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ARTICLE INFO ABSTRACT

Keywords: Conformable biocompatible conductive materials are increasingly sought for the development of bioelectronics.
Hyaluronan If additionally resorbable, they could serve for the design of transient implantable electronic devices, opening the
PEDOT way to new healthcare applications. Hyaluronan (HA) derivatives including sulfate and aminophenylboronic
ziljzzzgve ink acid (PBA) groups (HAS-PBA) were therefore designed to serve as dopants of poly(3,4-ethylenedioxy)thiophene
Degradable (PEDOT). The optimized HA sulfation protocol allowed good control on polymer sulfation degree while mini-

mizing polymer chain degradation. Sulfated HA was shown to be degradable in physiological conditions. A
synergy was observed between the sulfate negative charges and the PBA aromatic groups promoting hydrophobic
interactions and n-stacking between PEDOT and HAS-PBA, to boost the material conductivity that reached 1.6 +
0.2 S/cm in physiological conditions. Moreover the PEDOT:HAS-PBA material was not cytotoxic and could be
formulated for easy processing by inkjet printing, appearing as promising candidate for the design of soft

Inkjet printing

transient electronics for in vivo applications.

1. Introduction

Bioelectronics, at the interface between living tissues and inert
electronics, opens avenues in health monitoring, tissue stimulation, on-
demand drug delivery, and electro-sensitive cell culture. Its rise relies on
the development of soft flexible electronics (Someya et al., 2016; Wang
et al., 2018), as living tissues are much softer and more flexible than
traditional electronic materials (Liu et al., 2017). Though less efficient,
conductive polymers can replace traditional conductors. Their mixed
ionic/electronic conductivity is interesting for their use at the elec-
tronic/tissue interface as electric currents are supported by ionic flows
in tissues, electron flows in electronic (Zozoulenko et al., 2021).

Among conductive polymers, poly(3,4-ethylenedioxy)thiophene
(PEDOT) presents a good conductivity and compatibility with other
materials, and noticeably a high biocompatibility (Kayser & Lipomi,
2019). PEDOT can be synthesized, usually in water, by the chemical
oxidative polymerization of EDOT in the presence of a dopant, acting as
a counter anion of the positively charged polymer. A colloidal suspen-
sion of PEDOT:dopant particles is therefore obtained, referred to as an
ink. Ink particle size and conductive properties partly depend on the

* Corresponding author.

polyelectrolyte dopant. Poly(styrene sulfonate) (PSS) is the most widely
studied PEDOT dopant to design soft flexible conductive materials for
bioelectronics (Kayser & Lipomi, 2019). PEDOT:PSS is commercially
available at reasonable cost, presents tunable conductivity, thermal and
chemical stabilities, and processability (Guo & Ma, 2018). However, its
lack of biocompatibility and degradability led to the design of new
conductive inks using biopolymers as dopants.

Several biomolecules have been investigated to obtain processable
PEDOT:biomolecule inks: alginate (Xu, Cui, et al., 2019; Yang et al.,
2020), dextran (Harman et al., 2015), pectin (Hofmann et al., 2017),
xanthan (del Agua et al., 2018), deoxyribonucleic acid (DNA) (Tekoglu
et al., 2020), heparin (Xu, Patsis, et al., 2019), chondroitin sulfate (ChS)
or hyaluronic acid (HA) (Mantione et al., 2016; Wang et al., 2017). As
they are resorbable, PEDOT:biomolecule composites can be used for the
design of transient implantable electronic devices, that do not need
invasive explantation when they have served their purpose (Boehler
et al., 2019). To efficiently dope PEDOT, the selected polyanions must
display acidic groups in the deprotonated form during EDOT polymer-
ization (such as sulfates with pK, ~ 2), to counter-balance the positive
charges of the PEDOT domains (Hofmann et al., 2017). In order to
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increase PEDOT:biomolecule conductivity and to get closer to extra-
cellular matrix structure, some of these biomolecules (dextran (Harman
etal., 2015), cellulose (Horikawa et al., 2015) or alginate (Xu, Cui, et al.,
2019)) were therefore sulfated. A PEDOT:dextran sulfate (DexS) ink
presented a conductivity up to 7 S/cm and better interaction with L-929
cells than PEDOT:PSS (Harman et al., 2015). However, additional work
highlighted that simply increasing the amount of dopant negative
charges was not enough to increase the ink final conductivity. Sulfated
cellulose (CellS) yielded more conductive ink than pristine cellulose
(Cell), yet an optimal degree of sulfation was to be found (Horikawa
et al., 2015). The electrical conductivity of PEDOT:CellS tended to in-
crease with CellS crystallinity as PEDOT chains could line up around the
rigid chains. Too sulfated CellS could hinder the crystallization process
(Takano et al., 2012). Furthermore, rigid polyelectrolytes could yield to
less doped and conductive PEDOT domains than more flexible ones
(Gribkova et al., 2016a; Gribkova et al., 2016b). Additionally, because
EDOT could interact with dopant hydrophobic moieties before poly-
merization, partly hydrophobic polyelectrolytes lead to the formation of
more conductive PEDOT materials (Gribkova et al., 2016a, 2016b). All
those considerations could explain why PEDOT:PSS is such a good
conductive material.

