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A B S T R A C T   

Successful treatment of infected bone defects caused by multi-drug resistant bacteria (MDR) has become a major 
clinical challenge, stressing the urgent need for effective antibacterial bone graft substitutes. Mesoporous 
bioactive glass nanoparticles (MBGNs), a rapidly emerging class of nanoscale biomaterials, offer specific ad
vantages for the development of biomaterials to treat bone infection due to endowed antibacterial features. 
Herein, we propose a facile post-modification sol-gel strategy to synthesize effective antibacterial MBGNs doped 
with copper ions (Cu-PMMBGNs). In this strategy, amine functional groups as chelating agents were introduced 
to premade mesoporous silica nanoparticles (MSNs) which further facilitate the incorporation of high content of 
calcium (~17 mol%) and copper ions (~8 mol%) without compromising nanoparticle shape, mesoporosity, and 
homogeneity. The resulting nanoparticles were degradable and showed rapidly induce abundant deposition of 
apatite crystals on their surface upon soaking in simulated body fluids (SBF) after 3 days. Cu-PMMBGNs 
exhibited a dose-dependent inhibitory effect on Methicillin-resistant Staphylococcus aureus (MRSA) bacteria, 
which are common pathogens causing severe bone infections. Most importantly, the nanoparticles containing 5 
mol% copper ions at concentrations of 500 and 1000 μg.mL− 1 showed highly effective antibacterial performance 
as reflected by a 99.9 % reduction of bacterial viability. Nanoparticles at a concentration of 500 μg.mL− 1 showed 
no significant cytotoxicity toward preosteoblast cells (~85–89 % cell viability) compared to the control group. In 
addition, the nanoscale properties of synthesized Cu-PMMBGNs (~100 nm in size) facilitated their internali
zation into preosteoblast cells, which highlights their potential as intracellular carriers in combating intracellular 
bacteria. Therefore, these copper-doped nanoparticles hold strong promise for use as an antibacterial component 
in antibacterial bone substitutes such as hydrogels, nanocomposites, and coatings.   

1. Introduction 

Bone is a highly dynamic tissue that possesses an intrinsic potential 
to heal itself. However, this self-healing capability is substantially hin
dered by infection caused by e.g., open fractures and prosthetic mate
rials [1]. Common modalities to treat bone infection including surgical 
debridement along with long-term systemic antibiotic therapy have not 

been sufficiently effective due to the low bioavailability of antibiotics 
and their reduced concentration at the infected site resulting from bone 
necrosis and vasculature damage [2,3]. Alternative approaches based on 
local drug delivery from implantable biomaterials have been developed 
to overcome the limitations of conventional treatments [4]. However, 
the therapeutic efficacy of these antibiotic-loaded bone substitutes re
mains limited to date due to i) a weak control over antibiotic release 

* Corresponding authors. 
E-mail addresses: Sander.leeuwenburgh@radboudumc.nl (S.C.G. Leeuwenburgh), Fang.yang@radboudumc.nl (F. Yang).   

1 These authors contributed equally to this work. 

Contents lists available at ScienceDirect 

Biomaterials Advances 

journal homepage: www.journals.elsevier.com/materials-science-and-engineering-c 

https://doi.org/10.1016/j.bioadv.2022.213198 
Received 25 July 2022; Received in revised form 24 October 2022; Accepted 13 November 2022   

mailto:Sander.leeuwenburgh@radboudumc.nl
mailto:Fang.yang@radboudumc.nl
www.sciencedirect.com/science/journal/27729508
https://www.journals.elsevier.com/materials-science-and-engineering-c
https://doi.org/10.1016/j.bioadv.2022.213198
https://doi.org/10.1016/j.bioadv.2022.213198
https://doi.org/10.1016/j.bioadv.2022.213198
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bioadv.2022.213198&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Biomaterials Advances 144 (2023) 213198

2

kinetics, ii) the invasive clinical application, and most importantly iii) 
the increased prevalence of multi-drug resistant (MDR) bacteria as a 
result of the widespread use of antibiotics [5,6]. These hard-to-treat 
pathogens such as Methicillin-resistant Staphylococcus aureus (MRSA) 
can induce severe bone infection and even intracellular persistence of 
these pathogens upon their invasion into host cells. Besides the limited 
therapeutic efficacy of currently available antibiotics against resistant 
bacteria, their low penetration into host cell plasma membranes in
creases the chance of recurrence of infection, which imposes an ever- 
increasing challenge for various surgical application areas [7,8]. 
Therefore, designing an effective antibacterial bone graft substitute is in 
urgent need to reduce the abundant usage of antibiotics to fight infected 
bone defects and relief the global concerns regarding resistant bacteria. 

During the past decade, mesoporous bioactive glasses nanoparticles 
(MBGNs) have gained considerable interest for application in bone- 
regenerative surgery owing to their excellent functional properties 
including their evident apatite-forming ability, antibacterial, and 
osteopromotive properties [9,10]. The highly ordered mesostructured 
channels and ultrahigh surface area (>100 m2/g) allow for high loading 
and controlled release of therapeutic ions. Moreover, their nanometric 
size facilitates internalization by cells, which opens new opportunities to 
target intracellular bacteria. The presence of calcium ions substantially 
improves their bioactivity and increases the glass dissolution rate by 
acting as a network modifier [9,11]. The intrinsic antibacterial property 
of bioactive glass has been generally attributed to the release of alkali 
ions like calcium which affect the local biological environment (pH and 
osmolarity) inhibiting bacterial growth [9]. However, the intrinsic 
antibacterial capacity of bioglass is often limited [12]. Therefore, 
various therapeutic ions have been incorporated into bioglass to boost 
their antibacterial performance even further [9,13]. Among them, cop
per ions (Cu2+) possess robust and broad-spectrum bactericidal activity 
as well as angiogenic and osteogenic properties [14]. However, only 
limited studies have been reported on the antibacterial efficacy of 
copper-doped MBG in the form of nanoparticles. Bari et al. demonstrated 
a moderate antibacterial efficiency (50–75 %) of these nanoparticles 
synthesized by ultrasound-assisted sol-gel procedure against various 
bacteria including Staphylococcus aureus, Staphylococcus epidermidis, and 
Escherichia coli, but therapeutic efficacy against resistant bacteria has 
not yet been shown [15]. Therefore, the design of Cu-MBGNs with 
strong bactericidal efficacy against resistant bacteria would offer new 
opportunities to fight infected bone defects using an antibiotic-free 
antibacterial biomaterial approach. 

