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ABSTRACT: Implantable devices for long-lasting controlled
insulin microinjection are of great value to diabetic patients.
To address this need, we develop a flexible electroactive pump
based on a biocompatible polypyrrole composite film that
comprises a polypyrrole matrix and a macromolecular dopant
of polycaprolactone-block-polytetrahydrofuran-block-polycap-
rolactone. Using phosphate-buffered saline as the electrolyte,
this film demonstrates much higher electroactivity and
reproducibility than conventional Cl -doped polypyrrole,
making it an excellent actuator for driving an implantable
pump. At a driving current density of 1 mA/cm?, the pump
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demonstrates a consistent output capacity of 10.5 at 0.35 uL/s over 20 cycles. This work paves the way for the development of an
implantable electroactive pump to improve the quality of life of diabetics.
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P olypyrrole (PPy) has been extensively studied for its
capability of producing stress and strain under electrical
stimuli. This electroactivity enables its wide use as artificial
muscles in robots."™* Transformation of PPy electroactuators
stems from ion exchange between the polymer and the
surrounding electrolyte during an electrical-induced redox
process. PPy with large dopant anions such as CF;SO;7,
dodecyl (DBS), bis-
(trifluoromethanesulfonyl)imide (TFSI) significantly outper-
forms that with smaller ones such as CI~ or BE,~.°~® However,
these large dopants are inherently toxic, preventing their use in
implantable PPy. Additionally, for optimal performance, these
large anion-doped PPy electroactuators require the electrolyte
to contain solutes such as LiTFSI, NaPF, or LiClO,, a
condition that cannot be met in in vivo application, where the
physiological electrolyte is enriched with Na* and CI".
Although recent progress on solid-state PPy devices suggests
the possibility of encapsulating a biohazard electrolyte into a
sandwiched multilayer structure, safety concerns still preclude
this approach from being considered for in vivo application.”~ ">
Recently, Yang et al. reported their success in driving PPy
actuators wirelessly based on a flexible rectenna array, which
facilitates the design of a fully implantable device but again
requires biocompatible PPy actuators that can be effectively
driven in a physiological electrolyte."?
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The present work was motivated by the pressing need of an
implantable pump for long-lasting controlled insulin micro-
injection by diabetic patients. Here, we developed a flexible
electroactive pump based on a previously invented PPy
composite film, which comprised a PPy matrix and a
macromolecular dopant of polycaprolactone-block-polytetrahy-
drofuran-block-polycaprolactone (hereafter named a PPy/
PCTC composite)."”"” This PPy/PCTC composite distin-
guished itself in biocompatibility as well as significant and
reproducible electroactivity in a physiological electrolyte. The
resulting pump demonstrated a consistent output capacity of
10.5 at 0.35 pL/s over 20 cycles at an optimal driving current
density of 1 mA/cm? suitable for microinjection of highly
concentrated insulin such as U-5S00 (500 units/mL, 10—30 uL
required per meal by most patients).'>'® Although both the
lifetime and output capacity need further optimization for long-
term in vivo application, this work showcased the PPy/PCTC
film as a superior electroactuator in a physiological environ-
ment and will inspire the future design of more sophisticated
implantable devices. Our ultimate goal is to develop a
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subcutaneous electroactive pump to improve the quality of life
of diabetic patients who need additional hormone.

The electrochemical synthesis, chemical structure, and
mechanical properties of the PPy/PCTC composite had been
reported previously.'*'” The synthesized PPy/PCTC film had
a thickness of 10 ym with a shiny black surface (Figure la).
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Figure 1. PPy/PCTC composite and its electroactuation in PBS. (a)
Photograph of a PPy/PCTC film. (b) Deformation under 2 V after SO
s. bl: no visible deformation for the PPy/Cl” film. b2: large
deformation observed for the PPy/PCTC film.

When driven at 2 V in phosphate-buffered saline (PBS) for 50
s, the PPy/PCTC film displayed a much more remarkable
deformation than the conventional PPy/Cl™ film (Figure 1b).
As a measure, when the voltage applied on the S mm X 15 mm
PPy/PCTC strip shifted from +2 to —2 V, after 30 s, a bending
angle of 42° was observed, whereas deformation of PPy/Cl™
could barely be seen. (Electroactuation of a PPy/PCTC strip in
PBS is presented in the video in the Supporting Information.)
This is in agreement with prior reports that PPy/Cl™ can only
yield a very small deformation because of its limited ion size.'®
The negatively charged flexible PCTC network incorporated
into the positively charged rigid PPZ matrix acts as the
counterion, similar to CI” in PPy/ clt

