In
contrast, lyo-CPMYV exhibited a single peak centered at a slightly higher elution volume (~21 mL),
which is no longer symmetric. This change can be attributed to released RNA remaining in the
sample, since the genomic RNA is of reduced hydrodynamic volume relative to the capsid. The
FPLC column was unable to fully resolve the capsid and ejected RNA; however, the asymmetric
peak can be fit to two Gaussian distributions (Figure S2.2), one that corresponds to an intact capsid
and another that is presumably genomic RNA. Further confirmation of this is evidenced by the
high A260/A280 ratio (>2.0), indicating a high concentration of nucleic acid. Once RNA was
removed by nuclease treatment to form lyo-eCPMV, the A260/A280 ratio was reversed and a stark
decrease in total absorbance was seen indicating the absence of nucleic acids. The decrease in total
absorbance of lyo-eCPMYV is attributed to the significantly lower extinction coefficient at 280 nm
of coat protein versus pure RNA (approximately 20-fold less). Furthermore, the elution volume
returned to ~19 mL and regained symmetry, indicating intact viral capsids, with a minimal

shoulder at lower elution volumes perhaps indicating a small population of aggregated species.
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Figure 2.3 Characterization of particle integrity. (A) Dynamic light scattering (DLS). DLS
confirms that particles are intact and of appropriate size. The hydrodynamic radius (Rn) and the
coefficient of variation (% Pd) are given for wild-type CPMV, lyo-CPMV, and lyo-eCPMV. (B)
Fast protein liquid chromatography (FPLC). FPLC chromatograms for all stages of purification.
Lyo-CPMV no longer has a Gaussian peak shape, indicating ejected RNA. Peak symmetry is
recovered upon removal of free RNA for lyo-eCPMV.
2.2.3 Cryo-EM examination of lyo-eCPMV

The structural integrity of lyo-eCPMV particles was examined by cryo-electron microscopy
(cryo-EM). As expected cryo-electron micrographs of wild-type CPMV particles show dark
interiors, indicative of the presence of encapsulated RNA (Figure 2.4A)'%. In contrast, lyo-
eCPMV particles have lighter interiors and appear to be empty (Figure 2.4B). The cryo-electron
micrographs also suggest that the icosahedral capsids of lyo-eCPMV particles are largely well-
formed and structurally intact. Single particle reconstruction was performed on a data set of
~16 600 lyo-eCPMYV particle images collected on a 200 kV cryo-electron microscope with an
energy filter and a DE20 direct electron detector. Classification with RELION'? helped to select

a relatively homogeneous subset of ~8000 particle images. Refinement of this subset produced a

17 A resolution structure (Figure 2.5A). The lyo-eCPMYV cryo-EM structure reproduces many of
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the structural features observed in a cryo-EM structure of naturally occurring eCPMV filtered to

the same resolution (Figure 2B) !26.

A)Wild-type CPMV B) Lyo-eCPMV

Figure 2.4 Cryo-electron micrographs of wild-type CPMYV and Lyo-eCPMV. A) Wild-type CPMV
particles appear dark in their interiors due to the presence of viral RNA. B) Lyo-eCPMYV particles
have lighter interiors and appear to be empty. Both particles appear largely intact and
nonaggregated. Scale bar =200 A.

A) Lyo-eCPMV B)ecPmv

Figure 2.5 Cryo-EM structure of lyo-eCPMV compared to the structure of naturally occurring
eCPMV. A) Cryo-EM structure of lyo-eCPMV at 17 A resolution. B) Cryo-EM structure of
naturally occurring eCPMV (EMD: 3562) 26 shown filtered to 17 A resolution. Scale bar = 50 A.

The cryo-EM reconstruction of lyo-eCPMV shows slight perturbances in the capsid structure.
Few reports have investigated the effects of lyophilization on viral capsids;!?® however, potential

reasons for particle disruption can be inferred from literature regarding protein freeze-drying.

During the freezing and drying step, the solution concentration drastically increases, and this can
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lead to changes in pH and osmolyte concentration'?’. During this process, acidic groups are
typically protonated, disrupting salt bridges and leading to destabilization of biological structures.
It is likely that this effect caused disruption between the genomic RNA and coat protein.
Furthermore, as the osmolyte concentration increases, so too does the internal pressure within the
viral capsid, potentially leading to swelling of the particle. It is likely these two effects both
destabilize RNA binding and lead to ejection of the RNA from the capsid. Once rehydrated, the
disrupted lyo-eCPMV capsid appears to bounce back into a structure that resembles that of
naturally occurring eCPMV. Since CPMV does not have pores of sufficient size to allow the
genomic RNA to be repackaged in solution, we hypothesize that the freeze-drying and rehydration

act as a kinetic trap to exclude RNA from being repackaged.

2.2.4 in situ vaccination with lyo-eCPMV

The most critical part of our method to make lyo-eCPMV is its ability to remain as a potent in
situ cancer vaccine. Given the structural similarity of lyo-eCPMV to naturally occurring eCPMV
as observed by cryo-EM single particle reconstruction, we were optimistic that lyo-eCPMV would
retain similar antitumor properties in the treatment of melanoma. To confirm efficacy, we used the
same murine melanoma model, with which we had seen success with eCPMV'?®. C57BL/6J male
mice were inoculated with B16F10 murine melanoma cells subcutaneously. Treatment was started
once the tumor size reached 4-5 mm in the largest diameter. Tumors were injected directly with
100 pg of lyo-eCPMYV at 0, 4, and 8 days. By day 4, significant differences were seen in tumor
volume, and by day 8, the tumor volume of control mice was nearly an order of magnitude greater
than lyo-eCPMV-treated animals. Mice treated with lyo-eCPMV particles had significantly

delayed tumor progression, and survival was extended by ~100% (Figure 2.6). This result was

38



similar to e€CPMV treatment in previous studies, '° which suggested lyo-eCPMV has comparable

immunostimulatory capabilities as e€CPMV produced by agroinfiltration.
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Figure 2.6 In situ injection of lyo-eCPMV (lyo-eCPMYV) inhibited B16F10 melanoma growth.
Lyo-eCPMYV (100 ng) were injected intratumorally on days 0, 4, and 8 (n =4). A) Tumor growth
curves shown as a relative tumor volume. Data are means + SEM. Statistical significance was
calculated by two-way ANOVA with the Holm—Sidak test. *p < 0.05; ***p < 0.0005; ****p <
0.0001. Growth curves were stopped when the first animal of the corresponding group was
sacrificed (tumor volume > 1500 mm?). B) Survival rates of treated and control mice. Statistical
significance was calculated by the Log-rank test. **p < 0.01.

2.3 Experiment section
2.3.1 Materials

Ultrapure water (Milli-Q, Bedford, MA) was used for all experiments. Bovine serum albumin
(BSA), monosodium phosphate anhydrate, disodium phosphate heptahydrate, sodium chloride, tris
base for molecular biology, acetate acid, PEG 8000, RNase A, and SimplyBlue SafeStain were
purchased from Fisher Scientific. Bradford reagent was purchased from VWR Life Science.
Agarose I, EDTA tetrasodium salt anhydrous, and ethidium bromide were purchased from

Amresco. Sucrose was purchased from Acros Organics.

2.3.2 Instrumentation
A VirTis Advantage EL-85 freeze-dryer (SP Scientific, Warminster, PA, USA) was used for

lyophilization. Wyatt Mobiul was used to perform DLS. Samples were analyzed at 25 °C in plastic
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disposable cuvettes with a path length of 10 mm. Fast protein liquid chromatography (FPLC) was
performed using a AKTA-FPLC 900 chromatography system equipped with a Sephacryl 1000 SF
10/300 size exclusion column. The mobile phase used is 50 mM phosphate buffer, with 150 mM
NaCl (pH 7.4) at a flow rate of 0.4 mL/min. Samples were injected at a concentration of
approximately 0.7 mg/mL. Native gel electrophoresis was performed using 1.2% agarose gels in
1x Tris acetate/EDTA (TAE) buffer. TAE buffer (1x) was diluted from 50x TAE stock. (2 mol
Tris-base, 0.9 mol acetate acid, and 0.05 mol EDTA in Milli-Q water made up 1 L of 50x TAE

stock.) Running buffer is also 1x TAE buffer, and 10 pg of the sample was loaded.

2.3.3 CPMYV production and purification

Black-eyed peas (Vigna unguiculata) were inoculated with 100 ng/uL. CPMV in 0.1 M potassium
phosphate buffer (pH 7.0) and propagated for 18-20 days using established procedures'?. Briefly,
infected leaves were homogenized in a commercial blender in 0.1 M potassium phosphate buffer,
pH 7.0. The homogenized mixture was clarified by centrifugation (15 000g, 20 min), followed by
a 1:1 chloroform/n-butanol extraction to remove hydrophobic debris. The aqueous layer was
precipitated using PEG6000 (4% w/v) and NaCl (0.2M), and the pellet was collected by
centrifugation. The resulting pellet was resuspended in 0.1 M potassium phosphate buffer and
purified using a 10—40% sucrose density gradient.

2.3.4 Lyo-eCPMYV production

CPMYV was first filtered into deionized water using a 100 K Amicon Ultra-4 centrifugal filter at
6000 rpm (Eppendorf 5810 centrifuge) at least 6 times in order to remove salts and low molecular
weight impurities from the product. The filtered CPMV stock was then adjusted to 1 mg/mL with

deionized water and slowly frozen at —20 °C in a laboratory freezer for at least 4 days. The tray
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freeze-dryer was used with a shelf temperature of 25 °C and an ultimate chamber pressure of 5
ubar. The final lyophilized particles exhibited a slightly yellow flocculent appearance.
Lyophilized particles were resuspended in 1 mL of 0.1 M potassium phosphate buffer (pH 7.0)
overnight. Resuspended particles were more turbid compared to the original CPMV suspension,
indicating incomplete suspension of the original material. Centrifugation (Eppendorf 5424) was
performed at 1000 rpm for 5 min to precipitate the turbid material. The supernatant was collected
and adjusted to ~1 mg/mL as determined by the Bradford assay. RNase A was then added to the
resuspended lyo-CPMYV at a concentration of 50 pg/mL. The samples were vortexed and incubated
at room temperature for 15 min with gentle mixing by vortex at the level of 1.5. Following RNase
treatment, 100 K Amicon Ultra-4 centrifugal filters were used to remove RNase A and degraded
RNA (6000 rpm in an Eppendorf 5810R, 0.1 M KP, pH 7). Filtration was performed at least 6
times to completely remove degraded RNA fragments. Finally, the recovered particles were
centrifuged at 10 000 rpm (Eppendorf 5424) for 5 min to remove any particulate aggregates.
2.3.5 Cryo specimen preparation and image collection

Three pL aliquots of lyophilized, RNase A-treated, and filtered CPMV (lyo-eCPMV) at 0.5 mg/mL
were applied onto 300 mesh copper grids (Quantifoil R2/2) that were glow discharged for 20 s at
20 mA. Excess solution was blotted for 1 s with filter paper, and the grids were immediately
plunged into liquid ethane using a ThermoFisher/FEI Vitrobot. Cryo-EM data was collected on a
JEOL 2200 FS microscope (FEG, in-column energy filter) operated at 200 kV. Images were
recorded on a Direct Electron DE 20 detector at a magnification of 60 000 corresponding to a
pixel value of 1.12 A. Each micrograph was generated by averaging 32 individual dose fractionated

frames collected at a rate of 20 frames/s for 1.6 s with an accumulated total dose of 63.3
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electrons/pixel. The frames were motion corrected and summed into a single micrograph and

processed. The micrographs were collected with underfocus values in the range of 1.6-3.5 um.

2.3.6 Image processing and 3D reconstruction

Particle selection was performed using the EMAN2 software suite'*’. A set of 16 628 particle
images was selected from 181 cryo-electron micrographs. The defocus and astigmatism values for
each of the micrographs were estimated using CTFFIND 4.1'3!. The RELION 2.1 software suite
was used for further image processing'?’. After the RELION 2D classification step, particle images
in 40 out of 82 2D classes were selected for further processing (14 059 particle images selected).
The cryo-EM structure of naturally empty eCPMV at 4.25 A resolution was obtained from the
Electron Microscopy Data Bank (EMD-3562)!?¢ and was used as a reference map during 3D
classification. The CPMV reference map was rotated to the I1 symmetry orientation and low-pass
filtered to 10 A resolution. After the RELION 3D classification step, particle images in 1 of 10 3D
classes were selected for independent refinement with RELION 3D autorefine. This class contains
8 135 particle images (58% of the total data set) and refined to 17 A resolution (at the Fourier Shell

Correlation 0.143 threshold). Images were created with UCSF Chimera'?,

2.3.7 Cell culture and immunization of mice

Cell culture - B16F10 cells (ATCC) were cultured in Dulbecco’s modified Eagle’s media
(DMEM, Life Technologies) at 37 °C in a 5% CO2 humidified atmosphere, supplemented with
10% (v/v) fetal bovine serum (FBS, Atlanta Biologicals) and 1% (v/v) penicillin—streptomycin
(Life Technologies).

Immunization of mice - All experiments were conducted in accordance with Case Western
Reserve University’s IACUC. Also, 1.25 x 105 B16F10 cells/30 pL of PBS was introduced

intradermally into the right flank of a C57BL/6J male (Jackson Laboratory). Animals were
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observed closely, and tumor size was measured with digital calipers. Tumor volumes were
calculated as V = 0.5 (a x b2); where a is the length and b is the width of the tumor. Once tumor
size reached 4-5 mm in the largest diameter, mice were randomized to the experimental groups:
PBS and lyo-eCPMV (n = 4). Then, 100 pg of lyo-eCPMYV and sterile PBS were injected into
tumors in a volume of 30 pL every 4 days for a total of 3 treatments. Animals were sacrificed when

the tumors reached a volume > 1500 mm3.