Various methods have been reported to produce MBGNs doped with 
therapeutic ions. The microemulsion-assisted sol-gel method is one of 
the most commonly studied synthesis routes [16–20]. However, this 
method is typically associated with heterogeneity in particle size and 
shape due to the fusion and deformation of microemulsion droplets. 
More importantly, the incorporation of high contents of metallic ions 
using this method is challenging, since changes in ionic concentrations 
induce particle aggregation resulting in uncontrollable particle sizes 
[20,21]. This shortcoming may severely compromise the therapeutic 
efficacy of MBGNs such as their bactericidal effects. Post-modification 
sol-gel approaches offer more control over the dispersity and shape of 
nanoparticles since metal ions are added after the formation of premade 
silica nanoparticles [22–24] or binary (mesoporous) bioactive glass 
nanoparticles [21,25]. However, introducing high contents of ions into 
the silica network still remains a challenge due to the presence of limited 
active sites (-SiOH) on premade silica nanoparticles. Additionally, con
trol over ion release is typically poor due to the weak bonds between 
active sites and metallic ions [21]. We propose that introducing new 
active sites with a strong affinity for metal ions will increase the capacity 
of particles to store large amounts of antibacterial ions to combat 
resistant bacteria efficiently. The strong affinity between amine groups 
and heavy metals (e.g., Cu2+ and Fe2+) has been previously imple
mented for water purification applications. [26,27]. In addition, the 
conjugation of amine groups into mesoporous silica nanoparticles 

(MSNs) is a commonly applied strategy for drug loading or target de
livery [28–30]. However, introducing amine groups into MSNs to 
convert these inert nanocarriers into bioactive nanoparticles with anti
bacterial properties has not been reported yet. 

Therefore, with this new sight, we envisaged that homogeneously 
sized and shaped MBGNs with a high capacity to adsorb ions (Ca2+ and 
Cu2+) can be obtained by conjugation of amine groups as new active 
sites to premade MSNs. In more detail, we attempted to introduce these 
amine groups to the inner pore area of premade MSNs to allow the 
diffusion of ions into the particle interior and obtain improved control 
over ion release. This approach offers several advantages over the con
ventional microemulsion-assisted sol-gel method. Firstly, this post- 
modification method offers better control over particle dispersity since 
the premade particles are used for the doping process. For the same 
reason, this approach provides a versatile platform by which a wide 
range of MBGNs with various sizes, compositions, and (pore) morphol
ogies (such as hollow structures) can be produced depending on the 
requirements of specific applications. Secondly, due to the presence of 
amine groups in the inner and outer parts of the particles, incorporation 
of high content of ions without forming any metal oxide crystals will be 
more feasible compared to the conventional approach in which particle 
aggregation commonly occurs by increasing ionic content. In addition, 
the synthesized particles can be more tailorable in terms of degradability 
due to the presence of high content of ions in the silica network. Here, 
we demonstrated the synthesis of three groups of MBGNs (~100 nm) 
enriched with calcium and copper using this facile post-modification 
approach. Subsequently, the chemical, structural, morphological, and 
biological properties in terms of mineral-forming capacity, antibacterial 
performance, cytocompatibility, and internalization capacity of syn
thesized particles were studied in detail. A favorable apatite forming 
ability along with an effective antibacterial performance of Cu- 
PMMBGNs and their internalization ability (5 % mole) highlight the 
potential of these nanoparticles as an antibacterial component in anti
bacterial bone substitutes such as hydrogels, nanocomposites, and 
coatings. 

2. Materials and methods 

2.1. Materials 

All reagents were used without further purification unless stated 
otherwise. 

2.2. Synthesis of XCu-PMMBGNs 

The synthesis route is shown in Scheme 1. Mesoporous silica nano
particles (MSNs) were first synthesized according to the sol-gel method 
as reported in the literature [28]. Briefly, cetyltrimethylammonium 
bromide (C19H42BrN, CTAB, 0.5 g) was dissolved in a solution con
taining deionized water (240 mL) and sodium hydroxide (NaOH, 1.75 
mL, 2 M) and then left under vigorous stirring at 80 ◦C for 2 h. After
ward, tetraethyl orthosilicate (SiC8H20O4, TEOS, 2.5 mL) was added 
dropwise to react for another 2 h. The collected product was thoroughly 
washed with ethanol and water and finally dried as a white powder. In 
the next step, ion exchange extraction was used to remove the organic 
template before amine functionalization. In summary, 1 g of the dried 
sample was dispersed in an ethanolic solution of ammonium nitrate 
(NH4NO3, 100 mL, 10 mg.mL− 1) and refluxed for 6 h at 80 ◦C. The final 
product was dried after being thoroughly washed with ethanol. A pre
dominantly spherical-to-oval shape morphology of the nanoparticles, i. 
e. MSNs, could be observed with an average size of 107 ± 16 nm (Fig. 
S1A-C). FTIR analysis (Fig.S1D) confirmed the CTAB removal as evi
denced by the disappearance of the aliphatic C–H stretching vibration 
at 2900 cm− 1. 

To prepare amine-functionalized MSNs (NH2MSNs), aqueous 
dispersion of MSN (10 mg.mL− 1) reacted with (3-Aminopropyl) 
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triethoxysilane (APTES, 0.43 mM) under stirring for 36 h at room 
temperature. Afterward, the reaction was heated for 2 h at 80 ◦C. The 
white precipitate was collected by centrifugation and washed several 
times with ethanol before the drying process. To prepare bioactive glass 
nanoparticles, an optimized post-modification method was employed. 
Calcium nitrate tetrahydrate (Ca (NO3)2.4H2O, denoted as CaN) and 
copper (II) chloride dihydrate (CuCl2. 2H2O) were used as Ca and Cu 
precursors. To this end, an aqueous well-dispersed MSNs and NH2MSNs 
dispersion with the predetermined silica content were soaked in various 
amounts of CaN to achieve different Ca: Si precursor molar ratios (1:1, 
1.5:1, 2:1, 4:1, and 8:1). 

After 30 min of stirring, the particles were centrifuged, dried, and 
then subjected to calcination to incorporate the adsorbed Ca ions into 
the silicate network forming MBGNs (680 ◦C, 3 h, a heating rate of 2 K. 
min− 1). To remove the excess amount of calcium precursor, the resulting 
particles were thoroughly washed with ethanol. To prepare XCu- 
PMMBGNs (X = 2, 5 mol% of Cu), Cu was substituted with 2 and 5 
mol% of Ca. To produce copper-containing hollow mesoporous bioac
tive glass nanoparticles, hollow mesoporous silica nanoparticles were 
first produced via a selective etching approach [31]. Then, the same 
amine modification and soaking process were applied to introduce Ca 
and Cu ions to the premade hollow mesoporous silica nanoparticles. 

