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The global prevalence of gingivitis has raised the cost considerably for extensive healthcare and refractory
management, which is often accompanied by excessive accumulation of reactive oxygen species (ROS) that
are considered to play a pivotal role in the development of gingivitis and other inflammatory diseases.
Ordinary medications for the treatment of gingivitis, such as chemical anti-inflammatory or antimicrobial
agents, are sometimes unsatisfactory due to rapid pathogen consumption and metabolism. To this end,
new strategies and platforms are thus needed for the treatment of such ROS-related diseases. Herein,
Mnz0,4@SiO, NPs were designed and prepared through an in situ templating method and were found to
possess over 2.5 times the in vivo antioxidant removal capacity and a 3-fold TNF (tumor necrosis factor)-
o sequestration efficacy when compared with MnzO,4 NPs at the same concentration of MnzO4. This was
achieved through efficient catalytic ROS scavenging, thanks to the enlargement of the surface area and
the enhanced dispersity and stabilization of the mesoporous SiO,-supported MnzO,4 NPs. Furthermore,
65% of the IL (interleukin)-1p was down-regulated by the Mns0,@SiO, NPs compared with an untreated
gingivitis mouse model group, and in contrast, the IL-1B suppression rate for the iso-stoichiometric
MnzO4 NPs was about 85%. The multi-enzyme mimicking MnzO4@SiO, NPs provided satisfactory
biosafety and therapeutic effects in a gingivitis mouse model and thus represent a promising therapeutic
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1. Introduction

Gingivitis is one of the most prevalent periodontal disorders,
manifested as gum oedema, erythema, swelling, pain and
bleeding, which often arises from bacterial infection, trauma,
and allergic reactions.” Gingivitis is usually self-limited;
however, if not well-managed, it may progress to periodonti-
tis, a more severe condition that causes tooth loosening,
instability, eventual tooth loss, and maxillofacial destruction.**
Conventional treatment of gingivitis in clinical trials includes
antimicrobial and chemical agents for bacterial suppression,
reduction of inflammation and immunomodulation.’>”
However, the outcomes of such treatments are substantially
restricted due to drug resistance and low bioavailability.? Based
on the inadequacy of traditional remedies, there is an urgent
need for the development of new therapeutic agents and plat-
forms to effectively treat and manage gingivitis.

As a typical inflammatory process, gingivitis shares the
fundamental characteristics of inflammation pathology, such
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platform for treating gingivitis and other inflammatory diseases.

as elevated production of reactive oxygen species (ROS),
including hydrogen peroxide (H,O,), hydroxyl radicals ("OH),
and superoxide anion radicals ("O,~), which are mostly gener-
ated by both innate and adaptive immune cells during the
process of host defense.”*® ROS are crucial for confronting
infection; however, an excessive amount has been shown to be
harmful to normal tissue and bring about secondary side
effects.”** To this end, a naturally occurring negative feedback
mechanism has developed, represented by endogenous anti-
oxidant enzymes, such as superoxide dismutase (SOD), catalase
(CAT), and glutathione peroxidase (GPx), which play a vital role
in cyto-protection as ROS scavengers, thus maintaining the
overall cellular redox balance." The ROS-eliminating efficiency
of autologous antioxidant enzymes is generally insufficient
when encountering pathological inflammation like gingivitis,
while heterologous pharmaceutical enzymes may involve an
immune response and rejection.” To fill this gap, alternative
antioxidant enzymes or other therapeutic agents with low
immunogenicity have been designed and exploited for
preclinical study and treatment of inflammatory diseases.

In the last decade, a range of nanostructured materials with
intrinsic antioxidant enzyme-mimicking activity have been re-
ported, thanks to the rapid advances of nanotechnology.'*>
These enzyme mimics are preferred over natural counterparts
because they offer numerous advantages, such as higher
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stability, better design flexibility, and surface chemistry
tunability. These mimics are known as “nanozymes”****** and
have been extensively explored for a range of biomedical
applications, ranging from cell protection, wound repair, anti-
aging treatment, anti-inflammation treatment, and anti-
cancer treatment.”**® Among them, Mn-based nano-materials
are promising due to their multi-valency, favorable biodegrad-
ability and biocompatibility. Even though the in vivo anti-
inflammation capacity of Mn;O,4 has been reported, its hydro-
dispersibility, which profoundly influences its catalytic
activity, needs further improvement.'®® The active site on
the surface of an enzyme-mimic nano-material would be
blocked when it is aggregated, which hinders the “touch and
go” process by which the substrate participates in enzymatic
reactions.”

