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Polymer surface modification constitutes a pivotal strategy for enhancing the efficacy of nanomedicine
delivery, where intentional modifications (e.g., PEGylation, hyaluronic acid coating) are designed to opti-
mize nanocarrier performance. However, conventional approaches remain constrained by the imperme-
able stratum corneum in transdermal applications. Dissolving microneedles (DMNs) circumvent this bar-
rier by creating transient microchannels, thereby offering an innovative route for cutaneous nanocarriers
administration. Nevertheless, the DMN polymeric matrix may unintentionally alter the physicochemical
attributes of loaded nanocarriers via non-covalent interactions, giving rise to a distinct “polymer modi-
fication effect” (PME) that differs from purposeful surface engineering. Such unintended interfacial phe-
nomena can modulate nanocarrier characteristics and, consequently, dictate their in vivo fate, including
release kinetics, biodistribution, clearance, cellular uptake, and other interactions with the biological sys-
tem. Herein, we review documented cases of DMN polymer-nanocarrier modifications, elucidate the un-
derlying mechanisms and implications of PME, and propose rational strategies for its precise regulation.
This conceptual framework is expected to guide the rational design of next-generation nanocarrier-loaded

DMN delivery systems.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Surface modification of nanocarriers with polymers represents
a well-established strategy to optimize drug delivery performance.
These intentional modifications significantly enhance nanocarrier
stability, prolong systemic circulation, and improve targeting ca-
pability by precisely modulating their interactions with biologi-
cal systems [1-3]. For instance, PEGylation effectively reduces op-
sonization [4], while hyaluronic acid (HA) modification enables
CD44 receptor-mediated tumor targeting [5,6]. However, these in-
tentional strategies face fundamental limitations in transdermal
applications, as they cannot independently overcome the stratum
corneum barrier, a critical obstacle preventing efficient percuta-
neous delivery of nanocarriers [7].

Dissolving microneedles (DMNs) have emerged as an innova-
tive solution to this challenge. Unlike conventional transdermal
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patches, DMNs create transient microchannels that bypass the stra-
tum corneum, enabling direct intradermal delivery of nanocarriers
[8-10]. This unique approach synergistically combines the advan-
tages of both systems: nanocarriers provide controlled drug release
and targeting specificity [11], while DMNs address the crucial pen-
etration barrier [12]. The surface modification of nanocarriers with
HA markedly improves the tumor-targeting efficacy of paclitaxel-
loaded nanocarriers by utilizing a transdermal drug delivery path-
way facilitated by DMNs [13].

However, a previously overlooked phenomenon occurs when
nanocarriers are incorporated into DMNs: the polymeric matrix
may induce additional surface modifications, a process we term
as the “polymer modification effect” (PME). Specifically, during
DMNs fabrication or dissolution, polymeric components can al-
ter nanocarrier properties (including size and surface charge)
through non-covalent interactions such as hydrogen bonding and
electrostatic adsorption. Unlike intentional surface modifications,
PME arises as an uncontrolled, unintentional consequence of
interactions between DMN materials and nanocarriers, which can
significantly impact nanocarrier characteristics and their subse-
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quent in vivo fate, including release kinetics, biodistribution, clear-
ance, cellular uptake, and other interactions with the biological
system [14]. For instance, while HA coating may be intentionally
applied for tumor targeting, unintentional interactions between
HA-nanocarriers within HA-based DMNs might impede release or
alter targeting efficiency. In addition, PME is also different from
the non-specific adsorption that occurs naturally in the biological
environment. Unlike conventional “protein corona” and “non-
specific adsorption” phenomena, PME constitutes a unique surface
modification behavior specific to DMN systems. While protein
coronas typically form through random adsorption of physiological
proteins when nanocarriers enter biological fluids [15], PME orig-
inates from deliberate interactions between the DMN polymeric
matrix and nanocarriers during fabrication and delivery processes.

While interactions between polymer and nanocarrier have been
extensively studied in systemic delivery [16], the implications
of PME in DMN systems remain poorly understood. A critical
scientific question emerges: How might PME influence the in
vivo fate of nanocarriers? Based on existing research, this per-
spective proposes a novel viewpoint: during transdermal delivery,
the interaction between DMN polymers and nanocarriers may
induce PME, consequently altering the in vivo fate of nanocarriers.
We first systematically review cases where common DMN poly-
mers independently modify nanocarriers, then elucidate potential
PME mechanisms in DMNs system, and finally discuss strategies
to manipulate PME effects, providing new insights for future
development of nanocarrier-loaded DMNs.

