
https://onlinelibrary.wiley.com/action/showCampaignLink?uri=uri%3A61eb15e5-38b3-4152-a058-f6087588943a&url=https%3A%2F%2Fcontent.knowledgehub.wiley.com%2Fharnessing-icief%2F%3Futm_source%3DWOL%26utm_medium%3DePDF%26utm_campaign%3DBio-Techne_icIEF&pubDoi=10.1002/adhm.202301759&viewOrigin=offlinePdf


REVIEW
www.advhealthmat.de

Electroactive Polymers for On-Demand Drug Release

Manal E. Alkahtani, Moe Elbadawi, Christopher A. R. Chapman, Rylie A. Green,
Simon Gaisford, Mine Orlu, and Abdul W. Basit*

Conductive materials have played a significant role in advancing society into
the digital era. Such materials are able to harness the power of electricity and
are used to control many aspects of daily life. Conductive polymers (CPs) are
an emerging group of polymers that possess metal-like conductivity yet retain
desirable polymeric features, such as processability, mechanical properties,
and biodegradability. Upon receiving an electrical stimulus, CPs can be
tailored to achieve a number of responses, such as harvesting energy and
stimulating tissue growth. The recent FDA approval of a CP-based material for
a medical device has invigorated their research in healthcare. In drug delivery,
CPs can act as electrical switches, drug release is achieved at a flick of a
switch, thereby providing unprecedented control over drug release. In this
review, recent developments in CP as electroactive polymers for
voltage-stimuli responsive drug delivery systems are evaluated. The review
demonstrates the distinct drug release profiles achieved by electroactive
formulations, and both the precision and ease of stimuli response. This level
of dynamism promises to yield “smart medicines” and warrants further
research. The review concludes by providing an outlook on electroactive
formulations in drug delivery and highlighting their integral roles in
healthcare IoT.

1. Introduction

The digitization of healthcare has created a paradigm shift in the
way healthcare is delivered, offering new opportunities. While
some sectors have adopted the change quite successfully, for
example, in the development of remote monitoring technolo-
gies such as wearable diagnostic and sensory devices, other sec-
tors need further consideration including drug development.
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Traditional drug delivery systems (DDS),
such as those administered orally or in in-
jectables, have significantly contributed to
the treatment of diseases, having a signif-
icant societal benefit. To give a therapeu-
tic effect, drug molecules need to be re-
leased from the DDS and become avail-
able for interaction with the body. The typ-
ical pattern of drug release involves diffu-
sion, erosion, or swelling, which rely on
the passive release of the drug, and hence
are preprogrammed.[1] In other words, once
administered there is no further control
over release characteristics.[2] Most of the
presently available DDS are not able to de-
liver the drug in the required dose, to the tar-
get site, and within a specific time. Some of
the disadvantages of this approach include
side effects and toxicities.[3] Side effects and
adverse drug effects are the most common
concerns for medication safety. They mostly
occur due to off-target drug action or higher
doses contributing to medication noncom-
pliance and nonadherence, and such prac-
tice raises concerns.[4] Thus, it is neces-
sary to develop DDS with better safety and

efficacy attributes. Furthermore, the discovery of new potent ther-
apeutics such as biologics has increased the need for new, and
sophisticated delivery systems. Understandably, a growing body
of research has raised the importance of developing DDS with
better control over drug release in which both the rate and the
amount are precisely tailored to meet specific needs.

Recent advancements in material science have yielded
state-of-the-art materials with organized structures and high
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Figure 1. Different types of stimuli that trigger the release of drugs from stimuli responsive polymers. Reproduced with permission.[13] Copyright 2021,
American Chemical Society.

performance; one important example is stimuli-responsive
polymers. Such polymers have gained much interest from
both academia and industry owing to their ability to mimic the
behavior of living systems.[5] Stimuli-responsive polymers, also
referred to as “smart” or “intelligent” polymers, exhibit chemical
and/or physical alterations when subjected to internal or external
stimuli.[6] These systems could be sensitive to single, dual, or
multiple stimuli.[7] At the macromolecular level in the polymer
chains, the changes may appear as bond cleavage, degradation,
hydrophilic to hydrophobic equilibrium, and configuration.

Based on the stimuli’ nature, they can be classified into bio-
logical (e.g., enzymes and glucose), chemical (e.g., pH and re-
dox), and physical (e.g., temperature, light, electrical field, and
magnetic field),[8] Figure 1 highlights more examples of stim-
uli types. Hydrogels, micelles, and polymer-drug conjugates are
classes of stimuli-responsive systems that have been researched
for drug, anticancer, oral protein, and gene delivery.[9] Moreover,
the release rate could be adjusted based on the changes in the
delivery site microenvironment.[10] These systems hold numer-
ous advantages such as precise control of drug release rate and
triggered tuneable and targeted delivery, which is particularly im-
portant for the delivery of chemotherapeutics, anti-inflammatory

drugs, psychotropic, and hormonal therapy.[11] Accordingly, they
reduce the risk of unwanted side effects associated with off-target
drug action and unnecessary high drug doses. Moreover, stimuli-
responsive DDS can diminish the harmful “dose-dumping” ef-
fects of burst release.[12]

Electroactive materials are one class of stimuli-responsive sys-
tems that are garnering attention, partly galvanized by the re-
cent FDA approval of a conductive polymer (CP)-based device.[14]

Electricity has indeed been harnessed by society since the 1800s,
but it is worth mentioning that nature has exploited electricity
for longer. One salient example is the use of “bioelectricity” for
maintaining normal physiological functions, such as neuronal
signaling and muscle contraction.[15] In medicine, electric fields
have been used in electroporation and iontophoresis to aid the
drug molecules’ transport through membranes. Electric fields
have been used directly as well in the treatment of tumors.[16]

Thus, utilizing electric fields to trigger drug release from DDS is a
tempting approach. For a DDS to be responsive to electrical stim-
ulus, it must be conductive and allow electron transport.[17] While
blending polymers with conductive fillers, for example, silver
nanowires (Ag-NWs), carbon nanotubes (CNTs), and graphene
can result in a conductive DDS,[18] intrinsic CPs are a collection
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of polymers that are already inherently conductive.[11] Conduc-
tive and electroactive are used interchangeably throughout this
review to describe polymers with inherent conductive properties.

CPs have shown great potential to afford controlled and on-
demand drug release. Previous reviews have discussed the early
developments of CPs and this review will provide recent devel-
opments in electroactive DDS.[18a] The following section details
the mechanism by which CPs are controlled, which applies to the
different CPs detailed herein. Thereafter, recent progress is pre-
sented for three of the most studied CPs for drug delivery which
are polyethylenedioxythiophene (PEDOT), polypyrrole (PPy), and
polyaniline (PANi). Compared to other CPs, PEDOT, PPy, and
PANi are the most commonly used in drug delivery owing to their
unique electrical and physicochemical properties.[19] They pos-
sess good biocompatibility, biodegradability, and low toxicity.[20]

In addition, they have high surface area, good charge storage ca-
pacity, and high conductivity which make them suitable for the
controlled release of drugs.[21] Moreover, they can be easily syn-
thesized, and their properties can be tuned by changing the syn-
thesis parameters. They are versatile and can be combined with
other materials forming composites with tailored properties.[22]

This review will highlight approaches that have been explored
to overcome previously reported issues with such systems, in-
cluding reduced sensitivity to stimulus, low drug loading capac-
ity, and poor mechanical properties.[18a] Furthermore, the fabrica-
tion process of such systems is also discussed. The final section
will discuss the future outcomes, and how electroactive DDS can
be integrated with other emerging technologies to synergistically
advance developments in the field.

2. Conductive Polymers (CPs)

The electrical stimulus is a type of physical stimulus that trig-
gers the release of drugs from stimuli-responsive systems. The
material(s) comprising this system is electrically conductive to
respond to an electrical stimulus, and accordingly release its
load.[23] CPs are inherently conductive; different examples of
CPs and their advantages, limitations, and applications are high-
lighted in Table 1. Nevertheless, not all of these were explored in
the field of drug delivery for several reasons including complex
synthesis, stability issues, and difficult processing. Yet, if they
were investigated, they might open new opportunities for drug
delivery.

