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Bioelectrical stimulation is a powerful technique used to promote tissue regeneration, but it can be hindered by

n “electrical overload” phenomenon in the core region of stimulation. We develop a threaded microneedle
electrode system that protects against “electrical overload” by delivering medicinal hydrogel microspheres into
the core regions. The threaded needle body is coated with polydopamine and chitosan to enhance the adhesion of
microspheres, which are loaded into the threaded grooves, allowing for their stereoscopic release in the core
regions. After the electrode is inserted, the microspheres can be delivered three-dimensionally through physical
swelling and the shear-thinning effect of chitosan, mitigating the electrical damage. Microspheres are designed to
release alkylated vitamin B12 and vitamin E, providing antioxidant and cell protection effects upon in-situ
activation, reducing reactive oxygen species (ROS) by 72.8 % and cell death by 59.5 %. In the model of pe-
ripheral nerve injury, the electrode system improves the overall antioxidant capacity by 78.5 % and protects the
surrounding cells. Additionally, it leads to an improved nerve conduction velocity ratio of 41.9 % and sciatic
nerve function index of 12.1 %, indicating enhanced neuroregeneration. The threaded microneedle electrode
system offers a promising approach for nerve repair by inhibiting “electrical overload”, potentially improving

outcomes for tissue regeneration.

1. Introduction

Bioelectrical stimulation has become widely used in the therapeutic
management of various medical conditions, including nerve injuries [1],
muscle atrophy [2], and pain relief [3]. However, electrical stimulation
has a wide range of effects, and some mechanisms may be negative;
there is a lack of research in this area, and screening out the negative
mechanisms may be more conducive to improving electrical stimulation
and enhancing efficacy. Here, the phenomenon termed “electrical
overload” in the core region can lead to cell damage and poor treatment
outcomes. Unless the electrodes are infinite, there is bound to be a dif-
ference in current distribution density [4]. Due to differences in human
tissues, attenuation of the signal in muscle tissue and scattering at bone
are more likely to occur [5]. Due to tissue heterogeneity, there are also
effects on the level of stimulation considered safe and does not induce
axonal damage [6]. This issue, often overlooked in biostimulation ap-
plications, arises due to the inherent impedance of tissues and extra-
cellular matrices [7-9].
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In the electrode core region, electric field potential increases to
maintain adequate potential in intermediate areas, leading to concen-
trations of “electrical overload” [10]. This heightened electric field po-
tential can elevate cell membrane permeability, disrupt osmotic
balance, alter ion channel states, and impact cellular metabolism and
ion distribution. Additionally, after tissue damage, applying electrical
stimulation can further modify current distribution in the core region,
possibly resulting in additional harm [11]. Moreover, electrolytic
byproducts like hydrogen peroxide, hydroxyl radicals, and superoxide
radicals may contribute to oxidative stress and inflammatory responses,
adversely affecting local cell and tissue regeneration [12]. While
mechanisms of “electrical overload” have been studied in tumor ther-
apy, their detrimental effects within regenerative medicine have not
received sufficient attention [13]. Although reducing the intensity of
electrical stimulation might mitigate the risks associated with “electrical
overload”, this approach could also diminish treatment effectiveness. In
clinical practice, repeated stimulation with increased current intensity is
often employed to enhance therapeutic outcomes, which may
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inadvertently worsen ‘“electrical overload” in the core region [14].
Therefore, it is essential to explore strategies that alleviate “electrical
overload” while maintaining the efficacy of electrical stimulation in
therapeutic applications.

To tackle the challenge of “electrical overload”, a critical approach
involves achieving synchronized and precise drug delivery to the core
area affected by electrical stimulation. However, local drug injections
present certain challenges in counteracting “electrical overload”. Firstly,
the injection site may not perfectly align with the area experiencing
electrical stimulation. Secondly, the impact of electrical stimulation on
local tissues is inherently three-dimensional. Furthermore, repetitive
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electrical stimulation therapies necessitate multiple injections, which
can lead to secondary trauma and further tissue damage, thereby
decreasing patient acceptance and compliance [15]. Consequently, even
localized injections struggle to concentrate drugs precisely in the core
area of stimulation. To address these issues, developing a localized drug
delivery strategy integrated with the electrode itself represents a
promising research direction that aligns more closely with clinical
needs. Among various electrode types, needle electrodes stand out as
minimally invasive options inspired by traditional Chinese acupuncture
needles, recognized for their high safety profile [16]. Due to their
micrometer-sized elongated structure, needle electrodes possess a
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Scheme 1. Threaded microneedle electrode systems alleviate “electrical overload™. (A) Preparation of HAMA microspheres loaded with VB12 and VE succinate using
microfluidics. (B) Adhesion of microspheres to the grooves of the needle body using polydopamine and chitosan codeposited coatings, followed by vacuum drying.
(C) When a threaded microneedle electrode system is used for electrical stimulation, the in-situ detachment of microspheres releases liposomes to deliver drugs to
cells, thus alleviating the damage caused by “electrical overload” near the electrode.
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smaller stimulation range than conventional surface electrodes,
providing distinct advantages in neural stimulation and recording [17].
Their design allows for precise control while minimizing impact on
surrounding tissues. Moreover, when inserted deep within the body,
they prove more effective than transcutaneous electrical stimulation.
The minimally invasive nature of these electrodes—combined with
immediate removal after treatment—enhances patient acceptability
compared to implanted electrodes [18]. Thus, combining biomaterial
technology with needle electrodes emerges as one of the most feasible
and clinically significant strategies for enhancing electrical stimulation
therapy.

To enhance needle electrodes via biomaterial technology, a primary
focus must be on increasing drug loading capacity and delivery effi-
ciency. While previous studies have documented the development and
application of coated needles [19], challenges in drug delivery persist.
These include limited drug loading capacity, vulnerability to skin bar-
riers, and localized burst release. Our research team has previously
introduced spiral microneedles [20], which feature a unique grooved
structure that facilitates localized drug delivery. The advantages of these
microneedles lie in their length, flexibility, and penetrative ability,
enabling them to effectively target various deep-seated or resistant tis-
sues for drug administration. Notably, the parameters of the grooves can
accommodate different biomaterials, such as microspheres and lipo-
somes, promoting local sustained drug release and enhancing thera-
peutic effects [21]. By incorporating targeted drugs into spiral
microneedles, we have successfully delivered medication to tissues
beneath the cartilage layer—an area challenging to reach with con-
ventional local delivery methods—resulting in favorable treatment
outcomes [15]. Furthermore, spiral microneedles offer a significant
advantage as they not only serve as delivery tools but also act as plat-
forms for the integration of multiple therapeutic approaches. This syn-
ergistic combination enhances efficacy by regulating relevant
mechanisms. For instance, when combined with thermal therapy,
drug-loaded spiral microneedles have shown potential in modulating
mitochondrial function, thus revealing promising applications [20]. Not
only do spiral microneedles share a similar diameter with traditional
acupuncture needles, both being crafted from 304 stainless steel, but
their conductive properties suggest they could function as electrodes
[22]. However, the threaded microneedle electrodes need to be further
improved, for example, to further reduce the irritation and discomfort of
the threaded structure on the tissue [23], and to increase the likelihood
of breakage or damage of the needles at the same diameter compared to
the conventional acupuncture needles [24]. Dopamine combined with
chitosan not only due to its exact adhesion effect [25] but also due to its
good biocompatibility and beneficial effects on tissue regeneration [26,
27]. By applying a polydopamine and chitosan coating to improve
adhesion, we have further enhanced the drug loading capacity and de-
livery efficiency through the incorporation of liposome microspheres
embedded in the grooves of the spiral microneedles [28]. Therefore,
advancing the spiral microneedle technology as an electrode system is
highly feasible for achieving precise in-situ three-dimensional drug de-
livery to the core region during electrical stimulation, effectively miti-
gating issues related to electrical overload.

