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Abstract

Chronic wounds represent a major global healthcare burden, demanding integrated solutions for both continuous
wound monitoring and on-demand therapeutic intervention. In this work, we present monolithic barbed
microneedles (3D-BMN) for wound impedance sensing and barbed hollow microneedles (3D-BHMN) for drug
delivery, fabricated with high-precision projection micro-stereolithography (PuSL) 3D printing. Inspired by natural
barbed structures like bee stingers, the barbed geometry balances penetration efficiency with mechanical interlocking,
enabling stable anchorage to wound dressings. Conductivization with Ag/AgCl and AuNPs imparts robust
electrochemical performance, allowing accurate monitoring of wound impedance, which correlates with wound
status. 3D-BHMN integrates an ultrasonic atomizer for efficient drug delivery. A closed-loop feedback system couples
3D-BMN and 3D-BHMN, forming a closed-loop system for on-demand delivery of therapeutic agents modulated by
the sensed impedance value that aligns with the dynamic wound status. This integrated platform advances smart
wound management by combining diagnostics and therapeutics, offering broad translational potential.

Introduction

Wound management represents a critical pillar of
modern healthcare. Globally, over 60 million individuals
suffer from chronic wounds. In China, diabetic foot ulcers
alone account for tens of billions of Yuan in annual
medical expenditures’. This huge burden continues to
escalate, driven by an aging population and growing
prevalence of diabetes, underscoring an urgent need for
advanced wound management strategies.

Traditional wound dressings, such as hydrocolloids and
foams, have long served as the standard of wound care.
These dressing materials provide moderate protection
against bacterial colonization and maintain a moist
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microenvironment conducive to wound healing. How-
ever, the passive nature of these dressings significantly
limits their therapeutic functionalities. Lacking the capa-
city to directly monitor key biomarkers associated with
wound healing progression, these dressings offer no real-
time information on wound status. As a result, healthcare
practitioners must frequently remove them for inspec-
tion>~®, an intervention that risks secondary trauma, dis-
rupts the delicate healing cascade, and ultimately delays
wound recovery. Additionally, traditional dressings are
incapable of on-demand drug delivery, limiting their
applications  for personalized responsive wound
treatment.

Microneedles represent an emerging class of minimally
invasive technology for painless transdermal biosensing
and drug delivery’ ">, Despite their potential, current
microneedle-based systems are limited by insufficient
mechanical anchorage. Conventional cone- or pyramid-
shaped designs frequently dislodge from target tissues
over extended durations, thereby significantly compro-
mising their utility in applications requiring continuous
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monitoring. Among a diverse range of microneedle-based
drug delivery platforms'®>™'®, hollow microneedles are
well-suited for sustained on-demand drug administration;
yet conventional fabrication approaches for such struc-
tures remain cumbersome, often involving multiple pro-
cessing steps and extended fabrication cycles.

To tackle these challenges, we have developed two
classes of 3D-printed barbed microneedles (3D-BMN): a
sensing variant for real-time wound impedance mon-
itoring, and a hollow variant (3D-BHMN) optimized for
on-demand therapeutic drug delivery. Leveraging micro
3D printing technology, we achieved monolithic fabrica-
tion of both 3D-BMN and 3D-BHMN structures with
high precision. The designs incorporate intricate bioin-
spired barbs inspired by the natural anchoring mechan-
isms of bee stingersu, to enable robust mechanical
interlocking with wound dressings, effectively preventing
dislodgement and facilitating long-term stable deploy-
ment. The sensing 3D-BMN enables continuous real-time
monitoring of wound impedance, which is strongly cor-
related with wound hydration, inflammatory burden, and
bacterial load, thereby providing immediate and action-
able feedback on healing trajectories'®'®, In parallel, the
hollow 3D-BHMN integrates a closed-loop control
module based on impedance feedback, which triggers on-
demand drug release, enabling condition-responsive and
autonomous therapeutic interventions. This synergistic
integration of real-time monitoring and precision ther-
apeutics constitutes a significant advancement in chronic
wound management. In general, our device distinguishes
itself from prior works in two key aspects. First, it achieves
system-level integration—combining 3D-BMN (sensing)
and 3D-BHMN (drug delivery) into a closed-loop system
with “sensing-triggered delivery,” unlike studies focusing
solely on fabrication (Ghosh et al., 2025)%° or structure
(Chen et al, 2018)*'. Second, its one-step micro-3D
printing creates hollow microneedles (150 pm channels)
with barbs (50 um) simultaneously. By addressing the
challenges in long-term electrode stability, biosensing
accuracy, and intelligent drug delivery, the barbed
microneedle system demonstrated in this study holds
profound potential for reshaping wound management
practice and improving clinical outcomes.