Among these, the most common inherently CPs are PE-
DOT, PPy, and PANi. CPs are also gaining interest in other
fields, where they have been used to develop electrodes, biosen-
sors, wearable electronics, sensors, monitoring devices, and
robotics.[19,32] Thus, CPs have the potential to serve multiple
roles in DDS. Some applications of CPs in the medical field
include controlled drug release, nerve regeneration, and tissue
engineering.[33]

As DDS, CPs provide programmable controlled release of
drugs when subjected to an electrical stimulus, with the higher
the applied voltage, the higher the drug release and vice versa.[34]

CPs are also known to be biocompatible, water-soluble, highly
conductive, mechanically sound, stable, and inexpensive, which
are ideal properties for a DDS.[35]

2.1. Poly(3,4-ethylenedioxythiophene)

Poly (3,4-ethylenedioxythiophene) (PEDOT) is the most widely
used CP due to its advantageous characteristics, such as excel-
lent stability at ambient conditions, water solubility that allows its
use for biological and medical applications, film-forming proper-
ties, easy to process, low-temperature processing and tuneable
electrical conductivity that could be enhanced by the addition of
either liquid or solid conductivity enhancers.[36] PEDOT is typ-
ically doped with poly (styrenesulfonate) (PEDOT:PSS) to allow
the CP to be dispersed in solvents.[37] PEDOT:PSS-based films
final properties depend on the materials used within the films
such as the solvent, the production method, and postproduction
processing.[14,38]

2.2. Polypyrrole

PPy has been extensively studied compared to other CPs due to
its good intrinsic properties including high electrical conductivity
and biocompatibility, low density, and ease of preparation.[11,39]

This has led to the polymer gaining research attention in a wide
variety of applications, such as neuronal grafts, artificial muscles,
sensors, and microwave shielding.[40] PPy can be produced by
several fabrication routes, resulting in products such as nanopar-
ticles, hydrogels, and films, with the latter achieving high conduc-
tivity of >380 S cm−1;[41] whereas, nanoparticles and hydrogels
achieve values in the order of 101 S cm−1.[39b,42] Like PEDOT, PPy
can be doped with PSS and other dopants to drastically improve
its conductivity, thereby, expanding its performance.[43]

2.3. Polyaniline

PANi is another CP possessing great electrochemical conductiv-
ity, biocompatibility mechanical properties, and facile synthesis
routes, first discovered 150 years ago.[44] Interestingly, a degrad-
able conductive scaffold can be achieved, further widening the
application of PANi.[45] It can be synthesized by a chemical ox-
idation process, and many different nanostructures of intricate
designs can be produced. For example, altering the pH during
oxidation can produce either nanofibrils or nanotubes.[44c] The
combination of PANi with other polymers as a blend, copolymer,
or hydrogel has been exploited in sensors, and electronic devices,
achieving conductivities of 10−7 to 10−3 S cm−1 in biomedical
applications.[44c,46]

3. Drug Loading

The inherent conductivity of CPs is the result of the polymer
molecule comprising a conjugated chain of carbon–carbon sin-
gle bonds (𝜎) and carbon–carbon double bonds (𝜋) (Figure 2(1)).
When the p-orbitals overlap in the 𝜋 bonds, the electron move-
ment between atoms becomes better and accordingly the elec-
trons move within the polymer chain. When drugs are incor-
porated, they add or remove electrons to or from the polymer
chain allowing their movement in and out based on the applied
potential.[15,47]
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Table 1. Common CPs and their properties, advantages, and limitations.

Conductive polymer
(CP)

Acronym Chemical structurea) Conductivity
[S cm−1]

Advantages Limitations Application Reference

Poly (3,4-ethylene
dioxythiophene)

PEDOT 102 – 103 • Stable
• High conductivity
• Biocompatible
• Water soluble

• Low mechanical
strength

• Complexity of synthesis

• Drug delivery
• Neural prosthetics

electrodes

[24]

Polypyrrole PPy 10−3 – 10−1 • High conductivity
• Stable
• Biocompatible
• Mechanical

strength

• Water insoluble
• Brittle

• Biosensors
• Drug delivery
• Tissue engineering

[25]

Polyaniline PANi 10−4 – 10−2 • Stable
• Inexpensive
• High conductivity

• Insoluble
• Low plasticity

• Biosensors
• Drug delivery
• Tissue engineering

[26]

Poly (p-phenylene
vinylene)

PPV 10−4– 10−2 • Thermal stability
• High transparency

• Water insoluble
• Lower conductivity

(requires doping)

• Biosensors
• Photovoltaic devices

[27]

Polythiophene PTh 10–103 • High conductivity
• Biocompatible

• Difficult to process.
• Water insoluble
• Instability

• Biosensors
• Tissue engineering

[28]

Polyacetylene PA 104 • High conductivity
• Chemical stability

• Low stability
• Difficult to process

• Chemical sensors
• Solar cells

[29]

Polycarbazole PCz 10–103 • Chemical stability
• Electron-donating

ability

• Poor mechanical
properties

• Complex synthesis
• Nonbiodegradable

• Electronic devices
• Optoelectronic

devices

[30]

Polypyridine PyPy 10–103 • Biocompatible
• High thermal

stability

• Poor mechanical
properties

• Sensitive to humidity
• Nonbiodegradable

• Electrochemical
sensors

• Tissue engineering

[31]

a)
Chemical structures were drawn using chem-space.

Drug incorporation can take place during the CPs polymer-
ization, where anionic drug incorporation occurs by balancing
the positive charges created during the CPs oxidation. Cationic
drugs, on the other hand, are incorporated during the reduction
process (Figure 2(2,3)). Despite being commonly used, the

incorporation of drug molecules during polymerization could
be reduced due to the interaction between drug molecules and
polymers; in addition, drug molecules reduce the attachment of
CPs into the electrode and consequently the system response to
the electrical stimulus. Therefore, it is recommended that drug
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Figure 2. Schematic illustration showing 1) conductive polymers (CPs) conjugated chain 2) shrinking and swelling processes during redox reaction 3)
mechanism of drug release for a) anionic drugs, b) cationic drugs. Reproduced with permission.[15,47] Copyright 2019, MDPI.
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incorporation takes place after CPs synthesis.[47] A key require-
ment of the drug is to be electrically charged, which includes
anionic and cationic drugs. Being explored more frequently, an-
ionic drugs are included within the system as a dopant during the
monomer oxidation process.[48] Nevertheless, this mechanism is
associated with lowering the drug loading capacity, decreasing
the conductivity, and both physical and mechanical properties.
A dopant is a substance that is added in small concentrations
to CPs to enhance their electrical conductivity. The method by
which a dopant is introduced into a polymer is called doping.
Doping could be chemical or electrochemical; in the former,
the dopant molecules will be added to the polymer during the
synthesis process, whereas, in the latter, a voltage will be applied
to the polymer in the presence of a dopant solution. Based on the
type and concentration of the dopant, and the doping method,
the electrical conductivity of the polymer will be altered.[49] An
alternative incorporation method is to synthesize the CP with
an anionic dopant, induce a reduction reaction to eliminate the
dopant, and finally add the drug as a secondary dopant. Neverthe-
less, there is a risk of the drug undergoing a reduction reaction.
Cationic drugs such as dopamine, chlorpromazine, and N-
methylphenothiazine have been entrapped in CPs, although less
common than anionic ones. The two-step method starts with the
use of an anionic dopant and is followed by the reduction of the
polymer and including electrons in its backbone.[50]

4. Mechanism of Drug Release from CPs

The mechanism of drug release from CPs depends on the al-
terations of the redox state (Figure 2 (2)). During the redox re-
action, the polymer charge, volume, and conductivity undergo
several changes.[16,51] In the reduction reaction, the CP volume
is decreased leading to anion-driven release of anionic drugs
(Figure 2(3a)); whereas the opposite occurs during the oxidation
reaction, the CP volume expands leading to the release of cationic
drugs in a process called “cation-driven actuation” (Figure 2(3b)).
CPs volumetric expansion and reduction are controlled by alter-
ing the applied voltage.[47,49] Having a controllable and reversible
redox reaction make CPs ideal for drug delivery.[52]

Drug release from CP-based systems could be influenced by
several parameters including the polymer thickness and density,
the release media, and the form of electrical stimulation. Presum-
ing that the thicker the polymer the higher the amount of drug
incorporated, the amount of drug release does not seem to be
linear with this. In fact, thicker films have lower electroactivity
compared to thin ones, which negatively impacts the amount of
drug release. Drug release media properties such as pH, ionic
strength, polarity, and hydrophobicity have an impact on the
CPs.[53] Ion transport is affected by the media pH, anionic move-
ments dominate in media with low pH values, and both cationic
and anionic movements occur at neutral pH.[54] The selection of
the release media is mainly dependent on the physiological rele-
vancy, for example, if the system is intended to deliver drugs to
extracellular fluid, then a buffer solution with a pH value of 7.4 is
applicable. As described earlier, the nature of electrical stimula-
tion will impact the drug release as the redox state controls drug
movement.[48]