To fulfill the above demands, in this work, Mn;O, nano-
particles (NPs) were in situ synthesized and scattered in meso-
porous SiO, nano-templates, and the as-prepared Mn;O, NPs
were embedded and fixed in the porous apertures of SiO, NPs
with “isolated island” status, as shown in Scheme 1. The
resulting Mn;0,@Si0, NPs could eventually enhance the over-
all specific surface area and stability of the Mn;0, NPs that are
essential for multiple ROS elimination. The in vitro and in vivo
studies showed that the Mn;0,@SiO, NPs designed and
prepared in this work possessed multi-enzyme mimic activities
that surpassed Mnz;O, NPs under the same stoichiometric
dosage, and significantly reduced the ROS, so that a gingivitis
mouse model was ameliorated with satisfactory biocompati-
bility. The results indicated that the Mn;O,@SiO, NPs in this
work could provide a promising strategy for further preclinical
development of Mn-based nano-medication for anti-ROS
mediated inflammatory disease therapy.
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Scheme 1 |llustration of the preparation and anti-gingivitis application
of the Mn304@5i02 NPs.
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2. Materials and methods

2.1. Materials and instrumentation

Tetraethyl orthosilicate (TEOS), triethanolamine (TEA), hexa-
decyltrimethylammonium chloride (CTAC), manganese acetate,
salicylic acid (SA), anhydrous ethanol, FeSO,, and H,O,
(30 wt%) were purchased from Aladdin Scientific Corp.
(Shanghai, China). 4% paraformaldehyde, phorbol 12-myristate
13-acetate (PMA), 2',7’-dichlorofluorescein diacetate (DCFH-DA)
were supplied by Macklin Co., Ltd (Shanghai, China). All
chemical reagents were used as received without any further
purification. All aqueous solutions were prepared with deion-
ized water (18.2 MQ cm, Millipore).

Dulbecco's Modified Eagle's Medium (DMEM), phosphate-
buffered saline (PBS), and fetal bovine serum (FBS) were
purchased from ThermoFisher Scientific Shanghai Branch
(Shanghai, China). Total Superoxide Dismutase Assay Kit (WST-
1, Cat. No. C0035), Catalase Assay Kit (Cat. No. S0038), Cell
Counting Kit-8 (CCK-8, Cat. No. C0037), Mouse IL-1f ELISA Kit
(Cat. No. PI301), and Mouse TNF-o. ELISA Kit (Cat. No. PT512)
were purchased from Beyotime Biotechnology (Shanghai,
China). The cell lines, including RAW 264.7, were obtained from
Cellcook Ltd (Guangzhou, China). Male ICR mice (SPF grade)
were acquired from GemPharmatech Co., Ltd (Nanjing, China).

In terms of instrumentations, transmission electron
microscopy (TEM) images were obtained using a JEM-1400
electron microscope (JEOL, Japan), element mapping images
were recorded by a JEM-F200 electronic microscope (JEOL,
Japan) equipped with energy dispersive spectroscopy (EDS), and
the samples were prepared on a copper mesh with 200-mesh
carbon support film and the used voltage was 120 kV. Dynamic
light scattering (DLS) and zeta-potential data were collected
using a Litesizer 500 scatterometer (Anton Paar, Austria).
Powder X-ray diffraction (XRD) data were collected with
a Rigaku Ultima diffractometer using Cu Ko radiation. The
diffractometer was operated at 40 kV and 40 mA with a scan rate
of 5° min~"'. The specific surface area was measured at 77 K
using a Kubo X1000 (Biaode, China). The concentration of
elemental Mn was determined using an Avio 220 Max induc-
tively coupled plasma optical emission spectrometer (ICP-OES,
PerkinElmer, USA), and the samples were prepared using an M3
microwave digestion system (PreeKem, China). Ultraviolet-
visible (UV-vis) absorption spectra were recorded on a UV3600
spectrometer (Shimadzu, Japan). Fluorescence spectra were
obtained using an LS-55 spectrometer (PerkinElmer, USA).
Fluorescence images were captured on an FV3000 confocal laser
scanning microscope (CLSM, Olympus, Japan). The in vivo
fluorescence imaging of the live mice was conducted on a Per-
kinElmer in vivo imaging system (PerkinElmer, USA) with an
excitation wavelength of 465 nm and an emission wavelength of
520 nm.

