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Abstract Transdermal drug delivery systems (TDDs) avoid gastrointestinal degradation and hepatic

first-pass metabolism, providing good drug bioavailability and patient compliance. One emerging type

of TDDs is the wearable patch worn on the skin surface to deliver medication through the skin. They

can generally be grouped into passive and active types, depending on the properties of materials,

design principles and integrated devices. This review describes the latest advancement in the develop-

ment of wearable patches, focusing on the integration of stimulus-responsive materials and electronics.

This development is deemed to provide a dosage, temporal, and spatial control of therapeutics delivery.
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1. Introduction
Conventional drug delivery systems, including oral and parenteral
delivery, suffer from hepatic first-pass metabolism, gastrointes-
tinal degradation, and poor controllability of drug biodistribution.
Transdermal drug delivery (TDD) allows the medicine to pene-
trate the stratum corneum (SC) and reach the epidermis and
dermis layers for local and systemic therapy. The research can be
dated back to the 1960s, when SC was found to be impeditive
against water loss and skin penetration1,2. In 1975, researchers
realized that the penetrability across the SC layer varied among
different molecules, which could be modulated and controlled by
optimizing the formulations3. In the following decades, hundreds
of TDD formulations have been developed, providing higher drug
bioavailability, better wearability and patient compliance (Fig. 1).
These TDD platforms can be generally grouped into passive and
active types4,5. Passive delivery refers to the spontaneous degra-
dation of drug reservoir or diffusion-based drug release. Active
delivery refers to the drug release induced by internal or external
stimuli like the enzymes, pH, electrical6, mechanical (ultra-
sound)7, and optical fields8. Compared to passive delivery, active
delivery releases drugs at target sites in a controlled spatial,
temporal and dosage accuracy. The representative examples
include the glucose-responsive insulin release microneedle (MN)
patches9, the smart-phone-controlled MN system for glucose
management10.

These active and passive TDDs can be grouped into patches,
semi-solid formulations (cream, gel, ointments), and liquid for-
mulations (spray, lotion). Liquid and semi-solid formulations are
relatively easy to apply and can cover large area without being
limited by skin area and curvature. However, they’re relatively
messy, their ingredients can be transferred easily to other areas of
the skin that might not want to be touched, and they are chal-
lenging to apply in a precise dosage. On the another hand, patches
can specifically act on the area in contact with the precise control
of dosage applied. The first TDD patch (i.e., Transderm Scop) was
approved in 1979 by the U.S. Food and Drug Administration
(FDA) for delivering scopolamine against motion sickness11.
Since then, many TDD patches have been approved for vaccina-
tion, pain relief and skin management12,13.

Recently, wearability has become a new trend in the devel-
opment of TDD patch. The “wearability” addresses the factors
that affect the degree of comfort the wearer or patient experi-
ences while wearing the patch, including physical, psychologi-
cal, and social aspects. It involves the use of new materials and
designs that improve the wearability and comfort level. This
review highlights the latest developments in the formats of ad-
hesive hydrogel patches, MNs, and wearable electronics.
Figure 1 The timeline of transdermal dru
Besides the drug delivery function, they can also be used for
sensing physiological information like body temperature14,
blood sugar level15, lactic acid16, pH, ions17 and so on. We start
with a brief description of the skin anatomical structure, and
then discuss the different release mechanisms in TDD. Later the
design concepts of different wearable patches for TDD are
mentioned with a detailed iteration of current achievements and
challenges.
2. Anatomical structure of the skin

The skin could be roughly split into the SC and epidermis, dermis,
and hypodermis layers from surface to bottom (Fig. 2)18. The SC
layer (10e20 mm) is a dense layer on the top of the epidermis,
consisting of corneocytes and a lipid matrix. The corneocytes are
tightly interconnected by corneodesmosomes, forming a me-
chanically stable barrier that protects the inner side from pathogen
invasion, ultraviolet radiation, and loss of water. The epidermis
(50e100 mm) is a non-vascularized matrix which mainly
composed of keratinocytes, Merkel cells and Langerhans cells.
Dermis (1e2 mm) contains a dense capillary network inter-
connecting with systemic circulation and is known as the first
entrance for drug absorption. The hypodermis is the bottom layer
of the skin, consisting of vascularized, loose, areolar connective
tissue and adipose tissue.

A non-formulated and topically applied drug enters the skin
mainly through the transepidermal and transappendageal path-
ways19. By the transepidermal way, drugs permeate either through
intercellular lipid matrix (intercellular pathway) or through the
corneocytes followed by intercellular lipid matrix (intracellular
and transcellular pathway)20. However, studies show that the
intercellular lipid matrix is the main obstacle to drug absorption,
which especially makes it very challenging for those hydrophilic
and large molecules to enter the skin21. The transappendageal
pathways are to pass through the skin appendages, such as seba-
ceous glands and hair follicles. Compared to transepidermal
pathways, it bypasses the lipid matrix. However, the surface area
occupied by skin appendages is limited to around 0.1% of the total
skin, and their numbers vary among different body parts and in-
dividuals, leaving challenges to predict or estimate the dosage
entering the body.

