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ABSTRACT. The field of bioelectronics leverages the optoelectronic properties of synthetic
materials to interface with living systems. These applications require materials that are
conductive, aqueous processible, biocompatible, and can be chemically modified for
biofunctionalization. While conjugated polymers and polyelectrolytes have been reported that
demonstrate several of these features, materials that offer each of these properties simultaneously
are rare. Here, we developed copolymers of anionic polyelectrolyte poly(4-(2,3-dihydro-
thieno[3,4-b][1,4]dioxin-2-ylmethoxy)-butane-1-sulfonic acid sodium salt (PEDOT-S),
containing structural units with amine-reactive NHS-esters. The reported PEDOT-NHS
copolymers demonstrate water-solubility and electrical conductivities similar to previously
reported PEDOT-S, as well as the ability to bind important amine-rich biomaterials.

Furthermore, the PEDOT-NHS copolymers were biocompatible and hemocompatible, and



therefore show promise for next-generation bioelectronic and regenerative engineering

applications.

1. INTRODUCTION

Recent advancements in bioelectronics have offered soft, tunable, biocompatible, and
electroactive organic materials to interface living organisms with electronic devices.'> Such
biomaterials have found utility within scaffolds for tissue engineering and regenerative
medicine,’® where a combination of active (mixed ionic and electronic charge transport) and
passive (surface chemistry, morphology, mechanics) properties can restore, maintain, or improve
tissue function.” Conductive biomaterials are generally designed through the incorporation of an
electroactive filler (conjugated polymer, carbon nanotube, metal nanowire) into an insulating
biocompatible polymer matrix.'%!" Conjugated polymers (CPs) have been used to great effect in
bioelectronics and tissue engineering in particular due to their biocompatibility, possibility of
unique form factors, and chemically tunable structures for the promotion of mixed conduction.’
12-15 For successful application within a bioelectronic technology, CPs with aqueous solubility,

sites for covalent modification, electroactivity, and biocompatibility are generally required.

Such strict and specific requirements have given way to a large body of work focused on
synthetically tailoring CPs for particular bioelectronic applications. Derivatives/composites of
poly(3,4-ethylenedioxythiophene) (PEDOT) have been thoroughly utilized, in particular, for
biointerfacing due to their favorable conductivity, electrochemical stability, and

biocompatibility.!!> ¢ Functional derivatives of PEDOT have been synthetically designed with

17-18 9

enhanced surface adhesion,!

side chains to enable aqueous processability, or



postpolymerization modification; however few materials display each of these features
simultaneously.?? Particularly for applications within hydrogels, the CP cannot be easily
electropolymerized on the non-conductive, tortuous surface and must be incorporated via
aqueous solution to enable swelling of the biomaterial for monomer/polymer ingress — thus
limiting the utility of the majority of available PEDOT derivatives. While commercial
PEDOT:PSS has been widely explored for sensing and stimulation as a thin film coating, and as

21-23

a functional surface to affect cell and tissue proceesses, its use often requires various low

molecular weight additives,?* is limited in its range of usable concentrations, and lacks both

coating uniformity and functionalization capacitity.'® 23

Self-doped, sulfonated polythiophenes such as poly(4-(2,3-dihydro-thieno[3,4-
b][1,4]dioxin-2-ylmethoxy)-butane-1-sulfonic acid sodium salt (PEDOT-S) have been
demonstrated as viable alternatives to PEDOT:PSS for bioelectronic applications due to their
enhanced solution processability, relatively high conductivity without the need of external
additives/dopants, and biocompatibility.'> 1% 26 While significant efforts have been made to
synthesize and boost the conductivity of PEDOT-S, 26-?7 the polymer lacks a chemical handle for
(bio)functionalization, limiting its versatility in bioelectronics. Here, we present a synthetic
strategy to incorporate a functional handle into PEDOT-S using a N-hydroxysuccinimide (NHS)
activated monomer. Direct (hetero)arylation polymerization (DHAP) was utilized to
systematically increase the loading of the NHS-activated structural unit (EDOT-NHS) within the
polymer backbone to afford two copolymers PEDOT-NHS-10 and PEDOT-NHS-50 with 10%
and 50% incorporation of EDOT-NHS, respectively. Both the optical and electrochemical
properties of each polymer were investigated, which mirrored the behavior of PEDOT-S even at

relatively high loadings (50%) of EDOT-NHS. The in vitro biocompatibility to each polymer



was also investigated, a material property often ignored when developing materials for
bioelectronic applications; PEDOT-NHS copolymers demonstrated both biocompatibility and
hemocompatibility. Incorporation of EDOT-NHS into the sulfonated polythiophene enabled
amine-reactive functionalization, which was demonstrated through the covalent modification of
gelatin, a biomaterial regularly utilized for tissue engineering. Taken together the reported
polymers demonstrate water solubility, handles for post-polymerization modification,
electroactivity, and biocompatibility, a combination that is not commonly achievable in the

organic bioelectronic community.
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Scheme 1. Synthesis of (a) EDOT-NHS and (b) poly[(EDOT-NHS)-co-(EDOT-S)] (PEDOT-
NHS) copolymers and PEDOT-S.



