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Magnesium-ion-doped silica nanosheets as
degradable drug carriers with enhanced
antibacterial activity and cellular uptake
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Mesoporous silica nanoparticles (MSNs) have attracted significant interest in drug delivery applications due
to their good biocompatibility and high specific surface area. However, conventional MSNs typically have
small pore sizes and low degradation rates, resulting in limited drug loading capacity and potential in vivo
nanoparticle accumulation. This study focuses on the synthesis of novel magnesium (Mg) ion-doped
silica nanoparticles (MgMSNs) using a chemical precipitation method followed by calcination. In contrast
to the nanorod-shaped MSNs, the Mg ion-doped silica nanoparticles exhibited a nanosheet-shaped
morphology. When the added Mg?* concentration was 5 mM, the prepared nanosheets (5MgMSNs)
showed superior antibacterial activity and increased curcumin-loading capacity compared to pure silica
nanoparticles. Additionally, the natural green fluorescence of curcumin allowed for the visualization of
cellular uptake, confirming the efficient internalization of 5SMgMSNs by L929 cells. Notably, under acidic
conditions, the release of Mg ions and the degradability of the nanoparticles were enhanced, indicating
pH-responsive release behavior. Overall, these results highlight the favorable degradability and improved
cellular uptake capacity of hanosheet Mg-incorporated silica nanoparticles, suggesting their potential for

rsc.li/rsc-advances

Introduction

Due to the unique advantages of nanomaterials in drug delivery,
diagnostics, and targeted therapy, an increasing number of
nanomaterials have been developed as drug carriers to over-
come the major challenges of traditional medical treatment,
such as low drug delivery and undesirable drug biodistribution.
Among the various nanocarriers, mesoporous silica nano-
particles (MSNs) have attracted extensive attention due to their
excellent biocompatibility, mesoporous structure, high surface
area, and modifiable surface chemistry.* However, the stable Si-
O-Si structure within silica nanoparticles makes them resistant
to degradation, leading to potential accumulation in the body
and causing acute or subacute inflammation and even toxicity.>
Additionally, the pore size of traditional mesoporous silica is
small (2-6 nm), making it difficult for drug molecules to diffuse
into the pores. Also, the drug release from the pores is a simple
diffusion process, which cannot realize on-demand release at
the lesion sites. Therefore, the development of biodegradable
silicate nanoparticles with controlled drug release is great of
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loading polyphenol drugs such as curcumin and achieving efficient drug release within cells.

importance for clinical application. In recent years, researchers
have discovered that the incorporation of organic or inorganic
moieties into silica nanoparticles can reconstruct the silica
framework and improve its degradability.® For instance, Park
et al. successfully synthesized polyurethane-silica hybrids with
good mechanical properties that are completely biodegradable
for bone regeneration.* Rahmani et al. successfully synthesized
degradable organosilica nanoparticles by the co-condensation
of bis-(triethoxysilyl) ethane and the bis(3-(triethoxysilyl)
propyl) tetrasulfide.” However, the synthesis process is rather
intricate, involving multiple steps that could potentially impact
the reproducibility and cost-effectiveness of production. Addi-
tionally, organic silane precursors such as bis-(triethoxysilyl)
ethane exhibit a certain level of toxicity, may pose health
hazards during handling and utilization, potentially endan-
gering human well-being. In recent years, some efforts have
been made to improve the degrability of MSNs via change the
composition via doping metallic ions. Yu et al. found that Mn-
doped MSNs rapidly disintegrated in the tumor microenviron-
ment, making them suitable for cancer diagnosis and treat-
ment.®* However, high Mn ions release from the nanoparticles
may result in potential cytotoxicity to normal cells’. Thus, ideal
metallic ions for engineering silica frameworks should possess
high biocompatibility and be abundant in the human body,
such as Na, Fe, and Mg. As the essential elements in human
metabolism, Mg deficiency can lead to excessive bone
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resorption and osteoporosis.* Magnesium promotes osteogenic
differentiation mediated by calcitonin gene-related peptide
(CGRP),® inhibits osteoclast activity,'® facilitates fibroblast
migration,” and promotes angiogenesis.”> Furthermore,
magnesium exhibits antibacterial properties by preventing
bacterial adhesion and inhibiting biofilm formation.'**
Therefore, Mg is a promising candidate for engineering silica
frameworks to obtain biofunctional nanoparticles for safer
medical treatment. Also, the Mg-O bond is easily broken under
mild acidic environment, which benefits for altering the phys-
icochemical property and enhancing the biodegradability of
MSNs.

