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This work highlights the development of a conductive elastomer (CE) based electrophoretic platform that enables
the transfer of charged molecules from a solid-state CE electrode directly to targeted tissues. Using an elastomer-
based electrode containing poly (3,4-ethylenedioxythiophene) nanowires, controlled electrophoretic delivery of
methylene blue (MB) and fluorescein (FLSC) was achieved with applied voltage. Electroactive release of posi-
tively charged MB and negatively charged FLSC achieved 33.19 + 6.47 pg release of MB and 22.36 + 3.05 pg

release of FLSC, a 24 and 20-fold increase in comparison to inhibitory voltages over 1 h. Additionally, selective,
and sequential release of the two oppositely charged molecules from a single CE device was demonstrated,
showing the potential of this device to be used in multi-drug treatments.

1. Introduction

Delivery of pharmaceutical agents to the central nervous system
(CNS) is a cornerstone of treatment for many neurological diseases. The
treatment in diseases such as Parkinson’s, Alzheimer’s, or brain cancer
relies on the systemic administration of small molecule agents that can
cross the blood-brain barrier (BBB) [1]. The two major challenges
associated with systemic administration of pharmaceutical agents for
diseases in the CNS are off-target effects and poor drug bioavailability
[2]. These issues are typically mitigated through balancing the mini-
mum effective dose with the maximum tolerated dose, which is quan-
tified as the therapeutic index [3]. Some treatments such as systemic
chemotherapeutic treatments for brain tumors possess a narrow thera-
peutic index and can cause extreme systemic side effects. Therefore, the
development of implanted devices for localized delivery of pharma-
ceutical agents to the CNS has seen increased clinical attention due to
the potential to release high doses of therapeutics directly to the tissue
while avoiding off target toxicity commonly associated with systemic
therapies [4-8]. Implanted devices have the potential to enable
high-dose low-toxicity pharmaceutical delivery in addition to expanding
the number of useable pharmaceutical agents by mechanically crossing
the BBB. To that end, many hard-to-treat diseases in the CNS stand to
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benefit greatly from localized high-dose treatments enabled by
implanted devices.

Most active devices developed for clinical administration of localized
drug delivery have been focused on using pressure to inject liquid drug
cocktails into the diseased tissue area (Fig. 1a) [9,10]. The major chal-
lenges associated with this method of delivery are the undesirable in-
creases in intracranial pressure and drug reflux along the implant that
can arise during administration leading to long administration times and
low dose profiles [11]. One potential solution to these challenges is to
develop active material platforms that can release controlled amounts
without relying on pressure differentials. Bioelectronic devices have
enabled the development of technologies capable of performing
controlled drug release through the application of an electrical trigger
via electrophoresis [12,13]. One successful implementation is the
microfluidic ion pump (pFIP) that has been shown to control in situ drug
delivery of highly concentrated bioactive molecules, such as gamma
aminobutyric acid (GABA), to target regions within the brain (Fig. 1b)
[14,15]. However, ion pump devices require fluid flow to sustain the
concentration gradient across the pFIP, which can pose a risk of un-
controlled drug release upon fluid reservoir breakage.

Solid-state drug delivery completely removes the need for fluid
connections at the cost of not having a drug reservoir. Many solid-state
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polymer drug delivery devices capable of localized controlled release
rely on conducting polymers (CPs) such as poly (3,4-ethyl-
enedioxythiphene) (PEDOT), polypyrrole (PPy) and polyaniline (PANI)
[12,16]. The properties of CPs enable them to bind charged molecules to
their backbones through electrostatic interactions and control their
release from the polymer network by changing the reduction-oxidation
state of the CP via electrical stimuli [12,16]. CPs also present favorable
properties such as high chemical stability, cytocompatibility, and rela-
tive low cost of fabrication, which make them ideal for use in implanted
devices [16,17]. Most CP-based delivery systems are formed on metallic
electrode surfaces using electrodeposition (either potentiostatic or gal-
vanostatic) or through solvent gelation processes (sol-gel). Unfortu-
nately, many of these systems are prone to degradation during release
due to poor mechanical stability of the films undergoing repeated
reductions-oxidations state changes (Fig. 1c) [18-20]. Polymer com-
posites such as conductive elastomers (CEs) have been designed to help
overcome these limitations by combining a percolated network of CPs
inside a support network of insulative material, such as an elastomer
matrix [18,21-23].

