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Abstract
Regeneration and reconstruction of bone tissue is always a challenge for clinicians due to the uncertainty of bone repair
materials in terms of long-term and efficient effects on osteoblasts. Here, we propose a novel strategy combining benidipine,
an antihypertensive drug andnanoparticles to synergistically promote the healingof bonedefects. Loose andporous benidipine-
loaded magnesium silicate nanoparticles were prepared and validated for their biosafety. The nanoparticles were efficiently
taken up by preosteoblasts and uniformly distributed around the nucleus. After internalization into cells, the nanosystem
is degraded by lysosomes, and the effect of promoting osteogenic differentiation is reflected by the continuous release of
benidipine, silicon and magnesium ions. Our results clearly evaluated that the nanoflower-like magnesium silicate delivering
benidipine tends to be more appropriate for the bone regeneration in preosteoblasts, indicating that it might be a potential
approach in guiding bone repair in clinical applications.
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Introduction

Hypertension is a major risk factor for untimely death world-
wide, mainly as a result of cardiovascular complications [1].
According to statistics, more than 640 million people suf-
fer from hypertension around the world, and the number is
still increasing further [2]. In addition to cardiovascular com-
plications, hypertension is associated with metabolic bone
diseases characterized by the loss of bone density, such as
osteorosis and osteoarthritis [3–5]. The relationship between
hypertension and osteoporosis has now become the con-
sensus on certain points. A prospective study is published
confirming that the exacerbated calcium loss associated with
hypertension may lead to an increased risk of hip fracture
[6, 7]. It has been suggested that systemic vascular pathol-
ogy also plays a key role in the etiology of osteoarthritis
(OA) [8]. Hypertension biophysically and biochemically dis-
rupts joint homeostasis, increases intraosseous pressure and
induces hypoxia, which in turn impacts the remodeling of
subchondral bone and the osteochondral junction. In addition
to above-mentioned bone diseases, hypertension negatively

affects alveolar bone quality, delaying bone healing in extrac-
tion sockets [9–11]. All above studies have shown that
hypertension seems to be closely related to metabolic bone
diseases, but the intrinsic mechanism remains unclear.

Hypertension is thought to alter calciummetabolism, lead-
ing to accelerated calcium depletion [12]. Some issues, such
as increased sympathetic nervous system activity, enhanced
inflammatory responses, and altered parathyroid hormone
regulation, are all involved in this process [13, 14]. Respon-
sively, antihypertensive drugs can affect bone metabolism in
different ways: thiazide diuretics appear to prevent fractures
by promoting calcium reabsorption at the distal convo-
luted tubule [15]. Angiotensin II receptor blockers (ARBs)
avoid overactivation of sympathetic nerves by blocking
the angiotensin II receptor, possibly reducing inflammatory
cytokine production and promoting bone repair [16–18].
Among them, our previous study [19] found that benidipine,
a drug for hypertension, can stimulate the osteogenic dif-
ferentiation of preosteoblasts, and the bone morphogenetic
protein-2 (BMP2)/recombinant mothers against decapenta-
plegic homolog 1 (SMAD) signaling pathway is the key
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pathway for this biological effect, which is consistent with
Imai and Ma [20, 21]. All evidence supports the relative
hypothesis between hypertension and metabolic bone dis-
ease.

Another delicate task is that bone repair in hypertensive
patients takes a longer period. Conventional bone regener-
ation involves a series of biological events including early
inflammation,matrix deposition andmineralization and bone
remodeling [22]. Insufficient blood circulation caused by
cardiovascular disease adversely affects bone metabolism
and osteogenesis. In addition, high sodium intake, a major
cause of hypertension, may increase urinary calcium loss and
affect mineral deposition in bone defect areas, thereby pro-
longing bone healing progression. Repository preparation is
more conducive to repairing bone defects, and engineered
nanomicrospheres with sustained-release function may be a
potential therapy. In particular, hollow magnesium silicate
nanoparticles (MSNs) have emerged as an effective vehicle
to transfer cargo for local delivery, slow release, and reduce
side effects [23]. MSNs are not only bone graft substitutes
but also biomaterials that can effectively promote osteogenic
differentiation [24].

Above all, we prepared nanoflower-like benidipine-
loaded magnesium silicate nanoparticles (BD-MSNs) using
a chemical templating method and investigated the internal-
ization mechanism in mouse embryo osteoblast precursor
cells (MC3T3-E1). BD-MSNs can be efficiently taken up by
preosteoblasts and promote osteogenic differentiation under
their interaction. The in vivo calvarial defect model verified
that BD-MSNs can effectively repair bone defects under the
dual functions of directly promoting osteogenic differentia-
tion and indirectly regulating the osteogenic environment by
lowering blood pressure. The results confirm that the local
application of BD-MSNs provides a possibility for the repair
of bone defects in hypertensive patients.

Materials andmethods

Materials

Benidipine (BD), ammonium hydroxide solution, and (3-
aminopropyl)triethoxysilane (APTES) were obtained from
Aladdin (China). Tetraethyl orthosilicate (TEO), fluores-
cein isothiocyanate isomer I (FITC), and Lyso-Tracker Red
were purchased from Solarbio (China). Ethanol, magne-
sium chloride hexahydrate (MgCl2·6H2O), and ammonium
chloride were acquired from Macklin (China). The cell
counting kit-8 (CCK-8) was purchased fromDojindoMolec-
ular Technologies (Japan). Fetal bovine serum (FBS), a-
minimum essential medium (a-MEM), trypsin (0.25%), 4,6-
diamidino-2-phenylindole (DAPI), and phalloidin-TRITC
(tetraethyl rhodamine isothiocyanate) were obtained from

Gibco (USA). The BCIP/NBT alkaline phosphatase color
development kit, alkaline phosphatase assay kit, and peni-
cillin were purchased from Beyotime (China).

