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ABSTRACT: The progressive worsening of disc degeneration and related nonspecific back pain are
prominent clinical issues that cause a tremendous economic burden. Activation of reactive oxygen
species (ROS) related inflammation is a primary pathophysiologic change in degenerative disc
lesions. This pathological state is associated with M1 macrophages, apoptosis of nucleus pulposus
cells (NPC), and the ingrowth of pain-related sensory nerves. To address the pathological issues of
disc degeneration and discogenic pain, we developed MnO2@TMNP, a nanomaterial that
encapsulated MnO2 nanoparticles with a TrkA-overexpressed macrophage cell membrane (TMNP).
Consequently, this engineered nanomaterial showed high efficiency in binding various inflammatory
factors and nerve growth factors, which inhibited inflammation-induced NPC apoptosis, matrix
degradation, and nerve ingrowth. Furthermore, the macrophage cell membrane provided specific
targeting to macrophages for the delivery of MnO2 nanoparticles. MnO2 nanoparticles in
macrophages effectively scavenged intracellular ROS and prevented M1 polarization. Supportively,
we found that MnO2@TMNP prevented disc inflammation and promoted matrix regeneration,
leading to downregulated disc degenerative grades in the rat injured disc model. Both mechanical and
thermal hyperalgesia were alleviated by MnO2@TMNP, which was attributed to the reduced calcitonin gene-related peptide
(CGRP) and substance P expression in the dorsal root ganglion and the downregulated Glial Fibrillary Acidic Protein (GFAP)
and Fos Proto-Oncogene (c-FOS) signaling in the spinal cord. We confirmed that the MnO2@TMNP nanomaterial alleviated
the inflammatory immune microenvironment of intervertebral discs and the progression of disc degeneration, resulting in
relieved discogenic pain.
KEYWORDS: biomembrane-coated nanoparticles, cytokine trap, ROS scavenger, disc degeneration, discogenic pain

INTRODUCTION
Low back pain (LBP) is a major clinical and socioeconomic
health burden worldwide.1 The prevalence of LBP has been
reported to be near 30%, with a lifetime prevalence of over
80%.2,3 LBP can be divided into specific pain with a clear cause
(e.g., due to disc herniation and anatomical changes) and
nonspecific pain (the exact cause is unknown).4 Treatment of
nonspecific LBP is complex, because the pathogenesis is not
clear. It has been suggested that intervertebral disc degeneration
(IDD) may be a major cause of nonspecific pain in patients with
LBP, also known as discogenic low back pain.5 Discogenic low
back pain is considered as a sign of IDD. Discogenic low back
pain is not an indication for spinal surgery, and treatment of
discogenic pain is mostly based on symptomatic supportive
therapy.6 However, it is worth noting that the symptoms of
many patients with discogenic back pain progressively worsen

and eventually develop specific pain because the pathological
state of the disc microenvironment is not effectively altered by
traditional treatment.7 Patients may eventually undergo an
invasive treatment or open surgery to relieve their pain.
Therefore, how to effectively relieve discogenic back pain and
restrict disease progression is an urgent clinical problem.
The pathological state of the local microenvironment of the

intervertebral disc (IVD) is a key factor contributing to
increased IDD and discogenic back pain.8 Macrophages are
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able to infiltrate into the nucleus pulposus and manifest as M1
type macrophages, contributing to the development of disease.9

The number ofM1macrophages is positively correlated with the
chronic inflammation of IDD.10 It has been shown that in
degenerating discs, M1-type macrophages create a chronic
inflammatory microenvironment by releasing inflammatory
factors such as interleukin-6 (IL-6), tumor necrosis factor-α
(TNF-α), and interleukin-1β (IL-1β).11 This persistent state of
immune activation exacerbates disc destruction, and M1
macrophages in the pathological microenvironment are
considered to be some of the enforcers of the IDDmechanism.12

Additionally, M1-type macrophages and the chronic inflam-
matory microenvironment are thought to be critical in the
development of nerve ingrowth and painful signaling
activation.13−15 The chronic inflammatory microenvironment
induces sensory nerve growth as well as sensitivity, leading to the
development of discogenic pain.16 The sensory nerves
innervating the disc originating from small dorsal root ganglion
(DRG) neurons consist mainly of nerve growth factor (NGF)
dependent and glial cell line derived neurotrophic factor
(GDNF) dependent nerves.17 These nerves are generally
located in the outer layer of the annulus fibrous (AF) and the
area among the end plates.18 In the pathological chronic
inflammation microenvironment, inflammatory cytokines such
as IL-1β and TNF-α released by M1 macrophages stimulate the
production of NGF, and the sustained release of NGF leads to
innervation into the degenerating disc, resulting in sensitization

of peripheral afferent nerves, which is a significant cause of
discogenic low back pain.19,20 Therefore, avoiding M1 macro-
phage polarization and removing the residual inflammatory
factors and NGF in the microenvironment is the key issue in
delaying the progression of IDD and relieving discogenic pain.
Reactive oxygen species (ROS) play an important role in M1

macrophage polarization.14,21 It has been shown that ROS levels
are elevated in degenerating disc tissue.22 Increased ROS induce
M1 polarization of macrophages through various mechanisms,
such as affecting the MAPK pathway, etc.21 The polarized M1
macrophages sequentially produce more ROS, creating an
undesirable cycle that promotes the progression of disc
degeneration.23 Therefore, removing the excess ROS in
macrophages may be a feasible approach to alleviating disc
degeneration. In recent years, many nanoparticles have been
developed as ROS scavengers, especially certain metal-
containing nanoparticles.24 MnO2 nanoparticles are an ideal
choice for in vivo ROS scavengers due to their broad antioxidant
activity.25 MnO2 nanoparticles phagocytosed by cells often
exhibit enzymatic effects similar to those of ROS-scavenging
enzymes, such as superoxide dismutase (SOD).26 Therefore,
MnO2 nanoparticles may block macrophage polarization toward
M1 in the degenerative disc microenvironment as an efficient
ROS scavenger. However,MnO2 nanoparticles lackmacrophage
targeting, which may limit the cellular uptake and function of the
MnO2 nanoparticles. Thus, further modification of the MnO2

Scheme 1. Synthesis and Biological Mechanism of MnO2@TMNPa

aMnO2 nanoparticles coated with TrkA-overexpressed macrophage membranes (MnO2@TMNP) inhibit M1 polarization by extensively 
scavenging ROS and decoying proinflammatory cytokines and NGF, ultimately alleviating the progression of disc degeneration and discogenic back 
pain. Abbreviations: Mφ, macrophage; NGF, nerve growth factor; ROS, reactive oxygen species; ILR, interleukin receptors; TNFR, tumor necrosis 
factor receptors; IFNR, active ingredient receptors; NGFR, nerve growth factor receptors (TrkA in this study).
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nanoparticles is required to provide them with macrophage
targeting properties.
Cell membrane encapsulation, derived from the concept of

bionanotechnology, involves disguising nanoparticles as
“vesicles” to achieve active targeting with a high efficiency
toward specific cells.27 Biological membrane-encapsulated
nanomaterials, such as tumor or hybrid cell membranes, exhibit
a high specificity toward target cells of the relative type.28,29

Macrophage membrane-encapsulated MnO2 nanoparticles may
present a promising strategy for selectively scavenging excessive
ROS in macrophages. Besides, macrophages express receptors
for various cellular inflammatory factors, such as IL-1 and IL-6
receptors on their cell membrane surfaces.30−32 These receptors
on macrophage membranes enable efficient binding to
inflammatory cytokines, thereby facilitating the role of macro-
phage membranes as “molecular sponges” that decoy inflam-
matory factors and modulate the inflammatory immune
microenvironment.33 Enabling macrophage cell membranes to
adsorb NGF is the key to alleviating discogenic pain caused by
nanomaterials. TrkA, a transmembrane protein, serves as a
specific receptor for NGF.34 Therefore, it is feasible to engineer
cell membranes with a high expression of TrkA as “molecular
sponges” for capturing NGF.
In this study, we innovatively employed macrophage

membranes with high TrkA expression to encapsulate MnO2

nanoparticles as ROS scavengers (MnO2@TMNP) for the
treatment of IDD. MnO2@TMNP has the potential to decoy
inflammatory cytokines and NGF while selectively targeting
macrophages to remove excess ROS and prevent M1-type
polarization ofmacrophages, whichmay delay the progression of
disc degeneration and the onset of pain. The design concept and
action mechanism are illustrated in Scheme 1.

