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1. Introduction

Organic bioelectronics encompasses areas of study that
electronically couple organic (semi)conductors with living
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Design of Biodegradable and Biocompatible Conjugated Polymers
for Bioelectronics

Joshua Tropp*? and Jonathan Rivnay *®

The emerging field of bioelectronics leverages the optoelectronic properties of synthetic materials to interface with living
systems. The convergence of modern electronics with biology has offered lifesaving medical treatments, with applications
related to drug delivery, regenerative engineering, and continuous biosignal monitoring for healthcare on the horizon. This
next generation of bioelectronic technologies requires an intimate biointerface, necessitating electroactive materials which
are both mechanically and physiochemically compatible. Organic systems such as conjugated polymers offer an alternative
design space for electroactive materials that are mechanically compatible (flexible, stretchable, conformal) and chemically
tunable through various well-established synthetic methods and can therefore be tailored for integration with biological
systems. Currently, conjugated polymers utilized for bioelectronic applications consist of prominent high-performing
materials emerging from adjacent organic electronic communities with slight chemical modifications, and are therefore
generally not well-suited for the entire lifecycle of a biomaterial. While early investigations have demonstrated the potential
of such conjugated polymers as semiconductors and conductors in vivo, their limited biodegradability and long-term
biocompatibility have slowed widespread adoption and clinical translation. To aid in the development of the next generation
of bioelectronic materials, this review details various synthetic strategies to endow a conjugated material with degradability
and biocompatibliity. Prominent examples of conjugated materials are used to illustrate design principles, current
limitations, and future directions towards such electroactive materials. The main factors that need to be considered for the
rational design of biodegradable and biocompatible conjugated polymers for bioelectronic applications are highlighted, with
future directions emphasized.

devices within the body. Organic systems such as conjugated
polymers (CPs) offer an alternative design space for
electroactive materials that are flexible and chemically tunable
through various well-established synthetic methods, and can
therefore be tailored for integration with biological systems.3

systems. Today, this convergence of modern electronics with
biology offers lifesaving technologies and tools to understand
the complexities of life. Implantable electronic devices have
been successfully implemented for well-established medical
treatments — pacemakers, cochlear implants, and both deep-
brain and vagus nerve stimulaton.! The next generation of
bioelectronic technologies offer solutions related to drug
delivery, regenerative engineering, and continuous healthcare
monitoring, among others, further enriching the human
condition in the process.?2

Key to these technologies are active materials which
interface electronics with biological tissue. Current platforms
rely on inorganic materials as conductors and semiconductors,
which demonstrate chemical and mechanical instabilities with
tissue, and therefore limit the compatibility of bioelectronic
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Early demonstrations have adapted prominent, high-
performing materials emerging from the organic thin-film
transistor (OTFT), photovoltaic (OPV), and electrochromic
communities for in vivo applications. As these chemical
modifications are made on previously designed materials post
hoc, CPs utilized for bioelectronic applications today are
generally not well-suited for the entire lifecycle of both
temporary and permanent implantable technologies. Just as the
complete lifecycle of consumer electronics and their
components were not considered, leading to the growing
problem of e-waste in the environment, the fate of organic
electronic materials within the human body has been
neglected. The resulting (bio)e-waste (i.e. degraded and/or
intact implanted components) and chemical incompatibility of
established organic materials requires a next generation of CPs
rationally designed for in vivo bioelectronic applications.
Beyond the necessary electrical performance for the intended
device, the material may require controlled transience and/or
long-term biocompatibility within the targeted biological
environment; technical definitions for such features are
outlined in Table 1.4> Transience of a material allows
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Table 1| Definitions for common terms associated with degradable and biocompatible materials

Term

Definition

Biointerface

Biocompatible*

Biodegradable*
Bioabsorbable

Bioresorbable*

Biomaterial Specific Terms

The region of contact between a biomolecule, cell, biological tissue, or living organism with another
biomaterial. The biotic/abiotic interface between an engineered material/device and a living system
The ability of a material to be in contact with a living system without producing an adverse effect

The ability of a material to be broken down into innocuous components by microorganisms (enzymatic
processes resulting from cellular action)

The ability of a material to be degraded or dissolved and subsequently metabolized or assimilated within an
organism

The ability of a compound or device to be totally eliminated or assimilated through natural pathways. For

polymeric materials, degradation is necessary prior to bioresportion. This is the preferred term for in vivo
processes ending with total elimination of implant material and degradation of its byproducts with no
residual side-effects
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Transience The ability of a compound or device to dissolve or decompose via hydrolysis or composting in diverse types
of environments within a systematically programmed manner. All components can be resorbed or
metabolized by the body through safe and complete degradation into biologically benign end products

- Passive Transience begins immediately upon device/material deployment
- Active Transience does not initiate until the device/material is exposed to a stimulus

Organic Electronic Material Related Terms

Charge Carrier
Mobility (u)*

Electrical
Conductivity (o)

lonic
Conductivity (ionic)

A mobile electron, hole, or ion by which electric charge passes through a material
Measure of the ease at which charge carriers can move through a material. Measured in cm2 / (V + s)

Measure of the ease at which electric current can flow through a material. It is the electric current density
divided by the electric field strength. Measured in S cm-?