Results
Fabrication of 3D-BMN and 3D-BHMN

Traditional microneedles frequently detach from bio-
logical tissues and dressing materials during prolonged
wear, primarily attributed to skin tension, muscle move-
ment, or bodily fluids. This instability can result in inac-
curate sensing and inconsistent delivery of therapeutic
agents, compromising treatment efficiency. Furthermore,
the limited contact duration of single-use microneedles
shows low therapeutic efficacy and necessitates repeated
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administrations, exacerbating tissue trauma and patient
discomfort. To overcome these limitations, we engineered
barbed microneedles by mimicking natural micro-
structures with anchorage, most notably, the honeybee
stingers. Scanning electron microscopy (SEM) images of a
honeybee stinger (Fig. 1a) reveal its distinct barbed mor-
phology. In 3D-BMN, the 3D-printed barbs on the
microneedles form robust mechanical interlocks with
wound dressing materials, such as agarose (Fig. 1b). This
structure significantly enhances microneedle retention by
resisting external forces arising from skin contraction or
limb movement, thereby extending the stable operation
duration of the microneedles.

Schematic designs of both sensing 3D-BMN and deliv-
ery 3D-BHMN are illustrated in Fig. 1c. Each microneedle
features a two-layer design with six barbs per layer angled
at 45°, a configuration optimized to maximize mechanical
anchorage and minimize trauma caused by insertion. Both
3D-BMN and 3D-BHMN were fabricated using projec-
tion micro stereolithography (PuSL), a variant of vat
photopolymerization (VPP) 3D printing technology (Fig.
1d(i)). Given that the 3D-printed constructs are composed
of non-conductive resin, a sequential surface modification
protocol was developed to render 3D-BMN electrically
conductive for electrochemical sensing (Fig. 1d(ii)). The
first step involved spray-coating conductive Ag/AgCl
paint onto the microneedle surfaces. This not only
imparts conductivity but also introduces bioactive silver
ions that act as non-toxic antioxidants and offer intrinsic
antibacterial properties, thereby improving biocompat-
ibility for long-term use. However, the electrochemical
performance of the spray-coated Ag/AgCl layer alone was
insufficient for high-sensitivity monitoring. To enhance
functionality, a secondary layer of gold nanoparticles
(AuNPs) was deposited via in situ redox reaction. Speci-
fically, the Ag/AgCl-coated 3D-BMN was immersed in a
solution containing sodium citrate (NazC¢Hs0,) and
chloroauric acid (HAuCly), enabling the deposition of
AuNPs on the Ag/AgCl surface, which significantly
enhanced the electrochemical performance of 3D-BMN
electrodes™.

Figure le(i) presents the physical appearance of the
sensing-oriented 3D-BMN before and after con-
ductivization. Post-conductivization, its surface exhibited
a characteristic silver hue interspersed with localized
purple spots. The hollow channels and barbed structures
of 3D-BHMN were clearly evident in the optical images
(Fig. 1le(ii)). Optical microscopy of 3D-BMN (Fig. 1f)
revealed a well-defined structure with high-fidelity fea-
tures and morphological consistency.

Mechanical characterization of 3D-BMN
Barbs are strategically incorporated into the micro-
needle design to anchor the microneedles securely within
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Fig. 1 Fabrication process and physical images of 3D-BMN and 3D-BHMN. a SEM images of a honeybee stinger, showing the distinct barbed
morphology. b Schematic illustration of the operation principle of 3D-BMN. ¢ i Design schematics of 3D-BMN for sensing. ii Design schematics of 3D-
BHMN for drug delivery. d i Fabrication of the 3D-BMN resin matrix via PuSL technology. ii Conductivization process of 3D-BMN through Ag/AgCl
spray coating and AuNP deposition. e i Optical images of 3D-BMN before and after conductivization. ii Optical images of 3D-BHMN. f Optical
microscopy images of barbed microneedles, demonstrating their morphological characteristics
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wound dressings to prevent detachment during prolonged
wear, while maintaining smooth insertion through the
dressing and into the skin tissue with minimal resistance.
To systematically investigate how structural parameters of
barbs, including barb angle, barb count, and layer count,
influence the insertion and retraction forces of micro-
needles, a high-precision texture analyzer was used to
simulate these dynamic mechanical interactions using an
agarose-based wound dressing model (Fig. 2a). The
agarose hydrogel is a common wound dressing model
which provides a physiologically relevant test platform for
real-world assessment of microneedle mechanics.