2. PME
2.1. Definition of PME

Nanocarriers, due to their high surface energy, typically inter-
act with and adsorb various biomolecules, such as proteins, phos-
pholipids, sugars, and nucleic acids [17,18]. These interactions often
significantly influence the behavior and fate of nanocarrier in vivo
in most cases [19]. Building upon this fundamental phenomenon,
researchers have developed surface modification strategies using
polymers to precisely control nanocarrier-bioenvironment interac-
tions, thereby endowing them with tailored functionalities such as
prolonged circulation, enhanced targeting specificity, or improved
drug release profiles [20-22].

In DMN delivery systems, polymeric materials serve as the pri-
mary matrix components for microneedle fabrication [23]. This
creates a potential scenario where nanocarriers may interact with
the surrounding polymeric materials of DMNs. We define this
phenomenon as the PME, wherein DMN polymers may be mod-
ified on nanocarrier surfaces during preparation or release pro-
cesses, consequently altering their intrinsic physicochemical prop-
erties (Fig. 1). Current evidence suggests that polymer-nanocarrier
interactions in DMN systems are predominantly mediated by
non-covalent forces, including electrostatic interactions, hydrogen
bonding, and hydrophobic effects [16].
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Fig. 1. Schematic diagram of PME.
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Therefore, this section will focus on the polymers commonly
used in DMNs and their modification effects on nanocarriers. Such
analysis is crucial for elucidating the delivery behavior of nanocar-
riers in DMN systems and optimizing their therapeutic perfor-
mance.

2.2. Common polymeric materials of DMNs for nanocarrier surface
modification

DMNs are prepared of soluble or biodegradable polymers, in-
cluding glucan, chitosan, HA, and alginate (Table S1 in Supporting
information) [24-31]. Owing to their non-toxicity, biocompatibility,
and biodegradability, these polymers demonstrate crucial function-
alities in DMNs applications [32,33]. Notably, these polymers are
also commonly employed for surface modification of nanocarriers
to enhance their delivery performance.

Intriguingly, multiple experimental studies have observed that
when these polymers served as the DMN matrix, they could in-
duce alterations in the physicochemical properties of the loaded
nanocarriers. For instance, Liu et al. reported that when methoxy
poly(ethylene glycol) (mPEG)-poly(lactic acid) (PLA) nanomicelles
were loaded into HA-based DMNs, HA could interact with mPEG-
PLA, leading to an increase in particle size from 26.88nm to
35.70nm and a shift in zeta potential from —9.22mV to -23.9 mV
[34]. Similarly, Chen et al. developed C/I-Mil@MNs and found that
after dissolution of HA-based DMNSs, the particle size of C/I-Mil in-
creased to approximately 90 nm, while the zeta potential changed
from +6.30mV to —8.34mV [35]. Furthermore, Yang et al. fabri-
cated ICG-NP MNs and demonstrated that the negatively charged
HA in DMNs could adsorb onto the positively charged ICG-NPs via
electrostatic interactions, resulting in increased nanoparticle size
and enhanced accumulation of ICG-NPs at the microneedle tips
[36].

2.2.1. Glucan

Glucan is a neutral polysaccharide composed of glucose units
associated with o—1,6 and @—1,3 bonds and is synthesized by bac-
teria from sucrose [37]. It offers several physicochemical advan-
tages, including excellent water solubility, resistance to nonspecific
protein adsorption on its surface, and ease of chemical derivatiza-
tion, making it a suitable material for DMN drug delivery [38].

Owing to these favorable characteristics, glucan has been em-
ployed in surface modification of nanocarriers to confer specific
functionalities. For instance, Ma et al. demonstrated that glucan-
coated PLA nanoparticles exhibited significantly reduced interac-
tions with bovine serum albumin (BSA), where the glucan surface
coating provided steric hindrance protection that effectively pre-
vented nonspecific protein interactions [39].

Based on the above experimental evidence, we hypothesize that
when glucan serves as the matrix material in DMNs for nanocarrier
loading, its hydrophilic nature and steric effects may exert com-
plex influences on nanocarrier behavior. On one hand, the high-
water solubility of glucan can accelerate microneedle dissolution,
thereby promoting rapid nanocarrier release. On the other hand,
physical entanglement or hydrogen bonding between glucan and
nanocarriers might potentially hinder nanocarrier diffusion. It is
further speculated that when nanocarriers are encapsulated into
glucan-related DMNs, the interaction between glucan and nanocar-
riers promotes lymphatic drainage, facilitates dendritic cell uptake,
enhances dendritic cell maturation, and supports antigen cross-
presentation after nanoparticle administration, thereby inducing a
robust cell-mediated immune response [40].