Measure of the ease at which an ion can pass through a material. It is usually coupled to the polymer
segmental motion and is therefore dominated by motion in the amorphous regions of conjugated polymers

properties typical of metals and

Intrinsically Materials which demonstrate electrical, magnetic, and optical
Conductive semiconductors without the addition of an external additive or dopant
Dopant* Charge-transfer agent used to generate, by oxidation or reduction, positive or negative charges in an

intrinsically conducting polymer

+ indicates terminology defined through IUPAC recommendations. Other terms were influenced by other authoritative sources.**

disappearance through absorption or degradation within the
body through safe, biologically benign end products. Transient
bioelectronic platforms prevent invasive secondary extraction
surgeries of implanted devices, while also reducing (bio)e-waste
within the body. While biocompatibility is a relatively
ambiguous behavior, it generally refers to the ability of a
biomaterial to perform its desired function without causing
deleterious effects on the biological system. While all materials
elicit a host response, it is the nature of the response which is
the defining mark of the material compatibility. Biocompatible
materials enable intimate integration with cells and tissue
without eliciting reactive inflammatory responses — critical for
both short term (i.e. transient) and long-term implantation.
Although several organic materials demonstrating
transience and/or biocompatibility have been recently
reported, the majority of such disclosures have focused on
device performance, manufacturing techniques, and
demonstrations ex vivo. This is probably due to the stringent
requirements contemporary applications have placed on
materials properties, requiring a new lens with which organic
materials need to be designed. In this review, therefore, we
focus on different chemical strategies and concepts to achieve

transience and biocompatibility in organic bioelectronic

2| J. Name., 2012, 00, 1-3

materials for in vivo applications. The outlined design principles
may facilitate the widespread implementation of these
materials and expedite the clinical adoption of the technologies
they enable. For extensive reviews regarding the general
application of organic electronic materials in biomedical
applications, we direct the reader to prior accounts. 3. 6-10 For
comprehensive reviews regarding the degradation and
biocompatibility of other device components beyond the active
material (substrate, dielectric, conductor), we direct the reader
elsewhere.11-12

2. Organic Electronic Materials for In Vivo
Degradation

Of the strict requirements placed on material design for
successful short-term in vivo operation (days to months),13

biodegradability/bioresorbability of device components
(substrate, conductor, semiconductor, dielectric, and
encapsulant) is critical to avoid invasive periodic

renewal/extraction surgeries and infections from long-term
exposure. Beyond the desire for general transience, material
design is further complicated due to the need for tunable and
triggered degradation, which is highly dependent on the

This journal is © The Royal Society of Chemistry 20xx
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application and biological process(es) of interest. For example,
devices for accelerated wound healing necessitate stable and
consistent operation for beyond 4-6 weeks, while short-term
monitoring applications may only require a few days.1* Most
transient devices are passive, utilizing degradable or biofluid
soluble components protected by a temporary encapsulant.
Stable operation occurs until dissolution of the encapsulation
layer, followed by the degradation of the device within a short
period. Since the initial report of water-soluble transient
devices in 2009,15 extensive studies have explored routes to
triggered and kinetically tunable degradation through internal

ARTICLE

applications (logic, circuits, sensing, etc.) utilizing CPs focused
on their semiconductive properties, contemporary
bioelectronic technologies leverage various active and passive
(surface chemistry, morphology, ion/molecular delivery,
thermal activity, potential, etc.) properties, requiring a direct
and intimate biointerface (Table 1) and thus preclude the use of
encapsulants.> 8 Therefore, there is a need for organic
semiconductors and conductors with stable performance and
controlled degradation in biological environments for
successful implementation in vivo.

2.1 Entirely Conjugated Materials

and external physicochemical stimuli;13-14 through a particular
focus on encapsulation material design. While prior biological

a) Small Molecules

Rz

(A SO

N

Ssacsltetetet
TR R R TR RN Yy R R X N OO

H (o] o

o]

Rz

beta (B)-carotene indigo Perylene diimide
b) Conjugated Polymers I\
o] [¢]
H
= O KN N
n H n n n
PANI PPy PTh PEDOT
¢) Degradable Linker Chemistries
| H ti‘o
N N P N fo) -~ 0 0 . s .
. TS E] g Y /U\o/ ”LLN’ ot S
+ REERN | i
T Not R
Conjugated Imine Imidazole Lactam Conjugated Ester Amide Ether Disulfide
d) Natural Degradable Biomaterials o
O Ry H O R
oo Ny
N o) H
A LWN\)L JwNJL JYP OH 7o O 0
NH
Silk fibroin Alglnate 03\ Collagen
€) Synthetic Degradable Biomaterials =~ —~® " _ g -~
H R o] (0] o O
H[ A _]OH o o H .R. -R.
{O'Sﬁ ol \/\/\)L}OH HO{J\( Hn/\o ,PLN oo of
on X0 H
R =CHgs; PLA
R = H: PGA PCL PGLA PU
f)  Partial Degradation (Type ) on o
NH O, H
Y ] [ QoMo 2 - HO‘PH’ J({Tf\oly
= NH o
haflie -
sTT, e FeCl;

"2 OH
n o o] e} ]
3
OH H 2/' \; — 4\
_ l'njLﬂ’gfn\jEJanﬂ‘L'ﬁn o N ( >3N@ - s s T
Q Q 0

Layered / Blended Covalently Grafted in situ Polymerization
g) Complete Degradation (Type Ii)
Entirely I r\i Conjugation oo 00
Conjugated S, =N Breaking 0 H@—HMO 0
= ! s LT

