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A New Drug Delivery System based on Tauroursodeoxycholic

Acid and PEDOT
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Giuliana Ottonello,!! Marco Salerno, Alice Scarpellini,’® Daniela Perrone,[1 Elena Marchesi,! Davide

Ricci,@! 9l Luciano Fadigal@cl

Abstract: Localized drug delivery represents one of the most
challenging uses of systems based on conductive polymer films.
Typically, anionic drugs are incorporated within conductive polymers
through the electrostatic interaction with the positively charged
polymer. Following this approach, the synthetic glucocorticoid
Dexamethasone-phosphate is often delivered from neural probes to
reduce the inflammation of the surrounding tissue. Encouraged by
recent literature on the neuroprotective and anti-inflammatory
properties of Tauroursodeoxycholic acid (TUDCA), we incorporated
for the first time this natural bile acid within Poly(3,4-
ethylenedioxythiophene) (PEDOT). We demonstrated that the new
material PEDOT-TUDCA  can efficiently ~ promote  an
electrochemically controlled delivering of the drug, while preserving
optimal electrochemical properties. Moreover, the low cytotoxicity
observed with viability assays, makes PEDOT-TUDCA a good
candidate for prolonging the time span of chronic neural recording
brain implants.
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Introduction

The development of implantable microelectrodes, capable of
recording and/or stimulating the neural activity, has
revolutionized the field of neuroscience by enabling bidirectional
communication with neural tissue at high spatial and temporal
resolution.!'l. Unfortunately, one of the main concerns related to
chronically implanted microelectrodes is the adverse reaction of
the surrounding tissue, which is known to progressively lead to
the loss of neural recording/stimulating ability after few weeks
post-implantation.””! Thus, the modulation of the reactive tissue
response represents one of the main goals to be reached in
order to account for long-term use of neural implants. In this
context, localized drug delivery from biocompatible poly(3,4-
ethylenedioxythiophene) (PEDOT) based coatings on neural
probes is one of the most powerful tool to reduce the foreign
body response as well as to overcome the well-known issues
related to the systemic administration of high dosage of anti-
inflammatory drugs.®! For this purpose, the use of potent
synthetic anti-inflammatory Dexamethasone phosphate (DEX) is
widely reported.™ Typically, DEX is incorporated within
conductive polymer films through electrostatic interactions,
thereby leading to an electrochemically controlled drug-release
system.! Very recently, we reported a new promising approach
which is based on the chemical functionalization of PEDOT with
Dexamethasone to provide a biochemically hydrolysable drug
release system.®!

Recent studies suggest that Tauroursodeoxycholic acid
(TUDCA) may have cytoprotective and anti-apoptotic actions,
with potential neuroprotective activity: TUDCA acts as a
mitochondrial stabilizer and anti-apoptotic agent in several
models of neurodegenerative diseases, including Alzheimer’s,
Parkinson’s, and Huntington’s diseases.[l Moreover, anti-
inflammatory  properties of TUDCA toward acute
neuroinflammation on an animal model have been reported: in
particular, TUDCA exerts its anti-inflammatory activity by
reducing microglial and astrocyte cells activation normally
induced by neural devices implantation.®l TUDCA is a
hydrophilic bile acid that is produced by the liver and is widely
used for treatment of acute and chronic liver diseases in
humans.”! Its structure is composed by ursodeoxycholic acid
(UDCA) conjugated with taurine, through an amide bond, as
depicted in Figure 1.
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Figure 1. Chemical structure of TUDCA.

Surprisingly, to the best of our knowledge, drug delivery systems
based on the incorporation of TUDCA within conductive
polymers have not been reported hitherto, nor is its application
as a potential anti-inflammatory agent for in vivo neural
recording studies. Here, we incorporated for the first time
TUDCA within a PEDOT backbone through the ionic-approach,
which is expected to promote an electrochemically controlled
delivery of the drug. Furthermore, we compared the new
PEDOT-TUDCA composite with the well-known DEX-P
conjugate (PEDOT-DEX) as far as both electrochemical and
morphological properties are concerned.

