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Abstract: Researchers are concentrating on discovering reducing treatments for bacterial infections
due to the worrisome and quick rise of drug-resistant microbial-related illnesses. Metallic ion doping
and co-doping mesoporous bioactive glass (MBG) can defend against drug-resistant pathogens of
Escherichia coli (E. coli) infection of wounds and solve the issues of bone deformities. In this study,
un-doped MBG, silver-doped MBG (Ag-doped MBG), cerium-doped MBG (Ce-doped MBG), and
silver–cerium co-doped MBG (Ag-Ce co-doped MBG) have been successfully synthesized via the
spray pyrolysis method. In addition, various characterization techniques, including X-ray diffraction,
field emission scanning electron microscopy, energy-dispersive X-ray spectroscopy, transmission
electron microscopy, Fourier transform infrared spectroscopy, and nitrogen adsorption–desorption,
were used to investigate the phase compositions, surface morphologies, chemical compositions, inner
structure morphologies, chemical bonds/functional groups, and specific surface areas, respectively.
The antibacterial efficacy against E. coli was assessed using the colony count technique. All types
of MBG with Ag, Ce, and Ag-Ce were effective against E. coli. Furthermore, when immersed in
simulated body fluid, the MBGs formed hydroxyapatite and could be used to improve bone defects.
Only 5.75 mol% Ag-doped MBG showed toxicity in the MTT assay test. According to our analysis,
the 80S-Ag-Ce-MBG was the first Ag-Ce co-doped MBG.

Keywords: silver; cerium; bioactive glass; spray pyrolysis

1. Introduction

In 2004, Zhao’s team and Vallet Regi’s group conducted experiments leading to the
creation of a novel type of bioactive glass known as mesoporous bioactive glass (MBG) [1].
MBG is derived from the SiO2–CaO–P2O5 system and features a well-ordered porosity with
uniformly sized pores ranging from 2 to 50 nm. Specifically, the 80S (80SiO2-16CaO-4P2O5)
MBG composition offers numerous advantages, including heightened biocompatibility,
osteoconductivity, and the controlled release of calcium and phosphate ions, which are
essential for bone mineralization and regeneration. In addition, its mesoporous structure
provides an extensive surface area and facilitates efficient ion exchange, bioactivity, and
cell adhesion for bone growth [2,3]. These characteristics make it a favored choice for
applications in bone tissue engineering and regeneration, aligning it closely with the
natural bone environment and contributing to favorable outcomes in bone healing and
reconstruction procedures [4]. In recent years, various metal ions, including silver, cerium,
copper, gallium, and zinc, have emerged as therapeutic agents that can stimulate bone
growth, angiogenesis, and antibacterial effects [5–7]. However, these metal ions have
limitations, such as unstable ionic states and potential toxicity when directly consumed [8].
To address these challenges, substrates like zeolites, hydroxyapatite (HA), bioglass, silica,
and carbon fibers have been employed to harness their antibacterial properties. To improve
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the stability of ionic states and enable a gradual, sustained release of metal ions over an
extended duration, extensive research has concentrated on developing antibacterial drugs
where metal ions are bound to a substrate [8].

Drug-resistant infections pose a significant global health threat, an examination of their
burden and treatment challenges. The emergence and spread of antimicrobial resistance
(AMR) have escalated to a critical level, with estimates indicating that by 2050, AMR could
lead to 10 million deaths annually worldwide, surpassing current mortality rates from
cancer or road traffic accidents [9,10]. Factors contributing to this trend include overuse
and misuse of antibiotics, inadequate infection control practices [11], and a lack of new
antimicrobial agents [12]. Additionally, the economic impact of these infections is signifi-
cant, with potential direct healthcare costs of up to USD 2.9 trillion and a projected loss of
USD 100 trillion in global economic output by 2050 [13,14]. Therefore, understanding the
burden of drug-resistant infections and their treatment challenges is crucial for developing
effective interventions and policies. The alarming and rapid growth in drug-resistant
microbial-related illnesses has motivated researchers to focus their attention on developing
innovative therapies for bacterial infections [15]. Notably, Staphylococcus aureus (S. aureus), a
Gram-positive bacterium, frequently colonizes both human skin and mucosal surfaces. The
capacity of the bacterium to induce post-surgical and wound infections can be attributed
to an array of virulence factors, such as adhesins, toxins, and mechanisms for immune
evasion [16]. E. coli, on the other hand, has emerged as one of the most severe and drug-
resistant infections globally [17,18], giving rise to various ailments such as post-surgical
infections, wound infections, sepsis, urinary tract infections, sexually transmitted infec-
tions, and specific forms of diarrhea [19]. Consequently, drug-resistant infections are now
recognized as severe concerns that can lead to a multitude of repercussions, including pro-
longed hospital stays, increased readmission rates, elevated pharmaceutical expenditures,
lost workdays, post-discharge care, and even fatalities, as reported by the World Health
Organization [1,18,20]. Researchers have turned to noble metallic ion-doped and co-doped
mesoporous bioactive glass (MBG) to combat medication-resistant illnesses, particularly
against bacteria like E. coli [21]. Among these ions, silver has the strongest antibacterial
properties of any heavy metal used in this area [1]. MBG containing silver is an effective
and broad-spectrum antibacterial ion that is more efficient against Gram-negative (E. coli)
bacteria than Gram-positive (S. aureus) bacteria [1,22]. The several ways through which
silver exerts its antibacterial effect are outlined here. The S-Ag bond is formed when Ag+

