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Electrically controlled drug release using pH-
sensitive polymer filmsf

S. Ephraim Neumann, 2P Christian F. Chamberlayne? and Richard N. Zare () *2

Drug delivery systems (DDS) that allow spatially and temporally controlled release of drugs are of particu-
lar interest in the field of drug delivery. These systems create opportunities for individually tailored doses
of drugs to be administered as well as reduce side effects by localizing the initial drug dose to the organ
of interest. We present an electroresponsive DDS in the form of a bioresorbable nanocomposite film
which operates at low voltages (<—2 V). The method is based on electrochemically generating local pH
changes at an electrode surface to induce dissolution of a pH-sensitive polymer, which is used as the
carrier material. We previously demonstrated this proof-of-concept using a poly(methyl methacrylate-
co-methacrylic acid) (co-PMMA) copolymer commercially marketed as Eudragit S100 (EGT). However, as
EGT is soluble at a pH above 7, experiments were performed in isotonic saline solutions (pH ~ 6.4). In this
work, we have synthesized co-PMMA with a variety of monomer ratios to shift the solubility of the copoly-
mer to higher pH values, and developed a polymer that can be used under physiologically relevant con-
ditions. The generalizability of this system was demonstrated by showing controlled release of different
drug molecules with varying parameters like size, hydrophobicity, and pK,. Fluorescein, a hydrophilic
model compound, meloxicam, a hydrophobic anti-arthritic medication, curcumin, a small molecule with
anti-cancer therapeutic potential, and insulin, a polypeptide hormone used in the treatment of hypogly-
cemia, could all be released on demand with minimal leakage. The drug loading achieved was ~32 wt%

rsc.li/nanoscale by weight of the co-polymer.

Introduction

In present day medicine, finding innovative strategies for treat-
ing diseases is an important research pursuit to address the
challenges of existing drug delivery systems (DDS). For
example, novel controlled and localized DDSs can permit
higher efficiency at lower doses as well as reduced side effects
compared to conventional systemic oral or parenteral delivery
routes. Such controlled DDSs are particularly promising for
the treatment of chronic diseases like cancer, neurological dis-
orders, chronic pain, and diabetes as they can increase patient
adherence to medication, reduce side effects of drugs com-
pared to systemic delivery, and offer the possibility of meeting
the need for a responsive drug delivery with high
controllability.!

Stimuli-responsive polymers have been used to develop con-
trolled DDSs. Some common stimuli used to evoke drug
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release include light,>* pH change,™” ultrasound,® tempera-

ture change,® and electricity.””® The use of electric stimuli
appears to offer major advantages over the other techniques.
The instrumentation for electrical stimulation is well devel-
oped, of high precision, and could be easily miniaturized to
build minimally-invasive implantable devices. Furthermore,
electric stimuli can be tightly controlled by changing the
voltage, current, and duration of the stimulus. The advent of
“transient” electronics based on bio-resorbable materials
makes electroresponsive DDSs more feasible and desirable.’
Depending on the positioning of the device, voltage could be
generated using ether an external electro-conducting skin
patch' to trigger drug release near the skin or miniaturized
implants that are controlled by ultrasound"' and radiofre-
quency'> to reach more deeply into the body.
Electroresponsive materials may be broadly classified as (i)
electroactive hydrogels, which use the effect of de-swelling or
eroding induced by electric stimuli in order to release a loaded
drug,>"® (ii) conducting polymers, which release charged
drugs by partial oxidation or reduction of the polymer back-
bone,™* or (iii) electroresponsive layer-by-layer (LbL) films that
rely on the electrostatic properties of the drug molecules and
an oppositely charged protective layer which is dissolved or
destabilized by application of electric stimuli.’>” Typically,
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hydrogels require higher voltages (2-25 V) for drug release.
Conducting polymers operate at 0.5-3 V; however, they are not
biodegradable and are well-suited predominantly for charged
drugs. LbL films are promising in terms of biocompatibility,
but rely heavily on the electrostatic properties of the drug
molecules. As a consequence, their interaction with the
coating layer render them applicable only for charged
drugs.®'®

We present a different type of DDS. Our DDS is composed
of two polymer layers dropcast onto a gold electrode creating a
nanocomposite film (Fig. 1). A poly(methyl methacrylate-co-
methacrylic acid) (co-PMMA) copolymer is used as a drug-car-
rying layer, and chitosan (CHT) is used as a protective layer.
When voltage is applied to the gold electrode, a local pH
change is induced at the electrode by reduction of water:

4H,0 (1) + 4e~ — 2H, (g) + 40H (aq).