Peripheral nerve injury (PNI) is a common clinical challenge where
bioelectric stimulation is frequently employed [29]. However, electrical
stimulation is also difficult to achieve full recovery of nerve function
after injury, and “electrical overload” can impede tissue and cellular
recovery following injury, thereby affecting the restoration of nerve
function [30,31]. To tackle this problem, our research team has devel-
oped a spiral microneedle electrode system designed for precise syn-
chronous drug delivery to the core region affected by “electrical
overload” during electrical stimulation. Vitamin B12 (VB12), recognized
for its neuroprotective properties, and vitamin E (VE) succinate, which
plays arole in combating oxidative stress [32], are key nutrients that can
alleviate the cellular damage associated with electrical stimulation.
Their localized application ensures both efficacy and biosafety. We have
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utilized alkylated VB12 and VE succinate liposome microsphere com-
plexes [33], which are released in a controlled manner within the core
area of “electrical overload” facilitated by the spiral microneedle elec-
trode. To enhance the loading efficiency of microspheres into the
grooves of the spiral microneedle, we implemented electrostatic coating
modifications alongside techniques such as freeze-drying and expansion
scaling. Initially, a polydopamine coating was applied to the base of the
spiral microneedle under alkaline conditions [34,35]. This was followed
by the formation of a chitosan gel layer on the needle surface through
covalent bonds, hydrogen bonding, n-r stacking, and other interactions
involving dopamine and various functional molecules. Subsequently,
shrinkage microspheres prepared by freeze-drying were embedded into
the needle groove via electrostatic adsorption. During electrical stimu-
lation, the spiral microneedles functioned as electrode needles, wherein
the microspheres absorbed moisture, expanded, and subsequently de-
tached from the needle tip utilizing twisting operations, thus achieving
in-situ targeted delivery [36]. In vitro experiments demonstrated that
these microspheres effectively alleviated oxidative stress induced by
electrical stimulation and provided protective effects for cells. In vivo
studies confirmed that the spiral microneedles could successfully deliver
the microspheres to the core region experiencing “electrical overload”
while facilitating sustained drug release. This approach significantly
enhanced the local tissue’s antioxidant capacity and improved the effi-
cacy of electrical stimulation in treating PNI. In conclusion, our spiral
microneedle electrode system allows for precise drug delivery to the
core area during electrical stimulation, effectively inhibiting “electrical
overload” while enhancing both the safety and therapeutic outcomes of
electrical stimulation in PNI treatment (see Scheme 1).

2. Material and methods

All reagents used, unless otherwise specified, were obtained from
Shanghai Aladdin Biochemical Technology Co., Ltd.

2.1. Preparation and characterization of drug-loaded liposomes

Alkylated VB12 was synthesized from unmodified VB12 using n-
octadecylamine and 1,1'-carbonyldiimidazol (CDI) as the catalyst [37,
38]. In brief, 0.342 g of VB12 was dissolved in 10 mL DMSO, followed by
the addition of 50 mg CDI and stirring for 20 min under nitrogen at room
temperature. Next, 54 mg of n-octadecylamine and two drops of trie-
thylamine (TEA) were added, and the mixture was stirred for an addi-
tional 24 h under similar conditions. The reaction was monitored by thin
layer chromatography (TLC) with a solvent of dichlor-
omethane/methanol/water (65/25/4). The mixture was diluted with
200 mL dichloromethane and washed three times with saturated salt
solution. The organic phase was collected, and the solvent was evapo-
rated to obtain the crude product, which was then purified by column
chromatography using dichloromethane/methanol (5/1), yielding
approximately 40 %.

Subsequently, drug-loaded liposomes were prepared using the thin-
film dispersion method [39]. A lipid mixture of lecithin, cholesterol,
alkylated VB12, and VE succinate was dissolved in dichloromethane
(molar ratio 70:20:5:5) and evaporated to form a thin film. PBS was
added for hydration for 30 min at 25 °C, followed by ultrasonication at
50 % power (325 W) with a frequency of 0.5 Hz for 10 min, interrupted
twice for cooling.

Laser particle analysis measured the size and zeta potential of the
liposomes (Malvern Ltd., UK). Morphological structure was observed
using transmission electron microscopy (TEM) (FEI Co., USA) and
scanning electron microscopy (SEM) (FEI Co., USA). Drug loading and
encapsulation efficiency were assessed by the dialysis method with UV
spectrophotometry (Thermo Co., USA) [40].
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2.2. Preparation and characterization of HAMA microspheres

Firstly, HAMA was synthesized as previously reported [41]. Briefly, a
mixture of 10 g of HA and 20 mL of methacrylic anhydride (MA) reacted
overnight in an alkaline state with 5 M NaOH. After stirring for 8 h, the
mixture underwent subsequent dialysis over 3 days and was then
freeze-dried to obtain HAMA powder.

For the preparation of HAMA microspheres, a well-established
microfluidic method was employed as previously described [41]. In
brief, HAMA (3 wt%, including 0.5 wt% photoinitiator) was dissolved in
PBS or a liposomal aqueous phase containing 1 mM each of VB12 and VE
as the water phase. An oil phase consisting of a 5 wt% Span 80 paraffin
oil solution was introduced into a microfluidic device (LongerPump Co.,
China). The flow rates of the water and oil phases were adjusted using a
microinjection pump to produce microspheres approximately 200 pm in
diameter, ensuring uniformity. After that, crosslinking was performed
under UV for 10 min to obtain HAMA hydrogel microspheres. After
washing quickly with diethyl ether 3 times at room temperature, fol-
lowed by washing slowly with dd HoO 3 times (1 h at a time) at 4 °C
temperature, the HAMA microspheres were freeze-dried for use.

The primary configuration and dimensions of HAMA microspheres
were examined using a bright-field microscope, while the coating
arrangement and dimensions of freeze-dried microspheres were
observed with SEM.

