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ABSTRACT
Mesoporous bioactive glass nanoparticles (MBGNs) have been
wildly used to deliver therapeutically active ions as multi-functional
nanocarriers for bone regeneration applications. Copper (Cu), stron-
tium (Sr), and zinc (Zn) were successfully incorporated into the
MBGNs (60SiO2-40CaO) using the microemulsion-assisted sol-gel
method and the post-functionalization process. The monodispersed
spherical particles with a diameter size range of 110 ± 20 nm (SEM)
were stable in the aqueous solution (Zeta potential >-30 mV). Sr, Zn,
and Ag were successfully incorporated into the MBGNs without
altering their amorphous structure and chemical structure of the
particles. The diameter pore ranged from 4.5 to 5.6 nm indicat-
ing the mesoporous structure. The surface area increased from
120 (MBGNs) to 128 m2g-1 (doped MBGNs). All MBGNs exhibited
in vitro bioactivity when immersed in simulated body fluid and
showed no cytotoxicity towards MC3T3-E1 pre-osteoblast cells up
to the particle concentration at 200 `g/mL. Sr-Zn@MBGNs, Sr-
Ag@MBGNs, and Sr-Ag-Zn@MBGNs showed antibacterial activity
against E. coli and S. aureus. The addition of Sr, Zn, and Ag to
MBGNPs enhanced their effectiveness in antibacterial activity and
bioactivity.
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1 INTRODUCTION
Bioactive glasses (BGs) are silica-based glasses in which the silica is
network former and modified with network formers, network mod-
ifiers, and intermediate including alkali metals such as sodium and
potassium or alkaline earth metals such as calcium and magnesium
[1-3]. The first bioactive glass, 45S5 Bioglass®, composed of 46.1
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mol% SiO2 26.9 mol% CaO 24.4 mol% Na2O and 2.5 mol% P2O5, was
developed by Hench in the late 1960s and early 1970s [4]. BGs can
form bonds to the host bone tissue without the formation of scar
tissues between the implant material and the host tissue in in vivo
and was easy to melt due to the lower malting point of Na2O [4, 5].
BGs have been improved the biocompatible and bioactive proper-
ties by incorporating the silica tetrahedron based material with the
network modifiers [3]. The therapeutic ions contained within the
BGs were released and diffused into the body fluid, leading to the
activation of osteoinduction through the expression of genes that
promote the formation of new bone [6-8]. BGs have been used in
various forms such as granules, microparticles, and nanoparticles.
Dense and mesoporous bioactive glass nanoparticles have been in-
tensively interested in using as a nanocarrier for stimulating bone
formation. This interest stems from their unique characteristics,
such as a large specific surface area, the ability to be taken up by
cells, and the capacity to localize and release therapeutic ions or
agents in a targeted manner [9-12].

Mesoporous bioactive glass nanoparticles (MBGNs) have in-
creased significant attention in recent years due to their unique
properties and potential applications in various fields, including
biomedicine, drug delivery, tissue engineering, and regenerative
medicine. MBGNS have ordered and interconnected pore structures
with diameter pore size ranging from 2 to 50 nm that provide a
high surface area and large pore volume, enabling efficient load-
ing and sustained release of therapeutic agents. The large surface
area of mesoporous structure allowed efficient interactions with
biomolecules and cells, resulting in enhancing their biological activ-
ity and cellular interactions such as cell adhesion, proliferation, and
differentiation. In addition, therapeutic ions released from MBGNs
stimulated osteogenic and angiogenic properties that are particu-
larly useful in bone tissue engineering and repair applications.