In the experimental setup, microneedles were rigidly
mounted onto the texture analyzer probe, positioned
vertically above the agarose model. The probe pressed
against the wound dressing model at a constant velocity of
1 mm/s—mirroring clinically relevant insertion rates—
until the microneedles were fully inserted into the
hydrogel. Retraction was subsequently performed at the
same rate to quantify withdrawal resistance. Each condi-
tion was tested in triplicate to account for stochastic
variations, generating force—displacement curves from
which quantitative mechanical performance metrics were
derived.

A series of microneedle prototypes with systematically
varied barb angles, barb numbers, and layer configura-
tions was fabricated and tested (Fig. 2b—d). For experi-
mental clarity and visualization, only a single microneedle
was 3D-printed for observation. The primary objective
was to identify an optimal barb configuration that bal-
ances the ease of insertion and anchorage strength by
minimizing insertion resistance to reduce patient dis-
comfort and tissue damage, while maximizing anchorage
strength to prevent undesired detachment. The wound
dressing model consisted of 5wt% agarose hydrogel,
which closely matched the hardness and elastic modulus
of commercially available hydrocolloid dressings*~7,
thereby creating a physiologically relevant testing envir-
onment. Additionally, its transparency enabled direct
real-time visual observation of barb—dressing interactions
during insertion and retraction. These unique properties
make agarose a gold standard for microneedle bio-
mechanical testing.

Experimental results revealed several key mechanistic
insights (Fig. 2b—d). First, both insertion and retraction
forces showed a significant positive correlation with barb
angle. As the barb angle increased, insertion resistance
rose due to increased contact area, but the enhanced
mechanical interlocking with agarose dressing improved
anchorage strength. Notably, excessively large barb angle
caused severe gel deformation during insertion, often
leading to tip damage or dressing tearing. Based on these
findings, a 45° barb angle emerged as the optimal design
for subsequent studies, as this configuration offered a
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favorable compromise: insertion force remained suffi-
ciently low to minimize patient discomfort while retrac-
tion force was sufficient to ensure stable anchorage over
extended periods during wear.

In addition to the barb angle, increasing the number of
barbs and layer count further enhanced attachment
strength. This improvement was attributed to an
increased number of anchoring points and expanded
contact interface between barbs and agarose, which dis-
tributed mechanical loads more evenly and minimized
localized shear failure. Consequently, a double-layered
design with 6 barbs angled at 45° per layer was adopted as
the standard configuration for subsequent experiments.

The structural optimization establishes a robust
microneedle system for long-term continuous biosignal
monitoring, where stable microneedle anchorage reduces
sensor drift and eliminates the need for frequent reap-
plication, thereby mitigating patient burden and infection
risk. Altogether, the optimized 3D-BMN demonstrates
clinical relevance and mechanical reliability.

Electrochemical characterization of 3D-BMN

SEM was used for morphological analysis of 3D-BMN
spray-coated with Ag/AgCl, followed by AuNPs deposi-
tion (Fig. 3a). SEM images of Ag/AgCl-sprayed micro-
needles (Fig. 3a(i)) revealed a conductive layer composed
of microscale Ag/AgCl flakes forming a stacked and
relatively non-uniform structure, an artifact due to the
manual spraying process. This morphological non-
uniformity likely compromises the electrical conductivity
and reproducibility of the 3D-BMN electrode interface,
potentially diminishing the overall electrochemical
performance.

In contrast, subsequent AuNP deposition (Fig. 3a(ii))
produced a hierarchical coating comprising clusters of
AuNPs distributed over the basal Ag/AgCl flake layer.
These AuNPs clusters arise from the self-assembly
behavior of AuNPs, which tend to aggregate to mini-
mize surface energy during deposition. This hierarchical
micro-nano coating not only increases the effective sur-
face area for electrochemical interactions but also
enhances electrical conductivity, leading to improved
electrochemical performance.