Using CEs as a solid-state electrophoretic release platform has the
potential to overcome many limitations of solid CP films alone. First, the
elastomeric matrix enables encapsulation of increased amounts of drug
in comparison to stand-alone CP films (Fig. 1d). This is a preferable
mode of drug storage compared to electropolymerization into a CP film
as it protects the CP from degradation caused by reduction and/or
oxidation during release. Second, the CP network enables the voltage
actuated offloading of charged molecules through a local electric field.
In electrophoresis, molecule velocity (v) is governed by electric field
strength (E) and the electrophoretic mobility of the molecule (pe):

v=p E (Equation 1)

The percolated network of CP inside the CE has the potential to exert
a high electric field strength due to the proximity of the entrapped
molecules in the elastomeric matrix leading to increased electrophoretic
velocity (v) through the polymeric matrix. This means that, depending
on molecular charge, an applied electric field can either initiate faster
release by increasing electrophoretic velocity away from the polymer
network, or inhibit release by increasing electrophoretic velocity
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towards the polymer network.

These composites have shown long-term stability through processes
such as autoclave sterilization seeing little to no change in electro-
chemical properties after prolonged exposure to traditionally chal-
lenging environments for CPs [24]. The ability to be reliably sterilized
makes CEs an attractive material platform for clinical use. Ultimately
this material offers a middle ground between voltage application to
standalone CP film that can cause degradation of the CP film, and the
sustained release of pFIPs that require a fluidic connection [25].

In this manuscript, electrophoretic release of small molecules from
freestanding CE devices was investigated using a CE composite formed
from a polyurethane (PU) matrix, serving as a solid-state polymer
reservoir, and PEDOT:dodecyl sulfate (DS) nanowires, providing elec-
trical conductivity. CP conductivity is highly reliant on the presence of
dopant molecules [26,27]. Much of the CP work that is done uses
commercial dispersions or dry pellets that have high levels of free
dopant that confound molecular release. Therefore, in this work a spe-
cific dopant-to-CP ratio was achieved using PEDOT:DS nanowires
fabricated through a step-by-step doping process [28,29]. DS was chosen
as the dopant as it is integral to the formation of the PEDOT nanowires
via formation of micelles in which the nanowire polymerization reaction
occurs. Residual DS counterions are left after washing which specifically
dope the polymerized PEDOT chains. This method minimizes the
dopant-CP ionic interactions that may affect quantification of the
drug-CP interactions, critical to the drug delivery application. The
physical and electrochemical properties of PEDOT:DS nanowire CE has
been previously reported over a range of thicknesses (~40 pm-64 pm),
with PEDOT:DS nanowire loadings in the range of 10 wt% to 40 wt%
showing uniform network formation and improved electrochemical
properties with increasing loadings [30]. Additionally, this material has
shown excellent biocompatibility in ISO10993 standard indirect contact
tests [30,31] alongside successful implementation in ex vivo models [24,
32].

Due to the nature of this material being freestanding (i.e. not an
electrode coating) the PU reservoir can interface with the surrounding
reaction environment on both sides of the electrode leading to increased
accessible electrochemical surface area. For these mechanistic studies,
methylene blue (MB) and fluorescein (FLSC) were used as analogues of
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Fig. 1. Schematic of different modes of drug delivery including delivery via liquid injection (a), via electrophoretic ion pump (b), via release from conducting

polymer films (c), and via release from conductive elastomers (d).
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positively and negatively charged drugs, respectively. Cyclic voltam-
metry of the drug analogue loaded CE electrodes positively identified
target voltage ranges for release of the molecules, and the molecular
release profiles across a range of applied voltages and time intervals
demonstrated voltage controlled release from the CE material. Optimal
voltages for release were then used to achieve sequential release of two
oppositely charged molecules from a single device. Ultimately, this work
sets a solid foundation for understanding how these complex solid-state
polymer systems can be used to facilitate electrophoretic drug release.

2. Results and discussion
2.1. Fabrication of CE-based devices

Fig. 2 outlines the process used for the fabrication of the CE devices.
After the drug-loaded CE sheet was cast (Fig. 2a), it was connected to a
metallic wire and the wire-bonded region was isolated from the external
environment via a silicone capsule (Fig. 2b) to ensure no participation of
the metal wire in any electrochemical reactions.

2.2. Cyclic voltammetry

As a preliminary characterization of the entire molecule loaded CE
platform, cyclic voltammetry was performed. Cyclic voltammograms
(CVs) are essential to provide more details into the chemical events
triggered by different voltages. CVs of devices loaded with MB (Fig. 3a)
and FLSC (Fig. 3b) were measured and compared to non-loaded CE
(Fig. 3c) to investigate the redox properties of each loaded molecule.