For PPy/CI” to function within its breakdown limits, starting
with oxidation, additional anions from the electrolyte (PBS) are
absorbed into the PPy matrix, causing swelling. During the
subsequent reduction phase, the absorbed alien anions together
with the native CI™ dopants gradually diffuse out of the PPy
matrix, potentially leading to recovery from the small swelling
yet unobservable here. When reduction proceeds beyond the
original electrochemical equilibrium, the PPy matrix continues
to expel the anions into the electrolyte, resulting in shrinking.
Further reduction is likely to cause the PPy matrix to absorb
cations from the electrolyte. Returning to another oxidation
phase, any absorbed cations are expelled and anions including
CI” from the electrolyte are doped in the PPy matrix again,
leading to recovery from shrinking. Removal of the external
driving voltage at any time point could not restore PPy/Cl” to
its original electrochemical state because of exchange of the
doping CI”™ with alien anions from the electrolyte, a degrading
process causing an irreversible change to the original chemical
structure of the polymer. Therefore, doping and dedoping of
anions are the dominant mechanism accountable for
deformation of PPy/Cl™.

In contrast, for PPy/PCTC to function within its breakdown
limits, during oxidation, anions from the electrolyte (PBS) are
absorbed into the PPy/PCTC matrix, but the PPy matrix
develops stronger attractions to the bound PCTC network,
causing contraction of the film. During the subsequent
reduction phase, the absorbed anions are expelled out of the
PPy matrix, and PPy/PCTC recovers from contraction. When
PPy/PCTC is further reduced beyond the original electro-
chemical equilibrium, the negatively charged PCTC network is
unbound from, but still stuck within, the reduced PPy matrix
because of its large size and entanglement with the PPy
matrix.'” Strong spatial remodeling between the unbound
PCTC network and the PPy matrix is believed to cause a
remarkable expansion of the film. Meanwhile, to maintain
charge neutrality, the PPy/PCTC matrix absorbs small cations
like Na" and K* from the electrolyte. Returning to another
oxidation phase, the PCTC network reassociates with the PPy
matrix and the alien cations are gradually expelled from the
PPy/PCTC matrix, leading to recovery from expansion.
Removal of the external driving voltage at any time point
resets PPy/PCTC to its original electrochemical state, with all
alien ions expelled from the polymer matrix, a reversible
process causing no change to the original chemical structure of
the polymer, which also accounts for slow degradation of the
material’s electroactivity.

Figure 2a shows a comparison on the charge exchange
efficiency between these two types of PPy, which partially
explains the disparity in the observed deformations. Apparently,
the PPy/Cl™ film had a rather small capacity for reversible
faradaic charge transfer, as indicated by the small conductance,
which had also been observed by others.'® The large
deformation in PPy/PCTC presumably resulted from strong
spatial interactions between the PCTC network and the PPy
matrix caused by the large amount of transferred reversible
faradaic charges.

Figure 2b shows cyclic voltammograms of PPy/PCTC and
PPy/ClI” in PBS at +3 V, which confirm that PPy/PCTC had a
much higher charge-transfer capacity than PPy/CI". It is worth
noting that, when the scanning voltage was applied between
two PPy/PCTC electrodes, we observed no gas generation
even at a voltage amplitude of up to S V. In contrast, when
platinum or stainless steel was used as the counter electrode,
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Figure 2. Electrochemical characteristics of PPy/PCTC and PPy/Cl".
(a) Current density under +2 V voltage driving with each phase of 50
s. (b) Cyclic voltammograms of PPy/PCTC in PBS at a scan rate of S0
mV/s, in comparison to those of PPy/Cl™. The reference electrode
was Ag/AgClL

deformation of the PPy/PCTC film (i.e, the working
electrode) was always accompanied by gas generation only on
the counter electrode for driving voltages exceeding the water
electrolysis window (—0.6 to +0.8 V for Pt). Apparently, the
effective voltage at the PPy/PCTC—electrolyte interface did
not exceed the limits for water electrolysis even with S V
between the two electrodes. Compared to metal electrodes, a
sizable ohmic voltage drop in the semiconductive PPy/PCTC
(conductivity of the dry film: 116.3 + 7.8 S/cm)"* and a large
voltage across the reversible faradaic resistance at the
electrode—electrolyte interface likely explain the absence of
gas generation (ie., water electrolysis). However, at an excess
driving voltage, it is also possible that some irreversible redox
reactions in the PPy backbones take place before water can
electrolyze, thus causing deterioration to the polymer structure.
Nonetheless, such a strong tolerance of PPy/PCTC to the
applied voltage allows us to employ moderate driving voltages
beyond the water electrolysis window to drive PPy/PCTC
actuators.

