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Owing to its non-invasive nature, painless drug delivery, and controlled drug loading capacity, the
microneedle (MN) technology has recently garnered significant attention in clinical practice. For instance,
it has been pervasively employed as an innovative transdermal delivery method in skin disease therapy.
However, traditional MN techniques have been associated with challenges regarding biocompatibility,
biodegradability, and drug release precision, limiting their clinical efficacy and increasing the risk of side
effects resulting from uneven drug distribution. To address these issues, polysaccharide materials have
been proposed as viable alternatives to be used in MN technologies. In addition to their excellent
biocompatibility and biodegradability, polysaccharide materials such as alginate, chitosan, and Hyaluronic
Acid (HA), among other Traditional Chinese Medicine (TCM)-extracted polysaccharides (such as Bletilla
and notoginseng), could also exert anti-inflammatory and antibacterial effects, promoting tissue
improve the drug

regeneration. local

concentration, reduce systemic side effects, minimize patient discomfort, and lower treatment risks,

These attributes enable polysaccharide-based MNs to

making them particularly suitable for treating skin conditions such as eczema, psoriasis, and acne. This
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Accepted 11th April 2025 article systematically reviews the properties of various polysaccharide materials, as well as the

preparation methods of polysaccharide-based MNs and their therapeutic effects as reported in animal
DOI: 10.1039/d4na01083c models and clinical trials. Our findings could lay a solid theoretical foundation for developing

rsc.li/nanoscale-advances polysaccharide-based MN technologies and fostering their widespread clinical application.

1 Introduction

Presently, skin disease therapy presents numerous challenges,
including pharmacotherapeutic inefficacies in penetrating the
skin barrier, poor patient compliance during treatment, and the
risk of side effects. Due to skin barrier-imposed limitations on
osmotic quantity and duration of Active Pharmaceutical Ingre-
dients (APIs), traditional treatment approaches often fail to
achieve optimal results and meet patient demands.*
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Table 1 A comparative discussion of various transdermal drug delivery systems

Dosage form Mechanism Pain Efficiency Bioavailability Compliance
Cream Passive transdermal permeation None Low Low Moderate
Patch Transcorneal diffusion None Relatively low Relatively low High
Injection needle Dermal injection Present Relatively high Relatively high Low
Microneedle Stratum corneum penetration None High High High

The drug delivery efficiency of topical creams is relatively
low, with research data indicating that only 10-20% of active
ingredients can penetrate the skin barrier to complete trans-
dermal absorption.> Although transdermal patches can over-
come the physical barrier of the stratum corneum, their drug
bioavailability remains significantly limited. While the addition
of chemical penetration enhancers can improve drug perme-
ability to some extent, the improvement is very limited.?
Traditional subcutaneous injections can achieve a drug delivery
efficiency of 90-100%, but because they require puncturing into
the dermis layer rich in nociceptors, they are often accompa-
nied by significant pain responses, seriously affecting patients’
treatment compliance. In contrast, microneedle (MN) delivery
systems physically cross the stratum corneum barrier, precisely
delivering drugs to the superficial skin layer without pain nerve
distribution, achieving painless drug delivery while ensuring
100% delivery efficiency. (Table 1 presents a comparative
discussion of various transdermal drug delivery systems.)

Microneedle (MN) technology, an innovative transdermal
drug delivery approach, could penetrate the skin barrier with
micrometer-scale precision. As a result, it can deliver drugs
directly into the skin to enhance local drug concentration and
bioavailability while reducing systemic side effects and the
dosing frequency.* This technique has been established to
significantly improve the drug absorption efficiency and patient
compliance. Furthermore, the length of MNs often ranges in
several hundred microns, which is sufficient for penetrating the
epidermal layer without reaching deeper nociceptors, ensuring
significantly = reduced pain sensation during drug
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Fig.1 Comparison of the traditional needle and MN technologies.

administration (Fig. 1). Due to these attributes, the MN tech-
nology effectively overcomes limitations associated with tradi-
tional transdermal drug delivery systems.>*

Based on material composition, the MN technology could be
classified into metal, polymer, protein, and macromolecular
polysaccharide types.”™® Although metal MNs offer high inten-
sity, biocompatibility issues have been reported to limit their
practical application. Furthermore, polymer MNs have shown
instability in degradability and drug release control. Protein
MNs, on the other hand, may easily decompose or degenerate
due to their complex preparation processes. Conversely, poly-
saccharides have demonstrated good biocompatibility, low
immunogenicity, easy biodegradation, and a unique medicinal
value." Polysaccharide materials are also readily available from
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various sources, making them easy to process to form good
gels‘lz,lfi

In addition to offering a means of drug delivery, poly-
saccharide MN materials also possess inherent medicinal
values. For instance, due to its natural antimicrobial properties,
chitosan exhibits effectiveness against bacterial skin infec-
tions." Additionally, Hyaluronic Acid (HA) can retain moisture
and promote skin repair, making it suitable for addressing dry
and inflammatory skin diseases.'® On the other hand, due to its
superior gel-forming capabilities and flexibility in chemical
modifications, alginate has been recognized as an excellent
hemostatic biomaterial."® It has also been established that
polysaccharides generally possess unique hemostatic and
antibacterial properties which could expedite the healing of
superficial skin lesions and mitigate the risk of infections.'”
Moreover, Panax notoginseng polysaccharides have been
increasingly incorporated into MN technologies due to their
notable antioxidant, antitumor, and antidiabetic properties.'®
These attributes collectively suggest the dual advantage of
polysaccharide MNs in the treatment of dermatological
diseases, highlighting their potential clinical significance.

Although the applications of polysaccharide hydrogels in
obesity management and polysaccharide MNs in treating
ophthalmic diseases have been systematically reviewed in the
existing literature,">* the use of polysaccharide MNs in treating
dermatological conditions is yet to be comprehensively
reviewed. This article systematically reviews the preparation
processes of polysaccharide MNs and analyzes their clinical
value in drug delivery, enhancing patient compliance, and
promoting treatment innovations. We also summarize their
applications and transdermal delivery mechanisms across
various skin diseases.

2 Classification and delivery
mechanisms of MNs

It is worth noting that MNs can be further classified into solid,
dissolving, coating, hydrogel, and hollow types (Fig. 2 and Table
2). Solid MNs physically penetrate the skin's cutin layer,
creating a microchannel for the direct delivery of drug mole-
cules to the dermis.?® On the other hand, hollow MNs utilize the
tip cavity and passive diffusion mechanisms such as pressure or
electromigration to deliver drugs to the target position.*
Hydrogel MNs absorb body fluids after insertion into the skin,
then swell and promote drug diffusion and release.” Dissolving
MNs leverage fluid hydration post-insertion, rapidly releasing
drug payloads directly below the skin.*® Finally, coating MNs
surface coat with drug solutions or dispersions to achieve drug
release.”

Polysaccharide MNs primarily comprise the dissolving and
hydrogel types. Dissolving MNs are often made of soluble
materials such as HA, chitosan, or alginate, which have good
biocompatibility and degradability. Moreover, polysaccharides
are often the preferred materials for preparing dissolving MNs.
Notably, hydrogel polysaccharide molecules could also be
modified chemically for superior compatibility and versatility.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 MN types and transdermal mechanisms.

Under biological catalysis, the amplification of the degradation
of polysaccharide-based water gel MNs could be accelerated,
allowing for the accurate control of drug release kinetics.
Furthermore, when used to coat needle surfaces, poly-
saccharide components such as trehalose or glucan could
function as stabilizers, thickeners, and emulsifiers. In addition
to improving coating uniformity, these polysaccharides could
also maintain drug activity, as well as ensure drug stability
during storage and precise release.*®

3 Types of polysaccharide materials

Polysaccharide materials play crucial roles in a wide range of
applications, and their nature and function depend largely on
their source and chemical structure (Fig. 3 and Table 3).

3.1 Marine polysaccharides

3.1.1 Hyaluronic acid. Hyaluronic Acid (HA), a type of
water-soluble polysaccharide, comprises p-glucuronic acid and
N-acetyl-p-glucosamine, which are sulfated sugar glycosamino-
glycans.* Owing to its excellent biocompatibility, biodegrad-
ability, and non-toxicity, HA is widely employed in MN
production. Notably, HA MNs are highly soluble, stable, and
hygroscopic, making them particularly suitable for drug
loading. Furthermore, HA-MNs can accommodate large quan-
tities of drugs and rapidly dissolve after penetrating the skin,
efficiently releasing the drugs. Liu et al. developed insulin-

Nanoscale Adv., 2025, 7, 3631-3654 | 3633


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4na01083c

Open Access Article. Published on 12 2025. Downloaded on 19/07/25 12:57:10.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale Advances

Table 2 MN types and materials for preparation and their advantages and disadvantages
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Types Materials Advantages Disadvantages

Solid MNs Metal and ceramics, among others Possess mechanical strength and There is residue, causing strong
not easily broken discomfort

Coated MNs PVP and PEG, among others Flexible drug release is strong, no The coating process is complex, and
residue the coat easily falls off

Hollow MNs Silicon and metal, among others Controllable (active drug release Small diameter, easy to block, and

Hydrogel MNs

Dissolving MNs

PVG and PVP, among others

Polysaccharides and PVP, among
others

AND release rate modulation) and
less skin damage

Dissolves completely without
residue

Degradable, safe, and rapid
dissolution

easy to break
Low mechanical strength

Weak penetration and delayed
dissolution
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Fig. 3 Source and structure of polysaccharides.