The localized pH change leads to dissolution of the carrier-
polymer, thereby releasing the entrapped drug. The protective
chitosan layer is crucial as it prevents delamination of the co-
PMMA from the electrode when voltage is applied. However,
unlike an LbL film, chitosan does not play an active role in
modulating drug release.

In our previous work, we demonstrated the potential of this
DDS by performing proof-of-principle experiments in saline
solution (pH ~ 6.4) using a co-PMMA commercially marketed
as Eudragit S100 (EGT) which is soluble at a pH above 7.” The
major advantages of the system lie in the use of only FDA-
approved materials and the low voltage (<—2 V) needed to
control the system. However, this system is not physiologically
relevant as the polymer will dissolve at the biological pH of 7.4
with concomitant drug release without any externally applied
voltage.>'92"
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Fig. 1 Schematic setup of our prepared electrodes.
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To overcome this limitation, we have synthesized copolymers
that are based on the same two monomers as EGT: methacrylic
acid (AA) and methyl methacrylate (MMA), but with different
ratios (Fig. 2). The ratio of AA:MMA in EGT is 1:2. The pH-
sensitivity of these copolymers is based on the content of acidic
or basic groups in each monomer, which are ionized by accept-
ing or releasing protons dependent on the pH. The amount of
hydrophobic and hydrophilic monomer influences the pH
range over which the ionization takes place and therefore the
copolymer is soluble.”® We hypothesized that by increasing the
proportion of the hydrophobic methyl methacrylate (MMA) in
the copolymer, we can increase the pH at which the carrier-
polymer dissolves and thereby releases the drug. We have identi-
fied the monomer-ratio 1: 5 to be optimal for releasing drugs at
a physiological pH. We further show that the synthesized copo-
lymer can be used for releasing drugs with significantly
different properties such as size, hydrophobizity, and pK, into
Ringer’s solution. Ringer’s solution is a carbonate buffer that is
isotonic with blood and has a pH of 7.4 to mimic biological
conditions. The drugs chosen for the experiments are used for
the treatment of chronic diseases which would particularly
benefit from high controllability of this system. Whereas fluor-
escein (FL) and its sodium salt (FL-Na) are used as drug surro-
gates, commonly used drugs like meloxicam (MX) as anti-
arthritic medication or insulin (FITC-INS) for hyperglycemia
were tested. Experiments were also run with curcumin (CM), a
promising molecule with potential anti-cancer activity.

Materials

Eudragit S100 was received as a gift from Evonik Industries.
Fluorescein free acid and disodium salt, sodium hydroxide,
Falcon 96-well plates, chitosan (low molecular weight, mole-
cular weight 50000-190 000 Da), curcumin, Insulin-FITC
labeled human (Lot # SLBG4503 V), dimethyl sulfoxide
(DMSO), methyl methacrylate (MMA), methacrylic acid (AA)
and azobisisobutyronitrile (AIBN) were purchased from Sigma-
Aldrich. Meloxicam was obtained from TCI America.
DropSens-electrodes  (DRP-220AT) were acquired
Metrohm and were used for all stimulation experiments.

from

Methods

All experiments and measurements were performed at room
temperature in triplicate, unless otherwise stated.

Fig. 2 Reaction of methyl methacrylate (MMA, m) and methacrylic acid (AA, n) to synthesize poly(methyl methacrylate-co-methacrylic acid) with

different m: n ratios.

10088 | Nanoscale, 2018, 10, 10087-10093

This journal is © The Royal Society of Chemistry 2018


http://dx.doi.org/10.1039/c8nr02602e

Published on 15 May 2018. Downloaded by Stanford University on 01/06/2018 02:33:40.