2.3. Synthesis of MBGNs by microemulsion-assisted sol-gel method 

For comparison reasons, the conventional microemulsion-assisted 
sol-gel method was applied to synthesize MBGNs with some modifica
tions [17,20]. A binary SiO2-CaO composition was prepared using Ethyl 
acetate (EA)-CTAB-water microemulsion droplets as a soft template. 
CTAB (0.56 g) was dissolved in deionized water (26 mL) under contin
uous stirring to obtain a clear solution. Then EA (8 mL) was added to 
start the droplet formation. After 30 min, ammonium hydroxide (28 %) 
was added dropwise to adjust the pH to around 10.5. After 15 min, TEOS 
and CaN were added at different Ca: Si precursor molar ratios every 30 
min intervals to find out the maximum achievable Ca incorporation into 
the silica network. To this end, 3 mL of TEOS and 2.21, 3.1, 4.6, and 6.2 
g of CaN were added to achieve Ca: Si molar ratios of 0.7:1, 1:1, 1.5:1, 
and 2:1, respectively. After 4 h of mixing, the resulting white precipi
tation was collected by centrifugation and washed with water and 
ethanol three times before the drying step. Afterward, the organic 
template and nitrates were removed by calcination of dry powders at 
680 ◦C for 6 h with a heating rate of 2 K.min− 1. 

2.4. Physicochemical characterization of particles 

Detailed information regarding nanoparticle characterization was 
included in the supporting information section. Briefly, the morphology 
and mesostructure of all synthesized nanoparticles were visualized by 
Scanning Electron Microscope (SEM) and Transmission Electron 

Microscope (TEM), respectively. The average size and size distribution 
of particles were determined by measuring the diameter of at least 100 
particles using ImageJ software. The hydrodynamic size and zeta po
tential of particles were measured using Dynamic Light Scattering (DLS) 
and Laser Doppler Electrophoresis, respectively. SEM equipped with an 
energy dispersive X-ray detector (EDX) as well as Inductively Coupled 
Plasma Optical Emission Spectroscopy (ICP-OES) were employed to 
analyze the elemental composition of particles. Elemental distribution in 
nanoparticles was visualized by TEM equipped with EDX. Fourier 
Transform Infrared Spectroscopy (FTIR) and Powder X-ray diffraction 
(XRD) analyses were carried out to study the particle structures. The 
specific surface area and pore size distribution of nanoparticles were 
analyzed using nitrogen adsorption-desorption analysis. Additionally, a 
ninhydrin colorimetric assay was performed to confirm the amine 
functionalization procedure. 

2.5. Release study 

The time-dependent dissolution behavior of synthesized XCu- 
PMMBGNs (X = 2, 5 mol% of Cu) was evaluated in two different 
media including SBF and alpha Minimum Essential Medium (α-MEM) 
supplemented with 10 % fetal bovine serum (FBS) at pH 7.4. Nano
particles (20 mg) were dispersed in culture media (3 mL) then the 
dispersion was placed in a dialysis tube (3.5 K MWCO, 16 mm dry I.D; 
Thermo Fisher Scientific, UK) and immersed in a polypropylene bottle 
containing culture media (17 mL). The samples were incubated at 37 ◦C 
under 120 rpm shaking for different time points (1, 3, 5, 24, 48, 120, 
168, and 336 h). At the end of each time interval, half of the bulk so
lution was taken out and then replaced with the same volume of fresh 
media. The same dissolution study was performed in SBF. The collected 
aliquots were then diluted using nitric acid solutions (2 v/v%) and 
analyzed by ICP-OES to determine the concentration of Si, Ca, and Cu 
ions in the supernatants. 

2.6. In vitro bioactivity assessment 

To evaluate the apatite-forming ability of XCu-PMMBGNs (X = 0, 2, 
5 mol% of Cu), particles were immersed in simulated body fluid (SBF) 
prepared according to the reported protocol in the literature [32,33]. 
Briefly, nanoparticles (20 mg) were soaked in SBF (20 mL) at 37 ◦C 
under shaking at 120 rpm for up to 14 days. SBF was not refreshed and at 
each predetermined time interval (1, 3, 7, and 14 days), the particles 
were collected and rinsed three times with deionized water before 
drying. The formation of the apatite-like phase was assessed by SEM, 
TEM, FTIR, and XRD analyses. The change in pH and the concentrations 
of Si, Ca, and Cu ions in the supernatant were also monitored at each 
time interval. 

Scheme 1. Schematic illustration describing the synthesis of MBGNs by the proposed post-modification approach.  
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2.7. In vitro antibacterial properties of nanoparticles 

2.7.1. Bacterial strain, culture conditions, and sample preparation 
MRSA bacteria were cultured in 5 mL of Brain Heart Infusion (BHI) 

broth from frozen stock and incubated at 37 ◦C overnight under 150 rpm 
shaking. Subsequently, the concentration of bacterial suspension was 
adjusted to a 1 × 104 colony-forming unit (CFU.mL− 1) for further steps. 
Different groups of nanoparticles were first autoclaved at 120 ◦C and 
then evenly dispersed in sterile PBS at a final concentration of 2 mg. 
mL− 1 using a bath sonicator for 15 min. Furthermore, different dilutions 
of nanoparticles were properly prepared in concentrated BHI broth to 
obtain particle concentrations of 31.25, 62.5, 125, 250, 500, and 1000 
μg.mL− 1. 

2.7.2. Evaluation of antibacterial properties of nanoparticles 
Bacteria were exposed to the nanoparticle dispersion with different 

concentrations in 96 well plates and incubated at 37 ◦C. To study the 
effect of nanoparticles on bacterial growth kinetics, the optical density 
(OD) of the bacterial culture was monitored at a wavelength of 600 nm 
every 30 min for 24 h in a spectrophotometer. The wells containing 
bacterial cells without nanoparticles served as negative controls. Van
comycin (8 μg.mL− 1) was included as a positive control since MRSA 
bacteria used in this study were sensitive to this antibiotic. It should be 
also noted that nanoparticle dispersion in BHI broth specifically at high 
concentrations resulted in a slurry dispersion. Therefore, the OD600 
reading of nanoparticle dispersion was subtracted from the final OD600 
readings of each related well to avoid any interference. 

Furthermore, a resazurin reduction assay was performed to evaluate 
the effect of each group of nanoparticles on bacterial cell viability. 
Resazurin is a weakly fluorescent dye that can be reduced to a highly 
fluorescent resorufin by oxidoreductases within metabolically active 
cells. The quantity of generated resorufin is considered proportional to 
the number of viable bacterial cells. After 24 h of incubation of bacterial 
cells with nanoparticles, resazurin was added to each well at the final 
concentration of 0.0016 % w/v. The 96-well plates were incubated at 
37 ◦C for 30 min. The relative fluorescent unit (RFU) of generated 
resorufin was measured at λex = 485 nm/λem = 580 nm in a microplate 
reader. 