To enhance drug penetration across the skin and the ultimate
bioavailability, scientists and engineers develop many chemical,
physical and biological methods. Chemical penetration enhancers
include organic solvent, fatty acids, surfactants and nano-
particles22; physical enhancers include laser ablation, ultrasound,
electrical field, heating, and MNs23; there are also biological
g delivery (TDD) systems development.



Figure 2 Schematic illustration of the skin anatomical structure

(Reprinted with permission from Ref. 18. Copyright ª 2021 MDPI).
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molecules such as peptides to facilitate the skin penetration of
drugs. The dosage of these enhancers should be carefully
controlled to avoid potential skin irritation and damage.

3. Release principles of TDDs

3.1. Passive delivery

Passive delivery refers to the natural biodegradation/dissolution of
drug reservoirs or passive diffusion of drugs from the reservoirs
into the skin. The function and efficiency of passive delivery are
determined by the formulation properties (hydrophobicity, charge,
molecular weight, crystallinity and so on), dosage of active
compounds, and skin conditions. For example, cationic chitosan
formed a much stronger binding with protein agents than anionic
sodium alginate24e26, which provided a slower release profile.
Hyaluronic acid (HA) is expected to degrade much faster in vivo
than polyesters27 or silk fibroin28, which would provide a faster
release of the encapsulated drugs. The degradation of TDDs can
also be affected by the skin conditions like skin thickness, pH,
temperature, and microbes on the surface. For example, the
hydrocortisone-loaded microparticles (a pH-responsive polymer
that dissolves at pH 6) didn’t release drugs at normal (intact) skin
pH (5.0e5.5). However, the delivery could be triggered on the
atopic dermatitis skin where the pH was elevated29.

However, regardless of the formulation, drug dosage and skin
condition, one thing in common for all passive drug delivery is the
reliance on Fick’s law, which is to estimate the diffusion kinetics
and optimize the molecule transportation30. As given by Eq. (1):

dq

dt
Z �DA

dc

dt
ð1Þ

where q is quantity of solute, A is membrane surface area, c is
concentration; D is diffusion coefficient, dc

dt is concentration
gradient, the Fick’s law presents the relationship between flux and
impact factors. It points out that drug diffusion speed is determined
by the concentration gradient, skin properties and thickness, and the
interface area. Of course, other factors like skin surface tempera-
ture, pH and molecular weight of drugs also have specific in-
fluences. For example, Abdullah et al.31 achieved a sustained and
zero-order release of diclofenac sodium by controlling the drug
gradients in their polyvinyl alcohol (PVA) patch. They selected
Eudragit RS100 to prepare a rate-limiting membrane with
diclofenac sodium. The drug concentration in the matrix was con-
stant, far higher than the saturation solubility; herein, the release
rate was maintained for a long time. The patch realized a sustained
release for 12 h in vivo, following zero-order kinetics with a value
of 0.9753, and non-Fickian diffusion with a value of 0.949.

3.2. Active delivery

Active delivery refers to the delivery systems responsive to stim-
ulants like electricity, ultrasound, light, etc. Electrically assisted
delivery mainly makes use of iontophoresis and electroporation32.
Iontophoresis uses a mild and continuous electrical current through
the skin, allowing ionized or charged particles to cross the normal
skin barrier. Uncharged and weakly charged molecules can also
movewith the bulk flow of the solvent generated by the preferential
movement of mobile cations (electroosmosis). Different from
iontophoresis, electroporation applies short (<ms), high-voltage
pulses (�100 V) to create transient pores on the skin33. The de-
livery efficiency in both cases can be controlled by pulse parame-
ters (waveform, duration, amplitude), and drug properties [oil-
water partition coefficient (logP), pKa and solubility]34,35.

Ultrasound has high directionality and penetrability through
human tissue. The ultrasonic cavitation effect results in the for-
mation, oscillation and collapse of microbubbles, leading to the
disruption of lipid bilayers of SC36. The microbubble oscillation
and associated acoustic streaming can significantly promote the
passive diffusion of either dissolved molecules or nanoparticles in
a low-viscosity solution.

The light-stimulated delivery is attractive due to accurate
controllability. The applicable electromagnetic wave ranges from
infrared light (NIR, 750e2000 nm), visible (400e750 nm) to
ultraviolet (UV, 200e400 nm). However, UV light is less common
in the transdermal field due to the poor tissue penetration depth
and carcinogenic risk. Comparably, NIR is studied the most due to
good penetration in deep tissue and fewer side-effect. To improve
the spatiotemporal controllability, nanomaterials like gold nano-
particles, graphene, and quantum dots can be encapsulated to
improve light absorption5.