2. EXPERIMENTAL SECTION

All manipulations of air and/or moisture sensitive compounds were performed under an inert
atmosphere using standard glove box and Schlenk techniques. Reagents for polymer synthesis,
unless otherwise specified, were purchased from Sigma-Aldrich and used without further
purification. Deuterated solvents (CDCl3 and CD30D) were purchased from Cambridge Isotopes
Labs and used as received. Palladium (II) acetate was purchased from Strem Chemicals and used
as received. (2,3-Dihydrothieno[3,4-b][1,4]dioxin-2-yl)methanamine,?® 4-(2,3-
Dihydrothieno[3,4-b][1,4]dioxin-2-yl-methoxy)-1-butanesulfonic acid, sodium salt,®® 4-[(5,7-
dibromo-2,3-dihydrothieno[3,4-b]-1,4-dioxin-2-yl)methoxy]-1-butanesulfonic  acid, sodium
salt,’® and PEDOT-S,'® were prepared according to previously reported procedures. 'H and '3C
NMR spectra were collected on a Bruker Ascend 600 MHz spectrometer and chemical shifts, o
(ppm) were referenced to the residual solvent impurity peak of the given solvent. Data reported
as: s = singlet, d = doublet, t = triplet, m = multiplet, br = broad; coupling constant(s), J are given
in Hz. Flash chromatography was performed on a Teledyne Isco Combiflash Purification System
using RediSep f prepacked columns. Small molecule molecular weight and formula
determination were performed using an Agilent 6545 Q-TOF high resolution Mass Spectrometer
using an Electro Spray Ionization (ESI) source and coupled to an Agilent 1200 series LC system.
Analysis was performed using direct injection with methanol as the solvent. Attenuated total
reflectance Fourier transform infrared spectroscopy was performed using a Thermo Scientific

Nicolet IS10 spectrometer.

2.1. 5-(((2,3-dihydrothieno[3,4-b][1,4]dioxin-2-yl)methyl)amino)-5-oxopentanoic acid (1).
(2,3-Dihydrothieno[3,4-b][ 1,4]dioxin-2-yl)methanamine (2.67 g, 15.6 mmol), glutaric anhydride

(1.96 g, 17.2 mmol), and triethylamine (2.4 mL, 17.2 mmol) were dissolved in anhydrous THF



(50 mL) under nitrogen. The resulting mixture was stirred at room temperature for 12 h. The
reaction mixture was poured into ether and extracted with 10 % Na2COs. The aqueous layer was
removed, acidified to pH ~ 1-2 with HCI, and extracted with ether. Volatiles were removed in
vacuo, and the purification was accomplished by flash chromatography using DCM/methanol
gradient affording, 3.32 g of a colorless oil (11.6 mmol, 75%). '"H NMR (600 MHz, CDCls): &
6.34 (2H, s), 4.31-4.16 (2H, m), 3.96-3.87 (1H, m), 3.71-3.61 (1H, m), 3.51-3.42 (1H, m), 2.44
(2H, t, J = 7.1 Hz), 2.32 (2H, t, J = 7.4 Hz), 1.99 (2H, p, J = 7.2 Hz). *C NMR (151 MHz,
CDC): 6 177.85, 172.92, 141.40, 141.22, 100.18, 100.05, 72.73, 66.37, 39.72, 35.25, 32.96,

20.67, 19.83. HRMS (ESI) (m/z): [M-H] caled for Ci12H1sNOsS: 284.060, found: 284.060.