RESULTS
Preparation and Characterization of Materials. To

achieve the specific targeting of immune cells, ROS clearance,
and the adsorption of inflammatory factors, we developed
functionalized nanoparticles with MnO2 nanoparticles as the
core encapsulated in an engineered macrophage membrane
(Scheme 1). The SEM results of the MnO2 nanoparticles are
shown in Figure 1A. The size of the nanoparticles was about
400−500 nm, and the surface was polymorphic. The irregular
morphology of the nanoparticles provided a larger specific
surface area than the same volume sphericalMnO2 nanoparticles
for possible efficient catalysis of the decomposition of ROS
components.35 Through TEM and elemental analysis, we not
only ascertained that the nanomaterial possessed a solid and
irregular structure but also confirmed the chemical composition
of the nanomaterial (Figure 1B,C). Subsequently, we endea-
vored to coat the MnO2 nanoparticles with macrophage cell

Figure 1. Characterization of the nanomaterials. (A) SEM of the MnO2 nanoparticles. Scale bar: 200 nm. (B) TEM image of MnO2
nanoparticles. Scale bar: 100 nm. (C) HAADF and mapping results of MnO2 nanoparticles. Scale bar: 100 nm. (D) Western blot analysis of
CD14, TLR4, F4/80, and CD120a on the membrane of the nanomaterial. (E) Western blot analysis of TrkA on the membrane of the
nanomaterial. TEM images of macrophage membrane vesicles (TMNP) (F) and MnO2@TMNP (G). Scale bars: 200 nm. (H) Comparison of
particle sizes of MnO2 nanoparticles, cell membrane vesicles, MnO2@MNP, and MnO2@TMNP. (I) Comparison of zeta potentials of MnO2
nanoparticles, cell membrane vesicles, MnO2@MNP, andMnO2@TMNP. Data are presented as the mean ± SD (n = 3): ns, not significant; **,
p < 0.01; ****, p < 0.0001 between groups.
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membranes overexpressing TrkA. Western blot experiments
confirmed that the extracted cell membranes exhibited a high
expression of CD14, CD120a, F4/80, TLR4, and TrkA,
consistent with macrophage cells overexpressing TrkA (Figure
1D,E and Figure S1). The negative TEM of individual cell
membrane vesicles, as illustrated in Figure 1F, confirmed the
ability of the cellular membrane structure to produce
appropriately sized vesicles upon pressure. Subsequently,
MnO2 nanoparticles were subjected to compression and
amalgamation of the cell membrane via a compression
apparatus, resulting in the formation of MnO2@TMNP as
depicted in Figure 1G. We observed a clear membrane-like
structure on the surface of MnO2@TMNP nanoparticles
following extrusion (Figure 1G). The nanoparticle structure
was further validated through particle size detection and zeta
potential analysis (Figure 1H,I). Through particle size detection,
we found that MnO2@TMNP and MnO2@MNP exhibited an
increase of approximately 50 nm in particle size compared to
that of the MnO2 nanoparticles. The zeta potential of MnO2@
TMNP was similar to that of the cell membrane, indicating a
successful membrane coating. The overexpression of TrkA did
not significantly alter either the zeta potential or particle size.We
also detected the protein distribution of different nanomaterials
by SDS-PAGE and Coomassie bright blue staining, further
confirming the success of membrane coating and the correctness

of nanomaterial composition (Figure S2). We also confirm that
the encapsulation rate of MnO2 during the synthesis of MnO2@
TMNP is 84.7%.

Biosafety of MnO2@TMNP Nanomaterials. To ensure
the biocompatibility of MnO2@TMNP, we conducted various
biosafety studies. Hemolysis assays demonstrated that even at a
concentration of 100 μg/mL, MnO2@TMNP did not induce
significant erythrocyte lysis (Figure 2A,B), indicating that
MnO2@TMNP had no clear circulatory toxicity. Subsequently,
various concentrations of MnO2@TMNP were cocultured with
IVD-related cells, including NPC, AFC, CEPC, and macro-
phages. Cell viability was assessed using the CCK-8 assay.
Results showed that MnO2@TMNP with different concen-
trations did not significantly affect cell viability (Figure 2C−F).
Further, the nanomaterials were administered to rats, and HE
staining was applied to their major organs. Subsequent
observations of heart, liver, spleen, lungs, and kidneys confirmed
that MnO2@TMNP exhibited negligible organ toxicity (Figure
2G).

LPS, Inflammatory Factor, and NGF Capturing Ability
of the Nanomaterials. As discussed before, the engineered
cell membrane on the outer layer of the nanomaterial contained
various receptors for inflammatory factors and NGF (TrkA),
which may serve as a decoy to capture these molecules
associated with nerve growth and pain. Therefore, we evaluate

Figure 2. Biosafety of MnO2@TMNP nanomaterials. (A) Hemolysis assay of MnO2@TMNP cocultured with rat blood cells. (B) Absorbance
test at 541 nm of the supernatant obtained by centrifugation after coculture of MnO2@TMNP and red blood cells. Cell viability after MnO2@
TMNP cocultured with nucleus pulposus cells (NPC) (C), annulus fibrosus cells (AFC) (D), cartilage end plate cells (CEPC) (E), and
macrophages (F). (G) Histological morphological observation of major organs at different time periods after the injection of MnO2@TMNP
into the rat tail vein. Scale bars: 100 μm. Data are presented as the mean ± SD (n = 3): ns, not significant; ****, p < 0.0001 between groups.
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the ability of nanomaterials to bind LPS, various cytokines,
including TNF-α, IL-1β, IL-6, IFN-γ, andNGF. After mixing the
nanomaterials with these factors and incubating at 37 °C for 2 h,
the nanomaterials were removed by ultracentrifugation and the
remaining factors in solution were measured. We found that
MnO2 nanoparticles removed negligible LPS and cytokines,
while both MnO2@MNP and MnO2@TMNP demonstrated
significant binding capacities for these factors (Figure 3A−E).
Moreover, with an increase in MnO2@MNP and MnO2@

TMNP concentration, there was a significant decrease in the
remaining inflammatory factor concentrations (Figure 3A−E).
Consistent with our expectation, the remaining NGF signifi-
cantly decreased only in the MnO2@TMNP group as the
concentration of nanomaterials increased (Figure 3F).
Concurrently, we altered the concentration of LPS and

cytokines while controlling the concentration of MnO2@
TMNP to 50 μg/mL to further evaluate the binding efficiency
of MnO2@TMNP with respect to inflammatory factors (Figure

Figure 3. Validation of adsorption capacity of nanomaterials with different concentration gradients on inflammatory factors/LPS/NGF. The
remaining concentrations of TNF-α (A), IL-1β (B), IL-6 (C), IFN-γ (D), LPS (E), and NGF (F) were detected by an enzyme-linked
immunosorbent assay (ELISA), after coculturing with MnO2 nanoparticles, MnO2@MNP nanoparticles, and MnO2@TMNP nanoparticles at
different concentrations. The initial concentrations of cytokines, LPS and NGF were 500 pg/mL. Data are presented as the mean ± SD (n = 3):
ns, not significant; ****, p < 0.0001 between groups.

Figure 4. Validation of the adsorption capacity of fixed concentrations of nanomaterials to inflammatory cytokines/LPS/NGF with different
concentration gradients. The remaining concentrations of TNF-α (A), IL-1β (B), IL-6 (C), IFN-γ (D), LPS (E), and NGF (F) at different initial
concentrations were detected, after coculturing with 50 μg/mL MnO2@TMNP. Data are presented as the mean ± SD (n = 3): ns, not
significant; ****, p < 0.0001 between groups.
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4A−F). We found that when the concentration was below 250
pg/mL, nearly all of the LPS and cytokines were removed by
MnO2@TMNP. When the concentration reached 500 pg/mL,
30−40% of the LPS and cytokines remained in the solution.
MnO2 nanoparticles showed no effective adsorption of
inflammatory cytokines/LPS/NGF, while only MnO2@
TMNP nanoparticles showed obvious adsorption of NGF.

These results demonstrated the binding capacity of MnO2@
TMNP for inflammatory factors and NGF, which was attributed
to the macrophage membrane overexpressing TrkA, indicating
the potential application ofMnO2@TMNP in inflammation and
pain elimination.

MnO2@TMNP Prevents M1 Macrophage Polarization
and Alleviates the Inflammatory Microenvironment.