Results and Discussion
Electrodeposition and Electrochemical Characterization

According to the chemical structure of TUDCA (Figure 1), the
SOs group of the taurine unit can act as the dopant to
counterbalance the positive charges of PEDOT during the
anodic electrodeposition. It is worth noting that sulfonate based
dopants, like paratoluene sulfonate (PTS) or
polystyrenesulfonate (PSS), are among the most typically used
counter ions to prepare stable and highly biocompatible PEDOT
coatings.[' The electrodeposition method adopted in this study
was the cyclic voltammetry (CV), which was reported to provide
improved film morphologies, with respect to galvanostatic and
potentiostatic methods.['"! Figures 2a and 2b report the
electrodeposition plots (first and last scan, respectively) of
PEDOT-TUDCA. The onset of EDOT oxidation is cathodically
shifted of 200 mV in presence of the sodium salt of TUDCA
(TUDCA-SO3Na, water solution), with respect to the less
hydrophilic acidic form (TUDCA-SOsH soluble in a 1:1 mixture of
acetonitrile and water). This suggests that the film formation is
strongly influenced by the operating conditions. In fact, it is
known that the pKa values are solvent-dependent and, therefore,
the ability of TUDCA to act as a dopant for PEDOT strongly
depends on the extent of the dissociation of the sulfonate
groups.['? Moreover, a reduction of the oxidation potential of
EDOT was observed in water, rather than organic solvents, due
to a higher stabilization of the cationic oxidized monomer EDOT
by the solvent.['8l The higher availability of free SOs™ groups in
water solution for TUDCA-SO;Na reflects in a more effective
doping during the electrodeposition that finally leads to lower
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impedance values (Figure S1) with respect to films obtained
from TUDCA-SOsH in ACN/water.
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Figure 2. Typical a) first and b) last deposition plot, obtained with the acidic
form of the bile acid (TUDCA-SOzH) in 1:1 ACN/H20 or with its sodium salt
(TUDCA-SOsNa) in H20, respectively. (0.01N EDOT and 0.02 N of TUDCA-
SO3H or TUDCA-SOsNa).

CV analysis confirmed that TUDCA does not undergo any
faradaic reaction and/or degradation that might compete or
interfere with the oxidation of EDOT during the electrodeposition
process (see Figure S2). For the sake of clarity, we will use
hereafter the acronym PEDOT-TUDCA to refer to the composite
electrodeposited from a deposition mixture containing the
sodium salt of TUDCA (see experimental section for details). We
compared the electrochemical properties of PEDOT-TUDCA
films to those of PEDOT-DEX films prepared in the same
conditions. The oxidation of EDOT is shifted by ~ 50 mV at lower
overpotentials in the presence of TUDCA, with respect to DEX-P
(as observed by the onset of the curve in Figure 3a).
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Figure 3. Typical a) first and b) last deposition plot for PEDOT-TUDCA and
PEDOT-DEX, respectively.

An extra-stabilization of the oxidized EDOT, leading to a
reduction of its oxidation potential, has been reported for
electrodeposition in presence of surfactants.l'¥ It is also known
that natural bile acids, including TUDCA, are biological
surfactants involved in the solubilisation and absorption of
dietary fat and lipid soluble endogenous molecules as well as
hydrophobic drugs.®'Y Moreover, the steeper oxidation curve
(Figure 3a,b) as well as the more pronounced nucleation loop
(see the typical trace crossing point during the reverse sweep
reported in the first cycle deposition of Figure S3), are consistent
with a kinetically favored electrodeposition of EDOT in presence
of TUDCA, with respect to PEDOT-DEX film formation.["¥ In fact,
it is widely accepted that the mechanism of
electropolymerization of five-membered heterocycles, including
PEDOT, involves the coupling of two radicals to produce a
dihydro oligomer di-cation which leads to an oligomer after loss
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of two protons and re-aromatization.['8! Thus, the polymer growth
at the electrode interface is dominated by the precipitation of
oligomers that become insoluble in the electrolyte. The higher
faradaic current exchanged during the deposition of PEDOT-
TUDCA is in accordance with an improved film formation, in
terms of higher thickness, higher charge storage capacity (CSC,
Figure S4) and lower |Z| impedance (Figure S5). It is important
to note that, for the sake of neural sensing, lower impedance
represents the most desirable property in order to reach higher
S/N ratios.['! In fact, it is known that both biological and non-
biological noises can negatively affect the recording of neural
signals.l'" Thus, in general, the reduction of the impedance of
the microelectrode by electrodepositing PEDOT based
conductive films will produce a significant reduction of the
thermal noise, resulting in an improved neural recording
sensitivity. From the time integral of the cathodic current by CV
analysis (typical trace reported in Figure S4) the CSC of 3.2 £
0.2 mC cm? and 2.6 = 0.2 mC cm™ (n = 3) were calculated for
PEDOT-TUDCA and PEDOT-DEX, respectively (see
experimental section for details).'” These values are in
accordance with CSC data recently reported by C. Boehler et al.
for neural implants coated with PEDOT-DEX for a chronic in vivo
neural recording study.a!

