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Abstract

Microneedle (MN) patches have emerged as a promising drug delivery technology
for wound healing treatments, offering several advantages over traditional
administration methods, including minimal invasiveness, precise drug delivery, and
minimal pain.This review explores the basic principles of MN patch technology, three-
dimensional (3D) printing-assisted fabrication techniques, and the key considerations
in designing effective MN patches for regenerative medicine. Moreover, the in vivo
applications of the MN patches in wound healing, tissue regeneration, and drug
delivery are discussed in detail. Finally, the challenges and future research directions
of the MN patch technology are discussed, highlighting its potential to revolutionize
personalized medication.

Keywords: 3D printing; Bioinspired drug delivery; Microneedle patch;
Responsive drug delivery; Wound healing

1. Introduction

Human skin serves as an effective physiological barrier against environmental factors,
such as germs and dangerous chemicals, and maintains the temperature and water
balance of the human body."* Skin is a multilayered structure primarily composed of the
epidermis, dermis, and subcutaneous tissue (Figure 1A). The epidermis is approximately
100-150 um thick and is composed of several layers, including the stratum corneum
that contains 15-20 pm of fat-depleted and protein-rich keratinocytes and serves as the
primary barrier against external elements.** The dermis is 3-5 mm thick and composed
of collagen bundles, elastin fibers, fibroblasts, plasma protein, polypeptide complex, and
a large amount of water. It is also rich in nerve fibers, blood vessels, and lymph vessels.
The subcutaneous tissue below the dermis is composed of fat and loose connective tissue
and is rich in blood vessels and nerves.*”

Transdermal drug delivery systems (TDS) administer therapeutics into the skin
layers in a minimally invasive manner. These systems typically focus on delivering
therapeutics to the epidermal or dermal layers, which lie above the blood vessels and
nerve fibers in the skin.® Thus, they offer a precise and localized alternative to oral and
intravenous injections that often lead to systemic effects. They effectively bypass first-
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pass metabolism in the liver and often degrade therapeutics
when administered systemically.” TDS also minimizes
injection-related pain and lowers the risk for blood-
borne diseases caused by hazardous medical waste. These
advantages make TDS an attractive option, particularly
for targeted treatments in which precise drug delivery and
reduced systemic exposure are crucial.'*!' However, only
small molecules (<500 Da) with moderate lipophilicity
can be delivered by TDS, while macromolecular drugs are
often blocked by the stratum corneum of the skin. Many
technologies (e.g., iontophoresis, ultrasound, sonophoresis,
and electroporation) have been developed to overcome this
problem in transdermal drug delivery.”>”"* Despite the use
of intensive physical conditions or expensive equipment,
these methods do not significantly enhance transdermal
penetration of macromolecular medications.

Microneedle (MN) patches, particularly notable for
their function in delivering macromolecular therapeutics,
are widely accepted by patients.'® These patches are
advanced and versatile therapeutic delivery systems
with tiny needles made from materials such as metals,
polymers, silicon, rubber, and ceramics. These small,
pointed projections, typically ranging from 25 to 2500 um
in length and up to 250 pm in width, are designed to create
microchannels in the outermost layer of the skin, stratum
corneum, allowing therapeutic agents to bypass this barrier
of the skin without causing pain or bleeding.'”** MN
technology offers several benefits over traditional patches
and syringe injections, including a painless experience,
ease of use, lower infection risk, and the convenience of
self-administration.'** In addition to therapeutic delivery,
MN patches have been used to extract biological samples
to detect diseases (Figure 1B). This method significantly
enhances the delivery of various therapeutic agents,
including small molecules, macromolecules, vaccines,
cosmeceuticals, and micro/nanoparticles, which directly
diffuse into the dermis or epidermal layer of the skin.?>*
In recent decades, MN patches have been applied to treat a
wide range of diseases, such as cancer, psoriasis, scars, skin
infections, and diabetes.** In the field of tissue engineering,
MN patches have been used for wound healing and
tissue regeneration.”” Researchers have proposed various
approaches to enhance the therapeutic properties of MN
patches, such as enhancing drug delivery by optimizing
an MN patch geometry, delivering combination therapy,
and developing the MN patch with biomimetic structures
to increase the adhesion or contraction force in the
skin.*® This review comprehensively highlights recent
advancements in MN patch design to deliver therapeutic,
particularly wound management. It systematically
examines the critical design factors to enhance skin
penetration ability by reducing pain and erythema signs for

improving patient comfort. It also highlights the progress
in the fabrication of MN patches using three-dimensional
(3D) printing technologies to tackle existing challenges
and the functionalization strategies that enhance control
drug release, tissue adhesion, and therapeutic efficiency.
Furthermore, this review systematically discusses the
integration of advanced therapeutic agents (e.g., growth
factors, stem cells, exosomes, antimicrobial peptides, and
nanoparticles) to demonstrate their potential to accelerate
wound healing, reduce infection, and promote tissue
regeneration. Finally, it summarizes a comprehensive
framework for advancing MN patches as a next-generation
solution for smart, noninvasive, and highly effective wound
management by addressing the future prospects.

2, Basic principle of MN patches:
Properties, categories, and
delivery strategies

In the healthcare field, substantial efforts have been made
over the centuries to identify effective drug delivery
strategies. The MN technology offers a groundbreaking
approach for enhancing the precision and efficiency of
drug administration. This innovation enables effective
drug delivery, while reducing side effects, by addressing
the challenges associated with conventional therapeutic
methods.”””* The basic principle of the MN is to deliver
drugs, vaccines, or therapeutic agents through the skin in a
minimally invasive manner. Unlike traditional hypodermic
needles, MN patches do not reach deep into the dermis,
making them less painful and reducing infection risk.
Moreover, it enables drug delivery to viable epidermal
or dermal layers, allowing it to be absorbed into the
bloodstream or local tissues.”*! MN patches are prepared
from a variety of materials, including polymers, metals,
glasses, ceramics, and silicone. Among these materials, the
polymeric MN has drawn substantial attention because of
their significant cell responses and nontoxicity. They are
made from non-degradable polymers, such as polyacrylic
acid, polydimethylsiloxane (PDMS), and polyvinyl
methyl-vinyl ether, as well as from degradable polymers
with controlled degradation rates. Moreover, MN patches
developed from natural polymers such as hyaluronic acid,
gelatin, and silk fibroin, as well as synthetic polymers
such as polylactic acid (PLA) and polyvinylpyrrolidone
(PVP), offer tailored mechanical properties, swelling
behaviors, and biological responses to meet diverse
therapeutic requirements.”*

The MN patches are categorized into five major
groups, namely solid MN, coated MN with hydrophilic
pharmaceutics, hollow MN for liquid formulations,
dissolving MN, and forming MN, based on their
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morphological features and drug delivery mechanisms.
Different transport approaches are adopted for each of
these groups of MN as follows: (1) poke and patch, (2) coat
and poke, (3) poke and flow, (4) poke and release, (5) poke
and swell !

The solid MN is the first introduced MN patch with
a poke and patch approach. First, a solid MN patch
was used to pierce the outer layer of the skin and create
microchannels.****  Then, conventional therapeutic
formulations (e.g., transdermal patches, ointments, creams,
gels, and lotions) are applied, resulting in the therapeutics
diffusing into deeper skin layers (Figure 1C-a). However,
this strategy lacks precise dosage control and may result
in reduced drug diffusion.”* In addition, microchannels
are generally not durable due to the natural healing
mechanism of the skin, which limits the drug delivery
efficiency. Besides, prolonged maintenance of pores on the
skin surface increases the infection risk.***

For delivering a high quantity of therapeutics or liquid
formulations, hollow MN patches with the poke-and-flow
approach are widely applied (Figure 1C-b). This innovative

technique allows the delivery of drugs directly into the skin
by creating a small channel through which medications
can flow, similar to hypodermic needles.*~' Unlike solid
MN, which releases drugs based on osmotic gradients,
hollow MN functions as an active drug delivery systems,
allowing controlled diffusion into the dermis. Drug release
from hollow MN can be fine-tuned, depending on the
concentration of the medication and the design of the
needle. For example, higher drug concentrations can lead
to faster, burst releases, while matrix-loaded drugs can
enable slow, steady drug diffusion over days or weeks.****
This flexibility makes the hollow MN valuable for a range of
treatments, including vaccinations, insulin, and sustained
drug therapies. Furthermore, hollow MNs suffer from
technical difficulties, such as a higher risk of leakage and
clogging due to their proximity to capillaries and higher
drug adsorption (an infusion rate of 50-300 nL/min).”

The coat-and-poke approach involves coating of the
MN with drug molecules before skin insertion, which
is known as a coated MN patch (Figure 1C-c). In this
MN system, drug formulations are coated onto MNs
either alone or combined with polymeric matrices, often
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Figure 1. MN for skin insertion. (A) Schematic representation of the side view of MNs inserted into the skin. (B) Advantages of MN patch. (C) Different
categories of MN patch and their release mechanisms: (a) solid MN patch (poke and patch), (b) hollow MN patch (poke and flow), (c) coated MN patch
(coat and poke), (d) dissolvable MN patch (poke and release), and (e) forming MN patch (poke and swell). The gray arrows indicate the direction in which
MN patches are inserted or removed. Abbreviation: MN, microneedle.

Volume 11 Issue 2 (2025) 186 doi: 10.36922/ijb.8514


https://doi.org/10.36922/ijb.8514

International Journal of Bioprinting

3D-printed microneedles for wound care

through dip coating, spray coating, roll coating, or more
advanced approaches, such as additive manufacturing
and layer-by-layer deposition methods, which are also
being explored.””* Therefore, the drug coated on the MN
patch was dissolved in the skin after insertion. They have
been successfully used to deliver deoxyribonucleic acid
(DNA), genes, proteins, and peptides, offering targeted
and controlled drug administration directly to the skin.*
While coated MNs provide a simple way to deliver drugs,
they have limitations like reduced drug penetration, limited
drug loading capacity, and the risk of the coating coming
off due to thin layers.”*! In addition, the dip and scrape
method is a variant of the coat-and-poke method, where
MN:ss are dipped in a drug solution, and their surfaces are
scraped to create micro-abrasions, facilitating deeper drug
penetration at higher concentrations.”

First appeared in 2005, dissolvable MN patches operate
using a poke-and-release mechanism (Figure 1C-d).
The MN patch dissolves and releases its therapeutic
formulations directly into the skin without requiring
removal after insertion into the skin, and is safe for use
because of the application of biodegradable materials.***-¢*
The most common fabrication method is solvent casting,
which allows for the precise loading of drugs into the MNs.
This MN patch has gained significant attention compared
with other types of TDS owing to its easy fabrication, high
drug loading, and convenient drug delivery.*”*> Despite
their advantages, complete insertion can be difficult, and
the dissolution process may be slow. In addition, their
mechanical performance can be limited by the hygroscopic
nature of the materials, which absorbs moisture and affects
their strength.®

Finally, the poke-and-swell mechanism is utilized in
hydrogel-forming MN patches (Figure 1C-e). This strategy
was first proposed by Donnelly et al. for highly swellable
polymers by modifying crosslinking parameters. These
patches are designed to swell and expand when they come
into contact with the fluid of skin layers, creating a gel-
like structure that helps release drug formulations.”
Unlike other MN types, hydrogel-forming MN can hold
more medication and release it gradually over time.
This sustained-release capability makes them more
effective for long-term treatment, as it provides a steady
dose of medication and reduces the need for frequent
applications.”””" Moreover, this type of MN patch has
gained considerable attention for therapeutic delivery in
tissue engineering and wound management. Although
hydrogel-forming MN patches offer several benefits such
as controlled drug release, they face challenges owing to
their complex fabrication processes and potential solvent
residue issues.*

3. Designing MN patches:
Key considerations

The effectiveness of MN patches depends on careful
attention to several factors. The MN patch should be
designed to penetrate the skin at an optimal depth, allowing
it to deliver medication efficiently while minimizing
discomfort. The choice of material and diameter of the MN
patch plays crucial roles in proper insertion into the skin,
flexibility, and overall functionality. This section discusses
these key factors and provides insights into how they affect
the functionality and effectiveness of MNs.”