Studies also have demonstrated a close correlation between
the morphology of nanoparticles and their physicochemical
property and biofunctions." For instance, macrophages exhibit
lower uptake efficiency for worm-shaped nanoparticles
compared with spherical nanoparticles in the report of Cham-
pion et al.*® Adnan et al. discovered that rod-shaped and star-
shaped gold nanoparticles showed superior photothermal
therapy and drug delivery efficacy compared with spherical gold
nanoparticles.” Zhang et al. found that needle-like PLGA-PEG
nanoparticles achieved significantly greater cytotoxicity than
spherical nanoparticles by disrupting lysosomes.'* Also,
dendritic mesoporous silica nanoparticles exhibited enhanced
degradability in comparison of spherical nanoparticles.*
Therefore, preparation of silica-based nanoparticles with new
morphologies is crucial to develop new functions.

Herein, a simple method was reported to synthesize biode-
gradable nanosheet-shaped silica-based nanoparticles by in situ
Mg-ions-doping. The introduction of Mg ions not only changed
the morphology, but also improved the degradability and anti-
bacterial activity of the nanoparticles. Also, curcumin as
a model of polyphneol drugs was loaded in the MgMSNs.
Compared with MSNs, the MgMSNs showed an increasing drug-
loading capacity and enhanced cellular uptake, indicating high
therapeutic efficiency. Therefore, these Mg-doped silica nano-
sheets have promising potential application in polyphenol
drugs delivery and tissue regeneration.

Materials and methods
Materials

Hexadecyl trimethyl ammonium Bromide (CTAB), tetraethyl
orthosilicate (TEOS), and ethanol were obtained from Sigma
Corporation. Magnesium nitrate hexahydrate (Mg(NO;),-
-6H,0), ammonia solution (28 wt%), and ethanol were obtained
from Sichuan Kelun Pharmaceutical Co. Curcumin (Adamas-
beta, China) were purchased from Discovery Platform.

Preparation of MgMSNSs

First, CTAB was dissolved in 75 mL of deionized water and
heated to 90 °C until clear. After stirring for 30 min, 3 mL of
ammonia solution (28 wt%) was added to the solution, followed
by stirring for another 30 min. Then, Mg(NO3),-6H,0 (5 mM,
10 mM and 15 mM) were added to the solution and stirred for
30 min. Subsequently, 1.2 mL of TEOS was added to the
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solution, and stirred for 24 h. The resulting particles were
collected after centrifugation and washed three times with
ethanol and deionized water, respectively. After vacuum freeze-
drying, the particles were calcined at 650 °C for 3 h with
a heating rate of 2 °C min~". The obtained sample was named
as 5MgMSNs, 10MgMSNs and 15MgMSNs, respectively. The
same procedure without the addition of Mg(NOj3),-6H,0 was
used to obtain SiO, (MSNs).

Characterization of MgMSNs

To observe the morphology of the nanoparticles, the samples
were dispersed in anhydrous ethanol and dropped onto
a silicon wafer. After thoroughly drying, the silicon wafer was
sputter-coated with gold, and then observed using a scanning
electron microscope (SEM, Thermo Scientific, Apreo 2S). The
elemental analysis of the samples was determined with an
energy dispersive spectroscopy (EDS) attached to the SEM. Also,
the nanoparticles were dispersed in anhydrous ethanol, drop-
ped onto a copper grid, and observed under a transmission
electron microscopy (TEM, FEI-Tecnai G2 F20). To determine
the product phase, the samples were ground and pressed into
pellets, and measured using X-ray diffraction (XRD Rigaku
Ultima IV, CuKa, 40 kV, 40 mA) with 26 angle range of 5-90. The
chemical composition of the sample was determined by
Fourijer-transform infrared spectrometer (FT-IR, MFT-2000,
JASCO Co., Japan, 4000-400 cm ') using KBr pellets. Also, the
elemental composition of the samples was determined using X-
ray photoelectron spectroscopy (XPS, EscaLab 250Xi, Thermo
Scientific K-Alpha, America, 0-1200 eV). The surface area and
pore size distribution of the samples were measured using
nitrogen adsorption and desorption (Micromeritics ASAP 2460).
The particle size was determined by dynamic light scattering
(DLS, Malvern Panalytica, Zetasizer Zs90, Britain).