_Z \ n ”\/ mn
RO OR

Fig. 1 Chemical structures of (a) small molecules, (b) common conjugated polymers, (c) degradable linkers, (d) natural biomaterials, (e)
synthetic biomaterials, and representative materials utilized in bioelectronic applications with (f) type I and (g) type |l degradation.
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Compared to inorganic materials, organics offer soft, low-cost,
scalable, processible, and synthetically tunable alternatives to
achieve controlled degradation and biocompatibility (See Section 3).
The sensitivity of degradation kinetics in common inorganic systems
(Si NM, a-Si, Si-Ge, Ge, ZnO) to pH, temperature, surface
roughness/morphology, and ionic concentration,’67 may be
dramatically reduced in organics through material design.18 Targeted
organic materials should consist of components that can be safely
reabsorbed or metabolized by the body and completely degrade into
biologically benign end products after successful operation in a
temporary bioelectronic device.l® One logical source of inspiration
for biodegradable/bioresorbable chemical motifs comes from
naturally occurring conjugated small molecules such as p-type beta
(B)-carotene and n-type indigo, which have been successfully utilized
in ingestible electronics applications (Fig. 1a).2% Synthetic
chromophores derived from natural anthraquinone, as well as
perylene diimide, and 5,5’-bis-(7-dodecyl-9H-fluoren-2-yl)-2,2’-
bithiophene (DDFTTF) have also been used as semiconductors in
transient devices with modest mobilities.?>?! Polymers and
oligomers derived from these natural and synthetic aromatic
systems offer distinct advantages for bioelectronics applications
compared to small molecules such as: tunable electronic structure,
good processability, high charge-carrier transport (Table 1), among
others.?2 Due to their availability and electrical conductivity upon
intrinsic or external doping, derivatives of polypyrrole (PPy),
polyaniline  (PANi), polythiophene (PTh), and poly(3,4-
ethylenedioxytiophene) (PEDOT) have been thoroughly investigated
for biointerfacing (Fig. 1b).> However, the same double (C=C) and
triple (C=C) bonds enabling conductivity, have strong bond
dissociation energies and provide rigidity, limiting the
biodegradability of CPs and therefore their in vivo efficacy and
clinical translation within temporary implantable technologies. Early
examples avoided degradability through the use of sparingly water-
soluble conjugated polyelectrolytes (CPEs) which would erode over
time.23-24 These functionalized “bioerodable” CPs demonstrated high
cellular internalization, low cytotoxic profiles, and were
hypothesized to be eliminated from the body through renal filtration
(<40 kDa).Z> However, in vivo studies are rarely performed to
ascertain the biological fate and biocompatibility of conjugated
polymeric materials (See Section 3).

Organic materials can be designed with cleavable chemical
motifs (Fig. 1c), which allow partial or complete degradation into
smaller biologically benign products which can be processed through
phagocytosis, metabolization, bioabsorption, or excretion. Scission
can afford biodegradation via disintegration without full chemical
breakdown (type |, Fig. 1f) or molecular cleavage of the entire
material into monomeric and oligomeric components (type Il, Fig.
1g).11 Biodegradable type | materials can be obtained simply through
the introduction of the organic material as a conductive filler within
a biodegradable polymer. Natural biopolymers including
polysaccharides (cellulose, chitin/chitosan, alginate) and proteins
(silk, collagen, gelatin) have been widely employed for enzymatically
degradable materials for bioelectronics (Fig. 1d), and also offer good
biocompatibility, tunable morphologies, soft mechanical properties,
natural abundance, and multiple sites for chemical modification.2¢
Synthetic polymers such as polylactide (PLA), polyglycolide (PGA),

4| J. Name., 2012, 00, 1-3

polycaprolactone (PCL), poly(lactide-co-glycolide) (PLGA), and
polyurethane (PU) and been utilized to similar affect (Fig. 1e).1& 27
Conductive polymers can be blended, covalently grafted, or
polymerized within the synthetic or natural biopolymer to afford
degradable conductive composites for implantable devices. This
strategy is limited, however, as only the biopolymer degrades and
therefore the conjugated polymer is deposited within the body once
the device has been disintegrated. The relatively high loading of CP
filler required for adequate conductivity can make this strategy toxic
for in vivo applications. Recent work has focused on creative material
design to overcome the potential toxicity of nondegradable CPs
through incorporation of cleavable chemical motifs within the CP,
instead of the synthetic or natural degradable polymer matrix (Fig.
1f).

Fully disintegrable (type IlI) organic semiconductors can be
afforded by utilizing degradable or reversible dynamic covalent
linkages within each repeat unit (Fig. 1c). Seminal work in this area
has demonstrated that Schiff base chemistry can be utilized as
hydrolyzable linkages within the polymer backbone to afford high-
performance transient and biocompatible semiconductors.2® A
polymer based on diketopyrrolopyrrole (DPP), a lactam based
heterocycle, was synthesized through a polycondensation with p-
phenylenediamine, to afford a conjugated organic semiconductor
(PDPP-PD) with hole mobilities as high as 0.34 cm? V-1s1 for use in an
OTFT (Fig. 2a). Each repeat unit was held together by imine (-C=N-)
linkages which were stable under neutral and basic-pH conditions
while also maintaining conjugation throughout the organic
semiconductor. Under mildly acidic conditions (pH = 4.6) the imine
which was
monitored by UV-vis spectroscopy and NMR studies. Devices
fabricated with PDPP-PD demonstrated stable operation for several
days in DI water, and full disintegration after 30 days in acidic buffer
(Fig. 2b). The same group built upon this strategy to develop
stretchable and degradable organic semiconductors through
nanoconfinement within a biodegradable polycaprolactone
elastomer (E-PCL, Fig. 2c).2° The stretchable urethane-based polymer
(E-PCL) polycaprolactone, a common synthetic
biodegradable polymer (Fig. 1e), allowing for both components of
the composite to be degradable. Side chain engineering of the PDPP-
PD polymer, as well as blending ratio optimization, was used to
afford nanoconfined semiconducting fibril aggregates within the
elastomeric E-PCL matrix (Fig. 2d). Both components of the
composite displayed degradation in acidic aqueous solutions and
preliminary in vitro cell culture experiments suggested high viability
(>99.5%, Fig. 2e). The reported platform offers an exciting
opportunity to develop a vast array of degradable conjugated
polymers for transient electronics through the polymerization of
various (hetero)aromatic monomers and oligomers through imine
linkages. Future work must focus on the in vivo compatibility/toxicity
of the monomeric byproducts released upon the disintegration of
the semiconductor to ensure safe usage in implantable devices (See
Section 3). The system, as currently designed, requires low-pH for
degradation, limiting transience to acidic environments such as the
digestive system. This limitation can be overcome through the use of
triggerable release of acids, such as the thermal rupture of
methanesulfonic acid (MSA) droplets,3° as well as other cascade or