4. Wearable patch for passive delivery

4.1. Hydrogel patch

Hydrogel allows the ease-modification of the chemical, physical
and biological properties. In transdermal delivery, the semi-solid
morphology of hydrogel is also suitable for drug loading and
release. At the same time, transdermal drug delivery is a non-
invasive but effective drug delivery method as it is easy for self-
administration and could bypass the first-pass hepatic metabolism.
For example, Zhang et al.37 reported a hybrid hydrogel platform
that is capable for transdermal delivery of insulin and successfully
realizes blood glucose level management in diabetic mice models.
The carrier of the hybrid hydrogel is arginine-based poly (ester
amide) (Arg-PEA), which is positively charged that can absorb
protein drugs, has good biocompatibility and can form hydrogel
scaffold with polyethylene glycol diacrylamide (PEG-DA) by UV
photocrosslinking. It has been proved in previous research that
transdermal peptides, such as sTD1, can significantly improve the
transdermal drug delivery of therapeutic macromolecules38. The
insulin and TD1 were pre-loaded into the solution before cross-
linking and thus could realize a sustained release after application.
In vivo experiments on STZ-induced diabetic mice models have
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proved that in comparison with blank hydrogel, the insulin-loaded
hybrid hydrogel can significantly reduce the blood glucose level
from 23.63 to 12.63 mmol/mL after 4 h, indicating the successful
release and transdermal delivery of insulin.

Here we classify the hydrogel patches into adhesive hydrogel
patch and stimulus-responsive hydrogel patch.

4.1.1. Adhesive hydrogel patch
A tight binding between the hydrogel patch and skin, could pre-
vent potential intrusion of contaminants like bacteria and enable a
stable drug release into the skin. Pressure-sensitive adhesive
(PSA) hydrogel can adhere to the skin under pressing and leave no
residue after peeling off. Typical PSA hydrogels include poly-
ethylene glycol (PEG), high molecular weight polyvinyl pyrroli-
done (PVP), polyacrylamide, polydopamine and their
derivatives39,40. For example, Jung et al.41 developed a PSA
hydrogel using polyacrylamide/polydopamine (PAM/PDA) and
mesoporous silica nanoparticles (XL-MSNs) (Fig. 3a). The ad-
hesive energy of the PAM/PDA/XL-MSN reached 15.3 J/m2,
around 3 folders higher than PAM/PDA gel. This is due to the
presence of XL-MSNs. Later, the model drug R6G was
Figure 3 Hydrogel patch in TDD. (a) Polyacrylamide/polydopamin

permission from Ref. 41. Copyright ª 2020 Wiley). (b) The thermogel for

permission from Ref. 43. Copyright ª 2021 Wiley). (c) A pH-responsive h

from Ref. 45. Copyright ª 2019 Royal Society of Chemistry).
continuously released from the patch to porcine skin for a period
of 24 h. The penetration depth was up to 2250 mm, which
benefited from the tightly binding interface between gel and skin.
Liu et al.42 reported a novel hydrogel dressing that is both anti-
infectious and can improve new vasculature at the wounded area
as well. The hydrogel dressing has a core-shell structure that is
combined by electrostatic interactions. The outer layer is alginate
(SA) hydrogel loaded with silver nanoparticles (AgNPs) which
can prevent infection, while the inner layer is chitosan (CS)
hydrogel loaded with sodium alginate micro-spheres (ArgMS)
which contains L-arginine that could be sustained released to
promote vascular regeneration. It has been proved that compared
with blank hydrogel, the SA-AgNP/CS-ArgMS hydrogel is
beneficial with diabetic wound healing as it could vastly improve
the re-epithelialization, collagen deposition, granulation tissue
formation as well as angiogenesis.

4.1.2. Stimulus-responsive hydrogel patch
Stimulus-responsive hydrogel patch changes its chemical or
physical properties upon the stimulation of pH, temperature,
light, etc. The property change would influence the drug release
e (PAM/PDA) hydrogel with epidermal adhesion (Reprinted with

