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A B S T R A C T

Chemotherapy-induced nausea and vomiting (CINV) remain a major clinical challenge arising from neuro
immune dysregulation and limited efficacy of conventional antiemetics subjected to hepatic metabolism. Herein, 
we designed a carrier-free microneedle system (DZS@BMNs) by integrating Bletilla striata polysaccharide (BSP) 
supramolecular matrices with the botanical formulation Dai-Zhe-Shi-San (DZS) to achieve dual-pathway neu
roimmune modulation. The triple-helical structure of BSP forms stable hydrogen-bonded complexes with DZS, 
serving simultaneously as a structural scaffold and a functional biopolymer for controlled release. The resulting 
microneedles exhibit programmable geometry (720 μm length, 280 μm base diameter), high mechanical 
strength, and biphasic diffusion kinetics-rapid epidermal permeation within 2 h followed by sustained trans
dermal delivery over 48 h. The system also demonstrated excellent cytocompatibility (>90% viability), negli
gible hemolysis (<2%), and good formulation stability. Mechanistically, DZS@BMNs suppressed serotonergic 
and dopaminergic signaling while downregulating key pro-inflammatory mediators, thereby achieving bidirec
tional neuroimmune regulation along the gut-brain axis. In a cisplatin-induced pica model, treatment with 
DZS@BMNs significantly reduced kaolin intake by 38% compared with dexamethasone during the acute phase, 
accompanied by tissue-specific reductions in serotonin levels: 42% in the brain, 38% in the ileum, and 22% in 
plasma. Collectively, this study presents a biofunctional polysaccharide-based microneedle system that integrates 
botanical pharmacology with macromolecular material engineering, offering a minimally invasive and 
biocompatible strategy for the management of CINV.

1. Introduction

Chemotherapy-induced nausea and vomiting (CINV) remain a 
formidable challenge in oncology, significantly compromising patient 
quality of life and treatment adherence. Current pharmacologic man
agement relies on oral or injectable formulations of 5-hydroxytrypta
mine type-3 (5-HT3) receptor antagonists (e.g., ondansetron, 

granisetron), neurokinin-1 (NK1) receptor antagonists (aprepitant), and 
corticosteroids (dexamethasone) [1–3]. Despite their clinical efficacy, 
these agents are constrained by intrinsic pharmacokinetic and formu
lation limitations. 5-HT3 antagonists exhibit short plasma half-lives 
(4–9 h) [4], necessitating frequent redosing, while NK1 antagonists 
suffer from extensive hepatic first-pass metabolism (>60% clearance), 
compromising oral bioavailability [5]. These challenges are further 
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exacerbated by patient-specific factors: oropharyngeal dysphagia affects 
nearly half of elderly chemotherapy patients, impairing oral drug intake 
and elevating aspiration risk [6]. Moreover, chemotherapy-induced 
mucositis alters gastrointestinal drug absorption, reducing dissolution 
efficiency by 30–50% and contributing to unpredictable antiemetic re
sponses. Although parenteral administration circumvents gastrointes
tinal barriers, it introduces injection-site complications, including tissue 
necrosis in up to 22% of cases with repeated dosing. These persistent 
limitations underscore the urgent need for non-invasive, patient-centric 
delivery platforms with enhanced biocompatibility and programmable 
release kinetics [7].

Dissolving microneedle (MN) patches have emerged as a trans
formative transdermal delivery strategy, combining the painlessness of 
hypodermic needles with the simplicity of transdermal patches [8]. 
Composed of water-soluble polymer arrays, MNs penetrate the stratum 
corneum to create transient microchannels, enabling direct delivery of 
therapeutics into the dermal microcirculation without stimulating 
dermal nerves [9]. Their geometry (including needle length, base 
diameter, and density) can be precisely tailored to achieve desired 
dosing and insertion mechanics, while the hydrophilic polymer matrix 
offers tunable mechanical strength and rapid enzymatic degradation, 
ensuring favorable biocompatibility and controlled drug release 
[10–12]. By bypassing gastrointestinal degradation and hepatic first- 
pass metabolism, MN systems minimize inter- and intra-individual 
variability in drug exposure and enhance bioavailability [13]. Further
more, their capacity for sustained release reduces dosing frequency, a 
critical advantage for elderly patients or those with swallowing diffi
culties [14–16]. Despite these advantages, conventional dissolving MN 
systems face inherent limitations. The mechanical strength of biode
gradable polymers commonly used in MNs, such as hyaluronic acid, 
often proves insufficient for effective skin penetration, particularly 
under high-humidity conditions, necessitating composite strategies to 
achieve adequate insertion efficiency [17]. Additionally, these conven
tional matrices typically lack intrinsic therapeutic activity, serving 
solely as passive delivery vehicles rather than contributing to the overall 
pharmacological effect [18]. Recent advances in botanical-material 
hybrids, such as tea-derived nano-assemblies (3 nm diameter) stabi
lized by hydrogen bonding and pi-pi interactions, inspire the integration 
of traditional herbal actives with engineered biomaterials [19]. 
Addressing both the mechanical and functional limitations of existing 
MN platforms, the development of intrinsically active-matrix materials 
represents a promising direction for next-generation transdermal de
livery systems.

Natural polysaccharides have gained increasing attention as bio
macromolecular materials owing to their inherent biocompatibility, 
biodegradability, and versatile capacity for supramolecular assembly 
[20]. Among these, Bletilla striata polysaccharide (BSP), a glucomannan- 
type heteropolysaccharide derived from the pseudobulbs of the terres
trial orchid Bletilla striata, has been traditionally employed in Chinese 
medicine for hemostasis, wound healing, and tissue regeneration 
[21–23]. Structurally, BSP is a hydrophilic polysaccharide primarily 
composed of mannose and glucose residues [24–26]. Its characteristic 
triple-helical conformation, stabilized by extensive intermolecular 
hydrogen bonding via abundant hydroxyl groups, enables the sponta
neous formation of hierarchical supramolecular networks [27,28]. This 
macromolecular architecture confers high mechanical integrity while 
providing abundant interaction sites for the non-covalent encapsulation 
of bioactive agents.

Consequently, BSP functions as a self-assembling macromolecular 
matrix capable of hosting small molecules or phytochemicals without 
the need for synthetic carriers. Notably, BSP exhibits intrinsic biological 
activities, including anti-inflammatory, immunomodulatory, and pro- 
healing effects, which collectively enhance its biomedical relevance by 
modulating key inflammatory pathways such as NF-κB and MAPK, 
thereby suppressing the production of pro-inflammatory mediators 
including NO, IL-6, and IL-1β [29,30]. These multifaceted bioactivities 

position BSP not merely as an inert carrier but as an active macromo
lecular component that can synergistically contribute to disease 
modulation.