2.2. 2,5-dioxopyrrolidin-1-yl 5-(((2,3-dihydrothieno[3,4-b][1,4]dioxin-2-yl)methyl)amino)-
5-oxopentanoate (EDOT-NHS). 5-(((2,3-dihydrothieno[3,4-b][1,4]dioxin-2-yl)methyl)amino)-
5-oxopentanoic acid 1 (3.12 g, 10.9 mmol), N-hydroxysuccinimide (1.40 g, 12.2 mmol), and
N,N'-dicyclohexylcarbodiimide (2.54 g, 12.3 mmol) were dissolved in DCM (75 mL) under
nitrogen. The resulting mixture was stirred at room temperature overnight. The suspension was
filtered through a Buchner funnel and washed with DCM. The resulting white solid was washed
with acetonitrile, and the supernatant was concentrated by rotary evaporation to afford a white
solid. The solid was crystallized using DCM/hexanes, and recrystallized using acetone/hexanes
affording, 2.61 g of a white solid (6.8 mmol, 63%). '"H NMR (600 MHz, CD30D): §8.12 (1H, t,
J=5.7 Hz), 6.53 (2H, s), 4.24-4.08 (2H, m), 3.92-3.79 (1H, m), 2.77 (4H, br), 2.67 2H, t, J =
7.4 Hz), 2.21 2H, t, J= 7.3 Hz), 1.81 (2H, m). 3C NMR (151 MHz, CDCls): § 172.31, 169.37,
168.41, 141.46, 99.99, 99.68, 72.57, 66.32, 39.59, 34.27, 30.01, 25.71, 20.88. HRMS (ESI)

(m/z): [M+H]" calcd for C16H1sN207S: 383.090, found: 383.091.



2.3. PEDOT-NHS-10. A reaction vial was loaded with EDOT-NHS (58.0 mg, 0.152 mmol),
EDOT-S (200 mg, 0.606 mmol), and EDOT-S-Br2 (371 mg, 0.760 mmol). The vial was brought
inside a glove box and triphenylphosphine (43.0 mg, 0.164 mmol), cesium carbonate (520.0 mg,
0.160 mmol), Pd(OAc)2 (17.0 mg, 0.076 mmol) and 5.0 mL of anhydrous DMF were added. The
tube was sealed, and the mixture was stirred at 100 °C for 48 h. After this time the reaction was
allowed to cool leaving a solid purple material. Excess solvent was decanted. The residual solid
was dissolved in 2 mL of water and precipitated into acetone. The purple solid was washed with
acetone by Soxhlet extraction overnight, dialyzed against water for 72 h using a 3 kDa MWCO
bag, and dried via lyophilization for 72 h to afford 437 mg of polymer. Polymer doping: A
reaction vial was loaded with the purple solid (200 mg), DI H20 (8 mL), and an aqueous
ammonium persulfate solution (0.545 mL, 1.24 M). The solution was stirred at room temperature
for 10 min and precipitated into acetone. The blue solid was washed with acetone and dried
under nitrogen.

2.4. PEDOT-NHS-50. A reaction vial was loaded with EDOT-NHS (117.4 mg, 0.307 mmol),
and EDOT-S-Br2 (150 mg, 0.307 mmol). The vial was brought inside a glove box and
triphenylphosphine (17.4 mg, 0.066 mmol), cesium carbonate (210.0 mg, 0.065 mmol),
Pd(OAc)2 (6.9 mg, 0.031 mmol) and 2.0 mL of anhydrous DMF were added. The tube was
sealed, and the mixture was stirred at 100 °C for 48 h. After this time the reaction was allowed to
cool leaving a solid purple material. Excess solvent was decanted. The residual solid was
dissolved in 2 mL of water and precipitated into acetone. The purple solid was washed with
acetone by Soxhlet extraction overnight, dialyzed against water for 72 h using a 3 kDa MWCO
bag, and dried via lyophilization for 72 h to afford 520 mg of polymer. Polymer doping: A

reaction vial was loaded with the purple solid (200 mg), DI H20 (8 mL), and an aqueous



ammonium persulfate solution (0.545 mL, 1.24 M). The solution was stirred at room temperature
for 10 min and precipitated into acetone. The blue solid was washed with acetone and dried
under nitrogen.

2.5. X-ray Fluorescence. X-ray fluorescence spectroscopy was performed in a Xenemetrix
Ex-Calibur EX-2600 spectrometer equipped with an Rh X-ray tube and a silicon energy-
dispersive detector. Each solid sample was placed in a plastic cup and powder was supported on
a 6 um Mylar film. Data collection was performed under vacuum and at room temperature. X-ray
tube was operated at 30 keV and 100 pA, and fluorescence spectra were collected for 60 s. No
filter was used between the detector and sample and L-lines of Rh-radiation were visible in the
collected spectra. Relative sulfur analysis was performed by integrating the fluorescence of the
Ko transition for sulfur at ~2.3 keV of each material. Samples were compared under the same
excitation settings and collected fluorescence was normalized by the mass of each sample.