The release process is a combination of electro-chemo-
mechanical action in CPs that cause expansion and contraction

movements leading to drug release. To initiate the drug release,
different methods have been explored including the use of cyclic
voltammetry (CV), chronoamperometry (CA), and chronopoten-
tiometry. CV is an electrochemical technique for potentiody-
namic measurement of redox reaction in materials but can be
repurposed to actuate drug release. The test starts with a pre-
determined potential value and scan speed and is set to reach
a certain potential value, then moves in the opposite direction
until the initial potential is reached again. In CA, the potential
of a working electrode is kept constant over time. Chronopoten-
tiometry is a galvanostatic method in which a fixed current of the
working electrode is set over a given time. In brief, if a higher
voltage or longer activation time is employed, the drug release
is expected to be greater.[55] When a CV test is used, the electro-
chemo-mechanical response of CPs films may cause mechanical
inconsistency, which could be detected by scanning electron mi-
croscopy (SEM), which contributes to shortening the system life.
These techniques could be coupled with some analytical tech-
niques such as UV, and HPLC to quantify the release of drugs.[18a]

Neutral drugs, on the other hand, are more difficult to
actuate. Different approaches have been explored, including
hydrophobic–hydrophilic interaction between the drug and an-
ionic dopant, generation of hydrogen bonds between the drug
and oxidized polymer, and formation of covalent bonds between
the drug and CP.[19,56] However, the drug release is primarily de-
pending on intermolecular interactions and bond hydrolysis in-
stead of responsiveness to external stimuli.[55]

Several studies have investigated different strategies to incor-
porate various drug types and explore diverse release mecha-
nisms using different CPs; the following sections will discuss
recent progress in specific CPs highlighting both drug incorpo-
ration and release mechanisms.

5. CPs in Drug Delivery

The distinctive attributes of CPs render them exceptionally ap-
pealing for a wide range of drug delivery applications. The sub-
sequent sections will delve into the versatile landscape of CPs
in drug delivery, examining their incorporation into diverse ma-
trices, including hydrogels, polymeric films, nanoparticles, and
more. Each section will elucidate the specific studies and appli-
cations where these CPs have been harnessed, highlighting the
exciting potential they hold in modern pharmaceutical research
and healthcare solutions.

5.1. Hydrogels

Hydrogels have emerged as versatile and promising drug deliv-
ery systems, offering a dynamic platform for precise and con-
trolled release of therapeutic agents.[57] These three-dimensional
networks of hydrophilic polymers possess the remarkable abil-
ity to absorb and retain large amounts of water or biological flu-
ids while maintaining their structural integrity.[58] This unique
characteristic enables hydrogels to act as reservoirs, gradually re-
leasing encapsulated drugs in response to various environmen-
tal cues.[59] By tailoring their composition and properties, hydro-
gels can be engineered to respond to specific triggers.[49] By in-
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Figure 3. Release profiles under different conditions 1) flu release using different applied voltages. 2) passive and active release of flu using different
stimulation types of CPs, pulse, and cyclic voltammetry (CV). 3) Dex release in both passive and active from PEDOT and PDMAAp/PEDOT formulations.
4) flu release from reloaded and nonreloaded formulations. Reproduced with permission.[61] Copyright 2019, John Wiley and Sons.

corporating CPs into hydrogel matrices, these “conductive hydro-
gels” have the ability to respond to electrical signals, enabling on-
demand drug release through electrochemical modulation.[60]

PEDOT:PSS can be used as a standalone electroactive DDS;
however, its properties can be enhanced when blended with other
polymers. For example, a DDS containing PEDOT as the CP
and poly (dimethylacrylamide-co-4-methacryloyloxy benzophe-
none (5%)-co-4-styrenesulfonate (2.5%)) (PDMAAp) as a hydro-
gel precursor was developed by Kleber and team.[61] The DDS
demonstrated the successful active release of fluorescein, which
was sixfold greater compared to a PEDOT:PSS system. This could
be explained by the effect of the hydrogel the active drug release
from the hydrogel system is faster than the standard system. The
hydrogel system possessed the ability to reload and release the
drug multiple times and the study demonstrated that fluorescein
was reloaded using photolithographic techniques. Active fluores-
cein release from PDMAAp/PEDOT system was prompted using
a potential of −0.5 V for 60 s which was followed by the reloading
of fluorescein multiple times. The data showed that the amount
of fluorescein release was maintained for three loading and stim-
ulation cycles. The released amount of fluorescein upon the sec-
ond cycle was 13.2 times higher than the control samples indicat-
ing the system’s ability to reload and release the drug. There is a
relationship between the applied voltage and the amount of fluo-

rescein release; a current value of −0.6 V yielded 8.9 times more
fluorescein release in comparison to −0.1 V. Different stimula-
tion types result in different release profiles, for example, con-
stant potentials provide strong initial burst release; single short
pulses, on the other hand, will give a release profile a step-like
single profile. Lastly, CV sweeps will give a staircase-like release.

The same study also demonstrated the active release of dex-
amethasone for local delivery to the neural interface. Dexametha-
sone has a similar charge and size as fluorescein, and it was used
for its anti-inflammatory activity, especially in the central nervous
system. Both active and passive dexamethasone release studies
were conducted on both PDMAAp/PEDOT and PEDOT/PSS sys-
tems. Passive release data showed that upon immersion of the
systems for 120 min, 403.1 ± 61.0 ng, and 394.6 ± 38.5 ng dex-
amethasone released from PDMAAp/PEDOT and PEDOT/PSS,
respectively. On the other hand, the active release results were
169.6 ± 7.2 and 260.7 ± 78.9 ng of dexamethasone were released
from the PDMAAp/PEDOT and PEDOT/PSS, respectively, in 10
min (Figure 3).

Hydrogels containing proteins were also successfully fabri-
cated in an electroactive system. Gelatin methacryloyl (GelMA)
were blended with PEDOT/para-toluene sulfonate (pTS), where
bovine serum albumin (BSA) was used as a model protein. The
study demonstrated a significant increase in BSA release with a
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voltage of −0.6 V over 200 min. Furthermore, a 21-day release
study found that cycling the voltage between ±0.6 V at a fre-
quency of 0.1 Hz for 1 h a day significantly altered the release rate
compared to passive release. Thus, the application of an electri-
cal stimulus was found to modulate the release rate and opens
the opportunity to explore the potential modulating therapeutic
protein delivery release over a prolonged period. It is worth not-
ing that the addition of the conductive material enhanced the hy-
drogel stiffness when immersed in phosphate buffer saline so-
lution (PBS) over a 21 day period and cell viability analysis re-
vealed no adverse cytocompatibility effect with the addition of
PEDOT/pTS.[62]

Developing drug delivery systems based on hydrophobic
drugs remains a challenge; to explore the potential of stimuli-
responsive DDS as a platform to deliver this drug category, cur-
cumin (CUR), a hydrophobic drug, was selected in a study by
Puiggali-Jou and co-workers.[63] CUR-loaded PEDOT/Alg hydro-
gel was prepared in two steps; first CUR and alginic acid (AA)
were dissolved in ethanol, and after that PEDOT:PSS was added
to the mixture. Gelling was reached by adding CaCl2 solution
to the mixture yielding PEDOT:PSS and alginate (Alg) hydrogel
loaded with CUR. In the absence of electrical stimulation, slow
and slight release (3%) of CUR was determined due to the hy-
drophobic nature of the drug and the formation of intermolec-
ular bonds with the matrix. Upon active release, however, 25%
CUR was released in 2 h. During electrochemical stimulation,
voltage values of either +1.0 or −1.0 V were applied for 2 h on
both PEDOT/Alg (CUR) and Alg (CUR). After 1 h of stimulation,
the amount of CUR released from PEDOT/Alg (CUR) and Alg
(CUR) was 3.6 ± 1.0% and 7.1 ± 1.0%, respectively. The low drug
release was linked to the hydrophobicity of CUR, to overcome
this issue, the release media was replaced by ethanol. By doing so,
the amount of CUR from PEDOT/Alg (CUR) and Alg (CUR) has
increased to 12.9 ± 1.7% and 9.1 ± 1.4%, respectively. Negative
voltage-controlled drug release was higher compared to positive
or passive release (Figure 4(3)).

Conduction paths were seen in the TEM images (Figure 4 (1))
that explain the electroresponsive behavior of the hydrogel. PE-
DOT domains were seen as interconnected spots of nanometric,
or micrometric (≈1 μm) molecules embedded in the Alg matrix.
The CV voltammograms for both PEDOT/Alg (CUR) and Alg
(CUR) at voltage values of either +1.0 or −1.0 V are shown in
Figure 4 (3). At stimulation of +1.0 V, the voltammograms sug-
gest that the hydrogel response to the stimulation is due to the
presence of PEDOT. The corresponding voltammograms of Alg
(CUR) at +1.0 and −1.0 V show a minimum reduction of elec-
trochemical activity, indicating that the amount of drug released
from this system is caused mainly by ions diffusion rather than
as a response to the stimulation.