Synthesis of nanoparticles

Silica colloidal spheres were first prepared by the classical
Stöber method according to a previous report [25]. Ammo-
nia (2 mol/L) and deionized water (10 mol/L) were stirred
in a beaker containing 70 mL of ethanol for 25 min, and
then 0.4 mol TEO solution was added dropwise to the above
solution and stirred slowly. The solution in the container
gradually became milky white after 30 min, and stirring was
continued for 4 h until a stable colloidal suspension was
formed. The suspension was centrifuged at 8000 r/min for
10 min, washed three times with water and ethanol, and then
centrifuged and dried to obtain the final silica colloid spheres.
To obtain MSNs, we weighed 200 mg of silica colloidal
spheres and placed them in an aqueous solution containing
1.5 mmol MgCl2·6H2O, 20 mmol ammonium chloride and
2 mL ammonia. After the colloidal balls were evenly dis-
persed in themixed solution, theywere placed into the reactor
for a 160 °C hydrothermal reaction, and the whole process
lasted for 12 h. The modified MSN-based samples were fur-
ther dried using a vacuum dryer for the preparation of powder
samples. For the synthesis of BD-MSNs, 6 mg BDwas com-
pletely dissolved in 1 mL dimethyl sulfoxide (DMSO), and
then 10 mg MSNs were added and vigorously shaken in an
ultrasonic cleaner for 10 min. Hydrochloric acid (1%) was
added under stirring to dilute the above solution to a volume
of 20 mL. After stirring at 600 r/min for 24 h, the BD-MSNs
were collected by centrifugation, washed three times with
water to remove unloaded drugs, and dried at 60 °C. To ver-
ify the successful payload of the drug, the concentration of
the drug that was washed off in the supernatant was detected
by high-performance liquid chromatography (Agilent 1290,
Agilent, USA), and finally, the drug loading rate of the sam-
ple was calculated by the following formula:

Drug loading rate = (the total mass of benidipine

− the mass of benidipine in the supernatant)/

the total mass of nanoparticles×100%.

Characterization of MSNs and BD-MSNs

The morphology of the synthesized MSNs was observed
using scanning electron microscopy (SEM, Gemini SEM
300, Carl Zeiss AG, Germany) and transmission electron
microscopy (TEM, JEM-1400flash, JEM, Japan). TheMSN-
based sample solutions were dropped onto carbon tapes or
copper mesh and dried naturally at room temperature. The
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phase structure was determined by X-ray diffraction (XRD,
Bruker D8 ADVACNCE, Bruker, Germany) with a scan (2θ )
range from 5° to 90°. Fourier transform infrared spectro-
scopic (FTIR, Nicolet 670, Thermo Fisher, USA) analysis
was used to characterize the chemical composition of the
samples. The elemental composition mappings of Si and
Mgwere measured by energy dispersive spectrometer (EDS)
analysis (GeminiSEM 300, Carl Zeiss AG, Germany). The
particle size distribution and zeta potential ofMSNs and BD-
MSNs were tested by a laser particle size and zeta potential
analyzer (Zetasizer Nano-ZS, Malvern, UK). The thermal
stability of BD-MSNs was checked by a thermal gravimetric
analyzer (TGA, Mettler Toledo, Switzerland) with a thermal
range from 0 to 800 °C. To verify the slow-release proper-
ties of the nanoparticles, 10 mg BD-MSNs were dissolved
in phosphate buffer saline (PBS, pH 7.4) and uniformly
oscillated in a 200 r/min constant temperature shaker and
the supernatant at different time points was collected. The
concentration of benidipine released from the sample was
analyzed by high-performance liquid chromatography. The
concentration of silicon and magnesium ions released from
the sample was analyzed by inductively coupled plasma-
mass spectrometry (ICP-MS, NexION 300XX, PerkinElmer,
USA).

Cell culture and viability detection

The preosteoblast cell line MC3T3-E1 was purchased from
ATCC (American type culture collection). Cells were cul-
tured in a-MEM (Cienry, China) containing 10% FBS and
100 U/mL penicillin in humidified air with 5%CO2 at 37 °C.
The medium was changed every three days. Trypsin (25%)
was used for cell passaging and digestion. To evaluate the
viability of MC3T3-E1 cells, cells were evenly spread on
the bottom of a 96-well plate at a density of 8000 cells per
well. MSNs or BD-MSNs medium dilutions were added at
a concentration of 12.5, 25, 50, 100, and 200 µg/mL and
coincubated for 24 h at 37 °C and 5% CO2. The CCK-8 kit
was used to test their cytocompatibility, and the tested opti-
cal density (OD) value at 450 nm was recorded and repeated
three times using a microplate reader (Infinite F50, TECAN,
Hombrechtikon, Switzerland).