2.6. Electrochemical and Electrical Analysis. Cyclic voltammograms were recorded using a
standard three-electrode setup connected to an Ivium potentiostat. A platinum mesh (Sigma-
Aldrich) and a Ag/AgCl electrode (Warner Instruments E202) were used as the counter and
reference electrodes respectively. The polymers were deposited by spin-coating from aqueous
solutions (20 mg mL™") at 600 rpm on ITO-coated glass substrates. The measurements were
carried out in anhydrous 100 mM TBAPFs solution with a scan rate of 10 mV s
Spectroelectrochemical measurements were carried out simultaneously using an OceanOptics
USV 2000+ spectrometer, which collected the transmitted light through a quartz cuvette from a
tungsten lamp used as a probe light source. Potentials are reported vs Fc/Fc* using the half-wave
potential of ferrocene acquired under the same conditions. Experiments were performed in

acetonitrile rather than aqueous electrolyte to avoid the need for crosslinking to stabilize the film.



Four-point conductivity measurements were performed using a Lucas Labs Pro4 four-point
probe head with a Keithley 2400 source meter according to previously reported procedures.?®
Aqueous solutions of doped polymer (20 mg mL-") were sonicated via horn sonication, passed
through a 0.45 pum cellulose acetate syringe filter, and spin-coated onto glass substrates at 600
rpm. Each substrate was dried at 55 °C. Samples were measured in triplicate, and the average
film thickness was determined via profilometry.

2.7 In Vitro Cytotoxicity. In vitro cytotoxicity tests were performed on extracts from polymer
films based on the ISO 10993-5 protocol. For film preparation, 8 mm x 8 mm glass slides were
sonicated in acetone and isopropyl alcohol, followed by ozone plasma treatment for 15 minutes.
Stock solutions of each polymer in DI H2O0 (20 mg mL') with 1 wt% (3-
glycidyloxypropyl)trimethoxysilane (GOPs) were spin-coated onto the glass substrates at 1200
rpm and heated at 140 °C for 30 minutes. Before performing cytotoxicity experiments, films
were washed with ethanol and phosphate buffered saline (PBS) under agitated shaking. The
following protocol was followed to perform the live/dead assay.’! 1929 Cells (derivative of
Strain L- Connective mouse tissue) were obtained from ATCC (Cat no. CCL-1) and cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM)-high glucose media (Corning; Cat no. 10-013-
CV) supplemented with both 10% fetal bovine serum (FBS) and 1% antibiotic-antimycotic
directly on the polymer coated glass slides within a 24-well polystyrene tissue culture plate. The
plate was incubated at 37 °C with 5% CO2 in a humidified incubator for 24 hours. A live/dead
solution was prepared with 0.5 pL calcein AM, 2.0 uL ethidium homodimer (EthD-1), and 1.0
pL of Hoechst in 1 mL of media. Each film was stained with live/dead solution (400 pL),
incubated for 30 minutes, and imaged after destaining. Cell viability percentage was calculated

using matlab R2021B.



The following protocol was followed to perform 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay.’> DMEM media was added directly onto the polymer
coated glass slides within a 24-well polystyrene tissue culture plate. Media was also added onto
glass slide without a polymer coating as a control. The plate was incubated at 37 °C with 5%
CO2 in a humidified incubator for 24 hours to create extract media. Separately, a suspension of
1929 cells was prepared at a concentration of 4 x 10* cell mL™! and 100 pL of the suspension
was dispensed into a 96 well plate. The plate was incubated at 37 °C with 5% CO:2 in a
humidified incubator for 24 hours. After 24 hours culture media was removed from the wells
and replaced by 50 pL of extract media from a polymer film and 50 uL of culture media. The
control had “extract media” from the glass surface without a polymer film. For a positive control,
media was replaced with 20% DMSO (prepared in culture media) that causes severe cell death.
For a negative control 100 pL of culture media was used but with no cells, and the blank
contained 100 uL extract media, but with no cells. Following 48 hours and 72 hours the extract
media and culture media were replaced by fresh 100 puL culture media, in their respective wells,
to which 10 pL of 12 mM MTT was added. Plates were incubated in dark environment for 4
hours, followed by the addition of 100 pL of the SDS-HCL solution to each well and thorough
mixing. Plates were incubated at 37 °C for 8 hours, mixed thoroughly, and the absorbance was
measured at 570 nm using UV-Vis spectroscopy. MTT assays were repeated in a triplicate.

2.8 Hemocompatibility assay. 12 mL of the blood samples were collected from three female
rabbits and pooled together in anticoagulant vials. Stock solutions of the polymers in DI water
were prepared in the following concentrations: 15 mg mL!, 10 mg mL"! and 5 mg mL-!. The
protocol to perform the hemolysis assays were adapted from prior literature procedures.333*

Briefly, 300 pL of polymer solution was added to 4 mL of 0.9% saline solution and equilibrated

10



for 30 min at 37 ©C. 200 pL of diluted blood (4 mL blood diluted in 5 mL of 0.9% saline
solution) was added to each polymer extract. A negative control was prepared by adding 200 uL
of diluted blood to 4 mL of 0.9% saline solution (0% hemolysis) and a positive control was
prepared by adding 200 pL of diluted blood to 4 mL of DI water (100% hemolysis). Each
sample was then incubated at 37 °C for 1 hour, centrifuged at 1000 rpm for 5 minutes and the
absorbance of the supernatant was measured at 545 nm. Blank solutions with corresponding
polymer concentrations were used to subtract polymer absorption at 545 nm from the measured
experimental absorbance for each condition. All the hemolysis experiments were performed in a
triplicate.