Equivalent Circuit Modelling

To gain insights on the charge transport dynamics within both
PEDOT-TUDCA and PEDOT-DEX films, circuit modelling was
used to fit experimental EIS data in the frequency interval of 105-
0.05 Hz. The model proposed by Danielson et al. provided the
best fit to experimental data (y?~10). This model is represented
by a solution resistance (Rs) in series with a charge transfer
element (a charge transfer resistance Rcr in parallel with a
capacitor C), the double layer capacitance represented by a
constant phase element (CPE) and a finite-length Warburg
impedance (T) that describes processes dominated by ion
diffusion (Figure 4a). 4018l

O PEDOT-TUDCA
O PEDOT-DEX

1 10 100 1k 10k 100k
Frequency / Hz

O PEDOT-TUDCA

O PEDOT-DEX

Cu, d .

- phase angle / Degrees

1 10 100 & 10k 100k 1 10 100 K 10k 100k
Frequency / Hz Frequency / Hz

Figure 4. Representative EIS circuit model for PEDOT-TUDCA and PEDOT-
DEX (experimental data as circles, theoretical data as lines): a) circuit model,
b) Bode module, c) and b) Bode phase plots.
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In Figure 4, experimental and theoretical Bode module (4b) and
Bode phase (4c,d) plots are reported, respectively. It can be
observed the typical near Ohmic behaviour of PEDOT coatings
that extends the interval of frequency independent impedance
from 10° to 102 Hz, for both PEDOT-TUDCA and PEDOT-DEX.
It has been reported that improved charge transport dynamics
along the conductive film leads to a wider range of frequency
independent impedance. '® From this perspective, both PEDOT-
TUDCA and PEDOT-DEX exhibit similar behaviour. The relevant
parameters obtained from EIS fitting are reported in Table 1 (a
more detailed Table S1 is reported in the supporting information)

Table 1. Relevant parameters obtained from EIS circuit model (from a set of 3
different PEDOT-TUDCA and PEDOT-DEX electrodes, respectively) .

Sample Rs T Qo n Rpte! Cel!
Q ps 105 Ss" (@) 105F

PEDOT- 21+£2 32+13 55+4 0.97 6+2 45+2

TUDCA

PEDOT- 401 45+0.9 24 +2 0.93 21+8 222

DEX

[a] see ref. 22 [b] see ref. 20.

Solution resistance is defined as Rs = p(l/A), where [ is the length,
A is the area of the electrode and p the solution resistivity. A
contribution from the Ohmic resistance of PEDOT films to Rs
cannot be excluded a priori, although Rs is dominated by the
resistance of the electrolyte solution.?® Therefore, affording that
both / and the ionic concentration of the electrolyte are constant
during EIS experiments, the higher Rs of PEDOT-DEX (~ 40 Q),
can be explained in terms of a reduced electroactive surface
area and/or a lower electronic conductivity of PEDOT-DEX, with
respect to PEDOT-TUDCA (Rs ~ 20 Q). As far as the charge
transfer process is concerned (see Figure 4a), the fitting
provided two different time constant (t = RcrC) in the order of
45 pus and 32 ps for PEDOT-DEX and PEDOT-TUDCA,
respectively. The nature of this process has been ascribed
mainly to the charge transfer at the interface PEDOT||electrode,
electrolyte||PEDOT as well as to charge transport along the
conductive film. ' The constant phase element CPE reflects the
behaviour of a non-ideal capacitor, which is mainly due to the
roughness of the electrode material, including PEDOT coatings.
22 |ts impedance is defined as 1/Zcpe = Qu(jw)", where the
physical meaning of the term Qo can be ascribed to the
electrode capacitance, whereas the exponent n relates to the
roughness of the electrode. The higher CSC obtained for
PEDOT-TUDCA from CV characterization is in accordance with
the higher Qo and experimental low frequency capacitance C.r
(-Z; = 1/oCr, f > 0.1 Hz) reported in Table 1. Therefore, the
improved higher capacitance of PEDOT-TUDCA, is detrimental
in lowering its total impedance if compared to PEDOT-DEX
coatings. Moreover, the reduced diffusional resistance Rp of the
Warburg impedance (Zp = Rpcoth(jwr)"?)/(jot)"?) is consistent
with a less restricted ion transport in the PEDOT-TUDCA film
(see Table 1).22 To sum up, equivalent circuit analysis is
consistent with an increased film thickness that leads to higher
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capacitance of PEDOT-TUDCA, as well as to a different surface
morphology between PEDOT-TUDCA and PEDOT-DEX.