2.2. Preparation of the Mn;0,@SiO, NPs

The chemical synthesis of the Mn;0,@SiO, NPs was conducted
by following a method described in the literature.®® Typically,
1.0 g of CTAC was dissolved together with 0.01 g of TEA in 10 mL
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of deionized water at 95 °C under magnetic stirring. After 1 h,
0.8 mL of TEOS was added dropwise under continuous stirring
and kept for another 1 h. The resultant SiO, NPs were collected
by centrifugation at 4000 rpm for 15 min and washed several
times with ethanol.

The Mn;0, NPs were synthesized by following a previous
literature report.*® In a typical procedure, 0.6 g of manganese
acetate was dissolved in 30 mL of anhydrous ethanol and
magnetically stirred until fully dissolved. The mixture was
transferred into a 50 mL Teflon-lined stainless-steel autoclave
for thermal treatment at 120 °C. After 24 h, the resultant Mn;0,
NPs were washed with deionized water three times.

1.0 g of the SiO, NPs prepared above were dispersed in 30 mL
of anhydrous ethanol containing 0.5 g of manganese acetate;
the mixture was transferred into a 50 mL Teflon-lined stainless-
steel autoclave for thermal treatment at 120 °C. After 24 h, the
resultant Mn;O0,@SiO, NPs were collected by centrifugation at
4000 rpm for 15 min and washed with deionized water three
times for further characterization.

2.3. Multi-enzymatic ROS scavenging assay

The SOD- and CAT-like catalytic activities of the Mn;0,@8SiO,
NPs were evaluated with a Total Superoxide Dismutase Assay
Kit, and a Catalase Assay Kit, respectively, according to the
protocol from the manufacturer, using the equal stoichiometric
Mn;0, NPs as a comparison.

The 'OH eliminating capacity of the Mn;0,@SiO, NPs as
well as the Mn;O, NPs was determined by measuring the
characteristic absorbance of dihydroxybenzoic acid at 510 nm,
which was produced when SA reacted with 'OH, as shown in
Fig. 2D. Typically, the "OH radicals were generated through the
Fenton reaction of 1.8 mM FeSO, and 5 mM H,0, for 10 min at
room temperature. The NPs at various concentrations were
incubated with the Fenton system mentioned above, and
1.8 mM of SA was added after 2 min. The absorbance of di-
hydroxybenzoic acid was recorded using the UV-vis spectrom-
eter at room temperature with a 1 cm quartz cuvette.

2.4. Invitro biocompatibility and intracellular ROS
scavenging

The cytotoxicity of the NPs was evaluated against RAW 264.7 cell
lines, which were refreshed and seeded in 96-well plates at
a density of 5000 cells per well in DMEM (supplemented with
10% FBS and 1% penicillin-streptomycin) at 37 °C and under
a 5% CO, atmosphere for 24 hours. The culture medium was
then replaced with 100 nL. DMEM dispersions containing the
NPs at doses of 1, 5,10, 20 mg L™ (calculated based on the mass
of Mn;0,), with 5 duplicated wells and incubated for a further
24 hours. Cell viability was then determined using the CCK-8
assay according to the protocol provided by the manufacturers.

In 20 mm confocal Petri dishes, 10° cells per well of RAW
264.7 cells were inoculated and incubated with 10 uL of H,O,
(10 mM) at 37 °C and 5% CO, atmosphere for 24 hours.
Thereafter, the medium was withdrawn for further ELISA
(enzyme-linked immunosorbent assay) analysis following the
protocol provided by the manufacturer, and substituted with
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1 mL of medium containing 10 pg of the Mn;0,@SiO, NPs and
the Mn;O, NPs, respectively, and the dish was left to incubate
for a further 24 hours. Subsequently, 0.1 mL of DCFH-DA (0.01
mM) in a serum-free medium without phenol red was added to
each dish, and the staining process was conducted in the dark
for a duration of 30 minutes. Next, fixation with 1 mL of 4%
paraformaldehyde was performed for 15 minutes, followed by
washing with PBS, before the cells were observed using CLSM.