One of the main limitations of PPy is its low drug-loading ca-
pacity. Research into overcoming such issue by Bansal and group
resulted in the development of conducting polymer hydrogel
(CPH) made of gelatin methacrylate (GelMA) and PPy.[64] Using
electrochemical polymerization, glutamate (Glu), a model drug,
was incorporated into the hydrogel yielding GelMA/PPy/Glu sys-
tem (Figure 5(1)). GelMA/PPy/Glu extract was used in biocom-
patibility testing using LIVE/DEAD viability/cytotoxicity assay on
undifferentiated SH-SY5Y neurons. The cells were exposed to the
extract for 24 h and the average viability of the control group was

95.4 ± 4.90%. The test groups’ results were 94.3 ± 2.94% for the
GelMA hydrogel, 91.7± 6.27% for PPy/Glu, and 90.0± 3.73% for
GelMA/PPy/Glu. There was no statistical difference compared to
the control group indicating the biocompatibility of the materials
(Figure 5 (2)).

CV demonstrated a large increase in charge storage capacity
and long-term electrochemical stability (1000 CV cycles). Glu is
an anionic drug and was loaded in both GelMA/PPy/Glu and
PPy/Glu via electropolymerization at +0.9 V. The use of con-
stant oxidizing potential makes PPy in the oxidized state which
then forms electrostatic interactions with negatively charged Glu.
The porous network of GelMA/PPy/Glu allows higher drug load-
ing. Both systems were deposited into a gold electrode (1 cm2) to
study passive and active drug release profiles. In the absence of
stimulation, the amount of Glu released from GelMA/PPy/Glu,
PPy/Glu, and GelMA hydrogel were 25.0 ± 6.82, 7.2 ± 1.59, and
2.1 ± 0.53 μg, respectively. To study the influence of the hydro-
gel, the amount of Glu released from GelMA/PPy/Glu was com-
pared to that from conventional PPy/Glu films, resulting in 14
times higher amounts of Glu released from the hydrogel-based
system.

The release study (Figure 5 (3)) indicates a five times increase
in Glu release with electrical stimulation of (−0.6 V) compared
to passive release. At constant CV sweeps, the total amount of
Glu release was 20.7 ± 5.50 μg over 4 h. Using different types of
electrical stimulation namely CV (± 0.6 V at 100 mV s−1) and
constant oxidation (+0.6 V) has resulted in no significant dif-
ference in the amount of drug release (p > 0.5). On the other
hand, the application of constant reduction potential at −0.6 V
has increased the Glu release from GelMA/PPy/Glu compared to
that from PPy/Glu, 106.8 ± 7.48 and 7.20 ± 1.59 μg, respectively
(Figure 5 (3)). The drug release using a reduction reaction was
six times higher than that with oxidation and five times higher
than the unstimulated release. Therefore, for negatively charged
molecules, the application of negative potential results in higher
drug release due to electrostatic repulsion forces. The opposite
is true; positive potential leads to the electrostatic attraction be-
tween the anionic drug and CP chain and the amount released
could be driven by the diffusion process.

A promising application of PANi was recently demonstrated,
where when used as wound dressing, both the electrical stimuli
and cargo synergistically helped to accelerate wound healing. A
hydrogel comprising vitamin D-loaded PANi/chitosan composite
was developed for wound healing. 1% w/v chitosan was dissolved
in acetic acid solution and left to homogenize, after that 2% w/v
PANi and vitamin D solution in 6:4 v/v water:ethanol was added
to chitosan solution. The hydrogel formation was completed by
gradually adding sodium TPP solution. The current of the hy-
drogel was 1455 μA. The hydrogel was tested both in vitro and in
vivo; cell culture studies showed that despite the effect of vitamin
D as a growth factor, the electrical stimulation itself enhanced
cell proliferation. In vivo wound healing studies on Wistar rats
confirmed the positive effect of electrical stimulation, however, a
more pronounced wound healing effect was obtained with vita-
min D (wound healing within 12 days) compared with control,
nontreated rats (wound healing within 21 days). The study has
compared four different groups for wound healing, group 1 con-
trol with no intervention, group 2 used marketed formulation,
group 3 blank hydrogel, and group 4 conducting hydrogel. Both
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Figure 4. 1a,b) TEM images showing PEDOT domains as interconnected spots of nanometric, or micrometric (≈1 μm) molecules embedded in Alg
matrix. 2) Cyclic voltammograms recorded at 15 min intervals for (a,c) PEDOT/Alg (CUR)-h and (b,d) Alg (CUR)-h electrostimulated by applying a
constant voltage of (a,b) +1.0 V or (c,d) −1.0 V. The voltammograms were measured at potential between −0.20 and 0.60 V at a scan rate of 100 mV
s−1. 3) Release of CUR from PEDOT/Alg (CUR)-h and Alg (CUR)-h samples by a) diffusion (passive release) after immersion in an aqueous solution for
9 days and ethanol (pale yellow rectangle) for 4 days and by applying a constant potential of b) +1.0 V or c) −1.0 V for 2 h in aqueous solution. The inset
in (c) shows the correlation between the current density (from cyclic voltammograms) and the amount of CUR released from the hydrogel. Reproduced
with permission.[63] Copyright 2020, American Chemical Society.
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Figure 5. 1) Schematic illustration showing a) the process of preparing GelMA/PPy/Glu. b) Electrode site. c) GelMA/PPy/Glu coating. d) Drug incor-
poration process. 2) Biocompatibility testing. 3a). Cumulative Glu release from GelMA/PPy/Glu, PPy/Glu, and GelMA coatings by passive diffusion in

Adv. Healthcare Mater. 2023, 2301759 2301759 (10 of 26) © 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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group 3 and 4 microscopic images show epithelization and fi-
broblast migration suggesting the formation of healthy tissues
with no scar formation. Compared to group 1, group 2 had rela-
tively faster healing; however, it was slower than groups 3 and 4,
and scar tissues were noticed.

A separate study investigating PANi revealed CP can have mul-
tiple modes of drug release in hydrogels.[65] When PANi was
combined with a polyvinyl alcohol (PVA) hydrogel, the mecha-
nism of indomethacin released was a combination of drug mi-
gration as a result of the electric field, but also the erosion of
the hydrogel, suggesting that CPs can be used to control the
process of hydrogel erosion. It is worth remarking that incorpo-
rating PANi can reduce drug encapsulation, as reported by,[66]

which was attributed to the hydrophobic characteristics of PANi.
Other findings with PANi include the successful demonstra-
tion of in vivo and in vitro biocompatibility electroactive DDS,
with tuneable “on-off” release of indomethacin and dextran,
and amoxicillin, respectively.[12,67] The latter study demonstrated
that 9 “on-off” pulses can be achieved with a PANi-blended
hydrogel.

Hyaluronic acid based hydrogels were made electroactive
when blended with a combination of PANI and reduced
graphene oxide (rGO). Hyaluronic acid has been explored for
multiple healthcare applications, including both drug delivery
and tissue engineering.[68] The material displays a range of de-
sirable biomedical features, such as inherent therapeutic ef-
fects, tuneable mechanical properties, and biocompatibility.[69]

Hyaluronic hydrogels are inherently nonconductive, while the
addition of either PANI or rGO resulted in conductivity in the
order of 10−6 S cm−1. However, the simultaneous addition of
both PANI and rGO appeared to have a synergistic effect with
conductivity increasing by one order of a magnitude to 10−5 S
cm−1, where the authors hypothesized that the integration of both
conductive materials imparted different conductivity sources in
the hydrogel structure. Nonetheless, the hydrogel exhibited suf-
ficient conductivity, where ibuprofen release was triggered by an
on-and-off voltage stimulus. Furthermore, cumulative ibuprofen
release was enhanced with a sustained voltage over 140 min,
where the release for 0, 1, and 3 V were 35%, 60% and 86%,
respectively.[70]

5.2. Polymeric Films

Polymeric films have garnered significant attention as a novel
and adaptable approach to DDS. These thin, flexible sheets com-
posed of biocompatible polymers offer a versatile platform for
controlled drug release, allowing for precise dosing and pro-
longed therapeutic effects.[71] Their ease of application and po-
tential for localized treatments make them an attractive option
for various medical scenarios. Notably, the integration of CPs into
these polymeric films has introduced an exciting dimension to

drug delivery.[71a] By leveraging the electrical properties of CPs,
these films can respond to electric fields, enabling triggered drug
release.[19]