At all scan rates, the MB-loaded devices showed that a large irre-
versible reaction not seen in the unloaded control samples began at
voltages around +0.5 V with the peak occurring at voltages greater than
+1.2 V. No other clear irreversible reactions occurred at any of the other
voltages over all the scan rates. Previous studies on the electro-
polymerization of MB have found that irreversible MB electrooxidation
occurs at a positive threshold potential, leading to polymer formation
[33-36]. These studies have shown that this threshold lies between
+0.85 V and +0.89 V, at which cation-radical species form, leading to
MB electropolymerization [33,36]. The irreversible oxidation of MB
seen between +0.5 V and +1.2 V confirms that the low release at high
positive voltages is likely due to electropolymerization of the MB
molecule during release. MB has been shown to be reversible in the
—0.7 V to —0.1 V range, as seen in the MB-loaded devices.

The FLSC-loaded devices showed reversible reactions in the —0.5 V
to +0.75 V range with a small irreversible reduction peak at —1.25V and
a small irreversible oxidation peak at +1 V at all scan rates. A similar
small irreversible oxidation peak at +1 V was also observed in the
control unloaded CE sample therefore it is likely that this is due to
changes in the CE and not a redox reaction of the FLSC molecule itself.
The small reduction peak at —1.25 V sits in between the —1 V and —2 V
voltages later tested for the FLSC-loaded devices and is likely not
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altering the release appreciably at those voltages.

This data suggests that an optimal release voltage for both MB and
FLSC loaded devices exists within the scanned range between —2 V and
+2 V. It should be noted that within this voltage window no peaks in
current associated with hydrolysis were observed confirming that the CE
devices caused no unwanted formation of gases. The peaks present in the
CV of the control unloaded CE (Fig. 3c) demonstrated that there is the
potential for reduction and oxidation of the PEDOT nanowires in this
voltage range. The reduction in current during the slowest (50 mV/s)
scan rate for all the CE systems indicated that the electrochemical re-
actions on CE electrodes were not diffusion limited reactions [37].
Future work investigating the long-term stability of the encapsulated
PEDOT network would need to be compared to stand-alone CP films to
support the stability benefit of the CE platform.

2.3. Optimization of release voltages

To identify the optimal release voltages within the —2 V to +2 V
window for both the positively charged MB and negatively charged
FLSC, a range of voltages was used to trigger active release over an hour-
long duration (Fig. 4a).

2.3.1. Methylene blue loaded devices

A passive release control with 0 V applied to the device released
20.58 + 3.49 pug of MB within the hour duration. Significantly increased
release of MB in comparison to passive release (0 V) was obtained at a
potential of +0.5 V with an amount of 33.19 + 6.47 pg (Fig. 4b). This
accounted for a total device release of 21.4 % of the loaded amount over
the 1 h tested. In addition to significant active release, significant inhi-
bition of MB release was successfully demonstrated at negative voltages.
The lowest MB release was 1.522 + 1.26 pg at —2 V, which was statis-
tically significant compared to the release at +0.5 V and passive release
(0 V). A significant decrease of MB release was seen at higher positive
voltages (+1 V, +2 V) in comparison to passive release. This supports
the redox peaks seen during cyclic voltammetry of the MB devices
(Fig. 3a) being from electropolymerization of the molecule.

2.3.2. Fluorescein loaded devices

A passive release control with 0 V applied to the device released 5.73
+ 0.99 pg of FLSC within the hour duration. Significantly increased
release of FLSC in comparison to passive release (0 V) was obtained at
potentials of —0.5 V, —1 V, and —2 V (Fig. 4c). The maximal FLSC
release was obtained at —2 V at an amount of 22.36 + 3.05 pg, a 3.9-fold
higher release than passive release. This accounted for a total device
release of 7.98 % of the loaded amount over the 1 h tested. Since -2 V
was identified as the maximal release voltage, an additional test at —3 V
was conducted to investigate if —2 V was a local maximum. The released
amount at —3 V decreased significantly from —2 V suggesting that —2 V
is an optimal release range for FLSC. Significant inhibition of FLSC
release was also achieved at +2 V (1.669 + 0.51 pg), with an

b) Device Preparation

Wire Connection and Silicone Encapsulation

Fig. 2. Fabrication steps of the CE-based electrophoretic release device: a) fabricating and laser cutting molecule-loaded CE, b) connecting wire to molecule-loaded