Building upon the multifunctional properties of BSP, we further 
incorporated Dai-Zhe-Shi-San (DZS)—a classical two-herb formulation 
comprising Inulae Flos and Haematitum—as the botanical active 
component. Within this formula, Inulae Flos has been documented in 
classical Chinese medical texts, including the Shennong Classic of Materia 
Medica, for its efficacy in treating “vomiting” [31]. Modern phyto
chemical studies have identified sesquiterpenoids and flavonoids as its 
major bioactive constituents, which exhibit potent anti-inflammatory 
activities [32]. Mechanistically, Inulae Flos extracts suppress the pro
duction of pro-inflammatory mediators (NO, IL-6, TNF-α) in LPS- 
stimulated macrophages via inhibition of NF-κB activation and MAP 
kinase phosphorylation [33]. Given that chemotherapy-induced neuro
inflammation is a key driver of the emetic reflex, this anti-inflammatory 
action provides a direct pharmacological basis for its traditional anti
emetic use and supports its relevance for CINV management [34,35]. 
Haematitum, the mineral component, is traditionally included to 
enhance the descending and settling action of the formula. The combi
nation of BSP's intrinsic anti-inflammatory and tissue-repairing prop
erties with DZS's targeted modulation of inflammatory and emetic 
pathways thus provides a rational basis for developing an integrated, 
therapeutically active microneedle platform.

Herein, we report a BSP-based dissolving microneedle system that 
capitalizes on the polysaccharide's dual role as both a structural scaffold 
and a bioactive matrix. By leveraging the triple-helical supramolecular 
architecture of BSP, we achieved the spontaneous incorporation of the 
multi-component DZS formulation without chemical modification, 
yielding dissolvable microneedles with well-defined geometry. This 
system addresses the mechanical limitations of conventional dissolving 
MNs while introducing synergistic therapeutic functionality through the 
combined anti-inflammatory activities of BSP and DZS. By circum
venting gastrointestinal and metabolic barriers, this system establishes a 
synergistic, dual-action therapeutic mechanism directly at the site of 
application. This work highlights the potential of bioactive poly
saccharides as multifunctional platforms that transcend conventional 
carrier roles, offering a biomacromolecule-based strategy for integrating 
traditional herbal actives with modern biomedical interventions.

2. Materials and methods

2.1. Preparation and mechanical strength of BSP@BMNs

BSP (molecular weight: 356.61 ± 49.04 kDa, purity: 98%, batch 
number: BJDT25, Xi'an Juntai Biotechnology Co., Ltd., China) was dis
solved in deionized water at concentrations ranging from 10% to 35% 
(w/v). The solution was hydrated at 4 ◦C for 24 h and subsequently 
centrifuged at 3500 rpm for 10 min to remove air bubbles. The resulting 
BSP solution was then cast into polydimethylsiloxane (PDMS) micro
needle molds (10 × 10 array, 800 μm height) using a centrifugal spin 
coating method to ensure uniform filling of the microcavities. The 
fabricated BSP-based microneedles (BSP@BMNs) were evaluated for 
structural integrity in terms of molding fidelity, backing layer unifor
mity, and morphological completeness, following previously established 
criteria [36]. To optimize the mechanical performance, BSP@BMNs 
prepared with 15%, 20%, and 25% (w/v) BSP concentrations were 
subjected to compression testing using a universal mechanical tester 
(PT-501B, Pusait Instrument, China) at a test speed of 10 mm⋅min− 1 and 
a displacement distance of 720 μm. Force-displacement curves were 
recorded and analyzed to determine the elastic modulus and fracture 
strength of the microneedle formulations.

2.2. Preparation and morphological characterization of DZS@BMNs

The DZS formulation, composed of Inulae Flos and Haematitum in a 
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3:1 ratio according to the classical prescription from the Treatise on 
Exogenous Febrile Disease, was extracted and freeze-dried using opti
mized protocols [37]. Subsequently, BSP was blended with DZS at mass 
ratios ranging from 2:1 to 1:4 to prepare homogeneous co-solutions. 
These solutions were then injected into PDMS micromolds (featuring a 
10 × 10 needle array with 800 μm needle height and 200 μm base 
thickness), followed by centrifugation (3500 rpm, 10 min) and curing 
under controlled conditions (25 ± 2 ◦C, 45–55% RH, 24 h) to evaluate 
backing layer smoothness and drug loading capacity. Morphological 
characterization was performed through optical microscopy (Nikon 
ECLIPSE Ts2, Japan) and field-emission scanning electron microscopy 
(Hitachi TM3000, Japan) with gold-sputtered samples, comparing tip 
geometry and surface topography between MNs and DZS@BMNs to 
screen the optimal formulation.

2.3. Evaluation of mechanical properties

DZS@BMNs with varying BSP/DZS mass ratios (2:1–1:2 w/w) were 
subjected to axial compression testing using computer-type single-arm 
tensile testing machine (Pusait Instrument PT-501B, China). A flat-plate 
probe compressed individual microneedles at 10 mm⋅min− 1 until 
structural failure, with force-displacement data acquired at 50 Hz 
sampling frequency.

2.4. Stability evaluation

DZS@BMN (n = 3) underwent stability testing in controlled desic
cation (25 ± 2 ◦C, < 20% RH) over 11 days. Chemical integrity of active 
components was monitored at 48-h intervals using HPLC-UV (Waters 
e2695, American) with method validation per ICH Q2 (R1) (Detection 
conditions in the supporting information).

2.5. DSC analysis

The calorimetric behavior of the sample solution was studied by DSC 
(TA Q20, American): pure BSP, DZS extract, physical mixture, 
DZS@BMNs, and lyophilized BSP gel. Samples (5 ± 0.2 mg) were sealed 
in aluminum pans and scanned from 40 to 600 ◦C at 40 ◦C⋅min− 1 under 
N₂ purge (50 mL⋅min− 1), using empty alumina crucible as reference.

2.6. FT-IR analysis

FT-IR spectra (TENSOR II, Bruker, Germany) were acquired for all 
material variants (pure BSP, DZS extract, physical mixture, DZS@BMNs, 
and lyophilized BSP gel) using KBr pellet method (1:200 sample/KBr 
ratio). Scans covered 4000–400 cm− 1 range at 4 cm− 1 resolution with 32 
scans per sample, background-corrected against pure KBr reference.

