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This paper presents an in-depth discussion of the development of electronic skin (e-skin) devices for transdermal
drug delivery (TDD) for skin health management. E-skin devices, grounded in flexible conductive polymers,
demonstrate immense potential as a versatile platform for TDD due to the adaptable properties factors. The
integration of sensors and electronic components into e-skin devices seamlessly allows for real-time monitoring of

skin health parameters, such as temperature, hydration, and pH levels. Additionally, e-skin devices can also
realize the prospect of targeted and controlled drug delivery through the utilization of iontophoresis. This paper
explores the current state-of-the-art in e-skin technology, emphasizing its applications in TDD and skin disease
management. Furthermore, the paper outlines the prospective directions and prevailing challenges in this rapidly

evolving domain.

1. Introduction

Drug delivery technology has experienced significant advancements
in response to the widespread prevalence of various diseases. Among the
effective methods, the transdermal drug delivery system (TDDS) stands
out, facilitating painless and efficient drug transportation through human
skin to systemic blood circulation.? TDDS is a controlled drug delivery
system that offers convenient, user-friendly administration and enables
easy termination (if required due to systemic toxicity) with reduced
discomfort.®> In contrast to oral and parenteral drug delivery systems,
TDDS experiences fewer side effects and provides stable plasma drug
concentration, enabling the maintenance of therapeutic drug levels
above the minimum effective concentration for an extended duration.”
Moreover, drugs delivered through TDDS can avoid the effects of pH
changes during gastrointestinal transportation, digestive enzymes, and
liver metabolism, thus enhancing the bioavailability of the drug.’

Skin as the largest human organ plays a crucial protective role in
preventing harmful chemicals, and microorganisms from entering the
human body. The intercellular space of the stratum corneum consists of
lipids. It is about ten microns thickness.® Although TDDS is a prospective
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strategy for primarily drug delivery, the principal barriers of stratum
corneum on the top layer of the epidermis’ usually lead to weakened
drug delivery efficiency.® To overcome this obstacle, electronic skin
(e-skin) technology combined with TDD is developed to achieve effective
delivery of drugs.” Among these technologies, flexible e-skin holds
particular significance as a critical research focus in this field. In this
review, a comprehensive summary of the composition, development
progress, and biomedical applications of e-skin is provided. Additionally,
the classification of TDDS while emphasizing the recent progress of
iontophoresis-based TDDS is also delved.

2. Electronic skin (e-skin)
2.1. Introduction

E-skin is a flexible, thin, electrical, and wearable device with the
function of environmental sensing and control.'® E-skin employs
stretchable, bendable, or flexible materials'' achieved through engi-
neered mechanical designs to substitute traditional electronic compo-
nents.'? This feature enables the e-skin to closely imitate the motion
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properties of human skin, rendering it mechanically compliant with the
skin's characteristics.'> The design of the e-skin is highly flexible and
allows it to conform closely to the human skin, enabling the exploitation
of the skin's mechanical compliance for various functions, including
bioinformatics monitoring, drug delivery, and controlled release, among
others.'* E-skin devices have their roots in components found in e-book
readers and curved televisions, which are developed by scientists work-
ing on flexible, carbon-based molecules or conductive polymers.

Furthermore, e-skin can interact with other intelligent devices or
online systems, delivering more comprehensive and prompt feedback.
This technology has wide application prospects in medical health care,
human-—computer interaction, and other fields.'” First, we make a simple
"anatomy" of the e-skin, which is mainly composed of three parts: sensors,
signal conversion and transmission circuits, and nerve cells with special
proteins. Through these three types of components, the e-skin realizes the
reception, conversion, and transmission of tactile signals.16

To fabricate e-skin, the first component is the sensor.!” Different
sensors are required to feel different external environments. For example,
pressure sensors can sense changes in pressure and convert them into
resistance, realizing the transformation from pressure signals to electrical
signals. Capacitive and resistive forms are common for pressure sensors.