3.1. Parameters to improve the MN patch insertion
and pain reduction

The dimensions and geometry of MN are the most crucial
aspects of its design, as they directly affect the ability of
the MN patch to penetrate the skin and deliver therapeutic
agents. Moreover, the insertion efficiency and pain
reduction in MN patches are largely influenced by design
parameters such as length, aspect ratio, spacing between
needles, tip sharpness, angle, and application force.”

3.1.1. Aspect ratio

The aspect ratio, which is the ratio of height to base width
of the MNs, directly affects the ease of insertion and the
mechanical strength of the MN patch. The MN patch
design with a lower aspect ratio can lead to difficulties
penetrating the skin, whereas a higher aspect ratio can
easily puncture the skin layer. However, a higher aspect
ratio results in greater pain and damage to the skin
layers. Typical MN lengths range from 150 to 2500 pm,
depending on the intended application. The diameter of
the MNs must also be optimized; thinner needles reduce
the force required for penetration and can decrease pain,
but they must still be sufficiently robust to avoid bending
or breaking during application.”*”> Therefore, MNs
should be long enough to penetrate the stratum corneum
and reach the viable epidermis or dermis, where drug
absorption is most effective, but short enough to avoid
stimulating deeper pain receptors.”® For example, Li et
al.”” developed 18 MN patches with different aspect ratio
to determine MN penetration efficiency, and assessed the
number of MN that punctured the skin, independent of
how deeply they penetrated, using a gentian violet staining
technique. They concluded in their study that when the
length is 1500 pm, the patients feel more pain than the
lower-aspect-ratio of the MN patch. However, in terms of
acceptability, almost all human subjects reported that the
MN patch was less painful than the normal needle pin prick
(Figure 2B). In addition, they evaluated the insertion of the
MN patch, in which a long MN patch penetrates deeper
into the skin. However, more than 30-40% portion of MN
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is uninserted when the length exceeds 1000 pm. Moreover,
the MN patch with 800 um length and in range of 200-
250 um width penetrated the skin more efficiently, and
more than 80% portion of MN is insertable in this case
(Figure 2A).”” Kochhar et al.”® observed that MNs with a
length of 827 um and a base diameter of 200 um had a slower
penetration rate compared to those with a base diameter of
300 pm and a length of 400 um. They also concluded that
a higher aspect ratio led to weaker mechanical properties
of the needle tip and body. During the piercing process,
bending occurs before the required insertion force is
achieved, which reduces the penetration efficiency.””® In
another study, Gittard et al.** found that with an increase
in the aspect ratio (2, 2.5, and 3), the stiffness decreased
(7580, 2222, and 1620 N/m, respectively). However, the
length of the MNs was optimized for precise delivery.
Therefore, many studies applied longer lengths (~1000
um) to increase insulin delivery and vaccine effectiveness,
as the dermis layer has higher permeability and a greater
number of immune cells.*?

In addition to pain, erythema (redness of the skin)
should also be considered during the fabrication of MN
patches. It occurs when the blood flow increases in small
blood vessels near the surface of the skin, which is typically
temporary and can be caused by sunburns or injury,
infection, inflammation, allergic reactions, rashes, or skin
treatments. The degree of erythema can be influenced by
the material of the MNs, their geometry, and the overall
design of the patch. Li et al.” investigated the signs of
erythema in 18 different MN patches, and most of the
MN patches were found to show grade 1 (mild) erythema.
Therefore, MN patches longer than 1000 um were found
to show moderate (grade 2) erythema in some human
subjects (Figure 2C). They also found signs of erythema
caused by MN patch insertion, which subsided within an
hour. This finding suggests that MN patches designed with
a lower aspect ratio may be less painful and show signs of
erythema, and are safe and tolerable for patients.””

3.1.2. Interspacing

The interspacing between the MNs plays a vital role in
the enhancement of MN patch insertion. As shown in
Figure 2D, with a small interspacing, the MNs could not
penetrate efficiently due to the bed-of-nails effect. However,
when the interspacing increased, the bed-of-nails effect was
reduced and the MN patch could penetrate the skin layer
easily. Li et al.”” demonstrated that the impact interspacing
(600-1100 um) is more effective in the case of long (1000-
1500 pum) MN patches than in the case of short (800 pm
with 600-1100 pm interspacing) MN patches. Kochhar
et al.” found that increasing the spacing between needles
(from two to six times the base diameter) increased the

application force per needle, leading to deeper penetration
into the rat abdominal skin.

3.1.3. MN tip diameter

The sharpness of the tip diameter should be sufficiently
small to efficiently penetrate the skin layer. Smaller tip
diameters reduced the contact area with skin, leading to
lower insertion forces. MNs with tip diameters smaller
than 15 pm are more effective at smoothly penetrating the
skin due to reduced contact area with lower insertion force.
Romgens et al.** showed that MNs have high sharpness
(5 pum) and penetrate the skin smoother with less force
(Figure 2E) and reported that the required penetration
force of the MN patch is decreased from 3.04 to 0.08 N,
when the tip radius is lowered from 80 to 30 pum. However,
sharper tips also have a disadvantage as they make the
MN structurally weaker, increasing the risk of breaking
during use.

3.1.4. MN patch substrate

Because of the natural elasticity of the skin, MN needs to
have an optimized substrate that can overcome this elasticity
to penetrate sufficiently, and the MN patch attached to the
skin well. Most of the rigid substrate of the MN patch did
not fit well with the surface of the skin. For example, a rigid
substrate, as shown in Figure 2F, may struggle to maintain
tight electrical contact with the skin areas with significant
concavity or convexity, leading to an increased contact
impedance.* To address this challenge, several researchers
have used soft and stretchable substrates for MN patches.
Zhang et al.* developed the MN patch with a soft substrate
and stretchable properties, which facilitates effective
penetration, tissue adhesion, and drug delivery.

3.1.5. MN geometry and density

The geometry of the MN should be carefully considered
in the design process when developing MN patches
for clinical applications.®® Li et al.*” developed dextran-
based MN patches with different shapes (pyramid, cone,
rectangular pyramid, and cone cylinder) and found
that the cone shape achieved the highest drug loading
and insertion (97.8%) into the skin. In comparison, the
rectangular, hexagonal, and cone-cylinder MN exhibited
lower skin insertion rates of 76.2%, 49.6%, and 38.8%,
respectively (Figure 2G). Loizidou et al.*® observed that
triangular- and square-shaped MN penetrated deeper
than hexagonal-based MNs when the MN length and
spacing were the same. In another study, Kim et al.¥
fabricated MN patches with obelisk, circular obelisk, and
pyramidal shapes to evaluate their mechanical properties,
concluding that the pyramidal shape required less force
to penetrate the skin and MN with larger cross-sectional
areas were more resistant to compressive forces according
to their force-displacement curve. In addition, Lee et al.”
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analyzed the mechanical properties of different shapes
(normal, slender, and bullet) of MN patches and found
that the bullet-shaped MN showed a higher failure force
of 54 g/needle compared to slender (24 g/needle) and
normal-shaped (42 g/needle) MN patch (Figure 2H). This
study concluded that the mechanical strength of the MN
was positively correlated with the cross-sectional area of
the MN patches.” The density of MNs on the patch also
influences the overall performance of penetration and drug
loading. Higher MN densities can potentially increase drug
delivery efficiency by creating more pathways for drug
transport; however, this can also lead to increased skin
irritation or damage, resulting in lower drug permeation.
Studies have shown that an increase in density influences
the mechanical properties of MN patches, which are
enhanced by rigid materials. Therefore, the choice of
material is fundamental because it affects the mechanical
strength, biocompatibility, and overall functionality of
the patch.”*®' Metals, like stainless-steel and titanium, are
commonly used in solid and hollow MN patches due to
their mechanical strength and ability to form sharp and
durable MNs.”2 Polymers, particularly biodegradable
polymers, such as PLA, polyglycolic acid, and PVP, are

increasingly popular for creating dissolvable or hydrogel-
forming MNs.”*** Recent studies have demonstrated that
hydrogels such as gelatin methacryloyl (GelMA) and
poly-(ethylene glycol)-diacrylate (PEGDA) can be used to
fabricate hydrogel-based MN patches, and that the density
of MNs increases with the degree of crosslinking.*®

3.1.6. Application force

The force applied to penetrate the skin is another parameter
to consider during fabrication. Several investigations
have shown that the penetration depth of MN patches
increases with the application force and velocity, and
varies from 10% to 80%.° However, a higher force can
lead to the deformation of the MNs, which is referred
to as the failure force (maximum applied load). The MN
patches should be applied below the failure force to ensure
effective penetration into the skin.”*”” On the other hand,
application velocity also influenced the insertion of the
MNs. Therefore, a controllable applicator can be designed
with consistent insertion force and speed. Watanabe
et al.”® showed that using an applicator to enable a greater
insertion speed may improve the skin penetration of
shorter MN. Additionally, MN applied at higher speeds
resulted in greater skin penetration without increasing
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Figure 2. MN patches for skin insertion in human subjects. (A) Skin insertion ability of 18 different MN patches in human subjects (reproduced with
permission from ref.””). (B) Analysis of pain acceptability of 18 MN patches in human subjects (reproduced with permission from ref.””). (C) Erythema
sign of 18 MN patches in human subjects (reproduced with permission from ref.”). (D) Schematic representation of successful and unsuccessful insertion
of MN patch due to bed-of-nails effect (reproduced with permission from ref.””). (E) Effect of tip radius on MN patch insertion ability (adapted with
permission from ref.*). (F) Effect of substrate properties on MN patch attachment ability to the skin (adapted with permission from ref.*’). (G) Different
shape of MN patch and insertion ability (adapted with permission from ref.*’). (H) Different shape of MN patch and their failure force analysis in terms of
skin penetration (scale bar = 100 um) (adapted with permission from ref.”). Abbreviation: MN, microneedle.
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visible skin damage, indicating that adjusting MN
application force may help strike a balance between skin
damage and skin penetration.

