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Multifunctional Zn and Ag
co-doped bioactive glass
nanoparticles for bone therapeutic
and regeneration
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Bone cancer has traditionally been treated using surgery, radiotherapy, and/or chemotherapy. The
nonspecific distribution of chemotherapy and implantable infections are significant risk factors for
the failure of the bone to heal. Multifunctional zinc and silver co-doped bioactive glass nanoparticles
(yAg—xZn-BGNPs) with a diameter of 150 + 30 nm were successfully synthesized using modified sol-
gel and two-step post-functionalization processes, tailored to provide antibacterial and anticancer
activity whilst maintaining osteogenesis ability. Co-doped BGNPs with Zn and Ag did not significantly
alter physicochemical properties, including size, morphology, glass network, and amorphous nature.
Apatite-like layer was observed on the surface of yAg—xZn-BGNPs and resorbed in the simulated
body fluid solution, which could increase their bioactivity. Human fetal osteoblast cell line (hRFOB
1.19) treated with particles showed calcified tissue formation and alkaline phosphatase activity in
the absence of osteogenic supplements in vitro, especially with 0.5Ag-1Zn-BGNPs. Moreover, these
particles preferentially disrupted the metabolic activity of bone cancer cells (MG-63) and had an
antibacterial effect against B. subtilis, E. coli, and S. aureus via the disc diffusion method. This novel
0.5Ag-1Zn-BGNP and 1Ag-1Zn-BGNPs, with wide-ranging ability to stimulate bone regeneration,
to inhibit bone cancer cell proliferation, and to prevent bacterial growth properties, may provide a
feasible strategy for bone cancer treatment. The 0.5Ag-1Zn-BGNPs and 1Ag-1Zn-BGNPs can be
applied for the preparation of scaffolds or filler composites using in bone tissue engineering.

Cancer is the second-leading cause of death worldwide, causing approximately 10 million deaths in 2020. Bone
cancer (malignant bone tumors) can occur in both children and adults, and is divided into 2 types: primary bone
cancer, caused by the dysfunctional bone cell itself (osteosarcoma), and secondary bone cancer (metastasis),
caused by the spread of cancer cells to the bone in the late stages of almost all cancers!~>. The typical approaches
for treating bone cancer are surgery, radiation, chemotherapy, and targeted therapy, based on evaluation of a
treatment’s benefits against its potential side effects, and depending on the type and stage of bone cancer. The
main purpose of surgery is to remove part of the cancerous area of bone and to reconstruct the bone. How-
ever, it’s usually combined with the other treatments. The combination of surgery and neoadjuvant or adjuvant
chemotherapy increased 5-year survival rates of patients with localized bone cancers up to 70%, but only up to
20% for patients with recurrent or metastatic bone cancer*. However, the adverse side effects of chemotherapy
caused both healthy and cancerous cell damage. In addition, infections during bone cancer treatment have the
potential to lead to failure of reconstructions. The rate of postsurgical infection was reported ranging from 12 to
47%>. The most commonly Gram-positive bacteria associated with biofilm-related infections is Staphylococcus
aureus®. Biomaterials containing antimicrobial agents or release therapeutics within the local microenvironment
have been developed. However, there are a limited number of studies with biomaterials containing bone regen-
eration, anticancer, and local antibiotic delivery capabilities. After bone cancer therapy, the next concern was
bone defects. Thus, multi-purpose biomaterials through either local or systemic administration have become an
essential research challenge”®. Non-specificity of radiation therapy and chemotherapy destroys both normal and
cancer cells, causing severe adverse side effects and significantly limiting their clinical applications’.

Biological Engineering Program, Faculty of Engineering, King Mongkut’s University of Technology Thonburi,
Bangkok 10140, Thailand. 2Department of Food Chemistry, Faculty of Pharmacy, Mahidol University,
Bangkok 10400, Thailand. 3Division of Pharmaceutical Technology, Department of Pharmacy, Faculty of
Pharmacy, Mahidol University, Bangkok 10400, Thailand. *email: parichart.nar@kmutt.ac.th

Scientific Reports|  (2023) 13:6775 | https://doi.org/10.1038/s41598-023-34042-w nature portfolio


http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-023-34042-w&domain=pdf

www.nature.com/scientificreports/

To improve the efficacy of cancer treatment and overcome drug resistance, nanoparticles (NPs) have been
introduced as nanocarriers in cancer treatment research because of their unique properties, including high
specific surface area and surface-to-volume ratio’. Size and morphology of nanoparticles play a critical role in
the internalization and localization of cancer cells. Moreover, leaky tumor vasculature in combination with a
poorly-developed lymphatic drainage system leads to selective penetration and accumulation of the NPs through
the passive targeting'’. In addition, NPs were modified with specific ligands such as monoclonal antibodies,
peptides, and aptamers to specific target the bone cells and tumors''.

Bioactive glass nanoparticles (BGNPs) have attracted extensive attention in the field of drug delivery systems
due to their biodegradability, bioactivity, and biocompatibility. BGNPs have great potential to induce new bone
formation through hydroxyapatite formation and protect infection through the released metallic ions, as well
as exhibiting anticancer activity'?. The desirable properties of BGNPs are based on their composition. Sol-gel-
derived BGNPs, with high porosity, controlled particle size uniformity, and high purity, have an amorphous
nature; therefore, various therapeutic cations can be incorporated into the glass network'’. Mesoporous BGNPs
have often been used in cancer treatment applications owing to their large pore size and area for loading thera-
peutic agents!*17.

In a previous study, strontium (Sr) was introduced into a glass network as a modifier cation by partially
replacing CaO with SrO'®. Sr-containing BGNPs (Sr-BGNPs) have the ability to enhance bone formation by
stimulating osteoblast activity and inhibit bone resorption by inhibiting osteoclast activity'**. Zinc (Zn) was
doped into BGNPs to improve bioavailability properties, including inhibiting osteoclastic bone resorption by
inhibiting osteoclast-like cell formation?!, inducing osteoblastic bone formation by activating osteoblast-like cell
differentiation?, preventing bacterial infections*>**, and exhibiting anticancer activity*. Silver (Ag) has been
incorporated into BGNPs to enhance bioactivity?®. Ag functioned as a network modifier in a glass network,
leading to a leaky network structure that could be easily degraded®”. Moreover, the Ag released from BGNPs
disrupted bacterial function®®*. However, the impact of either Zn or Ag compared to Sr-containing BGNPs on
bone cells has not been reported yet.