In vitro degradation of MgMSNs

In order to investigate the effect of pH on the degradation
behavior of MSNs, the nanoparticles were immersed in physi-
ological saline solutions with different pH values (pH 7, 5). The
samples were placed in a vibrating incubator at 37 °C. At
specified time intervals, 3 mL of the solution was taken from
each sample for observation. The morphology variation of the
nanoparticles was observed using SEM, while the ions released
from the nanoparticles were measured using atomic absorption
Spectroscopy (AAS, AA-7000, Shimadzu, Japan).

Drug loading efficiency and the encapsulation efficiency

Under dark conditions, 10 mg of MgMSNs was dispersed in
10 mL of curcumin solution dissolved in ethanol (0.5 mg mL ™).
After 24 h of stirring, the curcumin-loaded MgMSNs were
collected by centrifugation, and the supernatant was collected
for evaluating curcumin loading efficiency. The curcumin
concentration in the supernatant was measured using a UV-
visible spectrophotometer (UV2700i, Hitachi, Japan) at a wave-
length of 470 nm.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Cell culture

L1929 cells were cultured in Dulbecco's modified Eagle medium
(DMEM, Gibco Company, America) supplemented with 10%
fetal bovine serum (FBS, Shanghai Viva Cell Biosciences Ltd)
and 1% penicillin-streptomycin (PS, Shanghai VivaCell Biosci-
ences Ltd). The cells were incubated at 37 °C with 5% CO, in
a humidified incubator. In all experiments, 0.25% trypsin
(Gibco Company) was used to collect the cells, which were then
resuspended in fresh culture medium for subsequent culturing
and experiments.

Cytotoxicity evaluation of MgMSNs

1929 cells were seeded in a 96-well plate at a density of 5000
cells per well and incubated in DMEM culture medium con-
taining 10% FBS for 24 h. Then, 100 pL of nanoparticle-
containing culture medium (concentration 100 pg mL ') was
added to each well. After 24 h of incubation, the CCK-8 assay kit
(Vazyme, China) was utilized for assessing cellular proliferation
in accordance with the operation instructions. The absorbance
of the supernatant at 450 nm was measured using a microplate
reader (Allsheng Feyond-A300, China) to determine cell
viability.

In vitro cellular uptake of MgMSNs

1929 cells were seeded in a 24-well plate at a density of 1 x 10°
cells per well. After 24 h, the culture medium was removed, and
1 mL of fresh medium containing SiO2@CUR or
5MgMSNs@CUR (100 pug mL ") was added. After 12 h of incu-
bation, the culture medium was removed, and the cells were
washed three times with PBS. DAPI staining was performed for
15 min to label the cell nuclei. Finally, the cells were washed
three times with PBS and observed using confocal microscopy
(Olympus FV3000, Japan).

Antibacterial effect of MgMSNs

After resuspending SiO, and 5MgMSNs in fresh Luria-Bertani
broth (Shanghai Aladdin Biochemical Technology Co), 1 mL
of the suspension was taken and sonicated, followed by transfer
into a 48-well plate. Subsequently, 50 uL of S. aureus (ATCC
25923) or E. coli (ATCC 25922) broth was added to each well, and
the plate was incubated on a shaking incubator at 37 °C for 5 h.
After incubation, 50 pL of the bacterial suspension was spread
onto agar plates for colony counting. Meanwhile, 200 pL of the
bacterial suspension was taken and subjected to live/dead
staining (Maokangbio MX4234), followed by observation
under a fluorescence microscope.

To observe the morphology of the bacteria, bacterial
suspension was transferred onto silicon wafers, fixed in 4%
paraformaldehyde at 4 °C for 4 h, followed by dehydrating in
sequential baths of 50%, 70%, 90%, and 100% ethanol for
30 min each. Subsequently, the samples were sputter coated
using gold and observed using SEM.

After co-culturing the nanoparticles dispersed in PBS with
bacteria (5 x 10° cells, concentrated 5 mL culture) at 37 °C for
60 min, flow cytometry was used for detection. Then, 100 pL of
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the treated culture were added into 900 pL of normal saline and
analyzed using flow cytometry (ACEA NovoCyte 3L13C). For the
dot plot, the X-axis reflects the logarithmic scale of FSC (forward
scatter) intensity, and the Y-axis corresponded to the linear
scale of SSC (side scatter) intensity. The gating of the data as P1
and P2 was based on SSC and FSC from the control group,
allowing us to distinguish cells that had internalized nano-
particles (P1) from those that were not internalized or had
adsorption (P2).>° No compensation was performed during the
experiment.