2.7. Transdermal penetration evaluation

Rhodamine 6G-loaded BSP microneedles (R6G-BMNs) were fabri
cated using a 1 mg⋅mL− 1 R6G solution. Both R6G-BMNs and DZS@BMNs 
were applied to the dorsal dermis of BALB/c nude mice (n = 3) with 
sustained pressure for 10 min to ensure proper insertion. Skin penetra
tion efficacy was systematically evaluated through histological analysis: 
Tissue samples underwent paraffin embedding, sectioning at 5 μm 
thickness, and H&E staining, with bright-field microscopy (Nikon TS2, 
Japan) employed to visualize penetration depth and local tissue 
response. Parallel validation was performed using Parafilm® sheets (8- 
layer stacks of 120 μm thickness) as a skin-mimicking substrate to assess 
the mechanical penetration capability and structural integrity of both 
BMNs and DZS@BMNs.

2.8. Dermal irritation testing

DZS@BMNs were applied to depilated Wistar rat skin (n = 6) for 1 h 

under occlusive dressing, with contralateral sites as controls. Residual 
formulation was removed with 37 ◦C normal saline. Erythema/edema 
scoring (0–4 scale) was performed at 1, 4, 24, 48, and 72 h post-removal 
by blinded evaluators using Draize criteria [38].

2.9. Biocompatibility evaluation

L929 fibroblasts were cultured in DMEM with 10% FBS and treated 
with DZS@BMN (1-500 μg⋅mL− 1) for 24 h. Cell viability was quantified 
via cell counting kit-8 (CCK-8) assay (MedChemexpress): 10% reagent in 
medium incubated 2 h, with absorbance measured at 450 nm using a 
microplate reader (Infinite M 200 NanoQuant, Tecan Trading AG, CH).

Hemocompatibility was evaluated following modified ASTM 
F756–00 (2000) guidelines. Abdominal aortic blood from anesthetized 
Wistar rats was diluted with PBS (4:5, v/v). Test solutions (500 μg⋅mL− 1 

in PBS) included DZS extract, DZS@BMNs, BSP, ultrapure water, and 
PBS. Each sample (10 mL, n = 5) was incubated at 37 ◦C for 30 min, 
mixed with 200 μL diluted blood, and reintubated for 1 h. post- 
centrifugation (1500 ×g, 5 min), supernatants were transferred to a 
96-well plate for OD 545 nm measurement, with macroscopic hemolysis 
documented photographically. Hemolysis percentage was calculated as 
follow: 

Hemolysis Rate (%) = [ODa − ODc/ODb − ODc] × 100% (1) 

Where ODa is the OD of sample, ODb is the OD of negative control, ODc is 
the OD of positive control.

2.10. In vitro release profiling

Neochlorogenic acid, caffeic acid, and 1-O-acetylbutylbenzene 
lactone were selected as marker compounds based on their representa
tiveness as the principal bioactive components derived from Inulae Flos, 
the botanical component of DZS. These components possess well- 
documented anti-inflammatory activities relevant to the alleviation of 
CINV and have been established as key quality markers in the chemical 
profiling of the Inulae Flos-Haematitum herb pair [39–41]. Accordingly, 
monitoring the release kinetics of these compounds enables a pharma
cologically relevant assessment of the microneedle delivery system. In 
vitro release kinetics of neochlorogenic acid, caffeic acid, and 1-O-ace
tylbritannilactone from DZS microneedles were assessed through dy
namic dialysis (0.9% saline, 32.0 ± 0.5 ◦C) using 3.5 kDa RC dialysis 
bags immersed in 90 mL medium under 100 rpm⋅min− 1 agitation. Ali
quots (2.0 mL) were collected at scheduled intervals (10–1440 min) with 
immediate isovolumetric medium replacement, followed by HPLC 
analysis (Supplementary Materials). Cumulative release profiles were 
quantified using established calculation models, ensuring continuous 
sink conditions throughout the 24-h study period [42]. 

Qn (%) = Cn ×V×D/W×100% (2) 

Q (%) = Qn +(Q1 +Q2 +Qn− 1)×Vi/V (3) 

Where Qn is single-point synthesize degree, Q is the cumulative release, 
Cn is the concentration of the sample at each point, V is the total volume 
of dissolution medium, D is the dilution factor, W is the initial drug load, 
Vi is the sampling volume per time (2 mL).

2.11. In vitro permeation analysis

Full-thickness dorsal skin from euthanized BALB/c nude mice was 
surgically prepared for Franz cell permeation studies. Microneedle- 
treated skin (2-min thumb-pressure application) was mounted stratum 
corneum-up in receptor chambers containing 7 mL pH 7.4 PBS (32.0 ±
0.5 ◦C, 100 rpm⋅min− 1). Sequential 0.5 mL sampling (2–48 h intervals) 
with isothermal replenishment preceded 0.22 μm filtration and HPLC 
quantification of bioactive compounds [43]. 
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Qn = Cn ×V×D (4) 

Qn = [Qn +(Q1 +Q2 +…+Qn− 1)×Vi/V ] ÷ S (5) 

Where Qn is single-point permeation amount, Cn is the concentration of 
the sample at each point, V is the total volume of receiving cell, D is the 
dilution factor, Q is the cumulative permeation, Vi is the sampling vol
ume per time (0.5 mL), S is the effective contact area.

2.12. Anti-inflammatory activity assessment

RAW 264.7 macrophages (2 × 105/well) were treated with: control, 
LPS (0.2 μg⋅mL− 1), LPS + indomethacin (18 μM), and LPS + DZS@BMN 
(10–350 μg⋅mL− 1) for 24 h. Centrifuged supernatants (1000 ×g, 20 min) 
were analyzed using Griess assay (Beyotime Biotechnology, China) for 
NO quantification and ELISA (Thermo Fisher, American) for IL-6/IL-10 
detection per manufacturer protocols.

2.13. 5-HT synthesis inhibition in RIN-14B cells

RIN-14B cells (6 × 103/well, 100 μL) were treated with 50 μM 
LP533401 (positive control) or DZS@BMN solutions (0.01–50 μg⋅mL− 1) 
in triplicate for 24 h (37 ◦C, 5% CO2). Cell viability was assessed via 
CCK-8 assay (Dalian Meilun Biotechnology Co., Ltd., China), while 5-HT 
levels in supernatants were quantified using a commercial ELISA kit 
(Wuhan Gene Beauty Biotechnology Co., Ltd., China) following centri
fugation (300 ×g, 10 min).

