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ABSTRACT

Implantable medical devices (IMDs) are playing an increasingly important role due to an
aging population and the associated increasing prevalence of chronic diseases. However,
the foreign body response (FBR) has limited IMDs from realizing their full potential. The
FBR is characterized by inflammatory and fibrotic processes that surround the implanted
material. Degradative chemicals enzymes produced in the process can damage the implant.
Fibrotic encapsulation is particularly detrimental for biosensors and electrophysiological de-
vices because it would impede the diffusion of analytes and ions. Despite this, there seem
to be few strategies for suppressing the FBR in the long term. As electronic materials for
IMDs, poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) is of inter-
est because it is chemically stable, highly processable, non-cytotoxic, and has good mixed
ion-electron conducting properties. Furthermore, PEDOT:PSS can be chemically modified
and physically blended with a variety of materials which makes it interesting for generating
new strategies for suppressing the FBR to electronic materials. Nonetheless, previous work
addressing the FBR against PEDOT:PSS did not place their focus on long-term solutions or
did not carry out FBR-specific characterization methods. In Chapter 1 of this dissertation,
we introduce FBR and the problems that it causes for IMDs. We will go into the in-depth
mechanism of the FBR, at the molecular, cellular, and cellular network level. Then, we will
explore the reported material strategies for suppressing the FBR. An overview on conjugated
polymers, including PEDOT:PSS, and its role in IMDs will also be discussed.

In Chapter 2, we introduce the zwitterionic PEDOT:PSS hydrogel (ZIPH) which was
found to have both good electrical conductivity and good FBR-suppressing properties. Zwit-
terionic polymers are a class of materials with promising FBR suppressing properties which
have been shown to nearly eliminate the FBR for at least a year in mice. We hypothesized
that by combining PEDOT:PSS and a zwitterionic polymer into a double-network hydro-
gel and carefully tuning its phase separation morphology, the conductivity can be increased
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and the FBR can be suppressed indefinitely. In this chapter, we demonstrate a process for
inducing PEDOT:PSS network formation in situ in a zwitterionic hydrogel matrix, which
significantly improves its conductivity and reduces FBR-associated fibrosis. Investigation
of the mechanism of the FBR suppression revealed that ZIPH is associated with a unique
immune response that diverged significantly from its parent materials, PEDOT:PSS and
zwitterionic polymer.

In Chapter 3, we sought to demonstrate that the high electrical conductivity and FBR-
suppressing properties of ZIPH are advantageous in electrophysiological applications via elec-
trocardiography (ECG) in mice. Device design and a new surface functionalization strategy
for substantially enhancing adhesion of ZIPH on plastic substrates are explored. We also
discuss the (ECG) recording setup and amplifier design. Finally, we show that ZIPH ECG
electrodes have less signal degradation compared to PEDOT:PSS ECG electrodes. Fur-
thermore, ZIPH ECG electrodes have similar signal degradation compared to PEDOT:PSS
ECG electrodes with dexamethasone-eluting silicone backings without the side effects asso-
ciated with dexamethasone. We have successfully demonstrated that the novel approach for
designing ZIPH can lead to long-lasting implantable electrophysiological devices.

In Chapter 4, we take a different approach from previous chapters and confer antifoul-
ing properties to PEDOT:PSS by assembling zwitterionic polymer brushes. Because PE-
DOT:PSS has no useful functional groups for chemical modification and swells easily in
water, conventional coating strategies do not work as well. In addition, maintaining a low
interfacial impedance is desirable. To solve this, we devised a new coating strategy that
involves the electrostatic interaction between PSS and other polyelectrolytes. The coating
terminates with a polyzwitterion-polyelectrolyte block copolymer, which demonstrated good
antifouling properties. We also use this strategy to coat PEDOT:PSS ECG electrodes, which
are implanted in mice for 12 weeks, and demonstrate the strategy can lead to almost no signal

loss.
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CHAPTER 1
INTRODUCTION

1.1 Introduction to The Foreign Body Response

1.1.1 Implantable Medical Devices and The Foreign Body Response

The first implantable medical device (IMD) entered a patient’s body in the form of a cardiac
pacemaker in 1958 in Stockholm.! Since then, many types of IMDs have been introduced to
the market ranging from cochlear implants to glucose sensors. More recently, the increasing
prevalence of chronic diseases as the global population ag652 and advancements in brain-
computer—interfaces3 are expected to become key IMD market drivers. In 2020, the global
IMD market was valued at $84.10 billion and is projected to grow to $141.08 billion by
2028.% Despite this continuous growth, there is one major obstacle known as the “foreign
body response (FBR)” that has limited IMDs from realizing their full potential. The FBR is
characterized by inflammatory and fibrotic processes that surround the implant once it enters
the body, which can lead to degradation and mechanical failure of the devices within several
weeks.?® Furthermore, fibrotic encapsulation of the implant leads to the isolation of the
IMD from the rest of the body, which is detrimental for IMDs with sensing and interfacing
functionalities.®8 Thus, there is a substantial need for materials and devices that can carry
out its function in the body without eliciting a significant amount of FBR.

IMDs can broadly be divided into two categories: active IMDs and passive IMDs. Active
IMDs require an external power supply to support its functions, while passive IMDs do not,
since in many cases, they only have structural functions.? All discussions from this point
on will be from the perspective of electronic materials and devices, so active IMDs will sim-
ply be referred to as IMDs unless explicitly mentioned otherwise. While the FBR does not
necessarily prevent established active IMDs, such as cardiac pacemakers, continuous glucose

monitors, and cochlear implants from functioning properly in the majority of cases, it still
1



presents with obstacles and complications that cannot be disregarded.l% 12 For emerging
implantable technologies, such as brain-computer-interfaces and various implantable bio-
chemical sensors, the effects of the FBR can vary from unclear long-term influences due
to the lack of systematic studies to causing overwhelmingly detrimental hurdles for clinical
translation. To provide context for the role of the FBR in IMDs, which is a diverse class
of devices, how the FBR affects cardiac pacemakers, continuous glucose monitors, cochlear

implants, and emerging implantable technologies will be discussed in the following sections.

Figure 1.1. Fibrotic encapsulation of cardiac pacemaker leads. a, Photographs of fibrosis
and tissue encapsulated pacemaker leads from formaldehyde-ethanol fixed body donors. an,
anode; cath, cathode; tri, tricuspid valve; scale bar, 3 mm. b, Azan stained tissue section of a
subclavian vein with two side-by-side pacemaker leads. bl, blood-side lumen; thr, thrombus;
cap, fibrotic encapsulation; lc, lead-side lumen; scale bar, 1 mm. Adapted with permission
from Ref.[12]. Copyright 2017 Elsevier.



1.1.2  Effects of The FBR on Cardiac Pacemakers

There are an estimated 3 million people worldwide with cardiac pacemakers and 600,000
pacemakers implanted each year.!?1% Cardiac pacemakers are used to treat bradycardia,
an abnormally slow heart rate, and consist of electrodes that both sense cardiac electrical
signals and deliver electrical stimulation to the myocardium.'3 Pacemaker electrodes are
usually inserted into the subclavian vein and guided to the inner atrial wall, where they
are fixed.1213 In the early days, the FBR-induced fibrotic insulation of electrodes (Fig.
1.1a) would cause pacemakers to experience a large initial increase in stimulation threshold.
After plateauing, the stimulation threshold would constantly fluctuate, requiring automatic
or manual threshold adjustments.14’15 Enzyme-catalyzed degradation via reactive oxygen
species of lead insulation was also observed to cause issues due to current leakages.16718
Improved understanding of the failure modes of pacemakers eventually led to the introduction
of dexamethasone-eluting silicone collars placed in the vicinity of the electrodes to suppress
fibrotic tissue overgrowth and cellular accumulation.!#15 Early formulations of polyurethane
insulation were replaced with either newer formulations of polyurethane or different materials
to resist chemical degradation.!®

Despite these advancements, pacemakers still suffer from non-negligible increases and
fluctuations in stimulation thresholds.!?19:20 An increase in stimulation threshold leads to
higher power consumption, decreasing battery longevity. Furthermore, 1 to 6% of people with
cardiac pacemakers develop some type of implant-related complications at some point in their
lifetimes, ranging in severity from high lead impedances to thromboembolisms triggered by
the FBR.11 Arguably, the largest issue that the FBR causes for pacemakers is the fibrotic
encapsulation of leads (Fig. 1.1) that makes surgical retrieval of defective leads extremely

difficult.!? In Germany, for example, around 50% of defective leads are never extracted, and

extraction procedures can have mortality rates that are as high as 2.6%.12



1.1.8 Elffects of The FBR on Continuous Glucose Monitors

Diabetes affects hundreds of millions of people around the world and is continuing to in-
crease in prevalelrlce.m’22 Because maintaining physiological blood glucose levels is the only
way diabetes patients can maintain a healthy lifestyle, it is no surprise that, since it’s com-
mercial introduction in 1999,%% the number of continuous glucose monitor (CGMs) users
have increased to more than 9 million worldwide.22 Conventional CGMs consist of a nee-
dle with sensing electrodes, enabling minimally invasive biomarker detection through skin
penetration.24

Most CGMs are approved to be worn for only 10-14 days. One of the major factors that
limit the wear time of CGMs to 10-14 days is the FBR to the implanted sensors.2’> FBR-
related fibrosis reduces the availability of glucose to the sensors by slowing its diffusion at the
implantation site.22727 As a result, sensor noise and inaccuracies become issues, necessitating
frequent blood glucose calibrations to correct signal trend.2>28 In 2024, the Food and Drug
Administration (FDA) approved Eversense, the first and only CGM with a 365-day wear
time. Eversense can be worn for 365 days due to the device-integrated dexamethasone-
releasing drug depot. Even though this is a significant improvement in wear time over
conventional devices, the wear time of Eversense is still limited because the FBR will resume
when dexamethasone in the drug depot is depleted. In addition, Eversense still requires

regular finger prick for sensor calibration.??

1.1.4 Effects of The FBR on Cochlear Implants

Cochlear implants (CI) are neuroprostheses that provide auditory perception to individu-
als with moderate to severe sensorineural hearing loss. There are over 1 million CI users
around the world.3? CI electrodes are inserted into the scala tympani, one of the cavities
of the spiral-shaped cochlea. External microphones wirelessly send auditory signals to the
implanted internal receiver, which electrically stimulates the cochlear nerve with the inserted
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electrodes. FBR after surgery is reported in 90% of Cls, leading to the formation of a fibrous
capsule surrounding the electrode, resulting in increased impedance at the electrode-tissue
interface.31733 This elevates the stimulation thresholds required for effective function, which
negatively affects signal transmission and leads to progressive residual hearing loss.?2:33
Similarly to cardiac pacemakers, local delivery of dexamethasone with dexamethasone-
loaded silicone has been reported to stabilize and prevent increases in CI stimulation thresh-

37,38

0ld.34736 Clinical trials of the first dexamethasone-eluting CIs are underway, and it is yet

to be found if dexamethasone-eluting Cls will still have still have fluctuations and increases

15,19.20 o will have limits

in stimulation threshold, similar to what is seen in pacemakers,
on the length of time dexamethasone elution can stay effective, similar to what is seen in

Eversense CGMs.29

1.1.5 FEffects of The FBR on Emerging Implantable Technologies

Beyond the established IMDs on the market today, there are many emerging implantable
technologies that appear to be on the verge of commercialization. A few of these technologies
will be discussed in this section.

A prominent emerging class of IMDs today are brain-computer-interfaces (BCls), a well
known example of which is Neuralink.?? By interfacing with the brain, BCIs can restore sen-
sory and motor functions in individuals with neurological disorders or missing body parts by
allowing individuals to control external devices with their brains.*0"#2 This is a diverse class
of IMDs, ranging from Neuralink’s intracortical fiber electrodes®® to Synchron’s endovascu-
lar electrocorticograpic thin film stentrodes.*3 A class of IMDs with significant overlap with
BClIs are neural prosthetics, which place emphasis on restoring sensory and motor functions
in individuals with missing body parts. Neural prostheses often interface with the periph-
eral nervous system instead of the brain, and an established example of this is cochlear

implants. %Y In either case, the FBR has been observed to degrade signal quality as fibro-



sis progresses and the tissues surrounding the electrodes remodel. 4074244 However, despite
initial setbacks,?® the first patient to receive Neuralink’s BCI still has functional electrodes
over 18 months after surgical implantation.*6 Even though this is promising, data on more
patients are needed to draw conclusions on whether the FBR is solved for this application
area.

Another emerging class of IMDs are biochemical sensors. Implantable biochemical sen-
sors can potentially provide continuous health monitoring to catch early onsets of diseases
and enable continuous closed-loop therapies. Even though commercial continuous glucose
monitors have been around since 1999, commercial diversification of sensors into other types
of analytes have been virtually non-existent.*” This may be due to the myriad of difficult
problems that plague continuous biochemical sensors in addition to the FBR.*349 Due to
the complexity of such devices, systematic investigations into the contributions of the FBR
to device stability has been limited, but biochemical sensors as a whole are expected to face
the same diffusion barrier problem that FBR-induced fibrosis causes for continuous glucose

monitors.29 27

1.1.6 Limatations of Dexamethasone in Suppressing the FBR

So far, commercial IMDs, including cardiac pacemakers and CGMs, have demonstrated that
dexamethasone elution can be an effective strategy to prolong the functionality of implanted

devices in humans.'®?29 However, issues, such as negative influences on device function from

15,19,20

incomplete elimination of fibrotic overgrowth, interference of remaining fibrotic over-

112 29,50
)

growth in IMD retrieval,”* and depletion of the drug over time, could be fundamental

limits of the strategy when it comes to further increasing the reliability and expanding the
application area of IMDs. Furthermore, atrophy of various tissues is a major side effect of
glucocorticoids, which is a class of anti-inflammatory steroids that dexamethasone belongs

t0,°17°4 and could limit the use case of the strategy for more sensitive applications, as is the



case for neural interfacing devices.”® 8 To move beyond dexamethasone, we must under-
stand the mechanism of the FBR at a much deeper level and design materials and devices

that can suppress the FBR without any side effects.

Figure 1.2. Schematic depiction of the simplified mechanism of the foreign body response.
Immediately after implantation, macromolecules adsorb onto the implant surface. Neu-
trophils are the first cells to arrive at the implant surface, followed by monocytes that
differentiate into macrophages. Macrophages recruit fibroblasts that deposit collagen on
the implant surface. Finally, macrophages fuse to form foreign body giant cells (FBGCs).
Adapted with permission from Ref.[59]. Copyright 2013 Springer Nature.

1.2 Mechanism of The Foreign Body Response

1.2.1 General Mechanism of The FBR

The FBR is a complex process, involving non-specifically interacting proteins and cells across
timescales of months to years. Experimentally, there are many potential confounding factors

that can obscure causal relationships.%” For example, in the harsh environment of the peri-
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implant space, degradation and abrasion can lead to the implant surface shedding molecules
and particles that can be taken up by immune cells, which can cause the FBR process to
deviate from what would be expected from pure surface effects.59"63 Despite this, based on
mechanistic and empirical findings, we know with considerable certainty that the FBR is
largely governed by surface effects.

To understand the FBR, one must take a few steps back from device level observations
and shift their focus to how the human body recognizes something that is foreign, which
naturally leads to the conceptual frameworks of immunology. There are four well accepted
theories: the self non-self theory,%¢ the infectious non-self theory,%® the danger theory,%6
and the discontinuity ‘cheory.67 The self non-self theory, proposed by Nobel prize laureate,
MacFarlane Burnet, posits that clonal selection of antibody-producing lymphocytes allow
the immune system to discriminate between what is self and what is foreign and explains
how the adaptive immune system produces pathogen-specific antibodies.5%468 The infectious
non-self theory, conceived by Charles Janeway, proposes that the immune system recognizes
foreign dangers by detecting pathogen associated molecular patterns (PAMPs), conserved
molecular structures carried by all known human pathogens.%? This is largely supported by
the discovery of many pattern recognition receptors (PRRs) that bind to PAMPs.%9 Polly
Matzinger proposed the danger theory, which posits that cell death, distressed cells, and
tissue damage release damage associated molecular patterns (DAMPs) into the extracellu-
lar space, signaling the immune system to engage.%¢ This theory is also supported by the
discovery of the many PRRs that bind to DAMPs.”0 Lastly, the discontinuity theory states
that the immune system responds to changes in composition and abundance of antigens or
molecular patterns over time and is consistent with how the immune system can become
tolerized to persistent antigenic expression.57 All of these models are useful for explaining
experimental observations, either by itself or in combination with other models.

A natural question to ask, then, is: which of these theories most accurately explains



the FBR? Since the FBR is also observed in synthetic materials that lack biochemical mo-
tifs,5’7 the self non-self theory, which requires foreign peptides to be presented on major
histocompatbility complexes (MHCs) on antigen presenting cells,%8 would not make sense.
By extension, the infectious non-self theory% would also not make sense because PAMPs are
not present in many of these synthetic materials. On the other hand, the danger theory is an
excellent fit because whenever an implant enters a living body, it inevitably leads to tissue
damage, releasing DAMPs. Even if, hypothetically, an implant was able to be surgically in-
serted without causing any tissue damage, endogenous proteins will non-specifically adsorb
onto the surface of the implant. The adsorbed proteins change conformations, externalizing
their hydrophobic domains, which become DAMPs and become accessible to PRRs.”t The
discontinuity theory only makes sense in conjunction with the danger theory because the
temporal change in composition of molecular patterns is a result of the release of DAMPs.
Using the danger theory, it can be appreciated that the experimentally supported cur-
rent understanding of the FBR (Fig. 1.2) has fundamental immnological roots. The first
phase of the FBR can be thought of as analogous to the first phase of sterile injury and
is marked by the release of DAMPs into the extracellular space.?7273 Tissue damage, cell
death, and distressed cells caused by the damaging effects of inserting an implant into a
living body triggers the release of DAMPs. DAMPs can either be (1) intracellular molecules
that are released by necrotic cells, such as high-mobility group box 1 (HMGB1), heat shock
proteins (HSPs), adenosine triphosphate (ATP), and histones or (2) molecules that are ac-
tively secreted by distressed cells, such as defensins, IL-1c, and IL-33, as shown in Table
1.1.70 The release of DAMPs act as inflammatory and chemoattractant agents that recruit
and activate immune cells.”” However, the presence of an implant causes the FBR to devi-

ate from a normal sterile injury response.? 773

Within seconds to minutes of implantation,
DAMPs non-specifically adsorb onto the implant surface, in a process commonly known as

fouling.577 In addition to cellular DAMPs, blood plasma, consisting of over 300 distinct types



Table 1.1. List of damage-associated molecular patterns (DAMPs), their receptors, and
their origins.

Origin Major DAMPs Receptors
Extracellular Biglycan TLR2, TLR4, NLRP3
matrix Decorin TLR2, TLR4
Versican TLR2, TLR6, CD14
LMW hyaluronan TLR2, TLR4, NLRP3
Heparan sulfate TLRA4
Fibronectin (EDA domain) TLR4
Fibrinogen TLR4
Tenascin C TLR4
Intracellular ~ Cytosol Uric acid NLRP3, P2X7
compartments S100 proteins TLR2, TLR4, RAGE
Heat shock proteins TLR2, TLR4, CD91
ATP P2X7, P2Y2
F-actin DNGR-1
Cyclophilin A CD147
Ap TLR2, NLRP1, NLRP3, CD36, RAGE
Nuclear Histones TLR2, TLR4
HMGB1 TLR2, TLR4, RAGE
HMGN1 TLR4
IL-1a IL-1R
IL-33 ST2
SAP130 Mincle
DNA TLR9, AIM2
RNA TLR3, TLR7, TLRS, RIG-I, MDA5
Mitochondria mtDNA TLR9
TFAM RAGE
Formyl peptide FPR1
mROS NLRP3
ER Calreticulin CD91
Granule Defensins TLR4
Cathelicidin (LL37) P2X7, FPR2
EDN TLR2
Granulysin TLRA4
Plasma Syndecans TLR4
membrane Glypicans TLR4

ER, endoplasmic reticulum; EDC, eosinophil-derived neurotoxin
Adapted with permission from Ref.|70]. Copyright 2018 Korean Association of Immunologists.
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of proteins, become a major source of fouling, with some acting as DAMPs. The adsorption
process denatures blood plasma proteins on the implant surface, externalizing chemical mo-
tifs that are normally not accessible to PRRs in their native states. Although technically
not considered to be DAMPs, complement proteins, such as C3b, can opsonize and adsorb
onto the implant surface and facilitate the formation of potent chemoattractants, C3a and
C5b.5 ™75 The significance of biofouling in the FBR is that synthetic materials, which often
have no native cognate receptors, suddenly acquire numerous, diverse "cognate receptors"
that indirectly recognizes the synthetic material through the adosrbed DAMPs, allowing the
immune system to recognize and attack the implant.

In the second, acute inflammation phase of the FBR, freely soluble extracellular DAMPS
activate and recruit immune cells through PRRs.%7 Within minutes of implantaion, DAMPs
activate mast cells. Mast cells act as rapid-response sentinels, releasing histamines, which act
as chemoattractants and vasodilators.”%77 Within hours, neutrophils, detecting the release of
DAMPs and other chemoattractants, arrive at the implantation site. Within hours to days,
DAMPs and other chemoattractants recruit monocytes to the implantation site. Monocytes
differentiate into macrophages, which play a key role in the evolution of the FBR, upon
arrival. Neutrophils and macrophages recognize the implant through cell surface PRRs,

such as toll-like receptors (TLRs), NOD-like receptors, and scavenger receptors.5’70’78 The

acute inflammatory phase lasts several days.?0

The infiltration of lymphocytes marks the start of the third, chronic inflammation phase
of the FBR, which lasts 2-3 weeks.? ® During the chronic inflammation phase, macrophages
continue to arrive at the implantation site, and macrophages and various other cells produce
platelet derived growth factors (PDGFEs), vascular endothelial growth factors (VEGF), and
TGF-B. These growth factors facilitate the recruitment of fibroblasts and endothelial cells

and the initiation of fibrosis, ending the chronic inflammation phase and beginning the pro-

cess of insulating the implant from the rest of the body.? TGF-4 induces the differentiation
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of fibroblasts to myofibroblasts which produce contractile actin filaments and causes mechan-
ical stress on the implant.?® In addition to producing growth factors, macrophages produce
matrix metalloproteinases (MMPs) which promote the remodeling of the tissue surrounding
the implant.5’7 Depending on the intended function of the implant, tissue remodeling may be
unfavorable because it may compromise the quality of contact between the implant and the
tissue.”™ The fourth and final process of the FBR is characterized by a mature, collagenous

fibrotic capsule that segregates the implant from the rest of the body.? 8

1.2.2  Role of Non-Specific Binding in the FBR

Non-specific binding, or fouling, is central to the initiation of the FBR. To further under-
stand non-specific binding, one must first understand the difference between specific and
non-specific binding. Specific binding occurs when molecules bind at defined interfaces, at
defined orientations, with stereospecificity, and with shape complementarity. Non-specific
binding lacks all of these qualities, and the molecules bind at multiple, ill-defined interfaces.80
Thermodynamically, specific binding occurs when two binding partners, molecules or solid
surfaces, explore multiple conformational states until they fall into a well-defined global min-
imum. Non-specific binding occurs when two binding partners fall into one of the many local
minima as they explore multiple conformational states.3? One important distinction here is
that reversibility of a binding event is not the same as the specificity of the binding event.
Reversibility is determined by the depth and steepness of the thermodynamic well that the
binding partners have found themselves in. Both specific and non-specific binding can be
either reversible or irreversible (Fig. 1.3).80

The blood plasma is composed of 8-9% solids, with the majority of the solids being
proteins.81 Because specific interactions scale linearly with concentration while non-specific

interactions scale quadratically with concentration,®2 the high concentration of proteins in

blood plasma means non-specific binding is very prevalent in biological systems. Due to this
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Figure 1.3. Qualitative intrinsic energy landscapes between two interaction partners of
various conformational states. a, Energy landscape of reversible non-specific binding. b,
Energy landscape of irreversible non-specific binding. ¢, Energy landscape of irreversible
specific binding. d, Energy landscape of reversible specific binding. pdf, probability density
function. Adapted with permission from Ref.[80]. Copyright 2021 American Chemical Soci-

ety.
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and thermodynamic limitations, some speculate that it will always be physically impossible
to eliminate non-specific binding completely.8Y

In the FBR, the Vroman effect is believed to play a major role. The Vroman effect
describes the continuous non-specific binding and de-binding of proteins on solid surfaces,
usually in blood plasma.83’85 At early time points during the protein adsorption process,
kinetics dominate, leading to the adsorption of high mobility, high concentration proteins,
such as albumin. Because many of the kinetically governed binding events are reversible,
the initially bound proteins are gradually replaced by more thermodynamically favorably
bound proteins, such as fibrinogen, kininogen, fibronectin, and vitronectin. Some of these
proteins become irreversibly bound.®3 87 The kinetics argument is supported by studies that
have found that bovine serum albumin undergoes a single step adsorption process, whereas
fibrinogen undergoes a complex, multi-stage adsorption process.38:89 These thermodynam-
ically favorably bound proteins are thought to be the major mediators of the subsequent
FBR processes.