2.2.2. Chitosan
Chitosan is a partly deacetylated cationic polymer of N-
acetyl glucosamine derived from chitin (2-acetamido-2-deoxy-1,4-



Y. Wu, H. leong, W. Wang et al.

D-glucan). It is a natural water-soluble derivative of chitin with
unique characteristics [32]. Due to the abundant amounts of amino
groups in its chain, chitosan carries a positive charge [41]. This
cationic nature has strong electrostatic interactions with negatively
charged components of the mucus, including sialic acids, as well as
with the epithelial surface [42,43]. Consequently, chitosan can be
electrostatically bound to negatively charged nanocarriers for sur-
face modification.

Experimental evidence indicates that Malabanan et al. success-
fully coated chitosan onto HPIONP nanocarriers through electro-
static interactions, resulting in a significant increase in particle size
and improved stability of the nanocarriers [44]. Similarly, Badran
et al. modified 5-fluorouracil (5-FU)-loaded nanocarriers with chi-
tosan, demonstrating that this modification substantially improved
drug release and enhanced the anticancer efficacy of 5-FU [45].

Based on these findings, we hypothesize that when chitosan
serves as the DMNs polymer matrix for nanocarrier loading, its
electrostatic properties may introduce new challenges: the interac-
tions between chitosan and nanocarriers could hinder the efficient
release of nanocarriers from DMNs, potentially compromising drug
delivery efficiency. It is further speculated that when nanocarri-
ers are encapsulated within chitosan-related DMNs, the interaction
between chitosan and nanocarriers can enhance both the stability
of nanocarriers and their mucoadhesive properties, ultimately im-
proving the oral bioavailability of drug-loaded nanocarriers [46].

2.2.3. HA

HA is a linear macromolecular anionic polysaccharide composed
of repeating pieces of D-glucuronic acid with N-acetylglucosamine,
which are linked by B-(1-3) bonds [25,47]. HA is a natural com-
ponent of the skin [48]. Its excellent biocompatibility, biodegrad-
ability, and high viscoelasticity make it a promising material for
the development of DMNs. Under physiological conditions (pK; ~
3-4), the carboxyl groups of HA dissociate, rendering it negatively
charged [49]. This property enables electrostatic interactions with
positively charged nanocarriers. Researchers have utilized this
property for surface modification of nanocarriers. For instance,
Essam et al utilized electrostatic interactions to coat HA onto
simvastatin (SIM)-loaded zeolitic imidazolate framework-8 (ZIF-8)
nanoparticles (SIM/ZIF-8).

It is noteworthy that the HA receptor CD44 has been confirmed
to be overexpressed in various tumor cells [50]. Therefore, surface
modification with HA may confer tumor-targeting capability to
nanocarriers. Experimental studies have demonstrated this effect.
For instance, Jiang et al. demonstrated that HA-coated hollow
Prussian blue nanoparticles exhibited enhanced colloidal stability,
prolonged circulation time, and specific targeting ability toward
CD44-overexpressing HeLa cells [51].

Based on the above experimental evidence, we hypothesize
that these properties of HA may introduce challenges in DMN
delivery systems: HA could potentially adsorb onto nanocarriers
via electrostatic interactions during the delivery process, thereby
altering nanocarrier physical properties and in vivo behavior. It
is further speculated that when nanocarriers are encapsulated
into HA-related DMNSs, the interaction between HA and nanocar-
riers enhances cellular uptake through HA receptor-mediated
endocytosis, thereby improving tumor-targeting capability [52].

2.2.4. Alginate

Alginate is composed of alternative blocks of 1-4 linked o-
L-guluronic acid (GulA; G) and B-p-mannuronic acid (ManA; M)
residues [53]. It is a water-soluble linear anionic polysaccharide,
like HA, which contains abundant hydrophilic groups such as hy-
droxyl and carboxyl groups, endowing it with excellent water sol-
ubility [54,55]. Studies have shown that polymers with higher
charge density exhibit superior adhesive, with polyanion polymers
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demonstrating greater effectiveness as bioadhesives compared to
polycation or nonionic polymers [32]. Specifically, alginate, an an-
ionic polymer containing carboxylic groups, possesses strong adhe-
sive characteristics [56].

Researchers have exploited this property for nanocarrier surface
modification. For example, Amin et al. developed alginate-coated
chitosan nanoparticles, demonstrating that the alginate surface
modification enhanced particle stability in simulated gastric and
intestinal fluids while improving mucoadhesive properties, thereby
establishing a potential nanocarrier platform for mucosal protein
vaccine delivery [57].