2.14. In vivo pharmacokinetic study

Male Wistar rats weighing 290–310 g were housed under standard 
laboratory conditions. All animal procedures were approved by the 
Institutional Animal Ethics Committee (Ethical Review No. TCM- 
LAEC2024119z1053). After a one-week acclimatization period, the an
imals were randomly divided into two groups (n = 6): an oral admin
istration group and a DZS@BMNs group. Rats in the oral group received 
a single dose of DZS aqueous extract at a volume of 10 mL⋅kg− 1 by oral 
gavage. In the transdermal group, DZS@BMNs patches were applied to 
the dorsal skin and left in place until complete microneedle dissolution. 
At predetermined time points after administration, blood samples were 
collected from the retinal venous plexus. Plasma concentrations of 
neochlorogenic acid, a representative bioactive component of DZS, were 
measured using ultra-performance liquid chromatography coupled with 
triple-quadrupole mass spectrometry (UPLC-TQ-MS). Detailed chro
matographic conditions and mass spectrometric parameters are pro
vided in the Supplementary Materials.

2.15. In vivo 5-HT regulation study

All animal experiments were approved by the Ethics Committee of 
Tianjin University of Traditional Chinese Medicine (approval No. TCM- 
LAEC2022072) and were conducted in accordance with institutional 
guidelines for the care and use of laboratory animals. Male Wistar rats 
(200 ± 20 g) were housed under a controlled 12 h light/dark cycle with 
free access to standard chow and water. To establish the pica model, rats 
were individually housed and acclimatized to kaolin pellets for 72 h 
before the experiment. The animals were randomly assigned to four 
groups (n = 15): blank control, cisplatin model, dexamethasone (1 
mg⋅kg− 1), and DZS@BMNs (human-equivalent dose of 12 g⋅d− 1, 
adjusted by body weight). On the morning of day 4, 1 h after the final 
treatment, rats in the cisplatin model, dexamethasone, and DZS@BMNs 
groups received a single intraperitoneal injection of cisplatin (6 
mg⋅kg− 1) to induce pica, while the blank control group received an 
equivalent volume of saline. Kaolin intake was measured at 12 h in
tervals after cisplatin injection. To assess the time-dependent effects of 
the treatments on 5-HT levels, five rats from each group were randomly 

selected and euthanized at 24 h, 72 h, and 144 h post-cisplatin injection, 
respectively (n = 5). Blood samples, ileum tissues, and whole brain 
tissues were collected for 5-HT analysis (Wuhan Gene Beauty Biotech
nology Co., Ltd., China).

2.16. Rat RNA-sequencing

Cerebral cortex and ileum tissues from experimental groups (n = 3) 
underwent RNA sequencing. Differentially expressed genes (DEGs) were 
identified using DESeq2 (version 1.40.2; |log2FC| > 0.5, FDR < 0.05) 
[44]. Functional enrichment analysis employed clusterProfiler (version 
4.8.3) for GO terms and KEGG pathways. Gene Set Variation Analysis 
(GSVA, version 1.48.3) quantified pathway activity [45]. Bioactive 
DZS@BMN components were screened via TCMSP database (OB ≥ 30%, 
DL ≥ 0.18), with network pharmacology analysis conducted on TCMNP 
platform (version 0.1.0). Spearman correlations (|ρ| > 0.3, P < 0.05) 
linked target genes to neuroinflammatory/neurotransmitter markers 
[46].

2.17. Statistical analysis

All data are presented as mean ± standard deviation (SD) from at 
least three independent experiments. Transcriptomic data analyses were 
conducted using R (version 4.1.2) with relevant Bioconductor packages. 
For statistical comparisons, differences between two groups were 
assessed using either Student's t-test (for parametric data) or the Mann- 
Whitney U test (for non-parametric data). For multiple group compari
sons, ANOVA followed by Tukey's post-hoc test was employed. All sta
tistical tests were performed using SPSS 25.0 (IBM), and graphical 
representations were generated using GraphPad Prism 9.0. Statistical 
significance was set at *p < 0.05.

3. Results and discussion

3.1. Preparation and transdermal performance of BMNs

To fabricate the microneedles, a 15% (w/v) BSP solution was selected 
as the optimal formulation. This concentration consistently yielded 
uniform quadrangular pyramidal structures (Fig. 1a). The resulting 
microneedles exhibited sufficient mechanical strength to penetrate 
Parafilm® (Fig. S1). Optical microscopy and SEM imaging further 
confirmed the structural integrity of the microneedles. No signs of 
bending, warping, or deformation were observed. These findings indi
cate that the formulation provides adequate mechanical support for skin 
insertion without compromising structural stability. Following in vivo 
application, the microneedles formed well-defined 10 × 10 microarrays 
on murine skin (Fig. 1b). CLSM analysis revealed a penetration depth of 
180 ± 12 μm (Fig. 1c), confirming successful traversal of the stratum 
corneum. This measured depth aligns with previous reports demon
strating that microneedles ranging from 150 to 300 μm in length can 
effectively cross the stratum corneum while minimizing dermal nerve 
stimulation [47,48]. Consequently, such dimensions enable efficient 
transdermal delivery with reduced pain perception. Dissolution studies 
indicated that approximately 50% of the microneedle material dissolved 
within 30 min of insertion. Near-complete dissolution was achieved by 
120 min (Fig. 1d). This rapid dissolution profile supports bolus release of 
the therapeutic payload into the dermal microcirculation. It facilitates a 
fast onset of action and obviates the need for post-application needle 
removal. These characteristics are consistent with the established ad
vantages of dissolving microneedles as a patient-friendly delivery plat
form [49].

3.2. Structural characterization of DZS@BMNs

We systematically evaluated the mechanical integrity of DZS@BMNs 
across a range of BSP-to-DZS mass ratios. A 1:2 ratio (BSP: DZS) was 
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identified as optimal, achieving a balance between drug loading and 
structural stability, as reflected by consistent force-displacement profiles 
(Fig. 2c and S2). This improvement in mechanical strength is attributed 
to the formation of interchain hydrogen bonds and secondary associa
tions within the BSP network during solvent evaporation, which rein
force the matrix without requiring additional crosslinkers.

Unlike conventional microneedle matrix materials such as polyvinyl 
alcohol, polyvinylpyrrolidone, or hyaluronic acid, which often require 
chemical crosslinkers or plasticizers to balance mechanical integrity and 
release performance, BSP is a naturally derived biomacromolecular 
polysaccharide that forms a self-supporting network through physical 
entanglement and hydrogen bonding via its abundant hydroxyl and 
carboxyl groups [50–52]. This eliminates the need for exogenous 
crosslinking agents, thereby avoiding potential cytotoxicity or inacti
vation of heat-sensitive botanical components. Notably, although skin 
barrier properties vary with age, with older individuals exhibiting 
increased stratum corneum stiffness and reduced barrier recovery, dis
solving microneedles can be adapted across age groups by adjusting 
parameters such as needle length, insertion speed, tip geometry, and 
material stiffness, ensuring effective penetration without increased tis
sue damage [53,54].