Capacitive sensors regulate the size of the capacitance by changing the
distance between the two parallel plate electrodes, making them sensitive
and linear. A solid polymer, microstructure elastic fiber, or an air medium
can be used as the dielectric.'® In comparison, there are two mechanisms
of resistance sensors: an internal material piezoelectric resistance or a
contact resistance between a structured conductor and an electrode. The
former mechanism changes the band structure of the semiconductor or the
distribution of conductive fillers in the polymer component to cause
resistance changes. However, general piezoresistive polymer composites
exhibit large hysteresis and interference, low-temperature sensitivity, and
low-pressure sensitivity. Scientists have studied resistance sensors that
rely on modulated contact resistance with changes in the contact area
between the conductor and the electrode,'® which are not inherently
temperature-sensitive, minimizing confounding temperature effects.

After the reception of the signal, there is a conversion and trans-
mission circuit that can convert resistance changes into electrical pulse
signals. As the pressure increases, the frequency of the electrical pulse
increases accordingly, and the size of the perceptual area is controlled by
the size of the pulse. Varying the amplitude of the stimulus, the signal
recorded by the sensor array is amplified. Additional circuitry is used to
control the waveform of the stimulus. The data transfer module,?° on a
flexible and scalable interconnection, can record, convert and transmit
signals from sensors to neural tissues.

Finally, fiber-coupled lasers or flexible and colorful light-emitting
diode arrays (LEDs)?!' are used to convert electrical signals into light
signals, which are transmitted to a special type of nerve cell containing a
specific protein, opsin (photosensitive protein). The opsin can absorb
light signals and convert them into neural signals, which trigger light
stimulation at potential interfaces and neurons, such as cortical sensory
neurons, to achieve the transmission of neural signals.

E-skin can assist people with disabilities.?> There are 85 million
disabled population in China, of which 30% are physically disabled.
e-skin will become a major technological innovation in the field of
medicine, with the potential to bring the hope of limb "regeneration" to
millions of patients.>> Moreover, e-skin has other applications, such as
measuring blood pressure, and heart rate, and delivering drugs to the
human body. Scientists are working on improving the weakness of the
e-skin, making it more flexible, durable, compatible with human tissue,
and comfortable.?® Fig. 1 shows a schematic representation of the e-skin
that can be used for TDD.

2.2. Progress in the development of e-skin

E-skin is a bionic electronic technology that imitates human skin
perception and enables sensitive detection and feedback to external
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E-skin

Fig. 1. Schematic representation of the e-skin used for transdermal
drug delivery.

environmental changes.?® Since the 1990s, e-skin has undergone four
stages of development. In the initial stage, scientists constructed e-skin
based on rigid sensor modules.?® During this period, the e-skin mostly
comprised hard sensor modules.?”” However, due to material and tech-
nological limitations, extensive research was carried out to achieve high
sensitivity and mechanical bending reliability in large sensor sheets.
With the advancement of flexible electronics technology, e-skin products
gradually culminated, and flexible arrays composed of organic semi-
conductors that rivaled the performance of amorphous silicon
emerged.?® At the turn of the millennium, researchers began exploring
organic flexible device manufacturing technologies for e-skin production.
Subsequently, e-skin transitioned into the intelligent stage, supported by
flexible electronics technology, resulting in highly sophisticated e-skin.>
This form typically includes several sensors and control systems capable
of achieving high-precision detection and identification of various
external stimuli. For instance, it can quantify signals related to human
activities, such as tissue pressure, electrocardiograms (ECGs), body
temperature, metabolite levels, electrolyte balance, and biomarkers for
certain diseases.>® E-skin can also integrate TDD devices to enhance its
non-invasive, real-time dynamic therapy functions.' Presently, e-skin
has advanced into a self-repairing stage and remains a research hotspot.>?
By integrating nanomaterials and other means, e-skin can automatically
repair damage in the laboratory while retaining sensitivity and stability
for long periods.

E-skin devices have shown incredible potential in healthcare,
including health monitoring devices, bionic prosthetics, and intelligent
drug delivery systems, by endowing electronic products with durability.
To continue developing e-skin devices, it is necessary to develop new
materials with skin-like characteristics, sensor units with breakthrough
principles and key parameter performance, as well as multiplexing
functions and system integration.