Until now, the use of biomolecules to dope PEDOT has led to more
biocompatible conductive inks than PEDOT:PSS, but to the detriment of
conductivity. To the best of our knowledge, only DNA (Tekoglu et al.,
2020) and DexS (Harman et al., 2015) based PEDOT inks have displayed
conductivity >1 S/cm. Glycosaminoglycans (GAGs), namely hyaluronic

a.
PSS
n
R=0",Na* @
0:z8:z0 o
(ID‘,Na+
a
R'=Hor f—ﬁ—oz Na*
o)
b.
PEDOT:HAS-PBA

R'O ORgq o
fo) (o]
o o NH
L =
NH

Carbohydrate Polymers 301 (2023) 120345

acid (HA), chondroitin sulfate (ChS) and heparin, led to highly
biocompatible PEDOT:GAGs conductive materials, suitable for in-vivo
recording and stimulation, but they all displayed low conductivity (¢
<107! S/cm) (Mantione et al., 2016; Wang et al., 2017). Moreover, no
correlation between the sulfation degree (DSs) of these three GAGs and
the conductivity of the resulting PEDOT:GAG films could be made.
Additionally, only Harman et al. studied the processing of PEDOT:DexS
ink by different techniques (drop casting, spray coating, inkjet printing,
extrusion printing, laser etching) (Harman et al., 2015), whereas re-
ported studies mainly analyzed ink characteristics after drop casting on
glass slides only.

In this work, in order to design a resorbable biocompatible conduc-
tive ink, we selected hyaluronan as a building block. HA is a natural
polysaccharide ubiquitous in the body and already widely used in
various biomedical applications (Fallacara et al., 2018). As it is not
sulfated in its pristine state, it is also appropriate to assess thoroughly
the influence of dopant chemical modification on the final ink proper-
ties. We hypothesized that the introduction on HA backbone of sulfates
(S) and aminophenylboronic acid (PBA) aromatic groups may “mimic”
the PSS chemical functions (Fig. 1) and provide acidity, global negative
charge, and hydrophobic n-stacking interactions with PEDOT, necessary
to confer optimized conductivity to the inks. Therefore, we introduced in
a controlled manner both sulfate and PBA moieties on HA, and the
electrical, spectroscopic and biological properties of the obtained
PEDOT:HA(erivative inks were systematically studied. We demonstrated
that these materials were biocompatible and degradable in a few weeks

HAS-PBA

OR'

Oﬂ\ n/2

Hydrophobic interactions
- + ni-stacking
with PEDOT

Electrostatic interactions
at low pH during
EDOT polymerization

Fig. 1. Design of HAS-PBA derivatives mimicking PSS structure (a), to act as optimal dopants of PEDOT (b).



M. Leprince et al.

in physiological conditions, and could be easily processed by inkjet
printing. To the extent of our knowledge, the systematic study of sul-
fation and the introduction of an aromatic group, as well as degradation
properties, have never been reported before for a PEDOT:GAG ink or
hydrogel, neither its processing by inkjet printing.

2. Materials & methods
2.1. Materials

Sodium hyaluronates of molar mass 113, 219, 478 kg/mol and of
1070 kg/mol were obtained from Lifecore Biomedical (Chaska, Minne-
sota, USA) and Kikkoman biochemifa company (Tokyo, Japan),
respectively. Tetrabutylammonium hydroxide 30-hydrate (TBA-OH,
(H20)30), sulfur trioxide N,N-dimethylformamide (SO3-DMF), ammo-
nium persulfate (APS), 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methyl-
morpholinium chloride (DMTMM), 3-aminophenylboronic acid
hemisulfate salt (3APBA), dodecylbenzene sulfonic acid (DBSA),
carbazole, sodium hydroxide pellets and WST-1 reagent (4-[3-(4-Iodo-
phenyl)-2-(4-nitro-phenyl)-2H-5-tetrazolio]-1,3-benzene sulfonate)
were obtained from Sigma-Aldrich (Saint-Quentin Fallavier, France).
3,4-ethylenedioxythiophene (EDOT) and iron" sulfate heptahydrate
were from Alfa Aesar (Thermo Fisher GmbH, Kandel, Germany). Hy-
drochloric acid and glycerol were from Fischer Scientific (Fisher Sci-
entific, Illkirch, France). N,N-dimethylformamide (DMF), ethanol 96 %
(EtOH) and acetonitrile (MeCN) were from VWR International (Fonte-
nay-sous-Bois, France). All reagents were used as received.