Fibrinogen adsorption has been of particular interest among researchers investigating
the FBR and, more broadly, fouling.390 As little as 7 ng/ cm? of fibrinogen has been shown

75,91

to induce platelet adhesion and thrombosis. The initiation of thrombosis leads to fur-

ther fouling via fibrin and platelets. Surface-adsorbed fibrinogen mediates the adhesion of

75,92

leukocytes to the implant surface via CD11b/CD18 (Mac-1), a complement receptor. In

addition, TLR4 recognizes fibrinogen, and the recognition of fibrinogen by TLR4 has been
found to stimulate macrophages to secrete chemokines, such as MIP-1a and MCP-1.70,78,93
It would make sense that intracellular DAMPs would be recognized by PRRs since under
homeostatic conditions, intracellular DAMPs would not be accessible to PRRs. Yet, fib-
rinogen, which is a plasma protein that is always present extracellularly, is recognized by

receptors. One potential explanation for this is that when the native conformational state

of fibrinogen is perturbed, regions in the protein that were not normally accessible become
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externalized. This is partially supported by studies that show that regions of fibrinogen
that are buried in its native state get recognized by Mac-1 receptors when fibrinogen is ad-
sorbed onto surfaces.?49 This is teleologically consistent with what has been proposed by
Polly Matzinger — exposed hydrophobic regions that are normally buried in proteins become
alarm signals for the immune system when externalized because the existence of denatured
proteins is a potential sign for trauma, infection, or disease.’!

In addition to fibrinogen, TLR4 recognizes a variety of DAMPs. In fact, the bulk of
known DAMPs are recognized by TLR2 and TLR4.70 In the context of the FBR, it has been
shown that DAMPs bound to implant surfaces are a major drivers of fibrosis?%:97 and that
TLR2 and TLR4 are responsible for orchestrating the subsequent events by binding to the
surface-adsorbed DAMPs.9798 Knocking out either TLR2 or TLR4 led to partial decreases

97-99

in the number of inflammatory cells and fibrotic capsule thicknesses in mice, and a

TLR2-TLR4 double knockout led to even larger decreases, with a 60% or more decrease in

fibrotic capsule thickness depending on material type.97’98

1.2.3 Role of Macrophages in The FBR

Macrophages are believed to play a central role in the progression of the FBR. Macrophage
depletion studies that observed a significant decrease in fibrotic encapsulation support this

100-104 1¢ s logical to think, then, that understanding the behavior of macrophages

notion.
is key to understanding the FBR. However, because macrophages are highly heterogeneous
and complex, there is limited consensus on the specifics of what factors affect macrophage
behavior in the context of the FBR.”

Different researchers have claimed that either of the polarization states of macrophages,
M1 and M2 macrophages, are responsible for the exacerbation of the FBR. However, a re-

view on the matter™® discovered that there were just as many articles claiming that M1

macrophages exacerbate the FBR as there are articles claiming that M2 macrophages exac-
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erbate the FBR. How could this be? To understand the origins of the M1-M2 dichotomy,
one must look into when the M1-M2 nomenclature was first proposed. The idea of a di-
chotomous classification system for macrophages first appeared in 1992 when it was pro-
posed that macrophages can be classified as classically-activated and alternatively-activated
macrophauges.lo5 Classically-activated macrophages reflected the IFN-v dependent type 1
immune response driven by T helper 1 (T},1) cells, and alternatively-activated macrophages
reflected the I1-4 and I1.-13 dependent type 2 immune response driven by T helper 2 (T},2)
cells. 19 Later, a different group proposed that classically-activated macrophages be referred
to as M1 and alternatively-activated macrophages as M2.106 This initial dichotomous fram-
ing of macrophages was wholly based on the limited knowledge at the time that there were
only Tj,1 and Ty2 driven responses.19” However, in 1995, the anti-inflammatory T regula-
tory (Treg) cells were discovered.19® The following decade culminated in the discovery of
T helper 17 (T,17) cells.!09" 111 By the end of the first decade of the 21st century, it was
clear that there were four distinct types of immune responses: type 1, type 2, type 17,
and regulatory.11? Unfortunately, the M1-M2 classification system endured in various fields.
There have been efforts to overhaul the macrophage classification system. One proposal
was to subdivide M2 macrophages into M2a, M2b, and M2c macrophages.113 Another pro-
posal was to classify macrophages based on the agents that activates them, e.g., M(IFN-y),
M(IL-4), M(IL-10), and M(LPS) (Fig. 1.4).'' Nontheless, because research on the role
of macrophages in various contexts typically describes macrophages to fall on the M1-M2
dichotomy or continuum, subsequent discussions on the role of macrophage polarization in
the FBR will operate under this framework.”3:115-117

The acute phase of the FBR is thought to roughly mirror the wound healing process.” 2
At the beginning of the wound healing process, macrophages primarily take on an M1-
leaning polarization state, releasing pro-inflammatory cytokines, phagocytosing cellular and

tissue debris, and releasing reactive oxygen species (ROS) to eliminate pathogens. The M1-
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Figure 1.4. Framework for classifying macrophages based on stimulation conditions. a, Ex-
amples of commonly used macrophage preparation methods. CSF-1-cultured macrophages
remain the predominant in vitro systems used for generating macrophages and is used as
references for this classification system b, Markers for identifying different macrophage po-
larization states. With the M1-M2 classification system, M(IFN-v) would correspond to M1
and M(IL-4) would correspond to M2. Adapted with permission from Ref.[114]. Copyright
2014 Elsevier.
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dominant macrophage population gradually transitions to M2-like polarization states, and
by around 1-week post-injury, the wound becomes M2-dominant. M2-leaning macrophages
release anti-inflammatory cytokines and act to remodel the tissue surrounding the im-
plant.>116:118,119 1)) t}he FBR, this M1-to-M2 transition is disrupted and enters a chronically
inflammatory state because the implant prevents the wound from healing normally. Because,
in many cases, the implant is too large to be phagocytosed by macrophages, the macrophages
become “frustrated” and fuse into multinucleated foreign body giant cells (FBGCs) in order
to become large enough to phagocytose the implant.? FBGCs are considered to be undesir-
able in the long term because they become a continuous source of enzymes and ROS that
can degrade the implant.” 8 It has been reported that the transition from the M1 to the M2
phenotypes is associated with the formation of FBGCs. However, other studies have chal-
lenged this dichotomy, suggesting that the FBGC macrophage polarization states may be on
a continuum in between M1 and M2 polarization.1297122 The role of FBGCs is recognized
in humans, but the main animal model for the FBR, C57BL/6 mice, generates FBGCs very
sparingly.1?3 Therefore, conclusions drawn from animal models regarding FBGCs’ role in
the FBR should be interpreted with caution.

Because M2-like macrophages resolve the wound healing process, several studies have
claimed that M2 macrophages are responsible for lower FBR severity and are anti-
inflammatory.12412% This may need re-examination. First, as discussed earlier, the M1-M2
dichotomy is based on Ty1 and Ty 2 cells. The Tj2-mediated type 2 immune response
is inflammatory and is the main driver of allergies — far from being anti-inflammatory.
The idea that Tp2-mediated responses are anti-inflammatory has been put to rest with
the discovery of Tregs, the true mediator of anti-inflammatory processes, in 1995.108
Second, a series of studies have found that the type 2 immune response, along with M2-like
macrophages, are the main drivers of fibrotic diseases.1267131 Teleologically, this makes

sense because the purpose of the type 2 immune response is to expel multi-cellular parasites
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through responses such as tissue remodeling. If the expulsion is unsuccessful, the type 2
immune response facilitates fibrotic encapsulation for isolating the parasites, regardless of

132

whether they are dead or alive."?* The body seems to treat implants similarly to the way it

treats multi-cellular parasites. In addition, key type 2 immunity cytokines, 1L-4 and IL-13,

have been found to directly stimulate collagen production in fibroblasts. 133136

1.2.4  Role of Fibroblasts in the FBR

Fibroblasts are responsible for the deposition of collagen, which is the main component of the
fibrotic capsule. All connective tissues in the body consist of fibroblasts that are embedded in
extracellular matrices. When fibroblasts transdifferentiate into myofibroblasts, collagen pro-
duction substantially increases and becomes pathogenic when myofibroblast activation is pro-
longed, leading to fibrotic capsule formation in the FBR.” In normal wound healing, myofi-
broblasts undergo apoptosis after the wound is healed. Although, in the FBR, macrophages
are known to originate from circulating monocytes and tissue resident macrophages,1%4 the

1.137-139 Myofibroblasts are a

progenitor source of myofibroblasts is somewhat controversia
highly heterogeneous population with diverse cellular origins, such as tissue resident fibrob-
lasts, pericytes, fibrocytes, myoblasts, and adipocytes.137 139 Because of this, other than the
well known fact that the proximity of a-SMA ™ myofibroblast is associated with more severe
FBR,7371007103’140 there is limited consensus on if there are other relevant phenotypes.
Fibroblasts from different organs all exhibit specialized functions. Dermal fibroblasts, for
example, consist of subpopulations including but not limited to reticular, papillary, dermal
papilla, and preadipocyte.” In the skin, it was shown that dermal fibroblasts expressing
Engrailed-1 in its embryonic progenitors was the predominant lineage, from which myofi-
broblasts are derived, and was responsible for fibrotic wound healing. The deletion of the

gene led to a significant reduction in fibrosis in mouse wound healing models.!* Interest-

ingly, it was also found that adipocytes derived from Engrailed-1 lineage fibroblasts was a
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Figure 1.5. Overview of mechanosensitive receptors. = Mechanosensitive GPCRs,
Mechanosensitive ion channels, and integrins are known to transduce mechanical signals.
ECM, extracellular matrix; GPCR, G protein-coupled receptor; TRP, transient receptor po-
tential. Adapted with permission from Ref.[146]. Copyright 2022 American Physiological
Society.

major contributor to fibrosis.!4? It was also found in the FBR that Engrailed-17" cells were
prevalent in the fibrotic Capsules.143 Unfortunately, given the diverse and varied sources of

myofibroblasts in other parts of the body, 144145 the findings on Engrailed-1 may not apply

to fibrosis and the FBR in other parts of the body and requires more investigation.

1.2.5 Role of Mechanotransduction in The FBR

It has been known that lower Young’s modulus is associated with thinner and less dense
collagen capsules and lower cell infiltration in the FBR.%5:147.148 Ty the context of the FBR,
there are two general mechanisms with which cells interact with implants mechanically. They

are force transduction through the cytoskeleton via receptor-mediated cellular anchoring on
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149,150

implant surfaces, such as integrins, and force transduction through deformation of cell

membranes via stretch-activated mechanosensitive proteins (SMPs), such as Piezol, TRPV4,
and most mechanosensitive GPCRs (Fig. 1.5).1°0,151

For integrins to bind to implant surfaces, RGD peptide sequences need to be present at
the surface of implants, which is usually not the case.?152 The introduction of RGD peptide
sequences require protein adsorption. Specifically, fibronectin, vitronectin, collagen, fibrino-
gen, and laminin are known to mediate integrin adhesion with the implant surface.?192
When cells come in contact with stiff surfaces, integrins bind to the RGD peptide sequences
and multiproteins complexes called focal adhesions (FAs) form under the cell membrane.
FAs transfer the mechanical stimuli from the integrins to the cytoskeleton. The cytoskele-
ton is coupled to the nucleus, allowing mechanical information to be translated to genetic
expression.150

SMPs are thought to be activated by stretching, shear stress, and vibrations.!46 Given
that the cell membrane needs to be deformed for force to be transduced!*6 and there are

reports of crosstalk between Piezol and FAs,?!

it is likely that cell spreading on substrates
as a result of integrin binding is contributing to the activation of SMPs. Another possibility
is that the displacement of tissues as a result of the insertion of the implant leads to the

induction of compressive forces to its surroundings, which translates to the stretching of cell

membranes.

1.3 Material Strategies for Suppressing The FBR

1.3.1 Antifouling Strategies for Suppressing The FBR

Antifouling materials are a class of materials that prevent non-specific binding and can
vary in chemical structures. Zwitterionic polymers, a type of antifouling material, was one

of the first materials to demonstrate FBR suppressing properties.!2# Zwitterionic polymers
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consist of neutral monomers with two oppositely charged functional groups. Some examples
of zwitterionic polymers are poly(2-methacryloyloxyethyl phosphorylcholine) (PMPC),
poly(carboxybetaine methacrylate) (PCB), poly(sulfobetaine methacrylate) (PSB), and
poly(trimethylamine N-oxide) (PTMAO) (Fig. 1.6).1937 150 Because the FBR is initiated by
the surface adsorption of proteins, zwitterionic polymers potently suppress the FBR.193,157
There are two theories for the origins of the antifouling properties of zwitterionic polymers.
The first theory is that the electrostatically mediated strong hydration of zwitterionic
polymers is responsible for repelling protein adsorption.t53:1%% The second theory is that
the closely located opposite charges on the polymer backbone allow the water molecules
to form an unperturbed hydrogen bonding network, which eliminates the thermodynamics

driving force for protein adsorption.t?

Figure 1.6. Chemical structures of zwitterionic polymers. a, Structure of poly(2-
methacryloyloxyethyl phosphorylcholine) (PMPC). b, Structure of poly(carboxybetaine
methacrylate) (PCB). ¢, Structure of poly(sulfobetaine methacrylate) (PSB). d, Structure
of poly(trimethylamine N-oxide) (PTMAO).

The strong hydration make it possible for zwitterionic polymers to be prepared into
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hydrogels, which are characterized by high water content and low mechanical moduli.193:158

Low mechanical moduli further help the suppression of the FBR.? Jiang and co-workers
showed that zwitterionic hydrogel implants can nearly eliminate the FBR for up to a year
in mice due to a combination of their antifouling properties and low mechanical moduli.
This is the longest duration of FBR suppression that has ever been reported.159 Despite
being exposed to about 300 distinct proteins in the blood plasma, zwitterionic polymer
brushes consistently achieve a total protein adsorption of less than 10 ng/ cm?2. 7153 1
comparison, the exposure of polymer brushes of poly(ethylene glycol) (PEG), a commonly
used biocompatible and antifouling polymer, to blood plasma leads to a protein adsorption of
over 600 ng/ cm?2.160 Moreover, less than 5 ng / cm? of fibrinogen adsorption was consistently
observed on pSB polymer brushes.1?3:161

Other reported antifouling approaches for suppressing the FBR include charged bal-

62 and poly(ﬁ—homoserine).163 Polyelectrolyte complexes

anced polyelectrolyte complexes1
are formed when oppositely charged polymers bind electrostatically. Charge balanced
polyelectrolyte complexes made from negatively charged alginate and positively charged
polyethyleneimine have been shown to suppress the FBR in mice for up to 3 months.62
Poly(B-homoserine) is a silk-inspired material with marginal antifouling properties. Despite
having similar antifouling properties as PEG-based materials, it showed suppressed FBR

compared to PEG.163

1.3.2  Immunomodulatory Strategies for Suppressing The FBR

Here, immunomodulatory properties of a material will be defined as properties that allow
materials to shape the immune response to the materials by directly or indirectly acting
on cells. This is in contrast with antifouling properties, which indirectly act on immune
cells by limiting the amount of endogenous molecules that adsorb onto the surface upon im-

plantation. In other words, immunomodulatory materials direct the FBR with the presence
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of immunological signaling while antifouling materials does so with the absence or lack of
immunological signaling. Out of the immunomodulatory materials, the most numerous type
are the ones discovered via high throughput screens.140:1647166 Other types are derived from

naturally occurring biological ligands.

Figure 1.7. Immunomodulatory chemical structures for suppressing the FBR. a, Top
performing side chain structures of alginate found in a high throughput screen in Ref.[140].
b, Top performing side chain structures of alginate found in a high throughput screen in
Ref.[164]. ¢, Top performing polyacrylamide-based copolymer found in a high throughput
screen in Ref.[166].

As it implies, high throughput screens involve synthesizing a library of molecules.
The molecules are tethered on a material, and the library of materials is tested for FBR-
suppressing effects in vivo. The top candidates of the screen have been found to perform
extraoridinarily well with only trace amounts of fibrosis.140:164-166 Because of this, the
mechanism of FBR-suppression is largely unknown, and it is assumed that these materials
are immunomodulatory because of empirical biological observations. For example, follow
up studies on a combinatorial screening work showed that the top performing material
had a high ratio of phospholipid to fatty acid adsorption. The authors reasoned that

since phospholipids are anti-inflammatory and fatty acids are pro-inflammatory, the lipid
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deposition profile is responsible for the FBR suppression.167:168

Out of the naturally occurring biological ligands, sialic acid and CD47 have been tested
for FBR suppression. Sialic acid is an anti-inflammatory saccharide that is usually tethered
on the N-glycans of proteins on the cell membrane surface. It is often found in its poly-
meric form, polysialic acid.}? Polysialic acid has been found to suppress the FBR and the
associated fibrosis to a limited extent.!™ CD47, also known as the "don’t eat me" signal,
is an innate immune checkpoint molecule responsible for preventing healthy and native cells
from being phagocytosed. CD47 peptides have been coated on bare metal stents and have
been shown to significantly reduce neointimal hyperplasia in rats. Although not tested under
conditions that are not traditional FBR models, the fact that CD47 peptides were able to
be effective under the harsh, highly fouling conditions in the blood filled vasculature shows
significant promise for FBR suppression in other regions in the body. In addition, bare metal
stents were used, and stiff materials — stainless steel in this case — are known to exacerbate

the FBR, which makes the approach even more Convincing.171

1.3.3 Targeting Mechanotransduction Pathways for Suppressing The FBR

The simplest way to inhibit the mechanotransduction pathway for suppressing the FBR is
to make the Young’s modulus of the implant as low as possible.55’147’148 However, given
that collagen deposition is observed at Young’s moduli as low as 2 kPa% and given that
materials become fragile at such a low Young’s modulus, it is not entirely certain how viable
the strategy is. A potential reported solution is to create a layered structure, consisting of
ultra-soft tissue-facing layers and a tough, stiff layer to mechanically support the ultra-soft
la,yers.5‘r”172

Other than lowering the Young’s modulus of the implant, there has been efforts to

identify and inhibit targets in the mechanotranduction pathway.l73176 Currently, the only

known way to inhibit these targets is the administration of drugs, such as CWHM-12 to
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suppress TGF-( signaling173 and verteporfin to inhibit yes-associated protein (YAP).174

Drug-mediated approaches require a continuous local delivery of the drug to stay effective,
making long-term FBR-suppression challenging. The drug may run out over time and lose

its effectiveness.

Figure 1.8. Tissue adhesive eliminates fibrosis at adhesion interface. a, Side-by-side Mas-
son’s trichrome stained and H&E stained tissue sections of tissue adhesive fixed on the
abdominal wall 28 days post-implantation. b, Magnified image of (a) at the adahesion in-
terface. ¢, Magnified images of (a) at the cavity interface. Adapted with permission from
Ref.[177]. Copyright 2024 Springer Nature.

1.3.4 Tissue Adhesion for Suppressing The FBR

Recently, an approach to completely eliminate fibrotic capsules have been reported. 177179

The approach involves preparing a tissue adhesive, comprised of poly(acrylic acid), poly(N-
succinimidyl acrylate), and a polymer for endowing the tissue adhesive mechanical toughness.
The fibrotic capsule is eliminated at the adhesion interface but is present at typical levels on
all the other sides of the implant that is not adhered to tissue. Because of this, it is expected
to be an excellent solution for electrophysiological interfaces, in which the implant electrodes
are not required to be exposed to biofluids. So far, the tissue adhesive strategy has been

reported to work on a variety of organs, including the abdominal wall, colon, stomach, lung,

26



£ 177,178

and hear in addition to peripheral nerves!™. Both electrophysiological stimulation

and recording have been demonstrated. 177179

1.4 Conjugated Polymers for Implantable Electronics

1.4.1 Introduction to Conjugated Polymers

Conjugated polymers (CPs) consist of alternating double and single bonds, which give rise to
overlapping p-orbitals and delocalized m-electrons that facilitate electron transport. Com-
pared to inorganic electronic materials, CPs are promising candidates due to their mixed
electronic/ionic conducting properties, broad chemical design space, low mechanical moduli,
and solution-processability at low temperatures.'8%181 Charge transport in biological sys-
tems are predominantly mediated by ions as opposed to conventional electronics, for which
electron transport is the primary charge transport mechanism.!82:183 Unlike inorganic ma-
terials, CP materials contain a large fraction of free volume due to their weak inter-chain
van der Waals interactions. As a result, ions can readily diffuse through CP materials.
Unlike inorganic materials, CP materials also lack an oxide layer, which would act as a
barrier to ion transport. Additionally, the hydrophilicity of CPs can be chemically tuned
so that the CP material can swell when exposed to water, further improving ion trans-
port properties.!8! Charge transport at the interface between extracellular media and CPs
occur through faradaic and capacitive mechanisms, giving CPs its mixed electronic/ionic
conducting properties and its ability to effectively bridge the gap between biological and
electronic systems.1807184 As a result, CP-coated platinum electrodes in biological environ-
ments can achieve lower electrochemical impedances, higher charge storage capacities, and
higher charge injection limit compared to bare platinum electrodes.8

The relatively weak van der Waals interactions between polymer chains also give CPs

their low Young’s moduli on the order of kPa to MPa. Inorganic electronic materials have
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rigid three-dimensional networks of chemical bonds, which give them Young’s moduli on the
order of GPa.!1%0 Due to their softness, CPs offer better immunocompatibility than their

5,180,181

inorganic counterparts. Moreover, the weak intermolecular interactions allow low-

temperature solution processing, allowing CPs to be processed into a variety of form factors

during device fabrication.18

The property of CPs to be solution processed at low temper-
atures also translates to greater flexibility during the process of incorporating biological
moieties in the device when compared to the harsh conditions the biological molecules would
potentially be exposed to during the processing step of inorganic materials.180:181

CPs in their pristine states are semiconducting as opposed to being conducting, due to
the relatively large gap between the HOMO and LUMO energy levels, which is commonly
referred to as the band gap. To make CPs conductive, the band gap needs to be reduced.
This is achieved by oxidizing or reducing CPs in a process known as doping. P-type doping
refers to the oxidative process in which the CPs gain positive charges along their back-
bones, and n-type doping refers to the reductive process in which the CPs gain negatives
charges. There is greater academic interest for p-doped CPs because of their higher chemi-
cal stability.!87 Several p-doped CPs have been reported, including polyacetylene, polyani-
line, polyaniline, poly(p-phenylene), poly(p-phenylene vinylene), and polythiophene. Among
CPs, polythiophene and its derivatives, such as poly(3,4-ethylenedioxythiophene) (PEDOT),
have attracted significant attention because of its high chemical stability under ambient con-
ditions. Through the 3,4-disubstitution of thiophene monomers with oxygen, the stability can
be further improved. PEDOT is one such polythiophene synthesized from 3,4-disubstituted
thiophene monomers.18” However, PEDOT suffer from poor solubility in most solvents both
in its pristine and doped states.18%:188 To overcome this issue, p-doped PEDOT can be poly-
merized in the presence of poly(styrene sulfonic acid) (PSS). PSS serves as a dopant and

counterion for PEDOT. The result are PEDOT:PSS polyelectrolyte complex nanoparticles

with PEDOT-rich cores and PSS-rich outer shells that can be dispersed in water (Fig. 5).
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PEDOT:PSS is highly conductive, highly processable, and non-cytotoxic.!88191 Ag such,
PEDOT:PSS has already been used as an electrode coating in a FDA-approved medical de-
vice, Amplicoat@®), for improving the signal transduction at the electrode-tissue interface.192
Additionally, PEDOT:PSS aqueous dispersions are widely available through the commer-
cial vendors Heraeus and Agfa, further contributing to its popularity in the bioelectronics
field 188,189

Since its introduction in the 1990s, the method with which PEDOT:PSS is processed
has been an active area of research because processing conditions greatly influences its elec-
trical and mechanical properties.19 Because PEDOT:PSS exists as nanoparticles with an
insulating PSS outer shell, it exhibits conductivities less than 1 S/cm in its pristine form.
Hence, connecting the PEDOT domains increases conductivity of PEDOT:PSS.19%0 Both as
a cosolvent and as a post-treatment solvent, polar organic solvents, such as ethylene glycol
and dimethyl sulfoxide (DMSO), have been used to increase the conductivity of PEDOT:PSS
by one to three orders of magnitude. Treatment of PEDOT:PSS films with different types
of acids also leads to conductivity enhancements.19%191 PEDOT:PSS films with the highest
conductivity of over 4000 S/cm was achieved through a sulfuric acid post-treatment process,
making its conductivity comparable to indium tin oxide.!3 Other examples of additives are
ionic liquids which can increase the conductivity and stretchability of PEDOT:PSS films from
less than 1 S/cm to over 1000 S/cm and from less than 20% to over 100%, respectively.!194
Along with its high conductivity, high stability in ambient conditions, high processability,

and low cytotoxicity, the vast parameter space available for processing makes PEDOT:PSS

a promising material for implantable electronics applications.

