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A B S T R A C T

Integrating advanced manufacturing techniques and nanotechnology with cutting-edge materials has driven 
significant progress in global healthcare. Microneedles, recognized for their minimally invasive approach to 
transdermal sensing and drug delivery, achieve enhanced functionality when combined with iontophoresis. 
Iontophoresis-assisted microneedles have emerged as an innovative solution, enabling real-time biosensing and 
precise drug delivery within closed-loop systems. These integrated platforms represent a major advancement in 
personalized medicine, allowing dynamic therapeutic adjustments based on continuous feedback. This review 
highlights the latest developments in iontophoresis-assisted microneedles for transdermal biosensing, drug de
livery, and closed-loop applications. It delves into the mechanisms of iontophoresis, assesses its advantages and 
limitations, and explores future directions for these transformative technologies.

1. Introduction

Iontophoresis (IP), a method utilizing mild electrical currents to 
drive ions or flow, stands as a testament to the fusion of science and 
medical innovation [1–4]. The foundational principles of IP were 
established in the 19th century through early studies of galvanic effects 
and electrophoresis [5]. At its core, IP operates on the principle of 
electromigration (or electrophoresis, EP), electroosmosis and the 
increased permeability of membranes or skin due to the flow of electric 
current, leveraging the charged ions’ movement in an electric field to 
drive the transport of agents across biological membranes or skin [6]. 
Electroosmosis generates interstitial fluid (ISF) flow from anode to 
cathode due to the preferential movement of cations in the negatively 
charged skin tissue. The late 1990s saw the advent of biosensors that 
incorporated reverse iontophoresis (RI) to facilitate the detection of 
various analytes [7–9]. Researchers developed devices that could mea
sure glucose levels in ISF by driving glucose oxidase and other sensing 
elements. On the other hand, the versatility of IP has led to its wide
spread adoption for drug delivery. In dermatology, it is used for trans
dermal delivery of medications, ranging from local anesthetics to 
anti-inflammatory agents, offering a non-invasive alternative to tradi
tional injection methods [10,11]. Similarly, in physical therapy, IP is 

employed for the localized treatment of musculoskeletal disorders, such 
as tendonitis and bursitis, providing targeted relief to patients [12].

Microneedles (MNs) have emerged as a groundbreaking approach in 
biosensing and drug delivery [13–16]. These MNs can be fabricated 
from various materials, including silicon, metal, and polymers, each 
offering unique properties such as flexibility, biocompatibility, and 
dissolvability [17,18]. Depending on the materials and structures, MNs 
can be categorized into solid, hollow, hydrogel, dissolving and porous 
MNs [19–21]. By incorporating biosensors directly into MNs, the devices 
capable of detecting a wide range of analytes, including glucose, lactate, 
and biomarkers indicative of various diseases have been developed 
[22–24]. These advancements hold promises for continuous monitoring 
of health parameters, early disease detection, and personalized medi
cine. Moreover, MNs have demonstrated remarkable versatility in the 
drug delivery field, enabling precise control over drug dosage and 
release kinetics while minimizing patient discomfort and side effects 
[25]. The integration of MNs with IP represents a transformative 
approach, addressing key challenges in non-invasive biomarker moni
toring and on-demand drug delivery. This synergy also enables the 
development of smart, closed-loop systems that provide personalized, 
real-time therapies, offering significant advances in managing chronic 
conditions such as diabetes. Despite its promise, critical challenges 
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remain, including variations in skin properties, electrochemical inter
ference, device complexity, and power supply limitations, which must 
be overcome to unlock the full potential of this innovative technology. 
As MNs continue to evolve, researchers are exploring novel techniques 
and improving existing designs [26–28]. Fig. 1 illustrates the mecha
nisms of IP and RI through MNs for transdermal biosensing and drug 
delivery applications. To date, transdermal health monitoring and drug 
delivery have been reviewed in previous reports from different views 

[29–31]. For example, Saifullah et al. systematically sorted the 
MNs-based ISF sampling strategy [32]. Wang et al. summarized 
MNs-based glucose monitoring [33] and Zheng et al. reviewed the 
development of RI-assisted flexible electronics [34]. In the drug delivery 
field, Helmy et al. reviewed the iontophoretic drug delivery devices for 
different tissues and organs [26]. Zhang et al. summarized the wearable 
glucose monitoring and implantable drug delivery systems for diabetes 
management [35]. However, to the best of our knowledge, little atten
tion has been paid to IP-assisted MNs devices and their applications for 
transdermal biosensing, drug delivery and closed-loop systems.