Tauroursodeoxycholic acid (TUDCA), a natural bile acid, has
attracted interest due to its anti-inflammatory and neuropro-
tective activity for the treatment of central nervous system dis-
eases. There is a desire to control the release of TUDCA, which
prompted researchers to investigate the electroactive release of
the compound. TUDCA was incorporated within PEDOT to
form PEDOT/TUDCA film via CV electrodeposition. The study
compared PEDOT/TUDCA film to PEDOT/dexamethasone film.
In terms of film morphology, both SEM and atomic force mi-
croscopy (AFM) images show granular-like structures that are
commonly associated with electropolymerized PEDOT (Figure
6(1)). The charge transport dynamics in both films were tested us-
ing electrochemical impedance spectroscopy (EIS) circuit mod-
eling with a frequency interval of 105–0.5 Hz. This is impor-
tant because freely transporting charge ensures the conductiv-
ity of the film, while on the contrary, their transport is hindered
by resistance. In circuit modeling, resistance is represented by
impedance. When impedance is independent of electrical sig-
nal frequency, charge transport along the conductive film is im-
proved. PEDOT showed typical near ohmic behavior leading to an
increase in the frequency-independent impedance interval from
105 to 102 Hz. Based on the resistance values, PEDOT/TUDCA
(Rs≈20 Ω) has higher electrical conductivity compared to PE-
DOT/dexamethasone (Rs≈40 Ω) (Figure 6 (2)). There was an
initial burst release of TUDCA in both passive and active re-
lease methods, however, with the active release, both the drug
amount and the release rate were greater. Upon the applica-
tion of 500 CV cycles (360 min), the drug release was 305 ± 6
nmol cm−2, whereas passive release resulted in 109 ± 29 nmol
cm−2 drug release (Figure 6 (3)). When discontinuing the elec-
trochemical stimulus, its influence on the system may remain
for a longer period. To investigate that, TUDCA-containing elec-
trodes that were subjected to previous electrochemical stimula-
tion have been used to investigate further compound release.
The passive release of TUDCA from electrodes subjected to pre-
vious stimulation was measured over 7 days and yielded a re-
lease amount of 340 ± 44 nmol cm−2 compared to 152 ± 45
nmol cm−2 for those unprocessed (Figure 6). This confirms
that the total active drug release involved both the amount re-
leased when an electrochemical stimulus was on, and the amount
released afterward. Collectively, they have achieved higher re-
lease in comparison to passive drug release. Delamination of
CP films due to mechanical stress has been reported to assess
that adhesion measurements are performed by test tape. The
optical images show the stability of PEDOT/TUDCA film, in
contrast, PEDOT/dexamethasone film has randomly scattered
patches (Figure 6 (4)). To quantify the extent of lamination be-
fore and after the adhesion measurement, EIS was used. The
resistive performance of both films was in the frequency range

phosphate buffer saline solution (PBS) for 8 h. b) Electrically stimulated release profile of Glu from GelMA/PPy/Glu coatings showing the influence of
different electrical triggers, i.e., constant reduction (−0.6 V), constant oxidation (+0.6 V), and cyclic voltammetry (CV) cycle sweeps (−0.6 to + 0.6 V at
a rate of 100 mV s−1). c) Comparison of cumulative Glu release profile from GelMA/PPy/Gly and PPy/Glu coatings upon constant reduction (−0.6 V).
d) Bar graph showing the comparison active and passive release of Glu from GelMA/PPy/Glu and PPy/Glu coatings after 4 h. (Data presented as
mean ± SD) (*p ≤ 0.05, and **p ≤ 0.01). Reproduced with permission.[64] Copyright 2022, Elsevier.
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Figure 6. 1a,b) Scanning electron microscopy (SEM) images and c,d) atomic force microscopy (AFM) images show granular-like structures that are
commonly associated with electropolymerized polyethylenedioxythiophene (PEDOT). 2a) Illustration of circuit model b–d) bode plot describing the
frequency response of both systems that shows frequency-independent impedance interval from 105 to 102 Hz. before and after the adhesive tape test.
3a,b) Active versus passive cumulated release of tauroursodeoxycholic acid (TUDCA) from PEDOT/TUDCA coated electrodes with respect to different
time intervals. 4a–e) Electrochemical impedance spectroscopy (EIS) images of films before and after the adhesive tape test. c,f) The resistive performance
of both films before and after the adhesive tape test was in the frequency range of 0.1–100 Hz. Reproduced with permission.[72] Copyright 2019, John
Wiley and Sons.

of 0.1–100 Hz, however, the diffusional capacitance CLF for PE-
DOT/TUDCA and PEDOT/dexamethasone was in the order of
5% and 13%, respectively (Figure 6 (4)). The study has compared
PEDOT/TUDCA and PEDOT/dexamethasone films since the lat-
ter has been previously proposed for neural drug delivery. The
viability assays showed that PEDOT/TUDCA has low cytotoxicity
and more biocompatibility compared to PEDOT/dexamethasone
system, thus, it is suitable as a neural implant.[72]

To study the effect of PEDOT:PSS inclusion and concentration
on ciprofloxacin release, the solvent-casted polymeric films com-
prising hyaluronic acid/gelatin/sodium alginate (HA/Gel/SA)
were developed with different concentrations of PEDOT:PSS (0,
4 and 6% v/v) (Figure 7(1)). To load the drug, 1 cm2 film sam-
ples were cut and immersed in a ciprofloxacin drug solution.[73]

The ciprofloxacin release data are shown in Figure 7 (2). When a
sustained drug release profile is desired, the uncontrolled burst
release results in losing a great amount of the drug in a short
period. In this study, compared to the pure HA/Gel/SA films,
adding PEDOT:PSS to the formulation resulted in a decrease in
the amount of burst release. The filler effect of PEDOT:PSS has
retained ciprofloxacin molecules within its polymeric network.
The incorporation of PEDOT:PSS has led to better control over
the drug release with sustained profile overcoming the issue of
initial uncontrollable burst release.

Four-point resistivity probing equipment was used to measure
the electrical conductivity of PEDOT:PSS-containing films, those

containing 4% v/v PEDOT:PSS has higher electrical conductivity
(9.2 × 10−3 S cm−1) compared to those containing 6% v/v (Figure
7 (3)). This is attributed to the uniformity of PEDOT:PSS distri-
bution within the polymeric matrix at lower concentrations al-
lowing continuous movement of electrons, whereas, at a concen-
tration of 6% v/v, the CP molecules agglomerate and reduce elec-
tron transport. Although it was presumed that the higher the PE-
DOT:PSS concentration, the higher the conductivity, this study
confirms that the optimum concentration of CP is concentration
independent.

Sun et al. were able to develop a hybrid film that can pro-
vide electrically controlled drug release and deliver exogenous
electrical signals to neuronal cells.[74] Initially, graphene oxide
(GO) nanocomposites were loaded with neuroprotective drug
7,8-dihydroxyflavone (7,8-DHF) by 𝜋–𝜋 stacking, and the drug-
loaded nanocomposites were then deposited inside PEDOT film
and finally, to improve the biocompatibility, the film was coated
with Dopamine-graft-Chitosan (CD). The hybrid system was able
to deliver different signals such as electrical signals, nanotopo-
graphical signals by GO, and the drug to the neural cells result-
ing in neuronal mitochondrial biogenesis that was confirmed by
immunofluorescence staining and gene expression. It has been
found that extreme electrical stimulation has damaging effects on
the conductive films including delamination and cracking, never-
theless, D@G/P-CD film was able to retain its structural integrity
after 200 release stimulation (Figure 8(2a,b)).
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Figure 7. 1) Fabrication of hyaluronic acid (HA)/Gel/sodium alginate (SA) polymeric film and the incorporation of polyethylenedioxythiophene (PE-
DOT):PSS. 2) CIP release data from HA/Gel/SA film and HA/Gel/SA-(PEDOT:PSS) film. 3) Conductivity data of different concentrations of PEDOT:PSS
as 4 and 6% v/v in HA/Gel/SA-(PEDOT:PSS) films. Reproduced with permission.[73] Copyright 2022, John Wiley and Sons.

In the absence of electrical stimulation, a minor drug amount
was passively released. On the other hand, administering electri-
cal stimulation in the amount of −0.2 V for 90 min has resulted
in an increase in drug release to (2 × 10−6 m), further, an increase
in drug release was achieved by increasing the applied voltage by
−0.4, and−0.6 V to ≈4× 10−6 m and ≈8× 10−6 m, respectively. In-
creasing the duration of stimulation has enhanced drug release,
these results prove that the amount of drug release is dependent
on both the voltage and duration of the applied stimulus. Apply-
ing multiple cycles of on–off type stimulation resulted in a stair-
case profile with a positive step corresponding to an electrically
promoted release (Figure 8(2g–h)). The electrochemical proper-
ties of the film were studied via CV at a scan rate of 0.05 Vs−1

and were conducted in 0.01 m PBS (pH 7.4) media. By compar-
ing the area under the curve of cyclic voltammograms, the results
indicate a high charge to storage capacity for G/P, G/P-CD, and

D@G/P-CD but not the bare ITO. The characteristic reversible
redox reactions seen in the graph confirm that the film is electro-
chemically active (Figure 8(2e)).