The composition of MBGNs was crucial for controlling their
biocompatibility, bioactivity, degradation rate, drug delivery capa-
bilities, and surface properties. The composition of MBGNs can be
tailored to ensure biocompatibility with specific biological response.
Optimizing the composition enables the development of MBGNs
that were better suited for specific applications in biomedical engi-
neering and regenerative medicine. The beneficial cations such as
calcium (Ca), strontium (Sr), zinc (Zn), copper (Cu), and silver (Ag)
have been incorporated into the silica network to perform a sus-
tained release and enhance bioactivity. Ca, an essential component
of bone tissue, enhances bioactivity through the release of ions
and the formation of a biologically active surface layer. Ca played
a role in stimulating osteoblast activity and inhibiting osteoclast
activity. Sr, a beneficial trace element, can stimulate bone formation
by inducing osteoblast activity and inhibiting osteoclast activity
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[13-17]. Zn, an essential trace element, has been shown to have an
important role in bone formation both in vitro and in vivo [18]. It is
fundamental for bone cell growth, development, and differentiation
[19]. Zn deficiency causes skeletal growth delay and is associated
with alterations in bone tissue calcification [20]. Zn also has inher-
ent antibacterial properties. Ag imparted additional antimicrobial
properties to MBGNs [21]. The release of Ag fromMBGNs provided
a sustained antimicrobial effect, inhibited the growth of bacteria,
fungi, and other microorganisms, thus preventing infections [22].

MBGNs showed a unique combination of bioactivity, controlled
drug delivery, biocompatibility, and tunable biological properties.
These properties make them promising candidates for a wide range
of biomedical applications. However, the concentration of doped
ions and their potential cytotoxicity should be carefully consid-
ered. Thus, the aim of this research was to develop multifunctional
MBGNs through the combination of bone regeneration and antibac-
terial properties by incorporating Sr, Zn and Ag into SiO2-CaO
binary glass system. The composition of MBGNs was modified
using Sr, Zn and Ag co-doping to extend the therapeutic effect of
MBGNs. The multifunctional of Sr, Zn, and Ag doped MBGNs were
synthesized using the microemulsion-assisted sol-gel method. The
cationic surfactant (Cetyltrimethylammonium bromide, CTAB) was
used to generate the pore pattern. The impact of Sr, Zn, and Ag
doped into the 60SiO2-40CaO binary glass system on bioactivity
and cellular response was investigated.

2 MATERIALS AND METHODS
All reagents were from Sigma–Aldrich (St. Louis, MO, USA) un-
less stated otherwise. The following were used in this study:
tetraethyl orthosilicate (TEOS), ethyl acetate, ammonium hydrox-
ide, ethyl alcohol (99.5%), calcium nitrate tetrahydrate (99%), stron-
tium nitrate (99%), zinc nitrate hexahydrate (≥98%), silver nitrate
(99%), phosphate buffered saline (PBS), sodium chloride (NaCl),
sodium hydrogen carbonate (Na-HCO3), potassium chloride (KCl),
di-potassium hydrogen phosphate trihydrate (K2HPO4.3H2O), mag-
nesium chloride hexahydrate (MgCl2.6H2O), hydrochloric acid
(HCl), calcium chloride (CaCl2), sodium sulfate (Na2SO4), minimum
essential medium eagle alpha (U-MEM, GibcoTM, Thermo Fisher
Scientific, Waltham, MA USA), fetal bovine serum (FBS, Thermo
Fisher Scientific), Antibiotic-Antimycotic (Thermo Fisher Scientific),
trypsin-EDTA (Thermo Fisher Scientific), 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT, Thermo Fisher Sci-
entific), dimethyl sulfoxide (DMSO), dexamethasone (DEX), V-
glycerophosphate, L-ascorbic acid, paraformaldehyde, Alizarin
Red S, Mueller-Hinton Agar (MHA, Difco™, Bangkok, Thailand),
MC3T3-E1 cells (ATCC® CRL-2593™) was purchased from ATCC
(Biomedia, distributor of ATCC).

2.1 MBGN preparation
Briefly, 0.5 g of CTAB was dissolved in 26 mL of pre-heated deion-
ized water at 55℃ in a 250 mL DURAN® original laboratory bottle
at a stirring rate of 500 rpm for 3 minutes. Then, 8 mL of ethyl
acetate was added in the mixed solution. 5.6 mL of 2 M ammonium
hydroxide solution was added. 2.9 mL of tetraethyl orthosilicate
(TEOS) was added and stirred for 30 minutes. Then calcium nitrate
tetrahydrate, strontium nitrate, zinc nitrate hexahydrate, and silver

nitrate were weighed (with the nominal ratio as shown in Table
1) and added. After 4 h of reaction, the colloidal particles were
collected using centrifugation at 7380 rpm for 30 minutes. The
particles were washed with DI water two times and ethanol two
times before drying at 60 ℃ overnight and calcination at 680℃ with
a heating rate of 2℃/minute for 4 h.