View Article Online

Nanoscale Paper
Table 1 Used volumes for synthesis of different molar ratios and actual ratios of co-PMMA

Volume/mL
Polymer P3 P4 P5 P6 pP7 P8 P9
AA 2.373 2.504 2.590 2.650 2.695 2.730 2.757
MMA 0.627 0.496 0.410 0.350 0.305 0.270 0.243
Molar ratio (AA: MMA) 1:3 1:4 1:5 1:6 1:7 1:8 1:9

Synthesis of poly(methyl methacrylate-co-methacrylic acid)

To synthesize the copolymers in different molar ratios of
AA:MMA in a range from 1:3 to 1:9, a free radical polymeriz-
ation method was used (Table 1). The needed amounts of
methyl methacrylate (MMA) and methacrylic acid (AA) were
mixed in bulk in glass tubes to make a 3 mL reaction mixture.
As initiator, 0.1 ¢ mL™" azobisisobutyronitrile (AIBN) was
added and the glass tubes were sealed. The reaction mixture
was heated to 70 °C and kept at this temperature under con-
stant stirring until full polymerization was achieved
(~5 minutes). Afterwards the resulting copolymer was dis-
solved in acetone and poured into water. The solid product
was filtered, washed with water, and dried under vacuum.

Scanning electron microscopy (SEM) imaging

The electrodes were prepared as mentioned above without
loading any drug and broken into two pieces along the center
of the nanofilm. Each piece was mounted onto aluminum
stubs and sputter-coated with Au/Pd. The images were taken
with a Zeiss Sigma FESEM.

Molecular weight and its distribution of co-PMMA

To determine the molecular weight and its distribution, 3 mg
of each synthesized polymer were dissolved in 1 mL tetra-
hydrofuran (THF) and measured by gel permeation chromato-
graphy (GPC).

Preparation of drug-loaded polymer nanofilms

Disposable screen-printed gold working electrodes (WE) with
silver pseudo-reference electrodes (Dropsens drp-220AT) were
used for all experiments. All polymers were dissolved in DMSO
to make a solution with a concentration of 20 pg pL™". The
polymer solution was mixed in a 1:1 (9:1 for fluorescein)
ratio with a drug solution with a concentration of 10 pg uL™"
in DMSO. 2 pL (1.41 pL for FL) of the resulting solution was
deposited on the WE. The samples were then dried for 30 min
in a 65 °C oven to ensure removal of the DMSO. 10 pL of a
0.01% chitosan solution in 0.1 M HCL was dropcast onto the
top of the sample and allowed to dry at room temperature.

Calibration curves for FL, Na-FL, MX, CM, and IN

For every drug, 1 pL of a 10 pg pL~" (1 pg pl~" for FL and Na-
FL) solution in DMSO was added to a well filled with 200 pL of
Ringer’s solution. After mixing, 100 pL of resultant solution
were placed in another well filled with 100 pL of Ringer’s solu-
tion. By repeating this procedure, a series of 7 half-dilutions

This journal is © The Royal Society of Chemistry 2018

were prepared in which a 8 well was left with only Ringer’s
solution. Afterwards 100 pL of 0.1 N NaOH solution were
added to every well. The absorbance of each well containing
different concentrations of various drugs were measured by
using a plate reader. For MX the absorbance was scanned in a
range from 230 nm to 550 nm. For the measurement of the
absorbance of the other drugs, filters at wavelengths of
492 nm and 562 nm (450 nm and 630 nm for CM) were used.

Timed release of FL after a single pulse

200 pL of Ringers solution was placed on the WE. The elec-
trode was shorted such that the silver electrode acted as both
the counter and reference electrode. A stimulus of —1.5 V was
applied for 60 s. The samples were collected at 1, 3, 5, 7, and
15 min after the stimulus. Sampling consists of removing
100 pL of solution from the WE, placing it into a well in a
96-well plate and replacing with 100 pL of fresh Ringers solu-
tion. Each 100 pL sample in the 96-well plate was diluted with
100 pL 0.1 N NaOH and run on an Azure Biosystems micro-
plate reader. The sample concentration was determined by
comparison to the standard curve.