Blood compatibility test

Briefly, BD-MSNs were added to PBS/red blood cell (RBC)
suspensions at concentrations of 12.5, 25, 50, 100, and
200 µg/mL. The same number of RBCs incubated with
0.5 mL PBS or water was used as a negative or positive con-
trol, respectively. The samples were incubated on a shaker
for 24 h and then centrifuged at 4000 r/min for 5 min. Broken
RBCs release hemoglobin into the supernatant. Amicroplate
reader was used to detect the OD value of the supernatant

at 450 nm [26]. The percent hemolysis was calculated as
follows: hemolysis = (sample absorbance−negative con-
trol)/(positive control−negative control)×100%.

Cellular uptake kinetics

Flow cytometrywas used to analyze the cellular uptake kinet-
ics of MSNs and BD-MSNs [27]. To label the MSN or
BD-MSN surface with fluorescence, 4 mg of FITC, 400 mg
of sodium hydroxide and 500 µL of APTES were first dis-
solved in 5 mL of absolute ethanol and protected from light
at room temperature for 24 h to form a homogeneous liq-
uid. Fifty milligrams MSNs or BD-MSNs were added to the
FITC mixture, ethanol was added to bring the solution vol-
ume to 20 mL, and the mixture was protected from light for
12 h,washed three timeswith 95%ethanol, and then vacuum-
dried at 60 °C to obtain FITC-MSNs or FITC-BD-MSNs
[28]. MC3T3-E1 cells were seeded at 1×105 cells/well in
6-well plates for 24 h and then incubated with 50 µg/mL
FITC-MSNs or FITC-BD-MSNs for different times (1, 4,
8, 12, 24, 48 h) for the time-dependent uptake assay. Cellu-
lar uptake was evaluated by flow cytometry (CytoFLEX S,
Beckman, USA).

Cellular uptake pathways

MC3T3-E1 cells were seeded at 1×105 cells/well in 6-well
plates for 24 h. To analyze the endocytosis mechanism,
inhibitors of various uptake pathways were applied. Cells
were first pretreated with chlorpromazine (CHL, 10µg/mL),
amiloride (AMI, 50mmol/L), nocodazole (NOC, 10µg/mL),
or nystatin (NYS, 10 µg/mL) for 30 min, and then MSNs or
BD-MSNs were added for coculture for 4 h. Flow cytometry
was used to obtain data showing endocytosis efficiency and
statistical analysis was performed. For the energy-dependent
intake assay, cells were precooled at 4 °C before adding
MSNs or BD-MSNs. The medium was replaced with serum-
free medium (SFM) to analyze the effect of serum on cellular
uptake.

Fluorescence images of BD-MSNs in MC3T3-E1 cells

For the in vitro imaging, 50 µg/mL BD-MSNs were cocul-
tured with MC3T3-E1 cells in 6-well plates for 4 h. After
washing twice with PBS, the cells were fixed with 4%
paraformaldehyde at 37 °C for 15 min. Phalloidin solution
(1:250) was added to each well for 30 min. After washing
three times with 0.05% Tween/PBS, DAPI staining solution
was added dropwise to soak the cells, and the cells were incu-
bated in the dark for 10 min and washed with PBS again.
The samples were observed by a laser scanning confocal
microscopy (LSCM, Leica, dmi8, Germany). To explore the
positional relationship between nanoparticles and lysosomes
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in cells, MC3T3-E1 cells were incubated with BD-MSNs
for 4 h as described above. A small amount of LysoTracker
Red was added to the medium at a ratio of 1:13,333, mixed
well, preheated at 37 °C, replaced with the original medium
and incubated for 30 min. Cells were washed twice with
PBS, fixed and counterstained with DAPI. The samples were
observed by LSCM.

Intracellular distribution of BD-MSNs by TEM

MC3T3-E1 cells were passaged at a ratio of 1:3 and seeded in
T25 sterile culture flasks.When the cells reached 80%conflu-
ence, 50 µg/mL BD-MSNs were added and incubated for 1,
4, 8, 12, 24, and 48 h. After washing with PBS and trypsiniz-
ing, cell pellets were harvested and fixed overnight at 4 °C in
2.5% glutaraldehyde. The next day, the samples were rinsed
three times with 0.1 mol/L phosphate buffer at pH 7.0 and
fixed with 1% osmic acid solution for 1.5 h. The samples
were subsequently dehydrated with graded ethanol solutions
and embedded with Spurr embedding medium. The slices
were prepared at 70 nm in an ultramicrotome (LEICA, UC7,
Germany) and observed in a Hitachi H-7650 TEM (Japan).

Osteogenic effects in vitro

After the cells were seeded in a 6-well plate at a density
of 1×105 cells/well and adhered to the wall, the growth
mediumwas replacedwith an osteoinductivemedium treated
with different components and cultured continuously. The
medium was changed every two days. Cells were harvested
on Days 3 and 7, and total RNA was extracted using the
TRIzol method [29]. The total RNA of each sample was
taken for reverse transcription, and the gene expression of
alkaline phosphatase (ALP), collagen-1 (COL-1), osteocal-
cin (OCN), and runt-related transcription factor 2 (RUNX2)
was determined by RT-qPCRs (real-time quantitative PCR).

Alkaline phosphatase staining

MC3T3-E1 cells were treated differently in 6-well plates and
cultured in osteogenic inductionmedium for 7 days. Alkaline
phosphatase stainingwas performed according to the instruc-
tions of the alkaline phosphatase quantitative and qualitative
kit. The stained cells were observed and imaged with an
inverted microscope (Olympus CKX41, Japan).

