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Black phosphorus nanosheet-enabled ROS-
adaptive core-shell microneedles orchestrate
immunoredox remodeling and neurotrophic
regeneration for facial nerve repair
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Abstract

Background Facial nerve injury often results in persistent facial paralysis because the early oxidative and
inflammatory microenvironment compromises subsequent neurotrophic repair. Existing therapies are limited

by insufficient spatiotemporal control over antioxidative and neurotrophic interventions at the lesion site,

leading to suboptimal regenerative outcomes. Black phosphorus nanosheets (BPNs) have emerged as promising
nanotherapeutics owing to their strong ROS-scavenging capacity, immunomodulatory potential, and favorable
biodegradability. However, strategies that integrate BPN-mediated microenvironment regulation with sustained
neurotrophic stimulation for facial nerve repair remain largely unexplored. Here, we developed a ROS-adaptive core-
shell microneedle nanoplatform that sequentially remodels the oxidative—inflammatory niche and subsequently
promotes neurotrophic regeneration through staged delivery of BPNs and nerve growth factor (NGF).

Results The microneedle shell consisted of a dynamic hyaluronic acid-phenylboronic acid/poly(vinyl alcohol)
network loaded with BPNs, while the GelMA hydrogel core served as a reservoir for sustained NGF release. Under
ROS conditions, cleavage of boronate ester bonds accelerated shell degradation and promoted BPN release. The
released nanosheets reduced intracellular ROS, were associated with NRF2/HO-1 antioxidant pathway activation and
NF-kB inflammatory signaling suppression in macrophages, and promoted polarization toward a pro-regenerative
M2-like phenotype. This immunoredox modulation reduced oxidative stress and inflammatory mediator expression
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/vvhile establishing a more permissive microenvironment for neural repair. Subsequently, controlled NGF release
from the core enhanced TrkA/AKT/ERK signaling, promoting neuronal differentiation, neurite extension, and axonal
regeneration. The platform also improved Schwann cell proliferation, migration, and neurotrophic secretion,
supporting remyelination and axonal guidance. In a mouse facial nerve crush model, treatment with BPN/NGF core-
shell microneedles reduced oxidative damage and inflammatory infiltration, improved myelin sheath integrity and

nerve ultrastructure, and accelerated early functional recovery compared with blank or single-cargo microneedle

treatments.

Conclusion This study presents a BPN-enabled ROS-responsive microneedle nanoplatform that addresses
stage-specific barriers in facial nerve repair by sequentially regulating immunoredox responses and stimulating
neurotrophic signaling. These findings highlight a promising nanobiotechnology strategy for peripheral nerve
regeneration and may provide a broadly applicable framework for ROS-associated tissue injuries.

Keywords Black phosphorus nanosheets, ROS-responsive delivery, Microneedle, Facial nerve regeneration,
Immunoredox modulation, Macrophage polarization, Nerve growth factor (NGF), Peripheral nerve repair,
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Facial nerve injury (FNI) is a common type of periph-
eral nerve injury, typically caused by trauma, surgery,
or viral infections, resulting in functional deficits such
as facial paralysis, impaired eyelid closure, and abnor-
malities in facial expression [1]. This injury significantly
impacts the patient’s daily life, psychological well-being,
and social interactions, and may result in long-term

degeneration (WD) occurs, characterized by rapid axo-
nal degeneration and myelin clearance [1]. During the
repair process, Schwann cells and macrophages play
crucial roles. Schwann cells assist in nerve axon recov-
ery and function restoration through demyelination and
remyelination, while macrophages clear necrotic tissue
at the injury site and release repair-promoting factors
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to aid nerve regeneration [3]. However, oxidative stress
injury remains a significant barrier to facial nerve repair.
After nerve injury, increased oxidative stress exacerbates
cellular damage and functional impairment [4]. Oxida-
tive stress is caused by the excessive production of free
radicals and reactive oxygen species (ROS), which dam-
age cell membranes, proteins, and DNA, thereby further
impairing nerve tissue [5]. Although the initial inflamma-
tory response is beneficial for clearing debris and releas-
ing growth factors, excessive or chronic inflammation
can inhibit nerve regeneration. Therefore, an effective
ENI therapy must rapidly resolve the early oxidative—
inflammatory barrier while preserving a permissive
niche for subsequent neurotrophic regeneration, which
remains challenging using conventional bolus injections
or single-factor delivery.

Nerve growth factor (NGF), a crucial neurotrophic
factor, is widely utilized in the repair of nerve injuries,
including FNI [6]. NGF ligation to its high-affinity recep-
tor, TrkA, triggers a cascade of intracellular signaling
pathways, most notably the PI3K/AKT, MAPK/ERK, and
CREB axes, which collectively govern the survival, dif-
ferentiation, and regenerative repair of neural cells [7,
8]. However, the clinical use of NGF faces limitations,
especially in early oxidative stress environments, where
its efficacy is markedly suppressed [9]. Following nerve
injury, oxidative stress and excessive ROS accumulation
damage neural tissue, reducing the bioactivity of neuro-
trophic factors. Specifically, ROS not only degrades NGF
itself but may also disrupt its binding to target cells and
signal transmission by altering the structure or function
of NGF receptors [10, 11]. Furthermore, the oxidative
stress environment accelerates NGF degradation, mak-
ing it difficult to maintain sufficient activity and effec-
tive concentrations during treatment. Consequently,
when NGF is used alone to treat FNI, its efficacy is often
limited under oxidative stress, failing to achieve sus-
tained and precise therapeutic effects. To overcome the
limitations of NGF therapy in oxidative stress environ-
ments, black phosphorus nanosheets (BPNs), as a novel
antioxidant material, demonstrate significant potential
for combined use with NGF. BPNs, as two-dimensional
materials, have become a substantial focus in neu-
rotrauma research due to their exceptional antioxidant
properties and excellent biocompatibility [12-14]. They
mitigate oxidative stress-induced damage to neural tissue
by scavenging excess ROS, which helps suppress unnec-
essary inflammatory responses. Additionally, BPNs not
only modulate immune cell activity, facilitating the tran-
sition of macrophages from the pro-inflammatory M1 to
the anti-inflammatory M2 phenotype, but also promote
the proliferation and differentiation of Schwann cells
and neurons, thereby accelerating nerve repair [13, 15].
Moreover, the oxidative metabolism of BPNs generates
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phosphate products that create a “phosphorus-rich”
environment, supporting myelin regeneration and guid-
ing axonal growth [12]. Collectively, FNI repair requires
a delivery strategy that (i) responds to the pathological
ROS burst to rapidly suppress oxidative—inflammatory
damage and (ii) subsequently provides sustained neu-
rotrophic cues for regeneration. Such spatiotemporally
programmed delivery remains underdeveloped for facial
nerve repair.

However, despite the promising antioxidant and anti-
inflammatory effects of BPNs combined with NGF for
repairing FNI, their application is limited by rapid drug
metabolism and challenges in effectively delivering these
therapies to the injury site [16, 17]. Stimuli-responsive
microneedle systems, including polymeric and dynami-
cally crosslinked platforms, have been widely explored
for on-demand drug delivery and provide an important
conceptual basis for microneedle system design and the
ROS-responsive release mechanism used in this study
[18-21]. To address this issue, we propose employing a
dual-layer core-shell microneedle system (BPNs&NGF@
MN:s, abbreviated as BNMNS), in which the outer layer is
loaded with BPNs and the inner layer with NGF, thereby
achieving sequential antioxidant and regenerative ther-
apy (Scheme 1A). In the bilayer microneedle design, the
outer shell is composed of 3-aminophenylboronic acid
(HA-PBA) grafted to hyaluronic acid and crosslinked
with polyvinyl alcohol (PVA). The boronate ester bonds
are responsive to ROS and can release BPNs under ROS
stimulation, exerting anti-inflammatory effects. The
core, composed of GelMA hydrogel, enables sustained
NGF release (Scheme 1B). In vivo, BNMNs demon-
strated a dual-phase therapeutic effect in the context of
ENI During the early phase of the injury, BNMNs effi-
ciently released BPNs in response to the oxidative stress
microenvironment of the FNI site. These BPNs exhibited
potent antioxidant and anti-inflammatory properties,
effectively mitigating the oxidative damage and inflam-
mation associated with nerve injury. As the treatment
progressed, BNMNs released NGF, which played a cru-
cial role in promoting neuronal repair and regeneration.
Meanwhile, in vitro, BNMNs exhibited strong antioxi-
dant and anti-inflammatory effects by suppressing ROS
induced by LPS, reducing oxidative stress, and inhibiting
macrophage polarization toward the pro-inflammatory
M1 phenotype, while promoting polarization towards
the anti-inflammatory M2 phenotype. RNA sequencing
revealed that BNMNs inhibited the NF-kB pathway and
activated the NRF2/HO-1 antioxidant pathway, enhanc-
ing macrophage antioxidant capacity and facilitating M2
polarization. Additionally, BPNs release phosphate ions
upon complete oxidation, which, together with the sub-
sequent release of NGF, promotes neuronal differentia-
tion and enhances Schwann cell proliferation, migration,
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Scheme 1 Schematic of a programmable black phosphorus nanosheets (BPNs)/nerve growth factor (NGF)-loaded core—shell microneedles (BPNs&NGF@
MNs, abbreviated as BNMNs) enabling a temporally staged transition from antioxidative/anti-inflammatory to pro-regenerative intervention in a mouse
facial nerve injury (FNI) model. (A) BPNs-loaded HA-PBA/PVA form the shell at the needle tips, while NGF@GelMA constitutes the core on the substrate;
vacuum casting, crosslinking, and drying yield a core—shell array. (B) This design enables time-controlled release. During the early inflammatory phase,
ROS-responsive BPNs are initially released to (1) scavenge reactive oxygen species, activate the NRF2/HO-1 pathway, and (2) suppress NF-kB signaling.
This promotes the shift of macrophages from the pro-inflammatory M1 phenotype to anti-inflammatory M2 phenotype (CD86, TNF-a, iNOS, IL-6, IL-18
decrease; CD206, ARG, IL-10 increases). During the later recovery phase, continuously released NGF (3) activates the TrkA pathway in neuron-like cells
(PC12 cells), promoting increased expression of TUJ1, MAP2, and GAP43. Additionally, it stimulates Schwann cells (RSC96 cells) to release BDNF, NGF, and
VEGEF. (C) In the FNI model, the BNMNs are designed to deliver both antioxidant and anti-inflammatory interventions in the early stage, followed by pro-
regenerative treatment in the recovery phase. The initial release of BPNs targets the ROS response, promoting macrophage polarization towards the anti-
inflammatory M2 phenotype, decreasing pro-inflammatory cytokines, and enhancing the expression of anti-inflammatory cytokines, which accelerates
tissue repair by modulating the immune environment. The late, sustained release of NGF promotes neuronal differentiation, axonal regeneration, and
myelin regeneration. This dual-phase treatment promotes both inflammatory resolution and subsequent neural repair, improving the functional recovery
of the facial nerve after injury
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and vascular network formation, thereby supporting
nerve regeneration and functional recovery (Scheme 1C).
Therefore, this bilayer core-shell microneedle system
not only improves the precision of drug delivery but also
enhances therapeutic efficacy by controlling time-sen-
sitive drug release, providing a promising approach for
repairing FNL