2.4 Conclusion

eCPMYV has seen enormous potential as an in situ cancer vaccine and has immunological traits
that make it uniquely poised among viral nanoparticles to make a clinical impact. The methodology
described within builds a bridge between those studying eCPMV for its curative properties and
those that are interested in its downstream manufacturing. Freeze-drying is a standard method for
preparing biopharmaceuticals, and particularly viral vaccines. Several reports have investigated
the effects of freeze-drying on live viruses in the past and have observed varying levels of viral
inactivation. This report, in contrast, shows complete inactivation and removal of genomic RNA
from the capsid particle, rendering it noninfectious. Our methodology has the potential to replace
agroinfiltration methods, thus eliminating potential bacterial contamination. In addition, our
method starts with wild-type CPMV, which theoretically can be abundantly produced, and the
postprocessing conditions utilize equipment that is standard to the pharmaceutical industry. Given
our results, the potential exists that careful optimization of freeze-drying procedures would
replicate these results for other viral vaccines and should be further investigated. In sum, our results
represent a novel way to prepare genome-free virus-like particles from infectious virions while

maintaining efficacy.
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2.5 Supplemental Figures

A. Frozen at -80°C B. Frozen with Liquid Nitrogen
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Figure S2.1Freezing temperature and CPMV concentration are crucial for the processing of
lyoeCPMV. A) ~2 mg/mL of CPMV is frozen at -80°C. FPLC indicates substantial aggregation
and incomplete removal of RNA. B) ~2 mg/mL of CPMV was frozen using liquid nitrogen. Again,
substantial agreggation is seen as well is incomplete removal of RNA.
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Figure S2.2 Gaussian peak fit of lyo-CPMV. The asymmetric peak is caused by the presence of
two species in mixture, RNA and eCPMV.
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CHAPTER 3 PROGRESS TOWARD A SINGLE DOSE SUSTAINED RELEASE IMMUNOTHERAPY

3.1 Introduction
Cancer immunotherapy has shifted the paradigm for the treatment of cancer. Instead of directly

killing cancer cells as with chemotherapy, immunotherapy utilizes the patient’s own immune
response and leads to the benefits of fewer side effects, ability to be more personalized, and
potentially being effective for the patient’s entire life.'3>!3* The potency of the therapy has been
acknowledged by several types of Food and Drug Administration (FDA) approved
immunotherapies, such as checkpoint inhibitors and chimeric antigen receptor T cell (CAR-T cell)
therapies. An increasing number of immunotherapies that target other immunogenic routes are
under pre-clinical and clinical investigation, with one such option being in situ cancer vaccination.
This is an approach where the therapy is directly injected into the site of the tumor causing rapid
cancer cell death and subsequent processing and presentation of the released tumor-associated
antigens (TAAs) thereby generating an adaptive immune response and eliciting systemic anti-
tumor memory responses.' %

The cowpea mosaic virus (CPMV) has demonstrated potent efficacy as an in situ
vaccine.!%!33-137 The multivalent capsid and endogenous RNA activate the innate immune system
through activation of toll-like receptors, a class of pattern recognition receptors (PRRs).!3® The
potency and versatility of CPMV are quite impressive, however, repeated administration via
injection poses a potential risk to the efficacy of the treatment. For example, three weekly

139,140

injections for melanoma and six weekly injections for ovarian cancer, Skin reactions

(including pain, swelling, and soreness) are common side effects related to intravenous
injections,*' and could reduce patient compliance. Limited accessibility to healthcare facilities
caused by unexpected circumstances, such as COVID-19 lockdowns, may influence the treatment

scheduling. Therefore, there is the need for a single dose sustained release immunotherapy implant.
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An increasingly common method to fabricate implantable devices is hot melt extrusion (HME).
HME was first invented by Joseph Brama at the end of the eighteenth century for use in lead pipe
manufacturing. Owing to the advantage of high-throughput processing and the solvent-free method
limiting solvent-induced toxicity, HME was introduced in pharmaceutical formulations in the early
1970s. Since then, a list of small molecule drug delivery devices have been developed with
HME.!'*! Recently, protein therapeutics delivery implants manufactured by HME have been

reported!42-144

, showing the great potential of HME in developing sustained protein therapeutics
delivery. Here, we sought to investigate the potential of HME in developing a CPMYV single dose
sustained release immunotherapy. However, we found the infeasibility of HME in manufacturing
CPMV sustained release immunotherapy due to the breakdown of the CPMV viral capsid and
extensive aggregation.

In an alternative approach, we sought to develop a combination therapy, in which a small
molecule immunomodulator was incorporated into an implant and CPMV was injected in solution.
The primary advantage of the implantable device would be a sustained dose of small molecule in
the tumor that would not be susceptible to wash out effects. The small molecule we chose is an
agonist of the stimulator of interferon genes (STING) transmembrane protein and produces pro-
inflammatory cytokines, such as type I interferons (IFNs), leading to the propagation of innate
immune sensing.!* Diamidobenzimidazole (diABZI) has been designed as a non-cyclic
dinucleotide STING agonist and have shown astonishing efficacy in the suppression of a murine
CT-26 colon cancer model.'* Therefore, we planned to use the water-soluble diABZI STING
Agonist-1 (hydrochloride) (diABZI will be used as the abbreviation in the following paragraphs)

as a vaccine adjuvant to strengthen the cytotoxicity of injected CPMV. We used HME to

encapsulate diABZi and report a single dose sustained diABZI release delivery vehicle, aimed at
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providing constant diABZI treatment to offset the rapid clearance of the STING agonist.!*” We

also incorporated CPMV weekly injection to strengthen the potency of the combination treatment.

3.2 Results and discussion
3.2.1 CPMYV sustained release immunotherapy device fabricated by HME

Polymer substrate, active pharmaceutical ingredients (APIs) and plasticizer are the common
composition in HME-fabricated sustained delivery devices. Here, we chose poly(lactic-co-glycolic
acid) (PLGA) as the polymer substrate due to its great biocompatibility and desired biodegradable
profile. The incorporated drug is release during the degradation of the PLGA substrate and is
typically controlled based on the degradation rate. Compared to non-degradable implant, the
PLGA-based degradable implant does not require extra surgery to remove the device.'*® PLGA
50:50 was used here because it owns the fastest degradation profile in about one months.'**!'4° To
accelerate the release profile of the implant as well as increase the processability of the composites,
PEG was added as plasticizer in the system. As for APIs, purified CPMV was lyophilized to a
white powder.

A table-top vortex mixer was used to homogeneously mix the powdered materials, then the
blends were loaded into a pilot extruder,'>® incubated at 70 °C for 90s, and extruded at ~8 psi
stretch-guided by a tweezer. In the study, a 600 um nozzle was chosen to realize the non-invasive

surgery procedure while maintaining the ease of processability of the implant. The fabricated

implant owns a diameter of 588.22 £ 93.61 um, which can fit into an 18-gauge needle with an

inner diameter at 838 um and enables a non-invasive surgical procedure (Figure 3.1). Energy di
spersive X-ray spectroscopy coupled with scanning electron microscopy (EDS-SEM) was

performed to explore the dispersion of CPMV within the polymer substrate (presented with oxygen
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signal emission), and the homogeneously dispersed sulfur signal (S K series) from the EDS
spectrum suggest the even dispersion of CPMYV in the implant (Figure S3.1).
Die swelling happened in the process. It is a common phenomenon found in thermoplastic HME

process that the polymer entangled chains experience shear-induced elongation when entering the

¢ B) Implant fit in the needle

Diameter of the implant

(100 measurement points) ki)

Figure 3.1 Illustration of the single dose sustained release immunotherapy fabricated by HME.
A) Picture of the HME fabricated implant and cross-section structure of the implant characterized
by SEM. The diameter of the implant was analyzed by ImageJ with a side-view implant SEM
pictures. B) Implant extruded from 600 um nozzle can fit in the needle.
die, and relax in elastic deformation by reentanglement and recoiling when exiting the die.!*!
Therefore, stretch-guided extrusion provides axial extra force to further stretch the polymer chain

to compromise die swelling,'>? though over- stretching could happen and resulted in recoiled

defects and eventually break the extruded filament. (Figure 3.2)

Stretch-guided extrusion QOver-stretched

Figure 3.2 Die swelling phenomenon and stretch-guided extrusion observed by SEM. Red arrow
pointed at recoiled defects.
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3.2.1.1 Integrity of the recovered CPMYV particles

To examine the integrity of the recovered CPMV particles from the implant, we performed an
in vitro release study. To mimic the tumor microenvironment in vivo,'>* we used 10 mM PBS pH
6.8 as the in vitro release study buffer medium, and added slight agitation (150 rpm with an orbital
shaker) to the in vitro release system. The released sample was taken out at different time points
and replaced with the same amount of fresh buffer. Then, we mixed the released samples from
different time points and performed a series of standard protein structural characterizations.

Wild-type CPMYV has a single elution peak at 11 mL indicated by FPLC, while lyoCPMV and
relCPMV display another peak at ~16mL. LyoCPMV and relCPMYV also have an aggregated peak
at ~9mL. Past studies have observed genomic RNA ejection from CPMV caused by
lyophilization,'>* which may impact the elution of the CPMV. At 21 mL elution volume, we
observed a rise for lyoCPMYV and a peak for relCPMV, and this peak should belong to ejected

genomic RNA. The ejection of the genomic RNA was further proven by the high ratio of UV

Wild-type CPMV Lyophilized CPMV (lyoCPMV) Released CPMV (relCPMV)
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Figure 3.3 Characterizations of particle integrity. Up: Fast protein liquid
chromatography (FPLC). Down: TEM images of the particles.
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absorbance at 260nm and 280 nm (>2.0), indicating a high concentration of nucleic acid (Figure
3.3 Up) . Agarose gel electrophoresis (Figure S3.2) supported the ejection of genomic RNA
caused by lyophilization and the integrity of the processed particles.

The structural integrity of the particles was examined by TEM. As expected, CPMV particles
show dark interiors, indicative of the presence of encapsulated RNA. In contrast, lyoCPMV and
relCPMV have lighter interiors and appear to be empty (Figure 2.3 Down). Dynamic light
scattering (DLS) was performed to detect the sizes of the lyoCPMV and rel CPMV, and they were

in range with the size of native CPMV, and relCPMV has some aggregates at 100 nm (Figure 3.4).

40 |
—— CPMV
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(7]
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Z-Average (d.nm) PDI
CPMV 35.26 0.103
lyoCPMV 49.96 0.289
relCPMV 39.63 0.221

Figure 3.4 DLS confirms that particles are intact and of appropriate size. Slightly larger sizes
are observed for lyoCPMV and relCPMV compared to CPMV.

51



3.2.1.2 In vitro release profile and formulation design

After the validation and analysis of the integrity of the processed particles, PEG plasticizer in
different percentage and molecular weight were investigated to vary CPMV release profile in vitro.
PEG was added in the formulation to lower the processing temperature and act as porogen for
PLGA materials to accelerate release.'” We first used PEG8K because it has been frequently
reported in sustained protein delivery implant fabricated by HME.!*:!% To modify the release
profile of the implant, we fixed the percentage of PEG 8K at 15%, and hypothesized that a faster
release profile will associate with higher percentage of CPMV. As shown in Figure 3.5 A), linear
release profiles were observed for three different formulations and 70%PLGA/ 15% PEG8K/ 15%
CPMYV shows the fastest initial burst release, however, 80%PLGA/ 15% PEG8K/ 15% CPMV
reaches the highest equilibrium release (Figure 3.5). The low equilibrium release may be caused
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Figure 3.5 In vitro release profile of CPMV implant. PEG8K was fixed at 15%, and the
percentage of CPMV was modified to achieve varied releasing profile.

by the aggregation of the particles. We further chose PEG 3350 to limit the PEG precipitation.

What’s more, the melting temperature of PEG 3350 is at the range of 53° C - 57° C,"° while

PEG 8000 is at the range of 55° C - 62° C,' leading to easier processability for the PEG3350
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formulation than the PEG8000 formulation when at same processing temperature. We also found
CPMYV was unstable in PBS, but stable in KPB (Figure S3.3 and S3.4). Therefore, we switched
to 10mM KPB as the release medium, however unfortunately, we observed little improvement for
the equilibrium release of CPMYV and less controllable release profile (Figure S3.5).

Compared to Q B, a previously studied HME processable protein for drug delivery implants,

CPMV is more fragile to external conditions, therefore, some part of the precipitated CPMV may
experience aggregation and cause the low equilibrium release. To verify this hypothesis, organic
extraction was used to dissolve the left implant after 30 days of in vitro release and the incorporated
and unreleased CPMV was extracted.'** The extracted sample was then resuspended in 10mM

KPB overnight at 4° C, and SDS-PAGE electrophoresis was performed to analyze the integrity

of the coat proteins of the resuspended CPMV. The bands at 42 kDa and 24kDa suggested intact
CPMYV subunits, however, the strong signal found in the well suggested CPMV aggregates, and
the smeared band at below 17kDa suggested impurities and broken protein subunits (Figure S3.6).

Therefore, CPMV may not suit HME fabricated sustained release immunotherapy.
3.2.2 diABZI sustained release immunotherapy device fabricated by HME

Due to the infeasibility of CPMV delivery implant fabricated by HME, we pivoted to an HME
diABZI sustained release device. The implant aims to increase the efficacy of the immunotherapy
by providing continuous diABZI treatment as opposed to the fast clearance of the STING agonist.
CPMYV was also administered weekly to supplement the diABZI implant treatment.

As mentioned beforehand, PEG3350 has a lower melting point and serves as a better plasticizer
for HME compared to PEGSK, thus we fixed PEG3350 as the plasticizer for the diABZI delivery
implant. 70%PLGAS5050/ 20% PEG3350/ 10% diABZI was formulated to achieve the desired

processability and release profile while maintaining the integrity of the implant when PEG3350
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dissolves. A similar HME processing procedure was performed; the composites were incubated in

the pilot extruder for 90s at 70° C, and stretched-guided extruded at ~ 8psi.