1.4.2 PEDOT:PSS Hydrogels and Its Derivatives for Implantable Electronics

An attractive aspect of PEDOT:PSS for bioelectronics applications is that it can be readily

prepared into hydrogels, due to its hydrophilic PSS component. PEDOT:PSS hydrogels
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Figure 1.9. Hierarchical structure of PEDOT:PSS. a, Chemical structures of PEDOT and
PSS. b, Secondary structure formed from the polyelectrolyte complexation between PEDOT
and PSS. ¢, Colloidal gel particle formed from the micellization of PEDOT and PSS. d,
Aggregation of the particles cause PEDOT:PSS to form into continuous bulk materials.
Adapted with permission from Ref.[191]. Copyright 2015 Springer Nature.

can broadly be divided into single component PEDOT:PSS hydrogels and interpenetrating
network (IPN) PEDOT:PSS hydrogels. Single component PEDOT:PSS hydrogels can be
prepared through the addition of DMSO or an ionic liquid, the subsequent removal of water,
and the re-swelling of PEDOT:PSS in water, resulting in conductivities between 40 and 50
S/cm.l‘%’lg6 IPN PEDOT:PSS hydrogels consisting of PEDOT:PSS and a second hydrogel
component can be prepared to give rise to a unique combination of properties. The most
conductive PEDOT:PSS-based IPN hydrogel reported was prepared by soaking a single

component PEDOT:PSS hydrogel with an acrylic acid monomer solution, followed by the
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polymerization of the monomers. The resultant hydrogel achieved a conductivity of 0.23
S/cm, and the mechanical properties could be tuned by adjusting the composition. 97
Despite its widespread use and its ability to form IPN hydrogels, No PEDOT:PSS-based
materials to date have the intrinsic ability to suppress the FBR. The most relevant but fun-
damentally different group of studies so far focused on combining biocompatible materials,
such as silk fibroin, gelatin, and poly(ethylene glycol) (PEG), with a PEDOT:PSS hydrogel,
but all these studies focus on improving cytotoxicity and cell adhesion of the hydrogel.198-200
In the field of biomaterials, it has long been known that the long-term implantation of bio-
compatible and bioinert materials, such as PEG and titanium, leads to an immune response
and a FBR.7201.202 1¢ {5 clear from past studies that low cytotoxicity and bioinertness,
while beneficial, is not sufficient to suppress the FBR. Therefore, PEDOT:PSS has great

potential for giving rise to the first immune compatible electronic material by combining the

electrically conductive property of PEDOT:PSS with an immunocompatible material.

1.5 Aim of This Research

Even though incomplete, the fundamental understanding of the FBR has advanced signifi-
cantly over the past few decades, Advances in the fundamental understanding of immunology,
wound healing, and fibrosis have provided context and filled gaps in the understanding of
the FBR. However, there are few reported methods for suppressing the FBR, and out of
the reported ones, the methods seem to be not broadly applicable and/or lead to incom-
plete FBR suppression. Tissue adhesion appears to be very promising,7" 17 but fibrotic
encapsulation on non-adhesive interfaces could be an issue if free diffusion of molecules is
desired. Screening studies have led to the discovery of highly promising antifibrotic chemical
structures, 40:164-166 1, questions remain on whether they can be used on bulk electronic
devices and whether they will perform just as well in humans.

In addition to their excellent tissue interfacing properties, PEDOT:PSS is a versatile
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material for testing the effects of incremental changes to material properties, a property
shared by organic materials in general. PEDOT:PSS can be chemically modified and easily
be made into physically blended composite materials. However, chemical modification is dif-
ficult because PEDOT:PSS lacks useful functional groups and harsh conditions are required
for useful chemical modifications, which can degrade the electrical properties. To explore
new strategies for FBR suppression and to address the difficulty of chemically modifying
PEDOT:PSS, we studied how chemical heterogeneity, achieved by physically blending two
different materials, affects the FBR and how the findings can be used in working bioelectronic
devices. Chemical heterogeneity is an important property to study because electronic IMDs
rarely have chemically homogeneous surfaces. Even in relatively simple electrophysiological
devices, there are multiple channels on the surface composed of an electronic material, and
the channels are separated by insulators at the surface of the device. To more directly address
the difficulty of chemically modifying PEDOT:PSS, we also explore a new way to achieve
stable antifouling coatings on the surface of PEDOT:PSS. For the first time, we report how
chemical heterogeneity could be a parameter that can be tuned to suppress the FBR and

how stable zwitterionic antifouling coatings can be deposited on PEDOT:PSS.
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CHAPTER 2
ZWITTERIONIC HYDROGEL DESIGNS FOR CONDUCTING
POLYMERS WITH SUPPRESSED FOREIGN BODY
RESPONSES

2.1 Introduction

Strategies to suppress the foreign body response (FBR) in implantable medical devices
(IMDs) generally fall into three categories: (i) mechanical matching to tissuel2; (ii) con-
trolled release of immunomodulatory drugs like dexamethasone8; and (iii) surface coatings
and modifications to provide antibiofouling3_5 or tissue adhesive effects®7. While each has
shown some success, they also face key limitations. Mechanical matching, even at tissue-level
stiffness at a few kPa, can still trigger fibrosis!:2. Drug release strategies may cause systemic
side effects®? and complicate fabrication, as many drugs are sensitive to heat and UV10:11,
Surface coatings often suffer from long-term instability due to mechanical wear or chemical
degradation and may hinder the transport of chemical species. Among coatings, zwitterionic
polymers and hydrogels are particularly promising due to their super-hydrophilic, antifoul-

12714 4nd established clinical use in various IMDs!®. Studies have shown that

ing nature
zwitterionic hydrogels can nearly eliminate the FBR for up to three months in mice, due
to their antifouling properties20. However, these coatings are electronically inactive, which
may hinder the transport of analytes and ions for biosensors and electrophysiological devices.
In such applications!®1?, having conductive or semiconductive materials directly interfacing
with tissue is often more desirable to preserve device function.

As electronic materials for IMDs, conjugated polymers are promising candidates due to
their low mechanical moduli, broad chemical design space, and lower interfacial impedance?V.

Specifically, poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) has at-

tracted the most attention because it is chemically stable, highly conductive, highly process-
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able, and non—cytotoxicQLm, PEDOT:PSS has demonstrated its usefulness in applications
ranging from biosensors to electrophysiological recording and stimulation??28.  Although
PEDOT:PSS has been shown to be biocompatible in terms of cytotoxicity, there is still
a lack of understanding of the FBR against PEDOT:PSS and PEDOT derivatives. Most
prior studies assessing the FBR to PEDOT:PSS have relied on immunofluorescence (IF) to

24,2832 However, the specific

measure the infiltration of immune cells (e.g., macrophages)
ways that IF was used in these studies may have limitations in giving complete and ac-
curate information about the FBR for the following reasons. First, IF has been used to
detect a limited number of markers, leading to an incomplete picture of the FBR. Second,
using IF to compare the number of infiltrating immune cells without information about spe-
cific phenotypes (e.g., M1 and M2 for macrophage, etc.) does not necessarily reflect FBR
severity33’35. For example, it has been shown that tissue-resident macrophages, rather than
recruited macrophages, are responsible for FBR-related fibrosis36.

In fact, negatively charged polymers have been reported to lead to poor FBR out-
comes8 42 As such, it is reasonable to speculate that the negatively charged PSS in PE-
DOT:PSS follows this observation. In this work, through comprehensive histological analysis
involving multiple controls and timepoints, we show that PEDOT:PSS is indeed associated
with fibrosis (Fig. 2.1a,c). Therefore, design strategies for improving the intrinsic immuno-
compatibility of PEDOT:PSS are highly desirable, yet remain a major challenge. To date,
the realization of immunocompatible properties in polymers has dominantly relied on the
design and synthesis of new chemical structures incorporating immune-compatible compo-

44

4,5,14,43 including a recent report on immune-compatible semiconducting polymers™*.

nents
However, because PEDOT:PSS is typically formulated as an aqueous colloidal dispersion,
this conventional molecular design strategy—based on synthesis in organic solutions—is not
technically feasible.

We hypothesize that creating double-network morphologies between PEDOT:PSS and an
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Figure 2.1. Design of zwitterionic PEDOT:PSS hydrogel (ZIPH) achieves superior im-
munocompatibility and conductivity compared to PEDOT:PSS. a, Schematic illustration of
the FBR against PEDOT:PSS. b, Schematic illustration of the FBR against ZIPH and its
nanoscale morphology, which has much less collagen deposition compared to PEDOT:PSS.
¢, Representative M'T'S-stained tissue sections of explanted PEDOT:PSS. The collagen layer
is marked with arrows, and the locations of implants appear clear and are indicated by as-
terisks. d, Representative M'T'S-stained tissue sections of explanted ZIPH-3c, which show
a much less dense collagen layer. e, Average normalized collagen density and conductivity
value of ZIPH-3c compared to PEDOT:PSS. The PEDOT:PSS conductivity value was taken
from the literature3’ for pristine spin-coated PEDOT:PSS films, to illustrate the effect of
the ZIPH-3c processing conditions on conductivity.
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immune-compatible polymer, with a sufficiently small phase separation length scale, could
represent a viable yet unexplored strategy to impart immune-compatible properties to PE-
DOT:PSS. To this end, we introduce a design and processing method that promotes PE-
DOT:PSS to form nanofiber networks embedded in a zwitterionic hydrogel matrix (Fig.
2.1b). Although zwitterionic chemistry has been incorporated into PEDOT:PSS-based sys-

temg28:49

, substantial room remains for improving FBR suppression, particularly through
rational control of phase separation morphology, which can critically influence both immune
response and charge transport. Here, we show that such morphology engineering provides
a powerful route to simultaneously enhance the immunocompatibility and electrical perfor-
mance of PEDOT:PSS-based biointerfaces. Compared to unmodified PEDOT:PSS hydro-
gels, our zwitterionic PEDOT:PSS hydrogel (ZIPH) exhibits a reduction of FBR-associated
fibrotic severity by 64% (Fig. 2.1d,e), in addition to an increase in electrical conductivity
by more than one order of magnitude (Fig. 2.1e). Surprisingly, the FBR-associated fibrotic
severity is even markedly lower than that of the zwitterionic hydrogel (by 53%) utilized in
this design, which could come from certain previously unknown effects from the phase sep-
aration morphology. Improved chronic electrophysiological recordings obtained with ZIPH
electrodes have further validated the benefits provided by the decreased fibrotic severity for
practical applications and demonstrates that such material designs can be stable under harsh
in vivo conditions. To our knowledge, no studies for implantable biomaterials have explored
double-network morphologies as a design strategy for suppressing FBR-mediated fibrosis.

As such, the design strategy presented in this work could provide unique insights for other

types of biomaterials to achieve suppressed FBR.
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Figure 2.2. Small-angle X-ray scattering (SAXS) of PEDOT:PSS with 0 or 10 mg/mL of
4-ethylbenzenesulfonic acid (EBSA). The transition of the slopes at low- to mid-q from q0
to g-1 signifies that the PEDOT:PSS nanoparticles transition from spheroidal to rod-like
particles after the addition of EBSA.

2.2 Results and Discussions

2.2.1 Design of immunocompatible, conductive hydrogels

For combining PEDOT:PSS and zwitterionic polymers for implantable electronics, there
are three major criteria that need to be satisfied. First, the double-network morphology
should have the zwitterionic matrix dominate the overall immunocompatibility. For this,
nanoscale phase separation is preferred so that PEDOT:PSS phases are smaller than the
length scales (tens to hundreds of nm) that can be recognized by cells?0. Second, to achieve
high conductivity, the PEDOT:PSS domain needs to be interconnected to facilitate charge

transport47. Third, to keep stable electrical performance in implantable environments, the
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design must not have severe swelling in water.

Figure 2.3. The combination of EBSA and TFE facilitates the formation of solid, sponge-
like pieces of PEDOT:PSS. a, Comparison of PEDOT:PSS+EBSA and PEDOT:PSS before
TFE addition. No obvious difference is observed. b, Comparison immediately after TFE
addition. With EBSA, PEDOT:PSS solidifies. Without EBSA, TFE sinks, and the PE-
DOT:PSS suspension floats to the top difference due to the difference in density compared
to water (1.39 g/cm3 vs. 0.997 g/cm3). ¢, Comparison 10 min. after TFE addition. The
PEDOT:PSS+EBSA solid shrinks with time. d, Comparison after the tubes are inverted.
PEDOT:PSS+EBSA does not flow down because it solidified, but PEDOT:PSS without
EBSA the mixture flows down. e, PEDOT:PSS+EBSA solid picked up with a tweezer.

Based on the aforementioned criteria, poly(sulfobetaine methacrylate) (PSB) was chosen
as the zwitterionic component. Sulfobetaine-based small molecules have been reported to
increase the conductivity of PEDOT:PSS films?®. Furthermore, due to the strong intra- and
inter-chain electrostatic attraction, PSB hydrogels swell the least compared to other zwitte-
rionic hydrogels!349. We use it to form double-network ZIPH with PEDOT:PSS by firstly
dissolving SB monomer, crosslinker (N,N’-methylenebisacrylamide), initiator (ammonium
persulfate or 2-hydroxy-2-methylpropiophenone), and 4-ethylbenzenesulfonic acid (EBSA)
as an additive in the aqueous PEDOT:PSS dispersion, and then polymerizing the mixture
in bulk (thermal initiation) or thin-film (UV initiation) states. In particular, the addition
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of EBSA is hypothesized to facilitate the formation of rod-like structures (Fig. 2.2) for the
PEDOT phase, through the destabilization of the micellar structure of PEDOT:PSS. Small-
angle X-ray scattering (SAXS) revealed that the addition of EBSA to the PEDOT:PSS
dispersion causes the PEDOT:PSS nanoparticles to transition from spheroidal to rod-like
conformations, as indicated by the transition from a power law slope of 0 to -1 in the mid-q

regime (Fig. 2.2).
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Figure 2.4. Solvent annealing treatment on ZIPH facilitate the formation of percolated
PEDOT:PSS networks and higher conductivity. a, Schematic illustration of the morphologi-
cal changes that occur to ZIPH after ethanol-TFE annealing cycles. b, Cryo-TEM images of
ZIPH subjected to various solvent annealing conditions. With each ethanol-TFE cycle, the
PEDOQOT:PSS particles transition to a more interconnected fibrillar morphology. ¢, C-AFM
images of ZIPH before (ZIPH-E) and after (ZIPH-3c) 3 cycles of ethanol-TFE annealing
cycles. d, GIXD diffraction patterns of PSB hydrogel and ZIPH subjected to various solvent
annealing conditions. e, Conductivity values of non-implanted ZIPH samples prepared with
various solvent annealing conditions obtained with a standard four-point measurement. All
hydrogels were pre-equilibrated in PBS and autoclaved before being measured in a state fully
hydrated with PBS. f, Tensile curves of ZIPH before (ZIPH-E) and after (ZIPH-3c) 3 cycles
of ethanol-TFE annealing cycles.

To further promote the aggregation and interconnectivity of the PEDOT phase in ZIPH,
we devised a novel solvent annealing method that involves alternatively exposing ZIPH to
ethanol and 2,2,2-trifluoroethanol (TFE) with a certain number of cycles (ZIPH-nc for n
cycles). Because TFE is a good solvent for uncrosslinked PSB while having poor chem-
ical compatibility with PEDOT:PSS, we hypothesize that TFE could penetrate into the
PSB hydrogel matrix to further destabilize the PEDOT:PSS phase, thereby promoting the
formation of larger PEDOT:PSS aggregates in the PSB hydrogel matrix (Fig. 2.3). The
combination of EBSA and TFE was observed to cause the PEDOT:PSS to collapse into a
sponge-like solid, but TFE alone did not (Fig. 2.3). Before each TFE treatment, ZIPH is
treated with ethanol in each cycle to deswell the hydrogel, thereby preemptively counteract-
ing the excessive swelling of ZIPH by TFE. In addition, the deswelling by ethanol causes the
PEDOT:PSS phases to be in closer proximity to each other, which increases the likelihood
of adjacent PEDOT:PSS phases to connect (Fig. 2.4a).

2.2.2  Morphology and conductivity evolution of ZIPH during solvent annealing

The hypothesized effect of the solvent annealing process in facilitating the formation of PE-
DOT nanofibrous morphology is validated by cryogenic transmission electron microscopy

(cryo-TEM) on ZIPH samples that went through different solvent annealing processes (Fig.
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Figure 2.5. Comparison of Raman spectra of ZIPH-3¢, PEDOT:PSS hydrogel, and ZIPH-
u.

2.4b). For ZIPH blended with EBSA for promoting aggregation but without any solvent
annealing steps (referred as ZIPH-E), dispersed PEDOT:PSS nanoparticles of 5-15 nm in
diameter were observed. This shows that the favorable chemical compatibility between PSB
and PEDOT:PSS does not provide enough driving force for PEDOT:PSS to grow nanopar-
ticles into larger aggregates. After the solvent treatments in only ethanol or TFE, or 1 cycle
of ethanol-TFE, there is minimal change in the nanoparticle morphology for PEDOT:PSS.
After 2 to 3 solvent annealing cycles, the interconnected nanofibers started to emerge. The
formation of the PEDOT:PSS fibrous structures from the solvent treatment processes can

also be observed using conductive atomic force microscopy (C-AFM), as shown by the com-

parison of ZIPH-E and ZIPH-3c in Figure 2.4c.
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Figure 2.6. The conductivities of ZIPH-E bulk samples treated with excess amounts of
various solvents for 30 minutes. EG, ethylene glycol; DMSO, dimethyl sulfoxide.

Grazing-incidence X-ray diffraction (GIXD) revealed that in contrast to the crystalline
structure of pristine PEDOT:PSS, ZIPH suppresses the long-range crystallization of PEDOT
(Fig. 2.4d). The solvent treatment processes have little effect in changing such amorphous
structure. The diffraction pattern was nearly identical to that of PSB hydrogel (Fig. 2.4d).
The PSS to PEDOT ratio also remained largely unchanged (Fig. 2.5).

As a result of the solvent annealing-induced formation of the interconnected nanofibrous
morphology of PEDOT:PSS, the conductivity of non-implanted, hydrated ZIPH samples
improved substantially from ~104 S/cm for ZIPH-E to ~2.5 S/cm for ZIPH-2¢ and ZIPH-
3c (Fig. 2.4e), which is much higher increase than other reported treatment methods utilized
on ZIPH samples (Fig. 2.6).The formulations were optimized for conductivity. Crosslinking
density and solvent annealing method had a significant effect on conductivity (Fig. 2.7).
For dry, thin film samples, the conductivity of ZIPH-3c reached 80 S/cm. The effective

capacitance of ZIPH-3c was similar to that of PEDOT:PSS (Fig.2.8). For TFE-only or 1
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Figure 2.7. Crosslinking densities, solvent annealing, and post-treatments affects the con-
ductivity of ZIPH. a, Conductivity comparisons of ZIPH made with 1.0 mol% crosslinking
density. b, Conductivity comparison of ZIPH made with 1.8 mol% crosslinking density.
Crosslinking mol% values were calculated with respect to the monomer concentration.

cycle of ethanol-TFE annealing, even though little changes were observed in the morphology,
increases in conductivity have already started to take effect. The solvent treatment process
also led to the increase in Young’s modulus, from 1.4 kPa for ZIPH-E to 9.9 kPa for ZIPH-3c
(Fig. 2.4f). This is also due to the formation of an interconnected network by the more rigid

phase of PEDOT:PSS.

Table 2.1. Young’s moduli of all materials used in in vivo experiments. Young’s moduli
were calculated from tensile tests.

Material Young’s Modulus (kPa)
PEDOT:PSS Hydrogel 720
ZIPH-3c 9.9
ZIPH-E 14
ZIPH-u 8.7
PSB 9.0
PSS 9.7
PDMS 9.8
Dex-PDMS 10
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Figure 2.8. Comparisons of electrochemical properties. a, Nyquist plot and fitting results.
b, Equivalent circuit model for ZIPH-3c. ¢, Equivalent circuit model for PEDOT:PSS. Rg
is the solvent resistance, Rt is the charge transfer resistance, W is the finite-space Warburg
element, CPE is the double-layer constant phase element, and CPE} i is the bulk constant
phase element. d, CV curves conducted at 0.1 V/s. e, Comparison of capacitances calculated
from the EIS fits and the CV curves.

2.2.3 ZIPH-3c is associated with the lowest collagen density among non-drug eluting im-

plants

Next, we studied the FBR behaviors against ZIPH by subcutaneously implanting disc-shaped
samples into mice. We assumed that the surface properties of PEDOT:PSS are largely
governed by PSS since PSS forms a hydrophilic shell around the PEDOT core. For this
assumption to be valid, the PSS shell around PEDOT needs to be largely intact. Water
contact angle measurements show that the water contact angle of PEDOT:PSS hydrogel (11
°) is similar to PSS (6.5 °) and is substantially different compared to PEDOT-TMA (115 °),
confirming our assumption that PSS mostly dictates the surface properties of PEDOT:PSS
hydrogel (Fig. 2.11).
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Figure 2.9. Measurement of FBR-induced collagen deposition shows that ZIPH-3c has one
of the lowest collagen density. a, Schematic illustration of the subcutaneous implantation
timeline. b, Representative M'T'S-stained tissues from 3 types of implants 1-, 4-, 12-, and 24-
weeks post-implantation. Locations of implants appear clear and are indicated by asterisks.
c-d, Average collagen density (blue pixel density) of the fibrotic capsule over time, determined
from MTS-stained tissue. Scale bars, 50 pm. FError bars, mean 4+ s.d. N=5-6 mice per
treatment. One-way ANOVA was used to compare collagen densities between treatments.
P < 0.001; ¥ P < 0.0001.
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Figure 2.10. Representative Masson’s trichrome stained tissues of ZIPH-3¢, PEDOT:PSS,
PSB, PSS, Dex-PDMS, and PDMS at 1-, 2-, 4-, 8-, 12-, 24-week post-implantation. Locations

of implants are marked by asterisks. Scale bar, 50 /textmu m.
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Figure 2.11. Static water contact angle measurements of PEDOT:PSS, PSS, and PEDOT-
TMA. a, Static water contact angle measurements on dry, thin films of PEDOT:PSS, PSS,
and PEDOT tetramethacrylate (PEDOT-TMA) on silicon. b-d, Representative photographs
of static water contact angle measurements for PEDOT:PSS, PSS, and PEDOT-TMA. Scale
bar, 1 mm. The contact angle for PEDOT:PSS was much more similar to PSS than that
of PEDOT-TMA, demonstrating that the surface chemistry of PSS can mimic that of PE-
DOT:PSS.