Experimental section

Materials and reagents

Black phosphorus (BP) powder and NGF were pur-
chased from Zhongke Experimental Materials (Henan,
China). Hyaluronic acid (HA), 1-ethyl-3-(3-dimeth-
ylaminopropyl) carbodiimide hydrochloride (EDC),
N-hydroxysuccinimide (NHS), N-methylpyrrolidone
(NMP), 3-(3,4-dihydroxyphenyl) propionic acid, 3-ami-
nophenylboronic acid (PBA), methacrylic anhydride,
polyvinyl alcohol (PVA), and lithium acyl phosphate
were obtained from Aladdin (Shanghai, China). Enzyme-
linked immunosorbent assay (ELISA) kits, including
IL-1B (Cat# ZC-37974), TNF-a (Cat# ZC-37974), NGF
(Cat# ZC-38640), BDNF (Cat# ZC-38512), and VEGF
(Cat# ZC-38844), were purchased from Shanghai Zhuo-
cai Biotechnology Co., Ltd. (Shanghai, China). Cell
Counting Kit-8 (CCKS8; Cat# C0037), Calcein/PI cell
viability and cytotoxicity assay kits (Cat# C2015), ROS
assay kits (Cat# S0033S), Hoechst 33,342 (Cat# C1022),
DAPI (Cat# C1002), Malachite Green Phosphate Detec-
tion Kit (Cat# S0196), and qPCR Primer Pairs (Mouse
Tnf qPCR Primer Pair-QM05522S, Mouse 116 qPCR
Primer Pair QMO03482S, Mouse Nos2 qPCR Primer Pair-
QMO04186S, Mouse I11b qPCR Primer Pair-QM03422S,
Mouse Argl qPCR Primer Pair-QM09790S, Mouse
Gap43 qPCR Primer Pair-QM13570S, Mouse Tubb3
qPCR Primer Pair-QMO05682S, Mouse Map2 qPCR
Primer Pair-QM04006S, Mouse Actb qPCR Primer Pair-
QMO00002S), were obtained from Beyotime (Shanghai,
China). Hydrogen peroxide (H,0,) assay kits, superoxide
dismutase (SOD) assay kits, and catalase (CAT) assay kits
were purchased from Solarbio (Beijing, China). Primary
antibodies for western blotting, including NRF2 (1: 1000;
Cat# HA723302), phospho-NRF2 (p-NRF2; 1: 2000; Cat#
ET1608-28), HO1 (1: 1000; Cat# HA721854), CREB (1:
500; Cat# ET1601-15), p-CREB (1: 500; Cat# ET7107-93),
AKT (1: 2000; Cat# ET1609-51), p-AKT (1: 5000; Cat#
ET1607-73), B-actin (1:10000; Cat# HA722023) and Goat
Anti-Rabbit IgG HRP (1: 10000; Cat# HA1001) were pur-
chased from Huaan Biotechnology Co., Ltd. (Hangzhou,
China). Primary antibodies targeting P65 (1: 1000; Cat#
8242), p-P65 (1: 1000; Cat# 3033), IKBa (1: 1000; Cat#
4812), p-IKBa (1: 1000; Cat# 2859), ERK (1: 1000; Cat#
4695) and p-ERK (1: 1000; Cat# 4370) were purchased
from Cell Signaling Technology (Boston, USA). Antibod-
ies for immunofluorescence, including ARG1 (1:400; Cat#
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DF6657) and iNOS (1:400; Cat# AF0199), Goat Anti-
Rabbit IgG (H + L) FITC-conjugated (1:500; Cat# S0008),
and Goat Anti-Rabbit IgG (H+L) CY3-conjugated
(1:500; Cat# S0011) were purchased from Affinity Bio-
pharmaceutical Co., Ltd. (Melbourne, Australia). Nuclear
protein and plasma protein extraction kit (Cat# PH0324)
was purchased from Phygene (Fujian, China). Lipopoly-
saccharide (LPS) was obtained from Sigma (MO, USA).
FITC-labeled anti-mouse CD86 antibody was purchased
from Elabscience (Wuhan, China), and FITC-labeled
anti-mouse CD206 antibody was purchased from BioLe-
gend (Beijing, China). EQU assay kits were obtained from
Sunncell Biotechnology Co., Ltd. Phosphate-buffered
saline (PBS, pH="7.4) and cell culture-associated medium
were obtained from Gibco (California, USA) and Service-
bio (Wuhan, China). All materials were used as received.
All solutions were freshly prepared prior to each experi-
ment for immediate use.

Cell culture

Cell lines, including RAW264.7, PC12, RSC96, and
HUVEC cells, were obtained from Shanghai Chenying
Biotechnology Co., Ltd. (Shanghai, China). RAW264.7,
RSC96, and HUVEC cells were maintained in Dulbecco’s
Modified Eagle Medium (DMEM, high glucose; Gibco,
USA) supplemented with 10% fetal bovine serum (FBS;
Gibco, USA) and 1% penicillin/streptomycin (P/S; Gibco,
USA) at 37 °C in a humidified incubator containing 5%
CO,. PC12 cells were cultured in RPMI-1640 medium
(Gibco, USA) supplemented with 10% FBS and 1% P/S
under the same incubation conditions. Culture media
were replaced every 1-2 days, and cells were subcultured
when they reached ~70-80% confluence.

Preparation and characterization of BPNs

Using BP powder as the primary raw material, BPNs were
prepared via liquid-phase exfoliation [22]. The specific
steps are as follows: A total of 10 mg of bulk BP powder
was finely ground into powder using an agate mortar and
subsequently dispersed in 25 mL of NMP. The suspen-
sion was sonicated for 30 min to achieve maximum dis-
persion, followed by ultrasonic cell disruption (Xiaomei
Ultrasound Instruments Kunshan Co., Ltd., China) at a
power of 650 W for 48 h to induce liquid-phase exfolia-
tion. After exfoliation, the resulting dispersion was sub-
jected to gradient centrifugation. Initially, the dispersion
was centrifuged at 5000 rpm for 10 min to remove the
unexfoliated thick black phosphorus crystals from the
bottom. The supernatant was then centrifuged at 8000
rpm for 10 min to separate relatively thicker black phos-
phorus flakes. The supernatant was then centrifuged
at 12,000 rpm for 1 h, and the collected precipitate was
designated as the desired BPNs. The BPNs were purified
through three washing cycles with anhydrous ethanol,
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followed by three additional cycles with deionized water
to ensure complete removal of residual solvents. The final
product was resuspended and stored in a sealed con-
tainer at 4 °C for further use.

To comprehensively characterize the physicochemi-
cal properties of the obtained BPNs, a series of struc-
tural, morphological, and compositional analyses was
performed. The morphology of BPNs was observed by
transmission electron microscopy (TEM; Tecnai G2 F20,
FEI, USA) using carbon-supported copper grids, and
elemental mapping was conducted by energy-dispersive
X-ray spectroscopy (EDS). Scanning electron micros-
copy (SEM; JSM-6700 F, JEOL, Japan) was employed to
analyze surface morphology. Atomic force microscopy
(AFM; Dimension Icon, Bruker, Germany) was used to
determine the thickness and surface roughness of BPNs.
Dynamic light scattering (DLS) and zeta potential analy-
ses were performed using a Malvern Zetasizer Nano ZS
(Malvern Panalytical, UK) to determine hydrodynamic
size distribution and colloidal stability. Fourier-trans-
form infrared spectroscopy (FTIR; Tensor 27, Bruker,
Germany) was employed to evaluate chemical bonding
and optical properties. Raman spectroscopy (LabRAM,
Horiba, Japan) was conducted to confirm the charac-
teristic peaks of BPNs. The elemental composition and
surface chemical states of BPNs were analyzed by X-ray
photoelectron spectroscopy (XPS; Nexsa X, Thermo
Fisher Scientific, USA).

In vitro cytotoxicity assay of BPNs and NGF

RAW?264.7 cells (5x10%) were seeded in a 96-well plate
and cultured for 12 h. To determine the cytotoxicity of
BPNs, RAW264.7 cells were treated with 1, 3, 5, 10, 20,
30, 40, 50, 75, or 100 pg/mL BPNs for 1 day. To determine
NGF cytotoxicity, RAW264.7 cells were treated with 5,
10, 25, 50, 75, 100, 150, 175, or 200 ng/mL NGF for 24 h.
RAW?264.7 cells were then incubated with the CCK-8
assay solution for 30 min, and absorbance was measured
at 460 nm using a microplate reader (Varioskan LUX,
Thermo Fisher Scientific, USA).

In vitro ROS-scavenging capacity of BPNs

Based on in vitro toxicity experiments, safe concentra-
tions of BPNs (10, 30, 50, 100 pg/mL) were selected.
RAW?264.7 cells (2x10% were seeded in a 24-well plate
and cultured for 12 h. Subsequently, after three PBS
washes, LPS (5 pg/mL) was added to activate inflam-
matory macrophages, and the cells were concurrently
treated with the aforementioned concentrations of BPNs.
After 4 h, fresh medium containing 10% DCFH was
added according to the ROS assay kit instructions. After
30 min, imaging was performed at Ex488/Em525 using
an inverted fluorescence microscope scanner (ECLIPSE
TS2, NIKON, Japan) under identical exposure conditions.
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Finally, Image] was used to quantify the average fluores-
cence intensity per field of view.

Preparation of HA-PBA

According to the preparation steps described by Qiao et
al. [23], the synthesis of HA-PBA was structured as fol-
lows. HA (1 g, 2.5 mmol) was first dissolved in 100 mL
of deionized water (Milli-Q, Millipore, USA), followed by
the addition of EDC (575 mg, 3 mmol) and NHS (345 mg,
3 mmol). The pH of the solution was adjusted to 6 using
a pH meter (Mettler Toledo, Switzerland). After stirring
for 20 min on a magnetic stirrer (IKA, Germany), 3-ami-
nophenylboronic acid (410.65 mg, 3 mmol) was added
to the reaction system, and the pH was maintained at 9
using 1 M NaOH. The mixture was then allowed to react
overnight at room temperature. The obtained product
was purified by dialysis (molecular weight cutoff: 3500
Da, Spectrum Laboratories, USA) against deionized
water for 3 days and subsequently freeze-dried using a
LyoQuest-55 freeze dryer (Telstar, Spain) to yield the
HA-PBA.

Preparation of GelMA hydrogel

Gelatin (5 g) was dissolved in PBS (pH 7.4, 50 mL) at
10% (w/v) under continuous stirring at 50 °C until com-
pletely dissolved. Subsequently, methacrylic anhydride
(20 mL) was added dropwise to the gelatin solution, and
the methacrylation reaction was carried out for 1 h under
constant stirring. The resulting solution was dialyzed
against deionized water using a dialysis membrane with
a molecular weight cutoff of 12 kDa (Spectrum Labora-
tories, USA) for 5 days at room temperature and then
lyophilized for 2 days using a freeze dryer (LyoQuest-55,
Telstar, Spain) to obtain lyophilized GelMA.

Preparation and characterization of blank microneedles
(MNs), BPNs@Microneedles (BMNs), NGF@Microneedles
(NMNS5s), and BPNs&NGF@Microneedles (BNMNs)
Microneedles were fabricated using a multi-step mold-
ing strategy. Briefly, 0.03 g of lyophilized HA-PBA pow-
der was dissolved in 1 mL of deionized water (containing
50 ug/mL BPNs) in three portions. After each addition,
the mixture was vigorously stirred with a 1 mL pipette
tip until complete dissolution. A ROS-responsive hydro-
gel precursor solution was then prepared by mixing 3%
HA-PBA solution, 10% PVA solution, and deionized
water at a ratio of 5:2:6. Separately, a photoinitiator lith-
ium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP)
solution (8 mg/mL) and NGF dissolved in PBS was pre-
pared and subsequently mixed with GelMA hydrogel to
obtain a 15% solution (containing 50 ng/mL NGF), which
was liquefied at 40 °C. In addition, a 250 mg/mL hydro-
gel solution for the backing layer was prepared. All three
solutions were degassed by centrifugation at 3000 rpm
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for 3 min. The ROS-responsive hydrogel precursor was
then introduced into the cavities of a polydimethylsilox-
ane (PDMS) mold using a syringe with a trimmed tip,
followed by a 2-min vacuum treatment in a vacuum dry-
ing oven to remove residual bubbles. The mold was then
placed into a 50 mL centrifuge tube preloaded with a sup-
porting layer and centrifuged at 4000 rpm for 3 min to
ensure complete filling. Surface bubbles were removed by
gentle scraping, and the mold was subsequently heated at
35 °C for 6 h to promote solidification. For shell forma-
tion, a metal spacer was placed on the negative mold, a
resin-based positive mold was inserted, and the assem-
bly was statically dried at 37 °C for 48 h. After drying, the
positive mold was removed, and GelMA hydrogel solu-
tion was introduced into the cavities using a syringe with
a trimmed tip. Vacuum treatment (2 min) and horizontal
centrifugation (4000 rpm, 3 min) were applied as previ-
ously described to remove bubbles and ensure uniform
filling. Finally, the mold was heated at 35 °C for 6 h to
obtain the BPNs&NGF@Microneedles (BNMNs). Based
on the above procedure, BPNs@Microneedles (BMNs),
NGF@Microneedles (NMNs), and blank microneedles
(MNs) were prepared in a manner consistent with the
preparation of BNMN:S. Specifically, for BMNs, a BPNs@
HA-PBA solution (50 pg/mL) was prepared as described
above and mixed with PVA and water to form the ROS-
responsive hydrogel precursor solution. For NMNs, a
NGF@GelMA hydrogel solution (containing 50 ng/mL
NGF) was prepared using the same method and com-
bined with HA-PBA, PVA solution, and water to form
the final structure, identical to that of BNMNs. Blank
microneedles (MNs) were prepared without BPNs or
NGE, using only HA-PBA/PVA and GelMA hydrogel
solutions. All preparation steps, including vacuum treat-
ment, centrifugation, and heating for solidification, were
performed to ensure that BMNs, NMNs, and MNs had
similar structures and drug loading, allowing for experi-
mental control comparisons. To minimize premature oxi-
dation of BPNs during microneedle fabrication, freshly
prepared BPN dispersions were stored in sealed contain-
ers at 4 °C and used immediately before preparation. The
BPN-containing HA-PBA/PVA precursor was handled
under reduced light exposure and processed as rapidly as
possible.