2.3. Physicochemical characterization of HAMA microspheres

Drug release from HAMA microspheres was assessed using UV
spectroscopy [42,43]. In brief, 10 mg of HAMA microspheres was sus-
pended in 5 mL of PBS (pH 7.4, 37 °C), and hyaluronidase was intro-
duced at a concentration of 150 U/L for digestion. The enzyme solution
was replenished every 2 days to maintain its activity [21]. HPLC (Agi-
lent Co., USA) was utilized to measure drug concentrations in PBS so-
lutions at various time intervals (0.5, 2, 4, 24, 48, 72, 168, 336 h) for
determining drug release. Additionally, the degradation of microspheres
was observed under a bright-field microscope at 7 and 14 days.

The swelling behavior was evaluated following a previous protocol
[44]. In short, 3 mg of microspheres was placed in a 1.5 mL tube,
weighed together with the tube, and then 1 mL of deionized water was
added. The suspension’s pH was adjusted to 7.4, and the tube was placed
in a shaking incubator (Thermo Co., USA) at 37 °C and 80 rpm. At
specified time points (0.5, 2, 4, 24, 48, 72 h), the tubes were centrifuged
(3000 rpm, 3 min), the supernatant was discarded, excess water was
blotted using filter paper, and the microspheres were reweighed until a
constant weight was achieved.

2.4. Preparation and characterization of threaded microneedle-
microsphere system

Previous research demonstrated the successful use of threaded
microneedles in localizing lesions for treating osteoarthritic rats [15,
20]. The microneedles were created by adding threaded grooves with
specific dimensions to stainless steel needles. These grooves could be
customized for different experimental animals. The structure of the
grooves was examined visually and under a microscope. The mechanical
properties of the microneedles were evaluated by comparing them to
medical acupuncture needles during needle-holding tests. Following
fabrication, the microneedles were soaked in a dopamine solution
overnight at room temperature. Coating was achieved through the
self-polymerisation reaction of dopamine in a weak alkaline environ-
ment on the surface of the threaded microneedles. Subsequently, by
allowing dopamine to form covalent bonds, hydrogen bonds, n-n
stacking, etc., with different functional molecules, the needles were
immersed in a 5 % chitosan solution, forming a chitosan gel coating on
the surface through intermolecular forces. We used a precision analyt-
ical balance Cubis® II (Sartorius, DE) to weigh 0.2 mg/needle of
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freeze-dried microspheres and adhere them to the grooves of the needle
body. Manual counting confirmed that the number of loaded micro-
spheres was basically the same (Fig. S13). Finally, the freeze-dried
microsphere powder was adhered to the needles through the physical
viscosity and electrostatic adsorption of polydopamine chitosan
co-deposited coatings. About 2 mg on each needle. The microspheres on
the needles were embedded in the grooves through vacuum drying, the
thread microneedle electrode was obtained. By introducing Cy5.5
fluorescent microspheres onto the needles, the microneedles were used
to pierce on HAMA hydrogel for 20 min to simulate in vivo environ-
ments, and the local delivery effect was observed under a fluorescent
microscope. We inserted the thread loaded with rhodamine into pork
tissue with skin, pulled it out 20 min later, and left it at 4 °C for 24 h
before fixed embedding. Cross-sectional sections were taken from
different depth layers of tissue from shallow to deep, and red fluores-
cence was observed under a fluorescence microscope after DAPI staining
of nuclei.

2.5. Biocompatibility assessment

RSC96 cells, a common cell line used in peripheral nerve research,
were cultured in high-glucose DMEM supplemented with 10 % FBS. The
cytotoxicity of liposomes and microspheres on the cells was assessed
using CCK-8 and cell live/dead staining kits (Beyotime Co., China). After
seeding the cells in a 96-well plate, they were exposed to electrical
stimulation the next day for 20 min, followed by treatment with lipo-
somes or microsphere extracts. For CCK-8 testing, the working solution
was added to each well on the third day, and absorbance was measured
at 450 nm after 1 h of incubation. Cell live/dead staining involved
removing the culture medium on the third day, washing the cells with
PBS, adding a staining solution, and then observing under a fluorescence
microscope. Live cells emitted green fluorescence, while dead cells
emitted red fluorescence. Statistical analysis was performed using
ImageJ software.

2.6. Measurement of oxidative stress levels

Cellular oxidative stress levels were assessed using three methods:
ROS, MDA, SOD (Beyotime Co., China) and DPPH detection (MesGen
Co., China). For ROS detection, cells were treated and then incubated
with a DCFH-DA ROS detection kit at 37 °C for 20 min. The fluorescence
intensity was measured with an ELISA reader at specific excitation and
emission wavelengths. After treatment, suitable cells were added with a
DCFH-DA fluorescent probe, incubated at 37 °C for 1 h, and washed with
PBS 2 times, and fluorescence signals were detected by fluorescence
microscope at an excitation wavelength of 480 nm and emission
wavelength of 525 nm. For DPPH detection, according to the number of
cells (10000): the extraction liquid volume (mL) was 500:1, and the cells
were broken by ice bath ultrasonic wave (power 200 W, ultrasonic 3 s,
interval 10 s, repeat 30 times); The supernatant was obtained by
centrifugation at 4 °C for 10 min at 10000 g, and the detection reagent
was added to read and calculate at the wavelength of 515 nm. MDA
detection involved extracting proteins from collected cells using RIPA
lysis buffer, and analyzing the lysate with an MDA detection kit after
heating. Protein concentration was determined with a BCA assay. SOD
detection required cell lysis with a specific solution, followed by a 30
min incubation with working solutions. Absorbance readings were taken
to calculate SOD enzyme activity units, which were then normalized to
protein concentration.

2.7. Preparation of animal experimental model

All surgical and experimental procedures on rats were approved by
the Animal Ethics Committee, Finock Biotechnology Co., LTD (AUP-
20241227-01). Wistar rats weighing 260 + 20 g were utilized following
a one-week acclimatization period. To establish the sciatic nerve crush
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injury model, the rats were anesthetized with pentobarbital sodium. The
surgical procedure involved preparing the right gluteal area, disinfect-
ing it with alcohol, and exposing the sciatic nerve by dissecting the
muscle. The nerve was clamped three times for 10 s each using the same
hemostatic forceps at the midsection of the sciatic nerve, followed by a
10-s release. The sciatic nerve was freed, and the procedure was
repeated 3 times. The skin was sutured with 3-0 sterile silk thread and
then disinfected with iodine. The surgical incision was closely moni-
tored for signs of detachment or infection and appropriate measures
were taken.