2.5. In vivo anti-inflammation therapy

The animal experiments of this study have been approved by the
Science and Technology Ethics Committee of Nanjing Univer-
sity (Approval No. IACUC-2412013), ensuring adherence to
ethical standards. Firstly, 12 male ICR mice were randomly
divided into 4 groups with 3 mice per group. 5 uL of PMA (1 mg
mL ') was topically applied on the alveolar mucosa of the
buccal side in the mandible of each mouse from 3 groups to
induce the acute gingivitis model, leaving one group as the
control. After 6 h of induction, the mice from the experimental
groups were anesthetized and injected with 5 pL saline within
the inflamed focus established before, containing the Mn;-
0,@8Si0, NPs or the Mn;O4 NPs (at a dose of 1.0 pg kg "
bodyweight, calculated based on the content of Mn;0,). After
0.5 h of incubation, 5 pL of DCFH-DA (1 mM) was injected in
a similar way. After another 0.5 h, the in vivo fluorescence
images were recorded using a PerkinElmer in vivo imaging
system with an excitation wavelength of 465 nm and an emis-
sion wavelength of 520 nm.

The mice were sacrificed and dissected afterward, with the
vital tissues of the gingiva collected and fixed in 4% para-
formaldehyde, and subsequently embedded in paraffin. 4 um
sections were prepared and stained with hematoxylin and eosin
(H&E), and observed using a digital pathological microscope.

For in vivo cytokines assay, the gingivitis mouse model was
established and treated again with 5 mice per group, following
the identical protocol described above, and the gingiva tissues
from the buccal palate were collected 6 h after administration
and homogenized with 0.01 M PBS for TNF-a and IL-1B evalu-
ations using ELISA Kkits following the protocol provided by the
manufacturer.

2.6. In vivo biocompatibility evaluation

In terms of the biosafety study, 3 mice per group were sub-
gingiva injected with the Mn;0,@SiO, or the Mn;O, NPs at
a dose of 10 pg kg~ ' bodyweight, calculated based on the
content of Mn;0,, and sacrificed at the designated time after
administration. Blood and tissue from the liver and kidneys
were collected for Mn content quantification via ICP-OES. Other
groups were sacrificed 7 days after administration, with the
collection of the heart, liver, spleen, kidney, and lung for H&E
staining and observation.

2.7. Statistical analysis

All data are expressed as mean + standard deviation (SD). Two-
group comparisons were conducted using a two-tailed unpaired
Student's ¢-test to examine the statistical differences using the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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GraphPad Prism 8.0 software. Statistical significance was
considered as p < 0.05.

3. Results and discussion

3.1. Preparation and characterization of the Mn;0,@8SiO,
nanoparticles

Firstly, the Mn;O, NPs were synthesized by following a hydro-
thermal method from the literature, and the TEM technique
was employed to analyze the morphology and the phase
composition of the as-prepared Mn;0,4 NPs. From Fig. 14, it can
be seen that the morphology of the Mn;O, NPs was nearly
spherical, and the aggregation of the Mn;O, NPs could also be
observed in a large area in the field of vision. The size
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distribution of the Mn;0, NPs ranged from 4 nm to 10 nm
according to the DLS analysis shown in Fig. 1D. The meso-
porous SiO, NPs were subsequently synthesized by following
a surfactant-assisted template method from the literature,* and
the morphology and particle size distribution (polydispersity
index, PDI) of the as-synthesized SiO, NPs are demonstrated in
Fig. 1B, D and Table 1. The SiO, NPs were spherical in shape
and ranged in size from 100 nm to 120 nm.

Based on the nano-materials and their preparation protocols
above, the Mn;0, NPs were in situ synthesized using the SiO,
NPs as a template. As demonstrated in Fig. 1C, the sub-10 nm
Mn;0, NPs were mostly located in the outer shell of the 100 nm
sized SiO, NPs, and no obvious change in hydrodynamic size
was observed between the as-prepared Mn;0,@SiO, NPs and
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Fig.1 Characterization of the Mns0,@SiO, NPs and their precursors. (A)—(C) TEM images of the indicated NPs; (D) hydrodynamic diameters of
the indicated NPs (10 pg mL~tin PBS); (E) XRD patterns of the indicated NPs; (F) and (G) nitrogen adsorption—desorption curves of the SiO, and
Mnz0,4@SiO, NPs; and (H)-(L) EDS mapping images of the Mnz0,@SiO, NPs ((H) TEM image, (I-K). O, Si, Mn element mapping images,