2.8. In vitro cytotoxicity assay 

The cytotoxicity of XCu-PMMBGNs (X = 0, 2, 5 mol% of Cu) was 
assessed using a calorimetric CCK8 assay. Preosteoblast MC3T3-E1 cells 
were seeded in flat-bottomed 96-well plates, at a seeding density of 5 ×
104 cells.mL− 1 in basal α-MEM media supplemented with 10 % fetal 
bovine serum (FBS) (v/v), 100 U⋅mL− 1 penicillin, and 100 μg⋅mL− 1 

streptomycin at 37 ◦C in a humidified incubator equilibrated with 5 % 
CO2 for 24 h. Nanoparticles were sterilized by autoclave at 120 ◦C for 45 
min and subsequently evenly dispersed and incubated in culture media 
concentrations of 1000 μg.mL− 1 for 24 h. Then, the nanoparticles were 
collected by centrifuge (12,000 rpm, 30 min) and the media was 
refreshed. When cells reached 70–80 % of confluency, culture media 
was replaced with fresh basal media containing nanoparticles at 
different concentrations (500 and 1000 μg.mL− 1) and incubated for 1 
and 3 days. Cells growing in the basal medium without nanoparticles 
were considered as control. After each time point, the media containing 
nanoparticles were removed and cells were washed with PBS. Then 200 
μL of fresh basal media containing CCK8 (10 % v/v) reagent was added 
to each well followed by 4 h of incubation at 37 ◦C. Afterward, the 
optical density (OD) values of the cells were measured at 450 nm using a 
microplate reader. 

Cell survival was also assessed using the LIVE/DEAD™ Viability/ 
Cytotoxicity kit (Invitrogen molecular probes, Eugene, USA). Cells were 
seeded at a density of 10,000 cells/cm2 in a surface-treated μ-slide 8 well 
(ibidi) and incubated overnight to adhere. Then 5Cu-PMMBGNs at 
concentrations of 500 and 1000 μg.mL− 1 were added to the cells and 

incubated for 1 and 3 days. After each time point, the media containing 
nanoparticles was removed and the cells were incubated with a working 
solution (approximately 2 μM calcein AM and 4 μM EthD-1 in D-PBS) for 
30 min at 37 ◦C. Afterward, the samples were visualized with fluores
cence microscopy (Carl Zeiss, Gottingen, Germany). 

2.9. Internalization of 5Cu-PMMBGNs 

In order to monitor the cellular uptake of 5Cu-PMMBGNs, the 
nanoparticles were first fluorescently labeled. To this end, FITC-APTES 
conjugate was prepared by dissolving FITC (2.5 μM) in 5 mL dimethyl 
sulfoxide followed by the addition of APTES (2.5 μM) and mixing for 1 h 
at room temperature. Then the prepared conjugate was added to the 
100 mL well-dispersed nanoparticle dispersion in toluene (1 mg/mL). 
The reaction was kept stirring at 70 ◦C overnight. Subsequently, the 
labeled nanoparticles were thoroughly washed with ethanol and water 
through 5 centrifugation and redispersion steps. 

To visualize the internalization of 5Cu-PMMBGNs, cells were seeded 
on Ibidi μ-slide 8-well plates at a density of 1.0 × 104 cells/cm2 (MC3T3- 
E1). Final confluency of approximately 50 % was ensured to minimize 
overlapping cells. Afterward, cells were stained with 1 μM CellTrace™ 
yellow (Invitrogen) in PBS according to the manufacturer’s instructions. 
Then, cells were exposed to a 200 μL growth medium containing 25 μg/ 
mL of nanoparticles for 24 h. Post-exposure, cells were washed with PBS 
and stained with 50 nM LysoTracker in phenol red-free Roswell Park 
Memorial Institute medium (RPMI, Gibco) supplemented with 10 % FBS 
and 20 mM HEPES (Sigma-Aldrich) 30 min before imaging. Images were 
captured by Leica TCS SP8 SMD (Leica Microsystems) equipped with a 
temperature-controlled stage at 36.5 ◦C. 

2.10. Statistical analysis 

The elemental analyses, ion release study, textural properties, cell 
viability, and antibacterial studies were carried out at least in triplicate 
and all values were expressed as mean ± standard deviation (SD). Sta
tistical analysis of the in vitro tests was evaluated using a one- or two- 
way analysis of variance (ANOVA) test, followed by Tukey’s test 
(GraphPad Prism 8.4.3), and *p < 0.05 was considered statistically 
significant. 

3. Results and discussion 

3.1. Fabrication process and characterization 

We introduced a facile post-modification strategy to fabricate 
antibiotic-free antibacterial MBGNs with homogenous size and shape 
along with a high capacity to store metallic ions (Scheme 1) addressing 
the common issues in the microemulsion-assisted sol-gel method. MSNs 
were firstly synthesized via a modified Stöber method and then func
tionalized with amine groups (NH2MSNs) as active anchoring sites to 
increase the absorption capacity of metallic ions in the following soaking 
process. Therefore, the applied template i.e., CTAB was first removed 
from the premade MSN to create the mesostructure and increase the 
accessibility of active sites i.e., silanol groups inside the pores for further 
amine modification [28]. The resulting MSNs exhibited a large specific 
surface area of about 788 m2/g and a narrow pore size distribution 
centered at 3.1 nm confirming the mesoporosity (Fig. S1E–F, and 
Table S1). After introducing amine groups using APTES, a new peak at 
~1640 cm− 1 appeared in the FTIR spectrum (Fig. S1D), which corre
sponds to the bending vibration of the N–H bond, indicating successful 
conjugation of amine groups [28]. Moreover, as shown in Fig. S1E and 
Table S1, a significant reduction in the specific surface area of particles 
was observed after the amine functionalization which can be attributed 
to the blocking effect of grafted APTES in the mesoporous channels 
[34,35]. This reduction along with a high content of primary amine 
groups (~45 wt%) determined by colorimetric ninhydrin assay 
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confirmed the coverage of large parts of the MSNs surface by amine 
groups. These amine groups also induced a change in nanoparticle 
surface charge from − 25.1 to +11.8 mV (Table S1). To impart bioac
tivity (in terms of mineral-inducing capacity) to silicate-based bio
materials and enhance their dissolution rate, Ca ions were incorporated 
into the silicate structures as network modifiers. Of note, even though Ca 
ions can only adsorb on the surface of nanoparticles during the soaking 
process, they incorporate into the silicate network at high temperatures 
during calcination, leading to the formation of MBGNs [36]. We, first, 
investigated the effect of amine groups present in the large part of the 
nanoparticles on the maximum achievable incorporated Ca content at 
different applied Ca:Si molar ratios. Fig. 1A shows the Ca incorporation 
as a function of Ca:Si ratio in which at low Ca:Si ratios, PMMBGNs ob
tained from premade NH2MSNs (PMMBGNs (NH2MSN)) showed similar 
incorporated Ca contents as PMMBGNs obtained from premade MSNs 
(PMMBGNs (NH2MSN)), although premade NH2MSNs had a signifi
cantly lower surface area (Table S1) and subsequently lower amounts of 
accessible silanol groups compared to MSNs. This result highlights the 
effect of amine groups which could facilitate Ca adsorption, compen
sating for the limited surface area of NH2MSNs. In both samples, higher 
Ca:Si ratios resulted in higher Ca incorporation but different crystalline 
phases of Ca crystals formed concomitantly as shown in the corre
sponding XRD patterns (Fig. 1B–C) [37–39]. Therefore, MBGNs with a 
Ca content up to ~17 % (measured by ICP, in 1.5:1 Ca:Si ratio) were 
fabricated using the proposed post-modification method. 