Alizarin red staining

MC3T3-E1 cells were treated differently in 6-well plates
and cultured in osteogenic induction medium for 21 days.
Cells were fixed with ice ethanol for 1 h, washed twice with
PBS, added to 1% alizarin red staining solution at 37 °C for

30 min, and washed gently with deionized water. The for-
mation of calcium nodules in each group was observed and
photographed under an inverted optical microscope. Subse-
quently, the dyewas eluted by 10% cetylpyridine chloride for
1 h. The collected dye solution was transferred to a 96-well
plate, and the absorbance value was obtained at a wavelength
of 540 nm using a microplate reader.

In vivo biosafety

In vivo biosafety was first examined before the use of BD-
MSNs for the treatment of calvarial defects in rats. We
injected nanoparticles of different components into the tail
vein of rats, sacrificed the rats four weeks after injection,
and removed the heart, liver, spleen, lung, and kidney for
hematoxylin–eosin (HE) staining.

In vivo imaging observation

To study the local metabolism of nanoparticles in vivo, indo-
cyanine green (ICG)-labeled BD-MSNs were prepared by
the above method and placed in the skull defect of mice in
strict accordance with the surgical procedures, and in vivo
imaging was performed on Days 0, 1, 3, and 7 to observe the
local fluorescence retention.

Bone regeneration in vivo

To evaluate the effect of bone regeneration in vivo, we estab-
lished a rat skull defect model. All experimental protocols
and animal handling procedures were approved by the Insti-
tutional Animal Care and Use Committee (IACUC), with the
ethical number ZJCLA-IACUC-20020031. A total of 40 rats
weighing 200–300 gwere randomly divided into four groups,
namely blank control, BD, MSNs and BD-MSNs. To make
the biologics work better locally, gelatin sponge was used as
a carrier to carry the BD solution or nanoparticle suspension
into the defects. The whole animal experimental procedure
was as follows: rats were anesthetized, and a longitudinal
incision with a length of approximately 2 cm was prepared
for the calvarial bone defect model. The skin and deep fascia
were incised layer by layer to expose the bone surface. Use a
hollow trephine bur to drill a hole with a diameter of 5mm on
the left and right sides of the cranial suture, and do not pene-
trate the meninges. Differently treated sterile gelatin sponges
were then placed over the bone defect. Soft tissue was closed
with a 4–0 suture. After the operation, 10 U/kg penicillin was
injected intramuscularly for three days to prevent infection.
Four and eight weeks after surgery, the calvarial bone was
removed, fixed in 4% paraformaldehyde solution for 48 h,
and then analyzed by micro-computed tomography (micro-
CT). Analysis was performed at 80 kV and 80 mA using a
micro-CT system (MILabs, U-CT-XUHR, Netherlands) to
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quantify the mineralized tissue ingrowth inside the defect.
Aftermicro-CT imaging, the sampleswere immersed in ethy-
lene diamine tetraacetic acid (EDTA) decalcification solution
for one month. The samples were then dehydrated in a series
of ethanol solutions and embedded in paraffin, and 5 µm
sections were prepared for hematoxylin and eosin (H&E)
staining and immunohistochemical staining of RUNX2 and
CD31.

Statistical analysis

All numerical data are expressed as themean±standard devi-
ation (SD). Statistical analysis was performed by indepen-
dent sample’s t test. One-way analysis of variance (ANOVA)
was used to compare multiple groups and p<0.05 was con-
sidered to be statistically significant. All statistical analyses
were performed using SPSS 22.0 software (SPSS, Chicago,
IL, USA).

Results and discussion

BD-MSNs with good physicochemical properties
were prepared

In this work, nanosilicon dioxide was used as the template,
and magnesium chloride was used as the magnesium source
to wrap the template by the chemical deposition method
as mentioned in previous study [30]. After purification, the
morphology and structure of MSNs and BD-MSNs were fur-
ther observed. SEM showed that the prepared silica colloidal
spheres were round, smooth, and uniform, showing ideal sta-
bility (Fig. 1a). After grafting onmagnesium by the chemical
sacrificialmethod,MSNs showed a shape similar to bayberry,
with a loose and porous surface (Fig. 1b). The hydrothermal
reaction did not affect the homogeneity of the nanoparti-
cles, whose particle size was similar to that of silica colloidal
spheres. More interestingly, through the cross-section of the
nanoparticle, we found that its interior is a hollow structure,
and the flower-like edge exposes the pores through the inside
and outside. The results of TEM also confirmed its loose and
porous structure (Figs. 1c and 1d). The EDS results described
the spatial distribution of silicon and magnesium ions, con-
firming the successful incorporation of magnesium into the
MSNs (Figs. 1e–1h).

XRD patterns of SiO2, MSNs and BD-MSNs were
recorded and are displayed in Fig. 1i. SiO2 exhibited only
one broad peak at 22° due to its composition of amorphous
silica, of which the reactivity is greatly enhanced [31]. Peaks
at 20°, 32.5°, 34.9°, 52.8°, 60.5°, and 71.6° were found in the
MSNs, which corresponded to magnesium silicate crystals
(Mg3Si4O9(OH)4) according to JCPDS (Joint Committee
on Powder Diffraction Standards) No. 03–0174 [32]. The

addition of benidipine did not change the position of the
characteristic peaks of MSNs. To further confirm the for-
mation of MSNs, FTIR was used to analyze the chemical
structures of the samples (Fig. 1j). In the spectrum of SiO2,
the bands at 798, 1219, and 1042 cm−1 were attributed to the
stretching and deformation vibrations of SiO2. The bands at
1633 and 3421 cm−1 were ascribed to O–H vibrations from
adsorbed water [33]. No other bands were observed, suggest-
ing that pureSiO2 fiberswere prepared successfully.After the
hydrothermal reaction, MSNs and BD-MSNs showed char-
acteristic absorption peaks at approximately 667, 793, 1015,
1628, and 3443 cm−1. Theweak absorption peak at 667 cm−1