loaded HA MNs and evaluated their hygroscopicity, stability,
and dissolution characteristics. According to the results, under
75% Relative Humidity (RH), the ability of HA MNs to penetrate
the skin could still be maintained for at least an hour. Moreover,

Table 3 Sources and advantages of polysaccharides

after storage at —40 °C, 4 °C, 20 °C, and 40 °C for one month,
>90% of insulin remained in the MNs, demonstrating their high
insulin stability. Furthermore, in vitro release experiments
showed that most of the insulin could be released from the MNs
within 1 h, indicating their rapid release kinetics. Moreover,
animal experiments revealed that HA MNs completely dissolved
on rat skin within 1 h post-application.*®

Studies have also reported HA's good solubility both in vivo
and in vitro, further highlighting its potential for application in
MNs. Liu et al. developed HA MNs and assessed their drug
delivery capabilities using high molecular weight dextran (FD4)
as the model drug. According to the results, HA-FD4 demon-
strated a significantly higher transdermal permeability than the
traditional FD4 solution, leading to a substantial increase in
FD4 accumulation in the skin. Furthermore, in addition to
successfully penetrating rat skin without bending or cracking,
the array MNs also dissolved within 5 min, demonstrating their
efficient drug delivery capabilities and good mechanical prop-
erties.*® Moreover, studies have reported that HAMNs could
create an acidic and anaerobic environment, preserving the
chemical structure and biological activity of the target drug. Zhu
et al. prepared 5-aminolevulinic acid (5-ALA)-loaded HA MNs
and assessed their efficacy in superficial tumor photodynamic
therapy. These MNs effectively penetrated the stratum cor-
neum, delivering 5-ALA to the skin tissue while also providing
an acidic and oxygen-free milieu. Notably, this environment

Name of polysaccharide Sources

Advantages

Hyaluronic acid

Alginate Macroalgae and wakame
Chitosan Crustaceans and arthropods
Panax notoginseng polysaccharides Notoginseng

Pectin Peels

Xanthan gum Xanthomonas species
Glucan

Carboxymethyl cellulose
Chondroitin sulfate

Bletilla striata polysaccharides

Specific bacteria

Bletilla striata
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Vertebrates, microbes, and shark skin

Cellulose is chemically modified
Shark cartilage, cows, pigs, etc.

Moisturizing effect and promotes healing

Easy to shape and forms a stable structure
Anticancer, antibacterial, and anti-inflammatory
Immunomodulatory and antitumor

Gelling agent, healthfulness, and sustainability
Thickening agent, provides stability, and resistant
to processing

Immunogenic and activates immunity

Good biocompatibility and soluble in water
Good solubility and high bioavailability
Anti-inflammatory and promotes healing
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significantly reduced the formation of inactive dimers via Schiff
base reactions, thereby maintaining the chemical structure and
biological activity of 5-ALA, a feature that further enhanced the
therapeutic effect of 5-ALA in photodynamic treatment.*

It is also noteworthy that MNs have been shown to interact
with specific cell receptors, thus promoting drug internaliza-
tion. Shen et al. developed an HA-coated liposome MN. The
modification of the liposome surface with HA enabled it to bind
with the CD44 protein. This binding promoted methotrexate
(MTX) internalization and activated immune cells in the skin.
Furthermore, the enhanced interaction between HA-CD44-
MTX-Lipo and HaCaT cells promoted the apoptosis of the
latter. These findings suggest that HA-MTX-Lipo MNs could
significantly inhibit psoriasis development, thus reducing skin
erythema, desquamation, and thickening. Moreover, these
findings underscore the potential of HA MNs in promoting drug
internalization and enhancing healing processes.*®

3.1.2 Alginate. Alginate, an anionic linear polymer derived
from algae and bacteria, primarily comprises the beta-p-man-
nuronic acid (M) and alpha-i-guluronic acid (G) residues in
varying proportions. According to research, content and distri-
bution irregularities of monosaccharides could significantly
influence the physical and chemical attributes of alginate, such
as gel formation, water viscosity, and water absorption proper-
ties.>** Besides being a marine polysaccharide, alginate is also
a natural biological polymer with non-toxic, biodegradable,
biocompatible, adhesive, and non-immunogenic characteristics.
Alginate also exhibits various biological activities, including anti-
fibrotic, anti-tumor, anti-obesity, and anti-inflammatory proper-
ties.*® Although alginate could also enhance the fragility of MNs
and promote polymer film formation, pure amphiphilic
substances exhibited brittleness during MN preparation. To
address this challenge, researchers introduced sodium alginate
as a base layer to improve the mechanical properties of the MNs.
After optimizing the MNs via static strength testing, sufficient
mechanical strength was achieved without breakage. Moreover,
incorporating the sodium alginate aqueous solution at the base
significantly enhanced the polymer film formation capabilities.?”

It is also noteworthy that alginate could be combined with
other polymers via chemical or physical cross-linking, further
enhancing the performance of MNs. Zhao et al. developed an
expandable MN comprising polyvinyl alcohol and sodium algi-
nate hydrogel. According to their findings, adding sodium algi-
nate via strong hydrogen bonding promoted crosslinking within
the two matrices, significantly improving the hydrogel's overall
performance.®® Alginate has also shown great promise in the field
of drug delivery. Zhou et al. used a Ca’'-optimized alginate-
expandable MN in the transdermal delivery of 3-O-ethyl ascorbic
acid (EAA). This MN exhibited excellent mechanical performance
and biocompatibility and significantly increased EAA transdermal
permeability. Furthermore, the sodium alginate MN remained
intact even after 16 h of transdermal drug delivery, demonstrating
its good stability and applicability in acidic drug delivery
scenarios. These findings highlight the versatility of alginate in
enhancing the performance of MNs and broadening their
potential applications in the realm of drug delivery.*

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3.2 Animal polysaccharides

3.2.1 Chitosan. Chitosan is a natural biopolymer derived
from the alkaline conversion of chitin, the second most abun-
dant natural polymer widely found in the exoskeletons of
crustaceans such as shrimp. During this conversion process, N-
acetyl-o-glucosamine units in chitin are downregulated and
converted to f-1,4-p-glucosamine. Consequently, chitosan
consists of p-glucosamine and N-acetyl-p-glucosamine linked by
B-1,4 monomers.* According to research, chitosan possesses
various attributes, including anti-tumor, antibacterial, antioxi-
dant, hemostatic, and cholesterol-lowering properties.** Owing
to its excellent biodegradability and biocompatibility, as well as
reduced tissue irritation, chitosan also shows significant
advantages in topical and transdermal drug delivery applica-
tions. Specifically, it enables sustained drug release through
swelling and degradation mechanisms. Additionally, under
weak acidic conditions, chitosan forms a positive charge
protonation which enhances the gelation and membrane-
forming capacity. These attributes could collectively enhance
the effectiveness of chitosan as a drug carrier.*” Studies have
also reported that chitosan could enhance the hydration prop-
erties of coated MNs. Marin et al. examined the moisture
sensitivity in water vapor between carboxymethyl cellulose
(CMC) MNs modified with chitosan and unmodified CMC MNs.
According to the results, MNs containing the CMC-CS formula
exhibited significantly lower moisture sensitivity to water
vapor.*® Furthermore, chitosan MNs have shown great potential
in vaccine delivery. Besides cellular immunity, chitosan could
also mediate humoral immunity. Therefore, MNs prepared with
chitosan could serve as a repository for sustained vaccine
release while enhancing the immune response. Besides the
effective vaccine delivery capabilities, Micro-chitosan Nano-
particles (MNs) could also extend the antigen exposure time by
building immune libraries, activating Dendritic Cells (DCs),
enhancing the immune response, and exerting potent adjuvant
effects.** In a separate study, using chitosan MNs within four
weeks after vaccination significantly enhanced the immune
response. This effect was sustained for =16 weeks, highlighting
the potent adjuvant and protective effects of chitosan against
influenza virus infection.*

3.2.2 Chondroitin sulfate. Chondroitin Sulfate (CS), a type
of sulfated glycosaminoglycan (GAG), comprises repeated
disaccharide units, each connected through beta-(1,3)-glyco-
sidic bonds, linking N-acetyl galactosamine and p-glucuronic
acid.*® As the primary component of animal connective tissue
and the Extracellular Matrix (ECM), the CS structure and
properties are significantly influenced by its sulfation pattern.*”
Studies have reported that CS MNs have excellent permeability,
making them suitable for drug delivery. Shu et al. developed
dissolvable MNs loaded with sinomenine hydrochloride using
CS as the main material. Besides its good solubility and
biocompatibility, CS also enhanced the mechanical strength of
the MN. Furthermore, the MN tip was almost completely dis-
solved 4 h after insertion into the skin, allowing for successful
penetration of the drug up to 200 um under the skin.** Addi-
tionally, CS MNs were found to exhibit high bioavailability.