2.8. Grouping and treatment of animal experiments

After the rats were modeled, they were divided into distinct groups:
Control, Model, Electrical Stimulation (Ele), Electrical Stimulation +
Blank Microspheres (Ele + MS), and Electrical Stimulation + Drug-
Loaded Microspheres (Ele + Lipo@MS), each consisting of 6 rats.
Anatomically, the sciatic nerve plexus was precisely located 0.5 cm
below the midpoint of the femur and at the center of the popliteal fossa
in the hind limb. The acupuncture depth is about 1 cm (threaded section
fully inserted) to deliver to the sciatic nerve of the rat. Utilizing extended
acupuncture needles at these positions, an electrical stimulator (with the
anode upstream and the cathode downstream) was connected to induce
muscle twitching in the rats at a frequency of 5 Hz using an intermittent
waveform (KWD-808, YINGDI Co., China). Each 20 min session was
administered every other day for a total of 4 weeks to mimic clinical
electrical stimulation.

2.9. General observation and functional indices after sciatic nerve injury

General observations and functional assessments were conducted
post-sciatic nerve injury. Affected rats displayed limping and dragging of
the right hind limb, with paler skin, muscle atrophy, and curled toes
compared to the healthy side. Severe cases exhibited foot ulcers and toe
loss, with noticeable improvement post-treatment. Recovery was eval-
uated through functional indices, including the nerve conduction ve-
locity (NCV) ratio (injured side/healthy side) and the wet weight ratio of
the gastrocnemius muscle (injured side/healthy side). The NCV ratio
was determined by positioning stimulating and receiving electrodes
along the sciatic nerve, utilizing the RM6240E multi-channel physio-
logical signal acquisition system (Chengdu Instrument Co., China).
Muscle samples from the gastrocnemius (WWRG) were weighed post-
dissection from specific femoral locations to assess muscle atrophy due
to nerve damage. The evaluation of functional indices entailed gait
analysis to ascertain the sciatic nerve function index (SFI). The rats’
paws were dipped in blue ink, and they traversed a narrow paper box
lined with white paper. The foot impressions from both the healthy (N)
and impaired (E) sides were recorded on the box’s base, where the
distances between the central toe and heel (PL), the first and fifth toes
(TW), and the second and fourth toes (IT) were precisely measured. The
SFI was subsequently derived using the formula: SFI = 100-[-38.3 (EPL-
NPL)/NPL+109.5 (ETW-NTW)/NTW+13.3 (EIT-NIT)/NIT-8.8]. A per-
fect score of 100 denoted unimpeded function, whereas a score of
0 signified total impairment.

2.10. Assessment of microstructural regeneration post sciatic nerve injury

To assess the microstructural regeneration following sciatic nerve
injury, immunohistochemical staining was employed. The regeneration
of nerve fibers was observed through dual staining utilizing neurofila-
ment 200 (NF200) and myelin basic protein (MBP), respectively, to label
axons and myelin sheaths. Additionally, S100, a proliferation marker for
Schwann cells, was used to detect the proliferation of these cells, thereby
reflecting nerve regeneration. Furthermore, the expression levels of
NGF, BDNF, and GDNF were evaluated due to their significant roles in
the indirect responses pertaining to neuron survival, axonal
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regeneration, and Schwann cell proliferation. The rats were anes-
thetized, and blood was collected from the abdominal aorta. Following
this, the rats were euthanized to facilitate the immediate collection of
sciatic nerve samples. The nerve samples were subsequently washed
with PBS, fixed overnight in 4 % paraformaldehyde, and processed for
paraffin sectioning. The subsequent steps included antigen retrieval,
incubation with the respective antibodies, and fluorescence microscopy
imaging (Olympus Co., Japan).

2.11. Detection of total antioxidant capacity of nerve tissue

Preparation of sciatic nerve tissue homogenates was focused on the
core region, where needle and electrical stimulation were administered.
Adhering to the kit’s guidelines, the homogenates were sequentially
combined with peroxidase and ABTS working solutions (Beyotime Co.,
China). Following 6 min of incubation at room temperature, the mixture
enzyme activity was quantified at a 414 nm wavelength. Protein con-
centration was determined using the BCA method, and the total anti-
oxidant capacity was subsequently calculated by normalizing the
antioxidant capacity to the protein concentration.

2.12. Analysis of apoptotic cells via TUNEL assay

Apoptotic cell detection was performed using a one-step TUNEL
detection kit (Beyotime Co., China). After deparaffinization and pro-
teinase K treatment of paraffin-embedded sections at 37 °C for 20 min, a
TUNEL detection solution was prepared and applied to the sections. The
sections were incubated at 37 °C in a light-shielded environment for 1 h.
Following this, cell nuclei were stained with DAPI, and fluorescence was
observed under a fluorescence microscope (Olympus, Japan) at excita-
tion and emission wavelengths of 550 nm and 570 nm, respectively.

2.13. In vivo imaging evaluation

For in vivo imaging, cy5.5-labeled liposomes were used to fluo-
rescently label microspheres. These fluorescent microspheres were
inserted into the sciatic nerve of rats using threaded long microneedles.
Fluorescence intensity measurements at a 754 nm wavelength were
recorded using the IVIS spectrum system (Xenogen, Hopkinton, MA) at
various time intervals: 3 h, 24 h, 48 h, and 12 days. The observed
fluorescence decay at these time points served as an indicator of the
microspheres’ slow drug release and in vivo degradation.

2.14. Proteomic detection

The total protein in the sample was extracted, part of the sample was
taken out for protein concentration determination and SDS-PAGE
detection, the other part was taken for trypsin enzymolysis and label-
ing, and then an equal amount of each labeled sample was mixed for
chromatographic separation, and finally, the sample was analyzed by
LC-MS/MS and data analysis.

2.15. Statistical analysis

All data were expressed as mean + SD. Statistical analyses were
conducted using Student’s t-test for pairwise comparisons and one-way
analysis of variance (ANOVA) for multiple comparisons, with appro-
priate statistical software.
3. Results and discussion
3.1. Preparation and characterization of drug-loaded liposomes

For the threaded microneedle electrode system to efficiently encap-

sulate drugs, stabilize the sustained release, and improve the microen-
vironment after the in-situ stereotactic delivery of microspheres, we
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utilized liposomes as the basic drug delivery tool, adopting the strategy
of loading drugs into liposomes and encapsulating liposomes into mi-
crospheres [45]. Liposomes are small particles composed of phospho-
lipids, cholesterol, and other components. Typically used in drug
delivery systems, liposomes provide stable encapsulation for various
drugs, ensuring protection and sustained release.