2.9 Biomaterial Functionalization. Gelatin type A (gel strength 300) was dissolved in
Dulbecco’s phosphate-buffered saline (DPBS, 1 g/ 50 mL) and the mixture was stirred at 55 °C
until homogenous. Each polymer was individually dissolved in DPBS and added dropwise to the
gelatin solution to obtain mixtures of varying mass ratios (2 %, 5 %, and 10 %). Each solution
was incubated with stirring overnight at 55 °C. The modified gelatin solutions were then cooled
to allow for gel formation. After gelation the samples were broken apart into small pieces and

washed with DI H20. Samples were lyophilized for 72 h (Freezone 6, Labconco) before analysis.

3. RESULTS AND DISCUSSION

3.1 PEDOT-NHS Synthesis and Characterization. Of the reported EDOT derivatives for

35

biofunctionalization,?® surface deposition via electropolymerization remains the

polymerization method of choice,3¢3°

precluding water-processible materials and solution
processing of biomaterials. Recently direct (hetero)arylation polymerization (DHAP) has been

utilized as a tool to develop anionic, water processible copolymers with opto(electronic)

properties analogous to those synthesized through chemical oxidative polymerization.?® 3° Using
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the reported DHAP methodology, PEDOT-S derivatives with handles for post-functionalization
were synthesized by leveraging a N-Hydroxysuccinimide (NHS) activated EDOT monomer
(EDOT-NHS, Scheme 1a) synthesized from previously reported 2-aminomethyl EDOT (EDOT-
NH2). EDOT-NHS was statistically incorporated (10 mol%) into PEDOT-S via DHAP to afford
the copolymer poly[(EDOT-NHS)-co-(EDOT-S)] (PEDOT-NHS-10) (Scheme 1b). To
investigate the impact of EDOT-NHS loading, an alternating copolymer was also synthesized
(PEDOT-NHS-50). The DHAP methodology was utilized rather than other chemical oxidative
polymerization pathways reported for anionic PEDOT derivatives, as it provides relatively high
molecular weight (> 12 monomer units),’® and is iron-free, thus preventing the introduction of
known toxicants. Each polymer was purified utilizing 3 kDa MWCO dialysis bags, confirming
high molecular weight formation compared to more commonly performed iron-catalyzed
protocols. 'H NMR (D20) measurements of each material were carried out showing broad peaks
in agreement with previous reports of anionic PEDOT derivatives.'® 26 30 Poor resolution in this
class of materials can be rationalized by a Knight shift, where NMR line shift and broadening
manifest from an increase in the Pauli paramagnetic spin susceptibility.* Unlike PEDOT:PSS,
and materials synthesized via electropolymerization, each of the reported materials demonstrate
aqueous solubility at > 20 mg mL"!(Figure S1), enabling simplified processing at relatively high
concentrations of polymer.

The optical properties of both PEDOT-NHS-10 and PEDOT-NHS-50 are also consistent with
that of PEDOT-S in both the pristine and oxidized state (Figure 1a).2% The absorption spectrum
of the neutral chain is characterized by a strong peak in the visible range due to the n — ©*
transition, and broad absorption bands at wavelengths > 800 nm are typical for polaronic and

bipolaronic states. Consistent with self-doped anionic PEDOT derivatives, pristine PEDOT-NHS
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materials are partially oxidized. As previously demonstrated with PEDOT-S, both PEDOT-
NHS-10 and PEDOT-NHS-50 can be further oxidized chemically or electrochemically.!> 2% As
a representative example, PEDOT-NHS-10 was further oxidized using ammonium persulfate
(APS), which is confirmed by the complete suppression of the 1 — n* transition (Figure 1b).
Similarly, both polymers were able to be completely doped and dedoped electrochemically
(Figure 1c, Figure S2), suggesting that the incorporation of EDOT-NHS structural units do not
dramatically alter the optical behavior of PEDOT-S, regardless of loading. PEDOT-NHS-10
was also tested as a channel within an organic electrochemical transistor (OECT), a three
terminal device commonly used in bioelectronic applications (Figure S8).!41-4? The channel was
immersed within a common ionic liquid electrolyte ((EMIM][TFSI]) to avoid PEDOT-NHS-10
solvation during operation. Upon the application of Vgs <0 V, an increase in the channel current
was observed. This accumulation-mode behavior has been observed in other OECTs fabricated
with PEDOT-S,%-%> as well as other anionic conjugated polyelectrolytes.*® X-ray photoelectron
spectroscopy (XPS) analysis of the device fabricated with PEDOT-NHS-10 shows a single band
at 398.4 eV in the N(1s) binding energy region (Figure S9), which is diagnostic of the nitrogen
within the NHS functional handle.*’ Therefore, PEDOT-NHS copolymers can act as active
materials for bioelectronic applications while presenting surface functionality for subsequent
modification. Future optimization through materials processing or active material blending can