Pulsed release of FL, FL-Na, CM, MX, and FITC-insulin

The pulsed release of different drugs was tested by using a con-
stant voltage or current. For the voltage experiments 200 pL of
Ringer’s solution were pipetted onto the electrode followed by
repeatedly applied stimuli of —1.5 V for 20 s once every 6 min.
The measurement ended after 10 pulses to make a one-hour
scan. The solution was sampled 4 min after each pulse. As a
control, an electrode was run in parallel without applying
voltage. The experiments using constant current used stimuli
of —300 pA for 20 s once every 3 min and ended after 20 pulses
to make a one-hour scan. The preparation of the samples and
absorbance measurements followed the same scheme as
already mentioned above.

Effect of voltage, time, and current on release of FL

To measure the effect of voltage and time on the release on FL
the setup of the electrodes, preparation of the samples and
measurement of the absorbance were repeated in the same
way as already mentioned above. Different stimuli of —0.5 V,
—0.8V, -1V, and —1.5 V were repeatedly applied for 20 s every
4 min. After 5 pulses the measurement was ended to make a
20 min scan. One electrode was run without any voltage
applied as a control. The effect of current was determined by
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applying a single 20 s stimulus with different currents of
—50 pA, —100 pA, —200 pA, and —300 pA.

Results and discussion
Synthesis and characterization of co-PMMA nanofilms

In our previous work, we introduced EGT (AA: MMA is 1:2) as
a polymer that can release drugs into an isotonic saline solu-
tion (pH 6.4) with repeated electric stimuli.” Ideally, a release
of the drug should only appear when voltage is applied.
However, as EGT is soluble above pH 7, it leaked significantly
at the physiological pH of 7.4, and therefore, it is not practical
for physiological use. To address this limitation, we have per-
formed a systematic study by increasing the amount of methyl
methacrylate (MMA) in the copolymer in order to increase the
pH value at which the polymer would be soluble (Table 1).
Based on the work of Barba et al., we hypothesized that the
increase in MMA in the copolymer would solve solubility issue
at a physiological pH.>*?*

Gel permeation chromatography (GPC) was used to deter-
mine the average molar weights of each co-PMMA. Every

500 nm =
_ Ceramic

Fig. 3 SEM image taken of the surface of a prepared electrode. The
polymer layer peeled off of the electrode due to mechanical agitation
during breaking the electrode. Average thickness of the polymer layer
towards the center was ~300 nm.

035

View Article Online

Nanoscale

polymer composition showed a similar range of molecular
weights (M,, ~ 5-7 x 10* g mol ™" and M,, ~ 1-3 x 10* g mol™),
which can be found in the ESL.}

The size of the polymer films on the electrodes were deter-
mined by SEM imaging. The electrodes coated with nanofilms
were broken in the middle and sputter-coated with Au/Pd. The
image shows the polymer film on the electrode surface with a
thickness of ~300 nm (Fig. 3).

Determination of optimal co-PMMA for drug release at
physiological pH

Our first goal was to identify a polymer that minimizes leakage
at pH 7.4. To evaluate the influence of increasing the amount
of MMA in the copolymer on drug leakage, we encapsulated
fluorescein (FL) as a model compound into co-PMMA made
with each monomer ratio (Table 1) and tested its passive
release in Ringer’s solution over one hour. No electric stimulus
was applied. FL was used as a drug surrogate for the ease of
detection and quantification. Thereafter, each DDS was tested
by applying a voltage of —1.5 V between the coated DDS elec-
trode and a silver counter electrode for 20 seconds. This pulse
was repeated every 5 min for a total of 10 electric stimuli. The
total time of applied voltage was 3.17 min over 1 h.

As expected, a high amount of FL (21% over 1 hour) leaked
out of the EGT layer caused by its solubility at the pH of 7.4.
Shown in Fig. 4a, the leakage of FL tends to decrease for
higher ratios of MMA in the copolymer, up until the polymer
composition with a ratio of 1:5 (AA:MMA) which stopped
releasing the drug without an electric stimulus (<1% over 1 h).
The copolymers with higher ratios in terms of MMA showed
similar behavior. The decreased drug leakage with an increas-
ing amount of MMA in the copolymer matches the expected
shift in solubility of the carrier polymer at a physiological pH
at higher ratios.”>*’