2.2. HA derivative synthesis protocols

2.2.1. HA sulfation

The sulfation protocol was adapted from the literature (Feng et al.,
2017; Hintze et al., 2009; Kunze et al., 2010; Moller et al., 2012; Purcell
et al., 2014). 1 g of HA was converted to tetrabutylammonium hyalur-
onate (HA-TBA) through elution on a H'-form ion exchange resin
(Amberlite IR-130 from Sigma Aldrich), followed by addition of 0.4 M
TBA-OH solution until pH 4.25 and freeze-drying. 1 g of HA-TBA was
suspended in DMF at 4.7 g/L, then degassed and cooled down to 4 °C. n
equivalents of SO3-DMF dissolved in DMF at 123 g/L were added at
once. The reaction medium was degassed and stirred for 1 h a 4 °C under
nitrogen. The reaction was quenched by the addition of 667 mL of a
NaOH solution containing (n + 1) equivalent of OH™ ions. The medium
was neutralized, and NaCl was added to obtain a final NaCl concentra-
tion of 0.5 M. HAS was precipitated with 1.7 L of EtOH. Crude HAS was
dissolved in 0.3 M NaCl and dialyzed against water with a dialysis
membrane MWCO 6-8 kDa (Spectrum Laboratories, CA, USA) until bath
conductivity was below 8 pS/cm, then recovered by freeze-drying with a
yield of around 95 %.

2.2.2. Synthesis of HAS4-PBA¢.3

The protocol was adapted from (Figueiredo et al., 2020). 1 g of HAS,
was dissolved in 492 mL of water:DMF (3:2 v:v). One equivalent of
DMTMM dissolved in 4 mL of water was added, then 0.3 equivalent of
3APBA dissolved in 4 mL of water. The pH was adjusted to 6.5 and the
medium stirred overnight at room temperature. NaCl was added to
obtain a final NaCl concentration of 0.3 M then, the product was purified
by ultrafiltration on a 10 kDa ultra-filtration membrane (Amicon Bio-
separations, Millipore, NH, USA). HAS-PBA was recovered after freeze-
drying with a yield superior to 90 %.

2.3. NMR analysis

NMR spectra of the polysaccharide derivatives dissolved in deute-
rium oxide were recorded at 25 °C or 80 °C using a Bruker AVANCE III
HD spectrometer operating at 400.13 MHz (lH) and 100.61 MHz (136).
Detailed acquisition conditions, peak assignment and all NMR spectra
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are reported in Supplementary Information.

'H (D50, 80 °C) of HA-TBA: 4.68-4.36 (2H, dd), 4.25 (HOD signal),
3.95-3.25 (10H, m), 3.18-3.10 (8Ha, t), 2.10-1.84 (3H, s), 1.70-1.56
(8HDb, quint), 1.42-1.28 (8Hc, hex), 1.00-0.86 (12Hd, t).

'H NMR (D20, 80 °C) of HAS: 5.04-4.9 (2H,m), 4.9-4.8 (1H, s), 4.68-
4.58 (1H, d), 4.54-4.45 (2H, d), 4.42-3-4.33 (1H, t), 4.31-4.19 (HOD
signal + 2H), 4.18-4.10 (1H, s), 3.99-3.91 (1H, m), 3.89-3.80 (1H, 1),
2.27-2.06 (3H, s); 13C NMR (D0, 80 °C), 173.2, 103, 98.8, 77.2, 76.8,
75.7,75.2,75.0, 72.0, 66.5, 54.2, 21.7.

'H NMR (D,0, 80 °C) of HAS-PBA: 7.92-7.81 (0.3Ha, s), 7.70-7.53
(0.6Hb + ¢, dd), 7.50-7.40 (0.3H,d t), 5.08-3.56 (10H + HOD signal at
4.25, m), 2.32-1.94 (3H, s).

2.4. Measurement of HA sulfation degree

The sulfation degree, DSs, defined as the mean amount of sulfate
groups by HA repeating unit, was determined by chemical quantification
(Supplementary Information) or elementary analysis. Elemental anal-
ysis was performed on a CHNS Flash EA1112Series analyzer (Thermo-
Finnigan Inc.), heated at 950 °C in a quartz tube filled with copper and
zinc oxide, and quartz wool for separation. Gases were carried by heli-
um, separated at 54 °C in the chromatography column, and detected by a
thermal conductivity detector.