In this review, we systematically summarized the recent advance
ment of different types of MNs and their integration with IP or RI 
techniques (Fig. 2). In addition, their applications in transdermal bio
sensing, drug delivery and closed-loop systems for smart transdermal 
therapeutic applications will be discussed. In summary, IP-assisted MNs 
represent a versatile and powerful platform for enhanced transdermal 
therapy with patient-friendly interfaces. They offer potential for inte
gration with wearable health monitoring devices, expand the range of 
deliverable drugs and enable precise control. As this field advances, it 
promises to bring more personalized and effective treatments to patients 
across diverse medical fields.

2. Mechanisms of iontophoresis and reverse iontophoresis

2.1. Iontophoresis

Iontophoresis is a method that uses an electrical potential difference 
(typically a low-intensity current of 0.5 mA/cm2 or less) to enhance the 
movement of ions across biological membranes, usually the skin. Drug 
molecules (ionic or non-ionic) are driven into the skin via an electro
chemical gradient generated by the electric field [36]. The total flux of a 
solute (J) across the skin is the sum of the contributions from electro
phoresis (JEP), electroosmosis (JEO), and passive diffusion (Jp): 

J= JEP + JEO + Jp (1) 

Fig. 1. Schematic illustration of mechanisms of IP and RI for transdermal biosensing and drug delivery applications.

Fig. 2. An overview of IP-assisted MNs devices for diverse transdermal appli
cations including biosensing, drug delivery and closed-loop systems.
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2.1.1. Electrophoresis
Electrophoresis refers to the movement of ions through the skin due 

to the applied electric field. The flux of electrons is converted into ionic 
fluxes through electrode reactions, and ionic transport occurs to main
tain electrical neutrality. With an electrophoretic effect, various ions 
move across the skin, each carrying a portion of the current. The 
contribution of each ion to the total charge transport is defined by its 
transport number, with the sum of transport numbers for all ions 
equaling 1. According to Faraday’s law, the flux of electrophoresis of 
each ion is given by: 

JEP =
ti • I
F • Zi

(2) 

where ti is the transport number of ion i, Zi is the valence of the ith ion, F 
is Faraday’s constant, I is the applied current.

2.1.2. Electroosmotic flow
Electroosmotic flow (EOF) is the primary transport mechanism for 

uncharged and large molecules. At normal physiological pH, the skin is 
negatively charged, which makes it selectively permeable to cations 
[37]. This selective permeability induces an EOF of solvent, which 
carries neutral molecules from the anode to the cathode. The flow ve
locity (vEO) is proportional to the potential gradient created by the 
electric field, described by the equation: 

vEO = −
εζρI

η (3) 

where I is the current density applied to the fluid conduit. ε is the 
dielectric constant of the solvent, ζ is the zeta potential of the negative 
charge fixed in the conduit media, ρ is the specific resistance of the 
sample, and η is the viscosity of the solvent. The electroosmotic flux 
contribution to the transport of a solute “j” present in the anodal 
compartment at a molar concentration cj can be expressed as: 

JEO = vEO • cj (4) 

The contributions of electrophoresis, electroosmosis, and passive 
diffusion to the total iontophoretic flux are influenced by the structure 
and physicochemical properties of the transported species. For small 
ions or molecules like Na+ or Cl− , electrophoresis is the dominant 
mechanism, while neutral solutes are primarily transported through 
EOF and passive diffusion.

2.2. Reverse iontophoresis

RI, a subset of IP, is a technique that applies an electric current in the 
opposite direction to extract ions or small molecules from the skin for 
diagnostic purposes [34]. This method is primarily used for the 
non-invasive detection of biomarkers such as glucose, lactate, and other 
substances found in ISF. The mechanisms of extracting ions or molecules 
in RI are similar to IP but in reverse, with the flux equations remaining 
largely the same. For example, small molecules can be drawn out 
through the electrophoretic effect, where the current interacts with the 
ions, causing them to migrate to the surface for sampling. Additionally, 
the applied current can generate an EOF that pulls ISF, along with its 
dissolved ions, toward the electrode at the skin surface (Fig. 1).