Every tested copolymer released a reasonable amount of
drug when electrically stimulated. The polymer with a ratio of
1:5 could release up to 99% of FL after 10 pulses of 20 s,
whereas the percentage of released drug diminished with an
increasing amount of MMA in the polymer - with co-PMMA
1:9 releasing the least amount of drug at 51% under the same
stimulation parameters (Fig. 4b). This experiment also demon-
strated that the localized pH change at the surface of the elec-
trode is strong enough to overpower the buffer.
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Fig. 4 FL release from polymer-CHT films in Ringer's solution with 10 pulses of —1.5 V for 20 s. (a) FL leakage from polymer films, (b) release of
non-leaking polymer films and (c) behavior of P5. Full set of data for each co-PMMA ratio can be found in the ESL¥
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As proposed, we were able to shift the solubility of the drug-
loaded layer by increasing the amount of MMA in the copoly-
mer, which led to a decrease in leakage at a biological pH
value. The side effect of the increasing ratio of MMA was the
decrease of total drug release.

The optimal polymer for physiological use was deemed to
be P5 for which the FL leakage was minimal, but stimulated
FL release was maximal. P5 was probed further by testing the
release of other drugs as well as the influence of time and
voltage on the release (Fig. 4c).

Pulsed release of FL

To make sure the polymer film would not continue to release
drug molecules following electric stimulus, we studied the be-
havior of drug release after a single pulse. The tests were per-
formed with P5 using FL as drug surrogate. In order to deter-
mine the timed release of the molecule in response to the elec-
tric stimulus in a buffer system close to human serum like
Ringer’s solution, a 60 s long pulse with voltage of —1.5 V was
applied. Samples were collected at fixed times (1 min, 3 min,
5 min, 7 min, and 15 min) after the stimulus.

Every polymer showed a similar release pattern, in which
the major part of the drug was already released into the solu-
tion after 1 min. A very small amount of released FL could be
found after 3 min whereas after a longer period of time no
further release could be observed (Fig. 5). The results show
that the local pH change induced by an electric stimulus in a
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Fig. 5 Timed release pattern of FL after a single electric stimulus of
—1.5V for 60 s for P5. Full set of data for each co-PMMA ratio can be
found in the ESL.}
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buffer solution is compensated fairly quickly. To confirm this
hypothesis, the pH was measured before and after the pulse,
showing no difference in value. The results further demon-
strate that the layer of CHT does not pose as a significant
barrier to diffusion of the FL released from the co-PMMA.

Effect of voltage, time, and current on FL release

To understand the effect of different voltages on the DDS, we
tested the release of FL by P5 in Ringer’s solution using 5
repeated 20 s pulses every 4 min at different voltages (+1 V, 0
V, —=0.5V, —=0.8 V, —1 V, and —1.5 V). The experiments with a
fixed current were run as a single 20 s pulse at different values
(=50 pA, —100 pA, —200 pA, and —300 pA).

As expected, no release of FL into Ringer’s solution could
be observed at +1 V, 0 V, as well as —0.5 V. This is another con-
firmation for our proposed release mechanism, which is based
on the reduction of water induced by applied negative voltages
of at least —0.6 V vs. Ag/AgClL.>***> At more negative voltages,
the release of FL into the solution increased with a total
release of 84% of FL after 5 stimuli with —1.5 V (Fig. 6). This
behavior is expected as the more negative electrical potentials
create a larger local pH change at the electrode surface, which
in turn releases more rapidly drug from the polymer film.

Also, we were able to show a linear effect between the
increase of current and the release of FL. The possibility of
influencing the release of a drug surrogate like FL by changing
the parameters voltage, time and current leads to a highly con-
trollable and finely tunable DDS.