Microneedle drug release detection

To evaluate the drug release from microneedles, they
were immersed in PBS solutions containing differ-
ent concentrations of H,O, (10 uM and 100 uM) and
enclosed in dialysis bags. The release of BPNs was quan-
tified using inductively coupled plasma mass spectrom-
etry (ICP-MS), while the release of NGF was measured
by ELISA. The microneedles were incubated at 37 °C for
a predetermined period, and the released amounts of
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BPNs and NGF were measured at specific time intervals
to evaluate the temporal release profile under oxidative
conditions.

Phosphate ion (P043') concentration detection

1 mL of BPNs solution was added to a 5 mL reagent vial
and incubated in a shaking incubator at 100 rpm and
37 °C for 7 days. Phosphate ions (PO,>") were detected
using a Malachite Green Phosphate Detection Kit. In
brief, 200 uL of the test solution (BPNs or BNMNs) was
mixed with 70 pL of the color reagent. After thorough
mixing, the mixture was allowed to stand at room tem-
perature for 30 min. The absorbance was recorded at
630 nm using a spectrophotometer (Thermo Fisher Sci-
entific, USA). The phosphate concentration of the sample
was calculated based on the standard curve and the dilu-
tion factor of the test sample.

H,0, concentration detection

According to the instructions for the H,0, detection kit,
standard solutions were prepared at concentrations of
1, 5, 10, 20, 50, 100, and 200 uM in each well. Then, 100
uL of hydrogen peroxide detection reagent was added to
each well. Absorbance was measured at 560 nm using a
microplate reader (Thermo Fisher Scientific, USA).

Modeling of in vitro cellular systems

Sterilized microneedle systems were placed into DMEM
medium without sodium pyruvate, L-alanine-L-gluta-
mine, FBS, or P/S. H,0, was added to achieve a concen-
tration of 100 pM to simulate ROS in the inflammatory
microenvironment. This concentration was selected
based on previous studies showing that H,O, is generated
after nerve/tissue injury and participates in Schwann cell
activation and axonal regeneration, and that 100 pM
H,0, is commonly used as a mild oxidative-stress stimu-
lus in neural cell and peripheral nerve repair-related in
vitro models [24, 25]. Based on drug release rates, sus-
tained-release solutions from days 1 and 5 were selected
as cell treatment groups. Sodium pyruvate (1.0 mM),
L-pyruvate (2.05 mM), 10% FBS, or 1% P/S were then
re-added to clear H,0, and maintain cell culture. Finally,
the supernatant was collected, filtered through a 0.22 pm
membrane, and used as the extract for the corresponding

group.

In vitro evaluation of the antioxidant and anti-
inflammatory Effects of BNMNs

RAW?264.7 cells (abbreviated as macrophages) act as a
model for studying LPS-induced inflammatory responses
in FNL In the experiment, macrophages are treated with
various ROS-responsive microneedle systems (MNs,
BMNs, NMNs, and BNMNs) to observe changes in
macrophage phenotype, particularly the transition from



Zhou et al. Journal of Nanobiotechnology (2026) 24:755

M1 to M2 polarization. RAW?264.7 cells were treated
with LPS and the day-1 release extracts from different
microneedle systems to evaluate inflammatory responses.
mRNA was purified from lysed cells, reverse-transcribed,
amplified, and quantified using a real-time PCR system.
For flow cytometry analysis, macrophages were washed,
fixed, and then incubated with anti-CD86 or anti-CD206
antibodies. Finally, they were analyzed using a Beckman
Coulter flow cytometer (BD Fortessa, New Jersey, USA).
The concentrations of TNF-a and IL-10 in the superna-
tant were measured using an ELISA kit according to the
manufacturer’s instructions.

In vitro evaluation of the antioxidant and anti-
inflammatory mechanisms of BNMNs

Given the exceptional antioxidant and anti-inflammatory
properties of BNMNs, we commissioned Shanghai Pai-
senuo Biotechnology Co., Ltd. to perform RNA sequenc-
ing (RNA-seq), including mRNA enrichment, library
preparation, and sequencing. After data cleaning, high-
quality RNA sequencing data were obtained for the anal-
ysis of LPS-induced RAW264.7 cells and LPS-induced
RAW?264.7 cells treated with the supernatant (1 day)
released by BNMNSs. Briefly, RAW264.7 cells (5 million
per tube) were treated for 12 h and collected using Trizol
reagent (Invitrogen, USA). The cleaned data provided
by Paisenuo Biotechnology Co., Ltd. were then analyzed
using R software (version 4.3.3). The RNA-seq clean data
are provided in the Supplementary File, and the analysis
workflow and visualization methods followed those of
previous studies [26]. Key genes identified in pathways
uncovered by transcriptome sequencing were validated
by Western blot. In brief, proteins were separated on
a 10% SDS-PAGE gel and subsequently transferred to a
polyvinylidene fluoride (PVDF) membrane. After incu-
bation with 4% skim milk for 1.5 h, the membrane was
incubated overnight at 4 °C with the primary antibody.
The membrane was incubated with the secondary anti-
body for 1 h, then washed three times with TBST. Fluo-
rescent signals were detected using an Odyssey imaging
system (Tanon, Shanghai, China).

Evaluation of the performance of BNMNs in promoting
neural repair

To evaluate the neuro-regenerative capacity of BNMNs,
PC12 and RSC96 cells were employed as in vitro mod-
els for neural differentiation and repair. The cells were
treated with various microneedle systems, including
MNs, BMNs, NMNs, and BNMNSs, to observe their
effects on cell morphology, neurite outgrowth, and gene
expression related to neural regeneration. The experi-
ment was set up with the following groups: G1 group
(Control): Untreated PC12/RSC96 cells, serving as the
baseline control; G2 group (H,0,): PC12/RSC96 cells
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treated with the supernatant from which H,O, had been
removed; G3 group (MNs): PC12/RSC96 cells treated
with H,0,-induced MNs; G4 group (BMNs); PC12/
RSCI6 cells treated with H,0,-induced BMNs; G5 group
(NMNs): PC12/RSC96 cells treated with H,O,-induced
NMNs; G6 group (BNMNs): PC12/RSC96 cells treated
with H,0,-induced BNMNs. CCK-8 assay and Calcein/
PI kits were used to determine the effects of BNMNs
on the cellular viability of PC12 and RSC96 cells at day
5. Neurite outgrowth was measured by Phalloidin/DAPI
staining, where Phalloidin was used to label F-actin in
neurites, and DAPI stained the cell nuclei, followed by
fluorescence microscopy to assess neurite length and
branching. Parallel cell samples were collected for quanti-
tative analysis of Tubb3, Gap43, and Map2 expression via
real-time quantitative PCR (RT-qPCR). mRNA was puri-
fied from lysed cells, reverse-transcribed, amplified, and
quantified using an RT-qPCR system. The 2"°* method
was used to evaluate the relative expression levels. West-
ern blot was used to measure the expression levels of
TRKA, p-TRKA, AKT, p-AKT, ERK, p-ERK, CREB, and
p-CREB, key markers of neurotrophic signaling involved
in neural repair. In addition, the concentrations of NGF,
BDNF, and VEGFA in the supernatant of RSC96 cells
were measured using an ELISA kit according to the man-
ufacturer’s instructions.

The effects of different treatments on RSC96 Schwann
cell proliferation, migration, and paracrine-mediated
angiogenesis were systematically evaluated. Briefly,
RSC96 cells were seeded in culture plates and treated
with different formulations or corresponding extracts
according to the experimental grouping. Cell prolif-
eration was assessed using an EdU incorporation assay.
After treatment, cells were incubated with EAU work-
ing solution, fixed with 4% paraformaldehyde, permea-
bilized with Triton X-100, and stained according to the
manufacturer’s instructions. Nuclei were counterstained
with DAPI, and the EdU-positive cell ratio was calculated
as the percentage of EdU-positive nuclei among total
DAPI-stained nuclei. The migratory capacity of RSC96
cells was evaluated using Transwell and wound healing
assays. For the Transwell assay, RSC96 cells suspended
in serum-free medium were seeded into the upper
chambers, while medium containing different formula-
tions or corresponding extracts was added to the lower
chambers. After incubation, migrated cells on the lower
membrane surface were fixed, stained with crystal violet,
imaged, and quantified by counting stained cells in ran-
domly selected fields. For the wound healing assay, con-
fluent RSC96 monolayers were scratched with a sterile
pipette tip, washed with PBS, and cultured with differ-
ent treatment media. Images were captured at 0, 6, and
24 h, and the migration rate was calculated based on the
reduction in wound area. To assess paracrine-mediated
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angiogenesis, conditioned media were collected from
RSC96 cells after different treatments, centrifuged to
remove cellular debris, and used for HUVEC tube for-
mation assays. In addition, the levels of NGF, BDNF, and
VEGFA in the conditioned media were detected using
ELISA kits according to the manufacturer’s protocols.
For the tube formation assay, Matrigel was added to pre-
cooled 96-well plates and allowed to polymerize at 37 °C.
HUVEC:s suspended in the corresponding RSC96-condi-
tioned media were seeded onto the Matrigel-coated wells
and incubated at 37 °C with 5% CO,. Capillary-like struc-
tures were photographed under an inverted microscope,
and angiogenic parameters, including the number of
nodes, total tube length, and total branching length, were
quantified using Image] software with the Angiogenesis
Analyzer plugin.

Facial nerve crush injury model and treatment

All animal procedures were reviewed and approved by the
Institutional Animal Care and Use Committee of Tongji
University (Approval Number: SHDSYY-2025-P1817-2),
in compliance with the ARRIVE guidelines [27]. Prior to
the experiments, sample size estimation was performed
using the degree of freedom (E value) method [28]. Eight-
week-old female C57BL/6 mice were purchased from the
Animal Center of the Tenth People’s Hospital Affiliated
to Tongji University (Shanghai, China) and housed under
specific pathogen-free (SPF) conditions maintained at
20-25 °C, 40-70% humidity, and a 12-h light-dark cycle.
All mice had free access to autoclaved pellet feed and
drinking water. Mice were acclimated to the environ-
ment for 1 week before experimentation. All surgeries
were performed under anesthesia with 1.25% tribromo-
ethanol (200 puL/10 g body weight). Using aseptic tech-
nique, the right facial nerve was exposed at its exit from
the mastoid foramen in each animal. The nerve was com-
pressed twice at different angles (30 s each) using jewelry
forceps. Postoperatively, the wound was closed, and the
animals recovered on a heated blanket. Sham-operated
mice served as controls. The same surgeon performed all
procedures to minimize inter-animal variation. Follow-
ing injury, all mice were randomly assigned to 6 distinct
experimental groups, with 12 mice per group. The 800-
pum microneedle systems were divided into four groups
(MNs, BMNs, NMNs, and BNMN:s), sterilized with 75%
ethanol, and irradiated with ultraviolet light for 24 h.