The dense BGNPs sustain the resorption, resulting in a prolonged therapeutic effect. The hypothesis of this
study was to promote the synergistic influence of Zn and Ag co-doping BGNPs on stimulating bone regeneration,
killing bone cancer, and preventing bone infection. The aims of this research were to develop multifunctional
BGNPs with a combination of bone regeneration, antibacterial, and anticancer properties by incorporating Zn
and Ag into a Si0,~CaO-SrO ternary glass system and to investigate the combined effect of Sr, Zn, and Ag thera-
peutic ions in dense BGNPs. The multifunctional Zn- and Ag-doped sol-gel-derived BGNPs were synthesized
using the sol-gel technique and two-step post-functionalization. The size and morphology of the particles were
evaluated using Scanning Electron Microscopy (SEM). The glass structure and amorphous nature were investi-
gated using Fourier Transform Infrared (FTIR) and an X-ray Diffractometer (XRD). The ions released through
particle degradation were evaluated using Transmission Electron Microscopy (TEM) and Energy-dispersive
X-ray Spectroscopy (EDX-SEM). The effect of BGNPs on the viability of MC3T3-E1, hFOB 1.19, and MG-63
cell lines was compared using MTT assay. Non-tumor and cancerous bone cells were selected to investigate the
anticancer activity of BGNPs. The antibacterial activity of prepared BGNPs against Bacillus subtilis, Escherichia
coli, and Staphylococcus aureus was assessed using the paper disc diffusion method.

Results and discussion
Dense monodispersed BGNPs with a diameter range of 150 + 30 nm were successfully synthesized through the
sol-gel and two-step post-functionalization processes as shown in Table 1. The zeta potential of 0Ag-0Zn-BGNPs
was -33.4 £ 6.2 mV. The zeta potential shifted to the positive when the Zn and Ag were incorporated. This might
be due to an increase in the overall amount of network modifiers in the glass network. Previous work reported
that Zn incorporated into the silica network with high binding affinity compared to Ca and Sr (the alkaline earth
metals); therefore, the two-step post-functionalization method was used to incorporate cations into the glass
structure. In this study, 0Ag-0Zn-BGNPs with a nominal ratio of Si:Ca/Sr 1:2 were fabricated first, followed by
the second post-functionalization with Zn and Ag (Table 3). The particles were monodispersed, with a spherical
structure homogeneous in size and shape, as shown in Fig. 1. However, the particle size of 1.5Ag-1.5Zn-BGNPs
was a bit smaller than other compositions. This may indicate that the addition of Zn at the nominal ratio of 0,
1, and 1.5, and Ag at 0, 0.5, 1.0, and 1.5, did not significantly affect the morphology and homogeneity of the
incorporated particles.

The elements in the composition of the prepared BGNPs were measured using X-ray fluorescence (XRF). The
XREF results demonstrated the incorporation of Ca, Sr, Zn, and Ag through the two-step post-functionalization.

Size (nm) PDI Zeta potential (mV)
0Ag-0Zn-BGNPs 167.13+2.73 0.25+£0.06 | —33.4+6.2
0Ag-1Zn-BGNPs 167.47 +£6.85 0.29+£0.03 | —25.7+5.8
0.5Ag-1Zn-BGNPs 170.20+6.39 0.49+0.06 | —13.9+2.4
1Ag-1Zn-BGNPs 170.53+11.13 | 0.35+0.03 | —16.7+1.8
1.5Ag-1Zn-BGNPs 161.60+4.94 0.37+£0.08 | -17.0+1.8
1.5Ag-1.5Zn-BGNPs 147.83+£9.14 0.23+0.03 | —164+1.3

Table 1. Particle size and surface charge of BGNPs.
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Figure 1. Bright field SEM images of sol-gel derived BGNPs (a) 0Ag-0Zn-BGNPs, (b) 0Ag-1Zn-BGNPs, (c)
0.5Ag-1Zn-BGNPs, (d) 1Ag-1Zn-BGNPs, (e) 1.5Ag-1Zn-BGNPs, and (f) 1.5Ag-1.5Zn-BGNPs (operating at
20 kV and magnification 30 kX, scale bars=500 nm).

The total amount of Ca and Sr in BGNPs decreased significantly—from approximately 53 to 18 wt%—when Zn
and Ag were doped, as shown in Table 2. These results indicated that Zn and Ag had a high binding affinity to
the silica network compared to Ca and Sr. When the nominal ratio of Ag increased, the amount of Ag in the
composition increased, while the amount of Zn in the composition decreased. The total amount of Zn and Ag
of 1.5Ag-1.5Zn-BGNPs was lower than that of 0, 1, and 1.5Ag-1Zn-BGNPs, implying not all doped Zn and Ag
could incorporate into the BGNPs.

ATR-FTIR spectra of BGNPs after calcination at 680 °C and 550 °C showed the unique, characteristic main
bands corresponding to the vibration modes of the Si-O-Si bonds in the regions of 1300 and 400 cm™, as shown
in Fig. 2a (Left panel). The broad band between 1300 and 1000 cm™ was associated with the Si-O-Si asymmetric
stretching vibration. The bands located at approximately 800 cm™ related to the symmetric Si-O-Si stretching,
and those at 450 cm™, to the rocking vibration of Si-O-Si bending®. The shoulder band at approximately 940
cm™" was reduced when Zn and Ag were doped through the second post-functionalization. These results indi-
cated the formation of bridging oxygen, resulting in an increase in network connectivity of the glass structure.
The XRD pattern of typical amorphous BGNPs showed a broad halo at low degrees (around 23-26°), clearly
indicating the structural disorder of the glass network prepared using the sol-gel method (Fig. 2b (Right panel)).
The XRD pattern confirmed the completely amorphous nature of all samples. There was no crystal pattern of
metal oxide in the XRD results, implying that Zn and Ag were successfully incorporated into the glass network
without a structural change®*%. Thus, it is possible to tailor BGNPs’ properties by incorporating bivalent cationic
ions, including Zn and Ag.