Pulsed release of FL-Na, CM, MX, and FITC-INS at
physiological pH

Most drug delivery systems are made for releasing a specific
drug. In order to demonstrate the generality of our DDS, we
repeated the pulsed-release experiment with FL-Na,>® as a
model hydrophilic compound and drug surrogate, and three
different drugs. Curcumin (CM)*’ is a hydrophilic molecule
that has a bright spectrum of pharmacological properties due
to its inhibitory effects on metabolic enzymes and has poten-
tial use in various chronic diseases. Meloxicam (MX)*® is a
nonsteroidal anti-inflammatory drug with hydrophobic pro-
perties, which is used as a fever reducer or for its analgesic be-
havior. Insulin is a hormone that regulates metabolism and is
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Fig. 6 Release pattern of FL in Ringer’s solution for P5 at different (a) voltages (repeated 20 s pulses of —1.5 V) and (b) currents (single 20 s pulse of —1.5 V).
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Fig. 7 Pulsed release and leakage with —300 pA for 20 s each of (a) CM, (b) INS, (c) MX, and (d) FL-Na with P5 as carrier-polymer. Because of the
inhomogeneity of the polymer film, the release-current profile is not linear in this case. The results of the experiments with constant voltage can be

found in the ESL}

commonly used in the treatment of diabetes. For the ease of
detection a FITC-labeled version of the peptide (FITC-INS)**3°
was used. Each drug was chosen because of their applications
in the treatment of chronic diseases, in which a controlled
delivery system can aid the delivery of these particular drugs
and higher their efficiency. 20 pulses at —300 pA for 20 s each
were applied every 3 min to P5 loaded with the different drugs.
The same drugs were tested using P5 as carrier-polymer apply-
ing 10 pulses of —1.5 V for 20 s every 6 min. Control experi-
ments were performed without the application of voltage or
current to characterize leakage from these films. The results of
the experiments with constant voltage can be found in the
ESLT

Every DDS prepared with different drugs loaded on P5
(drug-loading 32 wt%) showed a controllable release pattern
with each of the drugs. Fig. 7 shows the release and leak of the
different molecules. It appears that 99% of the loaded FL-Na
could be released by repeated electric stimuli. However, 38%
of FL-Na leaked out into the solution without an external
stimulus. This behavior can be explained with the very high
water solubility (500 mg mL™") of this hydrophilic molecule.*®
Contrary to this result, the MX and FITC-INS showed only
leaks of 7% and 6%, respectively, from minor passive
diffusion. This could be attributed to the hydrophobicity of
MX (water solubility = 7.15 ug mL™")*® and combination of
hydrophobicity and size of FITC-INS (molecular weight =
5907.57 g mol™").>* The amount of stimulated drug released is
around 82% for INS and 92% for. CM did not show any
leaking issues and up to 3% of the incorporated drug could be

10092 | Nanoscale, 2018, 10, 10087-10093

released under the given stimulation conditions. Despite
major differences in properties like size, molecular weight, pK,
and hydrophobicity, every molecule could be controllably
released into a solution at a physiological pH value. The
results are promising considering no further optimization of
parameters like the amount of drug-loading, the duration of
electric stimuli or the molecular weight of the loaded polymer
was performed. After the experiments were finished, a sodium
hydroxide solution was put onto the electrodes to test, whether
the non-released drug molecules were electrically degraded or
remained encapsulated within the coffee ring at the edges of
the polymer film.> The results of absorbance measurements
added up to 100% of the incorporated drugs, which confirms
that the remaining drug is stuck in the coffee rings on the elec-
trodes and does not get degraded. Only CM showed a possible
degradation of about 10%.

Conclusions

We could enhance the properties of our developed electro-
responsive drug delivery system by changing the ratio of the
AA-MMA-copolymer on which the drugs are loaded. By increas-
ing the amount of MMA in the polymer we were able to shift
the solubility of the nanolayer to higher pH values in order to
make it more stable under biological conditions. Furthermore,
it could be shown that the release patterns in terms of the
influence of applied voltage are in line with our previous
studies. Various drugs could be controllably released into

This journal is © The Royal Society of Chemistry 2018
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Ringer’s solution with minor to no passive diffusion from the
layer despite their very different physicochemical properties.
Notably, less water-soluble drugs show reduced or no passive
release. Further studies on this DDS could lead to an optimiz-
ation of different variables including controlling the stimu-
lation parameter (e.g., duration of electric stimuli, magnitude
of current, etc.) as well as altering the composition of the
nanofilm (e.g., molecular mass of the polymer or amount of
drug-loading). This DDS is a promising way to design on-
demand drug delivery devices which, when coupled to bio-
resorbable electronics, could controllably release drugs to fight
different chronic illnesses, especially where repeated drug
doses are needed.
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