corresponds to the stretching vibration of Si–O–Mg. The
weak absorption peaks at 793 and 1015 cm−1 correspond
to the bending vibration and stretching vibration of Si–O–Si,
respectively [34]. The peak at 1015 cm−1 corresponds to the
new bonds formed outside Si–O–Si. The absorption peak
at 1628 cm−1 corresponds to the stretching vibration of
hydrogen-bonded water molecules. The broad absorption
peak appearing near 3443 cm−1 was associatedwith the char-
acteristic absorption bands for Mg–OH [35]. These results
demonstrate the transformation process from SiO2 to MSNs
during the hydrothermal reaction. In addition, compared
with the infrared spectrum results of Benidipine in Fig. S1
(Supplementary Information), BD-MSNs showed the char-
acteristic peaks consistent with the pure Benidipine at 2968
and 3265 cm−1, representing N–H and CH3, respectively;
that is, benidipine was successfully loaded into BD-MSNs.
The specific surface area and pore size distribution were
investigated by nitrogen (N2) adsorption–desorption mea-
surements, as shown in Fig. 1k. The isotherms of flower-like
MSNs showed typical type IV curves with H4 hysteresis
loops. The calculated Brunauer–Emmett–Teller (BET) sur-
face area was 235.37 m2/g, and the mean diameter and pore
volume were 3.74 nm and 0.20 cm3/g (Fig. 1l), respec-
tively, revealing that MSNs have a good loading capacity
for biologic agents. As displayed in Fig. 1m,MSNs are nega-
tively charged in aqueous solution. BD-MSNs have a slightly
higher zeta potential thanMSNs. The results of thermogravi-
metric analysis showed that only 10% of the mass of MSNs
was lost when the temperature was increased to 181 °C,
which may be explained by the volatilization of benidip-
ine. When it reaches a high temperature of 800 °C, the mass
drops to 72.57%, which proves that the material has thermal
stability (Fig. 1n). The supernatant was detected to calcu-
late the drug loading rate of the nanoparticles. As shown in
Fig. S2 (Supplementary Information), the standard curve of
benedipine is plotted. According to the formula calculated in
the above method, MSNs can effectively encapsulate a large
amount of benidipinewith adrug loading rate of 334.52mg/g,
owing to the high specific surface area of MSNs. The release
kinetics of the drug showed that BD release could be slowly
sustained, and the cumulative release of BD from BD-MSNs
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Fig. 1 Magnesium silicate nanoparticles (MSNs) with good physic-
ochemical properties were prepared. a, b Representative scanning
electron microscopy (SEM) images of SiO2 nanoparticles and MSNs.
The magnifications are 10000× and 60000×. c A transmission elec-
tron microscopy (TEM) image of MSNs. dMagnified image of picture
(c). e–g Elemental mapping (Si, Mg, Merge) of MSNs. h Results of
compositional analysis of MSNs using energy dispersive spectrometer
(EDS). iX-ray diffraction (XRD) patterns of SiO2 (gray), MSNs (blue),

and benidipine-loaded magnesium silicate nanoparticles (BD-MSNs)
(red). j Fourier transform infrared spectroscopic (FTIR) spectra of SiO2
(gray), MSNs (blue), and BD-MSNs (red). k N2 adsorption–desorption
isotherms ofMSNs. l Pore diameter distribution ofMSNs.m Zeta anal-
ysis of MSNs and BD-MSNs. n Thermogravimetric curves of MSNs.
oCumulative release of Benidipine HCl (BD) over 24 h (n=3). pCumu-
lative release of silicon and magnesium ions over 25 d (n=3)

within 24 hwas 27.014µg/mg (Fig. 1o). As shown in Fig. 1p,
silicon and magnesium ions can also be slowly released with
the degradation ofMSNs.As twobasic elements in bonemin-
erals, the release of silicon and magnesium provides certain
biological activity for materials in the bone reconstruction
field [36].

BD-MSNs have better biocompatibility and can be
efficiently taken up by preosteoblasts

To explore the biological activity of BD-MSNs in vitro, we
detected the effect of different samples on cell proliferation.
In this study, MC3T3-E1 subclone 24 was selected as the
experimental cell line because it has multiple subclones and

can be used as a good model for studying osteoblast dif-
ferentiation in vitro. The CCK8 results showed that MSNs
and BD-MSNs have good cytocompatibility in the concen-
tration range of 12.5–200 µg/mL (Fig. 2a). According to
our previous studies, the optimal concentration of BD was
0.005–0.542 µg/mL [19]. Considering the drug loading and
slow-release characteristics of MSNs, we finally selected
12.5 µg/mL MSNs and BD-MSNs and 0.338 µg/mL BD
as the subsequent experimental concentrations. The BD-
MSNs also had excellent blood compatibility, as evidenced
by the low hemolytic index even at a high concentration
of 200 µg/mL (Fig. 2b). Collectively, these results provide
favorable evidence for the excellent biocompatibility of BD-
MSNs for the delivery of therapeutics.
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Fig. 2 Benidipine-loaded magnesium silicate nanoparticles (BD-
MSNs) have better biocompatibility and can be efficiently taken up
by preosteoblasts. a Cell viability of MC3T3-E1 incubated with mag-
nesium silicate nanoparticles (MSNs) and BD-MSNs at concentrations
ranging from 0–200 µg/mL for 24 h (n=3; *p< 0.05, ***p<0.001).
b A hemolysis test was conducted to evaluate the blood compatibil-
ity of BD-MSNs at various concentrations (n=3). c Cellular uptake
effects of MSNs and BD-MSNs for 1–48 h (n=3; *p<0.05, **p<0.01).
d Quantitative analysis of the influencing factors of uptake using
different treatments, including chlorpromazine, amiloride, nystatin,