To verify whether the nerve growth factor (NGF)
released by the microneedle system could reach the local
microenvironment of the FNI, tissue samples were col-
lected from the injured facial nerve and the surrounding
area following microneedle application. In brief, on day 7,
mice in the different treatment groups were euthanized,
and the local tissue surrounding the injured facial nerve
was carefully harvested, weighed, and homogenized in
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cold PBS containing protease inhibitors. Following cen-
trifugation, the supernatant was collected, and NGF
concentrations were determined using an ELISA kit
according to the manufacturer’s instructions. NGF levels
were normalized by tissue weight and expressed in pg/
mg of tissue. Electrophysiological assessment was per-
formed at day 7 to objectively evaluate facial nerve func-
tional recovery. Mice were anesthetized, and the injured
facial nerve was exposed. A stimulating electrode was
placed proximal to the injury site, and recording elec-
trodes were inserted into the ipsilateral orbicularis oculi.
Supramaximal electrical stimulation was applied to the
facial nerve, and evoked compound muscle action poten-
tial-like responses were recorded using an electrophysi-
ological recording system. The peak-to-peak amplitude
of the evoked response was quantified as an indicator
of functional axonal recovery. All electrophysiological
recordings and analyses were performed by investigators
blinded to the treatment groups.

Penetration ability of the BNMNs patch

The BNMNs patches were pressed onto the injured site
in mice, followed by moistening with saline for better
attachment to the skin. The patch was removed 3 days
after application to examine the punctures. Meanwhile,
skin samples with attached MNs were fixed in 4% para-
formaldehyde (PFA), dehydrated in ethanol, and pro-
cessed into 10 um paraffin sections for hematoxylin and
eosin (H&E) staining.

Assessment of functional recovery

Facial nerve crush injury results in loss of blink reflex,
abnormal vibrissae movement, and abnormal vibris-
sae direction. Postoperatively, observations were con-
ducted three times per week, and vibrissae movement
and blink reflex were recorded in each group. The blink
reflex was assessed by blowing air toward the eyelid from
a distance of approximately 3 cm using a 5-mL syringe.
As described previously [29], eyelid closure and whis-
ker function were evaluated in each mouse according
to the following criteria: 3 = no detectable movement; 2
= detectable movement; 1 = marked but asymmetrical
spontaneous movement; 0 = symmetrical spontaneous
movement. In addition, an extra criterion was intro-
duced: 1 = the nasal tip deviates contralaterally; 0 = the
nasal tip is centered. The neurological function score was
calculated by summing all individual scores. All behav-
ioral assessments, including vibrissae movement and
blink reflex evaluation, were performed by investigators
blinded to the treatment group allocation.

In vivo toxicity
After 14 days, the animals were euthanized, and their
hearts, livers, spleens, lungs, and kidneys were collected
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for H&E staining to assess the potential systemic toxicity
of different microneedle systems. Furthermore, the fol-
lowing parameters were measured: hemoglobin (HGB),
red blood cells (RBC), platelets (PLT), white blood cells
(WBC), lymphocytes (LYM), monocytes (MON), neu-
trophils (NEUT), aspartate transaminase (AST), alanine
transaminase (ALT), blood urea (UREA), and blood urea
nitrogen (BUN) levels.

Histopathological evaluation and immunohistochemical
analysis

Mice were euthanized by carbon dioxide inhalation, and
the facial nerve tissues were freshly harvested and imme-
diately fixed in 4% paraformaldehyde. After fixation, the
tissues were subjected to routine dehydration, clearing,
and paraffin embedding, and subsequently sectioned
into 5-pm-thick slices for histological and immunohis-
tochemical analyses. To evaluate the in vivo antioxidant
and anti-inflammatory effects of BNMNSs, a subset of
facial nerve samples was processed for cryosectioning,
and intracellular reactive oxygen species (ROS) levels
were analyzed. For immunofluorescence staining, the
tissue sections were incubated with primary antibod-
ies against inducible nitric oxide synthase (iNOS) and
CD206 to assess macrophage polarization. After thor-
ough washing and incubation with appropriate fluores-
cently labeled secondary antibodies, the sections were
visualized using a laser scanning confocal microscope.
To further investigate ultrastructural changes associated
with nerve injury and regeneration, TEM was performed
to examine the facial nerve architecture. Myelin thick-
ness was quantified by averaging the maximal and mini-
mal diameters, and the myelination index (G-ratio) was
calculated to evaluate the extent of demyelination and
remyelination. In parallel, representative paraffin-embed-
ded nerve sections were subjected to immunohistochem-
ical analysis using antibodies against myelin basic protein
(MBP, 1:500) and S100p (1:1000) to assess myelin forma-
tion and Schwann cell distribution. Fluorescence images
were acquired using a fluorescence microscope, and the
proportion of positively stained cells was quantitatively
analyzed using Image] software. Finally, Luxol Fast Blue
(LFB) staining was performed to further evaluate myelin
integrity and regeneration in the facial nerve tissue. This
analysis provided morphological evidence of myelination
status and Schwann cell-associated remyelination, serv-
ing as a complementary assessment to immunostaining
and ultrastructural observations and enabling a compre-
hensive evaluation of nerve regeneration and repair.

Statistical analyses

Data were analyzed using GraphPad Prism 9.0 and R
(v4.3.3). Results are presented as mean + standard devia-
tion (SD). For comparisons between two groups, an
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unpaired two-tailed Student’s t-test was used. For com-
parisons among three or more groups, one-way ANOVA
followed by Tukey’s post hoc test was applied unless oth-
erwise stated. For RNA-seq, p values were adjusted for
multiple testing using the Benjamini—Hochberg false dis-
covery rate (FDR) procedure.

Results and discussion

Preparation and characterization of BPNs and double-layer
microneedle system

Fabrication of the ROS-responsive BPNs/NGF-loaded
core-shell microneedles (BNMNs) began by preparing
the outer shell layer using a combination of the ROS-
responsive hydrogel HA-PBA/PVA and BPNs. The inner
shell layer was formed by incorporating NGF into GelMA
hydrogel. The microneedle patch fabrication involved a
multi-step mold-casting approach, integrating vacuum
treatment, centrifugation, and heating to ensure uniform
filling and eliminate bubbles. Following these steps, the
microneedle patches underwent dehydration and mold
separation, yielding BNMNs capable of time-controlled
drug release (Fig. 1A). The BPNs were synthesized via
liquid-phase exfoliation, and their structural character-
istics were comprehensively evaluated using various ana-
lytical techniques. TEM images revealed that the BPNs
exhibited irregular, multi-shaped structures with slightly
undulating edges, consistent with mechanical exfoliation,
and energy-dispersive X-ray spectroscopy (EDS) map-
ping showed the expected phosphorus signal together
with carbon/background elements from the support
(Fig. 1B). Further structural analysis was performed using
SEM and AFM. The SEM image clearly illustrated the
morphology and structure of the BPNs (Fig. 1C), while
the AFM image confirmed the successful exfoliation of
BPNs flakes (Fig. 1D).

The AFM image revealed irregular flake-like or granular
structures that appear bright yellow/white against a pur-
ple background, indicating significant protrusion above
the substrate surface. These particles were dispersed
relatively independently, with no large-area aggregation
or continuous film formation, demonstrating excellent
dispersion. The size distribution of the BPNs was deter-
mined by dynamic light scattering (DLS), revealing a
mean particle size of approximately 260.3 + 12.5 nm and
a zeta potential of -24.39+3.2 mV (Fig. 1E), confirm-
ing their uniformity. Infrared spectroscopy provided
the following insights: (1) A characteristic peak in the
500-600 cm' range corresponds to the out-of-plane
bending vibration of the P-P bond in black phosphorus
nanosheets, reflecting the vertical vibration of inter-
layer phosphorus atoms; (2) A peak in the 700—800 cm™
range is attributed to the in-plane bending vibration
of the P-P bond, related to the cooperative in-plane
vibration of phosphorus atoms; (3) A broad peak in the
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Fig. 1 Preparation and characterization of the BPNs and double-layer BNMNs. (A) Schematic illustration of the fabrication process of BNMNS. (B) Trans-
mission electron microscopy (TEM) images of BPNs. Energy-dispersive X-ray spectroscopy (EDS) elemental map shows the distribution of elements (C:
Carbon, N: Nitrogen, P: Phosphorus). (C) Scanning electron microscope (SEM) image of BPNs. (D) Atomic force microscopy (AFM) image showing the
surface structure of BPNs. (E) Zeta potential and particle size distribution. (F) Fourier-transform infrared spectroscopy (FTIR). (G) Raman spectra. (H) X-ray
photoelectron spectroscopy (XPS) analysis showing the chemical states of BPNs. (I) C 1s, (J) N s, (K) O 1s, and (L) P 2p XPS spectrum. (M) Fluorescence
microscopy images. (N) SEM images of BNMNSs, and the right EDS elemental map indicates the distribution of elements (C: Carbon, N: Nitrogen, O: Oxy-
gen, S: Sulfur, P: Phosphorus). (O) Mechanical properties. Release curves of (P) BPNs and (Q) NGF over time under H,O, (100 uM and 10 pM) conditions.

(R) Phosphate ion (PO,*) concentration changes over time

1500-1700 cm™ range is attributed to surface oxidation
or adsorbed species (such as P =0 or P-O bonds), result-
ing from the reaction of black phosphorus nanosheets
with oxygen or water (Fig. 1F). The Raman spectrum
showed distinct peaks in the 200-600 cm™ range
(Fig. 1G), corresponding to the superposition of these
three modes, with the Ag2 mode (466 cm™) as the main
peak. This indicates that the sample possesses a highly
ordered layered structure. The sharp and high-intensity
peaks further suggest that the black phosphorus has good
crystallinity and few lattice defects. These infrared spec-
tral features confirm the characteristic vibrational modes
of BPNs. XPS analysis further corroborated the chemical
composition of the BPNs, revealing the presence of phos-
phorus (P), oxygen (O), and nitrogen (N), in line with
the expected molecular structure (Fig. 1H and K). The
binding energy peaks associated with phosphorus (P 2p)
provided additional evidence for the oxidation states of
the BPNs, confirming their successful synthesis (Fig. 1L).
Collectively, these results validate the successful prepara-
tion of BPNs and their uniform dispersion.