5.3. Patches and Microneedles

Patches and microneedles (MNs) have emerged as innovative
and patient-friendly drug delivery systems, offering noninvasive
and convenient alternatives to traditional administration meth-
ods. Patches, often applied to the skin, provide controlled release
of drugs over time, while MNs painlessly breach the skin’s sur-
face to deliver therapeutics directly into the bloodstream or un-
derlying tissue.[75]

Yang and co-workers have developed smart patches for elec-
trically controlled and on-demand transdermal drug delivery to
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enhance drug permeation through the skin barrier.[76] The
system consisted of conductive MNs and a two-electrode mi-
croneedle patch (t-EMNP); two sets of MNs were developed using
polylactic acid platinum (PLA-Pt) and polylactic acid platinum
polypyrrole (PLA-Pt-PPy) (Figure 9(1)). Fluorescein was used as
a model drug and was loaded on the MNs by polymerization;
both polymerization time and fluorescein concentration have
influenced the MNs’ drug loading capability. Polymerization
times of 1, 2, and 3 h were able to achieve drug loading by 35.062
± 2.753, 43.165 ± 4.058, and 58.03501 ± 2.09456 ng per needle,
respectively. Longer periods of electrochemical polymerization
result in thicker PPy film and accordingly higher drug loading.
Nevertheless, very thick films are not favorable in this applica-
tion as it covers the tips of MNs preventing their penetration
into the skin. The drug loading was influenced by fluorescein
concentration which has a direct impact on drug deposition
on MNs, fluorescein concentrations of 0.5, 2, and 5 mmol L−1

were able to produce drug loading of 20.276 ± 0.524, 43.165 ±
2.058, and 49.985 ± 1.499 ng per needle, respectively. An elec-
trochemical workstation was used to conduct the drug release
study; it consisted of two main parts; the three-electrode system
and the working solution which was PBS. The three electrodes
were a counter electrode made of platinum wire, a reference
electrode comprising SCE electrode, and the test electrode was
PLA-Pt-PPY MN patch. The fluorescein release was controlled by
electrical stimulation which when absent neglected drug release
was detected. The release rate was altered by applying different
potentials. The thickness of the PPy film, electrical stimula-
tion period, and value of applied potential have controlled the
amount of fluorescein release. There was an initial fast release of
fluorescein upon electrical stimulation which was followed by an
equilibrium state, and about 80–90% of fluorescein was released.
However, without electrical stimulation, between 10–20% of the
drug was detected which is presented as a result of drug diffusion.
Changing the applied voltage has an impact on the drug release
efficiency, a potential value of −1.5 V resulted in higher fluores-
cein release efficiency. When the current output is high, there
will be more charges transferred through the circuit and the PPy
backbone will be in a reduced state leading to more drug release.
Another common test with electrically stimulated formulations
is the on-off test; herein, when the electrical stimulation was on
the off mode, there was nearly no drug release. Whereas, with the
on mode, fluorescein release presented a linear release profile.
The system showed superior electrochemical and mechanical
properties and high drug-loading ability. To further investigate
its efficacy of it, fluorescein was replaced with glucocorticoids
and tested on atopic dermatitis-bearing mice and the results
showed that infiltration of both inflammatory cells and inflam-
matory factors was reduced remarkably and mice returned to
normal state. PLA-Pt-PPy biocompatibility was also investigated
in this study using a cytotoxicity test, the data confirmed great
biocompatibility with more than 80% cell viability (Figure 9 (2)).

5.4. Polymeric Nanoparticles

Polymeric nanoparticles are known for their ability to encapsu-
late drugs and protect them from degradation, as well as their
ability to sustain drug release over a period of time.[77] These
nanoparticles can be made from various materials, including
biodegradable polymers, and can be functionalized with target-
ing ligands or imaging agents to improve their specificity and
efficacy.[78] CPs have also been investigated for their potential use
in polymeric nanoparticle-based DDS.[79] The unique electrical
conductivity of CPs can be utilized to control drug release rates
and achieve targeted delivery, making it a promising material for
drug delivery applications.

In an attempt to enhance the drug loading capacity, silica
nanoparticles were processed to form thiol nanoparticles which
were further oxidized to form sulfonate nanoparticles (SNPs);
the latter was subjected to selective incorporation of hexadecyl
trimethylammonium bromide forming nonporous and porous
SNPs. The nanoparticles were then doped with PEDOT films.
Low drug loading is one of the inherent issues of CPs; herein,
the production of PEDOT-coated nanoparticles has significantly
increased drug loading capacity owing to SNPs’ high loading ca-
pacity (0.55 cc g−1). The tested compounds were fluorescein and
rhodamine, which are negatively and positively charged, respec-
tively. Aqueous solutions of the individual compounds and a mix-
ture of both were used to suspend the nanoparticles, followed
by sonication to enhance the compounds’ migration through the
pores on the surface of the particles. To trigger the drug release
from the PEDOT coatings of nanoparticles, the CV voltage sweep
test in the range of 0.8 to −0.6 V was used. The active release of
fluorescein and rhodamine from the SNPs was increased by 6.4
and 16.8 times, respectively. The data also shows that upon 5000–
9000 stimulations, there was a significant increase in the release
of the compound. Compared to the active compound release, the
amount of compound detected after passive release by diffusion
was negligible. Simultaneous corelease of both drugs was deter-
mined upon the electrical stimulation using CV stimulation type.
The data showed that the corelease was at a slower rate compared
to the release of individual drugs which could be caused by com-
pound interaction (Figure 10(1)).[80]

A more complex in vivo model was used in this study to further
understand the formulation performance (Figure 10(2a)). CV was
used in different pulses to initiate the release of fluorescence
(Figure 10(2b)), and the results show more controlled release
and diffusion of the dye in the surrounding tissues when stimu-
lated compared to pre-stimulation conditions (Figure 10(2c,d)).
Fluorescein was replaced by DNQX, a small and negatively
charged compound that inhibits glutamate transmission. Stim-
ulated release in vivo resulted in modulation in neural activity
(Figure 10(2e,f)). This work has demonstrated the ability of code-
livery of drugs which is of major interest in the area of polyphar-
macy, leading to better patient adherence. The system’s ability to

Figure 8. 1) schematic illustration of the fabrication process. 2) a) SEM image of D@G/P, the image in the upper right corner was the AFM image
of single-layered GO sheet. b) SEM image of D@G/P-CD. c) average surface roughness of D@G/P and D@G/P-CD was determined based on the
AFM images. d) XPS analysis verified the oxidative transformation of the catechol functional groups within CD. e) cyclic voltammograms of ITO, G/P,
G/P-CD and D@G/P-CD recorded in 0.1 M KCl. f) Electrochemical impedance spectroscopy was performed on ITO, G/P, G/P-CD, and D@G/P-CD.
g,h) Staircase release of 7,8-DHF from D@G/P-CD film at different voltages for 60 min per day and at −0.6 V for different duration. Reproduced with
permission.[75] Copyright 2022, Elsevier.
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deliver both positively and negatively charged drugs extends its
suitability to incorporate a wide range of compounds.

Another study has explored developing PEDOT nanoparticles
(PEDOT NPs) aiming to achieve higher sensitivity to the elec-
trical stimulation for controlled and on-demand release of the
payload.[81] PEDOT NPs were loaded with pyrimethamine (PYR),
a potent pharmacological chaperone used for the treatment of
certain rare disorders. The particle size of loaded and unloaded
PEDOT NPs were 215 ± 3 and 203 ± 1 nm, respectively; whereas
the net surface charges were −26 ± 7 and −29 ± 6 mV for the
loaded and unloaded, respectively. The drug loading capacity of
PEDOT NPs was 11.4 ± 1.5%. Both passive and active release
methods were employed to study the effect of electrical stimula-
tion on PEDOT NPs. In vitro active drug release was tested using
two electrical stimulation methods, CV and CA. In general, the
test voltage should be in the range that does not change the chem-
ical structure of the drug; for instance, PYR oxidizes at around 1.2
V, and the selected range for this test was −0.50 and 0.50 V. Con-
tinuous CV stimulus was applied for 5, 15, and 30 min. Very low
drug release was detected in the absence of electrical stimulus,
1.6% in 24 h and 18% in 80 days. Active drug release was achieved
using CV with applied voltage from –0.5 V to 0.5 V. In contrast to
the passive release, active release was able to release 50% of PYR
in 30 min. A CA test using a constant voltage of 1.0 V was ex-
plored and the drug release was 35% for the same test duration.
Similar time points were used in the CA test with constant volt-
age at 1.0 V. Compared to CV, CA was able to induce more drug
release by 15%. As theoretically anticipated, constant voltage trig-
gers more drug release since it causes compound release only,
unlike the dynamic scans employed by CV in which the drug is
in constant release and reincorporation processes in the polymer
chain. CV voltammograms at different time points exhibited sim-
ilar shapes and areas. Nevertheless, as the drug release increased
with time during the anodic scan, the cathodic charge increased
which was indicated by a reduction in the cathodic current den-
sity. The release study lasted for 80 days, where there was a burst
release for the initial 24 h that was followed by a slow progres-
sive release for 5 days with a percentage release of 4.1%. Only
18% of the drug was released after 80 days. This phenomenon
was explained by PYR’s low solubility in the aqueous PBS me-
dia (0.01 mg mL−1). The study concluded that PEDOT NPs offer
a promising electroresponsive nanocarrier approach due to ease
of synthesis, high stability, low toxicity, and fast response to the
stimulus.