linkages hydrolyzed, disintegrating the material,

features

This journal is © The Royal Society of Chemistry 20xx

Page 4 of 13



Page 5 of 13

Journal ofsMaterials' Chemistry C

8) water-induced lactam b) O(lgl_pal
ring hydrolyzation " ,
i
R acid-labile dynamic i
N o covalent chemistry
1 day
3 N N & s @
N fhe s :
R n '
PDPP-PD
c)

i N M/OQ\ QOK/W N i
. H N o) ~ o/\/O\/\O Ox N HJ\O/\/O\/\O/\/O\/\O o

O: biodegradable polycaprolactone elastomer (E-PCL) :O

hydrolysis i
et fatty acids p— _ ,
PCL & w-oxidation (_tgo OH) B-oxidation acetyl-CoA citric acid cycle H,0 & CO,
d) e)
biodegradable nanoconfined 100 | - B
elastomer 1 acid-labile semiconductor Ty
\ R 90t
2
= 80
8
> 70f
8
60 r
1. |
5 N N O
o & L G
2O Y R’ SR
NS bed N4 (P
P / QO 'R
& < N &S
olo ??"& < Y
N

Fig. 2 (a) Chemical structure of PDPP-PD. (b) Photographs of PDPP-PD-based device at various stages of disintegration in acidic media. Images
adapted with permission from ref 28. Copyright 2017 National Academy of Sciences. (c) Chemical structure of the biodegradable elastomer E-
PCL, and the reported degradation pathway. (d) lllustration of nanoconfined acid-labile semiconductor fibers embedded within a biodegradable
elastomer. (e) Cell viability for glass with ethanol (negative control), E-PCL, PDPP-PD, and nanoconfined PDPP-PD. Reprinted with permission

from ref 29. Copyright 2019 American Chemical Society.

combination triggering events used in the field.!* Alternative
conjugated linkage chemistries would expand the toolbox available
to synthetic chemists to access degradable organic semiconductors,
however, there is inherent resistance of most charge-conducting
chemistries to hydrolytic cleavage. Alternative dynamic C-C bonds
may offer avenues to stimuli-responsive conjugated linkage
chemistries through Diels-Alder cycloaddition, Knoevenagel
condensation, and various other reversible reactions.3132 Similarly,
degradable heterocycles could be employed as linkers within CPs.
Recently functional imidazole derivatives have been utilized in
thiophene and diketopyrrolopyrrole based conjugated polymer
nanoparticles for biomedical imaging, with reactive oxygen-induced
degradation.33-34 The incorporation of similar imidazole derivatives in
electroactive rather than fluorescent CPs, may offer type Il organic
semiconductors

which oxidatively disintegrate for transient

electronics.

2.2 Materials with Conjugation Breaking

As degradable fully conjugated polymers are rare, conjugated
oligomers have been widely explored as alternatives for
bioelectronic applications.!® 27 Unlike CPs which tend to have
batch-to-batch variation in molecular weight distribution by

This journal is © The Royal Society of Chemistry 20xx

virtue of step-growth polymerization kinetics, oligomers are
well-defined, while also maintaining similar electroactivity and
redox behavior,
investigations. Biodegradable materials are developed through

making them ideal for well-controlled
the incorporation of (semi)conductive oligomers within the
backbone of synthetic biodegradable materials (Fig. 1le) via
cleavable linkages (Fig. 1c). It has been hypothesized that short
oligomers (<10 monomers) can be consumed by macrophages,
therefore rendering these materials both electroactive and
entirely degradable. A more detailed discussion of these claims
is presented in Section 3.1. The first reported linear material
with this design utilized a pyrrole-thiophene-pyrrole oligomer
which was tethered via degradable ester linkages to short
aliphatic blocks (Fig. 3a).3°> The conductive block-copolymer
demonstrated complete degradation via esterase after two
weeks, and in vivo biocompatibility as investigated through
subcutaneous implantation into rats for 14 and 29 days. This
method has been extended to oligomers of thiophene (Fig.
3b),3% aniline,37-38 and various polymer architectures including;
star-shaped, hyperbranched, crosslinked, graft, and hydrogel-
based degradable systems.2” The majority of such reports have
focused on aniline oligomers due to relative ease with which
well defined, hetero-functionalized systems can be synthesized,

J. Name., 2013, 00, 1-3 | 5
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for subsequent copolymerization or initiation of ring-opening
polymerization (ROP).3%40 The electroactive and degradable
nature of oligomeric aniline-based block copolymers have been
utilized for tissue engineering,*! with examples including the
enhancement of myogenic differentiation,*?2 osteogenic
differentiation,*® as well as myelin gene expression and
neurotrophin secretion of Schwann cells.** However, recent
reports have demonstrated aniline-based materials have strong
protonation-dependent conductivity and deleterious effects on
cells when exposed for long periods (See Section 3.1),
highlighting the need for alternative biocompatible and
electrically stable conjugated oligomers.#> Further progress in
this area will rely on advancements in synthetic methods to
access alternative electroactive and biocompatible oligomers.
Recently, a novel method for the controlled and scalable
synthesis of well-defined oligomers of 3,4-
ethylenedioxythiophene (EDOT) was reported, affording
hetero-bifunctional oligo-EDOT materials with high conductivity
and chemical stability for bioelectronic applications.*® This
synthetic strategy was recently adopted to utilize oligoEDOTs as
macroinitiators for the polymerization of PCL to access
electroactive, degradable, and biocompatible ABA block
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Journal Name