Liposomes were formulated employing the thin-film technique, fol-
lowed by multiple rounds of sonication for homogenization. Two drugs
were loaded into liposomes, including VB12 and VE succinate (Fig. 1A).
VB12 is a classic neurotrophic drug known for its neuroprotective effects
[46]. But water soluble VB12 always shows burst release from liposomal
structures [47]. Therefore, we synthesized lipophilic VB12 derivative
(alkylated VB12) with alkyl chain conjugation via a cleavable -NHCOO-
structure, providing the lipotropic action with liposomal phospholipid
tails for stable loading. Through the usual hydrolysis reaction, VB12
could be transferred once it is released. Details of 'H NMR spectra of
VB12 and alkylated VB12 can be found in Figs. S1 and S2. In addition,
the released VB12 could be found in the incubated mixture of alkylated
VB12 aqueous solution (Fig. S3). Meanwhile, VE succinate is a
well-known liposoluble antioxidant that helps eliminate ROS in tissue
cells, combats oxidative stress, enhances mitochondrial function, and
prevents cellular aging [48]. Two liposoluble compounds could be
encapsulated into the hydrophobic domain of lipid bilayers efficiently,
for delivering to the core region of the electrode for continuous cellular
protection. In the figure, we have standardized the annotation of VB12,
using “U-VB12” for chemically unmodified VB12 and “VB12” for alky-
lated VB12. In addition, the naming is simplified to “VEB” for both VB12
and VE when applied together. When liposome loading is used, the suffix
“L” is used, and the unloaded liposome is named “E-L”. When micro-
sphere loading is used, the suffix “@MS” is used.

After loading VE succinate and alkylated VB12 into the liposome
membrane structure, the particle size of the liposomes was determined
to be approximately 91.3 nm, with a zeta potential of around —12.6 mV
(Fig. 1B and C). TEM and SEM revealed the typical phospholipid bilayer
membrane structure and elliptical appearance of the liposomes (Fig. 1D,
Fig. S4). At a wavelength of 361 nm, UV spectrophotometry revealed
that the alkylated VB12 derivative displayed superior sustained release
characteristics in comparison to the VB12 compound released from li-
posomes (Fig. 1E). Liposomes showed good stability within 30
d (Fig. S5), and liposomes loaded with alkylated VB12 showed no sig-
nificant difference on cell viability compared with unmodified VB12 at
24 and 48 h (Fig. S6).

3.2. Preparation and characterization of the threaded microneedle
electrode system

Using microfluidic technology, various functional microspheres can
be prepared [49]. In our previous studies, utilizing photo-crosslinkable
hyaluronic acid methacrylate (HAMA), synthesized via the esterifica-
tion reaction between hyaluronic acid (HA) and methacrylic anhydride
(MA) under alkaline conditions, mature porous hydrogel microspheres
were successfully fabricated [50,51]. Subsequently, dialysis was per-
formed to remove impurities, followed by freeze-drying (Fig. 1F). Sub-
sequently, microfluidic technology was employed to fabricate uniform
hydrogel microspheres [52,53], and UV crosslinking was carried out
through rapid oil-phase cutting and slow water-phase processing [54].
Liposomes were suspended in the aqueous phase during the microfluidic
process. The structure of hydrogel microspheres enables sustained and
targeted drug release, consequently, therapeutic efficacy is enhanced,
while undesirable side effects are mitigated [55], while possessing good
biocompatibility [56]. They can be customized according to specific
drugs, treatment sites, and requirements to improve treatment speci-
ficity and effectiveness [57]. Composite carriers composed of micro-
spheres and liposomes achieve sustained release [21]. Bright-field
microscopy analysis depicts the microspheres with an approximate
particle size of 200 pm, as exhibited in Fig. 1G. Following freeze-drying,
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the microspheres were further inspected under scanning electron mi-
croscopy, displaying an optimal circular morphology adorned with a
porous surface structure (Fig. 1J). Compared to traditional hydrogels,
porous structured microspheres increase surface area, enhancing drug
protection and delivery capabilities [58]. Microfluidic microspheres
have advantages such as monodispersity, uniform size, and versatility
[59]. Moreover, they promote sustainable local delivery of drugs, even
for nanoscale carriers like liposomes [60], and have the potential for
repairing nerve injuries [61]. The in vitro degradation process of mi-
crospheres lasted approximately 14 days (Fig. S7). Compared to blank
microspheres, liposome-loaded microspheres showed lower swelling
characteristics (Fig. 1I). Furthermore, the microspheres exhibited stable
sustained drug release for up to 14 days (Fig. 1H), thereby aiding in
continuously improving the local microenvironment. In addition, ac-
cording to the drug concentration in the solution, we calculated that the
microspheres initially loaded VB12 0.823 pmol/g and VE 0.889 pmol/g.
At 48 h and 72 h, the corresponding drug concentrations (pM) of
microsphere extracts were 0.497 (VB12) and 0.9117 (VE) at 48 h and
0.827 (VB12), 0.972 (VE) at 72 h. The drug release of the microspheres
at 48/72 h meets the concentration required for good cellular compat-
ibility (within 1 pM) (Fig. S8).

Needle electrodes are commonly used electrodes in electrical stim-
ulation therapy for PNI [62]. Drawing inspiration from traditional
Chinese acupuncture needles, we fabricated a threaded long micro-
needle (Fig. 2A and B). It possesses a similar diameter, flexibility, as well
as penetration, and flexibility to medical acupuncture needles (Fig. S9).
The needle was coated with polydopamine by immersing it in a dopa-
mine solution. However, simple dopamine adsorption is weak. Subse-
quently, it was immersed in a chitosan solution to prepare a
polydopamine-chitosan co-deposition coating. The coating provided
the needle with good adhesion through electrostatic attraction and
physical stickiness. Then, the freeze-dried microspheres were attached
to the needle and embedded into the grooves through vacuum drying
(Fig. 2C). This scheme combines the self-polymerisation properties of
dopamine with a coating construction strategy for the biocompatibility
and antimicrobial properties of chitosan. On the one hand, the coating
formed by dopamine self-polymerisation can enhance the adhesion of
polymers such as chitosan [63]. Especially on the surface of some hy-
drophobic materials (e.g., metals, plastics, etc.), the dopamine film can
provide a good adhesion basis for the subsequent chitosan coating; on
the other hand, the dopamine film can not only provide physical
adhesion, but also further optimize the performance of the coating
through covalent binding or electrostatic interactions of its amine and
phenolic hydroxyl groups with molecules such as chitosan [64]. In
conclusion, this strategy enables the fabrication of a high-performance
coating that provides both good adhesion and biocompatibility, anti-
microbial and other properties. Long microneedles loaded with fluo-
rescent microspheres were observed under a microscope to successfully
deliver microspheres in-situ after an insertion and removal process in a
hydrogel (Fig. 2D). Further, we inserted thread microacupuncture
loaded with red fluorescence into pork tissue with skin, and found that
red fluorescence existed in tissues of different depth levels, indicating
that threaded microneedle electroacupuncture had better ability to
achieve 3D stereoscopic delivery through human tissue barrier (Fig. 2E).