CE sheet and sealing with silicone.
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Fig. 3. Cyclic voltammograms of CEs with MB/FLSC/and unloaded. a) MB loaded CE, b) FLSC loaded CE, c) control unloaded CE. All measurements taken in 1 M
PBS. Single scan of 11 shown. A total of three devices (n = 3) was used for each scan rate (9 devices per molecule).
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Fig. 4. a) Schematic of experimental protocol. b) MB release from PEDOT:DS nanowire CE-based platforms stimulated at the indicated voltage for 1 h. ¢) FLSC
release from PEDOT:DS nanowire CE-based platforms stimulated at the indicated voltage for 1 h. One-way ANOVA with Tukey’s post-hoc analysis, significance
designated by (* = p < 0.05, ** = p < 0.01, *** = p < 0.005, **** = p < 0.001). Five devices (n = 5) were tested per voltage for both MB and FLSC devices.

approximately 3.75-fold reduction in released amount in comparison to
passive (0 V) release.

Interestingly, the MB and FLSC loaded devices presented drastically
different maximal release during passive release conditions. The higher
amount for MB is likely due to the molecule possessing the same charge
as the positively charged PEDOT network and the small amount of
mobile dopant to retain it in the PEDOT:DS nanowire system.
Conversely the lower passive release for the FLSC devices is likely due to
some interactions between the negatively charged FLSC molecule and
the positively charged PEDOT network. The maximal active release
amount for both MB and FLSC were relatively low as a percentage of the
total amount loaded pre-release (21.4 % and 7.98 % respectively). One
potential explanation for these values is that the interaction between the
PU and the reaction environment is too slow to enable adequate elec-
trolyte flow out of the PU matrix. This could be due to the lack of
swelling for the type of PU utilized for this study (Pellethane 2363-
80AE), which swells less than other more hydrophilic PUs [38].
Although use of a hydrophilic PU would likely improve maximal release
amount for this system, it is likely that the increase in swelling and
porosity would increase the passive release further from the values seen
in this study. Inhibitory voltages were able to successfully restrict
release over the hour-long period. However, if opposite voltages were to
be used to prevent passive release, processes such as unwanted elec-
tropolymerization, which limit the platform’s capability of dual drug
delivery, would need to be addressed. To evaluate this method of passive
release prevention, release reversibility was studied.

2.4. Release reversibility

If voltage inhibition of release is to be used as a mechanism to stop
unwanted passive release in these devices, the impact on subsequent
active release must be investigated. Release reversibility was measured
by first inhibiting the release at each of the voltages shown to reduce the
release amount below passive release for 1 h. These voltages were —2 V,
—1V, and —0.5V for MB and +2 V for FLSC respectively (Fig. 4). After 1

h of release inhibition the optimal active release voltage was applied for
an additional hour and the total amount released was measured
(Fig. 5a).

For MB-loaded devices, after an initial 1-h inhibition at —2 V, active
release at +0.5 V for a second hour achieved a total release of 14.62 pg,
proving switchable release of MB is possible via electrical stimulation
and that the application of a —2 V inhibitory voltage can be used to
prevent MB passive release (Fig. 5b). Although successful, the post-
release inhibition amount was found to be 44 % of the previously
identified maximum release amount (33.19 pug) for the MB devices. MB-
loaded devices with initial inhibitory voltages of —1 V and —0.5 V also
successfully released MB after an active voltage application, however,
due to the high release during the inhibitory stimulation, these voltages
would not be adequate for the development of a controlled drug delivery
mechanism.

FLSC-loaded devices were initially inhibited at the positive voltage
+2 V which led to minimal release of FLSC from the device. After 1 h of
inhibitory voltage application, FLSC was actively released from the de-
vices at the previously identified optimal voltage (—2 V) for 1 h. Devices
that were subjected to a +2 V inhibitory voltage achieved a total release
of 11.88 pg, after active release at —2 V (Fig. 5¢). Similarly, although the
release was successfully switched between inhibition and active release
only 53 % of the previously identified optimal FLSC release (22.36 pg)
was successfully released.