copolymers for neural tissue engineering (Fig. 3c).*” The
oligoEDOT-PCL constructs demonstrated sufficient solubility
and processability for solvent electrospinning, allowing for the
fabrication of fibrous membranes for tissue engineering (Fig.
3d). To investigate the potential of the oligoEDOT platform for
neural tissue engineering, neural stem cells (NSCs) were
cultured on tetraEDOT-PCL films, and a pulsed direct current
(DC) was applied. An increase in mean NSC neurite length was
observed following stimulation of the tetraEDOT-PCL films
(142.1 £ 10.4 um) compared to the unstimulated films (111.4 +
8.7 um) (Fig. 3e). Neurite branching also increased upon
stimulation (Fig. 3f), suggesting EDOT-based scaffolds offer an
exciting new material platform for tissue engineering. Future
work could benefit from adopting design motifs, complex
architectures, methods, and applications demonstrated with
prior aniline-based block copolymers and applying them to
oligoEDOT systems. Scalable synthetic methods that enable
access to alternative hetero-functionalized conjugated
oligomers will define the future directions of these platforms.
Similar degradable materials can also be accessed through
the linkage of conjugated polymers, rather than oligomers, with
biodegradable segments. Segmented conjugated copolymers
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Fig. 3 Chemical structure of biodegradable, electrically conductive polymers based on oligomers of (a) pyrrole-thiophene-pyrrole, and (b) quaterthiophene. (c)

OligoEDOT-PCL synthesis by ring opening polymerization. (d) SEM image of oligoEDOT-PCL scaffold creating using solution electrospinning. Scale bar: 20 uM. (e)
Mean neurite length of NSCs (neural stem cells) on substrates with or without electrical stimulation. (f) Neurite branching of NSCs on substrates with or without

electrical stimulation. Reprinted with permission from ref 47. Copyright 2020 John Wiley and Sons. (g) Chemical structure degradable block copolymers with

diisocynate linkers. (h) Schematic illustration of OFET structure and relationship between charge-carrier mobility and PCL content. Reprinted with permission from

ref 49. Copyright 2018 American Chemical Society.
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can offer high mobility unlike analogous oligomer-based
systems, as sufficiently long CP segments can interconnect
aggregates with locally efficient intermolecular charge
transport.*® Recently a stretchable and degradable (type 1)
material was developed based on a semiconducting furan
flanked diketopyrrolopyrrole (DPP) block, and insulating
degradable PCL blocks (Fig. 3g).*° Conjugated prepolymer blocks
with molecular weights ranging between 19.1 kg mol! < M, <
25.1 kg mol! were polymerized and end-capped with 2-
thiophenemethanol groups. Independently synthesized PCL
soft blocks were copolymerized at varying ratios with the 2-
thiophenemethanol-capped DPP blocks using hexamethylene
diisocyanate to form urethane linkages. The PCL blocks
provided stretchability (> 100%) and complete degradation in
less than 3 days in 0.5 M NaOH and 12 weeks in phosphate
buffered saline. Remarkably, the relatively high hole mobility of
~ 0.1 cm? V-1 s'1 was independent of up to 90 wt% of PCL block
incorporation (Fig. 3h). Similar multiblock copolymer systems
may provide an alternative route to oligomer-based copolymer
systems with significantly enhanced conductivity, however the
DPP semiconducting block does not completely degrade or
absorb in vivo. Future work could extend this approach to type
| degradable conjugated materials (See Section 2.1) to afford
stretchable, biocompatible, and fully degradable materials.

3. Chemically Biocompatible Organic Materials

Biocompatibility generally refers to the ability of a biomaterial
or device to perform its desired function without eliciting
undesirable host responses from the biological system. The
ambiguous and contextual nature of this material property
makes it challenging to identify chemical motifs which support
biocompatibility. The variables that confound biocompatibility
analysis of a material include, but are not limited to chemical

Journal ofsMaterials' Chemistry C

structure, concentration, supporting materials and additives,
duration of wuse, degradation byproducts, mechanical
properties, and the intended biological environment of interest.
As such translatable design guidelines to achieve general
compatibility of organic electronic materials remain nascent.
The standard method for assessing biocompatibility for
materials intended for implantable devices is the International
Organization for Standardization (ISO) 10993: Biological
evaluation of medical devices. To evaluate the suitability of a
novel material for a medical device, ISO 10993 requires
extensive chemical analysis (structure and purity) for screening
and initial assessment for biological safety. It is then required to
test the material or device through a series of in vitro tests per
ISO 10993 standards for a particular application for screening
before in vivo testing and clinical studies. The required tests are
predicated on a decision tree that considers the intended device
application, the nature of body contact, and the contact
duration. All systems require evaluation for cytotoxicity,
sensitization, and irritation/intracutaneous reactivity; the
approved battery of tests for these effects is partially outlined
in Table 2. For further details regarding tests specific to other
biological effects, we refer the reader to ISO 10993.

Care must also be taken not to infer in vivo biocompatibility
from in vitro analyses. While a recent update of the ISO 10993
standards stresses in vitro testing, with in vivo testing to only be
carried out when absolutely necessary, responses to the
the

in vitro

material may dramatically differ between two
Even in the most well-designed
experiments, critical interactions such as inflammatory and
immune responses cannot be predictably replicated.
Biocompatibility of materials and their degradation products
should be thoroughly investigated in vivo, the intended
environment for the bioelectronic device, rather than assumed

from in vitro analyses when possible.5? With these methods and

environments.