After pre-determined timepoints, the mice were sacrificed at 1-, 2-, 4-, 8, 12-, and 24-
weeks post-implantation and histological analyses of explanted tissues around the implants
were conducted (Fig. 2.9a & b and Fig. 2.10). Using MTS, the density of the collagen layer
formed as a result of the FBR was quantified. Young’s moduli for all implants tested were
kept at around 10 kPa except for PEDOT:PSS to account for mechanical effects (Table 2.1),
and the surface roughness for all implants were kept at the nanometer scale by using glass
and plastic molds with a surface roughness on the order of a few nanometers to account
for topographical effects. As shown by the average collagen density of the fibrotic capsule
over time (Fig. 2.9c & d), ZIPH-3c indeed had substantially decreased collagen density
than the PEDOT:PSS hydrogel at all timepoints, which validated that the incorporation of
the zwitterionic hydrogel PSB effectively suppresses the FBR. Surprisingly, ZIPH-3¢ had a
much lower collagen density than the PSB hydrogel at all timepoints as well (Fig. 2.9b & c).
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Figure 2.12. Collagen densities as a function of distance away from the surface of the
implants for ZIPH-u. Representative Masson’s trichrome stained tissues at 1-, 4-, and 12-
weeks post-implantation (a). Collagen density comparisons of ZIPH-u and ZIPH-3c at 1-,
4-, and 12-week post-implantation (b-d).

For the thickness of the fibrotic capsule, ZIPH-3c was associated with the second thickest,
behind only PEDOT:PSS, at most timepoints (Fig. 2.12). This indicates that the double-
network morphology might be having some unique effect in helping to decrease the collagen
density of FBR-associated fibrosis without necessarily decreasing the thickness. Along this
line, the higher collagen density of ZIPH without the addition of EBSA or solvent treatment
(ZIPH-u) compared to ZIPH-3c implies that the interconnected nanofibrous morphology of
PEDOT:PSS in ZIPH-3c is also favorable for suppressing the FBR (Fig. 2.13). To the best
of our knowledge, such effects of double-network morphology on the FBR have never been
reported before in other biomaterials studies.

For PEDOT:PSS hydrogel, the high FBR-induced fibrosis could largely come from the
negatively charged PSS?® 42 To test this, we also prepared and tested PSS hydrogels, which,
indeed, gave the highest collagen density at the surface of the implant (Fig. 2.9d).

Although the immunocompatible properties of zwitterionic polymers mostly come from
the antifouling properties, protein adsorption assays indicate that this may not be the case

for the ZIPH designs. Among all the tested samples (Fig. 2.14), both ZIPH-3c and ZIPH-u

have some of the highest levels of protein adsorption. This suggests that the embedment of
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Figure 2.13. Fibrotic capsule thicknesses over time for ZIPH-3c, PEDOT:PSS, and PSB
(a) and Dex-PDMS, PDMS, and PSS (b).

PEDOT:PSS in the PSB matrix may not be enough to negate the high protein adsorptive
behavior of PEDOT:PSS. Our result also shows that PSS is indeed responsible for the high
protein adsorptive behavior of PEDOT:PSS (Fig. 2.14), which is consistent with the in vivo
collagen density results. Overall, the trend from these protein adsorption results does not
fully agree with the in vivo histology results discussed above, which indicates that in our
designs, protein adsorption only has a loose correlation with the fibrosis associated with each

implant type.

2.2.4  Immune response for ZIPH-3c diverges from its parent materials

In the FBR, macrophages are known to play a central role in the final outcome33:38:50,

To gain a deeper understanding of the different immune responses induced by different
hydrogel designs, we used both flow cytometry (FC) and immunofluorescence (IF) to an-
alyze the population size and phenotypes of macrophages surrounding each implant at 1-,

4-, and 12-weeks post-implantation (Fig. A.1-A.5). FC data (Fig. 2.15a and Fig. A.l-
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A.3) indicated that ZIPH-3c was associated with the greatest number of Ly-6C /10 F4/gohi
macrophages compared to other samples including PEDOT:PSS, PSB, PSS, and sham for
all timepoints. Furthermore, the polarization states of Ly—GCf/ lo py / 8o macrophages, M1
and M2 macrophages, were analyzed. M1 and M2 macrophages are thought to be pro- and
anti-inflammatory, respectively, but studies have shown that an imbalance in macrophage
polarization in either direction compared to sham can be a primary driver for poor FBR and

fibrosis outcomes>3:%1

. Macrophage polarization states exist on a continuum, and the M1/M2
classification can vary significantly depending on the markers used®92. To gain a clear un-
derstanding on the average polarization states of macrophages, iNOS (M1) / Arg-1 (M2)
and CD86 (M1) / CD206 (M2) single positive ratios were quantified using FC at 4 weeks.
Both macrophage polarization classification methods indicated that the immunological mi-
lieu of ZIPH-3c was biased towards M1 polarization (Fig. 2.154b & ¢ and Fig. A.2, A.3).
Immunofluorescence (IF) microscopy confirmed that the Ly—6C’/ lo gy / 80" macrophages an-
alyzed using FC were localized at the surface of the implants (Fig. 2.15d). Since an M1 bias
suggests a polarization to type 1 immunity, T cell phenotypes were also assessed, and the
fraction of cells expressing T-bet, a master regulator of Type 1 T helper cells (T},1) and a
marker for type 1 immunity, among CD3" T cells was found to be the highest for ZIPH-3c
(Fig. 2.15e), consistent with the observed M1 bias. To check if markers for type 1 immunity
necessarily imply an inflammatory response, FoxP3™ T regulatory cells (Tregs) were also
quantified. It was found that ZIPH-3c was associated with the highest fraction of Tyegs
among CD4" T helper cells (T}, cells), indicating the co-existence of an anti-inflammatory
regulatory response (Supplementary Discussion). Consistent with previous results for zwitte-
rionic hydrogelsM, PSB exhibited a preference towards M2 polarization and type 2 immunity
(Fig. 2.15b,c,e and Fig. A.2), an indication that the immune response to ZIPH-3c has signif-

icantly diverged from PSB. Even though, in our case, the material with the lowest fibrosis,

ZIPH-3c, is associated with more MI1-like macrophages, these two observations may not
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be directly causally linked. Prior work®! has suggested that macrophage polarization state
alone does not consistently predict FBR severity and fibrosis outcomes, which are highly
context-dependent. The interesting observation in this work is that ZIPH-3c has an oppo-
site macrophage polarization state compared to PSB and warrants investigative efforts on
the underlying reasons in future studies.

Cytokines secreted during the FBR also provide in-depth information on the different
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Figure 2.14. Comparison of protein adsorption amount.a, Comparison of positively charged
lysozyme protein adsorption on ZIPH-3¢, ZIPH-u, ZIPH40 (40% PSB), and PSB. Increasing
PSB leads to decrease in lysozyme adsorption. b, Comparison of positively charged lysozyme
protein adsorption on ZIPH-3¢c and ZIPH-u not neutralized or neutralized with PVBTMA.
The neutralization of PSS by PBTMA leads to lower protein adsorption. ¢, Comparison
of blood plasma protein adsorption on ZIPH-u, PSS hydrogel, PSB-PSS hydrogel, and PSS
non-neutralized or neutralized with PVBTMA determined via CBQCA assay. Adding PSS
to PSB hydrogel leads to higher protein adsorption. Neutralization of PSS with PVBTMA
leads to lower protein adsorption. d, Comparison of blood plasma protein adsorption on
Z1PH-3c, PEDOT:PSS hydrogel, ZIPH-u, PSB, and PSS with or without surface-assembled
PSB polymer brushes determined via CBQCA assay. e, Confirmation of the results from
(d) by using BCA instead of CBQCA. f, Comparison of fibrinogen (1 mg/mL) adsorption on
Z1PH-3c, PEDOT:PSS hydrogel, ZIPH-u, PSB, and PSS with or without surface-assembled
PSB polymer brushes determined via CBQCA assay. All data were acquired using CBQCA
assay except for (e).

immune responses. We used a 14-cytokine LegendPlex panel to quantify cytokine concen-
trations at 1-, 2-, 4-, 8-, and 12-weeks post-implantation (Fig. 2.15g-j and Fig. B.1-B.5).
IFN-v, a crucial cytokine for type 1 immunity, was found to be expressed at similar levels for
all implants, including ZIPH-3c, suggesting that Tregs may be counteracting the inflamma-
tory effects of type 1 immunity (Fig. B.1-B.5). However, IL-10, a Tyeg-associated cytokine,
was not significantly upregulated (Fig. B.1-B.5), suggesting an IL-10-independent regulatory
mechanism. In addition, other cytokine expression profiles of ZIPH-3c and ZIPH-u are found
to significantly diverge from their parent materials, PEDOT:PSS and PSB. In particular,
ZIPH-3c and ZIPH-u were found to be associated with significantly higher concentrations of
MCP-1 at all timepoints tested and higher concentrations of VEGF at the 1-, 2-; and 4-week
timepoints compared to the rest of the implants (Fig. 2.15g & i and Fig. B.1-B.5). The
significant upregulation of MCP-1 is a potential explanation for why ZIPH-3c is associated
with the greatest number of macrophages. Interestingly, even though MCP-1 and VEGF are

53’54, vasculariza-

known to be powerful arteriogenic and angiogenic cytokines, respectively
tion in the surrounding areas did not match the high levels of MCP-1 and VEGF at 4-weeks

post-implantation (Fig. 2.16). Another important cytokine is I1.-13, which is one of the first
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cytokines released during tissue injury®®. All the hydrogels except for PSB had suppressed
IL-17 levels, and ZIPH-3c had one of the lowest IL-1 levels for all time points (Fig. 2.15g
& 1 and Fig. 2.17a). This difference between ZIPH-3c¢ and PSB may explain the lower fi-
brotic tendency of ZIPH-3c. For PEDOT:PSS and PSS hydrogels, significant upregulation

of TNF-a was found after 1 week, suggesting an inflammatory response (Fig. 2.15h). Such
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Figure 2.15. Comparisons of key immune cell populations and cytokine concentration from
different implants show that ZIPH-3c induces a distinct immune response compared to its
parent materials. a, Total counts of macrophages associated with each type of implant,
determined by flow cytometry and 4-week post-implantation. Macrophages were defined as
F4/80+ cells. ZIPH-3c is consistently associated with the greatest number of macrophages.
b, iNOS™ Arg-1~ / iNOS™ Arg-1" macrophage ratios associated with each implant, deter-
mined by flow cytometry at 4 weeks post-implantation. iNOS™ Arg-1~ macrophages are
considered to be MIl-like and iNOS™ Arg-1" macrophages are considered to be M2-like.
ZIPH-3c is associated with the most MI-like macrophages. ¢, CD86" CD206 / CD86
CD206 " macrophage ratios associated with each implant, determined by flow cytometry at
4 weeks post-implantation. CD86" CD206 macrophages are considered to be M1-like and
CD86~ CD206 " macrophages are considered to be M2-like. ZIPH-3c is associated with the
most M1-like macrophages. d, Representative immunofluorescence microscopy images of tis-
sues stained with F4/80 (macrophage), CD86 (M1), and CD206 (M2). Locations of implants
appear clear and are marked by asterisks. e, Percentage of CD3" T cells that are T-bet .
T cells associated with ZIPH-3c have a high fraction of T-bet™ cells. f, Percentage of CD4 ™"
T helper cells that are FoxP3™ Tregs. CD4+ T helper cells associated with ZIPH-3c have a
high fraction of FoxP3™ Tregs. g-j, Key cytokines associated with each implant, determined
via LegendPlex assay at 1-week (8-1) and 4-week (I-J) post-implantation. MCP-1 is consis-
tently upregulated for both ZIPH-3c and ZIPH-u. k, Total counts of neutrophils associated
with each implant, determined by flow cytometry 1-week post-implantation. Neutrophils
were defined as Ly-6G " cells. 1, Complement C3a concentration associated with each im-
plant, determined by ELISA 1-week post-implantation. The high number of neutrophils is
correlated with the generation of C3a. PSB has a distinctly higher neutrophil number and
C3a concentration than the rest of the hydrogels that contain PSS. Error bars, mean +
s.d. N = 5-6 mice per treatment. One-way ANOVA was used for statistical comparison of
multiple means. *, P < 0.05; **, P < 0.01; **** P < 0.0001; , P < 0.01 compared to rest;
, P < 0.0001 compared to rest.

upregulation persisted at 4 weeks for PSS (Fig. 2.15j). Because TNF-« is a powerful pro-
inflammatory cytokine leading to fibrosis, this may partially explains the fibrotic response
against PEDOT:PSS and PSS. Cytokine concentration evolved significantly over time, and
some key cytokines were observed to be in sync with the evolution of collagen density and
thickness over time (Fig. 2.9c and Fig. 2.17b).

Another important type of cell in the FBR is neutrophils, which act as the first responders
to the implants. We used flow cytometry to quantify Ly-6G " neutrophils. At 1-week post-

implantation, the number of Ly-6G ™ neutrophils associated with PSB and PSS was found to

69



Figure 2.16. Angiogenesis was not initially observed but becomes prominent at 24-
weeks post-implantation. a, Immunofluorescence microscopy images of ZIPH-3c and ZIPH-u
stained with aSMA and CD31 at 4-weeks post-implantation. No angiogenesis is observed in
the peri-implant region. The papillary dermis was used as the positive control. Implant loca-
tions are marked with asterisks. b-c, Concentrations of endogenous angiogenesis inhibitors
decorin (b) and endostatin (c) determined with ELISA 2-weeks post-implantation, when the
concentrations of MCP-1 and VEGF were at their peaks. ZIPH-3c is associated with some
of the highest concentrations of decorin and endostatin. d-e, Masson’s trichrome stained
tissues from the peri-implant region of ZIPH-3c at 24-weeks post-implantation. Blood vessels
are marked with arrows. Implant locations are marked with asterisks. Scale bar, 200 pm.
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Figure 2.17. Peri-implant concentrations of key cytokines. a, Concentration of IL-173
over time for ZIPH-3c¢, PEDOT:PSS, Dex-PDMS, and sham. b, Concentrations of MCP-1,

VEGF, and IL-18 over time for ZIPH-3c.

Figure 2.18. Tissue section of PSB 1-week post-implantation stained for DAPI and
myeloperoxidase (MPO). MPO is a marker for neutrophils, confirming that the high num-
ber of neutrophils associated with PSB 1-week post-implantation are associated with the
implant. Implant location is marked with an asterisk.
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be greater compared to rest (Fig. 2.15k and Fig. A.1 & 2.18). It is known that the recruit-
ment of neutrophils can be facilitated by the activation of the complement system3. There-
fore, we further compared complement activation of different samples by quantifying protein
C3a, which is generated as a result of complement activation. At the 1-week timepoint, PSB
had substantially higher C3a concentrations in the peri-implant tissue than the rest (Fig.
2.151), suggesting that PSB is activating the complement cascade. This finding is consis-
tent with a previous study showing that a zwitterionic polymer, poly(2-metharyloyloxyethyl

phosphorylcholine), facilitates complement activation®S.

For PSS, neutrophil recruitment
may primarily be facilitated by TNF-a. For the ZIPH samples, despite having PSB as a sig-
nificant fraction, the lower trafficking of neutrophils and complement activation (Fig. 2.15k
& 1 and Fig. A.1) could come from PSS, which has been shown to suppress complement

activation®”°8. This difference between ZIPH and PSB could also be part of the reason for

the lower collagen density from ZIPH.

2.2.5 ZIPH-3c is associated with a unique gene expression pattern

To gain further insight into the mechanisms of the FBR against ZIPH-3c, the tissues asso-
ciated with the implant materials were analyzed with a 50-gene NanoString panel 4- and
12-weeks post-implantation (Fig. C.1-C.4). The most difference in gene expression occurred
at 4-weeks post-implantation. Principal component analysis (PCA) was used to analyze the
data. When the data are plotted on a vector space defined by the first (PC1) and third
(PC3) principal components, there is a loose separation between the mildly fibrotic im-
plants, consisting of ZIPH-3c and ZIPH-u, and the more severe fibrotic implants, consisting
of PEDOT:PSS and PSB (Fig. 2.19a).

Compared to the other implants, the gene expression pattern for ZIPH-3c is unique.
ZIPH-3c forms a tight, unique cluster on the PC1-PC3 vector space and is one of the main

drivers of variance for PC3 (Fig. 2.19a). Among all the representative PC3 genes, the gene
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with the most distinct expression level for ZIPH-3c is Thz21, a gene for T-bet. Although not
statistically significant (P = 0.054), Tbhz21 was upregulated for ZIPH-3c, consistent with FC
results. T-bet is the master regulator for Type 1 T helper cells (T}, 1), which, under certain
circumstances, is implicated in the suppression of fibrosis®® 6!, But for Ty,2 and Ty,17, which
are implicated in the induction®? 64, their master regulators, Gata3 (T},2) and Rorc (T},17),
from ZIPH-3c were found to be indistinguishable from the baseline sham control (Fig. 2.19b

and Supplementary Fig. 47b). On the other hand, PC1 is composed of genes that have the
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Figure 2.19. Gene expression analysis coupled with characterization of fibroblast and
myofibroblast populations show that ZIPH-3c is associated with a unique, mildly fibrotic
gene expression pattern. a, Principal component analysis (PCA) of a 50-gene panel from
4-week post-implantation samples plotted against each other. b, Genes associated with the
negative direction of the third principal component (PC3). The expression of Thz21 (T-
bet) makes ZIPH-3¢ unique among the samples in the experiment. T helper cell-related
genes are highlighted. c, Differentially expressed genes associated with the positive direction
of the first principal component (PC1). All the genes have some connection to fibrotic
diseases. Genes that are statistically significantly different from sham control and have a
strong connection with fibrosis are highlighted. d, Total counts of fibroblasts associated
with each implant, determined by flow cytometry 4 weeks post-implantation. Fibroblasts
are defined as CD45- Lin— CD140a+, in which Lin consists of CD31, Ep-CAM, Tie-2, and
Ter-119. e, Representative immunofluorescence microscopy images of tissues stained with
collagen I, aSMA (myofibroblast), and F4/80 (macrophage). Locations of implants are
marked by asterisks. Error bars, mean + s.d. N=>5-6 mice per treatment. One-way ANOVA
was used for statistical comparison of multiple means. *, P < 0.05; **, P < 0.01; *** P <
0.001; , P < 0.00001.

biggest correlation with fibrosis® 79, including Ccr2, Sphk1, Retnla, Acta2, Fap, and Plod2.
Strong upregulations of these fibrotic genes are consistently observed for PEDOT:PSS, PSB,
and ZI-SAM-PH, but not for ZIPH-3¢ or ZIPH-u (Fig. 2.19¢). Not surprisingly, collagen
genes also contribute strongly to PC1. Their expression patterns overall follow the trend of
collagen deposition on different implants (Fig. 2.19c). However, given that the differences
between implants are not statistically significant, there should be other genes and pathways
important for the FBR outcome.

Fibroblasts and myofibroblasts are responsible for collagen deposition, with the increas-
ing presence of myofibroblasts associated with increasing FBR severity V. Acta2, a gene
expressed by myofibroblasts, was found to be upregulated with statistical significance for
PEDOT:PSS and PSB implants, while ZIPH-3¢ maintained a similar level with sham (Fig.
2.19¢). This agrees with IF imaging using aSMA (Acta2), which shows concentrated myofi-
broblasts at the surface of PEDOT:PSS but not for ZIPH-3c¢ (Fig. 2.19¢). In addition, CD45"
Lin~ CD140a" cells, which encompass both fibroblasts and myofibroblasts, were quantified

via FC. ZIPH-3c, was associated with the one of the least number of CD45 Lin~ CD140a"
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cells across all timepoints (Fig. 2.19d and Fig. A.1-A.3). IF imaging also confirmed that
collagen I, «SMA, and F4/80 were all co-localized at the implant surface, confirming that
the fibrotic response was directed against the implants and both F4/80" macrophages and
CD45 Lin~ CD140a" cells are part of the same immunological milieu (Fig. 2.19¢). In
contrast to the FC result for CD45 Lin~ CD140a" cells, the aSMA expression on ZIPH-3c
indicates a low number of myofibroblasts, which is consistent with the current understanding

of the FBRY.

2.3 Conclusion

To suppress the FBR against PEDOT:PSS by imparting intrinsic immunocompatibility, we
report a double-network design of in situ formed PEDOT:PSS nanofibers embedded in a zwit-
terionic hydrogel matrix. By tuning the phase separation morphology, this design not only
achieved higher conductivity, but also substantially reduced the FBR by 64% (as measured
by the collagen density) compared to pristine PEDOT:PSS hydrogels (Supplementary Table
2). Most interestingly, its FBR severity is markedly lower than its parent zwitterionic poly-
mer, PSB, which suggests some unique synergistic effects between PSB and PEDOT:PSS.
Along with these functional and morphological findings, our systematic immunological
experiments combining histology, immunofluorescence, flow cytometry, RNA profiling, cy-
tokine assays, and in vitro protein adsorption experiments have provided deeper insights.
First, the poor immunocompatibility of PEDOT:PSS may be due to the high protein ad-
sorptive properties of negatively charged PSS. Second, the higher immunocompatibility of
ZIPH-3c compared to PSB may be related to its bias towards type 1 immunity while main-
taining a high Treg population and unique gene expression patterns, both of which deviate
significantly from the parent materials of ZIPH-3c. These effects could come from the inter-
play between a unique combination of polymers and the resulting morphological structure.

Although no causal relationships can be established based on the available data, the interest-
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ing biological observations obtained from ZIPH-3c, mainly related to the emergent biological
response that is not seen in either of its parent materials, lead to questions that could give
way to new research directions for deepening our understanding of the FBR.

Overall, this work suggests that chemical heterogeneity, which has been rarely explored,
could be another design parameter for enabling facile “mix-and-match” approaches for im-
parting immunocompatibility to functional materials without changing the chemical struc-
ture. Also, for deepening the immunological understanding of the FBR mechanism, creating
model systems with controlled chemical heterogeneity could be a useful tool and is one of

our ongoing efforts.

2.4 Experimental Details

2.4.1 Materials

PEDOT:PSS (PH1000) was purchased from Clevios and was filtered through a 0.7 pm glass
fiber filter (Tisch Scientific) before use. The following chemicals were purchased from Sigma-
Aldrich: [2-(Methacryloyloxy)ethyl|dimethyl-(3-sulfopropyl)ammonium hydroxide (SBMA,
95%), N,N’-Methylenebisacrylamide (MBAA, >98%), ammonium persulfate (APS, >98%),
N,N,N’,N’-tetramethylethylenediamine (TEMED, 99%), 2-hydroxy-2-methylpropiophenone
(HMPP, 97%), 4-ethylbenzenesulfonic acid (EBSA, 95%), sodium styrene sulfonate
(NaSS, Sigma-Aldrich, >90%), divinylbenzene (DVB, 80%), (3-aminopropyl)triethoxysilane
(APTES, 99%), acrylic acid (AAc, 99%), (vinylbenzyl)trimethyl ammonium chloride
(VBTMAC, 99%), sodium dodecylbenzene sulfonate (SDS, >98.5%), 2-cyano-2-propyl ben-
zodithioate (CPBD, >97%), and tetramethacrylate end-capped PEDOT (PEDOT-TMA,
0.5 wt% in nitromethane, doped with p-toluenesulfonate). 2,2 2-trifluoroethanol (TFE,
>99%) was purchased from Sigma-Aldrich and Tokyo Chemical Industries. Poly(allylamine)

(PAH, 15% aq. soln.) was purchased from Polysciences. PDMS Sylgard 184 was purchased
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from Dow-Corning. The acetate buffer was prepared with 0.1 M acetic acid (glacial,
Sigma-Aldrich, >99.85%), 0.1 M sodium acetate trihydrate (Sigma-Aldrich, >99%), and
0.5 M NaCl at pH 5.2. Styrene-ethylene-butadiene-styrene H1062 elastomer (SEBS) was

purchased from Asahi Kasei.