3.3. Biocompatibility and antioxidative stress evaluation of protective
liposomes

Schwann cells constitute the primary neuroglial components within
the peripheral nervous system, they form myelin sheaths around axons
in peripheral nerves and are the primary cells in the area of injury.
Schwann cells not only protect axons, but also have close material and
signal exchange with neurons and play important roles in regeneration
after nerve injury. After peripheral nerve injury, axon breakage and
disintegration occur, and Schwann cells and macrophages are respon-
sible for phagocytosis of disintegrated axon fragments [65], migrating
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pork with skin on (Bar = 200 pm).

and directing neuronal axon neogenesis [66], and secreting a variety of
neurotrophic factors to improve the nerve regeneration microenviron-
ment and help damaged neurons to survive [67], and regulating neurons
by delivering miRNA through exosomes [68-70]. Literature reports
show that the Schwann cell line does not differ much from primary
Schwann cells and can be a good substitute for primary cells [71,72],
thus we utilized the rat Schwann cell line (RSC96) for cellular experi-
ments [73]. Initially, cell viability assays were conducted to determine
appropriate drug concentrations at the liposome level, with each drug
screened individually. The CCK-8 assay was utilized to evaluate cell
viability, revealing that liposomes loaded with concentrations below 10
pM of VE succinate and 25 pM of VB12 had no negative impact on cell
viability, and even exhibited some enhancing effects (Fig. 3A and B).
Subsequently, we evaluated the combined effects of the two drugs at
different ratios on cell viability, finding that the ratio of 1:1 and a
working concentration below 5 pM were most suitable (Fig. 3C).
Despite the rapid development of piezoelectric biomaterials in neural
tissue engineering, the bioelectric stimulator is still the mainstream due
to its controllability, adaptability, and high efficiency [74]. Since the
basic mechanism of electrical stimulation is to act between the tissues of
the body through two electrodes of positive and negative poles, coupled
with different tissues, distance length, etc. will lead to different regions
of cells affected by electrical stimulation to different degrees. Oxidative
stress is currently an important mechanism by which electrolytic prod-
ucts and excessive current affect cells [75-77]. The oxygen atom is one
of the primary effects of high electric field potential on cells [78].
Exposure of cells to high electric field potential may disrupt the balance
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of redox reactions. Additionally, the increased production of electrolysis
byproducts within the core region of the electrode under high electric
field potential can also induce oxidative stress. These ROS and elec-
trolysis byproducts may induce oxidative stress, this damage encom-
passes vital cellular biomolecules, including proteins, lipids, and DNA,
and triggers a cascade of cell signaling pathways, potentially culmi-
nating in adverse outcomes such as cell apoptosis or inflammatory re-
actions, thereby significantly impacting cellular function and survival
[79,80]. Therefore, we evaluated the impact of protective liposomes on
electrically stimulated cells through antioxidative stress assessment. The
induction of oxidative stress by electrical stimulation has been reported
[76] and is positively correlated with the intensity of the electric field
[81]. By applying electrical stimulation to the cells, we observed that the
generation of ROS increased gradually with the increase in current in-
tensity (Fig. 3D and E). The current intensity of 2 mA can induce the
increase of reactive oxygen species in cells, and there is a statistical
difference. The cells themselves had the ability of self-regulation, and
there was no statistical difference in cell viability at 24 h between 2 mA
and 4 mA. However, when the current intensity continues to increase to
6 mA or above, great damage will be caused to cells at 24 h, indicating
that cells can no longer resist excessive electrical stimulation through
self-regulation. Based on the above considerations, we choose 4 mA
below 6ma as the fixed intensity for subsequent experiments (Fig. 3F).

The difference in the effects that can be produced by different elec-
trical stimulation frequencies can be significant, therefore, we initially
explored the effects of different frequencies on the cells. Cells were
treated using three different frequencies, 1/5/100 Hz, with 4 mA
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current, and cell viability and ROS were examined. It was found that
there was no significant change in cell viability at 1 Hz and 5 Hz, and
when the frequency was 100 Hz, there was a slight decrease in cell
viability. It shows that the frequency variation in smaller range has a
weak effect on the cells, much less significant than the current intensity,
which is consistent with the literature report [82], and the results of ROS
have the same trend, suggesting that low-frequency electrical stimula-
tion is less damaging to the cells (Fig. S11).
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***P < 0.001, Bar = 100 pm).

Compared to using VB12 alone (6.5 %), liposomes loaded with VE
succinate could significantly reduce ROS levels (14.8 %) and increase
DPPH free radical scavenging rate. The effect was even better when both
drugs were loaded simultaneously (17.2 %) (Fig. 3G and H; Fig. S10), at
the same time better reduced the current-induced cell death (Fig. 4A and
B). The optimal effect was observed when both drugs were loaded at a
1:1 ratio with a concentration of 1 pM by live-dead cell staining and cell
counting (19.4 %) (Fig. 4C-E). and ROS staining further confirmed the
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protective effect of liposomes on electrically stimulated cells (Fig. 4F 3.4. Biocompatibility and antioxidant stress evaluation of protective
and G). microspheres

Upon microscopic examination, we did not detect any statistically

noteworthy variations in the cell viability of liposome-loaded micro-
spheres (Lipo@MS) across the 1, 2, and 3-day intervals as revealed by
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live/dead cell staining, which was further confirmed by CCK-8 assay
(Fig. 5A-C). Cell death induced by electrical stimulation was alleviated
by the protective microspheres (reduction by 59.5 %), indicating that
microspheres loaded with VB12 and VE succinate liposomes could
effectively mitigate the oxidative stress induced by electrical stimulation
and protect the cells (Fig. 5D and E). Conductive hydrogels have the
potential to synergistically enhance the efficacy of electrical stimulation,
which inspires electrical stimulation combined with hydrogel micro-
spheres [83]. Additionally, we measured key indicators of cellular
oxidative stress: ROS, malondialdehyde (MDA), and superoxide dis-
mutase (SOD) (Fig. 5F-I). Excessive ROS leads to lipid peroxidation,
generating MDA. Accumulation of MDA serves as an indicator of the
extent of oxidative stress, reflecting the degree of lipid oxidative damage
[84]. SOD is an antioxidant enzyme mainly responsible for scavenging
superoxide anions, serving as one of the key enzymes for cellular defense
against oxidative stress. In an oxidative stress environment, the cell’s
self-protection mechanism leads to an increase in SOD activity to
counteract the excessive accumulation of superoxide anions. Therefore,
MDA is positively correlated with the level of oxidative stress, while SOD
is negatively correlated [85]. The results indicated that the protective
microspheres were able to reduce ROS induced by electrical stimulation
(72.8 %). Electrical stimulation led to an increase in MDA and a decrease
in SOD within the cells, while the application of protective microspheres
decreased the induction of MDA (69.1 %) and increased SOD levels
(81.2 %). In conclusion, our study demonstrates that liposomes and
microspheres loaded with VB12/VE succinate exhibit good biocompat-
ibility and can reduce cellular damage caused by electrical stimulation.

Neural differentiation is important for nerve regeneration, and we
treated bone marrow MSCs using electrical stimulation and microsphere
system to detect fluorescent expression of pIII-Tubulin, capturing the
presence of positivity, validating the inducing effect of electrical stim-
ulation on the stem cells towards neural differentiation, and prelimi-
narily confirming that the combined microsphere system can further
promote nerve regeneration (Fig. S12).