Figure 5. MnO2@TMNP inhibits the LPS-induced M1 polarization of macrophages. (A) Schematic diagram of the experimental design. (B)
Flow cytometry detecting F4/80+CD86+ cells and F4/80+CD206+ cells to evaluate the polarization of macrophages. (C) Quantification of the
CD86 geomean fluorescence intensity ofmacrophages according to flow cytometry. (D)Quantification of the proportion ofM1macrophages in
each group. The levels of mRNA encoding iNOS (E), TNF-α (F), and IL-6 (G) in macrophages treated with LPS, LPS+MnO2, LPS+TMNP, or
LPS+MnO2@TMNP, respectively. The fold change was normalized to the control group. The concentrations of TNF-α (H), IL-1β (I), IL-6 (J),
and IFN-γ (K) in the supernatant after treating macrophages with LPS, LPS+MnO2, LPS+TMNP, or LPS+MnO2@TMNP. Data are presented
as the mean ± SD (n = 3): ns, not significant; ****, p < 0.0001 between groups.
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After confirming the binding capacity of the macrophage
membrane for LPS, the key regulator of M1 polarization, we
further evaluated the capacity of MnO2@TMNP for modulating
the phenotype of macrophages. The schematic diagram of the

experimental design is shown in Figure 5A. We initially
supplemented the medium with 1 μg/mL LPS, followed by
the immediate addition of PBS or different nanomaterials (50
μg/mL), with a subsequent incubation for 24 h before further

Figure 6. Ability of MnO2@TMNP to specifically target macrophages for ROS clearance. (A) Flowchart for the evaluation of macrophages
taking up nanoparticles. (B) Flow cytometry results of the uptake of DiO-loaded nanoparticles by different cells. (C) Statistical analysis of the
positiveDiO rate of different cells. (D) Fluorescence images of the fusion of DiD-loaded nanoparticles andDiO-loadedmacrophages. Scale bar:
20 μm. (E) Records of dissolved oxygen in water to assess the H2O2 decomposition catalyzed by MnO2@TMNP, MnO2 nanoparticles, or
TMNP. (F) Flow cytometry of intracellular ROS indicating the effects of MnO2@TMNP, MnO2 nanoparticles, or TMNP on scavenging ROS.
The ROS intensity was normalized to the control group. Data are presented as the mean ± SD (n = 3): ns, not significant; *, p < 0.05; **, p <
0.01; ***, p < 0.001; ****, p < 0.0001 between groups.
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evaluation. Flow cytometry analysis revealed that exposure to
LPS increased the percentage of CD86+ macrophages,
indicating the polarization of M0 macrophages toward the M1
phenotype, while MnO2@MNP and MnO2@TMNP, but not

MnO2 nanoparticles, effectively reversed this effect (Figure 5B−
D). The PCR results suggested that coculturing macrophages
with LPS led to a significant upregulation of M1-type
polarization markers (Figure 5E−G). The upregulation of M1

Figure 7. MnO2@TMNP inhibits H2O2-inducedM1macrophage polarization. (A) Schematic illustration of the establishment of H2O2-induced
macrophage M1 polarization to assess the effects of MnO2@TMNP on alleviating the inflammatory microenvironment. (B) Flow cytometry of
macrophage polarization after treatment with H2O2, H2O2+MnO2, H2O2+TMNP, or H2O2+MnO2@TMNP. (C) CD86 geomean fluorescence
intensity of macrophages according to flow cytometry. (D) Quantification of the proportion of M1 macrophages in each group. The mRNA
content of TNF-α (E), iNOS (F), and IL-6 (G) in macrophages treated with H2O2, H2O2+MnO2, H2O2+TMNP, or H2O2+MnO2@TMNP. The
fold change was normalized to the control group. The concentrations of TNF-α (H), IL-1β (I), IL-6 (J), and IFN-γ (K) in the supernatant after
treating macrophages with H2O2, H2O2+MnO2, H2O2+TMNP, or H2O2+MnO2@TMNP. Data are presented as the mean ± SD (n = 3): ns, not
significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001 between groups.
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markers by LPS was not affected byMnO2 nanoparticles but was
significantly inhibited by TMNP and MnO2@TMNP materials,
which may be attributed to the binding and neutralization of
LPS to the macrophage membranes. Furthermore, ELISA assays
showed that the application of TMNP and MnO2@TMNP
reduced the content of TNF-α, IL-1β, IL-6, and IFN-γ in the
supernatant of macrophages (Figure 5H−K). These results
indicated that the neutralizing effects of macrophage mem-
branes on LPS were effective in inhibiting M1 macrophage

polarization and reducing proinflammatory cytokine accumu-
lation.

MnO2@TMNP Inhibits M1 Polarization by Removing
ROS in Macrophages. The excessive production of ROS in
macrophages during IDD needs to be cleared, as we discussed
before. The nanomaterial coated with the macrophage cell
membrane theoretically has a macrophage affinity, which may
target macrophages.36,37 This property of the macrophage cell
membrane provides support for the specific clearance of ROS in

Figure 8.MnO2@TMNP alleviated cell death andmatrix degradation in a proinflammatorymicroenvironment. (A) Schematic illustration of the
establishment of an inflammatory microenvironment for NPCs to evaluate the protective effects of MnO2@TMNP. (B) Viability of NPCs
treated by supernatant extracted from macrophages that had been treated with H2O2, MnO2@TMNP, or a combination of H2O2 and MnO2@
TMNP. (C) Flow cytometry results of annexin V/PI staining of NPCs cultured with the supernatant. (D)Quantification of the apoptosis rate by
the sum of the proportion of annexin V+ PI− and annexin V+ PI+ cells. (E)Western blot detection of the expression levels of catabolic proteins
(MMP3 and MMP13) and anabolic proteins (COL2A1 and SOX9) in treated NPCs. (F) Densitometric analysis of matrix-related proteins in
NPCs treated with supernatant. The fold change was normalized to the H2O2 (−)/MnO2@TMNP (−) group. (G) Immunofluorescence
staining of MMP3, MMP13, COL2A1, and SOX9 in treated NPCs. Scale bars: 50 μm. Data are presented as the mean ± SD (n = 3); ns, not
significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001 between groups.
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Figure 9. Protective effects of MnO2@TMNP against disc degeneration by modulating the oxidative and inflammatory microenvironment. (A)
Flowchart of the timing of in vivo experiments to evaluate the effects of MnO2@TMNP on disc regeneration. (B) Representative T2-weighted
MRI images of surgically punctured caudal vertebral discs of the control group, IDD group, IDD+MnO2 group, and IDD+MnO2@TMNP
group. The red arrow marks the modeled section. (C) HE staining and Safranin O solid green staining of target segments of IVDs in different
treatment groups. Scale bars: 1 mm. (D) Immunofluorescence staining of MMP3 and SOX9 in the surgically punctured IVD in different
treatment groups. Scale bar: 100 μm. (E) Immunofluorescence staining and quantification of ROS in the surgically punctured IVD in different
treatment groups. The fold change was normalized to control group. Scale bar: 50 μm. (F) Costaining of CD68 and iNOS to indicate the
presence ofM1-typemacrophages in the surgically punctured IVD in different treatment groups. Scale bar: 100 μm. (G) The relative expression
level of iNOS (normalized to control group). Data are presented as the mean ± SD (n = 3): ***, p < 0.001; ****, p < 0.0001 between groups.
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macrophages. Therefore, we first evaluated the macrophage-
specific affinity of MnO2@TMNP nanoparticles. The main cells
in the IVD microenvironment, NPCs, AFCs, CEPCs, and
macrophages, were stained with different fluorescent dyes and
then cocultured with nanomaterials loaded with DiO for 4 h for
flow cytometry (Figure 6A).We found that the specific targeting
of MnO2@TMNP to macrophages was the most significant
(Figure 6B,C). We loaded TMNP with DiO to obtain DiO-
loaded MnO2@TMNP and cocultured it with DiD-loaded
macrophages. DiO-loaded MnO2@TMNP fused with the
membrane of macrophages, indicating a successful membrane
integration (Figure 6D). We then cocultured MnO2@TMNP
loaded with red fluorescence ICG (the outer membrane was not
loaded with fluorescent dye; ICG was loaded on the inner
MnO2) with macrophages overnight and found significant
accumulation of MnO2 in macrophages (Figure S3). Next, we
studied the H2O2 removal capability of the nanoparticles and
found that a small amount of H2O2 decomposed when added to
TMNP, while MnO2 nanoparticles and MnO2@TMNP showed
a high H2O2 decomposition capacity. The increase in dissolved
oxygen content in the solution was confirmed by a dissolved
oxygen measurement test (Figure 6E). After pretreating with
H2O2, macrophages were cocultured with nanoparticles to
evaluate their effects on scavenging intracellular ROS. We found
that ROS in macrophages significantly increased after artificial
addition of H2O2. TMNP alone did not effectively remove H2O2
in the cells, while MnO2@TMNP nanoparticles showed
noticeable H2O2 removal. MnO2 nanoparticles without
TMNP also decreased intracellular ROS, but the efficiency
was significantly lower than that of MnO2@TMNP (Figure 6F).
This further indicated that MnO2@TMNP had a higher
efficiency for uptake by macrophages.
Then, we evaluated the effects of the nanoparticles on H2O2-