2.5. Size exclusion chromatography (SEC)

The molar mass distribution and the weight-average molar mass of
sulfated hyaluronic acids were determined by SEC using a Waters GPC
Alliance chromatograph (Waters, Saint-Quentin-en-Yvelines, France)
equipped with a differential refractometer and a light scattering detector
(MALS) from Wyatt (Santa Barbara, USA). The solutions were injected at
a concentration of 0.7 mg/mL in 0.1 M NaNO3/0.005 M NaNg, at a flow
rate of 0.5 mL/min and at a column temperature of 30 °C. Samples and
mobile phases were filtered under 0.1 pm before injection in the column.
The variation of the refractive index according to the concentration (dn/
dc) values of sulfated and pristine hyaluronic acid (sulfation degree of
2.1, 3.3 and 4) were determined with the same refractometer (0.05 and
0.40 g/mol concentration range).

2.6. Synthesis of PEDOT:HAS,-PBA, inks

The protocol was adapted from (Harman et al., 2015) with minor
modifications. 1 g of HAS,-PBAy (0.5 eq) on one side, and 714 mg of APS
(1.33 eq) on another side, were dissolved into degassed water (Section
3.4) or water:MeCN (9:1 v:v) (Sections 3.2-3.3). EDOT (251 pL, 334 mg,
1 eq) and FeSO4 (0.05 eq or 0.015 eq), then APS solution, were added at
once to the HAS,-PBA, solution. The solution was eventually mixed for
10 min at 25,000 rpm using an Ultra Turrax T-10 basic disperser with S
10 N-8G dispersing tool (Roth, Karlsruhe, Germany). EDOT polymeri-
zation took place at room temperature under nitrogen until pH was
stable (1.4-1.5). The medium was dialyzed against deionized water with
dialysis membrane MWCO 6-8 kDa (Spectrum Laboratories, California,
USA), changing the bath until water conductivity was below 8 pS/cm.
Then pH was adjusted to 7.4 and PEDOT:HAS,-PBAy was recovered by
freeze-drying as a deep blue powder, with a yield superior to 80 %.

2.7. Ink deposition on glass slides and conductivity measurements

Freeze-dried PEDOT inks were dissolved in water at the desired
concentration and the suspension strongly stirred for 10 min and soni-
cated for 30 s. 60 pL of suspension were deposited inside a 1 cm silicon
ring on a glass slide washed with acetone and ethanol. The ink was dried
at room temperature. Ink film thickness h was measured with a Dektak
DXT profilometer (Briiker, Palaiseau, France). Film sheet resistivity
Rsheer (/[, the “[J” is adimensionnal, but kept to not confuse sheet
resistance from bulk resistance) was determined using a 4-point probe



M. Leprince et al.

from Ossila (Power Cord Type, Sheffield, England). Conductivity ¢ was
calculated as ¢ = 1 /Rgpus 1 where ¢ was a geometric corrector coeffi-
sheet -

cient determined by the software and h the film thickness.

2.8. UV-visible absorbance measurements

Absorbance was measured from 300 to 2000 nm using a Cary 7000
Universal Measurement Spectrophotometer (Agilent, Santa Clara, USA),
on ink films deposited on glass slides. All spectra were normalized by
film thickness h.

2.9. Cytotoxicity

NIH3T3 murine fibroblasts were seeded in 96-well plates at a density
of 4000 cells per well and incubated during 24 h at 37 °C with growth
medium (Supplementary Information). After 24 h, growth medium was
replaced with 200 pL of fresh medium added with PEDOT:HAS4-PBA 3
ink or one of its precursors at desired concentration. After 24 h, the
growth medium was removed and replaced with 100 pL of fresh medium
and 10 pL of WST-1 reagent to perform cytotoxicity assay (Supple-
mentary Information).

2.10. Degradation study

HA samples were incubated at 1 mg/mL at 37 °C for several weeks, in
ammonium acetate buffer at pH 5 with and without hyaluronidase
(1000 U/mL) from bovine testes. Then sample fractions were aliquoted
at different times and analyzed by SEC-MALS as previously described.

2.11. Dynamic light scattering (DLS)

DLS measurements were performed on a Zeta sizer NanoZS from
Malvern Instruments Ltd. (Worcestershire, England). Samples were
diluted at 0.05 g/L in water and equilibrated at 25 °C. Measurements
were performed in triplicate. Zayerage values were reported.

2.12. Inkjet printing

Ink formulations were prepared by dissolving ingredients
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(lyophilized PEDOT:HAS,-PBAy, DBSA, glycerol) in water, adjusting pH
to 7.4 with NaOH 0.1 M, filtering successively through 3 pyM and 1.2 pm
cellulose filters, vortexing, and sonication (30 s). Conductive lines (1-2
cm length, 25 pm drop-to-drop spacing) were printed at 25 °C using a
Dimatix Material Printer DMP-2831 from Fujifilm with 10 pL droplet
size (~25 V applied voltage to the printer 21 pm diameter nozzles). After
printing, tracks were dried overnight.