Based on the above experimental evidence, it is hypothesized
that when alginate is employed in DMNs fabrication, these adhe-
sive properties may present a double-edged sword: while poten-
tially beneficial for drug carrier applications, they may simulta-
neously hinder drug delivery, creating new challenges for thera-
peutic administration. It is further speculated that when nanocar-
riers are encapsulated into alginate-related DMNs, the interaction
between alginate and nanocarriers can enhance stability, impede
the interaction between drug-loaded nanocarriers and cell mem-
branes, thereby attenuating cellular uptake while potentially de-
creasing drug-associated cytotoxicity [58].

3. Mechanisms and biological implications of PME

3.1. Mechanisms of PME: dual-faced polymer-nanocarrier interactions
in DMNs

In nanocarrier research, significant overlap exists between the
polymeric materials used for nanocarrier surface modification and
those employed as DMNs matrix materials. During the preparation
and release of nanocarrier-loaded DMNs, unintended interactions
may occur between the nanocarriers and microneedle polymers.
These modifications are primarily governed by non-covalent inter-
actions, such as electrostatic forces, hydrogen bonding, hydropho-
bic effects, and van der Waals forces (Fig. 2) [59,60].

Current evidence demonstrates that polymer-nanocarrier
non-covalent binding can confer specialized functionali-
ties to drug delivery systems [59]. For example, alginate
has been bound to the surface of liposomes containing 1,2-
dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-distearoyl-
sn-glycero-3-phosphocholine (DSPC), 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[amino(polyethylene glycol)-2000] (DSPE-
PEG2000), and 1-stearoyl-2-hydroxy-sn-glycero-3-phosphocholine
(MSPC) for protein delivery [61]. Similarly, HA has been bound
to the surface of liposomes that containing egg phosphatidyl-
choline for sustained release and targeted delivery of drugs [62].
Furthermore, alginate and chitosan were bound to the surface
of liposomes containing egg yolk for pH-responsive release of
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Fig. 2. Schematic diagram of the types of interactions between polymers and
nanocarriers.
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Fig. 3. Schematic diagram of polymer-nanocarrier interactions and their effects on
nanocarrier properties and biological behavior.

calcein [63]. Notably, these polymers used for liposome modifica-
tion are identical to those commonly employed as DMN matrix
materials. Structurally, DMN polymers typically contain both polar
and nonpolar domains, allowing them to cooperatively modulate
liposome surface properties through hydrophobic and electrostatic
interactions, thereby modifying the DMN preparation and drug
release process [59]. However, such interactions may also lead to a
“material commonality-functional divergence” phenomenon: While
enhanced nanocarrier stability and skin adhesion can be achieved,
excessively strong binding may conversely impede effective drug
release. Thus, a deeper understanding and precise control of these
non-covalent interactions could open new avenues for developing
next-generation nanocarrier-loaded DMN systems.

3.2. Biological implications of PME for transdermal delivery

Current evidence demonstrates that polymer surface modifica-
tions can significantly alter a variety of physicochemical proper-
ties of the nanocarriers, including size and surface charge [64-66].
These physicochemical attributes are recognized as critical factors
that influence the biological behavior of nanocarriers in vivo [67].
During transdermal delivery, PME influences the biological behav-
ior of nanocarriers primarily in four aspects (Fig. 3).

3.2.1. Degradation and release behavior

When DMNs load nanocarriers, the interactions between poly-
meric microneedle matrices and encapsulated nanocarriers criti-
cally influence drug degradation and release profiles. Studies have
shown that polymer biodegradability and drug release charac-
teristics are essential parameters for effective drug delivery via
nanocarriers [68]. Ahmad et al. have employed chitosan to pre-
pare chitosan-DMNs for the sustained release of tacrolimus [69].
Chitosan has good adhesion properties by absorbing water and
swelling in the weakly acidic environment of the skin [32]. Com-
pared with other polymeric materials, chitosan has low water sol-
ubility [29]. When nanocarriers are encapsulated within chitosan-
DMNs, polymer- nanocarrier interactions promote the formation of
dense three-dimensional networks at nanocarrier surfaces, physi-
cally hindering nanocarriers degradation and consequently delay-
ing drug release.