transdermal delivery of 5-aminolevulinic acid (ALA) (Reprinted with

ydrogel patch for treating chronic wounds (Reprinted with permission
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profile from the patch. For example, Cao et al.43 reported a PLGA/
PEG thermogel for delivering 5-aminolevulinic acid (ALA)
(Fig. 3b). This material gelled at sol-gel transition temperature
(Tgel) and became solutions at the gelesol transition temperature
(Tsol (suspension)). (Tgel < room temperature < Tsol (suspension)< body
temperature) At the air-patch interface, it was the gel with limited
water evaporation and morphology change. At the skin-patch
interface, it was liquid, rendering the diffusion of ALA from
patch to the skin. Martı́-Centelles et al.44 reported an acid-
responsive hydrogel patch to treat inflamed skin tissues. The
hydrogel was made of charge complementary amphipathic tetra-
peptides of alternating hydrophobic and hydrophilic amino acids.
The anti-inflammatory drug, (S )-naproxen (Npx), was integrated
into the gel components by pep bond and hydrophobic effect, its
electrostatic interactions with gel were pH-responsive, which
would become weaker under pH 5 than that of pH 7, resulting in
rapid release. Jiang et al.45 designed a flexible and wearable patch
composed of the PDMS as the drug reservoir and the pH-
responsive gel poly (methacrylic acid-co-acrylamide) [poly
(mAA-co-AAm)] as the contacting layer with skin (Fig. 3c).
When the gel was exposed to the alkaline pH of an infected
wound, the carboxyl group (eCOOH) of MAA was ionized to
eCOO�, increasing the internal electrostatic repulsion of the
polymer network and leading to the gel swelling and faster drug
release. The device was able to release an aqueous, anti-bacterial
solution (<0.1 mL/min) upon the change of pH from 5 to 746. Bao
et al.47 reported a hybrid hydrogel that is sensitive to acid and can
provide controllable stiffness and calcium supply, which can
significantly promote bone regeneration. The proposed hydrogel
was Pluronic F127 (purchased from Sigma) that diacrylated by
condensation, which is capable of easy formulation and has great
biocompatibility. Nano-CaCO3 was introduced into the hydrogel
in a space-controllable distribution as it could not only provide
sufficient mechanical properties of the hydrogel but also provide
calcium ion supply in a weak acid environment that is beneficial to
bone regeneration. The nano-CaCO3 is located in the core area of
the FeCa-A hydrogel. Under a weak acid environment, the
gradient distribution of calcium ions in the hybrid hydrogel could
be slowly released and thus promote the differentiation of osteo-
blast and the regeneration of new bone. In a New Zealand rabbit
skull defect model, the newly generated bone of the FeCa-A
hydrogel-treated group shows higher continuity and thickness
compared with the blank F-A hydrogel within 8e12 weeks. This
acid-sensitive hydrogel would have a broad application future in
the design and fabrication of hydrogel scaffolds for bone regen-
eration. Despite pH-sensitive hydrogel, the hydrogel dressing
combined with photo therapies also has great application potation
in wound healing. The hydrogel dressing offers a moist environ-
ment that is beneficial for wound healing, while at the same time,
the phototherapy could improve the release of containing drug and
thus provide an anti-infectious, high-efficient and low-irritant
method to improve wound healing48. Li et al.49 reported a
hydrogel showing superior anti-bacterial efficacy for skin regen-
eration under the irradiation of NIR light. The hydrogel was
composed of 3-(trimethoxysilyl)propyl methacrylate (MPS, 97%)
and mesoporous silica (mSiO2) modified CuS nanoparticles.
Under 808 nm NIR light irradiation, the hydrogel could realize a
controlled release of the Cu ions, improving angiogenesis and
providing the anti-bacterial property against Staphylococcus
aureus and Escherichia coli.
4.2. Microneedle patch

MNs are miniature minimized needles with dimensions of tens to
hundreds of micrometers that can mechanically break superficial
skin layers to improve drug permeation50. Relative to the skin
area, MNs are usually small and have limited drug-loading ability.
“Poke and patch” is one way to solve the dosage issue. Yang
et al.51 reported a touch-MN array patch (TMAP) for insulin de-
livery using the “poke and patch” strategy (Fig. 4a). TMAP
mainly consisted of PMMA MNs and an insulin-loaded sponge.
Touching the tape pushed MNs to penetrate through the sponge
and skin. Only when holding the pressing, the insulin in the
sponge would diffuse through the micro-holes into the skin. The
release rate was controllable via touching pressure and frequency.
Animal studies showed that two steps of touching-induced release
via TMAP achieved corresponding normoglycemic times up to
12 h, which was around 2.5-fold of that of insulin injection.
TMAP treatment also reduced the risk of hypoglycemia. However,
there is one issue related to this “Poke and patch” method for
insulin delivery. The management of diabetes requires the accu-
rate control of blood glucose. In other words, the insulin dosage
delivered should match the actual blood glucose level (BGL) of
the patient, which is hard to realize through the dosage-fixed MN
patch.