Optical and Surface Characterization

The surface morphology of PEDOT-TUDCA and PEDOT-DEX
films was characterized by means of scanning electron
microscopy (SEM) and atomic force microscopy (AFM). As
visible in the SEM images of Figure 5a and 5b both coatings
exhibit a granular-like morphology, which is typically observed
for  electropolymerized
electrolytes.4013.21.23]

PEDOT in aqueous/surfactant

Figure 5. SEM and AFM surface morphology analysis for PEDOT-TUDCA
(a,c) and PEDOT-DEX (b,d).

It is noteworthy that a transition from globular to rod-like and
fibrous morphology was reported for PEDOT overoxidation.?*
However, PEDOT-TUDCA exhibits a more compact surface with
smaller average grain size of ~100 nm, whereas that of PEDOT-
DEX is ~300 nm. These numbers are confirmed by AFM
measurements (Figure 5¢ and 5d), which also provides the
height of the grains. This is likely due to a higher tendency of
PEDOT-TUDCA oligomers to precipitate on the electrode
surface leading to grains of smaller size, when compared to
PEDOT-DEX coating, in accordance with the mechanism
proposed for the polymer growth.[8]

Table 2. Relevant parameters obtained from AFM analysis.

Sample Film Top Grain
thickness roughness size
t (nm) Sq (nm) @ d (nm) ©
PEDOT-TUDCA 930 + 50 23+5 100 + 50
PEDOT-DEX 520 + 50 140 + 30 300 + 60

150 um scan size; ! 10 um scan size.
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AFM analysis carried out across scratches hand-made with
sharp tweezers also allowed to confirm an increased thickness
of up to 930 nm for PEDOT-TUDCA films, with respect to the
value of 520 nm for PEDOT-DEX, as suggested by
electrochemical characterization.

Moreover, higher roughness S, was observed for PEDOT-DEX
films, in accordance with the results obtained from the EIS circuit
model. In particular, the CPE exponent n was calculated for
PEDOT-DEX in the order of 0.93 reflecting a less ideal surface,
whereas for PEDOT-TUDCA a value of 0.97 was obtained,
closer to the ideal value of n = 1 for a pure capacitor.[??
Adhesion tests were performed in order to assess whether the
increased thickness of PEDOT-TUDCA may facilitate film
delamination, with respect to the thinner PEDOT-DEX films. For
this purpose, we employed a modified American Society for
Testing and Materials standard test method for measuring
adhesion by test tape, that was reported in literature as an
effective tool to evaluate the delamination due to mechanical
stress of conductive polymer films.#*25 EIS was collected before
and after the adhesion test in order to quantify any possible
increased resistivity due to the film delamination. Optical images
confirmed the stability of PEDOT-TUDCA whereas PEDOT-DEX
showed randomly distributed patches which are consistent with
partial coating degradation (see Figure 6).

o0k PEDOT - DEX 100k PEDOT - TUDCA

before adhesive tape test
—— after adhesive tape test

—— before adhesive tape test
10k — after adhesive tape test

H

12|/ 0hm —-

tom 1 T 0k 1ok | 100k ioom 1 o100tk 1ok 100k
Frequency / Hz Frequency / Hz

Figure 6. optical images of PEDOT-DEX and PEDOT-TUDCA before (a and d,
respectively) and after (b and e, respectively) the adhesive tape test.
Impedance spectra of (c) PEDOT-DEX and (f) PEDOT-TUDCA, before and
after adhesive tape test.

EIS was performed before and after the test in order to quantify
the extent of delamination. Both coatings preserved similar
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resistive behaviour in the frequency range of 10%-100 Hz, but an
increase of diffusional capacitance C.¢ for PEDOT-TUDCA was
estimated in the order of 5% whereas for PEDOT-DEX a value
of 13% was obtained. This is consistent with partial thinning
related to the loss of material from the outermost surface rather
than delaminating from the substrate, and this phenomenon is
more pronounced for PEDOT-DEX. Therefore, adhesion test
suggests that the higher thickness does not impair the
mechanical adhesion of PEDOT-TUDCA with the underlying
substrate, with respect to PEDOT-DEX.