3.2.Therapeutic loading capacity, maximum
delivery, and dosing accuracy

Delivery efficacy is a crucial factor in the MN patch drug
delivery system. For effective drug delivery, accurate
loading of drugs with the desired doses is crucial. The
therapeutic loading capacity and maximum delivery are
determined by several factors, such as the size, number,
and type of MN, the material used for fabrication, and the
loading method (encapsulation and coating). While larger
and longer MN may have a higher loading capacity, they
can be difficult to insert and can cause pain, as previously
discussed. However, many researchers have suggested
increasing the number of MN for a higher dose loading.
For example, Li et al.”” successfully delivered a total dose
(5 mg) by increasing the number of dissolvable MN (n
= 900) with 800 pm length. They also showed that when
the number of MN was 400, the dose-loading capacity
decreased to 3 mg at the same length. By increasing the
MN size to 1000 um with the same number of needles, they
successfully delivered a dose of more than 4 mg. However,
a higher drug loading is limited to coated, dissolvable, and
hydrogel MN patches. In this case, the hollow MN patches
facilitated the higher dose delivery because they allowed
for continuous infusion or on-demand dosing. Even
though MN patches offer a way to bypass the skin barrier,
with the penetration success dependent on passive drug
diffusion, delivering larger doses with MN patches poses
challenges, as some drugs are often left on the surface of
the skin. Therefore, parameters such as application time
and the lack of dose monitoring have raised concerns for
certain clinical applications.”

However, accurate dosage delivery remains a significant
challenge for MN patches, particularly in continuous drug
delivery applications. As mentioned previously, MN can
be created using different designs and materials, each with
unique strengths and limitations. For instance, solid MN
patches pose difficulties in achieving precise dosage control
because they rely on indirect mechanisms such as passive
diffusion for drug delivery.'"” Coated MN patch can deliver
precise amounts of the drug owing to their ability to carry
a defined coating. However, their drug-loading capacities
are inherently limited by the small surface areas available
for coating.’ Dissolvable and hydrogel-forming MNs are
promising alternatives for overcoming these limitations.
MN are fabricated using hydrophilic, biocompatible, and
biodegradable materials that allow drugs to be encapsulated
within their matrices. Upon insertion into the skin, the
MNs dissolve entirely in the interstitial fluid, ensuring the

full release of the drug without leaving behind unwanted
debris. In addition, this approach enables the delivery of
relatively large doses and controlled release (either rapid or
sustained) of therapeutics without reservoir leakage.'°'%

3.3. Compatibility, sterilization, and storage
condition

The main safety aspect of the application of MN patches
is biocompatibility because the delivery system directly
contacts the skin tissue. In addition to achieving pain and
erythema reduction, as detailed earlier, the MN patch
should not elicit any toxicity or infection in the skin tissues.
Therefore, biodegradable polymeric materials show great
promise for such applications because these materials can
be safely degraded and removed from the body. Several
tests, such as cytotoxicity, genotoxicity, and intracutaneous
reactivity tests, are applied to ensure patient acceptability
of the MN patches.”

Another safety parameter in the fabrication of
MN patches is the sterilization process, which is a key
challenge, particularly for commercial use. Sterilization
methods such as moist heat, gamma radiation, microwave
radiation, and ethylene oxide can harm sensitive drug
ingredients, such as vaccines, peptides, and biomolecules,
as well as the MNs themselves. The choice of sterilization
method depends largely on the material used to establish
the MN patch. For solid MN made of metals, silicon,
or glass, sterilization is straightforward and involves
commonly used methods such as dry heat, moist heat, and
gamma radiation. However, coated MN, which delivers
fragile biological substances, require sterilization methods
to preserve the stability and activity of the coated drugs.
Dissolving MN made from polymers or carbohydrates
presents the greatest challenge because sterilization can
alter their structures, physical properties, and drug delivery
capabilities. For instance, according to studies, gamma
radiation at a specific level (sterility assurance level: 10°)
may sterilize hydrogel-forming MN without changing
their structure or delivery capacity; however, moist and
dry heat sterilization can harm and damage these MN
patches. Moreover, alternative methods, such as ethylene
oxide and electron beam sterilization, have been explored
and found to be less damaging.*'%

MN patches made from aqueous polymer mixtures at
room temperature are beneficial for preserving integrated
drugs such as proteins and peptides because they avoid
high temperatures, which could damage these sensitive
therapeutics. To ensure stability, MN is tested under
different storage conditions, ranging from -25 to 60 °C.
The rigid structure of the MNs helps protect the drug by
reducing molecular movement and limiting exposure
to oxygen. Stabilizers such as trehalose and sucrose can
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further improve drug stability and shelf life. However,
humidity can weaken the dissolvable and hydrogel-forming
MN and reduce the drug dose, making it essential to store
them under dry and cool conditions. Delivering protein
drugs such as insulin, glucagon, and growth hormones is
particularly challenging because these molecules degrade
easily. To overcome this, stabilizers and careful control of
the manufacturing and storage processes, such as drying,
sterilization, and packaging, are crucial. These steps
ensure that the MN systems remain effective and stable for
drug delivery.”

3.4. Regulatory issues for commercialization

MN products face several regulatory challenges that need to
beaddressed for successfulapprovaland commercialization.
The U.S. Food and Drug Administration (FDA) requires
detailed information about the product’s stability, content
uniformity, sterility validation, manufacturing processes,
and risk analysis. Since the MN patch is a combination
product (a device combined with a drug or therapeutic
agent), the FDA evaluates the safety and effectiveness
of both the MN device and the drug together, making
the approval process more complex. The FDA has stated
that regulation of combination products must take into
account the safety and effectiveness associated with each
constituent and the product as a whole."™* Currently, the
process involves individual review of each MN product,
rather than approving MN systems, which leads to delays in
the approval process and commercialization. Additionally,
existing quality control methods for transdermal patches
or hypodermic needles are not fully applicable to MN
products due to their unique structure and function.
This creates a need for specific quality standards for MN
patches, including guidelines for geometry, formulation,
sterilization, and packaging. Another regulatory challenge
is the classification of MN patches. Some MNs might be
categorized as medical devices (e.g., for monitoring or
diagnostics), while others may fall under drug products
or combination products (e.g., for delivering drugs or
vaccines).!”® In 2020, Zosano Pharma submitted an
application for the Qtrypta MN patch, which uses titanium
MN coated with zolmitriptan for migraine treatment. This
example illustrates the complexity and delays involved
in the submission process. To address these challenges,
clearer regulatory guidelines are needed, including
better-defined classifications and tailored quality control
procedures for MN products. Separating the development
of the MN device from the drug formulation could simplify
regulatory approval and accelerate commercialization.
These improvements could help overcome the current
barriers and make MN-based products widely available for
therapeutic applications.”!

4, Advancement of MN patch fabrication

The development of MN patches as drug-delivery devices
has evolved significantly since their introduction. In
1971, Gerstel and Place pioneered the idea of using MN
patches for drug delivery, as detailed in a U.S. patent.'®
This innovative concept has laid the groundwork for
decades of research and technological advancements that
have led to the modern, highly sophisticated MN patches
available today. MN technology can be categorized into
three distinct generations, each marked by advancements
in design, materials, and functionality.'"”

The first generation of MN patches represents the
product of pioneering effort in this field, leveraging silicon
etching and microfabrication techniques derived from the
microelectronics industry.!”® This approach enabled the
fabrication of MNs with uniform and simple geometries on
a single patch. Although this early work demonstrated the
feasibility of TDS and opened new avenues for research in
the medical field, it had several drawbacks. Production is
expensive because it relies on specialized equipment used
in microelectronics. Additionally, the materials and shapes
that can be used are limited. The tools could not create
complex designs, such as different shapes or structures
on the same patch, making it difficult to tailor patches for
different drugs or delivery needs.'?!%

The second generation of MN patches introduced
improvements using new fabrication methods. Instead
of relying solely on silicon etching, this generation of
patches used soft lithography to create molds from
templates fabricated through microfabrication. This
advancement expanded the range of materials that
can be used in MN patch production and allowed for
scalable manufacturing without relying on specialized
facilities in the microelectronics industry. Despite these
advancements, MN patches still face several challenges.
First, many of the design limitations of the first generation
remained unaddressed in the second-generation patches.
For example, the limited ability to create diverse geometries
in a single patch is common to both generations. Second,
the sharpness of MNs often diminishes with repeated
molding processes, leading to a loss of replication fidelity
and reduced skin penetration effectiveness. Consequently,
the second-generation MN patches did not fully
overcome the issues of design flexibility and adaptability,
disqualifying them from being a truly versatile solution for
drug delivery.'?

The third-generation MN patches represent significant
advancements in transdermal drug delivery. This novel
class of MN patch devices utilizes advanced additive
manufacturing techniques that allow for the creation of
more complex and customizable MN geometries compared
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with earlier generations. The ability to design MNs in a
highly customizable manner has significantly improved the
versatility of patches. For example, MN patches can now
be tailored to accommodate different drug formulations
and patches can be designed for controlled drug release,
whether rapid or sustained, to meet specific therapeutic
requirements. In addition, new manufacturing methods
have addressed many scalability issues faced by earlier
generations, making it easier to produce large quantities of
MN patches for widespread use.'””!!!

4.1. Advanced 3D printing-assisted fabrication
strategies for MN patches

In recent decades, MN patch fabrication has advanced
through direct and indirect applications of 3D printing
technologies. Direct methods, such as fused deposition
modeling (FDM), direct ink drawing, material jetting,
and continuous liquid interface production, allow for the
precise creation of MNs with complex geometries and
customized properties in a single manufacturing step.

However, indirect methods, particularly printing molds,
have gained popularity owing to their cost-effectiveness
and precision. One such approach involves the use of 3D
printing technologies such as two-photon polymerization
(TPP), digital light processing (DLP), and stereolithography
(SLA) to create a PDMS mold. These molds act as templates
for casting MNs from materials such as biocompatible
polymers, ceramics, or hydrogels. The process included
printing a high-resolution PDMS mold, filling it with
the desired material, and curing it to form the final MN
structure.'? Notably, 3D printing enables precise control of
MN shape, density, and height, which is crucial for tailoring
MN patches to specific applications, such as drug delivery
and biosensing. Furthermore, additive manufacturing
reduces material waste, increases production efficiency,
and enables scalable production.”” Table 1 summarizes
the materials, power sources, resolutions, advantages, and
limitations of various additive manufacturing technologies
used for fabricating MN patches.

Table 1. Summary of 3D printing technology used in MN patch fabrication

Power source

Category Printing technique and minimum  Materials Pros Cons
resolution
Stereolithography (SLA) UV light, Liquid - Smooth surface - Poor mechanical
0.025-0.125 photopolymers - High precision and properties
mm accuracy - Risk of toxicity
- Ideal for hollow structures - Lack of material
- Cheap diversity
- Post-curing required
Digital light processing UV light, Acrylates, epoxides - High resolution - Needs support
(DLP) 0.012-0.2 mm - Rapid processing structures
- Minimal initial vat volume - Weak mechanical
- Less susceptible to oxygen properties
Vat polymerization inhibition than SLA. - Potential toxicity risk
Continuous liquid UV light, UV-curable resins, - Rapid 3D printing process - High cost

interface printing (CLIP)  0.05-0.1 mm acrylates - High accuracy - Requires low viscosity
- Enables continuous resin
production - Risk of possible
toxicity
Two-photon UV light, UV-curable resins, - Extremely high precision - Low production
polymerization (TPP) <0.00015mm  acrylates, ceramics - Direct writing efficiency
- Versatile micro/ - Slow printing speed
nanostructure creation - Limited materials
options
Fused deposition Heat, 0.1-0.3 Thermoplastics, - Simple and fast - Low resolution
modeling (FDM) mm glass, metal - Cost-effective - High temperature
(thermoplastics) may degrade active
- Capable of multimaterial pharmaceutical
Material deposition printing ingredients

Material jetting (M])/
Inject printing (I)

Inkjet nozzles,
0.05-0.1 mm

Photopolymers,
waxes, hydrogels

- Multi-material capability
- High accuracy
- Smooth surface quality

- Slow process

- Expensive

- Limited to low-
viscosity materials

(Continue...)
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Table 1. (Continue...)