Nanoscale Adv., 2025, 7, 3631-3654 | 3635
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Fukushima et al. compared the relative bioavailability (RBA)
and absolute bioavailability (EBA) of dissolvable CS MNs and
dissolvable glucan MNs. According to the results, the RBA and
EBA for the chondroitin dissolution were 89.9 + 10.0% and
101.3 £ 9.2%, respectively. On the other hand, the RBA for the
glucan dissolution was 72.8 + 4%. These findings suggest that
compared to other materials, CS has superior bioavailability.*

3.3 Plant polysaccharides

3.3.1 Cellulose. Cellulose, a naturally occurring high
molecular compound that is widely present in plant cell walls,
comprises glucose units connected by beta-1,4 glycosidic bonds
to form linear polymers.** Among the various cellulose deriva-
tives, cellulose ethers and esters are particularly important.
Cellulose ethers have been extensively explored regarding their
excellent solubility, viscosity, surface activity, and stability.
Carboxymethyl cellulose (CMC), the main cellulose ether, has
gained increasing popularity in MN preparation owing to its
good biocompatibility and water solubility. Notably, although
using CMC-Na alone yields MNs with satisfactory toughness,
these MNs could lack mechanical strength and maybe suscep-
tible to deformation during the curing process.”* Nonetheless,
due to its inertness and ability to protect loaded therapeutic
constituents from denaturation, CMC remains the material of
choice for pertinent clinical formulations.’*** Moreover, in
addition to serving as a carrier for vaccine delivery, CMC-Na
could also play an adjuvant role in inducing immune responses
in vaccine formulations. Due to its sufficient strength (which
allows it to penetrate the skin barrier), water solubility, easy
production, and cost-effectiveness, Yun et al. selected CMC as
one of the matrix materials for preparing MNs to be used in fish
vaccines. They found that CMC-based MNs could fully penetrate
the fish skin, making them ideal materials for enhancing innate
and adaptive immunity.>*

3.3.2 Pectin. Pectin, a naturally occurring polysaccharide
found in plant cell walls, comprises glucose and fructose units
linked through the 1,4-alpha-glucose and 1,2-alpha-fructose
bonds.>® Due to its skin-friendly attributes, as well as its
natural, biodegradable, and hydrophilic properties, pectin is
considered an ideal carrier material for MN preparation.®® As
a biodegradable, natural carbohydrate rich in alcohol func-
tional groups, pectin can interact with PMVE/MA carboxylic
acid copolymers to form esterification -clusters, thus
promoting hydrogel formation. In this regard, it is noteworthy
that the PMVE/MA-pectin (PMVE/MA-PE) hydrogel system has
recently garnered significant attention for its potential appli-
cation in MN arrays.?”

3.4 TCM polysaccharides

3.4.1 Bletilla striata polysaccharides. Bletilla Striata Poly-
saccharide (BSP), a TCM extract, primarily comprises mono-
saccharide units such as «-mannose, B-mannose, and f-
glucose. Owing to its anti-inflammatory, antioxidant, and
antibacterial properties, BSP was found to significantly
promote wound healing.*® Qu et al. developed a BSP-conju-
gated dissolvable MN for treating oral mucositis. This MN
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patch not only exhibited an ideal MN array structure but also
showed high mechanical strength and rapid dissolution. The
MN also promoted healing, a phenomenon attributable to the
aforementioned anti-inflammatory effects of BSP.** Further-
more, BSP MNs exhibited good drug-loading capacity and non-
toxicity, highlighting their great potential for vaccine delivery.
Zhou et al. successfully prepared a BSP MN and assessed its
potential as a vector for vaccine delivery. According to the
spectral analysis results, there was no obvious shift in the
characteristic peak of the BSP matrix when the antigen oval-
bumin (OVA) was mixed with BSP in the MN patch. In other
words, OVA and BSP interacted physically within the MN
without any changes in their respective chemical structures.
This finding suggests that BSP MNs can safely load macro-
molecular proteins while maintaining their structural char-
acteristics. Furthermore, in vitro cytotoxicity experiments
revealed that BSP is non-toxic to mice fibroblasts (L929) and
that it may somewhat promote cell growth. The researchers
attributed this effect to the cell-protective properties of the
polysaccharide.®

3.4.2 Panax notoginseng polysaccharides. Notoginseng
polysaccharides (from Panax notoginseng), TCM-derived
compounds, primarily comprise three natural monosaccharide
units: alpha glucose, beta glucose, and rat lee sugar.** According
to research, notoginseng polysaccharides could function as
adjuvants. Zhou et al. explored the feasibility of a micro-noto-
ginseng polysaccharide dissolution in activating Dendritic Cells
(DCs) in the skin. The experiments demonstrated that the
polysaccharide nanoparticles (PNPs) could penetrate the
stratum corneum through MNs and target DCs in the ear skin,
leading to the surface upregulation of CD40, CD80, CD86, and
MHC II on DCs, thus promoting immune cell maturation and
migration. Notably, mature DCs can migrate to the draining
lymph nodes of the pinna and enhance the proportion of CD4+
and CD8+ T cells. In this regard, it is plausible that PNPs hold
great potential as auxiliary biological materials for transdermal
drug delivery.®

3.5 Microbial polysaccharides

3.5.1 Xanthan gum. Xanthan gum, a high molecular weight
polysaccharide, primarily comprises B-p-glucuronic acid and -
p-(1,4)-glucan units of the B-p-(1,2)-mannose units of the B-o-
(1,2)-glucan backbone and its side chain.®® Xanthan gum has
good biocompatibility, can slow drug release, and has no
specific time-release kinetic features. Studies have also shown
that xanthan gum can increase the viscosity of the coating
solution in MNs. Choi et al. employed XG (0.075% w/v) as
a thickening agent in combination with a trehalose solution to
fully prepare an MN embedding. Their findings revealed that
hemagglutinin activity significantly increased to 81% after
adding XG, whereas it was only 50-60% when using trehalose
alone.*

3.5.2 Dextran. Dextran, a complex, branched poly-
saccharide, comprises glucose units primarily connected
through alpha-1,6 glycosidic bonds and slightly by alpha-1,3
linkages. Among the many variants of dextran, B-glucan has

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4na01083c

Open Access Article. Published on 12 2025. Downloaded on 19/07/25 12:57:10.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

gained significant attention owing to its notable physiological
impacts, particularly its ability to stimulate the immune
system.®® Glucan has also been shown to exhibit excellent water
solubility, biocompatibility, biodegradability, and capacity to
form hydrogels. Liang et al. developed dextran-containing
hydrogels for MNs which showed no cytotoxicity and high
mechanical strength. Their findings also implied that dextran
methacrylate (DexMA) could be crosslinked further with other
polymers to form hydrogels with enhanced strength, such as
methyl acryloyl gelatin.*®

4 Molecular immunology of
polysaccharides

Different polysaccharides exert diverse immunoregulatory
effects in immunomodulation through specific receptors and
signalling pathways. Low-molecular-weight hyaluronic acid
(HA, <500 kDa) and its fragments (<10 kDa) can activate
receptors such as TLR2/4 and CD44-RHAMM complexes, trigger
the MyD88/NF-kB signalling pathway, induce the release of pro-
inflammatory factors and exacerbate inflammation;*””° their
immunological effects have molecular weight and modification
specificity: unmodified HA has no significant effect on mono-
cyte activation, while N-acetylated or butylated HA enhances the
pro-inflammatory response through TLR4 activation, and
sulfated HA exhibits immunoregulatory properties.”” In
addition, the interaction between HA and CD44 also mediates
macrophage migration, polarization (M1/M2 phenotypic
conversion), and the maturation and antigen presentation of
dendritic cells (DCs).”>””

After chitosan is taken up by immune cells through phago-
cytosis, it activates the cGAS-STING pathway: mitochondrial
ROS induces dsDNA release, which triggers I-type IFN produc-
tion through the STING-TBK1/IKK signalling axis and promotes
Thi-type immune responses;’** compared with alum, it not
only induces Th17-related IL-23 secretion but also synergisti-
cally activates TLR9 with CpG, significantly promoting IL-12
secretion to enhance Th1l polarization, demonstrating its
advantage as a vaccine adjuvant.®*

Chondroitin Sulfate (CS), as a negatively charged glycos-
aminoglycan, regulates immune function through differential
modifications at sulfated sites and molecular conformation: it
inhibits NF-kB nuclear translocation by binding to TLR4, blocks
the LPS/CD44 signalling pathway, and reduces the release of
pro-inflammatory factors such as TNF-a, IL-1f3, and IL-6, while
N-deacetylated derivatives (CSA) activate NF-kB to promote
inflammation;**®® in dendritic cells (DCs), CS inhibits Th1/
Th17 differentiation through a TLR4-dependent mechanism,
and the CSA subtype affects T cell polarization by regulating IL-
12 and IFN-y secretion. CS also has molecular weight specificity
(only CSE is effective) in inhibiting the excessive activation of
DCs through the RPTPo receptor, thereby maintaining immune
homeostasis.*

The immunomodulatory function of Bacillus subtilis poly-
saccharide (BSP) is related to its molecular weight and glycosidic
bond structure. It induces the proliferation of splenocytes
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through the TLR2/MyD88 signalling axis and restores the thymus
index in the cyclophosphamide-induced immunosuppression
model, demonstrating multi-target biological activity.****

5 Preparation technology of
polysaccharide microneedles

Polysaccharide-based microneedle (MN) technology has shown
significant potential in drug delivery systems for the treatment
of skin diseases, owing to its versatility and customizability.
Importantly, mastering the manufacturing processes of this
advanced technology is critical for optimizing its performance
and expanding its clinical applications. In this section, we
review key MN fabrication methods, focusing on their unique
characteristics and their impact on MN functionality.