Table 2| Common battery of tests for assessing material and device biocompatibility

Test Explanation Ref*
In Vitro Cytotoxicity
MTT assay Colorimetric assay for assessing cell metabolic activity as an indicator of cell viability, proliferation, and [56, 57]
cytotoxicity (in vitro)
Agar (disk) Diffusion  Visual test for assessing cytotoxicity and antimicrobial activity through the comparison of zones of [62]
assay inhibition (in vitro)
MEM Elution assay  Colorimetric test for assessing cytotoxicity of a material as it affects L929 cells after treatment (in vitro) -
Neutral Red Uptake  Colorimetric test for assessing cytotoxicity of a material as it affects BALB/c 3T3 cells (in vitro). =
assay Commonly used to predict in vivo rodent LDs, starting doses for acute oral systemic toxicity
XTT test Colorimetric test for assessing cytotoxicity of a material as it affects mitochondrial enzymes of L929 cells [70]
(in vitro)
Irritation and Skin Sensitization
Local Lymph Node Skin sensitization is assessed through the material induced growth of lymphocytes which is measured -
assay (LLNA) through radiolabeling, bioluminescence, or immunoassay (in vivo, preferred method)
Guinea Pig assays Skin sensitization is assessed through the allergic reaction of test animals when intradermally exposed [56, 63]
to the material. Can be performed with or without an adjuvant (in vivo)
Animal Irritation caused by an implanted material is assessed after injection into the back of a rabbit. A [56]
intracutaneous test numerical grading system is used to assess intradermal reactions (in vivo, rabbits preferred)
Skin Irritation test Irritation is assessed through the chemical-induced cell damage and subsequent inflammatory saccade [63]

in reconstructed human epidermis (RhE) tissues after topical application of the material (in vitro)

+ Representative examples of the corresponding biocompatibility test being performed on conjugated polymers.
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challenges considered, the in vivo biocompatibility of organic
electronic materials is poorly understood, as such analyses have
rarely been performed in a systematic manner for CP-based
materials. To aid the reader, representative examples of these
tests being correctly applied to CP-based materials are provided
in Table 2. While not explicitly required for material
biocompatibility determination by the ISO 10993 guidelines,
assessments regarding material influence on other relevant
cellular processes such as oxidative stress and autophagy
should be considered when possible.105-196 The remainder of
this section will highlight literature reports relating chemical
features of organic electronic materials to biocompatibility
assessments. The chosen examples highlight key design
principles and areas for future investigation. For extensive
reviews regarding other methods toward biocompatibility, such
as mechanical deformation, we direct the reader to prior
accounts.>1>2 When operating electrochemical devices, the
formation of reactive side-products may also reduce
biocompatibility; the reader is directed elsewhere for such
considerations.97

3.1 Biocompatibility of Prominent Bioelectronic Materials

From the dozens of CP systems developed since the 1970s, only
a select few have been seriously considered as electroactive
biomaterials (Fig. 1b).3> Broad statements about the
biocompatibility of these materials are challenging as the
presence of unreacted monomer, oligomeric chains, dopant
ions, and other potential contaminants such as solvent or
catalyst may lead to the toxicity of a particular batch of
polymer.2 33-34 Common monomers have been found to be
moderately toxic as determined by the median lethal dose
(oral/subcutaneous) for pyrrole (LD50 = 137/98 mg kg1), aniline
(LD50 = 250/1400 mg kg'1), and EDOT (LD50 = 615/894 mg kg1),
emphasizing the need for leachable removal and extensive
chemical analysis of each batch before implementation. The
two most commonly utilized CPs for biomedical applications are
PPy and PANI as composites, blends, and pure films/extracts.®7
55 Toxicity testing has demonstrated good overall biological
performance for PPy extracts within both in vitro culture models
and in vivo animal models in accordance with the ISO 10993
5659 The biocompatibility of PANI
controversial as several reports of chronic inflammation have
caused reservations,®0-62 despite a plethora of examples
demonstrating good in vitro and in vivo biocompatibility.? 55 63
Recently, a direct comparison of PPy and PANI biocompatibility
was performed under the same conditions with cytotoxicity and
embryotoxicity investigated using the ISO 10993 standards.>”
Similar biocompatibility of the two materials was confirmed,
and the authors suggested prior observations of inflammation
may have risen from impurities or doping state. While less
common, PEDOT and its derivatives/composites have also
demonstrated biocompatibility in vitro and in vivo.%467 PEDOT
has been utilized as an alternative to PPy due to its improved
stability, and PANI due to its improved conductivity,
processability, and routes for synthetic modification.? 6870
Biopolymer composites of these materials have been shown to

standards.”s is more
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improve biocompatibility while also acting as dopants, and
improving electrochemical stability, conductivity, morphology,
adhesion, and processability.® 26: 69, 71 Conjugated materials
have been successfully adsorbed, entrapped, electrospun,
polymerized in situ, and covalently modified with synthetic and
natural biopolymers to achieve biocompatible electroactive
composites. While in-depth biocompatibility studies of these
composites have been promising, very little is known about
their long-term toxicity in vivo, adding barriers for application
within permanent implantable technologies (i.e. pacemakers,
cochlear implants, neural protheses, etc.).”2 Recently, PEDOT-
based coatings such as Amplicoat® have been successfully
commercialized with 1ISO 10993 biocompatibility for chronic
applications (electrophysiology mapping, neuromodulation,
and cardiac rhythm management).”? Perhaps the biggest
limitation of CP-based materials and related composites for
temporary implantable technologies is their inherent inability
to degrade or be cleared through the body, leading to the
possibility of long-term toxicity (See Section 2).