Another strategy, “coated and poke” is to deliver drugs by pre-
coating them on the MN tips, which is suitable for rapid release
and small dosage. Choi et al.52 developed HA MNs coated with
the Canine influenza vaccine (Fig. 4b), which could partially
maintain bioavailability even at 50 �C for 3 weeks. In the guinea
pigs, MNs elicited antibody responses and reduced viral shedding.
The hemagglutination inhibition antibody was 2-fold higher than
that of intramuscular injection. Similarly, nucleic acids can be
delivered by MNs as well. Wang et al.53 developed a mesoporous
silica (mSiO2) coated HA MNs. The siRNA-loaded mSiO2 shell
can effectively protect the siRNA from enzymatic degradation,
and the endosomeelysosome degradation axis. Luminescence
imaging presented that the mSiO2 nanoparticle (around 50 nm)
successfully across the micro holes created by HA MNs and
released the cargo in the skin model. The MNs were used to
deliver siRNA targeting transforming growth factor-beta type I
receptor (TGF-bRI), which led to the silencing of TGF-bRI
expression in hypertrophic scar-derived fibroblasts.

“Poke and flow” approach refers to delivering the drugs
through the inner cavity of hollow MNs. The hollow structure is
normally carved by highly definitive processing like reactive ion
etching and laser etching. Bolton et al.54 fabricated a hollow sil-
icon MN array using dry plasma processing. The sub-millimeter
construction and the sharp beveled tip minimized the insertion
force, reducing the pain of injury. Resnik55 designed a hollow MN
patch driven by a micro pump, and demonstrated that the release
rate of model drug and insulin was found to predominantly depend
on the flow rate of drug fluid. The drug transport efficiency of this
device was limited by the inability of the viable epidermis to
absorb and the low density of capillary under skin. Yeung56

designed a hollow MN patch coupling with a microfluid chip
for the delivery of multiple drugs (Fig. 4c). The patch was
fabricated by UV-curing resin using Stereolithography (SLA) 3D
printing. The dosage of model drugs delivered into the skin was
tunable by adjusting the flow rate with an electrical controller57.
With the derived template, they were able to make hollow MNs of



Figure 4 MN patch for TDD. (a) The touching-induced MN patch integrating with external insulin-loaded nanovesicle (Reprinted with

permission from Ref. 51. Copyright ª 2018 Taylor & Francis group). (b) HA MNs coated with Canine influenza vaccine for rapid immune

response (Reprinted with permission from Ref. 52. Copyright ª 2018 Elsevier). (c) A microfluid chip coupled with the hollow MN patch for the

delivery of multiple drugs (Reprinted with permission from Ref. 56. Copyright ª 2019 MENU). (d) Dissolving MN patch for high-dosage insulin

delivery (Reprinted with permission from Ref. 60. Copyright ª 2020 Elsevier).
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polymethyl methacrylate (PMMA), polystyrene, and epoxy resin.
These MNs exhibited a nearly consistent puncture force of around
1.03 N per needle tip for penetrating rabbit skin. MNs loaded with
prostate cancer vaccine could successfully trigger the immune
response of mice (>60% antibody of hypodermic injection with
an end-point titer at the ratio of 1:1000). Besides 3D-printing,
laser cutting, reactive ion etching (RIE) are also suitable for
hollow MNs fabrication58. However, laser cutting and RIE are
limited by the high cost.

“Poke and release” type MNs provide an enclosed environ-
ment for contained drugs. The drug release rate depends on the
drugs’ diffusion and degradation/swelling of MN material. MNs
made of PVP, PVA, carboxymethyl cellulose (CMC) and HA
dissolve within seconds to minutes, while those made of chitosan,
PLGA, and PCL need several weeks to months59. Kim60
fabricated CMC MNs to deliver high-dosage insulin (Fig. 4d).
The insulin-loaded tips can be rapidly immersed into the skin by a
specialized tool, then the insulin was fully released within 4 h.
Briefly, the CMC solution was first deposited onto the MN mold
by centrifugation, and dried to formed a thin, rigid shell, followed
by loading the high-dosage insulin powder into the micro-cavities,
upon the CMC shell. Finally, the insulin-filled cavities were
encapsulated by a layer of CMC film. Due to the separation of
MN fabrication and dry-loading method, the insulin can maintain
great bioactivity during processing and longer storage. Li et al.61

designed a rapid-separated MN using PLGA/PLA composite for
the sustained release of a contraceptive. The release of contra-
ceptives was adjustable by modifying the ratio of PLGA/PLA,
which can be up to 40 days for levonorgestrel (LNG) delivery.
The latest innovation is a glucose-responsive closed-loop delivery
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system of insulin and glucagon for stable self-management of
blood sugar level over 22 h62. On a hyperglycemic model (mice),
the increasing binding between glucose-responsive phenylboronic
acid units and glucose inside the crosslinked HA MNs, reversibly
shifted the net charge of the MN matrix. As a result, there was a
faster and slower release ratio of the negatively charged insulin
and the positively charged glucagon analog from the MNs,
turning the condition back to euglycemia. Some of these bio-
responsive MNs for insulin delivery have been seen in clinical
trials9,62,63.