Although the ranges of optimal release voltages were verified by the
CVs, the cause of the drop in active release amount after switching from
an inhibitory voltage is still unclear. It is possible that this phenomenon
is not caused by a redox reaction, but rather the inhibitory voltage
further attracting the charged molecule deeper within the bulk of the
polymer matrix. This will hinder the pathway for molecule movement
out of the polymer, causing a lower rate of active diffusion and hence
reduced amount released [39,40]. Further studies investigating mole-
cule mobility through the CE matrix could elucidate this complex
interaction between the CP, molecule, and elastomeric matrix, with a
focus on studying the impact of an inhibitory voltage prior to active
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Fig. 5. a) Schematic of experimental protocol. b) MB release from devices stimulated at +0.5 V for 1 h, after stimulation at the indicated inhibiting voltage for 1 h. c)
FLSC release from devices stimulated at —2 V for 1 h, after stimulation at the indicated voltage for 1 h. Two-way ANOVA with Bonferroni post-hoc comparison,
significance designated by (* = p < 0.05, ** = p < 0.01, *** = p < 0.005, **** = p < 0.001). Five devices (n = 5) were tested per voltage for both MB and

FLSC devices.

release of the molecule.

2.5. Release profiles

The electrophoretic release of MB and FLSC was also measured over
time to assess the overall release profile from the device (Fig. 6). Both
molecules were released over an hour-long period at the previously
identified optimal release voltages. As seen in Fig. 6, application of the
inhibitory voltages (—2 V for MB, and +2 V for FLSC) effectively mini-
mized release for the entire hour-long period of release. Active release
for both molecules (+0.5 V for MB, and —2 V for FLSC) was consistent
with the results obtained previously (Fig. 3). A 24-fold increase in
release for the MB and 20-fold increase for the FLSC were seen in
comparison to the inhibited release. Release profiles differed between
the two molecules with both the active and passive release of MB having
an initial burst release at the 1-min timepoint whereas active and passive
release of FLSC followed a more linear trend. It is likely due to the
relatively weak interactions between the MB molecule and the nega-
tively charged dopant in comparison to the stronger interactions be-
tween FLSC and the positively charged PEDOT polymer. Molecular flux,
defined as the number of molecules crossing a surface in a single di-
rection over time, can also be inferred from this data due to the con-
sistency in device geometry used for the release [41]. Outside of the
initial burst release molecular flux for MB is not altered by the applied
voltage whereas the rate of FLSC release is increased over the full 1-h
timepoint. This further suggests that there are distinct differences in
the interactions between the PEDOT nanowires and the molecules being
released depending on their charge.

Although the high passive release of MB is not desirable, the in-
teractions between the molecule and the CP/dopant complex have po-
tential to be further tailored to improve the resulting passive release. By
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altering dopant size or dopant charge density with a molecule such as
polystyrene sulfonate (PSS), the interactions between the positively
charged molecules can be altered to reduce passive release. However,
the reduction in passive diffusion would likely come at the cost of
decreased maximum release amount or an increase in total release time
due to hindrance of molecular diffusion.

Further investigation of the release reversibility demonstrated the
potential for both MB and FLSC-loaded devices to achieve fully voltage-
regulated control of release. Fig. 7 shows release profiles of 1 h release
inhibition followed by active release for 2 h of both MB and FLSC-loaded
devices. Both molecules were successfully released on demand at the 1-h
mark (between red and green highlight) by switching the voltage
applied to the device from inhibitory to active release. After 2 h of
release neither device reached a true plateau, however the release from
both devices was minimal between the 1-h and 2-h time points. Inter-
estingly, release kinetics during the first minutes after switching from
voltage inhibition to active release are affected in the FLSC-loaded de-
vices. This is seen as a lag in release speed after switching (Fig. 7b) and
may be due to inhibitory voltages further impacting the molecules into
the elastomeric matrix as suggested in Section 2.3.

The ability for each device to successfully inhibit release of the
loaded molecule and then trigger a release on demand is a useful func-
tion when considering the device as a method for releasing a single
therapeutic on demand. However, in many drug delivery applications it
is often desirable to give multiple agents sequentially.

2.6. Sequential release

The potential for the sequential release of two different molecules
from the same device using opposing voltages was investigated using a
single device fabricated from MB and FLSC-loaded CE sheets bonded
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Fig. 6. a) MB release from PEDOT:DS nanowire CE-based platforms stimulated at —2 V, 0 V, or +0.5 V for 1 h. b) FLSC release from PEDOT:DS nanowire CE
platforms stimulated at —2 V, 0 V, or +2 V for 1 h. Five devices (n = 5) were tested per voltage for both MB and FLSC-loaded devices. Samples were taken and

measured at timepoints of 5, 10, 15, 30, and 60 min.
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Fig. 7. a) Schematic of experimental protocol. Devices were held at an inhibitory voltage (-2V for MB, +2 V for FLSC) for 1-h with a subsequent 2-h long release at an
active release voltage (+0.5 V for MB, —2 V for FLSC). b) Release profiles of MB and FLSC loaded devices. Red highlighted area denotes time release was inhibited;
green highlighted area denotes time release was active. Five devices (n = 5) were tested for both MB and FLSC-loaded devices. Samples were taken and measured at
timepoints of 5, 10, 15, 30, and 60 min for the inhibited release and at timepoints of 5, 10, 15, 30, 60, and 120 min for the active release.