be explored to utilize these materials within biosensing applications.3> 43
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Figure 1. UV-vis spectrum of PEDOT-S, PEDOT-NHS-10, and PEDOT-NHS-50 in their (a)
pristine (solid line) and oxidized state (dotted line). (b) UV-vis spectrum of PEDOT-NHS-10
upon chemical doping with aqueous APS solution. (c) Spectroelectrochemical measurements of
PEDOT-NHS-10. Measurements were taken with 10 mV increments, with films deposited on
indium tin oxide (ITO) electrodes). (d) ATR-FTIR spectra of PEDOT-NHS-10 and PEDOT-
NHS-50. (e) Relative sulfur within PEDOT-NHS-10 and PEDOT-NHS-50 relative to PEDOT-
S obtained through XRF analysis. (f) Four-point probe measurements for each material.

ATR-FTIR analysis of PEDOT-NHS copolymers displays characteristic bands for PEDOT-
based materials (Figure 1d).'” Bands at 1517 and 1367 cm! are attributed to C=C and C-C
stretching vibrations of the thiophene ring, respectively, and the C-O-C stretching vibration of
the ethylenedioxy group can be observed at 1200 cm!. Characteristic vibrations of the NHS

' were observed, confirming EDOT-NHS incorporation into both

lactam at ~1648 cm’
copolymers. With increased loading of EDOT-NHS, the shift at 1517 cm™! was relatively
stronger in PEDOT-NHS 50 which may be attributed to elevated N-H bending from the
secondary amide which attaches the NHS side chain overlapping with the C=C stretching from

the polymer backbone. Characteristic S=O stretching vibrations were also observed from the
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sulfonate salts at 1038 ¢cm™.*® Elemental analysis of both materials was performed to determine
the amount of EDOT-NHS incorporation within each polymer. X-ray fluorescence (XRF) was
used to quantify relative sulfur content between PEDOT-S, PEDOT-NHS-10, and PEDOT-
NHS-50 (Figure 1e). As the PEDOT-NHS copolymers have relatively less sulfur within each
constitutional repeating unit compared to PEDOT-S, comparison of the mass normalized
fluorescence of the Kqi transition for sulfur at ~2.3 keV of each material can be used to
indirectly quantify incorporation of EDOT-NHS, via loss of EDOT-S structural units. The
observed relative sulfur content of each polymer was within error of theory (Figure S3),
confirming ~10% and ~50% EDOT-NHS incorporation within PEDOT-NHS-10 and PEDOT-
NHS-50, respectively.

Previous reports of PEDOT-S and structural analogues have demonstrated conductivities
ranging from ~0.1 - 40 S cm™!, depending on the polymer structure and synthesis protocol.?® 43
PEDOT-S synthesized via DHAP demonstrated a conductivity of 13.2 + 1.4 S cm’!, which is
within error to the original report by Konradsson et al.'®* Both PEDOT-NHS-10 and PEDOT-
NHS-50 had lower conductivities of 4.9 £ 0.3 S cm™ and 4.3 £ 0.5 S cm’!, respectively, but
higher conductivity than other reports of PEDOT-S (Figure 1f, Table S1). The relatively similar
conductivity between the three materials is consistent with prior reports of sulfonated PEDOT-
based copolymers, where the incorporation of hydrophobic comonomers did not show severe
deleterious effects on electronic properties.?® At both 10% and 50% EDOT-NHS incorporation,

water soluble, electrically conductive polymers with available binding sites were achieved.