The density and uniformity of AuNP coverage were
further tuned by varying sodium citrate concentration
during the deposition process. Higher citrate concentra-
tions resulted in denser and more uniform coverage of
AuNPs on the microneedle surface (Fig. 3a(iii)). Energy
dispersive spectroscopy (EDS) elemental mapping corro-
borated these observations (Fig. 3b(i-iii)), with Au-
specific signals increasing progressively as sodium citrate
concentration increased from 0.7% to 1.5%. These results
highlight the critical role of sodium citrate in tuning
AuNP loading and distribution on 3D-BMN, thereby
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Fig. 3 Electrochemical and structural characterization of the 3D-BMN. a SEM images of spray-coated Ag/AgCl microneedles and AuNPs-
deposited microneedles. i Spray-coated Ag/AgCl microneedles. ii AuUNPs-deposited microneedles. iii Spray-coated Ag/AgCl microneedles vs.
Comparison of AuNPs-deposited microneedles under different sodium citrate concentrations. b EDS elemental mapping of spray-coated Ag/AgCl
microneedles and AuNPs-deposited microneedles under varying sodium citrate concentrations. i Spray-coated Ag/AgCl microneedles. ii AUNPs-
deposited microneedles in 0.7% sodium citrate solution. iii. AUNPs-deposited microneedles in 1.0% sodium citrate solution. iv AuNPs-deposited
microneedles in 1.5% sodium citrate solution. The red line indicates the edge of the microneedles. ¢ Schematic diagram of 3D-BMN testing for EIS
and CV. d Comparative EIS curves of four microneedle types under different NaCl concentrations. i 0.1% NaCl concentration. i 0.3% NaCl
concentration. iii 0.5% NaCl concentration. @ Comparative CV curves of four microneedle types

influencing the surface morphology and electrochemical
performance.

To evaluate electrochemical performance under phy-
siologically relevant conditions, measurements were
conducted using an artificial skin model covered with
agarose-based wound dressing. The artificial skin was
composed of 5wt% gelatin hydrogel to replicate the
mechanical properties of human skin®*~*>, To simulate
varying wound conditions, the skin model incorporated
varying NaCl concentrations (0.1%, 0.3%, 0.5% w/w) to
simulate progressive stages of wound inflammation with
distinct impedance'®*®.

Electrochemical impedance spectroscopy (EIS) (Fig. 3d)
measurements showed that 3D-BMN coated with AuNPs
exhibited superior performance compared to bare Ag/
AgCl electrodes, evidenced by substantially lower impe-
dance and smoother impedance vs. frequency curves;
these enhancements were accompanied by reduced stan-
dard deviations, indicating improved reproducibility. This
enhanced performance is attributed to the hierarchical
Ag/Au nanostructured interface, which facilitates efficient
charge transfer and minimizes interfacial impedance.
Cyclic voltammetry (CV) was further performed to
characterize 3D-BMN. As AuNP coverage on the micro-
needle surface increased due to increasing sodium citrate
concentration, peak currents increased progressively at
given potentials (Fig. 3d). However, this trend plateaued
for the 1.0% and 1.5% citrate groups, suggesting saturation
of the microneedle surface with AuNPs. Collectively,
these findings highlight the importance of AuNP coating
for 3D-BMN in achieving reliable and reproducible elec-
trochemical performance, contributing to high-
performance microneedle-based biosensors under clini-
cally relevant conditions.

Fabrication and characterization of 3D-BHMN-based drug
delivery module

The reliable electrochemical performance of 3D-BMN
enables real-time monitoring of impedance at the wound
site, enabling us to develop an on-demand drug delivery
system with integrated closed-loop feedback to achieve
“sensing-triggered delivery”. The drug delivery module in
the system is based on the 3D-BHMN, which is engi-
neered by integrating an ultrasonic atomizer into 3D-

BHMN (Fig. 4a). The device features an outer diameter of
24 mm, an inner diameter of 20 mm, and an overall height
of 10mm. A 3 mm-deep groove is designed on the top
surface to house the power leads connecting the ultra-
sonic atomizer. The central hollow chamber incorporates
a 2mm-long microchannel array, each with a 0.4 mm
diameter, whose centers are directly aligned with the
centers of the 3D-BHMN hollow lumens (lumen dia-
meter: 0.3 mm). A detachable top lid enables on-demand
replenishment of therapeutic agents without requiring
system disassembly, ensuring uninterrupted drug admin-
istration. The 3D-BHMN with an integrated drug cham-
ber and the removable lid were fabricated separately via
high-resolution 3D printing.