We investigated the maximum achievable calcium content with 
preserved particle homogeneity using a common microemulsion- 
assisted sol-gel approach (Fig. 2A). MBGNs with spherical morphology 
and size of 100 nm with radial shape mesostructure were produced as 
shown in Fig. 2B–D. A maximum incorporated calcium content of 13.4 % 
(Fig. 2E, measured by ICP) was achieved with microemulsion approach 
which is in line with similar reported values [16,21,40,41]. This value 
was achieved by controlling the Ca: Si precursor molar ratio (Fig. S2). 
We showed that in the common approach, exceeding a threshold value 
of the Ca:Si precursor of 1.5:1 not only led to the formation of abundant 
small clusters around the nanoparticles and agglomeration of the final 
product but also reduced the calcium incorporation. Higher incorpo
rated calcium content obtained in the post-modification strategy could 
be attributed to the different absorption sites for Ca2+ ions. In this 
proposed method, at the early stage of the soaking process, the con
centration gradient of metal ions presents in bulk solution and active 
sites of NH2MSNs (-SiOH and –NH2 groups) led to the diffusion and 
absorption of metal ions more effectively. However, in the 
microemulsion-assisted sol-gel method, the presence of a template that 
occupies the pores along with several washing steps to remove non- 
reacted precursors, reduced the capacity of adsorbed ions [40]. 

Next, to enhance the intrinsic antibacterial properties of PMMBGNs, 
Cu ions with proven bactericidal ability were incorporated into the silica 
network as the second network modifier. Thereafter, copper ion- 
containing PMMBGNs denoted as XCu-PMMBGNs (X is incorporated 

Fig. 1. Optimization of calcium content in PMMBGNs using post-modification approach. A) Incorporated calcium content as a function of Ca:Si precursor ratio. B) 
and C) XRD patterns of obtained PMMBGNs produced by premade MSNs and NH2MSNs with different applied Ca:Si ratios, respectively. 
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Cu content of 0, 2, and 5 mol%.), were fabricated using the optimized 
Ca: Si ratio (1.5: 1). We confirmed that the presence of amine groups 
resulted in considerably higher incorporated Cu contents. For example, 
4.8 mol% of copper was successfully incorporated into NH2MSNs by 
adding only 0.012 w/w% of copper chloride to NH2MSNs powder, while 
adding more copper precursor (7 times higher) resulted only in 1.35 mol 
% of copper in MSNs samples (Table S2). The intensified blue color in 
the collected 2Cu-NH2MSNs compared to 2Cu-MSNs sample shown in 
Fig. 3A highlights the higher affinity between copper and amine groups 
present in the particle structure. This strong affinity led to a high loading 
content of Cu ions into the silicate network of up to 8 % without crystal 
formation (Fig. S3). Zhang et al. reported a maximum incorporated 
content of copper of about 6.1 % into MBGNs with no sign of Cu-based 
crystalline nanoparticles by the microemulsion-assisted sol-gel method. 
However, an ascorbic acid/Cu complex was applied as the precursor of 
copper to reach this maximum value, which resulted in the heteroge
neous size distribution of nanoparticles between 100 and 300 nm [20]. 

Fig. 3B shows the possible interactions between metallic ions and the 
silica surface before and after amine functionalization. For MSN, 
metallic ions (Ca2+ and Cu2+) are likely adsorbed on the silica surface 
through ion exchange and chelation via hydroxyl groups, while for 
NH2MSNs, amine groups also facilitate this adsorption through chela
tion via the electron pair in nitrogen [42,43]. This high affinity could 
also be attributed to the formation of a coordination complex between 
Cu2+ possessing d9 electron configuration with N- and O-donor ligands 
in amine and silanol groups, respectively. It can be concluded that amine 
groups induced copper incorporation more effectively than calcium 
incorporation. This can be attributed to the higher charge-to-radius ratio 
for Cu (Z/r Cu2+ = 2.74 Å− 1) compared to Ca (Z/r Ca2+ = 2.02 Å− 1), 
leading to the formation of stable complexes with electron donor func
tional groups i.e., –SiOH and –NH2 surface groups [26,27]. Indeed, 

further research has to be conducted to confirm our proposed 
mechanism. 

Fig. 3C shows the final morphology of synthesized XCu-PMMBGNs 
visualized by SEM in which nanoparticles have homogenous size and 
shape. The TEM image displays visible parallel pore structures in the 
obtained nanoparticles (Fig. 3D). The presence and distribution of Si, Ca, 
and Cu ions in 5Cu-PMMBGNs are confirmed by their corresponding 
elemental mapping shown in Fig. 3E. Table 1 lists the chemical com
positions, textural, and surface properties of XCu-PMMBGNs. According 
to this table and Fig. ioS4, the incorporation of Ca and Cu ions did not 
induce a noticeable change in either the particle size in both dry and 
hydrodynamic states or the pore size. Therefore, we hypothesized that 
the proposed post-modification method would allow us to produce 
MBGNs with various sizes and (pore) morphologies. As a proof of 
concept, copper-containing hollow mesoporous bioactive glass nano
particles with a size of 177 ± 22 nm and chemical composition of 87.34 
SiO2-8.73 CaO-4.03 CuO were synthesized by a similar soaking process 
(Fig. S5). This structure with a low density of silica could be considered a 
safe drug carrier with low toxicity. 