2.4.2  Preparation of hydrogels

For preparing ZIPH-E hydrogels, 250 mg of [2-Methacryloyloxy)-ethyl|dimethyl-(3-sulfo-
propyl)ammonium hydroxide and 1.4 mg (1 mol%) of MBAA were dissolved in 1.0 mL
of PEDOT:PSS dispersion. Then, for the preparation of thermally initiated hydrogels, 10.21
pL (0.1 mol%) of APS (20 mg/mL) and 10.41 puL (0.2 mol%) of TEMED (20 mg/mL) aque-
ous solutions were added dropwise to the PEDOT:PSS mixture under continuous agitation.
For the preparation of UV initiated hydrogels, 7.5 uL (0.1 mol%) of HMPP (20 mg/mL)
aqueous solution was added. This was followed by the dropwise addition of 62.5 ul. of EBSA
aqueous solution (20 wt%) while the mixture is continuously agitated and vortexed for an
additional minute. For thermal polymerization, the final mixture was placed under vacuum
for 15 minutes, injected into a sandwich sheet mold, and placed in an 80°C oven for 1 hour.
For UV polymerization, the final mixture was sparged with nitrogen for 10 minutes, spin
coated and exposed to UV irradiation (365 nm wavelength, 4 mW /cm 2) for 5 minutes. To
prepare ZIPH-u hydrogels, the above procedures were carried out without the addition of
EBSA. To prepare annealing cycle treated bulk ZIPH hydrogels, ZIPH-E hydrogels were
briefly rinsed in ethanol. Subsequently, the hydrogels were immersed in a volume of ethanol
three times the volume of the ZIPH sample. Thereafter, the ethanol was discarded, and the
hydrogels were immersed in a volume of TFE three times the volume of the ZIPH sample.
The TFE was discarded, and the hydrogels were briefly rinsed in water. The whole annealing
process was repeated two more times to obtain ZIPH-3c. To prepare annealing cycle treated

thin film ZIPH hydrogels, the films were immersed in ethanol for 1 minute and immersed in
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TFE for 1 minute.

To prepare PSB hydrogels, 1.5 g of SBMA (55 wt%), 4.2 mg of MBAA (0.5 mol%),
and 0.882 mg of HMPP (0.1 mol%) were dissolved in PBS. The solution was vortexed for 1
minute and sparged with nitrogen for 10 minutes. The sparged solution was injected into a
sandwich sheet mold and irradiated with UV light (365 nm wavelength, 4 mW /cm 2) for 30
minutes per side.

To prepare PSS hydrogels, 700 mg of NaSS (28 wt%) was dissolved in 1694 uL. of DMSO
by stirring overnight. To the NaSS solution, 22.6 pL of DVB (4 mol%), 43.4 uL (0.1 mol%)
of APS DMSO solution (20 mg/mL), and 44.2 pL (0.2 mol%) of TEMED DMSO solution
(20 mg/mL) were added and vortexed for 1 minute. Thereafter, the solution was placed
under vacuum for 15 minutes, injected into a sandwich sheet mold, and placed in an 80°C
oven for 3 hours. The resulting PSS gel was rinsed twice in PBS.

For the preparation of PEDOT:PSS bulk hydrogels, 16% v/v of DMSO was added to
PEDOT:PSS. Then, 10 mg/mL of EMIM OTf was added dropwise while the solution was
continuously agitated. The resultant mixture was vortexed for 1 minute, placed under vac-
uum for 15 minutes, and injected into a sandwich sheet mold with silicone lining on top. The
mold was placed on a hotplate, heated to 90 °C, for 90 minutes with the silicone lining side
up. Then, the top piece with the silicone lining was removed, and the PEDOT:PSS gel was
exposed to air. The PEDOT:PSS gel was dried at 40 °C for 16 hours, followed by another
round of drying at 50 °C for 16 hours, at which point the thickness and lateral dimensions
of the gel was approximately a third and a half of the original dimensions, respectively. The
resulting PEDOT:PSS gel was rinsed twice in PBS.

All gels were washed in PBS for three days with changes of fresh PBS every 12 hours.
All hydrogels used in in vivo experiments were autoclaved at 121 °C for 30 minutes in PBS.
To ensure that most of the EMIM OTf was washed out of the PEDOT:PSS hydrogel and

that most of the organic solvents and EBSA was washed out of ZIPH-3c during the PBS
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washing steps, freshly made PEDOT:PSS or ZIPH-3c hydrogel was soaked in D o O-PBS
at 30 times the volume of the hydrogel. 3 mg/mL of 1,3,5-trioxane was dissolved in D 9
O-PBS to serve as an internal standard for calculating the residual concentrations of various
chemical species in the discarded wash. Fresh changes of D20 were made every 12 hours,

and the discarded wash was analyzed via 1H NMR.

2.4.3 Preparation of PDMS

To prepare PDMS discs, 45 parts of base was mixed with 1 part of curing agent and poured
in a petri dish. To prepare 1 mm thick samples, the uncured PDMS was leveled in the petri
dish and cured at 80 °C for 3 hours. To prepare Dex-PDMS, 2% w/v of dexamethasone was
dissolved in THF'. 1 volume of the resultant THF solution was mixed with 1 volume of PDMS
base, and the THF was slowly removed in a rotary evaporator. The resultant mixture was
placed in vacuum overnight to completely remove the remaing THF and to obtain a PDMS
base mixture with 1% w/w dexamethasone. To prepare 1 mm thick samples, 44 parts of the
dexamethasone-PDMS base mixture was mixed with 1 part curing agent and poured into a
petri dish. The uncured mixture was leveled in the petri dish and cured at 80 °C for 3 hours.
To prepare ~100 pm thick films, dextran (10% in DI H20, 0.05% w/v Tween-20) was spin
coated at 2000 RPM on O2 plasma treated glass and baked at 80 °C for 1 minute. Then,
a mixture of 10 parts of dexamethasone-PDMS base and 1 part of curing agent was spin
coated at 1000 RPM for 2 minutes and baked at 80 °C for 30 minutes.

All in vivo PDMS samples were sterilized with ethylene oxide.

2.4.4  Synthesis of PGMA

Poly(glycidyl methacrylate) (PGMA) (Fig. 2.20) was synthesized by dissolving 10.0 g GMA
(70.3 mmol), 23 mg AIBN (0.14 mmol), and 156 mg CPBD (0.703 mmol) were dissolved in

30 mL DMF. The solution was sparged with nitrogen gas for 30 minutes and reacted at 65
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°C for 18 hours. The polymer was precipitated in over 10 times the volume of cold methanol
and re-dissolved in DCM. The polymer was precipitated twice more and dried under vacuum

for two days.

Figure 2.20. NMR spectrum of PGMA.

2.4.5 Multilayer functionalization

To achieve stable adhesion of conducting hydrogels, monolayers of PGMA and PAH (PGMA-
PAH method) was deposited. For the PGMA-PAH method, the substrate was first O9 plasma
treated and PGMA (5 mg/mL in 19:1 CHCl3:chlorobenzene) was spin coated at 2000 RPM,
followed by baking at 120°C for 30 minutes. The baked substrate was washed in CHCI3 for
2 minutes and blow dried to form a PGMA monolayer. PAH (5 mg/mL 29:1 isopropanol:DI
H90) was spin coated at 2000 RPM on top of the PGMA monolayer and baked at 80°C for
10 minutes. The baked substrate was washed in DI H20 (+0.05% Tween-20) for 2 minutes,

rinsed in DI HoO, and blow dried to form a PAH monolayer.
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2.4.6 Measurement of material properties

Conductivity measurements were conducted using a standard four-point geometry (Supple-
mentary Fig. 4a & b). Bulk hydrogels were prepared into discs (10 mm in diameter and 1
mm in thickness) using a biopsy punch, and solvent treatments were applied to the discs.
Any changes in physical dimensions that resulted from the solvent treatments were accounted
for when determining the conductivity values. Probes were put in direct contact with the
non-implanted hydrogels fully hydrated in PBS (Fig. 2.4e). Conductivity measurements
were also carried out for dry spin-coated thin films.

The electrochemical measurements were made using the PalmSens electrochemical work-
station. To fabricate Au electrodes, physical vapor deposition of 10/50 nm of Ti/Au using
the EvoVac (Angstron Engineering) was carried out with a shadow mask on glass substrates.
For PEDOT:PSS, PGMA monolayers were deposited on the glass substrates, followed by spin
coating PEDOT:PSS (13% 1:13 Triton X-100:DMSO) at 1000 RPM through a PET mask.
The PET mask was peeled off, the substrate was baked at 120°C for 30 minutes, and rinsed
with DI H20. For ZIPH-3c, multilayer functionalization was carried out with PGMA and
PAH. The resultant free amines were reacted in a tetrachloroethane solution of 2% triethy-
lamine and 2% methacryloyl chloride. The ZIPH-3c precursor solution was spin coated at
1000 RPM for 10 seconds through a PET mask, followed by exposure to UV light (365 nm
wavelength, 4 mW /cm2) for 30 minutes under a humidified atmosphere. The PET mask
was peeled off, and three 1 minute cycles of ethanol-TFE solvent annealing was conducted
to obtain ZIPH-3c films on Au electrodes. For electrochemical measurements, PDMS wells
were used to hold 1x PBS. The Au electrode served as the working electrode, and a Ag/AgCl
reference electrode and a platinum electrode were held in contact with PBS. Electrochemical
impedance spectroscopy (EIS) spectra were obtained over a range of 100 kHz to 0.1 Hz with
an AC 10 mV sine wave and with no DC offset. Cyclic voltammetry was conducted at a scan

rate of 0.1 V/s and with a voltage window of -0.1 V to +0.5 V with respect to Ag/AgCl
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(Supplementary Fig. 9).

The tensile properties of hydrogels were tested on a universal testing machine (zwickiLine
70.5, Zwick Roell Group, Ulm, Germany) with 500-N load cell at room temperature. Hydro-
gels were cut into JIS K6251-8 industrial standard dumbbells. For ZIPH-3c, ZIPH-u, pSB,
and pSS hydrogels, the crosshead speed was set to 30 mm/s. For PEDOT:PSS hydrogel, the

crosshead speed was set to 5 mm/s. Cyclic tests were also conducted.

2.4.7 Characterization of material microstructure

For cryo-TEM imaging, UV polymerized ZIPH films were prepared following a modified
version of the procedures described earlier. The precursor solutions were spin-coated at 2000
RPM for 10 seconds on oxygen plasma-treated copper Quantifoil grids (200 mesh, R1.2/1.3;
Electron Microscopy Sciences) supported on PDMS. A portion of the gel was scraped away
to expose the mesh pattern of the grid. The hydrogel films were kept in a humidified chamber
until further processing. The gels were then back blotted (force = 1, 20 s) and plunge frozen
into liquid ethane on a Thermo Scientific Vitrobot Mark IV. The Aquilos 2 cryo-FIB/SEM
(Thermo Scientific) was used to prepare the lamella. Using the in-column sputter coater
the grid was coated with platinum at 1 kV and 10 mA current for 15 seconds. The grid
was SEM imaged and then atlased using Maps 3.26 (Thermo Scientific) at 10kV accelerating
voltage and 13 pA current to find suitable areas for milling. Prior to milling the grids were
coated with a layer of organometallic platinum using a gas injection system for 10 sec. The
milling process was automated into 4 steps (all at 30kV accelerating voltage): Rough Milling,
Medium Milling, Fine Milling, and Thinning using 500, 300, 100, 30 pA current, respectively.
The final lamella thickness was targeted between 100-150 nm. Lamella were imaged on the
Thermo Scientific Titan Krios 3Gi at 300 kV at cryogenic temperature equipped with a
Gatan K3 direct electron detector and BioContinuum in counting CDS mode.

Conductive AFM (C-AFM) measurements were performed by using the C-AFM mode
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of Cypher ES Environmental AFM with ASTELEC-01 probe and the dual gain C-AFM
probe holder (gain=1pA/1nA/V). UV polymerized ZIPH-E and ZIPH-3c films were prepared
following the procedures described earlier. The precursor solutions were spin-coated at 6000
RPM for 10 seconds on oxygen plasma-treated Au films on SiO2 substrates and dried on a
hotplate. Magnets were placed separately on Au and sample film, and were sealed with Ag
paste to realize ideal contact. Before measurement, the sample bias was zeroed by applying
an offset voltage from the AFM hardware. During the measurement, 1 mV bias was applied
across samples and the current was converted to a voltage and then amplified and recorded

by the AFM hardware. Scans were acquired using scan rates of 2 pum/s.

2.4.8 X-ray scattering and diffraction

Small-angle X-ray scattering (SAXS) was performed at the Advanced Photon Source at
Argonne National Laboratory on beamline 12-ID-B. Pristine PEDOT:PSS and PEDOT:PSS
with 10 mg/mL of EBSA were loaded into capillary tubes (Charles Supper) and sealed. The
sample-to-detector distance was 2 m, corresponding to a g-range of 0.003-0.5 Al
Grazing-incidence X-ray diffraction (GIXD) was performed at the Advanced Photon
Source at Argonne National Laboratory on beamline 8-ID-E. UV-initiated ZIPH samples
were spin-coated at 1500 RPM for 10 seconds. Thermally initiated ZIPH samples were pre-
pared by sandwiching 10 pL of the precursor solution between a piece of silicon (Og-plasma
treated) and PET laminated coverslip (10 mm x 17 mm) and heating to 80°C for 15 minutes.
PSB hydrogel samples were prepared similarly by sandwiching 3 pL of the precursor solution
between a piece of silicon (Og-plasma treated) and PET laminated coverslip (10 mm x 17
mm) and exposing to UV light for 10 minutes. The coverslip was gently removed while
submerged in water. All samples were dried on a hotplate after polymerization of solvent

annealing.
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2.4.9 Spectroscopy for chemical characterization

Scanning electron microscopy — energy dispersive X-ray spectroscopy (SEM-EDX) was con-
ducted using the TESCAN LYRAS field-emission SEM with Oxford X-Max detectors for
EDX. UV-initiated ZIPH samples were spin-coated at 2000 RPM for 10 seconds. An accel-
erating voltage of 4 kV was used to locate and analyze the samples.

Raman spectroscopy was conducted using the HORIBA LabRAM HR Evolution Confo-
cal Raman Microscope. Thermally initiated ZIPH and PEDOT:PSS hydrogels were sealed
between a glass slide and coverslip to prevent dehydration during measurement. An objective
magnification of 10x was used to focus the 532 nm laser beam on the sample. The scattered

light was analyzed using a grating of 600 lines/mm (Fig. 2.5).

2.4.10 Static water contact angle measurement

Measurements were taken using the KRUSS DSA100 Drop Shape Analyzer. Each measure-
ment was taken using ultrapure DI water from Milli-Q®), and the dispensed volume was
below 10 pL to minimize the influence of gravity on the contact angle. The dispensing rate
was 2.67 pl./min. The contact angles were measured from +2° tilt and calculated using
elliptical fit approximation.

Dry films of the PEDOT:PSS hydrogel control was prepared by, first, incubating a piece
of silicon treated with O2 plasma in APTES (2% in ethanol) for 1 hour. Then, HPU (4% in
95/5 ethanol/water) was spin coated as an adhesion layer at 3000 RPM, baked at 90 °C for
a minute, and treated with Og plasma. On top of the HPU, PEDOT:PSS (16 v/v% DMSO,
10 mg/mL EMIM OTY) was spin coated at 2000 RPM. Immediately, the PEDOT:PSS film
was placed in a partially sealed, humidified container and heated to 90 °C for 5 minutes.
Thereafter, the film was baked for 90°C in open air for a minute, rinsed thoroughly with DI
H20, blow dried, and baked again at 90°C for a minute. For the preparation of the PSS
film, PGMA (5 mg/mL in 19:1 CHCl3:chlorobenzene) was spin coated on Og plasma treated
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silicon at 2000 RPM and baked at 120 °C for 30 minutes. The silicon was thoroughly rinsed
with CHCI3 and blow dried. Next, PSS (200 kDa, 12% in 4:1 H20:IPA) was spin coated
at 2000 RPM, baked at 120 °C for 30 minutes, thoroughly rinsed with DI HoO, and blow
driesd. For the preparation of the PEDOT control, SEBS (10 mg/mL in toluene) was spin
coated at 1000 RPM on a piece of O9 plasma treated silicon and baked at 120°C to serve
as the adhesion layer. Then, a pre-sonicated mixture of PEDOT-TMA and HMPP (0.05
wt%) was spin coated at 500 RPM for 15 seconds, followed by 1500 RPM for 30 seconds.
The film was baked for a minute at 120°C, exposed to UV irradiation (365 nm wavelength,
4 mW /cm?) for 3 minutes, and baked at 180°C for 10 minutes. The PEDOT-TMA spin
coating step to the 180 °C bake step was repeated 3 more times to ensure full coverage of

the substrate underneath.

2.4.11 In vitro protein adsorption test

Human plasma adsorption on the hydrogels was evaluated using the 3-(4-Carboxybenzoyl)quinoline-
2-carboxaldehyde (CBQCA) assay and bicinchoninic acid (BCA) assay. Hydrogel samples
(5 mm in diameter and 1 mm in thickness) were incubated in 150 pL of human plasma
(Innovative Research, Inc.) in 48-well plates at 37°C for 2 hours. The hydrogels were
washed with 1 mL of PBS 5 times and transferred to 96-well U-bottom plates. 150 nL of
1% SDS-PBS solution was added and shaken for 1 hours. 75 pL of the protein-SDS solution
was transferred to 96-well flat bottom plates and diluted with 60 pL of PBS. Then, CBQCA
assay was directly carried out to determine the relative amount of proteins adsorbed on
the hydrogels. The fluorescence intensities at 550 nm (excitation/emission of 465/550 nm)
were recorded using the TECAN Inifinite M200 Pro plate reader. For the BCA assay, 30
nL of the protein-SDS solution was transferred to 96-well flat-bottom plates and standard
BCA procedures were applied. The absorbance at 562 nm was recorded using the TECAN

Inifinite M200 Pro plate reader.
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2.4.12  Cytotoxicity assay

NIH-3T3 fibroblasts were cultured in DMEM medium (Gibco) supplemented with 10% fetal
bovine serum (FBS, Gibco) and 1% penicillin/streptomycin (Gibco). Cytotoxicity of the
hydrogels was determined by directly culturing fibroblasts on the hydrogels and using the
LIVE/DEAD Viability Cytotoxicity Kit (Invitrogen). Hydrogel discs (5 mm in diameter and
1 mm in thickness) in 96-well flat bottom plates were pre-conditioned in 200 pL. DMEM,
and cells were directly seeded at a density of 1300 cells per well. After 96 hours, 5 pL of
SDS solution (2 wt%) per 100 pL media were added to half of the wells and incubated at
room temperature for 10 minutes to establish dead controls. 100 nL of working solution (4
nM calcein AM and 4 pM ethidium homodimer) was added to the experimental wells, and
100 pL of calcein AM solution (4 pM) or ethidium homodimer solution (4 pM) was added
to the dead control wells. The cells were incubated at room temperature for 45 minutes and
immediately evaluated (LIVE: 494/517 nm, DEAD: 528 /617 nm) using the TECAN Infinite

M200 Pro plate reader.

2.4.13 Implantation surgeries

6- to 8-week-old male C57BL /6 mice were purchased from Jackson Laboratories. Preoper-
atively, all mice received subcutaneous injections of 5 mg/kg of Meloxicam for pre-surgery
analgesia. All mice were anesthetized using 2-4% isoflurane in oxygen, and the backs of all
mice were shaved. All mice received eye lubricants to prevent dehydration-induced blindness.
Then, the shaved backs of all mice were sterilized by scrubbing with betadine and alcohol
pads in an alternating fashion, repeated two times.

Implantation of discs. Two longitudinal incisions, 1 cm in length, were made in the upper
and lower backs. The blade tips of a pair of scissors were inserted into the subcutaneous
space through the incisions, and two subcutaneous pockets, flanking each incision, were made
via blunt tissue dissection using the blunt sides of a pair of scissors. Two implants (5 mm in

86



diameter and 1 mm in thickness) were inserted in the subcutaneous pockets on both sides
of each incision, towards the limbs of the mice, for a total of four implants per mouse. For
sham control, subcutaneous pockets were made but no implants were placed. The incisions
were closed via wound clips. Following surgery, all mice were given subcutaneous injections
of 5 mg/kg of Meloxicam once every 24 hours for two days. Wound clips were removed after

10 days.

2.4.14 Histological processing, staining, and analysis

After 1-, 4-, or 12-weeks post-implantation, all mice were euthanized by CO2 asphyxiation,
followed by cervical dislocation. Afterward, the backs of all the mice were shaved. The
implants and the surrounding tissues were explanted and fixed in 10% neutral buffered
formalin for 24 hours. After fixation, the implants and tissues were transferred to 70%
ethanol. The materials were then paraffin-embedded, sectioned (5 pm), and stained for
H&E using standard procedures by the Human Tissue Resource Center at the University
of Chicago. Masson’s trichrome staining (MTS) was carried out in-house using standard
procedures. Whole-section scans of H&E and MTS-stained tissue sections were conducted
using the Olympus VS200 Slideview Slide Scanner.

ImageJ software was used to analyze the collagen density and thickness of the fibrotic
capsule from MTS-stained sections. Fibrotic capsules were measured at approximately the
first, second, and third quarters along the length of the widths of two halves of the implant
facing the dermis, for a maximum of six measurements per biological replicate. Care was
taken to omit the basement membrane, upon which the panniculus carnosus sits, from the
analysis. Three to six technical replicate measurements were taken per biological replicate,
depending on the quality of the tissue section. For locations where artifacts prevented ac-
curate measurements, the measurement was either not made for the location or was taken

instead at the nearest location without artifact obstruction. For collagen density calcula-
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tions, the blue pixel brightness was measured with 100 pm wide slices from the surface of
the implant to a distance of at least 80 pm as a function of the distance away from the
surface of the implant. The technical replicate values at corresponding distances were aver-
aged within the same biological replicate. Subsequently, from the same biological replicate,
the data points within each 5 pm increment moving away from the surface of the implant
were averaged to obtain pixel brightness values every 5 pm. The pixel brightness values
were normalized with respect to the maximum possible pixel brightness value of 255. For
measuring the thickness, layers formed only from cells were omitted from the measurements.

Technical replicates were averaged to obtain individual biological replicates.

2.4.15 Immunofluorescence

Materials were fixed, embedded, and sectioned as described above. Tissue sections were de-
paraffinized in xylene and rehydrated using an ethanol-to-water gradient. Antigen retrieval
was conducted in citrate buffer (pH 5) for 45 minutes at 55°C. Samples were then rinsed
in water, permeabilized by incubating in 10% DMSO in PBS for 5 minutes, washed in
PBS-tween 20 (PBS-T), and rinsed in water again. Thereafter, the samples were blocked
for 1 hour using a 1% bovine serum albumin (BSA) solution. The blocking buffer was
removed, and the sections were incubated in either the macrophage panel or fibrosis panel
antibodies overnight at 4°C. The macrophage panel antibodies included: rat anti-mouse
F4/80 (1:100 dilution, Abcam, Cat. #ab6640), rabbit anti-mouse CD86 (1:200 dilution,
Biorbyt, Cat. #0orb49101), and goat anti-mouse CD206 (1:100 dilution, R&D Systems, Cat.
#AF2535). The fibrosis panel antibodies included: rat anti-mouse F4/80 (1:100 dilution,
Abcam, Cat. #ab6640), rabbit anti-mouse collagen I (1:100 dilution, Bio-Rad, Cat. #2150-
1410), and goat anti-mouse aSMA (1:100 dilution, Novus Biologicals, Cat. #NB300-978).
The next day, the sections were washed twice in PBS-T and once in PBS. The washed

sections were incubated for 2 hours at room temperature in a secondary antibody cocktail,
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consisting of donkey anti-rat IgG AlexaFluor 647 (1:200 dilution, Southern Biotech, Cat.
#0B643031), donkey anti-rabbit IgG AlexaFluor 488 (1:500 dilution, Fisher Scientific, Cat.
#A21206), and donkey anti-goat IgG AlexaFluor 555 (1:500 dilution, Fisher Scientific, Cat.
#A21432). Afterward, the sections were washed twice with PBS-T and once with PBS.
The washed sections were counterstained with 4’,6-diamidino-2-phenylindole (DAPI, 1:1000
dilution, Thermo Scientific) for 2 minutes and washed with PBS. Prolong Antifade Gold
mounting medium (Invitrogen) was added, and the sections were sealed with coverslips and
nail polish. Images were acquired using either Zeiss Axiovert 200m inverted epifluorescence
microscope with a Hamamatsu Flash 4.0 camera run by SlideBook 6.0 software (Intelligent
Imaging Innovations). Background fluorescence was determined by tissue sections stained

only with secondary antibodies and with no primary antibodies.