Specifically, we will discuss various MN preparation tech-
niques, including micromolding, atomized spray droplet
blowing, and 3D printing (Fig. 4). Each of these methods offers
distinct advantages and limitations in terms of mechanical
strength, drug-loading capacity, and scalability. By analyzing
these fabrication techniques, this review aims to provide valu-
able insights into their practical applications and clinical rele-
vance, thereby laying a foundation for future research and
broader implementation of MN technologies in the treatment of
skin diseases. (Table 4 provides an overview of microneedle
fabrication techniques and their resulting types.)

5.1 Microfabrication

Microfabrication, which involves MN structure design, template
preparation, material injection, template removal, and post-
processing steps, is the primary manufacturing strategy for
polysaccharide-based microneedles (MNs) (Fig. 4A). The
process begins with the creation of a master mold using solid
materials such as metal or silicon, typically through micro-
milling or lithography. This master mold serves as the basis for
casting polysaccharide templates. During the casting process,
liquid prepolymers are injected into the mold cavities, with
avacuum or centrifugal force applied to ensure complete filling
and uniform distribution. Subsequently, an MN array is formed
by curing the injected material through either a drying process
or a crosslinking reaction. Finally, the cured polysaccharide
MNs are released from the mold during the demolding step.'*®

®) ®)
Material Filling ~ Forming Process Miauncedle Spray Filling Mold Forming '"'E‘;{:r“;d’“

Microfabrication \ / Spray Drying

Poly ide Mi dle Fabrication
Techniques

Liquid Jetting / \

C)

Q n o
o Ml 3 yooepiiod ] Material Application Completed
ks Microneedies

Fig. 4 Microneedle preparation technologies. (A) Microfabrication (B)
spray drying (C) liquid jetting (D) 3D printing.

3D Printing
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Table 4 Overview of microneedle fabrication techniques and their resulting types

Preparation methods Microneedle types References
Microfabrication Solid, coated, hollow, dissolving, and hydrogel 92-96
Liquid jetting Dissolving, hollow, and coated 97-99

Spray drying Dissolving, solid, and coated 100 and 101
3D printing Hydrogel, dissolving, hollow, solid, and coated 102-105

Polydimethylsiloxane (PDMS) 1is frequently used as
a template material in micromolding due to its low adhesion to
cured materials, excellent thermal stability, and flexibility.
These properties make PDMS particularly suitable for high-
viscosity polysaccharides, ensuring precise replication of the
MN structure. However, a notable limitation of this method is
the requirement for vacuum circulation during several steps,
which is necessary to remove air bubbles and ensure proper
micro-injection molding. This additional complexity may
increase the overall manufacturing time and cost.

Micromolding remains a widely used technique due to its
high precision and adaptability to various polysaccharide
materials. However, further optimization of the process,
particularly in reducing the reliance on vacuum systems, could
enhance its scalability and cost-effectiveness for large-scale
production.

5.2 Spray drying

Spray drying is a manufacturing process that involves atomizing
liquid polymers into microscale droplets. This process begins
with the application of force to the liquid polymer, typically
through ultrasonic atomization, which generates fine droplets.
These droplets are then directed through an air nozzle to form
microscale molds (Fig. 4B). The droplets subsequently undergo
multiple drying stages, leading to polymer solidification and the
formation of a microneedle (MN) array."®”

One of the key advantages of atomization spraying is its
ability to eliminate the need for centrifugal or vacuum steps,
which are commonly required in traditional micromolding
processes. By doing so, this method addresses several limita-
tions of micromolding, such as the challenges associated with
high-viscosity materials, and enables scalable mass production.
Additionally, atomization spraying ensures complete mold
filling, regardless of changes in material viscosity, making it
particularly suitable for temperature-sensitive, high-viscosity, or
high-concentration polysaccharide materials.

Despite these advantages, atomization spraying is not
without its drawbacks. Sterilization remain a significant
concern, as the process may introduce risks of contamination or
cross-contamination during the handling and reuse of thera-
peutic materials. Furthermore, ensuring the safety and consis-
tency of the final product requires careful optimization of the
manufacturing process.

5.3 Liquid jetting

Liquid jetting is an innovative approach for the fabrication of
polysaccharide-based microneedles (MNs). This method offers
significant advantages, including moderate temperature

3638 | Nanoscale Adv, 2025, 7, 3631-3654

conditions (4-25 °C) and rapid manufacturing times (=10 min),
which minimize drug loss and preserve the integrity of heat-
sensitive materials.'®

The fabrication process begins with the precise deposition of
polysaccharide solution droplets onto a flat substrate. A second
substrate is then placed on top of the droplet array, and the
height of the MNs can be precisely controlled by adjusting the
upward movement of the second substrate. Directional airflow
is subsequently applied to thin and solidify the droplets into the
desired MN structures. Finally, the two substrates are separated,
yielding MN arrays on both sides (Fig. 4C).

This method is particularly advantageous for its compati-
bility with high-viscosity polysaccharide solutions and its suit-
ability for materials sensitive to heat. The ability to precisely
control MN height allows for the customization of MN proper-
ties, such as the penetration depth and drug-loading capacity,
making it a versatile and efficient fabrication technique. Over-
all, droplet blowing provides a mild and scalable approach for
the rapid production of polysaccharide MNs, with potential
applications in drug delivery systems for heat-sensitive and
high-viscosity formulations.

5.4 3D printing

In 3D printing (Fig. 4D), objects are constructed by sequentially
adding materials layer by layer to a Computer-Aided Design
(CAD) model. This advanced technique enables the creation of
complex structures with exceptional precision and design flex-
ibility. Moreover, 3D printing exhibits excellent load-bearing
capacity, making it particularly suitable for the customization of
pharmaceuticals and medical devices. By addressing several
limitations of traditional dosage forms, 3D printing provides
a versatile platform for innovative drug delivery systems and
medical applications.

Various 3D printing technologies have been developed,
including Fused Deposition Modeling (FDM), Two-Photon
Polymerization (2PP), Stereolithography (SLA), Digital Light
Processing (DLP), and Continuous Liquid Interface Production
(CLIP). Each of these techniques offers unique advantages: for
example, FDM is widely used for its cost-effectiveness and
material versatility, while 2PP provides nanoscale resolution
suitable for intricate biomedical structures. SLA and DLP are
known for their high precision and smooth surface finishes,
whereas CLIP enables rapid, continuous production of complex
geometries. Despite these advancements, the range of materials
currently compatible with 3D printing remains relatively
limited, particularly for polysaccharide-based systems. This
limitation poses challenges for the broader application of 3D
printing in polysaccharide microneedle (MN) fabrication.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Nevertheless, ongoing research and technological advance-
ments are expected to expand the range of polysaccharide
materials suitable for 3D printing. Such developments will
likely enhance the adaptability of 3D printing for MN-based
drug delivery systems, enabling the production of more
sophisticated and functional biomedical devices with tailored
properties.'*®

The successful implementation of the aforementioned
preparation methods for polysaccharide-based microneedles
largely depends on the type and properties of the hydrogel. As
the primary material of microneedles, hydrogels not only
determine the mechanical strength and drug-loading capacity
of the microneedles but also influence their molding precision
and biocompatibility. In particular, the application of liquid
hydrogels in micromolding, spray-coating, and blow-spinning
methods can significantly simplify the fabrication process and
improve the production efficiency. Therefore, an in-depth
investigation into hydrogel preparation methods, especially
chemical crosslinking and physical crosslinking techniques, is
of great significance for optimizing microneedle performance
and advancing their clinical applications. The following
sections will provide a detailed overview of the preparation
methods for polysaccharide-based hydrogels.

Chemical crosslinking involves the formation of covalent
bonds between polysaccharide molecules through the intro-
duction of crosslinking agents or chemical reactions, thereby
producing hydrogels with a three-dimensional network struc-
ture. Commonly used crosslinking agents include glutaralde-
hyde, epoxy compounds, and multifunctional carboxylic acids.
For instance, chitosan and gelatin-sodium alginate can form
stable hydrogels under the action of crosslinking agents.'**'**
The advantage of this method lies in its ability to precisely
control the mechanical properties and degradation rate of the
hydrogel by adjusting the concentration of the crosslinking
agent and reaction conditions. However, chemical crosslinking
may introduce residual crosslinking agents or by-products,
necessitating strict optimization of reaction conditions to
ensure biological safety.

Physical crosslinking is a strategy for constructing hydrogel
networks through non-covalent interactions, which has garnered
significant attention in the biomedical field due to its mild
preparation conditions and dynamic reversibility. For instance,
natural polysaccharides such as chitosan and Bletilla striata
polysaccharide, which are rich in functional groups, can form
hydrogels through various physical crosslinking mechanisms,
including hydrogen bonding and metal coordination.'*>'?
Unlike chemical crosslinking, physical crosslinking does not
require the use of chemical crosslinking agents, thereby avoiding
potential toxicity issues while endowing hydrogels with excellent
biocompatibility and dynamic self-healing capabilities.

6 Factors affecting the performance
of polysaccharide MNs

The essence of microneedle (MN) technology lies in its micro-
scale needle structures, which enable the penetration of the
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skin's stratum corneum while avoiding contact with nociceptive
nerve endings. This unique feature facilitates painless drug
delivery, making MNs an attractive alternative to conventional
transdermal and injectable drug delivery systems. The stratum
corneum, as the outermost layer of the skin, serves as a primary
barrier to drug penetration, and the ability of MNs to bypass
this barrier without causing pain is a key advantage of this
technology.