We further analyzed the molecular glass structure of XCu-PMMBGNs 
using FTIR analysis. The spectra show characteristic bands of the silicate 
glasses located at ~450 and ~800 cm− 1 assigned to Si–O–Si bending 
and symmetric stretching vibrations, respectively (Fig. S6). A weak 
shoulder appeared at ~950 cm− 1 corresponding to the stretching mode 
of Si–O–NBO (non-bridging oxygen bonds). The amorphous structure of 
all samples was confirmed by their XRD patterns, as only one broadband 
located at 2θ = 23◦ was observed (Fig. S6) [20,21]. It should be noted 
that a similar glass structure was observed for the obtained MBGNs 
synthesized by the microemulsion method as depicted in Fig. S7. Taken 
together, firstly, the post-modification strategy succeeded to overcome 
the challenges reported in the common microemulsion method, 

Fig. 2. Synthesis and optimization of MBGNs through the microemulsion-assisted sol-gel method. A) Synthesis route, B) SEM image, and C) size distribution of 
synthesized nanoparticles. D) TEM image and E) chemical composition and surface properties of synthesized nanoparticles. Scale bars in panels B and D represent 
200 nm. 
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including the low control over the particle dispersity and low metal ions 
loading in MBGNs fabrication. Secondly, as in this strategy, ion loading 
did not affect the size and morphology of the premade nanoparticles, 

this synthesis route can be considered a versatile platform that allows for 
the synthesis of a wide range of compositions, sizes, and morphologies of 
bioglasses. Next, we evaluated the performance of synthesized XCu- 

Fig. 3. Fabrication and characterization of XCu-PMMBGNs. A) Optical images of XCu- MSN and XCu- NH2MSN (0, 2, and 5 % of Cu) after soaking confirm the strong 
affinity between amine groups and copper ions. B) Proposed mechanism for the incorporation of metallic ions into aminated particles. C) SEM and optical images 
(insert) of XCu-PMMBGNs (0, 2, and 5 % of Cu). D) TEM images and E) elemental distribution in 5Cu-PMMBGNs. Scale bars represent 200 nm in panels C and E. (For 
interpretation of the references to color in this figure, the reader is referred to the web version of this article.) 

Table 1 
Chemical compositions, textural and surface properties of synthesized XCu-PMMBGNs. SSA refers to the specific surface area of the nanoparticles.  

Samples Chemical composition (mol%) Zeta potential (mV) DLS size (nm) SSA (m2/g) Pore volume (cm3/g) Pore size (nm) 

XCu-PMMBGNs 
0 Cu EDX 83.7 SiO2-16.3 CaO − 7.3 ± 0.81 175 ± 10.1 49 0.11 3.48 

ICP 83.3 SiO2-16.7 CaO 
2 Cu EDX 88.5SiO2-11.5CaO-2.7CuO − 10.3 ± 0.47 172 ± 4.9 99 0.14 3.13 

ICP 86.8 SiO2-11.9 CaO-1.5 CuO 
5Cu EDX 89.5 SiO2-10.5 CaO-4.8CuO − 10.8 ± 0.6 170 ± 8.5 77 0.09 3.16 

ICP 87.8 SiO2-8.0 CaO-4.2 CuO  
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PMMBGNs (0, 2, and 5 mol%), by assessing their mineralization ca
pacity, dissolution behavior, antibacterial performance, cytotoxicity, 
and cellular uptake. 

3.2. Ion release by nanoparticles 

The release profile of various ions from synthesized XCu-PMMBGNs 
was measured in SBF and α-MEM for up to 14 days. As shown in Fig. 4A, 
the first stage of Si dissolution corresponds to the disruption of the outer 
layer of the silica network, giving rise to an initial fast release. This fast 
release was then followed by a more gradual Si release for up to 14 days. 
The biodegradability of XCu-PMMBGNs was confirmed by 36–45 % 
release of initial silica ions in the nanoparticles (Fig. S8). This could be 
attributed to particle porous structure and pH rise during immersion in 
media that facilitate the hydrolysis and breakage of Si-O-Si bondages 
[44]. Unexpectedly, an initial fast release of Cu ions for 1 day occurred 
followed by a slow release until day 5 (Fig. 4B). Even though conjuga
tion of amine groups guided the copper ions to the inner parts of the 
nanoparticle during the soaking process and subsequently localized 
them to the inner layers of nanoparticles after the calcination process, 
copper ions could escape the pores easily due to the small size (~0.1 nm) 
compared to the pore size (~3 nm) of nanoparticles. Regarding Ca ions, 
a significantly reduced release rate after 24 h was observed in SBF, 
which confirmed a fast deposition of calcium phosphate (Fig. 4C). Im
mersion of PMMBGNs in SBF containing a high level of Ca (84.73 mg.L− 1 

in SBF) could accelerate ion exchange, leading to a rapid supersaturation 
and consequently fast calcium phosphate precipitation [45]. The release 

of all ions from nanoparticles immersed in α-MEM followed a similar 
profile as SBF (Fig. S9). However, dissolution rates of Si were slightly 
lower in the cell culture medium than in SBF at early time points, which 
could be explained by the adsorption of proteins present in the cell 
culture medium forming a permeable coating on the particle surface 
[46,47]. Ca release was mainly affected by culture media, which resul
ted in reduced Ca release and a longer precipitation process. The pro
teins present in the culture medium can adsorb on the glass surface and 
partially block the pores retarding apatite layer formation [20,46]. It is 
worth mentioning that the consumption of Ca content of culture media 
(75 mg.L− 1 in α-MEM) could be related to the apatite precipitation on 
nanoparticles resulting in decreasing of Ca concentration to the lower 
level of the initial value. 

3.3. Mineralization capacity of nanoparticles 

Once bioactive glass contacts body fluids upon implantation, several 
interfacial reactions occur as a result of fast ionic exchange leading to 
the formation of a layer of superficial hydroxyapatite (HA) crystals, 
which attract various types of biological moieties such as proteins. This 
HA layer subsequently determines the proliferation and differentiation 
of osteoblasts, calcification, and eventually bone regeneration [48]. In 
this study, the in vitro mineralization capacity of the synthesized XCu- 
PMMBGNs was assessed using FTIR, XRD, and SEM after immersion in 
SBF for up to 14 days. As shown in Fig. 5A and S10A, a weak shoulder at 
~950 cm− 1 assigned to the non-bridging oxygen (Si–ONBO) converted to 
a slight band at ~970 cm− 1 after 1 day of immersion as a result of ion 

Fig. 4. Dissolution behavior of synthesized nanoparticles. In vitro ion release profiles A) Si, B) Cu, and C) Ca from XCu-PMMBGNs (X = 0, 2, and 5 mol% of Cu) in 
SBF solution. Dotted horizontal line marks the respective initial concentration of Ca in the SBF solution. 
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exchange and breakage of Si-O-Si bond. Additionally, a new doublet 
band at ~560 and ~600 cm− 1 corresponding to the P− O bending vi
bration of PO4