low-temperature (4 °C), and serum-free treatment (n=3; *p<0.05,
**p<0.01, ***p<0.001). e Laser scanning confocal microscopy
(LSCM) images of MC3T3-E1 cells treated with the BD-MSNs
(green), 4,6-diamidino-2-phenylindole (DAPI, blue), and phalloidin
(red). f LSCM images of the intracellular distribution of fluorescein
isothiocyanate isomer I (FITC)-modified BD-MSNs in MC3T3-E1
cells, followed by treatment with LysoTracker Red. g Transmission
electron microscopy (TEM) images of MC3T3-E1 cells treated with
BD-MSNs for 1 h to 48 h
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The cellular uptake of MSNs is the first and most impor-
tant step in exerting biological effects. First, we explored
the internalization efficiency of MSNs and BD-MSNs. As
shown in Fig. 2c, the nanoparticles could be efficiently taken
up by MC3T3-E1 cells, in a time-dependent manner. The
internalization rate of MSNs has exceeded 30% within 4 h.
This may be attributed to its soft surface structure. Compared
with smooth and hard solid spherical structures, hollow struc-
tures with flocculent surfaces are more likely to adhere to
cells and be further taken up because they provide more cell
binding sites and are prone to compression and deformation
when interacting with cells [37–39]. Notably, the internal-
ization efficiency of BD-MSNs was found to be significantly
higher than that of MSNs at 4, 8, and 12 h. The interac-
tion process between particles and cells strongly depends on
the physicochemical properties of the particles themselves,
such as surface chemistry [40], size [41], morphology [42],
surface potential [43], and functionalization [44, 45]. The
positive charge on the nanoparticle surface is easier to com-
bine with the negative charge on the cell membrane surface
[46]. The higher surface charge of BD-MSNs than MSNs
may explain its improved uptake efficiency. Moreover, BD
is a lipid-soluble compound, that is more likely to interact
with the cell membrane and directly penetrate into the cell
interior [47].

The internalization of nanoparticles occurs
via clathrin-dependent endocytosis

Endocytosis is a critical step in the process by which many
therapeutic nanodrugs reach their intracellular target sites.
To reveal the internalization mechanism of MSNs and BD-
MSNs, we applied CHL (10 µg/mL), AMI (50 µg/mL),
and NYS (10 µg/mL) as relative endocytosis inhibitors.
CHL is a phenothiazine-derived antipsychotic drug (APD)
that may inhibit clathrin-mediated endocytosis (CME) in
cells by inhibiting AP2 [48]. AMI inhibits the exchange of
sodium ion channels and sodium hydrogen ions and is an
inhibitor of themacropinocytosis pathway [49].NYSbinds to
cholesterol and affects cell membrane fluidity, which in turn
mediates pathways including lipid rafts, cholesterol-enriched
microdomains, and caveolae [50]. Flow cytometry analysis
showed that the uptake of MSNs and BD-MSNs by CHL-
treated cells was significantly reduced, while the application
of the other two inhibitors did not affect the internaliza-
tion of the samples, demonstrating that the internalization
of nanoparticles occurs via clathrin-dependent endocytosis
rather than caveolae-dependent endocytosis ormacropinocy-
tosis (Fig. 2d). Such endocytosis may involve a complex
process, including (1) cytoplasmic proteins involved in endo-
cytosis forming a coated pit; (2) plasma membrane bending

and invagination; (3) intracellular vesicles formed after sep-
aration of invaginated necks; (4) release and recovery of
substances in vesicles [51].

Nocodazole (NOC) inhibits the dynamics of microtubules
and promotes their depolymerization, thereby affecting cel-
lular endocytosis [52]. The uptake of MSNs and SD-MSNs
was also significantly reduced in cells pretreated with noco-
dazole, suggesting that microtubules are involved in the
internalization of MSNs and BD-MSNs. Low-temperature
(4 °C) treatment reduces membrane fluidity and signifi-
cantly inhibits cellular uptake [53]. Our data show that there
are still a few nanoparticles that can be taken up by cells
with 4 °C of preconditioning, demonstrating that energy-
independent internalization is also involved. Apart from that,
in the absence of serum (SFM), MSNs and BD-MSNs bind
more tightly to the cell membrane, and the endocytosis effi-
ciency is higher, which indicates that serum protein binding
on the nanoparticle surface partly hinders the interaction
between MSNs and cells.

BD-MSNs are uniformly distributed in the cytoplasm
andmostly colocalize with lysosomes

To better distinguish the localization of nanoparticles, the
fluorescence of BD-MSNs in MC3T3-E1 cells was observed
using LSCM.Weobserved FITC-labeled nanoparticles in the
cytoplasm surrounding the nucleus (Fig. 2e). After uptake
by cells, nanomaterials are mainly located in the lysosome
(Fig. 2f). Nanoparticles are endocytosed into cells and enter
early endosomes, which can be recycled to the cell surface
or enter late endosomes and then integrated into lysosomes
[54]. Lysosomes are associated with autophagy and affect
cell activity, apoptosis, and function. Yang et al. [55] found
that autophagy is activated after nanoparticles are taken into
cells, promotingosteogenesis andpromoting autophagosome
formation by binding to LC3 and p62.