Power source

Category Printing technique and minimum  Materials Pros Cons
resolution
Direct ink writing Pneumatic Hydrogels, ceramics, - Simple setup - Poor resolution
. - (DIW) extrusion, composites - Low-cost - Slow production speed
Material deposition 0.05-0.2 mm - Compatible with a wide than others
range of materials
Direct metal laser Laser beam, Fine powder metals, - High precision and - Requires support
sintering (DMLS) 0.02-0.1 mm alloys resolution structures
- Higher mechanical - Needs protective
strength atmosphere
Powder bed fusion
Selective laser melting Laser beam, Metals, alloys - Strong mechanical - Expensive
(SLM) 0.02-0.1 mm properties - Limited dimensional
- No support material accuracy
needed

4.1.1. Vat polymerization

Vat polymerization uses a vat of liquid photosensitive resin
cured by light to form solid objects layer-by-layer. During
this process, the resin is selectively exposed to ultraviolet
(UV) light, causing it to harden in specific areas based
on the digital design.'"”* Techniques like SLA and DLP
fall under this category, and both offer high precision
and fine details. Vat polymerization produces smooth
surfaces and complex geometries, making it suitable for
industries that require high-resolution prototypes such as
low-micron-size fabrication.'*

Stereolithography is a high-precision 3D printing
technique that uses UV light to cure photosensitive resins
layer-by-layer. This method uses a laser to trace the sliced
image of each layer on the build platform, after which the
platform moves slightly to print the next layer. A schematic
of the printing mechanism is shown in Figure 3A-a. SLA
printing offers high accuracy, consistent MN dimensions,
and smooth surfaces, enhancing patient comfort and
reducing skin irritation.'”” For instance, Krieger et al."'
fabricated MN patches with different aspect ratios and
successfully produced a high-resolution MN patch
(Figure 3A-b). In their study, the print and fill method
achieved high-aspect-ratio MNs with tip radii of 20-40 pm
and sub-millimeter needle height. Another study revealed
that adjusting the printing axis of an SLA 3D printer can
result in sharper MN tips. For instance, the MNs printed at
anangle of 60° were sharper than those printed at angles of 0°
and 45° (Figure 3A-c). However, the point-by-pointlayering
process used in SLA printing introduces a stair-stepping
effect, which can impact the structural integrity and overall
quality of the MNs.'” Also, this technique operates at mild
processing temperatures owing to its photopolymerization
process and is particularly well suited for fabricating MNs

loaded with fragile proteins or peptides.'”® Economidou
et al.'"? successfully designed and produced insulin-loaded
MN arrays with cone- and pyramid-shaped needles using
SLA and biocompatible resin as printing materials. The
skin penetration capability of the MNs was significantly
enhanced by optimizing the printing process. They also
concluded that the printing angle significantly affects the
quality and precision of MNs. The MN printed at 0° and 90°
were blunter, with those printed at 90° showing noticeable
structural defects. However, the MN printed at a 45° angle
exhibited better sharpness and no major structural issues
(Figure 3A-d)."” SLA 3D printing has been widely used
to create solid master MNs for subsequent micromolding
processes and has also been employed in the fabrication
of coated MN. Economidou et al."® combined SLA 3D
printing with inkjet printing to produce insulin-coated
MN. Pyramidal and conical MN were fabricated using
SLA printing, and their surfaces were coated with insulin
blended with stabilizers such as trehalose, xylitol, or
mannitol in a 1:5 ratio using inkjet printing (Figure 3A-e).
Moreover, SLA is well-suited for creating hollow MNs due
to high resolution and smooth surface, which are essential
for liquid drug delivery. Economidou et al.’?' developed
a 3D-printed MN-MEM (microelectrochemical) system
that allows for personalized, user-controlled transdermal
drug administration. The system uses SLA to create sharp,
uniform, and durable hollow MN, ensuring minimal pain
and ease of self-application. Real-time optical imaging
demonstrated efficient drug diffusion through the skin
without creating depots, which accelerates absorption. In in
vivo insulin trials, the system showed a faster onset of action
and prolonged glycemic control compared to traditional
subcutaneous injections, providing a painless alternative
for insulin delivery.'! Despite recent advancements, SLA
printing still faces challenges regarding its practical use in
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producing transdermal MNs. The key issue is that materials
that are both photosensitive and biocompatible are needed,
as commonly used photoinitiators and absorbers may
pose toxicity risks. Additionally, SLA-printed MN often
exhibit limited mechanical properties, which can affect
their penetration efficiency and durability. The single-
material nature of SLA printing restricts the functional
versatility of MN patches, while the requirement for post-
curing adds complexity to the fabrication process. Another
major challenge is achieving a high drug-loading capacity,
which directly influences drug release, absorption, and
bioavailability. Overcoming these limitations is crucial for
enhancing the practicality and effectiveness of SLA-printed
MNs in transdermal drug delivery.'*

DLP is an SLA-based technique that uses a digital
micromirror device projector to create precise structures.
The projector converted the cross-sectional images of
an object into digital signals, which were then used to
selectively cure the photosensitive liquid resin for accurate
fabrication. The typical DLP system setup is shown in
Figure 3B-a.'” It offers several key advantages, including
high resolution, enabling the fabrication of intricate and
precise MN structures. DLP is also faster than many other
techniques, allowing for quicker production times. With
a low initial vat volume, the process is cost-effective and
resource-efficient, making it more accessible for larger-
scale production. Additionally, DLP is less affected by
oxygen inhibition compared to SLA, which improves the
overall print quality and precision.”” Lim et al.'** created
a personalized dual-function MN splint for delivering
diclofenac to treat trigger finger (Figure 3B-b). This
approach addresses the challenge of effectively delivering
drugs across an uneven skin surface, which is a limitation
of traditional MN patch fabricated on flat surfaces. Their
investigation showed that a DLP-printed MN splint
had suitable physical characteristics, strong mechanical
properties, and better skin penetration ability than SLA
printing. Additionally, using this MN splint significantly
increased the skin permeability of diclofenac compared to
that of intact skin. They successfully developed MN patches
with a 50 pum tip radius, indicating a high resolution.'”
Another example using the DLP process was proposed
by Lin et al."”® who developed a multi-microchannel MN
platform by DLP that has a bottom diameter of 300 um and
a height of 500 um, and 8 flow-through microchannels,
each with a diameter of 40 um, connected to the drug
storage chamber on the other side of the base. Thus, they
achieved high efliciency, safety, and uniformity for in vivo
intracellular delivery (Figure 3B-c).!* Moreover, DLP can
be applied to print hydrogel-based MN patches directly. Yao
et al."** developed a hydrogel MN using DLP technology
(Figure 3B-d). This MN, with sharp tips and micropores,

can deliver drugs and detect bio-signals. By adjusting the
printing exposure time, they optimized the stiffness and
precision, ensuring strong mechanical properties and good
skin penetration. Their results highlighted the potential
of these cost-effective, biocompatible MNs for clinical
applications in drug delivery and detection.’* Also, DLP
has been used to create molds for MNs.'” However, a
key challenge for DLP-produced MNs is the potential
toxicity of photocurable resins containing photosensitive
monomers, oligomers, and other chemicals. Furthermore,
any incorporated drug must be photostable and damage-
resistant during polymerization. In addition, similar to
SLA, it faces challenges with limited MN mechanical
properties for transdermal application.'” Although DLP
haslimited mechanical properties, it is ideal for applications
like wound healing and therapeutic delivery, where lower
mechanical strength is enough for skin penetration. Joshi
et al.'” designed a wound-specific micro-pyramid-shaped
MN patch using DLP printing, and their study showed
that drug delivery through this MN system boosted cell
proliferation and vascular endothelial growth factor
(VEGEF) activation, accelerating wound healing.

Continuous liquid interface production (CLIP)
(Figure 3C-a) is a 3D printing method that uses light and
oxygen to create a noncontact polymerization zone on the
build surface. A key feature is the Teflon window, which
allows oxygen to inhibit polymerization, creating a dead
zone where the resin flows freely. This enables continuous
printing, allowing for the rapid production of parts with
minimal force, and the ability to create complex geometries
that are not possible with other 3D printing methods."*
It has several benefits over other vat polymerization
techniques. Using this technology, drugs can be delivered
as coated, hydrogel-based, and liquid formulations. For
drug delivery, excipients can be added to MN patches,
allowing coating and drying of the lattice struts. The
surface area of the struts is crucial because drying
tends to coat them because of their low surface energies
(Figure 3C-b). With liquid loading, the MN patch traps
liquid droplets in the hollow lattice spaces (Figure 3C-c).
The key parameter is the void volume or space available
for the liquid. When designing lattice-MN, the strut
thickness and lattice cell size are important, as they affect
both the surface area and void volume, determining the
amount of solid or liquid cargo that can be loaded.'”
CLIP technology can be used to create MNs with various
aspect ratios and complex shapes, such as arrowheads,
tiers, turrets, square pyramids, and faceted MNs. It also
reduces printing time, allowing an MN patch with a tip
radius of 2.3 pm to be produced in just 90 s. Caudill et
al.”*! fabricated an ovalbumin MN patch for transdermal
vaccination using this technology. First, they developed an
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intricate structure by CLIP-based 3D printing, and then,
by the casting method, they coated different dry materials
from array holes (Figure 3C-d and C-e). Their results
showed that CLIP-produced MNs rapidly released coated
protein cargo, both in solution and when inserted into
porcine skin. The MNs sustained protein retention in the
skin for up to 72 h in vivo."”! However, this study had some
limitations. The use of CLIP to produce pharmaceutical
products, particularly complex transdermal MNss, is costly.
The photosensitive formulations used in this process
may also pose toxicity risks. In addition, heat dissipation
in dead zones during printing and incompatibility with
oxygen-insensitive materials are challenges.