induced M1 polarization (Figure 7A). We initially supple-
mented the medium with 5 μmol/L H2O2 and cultured the cells
for 6 h, then changed the medium and added PBS or different
nanomaterials (50 μg/mL) with a subsequent incubation for 24
h. We noticed that after coculture of H2O2 with M0
macrophages, the proportion of M1 macrophages significantly
increased, while MnO2 nanoparticles and MnO2@TMNP
downregulated M1 polarization (Figure 7B−D). MnO2 nano-
particles were less effective in inhibiting H2O2-induced M1
polarization than was MnO2@TMNP (Figure 7D), which may
be related to the less efficient uptake of MnO2 by macrophages.
Similarly, the expression levels of M1-related markers in
macrophages were elevated, and this upward trend was not
suppressed by TMNP alone but was inhibited by MnO2
nanoparticles and MnO2@TMNP (Figure 7E−G). Uncoated
MnO2 nanoparticles exhibited a weaker inhibition effect than
that of MnO2@TMNP (Figure 7E−G). H2O2 increased the
levels of TNF-α, IL-1β, IL-6, and IFN-γ in the medium, while
MnO2@TMNP downregulated the accumulation of inflamma-
tory cytokines to a greater extent than did the MnO2
nanoparticles (Figure 7H−K). TMNP also decreased the
content of inflammatory cytokines in the medium, which was
comparable to that of MnO2@TMNP. We hypothesized that
although TMNP nanoparticles alone had no clear anti-H2O2
effects, the binding of cytokines to TMNP could lead to their
low levels of accumulation in the medium (Figure 7H−K).
These results confirmed that MnO2@TMNP nanoparticles
were specifically taken up by macrophages with an intracellular
release of MnO2 that efficiently cleared the ROS to avoid the

polarization of M1 macrophages and the formation of an
inflammatory microenvironment.

MnO2@TMNP Prevents IVD Cell Death and Regulates
Extracellular Matrix Metabolism in an Inflammatory
Microenvironment. A large number of proinflammatory
cytokines, such as TNF-α and IL-1β produced by increasing
M1-polarized macrophages, can induce apoptosis of NPCs,
which is an important pathological cause of the progression of
IDD.9−12 We simulated the inflammatory microenvironment in
IVDs by inducing M1 macrophage polarization with H2O2 and
treated macrophages with or without MnO2@TMNP. The
supernatants were extracted to evaluate the effects of nano-
particles on NPC survival and matrix metabolism in an
inflammatory microenvironment (Figure 8A). We found that
NPC viability was significantly impaired when treated with the
supernatants from H2O2-pretreated macrophages, which was
reversed by MnO2@TMNP (Figure 8B). Apoptosis analysis by
flow cytometry further confirmed that the cell death rate was
significantly upregulated in the H2O2 group, while MnO2@
TMNP treatment inhibited the proapoptotic effects of the
inflammatory microenvironment (Figure 8C,D). The super-
natants from H2O2-stimulated M1 macrophages clearly
promoted the expression of catabolic proteins (MMP3 and
MMP13) and downregulated the expression of anabolic
proteins (COL2A1 and SOX9), indicating matrix degradation
(Figure 8E,F). The application of MnO2@TMNP significantly
improved matrix deposition by increasing the expression of
COL2A1 and SOX9 and decreasing the levels of MMP3 and
MMP13 (Figure 8E,F). Immunofluorescence staining validated
the findings in a Western blot analysis (Figure 8G and Figure
S4). These findings demonstrated the beneficial impact of
MnO2@TMNP on cell survival and extracellular metabolic
processes bymitigatingM1macrophage polarization induced by
ROS. Although MnO2@TMNP did not completely eliminate
the effect of H2O2 on macrophages, the damage to NPCs by
H2O2 influencing M1 macrophages was significantly reduced by
MnO2@TMNP.

MnO2@TMNP Inhibits Disc Degeneration by Relieving
the Local Inflammatory Microenvironment. We further
evaluated the effects of MnO2@TMNP on disc degeneration
and pain behavior in the rat tail IDD model (Figure 9A). Local
injection of nanoparticles was performed every 7 days from the
seventh day after modeling, using a microinjector. The control
group was injected with normal saline. MRI T2-weighted
imaging was applied to evaluate the degenerative degree of the
discs (Figure 9B). The intensity of the nucleus pulposus,
indicating the hydration of tissues, was impaired in the IDD
group compared to the control group, while MnO2@TMNP
significantly improved the intensity (Figure 9B). The modified
Pfirrmann grading system based on MRI images was applied to
evaluate the severity of IDD. MnO2@TMNP decreased the
relatively high degenerative grade in the IDD group. The
recovery of disc degeneration from the MnO2 nanoparticles was
limited (Figure S5). Quantitation of the water content showed a
significant loss of NP hydration in the IDD group, and the
injection of MnO2@TMNP improved NP hydration, while
MnO2 nanoparticles showed less-efficient hydration retention
effects at the fourth week (Figure S5). HE staining and Safranin
O solid green staining showed that in the IDD group, the
structure of the IVD was severely disrupted, and the level of
glycosaminoglycan was significantly decreased. Injection of
MnO2@TMNP effectively alleviated the progression of the
lesion (Figure 9C). Immunofluorescence staining showed that
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the expression level of SOX9 was restored, while MMP3 was
suppressed in the MnO2@TMNP group, indicating that
MnO2@TMNP effectively inhibited the disruption of stromal
metabolism in the IDD model (Figure 9D and Figure S6). ROS
staining of the entire IVD tissue showed that both MnO2
nanoparticles and MnO2@TMNP treatments demonstrated
ROS clearance (Figure 9E). The MnO2@TMNP nanoparticles
were also observed to significantly reduce the iNOS expression
level in CD68+ cells in the disc tissue, which indicated a
downregulation of M1-type macrophages in the local micro-
environment (Figure 9F). iNOS levels in intervertebral disc
tissues were significantly reduced (Figure 9G). To summarize,
the regenerative effects of MnO2@TMNP were more clear than
those of the MnO2 nanoparticles, which may be attributed to
better clearance of ROS in macrophages and modification of the
inflammatory microenvironment.

MnO2@TMNP Blocks the Growth of Sensory Nerves
and Pain Sensitization. Pain is an important manifestation in
the process of disc degeneration that imposes a heavy burden on
quality of life.5 The occurrence of pain in disc degeneration is
highly correlated with nerve ingrowth into the inner part of the
annulus fibrosus and nucleus pulposus.38 MnO2@TMNP
nanoparticles contain abundant TrkA, which showed a
satisfactory binding affinity to NGF (Figure 3F). We assessed
the effects ofMnO2@TMNP nanoparticles on nerve growth and
the production and release of pain transmitters. We collected
DRGs and cultured them with NGF and nanoparticles in an ex
vivo model (Figure 10A). Through immunofluorescence
staining of NF200 and Sholl analysis that evaluates neurite
branching and axon length distance from the cell body, we
observed that MnO2@TMNP effectively inhibited neurite
extension induced by NGF (Figure 10B,C). Sensory neuro-
peptides in the pain pathway, including Tachykinin Precursor 1
(TAC1) and calcitonin gene-related peptide (CGRP), were
positively associated with sensory sensitization in discogenic

pain.20,39 We found that MnO2@TMNP reversed the increased
levels of expression of TAC1 and CGRP induced by NGF in
DRGCs (Figure 10D). Immunofluorescence staining also
revealed that bothMnO2@MNP andMnO2@TMNP decreased
the expression of TAC1 and CGRP, while the inhibitory effects
ofMnO2@TMNPweremore noticeable (Figure 10E and Figure
S7). These findings confirmed that MnO2@TMNP alleviated
the NGF-induced growth of sensory nerves and pain signaling
activation.