The design of polysaccharide MNs is critically influenced by
several factors, including needle size, shape, density, and
arrangement. These parameters directly affect the penetration
efficiency, drug loading capacity, and overall patient comfort.
For instance, needle length and tip sharpness determine the
depth of penetration, while needle density and arrangement
influence the drug distribution and release profiles. Addition-
ally, the mechanical strength of the MNs must be sufficient to
ensure successful skin penetration without breakage, particu-
larly for polysaccharide-based systems.

This section will comprehensively review these design
factors, focusing on their impact on MN performance and
patient experience. By understanding the interplay between
these parameters, we aim to provide insights into optimizing
polysaccharide MNs for enhanced drug delivery efficiency and
clinical applicability.

6.1 Size

The length of microneedles (MNs) typically ranges from tens to
hundreds of microns. To achieve effective skin penetration, the
length must be sufficient to bypass the stratum corneum, the
outermost barrier of the skin, without reaching the nociceptive
nerve endings in the dermis. Based on current studies, an
optimal MN length is approximately 1000 microns, as this
ensures adequate penetration while minimizing the risk of pain
or nerve damage."**

In addition to length, the diameter of MNs plays a critical
role in determining their mechanical strength and drug-loading
capacity. Smaller-diameter MNs are advantageous for easier
skin penetration due to reduced resistance; however, they
exhibit lower structural strength and are more prone to
breakage during insertion. Conversely, larger-diameter MNs
offer greater mechanical stability and higher drug-loading
capacity but may face challenges in penetrating the skin effec-
tively. Therefore, the diameter of MNs should be carefully
designed within a range of tens to hundreds of micrometers to
balance penetration efficiency, mechanical integrity, and drug
delivery performance.

6.2 Shape

The geometry of microneedles (MNs) plays a critical role in
determining their penetration efficiency, drug-loading capacity,
and mechanical stability. Due to its concentrated tip, a tapered
MN design facilitates easier skin penetration by reducing skin
resistance. In contrast, square or prism-like MN shapes provide
a larger surface area, which enhances the drug-loading capacity
and allows for more efficient drug delivery. These differences
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highlight the importance of tailoring MN geometry to specific
applications.

Additionally, MNs with hook or barb-like designs offer
unique advantages by anchoring the needles more securely in
the skin, thereby preventing slippage during drug delivery. This
feature is particularly beneficial for applications requiring
prolonged skin contact or sustained drug release.

In vitro evaluations of the penetration properties of various
MN array types, conducted using CT imaging, have provided
further insights into the relationship between the MN geometry
and mechanical performance. When MNs of the same diameter
and length were tested, it was observed that increasing the
number of vertices in the needle design improved their
mechanical properties. This finding suggests that more
complex geometries can enhance the structural integrity of
MNs, making them more resistant to deformation or breakage
during insertion."®

6.3 Density

The density of microneedles (MNs), defined as the number of
needles per square centimeter, is a critical factor influencing
their performance and applicability. A high-density MN array
offers the advantage of delivering larger quantities of drugs
within a confined area, thereby improving the drug delivery
efficiency. However, this design may also exert greater pressure
on the skin, potentially leading to increased irritation or
discomfort for the patient. This trade-off highlights the need for
careful optimization of MN density to balance drug delivery
efficiency and patient comfort.

The choice of polysaccharide materials for MN fabrication is
particularly important, as these materials directly influence the
mechanical properties, thickness, and density of the needles.
Polysaccharides with higher mechanical strength and flexibility
enable the production of thinner and denser MN arrays, which
can enhance the drug delivery efficiency while maintaining
structural integrity. Therefore, material selection plays a pivotal
role in optimizing MN design for specific therapeutic
applications.™®

6.4 Rules

Microneedles (MNs) are often arranged in a matrix pattern,
which facilitates even pressure distribution and ensures effec-
tive skin penetration by each needle. This arrangement is
particularly advantageous for achieving uniform drug delivery.
However, in some designs, MNs are arranged randomly to
mimic the disordered structures found in natural biological
systems. Such random arrangements may reduce the skin's
adaptive responses, such as inflammation or barrier reinforce-
ment, thereby enhancing drug delivery efficiency."”**

The size, shape, density, and arrangement of MNs are
interdependent parameters that require careful optimization to
achieve optimal performance (Fig. 5). For instance, larger MN
arrays with a lower needle density can minimize skin damage,
reduce patient discomfort, and promote more uniform drug
delivery. Proper spacing between larger MNs is also critical to
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Fig. 5 Relationship between the factors that influence the perfor-
mance of MNs.

prevent stress concentration, which could otherwise compro-
mise the structural integrity of the skin and the MN array.

The morphology and density of MN arrays are equally
important, as they directly influence the stability of the needles
and their drug delivery capabilities. Different MN shapes within
specific arrangements can significantly affect the drug pene-
tration depth and release profiles. For example, tapered MNs
may enhance the penetration efficiency, while barbed designs
can improve retention within the skin. High-density MN arrays,
on the other hand, require specialized configurations to ensure
force equilibrium during insertion and to achieve uniform drug
release.

Therefore, to regulate the overall performance and efficacy of
MNs, the size, shape, density, and arrangement must be care-
fully evaluated and tailored to the intended application. Addi-
tionally, the choice of materials used for MN fabrication plays
a crucial role in determining these parameters, further
emphasizing the need for a holistic approach to MN design.

7 Application of polysaccharide MNs
in skin disease treatment

Hyaluronic acid (HA), a key component of the extracellular
matrix (ECM), is highly abundant in both the epidermis and
dermis, accounting for approximately 50% of the total HA in the
body." In the dermis, HA plays a critical role in regulating
water balance, osmotic pressure, and ionic currents, thereby
reinforcing the structural integrity of the extracellular domain.
Furthermore, HA contributes to skin stability through electro-
static interactions, which help maintain the cohesion of dermal
components and enhance the mechanical properties of the
Skin.120,121

In the epidermis, HA's remarkable water-binding capacity
and swelling properties help preserve the skin's organizational
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Fig. 6 Application of polysaccharide microneedles
different skin diseases.

in treating

structure and mitigate wrinkle formation, contributing to
improved skin elasticity and hydration."”>*** These physiolog-
ical properties not only support the maintenance of healthy skin
but also enhance the therapeutic efficacy of treatments target-
ing skin disorders.

Beyond its role in maintaining skin physiology, HA's suit-
ability as a polysaccharide material for microneedle (MN)
fabrication lies in its excellent drug delivery properties. The
biocompatibility, hydrophilicity, and ability to encapsulate and
release therapeutic agents make HA-based polysaccharide MNs
particularly effective for treating a range of skin conditions. For
instance, polysaccharide MNs have demonstrated potential for
delivering drugs to manage psoriasis, atopic dermatitis, and
hyperplastic scars, among other skin diseases (Fig. 6). These
advantages highlight the versatility of polysaccharide-based
MNs in both maintaining skin health and addressing complex
dermatological conditions.

7.1 Atopic dermatitis

Atopic dermatitis (AD) is a common chronic inflammatory skin
disorder characterized by intense itching and significant
discomfort. Its pathogenesis is complex and multifactorial,
involving hereditary factors, immune system dysfunction,
environmental triggers, and skin infections, among other
contributors.”* AD often manifests as red, inflamed, and scaly
skin, accompanied by severe itching, which can significantly
impact patients' quality of life.

Hyaluronic acid (HA), a naturally occurring polysaccharide,
rapidly dissolves and exhibits excellent moisturizing properties.
It strengthens the skin barrier, reduces water loss, and alleviates
dryness, making it a promising therapeutic agent for AD. Song
et al. developed HA-based double microneedle (MN) patches
using a two-step manufacturing process, enabling the incor-
poration of vitamin D3 (VD3) for AD treatment. The HA in these
patches not only provided sufficient mechanical strength for
minimally invasive penetration into AD-affected skin but also
delivered potent moisturizing effects upon rapid dissolution.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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To evaluate the therapeutic efficacy of the integrated drug
delivery microneedle (IDMN) patch, BALB/c mice were
randomly divided into four groups: a control group receiving
saline, a VD3 treatment group receiving VD3, an MN group
using empty IDMN, and an IDMN group receiving VD3 through
IDMN. Treatments were administered every three days for
a total of four sessions. In a previous study, control mice
exhibited severe erythema (redness), desquamation (skin
peeling), and lichenification (thickened, leathery skin), which
are hallmark symptoms of AD. The VD3 group showed limited
local drug efficacy in alleviating these symptoms. In contrast,
the MN group demonstrated significant improvement, with the
mouse skin appearing nearly normal after 12 days, showing
minimal erythema, desquamation, and lichenification.** These
therapeutic effects were attributed to HA's moisturizing prop-
erties, which enhanced skin hydration and repair. Furthermore,
the HA in the drug delivery system provided protection and
facilitated the rapid release of therapeutic agents, contributing
to the effective treatment of AD.

Chen et al. further advanced this approach by developing
a double-layer microneedle patch composed of “poly(lactic-co-
glycolic acid) (PLGA)/sodium hyaluronate (HA)” for AD treat-
ment. This innovative design featured curcumin (CUR)-loaded
PLGA tips, while the base layer incorporated gallic acid (GA)
stabilized with r-ascorbic acid (AA) in an HA matrix. The HA in
the base layer protected GA from degradation and dissolved
rapidly in interstitial fluid upon skin insertion, triggering the
release of GA within 5 minutes.