Results and discussion
Synthesis and characterization of MgMSNs

During the synthesis process of mesoporous silica, CTAB is
commonly used as a structure-directing and pore-forming
agent, while TEOS serves as the precursor for SiO,. In this
study, different concentrations of Mg ions were added into the
solution during the preparation of mesoporous silica, resulting
in the fabrication of MgMSNs using a one-pot method. It has
been reported that the Mg-O bond is sensitive to weakly acidic
environments and can be broken under acidic conditions.*
Previous studies have indicated that both the skin and tumor
microenvironments are weakly acidic.*** Therefore, in a weakly
acidic environment, Mg?®" are easily released from the frame-
work of MgMSNs, leading to rapid particle structure collapse
and accelerated breakage of the -Si-O-Si- bonds in MgMSNs,
thereby promoting the drugs release round the chronic wound
or tumor area.

SEM images demonstrated that MgMSNs exhibit a sheet-like
structure, in contrast to the nanorod shape of SiO, nano-
particles (Fig. 1). EDS mapping showed that Mg, O, and Si were
uniformly distributed on the MgMSNs (Fig. 1B-D). Moreover,
the morphology of MgMSNs remained largely unchanged, with
a slight increase in particle size as the concentration of Mg ions
increases.

As shown in the EDS analysis (Fig. 2A), the incorporation of
Mg into MSNs was approximately 5 wt% for 5MgMSNs. The
chemical composition of 5MgMSNs were further investigated

Fig.1 SEMimage and EDS element mapping of SiO, nanoparticles (A),
5MgMSNs (B), 10MgMSNs (C), 15MgMSNs (D).
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Fig. 2
and 5MgMSNSs, (E) size distribution of the 5SMgMSNSs.

using XPS. The XPS analysis of Mg-SMSNs (Fig. 2D) revealed the
characteristic peaks corresponding to Mg, O, and Si, indicating
the successful incorporation of Mg into SiO,. The XRD spectra
(Fig. 2C) showed that broad diffraction peak around 22° was
corresponded to SiO, (JCPDS 39-1425). However, the broad
diffraction peak appeared around 26.6° in the sample of
5MgMSNs, indicating that the Mg addition induced the
diffraction peak of SiO, to red shift. Also, the sharp diffraction
peak at 42.9°, 62.3° and 78.6°matched with MgO (JCPDS 45-
0946),confirming the successful incorporation of Mg into
MgMSNs sample.* A similar phenomenon has also been
observed by Yu and his team in manganese-doped silica.® FT-IR
analysis (Fig. 2B) showed that the absorption band at 800 cm™*
and 463 cm~ ' was related to the Si-O-Si vibrations in amor-
phous silica, while the strong absorption band at 1087 cm ™"
corresponds to the symmetric stretching vibration of Si-0.>**
In the case of Mg-doped nanoparticles, a broader Si-O-Si band

Fig. 3 (A) TEM image of SiO, nanoparticles, (B) TEM image of
5MgMSNs. The red arrows indicate the thickness of 5SMgMSNSs.
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could be observed, which is attributed to
increased disorder and reduced aggregation within the silica
network due to the introduction of Mg”** Compared to the FT-
IR spectrum of SiO,, the appearance of an absorption band at
644 cm " in the FT-IR spectrum of 5MgMSNs was at-tributed to
the in-plane bending vibration of Mg-O, indicating the
successful preparation of Mg-incorporated MSNs.>* DLS test
results indicated that the particle size of MgMSNs was 387.6 £
4.5 nm, consistent with the SEM findings (Fig. 2E). TEM image
(Fig. 3A) further revealed the characteristics of the 5MgMSNs.
The nanosheets exhibited a plate-like structure with a thickness
of approximately 10 nm and a particle size of around 300 nm,
which is consistent with the results obtained from DLS
measurements. The TEM image provided a clear visualization of
the mesoporous structure of the 5MgMSNs.