Claims have been made in the literature that water-soluble
conjugated polymers below a molecular weight of ~40-50 kDa
are appropriate for renal filtration and are therefore
bioerodabile.23-24 74 This is a misleading claim and should not be
assumed, as renal clearance is related to the hydrodynamic
radius of the polymer relative to glomerular capillary pores
within the kidney.2> As such, factors beyond molecular weight
such as side chain composition, molecular architecture, and
attached biomacromolecules can influence renal clearance.
While systematic studies on aliphatic polymers for drug delivery
applications have been performed to correlate effective
molecular size to renal clearance,?> 7> such investigations have
not been reported for CPs. Concerns regarding the long-term
compatibility of CPs have led to the extensive use of conjugated
oligomer-based block copolymers (See Section 2.2). These
copolymer films and hydrogels contain electroactive oligomeric
units, generally oligoaniline,*® covalently bound to
biocompatible polymers through degradable linkages (Fig. 4b),
and have been predominantly utilized in tissue engineering
applications.18 2741 45 \While many reports have highlighted the
biocompatibility of the copolymer scaffolds in vitro and in vivo,
few specifically investigate the toxicity of the oligomeric
byproducts after degradation. As it is nearly impossible to
reproduce the conditions that materials encounter when
implanted in vivo in the laboratory, it is a significant challenge
to predict the exact chemical structure of the degradation
byproducts and assess toxicity. Several investigations have
evaluated the toxicity of various isolated aniline oligomers in
order to relate structure (size and functionality) to cytotoxicity
(Fig. 4a).7678 When examining the cellular responses to aniline
oligomers with systematic variation in length, the trimer
demonstrated the highest toxicity when compared to the dimer
and tetramer in both mouse embryonic fibroblasts (NIH-3T3)
and human adenocarcinomic alveolar basal epithelial cells
(A549). While the sequence of toxicity for the remaining
oligomers varied between the two cell lines, the substantial
difference in molecular weight between the dimer and the
tetramer did not lead to a significant difference in cell viability

This journal is © The Royal Society of Chemistry 20xx
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(Fig. 4ai).”® These results demonstrate the nontrivial chain
length dependence of conjugated oligomers to their toxicity,
which seems to be obfuscated by end groups and cell type.
Subsequent studies further investigated the effects of different
end-functional groups on aniline oligomer toxicity using a
glucose terminated tetramer, and pentamers with both amine
and carboxyl groups, respectively.”” Significant differences in
cellular responses within both human cervical carcinoma (Hela)
and A549 cell lines were observed, with the glucose terminated
tetramer demonstrating the highest toxicity in both types of
cells. It was hypothesized that differences in cellular responses

a) Isolated Oligomer Toxicity

(ii) Prevailing Hypothesis:
Functionality Incr Toxicity £ HO
through Water Solubility

Increased Toxicity

siChemistry ¢

ARTICLE

could be correlated to water solubility, which was controlled by
end group functionality (Fig. 4aii). A comparison between the
two studies support this hypothesis as, within the same A549
cell line, the tetramer with a single glucose group was more
toxic than that with a single amine, where glucose provided
more solubilizing power in aqueous environments. Similarly,
the pentamer with two amine groups was less toxic than the
trimer with the same functionality, where a smaller oligomer
would be expected to have a greater proportion of polar
functionalities to impart greater aqueous solubility. As glucose
is a ublqwtous biomolecule, further investigations should be

Synth. Met. 2012, 162, 1114
Toxicol. Res., 2012, 1, 201
Toxicol. Res., 2013, 2, 427
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Fig. 4 (a) Factors that influence the cellular response to isolated aniline oligomers. These include (i) molecular weight, (ii) functionality, and (iii) the

cellular environment. (b) Generalized structure of a conducting copolymer consisting of electroactive conjugated oligomers and blocks of

biocompatible synthetic polymers. Structures of most prevalent conjugated oligomers incorporated (i) within the backbone and (ii) as grafts/side

chains of electroactive biomaterials. Details of biocompatibility assessments upon partial or complete degradation of materials consisting of each

oligomer are annotated.
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taken before concluding the relative role solubility plays in
oligomer toxicity. Taken together, these studies suggest that
the toxicity of aniline oligomers is complex but can be tailored
by the modification of different end groups. These studies also
provide evidence of general compatibility of these oligomers in
vivo through the lack of generated reactive oxygen species and
hemocompatibility evaluation. Further investigations are
necessary to understand the structural dependence of oligomer
biocompatibility for aniline and other classes of conjugated
structures. A focus on the impact of end group chemistries on
toxicity is important as these groups remain after molecular
cleavage of common oligomer-based block copolymers, and
therefore dictate response. Structure-property
relationships should be made with caution, as end group
chemistries may interfere in various metabolic processes and
therefore augment cytotoxicity.

While investigations of isolated oligomers provide a path
toward realizing structure-function-property relationships, it is
a challenge to predict the exact chemical structure of the
byproducts that will be released upon cleavage of the block
copolymer. Therefore, a more precise method involves the
degradation of the material with subsequent toxicity
assessment in vitro and in vivo, an approach seldom
performed.”?-85 The electroactive material can be introduced in
vitro as a water-soluble extract or a solid, as well as in vivo
through subcutaneous implantation — followed by common
assays to investigate viability/cytotoxicity (Table 2), cell
proliferation, and gene expression. Fig. 4b highlights
toxicity/viability investigations of the copolymers, where the

cellular

biocompatibility of the material over time generally acts as a
surrogate for that of the degraded oligomeric byproducts,
released through ester hydrolysis. As
Section 2.2, toxicity
investigations of degraded electroactive block copolymers

which are slowly
previously mentioned in original

incorporating  pyrrole-thiophene-pyrrole in  vivo and
quaterthiophene in vitro suggested long-term compatibility
(Fig. 4b).3>-3¢  Aniline oligomers have been more widely
utilized,*%-*1 and have been incorporated into the backbone (Fig.
4bi) or as (Fig. 4bii) within various polymer
architectures.?’” While modification of the copolymer
composition, topology, oligomer length, and aniline loading
have demonstrated substantial variations in conductivity,
mechanical properties, and morphology, favorable short-term
biocompatibility has been consistently observed. The long-term
compatibility of these materials is less apparent, as the slow
kinetics of material degradation does not allow significant
oligomeric byproduct to be released within the time frame
commonly used to assess biocompatibility in vitro (1-8 days).
Therefore assessments, as currently performed, do not provide
an accurate understanding of the chronic toxicity of degraded
aniline oligomers. While investigations in vivo do suggest long-
term compatibility of these materials, deleterious effects have
been observed at high aniline loadings, limiting the achievable
conductivity (107 to 10-4).4° The reliance on ester linkages also
precludes the controlled degradation of these materials,
limiting their effectiveness in vivo. Future progress in this field

could be aided by active linkage chemistries (See Section 2.1)

grafts
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and alternative conductive oligomers such as EDOT (See Section
2.2). For extensive reviews regarding electroactive oligomer-
based materials and their application, we direct the reader to
prior accounts. 27,40-41