TPP is the best technology for designing intricate
and complex MN patch. It is a direct-writing, maskless
stereolithographic technique that uses femtosecond laser
pulses to scan through a photoresist (Figure 3D-a). This
process allows for the creation of micro- and nano-scale
structures in a single step, enabling high precision and fine
detail, and is the most accurate 3D printing technology
to date. The laser pulses initiated polymerization at the
focal point, building the structure layer-by-layer."”> For
instance, by using this technique, Kavaldzhiev et al.'*
successfully fabricated different shapes of magnetic MN
with a diameter of 630 £ 15 nm, an aspect ratio of 1:10,
and a pitch of 12 um (Figure 3D-b). Therefore, TPP is
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Figure 3. MN printing mechanisms and characteristics of printed structures. (A) SLA printing mechanism and different printed structures: (a) schematic
representation of SLA printing process; (b) MN structures of different aspect ratios (reproduced with permission from ref."'?). (Scale bar = 1 mm [left
and middle], 100 pm [right]); (c) different printing angle observation of MN patch by SLA printer (scale bar = 0.3 mm [upper], 0.5 mm [lower]) (adapted
with permission from ref.'); (d) different printing angle observation of MN patch by SLA printer (scale bar = 500 pm) (adapted with permission from
ref.'); (e) several MN patches of different shapes printed by SLA printer (scale bar = 1 mm) (reproduced with permission from ref.'”’). (B) DLP printing
mechanism and different printed structures: (a) schematic representation of DLP printing process; (b) personalized dual-function MN patch designed
by DLP printer (scale bar = 1 cm [upper], 500 um [lower]) (adapted with permission from ref.*); (c) microchannel MN patch designed by DLP printer
(scale bar = 500 um) (adapted with permission from ref.'*); (d) hydrogel-based MN patch designed by DLP printer (scale bar = 200 um) (adapted with
permission from ref.'*). (C) CLIP printing mechanism and different printed structures: (a) schematic representation of CLIP printing process; (b) coated
MN patch for drug delivery developed with CLIP printing (scale bar = 500 um) (reproduced with permission from ref.'"”); (c) liquid MN patch for drug
delivery developed with CLIP printing (scale bar = 500 pm) (reproduced with permission from ref.'"’); (d) normal, bioinspired and MN patch designed
with CLIP printing (scale bar = 250 pm) (adapted with permission from ref.”*!); (e) multidrug-loaded MN patch designed with CLIP printing (scale bar
= 250 pm) (adapted with permission from ref.'**). (D) TPP printing mechanism and different printed structures: (a) schematic representation of TPP
printing process; (b) MN patches of different shapes designed with TPP printing (scale bar = 4 um) (reproduced with permission from ref.'**); (c) high-
resolution cylinder-shaped MN master mold fabrication by TPP printing (scale bar = 100 pm) (adapted with permission from ref.’**); (d) high-resolution
cone-shaped MN master mold fabrication by TPP printing (scale bar = 200 um [left], 2 um [right]) (adapted with permission from ref.’**). Abbreviations:
CLIP, continuous liquid interface printing; DLP, digital light processing; MN, microneedle; SLA, stereolithography; TPP, two-photon polymerization.
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often used to create detailed master molds, which are then
replicated using silicone-elastomer PDMS molds. PDMS
molds can be reused multiple times, increasing scalability;
however, it is a challenge to replicate complex structures,
such as lumens or sharp undercuts, using these materials
owing to their limited structural stability. Rad et al."*
demonstrated that PDMS molds could be used for at
least 22 repetitions without damage, although the replicas
were slightly smaller owing to PDMS shrinkage at higher
curing temperatures (Figure 3D-c and D-d). MN patches
fabricated using this technology are mostly used for coating
MN patches. Although TPP offers a high resolution, it has
tradeoffs such as high costs and long printing times, which
limit its scalability for MN production. Similar to other
vat polymerization technologies, material cytotoxicity and
biocompatibility are major concerns in vat polymerization-
based fabrication. The common use of photoinitiators in
this process highlights the challenges related to material
toxicity, requiring careful control of photoinitiator
concentrations to reduce potential cytotoxicity.'*®

4.1.2. Material deposition

Material deposition-based 3D printing is a type of additive
manufacturing in which objects are built layer-by-layer
via controlled deposition of materials. This method relies
on controlled extrusion or deposition of the raw material,
which is solidified in situ to create a 3D structure. FDM is
the most well-known technique in this category; however,
material deposition also includes processes such as direct
ink writing (DIW) and multi-material extrusion."*

FDM is a versatile 3D printing technology that uses
thermoplastic material extrusion to build objects layer-
by-layer. Typically, FDM involves preparing polymeric
filaments via hot-melt extrusion and utilizing a nozzle
to deposit them in layers to form the desired structure
(Figure 4A-a)."” Owing to its low cost and simplicity of use,
this technique offers significant potential in the medical
field, especially for creating biomedical devices such as
implants and producing various pharmaceutical products.
It is widely used for manufacturing oral medicines, such
as tablets and capsules, as well as transdermal delivery
systems, such as patches and MNs, which provide
an innovative way to administer drugs through the
skin."*® Fabricated medical devices and pharmaceutical
products should be biocompatible to patients. Therefore,
biocompatible and biodegradable polymers, such as PLA,
are commonly used in FDM printing. Moreover, several
parameters, such as printing speed, pressure, time, and
nozzle size, can be easily optimized using this method for
better printability. For instance, Tang et al."** showed how
printing settings such as nozzle size, layer thickness, and
spacing affect PLA-based MN patches. During this process,

the heat involved in extrusion and printing caused changes
in the molecular weight of the polymer, indicating thermal
degradation. Additionally, they observed a stair-stepping
effect on the patch surface, a common issue caused by
the layer-by-layer printing technique. They also observed
that increasing the spacing between the milli projections
and using a smaller nozzle improved the surface finish
of the MN patches. However, the MN dimensions were
higher than those of other methods, such as SLA and DLP.
Therefore, fabricating MN patches with sizes less than
1000 um is challenging.'* In recent decades, owing to
their versatility and safety of use, researchers have focused
on developing MN patches using FDM. Derakhshandeh
et al.'*” developed a wearable hollow patch for managing
diabetic wounds, with the therapeutic agent loaded into
the drug reservoir chamber and delivered to the skin
(Figure 4A-b). But the developed patches were larger.
However, it is difficult to produce smaller needles using
FDM. In another study, Wu et al."*! developed an MN patch
with a smaller MN size by assistance of FDM printer. They
fabricated MN patches by post-stretching on the surface
of a printed cylindrical structure, which led to needle-like
structures. In their study, the dimension of MN patch was
650 um (Figure 4A-c)."! However, FDM faces challenges
in producing smooth-surfaced MN patches, and the high
temperatures used in the process may degrade active
pharmaceutical ingredients.

Another material deposition technique is DIW, also
known as multi-nozzle direct printing (Figure 4B-a). It
is an additive manufacturing technique that involves the
controlled deposition of viscous inks through a nozzle to
create precise layer-by-layer structures.'** For example, Li
etal.'” developed MN patches for personalized medication
using this technique. They employed direct ink drawing
with multi-nozzle printing as the material deposition
mechanism, demonstrating its potential to revolutionize
drug delivery systems (Figure 4B-b). Differently loaded
drugs were printed using different nozzles simultaneously
in a controlled manner. By controlling the printing speed,
pressure, and diameter of the nozzle, they successfully
printed MN patches and simultaneously enabled the
delivery of two or three drugs. For the benefit of printing,
they incorporated silica nanoparticles in the bioink
(Figure 4B-c). They concluded that two or more layers
could be printed with different drugs in an MN using this
technology.'” This versatile technology not only overcomes
the toxicity of other technologies, but also simultaneously
prints  different mechanism-responsive  hydrogels.
However, it has limitations in resolution and operates at a
slower speed compared to other printing methods.

Like FDM printing, material jetting (M]) is a layer-by-
layer 3D printing method that uses thermal or piezoelectric

Volume 11 Issue 2 (2025)

196

doi: 10.36922/ijb.8514


https://doi.org/10.36922/ijb.8514

International Journal of Bioprinting

3D-printed microneedles for wound care

printheads to deposit liquid material drop-by-drop at a
high speed. The most commonly used material in MJ is
a UV-curable ink, which undergoes a rapid UV-curing
process after each layer is deposited (Figure 4C-a).'**

This process was repeated until the entire model was
constructed. The drug dosage coated onto MN can be
precisely controlled, with uniform and reproducible
characteristics, using MJ printing. Allen et al."** used MJ
printing to fabricate drug-loaded MNs. In their approach,
piezoelectric dispensing was employed to precisely deposit
controlled volumes of drug formulations directly into
PDMS molds used for MN production. One key advantage
shared by both FDM and M] is their ability to print with
multiple materials simultaneously, which is made possible
by the use of multiple print heads. This capability increases
the versatility and functionality of printed MNs."*" For
instance, Barnum et al.'*® fabricated MNs with cavities
using support materials. After removing the support
material from the cavities, the spaces were filled with model
drug-containing hydrogels by pipetting with a specialized
attachment (Figure 4C-b). This technique offers high
precision, allowing for the fabrication of intricate details
and smooth surface finishes, which results in visually
appealing and accurate products. However, there are some
drawbacks to M], including a slower printing process
compared to other methods. The cost of M] printing
is higher, making it less suitable for large-scale or cost-
efficient manufacturing. Furthermore, MJ is limited to
printing low-viscosity materials, which restricts the range
of materials that can be effectively used.

4.1.3. Powder bed fusion

Powder bed fusion (PBF) is an advanced additive
manufacturing technique that uses a high-energy source
such as a laser or electron beam to selectively fuse the
powdered material layer-by-layer to create a 3D object
(Figure 4D-a)."” Selective laser melting (SLM) is a PBEF-
based printing process in which a laser beam is used as a
concentrated heat source to sinter thermoplastic powders.
Sintering involves heating powder particles until they bond
and form a solid structure without melting the material.'**

SLM has mostly been employed in the fabrication of
hollow MN patches. Gieseke et al."*’ were the first to develop
a micro-SLM system capable of producing biocompatible
hollow MN using the stainless-steel alloy 316 L powder
(Figure 4D-b). In this study, complex structures were
created using a small laser spot diameter (19.4 um) and
fine powder particles (5-25 pm). The MNs produced
using this method exhibited a grainy surface resulting
from uneven spreading of the powder.!* One advantage
of SLM printing is its ability to use various materials
that can be easily adjusted during the manufacturing

process. However, the biocompatibility of metals used in
SLM printing must be carefully considered. Additionally,
because the end product is formed by laser-guided powder
melting, it can lead to microscopic anisotropy along the
build direction, resulting in brittle parts. Furthermore, the
use of powders as raw materials is cited as the reason for
rough surfaces on MNs fabricated by SLM. To address this
issue, various finishing techniques such as shot peening,
electropolishing, chemical polishing, grinding, machining,
vibratory finishing, and drag finishing can be employed.'*

Another 3D printing technology in the PBF category
is direct metal laser sintering (DMLS), which enables
the precise fabrication of complex metal structures by
selectively sintering metal powders layer-by-layer using a
high-power laser. DMLS is widely utilized in aerospace,
medical, and engineering fields owing to its versatility
and ability to produce intricate geometries.””! This is
rarely applied to MN patch technologies. However, they
have also been widely used in the production of metal-
like electrodes. For example, Krieger et al.'** fabricated
conductive medical-grade stainless-steel MN electrodes
for surface electromyography, a noninvasive technique
for monitoring electrical muscle activity that has
transformative potential in health and sports. First, micron-
sized needles are printed in an array. They then applied an
electropolishing technique to produce asmooth MN surface
(Figure 4D-c). Through fabrication, they developed
500-um-sized MN patch with high surface resolution.'*

4.2. MN patch fabrication with advanced
functionalization for smart drug delivery

4.2.1. Stimuli-responsive MN fabrication
Stimuli-responsive polymers have been widely studied
for biomedical applications, such as drug delivery
and tissue engineering. Understanding biological
microenvironments is crucial for designing polymers
that respond selectively to stimuli, such as pH, enzymes,
redox species, and glucose. The variations of these stimuli
on different body parts can be leveraged as triggers for
controlled drug release, an approach bridging materials
science and biology to enhance polymer design for medical
applications. Stimuli are known as biological and physical
stimuli in MN technology, in which internal stimuli refer
to biological stimuli such as pH, glucose, reactive oxygen
species (ROS), and enzyme-responsive delivery. Physical
parameters such as light, temperature, and ultrasound are
used in biomedical applications.'”