respectively, and (L) merged image).
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Table 1 Physical properties of the indicated NPs
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Sample Diameter (DLS, nm) PDI Zeta-potential (mV) Surface area (m”> g~ ")
Sio, 114.5 £ 5.2 0.219 —43.3 £ 2.3 316.2 £7.9
Mn;0,@Si0, 105.7 + 1.4 0.176 —275+1.8 198.2 + 4.3

their precursor SiO, NPs, according to Fig. 1D. The XRD
patterns of the bare Mn;O, NPs and the Mn;0,@SiO, NPs are
shown in Fig. 1E, from which it can be seen that the measured
diffraction peaks matched well to the standard pattern of
hausmannite Mn;O, [JCPDS card No. 24-0734], confirming their
highly crystalline nature and the identity of the resulting NPs.
The content of the Mn element was found to be 18.35 =+
0.05 wt% of the Mn;0,@SiO, NPs by ICP-OES analysis, and the
Mn;0, loading content of the Mn;0,@SiO, NPs was calculated
to be 25.47 + 0.07 wt%.

The mesoporous nature of the SiO, NPs (Fig. 1F) and the
Mn;0,@Si0, NPs (Fig. 1G) was verified with isothermal
nitrogen adsorption-desorption and calculated using the Bru-
nauer-Emmett-Teller (BET) method. The typical curve of
a hysteresis loop observed in Fig. 1F and G indicated that the
SiO, NPs with mesoporous structure provided plenty of space

B

for in situ growth of the Mn;0, NPs, resulting in Mn;O,@SiO,
NPs with reduced specific surface area (Table 1) that was
partially occupied by the Mn;O, NPs.

To further confirm the existence and distribution of the
Mn;0, incorporated into the SiO, NPs, the EDS mapping of the
as-prepared Mn;0,@SiO, NPs was investigated, and the results
are shown in Fig. 1H-L. From Fig. 1H, it could be observed that
a single nanoparticle of the Mn;0,@SiO, NPs with a diameter
of about 100 nm was spherical and in accordance with Fig. 1C.
The distribution of the O, Si, and Mn elements was clearly
visualized in Fig. 1I-K, respectively, and shows that the Mn
(blue dots in Fig. 1K) was uniformly distributed in the SiO, NPs.
Combined with the crystalline nature of the Mn;0O, supported
in Fig. 1E, and the merged element distribution in Fig. 1L, the
results above indicate that the Mn;0,@SiO, NPs with Mn;0,
NPs separately scattered on them were successfully synthesized.
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Fig.2 The multi-enzyme mimic activities of the Mnz0,@SiO, NPs and the MnzO4 NPs at the same concentration of MnzO4. (A) Integrated SOD
and CAT mimetic activity of the MnzO4@ SiO, NPs; (B) and (C) "O,~ and H,O, scavenging capacities of the indicated NPs, respectively; (D)
illustration of the determination of “OH reaction with SA using fluorescence detection; (E) typical fluorescence spectra of the resultant of SA and
*OH cultured with various concentrations of the MnzO4@ SiO, NPs; and (F) “OH scavenging assay of the indicated materials. *p < 0.05, ****p <
0.001, ns = not significant. The data in the histogram are shown as means + SD (n = 5).
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3.2. Multi-enzymatic ROS scavenging assay

To examine the biocatalytic activities of the Mn;0,@SiO, NPs
prepared above, the elimination of ‘O, and H,O, was evalu-
ated using the WST-1 and H,0, assay Kkits, respectively. As
shown in Fig. 2B and C, dose-dependent "O, and H,O, removal
could be observed for the Mn;0,@SiO, NPs, indicating that the
Mn;0,@Si0, NPs possess both SOD-like and CAT-like enzyme-
mimic catalytic activities, as schematically illustrated in Fig. 1A.
It should be noted that the Mn;O,@SiO, NPs quenched over
60% of the "0, at a Mn;O, concentration of 1 ug mL™*, which
was about 2 times the efficiency of the Mn;0, NPs at the same
concentration. The ‘O, and H,0, scavenging efficacies of the
Mn;0,@Si0, NPs were superior to those of the Mn;O, NPs at
equal concentrations of Mn;0,.