ions interact with the surface proteins of bacterial cell walls’ disulfide (S-S) and sulfhydryl
(-SH) groups. These binding halts electron transport and respiration in addition to causing
the collapse of the proton motive force in bacteria. As a result, it is more difficult to induce
effective rescue mechanisms and the membrane is de-energized then the bacterial cell
death based on these situations [23]. As a hypothesis, the most essential part of silver’s
antibacterial activity is the interaction between Ag+ ions and thiol groups. This interaction
disrupts the conformation of the thiol groups of cysteine residues, which are necessary
for the activity of many enzymes, and so inactivates bacterial enzymatic activities [24,25],
and cerium is a rare earth element that has been employed in biomaterials to enhance
antibacterial activity [26]. Ce3+-doped particles had an unusually significant antibacterial
impact on E. coli [27], and co-doped MBG over the antibacterial activity of silver and cerium
has been explained via a variety of processes and are practically related to the presence of
Ag+ and Ce3+ [28]. Further, previous studies have also described that Ag+ and Ce3+ ions
quickly bind to E. coli bacteria and enter the cytoplasm through the external and internal
membranes, and alter their oxidation states (Ag+, Ce3+, and Ce4+) [29], reducing reactive
oxygen species (There are some reactive oxygen species (ROS) produced: O2

•−, H2O2,
OH−, and •OH). As a result, the bacteria’s ability to breathe is impaired, and its RNA,
DNA, protein, and lipids are damaged. The bacteria’s cells are eventually dead [1], and
high ROS exhibit favorable bioactivity and suitable cell contacts [26,30].

Silver and cerium-doped MBG are utilized for bone abnormalities in addition to
antibacterial properties. A bone defect is the lack of bone tissue at a particular anatomical
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site and is caused by an infection/revision surgery, a traumatic impact of great severity, or
the removal of a tumor [31,32]. Severe bone defects can cause disability, restrict a person’s
capacity to live and work and place heavy social and financial constraints on them. The
repair of bone defects is one of the most popular regenerative techniques; approximately one
million cases of bone diseases and abnormalities are reported each year [33], yet more than
200,000 bone transplants are carried out globally each year [32]. Cerium has been shown
to increase the proliferation, mineralization, and differentiation of primary osteoblasts,
which can be employed for osteogenesis and angiogenesis. In addition, cerium plays a
vital role in the process of bone healing surgery, while silver protects against infection at
the surgical site. This is due to the ability of cerium to stimulate bone regeneration and
silver’s antimicrobial characteristics, both of which are integral components in ensuring
favorable outcomes of surgical procedures [34,35]. Calcium phosphate (CP), which is
the inherent form of calcium apatite, comprises the primary mineral constituent of bone
fillers [36]. The utilization of calcium phosphate in MBG for bone restoration is driven
by the crucial role played by calcium and phosphate ions in bone mineralization and
regeneration. Substances like hydroxyapatite (HA), a variation of calcium phosphate,
closely resemble the composition of natural bone, rendering them highly compatible with
living tissues and conducive to the promotion of bone growth. When incorporated into
MBG, CP enhances its resemblance to natural bone, facilitating the controlled release of
these ions and establishing an environment that supports the activity of bone cells and the
formation of bone-like apatite. Throughout our experimental phase, HA has exhibited a
range of favorable attributes, including compatibility with living tissues, absence of toxicity,
ability to support bone growth, lack of immunogenicity, and serving as a fundamental
component in the process of bone formation [37,38]. Furthermore, cell viability (MTT assay),
and in vitro bioactivity were addressed in-depth to determine the optimum nanoparticle
related to low cytotoxicity and enhancing the filling of the bone defects for these materials.