3. Preparation of microneedles

3.1. Materials

The selection of materials for MNs fabrication is crucial to achieving 
the desired mechanical properties, biocompatibility, and functionality 
for specific applications. Inorganic non-metallic materials like silicon 
and ceramics, with its high precision and ability to form intricate 
structures, are commonly used to create sharp, precise MNs, although it 

is not biodegradable [38]. Metals like stainless steel, titanium, 
aluminum and gold are preferred when high strength, durability, and 
rigidity are required, especially for solid or hollow MNs used in 
IP-assisted drug delivery [39]. In addition, polymer materials are also 
employed thanks to their versatility, biocompatibility, and ease of pro
cessing. They are particularly suited for creating dissolving MNs, such as 
those made from polyvinyl alcohol, polylactic acid, and poly 
(lactic-co-glycolic acid) (PLGA), which dissolve in bodily fluids to 
release drugs [40–42]. Other polymers like hyaluronic acid, methacry
lated hyaluronic acid and poly(glycidyl methacrylate) (PGMA) are uti
lized to fabricate hydrogel and porous MNs [43–45]. Polymers can also 
be functionalized by incorporating conductive materials like conductive 
polymer (poly(3,4-ethylenedioxythiophene) polystyrene sulfonate 
(PEDOT: PSS), polypyrrole and polyaniline for IP-based sensing and 
drug delivery [46–49].

3.2. Fabrication techniques

MNs fabrication techniques, including micro-electro-mechanical 
systems (MEMS), laser cutting or ablation, micro-molding, drawing 
method and 3D printing, etc., vary widely in terms of precision, material 
compatibility, and scalability [50]. MEMS, including lithography and 
etching, are ideal for producing solid MNs from silicon, metal, or poly
mers, as well as hollow MNs [51,52]. These techniques allow for high 
precision and scalability, though they require expensive, specialized 
equipment and are better suited for smaller production batches. 
Laser-based methods, such as laser drilling and laser ablation, offer 
flexibility and precision, particularly for creating solid or hollow MNs 
from a variety of materials like metals and polymers [53,54]. These 
techniques are fast and well-suited for prototyping but can be costly and 
slow for large-scale production. Micro-molding, which involves inject
ing materials like polymers and hydrogels into molds, is ideal for 
mass-producing dissolving MNs made from biodegradable materials, as 
well as hydrogel and porous MNs for controlled drug release [55]. 
Drawing-based methods allow for precise control over MN geometry and 
are ideal for creating hollow MNs, though they are labor-intensive and 
limited to glass or metal materials [56]. Finally, 3D printing provides 
unparalleled design flexibility, enabling the creation of complex MNs 
from a variety of materials, including hydrogels or hydrogel 
matrix-based conductive materials [57,58]. This technique is particu
larly useful for creating hydrogel or dissolving MNs and allows for rapid 
prototyping.

4. Iontophoresis-assisted microneedles for transdermal 
biosensing

This section focuses on the synergistic potential of IP-assisted MNs in 
biosensing applications, highlighting their unique advantages and 
emerging trends. MNs, typically ranging from hundreds of micrometers 
to a few millimeters in length, painlessly penetrate the skin’s outer 
layers to access ISF, enabling continuous monitoring of analytes (i.e. 
glucose, lactate, and physiological parameters, etc.) that are critical for 
diabetes management and metabolic disorders [33,59]. In RI, one 
microneedle is usually inserted into the skin as an active electrode to 
extract biomarkers, with a distant reference electrode completing the 
circuit. When a low-level electric current is applied, charged analytes 
migrate towards the microneedle electrodes owing to the RI, where they 
can be detected and quantified using electrochemical or optical detec
tion methods [34].

4.1. Solid microneedle

The integration of solid MNs with RI for transdermal biosensing le
verages the precision of solid MNs to create microchannels (MCs) in the 
skin, enhancing the efficiency of RI in extracting ISF for analysis. Cheng 
et al. reported a solid MNs-based touch-actuated device for glucose 
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monitoring in ISF (Fig. 3a) [60]. The touch-actuated sensor is composed 
of solid MNs for skin penetration, the RI unit for ISF extraction and the 
sensing unit for glucose monitoring. After the penetration of the solid 
MNs with finger press, a transient microchannel was created, followed 
by the auto-retraction of the solid MNs due to the elastic property of the 
porous ring. Since the skin is negatively charged, the neutral glucose was 
extracted at the cathode compartment driven by the EOF. This wireless 
sensor achieved an enhanced extraction flux of glucose, which is ca. 1.6 
times higher than the RI-only method based on both in vitro and in vivo 
experiments. Solid MNs can also be incorporated with conductive ma
terials [61–63]. This enhances the MNs’ ability to detect electrochemical 
signals from biomarkers, enabling real-time, non-invasive biosensing 
with improved sensitivity and response time. For instance, Mokhtar 
et al. proposed the conductive solid MNs towards electrochemically 
assisted skin sampling based on a cut-coat method [64]. Two different 
variants of doped PEDOT are coated on polymethyl methacrylate MNs. 
Several layers of absorbent paper were then sandwiched in between. 
With applied potential, more anions moved to the anode and more 
cationic ions moved to the cathode compartment due to electro
migration. The MN skin sampler enables the ions extraction from the 

skin as a step towards in vivo ISF extraction.