2.13. Scanning electron microscopy (SEM)

SEM pictures were obtained using a Merlin microscope from Zeiss
(Fougeres, France) equipped with a Gemini electron gun and a high
efficiency SE2 detector. The electron gun firing voltage was set at 2 kV.

3. Results & discussion
3.1. Hyaluronan chemical modification

To mimic the PSS structure, HA hydroxyl functions were sulfated,
and PBA aromatic groups were grafted onto HA carboxylate functions
(Fig. 2). PBA was selected because of its acknowledged biocompatibility
(Figueiredo et al., 2020).

3.1.1. HA sulfation

Two main sulfur trioxide complexes, SO3-Py and SO3-DMF, have
been used as sulfating reagents. As pyridine is a stronger Lewis base than
DMF, SOs3-Py was reported to achieve lower sulfation degree (DSs) (0.2
< DSg < 1.9) than SO3-DMF (0.4 < DSg < 3.5). Although sulfation
conditions and purification procedures varied from one publication to
another, all pointed out an important chain degradation after sulfation
(DPWfinal/DPWipitial < 0.11 for HA samples with molar masses My, in the
range 380-440 kg/mol (Feng et al., 2017; Purcell et al., 2014), DPWgipa)/
DPWipitial < 0.07 for My, around 1 million g/mol (Hintze et al., 2009;
Kunze et al.,, 2010; Moller et al., 2012), where DPw represents the
polymerization degree).

Herein, a two-step sulfation protocol was optimized from the above-
quoted literature. The first step (Fig. 2i) consisted in converting the HA
sodium salt to the tetrabutylammonium salt (HA-TBA) by an ion ex-
change process in order to enhance its solubility in DMF. In the second
step (Fig. 2ii), HA-TBA was reacted with SO3-Py or SO3-DMF using DMF

OH
OH Ho o

(o) TBA*
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(iii)
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Fig. 2. Reaction scheme for the synthesis of sulfated HA derivatives bearing phenylboronic acid groups. Reagents and conditions: (i) Amberlite IR120 (H") then,
BuyNOH in H,0; (ii) SO3-DMF or SO3-Py in DMF, then NaOH quenching and dialysis; (iii) DMTMM in H,O/DMF, room temperature, 24 h.
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as a solvent, followed by the introduction of an original basic quenching
step after the sulfation reaction, to yield HAS (sulfation mass yield > 85
%).

Reaction studies were carried out starting from HA samples with
different average molar mass (113, 219, 478, and 1070 kg/mol). The
reaction time was set to 1 h because its increase resulted in more
important chain degradation without significant increase of sulfation
degree (Supplementary Information). Besides, HA sulfated at 30 °C was
more degraded than when sulfated at 4 °C (Table 1, entries 1-2, 4-5,
8-9), because of reduced kinetics of HA hydrolysis at cold temperature.
SOs-Py yielded lower sulfation degree than SO3-DMF (Table 1, entries
10-12, 11-13). Size exclusion chromatography (SEC-MALLS) showed
that HAS prepared from HA samples with different molar masses
exhibited a slight increase of polydispersity P (~10 %) in comparison to
initial HA. No major degradation was observed for the derivatives pre-
pared from HA with My, of 113, 219, and 478 kg/mol (DPw¢ina1/DPw;.
nitial > 0.40 in most cases). On the other hand, the DP,, decrease was
much more significant for the HAS derivatives prepared from HA with
M, 1070 kg/mol using SOs-DMF, in agreement with the literature
(Purcell et al., 2014).

To our knowledge, such high sulfation degree (DS = 4 for a classical
amount of 20 eq. of SO3-DMF) and such low chain degradation (DPwg;.
nal/DPWinitial ~ 0.67) is unprecedented. The increase of sulfation degree
was attributed to the basic quenching of the sulfation reaction,
neutralizing the formed sulfuric acid when water was added (Gilbert,
1962) (Fig. 2, step ii). As concentrated sulfuric acid can also be used as a
polysaccharide de-sulfating agent, this could explain why literature
protocols based on pure water quenching resulted in lower DSg.

For the rest of this study, HA derivatives with initial M,, of 113 kg/
mol, sulfated at 4 °C with SO3-DMF, were selected since they displayed
the minimum chain degradation during sulfation reaction (DPwfina1/
DPWipjtial ~ 0.7).

3.1.2. Introduction of phenylboronic moieties

HAS with DSg of 4 (entry 2, Table 1) and pristine HA were further
modified to introduce PBA with a mass yield higher than 95 %. The
amide coupling reaction between the carboxylic acid function of HAS
and the amine function of 3APBA was conducted according to the con-
ditions of (Figueiredo et al., 2020) (Fig. 2iii). The substitution degree in
PBA (DSpgs) was determined by 'H NMR spectroscopy to be 0.3 (Sup-
plementary Information). FTIR spectra of HA derivatives were also re-
ported in Supplementary Information.