2.4.16  Cytokine analysis

Cytokine quantifications were performed using a 14-cytokine LegendPlex custom panel (Bi-
oLegend). After 1- or 4-weeks post-implantation, all mice were euthanized by CO9 asphyxia-
tion, followed by cervical dislocation. Afterward, the backs of all the mice were shaved. The
explanted implant and associated tissues were frozen immediately on dry ice and stored in a
-80°C freezer for later use. The frozen tissues were thawed at room temperature and minced
with scissors. The minced implants and tissues were transferred to lysis matrix tubes (MP
Biomedicals) with 300 pL of T-PER solution (Thermo Scientific), consisting of 5 mM EDTA
and protease inhibitor (Thermo Scientific). Three cycles of homogenization were conducted
on the FastPrep-24 5G homogenizer (MP Biomedicals) with three minutes on ice between
cycles. Subsequently, the tubes were centrifuged for 20 minutes at 10,000 g’s at 4°C, after
which a fat layer, a protein layer, and a debris layer formed. Avoiding the fat layer, the
protein layer was transferred to low-bind tubes (Fisher Scientific) and centrifuged again for

10 minutes at 10,000 g’s at 4°C. Similar to the first centrifugation step, the protein layer
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was transferred to fresh low-bind tubes. The centrifugation and protein layer transfer step
were conducted once more. The protein solutions were stored in a -80°C freezer for future
analysis. The protein solutions were thawed at room temperature, and LegendPlex assay
was conducted using the un-diluted protein solutions, following manufacturer’s protocol on
the Agilent Penteon 5-30 flow cytometer. A C3a ELISA kit (Novus Biologicals), a decorin
ELISA kit (R&D Systems), and an endostatin ELISA kit (Abcam) were used following man-
ufacturer’s instructions. The protein solution was diluted 20-fold in PBS for C3a ELISA,
5000-fold for decorin ELISA, and 1000-fold for endostatin ELISA. The absorbancees for the
ELISAs were recorded at a wavelength of 450 nm using the TECAN Inifinte M200 Pro plate

reader.

2.4.17 Flow cytometry

After 1- or 4-weeks post-implantation, all mice were euthanized by CO2 asphyxiation, fol-
lowed by cervical dislocation. The backs of all the mice were shaved, and subsequently, a
depilatory cream was applied for one minute. Afterward, the cream and the hair were washed
off with water and 70% ethanol. Approximately 2 cm? of skin, including the implant, was
extracted from the back and placed on ice. The implants and associated tissues were finely
minced with scissors and digested by adding 200 nl. of RPMI-1640 (Sigma), supplemented
with Liberase TL (0.5 mg/mL, Roche) and DNase I (0.5 mg/mL, Grade II, Roche). The
samples were shaken for 90 minutes at 37°C. Immediately, 200 uL of ice-cold dissociation
buffer (1x PBS, 10 mM EDTA, 2% FBS) were added to halt digestion. The digested tissues
were pestled through 70-um cell strainers (Fisher Scientific) and rinsed with 2 mL of ice-cold
dissociation buffer. Then, the washed digested tissues were centrifuged for 8 minutes at 400
g’s at 4°C and resuspended in 200 nL. of FACS buffer (eBiosciences). The enriched single-cell
suspension was transferred to 96-well U-bottom plates, centrifuged, and resuspended in 200

nL of FACS buffer another time.
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Aliquots of the single-cell suspension were then stained with propidium iodide (1:200
dilution, BD Bioscences) and counted on an Agilent Penteon 5-30 flow cytometer. Sub-
sequently, 106— cells were incubated in LIVE/DEAD Fixable Blue Dead Cell Stain Kit
(1:500 dilution, Invitrogen) for 20 minutes on ice followed by washing with FACS buffer.
The cells were treated with Fc block (1:50 dilution, TruStain FcX Plus, BioLegend) for 10
minutes on ice followed by washing with FACS buffer. Then, the cells were stained with
the flow cytometry panel shown below. The cells were stained with CCR2 at 37 °C for 1
hour, and the cell surface stains were carried out on ice for 20 minutes. The cells were
fixed with Cytofix/Cytoperm buffer (BD Bioscences), intracellular stains were carried out at
room temperature, and run on the Cytek Aurora flow cytometer the next day. All analyses
were performed in FlowJo Flow Cytometry Analysis Software (Treestar) using the gating
strategy shown in Figure A.5. PE was used as the exclusionary channel for CD31, Tie-2,
Ter-119, and Ep-CAM, which are collectively abbreviated as Lin. Macrophages were defined
as CD45" CD11b" Ly-6G- Ly—6C'/10 F4/80hi, monocytes were defined as CD45" CD11b"
Ly-6G Ly-6CH F4/ 801°, neutrophils were defined as CD45" CD11b" Ly-6G ™, T cells were
defined as CD45" CD3 ", and fibroblasts were defined as CD45 Lin~ CD140a ™.

2.4.18 Nanostring analysis

Gene expression was evaluated using a custom-built multiplexed 50-gene FBR panel (NanoS-
tring Technologies). After 4-weeks post-implantation, all mice were euthanized by CO2
asphyxiation, followed by cervical dislocation. Afterward, the backs of all the mice were
shaved. The explanted material and associated tissues were soaked in RNAlater solution
(Invitrogen) overnight at 4 °C. The next day, the excess RNAlater solution was discarded,
and the tissue samples were stored at -80 °C. For RNA isolation, the tissues were thawed,
finely diced, and 600 pL of Trizol reagent (Invitrogen) with 10 pL/mL of 2-mercaptoethanol

was added to approximately 100 mg of tissue. The tissues were mechanically ground down
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and incubated for 5 minutes at room temperature. After the addition of 120 uL of chloro-
form, the tube was shaken vigorously for 15 seconds and incubated for 2 minutes at room
temperature. The tubes were centrifuged at 12,000 xg for 15 minutes at 4°C. 350 pL of the
aqueous phase was transferred to columns from the RNeasy mini kit (Qiagen), and the RNA
isolation was completed using the manufacturer’s instructions. All samples were checked
for a 260/280 ratio of 2 before proceeding to further steps. 100 ng of RNA was processed
according to NanoString manufacturer protocols, and RNA levels (absolute copy numbers)
were obtained via nCounter (NanoString Technologies). Group samples were analyzed using
nSolver analysis software (NanoString Technologies). GUSB, ACTB, B2M, and TBP were

used as reference genes.
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CHAPTER 3
SUPPRESSED FOREIGN BODY RESPONSE TO
ZWITTERIONIC PEDOT:PSS HYDROGEL ENABLE LOW
SIGNAL-LOSS CHRONIC ELECTROPHYSIOLOGICAL
RECORDINGS

3.1 Introduction

In the previous chapter, the material properties, the material structure, the extent of FBR-
induced fibrosis, and the biological response to zwitterionic PEDOT:PSS hydrogel (ZIPH-3c)
was thoroughly characterized. However, for demonstrating practical applicability and the
benefits of suppressing the FBR, it is essential to test ZIPH-3c in an implantable device. In
order to do so, we must choose a device type that can give us un-ambiguous performance
metrics. Since ZIPH-3c is an electrically conductive material, electrophysiological devices
are ideal. Out of the many types of electrophysiological devices, we chose electrocardiogra-
phy (ECG) because of three reasons. First, signals from passive recording processes most
accurately reflects the change in interfacial impedance caused by insulating fibrotic capsules.
In contrast, active recording and stimulation processes involve the application of external
power, which does not reflect the intrinsic insulating effects of the fibrotic capsule. Second,
ECG provides consistent, reliable signals, making comparisons between devices more reli-
ablel. Third, ECG electrodes can be implanted subcutaneously, which most closely reflects
the subcutaneous implantation model that was used to collect all the biological data in the
previous chapter.

The design of the ECG electrode needed to un-ambiguously show the benefits of sup-
pressing the FBR. This means that confounding effects need to be eliminated as much as

possible. There are three main criteria for this. First, the electrode needs to have intimate,

99



conformal contact with tissue. Instability of the electrode-tissue interface can degrade the
signal. Second, the adhesion of the PEDOT:PSS-based material needs to be robust enough
to survive the implantation period. Delamination and damage to the electronic material
can also lead to signal loss and expose the substrate which can alter the results. Third, the
exposed surface area of the PEDOT:PSS-based material needs to be equal to or greater than
the surface area of one side of the disc implant used in the previous chapter. This is because
it is currently unknown at what length scale nearby materials can start to effect the FBR,
especially in a device in which it is often unavoidable to have multiple types of material
adjacent to each other, and it is unclear if the surface area can be a confounding factor.

The third criterion rules out designs that encapsulate a large portion of the PEDOT:PSS-
based material for stable adhesion since the exposed surface area is too small2®. The
methods reported to fulfill the second criterion are not compatible with the preparation
and fabrication process of ZIPH-3c devices. PEDOT:PSS is often electrodeposited on metal
electrodes, but this requires changing the formulation of the ZIPH-3c¢ precursor solution®8.
(3-glycidyloxypropyl)trimethoxysilane (GOPS) is a popular option to crosslink PEDOT:PSS
and achieve stable adhesion of PEDOT:PSS on a variety of substrates, but this requires
adding GOPS to the ZIPH-3¢ precursor solution®1Y. Another reported method is to use
hydrophilic polyurethane (HPU) as the adhesion layer for PEDOT:PSS!!, but HPU is soluble
in the solvents used in the solvent annealing process for ZIPH-3c.

Out of the three listed criteria for the design of the ECG electrode, achieving robust
adhesion is by far the biggest challenge, especially combined with the criterion of a relatively
large exposed area of the PEDOT:PSS-based material. ZIPH-3c is highly hydrophilic and
naturally has bad adhesion on all conventional electronic substrates, especially under aqueous
conditions. To overcome this challenge, we report a polymeric multilayer (PML) strategy,
consisting of poly(glycidyl methacrylate) (PGMA) and polyallylamine (PAH), for introduc-

ing a high density of surface primary amines for high density surface functionalization. This
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enabled robust adhesion of ZIPH-3c on a variety of substrates.

With the new polymeric multilayer strategy, ZIPH-3c ECG electrodes were used to ob-
tain chronic ECG recordings in mice over a 12-week period. The recordings were com-
pared to those obtained from PEDOT:PSS ECG electrodes and PEDOT:PSS electrodes
with dexamethasone-eluting PDMS backings (PEDOT:PSS-Dex). The results clearly show
that ZIPH-3c electrodes have much less signal degradation than PEDOT:PSS electrodes
over a 12-week period, have comparable signal degradation compared to PEDOT:PSS-Dex
electrodes, and lead to no side effects that is seen in mice implanted with PEDOT:PSS-Dex

electrodes.

3.2 Results and Discussions

3.2.1 Design and fabrication of electrocardiographic electrodes

Several adhesion strategies were attempted, including benzophenone treated elastomers!?

and substrates with GOPS surface functionalization'. However, the hydrophilicity and
sensitivity to changes in water content of ZIPH-3c made these strategies non-viable. We
propose that there are four main criteria for achieving robust adhesion of ZIPH-3c on sub-
strates. First, the covalent linkages between ZIPH-3c and the substrate needs to be resistant
to hydrolytic cleavage, which was shown to be the case for esters and silyl ether bonds
used to anchor hydrophilic polymer brushes on surfaces!4 17, Second, these hydrolysis re-
sistant covalent linkages need to be present at a high density to ensure maximum interfacial
strength. Third, non-covalent interactions need to be present at the interface to dissipate
stress. Fourth, the surface needs to be remain hydrophilic after surface functionalization to
enable spin coating of the ZIPH-3c precursor solution.

Based on the aforementioned criteria, we devised the PML strategy (Fig. 3.1). In the first

step, the substrate is oxygen plasma treated to introduce hydroxyl groups. Then, PGMA
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Figure 3.1. Procedures for surface PML functionalization of methacrylates. a, Chemical
structures of polymeric monolayers after every step of the PML functionalization process.
b, Schematic of the evolution of polymer films and monolayers after every step of the PML
functionalization process.

is spin coated and baked, so the PGMA is covalently bound to the surface via ring-opening
reaction of the epoxy groups by hydroxyl groups. After the excess PGMA is rinsed off to
form a monolayer, PAH is spin coated and baked. The primary amines on PAH attack the
epoxy groups on PGMA to form covalent linkages between the PAH and PGMA. The excess
PAH is rinsed off to form a monolayer with a high density of primary amines presented on the
surface. A variety of surface functional groups can be introduced from here. For the adhesion
of ZIPH-3c, methacryloyl chloride is reacted with the amines to introduce a high density of
methacrylate groups on the surface. When the ZIPH-3c¢ precursor solution is spin coated and
polymerized the surface methacrylate groups copolymerizes with the zwitterionic monomers,
creating interfacial covalent linkages. This strategy fulfills the criteria for robust adhesion
because (1) the surface methacrylates are anchored with hydrolysis-resistant amide bonds,

(2) the monolayer of PAH ensures a high density of primary amines on the surface for amide
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bond formation, (3) the residual amines on the surface electrostatically bind to the sulfonate
groups on PSB and PSS in ZIPH-3c to dissipate stress, and (4) the high density of surface
amines guarantees that there will always be plenty of residual amines to keep the surface
hydrophilic. PGMA monolayers by itself can facilitate robust adhesion of PEDOT:PSS to
a variety of substrates, so we decided to use them for the fabrication of PEDOT:PSS ECG
electrodes.

The disadvantage of using the PML strategy is that it does not work so well on gold,
which is used to connect ZIPH-3c to the soldered wire connection. Gold can be surface
functionalized with hydroxy thiols, but thiol-gold bonds are known to be labile!®. To get
around this issue, the gold contacts were patterned into a comb shape to introduce interleaved
gold and non-gold regions, in which the non-gold regions have PML functionalization. The
area with gold is covered in thermoplastic polyurethane encapsulation to insulate and protect
the area from abrasion. With parylene C being one of the most robust flexible substrates
for conformal contact with tissues, the fabrication process with a parylene C substrate and

the PML strategy is illustrated in Figure 3.2.

3.2.2  Design of a high gain amplifier and ECG recording setup

The amplitude of the ECG signal recorded with subcutaneous electrodes in mice can be on
the order of single 1V, depending on the quality of the electrodes and the extent of fibrosis.
Since many signal acquisition equipment have wideband noise values of a couple mV, the
single nV ECG signal needs to be amplified by at least three orders of magnitude for it to
register consistently on the equipment. ECG recording in mice require bandwidths of a couple
kHz, and instrumentation amplifiers typically have a gain bandwidth product of around 1
MHz, making gains on the order of a few thousand unfeasible. Furthermore, amplifying such
small signals can also lead to the amplification of trace amounts of noise. To solve this issue,

we built a two stage amplifier (Fig. 3.3), in which both instrumentation amplifier stages have
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Figure 3.2. Fabrication procedures for ZIPH-3c electrodes. Starting with a parylene C
substrate, Au contact pads are patterned using photolithography. Next, the PML func-
tionalization strategy is used to introduce surface methacrylate groups. ZIPH-3c precurosor
solution is spin coated and polymerized on top to form a robustly adhered ZIPH-3c on pary-
lene C. A wire is soldered on the Au contact pad, and the solder joint and contact pad is
encapsulated with TPU. PGMA, poly(glycidyl methacrylate); PAH, polyallylamine; MA-CI,
methacryloyl chloride; TPU, thermoplastic polyurethane.

gains of around 100 for a total gain of around 10,000. Between the two stages, a second order
high pass Butterworth filter with a cutoff frequency of 0.1 Hz was placed to prevent offsets
from the first stage from saturating the second stage. The combination of instrumentation
amplifier and Butterworth filter is already enough to eliminate most of the noise. To get a
cleaner signal, batteries were used instead of DC power sources to drive the op-amps in the
amplifier circuit.

Even with a high gain, ultra-low noise amplifier, the ECG recording can be noisy if the
recording setup is not put together well. Unless the room that the recording is taking place
is built to be free of electrical noise, the room will need to be thoroughly checked for sources
of electrical noise. Practically, this means that any large pieces of metal in the room will
need to be grounded. For electrode placements, other than the two electrodes for differential
signal acquisition, a third electrode will need to be placed on the mouse to prevent the

potential of the mouse from floating. In our setup, we implanted the acquisition electrodes
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Figure 3.3. Circuit schematic of the two stage amplifier. A high pass filter is placed
between the first and second stage to prevent the amplificiation of the offset from the first
stage from saturating the second stage. Battery power sources are used for all op-amps to
keep the noise level low.

but did not implant the ground electrode. To record, the mouse was put under anesthesia,
and the ground electrode was placed on the base of the tail. We find the tail to be convenient

because it is hairless and smooth.

3.2.8 ZIPH-3c benefits electrophysiological recordings by decreasing signal loss over time

To demonstrate that the lower collagen density of the fibrotic capsule associated with ZIPH-
3c benefits electrophysiological recordings, we implanted passive electrocardiography (ECG)
recording devices (Fig. 3.4a, Supplementary Discussion) in the subcutaneous space of mice
over the course of 12 weeks. The electrodes were fixed to the dorsal muscles by overlaying a
piece of polyacrylate-NHS ester tissue adhesive on the backs of the electrodes. Because the
tissue adhesives were made to be slightly larger than the electrodes, some amount of the tis-
sue adhesive forms an overhang, allowing it to adhere with the tissue underneath. Modified
vascular access buttons were installed transdermally in mice and connected with two sepa-
rate ECG electrodes, and the external ports were used to connect to peripheral electronics
and to enable chronic recording (Fig. 3.4b and Fig. 3.5). ECG recordings from ZIPH-3c

electrodes were compared with those from pristine PEDOT:PSS electrodes, as well as the
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PEDOT:PSS electrodes (PEDOT:PSS-Dex) incorporating a dexamethasone elution layer as
the gold standard for suppressing FBR (Fig. 3.4c, d). Because of the lower collagen density
associated with ZIPH-3c, we expect it to have less signal decay compared to PEDOT:PSS,
which is associated with a dense collagen layer. For PEDOT:PSS-Dex, the controlled re-

lease of dexamethasone from the Dex-PDMS layer should eliminate the growth of a fibrotic
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Figure 3.4. ZIPH-3c electrocardiographic electrodes experience less signal loss compared to
PEDOT:PSS electrodes. a, Device structure of ECG electrodes used to test the effect of the
FBR on electrophysiological recordings. b, Electrical connection on anesthetized mouse for
ECG recording. Created with BioRender.com. ¢, Schematic illustration of the effects of the
fibrotic capsule on ECG signal propagation for different electrode types. d, Examples of ECG
traces immediately after surgery (top) and 12-weeks post-implantation (bottom). e, Peak
R-wave voltages at various timepoints normalized to peak R-wave voltages immediately after
surgery. f, Side effects of dexamethasone 12-weeks post-implantation, as demonstrated by
photographs showing the inhibition of hair growth in mice implanted with PEDOT:PSS-Dex
electrodes (left) and MTS-stained tissues showing the atrophy of the panniculus carnosus
in mice implanted with Dex-PDMS discs (right). Orange arrows indicate the locations of
the remaining panniculus carnosus for the Dex-PDMS-implanted mouse. Scale bar, 200 pm.
Error bars, mean + s.d. N = 3-4 mice per treatment. One-way ANOVA was used for
statistical comparison of multiple means.

capsule, also leading to less signal decay (Fig. 3.4c). These are indeed supported by the sta-
tistical results shown in Figure 3.4e, with 3-4 device replicates in each group. As expected,
both ZIPH-3c¢ and PEDOT:PSS-Dex retained more of the initial signal than PEDOT:PSS
by week 4. By week 12, the signal retentions of ZIPH-3c (66%) and PEDOT:PSS-Dex (68%)
were twice that of PEDOT:PSS (33%) (Fig. 3.4e and Supplementary Discussion). These
results show that ZIPH-3c can decrease FBR-induced electrophysiological signal decay just
as well as dexamethasone.

Notably, the mice with PEDOT:PSS-Dex electrode implants did not grow back the fur
shaved for surgery even after 12 weeks, as opposed to the mice implanted with the other
electrodes pairs, which mostly grew their fur back after 12 weeks (Fig. 3.4f and Supplemen-
tary Fig. 56). In combination with the muscle atrophy caused by dexamethasone (Fig. 3.4f
and Supplementary Fig. 57), a side effect that has been reported previouslyw’?o. this shows
that ZIPH-3c electrodes can perform just as well as dexamethasone-eluting electrodes for
chronic, electrophysiological implantation without causing the side effects associated with
dexamethasone.

The large variation in voltage retention at early timepoints may originate from the shifting

of the electrodes and the dynamic nature of the extracellular matrix and cell population in
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Figure 3.5. Modified vascular access button for ECG recording in mice. Anesthetized
mouse with electrodes connected to peripheral electronics (left) and disconnected mouse
with a cap on to protect the connector ports (right).

the peri-implant region. Even though the electrodes are fixed to the surface of the muscles
on the lower rib cage with tissue adhesives, they may shift until tissues grow in to stabilize
the electrode location and orientation. For PEDOT:PSS-Dex, even though no fibrotic tissue
forms, loose layers of adipose and miscellaneous tissue types can form around the edges to
stabilize the electrode, as can be seen from the histological sections of Dex-PDMS implants.
The reason there is a big initial drop in voltage retention in week 1 may also be due to
the shift in the electrode location and orientation. Lastly, ZIPH-3c and PEDOT:PSS-Dex
electrodes have similar voltage retention at later timepoints, possibly because the diffusion
and migration of ions in hydrogel matrices are dictated by water content, as suggested by
some hydrogel diffusion models86. The lower collagen density for ZIPH-3c leads to a fibrotic
capsule with a higher water content compared to that of PEDOT:PSS, improving signal

quality.

108



3.3 Conclusion

The previous section focused on the material design, material characterization, and the bi-
ological response to the material. This section provided evidence that the findings from
the previous section can be translated to real, practical electrophysiological devices. Before
ZIPH-3c can be used in a device, a major adhesion challenge needed to be overcome, which
was solved by a novel PML functionalization strategy. In addition, careful design and fabri-
cation of ZIPH-3c electrodes and careful design of the ECG recording setup have led to the
collection of reliable ECG data. Our results show that ZIPH-3c electrodes perform two times
better than PEDOT:PSS electrodes and just as well as PEDOT:PSS-Dex electrodes without
the side effects over a 12-week implantation period. For the future uses of PEDOT:PSS
in electrically biointerfaced devices, as exemplified by our chronic, in vivo ECG tests, our
work on ZIPH-3c provides a thoroughly tested solution for addressing the most challenging

problem of the foreign body response.