The in vitro bioactivity of the prepared dense monodispersed BGNPs was evaluated via apatite formation
through immersion in PBS and SBF solution at pH 7.4 in an incubating shaker at 37 °C, shaking at 120 rpm for
4 h, 1 day, 7 days, 14 days, and 21 days of incubation. After the interval time, the pH of the sample solutions
was recorded to monitor the hydrolytic stability. The pH of the SBF and PBS solutions for all samples did not
significantly change, as shown in Fig. 3a,b. However, the pH solution of 0Ag-0Zn-BGNPs showed a greater
increase than other groups. This was because the released ions played a role in stabilizing large changes in the

0Ag-0Zn-BGNPs 46.48+0.41 | 17.52+0.15 | 35.97+0.39

0Ag-1Zn-BGNPs 31.58+0.59 5.62+0.09 |21.40+0.26 | 41.40£0.26
0.5Ag-1Zn-BGNPs 28.14+0.43 5.14+0.04 |16.95+0.14 |27.94+0.17 |21.83+0.12
1Ag-1Zn-BGNPs 31.32+0.61 4.96+0.04 |13.77+0.16 |20.31£0.16 |29.64+0.29

1.5Ag-1Zn-BGNPs 31.10£0.79 4.33+0.19 | 14.03+£0.08 | 16.13+0.13 | 34.41+0.43
1.5Ag-1.5Zn-BGNPs 28.41+1.00 6.93+0.21 |22.30+£0.28 | 18.58+0.23 | 23.78+0.36

Table 2. Elemental compositions of BGNPs (wt%).
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Figure 2. (a) FTIR spectra and (b) XRD spectra of BGNPs.
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Figure 3. The pH solution of 0Ag-0Zn-BGNPs, 0Ag-1Zn-BGNPs, 0.5Ag-1Zn-BGNPs, 1Ag-1Zn-BGNPs,
1.5Ag-1Zn-BGNPs, and 1.5Ag-1.5Zn-BGNPs in (a) PBS solution at pH 7.4 and (b) SBF solution at pH 7.4.

pH of the solutions. The cations in the particle compositions were exchanged with the arouse environment to
stabilize silanol groups. The phosphate ions were precipitated on the particles’ surface. These results indicated
that the ions released from the particles did not alter the pH solutions over the period of study, implying that the
degradation products could not trigger an adverse effect to the cellular environment®.

The SEM images of particles after incubation in the SBF solution for 21 days revealed the formation of “cauli-
flower-like” structures on the particles’ surfaces, as shown in Fig. 4, indicating that apatite deposits had appeared
after immersion in the SBF for 21 days. The EDX-SEM profile showed the distribution of Si, Ca, Sr, Ag, Zn, and P
in a cross section of BGNPs soaked in SBE. The XRD pattern of particles after incubation in the SBF solution for
21 days confirmed the formation of apatite on the particle surface (Fig. 5). The crystalline peaks were matched
with the standard hydroxyapatite (JCPDS card No. 09-0432). The characteristics of major peaks were observed
for hydroxyapatite at 20 = 22.9°, 25.9°, 31.7°, 32.2°, 34.0°, 43.8° and 45.3°. Taken together, the ability of these
BGNPs to form an apatite-like layer on the surface and to resorb could increase the bioactivity responsible for
the bonding of bioactive glass to the host bone. Substituting Sr for Ca in the nanoparticle composition increased
the rate of dissolution and ion release, resulting in the stimulation of apatite formation®.

The bright-field TEM images of particles after immersion in the PBS and SBF solutions for 21 days indicated
that the particles had degraded, as shown in Fig. 6. In the PBS solution, there was a small change in the mor-
phology of the particle, from a smooth to rough surface, indicating the formation of salt on the particles’ surface
(white arrows in TEM images). In the SBF solution, the reduction in the particle size and the transformation
from spherical to irregular shape (red arrows in TEM images) indicated the biodegradation of the particles.
These results were correlated with previous studies showing that BGs have the potential to stimulate osteogenesis
through the formation of HCA layer, and the ions released from the degradation process®***. Therefore, Zn- and
Ag-doped BGNPs have great potential as nanocarriers for delivering therapeutic bivalent cations.

The effect of the particles on cell viability (direct method) against MC3T3-E1 (mouse pre-osteoblast cells),
hFOB 1.19 (human fetal osteoblast cells), and MG-63 (human osteosarcoma derived osteoblastic cells) was
investigated using MTT assay. Cells were exposed to the particle at a concentration range of 0-1000 pg/mL for
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Figure 4. SEM images (Left panel) and EDX-SEM (Right panel) of sol-gel derived BGNPs (a) 0Ag-0Zn-
BGNPs, (b) 0Ag-1Zn-BGNPs, (c) 0.5Ag-1Zn-BGNPs, (d) 1Ag-1Zn-BGNPs, (e) 1.5Ag-1Zn-BGNPs, and (f)
1.5Ag-1.5Zn-BGNPs after incubation in the SBF solution for 21 days (operating at 20 kV and magnification
30 kX, scale bars=500 nm).

24 h. Untreated cells served as the control. A cell viability of greater than 70% relative cell viability was taken
to represent no significant toxicity (ISO 10993-5). Zn-containing BGNPs had no toxicity to the MC3T3-E1
cells up to a concentration of 250 pg/mL, as shown in Fig. 7. At a concentration of 250 pg/mL, 0Ag-1.0Zn-
BGNPs, 0.5Ag-1.0Zn-BGNPs, and 1.0Ag-1.0Zn-BGNPs were statistically significantly decreased compared to
0Ag-0Zn-BGNPs.

For the bone cancer model, to understand whether or not yAg-xZn-BGNPs could be used to kill cancer
cells specifically, human bone cancer cells (MG-63) and non-tumor bone cells (hFOB 1.19) were compared.
The cell viability of human osteoblast cells treated with particles is shown in Fig. 8. The cell viability of hFOB
1.19 treated with 1.5Ag-1.5Zn-BGNPs was statistically significant up to a concentration of 125 pug/mL (p <
0.05). At concentration above 125 pg/mL, the cytotoxicity of hFOB 1.19 treated with Zn- and Ag-containing
BGNPs was statistically significantly decreased compared to hFOB 1.19 treated with particles without Zn and
Ag (0Ag-0Zn-BGNPs), indicating that yAg-xZn-BGNPs were more toxic against hFOB 1.19 than MC3T3-E1
cells. Thus, the maximum concentration (cut-off level) at which the particles could be used with no toxicity to
hFOB 1.19 was 125 pg/mL.