together with the same control wire (Fig. 8a). Release of FLSC was
successfully achieved with a driving voltage of —2 V applied to the de-
vice, which simultaneously served to inhibit MB release. After 1-h of
voltage application 30.38 + 8.45 pg of FLSC had been released
compared to only 3.36 + 3.46 ug of MB. After 1-h at —2 V the applied
voltage was switched to +0.5 V to a regime where MB would be actively
released. After the second hour of release the amount of MB increased to
72.5 +11.28 pg, a 21.6-fold increase, and the amount of FLSC increased
to 43.34 + 10.93 pg, a 1.4-fold increase (Fig. 8b). Although the FLSC
release decreased during the second hour compared to the expected 2-h
release value seen in Fig. 7, the application of +0.5 V to the device did
not fully inhibit the release of FLSC as is seen in the quantification of the
discrete release amounts (Fig. 8c). Additionally, the negative impact of
the inhibitory voltage on the MB-loaded CE seen previously (Fig. 7) was
not seen in the sequential release set-up. This is potentially due to the
presence of a second CE sheet (Fig. 8a) creating an additional current
pathway with increased current flux throughout the application of the
inhibitory voltage, thus directly affecting the MB molecule during in-
hibition. Future work is underway combining both molecules into a
single sheet. Although this will undoubtedly shed light on this phe-
nomenon, it was avoided in this instance as it has the potential to
introduce further molecular interactions between the released
molecules.

One of the major challenges associated with controlled release is
overcoming the passive release associated with bulk diffusion of the
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FLSC Release {-2 V)[ MB Release (+0.5 V)
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molecule away from the device. Here, an inhibiting voltage was suc-
cessfully used to stop this diffusion, however from a power consumption
standpoint it is not ideal to constantly apply a voltage to the electrode
over the implanted device lifetime. Future work on this device aims to
prevent passive release through modifying components of the carrier
polymer matrix. One potential method would be to alter how the drug is
carried in the polymer matrix. Polymer carriers such as nanoparticles are
attractive candidates as drug delivery system with enhanced bioavail-
ability and high capacity for functionalization [42,43]. By using charged
nanoparticles, it may be possible to inhibit passive release due to the
intrinsic charge properties of the polymer matrix while maintaining
electrophoresis control over the release [44]. Additionally, other
methods for preventing passive release, such as the use of surface
coatings [45-47] or the modification of the polymer matrix of the CE
[44,48,49] could be investigated. Another potential challenge for mo-
lecular delivery using CEs is that the charged dopant is not covalently
linked to the CP component. This means that there is potential for
dopant flux out of the material during voltage application, leading to
undesirable release of potentially toxic chemical dopants [39,40]. A
method to prevent this would be to utilize self-doping CP systems [50]
which would remove dopant mobility from the system entirely. Alter-
natively, further removal of excess dopant from the system before
loading the CE could aid in reducing any potential dopant release.
Specifically doping the PEDOT matrix for each releasing agent, although
labor intensive, could have profound effects on release efficacy from a
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Fig. 8. a) Schematic of experimental protocol. FLSC was actively released for the first hour at —2 V (while inhibiting MB release) and MB was actively released for
the second hour at +0.5 V (while inhibiting FLSC release). b) Cumulative release profiles of MB and FLSC dual release from a CE-based device containing both
molecules (n = 4). Samples were taken and measured at timepoints of 5, 10, 15, 30, and 60 min for both sequential releases. ¢) Discrete released profile of MB and

FLSC dual release from a CE-based device containing both molecules (n = 4).



C.A.R. Chapman et al.

dual release system. Further analysis of the eluent post-release using
analytical methods such as liquid chromatography-mass spectrometry
(LCMS) would add significantly to the understanding of the role dopant
mobility plays in this system. Accessible electrochemical and real sur-
face area also plays an important part in the drug release kinetics from
composite materials such as the CE explored in this work. In depth
analysis of the material roughness and real surface area could also open
new avenues to improve the control over the molecular release from this
material. Although this manuscript focused on 1 h of release to target an
acute release profile, further studies investigating increasing the release
time of the CE platform may also shed light on the long-term dynamics of
the molecular release from the CE. Additionally, other modes of elec-
trically triggered release such as electrochemical actuation of the
PEDOT nanowires could be employed to improve release rate from the
electrodes [25].