MnO2@TMNP Inhibits the Pain-Transmitting Pathway
and Relieves Hyperalgesia to Inhibit Discogenic Pain.
The pain behavior of rats was measured by the Von Frey
mechanical threshold test (50% withdrawal threshold) and
thermal threshold test (Hargreaves test).40 We observed
comparable pain thresholds among groups that had undergone
disc puncture on the third day postmodeling, with a moderately
decreased threshold with the sham group (in which only the skin
was punctured) (Figure 11A,B). Then, rats were injected with
normal saline, MnO2, MnO2@MNP, or MnO2@MNP, and the
painful behavior was recorded on days 7, 14, 21, and 28. The
IDD group showed the most pronounced pain effects, as
evidenced by its significantly lower thermal and mechanical pain
thresholds compared to the sham group on day 28, indicating
the successful establishment of the discogenic pain model.
Injection of MnO2 nanoparticles and MnO2@MNP resulted in
limited levels of pain inhibition, while injection of MnO2@
TMNP caused a significant analgesic effect with the threshold
returning to the level of the sham group by day 28. Additionally,
immunofluorescence staining was used to detect the levels of c-
FOS (an index of neural activation) and GFAP (a marker of
astrocyte activation) in the corresponding innervated segments
of the spinal cord.41,42 We found that injection of MnO2@
TMNP downregulated c-FOS and GFAP in spinal cord
segments compared with the IDD group (Figure 11C,D and
Figure S8). CGRP and TAC1 expression in the corresponding

Figure 10. MnO2@TMNP reduces sensory nerve growth and sensitization. (A) Schematic of the isolation, culture, and evaluation of DRGs. (B)
Immunofluorescence staining of NF200 showing the axon growth pattern of DRGs cultured in NGF with or without nanoparticles. Scale bar:
200 μm. (C) Sholl analysis showing the effect of nanoparticles on NGF-promoted neurite growth in the ex vivo cultured DRG model. (D) The
mRNA expression of TAC1 and CGRP of neurocytes treated with NGF, NGF+MnO2@MNP, or NGF+MnO2@TMNP. The fold change was
normalized to the control group. (E) Immunofluorescence experiments showing the expression of TAC1 and CGRP in neurocytes after
different treatments. Scale bars: 20 μm. Data are presented as the mean ± SD (n = 3): ****, p < 0.0001.
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DRGs also showed significant upregulation in the IDD group,
compared with the control group, and was downregulated most
significantly in the MnO2@TMNP group (Figure 11E,F and
Figure S9). Moreover, MnO2 nanoparticles and MnO2@MNP
also inhibited the expression of c-FOS and GFAP in the spinal
cord, and the expression of TAC1 and CGRP in DRGs, but the
effects were less apparent than those of MnO2@TMNP. These
results indicated that scavenging ROS and inflammatory
cytokines is a feasible approach to inhibit hyperalgesia.
Moreover, the overexpression of TrkA on the membrane
endowed MnO2@TMNP with a greater capacity for removing
NGF, which may contribute to the increased pain inhibitory
effects.

DISCUSSION
The inflammatory response in disc degeneration exacerbates the
progression of degenerative changes.43 The irregulated immune
microenvironment during disc degeneration has been demon-
strated bymany studies.44 The levels of various proinflammatory
factors, including IL-1, IL-6, and TNF-α, are significantly
elevated in degenerative IVDs.45 In our study, we utilized MnO2
nanoparticles coated with an engineered macrophage cell
membrane overexpressing TrkA to tackle the aforementioned
issues. We found that macrophage membrane showed high
efficiency in removing various cytokines and LPS. The
macrophage cell membrane exhibited expression of receptors
for inflammatory factors/LPS, including IL-6R, IL-1R, TNFR,
TLR4, and IFN-γR, which bound cytokines such as IL-6, IL-1,
TNF-α, LPS, and IFN-γ, respectively.30,46−48 These receptors
serve as initiation switches for downstream proinflammatory

Figure 11. MnO2@TMNP disrupts the pain signaling pathway and relieves discogenic pain. (A) 50%withdrawal thresholds detected by the von
Frey test showing the mechanical threshold in the sham group, IDD group, IDD+MnO2 group, IDD+MnO2@MNP group, and IDD+MnO2@
TMNP group. (B) Hargreaves tests detecting painful behavior in response to heat stimulation of different groups. (C) c-FOS
immunofluorescence staining of the spinal cord corresponding to caudal vertebral segments after different treatments. Scale bar: 50 μm.
(D) GFAP immunofluorescence staining of the spinal cord corresponding to caudal vertebral segments. Scale bar: 50 μm. (E) CGRP
immunofluorescence staining of DRGs innervating the coccygeal vertebrae. Scale bar: 100 μm. (F) TAC1 immunofluorescence staining of
DRGs innervating the coccygeal vertebrae. Scale bar: 100 μm.Data are presented as themean± SD (n = 3): ns, not significant; **, p < 0.01; ***,
p < 0.001; ****, p < 0.0001.
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pathways, which trigger proinflammatory polarization. Interest-
ingly, this process of the receptor−ligand reaction also provides
conditions for efficiently decoying inflammatory factors.
Previously, Shi et al. developed electroporation based
membrane-coated nanoparticles for inflammatory factor ab-
sorption, demonstrating the feasibility of our design.49

An important activated manifestation of the inflammatory
immune microenvironment is the polarization of macrophages
toward the M1 phenotype.50 Current research primarily focuses
on the regulation of inflammatory-related signaling pathways,
such as MAPK and NF-κB, to regulate M1 macrophage
polarization.51,52 The signaling pathways such as MAPK and
NF-κB may be strongly associated with ROS.53 The
aforementioned pathways can induce macrophages to polarize
toward the M1 phenotype, thereby resulting in the establish-
ment of an inflammatory microenvironment. Disc degeneration
is associated with adverse environments such as trauma and
oxidative stress, in which ROS levels are often high.54,55 Thus,
ROS play a pivotal role in triggering the local immune
microenvironment to initiate inflammation.56 Following the
activation of inflammation due to elevated levels of ROS, M1-
type macrophages may generate additional increased ROS,
thereby establishing a detrimental cycle that exacerbates the
disease.23 Therefore, efficient elimination of ROS is crucial in
preventing the progression of the disc degenerative micro-
environment toward inflammation. We selected MnO2 nano-
particles as a ROS scavenger in this study due to their well-
established antioxidant properties.57 In our study, the in vitro
antioxidant capacity of MnO2 nanoparticles was confirmed by
assessing their ability to decompose H2O2 with high efficiency.
Therefore, MnO2 nanoparticles can serve as a tool for ROS
clearance to prevent macrophage polarization toward M1. In
addition, the main target of our study is to clear intracellular and
extracellular ROS, especially intracellular ROS. This is because
the current mainstream view is that biogenic ROS are mainly
produced in the mitochondria within the cell and are related to
stress, starvation, and other factors.58,59 The extracellular ROS
may be related to the overflow of intracellular ROS after the
destruction of cells. At present, there is some evidence that ROS
mainly play an important role in cells instead of out of cells,
including damaging DNA and regulating proteins or signaling
pathways.59−61 The regulation of ROS on macrophages is
mainly intracellular.62 Some studies on the regulation of ROS to
control macrophage function have also focused on intracellular
ROS levels.63 These results confirm the necessity of regulating
the ROS level in macrophages. So how to properly target MnO2
nanoparticles into macrophages is important. In this study, we
found that MnO2@TMNP showed better effects on scavenging
intracellular ROS than did MnO2 nanoparticles, resulting in
satisfactory M1 polarization inhibition. Targeting via the cell
membrane is a highly efficient method due to the membrane
homology, as well as the high efficiency of both membrane
integration and ligand−receptor/molecule−molecule-mediated
affinity.27 Currently, homologous cell membrane targeting has
been well documented, including the targeting of tumor cells or
chondrocytes via tumor cell membranes or cartilage cell
membranes.36,64 Therefore, cell-membrane-mediated cellular
uptake of the nanoparticles forMnO2@TMNPmay facilitate the
intracellular ROS scavenging effects of MnO2 nanoparticles. We
believe that the use of TMNP in MnO2@TMNP nanomaterials
plays the following crucial roles in regulating macrophages. (A)
TMNP imparts targeting capabilities to MnO2, allowing MnO2
to accumulate more effectively in macrophages for better ROS