Materials that mimic natural human skin require similar moduli to
the epidermis for mechanical flexibility and stretchability.>® This allows
the device to conformingly adhere to dynamic structured human skin or
complex machine surfaces. Scientists have already developed a stretch-
able transistor array that combines advanced electronic functions with
skin-like stretchability, which can read data from high-density flexible
pressure sensor arrays.>

There is also a need for new sensing and processing technologies.
Scientists have explored novel sensing and processing technologies
inspired by skin receptors in human skin that can effectively process
complex tactile information. Developing e-skin devices provides the po-
tential to replace limb prosthetics' sensory abilities or damaged human
skin.>> One of the biggest challenges is converting analog signals into
digital signals, which scientists have managed to achieve with a ring
oscillator circuit to convert the analog signal of pressure sensors into a
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series of voltage spikes similar to human skin mechanoreceptors.*® They
have also developed a neuro-morphic tactile perception system based on
flexible organic electronic circuits that can encode tactile stimuli into
digital pulses, which can activate the movement of a mantis leg.®” This
work paves the way for prosthetics with sensory and execution functions.

Multiplexed sensors and system integration are necessary for devel-
oping smart and interactive healthcare applications that can simulta-
neously and selectively monitor various physiological signals.>® Many
multi-functional sensing systems can measure real-time pressure, strain,
temperature, humidity, electro-physiology, or biochemistry information
from physical vibration/motion or body fluids such as sweat. However,
the complexity of device manufacturing and integration, signal analysis
decoupling, and multi-signal interference are challenges that need to be
addressed.

In addition to basic sensing functions, e-skin also needs more intel-
ligent features to extend its practical applications. Wireless data trans-
mission can endow e-skin with portable and smartphone communicable
functions, avoiding complex devices and technologies such as near-field
communication. Other important functions, including self-repair, self-
power, self-cleaning, and dynamic drug delivery, can also be used in the
healthcare field.>

2.3. Electronic skin in the application of the biomedical field

E-skin is a rapidly developing area of research that has the potential to
revolutionize medical care. In the field of biology, there are two primary
applications for e-skin. The first application involves the use of e-skin as a
novel platform for continuous real-time monitoring of human physio-
logical signals.”” With this technology, it is possible to measure tissue
pressure, body movements, temperature, metabolites, electrolyte bal-
ance, and disease-related biomarkers. Unlike traditional monitoring de-
vices, e-skin provides a non-invasive, portable means of monitoring an
individual's health status over extended periods. The data collected by
the sensors can be transmitted wirelessly to medical professionals or
caregivers, who can then use the information to tailor their treatment
plans to the patient's specific needs.

Wearable biomedical devices play a vital role in personalized
healthcare systems by integrating therapeutic features with biosensors to
continuously monitor key health signals,*' enabling in situ diagnosis**
and therapy.*® For instance, a TDD device integrated with biosensors that
continuously monitor key health signals has been proposed.** Despite the
development of various in situ treatment and biosensing strategies using
wearable devices, critical challenges still exist. Ideally, a soft drug de-
livery e-skin system that provides rapid pharmaceutical treatment can be
applied to patients who require timely treatment. Patients can wear
wearable devices for continuous biosensing, and the drug delivery system
and wearable devices should be wirelessly integrated.*> Based on these
requirements, the development of e-skin has become another trend in the
field.*®

The second application involves the integration of TDD devices into e-
skin.*” This allows for non-invasive, real-time dynamic therapy functions
that can be used to treat a variety of medical conditions. By delivering
drugs directly through the skin, this technology eliminates the need for
needles, reduces the risk of infection, and increases the accuracy of
dosage. With the ability to detect and respond to changes in an in-
dividual's health status, e-skin has the potential to revolutionize medical
care, offering real-time health monitoring and personalized therapy
options.

There are several types of TDD technologies available, including
passive diffusion, iontophoresis, and microneedle-based systems. Among
these, iontophoresis has emerged as a promising technique due to its
ability to deliver charged molecules across the skin's barrier layer using
an electric current. this article will further compare a variety of TDD
technologies, explain the mechanism, and mainly elaborate on the
application of e-skin in iontophoresis drug delivery.
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3. Types and permeation mechanism of TDD system

One of the key factors that determine the success of TDDS is the
strategy of delivery. Thus, for effective transdermal delivery of bioactive
compounds, many novel approaches have been adopted to designing
efficient TDD systems. Some of the common and advanced investiga-
tional strategies involve the use of permeation enhancers, ointment,
patches, injections, microneedles, sonophoresis, electroporation, and
iontophoresis to enhance the skin permeation of drugs. In addition, the
permeation mechanism of TDDS also plays a critical role in drug ab-
sorption.*® Understanding the different types of TDDS and their perme-
ation mechanisms is essential for developing effective and safe TDD
systems. Fig. 2 shows the specific mechanisms through which active
compounds can pass across skin barriers.