2.2 MBGN characterization
To investigate the size and morphology of the particles, dynamic
light scattering (DLS) and emission scanning electron microscopy
(SEM, JEOL, JSM-6610 LV, Japan) operating at 20 kV were used. To
confirm the elemental components of the synthesised MBGNs, X-
ray fluorescence (XRF: Fisher/XUV773) with X-ray generators in at
20 kV operating in a vacuumwere used. To analyze texture analysis,
specific surface area analyzer (BET, BELSORP-mini II, BEL, Japan)
was used. BETmultipoint analysis was used to calculate the specific
surface area, as the material being used is mesoporous, the P/Po
data points were selected from the range 0.05-0.35. To identify the
functional groups and crystalline structure of the MBGNs, Fourier
transform infrared spectroscopy (FTIR; Thermo Scientific Nicolet
iS5, USA) in attenuated total reflection (ATR)mode at awavenumber
ranging from 4000 to 400 cm−1 at a scan speed 32 scan/min with a
resolution of 4 cm−1 and X-ray Diffractometer (XRD, Bruker AXS
Model D8 Advance, Germany) using Cu KU radiation (1.5406 A°)
at 40KV/40mA. Data were collected in the 10–70° 2\ range with a
step size of 0.02° and a dwell time of 0.5 s were used, respectively.

2.3 Bioactivity Assessment
75 mg of particles were incubated in the 50 ml of SBF solution at
pH 7.4 37 ℃ shaking at 120 rpm for 21 days. The morphological
structures and composition of soaked particles were detected using
SEM (JEOL, JSM-6610 LV, Japan) and EDS-SEM (OXFORD, INCAx-
act, UK), respectively.

2.4 Cytotoxicity Assessment
To evaluate the cytotoxicity effect of scaffolds on cell viability, MTT
colorimetric assay (Thermo Fisher Scientific) was used according
to the manufacturer’s instructions. MC3T3-E1 cells (ATCC® CRL-
2593™) were seeded in the flat-bottomed 96-well plates at the cell
concentration 5×103 cells/well. The MC3T3-E1 were treated with
different concentrations of particles ranging from 0 to 1 mg/mL: 0, 1,
10, 50, 100, 200, 250, 500, 750, and 1000 `g/mL for 24 h. Cell viability
was determined using the MTT colorimetric assay based on the
conversion of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) into formazan. The formazan is soluble in dimethyl
sulfoxide (DMSO) and the concentration of soluble formazan was
determined using a microplate reader (Infinite®200 Tecan, Aus-
tria) at 570 nm. The relative cell viability (% viability compared to
untreated cells: control) was calculated as mean value ± standard
error of the mean (n = 6).

2.5 Antibacterial activity
Antibacterial activity was determined using the disc diffusion
method against Staphylococcus aureus ATCC 6538 and Escherichia
coli ATCC 8739 (obtained from the Department of Microbiology,
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Figure 1: SEM images of (a) MBGNs, (b) Sr@MBGNs, (c) Sr-Zn@MBGNs, (d) Sr-Ag@MBGNs, and (e) Sr-Ag-Zn@MBGNs. JEOL,
JSM-6610 LV: Operate at 20 kV and 30 kX. Scale bar = 0.5 `m.

Table 1: Compositions of MBGNPs (nominal ratio)

% mol
SiO2 CaO SrO ZnO Ag2O

MBGNs 60 40
Sr@MBGNs 60 20 20
Sr-Zn@MBGNs 60 20 14 6
Sr-Ag@MBGNs 60 20 14 6
Sr-Ag-Zn@MBGNs 60 20 14 3 3

Faculty of Science, King Mongkut’s University of TechnologyThon-
buri, Thailand). E. coli and S. aureus isolates were grown overnight
on Mueller Hinton Agar (MHA) at 37℃ and streaked onto the dried
surface of an MHA plate. Twenty microliters of MBGNs were

dropped onto 6-mm-diameter Whatman® antibiotic assay discs and
placed onto the MHA plates. The halo zone was imaged using Gel
Documentation model Syngene Gene Genius after incubation at
37℃ for 18 h.