MG-63 (human osteosarcoma derived osteoblastic cells) were exposed to x-Zn-BGNPs for 24 h as shown in
Fig. 9. At concentrations up to 10 pg/mL, none of the particles significantly affected the cell viability of MG-63
following 24 h in culture. 0Ag-1ZnBGNPs statistically significantly decreased cell viability at concentrations of
2100 pug/mL (p < 0.05). Moreover, 0.5Ag-1Zn-BGNPs, 1Ag-1Zn-BGNPs, and 1.5Ag-1Zn-BGNPs statistically
significantly reduced bone cancer cells at concentrations of > 125 pug/mL (p < 0.05). These results indicated that
0Ag-1Zn-BGNPs, 0.5Ag-1Zn-BGNPs, 1Ag-1Zn-BGNPs, and 1.5Ag-1Zn-BGNPs at a concentration of 125 pg/
mL killed the bone cancer cells (MG-63) preferentially whilst maintaining the cell viability of the normal bone
cells (hFOB 1.19). This is because Zn is released from BGNPs in higher amounts under acidic conditions*>*.
However, 1.5Ag-1.5Zn-BGNPs have less effectively killed the bone cancer cells resulting from a more compact
glass network implying a decrease of ion release. A previous study reported that the intratumorally acidic micro-
environment of bone cancer resulted in resorption activity’’, indicating that Zn was highly released from the
yAg-xZn-BGNPs in the bone cancer cells.yAg-xZn-BGNPs could induce osteogenic differentiation of normal
bone cells (hFOB 1.19) after 21 days. To investigate the efficiency of osteogenesis, alizarin red S was used to indi-
cate calcified tissue formation (Fig. 10a). The formation of mineralization was significantly increased when the
bone cells were exposed to the yAg-xZn-BGNPs at a concentration of 125 ug/mL, especially in 0Ag-0Zn-BGNPs,
0Ag-1Zn-BGNPs, 0.5Ag-1Zn-BGNPs, and 1Ag-1Zn-BGNPs compared to the negative control (untreated cells
in the basal condition). The ALP activity of treated cells was significantly observed compared to untreated cells
in the basal condition, indicating that yAg-xZn-BGNPs have the capacity to activate osteogenic differentiation
in the absence of osteogenic supplements (Fig. 10b). 0Ag-0Zn-BGNPs (46 Si:18 Ca:36 Sr) had a high capacity to
induce calcified formation and ALP activity—similarly to the positive control (untreated cells in the osteogenic
condition), because Ca and Sr play key functions in bone formation®***. 0Ag-1Zn-BGNPs could induce bone
regeneration caused by the function of Ca, Sr, and Zn*’. An increase in the amount of Ag in the glass composi-
tion caused a slight reduction in mineralization precipitation and ALP activity because of the lower amounts
of Ca, Sr, and Zn. In this study, Ag was incorporated in BGNPs owing to its remarkable antibacterial property.
Therefore, the optimal amount of Ag was important to elucidate. 0.5Ag-1Zn-BGNPs and 1Ag-1Zn-BGNPs
provided the effective desired results.
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Figure 5. XRD spectra of BGNPs after incubation in the SBF solution for 21 days.

The antibacterial effect of x-Zn-BGNPs was investigated against B. subtilis, S. aureus, and E. coli using a disc
diffusion methodology, as shown in Fig. 11a,b. There was no inhibition zone formation for particles without
Zn and Ag (0Ag-0Zn-BGNPs). The particles with Zn (0Ag-1Zn-BGNPs) exhibited an inhibition zone only
against B. subtilis. The formation of inhibition zones around the paper discs in the agar plates after 16-18
h confirmed the antimicrobial activity of Zn-BGNPs containing Ag (0.5Ag-1Zn-BGNPs, 1Ag-1Zn-BGNPs,
1.5Ag-1Zn-BGNPs, and 1.5Ag-1.5Zn-BGNPs) against B. subtilis, S. aureus, and E. coli (Fig. 11a). For the same
type of bacteria, the antibacterial effect of 0Ag-1Zn-BGNPs, 0.5Ag-1Zn-BGNPs, 1Ag-1Zn-BGNPs, 1.5Ag-1Zn-
BGNPs, and 1.5Ag-1.5Zn-BGNPs against B. subtilis was significantly increased compared to the negative control
(PBS). Ag-doped Zn-BGNPs (0.5Ag-1Zn-BGNPs, 1Ag-1Zn-BGNPs, 1.5Ag-1Zn-BGNPs, and 1.5Ag-1.5Zn-
BGNPs) showed large inhibition zones against S. aureus and E. coli compared to the control. 0.5Ag-1Zn-BGNPs,
1Ag-1Zn-BGNPs, 1.5Ag-1Zn-BGNPs, and 1.5Ag-1.5Zn-BGNPs had an antibacterial effect against Gram-posi-
tive and Gram-negative bacteria that could have been facilitated by Ag’s DNA replication-destroying function®.
The preliminary results confirmed that Ag enhanced the antibacterial effects and assisted the Zn activity against
bacterial growth. The possible mechanism of yAg-xZn-BGNPs to inhibit bacterial growth was that Zn and Ag
ions were released through the degradation of yAg-xZn-BGNPs. Then they penetrated across cell membrane
and generated reactive oxygen species (ROS) inside the cell*’.

Conclusion

Multifunctional Zn and Ag co-doped BGNPs with a diameter range of 150 + 30 nm were synthesized through the
sol-gel and two-step post-functionalization processes. The incorporation of Zn and/or Ag, a network modifier,
improved the bioactivity of BGNPs without altering the particle size and morphology. The amorphous nature
of the synthesized particles could enhance bioactivity through apatite formation and by increasing resorption.
Moreover, the modified particles stimulated calcium deposition and ALP activity, which were the key osteo-
genic differentiation markers. Particles co-doped with Zn and Ag had the ability to inhibit metabolic activity
of the bone cancer cells (MG-63) preferentially whilst maintaining the cell viability of the normal bone cells
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Figure 6. TEM micrographs of (a) 0Ag-0Zn-BGNPs, (b) 0Ag-1Zn-BGNPs, (¢) 0.5Ag-1Zn-BGNPs, (d)
1Ag-1Zn-BGNPs, (e) 1.5Ag-1Zn-BGNPs, and (f) 1.5Ag-1.5Zn-BGNPs after incubation in the PBS solution
(Left panel) and the SBF solution (Right panel) for 21 days. White arrows indicated the formation of salt on the
particle surface in the PBS solution. Red arrows indicated the degraded particles and the apatite formation in the
SBF solution. Scale bar: 200 nm.