3.4 Experimental Details

3.4.1 Materials

PEDOT:PSS (PH1000) was purchased from Clevios and was filtered through a 0.7 pm glass
fiber filter (Tisch Scientific) before use. The following chemicals were purchased from Sigma-
Aldrich: [2-(Methacryloyloxy)ethyl|dimethyl-(3-sulfopropyl)ammonium hydroxide (SBMA,
95%), N,N’-Methylenebisacrylamide (MBAA, >98%), 2-hydroxy-2-methylpropiophenone
(HMPP, 97%), 4-ethylbenzenesulfonic acid (EBSA, 95%), acrylic acid (AAc, 99%),
2-cyano-2-propyl benzodithioate (CPBD, >97%), and tetramethacrylate end-capped
PEDOT (PEDOT-TMA, 0.5 wt% in nitromethane, doped with p-toluenesulfonate). 2,2,2-
trifluoroethanol (TFE, >99%) was purchased from Sigma-Aldrich and Tokyo Chemical

Industries. Poly(allylamine) (PAH, 15% aq. soln.) was purchased from Polysciences. PDMS
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Sylgard 184 was purchased from Dow-Corning. The acetate buffer was prepared with 0.1
M acetic acid (glacial, Sigma-Aldrich, >99.85%), 0.1 M sodium acetate trihydrate (Sigma-
Aldrich, >99%), and 0.5 M NaCl at pH 5.2. Hydromed D4 Hydrophilic Thermoplastic
Polyurethane (HPU) was purchased from AdvanSource Biomaterials. Elastollan 1185A10

Polyether Type Polyurethane (TPU) was purchased from BASF.

3.4.2  Preparation of tissue adhesive

Dextran (10% in DI H20, 0.05% w/v Tween-20) was spin coated at 2000 RPM on O2
plasma treated glass and baked at 80 °C for 1 minute. PDMS (10:1 base:curing agent,
50% in heptane) was spin coated at 2000 RPM for 2 minutes and baked at 120 °C for 10
minutes. The spin coated PDMS was treated with O9 plasma and incubated in APTES
(2% in ethanol) for 1 hour. Then, the tissue adhesive precursor solution was prepared by
dissolving 5 wt% HPU, 30 wt% AAc, 1 wt% AAc-NHS ester, 0.3 wt% MBAA, and 0.2 mol%
(vs. AAc) HMPP in 95/5 ethanol/DI HoO and sparged in nitrogen for 10 minutes. The
sparged precursor solution was sandwiched between a piece of glass with APTES-treated
PDMS and a piece of glass with PTFE coating with a ~130 pm PET spacer. The precursor
solution was cured under UV (365 nm wavelength, 4 mW /cm?) for 30 minutes. After curing,
the mold was opened, rinsed with DI H20, and blow dried. Before surgical implantion, the

tissue adhesive was sterilized with UV-C.

3.4.83 Preparation of dexamethasone-eluting PDMS

To prepare Dex-PDMS, 2% w /v of dexamethasone was dissolved in THF. 1 volume of the
resultant THF solution was mixed with 1 volume of PDMS base, and the THF was slowly
removed in a rotary evaporator. The resultant mixture was placed in vacuum overnight to
completely remove the remaing THF and to obtain a PDMS base mixture with 1% w/w

dexamethasone. 44 parts of the dexamethasone-PDMS base mixture was mixed with 1 part

110



curing agent. To prepare ~100 pm thick films, dextran (10% in DI H20, 0.05% w/v Tween-
20) was spin coated at 2000 RPM on Og plasma treated glass and baked at 80 °C for 1
minute. Then, a mixture of 10 parts of dexamethasone-PDMS base and 1 part of curing
agent was spin coated at 1000 RPM for 2 minutes and baked at 80 °C for 30 minutes. Before

surgical implantation, Dex-PDMS films were sterilized with ethylene oxide.

3.4.4  Synthesis of PGMA

Poly(glycidyl methacrylate) (PGMA) (Fig. 2.20) was synthesized by dissolving 10.0 g GMA
(70.3 mmol), 23 mg AIBN (0.14 mmol), and 156 mg CPBD (0.703 mmol) were dissolved in
30 mL DMF. The solution was sparged with nitrogen gas for 30 minutes and reacted at 65
°C for 18 hours. The polymer was precipitated in over 10 times the volume of cold methanol
and re-dissolved in DCM. The polymer was precipitated twice more and dried under vacuum

for two days.

3.4.5  Multilayer functionalization

To achieve stable adhesion of conducting hydrogels, monolayers of PGMA and PAH (PGMA-
PAH method) was deposited. For the PGMA-PAA method, the substrate was first Og plasma
treated and PGMA (5 mg/mL in 19:1 CHCls:chlorobenzene) was spin coated at 2000 RPM,
followed by baking at 120°C for 30 minutes. The baked substrate was washed in CHCI3 for
2 minutes and blow dried to form a PGMA monolayer. PAH (5 mg/mL 29:1 isopropanol:DI
H50) was spin coated at 2000 RPM on top of the PGMA monolayer and baked at 80°C for
10 minutes. The baked substrate was washed in DI H20 (+0.05% Tween-20) for 2 minutes,

rinsed in DI H9O, and blow dried to form a PAH monolayer.
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3.4.6  Fabrication of electrodes

ZIPH-3c electrodes were fabricated using procedures shown in Figure 3.2. First, an oxy-
gen plasma-treated 27x3” glass slides were thoroughly washed with acetone, water, and iso-
propanol. To the washed slides, 2% solution of Micro-90 was spin coated at 1000 RPM
and dried at 90 °C for a minute. On the glass slides, 5 pm thick layers of Parylene C
was deposited using the PDS 2010 LabcoterTM 2 (Specialty Coating Systems). AZ 5214-
E photoresist (MicroChemicals) was spin coated on the Parylene C and patterned using
the Maskless Aligner MLA 150 (Heidelberg Instruments), followed by a photoresist descum
process with Og plasma. Then, physical vapor deposition of 10/50 nm of Ti/Au using the
EvoVac (Angstron Engineering) was carried out. The photoresist-Ti/Au stack was lifted off
in acetone at 40 °C for 1 hour.

To achieve stable adhesion of conducting hydrogels, multilayer functionalization using
PGMA and PAH was carried out. The resultant amines on the surface were functionalized
by soaking in a tetrachloroethane solution of 2% triethylamine and 2% methacryloyl chloride
for 2 hours at room temperature. The functionalized substrate was rinsed with chloroform
and DI HoO. UV initiatable ZIPH precursor solution was spin coated on the functionalized
substrate at 1000 RPM for 10 seconds, followed by exposure to UV light (4 mW /cm?) for
30 minutes under a humidified atmosphere. Immediately, the hydrogel film was subjected to
three cycles of the solvent annealing process and dried at 60°C on a hotplate. The hydrogel
film was rinsed with DI HoO and blow dried.

For PEDOT:PSS electrodes, PEDOT:PSS (13% 1:13 Triton X-100:DMSO) was spin
coated at 300 RPM. Then, the film was baked at 120 °C for 30 minutes. The baked film was
rinsed with DI H9O and blow dried.

Once the hydrogel films were prepared, the outlines of the electrodes were cut with a
laser cutter. To enable wired connections to the electrodes, a wet swab was used to remove

the hydrogel films on top of the Au contact pads, and 0.005” Ag wires with 0.007” PFA
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insulation (A-M Systems) were attached to the contact pads with lead-free low temperature
solder (Sn42Bi57Agl, ChipQuik). 50 mg/mL TPU in THF was manually pipetted to cover
the Au areas and dried under ambient conditions. Devices were peeled off, rinsed in DI HoO,

and dried on a polystyrene surface under ambient conditions.

3.4.7 Electrode-housing assembly

The ends of the Ag wires not soldered to the electrodes were attached to jumper wire female
connectors via lead-free solder (Sn99.3Cu0.7, Yihua). The connectors were threaded through
the holes of modified two-channel vascular access buttons (Instech) and were secured with
a combination of Red Epoxy (Highside Chemicals) and super glue. The full assembly was

sterilized in an autoclave at 121°C for 30 minutes before implantation.

3.4.8 Electrode implantation surgeries

6- to 8-week-old male C57BL /6 mice were purchased from Jackson Laboratories. Preoper-
atively, all mice received subcutaneous injections of 5 mg/kg of Meloxicam for pre-surgery
analgesia. All mice were anesthetized using 2-4% isoflurane in oxygen, and the backs of all
mice were shaved. All mice received eye lubricants to prevent dehydration-induced blindness.
Then, the shaved backs of all mice were sterilized by scrubbing with betadine and alcohol
pads in an alternating fashion, repeated two times.

One longitudinal incision, 2 cm in length, was made in the mid-back region. The blade
tips of a pair of scissors were inserted into the subcutaneous space through the incisions, and
two subcutaneous pockets, flanking the incision, were made via blunt tissue dissection using
the blunt sides of a pair of scissors. After carefully exposing the subcutaneous musculature
by pulling back the skin on one flank, an electrode was placed on the lower, lateral side
of the latissimus dorsi. For PEDOT:PSS-Dex, a Dex-PDMS backing (~100 pm thickness)

was placed on top of the electrodes. A tissue adhesive (~100 pm thickness) was placed on
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top of the electrodes so that a slight overhang around the edges of the electrode adhered
to the tissue underneath. The electrode placement procedure was repeated for the other
subcutaneous pocket. Then, the felt attached to the vascular access button was tucked
underneath the skin, and the remaining incisions longitudinally flanking the vascular access
button were closed with wound clips. Following surgery, all mice were given subcutaneous
injections of 5 mg/kg of Meloxicam once every 24 hours for two days. Wound clips were
removed after 10 days.

"From the moment I understood the weakness of my flesh, it disgusted me. I craved the
strength and certainty of steel. I aspired to the purity of the blessed machine. Your kind
cling to your flesh as if it will not decay and fail you. One day the crude biomass that you
called a temple will wither and you’ll beg my kind to save you. But I am already saved.
For the machine is immortal. Even in death I serve the Omnissiah." — Magos Dominus
Reditus™

*Bulwark Studios. (2018). Warhammer 40,000: Mechanicus [Video game|. Kasedo

Games.

3.4.9 Chronic electrocardiographic recording

First, a mouse was anesthetized using 2-4% isoflurane in oxygen. The protective cap for the
external connectors were removed, and the female jumper wire connectors were connected
to a custom-built amplifier. An adhesive electrocardiography patch was attached to the
tail and connected to ground. Signal acquisition was carried out using the Keithley 2450

(Tektronix).
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CHAPTER 4
POLYELECTROLYTE MULTILAYER-MEDIATED
SELF-ASSEMBLY OF ZWITTERIONIC POLYMER BRUSHES
ON PEDOT:PSS ENABLES ANTIFOULING BIOELECTRONICS
THAT SUPPRESSES THE FOREIGN BODY RESPONSE

4.1 Introduction

In the previous two chapters, using ZIPH, we showed that chemical heterogeneity can poten-
tially be a different route for achieving FBR suppression for electronic materials. However,
ZIPH did not have antifouling properties. In this chapter, we explored how self-assembled
monolayers of zwitterionic antifouling polymer brushes on PEDOT:PSS can suppress the
FBR. There have been many works that report the synthesis of functionalized PEDOT

L2 o1 have moeities that enable the

derivatives that have pre-installed zwitterionic moeities
grafting of zwitterionic polymers®? for conferring antifouling properties to PEDOT. Out of
all the PEDOT derivatives, works on commercially available PEDOT:PSS, such as Clevios
PH1000, have produced the highest electrical conductivity values® 7. Thus, if the goal is to
maximize electrical conductivity and FBR-suppressive properties, commercial PEDOT:PSS
is the ideal choice. However, the surface properties of PEDOT:PSS are dictated by the PSS
shell that encapsulates PEDOT?89, limiting functionalization options for PEDOT:PSS to
direct chemical modifications of PSS. The strong electron withdrawing properties of sulfonate
makes aromatic substitution difficult. Activating the benzene ring by removing the sulfonate
group requires reaction conditions that can damage PEDOT:PSS. Aromatic substitution re-
actions in general have harsh reaction conditions that can also damage PEDOT:PSS.

Zwitterionic polymer brushes have regularly been grafted on a variety of surfaces by using

zwitterionic polymer-hydrophobic polymer block copolymers!?®12. Self assembly strategies
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that rely on hydrophobic forces are not effective since PEDOT:PSS swells under aqueous
conditions, which causes the coating to detach. Therefore, we need a new strategy for
stably modifying PEDOT:PSS surfaces using mild conditions. Zwitterionic polymer brushes
have also been grafted on surfaces by adsorbing a base layer of polydopaminel3. However,
polydopamine coatings are usually several nanometers thick, dense structuresM, which could
greatly increase the interfacial impedance of PEDOT:PSS. Given that established methods
are compatible with PEDOT:PSS, we needed a new strategy for assembling polymer brushes
on PEDOT:PSS.

PSS is a polyanion, which means that it can electrostatically bind to polycations in a
process called polyelectrolyte complexation. Polyelectrolyte complexation happens sponta-

neously when dissolved polyelectrolyte pairs are mixed under ambient conditions!®

, making
it ideal for fabrication processes that require mild conditions, such as the processing of
PEDOT:PSS. Polyelectrolyte complexation has been used to assembled polyelectrolyte mul-
tilayers, in which oppositely charged polyelectrolytes are coated layer by layer on a variety

16-18  The com-

of surfaces, giving rise to a variety of surface properties and functions
plexation strength of polyelectrolyte complexes can vary, and weaker polyelectrolyte pairs
can dissociate in aqueous environments with weak ionic strengthsl5. It has been reported
that the polyelectrolyte pairs of PSS and poly((4-vinylbenzyl)trimethylammonium chloride)
(PVBT) have exceptionally high salt resistance, with complete dissolution of the PEC oc-
curing at ionic strengths higher than 5 M19. Given that it has been reported before that
polyzwitterion-polyelectrolyte block copolymer can self assemble on charged surfaces to give

20,21 we hypothesized that the same method can be utilized to as-

rise to antifouling surfaces
semble zwitterionic polymer brushes on PEDOT:PSS through polyelectrolyte complexation
and form a durable coating that can survive in vivo conditions, in which the ionic strength

is around 0.15 M.

We demonstrated that the self assembly of zwitterionic polymer brushes on PEDOT:PSS
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can significantly reduce protein adsorption. The zwitterionic polymer brush appears to not
substantially interfere with electrophysiological recording capabilities of electrocardiographic
PEDOT:PSS electrodes. Furthermore, there is almost no signal degradation over a 12-
week implantation period, a highly promising result for the application of self assembled

zwitterionic polymer brushes on PEDOT:PSS-based implantable medical devices.

Figure 4.1. Synthesis route for PSB-b-PVBT.

4.2 Results and Discussions

4.2.1 Synthesis of polyzwitterion-polyelectrolyte block copolymers

We synthesized block copolymers with poly(sulfobetaine methacrylate) (PSB) and poly(2-
methacryloyloxyethyl phosphorylcholine) (PMPC) as the zwitterionic block. For the poly-

electrolyte block, PVBT was used because of the high salt resistance of PSS-PVBT polyelec-
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Figure 4.2. Synthesis route for PMPC-b-PVBT.

trolyte complexes!®. Based on a previous report?!, the target degree of polymerization (DP)
for the polyzwitterion was chosen to be 100. For the PVBT block, target DPs of 20 and
40 were chosen. The synthesis routes of PSB-PVBT block copolymer (PSB-b-PVBT) and
PMPC-PVBT block copolymer (PMPC-PVBT) via reverse addition-fragmentation chain-
transfer (RAFT) polymerization are as shown in Figures 4.1 and 4.2. The main consid-
eration for the PVBT block lengths was to find the optimal length to maximize both the
binding strength and polymer brush density since making the block lengths longer increases

the binding strength at the expense of polymer brush density.

4.2.2  Optimization of self-assembly conditions of zwitterionic polymer brushes

The self-assembly conditions of the zwitterionic polymer brushes were optimized using pro-

tein adsorption assays. Some of these experiments were originally conducted with the goal
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Figure 4.3. Initial optimization data for self-assembly conditions for PSB-b-PVBT. ZIPH-u
was used for all the samples that had surface self assembly. Concentration of PSB-b-PVBT in

the self-assembly solution and the incubation time in the self-assembly solution were tested.
As controls, PSB hydrogel and ZIPH-u adsorbed with PVBT homopolymer were used.

of making ZIPH antifouling, so the optimization experiments were conducted with ZIPH-u
and ZIPH-3c. Regardless, the conclusions of the experiments should hold for PEDOT:PSS
as well. All protein adsorption studies were conducted with 5 mm discs submerged in human
blood plasma. After it was found that there were no difference in protein adsorption between
the block copolymers with a PVBT9g and a PVBTyg block, concentration of PSB-b-PVBT
with PVBT9q blocks in the self-assembly solution and the incubation time in the self as-
sembly solution were tested (Fig. 4.3. There were no difference between the 1 and 16 hour

incubation conditions, and the protein adsorption amount decreased with increasing concen-
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tration of PSB-b-PVBT until it started to plateau at 100 mg/mL. The PSB hydrogel control
had the lowest protein adsorption level. What could not be explained, however, was that
the samples treated with only PVBT had protein adsorption levels that were comparable to
samples treated with PSB-b-PVBT. The first hypothesis to explain this was that PSB might
be aggregating in solution, causing it to not self-assemble correctly. PSB is known to have

the strongest self-associative interaction out of all the zwitterionic polymers22:23.
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Figure 4.4. Comparison of protein adsorption levels between samples treated with PSB-b-
PVBT and PMPC-b-PVBT. Different concentrations of PSB-b-PVBT and PMPC-b-PVBT
in the self-assembly solution was tested. Samples treated with the PVBT homopolymer and
the PSB hydrogel were used as controls.

To test this hypothesis, protein adsorption to samples treated with PMPC-b-PVBT,
PSB-b-PVBT, or PVBT homopolymer were compared (Fig. 4.4. PMPC-b-PVBT treated
samples had higher protein adsorption than PSB-b-PVBT, and samples treated with PVBT
still had comparable protein adsorption to the best performing polymer brush self-assembly

conditions. The PSB hydrogel control still had the lowest protein adsorption level. Since
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Figure 4.5. Comparison of protein adsorption levels among samples coated with different
combinations of alternating oppositely charged polymers. Samples had between one and
three layers of polymer coatings. Cells in the table with dash lines indicate that further
layers were not deposited. PSB hydrogels served as controls. The horizontal red dash line
marks the protein adsorption level of the PSB hydrogel control, which is at almost the same
level as the condition coated with the PVBT /PSS/PSB-b-PVBT trilayer.

samples treated with PVBT homopolymer had the lowest protein adsorption out of all the
testec conditions except for the PSB hydrogel, we tested if polyelectrolyte multilayers ter-
minated with or without self-assembled zwitterionic polymer brushes would lead to lower
protein adsorption (Fig. 4.5. Because there were no difference in protein adsorption levels
between PSB-b-PVBT and PMPC-b-PVBT and PSB-b-PVBT polymer brushes should be
more stable due to stronger self-associative interactions, we chose to use PSB-b-PVBT for all
rest of the study. Up to three layers of alternating oppositely charged polymers were coated
in various combinations. The condition with PVBT, PSS, and PSB-b-PVBT trilayer had
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Figure 4.6. Comparison of protein adsorption levels among ZIPH-3¢c and PEDOT:PSS sam-
ples coated with different combinations of alternating oppositely charged polymers. Samples
had between one and three layers of polymer coatings. Cells in the table with dash lines
indicate that further layers were not deposited. PSB hydrogels served as controls.

comparable protein adsorption levels to the PSB hydrogel control. PEDOT:PSS hydrogels
were also tested using similar conditions and had similar results (Fig. 4.6). The biggest dif-
ference was that PEDOT:PSS had substantially higher protein adsorption levels compared to
ZIPH-3c, and PEDOT:PSS coated with the PVBT /PSS /PSB-b-PVBT trilayer had a slightly
higher protein adsorption level compared to ZIPH-3c with the same coating. Because it is
the best performing coating method, the PVBT /PSS/PSB-b-PVBT trilayer coating will be
the main focus for the remainder of the chapter and will be referred to as polyelectrolyte

trilayer zwitterionic polymer brush (PET-ZIP) for the remainder of the chapter.
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Figure 4.7. Schematic illustrating the potential explanation for why zwitterionic polymer
brushes assembled with a trilayer has much lower protein adsorption compared to the ones
assembled with a monolayer.

Characterizing PEDOT:PSS samples with self-assembled zwitterionic polymer brushes is
challenging because the total coating is only a few nanometers thick and the PEDOT:PSS
underneath interferes with spectroscopy, microscopy, and light scattering techniques. We do
not have any evidence to prove the reason why the PET-ZIP approach works better than the
monolayer approach due to this, but we believe we have a highly plausible explanation (Fig.
4.7). The PSS in PEDOT:PSS is not tightly bound to PEDOT under aqueous conditions.
The PSS forms a "fuzzy" permeable polymer layer at the surface of PEDOT instead of
forming an impermeable, hard solid-liquid interface. This allows PSB-b-PVBT chains to
orient itself in any direction once the PVBT block complexes with PSS, which causes only
a small fraction of the zwitterionic blocks to point away from the PEDOT:PSS surface
to act as an antifouling barrier. The permeability of the PSS layer also allows PSB-b-
PVBT chains to diffuse into the PSS layer before the PVBT block complexes with the
PSS, potentially leading to the PSB-b-PVBT chains to be buried in the PSS layer. If
polyelectrolyte multilayers are applied to the PEDOT:PSS surface, the "fuzzy" PSS layer

collapses due to polyelectrolyte complexation, forming an impermeable, hard solid-liquid

125



Figure 4.8. Normalized voltage retention of ECG recorded using PEDOT:PSS electrodes
with PET-ZIP coatings. Normalized voltage retention is defined as peak R-wave voltages at
specific timepoint normalized to peak R-wave voltages immediately after surgery.

interface. This facilitates the polymer brushes to assembled in the correct orientations.

4.2.83  Chronic electrocardiography in mice with zwitterionic polymer brush-coated PE-

DOT:PSS electrodes

To test if PET-ZIP on PEDOT:PSS can enable low signal-loss, chronic electrophysiological
recording, the same electrocardiography (ECG) setup used in Chapter 3 was utilized for
PET-ZIP. Before the ECG electrodes can be fabricated, it was essential to determine if
sterilization techniques, such as autoclaving, can damage the PET-ZIP layer. We found that
autoclaving degrades the antifouling properties of the PET-ZIP layer. Therefore, the self-
assembly solution and PEDOT:PSS ECG electrodes were autoclaved separately. Then, the
PET-ZIP self-assembly procedures were conducted in a biosafety cabinet to ensure sterility.

ECG recordings were recorded in mice over a 12-week period, and it was observed that,
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on average, there was very little to no signal degradation over time (Fig. 4.8). The recorded
voltage stayed above the initial recording at all timepoints except for the 8-week timepoint.
The signal loss experienced by PET-ZIP PEDOT:PSS ECG electrodes is much less than the
signal loss experienced by ZIPH and PEDOT:PSS-Dex ECG electrodes from Chapter 3 (Fig.
3.4e).

4.3 Conclusion

Achieving stable coatings on PEDOT:PSS under physiological conditions is challenging be-
cause PEDOT:PSS lacks useful functional groups, and the hydrophilicity causes it to swell
in water. Here, we report a new method, involving polyelectrolyte multilayers, to achieve
a stable, self-assembled zwitterionic polymer brush coating. ZIPH and PEDOT:PSS coated
with PET-ZIP achieve antifouling properties comparable to PSB hydrogels. Furthermore,
PEDOT:PSS ECG electrodes coated with PET-ZIP experience little to no signal loss over
a 12-week implantation period. However, there are still several questions un-answered with
this work. Electrical and electrochemical characterizations are still lacking, and the degree

of fibrosis PEDOT:PSS coated with PET-ZIP will experience in mice is still unknown.

4.4 Experimental Details

4.4.1 Materials

PEDOT:PSS (PH1000) was purchased from Clevios and was filtered through a 0.7 pm
glass fiber filter (Tish Scientific) before use. The following chemicals were purchased from
Sigma-Aldrich:  [2-(Methacryloyloxy)ethyl]dimethyl-(3-sulfopropyl)ammonium hydroxide
(SBMA, 95%), sodium styrene sulfonate (NaSS, >90%), 4,4’-azobis(4-cyanovaleric acid)
(ACVA, >98%), (vinylbenzyl)trimethyl ammonium chloride (VBTMAC, 99%), sodium

dodecylbenzene sulfonate (SDS, >98.5%), and 4-cyano-4-(phenylcarbonothioylthio) pen-
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tanoic acid (CPhPA). 2,2’-azobis|2-(2-imidazolin-2-yl)propane|dihydrochloride (VA-044)
was purchased from Wako Chemicals (USA). 2-methacryloyloxyethyl phosphorylcholine
(MPC, >96%) was purchased from Tokyo Chemical Industries and purified by washing
it with diethyl ether. The acetate buffer was prepared with 0.1 M acetic acid (glacial,
Sigma-Aldrich, >99.85%), 0.1 M sodium acetate trihydrate (Sigma-Aldrich, >99%), and
0.5 M NaCl at pH 5.2.