Drug loading efficiency and the encapsulation efficiency

The specific surface area and pore size distribution of SiO, and
5MgMSNs were analyzed through nitrogen adsorption-desorp-
tion experiments, as shown in Fig. 4. Both SiO, and 5MgMSNs
exhibited type IV isotherms, with a significant hysteresis loop in
the P/PO range of 0.3-0.8, indicating the presence of meso-
porous structures in both materials. The specific surface area,
mesopore volume, and average pore size of SiO, were deter-
mined to be 310.94 m*> g~', 0.27 cm® g7', and 4.59 nm,
respectively. For 5MgMSNs, the specific surface area, mesopore
volume, and average pore size were measured to be 316.55 m*
¢, 0.41 cm® g7, and 5.54 nm, respectively. The results indi-
cated that the pore size of 5MgMSNs was larger than that of SiO,
nanoparticles, providing favorable conditions for the loading of
large molecular drugs and subsequent degradation processes.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Using curcumin as a model drug, the absorbance of the
supernatant before and after drug loading was measured using
a UV-visible spectrophotometer. The encapsulation efficiency of
5MgMSNs was calculated to be 67.4%, while the encapsulation
efficiency of SiO, was 63.3%. These results indicated that,
similar to SiO,, 5MgMSNs exhibited good drug loading
efficiency.

Biocompatibility and cytotoxicity of MgMSNs

The toxicity of biodegradation products is of great significance
for the biocompatibility of biodegradable 5MgMSNs. The cell
viability of 5MgMSNs was assessed through a CCK-8 assay. It
was found that even after co-incubation with a high concen-
tration (200 pg mL™ ") of 5MgMSNs, the cell viability of L929
cells remained above 75%, indicating the low toxicity of the
5MgMSNs nanocarrier (Fig. 5A). The cell toxicity of MgMSNs
doped with different Mg ions concentrations was investigated
through the CCK-8 assay, and the results showed that the
increase in Mg ions concentrations in MgMSNs had little effect
on cell viability (Fig. 5B). Hemolysis assay results demonstrated
that even at high concentrations (Fig. 5C), the hemolysis rate of
5MgMSNs remained below 5%, further confirming the excel-
lent blood biocompatibility of 5MgMSNs. The live/dead stain-
ing assay was conducted to visualize the viability and
morphology of the cells after exposure to 5MgMSNs. The
staining results (Fig. 5D) revealed a predominance of green
fluorescence, indicating the presence of viable cells with intact
plasma membranes. Minimal red fluorescence was observed,
indicating dead cells with compromised membrane integrity.
The above results further confirm the non-toxicity of 5MgMSNs
to various cells and their compatibility with the cell
environment.

In vitro degradation of MgMSNs

It has been demonstrated that the Mg-O bond is sensitive to
weakly acidic environments. Therefore, the cleavage of Mg-O
bonds may generate a large number of defects in the framework
of 5SMgMSNs, which further serve as degradation sites with an

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (A) Cell viabilities of L929 cells after the coincubation with
different concentrations of SiO, and 5MgMSNs. (B) Cell viabilities of
L929 cells after the coincubation with 5SMgMSNs, 10MgMSNs and
15MgMSNSs. (C) Percentage of hemolysis of erythrocytes after incu-
bation with different concentrations of 5SMgMSNs. (D) Representative
fluorescent images of HUVEC live/dead cell staining following incu-
bation with 5MgMSNs and SiO, (* indicates p < 0.05, ** indicates p <
0.01, *** indicates p < 0.001).

enhanced biodegradation rate, thereby improving the biode-
gradability of SiO,.> To evaluate the biodegradation behavior of
5MgMSNs, the particles were immersed in PBS at different pH
values (pH 7 and 5), and their structural changes were directly
observed through SEM. It was found that after incubation in
PBS at pH 7 and 5 for 14 days, only small debris of biodegra-
dation products remained for 5MgMSNs, while the structure of
SiO, showed no significant changes (Fig. 6A). Furthermore, the
biodegradation of 5SMgMSNs was higher in pH 5 PBS than in pH
7 PBS (Fig. 6A). By monitoring the quantitative biodegradation
process using AAS, the results indicated that after 15 days, the
Mg ions concentrations were 86.67 ug mL~ " at pH 5 and 72.25
pug mL™" at pH 7. Notably, the release of Mg>" from 5MgMSN
exhibited pH dependence, with acidic conditions accelerating

904 ——PHS
——pH7

o o
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Concentration of Mg?*
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2

0 2 4 6 8 10 12 14 16
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Fig. 6 (A) Biodegradation behavior of 5MgMSNs and SiO,. Highlighted
in yellow are select nanosheets, indicating their transformation pre-
and post-degradation. (B) Accumulated releasing profiles of Mg ions.
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Mg ions release (Fig. 6B). This result is consistent with the
observations from SEM. This characteristic of 5MgMSNs
provides possibilities for their rapid degradation in the low pH
microenvironment. The pH-responsive degradation behavior of
the 5MgMSNs enables selective drug release in the acidic-
microenvironment, further enhancing their therapeutic effect.