X-ray photoelectron spectroscopy (XPS) was adopted to confirm

the presence of the dopant TUDCA within the PEDOT backbone.

The S(2p) core-level spectra from films of PEDOT-TUDCA
(Figure 7) is dominated by two distinct doublets at the binding
energy of 163.8 = 0.2 eV and 167.6 + 0.2 eV which can be
ascribed to the sulfur atoms of PEDOT and the SO5 groups of
TUDCA, respectively.['">261 The supplementary doublet at higher
binding energy (~169 eV) has been ascribed to protonated
sulfonate groups SOs;H due to the release of protons during
EDOT polymerization.['®2%a The doping-ratio, a parameter that
defines the degree of dopant incorporation, can be estimated by
the ratio between the SOs; groups of TUDCA and the EDOT
sulfur atoms, as obtained by quantitative XPS analysis. In
particular, the relative amounts (% molar) of the two S species
were calculated in the order of 79.7 (PEDOT) and 18.6 (TUDCA-
SOy3’) leading to a doping ratio of 0.23, which falls within the
typical range of 0.2-0.4 for electrochemically prepared PEDOT
composite films.?”l This is consistent with one TUDCA-SOj
dopant for four-five EDOT units.

1 ,4 — —e— Exp. data -1
PEDOT |

—— TUDCA-SO,
1.2 TUDCA-SO,H 7]
Background 1
1’0 | ——Fit .

0,8

0,6

0,4

Intensity / 103 cps

0,2 o —

170 165
Energy/eV ——

175 160

Figure 7. Typical XPS results collected on PEDOT-TUDCA films over the S 2p
binding energy range.
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In Vitro Release Study

Cyclic voltammetry (CV) was used to promote an
electrochemically controlled delivery of TUDCA. The cathodic
potential of -1V (Vs Ag/Ag*) was chosen in order to assess a
complete reduction of the conductive film, in accord with the CV
analysis of PEDOT-TUDCA that shows a pronounced reduction
peak at -0.65V (see Figure S6). In Figure 8 we outlined the
comparison between the release observed for electrodes
subjected to a progressive number of CV cycles (active release)
and electrodes immersed in the electrolyte during the same
time-windows (see details in the experimental section). Both
active and passive releases exhibited an initial burst phase, but
it is evident (Figure 8a) that there is a significant electrochemical
contribution to the rate of release, as well as to the total mass
delivered by the active mode. In particular, during 360 minutes
(500 CV cycles) the electrodes subjected to active release
provided a total amount in the order of 305 + 6 nmol cm™ that
exceeded the cumulative mass spontaneously released (109 +
29 nmol cm™). After removing the electrochemical stimulation,
the passive release of TUDCA was monitored from all
electrodes over a period of 7 days (even if in some cases the
release extended up to 9-10 days). During this time window the
total amount of released TUDCA increased progressively from
318 nmol cm? to 340 nmol cm™ for the electrodes that were
previously subjected to the electrochemical activation, and from
125 nmol cm?to 152 nmol cm? for the untreated ones (Figure
8b). This result further corroborates the electrochemical
contribution to the active release. It is important to note that the
electrochemical triggers not only promote a faster release during
the analysed 500 CV scans but also influence the total drug
mass delivered. In fact, the total release provided by active
control was quantified in the order of 340 * 44 nmol cm?
whereas a lower value of 152 + 45 nmol cm™ was observed for
the passive release. It is known that conductive polymers act as
electrochemical actuators when subjected to potential sweeping,
thereby producing a change in their volume.?! Therefore, the
improved mass delivery obtained with the active control is
consistent with an increased accessible area of PEDOT-TUDCA
by the electrolyte, due to the expansion and contraction
(actuation) of the polymeric fiim. It is noteworthy that
uncontrollable spontaneous release is typically observed for
ionically incorporated drugs within PEDOT or conductive
polymer based coatings.?®! Several approaches may be adopted
to slow down the rate of the TUDCA release. For example,
Boehler et al. reported that the rate of DEX release was
significantly reduced when a second layer of PEDOT-PSS was
electrodeposited on the top of the PEDOT-DEX substrate,
thereby forcing the drug to diffuse through the stacked layer
before it reaches the bulk electrolyte.?%! Alternatively, the
covalent approach that we reported recently may be suitable for
this purpose as well.®! Despite TUDCA was reported to exert
anti-inflammatory effect in microglia, the biologically active
concentration of this drug that should be released from a
localized drug delivery system was not evaluated so far.[fl For
example, a local release of DEX in the order of 0.5 ug cm? was
established to provide a therapeutic effect toward acute neural
inflammation reduction.%
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Figure 8. Cumulative mass of TUDCA released from glassy carbon electrodes
(area 0.07 cm?) coated with PEDOT-TUDCA: a) active Vs passive and b)
spontaneous after removal of electrochemical triggers. The results represent
the mean from two different experiments.