DZS@BMNs retained the pyramidal morphology of blank MNs 
(Fig. 2a). Parafilm® penetration tests confirmed enhanced delivery of 
the active pharmaceutical ingredients (APIs) to deeper skin layers 
(536–670 μm), indicating improved mechanical integrity and trans
dermal insertion capability (Fig. 2b and S3). This penetration depth 
exceeds the thickness of the stratum corneum (approximately 10–20 

μm) and reaches the viable epidermis and upper dermis, a range 
considered favorable for systemic absorption of macromolecular or 
poorly permeable drugs [55].

DSC and FT-IR analyses confirmed the physical encapsulation of DZS 
within the BSP helical matrix. In the DSC thermogram, the characteristic 
endothermic peak of BSP at 94.7 ◦C was retained in the physical mixture 
but disappeared in the DZS@BMNs formulation, indicating that DZS 
components were embedded within the BSP network, thereby altering 
the thermal behavior of the polysaccharide matrix (Fig. 2e). FT-IR 
analysis showed that the characteristic absorption bands of BSP, 
including those at 897.55 and 884.20 cm− 1 (assigned to the C–H 
bending vibration of the β-anomeric configuration of mannose) 
remained unchanged in the DZS@BMNs formulation, while no new 
peaks indicative of covalent crosslinking were observed (Fig. 2d). 
Together, these results support the formation of non-covalent in
teractions between BSP and the active constituents of DZS, without 
chemical modification of either component. This helical conformation 
creates a protective microenvironment for the encapsulated botanical 
constituents, allowing BSP to function not merely as a structural scaffold 
but as an active stabilizer that preserves the native structure and 
bioactivity of the loaded ingredients. H&E-stained skin sections 
following MN application (Fig. 3a) showed intact epidermal layers 
surrounding discrete microchannels (180 μm), demonstrating consistent 
penetration and no signs of an inflammatory response.

Collectively, these findings indicated that BSP-based microneedles 
effectively integrate botanical formulations through physical encapsu
lation, maintain structural homogeneity, and possess sufficient 

Fig. 1. Morphology and transdermal performance of BMNs. (a) Optical microscopy images of BMNs showing (a1) top view, (a2) side view, and (a3) magnified side 
view captured by SEM. (b) Skin insertion of R-6G-loaded BMNs presented as (b1) digital photograph of the inserted skin, (b2) microscopic image of the insertion site, 
and (b3) magnified microscopic image of the insertion site. (c) Representative CLSM image showing the percutaneous penetration of R-6G from BMNs into mouse 
skin. (d) Dissolution profile of BMNs in mouse skin.
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mechanical robustness for minimally invasive administration, posi
tioning them as a distinctive platform that combines the advantages of 
naturally derived biomacromolecules with the functional versatility of 
microneedle technology for transdermal delivery of natural product- 
based therapeutics.

3.3. Biocompatibility of DZS@BMNs

We systematically assessed the biosafety of DZS@BMNs through 
dermal irritation, cytocompatibility, and hemocompatibility assays. 
Upon application, the microneedles generated a 10 × 10 array of tran
sient microchannels in the skin (Fig. 3c, 0 min), an inherent consequence 
of physical penetration. These micropores closed rapidly, with skin re
covery observed within 60 min post-application (Fig. 3c), confirming 
the transient nature of the micro-injuries. Throughout the observation 
period, no visible erythema, edema, or microlesion was observed at the 
application sites (mean irritation score = 0; Fig. 3a). The microneedles 
fully dissolved within 90 min (Fig. S4), correlating with the rapid 
micropore closure kinetics. Cytotoxicity assays using L929 fibroblasts 
demonstrated cell viability exceeding 90% even at the highest tested 
concentrations (10 mg mL− 1 BSP or 500 μg mL− 1 DZS@BMNs) (Fig. 3d-
3f). Hemolysis remained below 2%, well within the ISO 10993-4 safety 
limit (Fig. 3g, h), indicating excellent erythrocyte compatibility and no 
membrane disruption. To evaluate formulation stability, DZS@BMNs 
were stored under ambient conditions (25 ◦C, 20% RH) for 11 days. The 
API content remained above 97% (RSD < 3%), indicating that the BSP 
matrix effectively protected the botanical compounds from oxidative or 
hydrolytic degradation during storage (Table S1). The complete and 

rapid skin restoration within 60 min post-application, combined with 
the absence of dermal irritation and robust cytocompatibility, demon
strates that repeated DZS@BMNs administration does not induce cu
mulative tissue damage, thereby supporting its safety profile for long- 
term intermittent use in CINV management.

Clinically, patients receiving CINV-associated chemotherapy are 
predominantly older adults. According to the American Cancer Society, 
88% of cancer diagnoses occur in individuals aged 50 years or older, and 
59% in those aged 65 years or older. Treatment rates among younger 
patients have increased by 11.7% from 2020 to 2023, highlighting the 
need for strategies effective across all ages. Although the present data 
were obtained in animal models, the comprehensive safety profile sup
ports the translational feasibility of DZS@BMNs for human application.

3.4. In vitro release and permeation analysis of DZS@BMNs

In vitro release studies showed that DZS@BMNs exhibited a biphasic 
pattern, with an initial rapid phase within the first 2 h (cumulative 
release of 40–50% for all three components), followed by a sustained 
phase exceeding 90% release by 24 h (Fig. 3i). The release kinetics 
followed a first-order model (R2 > 0.98; Table S2), consistent with a 
concentration-dependent diffusion process. In vitro skin permeation 
studies using Franz diffusion cells revealed progressive accumulation of 
all three compounds over 48 h. Cumulative permeation reached 14.2 ±
2.6% (neochlorogenic acid), 5.6 ± 1.2% (caffeic acid), and 11.4 ± 1.5% 
(1-O-acetylbritannilactone) at 24 h, increasing to 18.3 ± 1.8%, 8.6 ±
1.5%, and 23.9 ± 2.2%, respectively, by 48 h (Fig. 3j). This delivery 
profile is achieved through a dual-phase mechanism. Initially, the 

Fig. 2. Structural and mechanical characterization of DZS@BMNs. (a) OM and SEM images of DZS@BMNs. (b) Microscopic images of skin puncture of DZS@BMNs. 
(c) Mechanical strength (force-displacement curve) of DZS@BMNs. (d) FT-IR spectra of BSP gel, DZS@BMNs, DZS and BSP physical mixture, DZS, BSP. (e) DSC 
thermograms of BSP gel, DZS@BMNs, DZS and BSP physical mixture, DZS, BSP.
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microneedles create microchannels approximately 180 μm in depth 
within the stratum corneum, establishing transient pathways that 
facilitate drug penetration. Rapid tip dissolution occurs within 90 min, 
enabling immediate diffusion of the active pharmaceutical ingredients. 
Subsequently, the backing reservoir serves as a prolonged permeation 
source, maintaining a sustained concentration gradient that drives 
continued delivery through the established microchannels over 48 h. 
The time-dependent increase in permeation, particularly after 12 h, 
correlates with the sustained release phase, indicating that continuous 
drug release from the reservoir supports prolonged transdermal flux. 
Together, this dual-mode mechanism enables rapid onset and sustained 

delivery of botanical active ingredients.