(hFOB 1.19 and MC3T3-E1) compared to the particle without Zn and Ag. Thus, Zn released from the particles
presented excellent anticancer activity. Ag-doped Zn-BGNPs exhibited an anti-bacterial effect against Gram-
positive and Gram-negative bacteria while the particles doped with only Zn (0Ag-1.0Zn-BGNPs) did not show
anti-bacterial activity. Thus, Ag exhibited strong antibacterial ability against S. aureus, and E. coli. To integrate
the ability to stimulate bone regeneration, exhibit anticancer, and antibacterial activity into the BGNPs, Zn and
Ag co-doped BGNPs (0.5Ag-1Zn-BGNPs and 1Ag-1Zn-BGNPs) are promising biomaterials for the treatment
of tumor-induced bone defects. These multi-functional nanoparticles can be applied to use as filler composite
scaffold or coating materials for bone tissue engineering.

Methods

All reagents were from Sigma-Aldrich (Thailand) unless stated otherwise. Ethyl alcohol (99.5%), ammonium
hydroxide, tetraethyl orthosilicate (TEOS), calcium nitrate tetrahydrate (99%), strontium nitrate (99%), zinc
nitrate hexahydrate (298%), silver nitrate (99%), phosphate buffered saline (PBS), sodium chloride (NaCl),
sodium hydrogen carbonate (Na-HCO;), potassium chloride (KCl), di-potassium hydrogen phosphate trihy-
drate (K,HPO,.3H,0), magnesium chloride hexahydrate (MgCl,.6H,0), hydrochloric acid (HCI), calcium
chloride (CaCl,), sodium sulfate (Na,SO,), nitric acid, Eagle’s Minimum Essential Medium (EMEM, Gibco™)
minimum essential medium eagle alpha (a-MEM, Gibco™), Ham’s F12 Medium Dulbecco’s Modified Eagle’s
Medium (Gibco™), fetal bovine serum (FBS, Thermo Fisher Scientific), Antibiotic- Antimycotic (Thermo Fisher
Scientific), trypsin-EDTA (Thermo Fisher Scientific), minimum essential medium eagle alpha modification
(a-MEM) with nucleosides (Gibco™), sodium bicarbonate (NaHCO3), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT, Thermo Fisher Scientific), dimethyl sulfoxide (DMSO), dexamethasone (DEX),
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Figure 7. Cell viability of MC3T3-E1 cells exposed to particles which were subtracted from the positive
control (cells cultured in nanoparticles-free media). The data are expressed as mean + SD of three independent
experiments (n=3). (*) indicates a statistically significant difference compared to controls (p < 0.05).
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Figure 8. Cell viability of hOB 1.19 cells exposed to particles which were subtracted from the positive control
(cells cultured in nanoparticles-free media). The data are expressed as mean + SD of three independent
experiments (n=3). (*) indicates a statistically significant difference compared to controls (p <0.05).

B-glycerophosphate, ascorbic acid, paraformaldehyde, Alizarin Red S, Mueller-Hinton Agar (MHA, Difco™).
MC3T3-El cells (ATCC® CRL-2593™), MG-63 cells (ATCC® CRL-1427™), and hFOB 1.19 cells (ATCC® CRL-
11372™) were purchased from ATCC (Biomedia, distributor of ATCC).

Zn- and Ag-doped sol-gel-derived BGNP synthesis. BGNPs were synthesized using the sol-gel pro-
cess described in our previous work!?. Dense silica nanoparticles (Si0,-NPs) with a diameter range of 150 +
30 nm were synthesized. Briefly, 5.8 mL of ammonium hydroxide, 49.7 mL of Milli-Q water, and 390 mL of
ethyl alcohol (99.5%) were mixed in a 1 L Erlenmeyer flask with a stirring rate of 600 rpm for 15 min. Then, 30
mL of tetraethyl orthosilicate (TEOS) was added into the prepared solution and stirred overnight to complete
the hydrolysis and condensation reactions that occurred simultaneously to form the silica network (Si-O-Si).
A white colloidal solution of SiO,-NPs was centrifuged at 5000 rpm for 40 min to collect SiO,-NPs, and then
washed with ethanol (two times) and distilled water (one time) to remove unreacted substances.
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Figure 9. Cell viability of MG-63 cells exposed to particles, which were subtracted from the positive control
(cells cultured in nanoparticles-free media). The data are expressed as mean + SD of three independent
experiments (n=3). (*) indicates a statistically significant difference compared to controls (p <0.05).

The SiO,-NPs were incorporated with Ca? (calcium nitrate tetrahydrate) and Sr** (strontium nitrate) at a
nominal ratio of 1.0 Si0,:0.5 CaO:1.5 SrO. Particles were dried at 60 °C in the oven overnight before calcination
at 680 °C for 3 h at a heating rate of 3 °C /min to remove nitrate precursors and obtain Sr-containing BGNPs.
After that, BGNPs were second-doped with Zn?* (zinc nitrate hexahydrate) and Ag" (Silver nitrate) at the nominal
ratio of 1.0 Si0,:0.5 CaO:1.5 SrO:x Zn:y Ag, where x =0, 1, and 1.5 and y = 0, 0.5, 1.0, and 1.5, through second-
step post functionalization as shown in Table 3. The doped particles were dried and heated at 550 °C for 3h ata
heating rate of 3 °C /min to obtain yAg-xZn-BGNPs (Fig. 12). Finally, these particles were washed with ethanol
to remove excess Ca, Sr, Zn, and Ag that had not been incorporated into the particles. The cleaned particles were
dried at 60 °C overnight.

BGNP characterization. The particle size and surface charge of the BGNPs were measured using Nano-
sizer (Horiba; SZ-100V2). The particles were suspended in DI water. Three measurements were obtained for
each suspension and average value was reported with standard deviation. The surface morphology the BGNPs
was imaged using a Scanning Electron Microscope (SEM) operating at 20 kV. An X-ray diffractometer (XRD)
was used to identify the crystallized pattern of the particles. The XRD pattern was collected with a Bruker AXS
automated powder diffractometer using Cu Ka radiation (1.540600 A°) at 40KV/40mA. Data were collected in
the 10-70° 20 range with a step size of 0.02° and a dwell time of 1.0 s. Fourier transform infrared spectroscopy
(FTIR; Thermo Scientific Nicolet iS5) was used in attenuated total reflection (ATR) mode at a wavenumber rang-
ing from 4000 to 400 cm™, at a scan speed of 32 scan/min, and with a resolution of 4 cm™. To determine the
elemental composition of BGNPs, X-ray fluorescence (XRF: Fischer/XUV773) operated in a vacuum with X-ray
generators in the 8-20 kV range was used.