The 'OH radical is considered to be one of the most
aggressive ROS, which causes oxidative stress by attacking
proteins and DNA and thus leading to damage of cells and
tissues. However, to the best of our knowledge, there is no
natural enzyme identified that specifically tackles "OH. As
a matter of fact, therapeutic agents with ‘OH scavenging
capacity are of great importance for anti-inflammation
biomedical applications. The "OH scavenging capacity of the
Mn;0,@Si0, NPs was thus assessed by utilizing SA as the
specific probe, and this was quantitatively analyzed with UV-vis
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absorption, as shown in Fig. 2D. The representative UV-vis
spectra of various concentrations of the Mn;O,@SiO, NPs
upon encountering ‘OH radicals, generated by the Fenton
reaction with the Fe?'/H,0, system, are shown in Fig. 2E. An
obvious absorption peak at 540 nm is observed, which is
attributed to the result of SA reacting with the 'OH. The
absorption intensities of the indicated concentrations revealed
a dose-dependent decrease with the addition of the Mn;0,@-
SiO, NPs, which exhibit a higher ‘OH eliminating efficiency
compared with an equal stoichiometry of the Mn;0, NPs.

All these results indicated the effectiveness of the Mn;-
0,@Si0, NPs for multiple ROS elimination and their potential
for use in biomedical applications in the treatment of ROS-
associated diseases. This treatment capacity could be attrib-
uted to the enhanced dispersity of the Mn;O, NPs on the SiO,
NPs.

3.3. Invitro cytotoxicity and ROS-scavenging capacity of the
Mn304@Si02 NPs

Cytotoxicity experiments were conducted to evaluate the effect
of the Mn;0,@SiO, NPs on cell viability. As a crucial inter-
mediator that stimulates and modulates the inflammatory
process, a macrophage (murine RAW 264.7) was selected to
evaluate the biocompatibility of the Mn;0,@SiO, NPs. As
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Fig. 3 The in vitro anti-ROS effects and biocompatibility of the NPs. (A) Cytotoxicity of the NPs against RAW 264.7 cells; (B) intracellular ROS
imaging of RAW 264.7 cells pretreated with 10 mM H,O, co-cultured with 10 pg mL™ of the indicated materials (for all groups, the gain value was
720, laser intensity was 7.28%, and exposure time was 20 ms); (C) corresponding fluorescence intensity of (B); and (D) and (E) TNF-a and IL-
B concentrations of the culture medium of RAW 264.7 cells incubated with 10 pg mL~* of the indicated materials, respectively. *p < 0.05, **p <
0.01, ***p < 0.005, ns = not significant. The data in the histogram are shown as means + SD (n = 5).
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shown in Fig. 3A, the Mn;0,@SiO, NPs as well as the Mn;0,
NPs exhibited no obvious cytotoxicity toward RAW 264.7 cells
when the Mn;0, concentration was below 5 pg mL™'. The
cytotoxicity of the Mn;0,@SiO, NPs was above 90% when their
concentration increased to 20 pg mL ™.

The RAW 264.7 cells were again co-cultured with the Mn;-
0,@Si0, NPs to further explore their in vitro ROS-scavenging
activity, by visualizing ROS with DCFH-DA as the intracellular
fluorescent probe. The probe was inactivated in a non-
fluorescent state and could penetrate the cells to then be
hydrolyzed by enzymes in the living cells into DCFH, which was
then oxidized by the ROS to yield the fluorescent molecule 2/,7'-
dichlorofluorescein (DCF). As shown in Fig. 3B, the fluorescence
intensity inside the RAW 264.7 cells stimulated with 10 mM
H,0, was greatly enhanced compared to that of the control
group, indicating the severity of the oxidative stress, which was
partially relieved with co-cultured Mn;0, NPs with a decreased
fluorescence. In contrast, in vitro inflammation of RAW 264.7
cells was remarkably attenuated by the treatment with the
Mn;0,@Si0, NPs. To clearly visualize the morphology of the
cells in the control group (low ROS content and weak fluores-
cence), the fluorescence signal of the FITC channel (wavelength
of 520 nm) of the CLSM was amplified to 7.28% (laser intensity)
by adjusting the software. This setting was applied to all groups
under the same parameters throughout the experiment for

Mn;O, NPs

Mn,0,@SiO, NPs

View Article Online
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comparative observation. The quantitative comparison is
summarized in Fig. 3C and indicates that the Mn;0,@SiO, NPs
possessed superior intracellular ROS-scavenging capacity over
the Mn;0O, NPs at the same concentration of Mn;0,.