3.2.2.1 Qualitative and quantitative analysis of the released diABZI from the implant

~ 3 mg of implant was submerged in 10 mM PBS (pH 6.8) and incubated in an orbital shaker

at 37° C with mild agitation at 150 rpm. Released samples were extracted at different times, and

HPLC was performed to analyze the samples both qualitatively and quantitatively. For qualitative
analysis, released samples collected at different times were mixed and concentrated, then we
performed HPLC and collected the major peak that eluted with a maximum absorbance at 322 nm,
the distinctive maximum absorbance of diABZI. LC-MS was followed to measure the mass of the
concentrated eluted major peak. The peak mass of the sample was determined at 852.41Da, which
aligned with the molecular weight of diABZI without the three hydrochloride molecules (Figure
S3.7). For quantitative analysis, HPLC was carried out to first calibrate a standard curve with for
diABZI samples with known concentrations, then the diABZI amount of the released samples was
calculated based on the calibration curve. Linear release of the implant was observed over a two-

month time period (Figure S3.8 and Figure 3.6).
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Figure 3.6 In vitro release profile of diABZI implant with the formulation of
70%PLGAS5050/ 20% PEG 3350/ 10% diABZI.

3.2.2.2 diABZI pilot weekly injection treatment in vivo

Once the qualitative and quantitative analyses of the released diABZI from the implant were
determined, we moved forward with in vivo murine models to test the efficacy of the implant
treatment. For the treatment groups, we utilized diABZI and CPMV monotherapies, as well as
combination (combo) therapy of diABZI and CPMV. We hypothesized that the combination of
CPMV and diABZI would produce synergistic efficacy due to the activation of multiple
immunostimulatory pathways — CPMV activates TLRs 2, 4, and 7 while diABZI activates STING.
Before the implant study, we designed a pilot study to determine the appropriate dosage of diABZI
in multiple tumor models. While diABZi has demonstrated potent efficacy in the CT26 model, it
has not been studied in the BI6F 10 melanoma model. Additionally, diABZI is mainly administered

intraperitoneally (IP) and not intratumorally (IT) as was done in our studies. We compared the
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efficacy of diABZI at 5 and 10 pg using BI6F10 melanoma intradermal (ID), CT26 IP, and CT26

subcutaneous (SC) models.

3.2.2.3 B16F10 melanoma intratumoral IT treatment

All animal studies were carried out in compliance with the guidelines set out by the
Institutional Animal Care and Use Committee of UC San Diego. 6-7 week old C57BL/6J female
mice were inoculated with 200,000 B16F10 melanoma cells ID. Treatments were started once the
tumor reached 40 mm?, and administered three times IT weekly. The different treatment groups
were PBS, 5 ng diABZI, 10 pg diABZI, 100 pg CPMV, 100 pg CPMV + 5 pg diABZI, and 100
pg CPMV + 10 pg diABZI. The CPMV and diABZI combination treatments demonstrated
significant cytotoxicity and achieved significant tumor growth delay compared to PBS (Figure
3.7). The mean survival of the CPMV + 5 ug diABZI and the CPMV + 10 ug diABZI improved
from 19 days (PBS) to 31 and 41 days, respectively. At day 19 following tumor injection, the
average tumor volume for the combination groups were 146.5 and 67.75 mm?, respectively,
compared to 1682 mm? for the PBS group. In contrast, the monotherapy treatments of CPMV and
5 nug diABZI were ineffective and did not increase the mean survival compared to PBS although
tumor growth was inhibited slightly (Figure 3.7). However, increasing the dose of diABZI to 10
ng improved the efficacy significantly, and adding CPMV did not improve outcomes compared to
the monotherapy. While somewhat puzzling, this could be explained by the fact that CPMV causes
the production of type I IFN similarly to diABZI.'®" While the pathways to produce IFN are
different between CPMV and diABZI, the overlapping cytokine production may be the reason for
the lack of synergy. Even so, we did establish synergistic efficacy at the lower dose of 5 g

diABZI, which is the dose that was chosen for the future implant studies (see Section 3.2.3).
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Figure 3.7 IT injection of the treatments in the B16F10 melanoma model. Tumor growth curves
show mean tumor volume with the error bars representing the standard deviation. All
experiments were accomplished with n =5, and significance was deemed as p < 0.05. The tumor
volume curve was analyzed with two-way ANOV A while the survival curve was analyzed using
a Mantel-Cox test. * = p < 0.05, ** = p< 0.01, *** =p <0.001, **** =p < 0.0001, ns = not
significant.

3.2.2.4 CT26 colon cancer subcutaneous (SQ) and intraperitoneal (IP) treatments

We further investigated the combination treatments in a CT26 colon cancer model, both SQ
and IP. For CT26 SQ treatment, BALB/C female mice were inoculated with 200,000 CT26 cells
SC. Similarly with the B16F10, treatments were started once the tumor reached 40 mm?, and
administered three times IT weekly. The treatment groups remained the same, however, there was
little difference between the treatment groups (Figure S3.9). While the PBS mice survived an
average of 25 days, the 5 pg diABZI, CPMV, CPMV + 5 ng diABZI, and CPMV + 10 nug diABZI
mice survived on average 37, 41, 45, and 39 days, respectively. In the 10 pg diABZI group, the
average was undetermined as 3/5 mice survived the treatment. While all groups outside of the
CPMYV monotherapy elongated survival significantly compared to the PBS control, there were no
significant differences between any of the other treatments. The lack of difference between the

combination and the monotherapy groups may again be indicative of the IFN production by both

CPMYV and diABZI.
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With the CT26 IP model, the BALB/C female mice were inoculated with 500,000 CT26 cells
IP and were treated as before with 3x injections IP starting one week post tumor inoculation. The
mice weight and body circumference were measured every 2 days as an indicator of ascites
development and tumor growth. Similarly as with the SQ treatment, there were no significant
differences between the treatment groups although all treatments other than the CPMV
monotherapy extended survival and delayed tumor growth compared to PBS (Figure S3.10). For
instance, by day 21, the mice circumference had increased by 44.2% in the PBS mice compared to
9.2,12.9,28.7,7.8, and 14.7% for the 5 ug diABZI, 10 ug diABZI, CPMV, CPMV + 5 ng diABZI,
and CPMV + 10 ug diABZI groups, respectively.

3.2.3 diABZI implant efficacy study in vivo

Guided by the initial pilot studies, we chose the BI6F10 ID model and 5 pg diABZI as the
dosage to investigate the efficacy of the implant. For the implant groups, implants incorporating
15 ng diABZI were used to dose match the 3x 5 pg IT injections — we additionally added a single-
time 5 ng diABZI booster injected concomitantly with the implant to offset the delayed released
of diABZI from the implant. A treatment group consisting of a single-time bolus injection of 20
pg of diABZI was also investigated. Lastly, we added a treatment group where the CPMV and
diABZI were injected peri-tumorally to compare the difference between peri-tumoral
administration and IT administration, as the implants were injected peri-tumorally. Therefore, the
treatment groups were as follows: PBS, 5 ug diABZI (3x weekly), 20 ug diABZI (single bolus
injection), 100 pg CPMV (3x weekly), 100 ng CPMV + 5 ng diABZI IT (3x weekly), 100 pg
CPMV + 5 ug diABZI peri-tumorally (3x weekly), 100 ug CPMV (3x weekly) + 5 png diABZI
(single injection) + 15 pg diABZI implant, 5 pg diABZI (single injection) + 15 pg diABZI implant,

and a plain implant consisting of 75% PLGA and 25% PEG3350 with no diABZI.
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Mice were injected with the treatments one week post tumor inoculation, tumor volume was
measured every 2 days, and mice were sacrificed at an endpoint volume of 1500 mm?. Comparing
5 ng diABZI to the 5 ng diABZI + diABZI implant, we did not notice any significant differences
in the tumor volume with no tumors developing in the monotherapy group and one mouse
developing tumors in the implant group. Adding CPMV to the treatment did not diminish the
effectiveness but could not improve upon the treatment as the diABZI monotherapy, which caused
complete tumor regression up to day 35. Similarly, adding CPMYV to the treatment regimen did not

improve efficacy significantly although 5/5 mice remained disease free 35 days post tumor
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Figure 3.8 Implants and weekly injection treatments with B16F10 melanoma model. Tumor
growth curves shown as a relative tumor volume. Right figure has a modified y-scale without
the control groups of PBS and plain implant.

inoculation. The results with the 5 ug diABZI weekly treatment were considerably different from
our initial B16F10 pilot study in which at the 5 pug dose, the tumors began to develop starting at
day 9. This may be due to the difference in the injection schedule. In the pilot study, tumors were
injected at a minimum volume of 40 mm? (~7-10 days), but with the implant studies, we injected
all mice one week post tumor inoculation. Future studies could examine whether waiting for the
tumors to develop further would help to delineate the therapeutic outcomes between treatment
groups and additionally provide data on whether the implant is effective at larger tumor sizes,

which may be more clinically representative. Regardless, the implants were comparable in
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efficacy with the 3x weekly injected monotherapy and reducing the number of hospital visits with
a single-dose injection could increase patient compliance within the clinic.

Additionally, the single bolus injection of 20 pg of diABZI led to delayed, but significant
tumor growth in 4/5 mice at day 35 post tumor inoculation (Figure 3.9). The bolus injection led to
an average tumor volume of 221.3 mm? at day 35 while the implant mice had an average tumor
volume of 22.78 mm? (p < 0.05). This demonstrates that compared to a single injection of a larger
dose, the implants lead to longer lasting tumor protection most likely due to the extended diABZI
release profile afforded by the implant. It is also important to note that the implants were not
injected IT, but peri-tumorally, which means that a proportion of the released diABZI may not

travel into the tumor leading to a lower delivered dose. This was evidenced by the lack of efficacy
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Figure 3.9 Tumor growth curves for the individual groups. Each line represents one mouse,
and each group had n = 5. Lines that are not visible are because the tumor volume is 0 mm?
and is on top of the x-axis.
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in the CPMV + diABZI peri-tumor group. While the CPMV + diABZI IT and CPMV + diABZI
implant groups demonstrated an average tumor volume of 23.14 and 0 mm?, respectively, the
CPMV + diABZI peri-tumor group had an average tumor volume of 750.5 mm? at day 31 post
tumor inoculation. This led to a 20% survival at day 35 for the peri-tumor group and 100% survival
in the other two groups. Therefore, it is surprising and impressive that even with the peri-tumoral
implant injection, the treatment efficacy is able to match the efficacy afforded by the direct IT
injections. Finally, the plain implant extended survival only 2 days compared to PBS, showcasing
that the implant itself imparts no immunogenic function (Figure 3.9).

For future studies, we may need to redo the study waiting for the cancers to develop to > 40
mm? instead of injecting at a specific time point. With the current ongoing study, we plan to re-
challenge the survivors using age-matched mice injected with PBS as an additional control group.
This study would delineate whether the implant imparts an improved immune memory response
compared to the weekly injections leading to better overall survival following re-challenge.
Additionally, flow cytometry and cytokine ELISAs can be carried out to investigate the differences
in cell activation/recruitment and release of inflammatory cytokines. Most notably, the expression
of the type I IFNs should be investigated in a longitudinal manner to demonstrate that the implant

leads to extended production of IFNs.

3.3 Experimental section
3.3.1 Materials and cell culture

Ultrapure water (Milli-Q, Bedford, MA) was used for all experiments. PLGA (Akina, AP041,
50:50 LG Ratio, MW 10-15 kDa) was ground in a mechanical blender (Magic Bullet™, Amazon
#B012T634SM) and passed through a 45 mesh screen (Sigma, Z675415) prior to injection and/or
processing. Polyethylene glycol 8K, monosodium phosphate anhydrate, disodium phosphate

heptahydrate, dimethyl sulfoxide were purcharsed from Fisher Scientific. PEG 3350 was
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purchased from Sigma-Aldrich. PBS 1x (pH=7.4) was purchased from gibco. DiIABZI STING
agonist -1 (trthydrochloride) was purchased from MedChemExpress (MCE). CPMV Production
and Purification: Black-eyed peas (Vigna unguiculata) were inoculated with 100 ng/uL CPMV in
0.1 M potassium phosphate buffer (pH 7.0) and propagated for 18-20 days using established
procedures.!? Briefly, infected leaves were homogenized in a commercial blender in 0.1 M
potassium phosphate buffer, pH 7.0. The homogenized mixture was clarified by centrifugation
(15000g, 20 min), followed by a 1:1 chloroform/n-butanol extraction to remove hydrophobic
debris. The aqueous layer was precipitated using PEG6000 (4% w/v) and NaCl (0.2M), and the
pellet was collected by centrifugation. The resulting pellet was resuspended in 0.1 M potassium
phosphate buffer and purified using a 10-40% sucrose density gradient.

The B16F10 and CT26 cell lines were both purchased from ATCC. B16F10 was grown in DMEM
supplemented with 10% (v/v) FBS and 1% (v/v) penicillin/streptomycin (P/S). CT26 was grown
in RPMI-1640 supplemented with 10% (v/v) FBS and 1% (v/v) P/S. The cells were passaged once

confluency reached > 80%, and they were maintained at 37°C and 5% COs.
3.3.2 Instrumentation and Equipment

HME was performed with a homemade pilot-scale extruder.'® Scanning electron microscopy
(SEM) images were collected with an FEI Quanta FEG 250 while energy-dispersive spectroscopy
(EDS) data of oxygen and sulfur were collected by FEI Quanta FEG 250 as well. A freezone 2.5L
freeze-dryer (Laboconco, Kansas, MO, USA) was used for lyophilization. A Zetasizer Nano
ZSP/Zen5600 (Malvern Panalytical) was used to perform DLS. The particles were run at 25 °C
with 3 measurements per sample. FPLC was performed by running the samples through a Superose
6 size-exclusion column (column dimensions of 10 X 300 mm with an exclusion limit of 4 x 107

Mr) at 0.5 mL min—1 for a total volume of 50 mL in an AKTA Explorer FPLC machine (GE
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Healthcare LifeSciences). The elution profile was isocratic, and the UV detectors were fixed at
260 (nucleic acid) and 280 nm (protein). FEI Tecnai Spirit G2 BioTWIN was performed to collect
TEM images. The samples were loaded onto Formvar carbon film coated TEM supports with 400-
mesh hexagonal copper grids (VWR International) at concentrations ~0.5 mg mL—1 in DI H20
for 2 min. The grids were washed with DI H20 twice for 45 s and then stained with 2% uranyl
acetate (Agar Scientific) for 30 s twice. The samples were imaged at 300 kV. For agarose gel
electrophoresis sample preparation, 10 uL ~1 mg/mL CPMV was mixed with 2 uL 6x Gel Loading
Purple dye (Biolabs) and 10uL mixed sample was loaded onto a 0.8% (w/v) agarose gel. The
agarose gel was stained with 1 uL of GelRed nucleic acid gel stain (Gold Biotechnologies) and
run for 30 min at 120 V and 400 mA. Immediately after the run, the gel was imaged using the
Alphalmager system (Protein Simple) under UV light and then imaged again after staining with
0.25% (wt/vol) Coomassie Blue.