3.5. Pharmacokinetic analysis of DZS@BMNs

To evaluate the systemic exposure profile of DZS@BMNs and to 
clarify the intended therapeutic pathway, we performed a comparative 
pharmacokinetic study in rats. Neochlorogenic acid was selected as the 
marker compound for pharmacokinetic analysis based on its established 
role as a quality marker of Inulae Flos. As such, its plasma concentration 
profile serves as a reliable indicator of systemic absorption of the DZS 
components following transdermal administration. Following a single 

Fig. 3. Biocompatibility and in vitro transdermal characterization of DZS@BMNs. (a) H&E-stained photomicrographs of skin sections at the application sites of 
DZS@BMNs. (b) Skin irritation scores (0–72 h post-application). (c) Time-dependent skin restoration after DZS@BMNs application. (d) Cell viability of L929 fi
broblasts treated with varying concentrations of DZS (n = 3). (e) Cell viability of L929 fibroblasts treated with varying concentrations of DZS@BMNs (n = 3). (f) Cell 
viability of L929 fibroblasts treated with varying concentrations of BSP (n = 3). (g, h) Hemolysis percentages of BSP, DZS, and DZS@BMNs (n = 3). (i) Cumulative in 
vitro release profiles of three marker components from DZS@BMNs over 24 h. (j) Cumulative in vitro permeation profiles of three marker components from 
DZS@BMNs through rat skin over 48 h (n = 3).
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administration, plasma concentrations of neochlorogenic acid were 
measured at designated time points using UPLC-TQ-MS. As shown in 
Fig. 4, both the oral DZS solution and the DZS@BMNs transdermal 
system achieved a peak concentration (Tmax) at 15 min post- 
administration. It indicated that the transdermal route enabled rapid 
drug entry into the systemic circulation, effectively bypassing the 
delayed absorption commonly associated with oral administration due 
to gastric emptying and variable intestinal transit. The Cmax of neo
chlorogenic acid was 295.1 ng⋅mL− 1 in the DZS@BMNs group, markedly 
higher than the 190.0 ng⋅mL− 1 observed in the oral group (p < 0.01). 
This 55% increase in Cmax suggests that transdermal delivery achieves a 
higher peak systemic exposure compared with oral administration. 
Furthermore, the AUC for DZS@BMNs was increased by 9.3% for 
AUC0–24h and by 11.5% for AUC0-∞ relative to the oral group. These 
improvements in systemic exposure can be attributed to the ability of the 
DZS@BMNs platform to circumvent first-pass hepatic metabolism and 
gastrointestinal degradation.

Collectively, the pharmacokinetic data provide direct evidence that 
DZS@BMNs achieves systemic delivery of active components. The rapid 
absorption profile ensures timely intervention during the acute phase of 
CINV, while the enhanced Cmax and AUC values confirm improved 
bioavailability relative to the conventional oral route. Importantly, 
these findings substantiate the intended therapeutic pathway of the 
DZS@BMNs system: transdermal administration enables the active 
constituents to enter systemic circulation and subsequently exert their 
pharmacological effects on both peripheral targets and central targets.

3.6. In vivo evaluation of anti-emetic efficacy in cisplatin-induced CINV 
models

We evaluated the antiemetic efficacy of DZS@BMNs using a 
cisplatin-induced pica model, a well-established surrogate for CINV. 
This model mimics CINV-like behaviors through central serotonergic 
activation, with increased kaolin intake serving as a widely accepted 
indirect measure of nausea in rodents [56,57]. Cisplatin produced a 
significant and sustained increase in kaolin consumption relative to 
controls, confirming successful model establishment (Fig. 5a-5b). As 
shown in Fig. 5b, DZS@BMNs significantly reduced kaolin intake during 
the 24–108 h period after cisplatin administration compared with the 
model group. The cisplatin-induced pica model is characterized by an 
acute phase (0–24 h), driven primarily by 5-HT3R activation, and a 
delayed phase (> 24 h), which involves NK1R signaling and inflamma
tory pathways [58]. At the 24-h mark, corresponding to the acute phase, 
DZS@BMNs reduced kaolin intake by 38% relative to the dexametha
sone group (1.30 g vs 0.81 g). This degree of acute-phase suppression 
carries clinical significance, since poor early emesis control is a known 
predictor of delayed-phase CINV and anticipatory nausea in later 
chemotherapy cycles [59]. Dexamethasone produced greater reductions 
in kaolin consumption during the delayed phase, a finding consistent 
with its well-documented anti-inflammatory effects in later-stage emesis 
[60]. Its acute-phase activity, however, is comparatively limited when 

measured against agents that directly interfere with serotonergic 
transmission. In contrast, DZS@BMNs acts by inhibiting serotonin 
biosynthesis, thereby providing strong antiemetic protection during the 
acute phase. It is worth noting that the efficacy of both ondansetron and 
dexamethasone may become limited upon repeated administration. 
DZS@BMNs, a transdermal system based on a clinically validated 
botanical formulation, represents a well-tolerated and noninvasive 
alternative in settings where conventional antiemetic options offer 
suboptimal benefit.

Mechanistically, treatment with DZS@BMNs resulted in tissue- 
specific reductions in 5-HT levels across key components of the gut- 
brain axis, with decreases of 42% in the brain (p < 0.01), 38% in the 
ileum (p < 0.05), and 22% in plasma relative to the model group 
(Fig. 5c-5e). These findings indicate that BSP-mediated transdermal 
delivery of the botanical formulation is associated with reduced 5-HT 
levels in both peripheral and central compartments. Notably, the 
reduction in 5-HT levels closely paralleled the observed behavioral im
provements, suggesting that suppression of serotonergic hyperactivity is 
a key mechanism underlying the antiemetic efficacy of DZS@BMNs. 
Together, these results suggest that DZS@BMNs exerts potent antiemetic 
effects, with concurrent reductions in central and peripheral serotonin 
levels closely paralleling the observed behavioral improvements. 
Although a BSP-BMNs control was not included, as the study focused on 
the integrated DZS@BMNs system, the anti-inflammatory properties of 
BSP are well established, particularly through the inhibition of NF-κB 
and NLRP3 pathways [61,62]. In our LPS-stimulated RAW264.7 mac
rophages, BSP also showed potent suppression of NO and IL-6 along with 
restoration of IL-10 (Fig. 7e-7g). H&E staining also confirmed the effi
cacy of DZS@BMNs (Fig. 5f).