282



ICBBE 2023, November 09–12, 2023, Kyoto, Japan Parichart Naruphontjirakul and Wen-Ta Su

Figure 2: (a) FTIR and (b) XRD spectra of MBGNs, Sr@MBGNs, Sr-Zn@MBGNs, Sr-Ag@MBGNs, and Sr-Ag-Zn@MBGNs.

Table 2: Size and Zeta Potential of MBGNs

DLS Size (nm) PDI Zeta Potential (mV)

MBGNs 158.42 ± 5.56 0.23 ± 0.02 -36.87 ± 1.07
Sr@MBGNs 177.60 ± 8.75 0.19 ± 0.01 -33.60 ± 0.56
Sr-Zn@MBGNs 180.80 ± 0.79 0.17 ± 0.01 -43.90 ± 0.69
Sr-Ag@MBGNs 156.60 ± 4.55 0.20 ± 0.03 34.67 ± 0.57
Sr-Ag-Zn@MBGNs 185.67 ± 0.67 0.11 ± 0.00 -47.63 ± 1.14

2.6 Statistical Analysis
All reported values in this study are mean (SD). Statistical analy-
ses were performed by one-way analysis of variance (ANOVA) in
Minitab with the appropriate post hoc comparison test (Tukey’s
test). A p-value < 0.05 was considered significant.

3 RESULTS AND DISCUSSIONS
The monodispersed MBGNs with the particle size range of 160 ±
20 nm were successfully synthesised through the microemulsion-
assisted sol-gel process using 2M ammonium hydroxide as the base

catalyst to control hydrolysis and poly-condensation reactions that
controlled the size of the particles (Table 2). Therapeutic cations
including Sr, Zn, and Ag were doped into MBGNs (60SiO2-40CaO)
through the calcination process at 700 ℃ for 4 hours. The unre-
acted precursors were decomposed and eliminated through heat
treatment process. The spherical shape and uniformity within the
range of 110 ± 20 nm were observed using SEM (ImageJ software n
= 50). as shown in Figure1.

The elemental composition of MBNGs using XRF confirmed that
beneficial cations Sr, Zn, and Agwere successfully incorporated into
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Figure 3: SEM images of (a) MBGNs, (b) Sr@MBGNs, (c) Sr-Zn@MBGNs, (d) Sr-Ag@MBGNs, and (e) Sr-Ag-Zn@MBGNs after
immersion in SBF for 21 days. JEOL, JSM-6610 LV: Operate at 20 kV and 30 kX. Scale bar = 0.5 `m.

Table 3: Elemental composition of MBGNs

% mol
SiO2 CaO SrO ZnO Ag2O

MBGNs 73.81 26.19
Sr@MBGNs 70.14 15.13 14.73
Sr-Zn@MBGNs 59.38 5.11 4.54 30.97
Sr-Ag@MBGNs 58.72 5.45 6.57 29.26
Sr-Ag-Zn@MBGNs 59.35 5.94 5.38 15.18 14.15

the glass network as shown in Table 3. These results indicated that
the composition of MBNGs (60SiO2-40CaO) can be modified with
Sr, Zn, and Ag using the microemulsion-assisted sol-gel process.
Interestingly, the amount of Ca and Sr were significantly reduced
after Zn and Ag were incorporated indicating that Zn and Ag have
high binding efficiency to the silica network compared to Ca and Sr
[23]. The FTIR spectra indicated the identical chemical bonding of
silica network in the MBGNs (Figure 2 (a)). The transmittance peak
at 800 cm-1 and 1000-1200 cm-1 indicated the symmetric Si-O-Si
stretching and the asymmetric Si-O-Si stretching [24]. Doping with
different amounts of Sr, Zn, and Ag did not significantly change the
chemical structure of the particles. The XRD spectra of synthesised
MBGNs represented the broad halo band at 2\ ∼ 20-30ºthat related
to amorphous structure of MBGNs, indicating that Sr, Zn, and Ag
were doped to MBGNs whilst maintaining the amorphous structure
(Figure 2 (b)).