Furthermore, non-covalent interactions between polymers and
nanocarriers significantly modulate release behavior [70]. In
polymer-liposome systems, matrix swelling or surface erosion fa-
cilitates liposome liberation from the polymeric network [59].
Strategic selection of oppositely charged polymers enables precise
tuning of interaction strength for pH-responsive release [59,71].
A representative example is Caddeo et al’s hybrid system (TPP-
chitosomes), where crosslinked chitosan-coated liposomes achieve
intestinal pH-triggered release while preventing gastric drug loss
[70]. When nanocarriers are encapsulated in chitosan-DMNs, the
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interaction between chitosan and nanocarriers will affect the re-
lease behavior of nanocarriers. These findings collectively under-
score that chitosan-nanocarrier interactions in DMN systems exert
profound effects on nanocarriers degradation and release behavior.

3.2.2. Targeting

The unique physicochemical properties of nanocarriers grant
them the capability for targeted therapeutic delivery [72], which
shows promising potential in treating various diseases [73]. How-
ever, when nanocarriers are loaded into DMNs, interactions be-
tween the DMN polymeric matrix and nanocarriers can signifi-
cantly alter nanocarriers’ characteristics, ultimately impacting their
targeting efficiency.

This phenomenon is particularly prominent in cancer therapy
[57]. Taking HA-related DMNs as an example, it is hypothesized
that the PME influences targeting efficiency through four critical
stages [74]:

(1) During in vivo circulation, negatively charged HA can adsorb
onto the surface of positively charged nanocarriers via elec-
trostatic interactions, thereby altering their surface charge.
This modification promotes recognition and internalization by
macrophages, ultimately leading to reduced circulation time
[75,76].

(2) In the tumor site accumulation phase, polymer-nanocarrier in-
teractions may increase particle size [77]. This alteration poses
a dual challenge: on one hand, it complicates the extravasation
of nanocarriers from blood vessels to the tumor site [78]. On
the other hand, it renders the nanocarriers less prone to reflux
after crossing the blood vessels, contributing to their accumu-
lation at the tumor site [77].
During tumor tissue penetration, polymer modifications influ-
ence nanocarrier surface potential, directly affecting tumor pen-
etration capability (Fig. S1 in Supporting information) [79]. It
has been reported that positively charged nanocarriers are par-
ticularly immobilized in tumor tissues and are least effective
in tumor accumulation [80]. When loaded in HA-DMNs, the
electrostatic interaction between negatively charged HA and
positively charged nanocarriers minimizes adhesive interactions
with tumor tissue components, enabling rapid tissue penetra-
tion.

(4) At the tumor cellular uptake stage, polymer-nanocarrier inter-
actions increase the particle size of the nanocarrier, which has
a steric effect that reduces interaction between the nanopar-
ticles and the cell membrane, thus decreasing uptake [81,82].
Additionally, certain DMN polymeric materials (e.g, HA) can
serve as natural targeting ligands, significantly enhancing tumor
cell uptake through receptor-mediated internalization pathways
[83]. Specifically, when nanocarriers are loaded in HA-related
DMNs, the interaction between HA and nanocarriers can pro-
mote CD44 receptor-mediated targeting, substantially improv-
ing uptake by both macrophages and tumor cells [84].

3

~

3.2.3. Toxicity

Nanocarriers are generally prepared from lipids, polymeric and
inorganic materials [85]. However, inorganic materials can accumu-
late in organs, provoke immune system stimulation and potentially
cause long-term or chronic toxicity to the organism [86]. Currently,
induction of inflammation and oxidative stress are common toxic
responses reported for inorganic nanomaterials [87]. In contrast,
microneedle polymeric materials are usually derived from polysac-
charides [28,88], exhibit excellent biocompatibility, biodegradabil-
ity and safety [24,26,28,89], generally causing no toxic side effects
on the organism. Notably, when nanocarriers are encapsulated
within polymeric MNs, polymer-nanoparticle interactions may sig-
nificantly enhance their biocompatibility.
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For instance, iron oxide nanoparticles (IONPs) have been re-
ported to exhibit toxicity toward human dermal fibroblasts [90].
However, when coated with dextran, their toxicity is markedly re-
duced [91]. We hypothesize that within glucan-related DMNs, the
interactions between the glucan and nanocarriers can form a pro-
tective coating, thereby alleviating cytotoxicity. Similarly, the intro-
duction of hydrophilic polymers can neutralize the surface charge
of cationic nanocarriers, mitigating their damaging effects on cell
membranes. Lin et al. found that introducing hydrophilic poly-
mers like (poly(isopropylacrylamide-co-2-(dimethylamino)ethyl
methacrylate), P(IPAAm-co-DMAAm)) to the cationic nanoparticle
surfaces can effectively mitigate cellular damage [92].