To investigate the therapeutic effects of HA microneedles on
AD skin lesions, Nc¢/Nga mice were divided into four groups:
a healthy group (without DNCB exposure), an AD group (DNCB
untreated, repeat application), a CUR MN group (CUR-loaded
MN treatment), and a CUR/GA MN group (CUR/GA-loaded MN
treatment). DNCB was repeatedly applied locally to induce
significant lesions and stabilize AD symptoms on the mice's
back skin. Images of dorsal skin lesions were analyzed to eval-
uate the therapeutic effects of the MN patches, and dermatitis
scores were calculated. After two weeks of DNCB induction on
day 0, the average dermatitis scores in all DNCB-exposed mice
increased to approximately 4.5, indicating severe AD symptoms.
Treatment with CUR/GA MN patches demonstrated significant
therapeutic advantages, particularly in rapidly controlling AD
severity. Within two days, mice treated with CUR/GA MN
patches showed lower dermatitis scores compared to those
treated with CUR MN patches alone, suggesting that CUR/GA
MN patches can effectively and quickly alleviate AD
symptoms.**

7.2 Wound healing

Wound healing is a complex process modulated by multiple
factors that contribute to the formation of scars. Achieving
global wound healing remains challenging, imposing signifi-
cant economic pressure on healthcare systems. Chitosan (CS),
a natural alkaline polysaccharide derived from arthropod
chitin, has been extensively investigated due to its excellent
biocompatibility and antimicrobial properties. CS functions as
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a positively charged polyelectrolyte in aqueous solutions, with
high adsorption capacity. It can penetrate negatively charged
bacterial cell walls owing to its positive charge, leading to
intracellular liquid leakage and bacterial death. Consequently,
CS has broad applications in the production of microneedles
and other advanced composite materials for skin wound
healing."”

Hasnain et al. developed a chitosan/polyvinyl alcohol (CS/
PVA) hydrogel microneedle patch loaded with curcumin (CUR)
and r-arginine (ARG) (CUR-ARG MNs)."””® CUR, a natural poly-
phenolic compound with strong antioxidant, anti-inflamma-
tory, and antimicrobial properties, has been recognized as an
innovative agent for wound healing. Studies have shown that
CUR alleviates wound inflammation by scavenging reactive
oxygen species (ROS) and reducing oxidative stress through
both enzymatic and non-enzymatic mechanisms. Additionally,
CUR promotes the transition of wound healing from the
inflammatory phase to the proliferative phase, characterized by
accelerated angiogenesis, enhanced collagen deposition, faster
re-epithelialization, and earlier tissue formation. Topical
application of CUR is particularly effective for skin wound
repair, as it allows the drug to directly target the injured site.
However, the instability of CUR in the aqueous microenviron-
ment of the skin and its limited cellular uptake pose challenges
for its localized delivery. To address these issues, advanced drug
delivery systems have been developed to improve the stability,
solubility, and sustained release of CUR at wound sites. For
instance, CUR-loaded nanocomposite hydrogels based on chi-
tosan (CS) and oxidized alginate have been shown to signifi-
cantly enhance its wound-healing efficacy.

In Hasnain et al.’s study, CUR and ARG were successfully
incorporated into CS/PVA hydrogel microneedle patches to
enhance their therapeutic potential. ARG, an amino acid with
wound-healing and antimicrobial properties, complements the
effects of CUR. The study found that when CS was used alone,
its insufficient mechanical strength caused structural and
morphological changes during the healing process, limiting its
antibacterial activity and restricting its clinical applications.
However, the hydroxyl and amino groups on the surface of CS
enable convenient chemical modifications. Both theoretical
and experimental studies have demonstrated that introducing
amino acid moieties, such as r-arginine, r-asparagine, or r-
lysine, into CS significantly broadens its range of applications.
Experimental findings further revealed that incorporating CUR
into microneedle patches promotes tissue regeneration and
collagen deposition, thereby substantially accelerating wound
healing rates.

Chitosan (CS), derived from arthropod chitin, functions as
a positively charged polyelectrolyte in aqueous solutions under
acidic conditions, specifically at pH levels below its pK, (typi-
cally around 6.5). In such environments, chitosan exhibits
strong adsorption properties. Its positive charge enables it to
penetrate the negatively charged bacterial cell walls, leading to
intracellular fluid leakage, ultimately causing bacterial cell
death. Due to these properties, chitosan has been widely
utilized in the fabrication of microneedles. Yu et al. developed
a microneedle array patch using electrostatic and hydrogen

3642 | Nanoscale Adv., 2025, 7, 3631-3654

View Article Online

Review

bond interactions between Kangfuxin (KFX), CS, and a mixture
of fucoidan glue (FD) to accelerate full-thickness wound heal-
ing."® It was observed that the KFX-MN patch exhibited good
biocompatibility and antibacterial properties while also
promoting epithelial reshaping, which enhanced full-thickness
wound healing in rats.

7.3 Hyperplastic scar

Scar formation is initiated by abnormal chronic inflammation
in the wound area, primarily driven by excessive fibroblast
proliferation and abnormal collagen deposition. This process
involves numerous signaling molecules, including growth
factors, cytokines, and chemokines, which collectively
contribute to the dysregulated wound healing response. Addi-
tionally, scar formation is influenced by various intrinsic and
extrinsic factors, such as race, gender, age, wound tension,
location, and mode of injury. These factors interact in complex
ways, contributing to the heterogeneity and variability observed
in scar formation.™’

Polysaccharides derived from Bletilla Striata (BSP) have
garnered significant attention due to their excellent biocom-
patibility, cost-effectiveness, and multifunctional therapeutic
properties, including wound healing, hemostasis, anti-inflam-
matory, antioxidant, and antibacterial effects. Notably, BSP has
been shown to reduce hydroxyproline (HYP) production, a key
marker of collagen deposition. Zhang et al. developed a micro-
needle patch combining carboxymethyl chitosan (CMCH) with
BSP for the synergistic treatment of hypertrophic scars. CMCH
exhibits superior water solubility, biodegradability, and non-
immunogenicity, making it an ideal material for biomedical
applications. Furthermore, CMCH has been demonstrated to
inhibit the expression of transforming growth factor-B1 (TGF-
B1) in hypertrophic scar fibroblasts (HSFs), a critical pathway in
scar formation.

The BSP-CMCH microneedle patch has shown promising
potential for wound healing and scar management. Studies
have revealed that the patch consists of uniformly structured
needles with sufficient mechanical strength for effective skin
penetration, rapid dissolution, and minimal cytotoxicity.
Importantly, this microneedle system has demonstrated
significant therapeutic effects, including reducing hypertrophic
scar thickness, lowering HYP and TGF-B1 expression levels in
the scar tissue, enhancing collagen fiber alignment, and mini-
mizing dermal hyperemia and hyperplasia. These findings
underscore the potential of BSP and CMCH as effective mate-
rials for the treatment of hypertrophic scars, offering a novel
and efficient approach to scar management."**

7.4 Skin tumors

Superficial skin tumors (SSTs) are among the most common
human tumors and are primarily categorized into hemangioma,
actinic keratosis, and squamous cell carcinoma. These tumors
are caused by excessive skin cell proliferation and genetic
mutations, with their development influenced by both envi-
ronmental and genetic factors."*>*** Effective treatment strate-
gies for SSTs often require localized and sustained drug delivery
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systems to minimize systemic toxicity and enhance therapeutic
efficacy.

Dextran (Dex), a natural polysaccharide, has been widely
utilized in the biomedical field due to its excellent biocompat-
ibility and safety profile. Recent research on modified glucans,
such as oxidized glucan, carboxymethyl dextran, acetal-modi-
fied glucan, and methacrylated dextran (DexMA), has demon-
strated their potential in fabricating biocompatible and
mechanically stable light-crosslinked hydrogels. Huang et al.
synthesized a novel DexMA with a 5% higher degree of substi-
tution (DS) compared to previously reported formulations. This
modification enabled the formation of a denser crosslinked
network, significantly enhancing the hydrogel's mechanical
strength and stability. Characterization of the 30% DexMA
hydrogel revealed its low viscosity, optimal mechanical prop-
erties, and excellent biosafety, making it a suitable material for
biomedical applications.

Using this hydrogel, insoluble microneedles were success-
fully fabricated. The higher DS of DexMA improved the micro-
needles’ mechanical strength, penetration efficiency, and drug
release performance. These microneedles demonstrated suffi-
cient mechanical durability to achieve sustained release of
small-molecule drugs at a delivery depth exceeding 600
microns. Furthermore, microneedles loaded with doxorubicin
(DOX) and trastuzumab (Tra) exhibited significant synergistic
effects in tumor treatment. The combination of DOX and Tra
likely enhances therapeutic efficacy by targeting distinct path-
ways involved in tumor progression, thereby improving the
overall treatment outcomes. This research highlights the
potential of DexMA-based microneedles as a safe and effective
local drug delivery strategy for the treatment of SSTs. The
findings underscore the importance of material modifications,
such as increasing DS, in optimizing microneedle performance
and advancing localized cancer therapies.™*

7.5 Psoriasis

Psoriasis is a chronic inflammatory disease characterized by the
formation of erythematous plaques on the skin, often accom-
panied by scaling and inflammation. This condition is primarily
caused by excessive proliferation and disordered growth of
keratinocytes, lymphocytic infiltration into the dermal layer,
and the expansion of dermal blood vessels. In addition to skin
manifestations, psoriasis can induce pathological changes in
nails (e.g., pitting and onycholysis) and joints (e.g., psoriatic
arthritis), significantly affecting patients’ quality of life.'*>*3¢

Chitosan (CS), a natural polysaccharide, has garnered
attention as an ideal drug carrier due to its excellent biocom-
patibility and biodegradability, which minimize skin irritation
and improve drug delivery efficiency. However, its low solubility
under physiological conditions and the complexity of preparing
chitosan microneedles (CS MNs) have limited its widespread
application. To address these limitations, chitosan was modi-
fied with methacrylic anhydride (MA), resulting in a methyl
propylene acyl chitosan hydrogel (CSMA), which exhibits
improved solubility and enhanced potential for psoriasis
treatment.
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Dai and colleagues successfully developed microneedle
patches using CSMA hydrogels (CSMA hMNs) to deliver thera-
peutic agents, including methotrexate (MTX) and niacinamide
(NIC), for the treatment of psoriasis. These CSMA hMN patches
demonstrated excellent morphology and mechanical strength,
withstanding a force of 0.7 N, ensuring effective skin penetra-
tion. In vitro studies revealed that the microneedles exhibited
slow-release properties, which reduced the MTX toxicity and
dosing frequency. In vivo experiments further demonstrated
that the CSMA hMN patch effectively inhibited psoriasis-
induced skin thickening and spleen enlargement in mice while
maintaining good biological safety at therapeutic doses.