Assuming that the total amount of incorporated TUDCA is in
the order of 340 nmol cm, as obtained from active control, the
kinetic and mechanism of release can be evaluated by modelling
experimental data with the Avrami’'s equation X = 1 — exp(-kt"):
where X is the molar fraction of released drug, K and n express
the magnitude of release and are empirically determined. B" In
particular, it has been reported that Avrami’s equation fits well
diffusion-controlled and potential-assisted drug-release data,
particularly for ion exchange release as well as conductive
polymers. '@ Thus, we have used this model to fit experimental
data obtained from active release (MATLAB software,
MathWorks R18b). We found that this equation give a good fit
for the first 70% of release, providing R? values of 0.998 and
0.999 for active and passive release, respectively. In Figure 9
we report experimental and theoretical release profiles, as
derived by Avrami’s equation. The Avrami's parameter n is
related to the release mechanism and, in particular, n = 1 is
ascribed to first-order kinetics whereas n = 0.54 corresponds to
diffusive release.®" The values of n = 0.61 and 0.64 were
obtained for experimental data acquired in active and passive
mode, respectively, suggesting that the release of TUDCA is
dominated by a diffusion kinetic in both cases. As expected, the
higher rate release constant k of 0.065 min-' obtained for the
active mode, corroborates the implication of the
electrochemically promoted delivery over the passive release (k
=0.011 min™).
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Figure 9. Release mechanism analysis: experimental and fited by

Avrami’s model.

Cell Viability

Finally, cell viability assay was performed at different time point
(1, 3, and 7 days) on PEDOT-TUDCA, PEDOT-DEX substrates
to evaluate the cell survival as well as the cytocompatibility of
the coatings. In agreement with the international standard
ISO10993 and with what is widely reported in literature, we used
fibroblast cells to provide the cytotoxicity evaluation of the new
material.®? This analysis represents the first important step that
can be performed to gain insights on the biocompatibility of a
new material.?® PEDOT-PSS was also included due to its well-
known biocompatibility.®* After one day of culture, in all cases
the cells were able to adhere to the substrate, although a slightly
increased cell adhesion was observed for PEDOT-DEX
substrate, consistent with its higher roughness and/or grain
size.39 In fact, according to AFM characterization the roughness
of PEDOT-DEX was estimated in the order of 140 nm, whereas
for PEDOT-TUDCA a value of 23 nm was observed (see Table
2). Nevertheless, all substrates were able to grow up and
proliferate progressively from the third to the seventh day of
culture, forming a thick layer of living cells (Figure S7). PEDOT-
TUDCA appears to be the best long-term growth substrate,
whereas in contact with PEDOT-PSS, cell viability appears to be
lower for the entire duration of the experiment, as outlined in
Figure 10. This result makes PEDOT-TUDCA a new promising
material also in terms of biocompatibility.
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Figure 10. Quantitative analysis of the viability of fibroblasts cells cultured on
PEDOT-TUDCA (blue bars), PEDOT-DEX (red bars), PEDOT-PSS (gray bars)
substrate at 1, 3, and 7 days in vitro. The percentages of surviving cells
(means + ER) were calculated based on the ratio of total (Hoechst-positive)
nuclei minus Pl-positive nuclei divided by the total nuclei. *: p-value < 0.05
(statistical significance applies at each 1,3 and 7 days/group, independently).