5. Wearable patch for active delivery

5.1. Electricity-stimulated patch

Wearable patch integrating electronics allows the precise control
of drug delivery through electric signaling. The microprogrammed
control unit (MCU) brings accurate management of drug appli-
cation. For example, Xu et al.64 designed a software-controlled
wearable device to assess/treat wound infections and facilitate
wound healing (Fig. 5a). Near Field Communication (NFC) an-
tenna was integrated into the flexible printed circuit to control the
drug-containing adhesive patch and biosensing modules. Mediated
by a near-field coil, the device was remotely controlled and
powered. The sensing module could monitor the temperature, pH,
and uric acids on the infection sites. Hydrogel is also suitable for
constructing electricity-stimulated wearable devices. Lim et al.65

developed a hydrogel patch composed of impedance sensors, an
electrical nerve stimulator, a transcutaneous oxygen pressure
sensor and iontophoretic electrodes (Fig. 5b). The tissue-like,
conductive PEDOT: PSS/PAAM hydrogel patch not only served
as a skin-interfaced substrate but also provided stable electrolytes
for electrochemical sensing and iontophoresis-based drug de-
livery. Compared with conductive PAAM gel, the impedance was
reduced by around 20% under a low-frequency electrical field.
AgCl cathode and Zn anode were integrated into the hydrogel for
powering iontophoresis, which constantly generated 200 mA cur-
rent for more than 100 min. In vitro test showed around 500 folds
of current density (1 Hz) via the self-powered iontophoretic patch
compared to the control PAAM gel. This permitted a deeper
penetration (630 mm) in porcine skin for the model drug
(Rhodamine B) via the self-powered iontophoretic patch that used
natural diffusion (350 mm).

MN is also widely used in wearable device to improve the skin
penetration of drugs. Li et al.66 reported an electroporation method
built on MNs for transdermal gene delivery (DNA plasmid of red
fluorescence protein, RFP). They fabricated a conductive MN
array as the electrode to apply the tri-phase electric pulsing.
Before the electroporation, hyaluronidase and RFP plasmid were
injected into the unhaired thing of the mouse stepwise. They
examined the influence of voltage (30e90 V) and length of MN
tips (0.6 or 1.2 mm). There was an optimal voltage (50 V in their
case), which could provide a higher transfection rate and minimal
cell damage. The shorter device also provided better results in
transfection. Kusama et al.67 reported a conductive and porous
MN patch integrated with flexible carbon fabric and fructose/O2

battery. The porous cavity was filled with conductive polymer,
poly-2-acrylamido-2-methylpropane sulfonate (PAMPS), which
reduced the resistance of skin (100 kU). With the current (up to
0.2 mA/cm2) generated by an enzyme battery, the PAMPS and
epidermal tissue built up a negatively charged channel to generate
electroosmotic flow that promoted the drug flow from MNs into
the skin. Compared to the naked MN patch, the PAMPS-modified
porous MN patch exhibited around 500 times transportation rate
of FITC-dextran (10,000 Da).

The rigid, bulky powering component, as well as limited ca-
pacity, might hinder the overall performance of wearable elec-
tronics. Besides the wireless charging technology, self-powering is
an alternative strategy68. For example, a triboelectric nano-
generator (TENG) can power wearable devices by converting
biomechanical energy from body motions into electrical energy.
Wang’s group69 used TENG to provide electric pulses for elec-
troporation. A hand-cranking revolution of this device in 1s
generated an alternating current with open-circuit voltage, short-
circuit current, and transferred charge of 20 V, 4 mA, and
0.06 mC, respectively. The silicon MNs were cleverly adopted as
the output side to locally induce an enhanced electric field: around
2800 V/cm on each needle. As a proof of concept, the device was
used to stimulate the electroporation on the breast cancer cells for
the delivery of small molecules, macromolecules, and siRNA. In
another case, researchers designed a flexible, piezoelectric film
(PVDF)-integrated MN patch for psoriasis treatment (Fig. 5c)70.
The MN was coated by a layer of Polypyrrole (PPy) [electro-
statically bonding with the Dexamethasone (Dex)]. Rather than
receiving energy from external devices and motions, general
pressing or twisting the patch only would induce an electric pulse
generated by PVDF, which stimulated the reversible redox of PPy
film for the release of Dex. In view of the advantages of self-
powered technology, motion-induced electric power for active
delivery can potentially promote the miniaturization of wearable
devices.