In vitro cellular uptake of MgMSNs

Metal ions can coordinate with polyphenols to form Metal-
Polyphenol Networks (MPNs). MPNs, combining the chemical
catalysis and antimicrobial properties of metal ions with the
anti-inflammatory and antioxidant properties of polyphenolic
compounds, have garnered significant attention in the
biomedical fields of anti-tumor, antimicrobial, and anti-
inflammatory research.””?®* Curcumin, as a classic poly-
phenolic substance, possesses a unique B-diketone structure,
enabling it to form a six-membered ring with metal ions
through bidentate chelation.” The Mg ions in 5SMgMSNs can
form stable chelates with curcumin, thereby enhancing the
bioavailability of curcumin. In synergy with curcumin, they are
expected to enhance its antibacterial, anti-inflammatory, and
anti-cancer effects.

The formation of a 5MgMSNs-curcumin complex could
potentially be employed to develop a drug-controlled release
system. This could facilitate the sustained release of curcumin
in the body, providing long-term therapeutic effects. Therefore,
curcumin was selected as a model drug for in vitro cellular
uptake studies of 5SMgMSNs.

The enhanced cellular uptake of nanoparticles is a crucial
advantage for their application as drug carriers. Utilizing the
inherent green fluorescence of curcumin, the cellular uptake of

Hoechst Curcumin Merge

S0,

100 pm

S5MgMSNs

(B)

Sio,

5MgMSNs

Fig. 7 (A) Representative fluorescent images of L929 cells after
coincubation with 5SMgMSNs@CUR and SiO,@CUR for 12 h. (B) CLSM
images of L929 cells after coincubation with 5MgMSNs@CUR and
SiO,@CUR for 12 h.
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SiO, and 5MgMSNs nanoparticles by L929 cells was observed.
As shown in the figure (Fig. 7A), after 12 of incubation, green
fluorescence appeared in the cells treated with 5MgMSNs,
indicating that the nanoparticles were internalized by the cells
through endocytosis, while in the SiO, group, hardly any over-
lapping green fluorescence with the blue cell nucleus was
observed. The results from high-magnification further demon-
strated that after cellular uptake of 5SMgMSNs@CUR, curcumin
was released and entered the cell nucleus (Fig. 7B). This may be
attributed to the wunique sheetlike structure of
5MgMSNs@CUR. This could be attributed to the unique flake-
like structure of 5MgMSNs@CUR, in which the edge length is
significantly smaller than the diagonal, thus reducing the time
required to overcome the kinetic barrier on the lipid
membrane.** Some studies have demonstrated that silica
nanomaterials with different aspect ratios (ARs) exhibit shape-
dependent cellular uptake behavior. Nanoparticles with larger
ARs can display faster internalization and higher cellular
uptake efficiency, which could explain the aforementioned
results.

Antibacterial effect of MgMSNs

The antibacterial properties of nanoparticles against E. coli and
S. aureus were evaluated using the classic agar plate counting
method. As shown in the figure (Fig. 8A and 9A), SiO, exhibited
non-antibacterial activity, while 5MgMSNs demonstrated anti-
bacterial effects. At a concentration of 1 mg mL™', 5MgMSNs
demonstrated an antibacterial efficacy of ~45.7% against S.
aureus and ~84.1% against E. coli (Fig. 8C and 9C). When the
concentration was increased to 2 mg mL ", the antibacterial
efficacy against S. aureus improved to 95.6%, while the efficacy
against E. coli reached 96%. Further increasing the concentra-
tion to 3 mg mL ™" resulted in an antibacterial rate of 99.1%
against S. aureus and 99.3% against E. coli. These results

5MgMSNs
(1mg/mL)

5MgMSNs
(2mg/mL)

sio, SMgMSNs
Control (1mg/mL) (3mg/mL)

Survival rate(%)