clearance. Our research confirmed that MnO2@TMNP nano-
materials exhibited superior ROS-clearing effects in macro-
phages compared to MnO2 nanomaterials. (B) TMNP also
serves as an adsorbent for inflammatory factors, preventing local
inflammatory storms. We also confirmed that MnO2 nanoma-
terials cannot effectively prevent the LPS-induced M1 polar-
ization of macrophages. These factors underscore the necessity
of using MnO2@TMNP when targeting macrophages, as MnO2
nanomaterials cannot achieve the aforementioned effects.
As a type of pain occurring during disc degeneration,

discogenic back pain is closely associated with sensory nerve
ingrowth and an inflammatory microenvironment.38,65 Inflam-
matory activation causes IVD cells and immune cells to produce
a large quantity of proinflammatory factors and NGF.66 The
release of NGF can be augmented by proinflammatory
cytokines, such as IL-1β, from IVD cells.67,68 Studies have
demonstrated that NGF stimulates the function of sensory
nerves, significantly contributing to the development of low back
pain.69 In contrast to phospholipid membranes that can be
artificially synthesized, such as liposome membranes, cell
membranes are derived from living cells. This renders the
engineering of cell membranes distinct from that of liposomes.
Engineered modifications of liposomes typically involves
physical or chemical reactions, and its efficacy and impact may
be challenging to regulate.70When aiming to introduce a specific
protein onto the surface of a cell membrane, particularly a
membrane protein, high-expression cell membranes can be
extracted from living cells overexpressing the corresponding
gene.71 When TrkA is overexpressed in macrophages, the
corresponding cell membrane is endowed with the ability to
bind the target protein, NGF. The ligand−receptor binding is a
natural state, and its efficiency is theoretically superior to that of
artificially designed targeted binding. Currently, the therapeutic
concept of utilizing TrkA-overexpressing macrophage mem-
branes to decoy inflammatory factors and NGF for alleviating
the inflammatory microenvironment and pain associated with
disc degeneration has not been investigated. We have confirmed
that the overexpression of TrkA on macrophage cell membranes
plays a significant role in the adsorption of NGF, which
ultimately leads to inhibition of sensory nerve growth and
sensation.
In this study, MnO2@TMNP was demonstrated to effectively

modulate the local inflammatory immune microenvironment of
IVDs and alleviate discogenic back pain. We confirmed that
MnO2@TMNP inhibited the M1 polarization of macrophages,
thereby suppressing the secretion of proinflammatory factors
and exerting an anti-inflammatory effect. Furthermore, MnO2@
TMNP also exhibited direct adsorption and clearance of
proinflammatory factors and LPS in the microenvironment,
thereby mitigating the positive feedback loop of immune
activation. It is worth noting that these two functions are closely
related and interdependent. The advantage of MnO2@TMNP
lies in its relatively simple design, yet diverse functions, batch
reproducibility and stability, excellent biocompatibility, and
promising clinical application prospects. MnO2@TMNP may
have great potential in the treatment of advanced stages of disc
degeneration for patients who experience significant pain that
cannot be alleviated by traditional medication.

STUDY LIMITATIONS
However, it should be noted that our research still has some
limitations. We carefully and systematically analyzed the
limitations of our study in the following aspects. (1)
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Experimental design can be further improved: in this study, we 
focused on how to regulate macrophages and the levels of 
cytokines in the extracellular matrix to control the progression of 
IDD and the pain. Apoptosis of nucleus pulposus cells induced 
by M1-polarized macrophages is a significant f actor i n IDD 
progression. However, there are still other causes of apoptosis in 
nucleus pulposus cells. In this study, the nanomaterials we 
designed did not directly target nucleus pulposus cells. In future 
research, designing nanomaterials with more targeted functions 
(such as dual targeting of macrophages and nucleus pulposus 
cells through hybrid membrane-coated nanoparticles) to 
simultaneously achieve adsorption of inflammatory factors, 
suppression of macrophage M1-polarization, and protection of 
nucleus pulposus cells may be viable directions for further 
investigation. (2) The in vivo metabolism of nanomaterials 
remains unclear: in our study, we extensively demonstrated the 
biocompatibility of nanomaterials through both in vitro and in 
vivo experiments. However, the metabolic pathways of nano-
particles in vivo cannot be fully elucidated due to technological 
limitations. In the future, with the development of high-
precision in vivo elemental tracing techniques, this issue may be 
further clarified. ( 3) S hortcomings i n t he a dministration of 
nanomaterials: the nanomaterials we designed were adminis-
tered through a local injection. It is important to recognize that 
this method of administration carries a potential risk of further 
damage to the intervertebral disc and the exacerbation of pain. 
Therefore, in the future, enhancing the clinical application value 
can be achieved by further improving our nanomaterials and 
administering them in a noninvasive manner. (4) High storage 
requirements for nanomaterials: due to the inclusion of bioactive 
components in the MnO2@TMNP nanomaterials, prolonged 
storage or inappropriate storage temperatures may result in the 
ineffectiveness of the nanomaterials. (5) Ethical and biosafety 
concerns: in the future, the cell membrane components used in 
clinical nanomaterials usually originate from human cells, which 
could raise ethical and biosafety concerns. The source and 
preparation process of the membrane must be strictly 
monitored.

CONCLUSION
MnO2@TMNP nanomaterials have been proposed to modulate 
the inflammatory immune microenvironment in IVD and 
alleviate discogenic back pain. MnO2@TMNP exhibited the 
ability to clear ROS in macrophages and extensively decoy 
inflammatory factors and NGF to prevent disc degeneration and 
pain transmission. The nanomaterial exhibited favorable 
biosafety, can be manufactured in large quantities, and possesses 
significant clinical applicability.

METHODS

Materials. 3,3′-dioctadecyloxacarbocyanine perchlorate (DiO), 
1,1'-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate 
(DiI), 1,1'-Dioctadecyl-3,3,3',3'-Tetramethylindodicarbocyanine,4-
Chlorobenzenesulfonate Salt(DiD), ROS flow kit, and Western blot 
reagents were purchased from Beyotime Biotechnology (China). The 
cytokines used in this study (TNF-α, IL-1β, IL-6, active ingredient-γ 
(IFN-γ)), lipopolysaccharide (LPS), and NGF were purchased from 
MedChemExpress (MCE, China). active ingredient green (ICG) was 
obtained from Macklin Inc. (China). The apoptosis flow kit and cell 
counting kit-8 (CCK-8) cell viability assay kit were purchased from 
Vazyme Biotech Co., Ltd. (China). The J774A.1 cell line was 
purchased from Procell Life Science & Technology Co., Ltd. (China). 
Lipofect-amine 3000, PBS, media, serum, and ELISA kits required for 
cell culture were purchased from Thermo Fisher Scientific Inc. 
(Waltham, MA,

USA). The PCR-related reagents were purchased from Yeasen
Biotechnology Co., Ltd. (China). The animals needed for the
experiment were purchased from the Laboratory Animal Center of
Huazhong University of Science and Technology.

Generation of TrkA-Overexpressing Macrophage Cell Mem-
branes. The J774A.1 murine monocyte macrophage cell line was
cultured in a stable extracellular environment. Plasmids carrying the
TrkA-encoding gene (NTRK1), FLAG tag, and GFP were delivered
into J774A.1 cells using the Lipofectamine 3000 reagent. After the
transfection procedure as instructed, cells were examined for GFP
expression under a fluorescence microscope, and TrkA overexpression
was confirmed via PCR experiments and Western blot assays.
Subsequently, TrkA-overexpressing macrophages were washed with
PBS and resuspended in the presence of protease inhibitors. Then,
referring to a previous study,72 TrkA-overexpressing macrophage
membrane (TMNP) was obtained through differential centrifugation
after repeated freezing and thawing using liquid nitrogen, before being
stored at−80 °C for future use. In addition, macrophages without TrkA
overexpression were prepared to extract MNP according to the same
protocol.

Synthesis of Nanomaterials. The permanganate reduction
method was utilized for the synthesis of MnO2 nanoparticles.

73,74

Polymorphic MnO2 particles with diameters of about 400−500 nm
were obtained by particle size screening. The nanoparticles obtained
were subjected to ultrapure water washing followed by drying and
storage. The cell membrane coating was generated using an extruder
(Genizer HandExtruder-1 mL, USA). We initially passed the extracted
macrophage membranes through an extruder equipped with poly-
carbonate porous membranes of 1 μm and 800 nm pore sizes,
respectively, to obtain vesicles of relatively uniform size. The vesicles
were mixed with MnO2 nanomaterials in a 1:1 mass ratio and then
passed through a 600 nm pore size polycarbonate membrane to obtain
membrane-encapsulated nanoparticles. The encapsulation process was
consistent whether using the membrane of macrophages over-
expressing TrkA or control plasmids. Each extrusion process was
repeated at least 50 times.