Bioactivity assessment. To compare the release profile of ions from the yAg-xZn-BGNPs, the release
of Si, Ca, Sr, Zn, and Ag ions from yAg-xZn-BGNPs was monitored as a function of time for 21 days in two
different solutions: simulated body fluid (SBF) at pH 7.4, and phosphate-buffered saline (PBS) at pH 7.4. The
SBF solution was prepared following a previous study*2. The SBF had to be pre-heated at 37 °C and pH-adjusted
to 7.40 before starting the experiment. The in vitro bioactivity assessment was conducted by incubating 75 mg
of yAg-xZn-BGNPs in the 50 mL of SBF and PBS solutions at pH 7.4 and 37 °C, with shaking at 120 rpm for
21 days. At the end of the incubation period, the yAg-xZn-BGNPs were collected by centrifugation and then
immediately washed with ethanol and subsequently with acetone to terminate the reactions. The morphological
structure of yAg-xZn-BGNPs was characterized using SEM and TEM.

Cell culture. MC3T3-El1 cells (ATCC" CRL-2593™) of the murine pre-osteoblast cell line were routinely cul-
tured in a T-75 flask under standard conditions in a humidified atmosphere at 37 °C and 5% CO, in a-MEM
(Thermo Fisher Scientific) supplemented with 10% fetal bovine serum (FBS, Thermo Fisher Scientific) (v/v), 100
U/mL Antibiotic-Antimycotic (Thermo Fisher Scientific). Cells were passaged by trypsinizing using trypsin-
EDTA (500 pug/mL) (Thermo Fisher Scientific) upon confluence (70-80%) and re-suspended in the a-MEM
before cells were counted. The cell stock was diluted to the desired concentration (5 x 10° cells/mL).

MG-63 cells (ATCC' CRL-1427") of the human osteosarcoma cell line were routinely cultured in a T-75
flask under standard conditions in a humidified atmosphere at 37 °C and 5% CO, in Eagle’s Minimum Essential
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Figure 10. Osteogenesis macroscopic of treated hFOB 1.19 with particles at the concentration of 125 pug/mL (a)
stained by Alizarin Red S staining and (b) stained by ALP activity staining kit following 21 days in culture. The
basal and osteogenic media served as the negative and positive control, respectively.

Medium (EMEM) (ATCC, 30-2003™) supplemented with 10% fetal bovine serum (FBS, Thermo Fisher Scien-
tific) (v/v), 100 U/mL Antibiotic-Antimycotic (Thermo Fisher Scientific). Cells were passaged by trypsinizing
using trypsin-EDTA (500 pug/mL) (Thermo Fisher Scientific) upon confluence (70-80%) and re-suspended in
the EMEM before cells were counted. The cell stock was diluted to the desired concentration (5 x 10° cells/mL).
hFOB 1.19 cells (ATCC" CRL-11372™) of the human fetal osteoblast cell line were routinely cultured in a T-75
flask under standard conditions in a humidified atmosphere at 37 °C and 5% CO, in a 1:1 mixture of Ham’s F12
Medium Dulbecco’s Modified Eagle’s Medium, with 2.5 mM L-glutamine (without phenol red), supplemented
with 10% fetal bovine serum (FBS, Thermo Fisher Scientific) (v/v), 100 U/mL Antibiotic-Antimycotic (Thermo
Fisher Scientific), and 0.3 mg/mL G418.

Cell viability. To evaluate the cytotoxicity effect of yAg-xZn-BGNPs, cell viability was measured using MTT
colorimetric assay (Thermo Fisher Scientific) according to the manufacturer’s instructions. MC3T3-E1, MG-63,
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Figure 11. Antibacterial effects assessed using the disc diffusion method against B. subtilis, S. aureus, and

E. coli. (a) Antimicrobial diffusion "halo" results, (b) the diameters of the inhibition zone (mm) of particles.
The data are expressed as mean + SD of three independent experiments (n=3). Negative control was PBS and
positive control was ampicillin (AMP).

and hFOB 1.19 cells were seeded in flat-bottomed 96-well plates (Corning) with a cell concentration of 5 x 10°
cells/well. The cells were incubated at 37 °C overnight to allow the cells to attach in a monolayer. After that, the
cell culture media was replaced with media containing NPs at concentrations ranging from 0-1 mg/mL: namely
0, 10, 100, 125, 250, 500, 750, and 1000 pg/mL. Cells were exposed to particles for 1 day (direct contact). The
control comprised cells without particle exposure. 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
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Nominal ration

Si |Ca |Sr |Zn |Ag
0Ag-0Zn-BGNPs 1.0 |05 |15
0Ag-1Zn-BGNPs 1.0 (05 |15 | 1.0
0.5Ag-1Zn-BGNPs 1.0 (05 |15 | 1.0 0.5
1Ag-1Zn-BGNPs 1.0 {05 |15 |10 1.0
1.5Ag-1Zn-BGNPs 1.0 (05 |15 | 1.0 1.5
1.5Ag-1.5Zn-BGNPs 1.0 (05 |15 |15 1.5

Table 3. Compositions of bioactive glass nanoparticle (nominal ratio).
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Figure 12. Synthesis process of Zn- and Ag-doped sol-gel-derived BGNP.

formazan. Formazan is soluble in dimethyl sulfoxide (DMSO), and the concentration of soluble formazan was
determined using a microplate reader (Infinite’ 200 Tecan, Austria) at 570 nm. The relative cell viability (%
viability compared to the control, i.e., the untreated cells with the particles) was calculated as a mean value +
standard error of the mean.