In the realm of the prior investigation regarding the production of silver and cerium
doped MBG with three main techniques were considered: melt-derived methods [39],
sol-gel synthesis [40], and spray pyrolysis [41]. The melt-derived method offers a straight-
forward approach, expedited processing, and meticulous control over the glass composition.
However, they pose certain challenges, such as maintaining the required high level of pu-
rity for optimal bioactivity and the potential introduction of impurities during various
processing stages like polishing, grinding, sieving, and fritting [42]. In addition, the melt-
derived method requires high temperatures, which increases production costs. On the
other hand, sol-gel offers meticulous regulation over composition and structure but is time-
consuming, intricate, and involves multiple stages of processing [43]. In order to solve the
challenges mentioned earlier, the investigation utilizes the spray pyrolysis method, which
distinguishes itself by offering a continuous, cost-effective, and safe approach. This method
ensures the maintenance of high purity and facilitates low-temperature processing for
bioactive glasses [44,45]. Its distinct advantage lies in the direct control over morphology,
which is particularly crucial for mesoporous materials while also reducing exposure to
hazardous substances [46]. For example, our previous research examined a comparison
between the surface area and bioactivity of particles generated through spray pyrolysis
(SP) and sol-gel techniques employing the same chemical composition [47]. The findings
revealed that although the SP particles exhibited a smaller surface area, they displayed
superior bioactivity with larger HA crystal sizes. This can be attributed to the rapid cool-
ing in SP, which encourages the presence of metastable siloxanes, thereby increasing the
number of nucleation sites for HA layers and consequently enhancing bioactivity [47,48].
Hence, the SP approach was utilized to manufacture mesoporous bioactive glass particles
for this study.

Moreover, the introduction of a non-ionic tri-block copolymer surfactant of Pluronic
F-127 EO106PO70EO106 (where EO is polyethylene oxide and PO is polypropylene oxide)
to induce the synthesis of an ordered mesoporous glass with the highest pore volume
and specific surface area (a surfactant concentration that offers a high ordered mesopore
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while preventing the production of aggregated surfactant lamellae), and uniform and
narrow pore size distribution [47,49]. Furthermore, the use of surfactants confers several
advantages, including non-toxicity, biodegradability, fostering high bioactivity in the glass,
influencing particle morphology, and offering a cost-effective solution. Additionally, surfac-
tants contribute to interfacial stability and provide the capability to fine-tune characteristics
based on molecular nucleation [50,51].

2. Materials and Methods
2.1. Synthesis

All MBG samples, including un-doped, silver-doped, cerium-doped, and silver–
cerium co-doped MBG powders on the composition of 80SiO2-16CaO-4P2O5, were fabri-
cated using SP with horizontal furnace, and a schematic diagram of SP system is shown in
Figure 1. Firstly, to prepare an un-doped MBG solution, 4.35 g of calcium nitrate tetrahy-
drate (Ca(NO3)2·4H2O), 98 wt.%, Showa, Tokyo, Japan), 19.23 g of tetraethyl orthosilicate
(Si(OC2H5)4, ≥99 wt.%, Aldrich, Schnelldorf, Germany), 1.68 g of triethyl phosphate
((C2H5)3PO4, 98 wt.%, Alfa Aesar, Ward Hill, MA, USA), and 21.0 g of Pluronic F-127
EO106Po70EO106 were dissolved into 120 mL ethanol (C2H5OH, 99.5%, Echo, Tainan, Tai-
wan). Then, 3 mL of 0.5 M hydrochloric acid (HCl, 37 wt.%, Honeywell, Charlotte, NC,
USA) was added to the precursor solution and stirred for 12 h at room temperature using
a magnetic stirrer to ensure solution homogeneity. The precursor solution was poured
gently into 1080 mL of deionized water and stirred again for 1 h at room temperature. To
prepare the doped MBG, 0.59 g of silver nitrate (AgNO3, 99%, Echo, Taiwan) was used for
2.87 mol% Ag-doped MBG and 1.18 g for 5.75 mol% Ag-doped MBG. For cerium nitrate
(Ce(NO3)3·6H2O, 99.5%, Alfa Aesar, Heysham, UK), 1.51 g was used for 2.87 mol% Ce-
doped MBG, and 3.02 g for 5.75 mol% Ce-doped MBG. As for the preparation of 2.87 mol%
Ag/2.87 mol% Ce co-doped MBG, 0.59 g of AgNO3 and 1.51 g of Ce(NO3)3·6H2O were
mixed into 1080 mL of deionized water and stirred for an hour at room temperature then
poured into the precursor solution and stirred for 1 h to synthesize Ag-doped or Ce-doped
MBG. Finally, for the preparation of the co-doped MBG, cerium nitrate and silver nitrate
were sequentially introduced into 1080 mL of deionized (DI) water with an interval of 1 h
between each addition. Subsequently, the co-doped solution was poured into the precursor
solution and stirred for an additional hour.
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Figure 1. Schematic diagram of spray pyrolysis.