3.7. Transcriptomic assessment into neuroimmune modulation

To elucidate the molecular mechanisms underlying the anti-emetic 
efficacy of DZS@BMNs, transcriptomic profiling was performed on 
brain and ileal tissues. These sites were selected because they represent 
the two principal hubs of the gut-brain axis that orchestrate 5-HT and 
cytokine-mediated neuroimmune signaling during CINV. The brainstem 
(area postrema and nucleus tractus solitarius) acts as a central vomiting 
center, while the ileum serves as the major peripheral source of 5-HT 
release. This dual-tissue strategy allows parallel assessment of central 
and peripheral responses to BSP-based microneedle intervention.

Comparative transcriptomic analysis revealed that cisplatin induced 
extensive transcriptional perturbations, with 810 differentially 
expressed genes (DEGs; 185 upregulated, 625 downregulated) in brain 
tissue and 2003 DEGs (1514 upregulated, 489 downregulated) in ileum 
compared with the control group (Fig. 6a-6b). Treatment with 
DZS@BMNs markedly reversed these alterations, yielding 5554 DEGs 
(2321 upregulated, 3233 downregulated) in brain and 1088 DEGs (609 
upregulated, 479 downregulated) in ileum versus the model group. In 
contrast, dexamethasone treatment modulated only 627 DEGs in brain 
and 847 DEGs in ileum, suggesting that the macromolecular formulation 
induced broader transcriptomic reprogramming.

GO enrichment analysis revealed that the DEGs regulated by 
DZS@BMNs were significantly enriched in biological processes related 
to neurotransmitter secretion, calcium ion-regulated exocytosis, synap
tic transmission, and inflammatory response (Fig. 6c-6d). These results 
implied a coordinated restoration of synaptic homeostasis and neuro
immune balance. KEGG pathway enrichment further indicated activa
tion of oxytocin, Ras, and MAPK signaling pathways (Fig. 6e-6f), which 
were known to modulate both neuronal excitability and cytokine 
release. Together, these transcriptomic signatures suggested that 
DZS@BMNs re-established cross-talk between serotonergic and inflam
matory networks disrupted by cisplatin exposure. Pharmacological 
target mapping identified 308 potential molecular interactors, among 
which Gabrp, Cyp3a2, Car3, and Mpo were strongly correlated with IL-6 
and TNF-α expression levels (Fig. S5-S16). This highlights a potential Fig. 4. Pharmacokinetic results in rats (n = 6).
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dual regulatory mechanism-attenuation of pro-inflammatory cytokine 
expression and downregulation of excitatory neurotransmission-both 
contributing to the observed anti-emetic effect.

Mechanistically, DZS@BMNs modulated tissue-specific neuro
immune signatures along the gut-brain axis. In brain tissue, both 
DZS@BMNs and dexamethasone suppressed cisplatin-induced over
expression of Tph1 and Drd1, while DZS@BMNs exerted a stronger 
inhibitory effect on neuroinflammatory markers such as IL-6 and NF-κB. 
In ileal tissue, the microneedle treatment reduced the expression of Th, 
Drd2, and 5-HT3R subunits, while concomitantly suppressing IL-1β, IL-6, 
and TNF-α transcripts, demonstrating synchronized inhibition of 
neurotransmitter biosynthesis and inflammatory cascades (Fig. 6g-6i).

Collectively, the transcriptomic data indicate that DZS@BMNs exert 
a bidirectional regulatory effect on neuroimmune interactions along the 
gut-brain axis. This is achieved through the concurrent suppression of 
serotonergic and dopaminergic signaling, alongside the inhibition of 
cytokine-mediated inflammatory responses. Given the exploratory na
ture of transcriptomic analysis, these findings should be interpreted as 
hypothesis generating. They provide a foundational molecular frame
work that requires further functional validation to establish the causal 
mechanisms underlying the anti-emetic effects of DZS@BMNs.

3.8. In vitro anti-inflammatory

To evaluate the anti-inflammatory efficacy of DZS@BMNs, we 
established an LPS-induced macrophage model using RAW 264.7 cells. 
In LPS-stimulated RAW 264.7 cells, treatment with DZS@BMNs (350 
μg⋅mL− 1) significantly reduced NO production by 60.2% (p < 0.001) and 
decreased IL-6 levels by 99.0% (p < 0.001) compared to the model 

group. Additionally, DZS@BMNs partially restored IL-10 to 31.30 ±
11.61 pg⋅mL− 1 (p < 0.001), reaching 94.4% of the baseline level and 
reversing the 2.1-fold increase induced by LPS. Notably, DZS@BMNs 
outperformed indomethacin, a first-line anti-inflammatory drug, in 
modulating these inflammatory mediators (Fig. 7a-7h). Collectively, 
these findings demonstrate that DZS@BMNs exerts potent anti- 
inflammatory effects by suppressing pro-inflammatory factors and 
restoring the balance of anti-inflammatory cytokines, highlighting its 
therapeutic potential for inflammation-related conditions such as CINV.

3.9. Biosynthesis inhibition of 5-HT by DZS@BMNs

As first-line therapeutic agents for the management of CINV, 5-HT3R 
antagonists exerted potent antiemetic effects by selectively inhibiting 
the binding of 5-HT to 5-HT3R [63–65]. RIN-14B cells, which share close 
phenotypic and functional homology with enterochromaffin-cells (EC) 
(including the expression of TPH1 and chromogranin A, as well as 
stimulus-evoked 5-HT release), serve as a well-validated in vitro model 
for investigating EC-lie serotonin biosynthesis and secretion [66]. The 
half-maximal inhibitory concentration (IC50) of DZS@BMNs on RIN-14B 
cell viability was 0.29 mg⋅mL− 1, indicating a favorable safety window 
for subsequent functional assays. Using this model, we found that 
DZS@BMNs suppressed 5-HT secretion in a concentration-dependent 
manner. At 50 μM, DZS@BMNs reduced serotonin output to 44.54 ±
0.84 ng⋅mL− 1, outperforming the selective TPH1 inhibitor LP533401 
(68.73 ± 0.86 ng⋅mL− 1, p < 0.001, Fig. 7i-7j). This finding suggests that 
botanical formulations can achieve more potent inhibition of peripheral 
serotonin synthesis than single-target inhibitors, potentially through 
synergistic modulation of multiple pathways involved in TPH1 