4.2.1.1. Internal stimuli-responsive fabrication

pH-responsiveness refers to the design of particles
with components that react differently to pH changes,
enabling precise control over their behavior in biological
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Figure 4. MN printing mechanisms and characteristics of printed structures. (A) FDM printing mechanism and different printed structures: (a) schematic
representation of FDM printing process; (b) wearable MN patch design by FDM printing (scale bar = 1 mm) (adapted with permission from ref.'*’); (c)
high-resolution MN patch designed via FDM-assisted printing (adapted with permission from ref."*!). (B) DIW printing mechanism and different printed
structures: (a) schematic representation and magnified photographs of DIW process (scale bar = 4 pm); (b) multidrug-loaded MN patch designed with
DIW printing; (c) parameter study for MN patch fabrication (scale bar = 200 um) (adapted with permission from ref.'**); (d) result of multidrug-loaded
MN patch. (C) MJ printing mechanism and different printed structures: (a) schematic representation of MJ printing process; (b) different drug-loaded
MN patches designed with MJ printing (scale bar = 1 mm) (adapted with permission from ref.!*). (D) PBF printing mechanism and different printed
structures: (a) schematic representation of PBF printing process; (b) hollow MN patch designed with a 3D SLM printer (scale bar = 200 um) (reproduced
with permission from ref.'*); (c) conductive medical-grade stainless-steel MN electrodes fabricated by DMLS printing (scale bar = 1 mm [left], 500 pm
[right]) (reproduced with permission from ref.'*?). Abbreviations: DIW, direct ink writing; DMLS, direct metal laser sintering; FDM, fused deposition
modeling; MJ, material jetting; MN, microneedle; PBE, powder bed fusion; SLM, selective laser melting.
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environments. Du et al."** developed dual pH-responsive This dual responsiveness highlights the potential of pH-
polymer-drug particles by conjugating doxorubicin sensitive systems in targeted cancer therapy.

(DOX) and 2,3-dimethylmaleic anhydride (DMMA) onto
a copolymer of PEG-b-poly(allyl ethylene phosphate).
These polymer—drug particles were engineered to respond
to the extracellular tumor pH (slightly acidic) by removing
DMMA, which alters the surface charge. This charge
conversion enhances drug accumulation at tumor sites

Glucose-sensitive hydrogels respond to varying glucose
levels, making them ideal for developing self-regulated
insulin delivery systems. These systems can release the
required amount of insulin based on the blood glucose
concentration. This functionality can be achieved by
incorporating glucose oxidase-loaded hydrogels, lectin-

and improves cell internalization. Inside the cells, in loaded hydrogels, or hydrogels with phenylboronic acid
acidic compartments such as endosomes and lysosomes, moieties.”*® Horbett et al.'""” were among the first to study
the hydrazone bonds between the polymers and DOX are a system using glucose oxidase immobilized on a pH-
cleaved, releasing the drug for therapeutic action. Similarly, responsive polymerichydrogel containingsaturated insulin.
trans activator of transcription peptides were conjugated In glucose oxidase-loaded hydrogels, glucose diffuses into
onto polymer particles, such as polyethyleneimine- the hydrogel membrane as blood glucose levels increase.
modified poly (B-L-malic acid), and protected with pH- Glucose is converted to gluconic acid, which lowers the pH
sensitive PEG-DMMA. At tumor sites (pH < 7), the acidic and causes the hydrogel to swell, triggering the release of
environment causes PEG-DMMA to detach, reversing insulin. This system mimics the natural pattern of insulin
protective PEGylation, and enabling the particles to interact release, making it a promising approach for diabetes
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more effectively with tumor cells for drug delivery. management.”*® In another study, GhavamiNejad et al.'
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developed a glucose-responsive composite MN patch
for hyperglycemia-triggered delivery of native glucagon.
Native glucagon was released at low glucose levels. In this
study, a photocrosslinked methacrylated-hyaluronic acid
MN patch was fabricated with embedded multifunctional
microgels. Therapy was delivered via the opening of the
microgels (Figure 5A-a).'”

ROS-responsive drug delivery has been widely applied
to treat skin diseases and wound healing. The endogenous
production of ROS is mainly caused by mitochondrial
metabolism or nicotinamide adenine dinucleotide
phosphate enzymes. In living organisms, low ROS levels
are crucial for various functions, including hormone
production, protein modulation, cell signaling regulation,
and inflammation mediation. ROS-responsive MN
patches can be developed by directly incorporating ROS-
sensitive materials into MN patches or embedding ROS-
sensitive nanoparticles. These MN patches release drugs
in response to specific ROS levels, either through swelling
or complete dissociation. Common ROS-responsive
materials include thioethers, selenide/telluride polymers,
diselenides, poly(thioketals), arylboronic acid/ester
polymers, aminoacrylates, oligoprolines, and peroxalate
ester polymers. The mechanism of drug release from these
polymers involves either ROS-induced chemical bond
cleavage or polymer solubility change from hydrophobic
to hydrophilic characteristic.'*'®" For example, Bi et al.'®
developed a responsive MN patch to manage psoriasis. In
thisstudy, detachable hydrogen peroxide (H,O,)-responsive
gel-based MN patches incorporated methotrexate (MTX)
and epigallocatechin gallate (EGCG). EGCG serves
both as a crosslinker for needle materials and as an anti-
inflammatory drug. These gel-based MN exhibited dual
drug-release kinetics, with MTX released rapidly through
diffusion and EGCG released sustainably in response to
H,0, (Figure 5A-b).

Enzymes play a crucial role in nearly all biochemical
processes within the body, and any abnormal expression
is indicative of specific diseases. Enzyme-responsive drug
delivery systems, such as MNs, exploit this enzymatic
activity to enable targeted and controlled drug release.
Materials like poly lactic-co-glycolic acid (PLGA), GelMA,
or hyaluronic acid methacrylol (HAMA) can degrade or
change structure when exposed to enzymes like matrix
metalloproteinases or proteases. This mechanism ensures
localized drug release, enhancing therapeutic effectiveness
and minimizing systemic side effects, making it ideal for
treating localized skin conditions or enabling precise
therapies.””'® Zhang et al.'** developed a thrombin-
responsive MN patch to deliver heparin in a feedback-
controlled manner, which requires no human intervention.
The patch releases heparin only in the presence of active

thrombin, preventing blood vessel coagulation. The system
uses a thrombin-cleavable peptide linked to a heparin-
loaded hyaluronic acid matrix. Upon thrombin activation,
the peptide is cleaved, releasing the heparin. In vitro
results showed that the MN patch released more heparin
when thrombin levels were high and less when thrombin
was absent, showing how it works in a closed-loop
system.’** This enzyme-triggered approach exemplifies
the potential of enzyme-responsive systems for precise,
localized treatments.

4.2.1.2. External-stimuli-responsive MN fabrication

On-demand drug delivery has gained significant attention
as a means of improving treatment efficacy and patient
compliance. Among exogenous stimuli-responsive MNs,
light-triggered ones stand out for their ability to deliver
drugs precisely with minimal side effects. Moreover, the
light sources used for drug release can be conveniently
designed for point-of-care applications. Light-responsive
MNs are created by directly attaching, coating, or
embedding light-sensitive materials into MN or by
incorporating nanoparticles made from light-sensitive
materials. The key components of light-responsive systems
include photosensitive or photothermal materials such as
inorganic nanoparticles and photochromic agents. Upon
light exposure, the MNs undergo structural changes that
release the loaded drug. The most commonly used light
sources for this system are near-infrared (NIR), UV, and
visible light, with NIR light being the most widely used
because of its effective tissue penetration and minimal
skin damage. Xu et al.'® developed an NIR-triggered MN
patch for gene delivery to subcutaneous tumors. The patch
was coloaded with p53 DNA and IR820 using a two-step
casting method to deliver therapeutic agents precisely to
the tumor site. Under NIR light irradiation, the IR820’
photothermal effect raised the tumor temperature by 14.7
°C within a 5-min exposure (Figure 5A-c). This synergistic
combination of gene therapy and photothermal therapy
demonstrated strong antitumor effects in vivo, highlighting
the potential of the p53 DNA/IR820 MN patch as an
effective strategy for the treatment of subcutaneous
tumors. However, the use of non-biodegradable and
poorly biocompatible photothermal agents for heat
generation poses significant concerns.'® As an alternative,
Zhang et al.'”” developed external temperature-responsive
MNs that use an electro-heating sheet to melt the MN and
release metformin for treating diabetes. In this approach,
metformin-loaded polycaprolactone (PCL)-based MN tips
were prepared and attached to a poly(vinyl acetate)/PVP-
based supporting base. When the MN patch was applied
to the skin, the metformin-PCL MN tips detached from
the supporting base and localized within the skin tissue,
releasing the drug. Heat irradiation at 5 W/cm? for 12 min
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through the electro-heating sheet melted the metformin-
loaded PCL MN tips, releasing the embedded drug. Since
PCL has a melting point of approximately 50 °C, stopping
the heat irradiation allows the MN tips to re-solidify,
halting the drug release. This system ensures controlled
and localized drug delivery, offering an efficient solution
for treating conditions like diabetes while preventing over-
delivery of the drug.'’

Light ultrasound is also used as an external stimulus
in the MN technology. Liang et al.'®® designed the MN
patch that employs Fenton catalysts to kill bacteria by
converting H,O, into toxic hydroxyl radicals (Figure 5A-d).
Their intrinsic copper peroxide (CuO,)/titanium dioxide
(TiO,) heterostructure, consisting of ultrasmall CuO,
nanoclusters and sonosensitized ultrathin oxygen-
vacancy-rich porous TiO, nanosheets, was developed and
integrated into MNs for enhanced sonochemodynamic
and sonothermal antibacterial therapy.

4.2.2, Bioinspired MN fabrication

Nature comprises many animals and plants that have their
strategies for self-dependence.'® Mimicking animal and
plant organ functions provide valuable insights to develop
innovative solutions across various fields, including the
MN patch technology for targeted therapeutic delivery.
Therefore, researchers focus on designing the MN patch by
this inspiration to enhance functionality over conventional
MN patches, leading to improved mechanical strength,
effective tissue adhesion, and biocompatibility.'”®'”® For
instance, inspired by shark teeth, Guo et al.'”! fabricated
the MN patch by using a flexible polyurethane (PU)
substrates, which improves long-term adhesion and
ensures stability during limb movements (Figure 5B-
a). Unlike conventional MN substrates made from silk
fibroin (SF), hyaluronic acid (HA), or polylactic acid
(PLA), the PU substrates offer excellent stretch-and-
recovery properties, enhancing motion monitoring and
reducing the risk of shedding. Additionally, the MN patch
integrates microfluidic channels for real-time biomarker
analysis, photonic crystals for improved biochemical
sensitivity, and a thermoresponsive hydrogel that releases
drugs when the infection site reaches 39.4 °C. In vivo
studies demonstrated improved wound healing compared
to control groups.'”! Zhang et al.'”? developed an eagle
claw-inspired liquid metal-encapsulated MN patch
(Figure 5B-b), which effectively clamps the skin through
its claw-like structure and prevents secondary dehiscence,
and in vivo experiments demonstrated strong tissue
adhesion and stability, even under bending, pulling, and
rinsing conditions. Additionally, the incorporation of
liquid metal allows for the application of an electric field,
which accelerates cell migration and promotes wound

healing more effectively than conventional MN.'”? Inspired
by the cat tongue function, Gan et al.'”* also fabricated an
MN patch with a unique angle-transform mold design
that enables enhanced tissue penetration and a strong
grip on the peri-wound area, which reduces skin tissue
tension. This is a significant advantage over conventional
MN, which often struggles to provide the same level of
adhesion and tissue engagement. Also, the integration of
triboelectric nanogenerators into the MN system adds a
novel dimension by creating a stable electric field around
the wound, which not only accelerates cell migration but
also promotes faster wound healing.'” For internal wound
healing, Zhang et al."”* developed an MN patch, inspired
by the hierarchical microstructures of honeybee barbs for
tissue fixation and rapid hemostasis (Figure 5B-c). This
pagoda-shaped backward-facing barbs MN patch enhances
tissue interlocking strength (70 times stronger adhesion
than barbless MN), even in conditions of severe blood
loss. A dodecyl-modified chitosan (DCS) coating further
enhanced adhesion to cell membranes, promoting blood
cell coagulation and accelerating hemostasis. Moreover,
in vivo results with acute liver, spleen, and kidney injuries
demonstrated that this inspired MN patch is more effective
than the conventional MN in arresting bleeding and
facilitating wound healing."”® Though bioinspired MN
patches provide strong tissue adhesion, a balance must be
maintained to ensure easy removal without causing pain
or discomfort. For example, Zhang et al.'”® designed an
MN patch to mimic the serrated microstructures found
on mentis forelegs, which enhance grip and penetration
(Figure 5B-d). The authors concluded that the MN patch,
which was prepared with soft materials, showed excellent
adhesion ability and removing them would not cause much
painful feeling. In addition, in vivo results demonstrated a
more effective reduction of skin lesions compared to other
MN groups.'”