3.2 Biocompatibility of PEDOT-NHS. When designing materials for bioelectronic
applications, it is important to assess biocompatibility, an often-overlooked property in organic

electronics. For various synthetic design strategies to achieve biocompatibility in conjugated
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polymers, we refer the reader elsewhere.!! Following a modified ISO 10993-5 protocol,
cytotoxicity was assessed against L.929 cells using films of each material for live/dead analysis
(Figure 2a-b) and extracts from the polymer films for MTT analysis (Figure 2c¢). As this
protocol is designed to test the biocompatibility of the material under conditions most similar to
that of the intended application, the films were crosslinked using GOPS, a common crosslinker
for conjugated polyelectrolytes in bioelectronic applications.*® The live/dead assay confirmed
high viability percentage (>95%) of cells for each of the three materials (Figure 2b, Figure S4).
Despite the good viability observed via live/dead analysis, clear differences in 1929 cell
spreading/adhesion are evident, which may be due to effects of film roughness, surface charge,
or chemistry; this phenomenon is a subject for future investigation. Results from the colorimetric
MTT assay after both 48 h and 72 h incubation are displayed in Figure 2¢. All three materials

did not show significant cytotoxicity as cell viability was greater than 80%.

Hemolysis testing was also performed as it provides a simple and reliable measure for
estimating blood compatibility, an important material requirement for bioelectronic applications
such as regenerative engineering or healthcare monitoring. Unlike live/dead and MTT analyses
which investigate cell viability in direct contact with the polymer films and extracts from the
films, respectively, hemolysis was performed on aqueous solutions of each polymer to represent
an extreme scenario. Each solution demonstrated little evidence of hemolysis (<4 %, Figure 2d,
Figure S5) and can therefore be considered highly hemocompatible; particularly as such high
concentrations are well beyond what would be used in a bioelectronic application. As observed
with the cell viability assessment, greater incorporation of EDOT-NHS structural units within the
polymer backbone, and higher concentrations demonstrated relatively lower hemocompatiblity.

It is not clear why increased concentrations of NHS functionalities may decrease cell viability
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and hemocompatibility, as such chemistries are commonly utilized in biomaterial applications.*’
Chemical reactions between the NHS groups and amines present within the cell membrane may
explain the relative decrease in biocompatibility. However, such effects appeared relatively small
as each material demonstrated good biocompatibility, even at high concentrations suggesting

potential for future bioelectronic applications.
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Figure 2. (a) Fluorescent images of cells taken after live/dead assay, where calcein AM (green)
represents live cells, and ethidium homodimer (red) represents dead cells in contact with films of
each polymer. (b) Quantitative measurement of cell viability using live/dead assay. (c) Cell
viability of L929 cells treated with either media alone or film extracts of PEDOT-S, PEDOT-
NHS-10, or PEDOT-NHS 50 after incubation for 48 h and 72 h. (d) Percent hemolysis of each
polymer at 5 mg mL-!, 10 mg mL-! and 15 mg mL-!' concentrations.

3.3 Biofunctionalization via PEDOT-NHS copolymers. Many conductive polymers such as
PEDOT-S and PEDOT:PSS have been incorporated into biomaterials for various bioelectronic
applications,' 22 43: 30 however their lack of chemical handles for functionalization has required

the use of rudimentary blending and soaking procedures.’> 3! The physical entrapment of
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conductive polymers within a biomaterial, rather than chemical binding, allows for potential loss
of the polymer over time and therefore decreased bioelectronic performance or increased toxicity
to the cellular environment. Relatively low loadings of EDOT-NHS structural units were
targeted within the PEDOT-NHS copolymers (10% and 50%) to support biofunctionalization via
amidation of the activated NHS-ester, while minimizing the loss of alkyl sulfonate groups

required to self-dope the polymer.
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Figure 3. (a) Pictorial representation of the functionalization of amine-rich biomaterials such as
gelatin with PEDOT-NHS copolymers. (b) Image demonstrating leeching of PEDOT-S from the
gelatin hydrogel and the absence of leaching with corresponding PEDOT-NHS incorporated
gels. after incubation demonstrating a lack of hemolytic reaction. (C) Relative sulfur within
PEDOT-S, PEDOT-NHS-10, and PEDOT-NHS-50 gelatin samples compared to a gelatin
control without added polymer. (d) ATR-FTIR peak area ratios of amide I/amide A band of
gelatin matrices with different concentrations of PEDOT-NHS copolymer and PEDOT-S without
a functional handle for covalent binding.