To better visualize the internalization of nanoparticles, we
collected cells at different time points, processed, embedded,
and sliced them for TEM observation. TEM showed that the
MSNs were successfully internalized into cells, usually in
clusters (Fig. 2g). After internalization, the number of lyso-
somes around the nanoparticles increased. To a large extent,
our results demonstrate that MSNs can maintain long-term
stability in vitro to warrant their function as nanocarriers
for drug delivery. Nanoparticles typically have three fates
after being ingested by cells: The first is degradation by
lysosome enzymes, which are most suitable for degradable
particles [56]. In addition, some nanoparticles may be par-
tially degraded and reduced in size and then eliminated
by exocytosis [57]. Furthermore, most inorganic colloidal
nanoparticles and nanoparticles made from nondegradable
polymers cannot be degraded or easily excreted because they
are exceptionally stable and relatively large in size [58].With
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the extension of the culture time, the nanoparticles were con-
tinuously digested by the cells. After MSNs were incubated
with MC3T3-E1 for 48 h, a large number of nanoparticles
lost their original morphology.

BD-MSNs promote osteogenic differentiation
andmineralization of preosteoblasts

To investigate the role of BD-MSNs in promoting osteogen-
esis in vitro, MC3T3-E1 cells were cocultured with different
samples (BD, MSNs and BD-MSNs) for 3 and 7 days. After
3 days, the expression of OCN in each group was signifi-
cantly upregulated, and the level of OCN expression in the
BD-MSN group was the most significant. On Day 7, the
gene expression of ALP, COL-1, OCN and RUNX2 in the
BD, MSN and BD-MSN groups was higher than that in the
control group, and the difference was statistically signifi-
cant (p<0.05) (Figs. 3a and 3b). As shown in Fig. 3c, the
ALP staining results showed that MC3T3-E1 cells treated in
the BD, MSN, and BD-MSN groups exhibited significantly
higher ALP activity, with the most evident staining in the
BD-MSN group. Similar results were obtained with Alizarin
red staining on Day 21 (Fig. 3d).

Osteoblasts are thought to be able to sense and respond to
silicon. Silica transporters are present in plants, bacteria and
lower eukaryotes, and recent studies have shown that they are

also present in mammals [59–61]. During the cross-linking
of proteoglycans and collagen, silicon not only stabilizes the
bone matrix but also inhibits their degradation in vivo [62].
Silicate-based biomaterials have been reported to enhance
bone formation [63, 64]. Interestingly, the incorporation of
Mg2+ activates the canonical Wnt signaling pathway by
inducing protein reactions and downstream gene expression.
Activation of the pathway represses the tendency of mes-
enchymal stem cells to differentiate into the chondrogenic
and adipogenic lineages while enhancing the tendency to
differentiate into osteoblastic lineage [65]. Therefore, MSNs
can promote the expression of seed cell-related osteogenic
genes, mainly due to the release of silicon and magnesium.

Our previous study [19] found that BD, a kind of
dihydropyridine-type calcium channel blocker (CCB), might
suppress the possible function of osteoclasts through the
OPG/RANKL/RANK signaling pathway and promote the dif-
ferentiation of preosteoblasts toward osteogenic direction
through the BMP2/SMAD signaling pathway. CCB tends
to increase the alkaline phosphatase activity of osteoblasts
and stimulate mineral matrix deposition [66]. On the other
hand, osteoclasts can regulate the homeostasis of bone
formation and bone remodeling to maintain bone home-
ostasis. Calcium signaling is a crucial aspect of osteoclast
differentiation and function. RANKL activated Ca2+ sig-
naling receptors in osteoclasts through intracellular Ca2+

Fig. 3 Benidipine-loaded magnesium silicate nanoparticles (BD-
MSNs) promote osteogenic differentiation and mineralization of pre-
osteoblasts. a ALP, COL-1,OCN , and RUNX2 gene expression on Day
3. b ALP, COL-1, OCN and RUNX2 gene expression on Day 7. c ALP

staining and quantitative analysis on Day 14. d Alizarin red staining on
Day 21 and relative quantitative data through calcium nodule elution by
10% cetylpyridinium chloride (n=3; *p<0.05, **p<0.01, ***p<0.001)
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Fig. 4 Benidipine-loaded magnesium silicate nanoparticles (BD-
MSNs) can promote bone healing in critical calvarial defects in rats.
a Fluorescence imaging of the nude mouse treated with indocya-
nine green (ICG)-modified BD-MSNs in vivo. b 3D images from a
reconstructed craniumbymicro-computed tomography (micro-CT) and
section view at weeks 4 and 8. The transverse section of the image
shows gross osteogenesis, with the brown portion representing the
prepared bone defect area. c The corresponding quantitative analysis

(trabecular bone volume fraction (BV/TV), bone mineral density
(BMD), trabecular thickness (Tb. Th), and trabecular separation (Tb.
Sp)) of different groups after implantation in calvarial defects for
four weeks (n=3; *p<0.05, **p<0.01, ***p<0.001). d The correspond-
ing quantitative analysis (BV/TV, BMD, Tb. Th, Tb. Sp) of different
groups after implantation in calvarial defects for eight weeks (n=3;
*p<0.05, **p<0.01, ***p<0.001)

calmodulin (CaM). Binding of Ca2+ to CaM stimulates
Ca2+/CaM-dependent kinase (CaMK) and calcineurin, lead-
ing to activation of the osteoclast-related gene NFATc1 [67].
Several calcium channel blockers did inhibit osteoclast dif-
ferentiation and bone resorption by modulating calcium
signaling. Additionally, benidipine is prone to indirectly
regulate the reconstruction of bone defects by reducing
blood pressure. Gratifyingly, BD-MSNs superimposed the
biological effects of BD and MSNs and synergistically fur-
ther promoted the osteogenic differentiation of MC3T3-E1
cells.