3.2 Chemical Compatibility through Functionalization

Backbone design provides an important, but incomplete, role in
determining  the properties,

biocompatibility, of materials.
functionalization through side chain engineering provides a far-

macroscopic such as

conjugated Chemical
reaching method to manipulate material properties. Side chain
design has been widely utilized to tune solution processability
and as an effective strategy to regulate interchain interactions
of polymers, and therefore the packing/film morphology to
enhance performance of OPVs, OTFTs, organic light-emitting
diodes (OLEDs), and organic photodetectors (OPDs), among
others.86-87 Beyond regulating optoelectronic properties such as
charge carrier mobilities, side chains may also impart latent
reactivity,8 ionic conductivity,?2 molecular recognition,® and
various modalities for optical/electronic sensing.?® While side
chain engineering has been used as a tool to modulate material
behavior with respect to cells,®192 such investigations of
bioelectronic materials are in their infancy. Such attempts at
biointerfacing have focused on the covalent attachment of
biomolecules to CPs deposited at the surfaces of electrodes for
electrochemical biosensing applications. Elegant approaches to
incorporate biomolecules to CP surfaces have been
demonstrated through an array of high-yielding chemistries, a
complete survey of which is outside of the scope of this
review.69'7°' 91,93

A primary concern of implanted materials and their
corresponding devices for long-term applications is the
nonspecific adsorption of biomolecules and cells which can
obscure the biointerface. The introduction of synthetic, rather
than biological, side chains has been offered as a solution to
reduce nonspecific adsorption in bioelectronic systems,
adopting well-established design guidelines from the polymer
chemistry community.®* Such antifouling behavior is tailored
through the incorporation of large biocompatible synthetic
polymer (Fig. 1e) grafts,®? 25 or short hydrophilic (oligoether,
ionic, zwitterionic) side chains®? onto the CP backbone. Grafting
approaches have provided advantageous chemical, physical,
and mechanical properties, however much of the field is not
specifically targeted for biointerface applications. As such
biocompatibility investigations of grafted CPs remain rare.%6-99
Short hydrophilic side chains have been utilized to control
antifouling and antimicrobial properties to greater effect,100-101
however only a handful have been assessed for in vitro
biocompatibility, with in vivo investigations virtually absent. A
major challenge in determining biocompatibility guidelines
through side chain engineering, is the overwhelming use of
electropolymerization rather than solution phase synthetic
protocols, complicating structural analysis. As many of the
required techniques to determine structure-function-property
relationships take place in solution (i.e. nuclear magnetic
resonance spectroscopy, size-exclusion chromatography, etc.),
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complete polymer characterization for biocompatibility is non-
Future work could leverage parallel derivatization
techniques, as is common in the adjacent field of organic
electronics,8 & to expand the chemical diversity of side chains
of CPs for biointerfacing applications. Such assessments should
leverage international standards for determining
biocompatibility (Table 2), as to provide comparable analysis
towards the rational development of design guidelines.

trivial.

Conclusions

Organic electroactive biomaterials offer an alternative design
space toward new and exciting implantable bioelectronic
devices. The next generation of implantable devices related to
drug delivery, regenerative engineering, and continuous
healthcare monitoring require an intimate biointerface with the
organic electronic material, creating significant challenges for
contemporary CPs. The prevailing paradigm for materials design
focuses on electrical performance of these materials rather
than other important figures of merit for in vivo devices such as
degradability and biocompatibility. This lack of foresight has
crippled progress in the field, and the associated externalities
such as (bio)e-waste and chronic toxicity have delayed
translation into clinical settings. The same carbon-carbon
double (C=C) and triple (C=C) bonds enabling conductivity in CPs
are also resistant to hydrolytic and enzymatic degradation,
requiring creative solutions to access transient materials. The
introduction of labile units within the polymer backbone to
connect conjugated oligomers, blocks, and biopolymers affords
a wide variety of tunable degradable organic electronic
biomaterials. Growth in this field will closely follow novel
synthetic methods and the introduction of alternative cleavable
linkage chemistries. Active, rather than passive, chemistries
that allow chain scission to occur within the desired period and
environment are particularly important to expand the toolbox
available for material design. The compatibility of these
materials and their corresponding degradation byproducts
must be assessed when considering a material for in vivo
applications to avoid chronic toxicity and
responses. Designing biocompatible organic
materials has been a significant challenge due to the lack of
standardized characterization within the literature, dramatic
differences between each system (powder, film, composite,
blend, network, etc.), and the profound effect of leachable
toxicants remaining from synthesis. Side-by-side in-house I1SO
10993 compliant comparative toxicity analyses of various
materials would reduce inter-laboratory variations in assay
performance and experimental set-up. While rarely
performed,>”> 102 such studies can aid in the development of
material design guidelines, particularly when paired with
systematic chemical modification (backbone and side chain).
Investigations could rapidly aid in the development of such
structure-function-property relationships through modular
synthetic approaches such as click chemistry.103-104 |n addition,
in vivo verification of in vitro results will be necessary before
significant strides can be made towards clinical translation. The
required battery of tests for biovalidation necessitates that such

inflammatory
electronic
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materials can be synthesized at scale, a consideration that
should be made during the design process. Rational design
which focuses on the entire lifecycle and chemical compatibility
of the material, will pave the way for the next generation of
high-performing implantable devices.
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