To determine the optimal drug-loading concentration
for BPNS, first, CCK-8 and ROS assays were conducted
to assess toxicity and ROS-scavenging capacity. CCK-8
results indicated that BPNs at concentrations ranging
from 0 to 50 pg/mL maintained over 90% cellular viabil-
ity after 24 h of treatment (Figure S1A). ROS detection
images and statistical analysis revealed that BPNs at
50 pg/mL exhibited excellent ROS scavenging activity,
while ROS levels significantly increased in macrophages
treated with 100 pg/mL BPNs, indicating a dose-depen-
dent toxicity (Figures S1B and S1C). Similarly, CCK-8
assay results confirmed that NGF exhibited broad safety
for macrophages. After 24 h of exposure to NGF at con-
centrations ranging from 0 to 200 ng/mL, macrophage
survival rates remained above 90% (Figure S2). Based on
previous studies and therapeutic relevance, 100 ng/mL
NGF was selected as the optimal concentration for treat-
ing FNI in mice [30]. NGF was subsequently incorporated
into the core of the microneedles, which were fabricated
using GelMA hydrogel to achieve sustained release. The
BNMNs were characterized via SEM (Figure S3A-S3C).
The SEM images revealed a well-defined conical shape,
with a height of 800 pm and a base diameter of 420 um,
arranged in a 12 x 12 array. These features suggest precise
and uniform microneedle fabrication, which is critical for

effective drug delivery and tissue regeneration applica-
tions. To visualize the bilayer structure of the micronee-
dles, HA-PBA/PVA was labeled with rhodamine (RHO),
while the base layer of GelMA solution was mixed with
fluorescein isothiocyanate (FITC). Signal distribution
analysis showed that RHO was evenly distributed from
the base to the tip of the microneedle, while FITC was
primarily localized to the base layer (Fig. 1M). To bet-
ter evaluate the synergistic therapeutic performance
of BNMNSs, blank microneedles (MNs), BPNs-loaded
microneedles (BMNs), and NGF-loaded microneedles
(NMNs) were prepared. SEM images of these micronee-
dle systems are shown in Figure S4A-S4C. EDS analy-
sis revealed distinct elemental compositions for each
microneedle type. Blank microneedles (MNs) contained
only carbon (C), nitrogen (N), and oxygen (O), while
BPNs-loaded microneedles (BMNSs) lacked sulfur (S) and
NGF-loaded microneedles (NMNs) lacked phosphorus
(P). In contrast, BPNs- and NGF-loaded microneedles
(BNMN ) contained C, N, O, S, and P, uniformly distrib-
uted throughout the microneedle structure, confirming
successful incorporation of BPNs and NGF (Figure S5A—
S5C and Fig. 1N). Mechanical testing revealed that blank
MN:ss exhibited a force of approximately 9 N per needle at
a displacement of about 0.7 mm. In comparison, BNMNs
demonstrated a reduced force of approximately 5 N per
needle under the same conditions (Fig. 10). However,
the force required for microneedle penetration of the
stratum corneum typically ranges between 0.1 N and 0.3
N. Thus, although the mechanical properties of BNMNs
were lower than those of blank MNs, they still exceeded
the minimum threshold required for skin penetration,
ensuring effective transdermal drug delivery [31]. This
enhanced mechanical performance is crucial for success-
ful in vivo applications, where efficient skin penetration
and drug release are paramount. The drug release profiles
of BPNs and NGF from the microneedles were measured
under various conditions. The release of BPNs was signif-
icantly accelerated under 100 pM H,O, compared to 10
uM H,0O, (Fig. 1P), indicating that BPNs were responsive
to ROS levels, which is essential for treating oxidative
stress in nerve injury environments. In contrast, NGF
release from BNMNs exhibited a slower, more sustained
release pattern (Fig. 1Q). Compared with free BPNs,
which released higher concentrations of PO,> (approxi-
mately 32 uM) within 24 h, BNMNs released higher
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Fig. 2 Evaluation of the therapeutic efficacy of BPNs in vivo based on the FNI model. (A) Schematic illustration of the treatment process for the facial
nerve crush injury model. (day 0: Facial nerve crush surgery was performed and treatment intervention was administered to the respective groups; day 3:
The first treatment assessment; day 7: The second treatment assessment; day 14: The final treatment assessment and safety assessment). (B) Representa-
tive clinical manifestations in the sham surgery group and FNI model group. (C) FNI scores across different groups during the treatment process (n=12).
Mice were divided into different groups: G1 (SHAM) group, G2 (FNI) group, G3 (FNI+MNs) group, G4 (FNI+BMNSs) group, G5 (FNI+NMNs) group, and G6
(FNI+BNMNs) group. (D) Representative hematoxylin and eosin (H&E) staining of BNMNSs therapy. (E) Representative image of DCFH staining in facial
nerve tissue and (F) statistical results for mean fluorescence intensity (MFI) (n=3). (G) Representative image of iINOS- and CD206-positive cells in facial
nerve tissue and (H, 1) statistical results for MFI (n=3). (J) Representative TEM images of FNI, alongside statistical results for (K) myelin thickness and (L)
G-ratio measurements (n=12). (M) Representative immunofluorescent images of transverse sections of the regenerated nerves double-stained for S1003
(red)/MBP (green) and (N, O) statistical results for fluorescent area (n=3). (P) Luxol Fast Blue (LFB) staining of facial nerve tissue. Data are presented as
mean + SD. Statistical significance: ns, not significant; *p <0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 compared with G2 group; #p < 0.05 compared with

G6 group

concentrations of PO,> (approximately 31 pM) over 48 h,
which is beneficial for subsequent neural repair (Fig. 1R).
Notably, the ROS-triggered burst release of BPNs pre-
cedes the sustained diffusion-controlled release of NGEF,
establishing a sequential therapeutic window in which
early redox—inflammatory remodeling is followed by pro-
longed neurotrophic support.

In vivo evaluation of therapeutic efficacy of BPNs in the FNI
model

To evaluate the therapeutic potential of BNMNSs in nerve
regeneration, an FNI model in mice was employed,
which is widely used to mimic nerve damage caused
by traumatic or surgical injuries [29]. The experimental
groups are as follows: G1 group: Sham-treated group for
comparison; G2 group: FNI group with no treatment;
G3 group: FNI treated with blank MNs; G4 group: FNI
treated with BMNs; G5 group: FNI treated with NMN:s;
G6 group: FNI treated with BNMNS. In this model, typi-
cal symptoms, including eyelid paralysis, whisker move-
ment defects, and mouth drooping, were observed (Fig.
2B) [3]. The therapeutic effects of different treatment reg-
imens were assessed at several time points (days 1, 3, 5,
7, 10, and 13) following treatment. The G6 group, which
received a combination of NGF-loaded and BPN-loaded
microneedles, exhibited the most significant functional
recovery compared to the G2 group (Fig. 2C). From day 5
to day 11, the G6 group demonstrated significantly higher
motor function scores, indicating accelerated recovery of
facial nerve function. These results indicate that BNMNs
outperform single-component microneedles, support-
ing the necessity of sequential antioxidation and neuro-
trophic signaling rather than either intervention alone.
This enhanced recovery is likely due to the combined
effects of NGF and BPNs, which promote nerve regener-
ation and alleviate nerve injury symptoms. This finding is
consistent with prior reports showing that NGF supports
neuronal survival and regeneration, while BPNs, with
their antioxidant properties, help reduce oxidative stress,
a factor known to impede nerve repair [16, 17]. The com-
bination therapy in the G6 group thus appears to syner-
gistically accelerate motor function recovery after FNIL

Based on the efficacy of BNMNs in improving FNI
recovery, days 3, 7, and 14 were selected to systemati-
cally investigate the sequential effects of BNMNs on anti-
oxidant and neuroprotective mechanisms. Oxidative
stress and inflammation are key factors in nerve injury
and repair. To assess the impact of different treatments
on these processes, ROS levels were measured using
2',7'-dichlorofluorescein (DCF) staining [32]. The ENI
model demonstrated significant ROS generation, indica-
tive of oxidative stress at the injury site (Fig. 2E). How-
ever, while treatments with microneedles (G3, G5) had
limited effects on ROS clearance, the G4 and G6 groups
showed a marked reduction in ROS levels (Fig. 2F). This
suggests that BPNs are effective at reducing oxidative
stress, a critical step in enhancing nerve regeneration.
Additionally, immunofluorescence staining was per-
formed for inflammation-related markers. After FNI
injury, M1-type pro-inflammatory macrophages were
recruited to the injury site, exacerbating the damage (Fig.
2@). In contrast, treatment in the G4 and G6 groups sig-
nificantly reduced the proportion of M1 macrophages,
while promoting the polarization of M2 macrophages,
which are known to facilitate tissue repair (Fig. 2H and I).
This shift from the pro-inflammatory M1 phenotype to
the repair-promoting M2 phenotype is crucial for creat-
ing a favorable microenvironment for nerve regeneration
[33]. Consistent with ROS scavenging, BPNs-containing
microneedles suppressed M1-like activation and pro-
moted M2-like polarization at the lesion site, suggesting
that redox remodeling directly contributes to inflamma-
tory resolution and a permissive regenerative niche.

To further verify whether NGF released from the
microneedle system could reach the local FNI microen-
vironment, NGF levels in tissue homogenates collected
from the FNI/perineural region were quantified by ELISA
on day 7 across the different treatment groups. NGE-
containing microneedle groups showed markedly higher
local NGF levels than non-NGF groups, with the highest
NGEF level observed in the G6 group (Figure S6). These
results provide direct biochemical evidence that NGF
released from BNMNs can reach and be retained within
the perineural microenvironment after microneedle
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application, thereby supporting the subsequent neuro-
trophic effects observed during nerve repair. To deter-
mine whether this localized NGF delivery translated into
functional recovery at the tissue level, electrophysiologi-
cal assessment was performed at day 7 after injury. Rep-
resentative evoked muscle compound potential (EMCP)
waveforms were recorded from facial muscles following
facial nerve stimulation (Figure S7A), and the EMCP
amplitude was quantitatively analyzed (Figure S7B).
Compared with the FNI group (G2), all treatment groups
exhibited partial recovery of electrophysiological func-
tion. However, the G3 group (blank MNs) showed no sig-
nificant improvement, while the G5 group (NGF-loaded
microneedles) exhibited only modest recovery, indicating
that NGF alone was insufficient to fully restore functional
nerve conduction in the presence of a ROS-rich micro-
environment. In contrast, the G4 group (BPNs-loaded
microneedles) demonstrated improved EMCP ampli-
tude, supporting the importance of oxidative stress clear-
ance in facilitating nerve repair. Notably, the G6 group
(BNMN ) exhibited the highest EMCP amplitude among
the injured groups, suggesting that the combination of
early ROS scavenging and subsequent NGF-mediated
neurotrophic support more effectively promotes func-
tional axonal recovery and muscle reinnervation.
Histological evaluations performed on day 7 further
confirmed the therapeutic effects of the treatments. TEM
images revealed significant differences in nerve regenera-
tion among the treatment groups (Fig. 2]). In both the G2
and G3 groups, fragmented myelin with an onion-like
appearance was observed, indicating successful estab-
lishment of the FNI model. This pathological change
suggests significant demyelination, which is a charac-
teristic feature of nerve injury. Furthermore, this model
provides a reliable foundation for evaluating the effec-
tiveness of therapeutic interventions that promote remy-
elination and nerve regeneration. The G6 group exhibited
the thickest myelin sheaths and the lowest G-ratio, both
of which are indicative of successful nerve regenera-
tion (Fig. 2K and L). In contrast, the G4 and G5 groups
exhibited minimal regeneration, characterized by thin-
ner myelin sheaths and disorganized axonal structures.
The increased myelin thickness suggests robust remy-
elination, while the lower G-ratio indicates an optimal
balance between axonal size and myelin sheath thick-
ness, a hallmark of efficient nerve repair. These findings
suggest that the combination of BPNs- and NGF-loaded
microneedles significantly enhanced nerve repair com-
pared to other treatment strategies. Immunofluores-
cence staining for S100p and MBP, markers for Schwann
cells and myelination, respectively, corroborated the
TEM results [34]. The G6 group showed higher levels
of both S100B and MBP expression, further confirming
that the combination therapy promoted Schwann cell
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differentiation and myelination, key steps in peripheral
nerve regeneration (Fig. 2M and O). Finally, LFB staining
on day 14 highlighted the myelin structures, with appar-
ent differences observed between the groups (Fig. 2P). In
the G1 group, intact myelin sheaths were present, while
in the G2 and G3 groups, significant demyelination was
observed, indicating nerve injury. The G4 and G5 groups
show some signs of remyelination, with partial recovery
of myelin integrity. The G6 group exhibited the most pro-
nounced remyelination and the best-organized myelin
sheaths.