5.2. Ultrasound-stimulated patch

The ultrasound-responsive patch contains components that
respond to either low frequency (<100 kHz) or high-frequency
ultrasound (>100 kHz and MHz range). Since the 1990s, ultra-
sound has been shown to enhance the permeability of agents into
cells and tissues mainly through thermal and non-thermal effect.
The thermal effects are from the absorption of acoustic energy in
tissues, while non-thermal effects are generated from ultrasound
pressure, acoustic streaming, microjet, and cavitation etc.36,71 In
the wearable patch, the ultrasonic field can be induced by removal
devices or integrated components, mediating the release of drugs
from the reservoirs. Soto et al.72 developed a wearable gel patch
for lidocaine delivery based on acoustic droplet vaporization
(ADV) (Fig. 6a). The lidocaine was mixed in perfluorocarbon
emulsion and stored in a soft array of micro holes. The emulsion
was vaporated by ultrasound pulse (25 ms, 2.25 MHz, and 12 V),
producing high pressure to breach the dermal barriers and leaving
micropores on the skin for lidocaine absorption. The delivered
dosage of lidocaine was 4- and 2-hold higher than that of passive
diffusion and ultrasound alone, respectively. To evaluate the po-
tential of the device for chronic pain therapeutic, it is necessary to
process a large-scale clinical validation targeting the different
areas of the human body with varying nerve depths. Next, re-
searchers expected to miniaturize the portable ultrasound probes,
to improve the potential of this technology as a point-of-care
medical device in clinical use. Choi et al.73 found a reversible
metaletannic acid (TA) coordination that is responsive to



Figure 5 Electricity-stimulated wearable patch for TDD. (a) Battery-free and wireless wearable devices for wound infection monitoring and

management (Reprinted with permission from Ref. 64. Copyright ª 2021 Wiley). (b) Tissue-like, conductive hydrogel system for wearable

biosensing and ionophoresis-based delivery (Reprinted with permission from Ref. 65. Copyright ª 2021 AAAS). (c) Piezoelectric-based MN

tape for delivering the anti-inflammatory drug (Reprinted with permission from Ref. 70. Copyright ª 2021 Wiley).
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ultrasound stimuli. They then coated the porous SiO2 nano-
particles with FeeTA network (TAeFeIII/MSN), which were
loaded into sodium alginate hydrogel (Fig. 6b). A skin patch was
then made using this gel formulation. When low-frequency ul-
trasound was applied (50 Hz for 2 min), the Fe-TA bonding was
destabilized, leading to network losing and drug release on skin.

Besides working alone, ultrasound can also cooperate with
other devices like MNs. MNs first open up the skin barriers to
macromolecules, and ultrasound enhances the diffusion of drug
molecules. For example, Chenet al.74 combined the Lead Zirc-
onate Titanate (PZT) thin film, drug reservoir (for drug solution
storing) and silicon hollow MNs into an ultrasound-responsive
patch. The PZT film was used to generate the ultrasound
(20 kHz frequency, 0.5 W/cm2), enabling the 9-fold faster release
of model drugs (calcein and BSA) from the hollow MNs than the
passive diffusion. Under ultrasonic powers from 0.1 to 6 W/cm2,
the temperature of the drug solution only increased about 1e3 C,
leaving no damaging effect on the drug. Ning et al.75 developed a
type of MNs that created microbubbles through the reaction of
citric acid and sodium bicarbonate (Fig. 6c). The bubble layer
was fabricated via the frozen immersion method, which allowed
the loading of both hydrophobic and hydrophilic drugs. Ultra-
sound was applied to enhance the generation of the bubbles
further, leading to vortex flow to drive the drug passage. Despite
the high efficacy of ultrasound, the excessive heating from a
wearable device may lead to the variation in drug release rate and



Figure 6 Ultrasound-based wearable devices for TDD: (a) Noninvasive delivery of lidocaine by acoustic droplet-vaporization-based wearable

devices (Reprinted with permission from Ref. 72. Copyright ª 2018 Wiley). (b) Electro-mechanochemical gating for controlled guest-release

patches and injectable gels (Reprinted with permission from Ref. 73. Copyright ª 2021 ACS). (c) Bubble-generating MN delivering photody-

namic agent for transdermal cancer therapy (Reprinted with permission from Ref. 75. Copyright ª 2021 ACS). (d) Flav7 þ DOX co-loaded MN

for light-triggered tumors treatment (Reprinted with permission from Ref. 79. Copyright ª 2022 Elsevier).
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skin irritation, which have been regarded by the FDA as a main
issue76. Therefore, the programmable ultrasound is expected to
control insertion depth and area accurately. An exciting example
is from Chen et al.77, who reported the programmable
ultrasound-induced delivery. Their ultrasonic device produced
highly-focused ultrasound to perforate the murine skin. They
showed that the area and depth of skin penetration region could
be mediated through ultrasound cycles, frequency and peak
negative pressure. The highly focused ultrasound not only
enabled adjustable penetration area from 0.078 � 0.045 to
1.295 � 0.279 mm2 (Fig. 6d)78 but also monitored the skin
penetration by ultrasonic imaging. Therefore, the system can
accurately control the release rate meanwhile avoid over-damage
of the skin. In the application of vaccine delivery, the device had
various penetration patterns with aligned micro holes. By
adjusting the pattern, the vaccine doses could be adjusted.
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5.3. Light-stimulated patch