Conclusions

In summary, the bile acid TUDCA has been successfully
incorporated within PEDOT coatings and a substantial
electrochemically controlled release was obtained. The new
PEDOT-TUDCA exhibited promising electrochemical as well as
biocompatibility properties even when compared to classic
PEDOT-DEX coatings with ionically incorporated drug. These
new findings, together with recent literature reporting possible
therapeutic implications for inflammatory CNS diseases, provide
helpful tools for the rational design of advanced localized drug
delivery systems using the natural bile acid TUDCA.
Neuroscience is among those application that may benefit from
this new PEDOT-TUDCA composite material. In fact, neural
probes coated with PEDOT-TUDCA could offer a new possibility
of modulating the brain tissue inflammation while preserving
recording/stimulating capability. Nevertheless, further in-vivo
experiments should be performed to establish and optimize the
amount of bioactive drug locally delivered by PEDOT-TUDCA
coatings in order to guarantee neuroprotective properties.

Experimental Section
Materials

All chemicals including 2,3-Dihydrothieno[3,4-b]-1,4-dioxin
(EDOT) and Dexamethasone phosphate (Dex-P) were from
Sigma Aldrich (ltaly), except otherwise specified. Commercially
available glassy carbon (GC) electrodes (diam. 3 mm) were
provided by IJ Cambria Scientific Ltd. Ultrapure water (Milli-Q,
Millipore, USA) was used for this study. Tauroursodeoxycholic
acid was kindly ‘supplied from ICE SpA. Italy.
Tauroursodeoxycholic acid, sodium salt was purchased from
Glentham Life Sciences Ltd, United Kingdom. All experimental
data were elaborated using the software OriginPro v8.
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Electrodepositions and Electrochemical Characterization

Cyclic voltammetry (CV), electrochemical impedance
spectroscopy (EIS) and coating electrodepositions were carried
out using a Reference 600 potentiostat (Gamry Instruments,
USA) connected to a three-electrode electrochemical cell with a
commercial glassy carbon (3 mm diam.) set as the working
electrode, a Pt wire as a counter electrode and a Ag/AgCl
reference electrode (+0.197 V vs NHE). EIS were performed by
superimposing a voltage sine wave modulation (10 mV RMS
amplitude, 0 V potential applied) within the frequency interval of
105- 0.1 Hz. CSCc were calculated from the time integral of the
cathodic current of cyclic voltammogram over the potential range
of -0.6V-0.8V, which is within the water electrolysis window.['7a
The electrochemical characterizations were collected in 1M PBS
aqueous solution. The software ZSimpWin V 3.2 (EChem
Software) was used for equivalent circuit modeling of EIS data
and y? values in the range of 10™*-107° were used to estimate
the goodness of the fit. The electrochemical deposition was
carried out in potentiodynamic mode, with a scan rate of 100 mV
s, for a total of 20 cycles. The potential range of 0 V-1.2 V was
used for preparation of PEDOT-TUDCA and PEDOT-DEX. A
solution of EDOT (0.01N) and the commercially available
sodium salt of TUDCA (0.02N) was used for the deposition of
PEDOT-TUDCA. Similarly, the preparation of PEDOT-DEX was
achieved by using the dopant DEX-P (0.02N) dissolved in water.

In Vitro TUDCA release

The release of TUDCA from GC coated with PEDOT-
TUDCA was conducted in saline solution at 25°C. The
experiments were performed in duplicated and the data are
presented as the average of all the samples analyzed. Active
release from was monitored by subjecting the immersed
electrodes to a well-defined number of voltammetric cycles in
the potential range of +0.5/-1V at the scan rate of 100 mV s™.
Initially, the number of cycles was set at 10. After removing the
electrochemical stimulation, the electrodes were kept immersed
in the solution for a total time of ten minutes (taking into account
that the voltage excursion is equal to 3V, a total time of 5
minutes is needed to complete a full 10 cycles trigger). Passive
release was obtained by immersing the PEDOT-TUDCA
electrodes during the same time window without applying any
external electrochemical trigger. For each reading, the release
solution was removed and stored at -20°C and the electrode
was immersed in a fresh saline solution. After 150 cycles,
corresponding to the total time of 150 minutes, the electrodes
were subjected to further five set of 50 cycles, and the release
solution was refreshed after a total time of 30 minutes/step.
Subsequently, all the electrodes were subjected to passive
release for a total time of 10 days: in this case the release
solution was renewed every 24 hours. Evaluation of the release
amount of TUDCA was performed by HPLC analysis (see
supporting information for details).

Keywords: Electrochemistry « Drug delivery « Conductive
polymers ¢ Electrodeposition ¢ Neural recording
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