FLSC and MB are commonly used as drug models because their
fluorescent properties facilitate monitoring and measurements of their
release, however these results demonstrate that molecular release ki-
netics from this device are strongly dependent on molecular and struc-
tural properties. Therefore, drug analogues are unlikely to be
sufficiently accurate models for drugs of interest such as chemothera-
peutic agents. Whilst MB undergoes electropolymerization upon stim-
ulation at high positive potentials [33,35,36], other molecules will
likely experience other reactions. For example, studies have found that a
surface-bound complexation of cisplatin, a positively charged chemo-
therapeutic drug, can be reduced electrochemically to form Pt nano-
particles on a gold electrode upon negative potential scanning [51]. If
used in a dual drug delivery CE-based platform, cisplatin could undergo
structural changes upon stimulation at a negative voltage, affecting its
release and bioactivity [52]. Another example is doxorubicin, a posi-
tively charged anticancer drug. Whilst some CV studies have shown it
only presents one reversible two-electron reduction [53,54], others have
found a second reversible or irreversible peak by slightly varying the
scan rate and pH conditions [54-56]. Therefore, to fully understand the
behavior of a drug under electrical stimulation in a CE-based platform,
detailed studies must be carried out on direct drug analogues possessing
sufficient functional and structural similarities [57].

Although the CE system proposed in this study shows significant
promise for the controlled release of small molecules using electropho-
resis, both the strengths and limitations of the material as a drug de-
livery device must be considered. One of the major benefits of this
material is the ability to fine tune both the CP and elastomer properties
to achieve the desired release profiles. Future work will focus on high-
lighting the important interactions between the CE components and
drug molecules in this complex material. These studies will help to
address the major limitations of molecular release time due, in part, to
limited swelling of the elastomeric matrix. Another benefit of this ma-
terial is the ease of processing and scalability of manufacturing. Since
this material relies solely on a volume determined casting process with
constant loadings of PEDOT nanowires, it is extremely flexible for mass
production. One limitation of the current processing method is that the
solvents needed to disperse both PU and PEDOT nanowires during
manufacturing limit the types of molecules amenable to this process. In
the future, use of functionalized PUs could help mitigate this limitation
through enabling the use of water as a common solvent [58].

Overall, this work has demonstrated that the CEs can provide a
middle ground between nanogram release from typical drug eluting
electrodes [59] and the milligram delivery associated with direct in-
jection [8]. Although the current data suggests delivery over an acute
time period would be the most successful, translation into an implant-
able cartridge delivery device that could be loaded on an outpatient
basis could provide the chronic delivery necessary for treatment of many
hard-to-treat diseases. Further work exploring the vast parameter space
associated with this device is currently underway. Of particular interest
is elucidating the effect of molecular loading amount on the voltage
mediated release kinetics and transitioning to use with relevant charged
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3. Conclusions

The controlled electrophoretic release of pharmaceutical agents
directly into the CNS is a promising methodology for significantly
improving the local bioavailability of the desired therapeutic. This work
has highlighted the development of a solid-state electrophoretic
releasing polymer system and its use as a highly controllable release
platform capable of actively releasing both positively and negatively
charged molecules. This foundational work provides an initial under-
standing of the mechanisms behind molecular release in a CE-based
electrophoretic device. Using these results, future work optimizing the
release of charged pharmaceutical agents can be investigated more
successfully. Ultimately this device presents a potential paradigm shift
for the treatment of CNS diseases to significantly improve clinical
prognosis in these patients.