For delivering liquid drug formulation, conventional
MN patch systems often struggle to maintain drug
activity due to solidification and require higher pressure
for penetration, which can cause pain and discomfort.
To overcome this, Bae et al.'””>'”® developed a unique MN
patch inspired by the venom delivery system of rear-
fanged snakes (Figure 5B-e), which use open grooves on
their fangs to facilitate capillary-driven venom injection, in
contrast to front-fanged snakes that require high pressure
for venom delivery. Compared to the conventional
groups, the grip shapes of this MN system (e.g., tri-,
tetra-, penta-, and hexa-grooved) had increased delivery
kinetics, penetration, and adhesion to the skin."7*”
Recent advancements have successfully integrated these
bioinspired strategies into MN patch fabrication, resulting
in enhanced tissue adhesion, improved drug retention,
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controlled release kinetics, and effective drug absorption.
By replicating optimized designs of nature, bioinspired
MN patches not only improve clinical performance but
also open new possibilities for targeted therapies, wound
healing applications, and minimally invasive medical
treatments.'”’

4.2.3. Multilayer MN patch fabrication

Recent advances in MN technology have led to the
development of multilayer, tip-separable, and core-shell
MN patches, each designed to enhance the efficiency,
control, and specificity of drug release. These innovations
have significantly expanded the potential applications of
MN patches in a wide range of biomedical fields, including

transdermal drug delivery, vaccination, and localized
multilayer MN patches consisting of several distinct layers,
each designed with unique properties, materials, or drug
formulations. These layered structures enable simultaneous
or sequential release of multiple drugs or therapeutic
agents, allowing customized and sustained drug delivery.'”
For example, layers can be designed to release different
drugs at varying times based on environmental factors,
such as pH, temperature, or enzymatic activity, providing
an efficient way to achieve controlled release. This design
could be particularly beneficial for complex treatments
that require the delivery of multiple agents, such as
combination therapies for cancer or chronic diseases.
Furthermore, multilayer MN has the potential to enhance
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Figure 5. MN patch responsiveness. (A) Stimuli-responsive MN patch: (a) glucose-responsive MN patch design (reproduced with permission from ref."*?);
(b) ROS-responsive MN patch design (reproduced with permission from ref.'*?); (c) NIR-responsive MN patch design (reproduced with permission
from ref.'*®); (d) ultrasound-responsive MN patch design (reproduced with permission from ref.'®®). (B) Bioinspired MN patch: (a) shark tooth-inspired
MN patch design (scale bar = 3 mm) (adapted with permission from ref.'”"); (b) claw-inspired MN patch (scale bar = 200 um) (adapted with permission
from ref.'”?); (c) honeybee-inspired MN patch (scale bar = 300 um) (adapted with permission from ref.'”); (d) serrated clamping MN patch design (scale
bar = 200 um) (adapted with permission from ref.'”); (e) snake tooth-inspired MN patch (scale bar = 200 um) (adapted with permission from ref.'”’).
(C) Multilayer MN patch (adapted with permission from ref. '®). (D) Core-shell MN patch (scale bar = 250 pm) (adapted with permission from ref.'*").
Abbreviations: MN, microneedle; NIR, near-infrared; ROS, reactive oxygen species.
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the versatility of personalized therapy.'”” Liu et al.'®
developed a porcupine-inspired MN patch for diabetic
wound healing (Figure 5C). In this study, three layers were
successfully developed using a template-casting method
with a PDMS mold. This approach has led to the inception
of MN technology, through which drug combinations can
be delivered in the form of personalized therapy.

In recent decades, core-shell hydrogel-forming MN
patches have been researched because of their good tissue
adhesion ability. Swellable polymers are widely used for
this purpose. In the core-shell layer, when the outer layer
swells and the inner layer is not affected, a tissue interlocking
system is formed, as shown in the study by Lyu et al
(Figure 5D)."8"182 Two-layer core-shell MN patches were
fabricated, in which the outer layer was hydrophilic GelMA
and the inner layer was a dissolvable PLGA material.
Through this mechanism, exosomes and mangiferin were
successfully delivered to achieve scarless wound healing.
Many studies have been conducted on core-shell MN
patch-based drug delivery applications. Notably, the core-
shell MN patch technology has been widely applied in
tissue regeneration applications.'®® Therefore, therapeutics
integrated into multilayer MN patches provide not only
controlled and sequential drug delivery but also improved
tissue adhesion and interlocking with the MN system.
These innovations enhance drug retention, absorption, and
stability, offering more personalized and effective treatments
for wound healing as well as various medical conditions.

The integration of advanced functionalization
techniques (such as stimuli-responsive, bioinspired, and
multilayer MN systems) plays a pivotal role in enhancing
the effectiveness of MN patches, especially in terms of
wound healing. This advancement in the MN system
enables controlled and targeted drug delivery in wound
sites, and enhances penetration efficiency, tissue adhesion,
cell migration, and tissue regeneration. As advanced
fabrication techniques like 3D printing are combined
with functionalization strategies, MN systems emerge as a
promising solution for chronic wound treatment, infection
control, and faster tissue regeneration.

5. Application of the MN patch for
wound healing

The skin is the firstline of defense against external microbial
attacks and is vital for preserving tissue fluids, nutrients,
and electrolytes, thereby maintaining overall homeostasis.
However, injuries to the skin (e.g., trauma, burns), surgical
procedures, microbial infections, and chronic conditions
(e.g., diabetes) can significantly diminish these protective
functions. Such damage not only exposes the body to
potential infections, but also disrupts the healing process,

leading to long-term effects on a patient’s quality of life,
physical appearance, and mental health."**'®> Therefore,
effective wound care is essential to restore the integrity and
functionality of the skin and patient’s well-being.

Wound healing is a multifaceted biological process
that requires the coordinated interaction of cellular,
molecular, and physiological systems to repair injured
tissues.'® It progresses through four distinct stages:
homeostasis, inflammation, proliferation, and remodeling,
each of which requires tailored drug delivery for effective
wound recovery.'¥ In the homeostasis stage, the wound
is sealed with blood clots to stop the bleeding. Special
medicines called hemostatic agents can speed up blood
blotting process and stabilize the wound.”®® During the
inflammation stage, immune cells are dispatched to clear
bacteria and debris, but excessive inflammation can delay
healing. Therefore, therapeutic agents must be considered
at this stage when planning the development of wound
care medications. For example, immunomodulatory
drugs can balance the immune response and prevent
excessive inflammation, whereas antimicrobial drugs
can stop infection.'” During the proliferation stage,
formation of new tissue begins, which is supported by
growth factors that promote cell growth, blood vessel
formation, and repair.’® Finally, in the remodeling
stage, the wound matures as collagen is reorganized to
strengthen the tissue and improve scar quality.”*! In wound
healing process, challenges such as infection, delayed cell
proliferation, insufficient vascularization, and chronic
inflammation often impair the wound healing process,
particularly in complex or chronic wounds. Therefore, it is
important to deliver therapeutics to precise locations in a
controlled manner to facilitate effective wound healing."**
Interestingly, MN technology revolutionizes wound care
by precisely delivering therapeutic agents such as drugs,
growth factors, and stem cells directly to the wound site,
enhancing localized and synergistic wound healing. They
also exhibit strong adhesion to injured tissues, reduce
tissue damage, prevent fluid leakage, and enable targeted
drug delivery. Therefore, MNs are increasingly utilized
for wound healing because their benefits outweigh those
of traditional methods, such as sutures, staples, medical
tapes, glues, and functional hydrogels.”*'** Loaded with
therapeutic agents having antibacterial, antioxidant,
anti-inflammatory, and angiogenic properties, MNs can
simultaneously kill microorganisms, reduce inflammation,
and promote blood vessel formation, aiding in faster wound
healing.” Yin et al.”* developed a magnesium (Mg)-metal-
organic framework (MOF)-based multifunctional MN
patch to accelerate diabetic wound healing. The Mg-MOFs
were synthesized from magnesium chloride and gallic
acid, which were then incorporated into poly(y-glutamic
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acid) hydrogels to form the needle tips. Mg?** ions released
from needle tips enhance angiogenesis by promoting cell
migration and supporting endothelial cell tube formation.
Gallic acid acts as an antioxidant, scavenging excess ROS,
and reducing inflammation. Additionally, the backing
layer of the MN patch made of a graphene oxide-silver
nanocomposite hydrogel provided antibacterial properties
that further accelerated healing. This multifunctional all-
in-one MN patch offers a comprehensive approach to
promote faster and more effective diabetic wound healing.
In addition, drug-loaded nanoparticles in MN patches
enhance stability and provide controlled release, thereby
improving therapeutic effects by increasing drug solubility
and protecting sensitive drugs from degradation.'”® For
example, Yang et al."”” developed a dissolvable MN (DMN)
system that encapsulates simvastatin (SIM) nanocrystals
(SIM-NC) to address the poor water solubility of the drug
and improve its release. For this, they first prepared a SIM-
NC and then loaded the MN patch with casting method
(Figure 6A-a). They showed that SIM-NC had a 150.57-
and 320.14-times higher solubility in deionized water and
phosphate-buffered solution, respectively, compared to the
drug alone. Once inserted into the wound, the hyaluronic
acid needle portion of the DMN dissolved quickly, releasing
SIM-NC directly into the wound to enhance healing. This
MN patch significantly accelerated healing, with the SIM-
NCloaded-DMN group showing only 2.36% of the wound
remaining by day 12 compared to 21.34% in the control
group (Figure 6A-b)."” Several researchers have explored
NIR-activated MN that offer controllable drug release to
enhance therapeutic effectiveness in wound healing. In one
study, an MXene-integrated MN patch was developed for
the temperature-sensitive release of adenosine under NIR
irradiation, which enhances angiogenesis and accelerates
wound healing."”® Zhang et al.'® created separable MN
integrated with black phosphorus (BP) for photothermal-
responsive oxygen delivery to treat hard-to-heal diabetic
wounds. When BP quantum dots are exposed to NIR
radiation, the local temperature rapidly increases, reducing
the oxygen-binding capacity of hemoglobin and enabling
controlled oxygen delivery. This approach promotes rapid
wound closure, tissue regeneration, and angiogenesis.
Yao et al.?* developed porous MOF-integrated MNs for
the photothermal-responsive delivery of nitric oxide,
which aids in diabetic wound healing. Graphene oxide
was coloaded with nitric oxide-containing MOF in
microparticles, enabling the photothermal-responsive
release of nitric oxide. These microparticles were then
incorporated into MN, allowing for the effective and deep
transdermal delivery of nitric oxide, thereby accelerating
the wound healing process.