4.2. Hydrogel microneedle

The hydrogel MNs are typically fabricated using a mold-based 
approach, where a pre-polymer solution is cast into molds and subse
quently polymerized [67]. For example, Yang et al. developed a wear
able hydrogel MNs patch for ISF cell-free DNA capture and sensing 
(Fig. 3b) [65]. The hydrogel was made of polymethyl vinyl 
ether-alt-maleic acid (PMVE/MA), which can absorb the Epstein-Barr 
virus cell-free DNA in the ISF. Since the DNA has a negative charge, it 
was extracted from the anode compartment due to the electromigration 
governed by Faraday’s law. To increase capture efficiency, the anode 
electrode was coated with a positively charged hyaluronic acid to 
enhance the osmotic pressure from the blood capillary. Owing to the 
enhanced extraction efficiency assisted by RI and MNs, the proposed 
wearable device successfully isolates the cell-free DNA target from ISF 
within 10 min, with a threshold of 5 copies per μL and a maximum 
capture efficiency of 95.4 %. This combination enables continuous, 
non-invasive monitoring of biomarkers, making it particularly valuable 

Fig. 3. IP-assisted MNs devices for transdermal biosensing. a) Smartphone-based glucose electrochemical detection platform integrated microneedle array with RI 
techniques for the minimally invasive detection of glucose in ISF [60]. b) Hydrogel MNs for cell-free DNA capture and sensing [65]. c) Porous MNs generating EOF for 
glucose sensing [66].
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for managing chronic conditions like diabetes or for real-time physio
logical monitoring in healthcare and fitness settings.

4.3. Porous microneedle

The porous structure of the MNs increases the surface area for fluid 
extraction, while RI ensures a steady and controlled extraction process, 
leading to more accurate and reliable readings. Unlike hollow MNs, 
porous MNs avoid clogging issues during fluid extraction, allowing fluid 
to pass through multiple micro-pores. This method is particularly ad
vantageous for monitoring glucose levels in diabetic patients or tracking 
other biomolecules, providing a painless alternative to traditional blood 
sampling. Kusama et al. developed a porous MNs device generating EOF 
for glucose determination (Fig. 3c) [66]. The charged porous MNs 
introduce four novel benefits to IP: (1) a reduction in transdermal 
resistance due to its minimally invasive penetration of the highly 
resistant stratum corneum; (2) further decreased resistance facilitated 
by the interconnectivity of micropores; (3) the ability to transport small 
or larger molecules through interconnected micropores; and (4) the 
generation of EOF. The EOF produced by the porous MNs significantly 
enhances glucose transport, achieving approximately 10 times greater 
efficiency compared to passive diffusion in a Franz cell setup using pig 
skin as a barrier. Despite the progress mentioned above, integrating 
IP-assisted MNs for biosensing presents several technical challenges. 
One major issue is signal interference from the electrical currents used in 
IP, which can affect the accuracy and reliability of biosensor readings, 
especially in dynamic physiological conditions. Moreover, the high en
ergy demands of wearable systems pose a significant obstacle. Future 
advancements should focus on developing efficient, compact, and du
rable power sources to enhance the portability and practicality of these 
devices.

5. Iontophoresis-assisted microneedles for transdermal drug 
delivery

IP-assisted MNs represent a cutting-edge approach for transdermal 
drug delivery, combining the benefits of minimally invasive MNs with 
the enhanced transport efficiency of IP [68]. Different from RI where ISF 
is extracted, IP delivers drugs into the skin with an opposite flow di
rection. For two-step drug delivery, MNs are first employed to pierce the 
skin (press and poke), and IP is then applied to drive the drug into the 
skin through the holes (release). In the one-step method, however, MNs 
are usually preloaded with drugs and inserted into the skin, and elec
trodes are placed on the back side of MNs. By enabling precise, 
controlled, and localized drug administration, IP-assisted MNs hold 
significant potential for treating various conditions, from chronic dis
eases to acute medical needs, offering improved therapeutic efficacy and 
reduced systemic side effects.