Collectively, these results suggest that BNMNs facili-
tate peripheral nerve repair through a coordinated and
stage-specific therapeutic mechanism. Early after injury,
BPNs released from the microneedle shell effectively
attenuate oxidative stress and modulate the inflamma-
tory microenvironment by reducing M1l-like macro-
phage activation while promoting M2-like polarization.
This redox remodeling appears to establish a permissive
niche for subsequent regeneration. Following this initial
phase, sustained NGF release from the microneedle core
is retained within the perineural region, providing local-
ized neurotrophic support. Functional electrophysiologi-
cal assessment further indicates that NGF alone confers
limited recovery in a ROS-rich environment, whereas
the combination strategy significantly enhances axo-
nal conduction and muscle reinnervation. Consistently,
histological analyses, including TEM, immunofluores-
cence staining, and LFB staining, demonstrate improved
myelination, reduced G-ratio, and better structural orga-
nization in the BNMNs group compared with single-
component treatments. Together, these findings support
the concept that sequential antioxidative regulation fol-
lowed by neurotrophic stimulation is more effective than
either strategy alone, highlighting the importance of tem-
porally programmed intervention in peripheral nerve
regeneration.

In Vivo Biocompatibility of BNMNs

The biosafety of microneedles is crucial for clinical appli-
cations [35]. To evaluate the in vivo biocompatibility of
BNMNSs, H&E staining was performed on the hearts, liv-
ers, spleens, lungs, and kidneys of mice after 14 days of
different treatments. Additionally, blood samples were
collected for biochemical analysis to assess liver and kid-
ney function and to further evaluate the safety profile of
BNMNs (Fig. 3A).

The body weights of mice in different treatment groups
were measured every two days. The results indicated
that microneedle treatment did not affect the mice’s eat-
ing and drinking behaviors (Fig. 3B). In the FNI model,
a decrease in body weight was observed on the third
day post-surgery, likely due to the surgical procedure
and anesthesia. Over time, the body weight of the mice
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gradually recovered, reaching near baseline levels, which
suggests that the BNMNs treatment did not have a sig-
nificant adverse impact on the mice’s general health and
behavior. Further hematological analysis revealed no
abnormal changes in the blood parameters across all
treatment groups, including red blood cells (RBC),
hemoglobin (HGB), platelets (PLT), white blood cells
(WBC), neutrophils (NEUT), and monocytes (MON)
(Fig. 3C and D). Additionally, liver (ALT, AST) and kid-
ney (urea, BUN) biomarkers did not show any significant
deviations, reinforcing the safety of BNMNs treatment

(Fig. 3E and F). Finally, H&E staining confirmed the
absence of any observable damage or inflammation in the
primary organs, including the heart, liver, spleen, lungs,
and kidneys, across all treatment groups (Fig. 3G). These
findings collectively suggest that BNMNs possess favor-
able short-term biocompatibility, supporting further pre-
clinical evaluation.

In conclusion, through a series of in vivo safety evalua-
tions, BNMNs were shown to have no significant adverse
effects on the physiological and biochemical parameters
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Fig.4 ROS-responsive BNMNs mediated the reprogramming of RAW264.7 cells (abbreviated as macrophages) towards the M2 phenotype. (A) Schematic
illustration of the experimental design. The experimental design was divided into six groups: Control (G1), LPS (G2), LPS+MNs (G3), LPS+BMNs (G4),
LPS+NMNs (G5), and LPS+BNMNs (G6). (B) Representative DCFH-DA staining images showing intracellular ROS generation across groups (green: ROS;
blue: nuclei stained with Hoechst 33342). (C) Quantification of intracellular ROS levels. Relative mRNA expression levels of (D) Tnf, (E) Nos2, (F) Il6, (G) II1b,
(H) 1110, and (1) Arg1 measured by qRT-PCR. Protein secretion levels of (J) TNF-a and (K) IL.-13 measured by ELISA. (L, M) Flow cytometry analysis of surface
markers CD86 (M1) and CD206 (M2) expression. (N, O) Quantification of the relative mean fluorescence intensity (MFI) of CD86 and CD206 normalized
to G1. (P) Representative immunofluorescence images of Arg-1 (green) and (Q) iNOS (red) expression with DAPI nuclear counterstaining (blue). Data
are presented as mean +SD (n=3). Statistical significance: ns, not significant; *p < 0.05, ** p<0.01, *** p<0.001, **** p <0.0001 compared with G2 group;
<005, "p <001, ¥ p<0.001 and " p < 0.0001 compared with G1 group

of the mice. These results establish a strong foundation
for the clinical application of BNMNs in biomedicine.

In vitro therapeutic effects of BNMNs on antioxidation and
anti-inflammation
Given the significant antioxidant and anti-inflammatory
effects of BNMNs in vivo, in vitro studies were con-
ducted to investigate their underlying mechanisms. An
in vitro release model was established by placing steril-
ized microneedle systems in fresh DMEM containing
100 uM H,0O, to simulate the oxidative stress microen-
vironment found in FNI and to release the encapsulated
drugs. Based on the microneedle degradation rate in
vivo and the drug release rate in vitro, the supernatant
collected after 1 day of culture was selected for further
analysis. The supernatant was then treated with 1.0 mM
sodium pyruvate, 2.05 mM L-pyruvate, 10% fetal bovine
serum, or 1% penicillin/streptomycin solution to neutral-
ize H,0O, and maintain cell culture conditions. Prior to
these experiments, the stability of 100 uM H,0O, under
dark conditions at 37 °C was evaluated. After filtra-
tion through a 0.22 pm filter, the resulting solution was
used as the corresponding group extract. The results
showed that the 100 uM H,O, solution remained highly
stable over 5 days, with a concentration retention rate
exceeding 90% (Figure S8A). Furthermore, the complete
medium facilitated H,0O, degradation, reducing its con-
centration to below 1% within 20 min (Figure S8B).
RAW?264.7 mouse macrophage cell line was derived
from the BALB/c mouse leukemia virus-induced tumor
because of its characteristics, including phagocytosis,
cytokine secretion, and polarization potential, which
are representative of monocyte/macrophage functions
involved in inflammation [36]. Therefore, oxidative stress
and inflammation were induced in macrophages using
LPS, and they were treated with supernatants from dif-
ferent groups to evaluate the in vitro antioxidant and
anti-inflammatory properties of various microneedle
systems. The experimental groups were as follows: Con-
trol (G1), LPS (G2), LPS + MNs (G3), LPS+BMNs (G4),
LPS+NMNs (G5), and LPS+BNMNs (G6) (Fig. 4A). The
concentration of BPNs was measured in each group: the
G6 group had a concentration of 60.2 + 4.3 pg/mL, and
the G4 group had 58.1 + 3.1 pg/mL, with no significant
statistical difference between the two groups (Figure S9).

The DCF fluorescence assay was used to assess intracel-
lular ROS levels.

BPN-containing microneedles rapidly neutralized
intracellular ROS, confirming that nanosheet release
translated into functional nanoredox activity in macro-
phages (Fig. 4B). Specifically, the G2 group exhibited sig-
nificant green fluorescence compared to the G1 group,
while the G4 and G6 groups showed almost no green
fluorescence compared to the G2 group (Fig. 4C). Con-
currently, the activities of catalase (CAT) and superoxide
dismutase (SOD) were measured, revealing that CAT and
SOD levels in the G4 and G6 groups were significantly
higher than in the G2 group (Figure S10A and S10B).
These results are consistent with previous studies show-
ing that 5 pg/mL LPS effectively induces ROS produc-
tion in macrophages, while BPNs possess exceptional
antioxidant properties, enabling them to reduce ROS
levels and mitigate oxidative stress [13, 37]. Further qRT-
PCR analysis validated the significant anti-inflammatory
effects of BNMNs. The G4 and G6 groups significantly
inhibited the mRNA expression levels of pro-inflamma-
tory cytokines, including Tnf, Il6, Il1b, and Nos2, while
significantly promoting the mRNA expression levels of
anti-inflammatory cytokines, including IL-10 and Argl
(Fig. 4D and I). Meanwhile, TNF-a and IL-1f are two
key inflammatory factors that play essential roles in both
acute and chronic inflammatory responses [38]. The pro-
tein levels of TNF-a and IL-1f were significantly reduced
in the G4 and G6 groups (Fig. 4] and K). These results
demonstrate that BPNs in the outer layer of micronee-
dles exhibit outstanding antioxidant and anti-inflam-
matory efficacy. Notably, the G4 and G6 groups showed
statistically significant reductions in the levels of these
inflammatory markers compared to the LPS-induced
G2 group. To further evaluate the regulatory effect of
BNMNs on macrophage polarization, flow cytometry
analysis was conducted to measure the surface markers
CD86 (M1 macrophage marker) and CD206 (M2 macro-
phage marker) (Fig. 4L and M) [39]. Relative mean fluo-
rescence intensity (MFI) quantification results for CD86
and CD206 indicate that, compared to the G2 group, the
proportion of M1-type macrophages was significantly
reduced in the G4 and G6 groups (Fig. 4N), while the
proportion of M2-type macrophages was significantly
increased (Fig. 40). Finally, fluorescence microscopy



Zhou et al. Journal of Nanobiotechnology

>

Dim2 (26%)

(2026) 24:755

Toll-like recep!

JAK-STAT signaling p;

TNF signaling pathw

MAPK signaling path

Reactive oxygen spec
Cell cycle

DNA replication

B s w i o®
4
3
g3
: S 2
! <)
. -
-200- ! 1
ole@nsee) 11 (129030
500 -250 0 250 40 5 0 5 10
Dim1 (39%) Log, FC

qL

JuL

Page 19 of 26

(9

Response to oxidative stress
Selenon.Trpm2.1118rap.Ptgs2. Mmp9.Lcn2 Gpr37.Hmox1.TIr4.SIc7a11.Hk3.Capn2.Ezh2...

Regulation of inflammatory response
$10029.5100a8.111b.Fcgr3.Adam8.Osm.Lyn. TIr2.Mefv.Acod1.Ccl3.Fcer1g. Tir6.Ptgs2.Nirp3...

Neuroinflammatory response
11b.Lyn. TIr2.Tir1.TIr6.Ptgs2.C5ar1. Tnf.Csf1r. Tnfrsf1b.Tir4.Itgam. 133 Jak2. Tyrobp.ltgb 1.Zeb2.

Cellular response to oxidative stress
Selenon. Trpm2.1118rap.Mmp9.Lcn2.Gpra7.Slc7a11.Hk3.Ezh2.Ggt1.Gsr.Ripk3.Pdgfrb.Abcd1...

Plasma membrane signaling receptor complex
Itgb2.Syk.Lyn.Csf2rb.TIr2. Tir1.1I18rap.Tir6.Csf2rb2. Itga5. Apbb ip.ltgam.ltgad. Itgal Csf2ra...

Glial cell projection
Lep1.Atp1b2.Sic7a11.Kenk2.1tgb1.Nfasc.Dmd.Sytd.Gpr161

Focal adhesion
Itgh2 Lcp1.Zfp185.1tga5. Tes. Fes Hek Xirp1. Apbb1ip. Ptprc. Pxn.Zyx Vasp.Capn2.Svil.Jak2...

Canonical inflammasome complex
Mefv.NIrp3.Naip2 Casp4.Naip5.Gsdmd.Nirc4.Naip6. Aim2

Protein tyrosine phosphatase activity
Dusp3.Ptprj.Dnajc6.Ptprc Dusp9.Ssh2. Pprv.Ptprb.Dusp1.Ptprq. Eyad. Eya2.Cdc25c.....

lipopolysaccharide binding
I Tir2.Cd14.Tir4.Ptafr.Casp4.Ninj1.Nr4a1.Selp.Gbp2.Hmgb1
- Extracellular matrix structural constituent
2 Group “Thbs1.Fbin2.Lamc2.Mmm2.Tnc.Lama4.Emilin2.Nid2.Emilin1.Srpx2.Col6a5.Matn4. Thbs4 . Vwf E1
3 . . o
o [lLprs Cytokine activity
> .BNMNS II1b.Olmde2.Cc‘!3.TM.Cd4.de| Tgfb1.Pglyrp1.Wnt3a.Cmtma.II11f10.Crif2.Wnt6.Inhba.Wnt1C
i TNF signaling pathway

111b.Cxcl2-Ptgs2.Mmp9.Tnf.Cxcl1. Tnfrsf1b.Csf1.Socs3.Bcl3. Traf1. Birc3. Map2k1. Traf6. Junb. Ripk!