The textural properties of MBGNs were shown in Table4. The
diameter pore was comparable for MBGNs and doped MBGNs,
range from 4.5 to 5.6 nm. The surface area, pore volume, and pore

diameter of doped MBGNs were comparable to that of non-doped
MBGNs. These results indicated that the incorporation of Sr, Zn,
and Ag did not significant alter the physicochemical properties of
MBGNs including chemical bonding of silica network, amorphous
nature, specific surface area, pore volume, and pore diameter. The
in vitro biomineralization of particles was studied by immersing
them in the simulated body fluid (SBF) solution for 21 days and
imaging them using SEM and EDS-SEM (Figure 3). An apatite layer
(cauliflower-like) on the surface of the particles was formed after
soaking in the SBF solution for 21 days. This apatite formation fa-
cilitated the bone cell growth [25]. Moreover, the EDS-SEM results
confirmed Ca and P signal on the surface of the particles. The Sr,
Zn, and Ag remained inside the particles, suggesting that Sr, Zn,
and Ag performed the sustained release over 21 days of incubation.

The effect of MBGNs on In vitro cell viability of MC3T3-E1 was
investigated using MTT assay (Figure 4 (a)). The cell viability
of MC3T3-E1 treated with Sr@MBGNs statistically significant in-
creased at the concentration ≥ 250 `g/mL compared to the cells
treated with alternative particles at equivalent concentration. The
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Figure 4: (a) Effect of MBGNs, Sr@MBGNs, Sr-Zn@MBGNs, Sr-Ag@MBGNs, and Sr-Ag-Zn@MBGNs on MC3T3-E1 cell viability
after 24 h of incubation (n = 6 per group). (*) indicates a statistically significant difference compared to controls (untreated cells)
(p < 0.05). (b) Antibacterial diffusion ”halo” results against E. coli and S. aureus. Positive control (+ve) was Penicillin/Streptomycin
(Pen/Strep).

Table 4: Size and Zeta Potential of MBGNs

BET Surface Area (as,BET) Total pore volume Average pore diameter
[m2 g-1] [cm3 g-1] [nm]

MBGNs 120.64 0.31 4.52
Sr@MBGNs 128.58 0.31 5.53
Sr-Zn@MBGNs 127.66 0.37 5.37
Sr-Ag@MBGNs 124.30 0.34 5.61
Sr-Ag-Zn@MBGNs 124.32 0.33 5.50
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cell viability less than 70%was considered a cytotoxic effect. Adding
Ag and Zn into MBGNs caused toxic to the cell (at the concentration
≥ 250 `g/mL). The antibacterial effect of MBGNs was investigated
against E. Coli and S. aureus using a disc diffusion method (Fig-
ure 4 (b)). There was no inhibition zone formation of MBGNs.
Interestingly, Sr@MBGNs, Sr-Zn@MBGNs, Sr-Ag@MBGNs, and
Sr-Ag-Zn@MBGNs had antimicrobial properties with wide range
of activity against the Gram-positive (S. aureus) and Gram-negative
(E. coli) bacteria. The preliminary results indicated that the bacteria
growth was strongly inhibited by Zn and Ag containing MBGNs
associated with the release of Zn and Ag ions [26]. The specific
effects of Zn and Ag depended on their concentration. Thus, the
release profile of Zn and Ag from particles will be investigated in
future.

4 CONCLUSION
These preliminary results indicated that Zn and Ag were success-
fully incorporated into the MBGNs while maintaining the physico-
chemical properties of MBGNs. The monodispersed MBGNs with
the diameter size range 110 ± 20 nm were stable in an aqueous
solution. SEM images confirmed the spherical morphology of all
the synthesized particles. BET analysis confirmed the mesoporous
structure (2-50nm). Doping Zn and Ag in the MBGNs did not sig-
nificantly alter the specific surface area, pore size, pore volume,
and amorphous nature. MBGNs, Sr@MBGNs, Sr-Zn@MBGNs, Sr-
Ag@MBGNs, and Sr-Ag-Zn@MBGNs had no cytotoxicity effect on
pre-osteoblast cells up to the particle concentration of 250 `g/mL
and had the ability to form the apatite layer on the particle surface
after soaking in the SBF solution. Sr-Zn@MBGNs, Sr-Ag@MBGNs,
and Sr-Ag-Zn@MBGNs exhibited antibacterial effect against both
Gram-positive and Gram-negative bacteria. Taken together, Zn and
Ag containing MBGNs showed promising features for biomedical
applications.
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