3.1. Ointment

Ointments are commonly used in TDDS that typically consist of drugs,
gel matrices, and penetration enhancers.” They can deliver drugs
through the skin and act directly on affected areas, providing quick and
convenient treatment with stable and long-lasting effects. However, the
permeability of these dosage forms is limited, which can affect their
therapeutic efficacy. Additionally, due to the gradual release of drugs
over time, prolonged use of creams and gels may be necessary to achieve
optimal treatment outcomes.

3.2. Patch

Human skin has mechanical flexibility, such as sensibility and
stretchability in the development of e-skin, the selection of polymer
matrix plays an important role as the main component of TDDS.?° The
technological progress of patches largely depends on the development of
new materials and processing methods to achieve the characteristics of
tensile, excellent electrical performance, low cost, etc.>’ Synthetic poly-
mers are commonly used for their physical structure, shelf life, and
availability. The synthetic polymer has been widely used in the manu-
facture of patches and other stretchable electronic products due to its
advantages in chemical inertia, stability in a wide temperature range,
transparency, variable mechanical properties, low Young's modulus, etc.
However, presented poor hydrophilicity and adhesion with various sur-
faces. Meanwhile, poor biocompatibility and non-degradability of syn-
thetic polymer seriously restricted its applications in the field of
biomedicine. Hence, researchers preferred using natural polymers such
as polysaccharides, proteins, and lipids to prepare patches due to their
compatibility, biodegradability, and capabilities of chemical modifica-
tion.>? In addition, biodegradable and bioabsorbable polymers such as
polylactides and polyglycolide can be decomposed into biologically
acceptable molecules and further metabolized on their own. However, it
should be emphasized that natural polymers existed common problems
of poor mechanical properties, durability, conductivity, and molecular
structure, which will affect drug release, transport efficiency, and human
health monitoring. To overcome these problems, researchers prepared
semi-synthetic polymers by chemical modification of natural polymers.
As prepared semi-synthetic polymers also presented advantages of low
cost, non-toxicity, excellent biocompatibility, and biodegradability.
Moreover, semi-synthetic polymers with active hydroxyl and carboxyl
groups also showed chemical biofunctionalization and generated chem-
ical crosslinking with other polymers with tailored structures. Table 1
lists the commonly used polymers in TDDS.

It is also feasible to regulate the drug release of stimuli-responsive
patches by changing the physicochemical properties of the patch
through the stimulation of temperature, light, pH, etc. For instance,
Nakielski et al prepared a photothermal responsive nano platform with
hierarchical structures, where P(NIPAAm-co-PNIPMAAm) hydrogel
embedding gold nanorods (AuNRs) was encapsulated between two RhB-
loaded poly(i-lactide) (PLLA) nanofibrous layers. The controlled drug
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Fig. 2. Anatomy of skin along with skin permeation pathways.

Table 1
Classification of the polymers used in TDDS based on their c:)rigirl.53
Types of Examples Advantages Disadvantages
polymers
Natural Gelatin, Starch, Chitosan, Sodium alginate, Gum arabic, Gum tragacanth, Proteins, Paraffin waxes, Zein, ~ High Unstable mechanics
polymers Casein, Collagen, Shellac, Pectin, Agarose, Carrageenan, Silk fibroin, Hyaluronan, Hyaluronic acid, biocompatibility
Natural rubber, Xanthan gum. Good Moisture sensitivity
biodegradability
Robust sustainability Poor chemical stability
Minimal toxicity Limited engineering
performance
Excellent flexibility Complex structure and
property
Synthetic Polyvinyl alcohol (PVA), Polypropylene, Polyurethane, Polyvinyl acetate, Polyacrylate, Polyester, Robust mechanics Poor biocompatibility
polymers Polystyrene, Polyethylene, Polyvinyl pyrrolidone (PVP), polylactic-coglycolic acid (PLGA), Polylactide, ~ Stable chemical Poor biodegradability

Polyisobutylene, Polyethylene glycol (PEG), Polyhydroxyethylmethacrylate, Epoxy, Polyacrylamide,

Polyvinylchloride (PVC), Polyamide, Ethylene vinyl acetate copolymer (EVAC),

Polymethylmethacrylate.