The drug delivery system is powered by a USB-
interfaced driver board that provides regulated voltages
to the ultrasonic atomizer, whose on—off states are gov-
erned via pulse-width modulation (PWM). In this con-
figuration, the PWM signals excite an LC resonant circuit
tuned to the resonant frequency of the ultrasonic atomi-
zer. Upon activation, the ultrasonic atomizer oscillates at
a high frequency, nebulizing the liquid drug within the
chamber into aerosol droplets that are then channeled
through the 3D-BHMN toward the target site. This
mechanism ensures efficient, localized, and precise
delivery of therapeutic agents via the 3D-BHMN with
minimal invasion.

To evaluate the efficacy of ultrasound-assisted drug
delivery via 3D-BHMN, a Franz diffusion cell system, a
well-established in vitro model for evaluating transdermal
drug delivery, was employed. The Franz diffusion cell
comprises a donor compartment holding the drug for-
mulation (in this case, drug-loaded 3D-BHMN) and a
receptor compartment simulating underlying tissue to
collect permeated drugs. The two compartments are
separated by a semipermeable membrane mimicking the
skin. In this study, the 5 wt% gelatin hydrogel skin model
was used as the semipermeable membrane.

Three experimental groups were designed: (1) conven-
tional topical delivery using a medical needle-punctured
skin model as a baseline; (2) passive 3D-BHMN without
ultrasound-induced aerosol delivery; (3) ultrasound-
enhanced aerosol delivery via 3D-BHMN. A 0.1 wt% try-
pan blue solution served as the model drug for easy
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visualization, and the delivery process was maintained for
30min in the Franz diffusion cell. Visual observation
revealed progressive color changes in the receptor
chamber over time (Fig. 4c), indicating increased drug
accumulation. Quantitative analysis of drug delivery was
conducted by measuring absorbance at 320nm in
samples extracted from the receptor compartment. The
ultrasound-induced drug delivery via 3D-BHMN
demonstrated significantly higher drug flux compared to
the other two groups (Fig. 4d). These findings highlight
the synergistic effect of integrating hollow microneedles
and ultrasound-facilitated aerosolization in enhancing
transdermal drug delivery. The hollow microchannels in
the microneedles breach the stratum corneum, creating
direct pathways for drug access to subcutaneous regions
of the wound site, while ultrasonic atomization facilitates
rapid distribution of drugs into these regions.

On-demand drug delivery with impedance feedback via
3D-BMN and 3D-BHMN

Impedance measurements serve as a sensitive bio-
physical indicator for monitoring wound healing pro-
gression, with characteristic impedance profiles

correlating with distinct stages of tissue repair. A decline
in impedance typically signals delayed healing, persistent
inflammation, or infection—conditions resulting from
impaired tissue remodeling and sustained high-moisture
environments'®'®, which necessitate pharmacological
interventions.

In this study, we present an integrated 3D-BMN bio-
sensing and 3D-BHMN drug delivery platform that
enables on-demand drug delivery via impedance
feedback-controlled autonomous actuation (Fig. 5a).
Central to this system is the STC89C52 microcontroller,
which acts as the primary control module, orchestrating
signal acquisition, processing, and actuation of the drug
delivery module. Concurrently, an NE555 timer chip
continuously monitors capacitor charge—discharge cycles
directly correlated with impedance variations at the
wound site. Following signal acquisition, raw data
undergo amplification, noise reduction, and calibration to
ensure the accuracy and reliability of impedance mea-
surements. When the measured impedance falls below a
user-defined threshold, which indicates potential wound
deterioration due to infection or inflammation, the
microcontroller triggers a relay to activate the ultrasonic
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atomizer to deliver therapeutic agents to the wound site
via the 3D-BHMN-based drug delivery module. This
feedback-driven activation mechanism ensures responsive
therapeutic dosing, minimizing unnecessary dosages and
optimizing treatment efficacy.

System parameters, such as measured impedance and
operational status, are displayed on an LCD1602 module.
The threshold is adjustable via a user I/O interface,
allowing dynamic adaptation to varying wound conditions
and clinical scenarios.