3.3.3 HME fabrication of sustained release devices

PLGA, PEG and CPMV/ diABZI were weighted by digital scale and put in a 0.6 mL Eppendorf
tube. Then the composite was vigorously mixed by a vortex mixer (Fisher Scientific) at level 10
for 5 min. Then the mixed composite was loaded into the barrel of the pilot extruder through a
homemade 3D-printed feeder. The loaded composite was then incubated at 70°C for 90s, followed
by extrusion at ~8 psi. CPMV was desalted by six-time DI water wash with a 4mL centrifugal
filter (100k, EMD Millipore) and the concentration was modified to ~1 mg/mL, followed by
freezing in liquid nitrogen for 10 min and lyophilized for 3 days until complete water sublimation.
3.3.4 in vitro releasing (CPMYV) quantification

~ 7mg CPMYV implant sample was put in a 0.6mL Eppendorf tube and filled with 400uL releasing

medium. 5 min 10,000rpm centrifugation was performed each time to extract supernatant release
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sample, and 200 uL sample was taken out and refill with fresh releasing medium. Pierce BCA
Protein Assay Kit (Thermo Fisher Scientific) was used to quantify the concentration of the

samples.
3.3.5 Organic extraction of CPMV and denaturation analyzed by SDS-PAGE

The sample was centrifugated for 10 min at 10k rpm, and the aqueous supernatant was pipetted
put. 2 mL ethyl acetate was added and incubated for 15 min, R.T., followed by 5 min 10K rpm
centrifugation, and the organic solvent supernatant was pipetted out. This organic extraction step
was repeated for two more times, and the residue pellet remained as extracted CPMV. Then 500

ulL KPB was added to resuspend the pellet overnight with mild agitation at 4° C. In the following

day, the mixture was taken out and the samples were prepared with Novex LDS Sample Buffer

(4X) and denatured at 95° C for 5Smin, and loaded onto a GenScript ExpressPlus PAGE gels 4%-—

12% bis-tris protein gels (1.0 mm x 12 wells) (35 min, 140 V, 20x MES SDS running buffer). The
gels were first destained in a mixture of deionized (DI) water, methanol, and acetic acid (50:40:10;
v/v) for 30 min followed by staining in 0.25% (wt/vol) Coommassie Blue solution for 30 min

before imaging with the Alphalmager system (Protein Simple).
3.3.6 in vitro releasing (diABZI) quantitative and qualitative analysis

The standard diABZI samples were weight by an ultra-high resolution digital scale(NewClassic
MS, Mettler Toledo) and mixed with milli-Q water. Then the sample was run by HPLC with the
method profile of 78% -85% ACN/H20, 0.5mL/min, 15min. The peak at 322nm absorbance was
collected, and the area of the peak was analyzed by OriginLab. Then OriginLab was used to draw
the calibration standard curve and served for the calculation of the releasing samples.

~ 3mg diABZI implant sample was put in a 2 mL Eppendorf tube and filled with ImL PBS

(pH=6.8). 5 min 10,000rpm centrifugation was performed each time to extract supernatant release
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sample, and 500 uL sample was taken out and refill with fresh PBS. Then the sample was injected
into HPLC, and analyzed by the same HPLC method as mentioned above. The eluted peak was
collected and analyzed qualitatively with LC-MS and quantitatively by OriginLab with the

calibration standard curve.
3.3.7 CPMYV and diABZI B16F10 Combination Treatment

All animal studies were in compliance with the guidelines set out by the Institutional Animal
Care and Use Committee of UC San Diego. 6-7 week old C57BL/6J female mice were purchased
from the Jackson Laboratory and used for the B16F10 treatment studies. The animals were
provided food and water ad libitum, and were kept at the Moores Cancer Center at UC San Diego.
The day before inoculation, the left flanks of the mice were shaved. The next day, the cells were
collected and resuspended at 6.67 x 10° cells/mL in sterile PBS, and 30 uL was injected ID
(200,000 cells/mouse). Treatments were started once the tumors reached 40 mm?, and administered
three times IT weekly. Tumor volume was calculated as length x width?/2, and the animals were
sacrificed when the tumor volume reached an endpoint value of 1500 mm?. The treatment groups
consisted of PBS, 5 pg diABZI, 10 pg diABZI, 100 pg CPMV, 5 nug diABZI + 100 ug CPMV,
and 10 pg diABZI + 100 pg CPMV. Due to the limited solubility of diABZI in aqueous solutions,
the groups with diABZI were injected in 5% (v/v) DMSO in DI water while the other groups were
diluted in PBS. The mice were measured every 2 days for a total of 60 days.

3.3.8 CPMYV and diABZI CT26 Combination Treatment
For the CT26 studies, 6-7 week old BALB/C mice were purchased from the Jackson Laboratory.

Two CT26 models were tested, one IP and the other SQ. For the IP studies, CT26 cells were diluted
in PBS at a concentration of 2.5 x 10° cells/mL, and mice were injected IP with 200 uL (500,000

cells/mouse). The mice circumference and weight were measured every two days starting from the
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4™ day post tumor inoculation. Mice were sacrificed when their body weight reached 30 g or >
75% of their original body weight or when their circumference reached > 60% of their original
circumference. The mice were treated with the same treatment groups and with the same treatment
schedule (3x weekly) as with the B16F10 combination study except the injections were
administered IP. At day 40, all the mice that showed absence of tumor growth were re-challenged
with 500,000 cells/mouse to demonstrate immune memory induced by the treatment. The mice
were again measured every 2 days until clinical endpoints were reached, and survivors of the re-
challenge were measured for an additional 40 days.

For the CT26 SQ studies, the CT26 cells were resuspended in PBS at a concentration of 2 x 10°
cells/mL and mixed in a 1:1 ratio with Matrigel (Corning). 200 uL of the cell-Matrigel mix was
injected SQ in the shaved left flank of the mice (200,000 cells/ms). The injection schedule and
treatment groups remained the same as before except the treatments were injected IT. The mice
were measured every 2 days, and the clinical endpoints were designated at a tumor volume of 1500

I’IlI’l’l3 .

3.3.9 CPMYV and diABZI Implant Studies

The efficacy of CPMV and diABZI were then additionally investigated in the B16F10 ID model
using the slow release diABZI implants. Here, 6-7 week old C57BL/6J mice were shaved on their
left flanks the day before the injection of 200,000 cells/mouse as before. The treatment groups
consisted of PBS, 5 ng diABZI, 20 ng diABZI single bolus injection, 100 pg CPMV, 100 pg

CPMV + 5 ng diABZI IT, 100 ug CPMV + 5 ng diABZI peri-tumorally, 100 ug CPMV + 5 ug

diABZI (single injection) + 15 pg diABZI implant, 5 ng diABZI (single injection) + diABZI
implant, and a plain implant with no diABZI. In the 20 pg diABZI group, a single injection was

administered equal to the total amount of diABZI in the implant treatment groups. With the implant
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groups, one 5 ug injection of diABZI was given initially to offset the initial slow release of diABZI
from the implant. The peri-tumor CPMV + diABZI group was also tested to investigate the
differences in treatment efficacy between IT and peri-tumor administration, as the implants could
not be injected IT and were therefore injected peri-tumorally. CPMV was administered 3x weekly
as before. The tumors were measured every 2 days until the clinical endpoint of 1500 mm?>.
3.3.10 Statistical Analysis

All statistical analyses were carried out on GraphPad Prism. For the tumor volume, circumference,
and body weight graphs, the treatment groups were compared using two-way ANOVA. The
survival curves were analyzed using a Mantel-Cox test. Statistical significance was deemed as a p
value < 0.05. All treatment groups were carried out at n = 4-5, and the data points represent the

mean while the error bars represent the standard deviation.

3.4 Conclusion

A single dose sustained release immunotherapy is in high demand. In this chapter, we reported
such a delivery platform fabricated by HME, which can be easily transitioned to a high-throughput
manufacturing scheme. We began by using CPMV as a sustained delivery implant, however, we
were not able to move forward to animal studies due to the breakdown of the CPMV capsid and
extensive aggregation, making it less suitable for HME. Instead, diABZI was formulated and
fabricated into a sustained small molecule delivery implant, which showed great efficacy in
suppressing B16F10 tumors, suggesting the potential of using HME to fabricate single dose
sustained release immunotherapy implants. This research finding could serve as a guide to the
future development of HME-mediated drug delivery systems, which not only increase the safety

and efficacy of the treatment but also the quality of life of patients.
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3.5 Supplemental figures
A) B)

Figure S3.1 A) Full-scale SEM image of the cross-section of the implant. B) EDS spectrum oxygen
K-series emission signal (O K series) map. C) EDS spectrum sulfur K-series emission signal (S K
series) map.

1

Figure S3.2 1% (w/v) Agarose gel stained with GelRed (left) and Coomassie brilliant blue (right).
Lane 1 -3: wild-type CPMV, lyoCPMV and rel CPMV.
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Figure S3.4 Stability of CPMV in KPB for one week incubated at 4°C, 25°C and 37°C. A) FPLC.
B) DLS. C) Left: RelGel-stained agarose gel indicating the dispersion genomic RNA; right:
Coomassie blue- stained agarose gel indicating the integrity of CPMV.
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Figure S3.5 In vitro releasing profile. CPMV was fixed at 10%, and the percentage of PEG3350
was modified to achieve a varied releasing profile.
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Figure S3.6 SDS-PAGE electrogenesis analysis. A) Wild-type CPMV. B) Resuspended organic
extracted CPMV.
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(hydrochloride). B) LC-MS analysis result of the major peak eluted at 322nm.
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Figure S3.9 IT injection of the treatment with a CT26 SQ model. Tumor growth curves shown
are the mean tumor volumes and error bars represent the standard deviation. All experiments
were accomplished with n = 5, and significance was deemed as p < 0.05. The tumor volume
curves were analyzed by two-wav ANOVA while the survival curve was analyzed using a
Mantel-Cox test. * = p < 0.05, ** = p< 0.01, *** = p < 0.001, **** = p < 0.0001, ns = not
significant.
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CHAPTER 4 3D PRINTABLE PEDOT FORMULATION AND ITS APPLICATION AS BMI
PILOT DEMONSTRATION

4.1 Introduction

PEDOT:PSS is one of the most highly researched conducting polymers due to its combined
high electronic and ionic conductivity, mechanical flexibility, thermal stability, and commercial
availability!®>!16° In recent years it has been widely applied to applications in energy storage'¢4,
flexible electronics'®, and recently bioelectronics!®®  due to its high biocompatibility.

Conventional manufacturing techniques such as ink-jet printing'®"!%%, lithography'®’,

170,171 172,173 174,175

electrochemical patterning , aerosol printing and screen printing are common
methods used to fabricate PEDOT:PSS-based electronic devices'’®. However, these methods
normally have high processing complexity and often require cleanroom fabrication, which results
in high-cost!”’. In contrast to conventional techniques, 3D printing is low cost, versatile, and
requires minimal human intervention during fabrication. However, only a few 3D-printable
PEDOT:PSS formulations have been reported. These formulations rely on cross-linking
biomolecules'’8, anisotropic drop-by-drop patterning!”®, and microreactive inkjet printing'*°. The
reported methods suffer limitations in resolution, require complex experimental setups and tedious
processing procedures, which scarcely differentiate them from conventional manufacturing
techniques.

In our exploration of 3D printing methods for the fabrication of PEDOT:PSS, we found direct
ink writing (DIW) printing as a process of interest because it has the highest material versatility,

and has been applied for fabrication of energy materials (such as MXenes- and GO- based inks)'8!

as well as versatile 3D structures'®>. However, designing printable PEDOT:PSS ink is limited by
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the fundamental process of DIW printing. Recently, a lyophilized PEDOT:PSS ink was developed
by Yuk et al. '”7, and the prepared ink allowed for the fabrication of high-resolution (=30 pm)
PEDOT:PSS microstructures. This result, while a milestone for the fabrication of PEDOT:PSS
still required specialized equipment and a final thermal annealing step. There were additional
limitations in compatible substrate material and poor substrate adhesion (especially when exposed
to moisture).

In chapter 4, we will describe a coagulation bath-assisted DIW technique for the fabrication of
PEDOT:PSS at room temperature, without the use of organic solvents, and describe a simple
postprocessing method for strong adhesion on various substrates. In this process, a PEDOT:PSS
suspension is extruded from a DIW syringe into a coagulation bath, forming a PEDOT:PSS
hydrogel in situ. The hydrogel exhibits kPa-scale Young's modulus, allowing devices to
mechanically match biological tissue, and serve for long periods in vivo'®?, while exhibiting high
electrical conductivity (up to =35 S cm—1). Dry-annealing of the prepared PEDOT:PSS hydrogel
improves the conductivity (up to =600 S cm—1) and Young's moduli of the printed structures (=1—
10 MPa). This liquid-gel transition technique allows for high-resolution patterning of PEDOT:PSS
hydrogels (minimum feature size ~ 20 pm), and also the fabrication of ultra-thin, highly conductive
fibers (<10 um in diameter). By modifying the coagulation bath, the mechanical properties of the
hydrogel can be tuned via a one-step interpenetrating network (IPN) formation reaction. With a
simple postprocessing treatment, this technique enables PEDOT:PSS to adhere to various
substrates, including polyethylene terephthalate, polyimide, and aluminum foil under aqueous
conditions. Lastly, we have used our technique to fabricate a cortex-wide neural interface for
intracranial electrical stimulation and simultaneous optical monitoring of brain activity via calcium

imaging and demonstrated long term biocompatibility and stability of the implanted device.
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4.2 Results and discussion
4.2.1 Design of the coagulation-bath assisted DIW PEDOT:PSS

Previous work has demonstrated that injectable PEDOT:PSS hydrogels could be fabricated by
mixing a PEDOT:PSS suspension with 4-dodecylbenzenesulfonic acid (DBSA), a surfactant
dopant. The suspension undergoes a liquid-to-gel transition and could be molded into
geometrically unique parts'8*. The authors’ stated that the concentration of DBSA plays a vital role
in gelation time (a higher concentration of DBSA, leads to a shorter gelation time); therefore, we
hypothesized that patterned PEDOT:PSS hydrogels could be fabricated by extruding a
PEDOT:PSS suspension into a coagulation bath containing an appropriate concentration of DBSA.
Gratson et al.'®, first brought the idea of applying a coagulation reservoir to solidify fluid inks,
realized through direct-write assembly. Here, we combined these two ideas to develop a
coagulation-bath assisted DIW method for 3D printable PEDOT:PSS hydrogels using a liquid-gel
transition mechanism.