To demonstrate the utility of these chemical handles, gelatin, a common biomaterial used for

tissue engineering applications,” 32 was modified with PEDOT-S, PEDOT-NHS-10, and
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PEDOT-NHS 50 using a simple blending approach (Figure 3a). Gelatin solutions in DPBS
were first stirred at elevated temperatures with respective aqueous polymer solutions. DPBS was
utilized as the reaction between NHS esters of the polymers, and primary amines of the gelatin,
requires slightly alkaline conditions to yield stable amide bonds. Upon cooling, soft homogenous
gels were formed, broken apart and washed with excess water to remove unbound polymer. Only
the supernatant from gels blended with PEDOT-S were blue, suggesting that only the PEDOT-
NHS copolymers bound to the gelatin as intended (Figure 3b). In fact, the PEDOT-S
incorporated gel had to be washed with > 200 mL of DI H20 to get a visibly clear supernatant,
compared to the supernatants of PEDOT-NHS incorporated materials which lacked color upon
initial washing. Similarly, when dried, the gelatin sample with incorporated PEDOT-S was
lighter in color than those with incorporated PEDOT-NHS copolymers (Figure S6). XRF was
used to quantify relative sulfur content between dried gelatin samples with 10% loading by mass
of each of the three polymers. When compared to a similarly prepared gelatin sample without
blended conjugated polymer, elevated sulfur content was observed for each sample (Figure 3c).
As previously mentioned, PEDOT-S has more sulfur per unit mass than both PEDOT-NHS
copolymers (Figure S3), therefore if the same amount of each polymer was maintained within
the gelatin samples after washing, we would anticipate more sulfur in the PEDOT-S
incorporated gelatin composite. However, the opposite was observed as the amount of sulfur
detected in the PEDOT-S incorporated gelatin sample was much lower than those with the
PEDOT-NHS copolymers, suggesting significant loss of PEDOT-S during the water wash. The
elevated sulfur observed in the gelatin samples containing PEDOT-NHS copolymers suggests (1)
successful binding between the amine groups of the gelatin and the NHS groups of the

copolymers and (2) 10% EDOT-NHS incorporation was sufficient to prevent diffusive loss from
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the biomaterial. While it is difficult to quantify exactly whether PEDOT-NHS-10 or PEDOT-
NHS-50 was better maintained within the gelatin composite, the slightly darker hue of the
PEDOT-NHS-50 incorporated composite (Figure S6), and the relatively similar sulfur content
between the two PEDOT-NHS incorporated composites (despite the significantly diminished
sulfur content in PEDOT-NHS-50 vs. PEDOT-NHS-10) suggests PEDOT-NHS-50 was better

incorporated.

To verify binding occurred via NHS ester reaction, gelatin samples containing either PEDOT-
S, PEDOT-NHS-10, or PEDOT-NHS-50 were investigated using attenuated total reflectance
Fourier transform infrared spectroscopy (ATR-FTIR). The spectra of unmodified gelatin and
gelatin cross-linked using PEDOT-NHS are shown in Figure S7. Characteristic amide bonds are
present after crosslinking, suggesting the structure of gelatin is maintained (amide A: ~3500 —
3200 cm™!, amide B: ~3000 cm™!, amide I: ~1635 cm!, amide II: ~1550 cm™!, amide III: ~1240
cm).333*% Crosslinking occurs by reacting free ~NH2 groups (~3300 cm™) to form a -CONH-
bond (~1635 cm’!), therefore increasing the intensity of the amide I band while decreasing that of
amide A.>° The peak area of the amide I band to that of the amide A band was determined, and
their ratio was plotted as a function of the concentration of polymer incorporation (Figure 3d).
The increase in the peak area ratios with increased loading of EDOT-NHS is consistent with
increased covalent binding. No significant change in peak area ratio was observed with increased
loading of PEDOT-S compared to that of gelatin, suggesting a lack of binding. Taken together,
incorporation of the EDOT-NHS within the conjugated polyelectrolyte supports
biofunctionalization via amidation, and therefore covalent modification of protein-based

biomaterials.
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4. CONCLUSIONS

In summary, the incorporation of NHS groups within a prototypical conjugated polyelectrolyte
PEDOT-S can afford polymers with water solubility, conductivity, biocompatibility, and
handles for biofunctionalization, a rare demonstration. Our results suggest that low loadings of
EDOT-NHS were required to achieve these properties, as PEDOT-NHS-10 and PEDOT-NHS-
50 both had similar conductivity and biomaterial immobilization. Lower loadings of EDOT-NHS
within the polymer also afforded greater biocompatibility and hemocompatibility, suggesting
minimal incorporation is beneficial. While gelatin was used to demonstrate biofunctionalization,
the amine reactive NHS-ester can be bound to other biomaterials utilized for bioelectronics and
regenerative engineering such as collagen, silk, keratin, chitosan, etc. These handles can also be
leveraged for bioconjugation of biomacromolecules or signaling agents for various sensing
applications.

The reported synthetic strategy is highly tunable, as a variety of monomers bearing other
chemistries for postmodification can be utilized to generate conjugated polymers and
polyelectrolytes for bioelectronic applications.?” 4% 3% These results build upon the growing
literature of designing conductive polymers for biomaterial incorporation and lay the
groundwork for an extension of PEDOT-NHS copolymers into regenerative engineering,

sensing, and other bioelectronic applications.
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