The accuracy of impedance measurement was rigor-
ously validated through a series of calibrations against
precision resistors, demonstrating a maximum measure-
ment error of 0.22%. These small deviations confirm the
reliability of this system for impedance sensing in clinical
applications. The integrated design, combining autono-
mous impedance sensing with on-demand drug delivery,
holds significant promise for adaptive wound manage-
ment. By continuously monitoring wound impedance and
automatically triggering drug delivery when required, the
system facilitates personalized and timely treatment,
potentially improving healing outcomes and reducing the
risk of complications.

To simulate practical and clinically relevant wound
scenarios, in vitro experiments were performed with a
gelatin wound model composed of 5% gelatin containing
varying concentrations of NaCl covered by an agarose
wound dressing (Fig. 5b). During operation, the 3D-BMN
was fully inserted into the gelatin wound model, and the
needle tip was ensured to penetrate the agarose wound
dressing and reach a depth of ~600 um into the wound
model, a depth that is consistent with the standardized
insertion depth validated in preliminary experiments to
ensure stable contact with the target sensing region.
Before recording the impedance data, a stabilization per-
iod of ~30s was maintained, a duration optimized
through preliminary pre-experiments to thereby avoid
signal drift that caused errors in subsequent data analysis.
The 3D-BMN sensor enables reliable electrical contact
and signal transduction, ensuring accurate impedance
monitoring. Powered by an external source, the integrated
system continuously monitored impedance changes in the
wound model. As shown in the flowchart (Fig. 5¢), upon
reaching the preset threshold, the drug delivery module is
automatically activated. The results demonstrated that the
system was able to accurately detect impedance variations
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and deliver drugs on demand in a timely manner,
underscoring its effectiveness in practical applications
(Fig. 5d). When the impedance of the gelatin skin model
fell below the threshold value, the driver board generated
high-frequency oscillations to activate the ultrasonic
atomizer, releasing the trypan blue solution through 3D-
BHMN. Conversely, when impedance values remained
above the threshold, oscillations were not triggered. As a
result, the ultrasonic atomizer remained inactive, dis-

abling drug delivery.

Discussion

This work presents a multifunctional platform inte-
grating 3D-BMN biosensing and 3D-BHMN drug delivery
modules for combined real-time wound impedance sen-
sing with ultrasound-enhanced drug delivery in chronic
wound management. Fabricated via PuSL, the optimized
45° barbed structure balances the ease of insertion and
robust mechanical anchorage. Surface modifications via
Ag/AgCl spraying and AuNPs deposition enhance elec-
trical stability for precise and reliable impedance mon-
itoring. The incorporation of ultrasonic atomization
generates submicron aerosolized drug droplets, increasing
transdermal penetration efficiency by multiple folds
compared to passive delivery systems in gelatin skin
models. Crucially, the impedance-based closed-loop
feedback enables on-demand drug delivery, aligning drug
administration with the wound healing progression. This
monolithic platform integrates mechanical interlocking,
sensing, and drug delivery at micron structural precision
using high-precision 3D printing, demonstrating both
technical sophistication and scalability. Collectively, this
study establishes a foundation for next-generation smart
wound dressings that integrate diagnostic monitoring
with on-demand therapeutic administration. The pro-
posed platform holds significant promise for improving
clinical outcomes by responsive precision wound care,
thereby reducing patients’ burden and minimizing com-
plications associated with chronic wounds.

Materials and methods
Materials

High-temperature resistant (HTL) resin was purchased
from Boston Micro Fabrication Co., Ltd. The conductive
silver spray paints were sourced from Shenzhen Jingzhe
Technology Co., Ltd., and the chloroauric acid (HAuCly,)
solution and sodium citrate (Na3;CcHs0O-) were obtained
from Jiangsu Aikon Biopharmaceutical R&D Co., Ltd.
Gelatin, agarose, and sodium chloride were purchased
from Chengdu Keweizhuo Technology Co., Ltd.