Metoprolol, a potent beta blocker, was loaded into PPy
nanoparticles that were cross-linked into PVA polymer networks
forming nanocomposite hydrogels. Nanoparticles were prepared
by the biocatalytic method after that they were encapsulated in
PVA by reticulation with glutaraldehyde. This study compared
the drug release from PVA hydrogel and PVA/PPy hydrogels in
both passive and active release conditions. With the systems be-
ing unstimulated, a slight increase in metoprolol release was
seen from PVA/PPy hydrogels. Drug release from PVA hydrogels

with and without stimulation has followed a similar pattern due
to the nonionic nature of the system. On the other hand, an in-
crease in metoprolol release was detected from PVA/PPy hydro-
gels upon electrical stimulation. Increasing the concentration of
PPy in the hydrogel resulted in more drug release over 360 min. A
total of 100% of metoprolol was released from PVA/PPy35 hydro-
gel. The study emphasized that the release of the drug from a con-
ductive filler is controlled by the CP’s intrinsic redox properties,
independent of the electromigration of the ionized drug, result-
ing from the interaction between the CP and the electrical stimu-
lation. The application of constant cathodic potential resulted in
higher drug release compared to both passive and anodic poten-
tial which is in agreement with previous reports. An anodic po-
tential of + 5 V has resulted in a decrease in drug release by 26%
compared to the cathodic potential. This was explained by the
generation of positive charges on the CP chains, consequently,
negatively charged counterions from the electrolytic medium are
incorporated to maintain charge neutrality which leads to block-
ing drug release.[82]

5.5. Coatings in Drug Delivery Systems

Bacterial growth on medical implants is a serious issue; one
proposed solution is to coat them with an antibacterial layer.[83]

Czerwinska-Glowka and team have developed PEDOT polymeric
coating containing the antibacterial drug, tetracycline (Tc) at a
concentration of 1 × 10−3 m by electrochemical polymerization
process (Figure 11(1)).[84] The drug loading capacity and charge
storage capacity were 194.7 ± 56.2 μg cm−2 and 19.15 ± 6.09 mC
cm−2, respectively. Different numbers of CV cycles ranging from
15 to 100 were used to test both the loading and release of Tc from
PEDOT/Tc matrices, the data concluded that the maximum drug
release was obtained with 25 cycles. Whereas drug loading capac-
ity was limited with few CV cycles; with 50 or more CV cycles, it
was hard for the matrix to fully reduce and release Tc. Thus, it is
important to choose the number of CV cycles that allow electro-
chemical degradation of the matrix. The electrochemical proper-
ties of PEDOT and PEDOT/Tc matrices were similar. PEDOT/Tc
matrices prepared from 1 and 5 × 10−3 m showed the maximum
Tc release by 38.2 ± 11.03 × 10−6 and 45.5 ± 12.2 × 10−6 m, re-
spectively (Figure 11 (2)). PEDOT/Tc matrix biological activity was
tested against E. coli, Gram-negative bacteria, and compared to
PEDOT only matrix. Both matrices exhibited antibacterial activi-
ties, however, there was a pronounced enhancement when Tc was
incorporated showing a threefold decrease in bacterial growth af-
ter 48 h, the results showed a robust antibacterial activity of the
developed matrix (Figure 11 (3)). The study has indicated that
when electropolymerization method is used for drug incorpo-
ration into the polymeric matrix, extending the process time or
drug concentration in the media will not have a positive impact
on either the drug loading capacity or the drug release.

PBS has been used widely for release studies from CPs due
to its physiological relevancy and ability to charge transport.

Figure 9. 1) a,b) Schematic illustration of the transdermal MNs patch showing the PPy film layer. c,d) Drug loading and release mechanisms. 2) a)
The Molecular structure of Flu. b) Schematic diagram of the in vitro Flu release from PLA-Pt-PPy MNs using three electrode system. c) The effect of
polymerization time on the amount of Flu release. d) Flu release over time. e) The effect of Flu concentration on the amount of Flu release. f) Flu release
with different concentrations. g) The release efficiency as a result of voltage alteration. h) Flu release in on/off profile. i) cell viability test. Reproduced
with permission.[77] Copyright 2022, American Chemical Society.
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During the CV test, a series of oxidation/reduction reactions
occur within the polymeric chain resulting in the capture/release
of cargo ions. The polymer volume shrinks when a low potential
is applied causing Tc release. UV–Vis spectrophotometry is a
commonly used analytical method to quantify electrochemical
drug release; the absorption peak of Tc was at 363 nm.

CPs can also be used as a coating to modulate drug release.
Coatings offer multiple advantages in drug delivery, including
being compatible with a range of drugs, simplicity and imme-
diate release.[85] They are also versatile and can be coated onto
a wide range of substrates of different geometries and material
classes.[86] In electroactive drug delivery, PPy loaded with both
Dex and a nerve growth factor was electrochemically coated onto
neural electrodes. The aim was to enhance the biological func-
tionality over existing electrodes by inhibiting the inflammatory
cellular cascade whilst displaying no toxic effect to primary neural
cells. The study demonstrated how Dex release can be controlled
by CV, sweeping between −0.8 and 0.6 V.[87]

Other studies have coated TPU with PANI:PSS and demon-
strated enhanced insulin release in the presence of voltage[88]

but also onto a porous titanium substrate, further demonstrat-
ing coating’s versatility to adapt to different material classes. In
the latter study, PPy loaded with Dex was electrochemically de-
posited onto a titanium implant intended for bone grafting and
reported an increase in in vitro Dex release under – 2 V over
24 h.[89]

Coatings also present with their own challenges, such as
delamination and limited drug loading.[90] One CP-based study
found that coating can hinder release. Drug-loaded electrospun
fibers were produced and subsequently coated with PPy using a
chemical method, where the coating was found to inhibit drug
release. Compared to uncoated samples, the coated samples
subjected to 0 V resulted in a significant loss in drug release over
225 min. The authors then subjected the coated samples to 0.3,
0.5, and 1 V and reported a significant increase in drug release
with 1 V, which was comparable to the uncoated samples, albeit
displaying different release kinetics. Understandably, the coating
acted as a physical barrier that hindered drug release. Whereas,
for the voltage-enhanced release, the authors postulated that
the PPy was oxidized under voltage and caused the coating to
become molecularly porous, which subsequently allowed the
drug to permeate through. This is indeed a different release
mechanism in comparison to other voltage-stimulated release
mechanism but nevertheless demonstrates how varying the
voltage can alter drug release.[91] Overall, these CP coating
studies demonstrate that electroactive coatings can be applied to
different substrates, further widening their applicability in drug
delivery.

There are some limitations associated with CPs, including that
they allow the delivery of only small, charged compounds, low
drug loading, insoluble, and difficult to process.[92] Although the
previously mentioned studies have explored different approaches
to overcome CPs drawbacks, there still require further improve-
ments. Thus, strategies that have proven effective in enhancing

CPs performance in different fields could be applied to the devel-
opment of CP-based DDS.