3.5. Evaluation of the therapeutic effect of threaded microneedle electrode
system on nerve injury

The ultimate goal of our research is for the threaded microneedle
electrode system to alleviate local “electrical overload”, thereby
enhancing the therapeutic effects of electrical stimulation. After suc-
cessfully confirming the protective effect of microspheres on cellular
“electrical overload” in vitro, we evaluated the in vivo application of the
threaded microneedle electrode system through assessments of nerve
injury treatment effects. We employed a sciatic nerve injury model in
rats, inducing compression injury to the right sciatic nerve. Post-injury,
rats exhibited dragging of the right hind limb and curling of the toes,
with severe cases possibly developing skin ulcers and toe necrosis.

Following modeling, we administered electrical stimulation therapy
using long microneedle electrodes while concurrently delivering mi-
crospheres in-situ (Fig. 6A). The main advantages of using threaded
microneedle electrodes to deliver microspheres are as follows: 1. wider
delivery range: for example, the microspheres can be delivered to the
subchondral layer, which is not possible with syringes; 2. smaller
damage: due to the smaller diameter and solid structure than syringes,
the damage to the tissue is smaller and the pain caused is also smaller; 3.
more precise targeting: the substantial metal structure is flexible, and it
can be adjusted to the direction of the needle after insertion, just like
needles. More precise targeting: the metal structure of the substance is
flexible and can be adjusted to the direction after needle insertion as
well as needle puncture; 4. More potential for combining with a variety
of physical therapy methods: after the puncture, it can be connected to a
variety of physical therapy equipment such as electrical stimulation,
thermal stimulation, etc. Combined with the microspheres delivered by
needles, it can be targeted to minimize the possible damage of physical
therapy and amplify the therapeutic effect [15,20,22].
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Long microneedles were inserted along the damaged sciatic nerve as
the needle electrodes (Fig. S14). Subsequently, electrical stimulation
was applied using an electroacupuncture device, the microspheres
loaded on the needle absorbed bodily fluids and swelled, while the
chitosan medium undergoes shear-thinning upon twisting manipulation.
Because the grooves of the needle body are continuous spirals starting
from the tip, it is possible to release the microspheres uniformly at
different levels to ensure their distribution, prompting the microspheres
to detach in-situ under twisting manipulation, thereby achieving in-situ
stereotactic delivery. This method aims to use the microneedle electrode
to deliver drugs in situ to counter “electrical overload” in the core area of
the electrode, to reduce the unnecessary damage caused by an uneven
distribution of the electric field, and to improve the curative effect of
electrical stimulation. After 4 weeks, assessments were conducted on
gross observation of the toes (Fig. S15), nerve conduction velocity,
gastrocnemius muscle wet weight ratio, and footprint analysis, among
other functional recovery indicators. Nerve conduction velocity mea-
sures the speed at which nerve impulses propagate along the nerve
conduction pathway, serving as an evaluation of whether nerve con-
duction is disrupted or damaged. Nerves play a role in governing and
nourishing muscles, and muscle atrophy following nerve injury leads to
weight loss, reflecting the severity of nerve damage and recovery.
Footprint analysis is a widely used non-invasive method in experiments
to reflect sciatic nerve function [86]. The results indicated a loss of
sciatic nerve function in the model rats (Fig. 6B-E) [87]. Electrical
stimulation therapy improved nerve function, with the combination of
drug-loaded microspheres further promoting functional recovery
compared to using electrical stimulation alone or blank microspheres
with electrical stimulation. Long microneedle electrodes showed im-
provements in nerve conduction velocity ratio (41.9 %), gastrocnemius
muscle wet weight ratio (4.3 %), and sciatic nerve function index (12.1
%) compared to sole electrical stimulation.

The sciatic nerve is composed of myelinated nerve fibers, including
axons and surrounding myelin sheath. Normal nerve fibers exhibit a
regular and orderly concentric structure. Structural breakdown
following nerve injury can be evaluated based on the integrity of the
structure, Wallerian degeneration occurs after peripheral nerve injury,
where the axonal and myelin structures undergo major destruction and
then neogenesis after injury [88], reflecting the extent of nerve damage
and recovery. Immunofluorescence staining revealed significant
disruption in the axon and myelin sheath structures within the nerve
microstructure post-modeling (Fig. 6F-H) [89]. Histological structures
of the nerve injury areas in each group were observed through HE
staining (Fig. 6I), where the Control group exhibited numerous regular
concentric structures (indicated by arrows, with circles representing
myelin sheath and blue-brown dots at the center indicating axons). After
modeling, extensive structural damage and reduced axon quantity (17.4
+ 7) were observed, with electrical stimulation therapy increasing the
number of axons (44.7 + 4.9). The combination of electrical stimulation
and long microneedle treatment led to more extensive reshaping of
concentric structures (85.4 + 5), indicating that delivering micro-
spheres in-situ through long microneedle electrodes contributes to
enhancing the efficacy of electrical stimulation.

Immunoreactivity between the microneedle and tissue interface is an
interesting topic due to the rigid material characteristics of micro-
needles, and foreign body reactions caused by mechanical mismatches
at the tissue interface. Traditional needling, as well as electro-
acupuncture, can have an impact on immunity. Immunomodulation of
the local microenvironment due to the microtraumatic environment
generated by needling includes induction of a local sterile inflammatory
response (recruitment of macrophages and neutrophils) [90], deforma-
tion of connective tissues and effects on stretch-sensitive cells (activa-
tion of fibroblasts and macrophages) [91], through crosstalk between
the nervous system and the immune system (different nerve fibers acted
upon, sensations produced, and responses elicited by needling different
sites and tissues, as well as projections to brain regions, and mediate the
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secretion of a variety of chemical mediators) [92], and so on. Thus, this
immunoreactivity may be part of the mechanism of action of needling.
The threaded microneedles used in our experiments were consistent
with acupuncture needles in terms of diameter and material, and we
repeatedly adjusted the parameters to minimize the friction on the tis-
sues during the early design and preparation process. Therefore, the
immunoreactivity of threaded microneedles at the tissue interface
should be similar to that of conventional acupuncture needles. In
addition, we found differentially expressed reduced immune-related
proteins (Fig. S16) by proteomic analysis of the local nerve tissue of
electroacupuncture compared with the model group. Electro-
acupuncture is known to have bi-directional regulatory and
anti-inflammatory repair effects after tissue injury. We hypothesized
that electroacupuncture improves inflammation by decreasing these
immune-related proteins to promote post-injury repair, which is
consistent with what has been reported in the literature [93-95]. The
regulation of rigid targeting of immune responses remains to be explored
in greater depth.