Complementing drug delivery with the administration
of growth factors via MN patches offers a direct and
effective way to accelerate tissue regeneration. Growth
factors such as VEGF and epidermal growth factor (EGF)
are essential for tissue regeneration but are often unstable
and degrade quickly. MN patches overcome this problem
by embedding growth factors into biodegradable polymers,
ensuring their stability and sustained release directly at
the wound site, thereby enhancing tissue repair.”"** For
instance, Yuan et al.*”* developed a novel layer-by-layer MN
system for the transdermal delivery of recombinant human
EGF (thEGF) to promote wound epidermal regeneration
and angiogenesis. In this MN patch (Figure 6B-a), thEGF
was incorporated into the MN array using a self-assembly
process in which 2-hydroxypropyltrimethylammonium
chloride chitosan and alginate were coated under
electrostatic forces. Once demolded, the resulting MN
array offers a minimally invasive and painless method for
delivering rhEGF directly to the wound site. The layer-by-
layer MN-rhEGF group showed better angiogenesis in
the animal model at 15 days (Figure 6B-b).”* Chi et al.***
fabricated a biomass chitosan MN array patch integrated
with a smart responsive VEGF drug delivery system to
promote wound healing. In their study, the core-shell MN
patches with VEGF delivery exhibited better antibacterial
and angiogenic properties. They also found that the
number of wound sites was reduced after 9 days in a mouse
model. This novel drug delivery system offers a promising,
controlled approach to accelerate wound healing compared
to traditional dressings.”**

Although growth factors facilitate regeneration,
infection control is an important issue for successful wound
healing, especially in chronic or contaminated wounds. In
addition to growth factors, antimicrobial peptides (AMPs)
are integrated into the wound healing regimens. AMPs are
naturally occurring molecules with broad-spectrumactivity
against bacteria, fungi, and drug-resistant pathogens.”
However, their direct application is often hindered by their
rapid degradation and poor bioavailability. MN patches
address these limitations by encapsulating AMPs within
needles, allowing for their controlled and sustained release
directly into the wound site.*® Wang et al.?*” fabricated a
novel double-layer photothermal MN patch for chronic
wounds. In this MN patch, AMP and hollow manganese
dioxide nanoparticles were incorporated into MN tips.
This combined therapeutic delivery strategy not only
relieved ROS-induced cell damage but also inhibited the
survival and proliferation of host bacteria, and the wound
achieved healing after 15 days in an animal model. They
also concluded that the broad-spectrum antibacterial
activity of MN patches minimized the potential for
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bacterial resistance, indicating better infection control at
the wound site.?”’

In the advanced biomedical field, although tissue
engineering plays a significant role in wound healing, MN-
based therapy has also been incorporated into the tissue
engineering field. Mesenchymal stem cell (MSCs)- and
exosome-based regenerative therapies have been widely
studied for wound healing applications.””® To address the
low migration and limited therapeutic efficacy of injected
MSCs, Lee et al.?” developed a detachable hybrid MN
depot (d-HMND) for intradermal MSCs delivery (Figure
6C-a). This approach resulted in improved cell viability
and a higher wound closure rate. Exosomes, small vesicles
(50-150 nm in diameter) secreted by cells, play a key role
in intercellular communication by transporting bioactive
cargo such as microRNAs, messenger RNAs (mRNAs), and
proteins. They also found that histologically, the wound
site was almost closed in mice treated with d-HMND
group on day 14 (Figure 6C-b). Moreover, several
researchers have chosen to deliver artificial exosomes
via transdermal routes, such as MN patches. Yuan et al.”
developed GelMA MNs co-loaded with exosomes from
human umbilical vein endothelial cells and tazarotene

to achieve sustained release and promote angiogenesis
for diabetic wound healing. In another study, Ma et al.?*’
developed a method for producing artificial nanovesicles
from MSCs treated with iron nanoparticles (Fe-MSC-
NVs), which increased therapeutic cytokine expression
and boosted angiogenesis. These Fe-MSC-NVs were
then combined with polydopamine nanoparticles (PDA-
NPs) and loaded into the core and shell of HAMA. As
HAMA gradually degraded, Fe-MSC-NVs were released
to promote angiogenesis, whereas PDA-NPs were slowly
released to reduce the inflammation caused by ROS.
The combination of Fe-MSC-NVs and PDA-NPs helped
shift the macrophages to the M2 phenotype, preventing
excessive inflammation. This dual-functional MN patch
with antioxidant, anti-inflammatory, and angiogenic
properties offers a potent treatment strategy for wound
healing. Recent trends also saw the development of
biomimetic MNs by several research teams for improving
wound management. Deng et al.?"! created an antibacterial
sericin MN that mimicked the pattern of lamprey teeth
to provide directional traction for shrinking infected
wounds. These MNs were prepared using sericin from
silkworm cocoons and helped to improve skin repair by
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Figure 6. MN patch for wound healing. (A) Drug-nanocrystal loaded MN patch for wound healing (adapted with permission from ref.'”): (a) design
and application principle; (b) wound healing in mice model (scale bar = 1 mm [left], 500 um [right]). (B) Layer-by-layer MN patch for delivering rhEGF
in wound management (adapted with permission from ref.**®): (a) design and application principle; (b) in vivo wound healing (scale bar = 100 pm). (C)
MSC-loaded core-shell MN patch for wound management (adapted with permission from ref.*””): (a) design and application principle; (b) wound healing
in mice model (scale bar = 10 mm [photographs], I mm [H&E staining]). (D) Combined drug delivery (adapted with permission from ref.*): (a) material
composition; (b) fabrication process; (c) stretchable ability; (d) in vivo wound healing investigation (scale bar = 200 um). Abbreviations: H&E, hematoxylin
and eosin; MN, microneedle; MSC, mesenchymal stem cell; hEGE recombinant human epidermal growth factor.

Volume 11 Issue 2 (2025) 204 doi: 10.36922/ijb.8514


https://doi.org/10.36922/ijb.8514

International Journal of Bioprinting

3D-printed microneedles for wound care

promoting hair follicle regeneration and angiogenesis. Zinc
oxide nanoparticles released from MN were found to be
bactericidal and supportive of infected wound healing.*"!

The most advanced MN patch technology involves
the integration of multiple therapeutic agents into a
single multifunctional platform. These patches combine
drugs to manage infections and inflammation, growth
factors to promote tissue regeneration, and stem cells
or exosomes to enhance repair and modulate immune
responses. This holistic approach allows the simultaneous
targeting of diverse aspects of wound healing, creating a
microenvironment optimized for rapid and comprehensive
wound repair.’”?'>?3 For example, Zhang et al.** developed
a highly flexible and stretchable multifunctional MN patch
composed of tips and a breathable scaffold prepared from
spidroin hydrogel, polyurethane, and aloe vera gel to
ensure biocompatibility and self-healing. Eutectic gallium-
indium was added to enable an NIR light response,
allowing for rapid photothermal conversion and rapid
self-healing (Figure 6D-a). In the development process,
they first fabricated the MNs by the molding technique
and then printed the substrates using an extrusion-based
3D printer (Figure 6D-b). This NIR-triggered pulse release
significantly improved VEGF-mediated wound healing
after 12 days in mouse models by accelerating tissue repair
and reducing inflammation (Figure 6D-d).* By integrating
drugs, growth factors, AMPs, stem cells, and exosomes
into MN patches, this technology has revolutionized
wound care and provided targeted solutions for infection
control, tissue regeneration, and immune modulation in
an efficient and synergistic manner.

6. Conclusions and future outlook

MN patches represent a promising approach for TDS
and wound healing, offering numerous advantages over
conventional methods, including painless application,
minimal invasiveness, and the precise delivery of
therapeutic agents. The development of MN has seen
remarkable advancements in terms of design, material
selection, and fabrication techniques through 3D
printing technologies, which have significantly enhanced
MN performance by enabling precise customization,
rapid prototyping, and scalable production, ensuring
consistent MN architecture for optimal drug delivery.
The integration of stimuli-responsive material in MN has
turther expanded its potential by allowing on-demand
and controlled drug release based on physiological
parameters such as pH, temperature, moisture, and
enzymatic activity. For example, a thermoresponsive
hydrogel MN patch can release anti-inflammatory agents
when wound temperature rises, mitigating infections,
while pH-sensitive MNs can deliver antibiotics or

antimicrobial peptides selectively to infected sites. In
recent decades, bioinspired designs have been harnessed
to fabricate MN patches for effective tissue adhesion and
penetration in wound sites, accelerating regeneration
activity by capturing biological agents like growth factors
and cells. Additionally, multilayer MN patches have been
designed to facilitate sequential drug delivery, providing
a controlled release of multiple therapeutic agents—
for instance, an initial burst of AMPs or antibiotics to
prevent infections, followed by the sustained release of
growth factors or stem cell-derived exosomes to promote
tissue regeneration and scar reduction. Therefore, these
combined innovations are intended to enhance their
clinical applications, especially in personalized medicine,
and extend their use to various fields like wound
management and tissue regeneration.

Beyond conventional drugs, MN patches have been
successfully employed for the transdermal delivery of
advanced therapeutics, including stem cells, exosomes,
nanoparticles, and bioactive molecules, which are crucial
for chronic wound healing and regenerative medicine.
Stem cell-loaded MNs have shown great potential in
enhancing skin regeneration by delivering MSCs or
induced pluripotent stem cell-derived factors directly
to wound sites, accelerating tissue repair and reducing
fibrosis. Similarly, exosome-loaded MNs offer a promising
strategy for wound healing and scar reduction by virtue of
their roles in cell signaling, angiogenesis, and extracellular
matrix remodeling. Nanoparticle-mediated drug delivery
via MN has further expanded their therapeutic potential
by improving drug stability, bioavailability, and targeted
delivery, particularly for delivering antimicrobial agents,
growth factors, and insoluble drugs.

As research advances, the future of MN technology
in wound care is moving towards personalized medicine,
biosensor-integrated real-time wound monitoring, and
smart responsive drug delivery systems. The integration
of biomimetic materials and smart functionalization
techniques has further enhanced their role in drug
delivery and wound management, leading to next-
generation biomedical devices with superior functionality
and patient outcomes. Despite these advances, challenges
such as scaling production, ensuring biocompatibility,
and addressing regulatory hurdles remain, which should
be overcome for optimal results. Therefore, future
innovations in MN fabrication, functionalization, and
therapeutic agent integration will likely establish MN
patches as a transformative tool for next-generation wound
care, regenerative medicine, and minimally invasive drug
delivery, ultimately improving patient outcomes and
treatment efficacy.
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