Semi-synthetic
polymers
(CMC), Hydroxypropyl cellulose

Methylcellulose, Cellulose acetate phthalate (CAP), Nitrocellulose, Ethyl cellulose, Carmellose,
Hydroxypropyl methylcellulose (HPMC), Hydroxyethyl cellulose (HEC), Carboxymethyl cellulose

property

Controllable structure
Excellent flexibility
Readily modifiable
Versatility

Enhanced mechanics
Enhanced chemical
stability

Controllable structure
Readily modifiable
Versatility

Certain toxicity

High cost

Complex machining process
Poor hydrophilicity

Poor adhesion

Complex machining process
Biocompatibility and safety
considerations
Degradability issues

release was realized by the stimulation of NIR light, which was absorbed
by AuNRs, further generated heat to introduce the structural changes,
and thus accelerated drug release kinetics. Chen et al constructed a
temperature-responsive poly(N-isopropyl acrylamide) (PNIPAM) hydro-
gel patch for the delivery of vascular endothelial cell growth factor
(VEGF).>* The hydrogel patch presented temperature-responsive prop-
erties attributed to the existence of PNIPAM, which could control the
release of VEGF stimulated by temperatures and effectively improve the
wound healing of diabetes rats. Jiang et al fabricated a pH-responsive
poly (methacrylic acid-co-acrylamide) [poly (mAA-co-AAm)] hydrogel
patch, which consisted of a PDMS drug reservoir and [poly (mAA--
co-AAm)] gel contact layer.>® When the surface of the gel touched the
surface of the alkaline infected wound, the carboxyl ionization of MAA
led to a loosening gel network and thus fast drug release.

3.3. Microneedle

The microneedle system (MNS) consists of micron-scale arrays with

lengths up to 1000 pm,*® which embed in a substrate for TDD without
damaging the dermis or nerve tissue. Water-soluble drugs can penetrate
the dermis through the micropores created by microneedle punctures to
reach systemic blood circulation.®” Solid, coated, dissolving, hollow, and
hydrogel-forming microneedles are five types of commonly used micro-
needles.*® The selection of materials for microneedle fabrication dictates
the specific features and applications of the device. Polymeric micro-
needles offer a minimally invasive method for transdermal drug admin-
istration by penetrating the stratum corneum barrier with less
invasiveness than injection.>” Microneedles have been successfully
employed to deliver various drugs, from small to macromolecules and
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protein drugs, to treat a multitude of diseases in the medical field.
However, the effective use of biotherapeutics is hindered by several
factors, including large size, hydrophilic nature, poor absorption, and
instability of the drugs, which reduce efficient uptake through the skin.

To overcome the challenges brings by the perception of pain, ongoing
research aims to improve the design, material selection, and drug de-
livery strategies of microneedles.’® For example, the use of
hydrogel-forming microneedles can provide sustained release of drugs,
reducing the frequency of administration. Novel coatings, such as chi-
tosan or silicon dioxide, can enhance drug stability and absorption effi-
ciency.®! Furthermore, the pain perception of microneedles can be
reduced by various methods, including micro-vibration, pre-treatment
with local anesthetics, or the use of pain-reducing formulations. The
development of microneedle technology has promising potential in drug
delivery and will continue to evolve as research progresses. Additionally,
some unavoidable micro-needle-associated drawbacks exist, such as an
increased risk of infection at the insertion site.

3.4. Sonophoresis

To reduce the risk of accidental needle injury and transmission of
infectious diseases, alternative non-invasive drug delivery methods have
been developed, such as sonophoresis TDD.®? The mechanical effects of
acoustic cavitation have been demonstrated to increase skin permeability
by modifying the lipid structure of the stratum corneum, creating diffu-
sion channels and microjets that physically disrupt lipid bilayers. Sono-
phoresis can be combined with other techniques, such as nanocarriers or
dual-frequency sonophoresis, for highly efficient drug delivery. Howev-
er, it should be noted that increasing frequency can also lead to thermal
effects that may cause harm to the skin, including burns, epidermal
detachment, and even tissue necrosis in extreme cases, particularly when
a high thermal index is calculated. Thus, caution must be exercised when
applying ultrasound-based TDD.