3.6. Evaluation of microenvironment regulation by threaded microneedle
electrode system

Building upon the confirmed enhancement of neuroregeneration by
threaded microneedle electrode system in electrical stimulation therapy
for nerve injuries, we investigated the microenvironment regulation by
threaded microneedle electrode system. Schwann cells are crucial in
myelin formation and facilitate nerve regeneration post-injury through
the exchange of critical substances and information with axons, making
them important regulatory cells in the neuroregenerative microenvi-
ronment [96]. S100 is an important marker for Schwann cell prolifera-
tion [97]. Immunofluorescence staining of Schwann cells showed that
electrical stimulation increased S100 expression by 4.5 %, while com-
bined stimulation with long microneedle electrodes significantly
elevated S100 expression by 49.4 % (Fig. 7A and Fig. S17).

The expression of neurotrophic factors within the nervous system
holds a pivotal role in nerve cell repair and survival. Following nerve
injury, nerve growth factor (NGF) stimulates the growth of damaged
neurons and supports synaptic reconstruction [98]. Brain-derived neu-
rotrophic factor (BDNF) contributes positively to the survival, regener-
ation, and synaptic plasticity of neurons, thereby promoting neural
connection restoration in affected areas. Additionally, glial cell-derived
neurotrophic factor (GDNF) enhances neuronal axon growth and aids in
neuronal function recovery [99]. Notably, electrical stimulation was
observed to upregulate the expression of these three neurotrophic fac-
tors compared to the model group: NGF (79.4 %), BDNF (126.4 %), and
GDNF (137.2 %). The threaded microneedle electrode system further
elevated the expression levels of NGF (199.2 %), BDNF (164.7 %), and
GDNF (189.7 %) compared to the model group (Fig. 7B-D). Given the
significant regulatory roles of Schwann cells and neurotrophic factors in
maintaining neuronal survival and promoting regeneration [100], the
threaded microneedle electrode system has the potential to enhance the
regenerative microenvironment.

We examined the tissue in the core region of electrical stimulation by
proteomics and found that electrical stimulation elevated oxidative
stress-related protein expression (Fig. S18). We found that the positive
regulation-related proteins: C3 and Cfb, which are related to the clear-
ance of apoptotic cells in the nerve tissue of the electrode area of the
electroacupuncture group, were reduced compared with the model
group by proteomic detection, which would be detrimental to the sur-
vival of the cells [101]. In addition, the pro-apoptotic protein CDK5
[102] was elevated, and the anti-apoptotic proteins Beclafl [103], DAD1
[104], UFL1 [105], and nicastrin [106] were reduced, suggesting that
“electrical overload” in the core area could lead to cell damage
(Fig. 519). The cell-killing effect of high-intensity electrical stimulation
has been reported in the literature and applied to nano-knife treatment
of tumors and other related diseases [107,108]. We evaluated the total
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antioxidative capacity of neural tissues in the electrode area. We found
that the threaded microneedle electrode system enhanced the tissue’s
total antioxidative capacity by 78.5 % compared to using electrical
stimulation alone, indicating that threaded microneedle electrode sys-
tem can significantly improve tissue antioxidative capacity (Fig. 6F).
Post-injury, TUNEL staining revealed a heightened proportion of
apoptotic cells within the nerve tissues (16.2 %). In the core region of
electrical stimulation, the proportion of local apoptotic cells further
increased (34.8 %). However, the threaded microneedle electrode sys-
tem reduced cell apoptosis (4.3 %) (Fig. 7E). In vivo imaging demon-
strated rapid drug release from the microspheres within 48 h, in line
with the treatment frequency of once every other day, ensuring effective
cell protection (Fig. 7G and H). In conclusion, these results indicate that
the use of threaded microneedle electrode system for in-situ targeted
delivery of microspheres significantly improves the regenerative
microenvironment, counteracting cell damage from “electrical over-
load” in the core region of electrical stimulation, thereby promoting
tissue repair. This provides a strategy to reduce the side effects of elec-
trical stimulation therapy and enhance its effectiveness.

Currently, the development and application of nerve catheters can
well enhance the repair of injured nerves [109,110], however, for most
of the less severe nerve injuries, conservative treatment is generally the
mainstay of treatment, and placement of catheters through surgery is
not a priority. Electroacupuncture with an application of electrical
stimulation after needling is widely used in clinical practice and has
shown definite improvement in a wide range of disorders [111,112].
However, the effect of electroacupuncture on post-injury repair has its
limitations, and further prolongation of time or elevation of current
intensity on top of appropriate parameters may not necessarily lead to
better results but rather may aggravate tissue fatigue and injury [113,
114]; On the other hand, electroacupuncture has a regulatory effect on
multiple signaling pathways, the mechanisms of which are still being
explored, and its regulation may be on the broad side and lack signifi-
cance and specificity [115-117]. Therefore, we wished to mitigate the
possible adverse effects of electrical stimulation in terms of its mode of
action and initially achieved this with threaded microneedle electrodes.

4. Conclusion

This work developed a threaded microneedle electrode system for
inhibiting the “electrical overload” in the core region of bioelectric
stimulation, enhancing its therapeutic effectiveness. We utilized threa-
ded long micro-needles as needle electrodes to load microspheres,
achieving in-situ three-dimensional delivery of drugs to the electrically
stimulated core region during bioelectric stimulation treatment. Lipo-
somes containing VE succinate and VB12 were loaded into the micro-
spheres. In vitro experiments confirmed that protective microspheres can
alleviate bioelectric stimulation-induced oxidative stress and cell death.
In in vivo experiments, we used the threaded microneedle electrode
system as needle electrodes, achieving synchronized drug delivery at
different depths of the three-dimensional structure in the core region of
bioelectric stimulation. This reduces cell damage caused by “electrical
overload” and improves the therapeutic effectiveness of bioelectric
stimulation in repairing PNI. The main challenges in enhancing elec-
trical stimulation therapy for nerve injury include uneven stimulation
effects, and a lack of specificity in modulation. Our threaded micro-
needle electrode system has significantly improved the first challenge.
To address the second, we will further explore and seek targeted
modulating factors of electrical stimulation to enhance treatment effi-
cacy. In conclusion, threaded microneedle electrode systems could
effectively address the core region “electrical overload” problem during
bioelectric stimulation treatment, providing insights to overcome the
limitations of bioelectric stimulation therapy.
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Fig. 7. The threaded microneedle electrode system improves the local regenerative microenvironment. (A) Immunofluorescence staining to detect S100 in the nerve
slices of the injured nerve, reflecting Schwann cell proliferation and calculating average fluorescence density. (B-D) Immunofluorescence staining of NGF, BDNF, and
GDNF in nerve sections and calculation of average fluorescence density to reflect the expression of neurotrophic factors. (E) TUNEL staining to detect cell apoptosis in
locally electrically stimulated nerve tissue. (F) Total antioxidant capacity of the core area tissue of electrically stimulated injured sciatic nerves. (G, H) In vivo
bioluminescence imaging to detect the in-situ delivery of fluorescent microspheres by long microneedles (*P < 0.05, ***P < 0.001, Bar = 20 pym).
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