To further explore the in vitro anti-inflammation efficacy of
the Mn;0,@SiO, NPs, two representative pro-inflammation
cytokines, TNF-o. and IL-1B, in the culture medium of the
RAW 264.7 cells were both quantitatively analyzed with relative
ELISA Kkits. Fig. 3D and E show a similar tendency for both TNF-
o and IL-1P that was identical with the variation in the ROS
shown in Fig. 3B, thus indicating that the principal pro-
inflammation cytokines TNF-o and IL-1B could be discernibly
sequestrated by the Mn;0,@SiO, NPs in cultured cells experi-
encing ROS-related oxidative stress. The anti-oxidant and anti-
inflammatory effects of the Mn;0,@SiO, NPs were thoroughly
investigated by conducting the in vitro evaluations above, which
demonstrated that the Mn;0,@SiO, NPs with mesoporous
structure, enlarged and isolated catalytical sites, possessed
multi-enzyme mimicking capacity for efficient ROS scavenging
efficacy, thus demonstrating their potential for application in
anti-inflammation therapy.

3.4. Invivo anti-inflammation therapy

Encouraged by the in vitro multi-enzyme mimic ROS scavenging
activities and pro-inflammation cytokine suppressing capacity
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Fig. 4 The results of the in vivo anti-inflammation therapy. (A)-(D) The whole-body in vivo fluorescence images of mice from the indicated
groups, the pseudo-color scale next to the image indicates radiant efficiency (p per s per cm? per sr); (E) illustration of the workflow for obtaining
the acute gingivitis mouse model; and (F) the fluorescence intensity of the inflamed areas in (A)—-(D). *p < 0.05, ****p < 0.001. The data in the

histogram are shown as means + SD (n = 3).
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of the Mn;0,@SiO, NPs verified above, the in vivo anti-
inflammation efficacy of the Mn;0,@SiO, NPs was investi-
gated by establishing an acute-gingivitis mouse model, as
described in Fig. 4E. To this end, the gingivae of the ICR mice
were subjected to PMA, a protein kinase C (PKC) activator that
stimulates acute inflammation and subsequent onset of acute
gingivitis, thus resulting in red and swollen gums 6 h after
treatment with PMA. The inflammation correlated ROS were
again visualized and studied with DCFH-DA as the in vivo
fluorescence dye, and yielded a strong fluorescence signal
around the gums of the mice in the PMA-induced gingivitis
model groups treated with saline (Fig. 4B) and the Mn;O, NPs
(Fig. 4C) when compared to the control group (Fig. 4A).

In contrast, the Mn;0,@SiO, NPs remarkably reduced the
fluorescence intensity (Fig. 4D) at the same dosage (calculated
based on the mass of Mn;0,) as the group that was treated with
the Mn;0, NPs. The statistical results are summarized in
Fig. 4F, which indicates that an over 5-fold increase in fluores-
cence intensity was evoked by the PMA-induced gingivitis
compared to that of the control group, and about 70% of the
total ROS in the inflamed gums could be scavenged by the
Mn;0, NPs. As shown in Fig. 4F, the Mn;0,@SiO, NPs exhibi-
ted tremendous anti-oxidant activity, over 2 times to that of the
Mn;O0, NPs at the same concentration of Mn;0,, which is

Mns;O, NPs
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partially attributed to the anti-aggregation ability and catalytic
area enlargement of the mesoporous nano-SiO, supported
Mn;0,4 NPs.

After examination of the in vivo anti-ROS efficacy, the PMA-
induced gingivitis mouse model was established again with 5
mice per group, following the identical protocol used in the in
vivo fluorescence imaging. The buccal tissues from the palate of
the mice were collected 6 h after treatment with the NPs or
saline for comparison, and they were stained with H&E for
subsequent pathological observation (Fig. 5A-D), or homoge-
nized for ELISA study of the levels of TNF-o (Fig. 5E) and IL-1P
(Fig. 5F). As shown in Fig. 5B, the tissue was sabotaged by the
PMA-induced acute inflammation, manifesting in derangement
of the tissue and infiltration of the inflammatory immune cells
(red arrow). This was partially compromised with the treatment
of the Mn;O, NPs (Fig. 5C), but effectively rescued by the
Mn;0,@SiO, NPs at the same concentration of Mn;0,. After
confirmation of the superior in vivo anti-inflammation efficacy
with pathological observation, the levels of the principal
inflammatory cytokines including TNF-a and IL-1 were further
quantified, as shown in Fig. 5E and F, respectively. From the
quantification of the key cytokines during inflammation, it
could be observed that the expression of TNF-o was severely
suppressed by the Mn;0,@SiO, NPs with a 4-fold decreased
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Fig. 5 The in vivo therapeutic efficacy in a gingivitis mouse model. (A)—(D) H&E-stained tissues from the buccal palate (bar = 200 pm, the blue
arrows indicate inflammatory infiltration); and (E) and (F) TNF-a and IL-1p levels from the buccal palate homogenates of the indicated groups,
respectively. *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001. The data in the histogram are shown as means + SD (n = 5).
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compared with the untreated group and 3 times the efficacy of
the Mn;0, NPs-treated group. The Mnz;0,@SiO, NPs also
exhibited higher effectiveness toward IL-1B down-regulation
over the Mn;O, NPs at the same dosage of Mn;O,4, which
together verified the effective in vivo inflammatory cytokine
sequestration efficacy of the Mn;0,@SiO, NPs.

