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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
regeneration. These attributes enable polysaccharide-based MNs to improve the local drug
concentration, reduce systemic side effects, minimize patient discomfort, and lower treatment risks,

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-
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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


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 Aibrean 2025. Downloaded on 09/06/2026 02:53:29.

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

(cc)

Nanoscale Advances

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

3636 | Nanoscale Adv., 2025, 7, 3631-3654
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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
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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.'*®
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Fig. 4 Microneedle preparation technologies. (A) Microfabrication (B)
spray drying (C) liquid jetting (D) 3D printing.
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