5.1. Solid microneedle

IP-assisted solid MNs have emerged as a promising platform for drug 
delivery applications, offering precise and controlled delivery of thera
peutics through the skin. Zheng et al. reported an IP-driven solid MNs 
patch for the active transdermal delivery of vaccine macromolecules 
[69]. The transdermal vaccine delivery strategy of the IP-driven MN 
patch is "press and poke, IP-driven delivery, and immune response". 
Animal experiments using BALB/c mice showed that this method in
duces a stronger immune response than traditional intramuscular in
jection, proving safe and suitable for at-home vaccination. Vora et al. 
proposed a solid MNs patch combined with IP device for the delivery of 
methotrexate into healthy and psoriatic skin [70]. A lower resistance 
and a higher transepidermal water loss for psoriatic skin indicated 
damaged barrier function, while histology studies indicated epithelial 
hyperproliferation and elongated rete ridges. A comparable study by 
Junadi et al. investigated the transdermal delivery of baclofen [71]. In 

vitro permeation experiments were performed using 
dermatome-processed porcine ear skin in vertical Franz diffusion cells to 
assess baclofen delivery. Anodal IP was applied at a current density of 
0.5 mA/cm2, with baclofen solutions at pH 4.5 and pH 7.4. In addition, 
Feng et al. combined solid MNs with the IP technique to facilitate the 
transdermal delivery and brain distribution of tetramethylpyrazine 
[72]. Their findings revealed that the MN-IP group significantly reduced 
the brain infarction area and IL-β expression in middle cerebral artery 
occlusion rats compared to the control group (p < 0.05).

5.2. Hollow microneedle

IP-assisted hollow MNs offer several advantages over traditional 
drug delivery methods. Detamornrat et al. developed an iontophoretic 
hollow MNs array system designed for delivering charged molecules and 
macromolecules, such as proteins [73]. An ex vivo drug permeation 
study was conducted using a Franz diffusion cell, demonstrating sig
nificant increases in permeation rates for various compounds: methy
lene blue (61-fold), fluorescein sodium (43-fold), lidocaine 
hydrochloride (54-fold), and BSA-Fluorescein isothiocyanate (FITC) 
(17-fold) under a current density of 1 mA/cm2 over 6 h. Additionally, 
the total amount of drug delivered, comprising both skin retention and 
receptor compartment levels, was analyzed to distinguish the delivery 
profiles of different molecules. On the other hand, Arshad et al. devel
oped an IP-coupled hollow MNs approach for the improved transdermal 
delivery of rabies vaccine [74]. The device shows effective skin pene
tration, stability, and ~206 % higher immunoglobulin G titers in dogs 
than MNs alone. This MNs-IP combination also increased rabies virus 
neutralizing antibodies titers by ~2.2 times, highlighting its potential 
for transcutaneous vaccine delivery.

Fig. 4. IP-assisted hydrogel MNs with high conductivity for transdermal drug 
delivery. a) Conductive hydrogel MNs for local anesthesia (lidocaine) delivery 
in dentistry [46]. b) IP-assisted conductive hydrogel MNs for the delivery of 
dextran molecules (3–5 kDa, 150 kDa, and 500 kDa) [47].
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5.3. Hydrogel microneedle

Hydrogel MNs equipped with conductive elements, such as elec
trodes or conductive materials like polypyrrole and poly(3,4- 
ethylenedioxythiophene) (PEDOT), facilitate the flow of electric cur
rent and enhance drug penetration. The integration of IP with conduc
tive hydrogel MNs enables precise control over drug delivery 
parameters, including dosage and release kinetics. By modulating the 
intensity and duration of the applied electric current, one can tailor 
treatment regimens to individual patient needs. For example, Donnelly 
et al. proposed a hydrogel MNs containing 15 % w/w poly(methyl
vinylether/maelic acid) (PMVE/MA) and 7.5 % w/w poly(ethyl
eneglycol) and coupled with IP technique. The results showed that the 
combination of integrated hydrogel MN and IP led to a significantly 
accelerated BSA-FITC permeation [75]. Xu’s group developed a hyal
uronic acid-based conductive hydrogel MNs enhanced by IP for painless 
dental anesthesia (Fig. 4a) [46]. The hydrogel MNs array creates 
micro-conduits that lower the resistance of the oral mucosa. This 
reduced tissue resistance facilitates the application of a low-voltage 
current, enabling more efficient and targeted delivery of drug mole
cules to the sensory nerves supplying the teeth. Additionally, a hydrogel 
MN system capable of delivering macromolecules was developed 

(Fig. 4b) [47]. This study reported a conductive hydrogel MNs using 
polyaniline and hyaluronic acid, combined with IP to enhance the de
livery of dextran macromolecules. The system demonstrated improved 
penetration of dextran molecules (3–5 kDa, 150 kDa, and 500 kDa) to a 
depth of approximately 1536 μm in an agarose gel model. Peng et al. 
proposed an IP-integrated hydrogel MNs by incorporating the carbon 
nanotubes with boronate-containing hydrogel, offering on-demand in
sulin delivery with minimal invasion [76].