In our printing methodology, concentrated PEDOT:PSS liquid ink is extruded via a DIW
nozzle and coagulates immediately into a self-supporting coherent gel when printed into a DBSA
coagulation bath. (Figure 1a). Therefore, the concentration of DBSA in the coagulation bath and
concentration of PEDOT:PSS are two significant variables which needed to be tuned to achieve
optimal printing. Increasing the concentration of DBSA reduces the gelation time of PEDOT:PSS
in the coagulation bath; in contrast, insufficient DBSA in the bath results in unstable objects which
re-suspend. However, excessive DBSA results in a highly viscous coagulation bath, which leads
to dragging of the printed structures and lowers printing resolution. We found that a concentration
of 10 wt% DBSA results in stable prints and this concentration was used for all future prints
(Figure 1b). For the PEDOT:PSS inks, rheological characterization was used to measure the

viscoelastic properties of the ink to ensure compatibility with DIW printers. An amplitude sweep

77



was used to determine whether a solid-liquid transition point existed to yield a printable ink; in the
absence of this transition, a nonprintable ink would result in “spreading” during printing (Figure
4.1C). Once a printable PEDOT:PSS ink was prepared (typically with a weight concentration
higher than 3 wt%), we were able to pattern the PEDOT:PSS hydrogel onto a glass slide (via a 100
um nozzle) (Figure 4.1D). Microscopically, the PEDOT:PSS chains experience a shear-induced
alignment during the extrusion caused by a differential shear rate gradient within the printing
nozzle's annulus. After the ink was extruded into the coagulation bath, the electrostatic attraction
between the aligned PEDOT+ and PSS— chains is weakened by the high ionic strength of the bath,
and the exposed PEDOT+ chains re-arrange with DBSA micelles to form an inter-connected
PEDOT:PSS network. This network is likely formed due to physical crosslinking promoted by n—
n stacking and hydrophobic attractions (Figure 4.1A). Rheological measurements demonstrated a
small decrease in the complex viscosity of the printed hydrogel as the shear rate was increased and
a stable modulus of the hydrogel over a range of shear rates, which indicated physical cross-linking.
(Figure S4.2) The absence of DBSA molecules in the washed PEDOT:PSS hydrogel, as
determined by Fourier-transform infrared spectroscopy (FTIR) (Figure S4.3), suggests a
noncovalent bonding of DBSA to the PEDOT:PSS. In a simple display of the conductivity
achieved using our method of PEDOT:PSS deposition and patterning, two AA alkaline batteries
(3 V) were connected via printed electrodes to a LED (white light, 1206) which illuminated

brightly (Figure 1E).
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Figure 4.1 Design of coagulation-bath assisted DIW PEDOT:PSS. A) Schematic illustration of
coagulation-bath assisted DIW for PEDOT:PSS hydrogel patterning and gelation mechanism of
the printed PEDOT:PSS hydrogel during the 3D printing procedure. B) Concentration of DBSA
bath is essential during the printing, insufficient concentrations of DBSA result in semi-stable
PEDOT:PSS, which will resuspend in the solution after a time period. C) Rheology of printable
and nonprintable PEDOT:PSS suspension, a solid-liquid transition point is observed for a printable
PEDOT:PSS suspension. D, E) Images of PEDOT:PSS hydrogel patterned by coagulation-bath
assisted DIW. E) LED acting as conductive interconnect to bridge letter “lit” and “up” sections of
printed geometry and used to exhibit the conductivity of the printed PEDOT:PSS hydrogel. Top:
after 3 V DC applied, Bottom: before 3 V DC applied. Scale bar: 3 mm.

4.2.2 DIW provides a new angle for material design

Printing speed and nozzle pressure are two main factors which contribute to the properties of
the resultant hydrogel filaments (Figure 4.2A, B, Figure S4.4). With a fixed nozzle diameter of
100 um, we tested the influence of printing speed and pressure on the extruded filament diameter.

As expected, lower printing speed (with a constant printing pressure at =28 psi) and higher printing
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pressure (with a constant printing speed at <140 mm min—1) resulted in larger filament diameters,
and vice versa. In the printable range, smooth and consistent printed filament was achieved.
However, when printing speed was too slow (lower than <90 mm min—1, with a constant printing
pressure at =28 psi), “spreading” happened; if the printing speed was set too high (higher than 400
mm min—1, with a constant printing pressure at <28 psi), “hard-stretching” (the phenomenon of a
formed PEDOT:PSS hydrogel being stretched by the fast-moving nozzle) occurred. When printing
pressure was set too low (lower than =22 psi, with a constant printing speed at ~140 mm min—1),
“under-extrusion” occurred. Likewise, if the printing pressure was set too high (higher than =38
psi, with a constant printing speed at <140 mm min—1), “over-extrusion” resulted (Figure 4.2C).
When filaments are characterized using scanning electron microscopy (SEM), we found that “good
prints” showed smooth, consistent, and shear-induced aligned microstructural features. Filaments
that showed printing deficiencies of “spreading” and “over extrusion” shared similar porous and
nonaligned structure. For print parameters that resulted in “hard-stretching”, an aligned coalesced
structure was observed (Figure 4.2D). The “hard-stretching” parameters led to ultra-thin
PEDOT:PSS fibers (with a diameter less than 10 um after the prints are washed by DI water and
air-dried), while having an anomalously high electrical conductivity of <530 S cm—1, suggesting
an alternative method to fabricate highly conductive ultra-thin highly conductive fibers (Figure

4.2A).
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Figure 4.2 Microstructure study of printed PEDOT:PSS. A) PEDOT:PSS hydrogel filaments
printed at different printing speeds. (Images collected by optical microscopy). Scale bar =100 um.
B) woodpile structures formed by the printed PEDOT:PSS with different printing parameters.
Scale bar: 150 um. C) Relation between printing speed and pressure versus filament diameter.
Scale bar: 100 pm. Error bars indicate SD; n = 3 for each group. D) SEM micrographs of the
microstructure of the prints with four printing parameters: “good print”, “spreading”, “hard

9

stretching,” and “over extrusion”. Scale bar: 1 pm. E) XRD spectra of pure PEDOT:PSS,
nonprinted and printed PEDOT:PSS hydrogel. F) Raman spectra of pure PEDOT:PSS, nonprinted
and printed PEDOT:PSS hydrogel.

The coagulation bath technique is able to fabricate a printed PEDOT:PSS hydrogel with a high
electrical conductivity of up to =35 S cm—1 (see following section on properties of printed
material), significantly higher than that of as-produced PEDOT:PSS which only has a conductivity
of 10-1 S cm—1'% We sought to explain the origins of this high conductivity through
microstructural characterization and provide a hypothesis as to the reasons for improved electrical
properties.

We hypothesized that the shear and strain-induced rearrangement of PEDOT:PSS chains in

combination with the addition of DBSA as a secondary dopant in the coagulation bath gives rise
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to the high electrical conductivity we observed from our printed material. Upon printing, the
PEDOT:PSS hydrogel immediately adhered to the substrate via hydrogen bonding. As the nozzle
moves, it induces a stretching action between the nozzle and the adhered print geometry. We
theorize that this stretching action results in strain-induced microstructural rearrangement of
PEDOT:PSS chains. In order to evaluate this hypothesis, a printed hydrogel (air-dried), a
nonprinted hydrogel (air-dried) and a room-temperature-dried PEDOT:PSS film cast from the ink
suspension were prepared for characterization. X-Ray Diffraction (XRD) is first used to evaluate
the strain-induced rearrangement within the samples. XRD patterns of PEDOT:PSS have three
characteristic peaks: 20 = 6.6° (d=13.4 A), 17.7° (d=5.0 A), and 25.6° (d = 3.5 A), where the
lattice spacing (d) is calculated using Bragg's law'%®. The low angle reflections at 20 = 6.6°
corresponds to the lamella stacking distance d(100) of PEDOT and PSS!87-188 whereas the two
high angle reflections at 20 = 17.7° and 25.6° are indexed to the amorphous halo of PSS and the
interchain planar ring-stacking distance of d(010) of PEDOT, respectively!'3%!%°, The XRD patterns
of the nonprinted hydrogel and printed hydrogel have several differences from that of pure
PEDOT:PSS (Figure 4.2E).

1. After treatment with 10% DBSA, the peak at 6.6° shifts to a lower
angle with an increased intensity, also a second-order reflection
peaks d(200) at 20 = 13.3° appears, which indicates increased
lamella stacking distance and enhanced crystallinity!®.

2. The peaks of the printed hydrogel have an even higher intensity and
the peak at 6.6° shifts to an even lower angle compared to the
nonprinted hydrogel, which indicates the printing procedure further

increases lamella stacking distance and crystallinity. Single crystal
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XRD further supported the strain-induced rearrangement (Figure
S4.5).

To further understand the conformational changes within the samples, we investigate the
Raman spectra using green light excitation with a wavelength of 532 nm. (Figure 4.2F) In the
Raman spectra of pure PEDOT:PSS, the most intense band at 1426 cm—1 is attributed to PEDOT
and it corresponds to the Ca = CB symmetric stretching vibration of the five-membered thiophene
ring originating from neutral parts existing between the localized elementary excitations'¥!°*. The
band becomes narrower and blue shifted at 1428 and 1431 cm—1 for the nonprinted hydrogel and
printed hydrogel, respectively. Peak shifting to higher wavenumbers can be associated with an
increase in the sample doping level due to the incorporation of DBSA anions during printing. This
effect is related to the degree of backbone deformation during oxidation to polarons and bi-

191 A decrease in

polarons and the associated transitions between quinoid and benzoid structure
bandwidth can be seen as additional evidence of further transformation of the PEDOT structure
from an irregular coil benzoid structure to a linear or expanded-coil quinoid structure. Another
obvious difference between the pure PEDOT:PSS and the DBSA-treated PEDOT:PSS hydrogel is
the disappearance of bands at 1486 and 1537 cm—1 and the appearance of a new intense band at
1510 cm—1, this phenomenon may be caused by rearrangement of the PEDOT!”!"!%*, Moreover,
the bands at 1124 and 1098 cm—1 correspond to the vibrational modes of the PSS component of
pure PEDOT:PSS, while the intensity of these bands is much lower for the DBSA-treated
hydrogels, suggesting that a large portion of the remaining PSS-rich regions are removed during
the DBSA treatment!®>. In all, we suspect that the combined effects of increased doping level,

chain expansion, removal of PSS insulating polymers, and resultant morphological change

together result in the strongly enhanced conductivity of PEDOT:PSS hydrogel when printed in a

83



DBSA coagulation bath. More pronounced differences are observed in the printed hydrogel,

showing the effects of the DIW method in the resultant object's properties.

4.2.3 Characterization of printed PEDOT:PSS

Print pressure and print speed result in microstructural changes of printed materials, which is
reflected in the electrical conductivity of parts printed with different parameters. PEDOT:PSS
hydrogels, when printed at ~150 mm min ' and =28 psi, showed a conductivity of =34 S cm™!,
which further increased to =280 S cm ™! after drying. When print pressure is increased to =32 psi,
the conductivity decreased to =22 S cm™! for the hydrogel and =125 S cm™! upon drying. The
macroscopic properties of high-pressure prints suggest “over extrusion”, which was correlated to
microscopic properties, as described above. When increasing print speed to ~180 mm min !, the
material had even lower conductivity at=~18 and =70 S cm™!, suggesting both “over extrusion” and
“hard stretching” happened during printing. However, when print pressure is at =36 psi, and print
speed as high as =240 mm min !, the conductivity of the printed material showed increased
conductivity at =22 and =110 S cm ™! before and after drying, respectively. These results suggested
print pressure and print speed need to be optimized in order to achieve fabrication of highly

conductive PEDOT:PSS (Figure 4.3A).
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Figure 4.3 Mechanical and electronic properties of the printed PEDOT:PSS. A) conductivity of
the printed PEDOT:PSS printed with various printing parameters for both the hydrogel and dry-
annealed material. Error bars indicate SD;n= 3 for each group. B) Relationship between
temperature and conductivity of dry printed PEDOT:PSS and dry-annealed printed PEDOT:PSS.
C) conductivity as a function of bend angle for printed PEDOT:PSS hydrogel as well as its dry
state. Error bars indicate SD; n = 3 for each group. D) CV characterization for printed PEDOT:PSS
on Pt substrate. E) characterization of the CSC of the printed PEDOT:PSS hydrogel incubated in
PBS over 20 days. Error bars indicate SD; n = 3 for each group. F) tensile test results of printed
PEDOT:PSS hydrogel and its dry state. NS, not significant

The microstructure of printed PEDOT:PSS show a quasi-uniaxial arrangement of surface grain
when examined under SEM. At the same time, the conductivity of the polymer along the print
direction exhibits a 15% increase than in the orthogonal direction (indicated as ‘vertical’ in
Figure 4.3B) when in the dry-annealed state and 8% difference when in the air-dried state,
suggesting an anisotropic structural arrangement. The stable conductivity of the samples over
temperature range from 273 to 330 K, shows potential to be applied for bioelectronics
(Figure 4.3B). Consistent conductivity of the material during flexure is an essential property for

biocompatible electronics. Therefore, to investigate the effect of mechanical bending on the

electric properties of our printed PEDOT:PSS, we measured the electrical conductivity of a line
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printed with a 100-um nozzle from PEDOT:PSS on a flexible polyethylene terephthalate (PET)
substrate and plotted this conductivity as a function of the bend angle. The printed PEDOT:PSS
sample showed less than 5% change in electrical conductivity across a wide range of bend angles
in the hydrated states, while =25% difference in the dry-annealed state, this might be caused by
more tightly packed conductive PEDOT-rich cores (Figure 4.3C). Another property which is
important to versatile bioelectronics is the conductive material's electrochemical stability. To
investigate the electrochemical properties of the printed PEDOT:PSS hydrogel and its long-term
stability in physiological conditions, we performed cyclic voltammetry (CV) of the saturated
hydrogel in a phosphate-buffered saline (PBS) solution. The CV response demonstrates a high
charge storage capability (CSC) of the printed PEDOT:PSS hydrogel (100-um nozzle, 1 layer on
Pt clamp) when compared to a typical metallic electrode material, such as Pt, with exceptional
stability (less than 2% reduction in CSC after 1000 cycles) (Figure 3d). The printed PEDOT:PSS
maintained its high CSC value (with less than 5% change) even after 40 days of incubation
(Figure 4.3E). The CV of the printed PEDOT:PSS further shows broad and stable anodic and
cathodic peaks under varying potential scan rates, suggesting nondiffusional redox processes and
electrochemical stability of the printed PEDOT:PSS (Figure S4.6).