S

e

Fig. 8 (A) Representative photographic images of S. aureus treated
using different nanoparticle. (B) Live—dead staining images of S. aureus
after different treatments. (C) Viability of S. aureus (ns indicates p >
0.05, ** indicates p < 0.01, **** indicates p < 0.0001).
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Fig. 9 (A) Representative photographic images of E. coli treated using
different nanoparticle. (B) Live-dead staining images of E. coli after
different treatments. (C) Viability of E. coli (ns indicates p > 0.05, ****
indicates p < 0.0001).

suggested that the nanosheets exhibited a dose-dependent
reduction in bacterial count, indicating their potential as
effective antibacterial agents. Live/dead staining additionally
confirmed that after treatment with 5MgMSNSs, the majority of
bacteria were killed (Fig. 8B and 9B), while most bacteria in the
other groups remained viable. Based on the above results, it was
concluded that 5MgMSNs exhibited obvious antibacterial
properties against S. aureus and E. coli.

Subsequently, the morphology of bacteria was observed
using SEM. As depicted in the Fig. 10, post-treatment, the cell
wall of S. aureus exhibited wrinkles and ruptures, while the cell
wall of E. coli appeared blurred and collapsed. These

Control

S. aureus

E. cofi

View Article Online
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observations suggested that 5MgMSNs exhibited antibacterial
effects on both Gram-negative and Gram-positive bacteria.
Further observations from the SEM images revealed an
increased number of nanoparticles surrounding the bacteria in
the 5MgMSNs group compared with that in SiO, group, indi-
cating a stronger adhesion effect of 5MgMSNs. The nano-
particles adsorption around bacteria could result in cell wall
depolarization, enhanced local toxicity, and an alteration in the
typical negative charge of the cell wall, thereby increasing its
permeability to kill bacteria.****

To further study the interaction mechanism between the
material and bacteria, we employed flow cytometry to detect the
uptake of nanoparticles in live bacteria. The relationship
between FSC intensity and cell size, as well as SSC intensity and
cell granularity and clustering, has been well established.*
Kumar et al. have demonstrated that the intensity of SSC
intensity can be utilized as a parameter for detecting nano-
particle internalization in bacteria, while the intensity of FSC
intensity can be employed to detect bacterial adherence to
nanoparticles.?® This experimental data (Fig. 11) indicated that
after 60 min of nanoparticle treatment, both S. aureus and E. coli
in the SiO, group and the 5MgMSNs group exhibited an
increase in SSC intensity (indicating granularity) and FSC
intensity (indicating adhesion). However, the 5MgMSNs group
displayed significantly higher levels compared to the SiO,
group. The results suggested that once 5MgMSNs were inter-
nalized by the bacteria, they might degrade within the bacterial
cells, continuously releasing Mg?*, thereby generating consid-
erable osmotic pressure and instigating osmotic lysis to elimi-
nate the bacteria.>” Based on the findings, it could be deduced
that the antibacterial activity of 5MgMSNs is attributable not
only to the inherent antimicrobial properties of Mg>* but also
potentially to the unique structure of the nanosheets.**'*** The
shape and size of nanoparticles have been identified as key
factors influencing their interaction with bacteria.***” The

Fig. 10 The SEM images of S. aureus and E. coli after treatment with nanoparticles (the yellow arrows indicate deformed bacteria).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11

(A) Scatter analysis of 5SMgMSNs and SiO, uptake in S. aureus and E. coli after 60 min. (B and C) Quantitative analysis of P1 (uptake) and P2

(adhesion) of S. aureus. (D and E) Quantitative analysis of P1 (uptake) and P2 (adhesion) of E. coli.

increased uptake and adhesion capacity of 5SMgMSNs also may
be the reasons for their antibacterial performance.

Conclusion

In summary, Mg-ion-doped silica nanosheets were successfully
prepared using a simple chemical precipitation method. The
induction of Mg ions not only significantly improved the
degradability of SiO, nanoparticles, but also enhanced their
antibacterial activity, and cellular uptake ability. Also, these Mg
ions-doped SiO, nanoparticles showed high affinity with poly-
phenols. Therefore, these nanosheet-shaped nanoparticles hold
great promising application as drug carriers for treatment of
various diseases, such as inflammatory diseases and cancer.
Further study needs to be carried out to explore the physico-
chemical and biological properties of these nanosheet-shaped
nanoparticles, and to assess their in vivo performance for eval-
uating their therapeutic effects.
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responding authors.
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