3.5. Electroporation

Electroporation is an active physical method that utilizes high-voltage
electric pulses (ranging from 5 to 500 V) over a microsecond-millisecond
duration for delivering therapeutic agents into cells and tissues.®® The
electroporation-induced transdermal permeation efficiency depends on
the physicochemical properties of the drug molecule and formulation
parameters. An enhancement in electrical parameters such as pulse
voltage, duration, and rate results in increased drug transport. Electro-
porated skin acts as a permeation facilitator for large molecular weight
hydrophilic drugs and biomolecule delivery. This process involves
applying high-amplitude pulses for a short duration to disturb the lipid
bilayer structure of the stratum corneum, resulting in the creation of
temporary pathways that promote drug absorption.

Despite its potential benefits as a novel drug delivery strategy, elec-
troporation has certain disadvantages.* For instance, an electron
accelerator for drug delivery can cause local complications such as tissue
cavitation, infection, and bleeding. Moreover, the operation can be
painful and requires a high level of precision and expertise. In addition,
the cost of electroporation equipment is relatively high compared to
traditional drug delivery devices, which may limit its universal applica-
tion as a drug delivery approach.

3.6. Iontophoresis

The iontophoresis drug delivery technique uses electric current to
deliver drugs across the skin by enhancing the permeation of both
charged and uncharged molecules through the appendages.®® There are
two kinetic mechanisms: electron repulsion and electroosmosis,’® where
the former involves the application of an electric field to drug molecules
providing extra energy to acquire static charge potential. This results in
directional movement under the effect of the electric field enabling them
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to cross the skin barrier to enter tissues and the bloodstream. However,
drug delivery devices using this mechanism require additional electrode
systems, power sources, and control algorithms, making them unsuitable
for portable development in e-skin products. In contrast, the electroos-
motic mechanism involves applying an external electric field to the skin
surface, altering the local electric potential distribution, and producing
electrostatic forces that propel drug molecules deeper into the skin and
via the intercellular route into the tissues and bloodstream. Based on the
electroosmotic mechanism, flexible e-skin can serve as a drug delivery
medium meeting drug delivery requirements. Fig. 3 shows the strategies
involving the use of ointment, patches, microneedles, sonophoresis,
electroporation, and iontophoresis for TDD technology.

4. The clinical application of iontophoresis-based flexible
materials

The utilization of iontophoresis-based TDD represents a promising
approach in pharmaceutical research. This strategy involves the release
of therapeutic agents from patches and their subsequent absorption by
tissues, offering several benefits such as painless application, patient-
controlled administration, sustained release over a prolonged duration,
and a lack of gastrointestinal side effects. The continued growth in the
importance of iontophoresis-based drug delivery over the past few de-
cades has spurred developments in drug delivery technology, particularly
in treating skin diseases. In the following sections, we will delve into the
specifics of these advancements and their clinical applications.