The development of CSMA hMNs highlights the potential of
modified chitosan and other biocompatible materials in
advancing hydrogel-based microneedle systems for psoriasis
management. These systems offer significant advantages,
including improved drug delivery efficiency, reduced systemic
toxicity, and enhanced patient compliance. This research
provides valuable insights into the design of innovative thera-
peutic strategies for chronic inflammatory skin diseases.™’

7.6 Other types of skin diseases

Acne vulgaris is a prevalent chronic skin disease, particularly
among adolescents, characterized by papules, pustules, and
nodules, which can cause permanent scarring in severe
cases.”®®* The combination of photothermal therapy with
dissolving microneedles and transdermal administration of
antibacterial agents exhibits a synergistic treatment effect on
acne vulgaris. Hyaluronic acid (HA) has been widely employed
as a substrate for microneedles due to its excellent biocom-
patibility, degradability, and ability to promote the healing of
acne lesions. Wang et al. developed a microneedle composed of
HA specifically aimed at treating acne vulgaris. HA, a vital
component of the dermal matrix, plays a key role in creating
micro-pores in the skin, which not only helps maintain elas-
ticity and luminosity but also enhances the healing process of
acne lesions. However, high molecular weight HA (>600 kDa)
has limited permeability in the skin, while low molecular weight
HA (approximately 5-50 kDa) is susceptible to brittle fracture
despite its favorable mechanical properties. In contrast, HA
with medium molecular weight (~100-300 kDa) has sufficient
strength, making it ideal for microneedle preparation. In this
study, a combination of low and medium molecular weight HA
was used to prepare soluble HA microneedles. This method
effectively avoided the shortcomings of single-material innova-
tion by implementing a synergistic “1 + 1 > 2” effect.

The combination of hyaluronic acid (HA) with microneedles
enhances their antibacterial and anti-inflammatory properties,
thereby improving their therapeutic potential. The in vivo anti-
acne efficacy of various microneedle formulations was evalu-
ated using a mouse acne model. The successful establishment
of the model was confirmed by the thickening and redness of
the ears in the model mice. Starting on day 8, mice in the
experimental groups were treated with different microneedle
formulations, and the healing progress, redness, and changes
in ear thickness were monitored daily until day 12. The results
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showed that mice in the model group exhibited pronounced
redness, swelling, and inflammation in their right ear, accom-
panied by increased auricle thickness. In contrast, the group
treated with Acropass, a commercially available microneedle
patch, showed only minimal improvement. Notably, the groups
treated with HA E@P-HA MNs + NIR, EO-HA MNs, and E@P-EO-
HA MNs + NIR microneedles demonstrated significant reduc-
tions in ear swelling. While the HA E@P-HA MNs + NIR and EO-
HA MN groups still exhibited some residual redness, their
therapeutic outcomes were comparable. By contrast, the E@P-
EO-HA MNs + NIR group achieved nearly complete clearance of
redness, along with a significant reduction in auricle thickness,
resulting in a near-normal appearance. These findings under-
score the strong therapeutic potential of HA-based micro-
needles in the treatment of acne vulgaris.'*’

Leishmaniasis is a serious tropical disease caused by various
species of the genus Leishmania, transmitted through the bite
of female sandflies. The typical symptom is the formation of an
ulcer at the site of the sandfly bite."** Carboxymethyl cellulose
(CMC) offers significant benefits in microneedle (MN) devel-
opment, particularly due to its low degradation rate, which
allows for controlled dissolution and drug release while
improving the mechanical strength. Building on these proper-
ties, Reza Zare and colleagues developed a soluble MN patch
using a blend of biodegradable polymers, polyvinylpyrrolidone
(PVP) and CMC, for the transdermal delivery of amphotericin B
(AmB). PVP provides robust mechanical strength, ensuring
effective skin penetration, while CMC contributes to the overall
stability and performance. Studies show that these micro-
needles can successfully puncture the stratum corneum,
enabling AmB to penetrate the skin effectively. After implanta-
tion, the microneedles rapidly dissolve, and the formed
micropores fully recover within 30 minutes. Flow cytometry
analysis demonstrated significant anti-leishmaniasis activity for
AmB-loaded microneedle patches, highlighting their potential
as a novel treatment strategy for this disease.'*

8 Clinical application progress

At present, various-scale human clinical trials have been con-
ducted on microneedle therapy in multiple skin diseases,
medical aesthetics, and special medical scenarios, and its effi-
cacy and safety have been verified in multiple fields:

In the field of skin disease treatment, Lim et al. (2024)
confirmed through a single-blind self-controlled trial that when
treating post-surgical scars with siRNA microneedle patches,
the scar volume at 30 days and 60 days was reduced by 10.7% (P
< 0.05) and 29.4% (P = 0.005), respectively, compared to the
silicone patch control group, the core mechanism being the
inhibition of excessive extracellular matrix deposition;*** for
melasma, Cassiano et al. (2022) conducted a factorial design
trial, showing that microneedles combined with triple cream or
tranexamic acid could reduce the number of melanocytes by
41% (P < 0.01) and improve the basement membrane struc-
ture."** Hofny et al. (2023) further confirmed that the efficacy of
microneedles combined with trichloroacetic acid was signifi-
cantly better than that of a single dermabrasion at 1-3 months
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(P < 0.05);** in nail psoriasis, Yew et al. (2022) found that when
treating nail psoriasis with microneedles loaded with steroid
hormones for 4 months, the improvement in the Nail Psoriasis
Severity Index (NAPSI) was continuously better than that ach-
ieved with traditional ointments (P = 0.028);'*® in acne treat-
ment, Tai et al. (2022) showed in a 28 day intervention that the
anti-acne microneedle patch could reduce the volume of skin
lesions (with a shrinkage rate of over 22% in 28 days) and
improve pigmentation deposition, and there were no adverse
events;' in vitiligo patients, Ebrahim et al. (2021) conducted
a randomized controlled trial, showing that microneedle
combined with tacrolimus ointment treatment for 6 months
achieved = 75% pigmentation improvement in 50% of patients
(vs. 29.2% in the control group, P = 0.003), and the improve-
ment was more significant in the limbs;**® in atopic dermatitis
studies, Song et al. (2023) confirmed through a side-by-side
control that the effect of hyaluronic acid microneedle patches in
repairing the epidermal barrier was significantly better than
that of non-puncture patches (P < 0.05);'* for rosacea (redness
and telangiectasia type of rosacea), Bageorgou et al. (2019)
conducted a randomized controlled trial involving 20 female
patients, with group A using 500 mg/5 mL tranexamic acid
solution for cold wet compress on the right nasolabial fold and
group B using tranexamic acid solution on microneedles fol-
lowed by wet compress (once every 15 days for a total of 4 times),
and the results showed that the average improvement score of
the Investigator Global Assessment Scale (IGA-RSS) in group B
was 3 levels higher than that of group A (2 levels, P < 0.05), and
the improvement effect lasted for more than 4 months, and all
patients were well tolerated, confirming the potential applica-
tion of microneedles combined with drugs in vascular
abnormal expansion-type skin diseases.'*

In the field of medical aesthetics, Zasada et al (2019)
compared and found that the effect of microneedles combined
with vitamin C in improving skin firmness, elasticity, and
hydration was better than that of non-puncture aesthetic
therapy;*** Choi et al. (2017) confirmed that after 8 weeks of
treatment with transparent microneedle patches, the improve-
ment of crow's feet wrinkles were better than essence liquid and
without irritation;** for skin rejuvenation, Pruettijarai et al
(2022) conducted a prospective trial using a split design (right
side - nasolabial fold microneedle patch + 1.8% hyaluronic acid
solution; left side - only microneedle patch) for 8 weeks and
found that the Merz aesthetic scale scores of both groups in the
nasolabial fold were significantly improved, with no inter-group
differences, confirming that both microneedles alone or
combined with hyaluronic acid solution can effectively improve
facial wrinkles and have good safety.'**