Lastly, it was important to characterize the mechanical properties of the PEDOT:PSS hydrogel
to evaluate its potential to match the modulus of biological tissue, and to assess its mechanical
durability. The mechanical properties of the printed PEDOT:PSS were investigated through tensile
testing of a rectangular shaped sample (single layer, 100 um printing nozzle, 30 x 5 mm). We
found that the printed PEDOT:PSS displayed a Young's modulus of 1.52 + 0.31 MPa in the dry-
annealed state, and of 30.71 + 18.03 kPa in the hydrated state. (Figure 4.3F) The superior softness

and high conductivity of the printed PEDOT:PSS suggests favorable long-term biomechanical
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interactions with tissue, which could bear tremendous potential in bioelectronics devices and

implants, especially in neuromodulation therapies>>!%°.

4.2.4 Highlights of the coagulation-bath assisted DIW technique

The coagulation bath technique demonstrated exceptional precision and yielded parts with
excellent electronic properties. We anticipated that this technique could provide two additional
features to improve upon 3D-printed PEDOT:PSS bioelectronics. PEDOT:PSS materials typically
have poor mechanical properties and exhibit poor substrate adhesion for device fabrication. Both
concerns are addressed by either a single step-modification within the coagulation bath to further

reinforce printed materials, or a simple substrate treatment to improve adhesion.

4.2.4.1 Mechanical property improvement

The coagulation bath offers the possibility to control the composition of the resulting
PEDOT:PSS parts by altering the composition of the bath. For example, one opportunity is the
formation of IPNs to improve upon the mechanical properties of the gels. Infiltration with
precursors of a secondary hydrogel is a common method to modify the mechanical properties of
pre-formed PEDOT:PSS hydrogels!”!%*. Here, instead of infiltrating the preformed first network
with a second network of monomers/precursors, the coagulation bath allows for a one-step
formation of IPNs by adding the precursors of a secondary hydrogel into the coagulation bath
along with DBSA. We selected polyacrylamide (PAAm) as the secondary network to enhance the
Young's modulus of the PEDOT:PSS hydrogel and we suspected it would not impact the

electrochemical properties. To synthesize the IPN, acrylamide, a cross-linker (N,N ' -
methylenebisacrylamide (MBAA)), and a thermal radical polymerization initiator (2,2 ' -

azobis(2-methylpropionamidine) dihydrochloride (VA-044)), were added into the coagulation
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bath along with DBSA. The IPN was cured via radical polymerization at 50 °C for three hours,
after which we observed an almost six-fold increase in Young's modulus, with no substantial

change in conductivity. (Figure 4.4A)
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Figure 4.4 Highlights of the coagulation-bath assisted DIW technique. A) Mechanical properties
of PEDOT:PSS hydrogel printed into solvent additive treated coagulation bath and infiltrated w/
secondary PAAm. Error bars indicate SD; n = 3 for each group. B) Simple substrate activation
and postprocessing help to stabilize adhesion of printed PEDOT:PSS on substrate. C) top, Printed
PEDOT:PSS structures on various treated substrate submerged in DI water overnight; bottom,
Printed PEDOT:PSS structures fell apart from various substrate under different urea concentration.
Scale bar = 1 cm.

Solvent additive treatment can be a processing method of solvent addition and solvent-thermal
post-treatment!*>!%6. This treatment can not only enhance the conductivity of PEDOT:PSS, but
also the thermoelectric properties and mechanical stretchability®®. For —example,
Liu., et al.”’mixed glycerol with PEDOT:PSS to manufacture morphing electronics. Here the
addition of 20 wt% glycerol to the coagulation bath, resulted in PEDOT:PSS hydrogel samples
with nearly 300% higher elongation than the unmodified samples, with little difference in

conductivity. (Figure 4.4A)
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4.2.4.2 Strong adhesion to various substrates

Weak and unstable adhesion of PEDOT:PSS on substrates is a significant problem that has
proven a hindrance to the application of PEDOT:PSS in bioelectronics'®’. Even though several
surface modification methods have been studied'”’ %2, none have proved suitable for long term
biocompatibility of a 3D-printed PEDOT:PSS hydrogel. The main reason for weak adhesion
between PEDOT:PSS and the substrate in a physiological environment is due to the strong
hydrogen bonding between the PSS and water which causes the prints to release from the substrate
because they are drawn away from the hydrophobic polymer substrate and towards the more
favored aqueous environment. Therefore, reducing the amount of hydrogen bonding between PSS
and water, and increasing the amount of hydrogen bonding between PSS and the substrate could
be one avenue for obtaining strong adhesion. Here, with simple substrate treatment and
postprocessing, we achieve strong adhesion of PEDOT:PSS to several substrates. Polyethylene
terephthalate (PET) was used as the starting substrate, as it is one of the least expensive transparent
substrates that is commonly used for flexible electronics (Figure 4.4B)>%.

Fortuitously, the hydrophilic sulfonate group of PSS can hydrogen-bond with the oxygen in
PET, adhering the two materials®**. However, if treated with water, the bonding between PSS and
PET is largely reduced and results in prints releasing from the substrate. Therefore, to strengthen
this bond between the PEDOT:PSS and the substrate, there are two problems which must be
solved: 1) increasing the amount of hydrogen bonding between the prints and substrate, and 2)
removing excess DBSA from the prints without causing them to release from the substrate. We
investigated a route to strengthen the hydrogen bonding between the PEDOT:PSS and the
substrate. First, oxygen plasma treatment is applied to clean and activate the substrate, increasing

its hydrophilicity and assisting in the formation of hydrogen bonds between the prints and
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substrate. To remove the DBSA, prints were tilted slightly and allowed to drain for at least half an
hour. After this procedure, anhydrous ethanol was gently added dropwise onto the prints to wash
away remaining water molecules and dissolve any remaining DBSA, without causing loss of
adhesion. The prints were then placed on a hot plate for two minutes at 40 °C to evaporate the
ethanol. This gentle evaporation of ethanol guides the formation of hydrogen bonds between PET
and PSS, resulting in the enhancement of adhesion of the prints on the substrate. The ethanol
treatment step should be repeated at least three times to fully remove the DBSA and ensure
complete hydrogen bonding between PEDOT:PSS and the substrate. This process can also be
applied to polyimide (PI) films, another type of insulating film widely used in the electronics
industry and aluminum foil, which could be used for radiation and electromagnetic shielding. To
test the adhesive ability, we soaked the printed sample in deionized water overnight and found that
the prints have stable adhesion to these substrates, which broadly increases the applications of this
technology (Figure 4c, top). Finally, to demonstrate hydrogen bonding is the main force to adhere
PEDOT:PSS on these substrates, we introduced urea to disrupt hydrogen bonds?®. After soaking
in 8M urea solution for one hour, the prints fell off from PI, though not from PET nor aluminum
foil. The prints fell off from PET when the urea concentration was increased to 13.6 M, however,
only a portion of the prints fell from the aluminum foil at a urea concentration at 20 m under

vigorous agitation, showing a strong hydrogen bonding strength (Figure 4.4C, bottom).

4.2.5 3D printing of PEDOE:PSS bioelectronics

This coagulation bath-based DIW technique opens a plethora of new avenues for rapid
innovation of high resolution and multi-material flexible electronics, and bioelectronics.
Furthermore, strong adhesion on PET under aqueous condition enables a multi-material fabrication
of a functional bioelectronic device. To demonstrate this, we printed a micro-Electrocorticography

(LECoG) type cortex-wide neural interface (entire processing time of conducting electrodes less
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than 20 min) allowing intracranial electrical stimulation and simultaneous calcium imaging of
brain activity in mice (Figure 4.5A). The ptECoG electrodes are placed epidurally on the surface
of the brain and offer a high signal-to-noise ratio (SNR) as well as a localized cortical signal
without complications such as infection, biological rejection, and signal instability that

intracortical neural probe commonly have??6-2%,
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Figure 4.5 Cortex-wide neural interface with printed PEDOT: PSS electrodes. A) A mouse bearing
four-channels cortex-wide neural interface with printed PEDOT:PSS electrodes post three-weeks
implantation. The electrodes have a diameter of 200 pm on the sensing tip. Scale bar: 5 mm.
Images of the implanted neural interfacing (left) and a freely moving mouse with the implanted
neural interfacing (right). B) top: Image of the mouse on the treadmill w/ and w/o electrical
stimulation; bottom: visualization of the intensity of neural response to 400 pA electrical
stimulation at times 2.8—6 s in a pulse cycle. Region of interest (ROI) used for fluorescence
analysis was marked with a red triangle. Scale bar: 200 pm. C) Fluorescence intensity change of
the ROI over time as a function of various pulse amplitude. D-F) With a constant current of 350
nA, fluorescence intensity change of the ROI over time as a function of various pulse width, pulse
duration and anode/cathode leading, respectively.
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GCaMPof is a fast and highly sensitive calcium indicator which fluoresces when bound to
Ca”" ions such as those encountered in mouse neural pathways?**2!%. Therefore, it is an excellent
tool for imaging real-time neuronal activity in vivo. Cortex-wide neural interfacing enables
simultaneous monitoring and modulation of neural activity from multiple cortical regions over a

long period of time (>300 days)*!!

. As a feasibility study, we fabricated a four-channel hECoG
array with a feature size of 200 pm which yielded a high charge injection capacity of 6.366 mC
cm 2 and a low impedance of 2.00 = 0.23 kQ at 1 kHz, suitable for in vivo stimulation*'’. We
applied electrical stimulation with a current that varied from 100 to 400 pA to the electrodes which
were placed directly above the mouse's motor cortex and observed the motor reaction upon E-
stimulation when current was higher than 250 pA. (Figure 4.5B, top). Wide-field microscopy
visually demonstrated the fluorescence changes evoked by neural activity (Figure 4.5B, bottom).
We further studied the effect of different pulse parameters on the mouse's neuronal activity. As
expected, an increase of neural activation in response to higher stimulation amplitude, larger pulse
width and duration were observed (Figure 4.5C, D). However, long pulse duration (1s) showed
inhibition of the neural response and resulted in slower and less intense responses (Figure 4.5E).
Finally, we observe a faster and larger neuronal activity in the cathode leading stimulation

compared with the anode leading stimulation, which was noted in previous studies (Figure

4.5F)*12,

After three-weeks postimplantation, the impedance between the leftmost and rightmost
electrodes is 14.9 + 0.54 kQ in vivo, and the electrodes on the cortex are still intact three-months
postimplantation suggesting the electrode array experienced minimal degradation in the
physiological environment and demonstrating the case for long-term stability at the neural

interface (Figure S4.8).
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4.3 Experiment section
4.3.1 Preparation of PEDOT:PSS ink

PEDOT:PSS (CleviosTM PH1000) was stirred vigorously for 1 h at room temperature, and
roughly 11 g of PEDOT:PSS was charged into a 50 mL round bottomed flask. A rotary evaporator
was used to concentrate the PEDOT:PSS suspension in the flask at 50 °C until it became highly
viscous. The gel-like mixture was vigorously stirred, via magnetic stir bar, overnight at room
temperature. Next, a 10 um syringe filter was used to filter off large aggregates from the gel,
followed twice by a 1 um syringe filter to yield PEDOT:PSS ink. The ink was characterized using
rheology (see below rheological characterization for detailed information) to ensure a solid-to-
liquid transition point under applied shear. After filtration, the PEDOT:PSS ink was placed in a
falcon tube (50 mL) and degassed by centrifugation at 1200 rpm (2x for 3 min), in order to fully
remove the trapped air. The prepared ink was kept at 4 °C prior to use and was brought to room

temperature for at least 30 min prior to use.

4.3.2 3D printing procedure and PEDOT:PSS printed structure preparation

The coagulation bath based DIW PEDOT:PSS printing was carried out using a custom-made 3-
axis micropositioning stage, consisting of a z axis on which one 3 cc syringe was loaded with the
PEDOT:PSS ink connected to a fluid dispenser (Performus V, EFD Inc, East Providence, RI,
USA). For ink extrusion, nozzles (100- and 60- pm nozzles from TaoBao) were attached to the
syringe barrels. Prior to printing, the nozzle was briefly immersed in the coagulation bath. G-code
was generated either by hand or using Bio-Architect (Renenovo). All 3D printing processes were
performed under ambient conditions with a relative humidity of 20- 40% and a temperature of 22—

27 °C.
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Two postprocessing steps were completed to make the following materials. 1) Hydrogel
preparation: The printed PEDOT:PSS together with the substrate was placed into a petri dish filled
with deionized water. The water was discarded and refilled at least three times to remove DBSA
to form PEDOT:PSS hydrogels. 2) Air-dried or Heat-annealed PEDOT:PSS: An absorbent tissue
(Kimwipe) was used to remove as much remaining water from the hydrogel as possible. For the
air-dried structure preparation, the PEDOT:PSS hydrogel was placed in a chemical fume hood
overnight to evaporate remaining water. For heat-annealed structure preparation, The PEDOT:PSS
hydrogel was placed onto a hot plate, and heated at 40 °C for 30 min to remove residual water,

followed by 30 min dry-annealing at 130 °C.