4.1. Progress in iontophoresis-based TDD technology

Iontophoresis is a technique that utilizes a mild electrical current to
facilitate the safe transport of charged drugs or uncharged compounds
across the stratum corneum via electrophoresis and electroosmotic flow.
Although iontophoresis was first described by Pivati in 1747,%” it was not
until the early 20th century that iontophoresis gained great popularity
invigorated by Leduc's research. Leduc pioneered iontophoresis and
formulated a formal representation of the process. Attempts to utilize
iontophoresis for TDD using flexible electrodes were made as early as the
1980s.5¢ However, they were impeded by problems such as deficient drug
delivery due to electrode flexibility and stability issues. With recent ad-
vancements in electronic technology and materials science, progress has
been made regarding flexible electrodes.®® Polymer gel is a porous,
hydrogel like material, which usually has good flexibility. However, its
mechanical properties may be relatively weak and may require rein-
forcement in combination with other materials. Researchers have been
implementing iontophoresis in flexible electronics since 2012, utilizing
more innovative electronic components and materials to enhance the ef-
ficiency and stability of TDD. Conductive polymers such as polythiophene
and polyaniline have good ionic conductivity in oxidation or reduction
states, which usually have a certain degree of flexibility and can be used as
amaterial for flexible sensors and electronic devices in some applications.
However, the mechanical properties of pure conductive polymers may be
relatively weak. The emergence of micro- and nanotechnology has opened
up new avenues for the fabrication of flexible electrodes, which could
further contribute to intelligent drug release, real-time monitoring, and
related areas. The combination of nanoparticles (such as carbon nano-
tubes, nanoparticles, etc.) with polymers can improve the mechanical and
electrical properties of materials while maintaining their flexibility. The
biocompatibility and mechanical properties of such materials may vary
depending on the type and content of nanoparticles. In addition, hydrogel
nanofiber structure has high flexibility and ductility, and usually has good
biocompatibility. Their mechanical properties depend on factors such as
fiber diameter, arrangement, and degree of crosslinking. The interdisci-
plinary aspect of iontophoresis highlights the crucial role played by ma-
terials science. The biocompatibility issues associated with electronic
components previously hindered the application of iontophoresis for TDD.
Nevertheless, the development of biocompatible flexible electronics has
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Fig. 3. Approaches of TDD technology.

created new prospects for iontophoresis. Polyelectrolyte gels such as
polyacrylamide (PAM), polyacrylic acid (PAA), and polyvinyl alcohol
(PVA) with high ionic conductivity are commonly used in applications
such as ion sensors and e-skin. They usually have good biocompatibility
and appropriate mechanical properties. In addition, some biodegradable
polymers, such as polylactic acid (PLA), polyhydroxy acetic acid (PHA),
etc., have good biocompatibility and degradation performance, which are
often used as substrate materials in flexible e-skin. In the upcoming sec-
tions, we will summarize recent research on reverse iontophoresis
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regarding the prevention and management of skin diseases. Fig. 4 shows
the mechanism of the e-skin used for iontophoresis.

4.2. The application of iontophoresis for treating different types of skin
diseases

4.2.1. The application in treating eczema
Eczema is a common, chronic, inflammatory skin disease. Hyperhi-
drosis is one of the factors that can trigger this condition, and patients

Fig. 4. The mechanism of the e-skin used for iontophoresis.
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may require long-term medication to control symptoms. Iontophoresis
has shown great efficacy in treating hyperhidrosis as an electrochemical
treatment. During iontophoretic TDD, electrodes are placed on the
eczema-affected area. Using specifically designed flexible electrode ma-
terials and electric field assistance, tap water iontophoresis transport is
conducted. This treatment approach has been reported numerous times,
and it has been successful in treating eczema.”® After ten treatments
directed by a dermatologist, 89% of patients noted an improvement in
their hyperhidrosis condition.

4.2.2. The application in treating psoriasis

Psoriasis is a type of autoimmune skin disease that is chronic and non-
infectious. It is characterized by the formation of redness, scaling, and
papules on various parts of the body such as the scalp, elbows, knees, and
trunk, among others. The disease is caused by the accelerated lifecycle of
skin cells, resulting in the formation of scales on the surface of the skin.
To treat psoriasis, biological macromolecular drugs are commonly
employed. The exact causes of the disease are not yet clear, however, the
overproduction of inflammatory cytokines like IL-1, IL-6, IL-8, TNF-a,
and interferon-y at the site of the disease is suspected to be responsible
for its pathological progression.”’ Among these cytokines, TNF-a has
been identified as a crucial therapeutic target. Several biological
macromolecular drugs like infliximab, adalimumab, and etanercept have
been developed to combat psoriasis effectively.”?

Iontophoretic TDD is a promising technique that enables efficient
intradermal delivery of biological macromolecular drugs via harmless
electrical currents (0.4 mA/cmz). This method has been observed to
extend transdermal delivered antibodies from the epidermis layer to the
dermis layer.”® Previous studies have established that iontophoresis can
successfully administer peptides and oligonucleotides into the skin.”*
These findings provide evidence that iontophoresis could serve as an
effective and non-invasive intradermal drug delivery technology for
anti-cytokine therapeutics and antibodies.