4. Material and methods
4.1. Fabrication of drug analogue-loaded conductive elastomer sheets

PEDOT nanowires doped with dodecyl sulfate (PEDOT:DS) were
fabricated based on previously reported protocols [60,61]. Briefly, 90
mMol sodium dodecyl sulfate (SDS) (Sigma) was dissolved in 300 mL of
deionized water (DI) and stirred at 500 rpm for 15 min. 7 mL of 48.99
mMol iron chloride (III) solution was then added and stirred at 500 rpm
for 1 h at 50 °C in an oil bath. Whilst stirring, 21 mMol of 3,4-ethylene-
dioxythiophene monomer (EDOT) (Sigma) was slowly injected. The
solution was left at 50 °C for 5 h 30 min to polymerize. The resultant
solution was washed by centrifuging to remove excess molecules dopant
and iron chloride. The resultant nanowire material was dispersed in 250
mL of methanol and 15 mL of the obtained solution was vacuum filtered
onto a 0.1 pm polyvinylidene fluoride (PVDF) filter (Durapore, Merck)
membrane to produce a PEDOT:DS nanowire sheet. The nanowire sheets
were left to dry at room temperature overnight. PEDOT:DS nanowire
CEs were fabricated based on a modified version of a previously reported
protocol [62]. Briefly, polyurethane (PU) (Pellethane 2363-80AE Poly-
urethane Elastomer, Ether Based, Velox GmbH) was dissolved in dime-
thylacetamide (DMAC) (Sigma) for 24 h at 60 °C stirring constantly at
300 rpm. Then, lithium perchlorate salt was added and allowed to stir at
60 °C for an additional 12 h. Here, dried PEDOT:DS nanowire sheets
were then sonicated in a DMAC/PU mixture before being added to a
larger solution resulting in a 25 wt% loading of PEDOT:DS nanowires.
The drug analogue, either methylene blue (MB) (Sigma) or fluorescein
(FLSC) (Sigma) was loaded into the 25 wt% PEDOT:DS nanowire CE
solutions by adding the analogue to the initial dispersion of PEDOT:DS
nanowire and PU and stirring for 24 h. The ratios of drug analogue to PU
used in the CE sheets were 0.18:1 for MB and 0.1:1 for FLSC. More
exactly, a single sheet contained 0.3 g of PU, and 0.054 g of MB or 0.03 g
of FLSC. This led to device specific loadings of approximately 280 pg for
the MB-loaded devices and 155 pg for the FLSC-loaded devices. The
drug-loaded CE solution was then cast into sheets and dried in the
vacuum oven for 36 h at 65 °C to form the CE sheets. Once cast, the
sheets were laser cut into 10 mm x 3 mm sheets using a 1064 nm MOPA
fiber laser (Lotus Laser Systems). According to previously published
work, unloaded PEDOT:DS nanowire CE sheets exhibited conductivities
in the range of 50 S/cm [62].

4.2. Device connection and silicone encapsulation

The 10 mm x 3 mm drug-loaded PEDOT:DS nanowire CE sheets were
connected to a 7 cm long section of AWG3O0 silver plated copper wires
(RS Components). The CE-wire bonding area was then encapsulated in 2
layers of medical grade silicone (NuSil MED4-4220) to ensure that,
whilst the device is in use, the external saline environment does not
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penetrate through the CE and interact with any metallic surfaces.
4.3. Electrochemical experiments

All electrochemical experiments were performed at room tempera-
ture in a static saline environment to create a controlled reaction
environment.

4.3.1. Cyclic voltammetry of devices

All CV measurements were done using a three-electrode set-up with
the CE device as the working electrode, a platinum wire as the counter
electrode, and a leakless silver/silver chloride electrode as the reference.
Devices were immersed in 1 mL of 1 M phosphate buffered saline (PBS)
and CVs were measured with a potentiostat (Autolab) at scan rates of
150, 100, and 50 mV/s. Fresh PBS was used for each measurement to
ensure that no concentration dependent mechanisms had an impact on
the measurements.

4.3.2. Voltage application for release

All voltage application for release was done using a two-electrode
set-up with the CE device as the working electrode and a platinum
wire as both the counter and reference electrode. Devices were
immersed into 1 mL of PBS and a constant voltage was applied using a
potentiostat (Autolab).

4.4. Fluorescence quantification

Fluorescence measurements of the released samples were made using
a NanoDrop 3300 fluorospectrometer. MB fluorescence was measured at
686 nm, and FLSC fluorescence was measured at 515 nm. Average re-
sults of fluorescence of the PBS solution after electrical stimulation were
used to quantify the analogue release. For FLSC, 10 L of the PBS con-
taining drug analogue were diluted into 990 pL of pure PBS to obtain
fluorescence levels detectable by the fluorospectrometer. This was only
necessary for FLSC due to its high fluorescence intensity. Five separate 2
pL droplet-measurements were taken per sample to estimate an average
fluorescence per device. Approximate quantities of drug analogue
release were inferred from the fluorescence measurements by using a
standard curve measured on the same fluorospectrometer.

4.5. Statistical analysis

Data analysis was done using Microsoft Excel and Python software
(pandas package). Statistical analysis was performed using Graphpad
Prism and the specific statistical tests for each figure are noted in the
figure caption. The data is reported as mean + standard deviation unless
otherwise noted in the figure caption. Sample sizes varied from three (3)
to five (5) depending on the experiment, therefore exact sample sizes are
noted in the figure captions for each experiment.
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