BD-MSNs can promote bone healing in critical
calvarial defects in rats

We evaluated the in vivo biosafety of the nanoparticles. As
shown in Fig. S3 (Supplementary Information), there was
no visible damage to the naked eye after tail vein injection
of the nanoparticle suspension in each experimental group of
heart, liver, spleen, lung and kidney tissues. In the skull defect
model, a gelatin sponge was used as a scaffold for each com-
ponent implanted in the defect area. We performed in vivo
imaging experiments in mice treated with gelatin sponges
and BD-MSNs, and observed them for 7 days (Fig. 4a). The
results showed that the gelatin sponge can effectively carry
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Fig. 5 More mineralized collagen fibers and higher expression of
RUNX2 and CD31 were observed at the defect sites of the group
of benidipine-loaded magnesium silicate nanoparticles (BD-MSNs).
a Masson’s trichrome staining images of the bone tissues at weeks 4
and 8. The left side is a general view of the section; the right side is the
magnification of the center and marginal area of the tissues (blue box
in the first column). b Statistical analysis of new bone area in the 4th
week (n=3; *p<0.05, **p<0.01, ***p<0.001). c Statistical analysis of
new bone area in the 8th week (n=3; *p<0.05, **p<0.01, ***p<0.001).

d Representative RUNX2 staining images in four treatment groups in
the 8th week. e The corresponding quantitative data of the RUNX2-
positive cells in the bone tissues in the four treatment groups in the 8th
week (n=3; *p<0.05, **p<0.01, ***p<0.001). f Representative CD31
staining images in four treatment groups in the 8th week. g The corre-
sponding quantitative data of the CD31-positive cells in the bone tissues
in the four treatment groups in the 8th week (n=3; *p<0.05, **p<0.01,
***p<0.001)

the nanoparticles so that they can be localized in the skull
defect, and a small amount of fluorescent signal can still
be observed in the skull on Day 7, providing evidence that
nanoparticles can favor local bone healing.

Benefiting from the long-acting and sustained-release
effect of BD-MSN nanoparticles, potential bone repair in the
critical skull defect areas will persist. The micro-CT images
showed rare new bone formation in the control group after
four weeks, while more new bone was formed in the BD-
MSN group. In the 8th week, the bone healing in each group
was much better, and the new bone formed in the BD-MSN

group covered almost 85% of the bone defect area (Fig. 4b).
Quantitative micro-CT analysis showed that the trabecular
bone volume fraction (BV/TV) and bone mineral density
(BMD) were significantly increased in the BD-MSN group
compared with the other groups at weeks 4 and 8 (Figs. 4c
and 4d).

H&E staining showed that throughout the bone repair pro-
cess, a large amount of connective tissue and vascular tissue
was distributed in the bone defect area. The bone defect area
in the control group was mainly covered by fibrous connec-
tive tissue, while the BD,MSN andBD-MSN groups showed
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more mature bone tissue with more blood vessels and col-
lagen production, which was consistent with the micro-CT
results. After eight weeks, these flail-like tissues covered
almost the entire bone defect in the BD-MSN group (Fig.
S4 in Supplementary Information). The magnification views
of MSNs and BD-MSNs show increased blood vessels. In
addition, both BD andMSNs had been filled with fibrous tis-
sue, while a larger blue area was displayed in the BD-MSN
group (Fig. 5a). Some cuboid osteoblasts could be observed
at the edge of the defects which indicated the formation of
active osteogenesis. Statistical analysis of the newly formed
bone area demonstrated that the BD-MSN group had the
largest new bone area in the stage of the bone healing pro-
cess (Figs. 5b and 5c). Furthermore, immunohistochemical
staining of RUNX2 and CD31 was used to further determine
the healing of rat calvaria under different treatments. Angio-
genesis and bone defect reconstruction are complementary.
RUNX2 and CD31 were highly expressed in the BD-MSN
group, followed by the MSN group and the BD group, with
the control group exhibiting the lowest expression (Figs. 5d–
5g and Fig. S5 in Supplementary Information).

Conclusions

Hypertension affects bonemetabolismand interfereswith the
normal healing of bone defects. Among many antihyperten-
sive drugs, benidipine can not only relieve hypertension and
thus indirectly regulate bone metabolism but also directly act
on local bone tissue, which plays a dual role in promoting the
repair of bone defects. The magnesium silicate nanoparticles
we designed, as an ideal drug carrier, realize the long-acting
and slow release of benidipine. Through the effect of syner-
gistic promotion, this drug delivery system offers potential
for future bone repair in hypertension.

Supplementary Information The online version contains supplemen-
tarymaterial available at https://doi.org/10.1007/s42242-023-00240-8.
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