5.4. Dissolving microneedle

Dissolving MNs represents a cutting-edge approach to drug delivery 
with a user-friendly interface and minimal patient discomfort [77–81]. 
Dissolving MNs are fabricated from biocompatible polymers that 
encapsulate drug payloads. These MNs are designed to painlessly 
penetrate the skin’s outer layers and subsequently dissolve, releasing the 
encapsulated drugs into the underlying tissue (Fig. 5a). The integration 
of IP enhances drug delivery by facilitating the transport of charged drug 
molecules through the skin barriers. For example, Abbasi et al. devel
oped a dissolving MNs for browning subcutaneous adipose tissue by 
combining it with IP technique [82]. The results show that this method 
enhances white adipose tissue (WAT) browning, leading to increased 

Fig. 5. IP-assisted dissolving MNs for transdermal drug delivery. a) Schematic illustration of dissolving MNs for drug delivery applications [80]. b) Ultrasonically and 
iontophoretically enhanced dissolving MNs made of hyaluronic acid, with successful releasing of rhodamine [83]. c) MNs create skin MCs for enhanced transdermal 
delivery of PXCl based on “poke-and-patch” and “poke-and-release” [84]. d) Bolus administration of PLS via skin using dissolving MNs of PLS-DMNs [85].
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energy expenditure, reduced body weight, and improved metabolic 
outcomes. Bok et al. reported an ultrasonically and iontophoretically 
enhanced drug delivery system based on dissolving MNs patches 
(Fig. 5b) [83]. This study presents a multifunctional transdermal de
livery system using hyaluronic acid MNs. By controlling the concen
tration of the hyaluronic acid solution, the MNs can regulate drug filling. 
The system utilizes ultrasonication to dissolve MNs and AC iontopho
resis to improve drug diffusion. The results demonstrate that this com
bined approach significantly increases permeation and reduces delivery 
time compared to passive methods, paving the way for effective 
macromolecular drug delivery based on response time. Saepang et al. 
explores the use of MNs to create skin MCs for enhanced transdermal 
delivery of pramipexole dihydrochloride (PXCl) (Fig. 5c) [84]. In vitro 
experiments using human skin compared different delivery methods, 
including "poke-and-patch" and "poke-and-release," with drug-loaded 
dissolving MNs and hydrogel-forming MNs (HGMN). The dissolving 
MNs patches significantly improved PXCl delivery compared to con
ventional methods, while HGMN patches provided a more sustained 
release over 72 h. Fig. 5d shows the feasibility of the bolus adminis
tration of palonosetron (PLS) via skin using dissolving MNs of pal
onosetron hydrochloride (PLS-DMNs) [85]. Made with sodium 

hyaluronate, PLS-DMNs delivered 83.2 % of the drug in 5 min. In vitro 
study showed significantly higher PLS permeation than passive 
methods. In vivo studies in rats indicated that the area under the curve 
and the time to reach the peak after PLS-DMNs were comparable to 
subcutaneous injections. These results suggest that PLS-DMNs with IP 
offer a painless, rapid alternative for PLS delivery. Other applications 
like the transdermal delivery of sumatriptan succinate have also been 
reported [86]. Overall, IP-assisted dissolving MNs represent a significant 
advancement in drug delivery, offering precise and controlled admin
istration of therapeutics with minimal invasiveness.

5.5. Porous microneedle

Porous MNs feature an array of microscale pores distributed across 
their surface, allowing for the controlled release of therapeutic agents 
into the skin [87,88]. The porous structure of the MNs then facilitates 
the diffusion of drugs into the skin, where they can exert their thera
peutic effects. Simultaneously, the application of an electric current via 
IP promotes the migration of charged drug molecules toward the target 
site, enhancing the overall delivery efficiency. The porosity and pore 
size of the MNs can be tailored to control the release kinetics of drugs 