It is noteworthy that although DMN polymers possess excel-
lent biosafety, their combined effects with nanoparticles warrant
careful evaluation for potential cumulative toxicity. Singh et al
observed that PLA do not adversely affect cytokine activation,
mitochondrial or lysosomal integrity in vitro at lower concen-
trations, but they can stimulate reactive oxygen species (ROS)
production and inflammation at high concentrations [93]. These
toxic effects are thought to be related to the accumulation of
polymers in the cells [94]. Consequently, a thorough assessment
of PME is essential, requiring optimization of DMN polymer
composition based on nanocarrier properties to balance delivery
efficiency and safety. These findings also suggest that DMNs not
only enable transdermal nanocarriers delivery but also modulate
nanocarriers biocompatibility through polymeric material interac-
tions, offering novel strategies for safe and effective nanomedicine
delivery.

3.2.4. Immunogenicity

When DMNs encapsulate nanocarriers, the interaction between
the polymeric matrix material and the nanocarriers will signifi-
cantly affect their immunogenicity.

Polymer components in DMNs can have a dual impact on the
immunogenicity of nanoparticles. On one hand, polymers modi-
fied on the surface of nanoparticles can act as immune-blinding
agents [95]. These polymers can partially or completely cover the
molecules or antigens originally attached to the surface of the
nanoparticle, thus inhibiting their interaction with specific recep-
tors and potentially affecting the desired effect. On the other hand,
certain DMN polymers (e.g., polyethylene glycol (PEG)-containing
matrices) can trigger an anti-PEG antibody response via a classi-
cal T-cell-dependent pathway, enhancing the immunogenicity of
the nanoparticles and thereby eliciting an immune response [96].
For instance, after HA-related DMNs dissolve, we hypothesize that
their polymer chains may simultaneously provide surface shielding
while activating CD44 receptor-mediated immune responses, lead-
ing to complex immunomodulatory effects.

Therefore, the rational design of nanocarrier-loaded DMNs re-
quires careful material selection that balances two critical consid-
erations: the capacity to modify nanocarrier surface properties and
the potential to induce unintended immune activation. This dual
optimization is essential for developing safe and effective transder-
mal immunotherapy platforms.

4. Tracking and manipulating PME

The PME frequently induces unintentional alterations in the in
vivo behavior of loaded nanocarriers. Notably, these modifications
typically manifest as undesirable negative effects. Consequently,
deliberate modulation of these non-covalent interactions to miti-
gate PME occurrence could enhance the transdermal delivery per-
formance of nanocarrier-loaded DMNs, thereby achieving closer
alignment with predetermined therapeutic objectives.
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4.1. In vitro monitoring

The physicochemical properties of drug-loaded nanocarriers
play a pivotal role in determining their behavior in vivo [97,98].
Polymer modification of the nanocarrier surface alters these prop-
erties, and these changes can be observed through in vitro moni-
toring techniques [19,99].

Currently, various in vitro detection methods are available for
monitoring these properties. These include spectral analysis, zeta
potentials, nuclear magnetic resonance (NMR), gas chromatography
(GC), transmission electron microscopy (TEM), scanning electron
microscopy (SEM), X-ray diffraction (XRD) and dynamic light scat-
tering (DLS) [99-101]. These in vitro detection methods allow for
the observation of the morphology, size, surface charge and other
physicochemical properties of the nanocarriers in vitro. By employ-
ing these techniques, researchers can assess whether the nanocar-
riers interact with the polymer and determine the extent of any
changes in their physicochemical properties [99].

Sadzuka et al. determined the thickness of the lipid layer on
liposomes as a function of ionic strength by measuring their
zeta potential (through electrophoretic mobility measurements)
to ascertain whether polymers had adsorbed onto their surfaces
[102,103]. Tirosh et al. characterized the state of PEG based on
the amount of water bound using differential scanning calorime-
try (DSC), densitometry and ultrasound velocity, enabling them to
differentiate between PEG conjugated to the surface of nanopar-
ticles and free PEG [104]. Similarly, Garcia-Fuentes et al. utilised
NMR techniques to confirm the presence of PEG chains on the sur-
face of the nanoparticles by measuring the nuclear Overhauser ef-
fect (NOE) of isolated nanoparticles suspended in a 90% H,0/10%
D,0 mixture [105].

4.2. Tracking the behavior of nanocarrier-loaded DMNs in vivo

PME significantly affects the nanocarrier and their behavior in
vivo. Tracking the in vivo fate of drug-carrying nanocarriers is par-
ticularly crucial for understanding these effects [106].