4.3.3 Rheological characterization

Rheology (DHR-3, TA Instruments) was used to determine the flow properties of the ink and the
printed PEDOT:PSS hydrogel. Samples were measured using a 25 mm diameter plane plate with
a 500 um gap between the parallel plates at 25 °C. The viscosities of inks were measured using a
shear sweep increasing from 0.01 to 100 s—1. The shear modulus of the printed hydrogel was tested
as a function of oscillation frequency from 0.1 to 100 s—1 at a shear strain at 1%. All rheological

characterizations were conducted at 25 °C with preliminary equilibration time of 1 min.

4.3.4 Experimental of the microstructure study of the printed PEDOT:PSS

Fourier transformation infrared (FTIR) spectroscopy (Nicolet iS50, ThermoFisher Scientific Co.,
Ltd, US), Powder X-Ray diffractometer (D8 40 Advance, Bruker Co., Ltd). DUO microsourced
single crystal X-Ray diffractometer (D8 Venture, Bruker Co., Ltd, Germany), and Raman

spectroscopy (Alpha300R, WITec).
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4.3.5 Physical properties characterization

Optical imaging and electron microscope imaging — Micrographs of the printed PEDOT:PSS
parts were taken using optical (AXIO Zoom.V 16, Zeiss) and scanning electron microscopy (SEM).
Scanning electron micrographs of the microstructure of printed PEDOT:PSS were obtained with

a Regulus 8230m (HITACHI) at 5.0 kV with 5 nm gold sputtering to enhance image contrasts.

Electrical conductivity measurements — The conductivity of the printed PEDOT:PSS was tested
with a four-point probe method using Physical Property Measurement System (PPMS-16T,
Quantum Design). A customized measuring system (Keithley 6221 and Keithley 2182 Source
Meter, Keithley) was used to test the bending-conductivity by a four-point probe method at room
temperature. The width and length of the samples were measured by caliper; ultra-thin fibers were

measured with the assistance of SEM.

Electrochemical measurements — Cyclic voltammetry (CV) was performed using an
electrochemical workstation (Zennium pro, Zahner) with a range of scan rates (10-130 mV s—1).
Pt wire (diameter, 1 mm) was employed as a counter electrode (CE), Ag/AgCl electrode was used
as the reference electrode (RE), and the printed PEDOT:PSS was employed as the working
electrode (WE). 1x PBS was used as the supporting electrolyte. For the long-term electrochemical

stability test, the samples were kept in 1x PBS during the test.

Mechanical testing - The mechanical properties of the samples were tested using universal
mechanical testing equipment (CTM 6000, Xieqiang Instrument Manufacturing Shanghai Co.,
LTD) with a 5 N load cell at a rate of 5 mm min—1. Test samples were printed into rectangular
shapes (single layer, 100 um printing nozzle, 30 x 5 mm), and calipers were used to measure cross-

sectional areas.
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4.3.6 Sample preparation of the materials presented in highlights
One-step interpenetrating network (IPN) hydrogel — The coagulation bath was modified as
followed for the one-step IPN formation: 0.0243 mol, 1.727 g acrylamide (Sigma Aldrich, CAS

Number 79-06-1), 0.00012 mol, 0.0388 g2,2" -azobis(2-methylpropionamidine) dihydrochloride
(VA-044) (J&K, CAS Number 27776-21-2) and 0.000016 mol, 0.0025 g NN ' -

Methylenebisacrylamide (MBAA) (damas-beta, CAS Number 110-26-9) were dissolved in 10 mL
10% DBSA. After printing, the prints were incubated in the coagulation bath for 15 min, then a
pipette was used to remove excess coagulation bath. The printed part was heated to 50 °C for 3 h
to activate radical polymerization. Following polymerization, the hydrogel was washed with

deionized water to remove DBSA and small molecules.

Solvent additive treatment — The coagulation bath was modified as followed for the solvent
additive treated hydrogel: 10 wt% of DBSA and 20 wt% of glycerol (Sigma Aldrich, CAS Number
56-81-5) were dissolved in deionized water using a stirring bar at room temperature. After printing,
the prints were incubated in the coagulation bath for 15 min, then a pipette was used to remove

excess coagulation bath, followed by washing with distilled water (3x).

Treatments for substrate adhesion - The substrate (PET, PI and aluminum foil) was first placed
in a plasma cleaner (PCE-6, MTI Corporation) for 3 min at high power (RF power at 30W) to
clean and activate the substrate. After printing on the activated substrate, the prints were slightly
tilted to drain at room temperature for at least half an hour, then gently immersed in ethanol

(Anhydrous, =99.7%) and the solution was discarded. The print is then placed on a hot plate for

2 min at 40 ° C. The ethanol treatment and heating were repeated twice.
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4.3.7 Substrate Adhesion Test
Substrate adhesion testing was performed in a modified previous method by soaking the sample

t204

in 15 mL of deionized water in a petri dish (P139797C, Titan) overnight™". Each sample was then

held by tweezers and vigorously swirled by hand in the petri dish for one minute.

4.3.8 Fabrication of Cortex-Wide Neural Interfacing
The cortex-wide neural interfacing fabrication includes two parts of PET film preparation and

neural interface assembly.

4.3.9 PET Film Preparation

A four-channel electrode array was printed on to an oxygen plasma-treated PET film using the
ethanol treatment procedure to secure bonding between the printed electrodes and PET. Thermal
release tape (REVALPHA, Nitto Denko) was used to cover the tip of the electrode array and the
attachment pad at the end, and a small amount of PDMS (SYLGARD 184 at 10:1 base: curing
agent) was used to cover the tip of the electrode array. The electrode array was then placed
vertically to coat the entire electrode surface with a thin layer of PDMS using a flow coating
method. The PDMS was cured by placing the prints over a hotplate for 3 h at 50 °C. Finally, the
temperature was raised to 120 °C to detach the tape and remove it to obtain the prepared PET film

electrode.

4.3.10 Neural Interface Assembly

Frames used in this study were as Ghanbari et al. described?!'!. The frames were 3D-printed out of
acrylate resin (RS-GPBK-03, Formlabs Inc.) using a stereolithography (SLA) printer (Form3,
Formlabs Inc.). Three holes in the frame were tapped using a #0-80 hand tap. An outline matching

the frame was drawn on the PET film, with electrodes in the center of the outline. A pair of scissors
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was used to cut the PET film using the printed outline as a reference. The film was then aligned to
the PMMA frame and bonded using a clear, two-part quick setting epoxy adhesive (Scotch-Weld™
DP100 Plus Clear, 3M Inc.). The customized titanium headplate was also as Ghanbari et al.

described?'!.

4.3.11 Charge Injection Capacity (CIC)

CIC of the four-channel ECoG array was measured by published methods*'*?!3. The three-
electrode system described above was used, and charge-balanced constant current pulse trains
(cathode leading, 500 us phase, 100 Hz) generated by a Master-8 Programmable Stimulator
(A.M.P.I) were applied through WE and CE. The current varied from 100 pA to 4 mA. The voltage
between WE and RE was monitored by an oscilloscope. And the voltage of 50 us following the
falling edge of the cathode phase was regarded as the maximum negative polarization potential

(Emc). We used the potential of —0.5 V as the threshold to determine the maximum CIC.

4.3.12 Animals

Male C57BL/6J mice (8—12 weeks of ages, Laboratory Animal Resource Center at Westlake
University) were used. Both virus injection and in vivo surgical implantation can be found in SI.
All animal studies and experimental procedures were approved by the Institutional Animal Care
and Use Committee (IACUC) at Westlake University, and in accordance with the US National

Institutes of Health Guide for the Care and Use of Laboratory Animals.

4.3.13 Wide Field Imaging
No randomization or blinding were used for animal studies throughout. All attempts at replication
were successful. Mice with no detectable green fluorescence after surgery were excluded from the

study. We did not perform a power analysis for animal study, since our goal was to invent and
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validate a new technology; as noted in?!4, and recommended by the NIH, “In experiments based
on the success or failure of a desired goal, the number of animals required is difficult to estimate...”
As noted in the aforementioned paper, “The number of animals required is usually estimated by
experience instead of by any formal statistical calculation, although the procedures will be
terminated [when the goal is achieved].” These numbers reflect our past experience in developing

neurotechnologies. All mice were allowed to recover from surgery for =7 days before imaging

experiments were attempted.

All optical recordings were acquired on a wide-field BX51WIF fluorescence microscope
(Olympus) equipped with an ORCA-Fusion Digital CMOS camera (Hamamatsu Photonics K.K.,
Japan), 10x NAO0.25 LMPIanFI air objective (Olympus), 470-nm LED (ThorLabs, M470L3), a
green filter set with a 470/25-nm bandpass excitation filter, a 495-nm dichroic, and a 525/50-nm
bandpass emission filter. Optical recordings were acquired at 10 Hz with HCImage Live

(Hamamatsu Photonics, Japan).

Under mild anesthetization, mice were head-fixed under the wide field microscope in a custom-
designed disk treadmill. HC Image Live data were stored as DCAM image files (DCIMG), and

further analyzed offline in Fiji/Imagel.

4.3.14 In Vivo Impedance Measurement
In vivo impedance of 1 kHz was measured by a handheld LCR meter (TH2821A, Changzhou

Tonghui Electronic Co. Ltd.) using two-electrode system.
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4.3.15 In Vivo Stimulation

The Pulse Pal (Open Ephys) was used to trigger CMOS camera and generate electrical stimulation
via ISO-Flex (A.M.P.1.). Two ISO-Flex isolators were connected to the Pulse Pal. One was used
to drive the positive phase of the bipolar pulse, and the other to drive the negative phase. Two flat

copper alligator clips were connected to the electrodes to introduce stimulation.

Each stimulation block consisted of ten trials with an interval of 20 s. Per trial was delivered at
100 Hz with pulse width of 300/400/500ps, and the train duration was 0.25/0.50/1.00 s,
respectively. Various levels of electrical stimulation (250, 300, 350, and 400 pA) applied through
one site of the PEDOT:PSS electrodes, and returned from the other site. The current amplitudes
were justified based on the previous studies that applied transcranial electrical stimulation?!3-27,
The corresponding charge densities with pulse width of 500 ps were 397.89, 477.46, 557.04, and

636.62 nC cm-2, respectively. And the voltage course was monitored throughout the experiment

to ensure it stayed in the biological safe range.

Shannon's developed an equation for the maximum safe level for stimulation according to the

empirical data:

log(§) =k —log(Q)

, where Q is charge per phase (LC per phase), Q/A is charge density per phase (uC cm—2 per
phase), and 1.50 <k <2.00*'3. For the electrode site's diameter of 200 pm and maximum stimulus
parameters of 400 pA, 500 us per phrase, the calculated k was 2.10, which was slightly more than
the given threshold 2.00. For the rest parameters, the k value was less than 2.00. However, we

measured the CIC to ensure that current applied on the electrodes would not let the voltage go
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beyond the water window. What's more, the current was increased gradually from a low current to
ensure biosecurity during experiments. And in the experiments, no obvious tissue damage or
vascular rupture were observed, and the Ca2+ response was stable and repeatable, reflecting the

tissue and electrode remained intact?!®. Therefore, we believe the stimulus parameters are biosafe.

4.4 Conclusion

In summary, we have developed a coagulation-bath assisted DIW technique to fabricate high-
resolution, high conductivity and stable electrochemical PEDOT:PSS structures. This technique
comes with several advantages that include a simple experimental setup and inexpensive printing
hardware. The reported printing technique allows for several modifications to the resultant
PEDOT:PSS material by simple modification of the bath chemistry. With a simple postprocessing
method, the prints demonstrated excellent substrate adhesion, and further postprocessing (such as
flow coating, multi-material 3D printing, chemical modification, etc.) can be applied to the prints
to further broaden the use of the material, especially in the field of bioelectronics. As a
demonstration, we fabricated a cortex-wide neural interface, and recorded the optical and physical
response of electrical stimulation as well as simultaneous full-field monitoring with a printed
PEDOT:PSS electrode array. Finally. this work establishes a new 3D printing technique for
polymer processing, demonstrating the capability and versatility of DIW as a simultaneous
physical and chemical patterning method to achieve favorable macro- and microstructural features

laying the road for future development of DIW in the field of material design and synthesis.
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4.5 Supplemental Figures

Figure S4.1 High resolution electroconductive hydrogel (image collected by optical microscopy).
Scale bar =250 um
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Figure S4.2 Rheological behavior of the printed PEDOT:PSS hydrogel. Left: Complex viscosity
of printed PEDOT:PSS hydrogel as a function of shear frequency. Right: Shear modulus of printed
PEDOT:PSS hydrogel as a function of oscillation frequency.
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Figure S4.3 FT-IR spectra of pure DBSA, air-dried PEDOT:PSS and printed PEDOT:PSS
hydrogel. The peaks from 2800 to 2950 cm-1 are the characteristic peaks of DBSA, which are
attributed to (C-H) stretching vibration in benzene ring and aliphatic chain. No obvious peak from
this region is observed in PEDOT:PSS hydrogel, suggesting the absence of DBSA in the final
PEDOT:PSS hydrogel.
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20 psi, 120 mm/min 28 psi, 200 mm/min

Figure S4.4 Distorted structure caused by unmatched printing parameters. Woodpile structures
formed by the printed PEDOT:PSS with varied printing parameters. Scale bar: 150 pm.