Figure 3 shows a prototype of our electroactive pump, where
all materials used are biocompatible. Aiming for subcutaneous
implantation, the pump was designed as a planar structure of 40
mm X 30 mm X 2 mm (average thickness; the middle is thicker
than the edges), yielding a total volume of 2.4 mL. The flat
pump consisted of a polyethylene capsule with two 7 X 25 mm
PPy/PCTC electrodes assembled in parallel. As illustrated in
Figure 3b, each PPy/PCTC electrode was attached alternatively
between the pump’s two inner surfaces, giving a zigzag

Working electrode
zCounter electrode

lcm

Figure 3. Fully assembled electroactive pump. (a) Photograph of the
device. Methylene blue was added for fluid visualization. (b) Schematic
illustration of the structure. PBS and PPy/PCTC electrodes were
sealed with polyethylene membranes. Gray strips: polypropylene
double-sided tape. The side view illustrates the zigzag configuration of
the PPy/PCTC working electrode attached alternatively on the
pump’s inner surfaces; contraction of the red sections generates a
squeezing force.

configuration. When the pump was filled with PBS and a
driving voltage was applied between the two electrodes, this
configuration proved highly efficient in compressing the pump
to produce a notable and reproducible volumetric output. It
was observed that the thicker middle of the pump was much
easier to squeeze than the edges. Therefore, the electrode in the
middle was used as the working electrode, and as shown in the
side view in Figure 3b, its contraction squeezed the pump. The
other electrode close to the edge had limited influence on the
pump’s output and therefore could be replaced by a flat
electrode without causing much difference on the output
capacity. As a cycle began, the working electrode driven by a
positive voltage underwent oxidation and contracted as a result
of stronger attractions developed between the PPy backbones
and the bound PCTC network (see above for an explanation of
the mechanism), generating a force squeezing out the solution,
whereas the counter electrode underwent reduction and
expanded primarily because of spatial remodeling between
the unbound PCTC network and the PPy backbones. When
the polarity of the driving voltage was reversed, both electrodes
gradually recovered from deformation and thus the pump
became relaxed. We call this compression (driven by a positive
voltage) and subsequent recovery (driven by a negative voltage
of the same amplitude) of the pump a cycle. To calibrate the
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output volume at a high accuracy, a glass capillary (internal
diameter 1.2 mm; not shown in Figure 3a) was mounted on the
pump’s outlet, so that it served as a direct volumetric index to
changes of the liquid volume inside.

Figure 4 shows evolutions of the output capacity at driving
conditions of 3, 2, and 1 V and 1 mA/cm?® The maximum
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Figure 4. Evolution of the output capacity. Different pumps were used
for measurement at each driving voltage. (a) Evolutions of the output
capacity at different driving voltages, where each cycle began with a
positive voltage between the working and counter electrodes for 30 s
and then switched to a negative voltage for another 30 s. The diamond
line indicates the output at a constant current density of 1 mA/cm?
(b) Evolutions of the output capacity normalized to the first cycle,
where V is the output volume by 30 s of the first cycle.

output capacities (i.e., the output volume by 30 s of the first
cycle) were 26.5, 15.8, 7.5, and 12.4 uL, respectively. This result
agreed with our observation that PPy/PCTC films driven at a
higher voltage in PBS produced a larger deformation. However,
it does not suggest that the pump simply favors a high driving
voltage. One main issue with a high driving voltage is fast
degradation of PPy/PCTC’s electroactive performance due to
overoxidation and -reduction to the PPy backbones, which may
lead to irreversible damage to the polypyrrole backbones.”*™**
Specifically, we found that, after 25 cycles driven at 3 V, the
pump could only retain 18.1% of its first output capacity (V).
In contrast, at driving voltages of 2 and 1V, after 25 cycles the
pump retained 63.5% and 65.3% of its V), respectively. This
result suggests that we should make a trade-off between the
output capacity and the functional lifetime of the pump.
Specifically, to achieve a decent lifetime longer than 20 cycles,
the driving voltage should be set below 2 V.