Fig. 6. IP-assisted porous MNs for transdermal drug delivery. a) Structure of porous MNs and the illustration of equivalent DC circuits of different skin layers [66]. b) 
The DC resistance of human arms before and after porous MNs administration. c) Open-tip MNs with parylene-C coating [94]. d) Dual-mode drug delivery by aligning 
the directions of EOF [95]. e) Non-invasive frustoconical porous MNs enables the synergy of the expansion of the stratum corneum and EOF promotion for trans
dermal administration [96].
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and optimize therapeutic efficacy. Smaller pore sizes enable sustained 
release over an extended period, while larger pores facilitate rapid drug 
diffusion for immediate effects. Li et al. demonstrated an IP-driven 
porous MNs array patch (IDPMAP) for active transdermal drug de
livery [89]. IDPMAP integrates porous MA with IP into a single trans
dermal patch, thus realizing the one-step drug administration strategy of 
“penetration, diffusion, and IP.” On the other hand, Wang et al. reported 
a hydrogel-based porous MNs for the cancer therapy [90]. However, 
those methods are all based on the electrophoretic mechanism, limiting 
the selection of drugs. Nishizawa group has proposed PGMA porous MNs 
based on the particulate leaching method (Fig. 6a) [45,91]. This porous 
MNs have been advanced for transdermal drug delivery using EOF, 
thereby expanding the range of drug candidates and improving the de
livery efficiency [66,92,93]. The administration of porous MNs can 
significantly lower the transdermal resistance of stratum corneum with 
low invasive penetration, thereby achieving a higher delivery efficiency 
(Fig. 6b). Moreover, to improve delivery efficiency, an open-tip porous 
MNs with parylene-C coating was developed (Fig. 6c) [94]. The open-tip 
porous MNs guides the flow of solvent with the drug focusing on the tip 
and minimizing the flow from the substrate and side parts. Furthermore, 
Wang et al. developed a dual-mode delivery profile by reversing the 
direction of EOF in the cathode compartment (Fig. 6d) [95]. However, 
conventional sharp needles still exhibit invasive properties to human 
beings. A frustoconical porous MNs for electroosmotic transdermal drug 
delivery was developed (Fig. 6e) [96]. Additionally, the integration of 

porous MNs with other actuators has been proposed, demonstrating its 
versatile property for transdermal drug delivery applications [97]. In 
conclusion, IP-assisted porous MNs offer a promising approach for 
enhanced drug delivery, combining the advantages of MNs technology 
with the controlled release facilitated by IP. Table 1 summarizes various 
applications of MNs combined with IP.

6. Integrated closed-loop system

The integration of IP-assisted MNs has garnered significant interest 
in their potential to enable closed-loop systems capable of simultaneous 
biosensing and drug delivery. One of the key advantages of IP-assisted 
MNs in closed-loop systems is their ability to provide immediate feed
back through real-time biosensing [98]. By continuously monitoring 
biomarkers such as glucose, lactate, or specific drug concentrations in 
ISF, these devices can dynamically adjust drug delivery profiles. The 
integration of biosensing and drug delivery functions within a single 
platform offers several benefits, including enhanced therapeutic effi
cacy, reduced side effects, and improved patient compliance. For 
example, in diabetes management, closed-loop systems can maintain 
tight glycemic control by adjusting insulin delivery based on real-time 
glucose measurements, thereby minimizing the risk of hypoglycemia 
or hyperglycemia [99–103]. Yang et al. introduced a biomimetic solid 
MNs theranostic platform designed for intelligent and precise diabetes 
management (Fig. 7a) [104]. The MNTP integrates a miniaturized 

Table 1 
Summary of applications for iontophoretic MNs-based drug delivery.

Type of MNs Fabrication 
Technique

Applications Performance Mechanisms Restrictions Key 
References

Small- 
molecule 
drugs

Macromolecules Vaccines

Solid MNs 
assembled 
with Ag/ 
AgCl 
electrodes

Micromachining 
from stainless steel 
316 L

Vaccine: Ovalbumin (44.5 kDa) 1.58 μg/min 
under 0.5 mA/ 
cm2

“Press and poke, IP-driven 
delivery”

Complex 
manufacturing; 
Low biocompatibility

[69]

Maltose MNs Micro-mold casting Small-molecule drugs: Baclofen (214 Da) 45.51 ± 0.76 μg/ 
cm2

“Press and poke, IP-driven 
delivery”

Low mechanical 
strength; Reduced 
efficiency due to the 
self-healing of skin

[71]

Polymeric 
hollow MNs

Micromachining 
from polyether ether 
ketone (PEEK) sheets

Small-molecule drugs: methylene blue 
(319.85 Da), fluorescein sodium (376.3 Da) 
and lidocaine hydrochloride (270.8 Da) 
Macromolecules: BSA-FITC (66 kDa)

728.6 ± 108.6 
μg; 
1384.6 ± 269.3 
μg; 
1513.7 ± 234.8 
μg; 
370.1 ± 31.2 μg. 
under 1 mA/cm2 

for 6 h

Electrophoretic delivery 
(positively charged drug 
is loaded at the anode and 
negatively charged drug is 
loaded at the cathode)

Limited for certain 
charged molecules; 
Risk of clogging

[73]

Conductive 
hydrogel 
MNs

Micro-mold casting Small-molecule drugs: Lidocaine (234 Da) 96.3 ± 6.4 % 
under 3 mA/cm2

Electrophoretic delivery Limited for certain 
charged molecules; 
Risk of electrical 
stimulation

[46]