Figure 4.9. NMR spectrum of PSS.

4.4.2  Synthesis of polymers

Poly(styrene sulfonate) (PSS) (Fig. 4.9) was synthesized by dissolving 150 g of NaSS (727
mmol, 150 g) and 70 mg of ACVA (0.25 mmol, 70 mg) in 1.5 L of deionized (DI) HoO. The
solution was sparged with argon gas at a high flow rate for 45 minutes before being heated to
65 °C for 12 hours. A portion of the resulting solution was dialyzed using 10k dialysis tubes
from (Thermo Scientific, SnakeSkin, 3.5k molecular weight cut-off) for 5 days against an

excess of pure DI water which was changed every 12 hours. After purification, the solution
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containing polymer was collected, frozen with liquid nitrogen and lyophilized to give PSS as

a dry white powder.

Figure 4.10. NMR spectrum of PVBT.

Poly((vinylbenzyl)trimethyl ammonium chloride) (PVBT) (Fig. 4.10) was synthesized
by dissolving VBT (945 mmol, 200 g) and ACVA (0.33 mmol, 93 mg) in 1.5 L of DI HyO.
The solution was sparged with argon at a high flow rate for 45 minutes before being heated
to 65 °C for 12 hours. The reaction solution was purified the same way as PSS, resulting in
pure PVBT as a white powder.

Poly(sulfobetaine  methacrylate)-b-poly((vinybenzyl)trimethylammonium  chloride)
(PSB1go-b-PVBT9g) was synthesized according to the synthesis route depicted in Figure
4.1. First, poly(sulfobetaine methacrylate) (PSByigg) (Fig. 4.11) was synthesized by
dissolving SBMA (71.6 mmol, 20.0g), VA-044 (0.0500 mmol, 16.2 mg), and CPhPA (0.5000
mmol, 139.9 mg) in 100 ml of 4:1 (v/v) acetate buffer/ethanol cosolvent. The solution was
sparged with nitrogen gas for 30 minutes, heated to 50 °C for 6.5 hours, and quenched in

liquid nitrogen. The polymer was precipitated in 20 times the volume of methanol and
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Figure 4.11. NMR spectrum of PSB.

redissolved in 0.5 M NaCl a total of three times. The polymer was dried under vacuum.
Conversion: 70%.

To synthesize PSB1g9-b-PVBTyq (Fig. 4.12), PSBigg (5.00 g), VBT (4.46 mmol, 945.2
mg), and VA-044 (0.0179 mmol, 5.78 mg) were dissolved in 11.3 mL of 4:1 (v/v) acetate
buffer /ethanol cosolvent. The solution was sparged with nitrogen gas for 20 minutes and
heated to 50 °C for 18 hours. The polymer was precipitated in 20 times the volume of
methanol and redissolved in 30 mL of 7:1 (v/v) acetate buffer/ethanol cosolvent. The poly-

mer was re-precipitated in 10 times the volume of methanol, and the supernatant was cen-
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trifuged at 4000 g’s for 30 minutes. The precipitates were collected and washed with excess

acetone. The polymer was lyophilized for 24 hours.

Figure 4.12. NMR spectrum of PSB-b-PVBT.

Poly(2-methacryloyloxyethyl phosphorylcholine)-b-poly((vinylbenzyl)trimethylammonium
chloride) (PMPCq(o-b-PVBT9g) was synthesized according to the synthesis route depicted
in Figure 4.2. To synthesize poly(2-methacryloyloxyethyl phosphorylcholine) (PMPCyqg),
MPC (5.11 mmol, 1.51 g), ACVA (0.00407 mmol, 1.14 mg), and CPhPA (0.0408 mmol, 11.4
mg) were dissolved in 6.42 mL of methanol. The solution was sparged with nitrogen gas for

20 minutes, heated to 60 °C for 22.5 hours, and quenched in liquid nitrogen. The polymer
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was precipitated in 20 times the volume of acetone and redissolved in methanol a total of
three times. The polymer was collected by dissolving it in methanol. Then, the solution
was dried via rotary evaporator and under vacuum overnight. Conversion: 75%.

To synthesize PMPCqgg-b-PVBT9g (Fig. 4.13), PMPCygp (601 mg), VBTMA (0.540
mmol, 114.4 mg), and VA-044 (0.00216 mmol, 0.697 mg) were dissolved in 1.4 mL of 3:1
(v/v) acetate buffer/ethanol cosolvent and purged with nitrogen gas for 20 minutes. The
solution was heated to 50 °C for 18 hours, and the reaction was stopped by opening the
flask to air under room temperature. The polymer was precipitated in 20 times the volume
of acetone and redissolved in methanol a total of three times. The polymer was collected
by dissolving it in methanol. Then, the solution was dried via rotary evaporator and under

vacuum overnight.

Figure 4.13. NMR spectrum of PMPC-b-PVBT.

Poly(glycidyl methacrylate) (PGMA) (Fig. 2.20) was synthesized by dissolving 10.0
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g GMA (70.3 mmol), 23 mg AIBN (0.14 mmol), and 156 mg CPBD (0.703 mmol) were
dissolved in 30 mL. DMF. The solution was sparged with nitrogen gas for 30 minutes and
reacted at 65 °C for 18 hours. The polymer was precipitated in over 10 times the volume
of cold methanol and re-dissolved in DCM. The polymer was precipitated twice more and

dried under vacuum for two days.

4.4.83  Zuwitterionic self-assembled monolayer

For assembling zwitterionic polymer brush on hydrogels, hydrogel discs were transferred
to 48-well plates. 150 pL of PVBTMA solution (30 mg/mL in PBS) was added, and the
hydrogel in solution was shaken for 1 hour. The PVBTMA solution was discarded, and the
hydrogels were washed with 1 mL of PBS three times. The previous steps were repeated
except PSS solution (30 mg/mL in PBS) was used instead of PVBTMA solution. Then, 150
nl of PSB1gg-b-PVBT9q solution (13 wt% in PBS with 0.5 M total NaCl) was added and
shaken for 1 hour. The solution was discarded, and the hydrogels were washed three times
in PBS with 0.5 M total NaCl. Then, the hydrogels were washed once with regular PBS and

soaked in PBS overnight.

4.4.4 In vitro protein adsorption test

Human plasma adsorption on the hydrogels was evaluated using the 3-(4-Carboxybenzoyl)
quinoline-2-carboxaldehyde (CBQCA) assay. Hydrogel samples (5 mm in diameter and 1
mm in thickness) were incubated in 150 pL of human plasma (Innovative Research, Inc.) in
48-well plates at 37°C for 2 hours. The hydrogels were washed with 1 mL of PBS 5 times
and transferred to 96-well U-bottom plates. 150 pL of 1% SDS-PBS solution was added
and shaken for 1 hours. 75 pL of the protein-SDS solution was transferred to 96-well flat
bottom plates and diluted with 60 pL. of PBS. Then, CBQCA assay was directly carried out

to determine the relative amount of proteins adsorbed on the hydrogels. The fluorescence
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intensities at 550 nm (excitation/emission of 465/550 nm) were recorded using the TECAN

Inifinite M200 Pro plate reader.

4.4.5  Fabrication of electrodes

ECG electrodes were fabricated using procedures shown in Supplementary Fig. 53. First,
an oxygen plasma-treated 2"x3” glass slides were thoroughly washed with acetone, water,
and isopropanol. To the washed slides, 2% solution of Micro-90 was spin coated at 1000
RPM and dried at 90 °C for a minute. On the glass slides, 5 pm thick layers of Parylene C
was deposited using the PDS 2010 LabcoterTM 2 (Specialty Coating Systems). AZ 5214-
E photoresist (MicroChemicals) was spin coated on the Parylene C and patterned using
the Maskless Aligner MLA 150 (Heidelberg Instruments), followed by a photoresist descum
process with Og plasma. Then, physical vapor deposition of 10/50 nm of Ti/Au using the
EvoVac (Angstron Engineering) was carried out. The photoresist-Ti/Au stack was lifted off
in acetone at 40 °C for 1 hour.

To achieve stable adhesion of PEDOT:PSS, PGMA (5 mg/mL in 95/5 CHCl3/chlorobenzene)
was spin coated at 2000 RPM and baked at 120 °C for 30 minutes, followed by rinsing with
CHCI3 to form a monolayer. Then, PEDOT:PSS (13% 1:13 Triton X-100:DMSO) was spin
coated at 300 RPM. Then, the film was baked at 120 °C for 30 minutes. The baked film
was rinsed with DI HoO and blow dried.

Once the hydrogel films were prepared, the outlines of the electrodes were cut with a
laser cutter. To enable wired connections to the electrodes, a wet swab was used to remove
the hydrogel films on top of the Au contact pads, and 0.005” Ag wires with 0.007” PFA
insulation (A-M Systems) were attached to the contact pads with lead-free low temperature
solder (Sn42Bi57Agl, ChipQuik). 50 mg/mL TPU in THF was manually pipetted to cover
the Au areas and dried under ambient conditions. Devices were peeled off, rinsed in DI HyO,

and dried on a polystyrene surface under ambient conditions.
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The devices and self-assembly solutions were autoclaved at 121 °C for 30 minutes. The
devices were not peeled off the glass supporting substrate before autoclaving. The poly-
mer self-assembly was carried out in a biosafety cabinet. The devices were covered with
PVBT solution (30 mg/mL in PBS) and incubated for 30 minutes. The PVBT solution was
discarded, and the devices were thoroughly rinsed with sterile PBS and blow dried. The
previous steps were repeated except PSS solution (30 mg/mL in PBS) was used instead of
PVBT solution. Next, the devices were covered with PSB1gy-b-PVBT9q solution (13 wt%
in PBS with 0.5 M total NaCl) and incubated for 30 minutes. The solution was discarded,
and the devices were rinsed thoroughly in sterile PBS with 0.5 M total NaCl and blow dried.

Then, the hydrogels were washed once with regular sterile PBS and blow dried.

4.4.6  FElectrode-housing assembly

The ends of the Ag wires not soldered to the electrodes were attached to jumper wire female
connectors via lead-free solder (Sn99.3Cu0.7, Yihua). The connectors were threaded through
the holes of modified two-channel vascular access buttons (Instech) and were secured with
a combination of Red Epoxy (Highside Chemicals) and super glue. The full assembly was

sterilized in an autoclave at 121°C for 30 minutes before implantation.

4.4.7 FElectrode implantation surgeries

6- to 8-week-old male C57BL /6 mice were purchased from Jackson Laboratories. Preoper-
atively, all mice received subcutaneous injections of 5 mg/kg of Meloxicam for pre-surgery
analgesia. All mice were anesthetized using 2-4% isoflurane in oxygen, and the backs of all
mice were shaved. All mice received eye lubricants to prevent dehydration-induced blindness.
Then, the shaved backs of all mice were sterilized by scrubbing with betadine and alcohol
pads in an alternating fashion, repeated two times.

One longitudinal incision, 2 cm in length, was made in the mid-back region. The blade
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tips of a pair of scissors were inserted into the subcutaneous space through the incisions, and
two subcutaneous pockets, flanking the incision, were made via blunt tissue dissection using
the blunt sides of a pair of scissors. After carefully exposing the subcutaneous musculature
by pulling back the skin on one flank, an electrode was placed on the lower, lateral side
of the latissimus dorsi. For PEDOT:PSS-Dex, a Dex-PDMS backing (~100 pm thickness)
was placed on top of the electrodes. A tissue adhesive (~100 pm thickness) was placed on
top of the electrodes so that a slight overhang around the edges of the electrode adhered
to the tissue underneath. The electrode placement procedure was repeated for the other
subcutaneous pocket. Then, the felt attached to the vascular access button was tucked
underneath the skin, and the remaining incisions longitudinally flanking the vascular access
button were closed with wound clips. Following surgery, all mice were given subcutaneous
injections of 5 mg/kg of Meloxicam once every 24 hours for two days. Wound clips were
removed after 10 days.

"From the moment I understood the weakness of my flesh, it disgusted me. I craved the
strength and certainty of steel. I aspired to the purity of the blessed machine. Your kind
cling to your flesh as if it will not decay and fail you. One day the crude biomass that you
called a temple will wither and you’ll beg my kind to save you. But I am already saved.
For the machine is immortal. Even in death I serve the Omnissiah." — Magos Dominus
Reditus™*

*Bulwark Studios. (2018). Warhammer 40,000: Mechanicus [Video game|. Kasedo

Games.

4.4.8 Chronic electrocardiographic recording

First, a mouse was anesthetized using 2-4% isoflurane in oxygen. The protective cap for the
external connectors were removed, and the female jumper wire connectors were connected

to a custom-built amplifier. An adhesive electrocardiography patch was attached to the

136



tail and connected to ground. Signal acquisition was carried out using the Keithley 2450

(Tektronix).
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CHAPTER 5
CONCLUSION

The foreign body response continues to be a major hurdle for achieving long term stability
and function for implantable medical devices. There have been several reported strategies
to suppress the FBR, but many of them only partially suppress the FBR, have unclear
prospects when translated to humans, and have questionable applicability and effectiveness
for broader device types. In particular, there have been a lack of research on FBR-suppression
for electronic materials. Zwitterionic polymers are a promising class of antifouling and
FBR-suppressing materials. As electronic materials, PEDOT:PSS has been a popular choice
because it is chemically stable, highly electrically conductive, easily processable, and non-
cytotoxic. However, PEDOT:PSS has historically been challenging to chemically modify and
apply coatings on for endowing it with additional useful properties, such as FBR suppres-
sion. In the first part of this dissertation, we use PEDOT:PSS and zwitterionic polymers to
expand the number of FBR-suppressing strategies by exploring chemical heterogeneity as a
potentially new category of strategies. Chemical heterogeneity is an important property to
study because electronic IMDs rarely have chemically homogeneous surfaces due to various
electronic components present on the surface. In the second part of the dissertation, we di-
rectly address the difficulty associated with chemically modifying and coating PEDOT:PSS
by exploring a novel approach for achieving stable tethering of zwitterionic polymer brushes
on PEDOT:PSS surfaces.

In Chapter 2, we report a new type of FBR-suppressing electronic material, zwitterionic
PEDOT:PSS hydrogel (ZIPH). We devised a new solvent annealing method, consisting of
ethanol and 2,2,2-trifluoroethanol, to facilitate the formation of PEDOT:PSS nanofibers in
a poly(sulfobetaine methacrylate) PSB hydrogel matrix, significantly increasing the conduc-
tivity. The electrical, electrochemical, mechanical, and chemical properties were thoroughly

characterized. Next, ZIPH was implanted, along with other controls, into the subcutaneous
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space of mice. The fibrotic response and the immune response were thoroughly character-
ized. It was observed that ZIPH was associated with lower collagen densities compared to
its parent materials, PEDOT:PSS and PSB. Moreover, the immune response to ZIPH was
unique, significantly differing from any other material tested and diverging from its parent
materials. This is the first work to demonstrate that chemical heterogeneity can lead to
emergent FBR-suppressing and biointerfacing properties and could inspire the development
of more FBR-suppressing materials using similar principles.

In Chapter 3, we demonstrate that the high conductivity and FBR-suppressing properties
of ZIPH confers major advantages in electrophysiological applications through electrocardio-
graphy (ECG) in mice. To realize this, we solved the highly challenging problem of poor
adhesion of ZIPH on a variety of substrates by devising a new strategy consisting of two
monolayers of polymers. The base layer consists of poly(glycidyl methacrylate), and the
top layer consists of polyallylamine. The primary amine-rich top layer was functionalized
with methacrylates. Spin coated ZIPH was polymerized on top to create a robust interface.
We also discussed in detail on how the ECG recordings were conducted on mice and how
we designed an amplifier for this purpose. In vivo, ZIPH ECG electrodes experienced half
the signal loss compared to PEDOT:PSS ECG electrodes over a 12 week period. Further-
more, ZIPH ECG electrodes experienced comparable signal loss compared to PEDOT:PSS
ECG electrodes with dexamethasone-eluting silicone backings, an industrial gold standard
for FBR suppression, without causing any of the side effects associated with dexamethasone.
The work in this chapter demonstrated that ZIPH has great potential in achieving long term
stability and function for IMDs.

In Chapter 4, we addressed the difficulty associated with functionalizing and coating
PEDOT:PSS due to a lack of useful functional groups and its hydrophilic properties. Specif-
ically, we solved this issue by coating PEDOT:PSS with polyelectrolyte multilayers, in which

oppositely charged polymers bind to each other in a process called polyelectrlyte complex-
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ation. After a base coat of polyelectrolytes, poly(sulfobetaine methacrylate)-block-poly((4-
vinylbenzyl)trimethylammonium chloride) (PSB-b-PVBT) formed a zwitterionic polymer
brush coating through self-assembly. The whole coating consisting of polyelectrolyte mul-
tilayers and PSB-b-PVBT (PET-ZIP) lowered protein adsorption levels in PEDOT:PSS
to a level that is comparable to that of PSB hydrogels. Moreover, ECG recording with
PEDOT:PSS electrodes coated with PET-ZIP in mice over a 12-week implantation period
exhibited little to no signal loss.

Collectively, these works have addressed two problems. First, it solves the problem of
PEDOT:PSS being difficult to confer FBR-suppressing properties because it is difficult to
chemically modify and applying coatings to. ZIPH achieved this by physically blending PE-
DOT:PSS and a zwitterionic polymer. PET-ZIP achieved this by taking advantage of the
electrostatic interactions PSS can have with polycations, enabling the self-assembly of zwit-
terionic polymer brushes on PEDOT:PSS surfaces. Second, the work on ZIPH addressed the
problem of a limited existing repertoire of categories of FBR-suppressing material strategies

by introducing chemical heterogeneity as a novel material strategy.

142



APPENDIX A
FLOW CYTOMETRY DATA

The following are additional flow cytometry data for Chapter 2.
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Figure A.1. Flow cytometry data for 1-week post-implantation. a, Total Ly—6C7/ lo py / gohi
macrophage, Ly-6CM F4/80!° monocyte, CD3" T cell, and CD45 Lin CD140a" fibroblast
counts. b, Total Ly-6G " neutrophil counts. ¢, Percentage of Ly—6C7/ lo py / gohi macrophages
that are CCR2". d, Percentage of Ly—6C7/ lo F4/ 80M macrophages that are RELM-a". e,
CD86 " / CD206 " ratios among Ly—6C’/1° ]?4/80hi macrophages. f, iNOS™ / Arg-1" ratios
among Ly—6C’/ lo F4/ gohi macrophages. g, Percentages of Ly—6C’/ lo F4/ gohi macrophages
that are CD86" CD206 " (double positive) and CD86 CD206- (double negative). h, CD8"
/ CD4" ratios among CD3" T cells. i, Percentage of CD3" CD4" T helper cells that are
Tyl (T-bet™) and T2 (GATA-37). j, Percentage of CD3™ T cells that are Treg (FoxP3™).
k, Percentage of CD3" CD8" cytotoxic T cells that are T-bet™ and GATA-3 7.
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Figure A.2. Flow cytometry data for 4-week post-implantation. a, Total Ly—6C’/ lo g / g0ohi
macrophage and Ly-6G " neutrophil counts. b, Total Ly—GChi F4/ golo monocyte counts.
c, Total CD3" T cell and CD45_ Lin- CD140a" fibroblast counts. d, Percentage of Ly-
6C /1o F4/80hi macrophages that are CCR2". e, CD86" CD206" ratios among Ly—GC*/IO
F4/80M macrophages. f, iNOS™ / Arg-1" ratios among Ly-6C /1o F4/80M macrophages. g,
Percentages of Ly-6C /10 F4 /80" macrophages that are CD86 CD206" (double positive)
and CD86. CD206_ (double negative). h, CD8" / CD4" ratios among CD3" T cells. i,
Percentage of CD3™ CD4 ™" T helper cells that are Ty, 1 (T-bet ), T2 (GATA-37), and Treg
(FoxP3™"). j, Percentage of CD3" CD8" cytotoxic T cells that are T-bet™ and GATA-3".
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Figure A.3. Flow cytometry data for 12-week post-implantation. a, Total Ly—6C*/ lo
F4/ gohi macrophage, CD3" T cell, and CD45 Lin CD140a" fibroblast counts. b, To-
tal Ly-6CH F4/8010 monocyte Ly-6G " neutrophil counts. ¢, Percentage of Ly—6C*/ lo
F4/80M macrophages that are CCR2'. d, CD86" CD206" ratios among Ly-6C /1o F4 /80N
macrophages. e, iNOS™ / Arg-1" ratios among Ly—6C’/ lo F4/ gohi macrophages. f, Per-
centages of Ly—GC’/ lo F4/ 801 macrophages that are D86 CD206 ™" (double positive) and
CD86- CD206- (double negative). g, CD8" / CD4" ratios among CD3" T cells. h, Percent-
age of CD3" CD4 " T helper cells that are T}, 1 (T-bet ™), T,2 (GATA-37). i, Percentages
of CD3" CD4 " that are Treg (FoxP3™). j, Percentage of CD3" CD8™" cytotoxic T cells that
are T-bet™ and GATA-37.
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Figure A.4. Representative flow cytometry plots of CD86/CD206, iNOS/Arg-1, and
T-bet/GATA-3 cross gates for ZIPH-3c, PEDOT:PSS, PSB, and PSS 4-weeks post-
implantation.
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Figure A.5. Flow cytometry gating strategy for all flow cytometry experiments conducted
in Chapter 2 148



APPENDIX B
CYTOKINE DATA

The following are additional cytokine data for Chapter 2.

Figure B.1. Cytokine data from 1-week post-implantation. Cytokine concentrations deter-
mined via Legendplex assay divided into a, M1-associated cytokines and b, M2-associated
cytokines.
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Figure B.2. Cytokine data from 2-week post-implantation. Cytokine concentrations deter-
mined via Legendplex assay divided into a, M1-associated cytokines and b, M2-associated
cytokines.
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Figure B.3. Cytokine data from 4-week post-implantation. Cytokine concentrations deter-
mined via Legendplex assay divided into a, M1-associated cytokines and b, M2-associated
cytokines.
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Figure B.4. Cytokine data from 8-week post-implantation. Cytokine concentrations deter-
mined via Legendplex assay divided into a, M1-associated cytokines and b, M2-associated
cytokines.
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Figure B.5. Cytokine data from 12-week post-implantation. Cytokine concentrations de-
termined via Legendplex assay divided into a, M1-associated cytokines and b, M2-associated
cytokines.
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APPENDIX C
RNA PROFILING DATA

The following are additional RNA profiling for Chapter 2.
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Figure C.1. Heat maps of RNA expression normalized to sham control 4-weeks post-
implantation. Data were acquired using NanoString. N=4-5 mice per treatment. *, P <
0.05; **, P < 0.01; *** P < 0.001; , P < 0.0001 compared to sham.
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Figure C.2. Principle component analysis (PCA) of 50-genes, acquired via NanoString,
4-weeks post-implantation. a, Each sample plotted on PC1-PC2 vector space. b, Top 12
PCs and their explained variances. ¢, Genes and their associated weights for each PC.
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Figure C.3. Heat maps of RNA expression normalized to sham control 12-weeks post-
implantation. Data were acquired using NanoString. N=4-5 mice per treatment. * P <
0.05; **, P < 0.01 compared to sham.

157



Figure C.4. Principle component analysis (PCA) of 50-genes, acquired via NanoString,
12-weeks post-implantation. a, Each sample plotted on PC1-PC2 vector space. b, Each
sample plotted on PC1-PC3 vector space. ¢, Genes and their associated weights for each
PC.
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