Fig. 5. In vivo anti-emetic efficacy of DZS@BMNs in cisplatin-induced CINV models. (a) Schematic illustration of the experimental design. (b) Time-dependent 
kaolin consumption in each treatment group over 120 h following cisplatin administration. (c-e) 5-HT levels in brain tissue (c), ileal tissue (d), and plasma (e). 
(f) Representative images of H&E staining in each group of rats. Data are expressed as mean ± SD (n = 5). Statistical analysis was performed by one-way ANOVA 
followed by Tukey's post hoc test. #p < 0.05, ##p < 0.01, and ###p < 0.001 indicate significant differences compared to the model group.
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expression and activity.
Collectively, these results indicated that DZS@BMNs acts upstream 

of receptor blockade by directly inhibiting serotonin biosynthesis, 
thereby interrupting the emetic cascade at its source. This biosynthetic 
targeting offers a mechanistic advantage over conventional 5-HT3 re
ceptor antagonists, which only interfere with downstream receptor 
signaling, and positions DZS@BMNs as a promising multimodal strategy 
for managing refractory CINV, particularly in cases where receptor an
tagonists alone provide inadequate control. This biosynthetic mecha
nism is closely tied to the properties of the delivery system itself. The 
ability to achieve such pharmacological effects is enabled by the choice 
of BSP as the microneedle matrix. Unlike conventional microneedle 
substrates such as synthetic polymers or hyaluronic acid, which serve 
predominantly as inert structural materials, BSP is a naturally derived 
biomacromolecule that contributes beyond mechanical support. It ex
hibits intrinsic biocompatibility, enables physical encapsulation of labile 

botanical components without covalent modification, and maintains 
formulation stability during storage. In the present system, BSP thus 
functions as an integral component that supports both the integrity and 
the activity of the loaded formulation. This integration of material 
functionality with therapeutic design distinguishes the present bio
macromolecular microneedle approach from existing transdermal 
platforms.

A schematic overview of the proposed mechanism is provided in 
Fig. 8. Transdermal dministration of DZS@BMNs enables coordinated 
neuroimmune modulation along the gut-brain axis: peripheral sup
pression of serotonin biosynthesis and inflammation, coupled with 
central attenuation of neuroinflammation and modulation of seroto
nergic and dopaminergic signaling. This dual-pathway regulation, sup
ported by the multifunctional BSP matrix, interrupts the emetic cascade 
at multiple levels.

Fig. 6. Transcriptomic dissection of DZS@BMNs-mediated neuroimmune modulation. (a) Number of DEGs identified in brain tissue. (b) Number of DEGs identified 
in ileal tissue. (c-d) Genome-wide expression profiles displayed as boxplots showing median, quartiles, and 1.5 × interquartile range (IQR) in brain (c) and ileum (d). 
(e) GO enrichment analysis of DEGs in brain. (f) GO enrichment analysis of DEGs in ileum. (g) KEGG pathway enrichment analysis of DEGs in brain. (h) KEGG 
pathway enrichment analysis of DEGs in ileum. (i-k) Correlation networks linking neurotransmitter receptor-encoding genes, neurotransmitter-encoding genes, and 
inflammatory cytokine-encoding genes to DZS@BMNs treatment targets (n = 3).
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Fig. 7. Dual-pathway anti-emetic effect of DZS@BMNs in vitro. (a) Cell viability of RAW 264.7 cells treated with various concentrations of DZS. (b) Cell viability of 
RAW 264.7 cells treated with various concentrations of DZS@BMNs. (c) Cell viability of RAW 264.7 cells treated with various concentrations of IND. (d) Cell viability 
of RAW 264.7 cells treated with various concentrations of BSP. (e) NO production in RAW 264.7 cells after different treatments. (f) IL-6 levels in RAW 264.7 cells 
after different treatments. (g) IL-10 levels in RAW 264.7 cells after different treatments. (h) Representative morphology images of RAW 264.7 macrophages under 
treatment with LPS (0.001 μg⋅mL− 1) and DZS@BMNs. (i) Cell viability of RIN-14B cells treated with various concentrations of DZS@BMNs. (j) 5-HT secretion levels 
in RIN-14B cells after treatment with various concentrations of DZS@BMNs. Data are expressed as mean ± SD values (n = 3). Statistical analysis was performed by 
one-way ANOVA followed by Tukey's post hoc test. *p < 0.05, **p < 0.01 and ***p < 0.001 indicate significant differences compared to the control group; #p < 0.05, 
##p < 0.01 and ###p < 0.001 indicate significant differences compared to the model group; ^p < 0.05, ^^p < 0.01 and ^^^p < 0.001 indicate significant differences 
compared to the IND or LP533401 group.

Fig. 8. DZS@BMNs-mediated neuroimmune modulation along the gut–brain axis. The BSP-based microneedle platform bypasses hepatic first-pass metabolism and 
enables direct systemic delivery of bioactive constituents. In the periphery, the system suppresses ileal 5-HT biosynthesis and attenuates pro-inflammatory mediators 
NO and IL-6. Central neurotransmitter homeostasis is restored through reduced brain 5-HT content and downregulation of Th and DRD2. Peripheral inflammatory 
suppression and central neurochemical normalization operate as a coupled bidirectional circuit, defining a core mechanistic axis of the observed antiemetic activity.
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4. Conclusion

In this study, we developed BSP-based microneedles (DZS@BMNs) as 
a carrier-free macromolecular platform that utilizes the intrinsic 
bioactivity of the natural polysaccharide BSP to integrate multi- 
component botanical therapeutics for the management of CINV. This 
system modulated serotonergic and dopaminergic signaling while sup
pressing pro-inflammatory cytokine cascades, thereby achieving bidi
rectional neuroimmune regulation along the gut-brain axis. As a 
biomacromolecule, the BSP matrix not only provided structural integrity 
and physical encapsulation of labile botanical components but also 
contributed to the overall anti-inflammatory effect. Its biodegradable 
architecture enabled rapid skin penetration and sustained drug release 
without gastrointestinal toxicity, supported by favorable biosafety pro
files and inherent mucosal-protective properties. Overall, DZS@BMNs 
represent an innovative carrier-free microneedle system with notable 
advantages and potential for CINV treatment, offering a novel and 
effective therapeutic strategy. While the robust efficacy of DZS@BMNs 
in preclinical models supports its considerable promise for CINV man
agement, the inherent complexity of multi-component botanical for
mulations will necessitate substantial investments in both time and 
financial resources to advance the system through rigorous pharma
ceutical development and clinical translation.
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