PLGA 
dissolving 
MNs

Micro-mold casting Small-molecule drugs: Metformin (129.2 
Da)

81 μg of 
metformin was 
delivered within 
8 h under 0.2 
mA/cm2

Electrophoretic delivery Limited for certain 
charged molecules; 
Limited drug loading 
capacity

[82]

Hyaluronic 
acid (HA) 
dissolving 
MNs

Micro-mold casting Small-molecule drugs: Rhodamine B (479 
Da)

1.1 ng/cm2s 
under 10 Hz and 
10 V

Ultrasound and 
Electrophoretic delivery

Low mechanical 
strength; 
Risk of electrical 
stimulation

[83]

PGMA porous 
MNs

Solvent casting and 
particulate leaching

Small-molecule drugs: Rhodamine B (479 
Da); 
Macromolecules: FITC–dextran (10 and 40 
kDa); 
Vaccine: Ovalbumin (44.5 kDa)

0.11 μg/min for 
RhB; 
0.096 μg/min for 
10 kDa FITC- 
dextran; 
0.058 μg/min for 
40 kDa FITC- 
dextran under 
0.5 mA/cm2

EOF Risk of electrical 
stimulation; 
Low durability due to 
the concentration 
polarization

[95]
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circuit and MNs arrays for on-demand skin penetration, facilitating ISF 
extraction for the simultaneous detection of glucose and physiological 
ions, as well as subcutaneous insulin delivery. In addition to diabetes 
management, Parrilla et al. reported a wearable hollow MNs-based array 
of patches for rheumatoid arthritis treatment (Fig. 7b) [105]. The hol
low MNs array patch is enhanced with conductive pastes and function
alized with cross-linked chitosan to create an MN-based voltammetric 
sensor for continuous methotrexate (MTX) monitoring. Notably, the 
chitosan coating prevents biofouling while facilitating the adsorption of 
MTX on the electrode surface, enabling highly sensitive analysis. Other 
applications including diabetes-related diseases like chronic wounds 
were also developed [106]. While the considerable promise of 
IP-assisted MNs in closed-loop systems, several critical technical bot
tlenecks must be addressed for practical implementation. One major 
challenge is optimizing device design to ensure both reliable biosensing 
and drug delivery over extended periods. To improve long-term per
formance, advances in materials and miniaturization are needed to 
balance device durability with precision. Moreover, ensuring accurate 
and interference-free feedback loops is essential for real-time drug de
livery adjustments. Signal interference from environmental noise or 

electrochemical reactions can compromise the precision of biosensing, 
requiring more robust noise reduction and filtering techniques to 
maintain signal integrity. In addition, these devices must be continu
ously powered while remaining compact and comfortable. Progress in 
energy harvesting, low-power electronics, and efficient power man
agement systems is crucial to address this limitation. Finally, regulatory 
and clinical validation remain major obstacles to the widespread 
adoption of closed-loop systems. Rigorous testing through clinical trials 
is necessary to ensure these systems meet medical standards.

7. Conclusion and perspectives

As our understanding of IP-assisted MNs advances, their potential 
applications continue to expand, offering transformative opportunities 
in diagnostics and therapy. However, integrating IP with MNs also in
troduces specific challenges. Solid MNs, for instance, need further 
optimization to ensure effective electric current distribution and 
improve biocompatibility, requiring the materials advancement that 
promote uniform current flow and enhance skin penetration. For hollow 
MNs, challenges like clogging and structural fragility under 

Fig. 7. Integrated closed-loop system. a) Biomimetic solid MNs theranostic platform for intelligent and precise management of diabetes [104]. b) A wearable hollow 
MNs-based array patch for continuous electrochemical monitoring and drug delivery [105].
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iontophoretic conditions should be addressed, with future research 
focusing on improving material robustness and incorporating anti- 
clogging techniques. Dissolvable MNs, although promising for biode
gradable and sustained drug release, face issues related to conductivity 
and controlled releasing rates, necessitating innovations in biodegrad
able conductive polymers or hydrogels. Importantly, the integration of 
IP-MNs into closed-loop systems presents hurdles such as ensuring a 
reliable power supply and seamless interaction between sensing and 
drug delivery components. Research should explore energy-efficient 
microelectronics, power harvesting technologies, and advanced circuit 
designs to create practical, wearable systems. Incorporating artificial 
intelligence and machine learning could also enhance these systems, 
enabling adaptive responses based on real-time sensing. By focusing on 
these specific challenges, future research can help unlock the full po
tential of this technology, offering precise, accessible, and minimally 
invasive solutions for diagnostics and therapy, ultimately advancing 
personalized healthcare and improving patient outcomes.
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