Currently, in vivo fate studies of drug-loaded nanocarriers are
mainly rely on fluorescent dyes or radio-labeling methods [66,107].
Microneedle polymers and nanocarriers can be labeled with suit-
able fluorescent dyes or radioisotopes, allowing for the tracking
of PME in vivo by monitoring the labeled fluorescence or isotope
[108,109].

Kreyling et al. labeled the polymer and gold nanoparticle (GNP)
cores with MIn and 198Au, respectively, to investigate the be-
havior of polymer-coated nanoparticles in vivo [110]. The results
showed that the polymer shells were more abundant in urine
than GNP cores, and that polymer-coated GNPs were cleared by
the immune system and transported to the liver for endocyto-
sis. In another study, degradation was shown quantitatively us-
ing a double-labeling technique [111]. Bargheer et al. employed a
double-labeling technique to quantitatively assess degradation, la-
beling the iron oxide cores with >*Fe and covalently binding a C-
labeled peptide or a 25I-labeled protein to the surface [111]. The
results demonstrated no separation between the polymer shell and
the iron oxide core during blood circulation.

4.3. Attaching antibiofouling polymers to surface

Antibiofouling polymers are synthetic polymers that are either
hydrophilic or amphoteric in nature [112]. Their electrically neu-
tral nature contributes to the reduction of electrostatic interactions
with charged polymers [113]. Antibiofouling polymers are widely
used to coat nanocarrier systems [114], endowing them with " in-
visible properties" to evade regular removal by the body.
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PEG is the most used antibiofouling polymer for coating
nanocarrier surfaces [114]. PEG is a polyether consisting of ethoxy-
lated units derived from the ring-opening polymerization of ethy-
lene oxide. It exists primarily in a linear form, with hydroxyl
groups at both ends that can easily be conjugated to functional
groups [115]. Owing to its electrically neutral, remarkably spatially
repulsive and highly hydrophilic [116], PEG is frequently employed
to modify the surface of nanocarriers.

Currently, two primary methods of PEGylated modifications are
commonly used: (1) Physical adsorption, which involves interac-
tions such as electrostatic, hydrophobic, and hydrogen bonding, to
attach PEG to the nanocarrier surface [115]; (2) Chemical grafting,
where stable chemical bonds are formed between PEG and func-
tional groups on the nanocarrier surface, such as carboxyl groups
[117]. These strategies can be effectively utilized in the preparation
of nanocarrier-loaded DMNs to minimize potential PME.

In addition to PEG, several other polymers have been found
to serve as effective antibiofouling agents for surface modifica-
tion of nanocarriers, such as amphiphilic ionic polymers, poly(2-
oxazoline), polyglycerol, and peptides [112]. Each of these polymers
exhibits the promising potential to minimize PME and enhance the
performance of nanocarriers.

4.4. Selecting suitable polymers

Non-covalent forces, such as electrostatic adsorption, hydropho-
bic interactions, hydrogen bonding, play an essential role in
PME [118-120]. In the practical preparation of nanocarrier-loaded
DMNs, minimizing the occurrence of PME can be achieved by se-
lecting appropriate polymers or nanocarrier materials to reduce
the non-covalent forces between them [16,121,122]. For example,
when preparing DMNs for loading cationic liposomes, it is advis-
able to avoid using anionic polymeric materials [123]. If the use
of polymeric materials with opposite charges is unavoidable, they
can be modified beforehand to minimize their interaction forces
[16,124]. One such modification method involves altering the back-
bone of polymers, such as modifying the PVA with sulphobutyl or
amine structures to produce negatively or positively charged poly-
mer, respectively [124-126]. By adopting these strategies, the like-
lihood of PME can be significantly reduced during the preparation
of nanocarrier-loaded DMNs.

5. Perspective and prospects

Nanocarrier-loaded DMNs integrate the advantages of nanocar-
riers and DMNs [127-129]. Despite their therapeutic promises,
their clinical translation remains constrained [130]. The PME repre-
sents a critical yet underappreciated barrier. In fact, unintentional
modifications of nanocarriers by the DMN polymer matrix can lead
to substantial changes in vivo performance, directly affecting repro-
ducibility, dosing accuracy, and ultimately clinical efficacy. There-
fore, to achieve successful clinical translation of nanocarrier-loaded
DMNs, it is imperative to address the multiple challenges posed by
PME.