Osteogenic differentiation. To evaluate the osteogenic differentiation of hFOB 1.19 cells, alkaline phos-
phatase (ALP) activity and alizarin red s were monitored. hFOB 1.19 cells in the basal medium were seeded in
flat-bottom 48-well plates with a cell concentration of 2 x 10° cells/well. The cells were incubated at 37 °C over-
night to allow the cells to attach in a monolayer. The osteogenic medium served as the positive control. The basal
medium was supplemented with 10 nM dexamethasone (DEX, Sigma-Aldrich), 10 mM (-glycerophosphate
(Sigma-Aldrich), and 100 pg/mL ascorbic acid (Sigma-Aldrich). After that, the cell culture media was replaced
with media containing NPs at a concentration of 125 pg/mL. Cell culture media were routinely changed twice a
week for 21 days. On the 21st day in culture, osteoblastic differentiation of hRFOB 1.19 cells was measured via cel-
lular ALP activity staining (Abcam) according to the manufacturer’s instructions. Calcium phosphate deposits
were detected. The cells were fixed with 4% paraformaldehyde and stained with 2% Alizarin Red S in PBS at pH
4.2 to detect calcified tissue formation.

Antibacterial activity. Antibacterial activity was determined using the disc diffusion method. Bacillus
subtilis ATCC 6633, Staphylococcus aureus ATCC 25923, and Escherichia coli ATCC 25922 isolates were grown
overnight on Mueller Hinton Agar (MHA). Direct colony suspensions were prepared in sterile saline to achieve a
turbidity equivalent to 0.5 McFarland standards. The inoculum suspensions were streaked onto the dried surface
of an MHA plate with a sterile cotton swab and left to absorb for no more than 15 minutes. The particles were
re-suspended in the PBS solution at the concentration of 250 pg/mL in the ultrasonication bath for 30 minutes.
Twenty microliters of BGNPs were pipetted onto 6-mm-diameter Whatman' antibiotic assay discs in a sterile
dish. PBS and antibiotic (ampicillin, AMP 10 pg, Thermo Scientific™) was served as the negative and positive
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control, respectively. Discs were placed aseptically onto the plates immediately. The plates were incubated at
37 °C for 16 to 18 h and the diameter of the inhibition zones or halo zones was measured using a sliding caliper.

Statistical analysis. Statistical analyses were performed by one-way analysis of variance (ANOVA) in
Minitab. A p value < 0.05 was considered significant. The graphs shown present the results as the mean values,
with the standard deviations (SD) as the error bars. All the quantitative experiments were carried out at least in
triplicate.

Data availability
The datasets used and/or analyzed during the current study available from the corresponding author on reason-
able request.

Received: 20 February 2023; Accepted: 23 April 2023
Published online: 25 April 2023

References
1. Keil, L. Bone tumors: primary bone cancers. FP Essent. 493, 22-26 (2020).
2. Johnson, R. W. & Suva, L. . Hallmarks of bone metastasis. Calcif. Tissue Int. 102(2), 141-151 (2018).
3. Badila, A. E. et al. Recent advances in the treatment of bone metastases and primary bone tumors: An up-to-date review. Cancers
13(16), 4229 (2021).
4. Lu, Y. et al. Novel immunotherapies for osteosarcoma. Front. Oncol. 12, 830546 (2022).
5. Kapoor, S. K. & Thiyam, R. Management of infection following reconstruction in bone tumors. J. Clin. Orthop. Trauma 6(4),
244-251 (2015).
6. Oliva, A, Stefani, S., Venditti, M. & Di Domenico, E. G. Biofilm-related infections in gram-positive bacteria and the potential role
of the long-acting agent dalbavancin. Front. Microbiol. 12, 749685 (2021).
7. Wei, H., Cui, ], Lin, K., Xie, ]. & Wang, X. Recent advances in smart stimuli-responsive biomaterials for bone therapeutics and
regeneration. Bone Res. 10(1), 17 (2022).
8. Vallet-Regi, M., Lozano, D., Gonzélez, B. & Izquierdo-Barba, I. Biomaterials against bone infection. Adv. Healthc. Mater. 9(13),
2000310 (2020).
9. Yao, Y. et al. Nanoparticle-based drug delivery in cancer therapy and its role in overcoming drug resistance. Front. Mol. Biosci. 7,
193 (2020).
10. Hui, Y. et al. Role of nanoparticle mechanical properties in cancer drug delivery. ACS Nano 13(7), 7410-7424 (2019).
11. Gao, X. et al. Targeting nanoparticles for diagnosis and therapy of bone tumors: Opportunities and challenges. Biomaterials 265,
120404 (2021).
12. Zheng, K. & Boccaccini, A. R. Sol-gel processing of bioactive glass nanoparticles: A review. Adv. Colloid Interfaces Sci. 249, 363-373
(2017).
13. Naruphontjirakul, P, Greasley, S. L., Chen, S., Porter, A. E. & Jones, J. R. Monodispersed strontium containing bioactive glass
nanoparticles and MC3T3-E1 cellular response. Biomed. Glass. 2, 72-81 (2016).
14. ur Rahman, M. S. et al. Osteogenic silver oxide doped mesoporous bioactive glass for controlled release of doxorubicin against
bone cancer cell line (MG-63): In vitro and in vivo cytotoxicity evaluation. Ceram. Int. 46(8, Part A), 10765-10770 (2020).
15. Kurtuldu, E et al. Cerium and gallium containing mesoporous bioactive glass nanoparticles for bone regeneration: Bioactivity,
biocompatibility and antibacterial activity. Mater. Sci. Eng. C 124, 112050 (2021).
16. Zhang, Y., Hu, M., Zhang, W. & Zhang, X. Construction of tellurium-doped mesoporous bioactive glass nanoparticles for bone
cancer therapy by promoting ROS-mediated apoptosis and antibacterial activity. J. Colloid Interface Sci. 610, 719-730 (2022).
17. Liu, Y. et al. Mesoporous bioactive glass for synergistic therapy of tumor and regeneration of bone tissue. Appl. Mater. Today 19,
100578 (2020).
18. Kargozar, S., Montazerian, M., Fiume, E. & Baino, F. Multiple and promising applications of strontium (Sr)-containing bioactive
glasses in bone tissue engineering. Fronti. Bioeng. Biotechnol. 7,161 (2019).
19. Gentleman, E. et al. The effects of strontium-substituted bioactive glasses on osteoblasts and osteoclasts in vitro. Biomaterials
31(14), 3949-3956 (2010).
20. Naruphontjirakul, P,, Porter, A. E. & Jones, J. R. In vitro osteogenesis by intracellular uptake of strontium containing bioactive
glass nanoparticles. Acta Biomater. 66, 67-80 (2018).
21. Yamaguchi, M. Role of nutritional zinc in the prevention of osteoporosis. Mol. Cell. Biochem. 338(1), 241-254 (2010).
22. Thanasrisuebwong, P. et al. Zinc-containing sol-gel glass nanoparticles to deliver therapeutic ions. Nanomaterials 12(10), 1691
(2022).
23. Schuhladen, K. et al. Cu, Zn doped borate bioactive glasses: antibacterial efficacy and dose-dependent in vitro modulation of
murine dendritic cells. Biomater. Sci. 8(8), 2143-2155 (2020).
24. Heras, C. et al. Multifunctional antibiotic- and zinc-containing mesoporous bioactive glass scaffolds to fight bone infection. Acta
Biomater. 114, 395-406 (2020).
25. Chen, S. et al. Biodegradable zinc-containing mesoporous silica nanoparticles for cancer therapy. Mater. Today Adv. 6, 100066
(2020).
26. El-Kady, A. M, Alj, A. E, Rizk, R. A. & Ahmed, M. M. Synthesis, characterization and microbiological response of silver doped
bioactive glass nanoparticles. Ceram. Int. 38(1), 177-188 (2012).
27. Balamurugan, A. ef al. An in vitro biological and anti-bacterial study on a sol-gel derived silver-incorporated bioglass system.
Dent. Mater. 24(10), 1343-1351 (2008).
28. Fernandes, J. S., Gentile, P, Pires, R. A, Reis, R. L. & Hatton, P. V. Multifunctional bioactive glass and glass-ceramic biomaterials
with antibacterial properties for repair and regeneration of bone tissue. Acta Biomater. 59, 2-11 (2017).
29. El-Rashidy, A. A. et al. Preparation and in vitro characterization of silver-doped bioactive glass nanoparticles fabricated using a
sol-gel process and modified Stober method. J. Non-Cryst. Solids 483, 26-36 (2018).
30. Vyas, V., Arepalli, S, Singh, S. & Pyare, R. Effect of nickel oxide substitution on bioactivity and mechanical properties of bioactive
glass. Bull. Mater. Sci. 39, 1355-1361 (2016).
31. Naruphontjirakul, P. In Cations Doped Nonporous Silica Nanoparticles, 2019 12th Biomedical Engineering International Conference
(BMEICON), 19-22 Nov. 2019, pp. 1-4 (2019).
32. Cacciotti, I. Bivalent cationic ions doped bioactive glasses: the influence of magnesium, zinc, strontium and copper on the physical
and biological properties. J. Mater. Sci. 52(15), 8812-8831 (2017).
33. Fredholm, Y. C. et al. Influence of strontium for calcium substitution in bioactive glasses on degradation, ion release and apatite
formation. J. R. Soc. Interface 9(70), 880-889 (2012).