Physicochemical Characterization. The structure of the
synthesized MnO2 nanomaterials was first observed by scanning
electron microscopy (SEM) (ZEISS GeminiSEM 300) and trans-
mission electron microscopy (TEM) (FEI Talos F200X). The
composition of the nanomaterials was confirmed by energy spectrum
tests. The morphology of membrane vesicles and membrane-coated
nanomaterials were observed by low-voltage TEM (Hitachi HT7800).
A negative dyeing technique was employed, utilizing 1% phospho-
tungstic acid as the negative dyeing reagent for a duration of 30 s. The
nanomaterial hydrated particle size and zeta potential were determined
using a Malvern Zetasizer Nano ZS90 instrument. During the zeta
potential measurement, the pH was adjusted to 7.4.

Oxygen Determination. We monitored bubble formation to
ascertain the production of O2, and we utilized a portable dissolved
oxygen meter (REX, JPSJ-605F, China) to quantify the oxygen
concentration. One percent H2O2 was used in vitro and incubated with
PBS, 50 μg/mLMNP, 50 μg/mL TMNP, 50 μg/mLMnO2, 50 μg/mL
MnO2@MNP, or 50 μg/mL MnO2@TMNP. The reaction was
conducted in a 1.5 mL Eppendorf (EP) tube to observe the formation
of bubbles. Similarly, the reaction was carried out under identical
conditions in a beaker while measuring dissolved oxygen levels every
minute and plotting the corresponding curve. Distilled water served as
the baseline for dissolved oxygen measurements under equivalent
conditions.

Cell Extraction and Culture. In this study, nucleus pulposus cells
(NPC), annulus fibrosus cells (AFC), cartilage end plate cells (CEPC),
and ganglion cells were extracted from rats. The extraction steps for
NPC and AFC were as described in previous studies.75,76 CEPC and
dorsal root ganglion cells (DRGC) were obtained by continuous
enzymatic digestion. After the rat was anesthetized, sterilized, and
covered in a routine manner, the spine was surgically exposed and the
cartilage end plate tissue was meticulously dissected. The blood was
carefully rinsed off with Hank’s balanced salt solution. The tissue blocks
were then cut to <1 mm3 on a sterile benchtop and digested with 0.2%
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active ingredient (type I/II as needed) at 37 °C . The mixture 
was centrifuged at 1200 rpm for 3 min, and the supernatant was 
discarded. Then, 0.25% trypsin was added for digestion at 37 °C The 
mixture was centrifuged at 1200 rpm for 3 min. Finally, complete 
medium was added and centrifuged three times. The cells were 
resuspended with an appropriate medium and cultured in a cell 
incubator. NPC, AFC, and CEPC were treated with medium 
containing DMEM/F12 medium with 10% fetal bovine serum 
and 1% active ingredient/active ingredient. Macrophages 
(J774A.1 cell line) were treated with DMEM with 4.5 g/L glucose, 
10% fetal bovine serum, and 1% active ingredient/active ingredient. 
DRGC were treated with medium containing Neurobasal-A, IB-27 
supplement, 1% active ingredient/active ingredient, and 
GlutaMAX supplement (Procell Life Science & Technology Co., Ltd., 
China). The cell culture environment was 37 °C and 5% CO2.

Sholl Analysis. After the ganglion immunofluorescence plots were 
obtained, an analysis was performed using Sholl analysis (4.2.0) in 
ImageJ 1.54 software. Once the threshold of the plot was set correctly 
to clear the background, analysis was performed. The set radius step 
was 79.167 μm, and the number of intersection points was calculated 
automatically by the software and displayed in the form of a line chart.

CCK-8 Test. In this study, the CCK-8 assay was used to determine 
the cell viability. The cells were seeded uniformly onto 96-well plates at 
a density of 5000 cells per well. The experimental treatment was 
subsequently conducted, and then, the initial medium was removed. 
The CCK-8 working solution was prepared using serum-free medium 
and coincubated with the cells at 37 °C for 2 h, protected from light. 
Following incubation, the absorbance at 450 nm was quantified by 
using an enzymatic marker. Additionally, a blank control group 
consisting of a CCK-8 working solution not incubated with cells was 
utilized. When the results were interpreted, the background absorbance 
from the blank control group was subtracted.

Polymerase Chain Reaction (PCR). After cell treatment, the RNA 
was extracted on a sterile operating table. The extraction process was 
carried out under ice-cold conditions. RNA isolation was performed by 
using a FastPure Cell/Tissue Total RNA Isolation kit V2 (Vazyme 
Biotech Co., Ltd.). The concentration of purified RNA was 
determined with a NanoDrop spectrophotometer. The cDNA was 
synthesized through reverse transcription, with a reaction temperature 
of 55 °C and a duration of 30 min. The reverse transcriptase was 
subsequently inactivated at 85 °C for 5 min to prepare for PCR. The 
condition of predenaturation was 98 °C for 2 min. Following the 
instructions, denaturation was carried out at 98 °C for 30 s, followed 
by annealing at 60 °C for 30 s. The final extension step was performed 
at 72 °C for a duration of 1 min. The number of annealing/extension 
cycles was set to 50. The cycle threshold (CT) was acquired using a 
fluorescent quantitative real-time PCR instrument (Bio-Rad CFX96). 
The fold changes were calculated following the 2-ΔΔCT method with 
GAPDH levels for normalization. Primer information is shown in 
Table S1.

Apoptosis Flow Cytometry and ROS Detection. In this study, 
the level of apoptosis in cells was assessed by using flow cytometry. 
Following cell treatment, apoptotic cells were initially collected from 
the supernatant and subsequently dissolved in PBS for analysis. PBS 
was used to clean the adherent cells, and EDTA-free trypsin was used 
for digestion. Then, the cells were resuspended in PBS and mixed with 
the corresponding apoptotic cells that had been previously collected. 
Cells were centrifuged at 3000 rpm for 3 min to collect the precipitate. 
Subsequently, the suspended cells were washed twice with precooled 
PBS. After precipitation of cells, 100 μL of 1 × binding buffer was 
added and annexin V-FITC and propidium iodide (PI) staining were 
performed separately. The dyeing process was conducted under 
ambient temperature in a light-free environment. Following staining, 
400 μL of 1 × binding buffer was added, and then the cells were 
analyzed using flow cytometry (Accuri C6 Plus, BD, New Jersey, 
USA). Intracellular ROS levels were observed by ROS flow cytometry. 
2′,7′-Dichlorodihydrofluorescein diacetate (DCFH-DA) was diluted in 
serum-free medium at a ratio of 1:3000. The staining solution was then 
added to the cells and incubated in a cell incubator at 37 °C for 20 
min. Cells were manually inverted and mixed every 5 min. Following 
the reaction, cells were washed three times with serum-free medium 
and then collected and analyzed using flow cytometry (Accuri C6 Plus, 
BD).

Polarization Analysis of Macrophages by Flow Cytometry. In
this study, fluorescent antibodies were utilized to label F4/80, CD11b,
CD86, and CD206 (BioLegend, Inc., US; CAS 123131, 101205,
159204, and 141716) on the surface of macrophages. The polarization
state of macrophages was determined by analyzing the levels of these
proteins by flow cytometry. Antibodies targeting CD32 (BioLegend,
Inc., US; CAS 156402) were subsequently introduced to obstruct the
Fc receptor on the macrophage surface. The cells were thoroughly
washed and incubated with anti-CD11b, anti-F4/80, and anti-CD86 at
ambient temperature for 30 min. The suspended cells were
subsequently washed, and the macrophages were permeabilized and
immobilized using a membrane-disrupting/immobilizing solution. The
macrophages were labeled and stained with anti-CD206, followed by a
subsequent washing step prior to detection using flow cytometry
(Accuri C6 Plus, BD).