In special medical scenarios, such as in the treatment of skin
diseases, medical aesthetics, and special medical scenarios,
microneedle therapy has been applied in various scales of
human clinical trials, and its efficacy and safety have been
verified in multiple fields. In special medical scenarios, in the
treatment of alopecia areata, the study by Qiao et al. (2025)
included 80 patients and showed that the efficacy of micro-
needle transdermal delivery of hormones was comparable to
that of traditional injection, but the pain score was significantly
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lower (VAS: 4.00 £+ 1.17 vs. 5.28 £ 2.10, P = 0.0047);*** in the
treatment of plantar warts, Khan et al. (2023) found that the
complete remission rate of the mitomycin C microneedle group
was 76.7%, significantly higher than that of the cryotherapy
group (56.7%);"** in the field of blood glucose control, for type I
diabetes, Rini et al. (2015) found that microneedle delivery of
insulin analogues in the subcutaneous area could optimize the
pharmacokinetic characteristics and achieve more precise
meal-time blood glucose regulation. 3 days of continuous
monitoring showed stable efficacy and no serious adverse
events. The subjects’ feedback on their usage experience and
willingness reached the clinically acceptable standard,
providing a new direction for breaking through the limitations
of traditional insulin injection therapy.'**

9 Challenges and prospects of
polysaccharide microneedles
9.1 Manufacturing complexity and scalability limitations

As an emerging drug delivery system, polysaccharide micro-
needles have demonstrated clinical application potential in
ophthalmology, dermatology, and wound treatment for dia-
betes. However, their actual promotion still faces some appli-
cation bottlenecks. Firstly, the complexity of manufacturing
processes and the difficulty of large-scale production pose
challenges. This technology requires precise processing
methods such as microforming, 3D printing, or electrospinning
to strictly control the size accuracy, geometric shape, and
uniformity of drug loading of microneedles. However, the
viscoelasticity and degradation characteristics of poly-
saccharide materials may lead to a decrease in the stability of
microneedle structures, often requiring the combination of
synthetic high-molecular materials to optimize performance.
Moreover, polysaccharides derived from natural sources usually
have poor mechanical properties. To ensure they are strong
enough to penetrate the skin, they must be blended with other
polymers, nanostructures, or cross-linked.** Although this can
improve product characteristics, it significantly increases the
complexity of the process. Some advanced technologies, such as
light-curing 3D printing, can achieve high-precision processing,
but the equipment cost and energy consumption issues limit
the economic feasibility of large-scale production.

Secondly, although the adhesion properties of poly-
saccharide materials can prolong the drug release time, if the
material parameters are not precisely controlled, problems such
as premature burst release or insufficient retention of drugs in
the later stage may occur, thereby affecting the stability of
treatment effects.

Finally, the clinical safety and long-term efficacy verification
system are incomplete. Most current research results are
limited to animal experiments and in vitro model validations,
lacking systematic large-scale human clinical trial data support.
At the same time, applying microneedles may cause local tissue
irritation or secondary infection risks, especially in immuno-
suppressed patient groups, and their safety needs to be carefully
evaluated. How to establish a standardized biosafety evaluation
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system and clarify the degradation and drug metabolism
patterns of materials during long-term use remain key issues
that need to be addressed urgently.

9.2 Long-term stability and industrial production challenges

In practical clinical applications, polysaccharide microneedles
encounter several key limitations. Firstly, the issue of long-term
storage stability is the main obstacle. Polysaccharide molecules
are susceptible to environmental conditions, such as tempera-
ture, humidity, and light, which may cause structural changes.
Seasons and environments also influence the molecular weights
and structures of polysaccharides. For instance, poly-
saccharides harvested under varying climatic conditions may
exhibit structural heterogeneity, further complicating stan-
dardization." Some polysaccharides will degrade at tempera-
tures above 70 °C or under continuous light exposure, resulting
in a significant reduction in antioxidant activity; at the same
time, improper storage conditions may cause the hardness of
the microneedle body to decrease, directly affecting the effi-
ciency of skin puncture. Light-proof packaging, low-tempera-
ture (4 °C) storage, and controlled dry environments should be
adopted, and chelating agents should be added to inhibit metal
ion catalytic degradation.

Secondly, the variability in industrial production constrains
large-scale applications. The differences in molecular weight,
purity, and source of natural polysaccharide materials (such as
differences in extraction from animals and plants) directly
affect microneedles’ mechanical properties and drug-loading
efficiency. Critically, the natural polysaccharide components
exhibit significant batch-to-batch variations. The fluctuations in
their molecular weight distribution and structural characteris-
tics may lead to deviations in the reproducibility and consis-
tency of the drug release curves.””® Therefore, quality control
standards such as gel electrophoresis and mass spectrometry
analysis must be established. The complexity of the preparation
process further intensifies the challenge: the micro-moulding
method requires precise control of temperature and pressure,
3D printing has strict requirements for layer thickness accuracy,
and the uniformity of soluble microneedle coatings is easily
affected by fluctuations in solution viscosity. Improvement
directions include developing standardized processes such as
automated spraying technology.

Some polysaccharides (such as B-glucan) have specific
molecular structures that potentially induce immunogenicity
through pattern recognition receptors. Thus, they must be
systematically evaluated for their biocompatibility through in
vitro cytotoxicity tests and in vivo immune index detection.
Finally, the risk of immunogenicity needs to be strictly
controlled. Some polysaccharides (such as bacterial lipopoly-
saccharides) may trigger immune responses, while the immu-
nomodulatory effect of chitosan is affected by differences in
molecular weight and degree of deacetylation. Countermea-
sures include selecting low-immunogenic polysaccharides from
plant sources or reducing the risk by acetylation modification.
Residual cross-linking agents (such as glutaraldehyde) and
impurities such as backing materials (latex) in the preparation
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process may cause sensitization, and compliance with GMP
standards and strict regulations for the detection of heavy
metals, endotoxins, etc. in residues are required.

Moreover, the dynamic interactions between polysaccharide
carriers and the biological microenvironment (such as enzy-
matic degradation in the intestine or pH gradient changes in
tumour tissues) may destroy the drug delivery structure or lead
to loss of control over the release kinetics, directly affecting the
controllability of drug delivery. Additionally, microneedle
puncture may damage the skin barrier, increasing the risk of
pathogen invasion. Diabetic patients, due to impaired skin
barrier function, are more prone to infection. Specific assess-
ment of individual differences and local inflammatory
responses is necessary.

9.3 Clinical validation and regulatory standardization

Given the regulatory challenges of natural source poly-
saccharide microneedles, a systematic solution must be con-
structed to promote clinical application. Standardization of
quality control is the primary step. A raw material traceability
system should be established to identify geographical indica-
tions of plant or animal origin (such as the white peony poly-
saccharide from a specific origin), and components can be
identified through Fourier Transform Infrared (FTIR) spec-
troscopy, Nuclear Magnetic Resonance (NMR) spectroscopy,
and High-Performance Liquid Chromatography (HPLC). At the
same time, the repeatability of the production process should
be guaranteed. The extraction and purification of natural poly-
saccharides and the microneedle forming process need to be
optimized through experimental design and process analytical
technology (PAT), such as near-infrared spectroscopy, which
can be applied for online monitoring to control the concentra-
tion and homogeneity of the polysaccharide solution in real-
time and ensure process stability.

Clinical validation and risk control should be implemented
in stages. In the Phase I clinical trial, the local safety of a single
administration is evaluated, and skin irritation and immune
indicators such as IgE levels are monitored. In the Phase II trial,
the efficacy and dose effect of drug-loaded microneedles are
verified through clinical disease models in rats. In the Phase III
trial, multi-centre randomized controlled trials covering
different ethnic groups and skin types should be conducted.
After the drug is marketed, a drug safety surveillance system
should be established for at least 5 years to track patients’
infection and allergy occurrence rates with chronic wounds.

9.4 Methodological variability and research reproducibility

Methodological variability significantly affects the compara-
bility of research results on polysaccharide microneedles, with
the root cause being systematic errors caused by differences in
experimental design, operational procedures, and analytical
tools. The specific impacts are manifested in three aspects: first,
differences in measurement tools may lead to deviations in key
parameters, such as variations in 3D printer models or scanning
electron microscopy resolutions used by different laboratories,
which directly affect the measurement results of microneedle
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diameters and needle body strength; second, when experi-
mental conditions are not standardized, fluctuations in envi-
ronmental temperature and humidity may change the
dissolution rate or drug release curve of polysaccharide micro-
needles, resulting in a decline in the comparability of cross-
study data; third, inconsistent data analysis methods (such as
differences in linear regression and machine learning algo-
rithms) may cause deviations in result interpretation, typically
manifested as misjudgments of immunogenicity risks.

To reduce the interference of methodological variability,
a systematic standardization strategy needs to be implemented:
firstly, establish a unified experimental design framework,
formulate standardized operating procedures (SOPs), clearly
define microneedle preparation parameters (centrifugation
speed and drying time) and characterization methods (atomic
force microscopy for detecting needle body roughness), set
a reproducibility threshold according to the ICH Q2(R1)
guidelines, and establish a list of control variables to record
environmental temperature and humidity, raw material
batches, and operator qualifications to ensure data traceability.
Secondly, standardize data preprocessing methods using Z-
score normalization or range scaling to eliminate dimensional
differences (e.g., normalizing drug release rate to the 0-1
interval). Introduce prediction intervals through statistical
control methods to assess method repeatability and conduct
deviation investigations for abnormal data exceeding historical
intervals.

Finally, promote cross-platform validation collaboration,
conduct joint research by multiple laboratories to verify key
parameters (such as puncture force measurement), establish
industry-recognized reference standards, and enhance the
reproducibility of conclusions by sharing experimental data and
analysis codes through open source.
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