3.2. Synthesis and characterization of hyaluronan-based PEDOT inks

HA, HAS (DSg = 1.6, 3.0, 4.0), HA-PBA (DSpga = 0.3) and HAS-PBA
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(DSppa = 0.3, DSg = 4.0) were further used as dopants to prepare PEDOT
inks. The oxidative chemical polymerization procedure was adapted
from (Harman et al., 2015), with minor modifications. The HA de-
rivatives and EDOT (EDOT/HA(erivative molar ratio = 2, one EDOT per
saccharide unit) were dissolved in a mixture of water:MeCN (9:1, v:v) to
improve EDOT solubility. Ammonium persulfate (APS) as oxidant, and
Fe(SO4) (0.05 eq.) as catalyst, were then added. Although 1.0 M
equivalent of APS with respect to EDOT should be enough to achieve
polymerization, 1.33 M equivalents were used to further oxidize PEDOT
backbone, forming charge-propagating carriers. During polymerization,
the reaction medium turned acid and deep blue (Fig. 3), and inks were
recovered as deep blue powders.

X-ray photoelectron spectroscopy (XPS, Supplementary Informa-
tion), Raman spectroscopy (Supplementary Information), ultraviolet to
near-infrared spectroscopy, and 4-point probe conductivity measure-
ments were performed on ink drop-casted films (5-15 pm thickness) on
glass slides.

For all samples, the absorption band of neutral PEDOT (350-550 nm)
was almost not present, as expected since 1.33 eq. of APS were added
during polymerization to create charge carriers (Fig. 4a). For PEDOT:
HAS,, the intensity of charge carrier bands (radical cation and dications,
displaying specific absorbance respectively around 800 nm and above
1000 nm (Gribkova et al., 2016a, 2016b; Zozoulenko et al., 2021))
increased as the DSg increased. However PEDOT:HA-PBA 3 exhibited
higher absorption in the charge carrier bands. When both sulfate and
PBA were present (PEDOT:HAS4-PBAy3), charge carriers absorption
bands were even more intense, evidencing a synergic effect between
negatively charged sulfate and hydrophobic groups to efficiently dope
the PEDOT chains.

PEDOT:HA displayed too low conductivity to be measured (Fig. 4b).
For PEDOT:HAS;, the macroscopic conductivity increased as the sulfa-
tion degree increased, from 3.2 + 0.7 1072 S/cm to 1.6 + 0.4 1071 S/
cm. Interestingly PEDOT:HA-PBA 3 displayed lower conductivity (3.5
+0.910 %) than all PEDOT:HAS, inks, whereas it was more intrinsically
doped according to absorbance measurements (Fig. 4a). PEDOT:HAS4-
PBAj 3 presented an unprecedented conductivity for a PEDOT:GAG ink
(6 = 1.6 & 0.2 S/cm, Rgpeer = 5 10* Q/[], demonstrating again the
synergy between the sulfate and aromatic groups.

To optimize conductive properties at the macroscopic scale, both
charge carrier mobility and intra/interchain charge transport are
involved. We introduced both sulfate groups and PBA moieties on HA to
increase its acidity and global negative charge (as evidenced by zeta
potential measurement reported in Supplementary Information), as well
as its hydrophobic n-stacking interactions with PEDOT. The introduction
of sulfate or PBA moieties alone resulted in almost no conductivity
enhancement of PEDOT:HA gerivative ink (6 (PEDOT:HAS,) = 0.032-0.16

Table 1
HA sulfation study.
Entry Mw; (kg/mol) Sulfating agent Equivalent of sulfating agent/HA (n) Reaction temperature DSs DPWreinal/DPWinitial Dinal/D initial

1 113 SO3-DMF 20 30°C 4 0.23 1.01
2 113 SO3-DMF 20 4°C 4 0.77 1.01
3 113 SO3-DMF 10 4°C 2.2 0.68 1.01
4 219 SO3-DMF 20 30°C 4 0.11 1.08
5 219 SO3-DMF 20 4°C 4 0.51 1.17
6 219 SO3-DMF 15 4°C 3.3 0.41 1.08
7 219 SO3-DMF 10 4°C 1.6 0.64 1.08
8 478 SO3-DMF 20 30°C 4 0.06 1.04
9 478 SO3-DMF 20 4°C 4 0.38 1.04
10 478 SO3-DMF 15 4°C 3.3 0.25 1.15
11 478 SO3-DMF 10 4°C 1.6 0.48 1.15
12 478 SO3-Py 15 4°C 1.4 0.71 1.16
13 478 SO3-Py 10 4°C 1.2 0.64 1.13
14 1070 SO3-DMF 13 4°C 3 0.13 0.9