104



Non-printed

30k
ﬂ l Non-printed
g 25 (100) Printed
o L
o
S 5l
= (010)
w 15}
= \
]
—
= 10}

5 10 15 20 25 30
26 (degree)

Figure S4.5 Single crystal X-ray diffraction precession image of PEDOT:PSS hydrogels.
Printinginduced alignment of PEDOT:PSS in the direction of 26 = 6.6° and 12.2°, and induced the
crystallization of lamella stacking of d (100) compared to non-printed PEDOT:PSS hydrogel. The
higher angle of 17.4° and 25.6° represented the amorphous halo of PSS and the inter-chain planar
ring-stacking distance d (010) of PEDOT:PSS.
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Figure S4.6 CV characterization of printed PEDOT:PSS hydrogel at varying scan rate. A) CV
characterizations of the printed PEDOT:PSS hydrogel on PT substrate at varying potential scan
rates from 130 to 10 mV s-1 . B), Anodic and cathodic peak current densities as a function of
potential scan rates during the CV characterizations.
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Figure S4.7 PET film preparation of cortex-wide neural interfacing fabrication. a, Design and
dimensions of the ECoG array. b, Process of PET film preparation.
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Three-months post-implantation

Figure S4.8 Cortex-wide neural interface with printed PEDOT:PSS electrodes three-months
postimplantation. Scale bar = 5 mm.
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.CHAPTER 5 CONCLUSION

5.1 Summary of the Dissertation

Polymer is a highly versatile material, which can be chemically modified and mechanically
processed into different physical status in various structures performing desired properties. Due to
the inclusiveness of polymer science, it has become a multidisciplinary subject. In this dissertation,
polymer science is applied as the cornerstone, and presenting its tremendous potential in the
biomedical fields with the cross-sectional knowledge input from molecular biology, chemistry,
and materials science.

In Chapter 1, RAFT living polymerization was utilized to synthesize a PEGMEA/ TMGMV
nanocomposite hydrogel. TMGMV provides the robust strength to the soft PEGMEA hydrogel,
and it increase the storage modulus of PEGMEA hydrogel composite to four-fold with only 0.1%
addition of TMGMV. Not only with hydrogel system, but we also investigated its mechanical
strengthen property in PVA film system. Estimate 67% tensile strength was observed with 1.6 wt%
TMGMYV addition. TMGMYV as a reinforcing agent can be produced in large quantities with
molecular farming, and its manufacture is a positive contributor to the environment, rather than
non-biological nanofillers. In the context of biocompatibility and safety, TMGMYV also possess
outstanding merits over non-biological nanofillers. This study serves evidence to the development
of hydrophilic nanofillers made from viral particles.

In Chapter 2, we investigated the potential of HME for sustained delivery route manufacturing.
In this study, we studied its capabilities for both protein therapeutics and small molecule drugs.
Unfortunately, its application for protein therapeutics might still limited by the types of proteins,
and further studies should be implemented to address this concern. For small molecule drugs, HME

shows great potential in manufacturing sustained delivery devices. We performed a non-invasive
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surgery for the device implantation on the murine B16F10 model, and the device shows
outstanding efficacy compared with weekly injections (3x). This pioneer research finding provides
solid evidence for sustained anti-tumor drug delivery, and feasibility of HME in different drug
delivery route fabrication.

In Chapter 3, we described a streamlined method to produce eCPMV from native CPMV with
a simple experimental setup and low demands for equipment and materials. A simple freeze-drying
procedure ejected the RNA from the capsid, and RNase treatment was able to degrade the
remaining nucleic acids to produce lyo-eCPMV. A series of characterization methods were carried
out to show that the empty capsids maintained an intact capsid conformation. Furthermore, in situ
injection of lyo-eCPMYV was observed to have similar efficacy in tumor suppression as bacterially
derived eCPMV. In sum, we present a straightforward method for the rapid production of eCPMV
from native infectious CPMV. From this study, we propose to further utilize this physical method
to develop the next generation vaccination derived directly from the wild type viruses.

In Chapter 4, we introduced a coagulation-bath assisted DIW technique to fabricate high-
resolution, high conductivity and stable electrochemical PEDOT:PSS structures. This technique
comes with several advantages that include a simple experimental setup and inexpensive printing
hardware. The reported printing technique allows for several modifications to the resultant
PEDOT:PSS material by simple modification of the bath chemistry. With a simple postprocessing
method, the prints demonstrated excellent substrate adhesion, and further postprocessing (such as
flow coating, multi-material 3D printing, chemical modification, etc.) can be applied to the prints
to further broaden the use of the material, especially in the field of bioelectronics. As a
demonstration, we fabricated a cortex-wide neural interface, and recorded the optical and physical

response of electrical stimulation as well as simultaneous full-field monitoring with a printed
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PEDOT:PSS electrode array. Furthermore. this work establishes a new 3D printing technique for
polymer processing, demonstrating the capability and versatility of DIW as a simultaneous
physical and chemical patterning method to achieve favorable macro- and microstructural features

laying the road for future development of DIW in the field of material design and synthesis.

5.2 Outlook for future work

Polymers have great versatility and flexibility in a broad range of application scenarios. We
here have demonstrated several innovations from the fundamental level of polymer selection and
design to meet desired materials’ properties, to the application level of processing and fabrication
of the selected polymers and formulation design to manufacturing biomedical devices. We have

shown the potential of polymer engineering methods to bridge materials science and biology.

5.2.1 Intersection at VNPs polymer composite and bioelectronics
In the thesis, we incorporated viral nanoparticles in the polymeric substrate and fabricated a

sustained CPMV release device and TMGMYV-strengthened hydrogel system. In a word, we
developed the interface between materials science and molecular biology (VNPs) and resulting in
a stable polymeric system to embed viral nanoparticles and realize desired functionalities. In my
third- and fourth-year study at Zhou lab as a visiting student, I developed my knowledge of
bioelectronics. Therefore, a bioelectronic system based on the stable polymeric system empowered
by viral nanoparticles can be further developed to present my understanding of the
multidisciplinary study from my special Ph.D. experience.

One such bioelectronic system could be a wireless theragnostic contact lens for cancer
immunotherapy with VNPs controlled release system. Nature Publishing Group?**?*! has reported
the cutting-edge wireless theragnostic contact lens recently; APIs for eye diseases can be preloaded
in the lenses and the built-in circuit system will control the slow release profile of the loaded APIs.

Particularly, the nanosystem-APIs are desired, because nanosystems will increase the drug
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retention time on the ocular surface and improve the drug penetration against the corneal barrier
and pre-corneal factors.??> The APIs pre-loaded contact lenses are preferred over eye drops
because they are single-treatment and eliminate the side effects of glaucoma, cataracts, and poor
patient compliance caused by repeated treatment of eye drops. 22> A VNPs- empowered wireless
contact lenses can be potentially developed to realize self-applied cancer treatment by patients
themselves. VNP-associated cancer treatments have been extensively studied by the Steinmetz
group??* in the form of anti-tumor molecules delivery nanoparticles, immunotherapy realized by
the VNPs themselves, and targeting treatment by surface-modified VNPs. The delivery of VNPs
from contact lenses to the bloodstream may be realized by the transportation of vitreous humor via
the blood-retinal barrier.?>> The goal of the proposed idea is the elimination of in-person doctor
appointments for cancer treatment. Due to the simplicity of contact lenses wearing, and smart-
phone enabled wireless management, the scheduled treatments can be monitored by patients
through the smartphone as administered by the doctor. Similarly, VNPs can also be incorporated
into skin-inspired bioelectronics for a range of applications, such as wirelessly controllable skin

patch treatments for melanoma and other types of skin diseases, such as psoriasis.??®

5.2.2 Thoughts on lyophilization-induced genomic material elimination for a new type of
vaccine

Another important research finding worth considering further development is the genomic
material elimination by lyophilization. This finding might serve for the development of a new type
of vaccination based on the immunization mechanism of coat protein-associated immunity
recognitions.?”” Due to the removal of genomic material, this type of vaccination has little safety
concern while the coat protein from wild-type viruses may elicit strong immunological memory.

Lyophilization of the vaccination will also provide the advantage of sustainable transportation due

to the need for a cold chain.
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5.2.3 Efforts on sustained protein delivery manufactured by HME
Although the great finding of lyophilization-induced virus-like particles manufacturing, efforts

are needed to protect VNPs from the damage caused by lyophilization. In chapter 3, we discussed
the feasibility of HME in producing sustained CPMV delivery implants, but unfortunately, we
found the particles experienced severe segregation and aggregation during the process. To fully
study the potential of HME in developing sustained protein delivery implants, developments
contributing to insulating the proteins from external conditions may be a good research topic.?
The simplicity of the method and the processability of the resultant material are important factors
to consider. Another effort could be the self-assembling properties of the VNPs. Molecules that

can stimulate the self-assembly of the VNPs??®

can be incorporated into the implant system and
the released protein subunits may undergo self-assembly in vivo.

This thesis focuses mainly on the processing of polymers and formulation science on the
development of sustained protein delivery manufactured by HME; however, the development of

low-melting processable polymers can also be a focus to enable the potential of HME in

manufacturing sustained protein delivery implants.

5.2.3.1 Baroplastics as low-temperature polymer substrates

Baroplastics as mentioned beforehand are a type of pressure-sensitive polymer and can be
processed under low temperatures when under applied pressure. Baroplastics consist of low-glass-
transition-temperature (Tg) and high-glass-transition-temperature (Tg) components in the form of
core-shell polymer or block copolymer or nanoblends.??” Recently, a novel type of biodegradable
baroplastic comprising polyphosphoester and poly(I-lactide) (PLLA), PIPPx-b-PLLAy block
copolymers have been investigated, and proteinase K was incorporated in the system. Full

enzymatic activity of proteinase K was obtained after processing under ambient temperature with
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a pressure of 5076 psi?*® (Figure 5b). Another work done by Z. Lv et al.?*! synthesized a poly(n-
butyl acrylate)@polystyrene (PBA@PS) core—shell polymer and reinforced the baroplastic by
mixing with poly(acrylic acid) and poly(ethylene oxide) through hydrogen-bonded interaction.
The resultant polymer is processable by compression molding under 1450 psi at room temperature
for 10 min. This pressure is roughly in the range of the pressure inside the extruder barrel during
the extrusion process, which generally ranges between 1000 and 5000 psi?*?, indicating a great

potential for the use of baroplastics in the low-temperature HME process.

5.2.3.2 Proteins non-covalently bond with fluoropolymers

Fluoropolymers, a type of interesting polymer, could bring tremendous opportunities for unmet
biomedical applications. Fluoropolymers have long been known for their strong chemical
resistance, low surface energy, excellent mechanical properties, and high stability. Examples of
the most common fluoropolymers are poly(vinyl fluoride) (PVF), poly(tetrafluoroethylene)
(PTFE), poly(vinylidene fluoride) (PVDF), poly(chlorotrifluoroethylene) (PCTFE), they have
been widely used in automotive, chemical, electrical, semiconductor industry, and medical
industry.?*> However, the clinical application in the medical industry is limited to cardiovascular
grafts based on PTFE and Dacron®.* The application of fluoropolymers in the drug delivery field
is still relatively new, however, fluoropolymers can contribute to several advantages because of
their superior assembly ability, serum tolerance, cellular uptake efficiency, endosomal escape
efficiency, and reduced cytotoxicity, and have arisen increasing attention. Fluoropolymers showed
great promise in biomacromolecule delivery, and improved gene delivery by increased gene
transfection efficiency is achieved by fluoropolymers assemblies nanoparticles.”>>*® For

protein/peptide delivery, fluoropolymers have played a vital role in the formation of nanoparticles

with proteins/ peptides, avoiding protein denaturation, and maintaining bioactivity for protein
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delivery.?3”-2*® Furthermore, the length of the fluorous chains and the fluoridation rate can regulate
the delivery efficacy of the protein therapy.?*” The main hindrance of fluoropolymers in drug
delivery is the incapability of the degradation and metabolism of fluoropolymers in vivo due to the
inexistence of natural fluorine metabolic enzymes, however, stimulus-responsive bonds such as
disulfide bonds, 2*¢ are introduced into the back chain; polypeptides,?** and PLA?*! can be used as
the main chain to branch with fluoropolymers, and realize biodegradable fluoropolymers.

Based on the advantages of the fluoropolymers, I propose a biodegradable fluoropolymer that
non-covalently binds with protein to shield it from the stress caused by HME. Together with the
protein APIs, gene therapy can also be incorporated into the fluoropolymer chains and act as an

adjuvant for the protein treatment.

5.2.4 Innovations related to hydrogels

Hydrogels are a group of powerful materials used in biomedical applications as we discussed
in Chapter 1 and Chapter 4. For the future investigation of hydrogels, “living” materials can be a
promising direction. As reported by Liu et al.,’¢ genetically targeted chemical assembly of
conductive polymers are synthesized in living cells and the 3D printed living responsive materials
and devices?’ suggests hydrogels are necessary substrates to culture the living cells, and also they
can bridge the living cells and human body. Not only merely as a substrate, hydrogels can also be
modified in structure to react to external stimuli, such as polymer blocks having a mechanical
response. An interesting application could be a stem cell-incorporated mechanically responsive
hydrogel used for tissue regeneration. The hydrogel first acts as an extracellular matrix (ECM) to
maintain cell growth and supply essential components to cells, and also serves as the substitute for

damaged large-size tissue.’** Later, the hydrogel will gradually degrade activated by the
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mechanically responsive blocks caused by the regeneration of tissues, and lead to complete tissue

regeneration.
5.2.5 Polymer processing techniques- enabled materials development

In the thesis, polymer processing techniques, such as HME and 3D printing, were utilized to
fabricate drug delivery devices and bioelectronics. However, they can be a part of the materials
design and modify and even synthesize the processed/ designed materials. As we suggested in
Chapter 4, a DBSA coagulation was added to the system and realized an in situ formation of 3D
printable PEDOT. Reactive melt extrusion has been reported to improve the dissolution
performance and physical stability of naproxen ASDs?®. Therefore, an interesting project could
be a reactive material system processed with strain-induced alignment from HME and followed
by coagulation bath-assisted material modification.

In conclusion, polymer science in biomedical applications is a highly multidisciplinary subject.
It requires input from various fields to present cutting-edge polymeric integrations. More
importantly, the communication between academic research and clinical professionals and biotech
corporations is essential to inspire innovations as well as to accelerate translational research to
realize enhanced research and development efficiency and reach the goal of increased human

health and improved living quality.
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