Preparation of 3D-BMN
3D-BMN was first modeled using SOLIDWORKS.
Projection micro-stereolithography (PuSL) 3D printing
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(microArch® S240, BMF, China) was employed to fab-
ricate 3D-BMNs from HTL photopolymer resin, fol-
lowed by surface modification involving Ag/AgCl spray
coating and nanogold deposition via a redox reaction,
using 0.7%, 1.0%, and 1.5% NazCgHs0, in HAuCl,
solution. The 3D-BMN has the following key dimen-
sions: the base diameter of each microneedle is 400 pm,
the total length (from the base to the tip) is 1300 pm,
and the length of each barbed structure (measured from
the edge of the microneedle shaft to the outermost end
of the barb) is 350 um. To ensure stable electrochemical
sensing, the Ag/AgCl coating on 3D-BMN was prepared
via a standardized spray process. Each 3D-BMN was
fixed on a glass slide with non-conductive adhesive, with
the microneedle shaft exposed. The microneedle was
sprayed with Ag/AgCl conductive paint from both the
front and back sides under the following conditions:
spray distance = 25 cm, nozzle angle =45° (relative to
the microneedle axis), spray duration=2s per side.
Following the spraying process, the device was dried in a
40 °C vacuum oven for 10 min to remove residual sol-
vent and enhance coating adhesion. The specific
experimental procedures for depositing gold nano-
particles are as follows: (1) Prepare a 0.01% aqueous
solution of HAuCl, and 0.7%, 1.0%, and 1.5% aqueous
solutions of NazCgHsO7 using deionized water. (2) Take
100 mL of HAuCl, aqueous solution, heat it to boiling
on a magnetic heating stirrer, attach a lead wire to the
bottom of the microneedle, suspend the microneedle on
the wall of the beaker, and add a certain amount of 0.7%,
1.0%, and 1.5% sodium citrate aqueous solutions,
respectively, for three different types of 3D-BMNs after
the microneedle is immersed. (3) Continue heating to
maintain boiling; it will be observed that the pale yellow
chloroauric acid aqueous solution quickly turns gray
after the addition of sodium citrate, then changes to
black, and subsequently stabilizes to a reddish-purple
color. (4) After cooling to room temperature, remove
the microneedle from the beaker and allow it to air-dry
in a well-ventilated area.

Preparation of 3D-BHMN

3D-BHMN was first modeled using SOLIDWORKS.
PuSL 3D printing technology was employed to directly
fabricate 3D-BHMNs using HTL photopolymer resin as
the raw material.

Based on the 3D-BHMN, the drug delivery module in
the system is designed with an ultrasonic atomizer inte-
grated into the 3D-BHMN structure. The ultrasonic
atomizer operates with the following parameters: its
operating voltage is 5V, the corresponding operating
current is 300 mA, and the resonant frequency (a core
parameter for ensuring atomization efficiency) is set to
~110 kHz. This specific combination is optimized through
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pre-testing to balance atomization performance, energy
consumption, and long-term stability of the atomizer.

Construction of the real-time feedback impedance-
modulated drug delivery system

The overall system’s main control module is built
around an STC89C52 microcontroller, with an NE555
chip deployed for real-time monitoring of capacitor
charge—discharge cycles. Following signal processing and
error correction, these cycles are converted into high-
precision impedance values. The system triggers relay
activation when the impedance falls below a preset
minimum threshold, activating the atomization sheet.
Medication is then dispersed onto the wound site through
hollow microneedles via a nebulization mechanism.
Detection results are visualized using an LCD1602 liquid
crystal display and an infrared indicator on the relay,
while the minimum impedance threshold can be adjusted
in real-time via a key circuit module. This integrated
design enables precise impedance-based sensing with
user-configurable response parameters, integrating
microcontroller logic with analog signal processing to
achieve automated drug delivery.

Characterization and measurement

Mechanical properties were tested using a texture
analyzer (Universal TA, Shanghai Tengba Instrument
Technology Co., China) to evaluate insertion and
extraction forces in agarose hydrogel, while electro-
chemical performance was assessed via cyclic voltam-
metry (CV) and electrochemical impedance spectroscopy
(EIS) by a electrochemical workstation (CS300M, Wuhan
Corrtest Instruments Corp., China) in gelatin models with
varying NaCl concentrations. SEM and EDS images were
acquired using a transmission electron microscope (Talos
F200X, Thermo Fisher, USA). For system integration, an
STC89C52 microcontroller-based circuit with NE555
resistance detection and LCD1602 display was developed
to trigger an ultrasonic atomizer via relay control. Drug
delivery efficiency was validated in Franz diffusion cells,
comparing ultrasonic-enhanced 3D-BHMN delivery with
traditional methods. All electrochemical experiments,
including CV, EIS, and wound impedance monitoring,
were conducted under a controlled laboratory environ-
ment temperature of 25+ 1°C.
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