Figure 5a reveals degradation of the charge-transfer capacity
of the PPy/PCTC working electrode over consecutive cycles in
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Figure 5. Degradation of the charge-transfer capacity and voltage
response in a constant-current driving mode. (a) Degradation of the
charge-transfer capacity in the experiment in Figure 4. Q, is the total
amount of charges transferred by 30 s of the first cycle. (b) Voltage
response in a constant-current driving mode. Inset: voltage evolution
during the first 10 cycles at a driving current density of 1 mA/cm™
Note that each cycle was 120 s.

the experiment in Figure 4. When a positive voltage was applied
between the working and counter electrodes in the first half of a
cycle, PPy backbones in the working electrode underwent
oxidation and developed stronger attractions to the PCTC
network, leading to contraction of the electrode, while PPy/
PCTC absorbed additional anions from the electrolyte.
Therefore, the amount of positive charges transferred from
the working electrode into PBS in the first half of a cycle
indicated the extent of contraction by the working electrode
and thus determined the output capacity. As the second half of
the cycle began, the working and counter electrodes recovered
both electrochemically and mechanically. Unfortunately,
because the PPy backbones were gradually overoxidized and/
or -reduced through cycles,”>*** the charge-transfer and
output capacities degraded correspondingly. Impressively,
degradation of the charge-transfer capacities in Figure Sa
correlates well with degradation of the output capacities in
Figure 4b, which substantiates that the maximum displacement
of the PPy/PCTC working electrode was determined by the
maximum amount of positive charges transferred from the
working electrode to PBS during the first half of a cycle (the
compressing phase).
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In the constant-current driving mode for a cycle with a
duration of ¢, the maximally transferred positive charges Q from
the working electrode into PBS (the charge-transfer capacity)
are equal to I X t/2 and therefore can be identified by the
current I. This implies that, ideally for a cycle, a constant
current density can deliver a constant amount of charges and
thereby achieve a constant pump output. Here, we further
tested the pump in the constant-current driving mode.
According to Figure 4, to avoid fast degradation to the
performance, the amplitude of the driving voltage between the
two PPy/PCTC electrodes should be kept below 2 V. Figure Sb
shows the voltage response in the constant-current mode. The
voltage amplitude required for sustaining a constant current
density of 1.5 mA/cm? exceeded 2 V even upon onset. At 1.2
mA/cm?, the voltage amplitude could be maintained within the
tolerance range. Therefore, in the inset, a current density of 1
mA/cm? was used. The maximum amplitudes of the voltage
response for the first 10 cycles were successfully maintained
below 1.5 V, even if the cycle period was increased to 60 s. As
shown in Figure 4a, the pump outputs under this condition
almost leveled over the cycles. This result validated the
feasibility of maintaining a consistent output capacity by a
constant driving current for a fixed duration. However, as
shown in the inset of Figure Sb, gradual increases of the
maximum voltage amplitudes over cycles indicated progressive
deterioration to the PPy backbones, a mechanism also
responsible for degradations of the output capacity in Figure
4 and the charge-transfer capacity in Figure Sa.

Within PPy/PCTC’s breakdown limits, redox reactions
generated by electrical stimulation are restricted to the
reversible faradaic charge transfer in the PPy backbones; alien
ions from the electrolyte flow in and out, depending on the
state of the PPy backbones; the PCTC network remains stuck
within the PPy matrix.'” So, electroactuation of the PPy/PCTC
electrodes causes little disturbance to the physiological
environment and the loaded drug. However, it is possible
that, even at a driving voltage of 1 V for the duration
investigated, the PPy backbones were driven to progressively
deteriorate, as indicated by degradation of the charge-transfer
capacity over cycles in Figure Sa. Fortunately, products from
electrodecomposition of the PPy backbones are biocompat-
ible.** Furthermore, our previous rat subcutaneous implanta-
tion study had revealed better biocompatibility of PPy/PCTC
than that of PPy/Cl~, which is widely considered biocompat-
ible.”> Therefore, our electroactive pump is particularly
promising for in vivo application.

In conclusion, we have developed an implantable electro-
active pump using a PPy/PCTC composite film as the
electroactuator. The pump demonstrated a consistent output
capacity of 10.5 at 0.35 uL/s over 20 cycles at an optimal
driving current density of 1 mA/ cm?, suitable for micro-
injection of therapeutics requiring precise doses, such as U-500.
Leveraging the excellent biocompatibility of PPy/PCTC, the
pump is promising for in vivo application. Future work will
include optimizing the pump’s design and driving protocol and
performing implantation studies in a small animal model to
develop a subcutaneous electroactive pump to improve the
quality of life of diabetics.”®
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