Scientific Reports|  (2023) 13:6775 https://doi.org/10.1038/s41598-023-34042-w nature portfolio



www.nature.com/scientificreports/

34. Mehrabi, T., Mesgar, A. S. & Mohammadi, Z. Bioactive glasses: A promising therapeutic ion release strategy for enhancing wound
healing. ACS Biomater. Sci. Eng. 6(10), 5399-5430 (2020).

35. Hoppe, A., Giildal, N. S. & Boccaccini, A. R. A review of the biological response to ionic dissolution products from bioactive glasses
and glass-ceramics. Biomaterials 32(11), 2757-2774 (2011).

36. Chen, X. et al. Smart’ acid-degradable zinc-releasing silicate glasses. Mater. Lett. 126, 278-280 (2014).

37. Avnet, S. & Baldini, N. Chapter 24—impact of the acid microenvironment on bone cancers. In Bone Sarcomas and Bone Metasta-
ses—From Bench to Bedside 3rd edn (ed. Heymann, D.) 305-317 (Academic Press, London, 2022).

38. Naruphontjirakul, P, Tsigkou, O., Li, S., Porter, A. E. & Jones, . R. Human mesenchymal stem cells differentiate into an osteogenic
lineage in presence of strontium containing bioactive glass nanoparticles. Acta Biomater. 90, 373-392 (2019).

39. Lee, N.-H. et al. Dual actions of osteoclastic-inhibition and osteogenic-stimulation through strontium-releasing bioactive nanoscale
cement imply biomaterial-enabled osteoporosis therapy. Biomaterials 276, 121025 (2021).

40. Feng, Q. L. et al. A mechanistic study of the antibacterial effect of silver ions on Escherichia coli and Staphylococcus aureus. J.
Biomed. Mater. Res. 52(4), 662-668 (2000).

41. Qian, G. et al. Silver-doped bioglass modified scaffolds: A sustained antibacterial efficacy. Mater. Sci. Eng. C 129, 112425 (2021).

42. Kokubo, T. & Takadama, H. How useful is SBF in predicting in vivo bone bioactivity?. Biomaterials 27(15), 2907-2915 (2006).

Acknowledgements
This research project is supported by King Mongkut’s University of Technology Thonburi: KMUTT Partnering
Initiative grant fiscal year 2021 under KIRIM number 26092.

Author contributions

Conceptualization, PN., and PR.; methodology, PN., and PX ; software, PN.; validation, P.N.; formal analysis,
PN., and P.K; investigation, PN.; resources, P.N; data curation, P.N., and P.K.; writing—original draft prepara-
tion, PN. ;writing—review and editing, PN., PK,, and PR ; visualization, PN.; supervision, PN., and PR ; project
ad-ministration, P.N.; funding acquisition, P.N. All authors have read and agreed to the published version of
the manuscript.

Funding
This research project is supported by King Mongkut’s University of Technology Thonburi: KMUTT Partnering
Initiative grant fiscal year 2021 under KIRIM number 26092.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to P.N.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:6775 | https://doi.org/10.1038/s41598-023-34042-w nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Multifunctional Zn and Ag co-doped bioactive glass nanoparticles for bone therapeutic and regeneration
	Results and discussion
	Conclusion
	Methods
	Zn- and Ag–doped sol–gel-derived BGNP synthesis. 
	BGNP characterization. 
	Bioactivity assessment. 
	Cell culture. 
	Cell viability. 
	Osteogenic differentiation. 
	Antibacterial activity. 
	Statistical analysis. 

	References
	Acknowledgements