Membrane Fusion and Uptake of Nanomaterials. The specific
interaction between macrophages and nanomaterials was quantified by
flow cytometry, while membrane fusion and uptake of the nanoma-
terials were visualized by using confocal microscopy. To determine the
precise affinity between macrophage energy and nanomaterials, we
initially labeled the cell membranes of NPC, AFC, CEPC, and
macrophages using various combinations of DiI, DiD, and Hoechst
33342. The specific grouping methodology is outlined in Results. The
cells were digested, resuspended, mixed, and cocultured. Once the cells
had adhered stably to the plate, DiO-supported nanomaterials were
introduced at a concentration of 50 μg/mL for coculture with the cells.
Following an overnight culture, the supernatant was discarded and the
cells were subsequently washed with PBS, before being detected by flow
cytometry. FlowJo v10.4 was utilized to analyze the uptake of
nanomaterials by cells. The uptake of the nanomaterials by macro-
phages was observed by confocal microscopy. Nanomaterials loaded
with ICG (ICGwas adsorbed byMnO2 and themacrophagemembrane
was not loaded with fluorescent dye) were added at a dose of 50 μg/mL.
Following an overnight culture for 8 h, the supernatant was discarded
and the cells were thoroughly washed with PBS. The phagocytic activity
of the materials was subsequently visualized using confocal microscopy
(Olympus, Japan) after staining with phalloidin and DAPI. Moreover,
the MnO2 nanoparticles were coated with the DiD-loaded cell
membrane, while MnO2 itself was not loaded with fluorescent dye.
DiO-stained macrophages were cultured with DiD-loaded nanoma-
terials at a concentration of 50 μg/mL for 8 h. Then, after staining with
DAPI, the cells were washed with PBS and visualized by confocal
microscopy (Olympus, Japan).

Western Blot. The protein expression level was determined by
using a Western blot assay. Membrane or total proteins were extracted
and denatured with the Radio Immunoprecipitation Assay (RIPA)
lysate. Protein transfer was performed following electrophoresis.
Blocking occurred subsequent to transmembrane insertion. 5% Bovine
Serum Albumin (BSA) was applied, and membranes were incubated at
room temperature for 1 h. After blocking, the membranes were washed
with Tris Buffered Saline with Tween 20 (TBST). Following the TBST
washing, the membranes were separately incubated with primary and
secondary antibodies at room temperature for a duration of 2 h.
Subsequently, TBST was used for further cleaning prior to exposure to
the chemiluminescence instrument (Bio-Rad ChemiDoc MP Imaging
System, US). The antibody information used in this experiment is
shown in Table S2.

Protein Distribution of Nanomaterials.We detected the protein
distribution of nanomaterials by SDS-PAGE and Coomassie bright blue
staining (kit purchased from Beyotime Biotechnology (China)). After
the correct synthesis of the nanomaterials, the total protein of the
nanomaterials was extracted. Then we proceeded to use SDS-PAGE. A
protein ladder was used to confirm protein separation. Once the
proteins had been successfully separated, we carefully removed the
intact gel. We placed the gel in adequate Coomassie bright blue dye,
which should cover the gel. The samples were then placed in a shaker
and dyed at room temperature for 3 h. The dye was then removed, and a
sufficient amount of decolorizing solution was added. The sample was
then placed in a shaker and decolorized at room temperature, until the
blue background was cleaned. The decoloring solution was changed 2−
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3 times according to the instructions. Photographs were taken after the 
decolorization was complete.

Levels of Inflammatory Cytokines in Vitro and in Vivo. The 
levels of IL-1β, IL-6, TNF-α, IFN-γ, NGF, and LPS were quantified 
using an enzyme-linked immunosorbent assay (ELISA) (IL-1β, IL-6, 
TNF-α, IFN-γ, and NGF, Thermo Fisher Scientific Inc., Waltham, MA, 
USA; LPS, Shanghai Rayzbio Technology Co., Ltd., China). Adequate 
blank and negative controls were incorporated to ensure the precision 
of the outcomes. Different concentrations of s tandard products were 
added to the standard orifices with the correct volume. The samples 
were reconstituted by diluting and pipetting the sample into the 
designated wells but not the blank wells. The antibodies corresponding 
to the cytokines reacted with the standard and sample wells through 
incubation as indicated in the instructions. The reaction wells were 
sealed with a film and incubated at room temperature for 60 min. The 
plates were washed five times after the reaction. Then, the substrate was 
added to each well and incubated at room temperature in the dark for 
15 min. Finally, the reaction was terminated, and the absorbance was 
measured.

Hemolytic Test. Red blood cells from SD rats were utilized for the 
hemolysis assay. The rats were properly immobilized under anesthesia, 
and the fur in the precardiac region was meticulously removed. Using 
fingertips, the most prominent pulsations were identified and marked. 
After iodophor disinfection, the site was punctured with a No. 5 needle 
attached to a syringe. Once the blood was automatically drawn into the 
syringe, 1 mL of the sample was extracted into a collection vessel 
containing active ingredient, which was gently and sufficiently shaken 
to prevent clotting. The red blood cells were isolated and suspended in 
PBS buffer at 3000 rpm for 3 min. The red blood cells in the PBS 
solution were cocultured with varying concentrations of nanomaterials 
at 37 °C for 3 h. A positive control group was established, wherein the 
red blood cells were placed in pure water. Following coculturing, 
the mixture was centrifuged at 12000 rpm for 10 min and the color 
of the supernatant was observed. The supernatant was then removed, 
and absorbance was measured at 541 nm before statistical analysis.

I mmunofluorescent S taining. Immunofluorescent st aining was 
employed to evaluate the intracellular protein expression level. The cells 
were counted and seeded onto slides, followed by treatment as required 
by the experiment. Subsequently, the medium was removed, and the 
cells were washed with PBS. Then, 4% paraformaldehyde was added for 
fixation. A fter fi xation, th e ce lls we re in cubated in  a PB S solution 
containing 0.5% Triton for 15 min for permeation. After being washed 
with PBS, the cells were blocked with goat serum. The blocking process 
was carried out at 37 °C for 45 min, followed by washing with PBST. 
Subsequently, primary and secondary antibodies were incubated with 
the cells separately at room temperature for 2 h. After the incubation 
period, cells were washed with PBST. An antiquenching agent was 
added before reversing the cells on the slide for observation. The 
antibody information required in this experiment is shown in Table S3.

Animal Experiments. All animal experiments conducted in this 
study were approved by the university’s ethics committee. The animal 
model employed in this investigation was the Sprague−Dawley (SD) 
rat. The animals were randomly divided into the following groups: 
control group, sham group, IDD group, IDD+MnO2 nanoparticle 
group, IDD+MnO2@MNP group, and IDD+MnO2@TMNP group. 
The IDD model was established via coccygeal vertebra puncture, as 
previously described.77 The control group received no puncture. The 
sham group was punctured by the same needle used in the IDD group, 
but only the corresponding area of the skin was punctured, leaving the 
discs intact. After modeling, the corresponding anatomical locations 
were marked and observed every 3 days. Treatment was initiated on the 
seventh day following modeling, with administration of medication or 
PBS (control group) into rat nucleus pulposus via a 29-G needle 
(Hamilton injection needle) with a dosage of 3 mg/kg unless otherwise 
specified. T he i njections w ere a dministered o n a  w eekly b asis with 
mechanical and thermal pain thresholds assessed prior to each 
injection. On the 30th day, the animals were euthanized for 
postobservation procedures. The spinal cord, ganglion, and IVD tissues 
were promptly extracted for subsequent PCR analysis, Hematoxylin-
Eosin (HE) staining, safranin O fast green staining, and immuno-

fluorescence labeling. In vivo organ toxicity detection was observed by
injecting 3 mg/kg nanomaterials into blood vessels through the tail vein
and collecting the major organs (heart, liver, spleen, lung, and kidney)
for HE staining after 3, 14, and 30 days. Pain tests in animals were
mainly performed using a mechanical pain threshold test and a
Hargreaves test. The mechanical pain threshold was tested by using a
Von Frey haptometer. We set 2 g as the initial test force, with adequate
time intervals between different testing forces to allow the animals to
fully recover their original state. Force was recorded when the animal
had a significant pain response. The pain responses mainly included
licking, flinching, withdrawing the tail, or squeaking. Tests were
repeated three times for each animal. The results of this experiment
were presented at the 50% withdrawal threshold. The filament weight
and percentage response of each animal were recorded and tabulated.
The 50% response versus time (days) was calculated from the above
data. The average value of each group was calculated and plotted as a
histogram. A rat tail light thermal pain meter (ZL-031, Anhui Yaokun
Biotechnology Co., Ltd., China) was used to perform the Hargreaves
test. We observed the time from the onset of heating to the appearance
of significant pain in the rat’s tail.

Statistics. GraphPad Prism 8 was used as comprehensive statistical
analysis software. Unless otherwise specified, the differences between
groups were analyzed using ANOVA (more than two groups) or t-tests
(two groups). Data were presented as the mean ± standard deviation
(SD), and statistical significance was set at p < 0.05.
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