6. Fabrication of CP-Based Drug Delivery Systems

Aside from their inherent properties, the fabrication process can
influence the performance of the electroactive DDS. To date, fab-
ricating electroactive DDS can be achieved by several routes, in-
cluding drug-loaded NP, thin films, and hydrogels. Films are
the most common options, which can involve coating a sub-
strate with a drug-loaded CP. These films have been achieved
by conventional methods such as solvent casting, dip coating,
and drop casting. In addition, and owing to the monomer’s in-
trinsic properties, CP films can be produced by electrochemical
polymerization: the process of oxidation of the monomer and
the growth of the polymer chain. This process involves plac-
ing a substrate, which could simply be the electrode, inside of
an electrolyte medium containing the respective CP monomers
and subsequently applying a voltage. The process can be per-
formed in either aqueous or nonaqueous solvents. The advan-
tages of electropolymerization over conventional methods are
both precision and speed, especially as the time-consuming pro-
cess of solvent evaporation is obviated. Moreover, polymerization
can be performed directly onto the electrode thus saving more
time. Regarding precision, the film thickness can be controlled
by tuning the voltage, among other parameters.[93] In addition to
the thickness, such parameters also influence other film prop-
erties. Furthermore, when one considers films of 20 nm thick-
nesses that can be achieved, electropolymerization appears to be
an appealing preparation route for DDS. Moreover, the surface
of films can be manipulated to increase surface area and thereby
increase drug loading capacity. A larger surface area equates to
an increased number of sites for drug incorporation. Another
attractive method compatible with CP preparation that can cre-
ate a variety of different surface morphologies is soft template
electropolymerization.[94] The appeal of a soft template comes
from the need for fewer preparation steps, ease of synthesis,
and easy removal of the template.[95] This technique has been
successfully demonstrated to increase drug-loading capacity,[94b]

although its suitability for large-scale production is yet to be
determined.[96]

The prospect of increasing drug loading has been explored by
other fabrication technologies. Three-dimensional (3D) struc-
tures with controlled porosity and substrate geometry can be
achieved using 3D printing, which is a collection of emerging
technologies that possess a remarkable degree of control over
DDS geometry with enhanced digital precision.[97] An exam-
ple is the use of two-photon polymerization to produce MNs.
Two-photon polymerization is compatible with photopolymers,
which currently are inherently nonconductive. Thus, coating
the photopolymer substrate with a CP requires an intermediate
step, such as coating the MNs with gold, which then allows CP
to be electrodeposited onto the substrate. As a proof of concept,
an arbitrary needle length and diameter of 500 and 130 μm,

Figure 10. 1) A–F) Fluorescein and rhodamine active release from PEDOT/SNP films compared to the passive release, the corresponding analogues,
and co-release of combined compounds SNPs. 2) A) Schematic illustration of the in-vivo study model. B) The release of Flu using different stimulation
values. C, D) Representative images of Flu release before and during stimulation. E, F) The release of Flu using different stimulation values. G, H) DNQX
loaded electrode before and during stimulation. Reproduced with permission.[81] Copyright 2019, John Wiley and Sons.
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respectively, were printed, where the authors proceeded with in
vivo studies that revealed the successful transdural release of
dexamethasone.[98]

Further to two-photon polymerization, direct ink writing has
also been used. Direct ink writing can generate 3D structures
without needing temperature, which is suited for this applica-
tion as some drugs are thermally labile. Moreover, studies have
revealed that the conductivity of PEDOT, PPy, and PANi consider-
ably decreased as a function of temperature.[99] A further benefit
is that like other extrusion-based 3D printing techniques, direct
ink writing can align polymer chains, which has been found to
improve conductivity.[100] An example of a DDS containing PPy
fabricated with direct ink writing is portrayed in Figure 12. Al-
though the study did not investigate the effect of voltage on drug
release, it provides further evidence that 3D printing technologies
can play a substantial role in fabricating electroactive DDS.

7. Opportunities and Challenges

The above demonstrates that CPs can produce an array of dif-
ferent release profiles by seamlessly altering the voltage stim-
uli, including pulsatile and delayed release. This provides the
opportunity for real-time control of drug release postadministra-
tion, hence possessing the ability to adjust the dose to meet the
patient’s needs. While the technology remains in its infancy, a
number of different DDS have already been explored, which can
be used as transdermal patches, injectables, and for transcranial
delivery, with desirable features including continuous delivery,
biodegradable, compatible with a myriad of drugs, and with a
wide preparation route, which is collectively encouraging.

Stimuli-responsive materials are in general gaining research
interest and have been demonstrated to provide enhanced preci-
sion over nonstimuli responsive counterparts. Examples include
pH- and thermoresponsive polymers, which utilize the body’s
varying physiological microenvironment to release the drug load-
ing at specific external stressors. However, variation due to dis-
ease states can unpredictably alter the microenvironment, result-
ing in off-target release.[102] Moreover, storage conditions for ther-
moresponsive polymers need to be controlled to prevent prema-
ture degradation.[103] In comparison, the release mechanism of
voltage-responsive polymers is more robust to their microenvi-
ronment.

However, CPs have challenges that also need to be addressed.
Currently, formulations are compatible with charged drugs, and
further research is needed to demonstrate their compatibility
with neutrally charged drugs, which in turn will greatly widen
their clinical application. Similarly, further research is needed in
expanding their drug loading capacity, where high drug loading
(>90% w/w) has yet to be obtained. Increasing the drug loading
can help to maintain the system’s responsiveness by ensuring
that there is sufficient drug available to respond to the trigger and
extend the system’s longevity. The following criteria must also be
met: large therapeutic window as high drug concentrations are
anticipated when locally delivered, short half-life to avoid drug ac-

cumulation, and the drug electrochemical degradation must not
occur at the applied voltages to the system.

Aside from PEDOT, PPy, and PANi, there are several chal-
lenges with using other CPs that restrict their use in drug de-
livery. Their nature and the mechanism by which they may re-
act to stimulus and release their load remains unknown and
thus requires further research. Other CPs are not biocompat-
ible, which could cause adverse reactions or toxicity, and thus
may require additional components to isolate them from com-
ing into contact with living tissues. Additional drawbacks such
as poor solubility and limited stability have been reported which
may significantly impact their effectiveness as DDS.[104] Finally,
their limited options and synthesis complexity add extra cost
and require additional research.[18b] Nevertheless, if these draw-
backs can be addressed then more CPs will be available. The re-
cent progress made with PEDOT, PPy, and PANi demonstrates
their potential value as DDS and warrants further work. Devel-
oping new CPs suitable for DDS requires a multidisciplinary ap-
proach, merging expertise in organic chemistry, pharmaceutical
sciences, and electronic engineering to realize the potential of
CPs for medicines. Furthermore, CPs can benefit from enabling
technologies, such as 3D printing and artificial intelligence,
which are digitalized tools known to accelerate developments.[105]

Beyond acting as matrices for drug loading, their ability to
be digitally controlled could see CPs integrated into electronic
devices, such as wearable medicines.[106] Furthermore, CP-
based formulations can serve multiple functions. For instance,
CPs have successfully been researched as biosensors for drug
monitoring,[107] and hence there is potential for a DDS act as a
theranostic device, simultaneously serving as both drug releasing
vehicles and biosensing. Other features of CPs are also exciting
and have the potential to transform DDS into a multifaceted sys-
tem, including energy harvesting and electroporation.[108] Ben-
eficially, CPs are extensively explored in other domains, where
developments therein can be repurposed to DDS development.

The ability of CPs to be integrated with other electron-
ics has the potential to facilitate an Internet of Things (IoT)
infrastructure.[109] IoT is a technology that allows siloed products
to communicate with each other, providing real-time data for fast
and improved clinical decision making.[110] It requires healthcare
products to connect to electronic devices, which CPs are capa-
ble of achieving.[111] From a manufacturing perspective, the use
of one material serving multiple functions could reduce costs.
Moreover, polymers are cheaper to process than metals, which
are the current standard for the electrodes used in biosensors.
From a patient usability perspective, the comparatively low den-
sity of polymers and the inert properties of polymers are appeal-
ing.

8. Conclusion

On-demand drug release is one of the main research directions
of DDS. With the aid of various stimulus-responsive materials
such as CPs, research has shown that it is possible to regulate

Figure 11. 1) Schematic illustration of the electrochemical polymerization and drug release processes. 2) The influence of A) the tetracycline (Tc)
concentration and B) number of cyclic voltammetry (CV) cycles on drug release showing maximum release at concentration of 5 × 10−3 m and 25 cycles.
3) Antibacterial activities of PT, PEDOT, and PEDOT/Tc at different time points 3, 24, 48 h. Reproduced with permission.[84] Copyright 2021, Elsevier.
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Figure 12. Schematic illustration of drug delivery system based on polypyrrole (PPy) fabricated using direct ink writing showing porous structures with
controlled dimensions. Reproduced with permission.[101] Copyright 2020, John Wiley and Sons.

drug release through electrical stimuli. Recent progress into CPs
is promising, where researchers were able to develop systems
capable of achieving a range of release profiles with both small
molecules and peptides, as well as the potential for codelivery.
However, there are challenges in utilizing CPs other than PE-
DOT, PPy, and PANi in drug delivery that need to be addressed
to offer opportunities for clinical translation. The use of electri-
cal stimulation DDS is particularly promising due to its ability to
easily integrate with sensors or microchips and precisely control
the timing and location of drug release. Moreover, there is grow-
ing interest in developing self-powered devices, which has led to
increased attention on the self-powering capabilities of electrical
stimulation DDS. Considering that this is an emerging drug de-
livery approach, further and in-depth research is needed in the
future.
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