15 1070 SO3-DMF 8 4°C 2.2 0.11 0.92
16 1070 SO3-Py 10 4°C 1.5 0.56 1.01
17 1070 SO3-Py 15 4°C 1.8 0.33 0.98
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S/cm for x = 1.6-4.0, and 6 (PEDOT:HA-PBAg 3) = 0.0035 S/cm). In
contrast, the simultaneous introduction of both sulfate and PBA resulted
in a high increase of both the absorption in charge carrier bands and the
conductivity, up to 1.57 S/cm. This synergy was also observed for
another GAG, natural ChS (DSs = 1.5). PEDOT:ChS; 5 ink displayed a
conductivity of 0.082 S/cm, whereas it was 1.078 S/cm for PEDOT:
ChS; 5-PBAj 3, showing again a synergetic effect of sulfate and PBA

(synthesis described in Supplementary Information). This synergistic
effect was attributed to PEDOT/polyelectrolyte interactions: hydro-
phobic moieties in GAG-PBA( 3 enabled close association of PEDOT
oligomers with polysaccharide backbone, resulting in stable radical
cations and dications, as evidenced by spectrophotometry (Fig. 4a).
However, because of the absence of sulfate groups along the poly-
electrolyte, they could not efficiently propagate, resulting in a low
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conductivity. By contrast, the numerous sulfate groups in the ChS or
HASy samples enabled charge propagation all along the PEDOT oligo-
mers associated to the polysaccharide chains, but did not create high
charge carrier concentration in PEDOT domains. For HAS4-PBAg 3 or
ChS-PBA( 3, hydrophobic moieties enhanced charge carrier concentra-
tions, and negative sulfated charges enabled their propagation. Notice-
ably, PEDOT:HAS4-PBA 3 ink displayed better conductive properties
than PEDOT:PSS in physiological conditions (7.2 + 1.3 1072 S/cm for
Clevios PH1000 films deposited on a glass slide at pH ~ 7.4 in PBS),
without secondary doping. To the best of our knowledge, the intro-
duction of aromatic moieties on biomolecules to design new PEDOT bio-
dopants has never been described. This work highlights the potential of
this strategy.

3.3. Biological properties of PEDOT:HAS4+PBA 3 ink

3.3.1. Cytotoxicity

The cytotoxicity of PEDOT:HAS4-PBA( 3 was assessed using a cell
proliferation and viability WST-1 assay. A high viability of cells incu-
bated with the ink was observed at all concentrations (ICsg > 750 pg/
mL, ICs5¢ being the dose of cytotoxic compound at which 50 % mortality
is achieved) (Supplementary Information). On an indicative basis,
PEDOT:PSS ICso value was reported to be below 1000 pg/mL (Baek
et al., 2014).

3.3.2. Degradability

HAS,4 degradation with or without hyaluronidase (HAase) was
monitored over time using SEC-MALS to measure the chain average
molar mass, and compared to that of HA (Fig. 5). Unfortunately, it was
not possible to include HAS4-PBA( 3 or PEDOT:HAS4-PBAg 3 in the ex-
periments, because of the interactions of PBA or PEDOT moieties with
the chromatography column. Interestingly, HAS, (Fig. 5) but also HASz 5
(data not shown) displayed the same degradation behavior, regardless
HAase presence and concentration. They were degraded by roughly 40
+10% (DPWﬁnal/DPWinitial ~ 0.6) and 70 £ 10 % (DPWﬁnal/DPWinitial ~
0.3) in respectively two weeks and three months. The degradation rate
of HAS4 (with/without HAase) was more important than the degrada-
tion of HA alone (18 % in 3 months, DPW¢ina1/DPWipitial ~ 0.82), but less
important that the degradation of HA with HAase (DPWfina1/DPWipitial <
0.02 in 24 h).

Sulfated HA therefore appeared degradable by auto-hydrolysis that
cleaved the polymer chain into smaller oligomers, but not biodegrad-
able, as the degradation rate was not linked to enzymatic activity.
Regarding the lack of degradation of HAS by HAase, the sulfate groups
could prevent the HAase/HA complex to form properly as the enzyme
needs an available unmodified HA octasaccharide substrate to bind and
cleave the polymer (Deschrevel et al., 2008). HAS fastened hydrolysis in
comparison to HA could be attributed to the sulfate groups contributing
to the hydrolytic auto-cleavage of the p 1,4-glucosaminidic bonds

= 0.8 @ HA
£
‘—& HA+ HAase
T
a g HAS,
204
E —o— HAS, + % HAase
o
02 —e— HAS, + HAase
0 $—% 3 )
0 20 40 60 80
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Fig. 5. Degradation of HA and HAS, at 37 °C in ammonium acetate 5 mM pH 5
with or without 1000 U/mL of hyaluronidase (500 U/mL for > HAase).
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between glucosamine and glucuronic acid moities, as it was observed in
other sulfated polysaccharides such as carrageenan (Cosenza et al.,
2016). Importantly, HAS, slowly hydrolyzed in physiological condi-
tions. Probably HAS4-PBA 3 could do the same, as the low degree of PBA
substitution should not modify hydrolysis mechanism.