3.5. In vivo biocompatibility evaluation

Based on the premise of ensuring in vitro safety, the interference
of in vivo Mn metabolism caused by the Mn;0,@SiO, NPs was
investigated by chronological quantification of the Mn in the
liver, kidney, and blood using ICP-OES, as shown in Fig. 6A-C,
respectively. As demonstrated in Fig. 6A and C, the Mn content
in the liver and blood from the mice that received the Mnj;-
0,@8Si0, NPs or the Mn;O, NPs at a dosage of 10 pug kg™
bodyweight (calculated based on the content of Mn;0,), which
was 10 times that of the anti-gingivitis therapy (1 ug kg™ '), was
not obviously increased compared with the control group, and
the groups administered either of the NPs did not show
significant differences within the experimental period. The Mn
content in the kidney (Fig. 6B) showed an identical tendency
compared with that from Fig. 6A and C within 6 h after
administration. The mice that received the Mn;O0,@SiO, NPs
exhibited steady Mn content in the kidney, while an equal
dosage of the Mn;0, NPs exerted a non-negligible increase in
the Mn content in the kidney. The results above indicated that
the bare Mn;O, NPs were prone to rapid degradation after
administration, which therefore enhanced their potential
toxicity to the kidney. In contrast, the encapsulation of the
Mn;0, within the mesoporous SiO, NPs provided a separated
niche that protected it from in vivo decomposition, which not
only inhibited the accumulation of Mn in the kidney by degra-
dation resistance but also remarkably reduced the therapeutic
dosage of Mn3;0, NPs required via enlargement of the catalytic
area of the multi-enzyme mimicking Mn;0,@SiO, NPs.

To further study the latent in vivo toxicity or delayed immune
response evoked by the Mn;0,@SiO, NPs, histological analysis
of H&E-stained sections from the main organs, including the
heart, liver, spleen, lungs, and kidneys of the mice that received
the Mn;0,@8Si0O, NPs at a dosage of 10 pg kg™ *, was conducted
and is summarized in Fig. 6D. Pathological examination
revealed no discernible lesions to the listed organs 7 days after
administration, suggesting that the Mn;0,@SiO, NPs did not
initiate significant in vivo toxicity at a dosage 10 times higher
than the effective anti-inflammatory therapeutic dosage.

4. Conclusions

In summary, sub-10 nm sized Mn;O, NPs grown in situ and
arranged in the mesoporous SiO, NPs with diameters of about
100 nm were successfully prepared and verified with compre-
hensive characterization. The Mn;0,@SiO, NPs exhibited
a remarkable scavenging capacity of various ROS by mimicking
multiple anti-oxidant enzymes. Satisfactory cellular protection
from oxidative stress and in vitro biosafety were observed in the
Mn;0,@SiO, NPs co-cultured cells. Furthermore, the in vivo

© 2026 The Author(s). Published by the Royal Society of Chemistry
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anti-inflammation experiments indicated that the Mn;0,@SiO,
NPs effectively relieved inflammation in an acute gingivitis
mouse model by scavenging ROS and subsequently seques-
trating inflammatory cytokines. In vivo biosafety exploration
revealed no overt abnormalities in major organs over 7 days
after administration of the Mn;0,@SiO, NPs, and Mn content
in the liver, kidney and blood was steady and not obviously
increased during a period of 72 h. The aforementioned Mnj;-
0,@Si0, NPs are an anti-inflammation nano-agent with
enhanced therapeutic capacity that reduces systemic toxicity
and could serve as a potentially valuable medication for
biomedical applications for gingivitis and other ROS-related
inflammation management.
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