NF-kappa B signaling pathway
II1b.Syk-Lyn.Cxel2 Ptgs2 Cd14.Tnf.Ccld.Cxcl1.Tird. Tnfrsf13c. Traf1.Gadd45b. Birc3.Bink Traf5.Ed

JAK=STAT signaling pathw:
‘Csf3r.0sm.Csf2rb.Csf2rb2.Ifnar2.Crif2.ll4ra.Socs3.Clcf1.Csf2ra.|110ra.Jak2.Jak3.Pdgfrb. Thpo.Fh

|
Reactive oxygen species
#’Ipli Hmox1 GSLS Gsta4.Vegfa.Ncf2.Map2k 1. Ephx1.Ncf1.Gsta2. Ephx4.Pik3cd.Nfkbia.

@
®
®
®
®
©
@
@
®

Ontology
o BP
o CC
o MF
[o keGa
Count

@ 2
@
[ X
@ =

0 5 10 15
Fchz G Gl G2 G3 G4 G5 G6 J K G1 G2 G3 G4 G5 G6
T ROS nathway
o] ROS pathway ] NRFZ] o o e e o amm [110k0 NIKBIH NFB pathway IBa | g - | 40KD
(Hmox1H] fr— INfkb2:
Biras = p-NRF2| —— —— — — IQDKD p-IkBa| meaee- |40KD
e = ™
o] - R [ ——— e Pos [ M - - - - - ©5<0
Pl — Relb—| e )
Map2ki] — B—actin| - s a» as e ow |42KD P
Gstol— —) (T‘xcl1- B-actin | s s s s s— - 12KD
Ugcrc2— — NRF2 i 1,_
Ephxd] — IkBa
Gsta2] —) p-NRF2 p-lkBa B
Vegra —) Peés
] — HO-1
Fieri S . p-P65 Il
#—ﬁ Relative protein levels T T T T | protein levels
6 4 2 0 2 4 10 8 6 -4 -2 0
Lng FC 0.4 0.6 0.8 1 Logz EC 0.4 0.6 0.8 1
His Iy L, M
” p-NRF2/NRF2 HO-1 e | p-IkBa/lkBa_ ns ® p-P65/P65
-_— KkkK il [} —_— —_— ns
o= =3 ° ~ [ = Q= 44
25 5o AR 854 LI v
£ 2107 ce ns £ 227 £2 5.
£3 So,] w 1S 579 o | 8
°g 58 # T 2N N
o= 2 o= o=, aln
© ] ns Q= Pl 0o 8 2 b
@ £0.54 = Ds o g 2 E14 > E
= 2 £1 = =
© w® © S = S e 14
° £ 8 e O — 0 —
o e 12 o
0.0~ 0= 0-
G1 G2 G3 G4 G5 G6 G1 G2 G3 G4 G5 G6 G1 G2 G3 G4 G5 G6 G1 G2 G3 G4 G5 G6

BNMNs

Fig. 5 (See legend on next page.)

Release
-

BPNs

// / ULl NRF2/HO-1

=

Pathway Objective

Result
—_—

Result
—_—

NF-kB

Anti-oxidation

Anti-inflammatory




Zhou et al. Journal of Nanobiotechnology (2026) 24:755 Page 20 of 26

(See figure on previous page.)

Fig. 5 Transcriptomic and mechanistic insights into BNMNs-mediated regulation of oxidative stress and inflammatory signaling pathways in LPS-stimu-
lated macrophage. (A) Principal component analysis (PCA) showing distinct clustering of BNMNs-treated and LPS-treated groups. (B) Volcano plot show-
ing significantly up- and down-regulated genes between the BNMNs and LPS groups. (C) Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) enrichment analyses highlighting biological processes (BP), Cellular Component (CC), Molecular Function (MF), and signaling pathways
involved in oxidative stress and inflammatory response. (D) Gene set enrichment analysis (GSEA) identifying enriched signaling pathways. (E) Heatmap
of representative inflammation- and oxidative stress-associated genes, including 116, Nos2, II1b, and Tnf across groups. (F) Differentially expressed genes
in the ROS pathway. (G) Representative Western blot and semi-quantitative analysis of NRF2, phosphorylated NRF2 (p-NRF2), and HO-1 protein expres-
sion. (H-1) Quantification of p-NRF2/NRF2 and HO-1 expression levels normalized to B-actin. (J) NF-kB pathway-associated genes significantly altered
by BNMNs treatment. (K) Western blot analysis of NF-kB signaling proteins, including IkBa, phosphorylated IkBa (p-IkBa), p65, and phosphorylated p65
(p-p65), with corresponding heatmap and quantification (L-M). (N) Schematic illustration of the proposed mechanism: ROS-responsive release of black
phosphorus nanosheets (BPNs) from BNMNs activates the NRF2/HO-1 antioxidant pathway while concurrently suppressing the NF-kB inflammatory
pathway, thereby exerting antioxidative and anti-inflammatory effects. Data are presented as mean +SD (n > 3). Statistical significance: ns, not significant;
*p<0.05, **p<0.01,**p <0001 and ****p <0.0001 compared with G2 group; *p < 0.05, *p <0.01, " p < 0.001 and "*p < 0.0001 compared with G1 group

images were consistent with flow cytometry analysis,
both showing elevated Arg-1 protein expression in the
G4 and G6 groups, along with a significant decrease in
iNOS in these same groups (Fig. 4P and Q).

In summary, these findings highlight the robust anti-
oxidant and anti-inflammatory properties of BNMNs in
vitro, providing strong evidence for their potential thera-
peutic effects in alleviating oxidative stress and inflam-
mation for FNIL

Mechanisms of BNMNs on antioxidation and anti-
inflammation in vitro

Subsequently, the regulatory effects of BNMNs were
investigated at the whole-transcriptome level by RNA-
seq. Principal component analysis (PCA) revealed dis-
tinct clustering between the LPS and LPS+BNMNs
groups, indicating marked transcriptomic differences
between the two groups (Fig. 5A). The volcano plot
further identified substantial changes in differentially
expressed genes (DEGs), with 1,293 genes upregulated
and 1,369 genes downregulated after BNMNs treatment
(Fig. 5B). Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment analysis showed that these DEGs
were mainly associated with inflammation- and oxida-
tive stress-related pathways, including TNF, NF-kB, JAK/
STAT, and ROS-related signaling pathways. Gene Ontol-
ogy (GO) analysis further indicated that the enriched bio-
logical processes were closely related to oxidative stress
and inflammatory regulation, including response to oxi-
dative stress, regulation of inflammatory response, and
cellular response to oxidative stress (Fig. 5C). Gene Set
Enrichment Analysis (GSEA) revealed that, compared
with the LPS group, the BNMNs group exhibited signifi-
cant downregulation of key inflammation-associated sig-
naling pathways, including Toll-like receptor, JAK-STAT,
and NF-«xB signaling pathways (Fig. 5D). Consistently,
heatmap analysis showed that the anti-inflammatory and
repair-associated gene Argl was generally upregulated,
whereas pro-inflammatory genes, including 116, Cd86,
Nos2, I11b, and Tnf, were generally downregulated in the
BNMNs group (Fig. 5E). These results are consistent with
our previous macrophage validation data and suggest that

BPNs released early by BNMNs may modulate multiple
inflammation- and oxidative stress-associated signaling
pathways, thereby contributing to anti-inflammatory and
antioxidant effects.

In addition, analysis of ROS-related DEGs showed
that Hmox1, which encodes HO-1, was significantly
upregulated after BNMNs treatment (Fig. 5F). To further
explore the potential interaction between ROS regulation
and NF-kB-mediated inflammatory signaling, a protein—
protein interaction (PPI) network was constructed using
representative DEGs associated with oxidative stress
regulation and inflammatory responses. The PPI network
revealed close functional interactions among redox-
and inflammation-related molecules, including Nfe2l2,
Hmox1, Nfkbl, Rela, Tnf, Il1b, 116, and Nos2 (Figure
S11). These transcriptomic and network-level findings
suggest a coordinated immunoredox regulatory module
in which BNMNs treatment is associated with activa-
tion of the NRF2/HO-1 antioxidant axis and suppression
of NF-«kB-related inflammatory signaling. Together with
subsequent protein-level validation, these results sup-
port the involvement of NRF2/HO-1 and NF-«B signal-
ing in BNMNs-mediated macrophage immunoredox
remodeling.

To validate these transcriptomic findings, the NRF2/
HO-1 pathway was studied by western blot (Fig. 5G), a
critical regulator of cellular antioxidant defense [40]. The
expression of p-NRF2/NRF2 was significantly upregu-
lated in the G4 and G6 groups compared to the G2 group
(Fig. 5H). This increase in p-NRF2 levels suggests that
BNMNs promote NRF2 activation, thereby enhancing
cellular defense mechanisms against oxidative stress.
Additionally, HO-1 expression (Fig. 5I), a downstream
target of NRF2, was also significantly elevated in the G4
and G6 groups, further confirming the activation of the
NRF2/HO-1 pathway by BNMNs. Additionally, DEGs
were enriched in the NF-kB signaling pathway, a key
regulator of immune responses and inflammation [41], as
shown in Fig. 5]. Western blot analysis further confirmed
the involvement of the NF-kB signaling pathway in the
anti-inflammatory effects of BNMNs (Fig. 5K). BNMNs
treatment resulted in a significant decrease in the levels
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of phosphorylated IkBa (p-IkBa), a critical inhibitor of
NF-«B activation, as well as a reduction in the phosphor-
ylation of p65, a key NF-kB subunit involved in the tran-
scriptional regulation of pro-inflammatory cytokines
(Fig. 5L and M). These findings support the hypoth-
esis that BNMNs exert their anti-inflammatory effects
by inhibiting the NF-kB pathway, thereby reducing the
production of pro-inflammatory cytokines. The sche-
matic representation in Fig. 5N summarizes the molec-
ular mechanisms underlying the therapeutic effects of
BNMNs. Upon ROS exposure, BNMNs released BPNs
and shifted signaling toward an antioxidant state (NRF2/
HO-1 activation) while dampening inflammatory signal-
ing (NF-kB inhibition), aligning with the observed reduc-
tions in oxidative and pro-inflammatory readouts. This
coordinated immunoredox modulation provides a mech-
anistic basis for using BNMNs as an early-phase inter-
vention to mitigate the hostile injury microenvironment
that limits peripheral nerve regeneration.

Ability of BNMNs to stimulate neural differentiation in vitro
In addition to their strong antioxidant and anti-inflam-
matory effects, BNMNs have demonstrated significant
potential in promoting neuronal differentiation. To fur-
ther investigate the therapeutic effects of BNMNs on
neural injury and repair, an in vitro release model was
utilized. After 5 days of treatment, the supernatant was
treated with 1.0 mM sodium pyruvate, 2.05 mM L-pyru-
vate, 10% fetal bovine serum, or a 1% penicillin/strep-
tomycin solution to neutralize H,O, and maintain cell
culture conditions. It was then collected and used for
co-culture with PC12 or RSC96 cells. The experimen-
tal groups were as follows: Control (G1), H,0,-induced
blank control (G2), H,0,-induced MNs (G3), H,0O,-
induced BMNs (G4), H,0,-induced NMNs (G5), and
H,0,-induced BNMNs (G6) (Fig. 6A). The G2 group rep-
resented the same H,O, supernatant, but after the addi-
tion of complete medium, which neutralizes or clears the
H,0, to simulate the cellular environment after oxidative
stress is removed. Meanwhile, NGF concentration was
measured in each group: the G6 group had 29.2 + 1.2 ng/
mL, and the G5 group had 30.3 + 2.3 ng/mL, with no sig-
nificant difference between the two groups (Figure S12).
The PC12 cell line, derived from rat pheochromocytoma
cells, is a classical model for studying neuronal differen-
tiation due to its ability to extend neurites and differenti-
ate upon NGF stimulation [42]. Subsequently, phalloidin
staining was used to visualize PC12 cell morphology
and assess the effects of different treatments on neurite
outgrowth. The G6 group exhibited significantly more
robust, elongated neurites tqueryan all other experimen-
tal groups, highlighting the synergistic effect of sequen-
tial BPN/NGF delivery (Fig. 6B). Quantitative analysis of
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cell numbers (Fig. 6C) and neurite lengths (Fig. 6D) fur-
ther confirmed these observations.