− 3 appeared after immersion for 1 day and 3 days for Cu- 
free and Cu-containing samples, respectively [20,21]. The deposition of 
crystalline HA onto the synthesized nanoparticles was confirmed by 
their XRD patterns (Fig. 5B and S10B). The obvious diffraction peaks at 
approximately 26.9◦ and 32◦, corresponding to the (002) and (121) 
crystal planes of hydroxyapatite (JCPD 84-1998), were observed in all 

samples after immersion for 3 days. Those peaks were intensified with 
increasing immersion time [49]. Notably, in agreement with FTIR re
sults, Cu-free particles showed more rapid mineralization compared to 
Cu-containing particles, as HA characteristic peaks appeared already 
after 1 day of immersion. This rapid HA deposition can be attributed to 
the higher Ca content in copper-free glasses, leading to higher Ca con
centrations and accelerated deposition of calcium phosphate. Moreover, 
ions with larger radii (Ca) could expand the silica network facilitating 

Fig. 5. In vitro mineralization of synthesized XCu-PMMBGNs. A) FTIR spectra and B) XRD patterns of XCu-PMMBGNs (0 and 5 mol% of Cu) after 1 and 14 days of 
incubation in SBF. C) Representative SEM images of particles after soaking in SBF for 1 and 14 days. D) Representative TEM images of nanoparticles (5Cu-PMMBGNs) 
after 7 days of soaking in SBF (red arrows indicate HA crystals). E) Kinetics of apatite formation on XCu-PMMBGNs explained by pH change and ion release kinetics 
for 14 days. The scale bars in SEM images represent 200 nm. (For interpretation of the references to color in this figure legend, the reader is referred to the web 
version of this article.) 
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water penetration, ionic exchange, and apatite formation [44]. Figs. 5C 
and S11 show representative SEM images of copper-free and copper- 
containing (5 mol%) nanoparticles after immersion in SBF for various 
time intervals. Needle-like structures, as characteristic apatite mor
phologies, were observed on the surface of PMMBGNs after prolonged 
immersion in SBF [20,50,51]. These morphologies are more conspicu
ous in the corresponding TEM images (Fig. 5D). Collectively, our results 
are in agreement with previous studies, confirming the mineralization 
capacity of bioactive glasses. 

To have a better understanding of the mechanism and kinetics of the 
apatite formation process on the XCu-PMMBGNs, we analyzed the 
changes in Si, Ca, Cu, and P content as well as pH of SBF during the 
immersion (Fig. 5E). In all samples, the dissolution process starts with Ca 
ion exchange on the glass surface with hydron (H+) and hydronium 
(H3O+) ions present in SBF. This leads to a burst release of Ca within the 
first hours and, as can be seen in Fig. 5E, induces a pH change from 7.4 to 
8.2. As a consequence of the ionic exchange, silanol groups (-SiOH) are 
formed on the glass surface as nucleation sites which favors the apatite 
layer formation [52,53]. The high pH value accelerates Si-O-Si bond 
breakage enhancing the release of soluble silica for up to 1 day. Sub
sequently, more silanol groups are generated on the bioactive glass 
surface forming a silica-rich layer after the polycondensation process. At 
the same time, the rapid release of Ca ions through the structures 
exposed them to PO4

3− species present in SBF. After the saturation stage, 
Ca and PO4

3− ions present in the solution are adsorbed by a silica-rich 
layer which subsequently forms a Ca–P layer. As shown in Fig. 5E, a 
reduction of P concentration in the initial immersion time could confirm 

the migration of PO4
3− present in SBF to the bioactive glass surface to 

form the Ca–P layer [54]. Results showed that the release of Si ions 
stopped after 1 day which is possibly due to the Ca–P precipitation, 
covering the surface of nanoparticles. The formation of the Ca–P layer 
was likely slowed down by the time allowing Si ions to be released as 
before, after 1 week. Results indicate a competition between glass 
dissolution and Ca–P mineralization. 

3.4. Antibacterial properties of nanoparticles 

The antibacterial performance of synthesized XCu-PMMBGNs was 
firstly assessed by directly exposing different concentrations of nano
particle dispersion with bacterial culture and monitoring the bacterial 
growth curve for 24 h (Fig. 6A). In this study, multidrug-resistant MRSA 
was selected as a clinically relevant and major sepsis-causing microor
ganism responsible for severe bone infections [55]. Additionally, the 
time delay, induced by nanoparticles, at the start of the log phase, was 
depicted in Fig. 6B. As shown in Fig. 6A, copper-free nanoparticles (0Cu- 
PMMBGNs) exhibited a dose-dependent inhibitory effect on bacterial 
growth. This observation highlights the intrinsic antibacterial properties 
of bioactive glasses which are attributed to the effect of released ions 
through the nanoparticles altering the osmotic pressure and local pH 
(Fig. 5E) [56]. Incorporation of copper ions into the nanoparticles 
induced retarded log phase in bacterial growth and enhanced their 
inhibitory effect. Notably, 5Cu-PMMBGNs at a concentration of 500 and 
1000 μg.mL− 1 inhibited bacterial growth to a similar extent as vanco
mycin (8 μg.mL− 1), a well-known effective antibiotic against MRSA 

Fig. 6. Antibacterial efficacy of synthesized nanoparticles. A) Growth curve of MRSA bacteria exposed to XCu-PMMBGNs (X = 0, 2, and 5 mol% of Cu) with 
increasing serial dilution of nanoparticles for 24 h. B) The effect of XCu-PMMBGNs on starting point of bacterial growth. The dashed black line indicates the starting 
point of bacterial growth without being in contact with nanoparticles. C) MRSA viability in contact with XCu-PMMBGNs with different concentrations for 24 h. The 
relative fluorescent unit (RFU) of generated resorufin is considered to be proportional to the number of viable bacterial cells. The dashed black line in C indicates the 
negative control group (Bacteria without nanoparticles). 
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bacteria [57]. Moreover, the antibacterial properties of synthesized 
nanoparticles were supported by results from the resazurin assay 
(Fig. 6C). 5Cu-PMMBGNs at concentrations of 500 and 1000 μg.mL− 1 

showed superior bactericidal properties, evidenced by resorufin signals 
close to zero which indicate that bacteria were not metabolically active. 
Among a few studies on the antibacterial effect of copper-containing 
MBGNs (2 mol%), Bari et al. reported a 50 % growth inhibition of 
S. aureus (8325-4) in contact with 2 mg/mL of nanoparticles for 1 day. 
This inhibitory effect reached 70–75 % after 3 days of incubation [15]. 
Li et al. showed that copper ions at concentrations of 37 and 111 μM 
inhibited S. aureus bacterial growth by about 90 and 100 %, respectively 
[58]. In the present study, the amount of copper released from nano
particle dispersion was about 217 μM which is higher than the reported 
value by Li et al. explaining the potent antibacterial effect of 5Cu- 
PMMBGNs against MRSA bacteria. 