First, PME can induce alterations in the physicochemical prop-
erties of nanocarriers, such as size and surface charge, which di-
rectly influence biodistribution, cellular uptake, and therapeutic
outcomes [64-66]. The efficacy and safety of the formulation will
thus become challengeable.

Second, there are currently no specific regulations globally for
“nanocarrier-microneedle” combination products. Regulatory agen-
cies like the Food and Drug Administration (FDA), National Medical
Products Administration (NMPA) and European Medicines Agency
(EMA) have yet to clearly classify these systems as drugs, de-
vices, or combination products, resulting in a lack of defined criti-
cal quality attributes (CQAs) and standards. CQAs affected by PME,
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including sterility, stability, skin irritation, and potential immuno-
genicity assessments are required for additional validation [131].

More critically, PME often occurs unpredictably during scale-up
manufacturing, leading to batch-to-batch inconsistencies in parti-
cle size, surface charge, and release kinetics [132]. The current ab-
sence of predictive models makes it particularly challenging to en-
sure product consistency, even when employing high-throughput
molding or 3D printing continuous manufacturing platforms.

To overcome these challenge, future research should focus on
in-depth understanding of PME. Advanced imaging techniques and
bioanalytical methods should be employed to characterize nanocar-
rier surface properties and pharmacological behavior on both in
vitro and in vivo levels (Sections 4.1 and 4.2), enabling correla-
tion between PME and in vivo performance [99,106]. Under regula-
tory coordination, quality by design (QbD)-driven design strategies
should be established [133]. This involves screening and optimiz-
ing preparation parameters through design of experiments (DoE)
to ensure batch consistency. Concurrently, the development of pro-
cess analytical technology (PAT) [134] for real-time monitoring of
the production process involving DMN polymers and nanocarriers
is essential, complemented by digital twin or Al models for scale-
up risk prediction. Furthermore, multicenter clinical trials should
be conducted to verify the safety and efficacy of nanocarriers, with
particular attention to evaluating PME’s impact on nanocarrier
pharmacokinetics (PK) and pharmacodynamics (PD). Only through
such comprehensive approaches can nanocarrier-loaded DMNs ad-
vance toward clinical application.

It is important to emphasize that PME posts not only challenges
but also opportunities. With a deeper understanding of its mecha-
nisms and improved precision in modulation, we may strategically
leverage PME to optimize nanocarrier performance, including en-
hanced stability, improved targeting capability, and reduced tox-
icity. Continued advancements in materials science and nanofab-
rication technologies will provide more powerful tools to control
and exploit PME. We anticipate that in the next generation of
nanocarrier-loaded DMNs, PME can be rationally incorporated into
system design, thereby harnessing its positive potential and facili-
tating more robust progress toward clinical translation.

6. Conclusions

Nanocarrier-loaded DMNs integrate the advantages of nanocar-
riers and DMNs with excellent biocompatibility, good targeting
performance and controlled release profile. Although nanocarrier-
loaded DMNs exhibit promising clinical applications, their clinical
translation remains constrained, with the PME being a key con-
tributing factor.

PME arises from non-covalent interactions between the
nanocarriers and the DMN polymer matrix during preparation and
drug release, which can significantly alter the physicochemical
properties of the nanocarriers (e.g., size and surface charge). These
alterations can significantly impact the nanocarrier’s degradation,
release profile, and targeting efficiency, thereby greatly hindering
the clinical translation of nanocarrier-loaded DMNs. However, a
growing body of evidence suggests that PME may also confer bene-
ficial properties to the system, such as enhanced stability, reduced
cytotoxicity, prolonged circulation time, or improved retention in
specific tissues. Therefore, PME should not be viewed solely as a
negative phenomenon, but rather as a design element that can
be functionally optimized through material screening and process
control.

Current research in this area is still in its infancy, and there is
a long way to go before a comprehensive understanding of PME is
achieved. We anticipate the development of more precise methods
in the future, such as using techniques based on single nanoparti-
cle imaging and bio-orthogonal imaging, to better understand and
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mitigate the effects of PME. We advocate investigators in this field
to launch more in-depth studies on the PME, as this will be crucial
for advancing the clinical translation of nanocarrier-loaded DMNs
and realizing their full potential in medical applications.

PME represents both a major challenge in the clinical transla-
tion of nanocarrier-loaded DMNs and a source of new opportu-
nities for optimizing formulation performance. Through interdis-
ciplinary collaboration and technological innovation, transforming
PME from an “uncontrolled variable” into a “designable parameter”
will undoubtedly accelerate the development of next-generation
nanocarrier-loaded DMN systems and broaden their prospects for
medical application.
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