Next, the expression of key neurogenic markers was
assessed, including Tujl, Gap43, and Map2, which are
essential for neuronal differentiation and axonal growth
[43, 44]. The mRNA expression of key neurogenic mark-
ers, including Tujl, Gap43, and Map2, was significantly
upregulated in the G6 group compared to the other treat-
ment groups. Specifically, the G6 group exhibited mark-
edly higher levels of TujI (Fig. 6E), Gap43 (Fig. 6F), and
Map2 (Fig. 6G), suggesting that BNMNs promote neu-
ronal differentiation and maturation. This upregulation
of neurogenic markers is consistent with the observed
enhancement of neurite outgrowth in the BNMNs-
treated group, indicating their potential to facilitate neu-
ronal growth and development.

In addition to promoting neurite outgrowth and neu-
ronal differentiation, BNMNSs activate key neurotrophic
signaling pathways, crucial for neuronal survival and
differentiation. TrkA, a receptor tyrosine kinase, plays
a pivotal role in the NGF-mediated signaling cascade.
Upon binding to NGF, TrkA undergoes autophosphory-
lation, triggering the activation of downstream path-
ways critical for neuronal survival and differentiation
[45]. To investigate this further, western blot analysis
was conducted to measure the levels of total and phos-
phorylated forms of proteins involved in neurotrophic
signaling, including TrkA, AKT, and CREB (Fig. 6H). The
results revealed significant differences in the activation
of these pathways among the treatment groups. TrkA
phosphorylation (p-TrkA) was notably higher in the G6
group, compared to the other groups (Fig. 6I). Since TrkA
activation is a critical mechanism in NGF-mediated neu-
rotrophic signaling, these results suggest that BNMNs
enhance neuronal differentiation via TrkA-dependent
signaling. Moreover, activation of downstream signal-
ing molecules, such as AKT and CREB, was signifi-
cantly higher in the G6 group than in the other groups.
The AKT pathway, activated by TrkA, is well known for
promoting cell survival, growth, and differentiation [8].
Phosphorylated AKT (p-AKT), found at higher levels in
G5 and G6 groups (Fig. 6]), supports neuronal survival
and plays a key role in enhancing neuronal growth. The
CREB pathway, another key neurotrophic signaling path-
way, was also significantly activated in the G6 group (Fig.
6K). CREB phosphorylation (p-CREB) promotes neuro-
protection, neurogenesis, and synaptic plasticity [46],
further supporting the role of BNMNs in promoting neu-
ronal differentiation and maturation. Additionally, the
stress-activated protein kinases, including JNK, ERK, and
p38, are activated by stress signals and play important
roles in neuronal differentiation and survival [47, 48]. In
our study, phosphorylation of JNK, ERK, and p38 was
increased in the G6 group (Fig. 6L and O). Among these
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(See figure on previous page.)

Fig. 7 Effects of ROS-Responsive BNMNs on RSC96 cell proliferation, migration, and angiogenic factors. (A) CCK-8 assay showing the cell proliferation
rate of RSC96 cells at 3 days and 5 days post-treatment. (B) Representative EdU staining images showing proliferating cells (blue: nuclei, green: EdU)
across groups. (C) Quantification of EdU-positive cell ratio at 24 h. Quantification of protein levels of (D) NGF, (E) BDNF, and (F) VEGFA in RSC96 cell culture
supernatants after treatment with different microneedle systems. (G) Representative crystal violet staining images of RSC96 cells to assess cell migration
across groups. (H) Quantification of the total number of cells in each group. (I) Representative images from the wound healing assay at 0 h, 6 h,and 24 h
post-treatment. Cell migration assay at (J) 6 h and (K) 24 h showing the relative migration rate across the different groups. (L) Schematic diagram of the
co-culture experimental design, where RSC96 cells and HUVECs were co-cultured using the extract from different microneedle systems. (M) Representa-
tive images of tube-like structure formation in each group after treatment. (N-P) Angiogenesis assay showing the (N) number of nodes, (O) total length,
and (P) total branching length in the co-culture system. Data are presented as mean+SD (n=3). Statistical significance: ns, not significant; *p <0.05,
**p<0.01,**p <0001 and ****p <0.0001 compared with G1 group; *p <0.05, #p <0.01 and *#p < 0.001 compared with G4 group; %0 < 0.05 and *¥p < 0.01

compared with G5 group

MAPK pathways, ERK activation is a well-established
downstream event of NGF/TrkA signaling in PC12 cells
and is closely associated with neurite outgrowth, neu-
ronal differentiation, and survival. The enhanced ERK
phosphorylation observed in the G6 group, therefore,
supports the activation of NGF-mediated neurotrophic
signaling by BNMNSs. In contrast, JNK and p38 are stress-
responsive MAPK pathways with context-dependent
functions. In our system, the combined BPNs/NGEF-
containing microenvironment provided by BNMNs may
modulate MAPK signaling dynamics, leading to balanced
activation of JNK and p38, which may be associated with
adaptive cellular responses rather than cytotoxic stress.
Together, these findings suggest that BNMNs may pro-
mote neuronal maturation and survival by enhancing
NGEF/TrkA-ERK signaling while modulating broader
MAPK stress-response pathways.

Taken together, the activation of the TrkA, AKT, CREB,
and ERK pathways by BNMNs not only promotes neu-
ronal differentiation but also enhances neuronal survival
and maturation. These findings highlight the key role of
TrkA signaling in mediating the effects of BNMN:Ss, sug-
gesting that the BNMN-induced activation of these path-
ways is essential for supporting neuronal development
and neuroprotection.

Ability of BNMNs to stimulate schwann cell (SC) repair in
vitro

The proliferation and migration of RSC96 cells (here-
after referred to as Schwann cells, SCs) in response to
treatment with various microneedle systems were inves-
tigated. A rat Schwann cell line, RSC96, derived from
peripheral nerve tissue and characterized by its glial-like
functions, including the secretion of neurotrophic fac-
tors and support for axonal regeneration, was used to
mimic Schwann cell-associated microenvironments [49].
The cytotoxicity of different groups was assessed on day
5 of SC culture, with results indicating favorable safety
profiles across all groups (Figure S13A and S13B). The
CCK-8 assay revealed that the G4, G5, and G6 groups
significantly increased SC proliferation compared to the
G1 group on both days 3 and 5, with the G6 group exhib-
iting the highest proliferation rate (Fig. 7A).

To further investigate cell proliferation at 24 h, an EdU
incorporation assay was performed, which showed a
higher percentage of EdU-positive cells in the G6 group
compared to the G1, G4, and G5 groups, indicating
increased DNA synthesis and cell proliferation (Fig. 7B
and C). This suggests that BNMNs promote cell prolif-
eration, potentially contributing to tissue regeneration
processes. Further, protein levels of neurotrophic factors
crucial for neurorepair and regeneration were assessed,
including NGF (Fig. 7D), BDNF (Fig. 7E), and VEGFA
(Fig. 7F). The results revealed that the G5 and G6 groups
significantly upregulated these factors compared to the
G1 group. These findings suggest that BNMNs not only
support cell proliferation but also enhance the secretion
of key neurotrophic factors involved in neurogenesis
and tissue repair. To assess the effects of BNMNs on SC
migration, both Transwell and scratch wound healing
assays were performed. The Transwell results showed
that the G6 group had a higher migratory capacity than
the G1, G4, and G5 groups (Fig. 7G and H). Meanwhile,
scratch wound healing assays at 6 h and 24 h showed
that cell migration was significantly higher in the G6
group at both time points compared with the G1, G4,
and G5 groups (Fig. 71 and K). These findings confirm
that BNMNSs not only promote cell proliferation but also
enhance SC migratory capacity, which is essential for
tissue regeneration. Finally, the potential of BNMNs to
influence endothelial cell behavior was explored using a
co-culture system with HUVECs (Fig. 7L). The G4 and
G6 treatments significantly promoted endothelial cell
function, including node formation (Fig. 7N), total length
(Fig. 70), and branching length (Fig. 7P), compared with
the other groups. These findings suggest that BNMNs
facilitate endothelial cell network formation, which is
essential for angiogenesis and tissue repair.

Taken together, these results highlight that BNMNs
not only stimulate SC proliferation and migration but
also enhance the secretion of neurotrophic factors and
endothelial cell function, underscoring their potential to
promote tissue regeneration and repair following nerve
injury.
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Conclusion

In summary, we developed a ROS-adaptive core—shell
microneedle platform that couples early immunoredox
remodeling with sustained neurotrophic stimulation for
facial nerve repair. By leveraging dynamic covalent chem-
istry, we engineered a shell composed of a hyaluronic
acid—phenylboronic acid/poly(vinyl alcohol) (HA-PBA/
PVA) network, enabling ROS-responsive shell disassem-
bly and early release of black phosphorus nanosheets
(BPNs). This early intervention attenuated pathologi-
cal ROS accumulation, supported NRF2/HO-1-associ-
ated antioxidant responses, and reduced NF-kB-related
inflammatory activation, thereby promoting a more per-
missive immune microenvironment. The GelMA hydro-
gel core served as a local reservoir for nerve growth factor
(NGF), allowing sustained NGF release and subsequent
neurotrophic stimulation. In a mouse facial nerve crush
model, BNMNs treatment improved early functional
recovery, enhanced myelin structural repair, and showed
favorable short-term biosafety. Compared with blank or
single-cargo microneedle treatments, BNMNs were asso-
ciated with stronger activation of TrkA/AKT/ERK signal-
ing and improved regenerative outcomes. Overall, this
work provides a temporally programmed microneedle-
based strategy for addressing stage-dependent barriers in
peripheral nerve repair and offers a potentially adaptable
platform for ROS-associated tissue injuries.

Despite these promising results, several considerations
remain for clinical translation and mechanistic refine-
ment. First, the 14-day in vivo endpoint used in this study
is sufficient to capture early-stage oxidative stress resolu-
tion, inflammatory remodeling, initial remyelination, and
early functional recovery; however, it is relatively short
for evaluating complete peripheral nerve regeneration.
Therefore, the current findings should be interpreted as
evidence of accelerated early repair rather than defini-
tive proof of full long-term regeneration. Future long-
term studies extending to 28—42 days will be necessary
to assess late-stage axonal maturation, myelin sheath
stabilization, G-ratio normalization, nerve conduction
recovery, and the durability of functional improvement.
In addition, these longer-term experiments should evalu-
ate whether BNMNs treatment prevents denervation-
induced target muscle atrophy, preserves neuromuscular
junction integrity, and improves long-term facial muscle
function. Second, while our study demonstrates short-
term efficacy in a mouse facial nerve crush model, long-
term stability and sustained functional outcomes should
be further validated in larger animal models to bridge
the gap between rodent physiology and human pathol-
ogy. Furthermore, although we focused primarily on
macrophage polarization, the broader in vivo crosstalk
among neutrophils, T cells, Schwann cells, fibroblasts,
and vascular cells during long-term remodeling remains

Page 25 of 26

to be fully mapped. Importantly, the macrophage polar-
ization results in this study were primarily derived from
the RAW264.7 cell line, which may not fully recapitulate
the behavior of primary macrophages. Therefore, future
studies should validate these findings using primary mac-
rophages, such as bone marrow-derived macrophages or
peritoneal macrophages, to strengthen the physiological
and translational relevance of the observed anti-inflam-
matory effects. Further optimization of microneedle
geometry will be important for improving delivery effi-
ciency across different injury locations, while long-term
studies are needed to assess the safety profile of pro-
longed material degradation. Ultimately, the modular
nature of this core—shell design provides a robust chemi-
cal engineering framework for developing intelligent
biomaterials capable of orchestrating complex tissue
regeneration through programmed, multi-stage thera-
peutic interventions.
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