The light-responsive system benefits from the accurate control of
the light intensity and covering the area, leading to precise dosing.
NIR light is the most popular light source because of the deep
penetration in skin tissue and less damage to the tissue. Dhal
et al.46 adopted light-emitting NaYF4 upconversion particles as a
NIR-triggered ROS generator for skin cancer treatment. First of
all, they made oleogels as the drug reservoir (using soybean oil as
solution and stearic acid as gelation agents as well as permeation
enhancers). Normal upconversion nanoparticle-based ROS ther-
apy in the systemic circulation lack localizing ability. Thus it is
still challenging to target those topical, deeply-seated lesions such
as melanoma tumors. However, the oleogel can deeply deliver the
nanoparticle into skin lesions, conducting the ROS generation in
the deep side, and thus a significant bioavailability. The in vitro
study presented that the subcutaneous and intradermal dosage of
the nanoparticles delivered by the oleogels group was up to
9 mg/cm3 within 48 h, while the non-gel group (directly smearing
nanoparticle) had almost no subcutaneous or intradermal dosage.
The 1,3-Diphenylisobenzofuran (DPBF) fluorescent probe assay
(to measure ROS on light exposure.) detected higher ROS
generated by the oleogels group (around 55% consumed DPBF),
while the non-gel group presented little ROS production (around
0% consumed DPBF). Similarly, Wang et al.79 developed a phase-
change polycaprolactone (PCL) MN patch loaded with NIR-II
fluorophore Flav7 and the antitumor drug doxorubicin (DOX)
for tumor chemo-thermal therapy (Fig. 6d). The Flav7 has
remarkable photothermal efficiency and fluorescence imaging
ability. Under laser irradiation, Flav7 converted the light energy to
heat and the PCL matrix melted, causing the release of DOX. In
the animal study, the release of DOX from the MN patch led to
intensive necrosis and apoptosis of tumors. As a conceptual study,
researchers claimed that intensive optimization of the structure
parameters was essential in future work, such as the length of
drug-loaded needle tips.
6. Challenges and future development in the clinical
translation

As often mentioned in the literature, the academic and medical
fields believe that wearable devices would significantly improve
patient compliance and life quality through achieving the dosage,
temporal, and spatial control of therapeutics delivery. Successful
cases include Duragesic� for fentanyl delivery, with global sales
coming to $2 billion from 1990 to 2004, and Androgel� for
testosterone replacement delivery, which generated $900 million
in the USA in 201080. However, challenges exist in the wide
application of wearable devices to replace the existing formula-
tions and devices.12

6.1. Safety

Wearable patches composed of multiple components require long-
term interaction between skin tissue and the device. Issues often
seen in the literature include the unstable physical/chemical
properties of the patch or the residual left on the skin that may
lead to skin irritation or damage. For example, FDA had raised the
concern about the external physical field, such as heating, that
may lead to the variation of drug release rate76. One way to
minimize this issue is to use materials or components that have
been components in the already approved medical devices or
formulations.

6.2. Complexity in the development

Wearable TDD devices require the establishment of the new
production line. While there is an existing production line of
Microelectromechanical systems (MEMS) technology, the
consistent integration of biomaterials, MCU, microstructured
components and battery is challenging and requires collaboration
between the chemical industry, pharmacological industry, micro-
fabrication, and even IT.

6.3. Consistency in application

The drug delivery efficacy of the TDD system largely relies on the
condition of the patients’ skin, which is easily affected by age,
location, and pre-treatment method, etc. Under the premise of
ensuring safety, how to achieve a consistent delivery across a wide
range of populations remains to be improved.
7. Outlook

This review summarizes the latest achievement in wearable
patches to achieve a convenient, patient-friendly, and effective
TDD. We group these devices into passive and active systems,
depending on the properties of materials, design principles and
integrated devices. For passive systems, we discussed hydrogel
patches and MN patches. The active systems include those
responsive to light, electric field, ultrasound and etc. These
wearable TDD devices have found their applications in diabetes,
skin diseases, birth control, wound healing, etc. While we are
excited by these advances, there are still a lot of gaps for
improvement that could be covered for TDD technology. For
instance, evaluations of the side effect, efficacy as well as safety
are needed to optimize the delivery system. We envision that the
ongoing development of microfabrication, material science and
medicine would be constantly induced to these fields, promising a
brilliant hope to fight the global health crisis.
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