4.2.3. The application in treating atopic dermatitis (AD)

AD is a chronic and recurring inflammatory disorder that causes
pruritic and eczematous skin lesions often associated with elevated
serum IgE levels. In AD patients, IL-10, an anti-inflammatory cytokine, is
overexpressed in the affected skin lesions and plays a crucial role in
disease pathogenesis. Therefore, regulating IL-10 production has signif-
icant potential for immunotherapeutic intervention in AD.”®

Previously, the therapeutic effect of a topical antisense oligonucleo-
tide for mouse IL-10 (AS6) was demonstrated in a human AD model
mouse. However, a challenge with AS-ODNs is their poor penetration
through the stratum corneum due to their lower lipophilicity and rela-
tively high molecular weight. To address this issue, T. Sakamoto et al
attempted to deliver AS6 to areas where target cells produce IL-10 in AD
lesions using iontophoresis.

On the other hand, topical administration of siRNA targeted against
genes involved in various cutaneous disorders is a novel therapeutic
approach for treating AD. However, delivering siRNA into the skin using
conventional methods based on passive diffusion such as simple swabbing
or patch application is difficult due to the hydrophilic nature and large
molecular weight of siRNA. To overcome this problem, K. Kigasawa et al
proposed using iontophoresis as a non-invasive method for delivering
SiRNA into the skin.”® They demonstrated that iontophoresis-delivered
siRNA accumulates specifically in the viable epidermis and can effectively
block the transcription of an endogenous cytokine. Therefore, iontophoresis
is a promising therapeutic method for treating skin diseases such as AD.

5. Conclusion and outlook

This article provides an update on the latest research progress in the
field of iontophoresis, which has seen significant advancements in recent
years due to the rapid development of flexible electronic technology and
materials science. It begins by reviewing the history and key points of
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iontophoresis, before exploring the mechanism of various TDD tech-
niques. The article then highlights the advantages of iontophoresis from
different principle-factor perspectives. Advancements in flexible skin
materials have also played a crucial role in promoting the development of
iontophoresis. In particular, recent applications of iontophoresis have
focused on the treatment of skin diseases. As technology continues to
improve, we anticipate that iontophoresis will expand into broader
application scenarios in the field of non-invasive treatment.

With the advancement of e-skin technology, the following directions
can be explored in the field of TDD in the future: First, the preparation of
an ultra-thin iontophoresis system can be attempted. Future e-skin will
become thinner and can even be used like medical adhesive tapes for
inconspicuous use. This will greatly enhance the comfort and conve-
nience of patients while using e-skin. Second, intelligent drug delivery is
a major trend of iontophoresis. E-skin can deliver drugs transdermal in a
timed and quantitative manner by associating with physiological activ-
ities, achieving more intelligent drug control, and improving therapeutic
effectiveness. Third, the customized design for the human body structure
can accommodate the convenience of multiple drug delivery. Besides, e-
skin can be designed according to different diseases for precision drug
delivery and to promote early patient recovery. Finally, the iontophoresis
system should also be integrated into network detection and monitoring.
In the future, e-skin can be connected to the Internet to achieve remote
monitoring, diagnosis, and treatment, thereby improving the accuracy,
timeliness, and convenience of medical care.

Although these efforts have been devoted to the development of e-
skin for TDD, there are still huge challenges that exist in the practical
applications of TDD. Several challenges are highlighted below:

@ Safety: Long-term contact between e-skin and human epidermis have
potential safety hazards. The instability of the e-skin will lead to the
remain of chemical components, which will cause damage to the
human body. Although many studies have shown good stability of e-
skin, long-term stability, and accelerated stability are crucial for in-
dustrial production. In addition, chemical stimulation or physical
penetration promotion-assisted TDDS can easily produce irritation
and interfere with the structure of skin cells. One of the effective
methods to minimize this problem is to use non-toxic, and green
materials or ingredients applied in medical devices.
Industrialization. The construction process of economical, and prac-
ticable e-skin for TDD is complex and challenging, and needs the
integration of biomaterials, circuits and other micro-structured
components. So, the joint efforts of interdisciplinary such as mate-
rials, electronics, and medicine are imminent.

Individual differences. The human skin of different ages, gender, and
ethnic groups vary, and some special diseases can also affect the skin
properties of patients. Dosage and microneedle size should be taken
into account, which are the key points for the application of e-skin for
TDD. It is necessary to achieve a consistent delivery across a wide
range of populations in the future.
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