3.4. Inkjet printing of HAS4-PBA¢.3:PEDOT

With PEDOT:HAS4-PBA( 3 material in hand, a formulation fully
processable for bioelectronic device microfabrication was developed.
Due to the water-flowing like behavior of PEDOT:HAS4-PBA 3 disper-
sion, inkjet printing was explored. Dimatix DMP-2800 drop-on-demand
printer was selected since fully configurable and enabling to work with
small volumes (0.5-2 mL). Ink optimal physicochemical specifications
for this printer are: i) ink particle size below 1/10th of nozzle dimeter (i.
e. 2 ym) to avoid clogging; ii) viscosity between 10 and 12 mPa-s; iii)
surface tension between 28 and 33 mN/m.

With previously described protocol (Section 3.2), ink particle sizes
above 1-3 pm diameter with high polydispersity index (PDI > 0.4) were
measured by Dynamic Light Scattering (DLS) at the end of EDOT poly-
merization. A homogenization step was therefore introduced at the very
beginning of the polymerization to obtain inks composed of small
monodisperse droplets. Optimized PEDOT:HAS4-PBA 3 formulation for
inkjet printing was ink concentration of 30-35 g/L, in the presence of 2
g/L of dodecylbenzene sulfonic acid (DBSA) and 2.3 % vol. of glycerol to
tend to viscosity and surface tension specifications (Supplementary In-
formation). PEDOT:HAS4-PBAg 3 ink particles of 767 + 27 nm were
obtained, with a film resistivity of 0.5-1 10> Q/[] when drop-casted on
glass slide.

Tracks (lines) were then printed on soft poly(urethane) (PU) films
(Fig. 6a). The film resistivity decreased with the number of printed
layers (from 8.0 + 1.0 10° to 4.1 + 0.3 10° Q/[] for respectively 5 and
60 printed layers), as expected when track thickness increased. How-
ever, it resulted in a lowered printing resolution (track effective width of
500 pm for 50 layers, for a printer value set at 160 pm) (Fig. 6a, b),
showing that successive ink layers flowed on each other. The structure of
printed tracks was further analyzed by scanning electron microscopy
(SEM) (Fig. 6b). Zoomed picture displayed some granularity, in accor-
dance with DLS measurements (767 nm diameter).

Usually, PEDOT:biomolecules inks are processed by electrospinning
(Kiristi et al., 2013), drop casting (Mantione et al., 2016; Wang et al.,
2017), spin coating or extrusion printing (Harman et al., 2015). Be-
forehand, only Harman et al. (2015) have reported inkjet printing of a
PEDOT:DexS ink. Noticeably, they did not report the conductivity of the
printed tracks. Herein, a sheet resistivity of 410 + 30 kQ/[] was ob-
tained for 60 layers of printed PEDOT:HAS4-PBA 3 ink. To the best of
our knowledge, the only work reporting the conductivity of printed
PEDOT:PSS tracks without secondary doping or other treatments is the
publication of Mire et al. (2011) in which commercial PEDOT:PSS was
printed on a soft chitosan-HA film. The tracks were 40 pm wide and 1.2
pm thick with a conductivity of 0.7 S/cm, corresponding to a 2 cm long
track resistance of ~400 k<, in the same range than PEDOT:HASy-
PBAj 3 ink, which appears competitive.

4. Conclusions

We designed HAS-PBA as PEDOT dopant based on the hypothesis
that the introduction on the HA backbone of sulfates and aromatic
groups may “mimic” the chemical functions of PSS. We demonstrated
that HAS-PBA provided acidity, global negative charge, and hydropho-
bic and =-stacking interactions with PEDOT, necessary to obtain
conductive PEDOT:HAS-PBA inks. Additionally, we showed that there
exists a synergy effect between the sulfate and the PBA aromatic groups
to promote ink conductivity. PEDOT:HAS-PBA inks proved to be
biocompatible, probably resorbable, and importantly easily processable.
Once cross-linked to make them non water-soluble, they will display all



M. Leprince et al.

a.
5 layers
10Ia?(ers
e

io Iaxe_r_s decicd

4

0 !ayers ¢

Carbohydrate Polymers 301 (2023) 120345

Fig. 6. Inkjet-printed tracks (5 mm long, 160 um width) of PEDOT:HAS4-PBA 3 ink. a. Optical images of tracks on a poly(urethane) film; b. SEM images of printed

tracks (50 layers) on a silicon substrate.
necessary hallmarks for the design of transient bioelectronics devices.
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