In agreement with relevant literature regarding copper-eluting bio
materials, our results demonstrate that the strong antibacterial proper
ties of synthesized nanoparticles against MRSA bacteria are related to 
the copper ion released from the particles [59–62]. Although the exact 
antibacterial mechanism of copper ions remains to be elucidated, it is 
most likely related to the disruption of bacterial cytoplasmic mem
branes, leading to the leakage of intracellular components like proteins 
and sugars. Furthermore, exogenous Cu ions can deactivate the respi
ratory chains and generate high levels of reactive oxygen species (ROS) 
by catalyzing the Fenton reaction. These ROS cause irreversible oxida
tive damage to the proteins, lipids, and nucleic acids, and can eventually 
lead to cell death. More specifically, it has been reported that the 
exogenous copper ions can significantly disturb the gene replication 
process in S. aureus [63,64]. Taken together, due to the remarkable 

antibacterial efficacy of the synthesized nanoparticles against MRSA 
bacteria, utilizing 5Cu-PMMBGNs as an antibacterial component of a 
bone substitute and evaluating their therapeutic efficacy in vivo are 
logical steps in our future study. 

3.5. Cell viability and internalization of nanoparticles 

The synthesized XCu-PMMBGNs are intended for the treatment of 
infected bone defects, which would entail direct contact with mamma
lian cells. Therefore, in the present study preosteoblast cells (MC3T3-E1) 
were exposed to the 5Cu-PMMBGNs for 1 and 3 days at concentrations of 
500 and 1000 μg.mL− 1 as these concentrations showed the most pro
nounced and effective antibacterial properties against MRSA bacteria. 
As shown in Fig. 7A, nanoparticles showed a dose-dependent cytotoxic 
effect on MC3T3-E1 cells. This finding is in line with the observation 
reported by Zheng et al. for copper-containing MBGNs (7 % mole Cu) 
produced by the common microemulsion method [20]. 

After exposure for 1 and 3 days, 5Cu-PMMBGNs at a concentration of 
500 μg.mL− 1 had no significant cytotoxic effect on cells (~85–89 % cell 
viability, p > 0.05) compared to the control group (cells with no treat
ment). However, a higher concentration of nanoparticles (1000 μg. 
mL− 1) exhibited an obvious cytotoxic effect on cell viability (50–62 % 
cell viability, p < 0.05). This high cytotoxicity could be related to the 
high content of released ions from the nanoparticles and their accu
mulation in static conditions [65]. It has been reported that Cu ions 
above a threshold concentration could induce toxicity toward normal 
cells. This toxicity can be induced by the formation of abundant hy
droxyl radicals as a result of the interaction between superoxide and 
hydrogen peroxide, in which Cu ions act as a catalyst [66]. Li et al. 

Fig. 7. Interaction between MC3T3-E1 cells and 5Cu-PMMBGNs. A) Quantitative analysis of the cytotoxic effect of 5Cu-PMMBGNs on cell metabolic activity 
determined by CCK8 assay. * and # indicate a significant difference between 2 different nanoparticle concentrations and control, respectively. B) Representative 
fluorescence images of the cytotoxic effects of 5Cu-PMMBGNs on the cell viability assessed by live/dead staining. C) LCSM images of 5Cu-PMMBGNs internalized 
within MC3T3 cells after 24 h. 5Cu-PMMBGNs nanoparticles were labeled with FITC (green). Lysosomes and cells were labeled with LysoTracker Red fluorescent 
probe (magenta) and CellTrace™ yellow (cyan), respectively. Co-localization of 5Cu-PMMBGNs and lysosomal compartments appears in white. The scale bars in 
fluorescence and LCSM images represent 100 and 20 μm, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the 
web version of this article.) 
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reported a dose-dependent cytotoxic effect of copper ions against 
MC3T3-E1 cells and the half maximal inhibitory concentration was 
about 134.6 μM [58]. Moreover, the representative fluorescent images 
(live/dead staining) shown in Fig. 7B reflected well the cell viability 
data. Of note, the samples with lower copper content (2Cu-PMMBGNs) 
were not included in the cytocompatibility study due to their low effi
cacy against MRSA. However, their cytotoxicity level might be lower 
than 5Cu-PMMBGNs due to the lower copper content. Collectively, the 
cytotoxicity of our synthesized particles correlates with their copper 
content as well as with particle concentrations, and 5Cu-PMMBGNs at a 
concentration of 500 μg.mL− 1 could be considered a safe choice for 
future studies. 

The intracellular survival of Staphylococcus aureus bacteria along 
with a weak penetration of available antibiotics into host cell plasma 
membranes has been recognized as a major factor in the recurrence of 
infections and associated with therapeutic failures [67]. Therefore, 
introducing antibacterial agents with a high bactericidal activity along 
with internalization ability could open up new opportunities for dealing 
with intracellular bacteria. We further investigated the internalization 
ability of synthesized 5Cu-PMMBGNs (50 μg.mL− 1) into MC3T3-E1 
cells. The cellular uptake of nanoparticles was visualized by labeling 
nanoparticles using FITC-APTES conjugate (Fig. 7C, green channel). 
Live cell images reveal abundant internalization of 5Cu-PMMBGNs with 
their predominant colocalization with lysosomes after 24 h of incuba
tion as shown in Fig. 7C, merged channels. Z-stacking images showed an 
increase in fluorescence intensity from the surface of the cell, confirming 
the internalization of the particles and not simply binding to the cell 
surface (Movie S1). The ability of these nanoparticles as intracellular 
drug (antibacterial agents) carriers to fight infected cells will be the 
focus of our future work. 

4. Conclusion 

Here, we have presented a facile post-modification approach to 
fabricate antibiotic-free antibacterial copper-containing MBGNs. The 
incorporation of therapeutic ions (Ca and Cu) into the silica network was 
facilitated by introducing amine groups as anchoring sites into the MSN 
surface area and pore volume. This post-surface modification strategy 
can overcome the main challenges associated with conventional 
methods such as the microemulsion-assisted sol-gel method to synthe
size MBGNs such as i) better control over particle dispersity, ii) incor
poration of higher content of calcium and copper ions into the silica 
network without forming any crystals and disturbing the particle ho
mogeneity, iii) providing a versatile platform to produce a wide range of 
MBGNs with various sizes, compositions, and (pore) morphologies. The 
resulting particles had a particle size of ~110 nm and pore size of ~3 
nm. Their apatite mineralization capacity was confirmed in vitro upon 
immersion in SBF after 3 days. Moreover, 5Cu-PMMBGNs could effec
tively inhibit the growth of clinically relevant bacteria (MRSA) at con
centrations of 500 and 1000 μg.mL− 1 as evidenced by a significant 
reduction (~99.9 %) of bacterial viability after 24 h of incubation. Given 
the morphological features (e.g., nanoscale properties, mesoporous 
structure), mineralization capacity, antibacterial properties, and inter
nalization ability, these nanoparticles provide new opportunities for the 
design of multifunctional biomaterials such as coating or hydrogel 
composites for the treatment of infected bone defects. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.bioadv.2022.213198. 
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