Next, for the SP process, the prepared MBG solutions were atomized using an ul-
trasonic nebulizer (King Ultrasonic Co., New Taipei City, Taiwan) with a frequency of
1.65 MHz. Subsequently, the droplets were transported into a quartz tube furnace (D110,
Dengyng, New Taipei City, Taiwan) with preheating, calcination, and cooling zones at 400,
700, and 500 ◦C, respectively. Finally, the resulting MBG powders were collected from the
steel tube [52,53] and dried at 70 ◦C for 24 h in the oven.
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2.2. Characterization

Briefly, the phase composition of all MBG samples was determined using an X-ray
diffractometer (D2 phaser, Bruker, Karlsruhe, Germany) with Cu Kα (λ = 0.154 nm) radi-
ation at 30 kV and the current at 10 mA. The XRD samples were prepared by loading a
small amount of MBG powders onto a 25 mm zero-background holder. The scanning angle
(2θ) was set in the range of 20~80◦ with the scanning rate at 4◦/min. FE-SEM (JSM-6500F,
JEOL, Tokyo, Japan) mainly uses a focused electron beam to identify the sample surface
morphology and microstructure. Energy-dispersive spectroscopy (EDS) analysis was used
to describe the material compositions by using INCA software 7582-M (Oxford Instru-
ment, Abingdon, UK). The MBG powders were fixed onto an SEM stub using double-sided
carbon-conductive tape. The samples were then sputtered using platinum with a deposition
rate of 30 s. The adsorption/desorption Isotherm (Novatouch LX2, Quantachrome, Boynton
Beach, FL, USA) measurement method was proposed by Brunauer–Emmett–Teller (BET),
which is determined via the physical adsorption of nitrogen gas on the pores/surface of
the particles and Barrett–Joyner–Halenda (BJH) also measured pore size and pore volume.
Nitrogen gas was used because it is abundant, inert, and high in purity. The microstructure
of the un-doped, Ag-doped, Ce-doped, and Ag-Ce co-doped MBG were analyzed via TEM
(Tecnai G2 F20, FEI, Hillsboro, OR, USA). For the preparation of the TEM sample, MBG
powders were dispersed into an acetone solution using ultrasonic vibration for 10 min.
Then, the dispersion was dropped on the surface of 300-mesh copper-coated TEM grids.
Lastly, the principal hydroxyl apatite of the functional groups and structural bands in the
dried MBG powders were assessed using Fourier-transform infrared spectroscopy (FTIR)
(Thermo Nicolet AVATAR 370, Thermofisher, Waltham, MA, USA) in the wave number
range from 400 to 4000 cm−1.

2.3. Antibacterial Activity

The colony count was a technique used to conduct the antibacterial test, and all
samples were tested for E. coli bacteria (DH5-Alpha, BCRC 51731, Hsinchu, Taiwan). The
colony count method is a quantitative method that counts visible bacteria colonies on a
culture medium to estimate the initial bacteria population. The selection of E. coli bacteria
is supported by practicality, standardization, and clinical significance. E. coli functions as
a practical bacterial model, facilitating initial evaluations and enabling the evaluation of
material biocompatibility, which includes the identification of potential risks associated
with bone surgeries [54]. The E. coli suspension has a concentration of 0.5 mL with a
dilution at 6 × 105 colony-forming unit (CFU)/10 mL of phosphate-buffered saline solution.
The un-doped, doped, and co-doped MBG-containing powders: 1 mg sample powders:
0.5 mL of an E. coli bacterium combination, were mixed (The colony-counting approach
was utilized by the ASTM International E3031-15 guidelines) [55]. The suspension of
sample powders and E. coli were equally distributed over the LB broth plate by using an
L-shaped glass rod. The samples were incubated at 37 ◦C for 24 h. Following that, a colony
counter (Rocker Galaxy 330, Kaohsiung, Taipei, Taiwan) measured the colony’s growth and
calculated bacterial activity using the following formula:

AR =
A − B

A
× 100% (1)

The typical number of bacteria per sample before the sample was added is denoted by
A, the typical number of bacteria per sample after the sample was added is denoted by B,
and the average bacterial rate (%) is denoted by AR.

2.4. In Vitro Bioactivity Test

Samples of the experiment were immersed in simulated body fluid (SBF) to describe
the in vitro bioactivity of MBG powder and investigate the effect of pore shape. Kokubo
et al. [56] suggested the use of SBF as a solution with a comparable ionic content to
human blood plasma. The reagent substances for preparing SBF solution are as follows:
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NaCl, NaHCO3, KCl, K2HPO4·3H2O, MgCl2·6H2O, CaCl2, Na2SO4, (CH2OH)3CNH2 and
1M-HCl, each contain 7.996, 0.350, 0.224, 0.228, 0.305, 0.278, 0.071, 6.057 g and 40 mL,
respectively. All SBF reagents were mixed into one liter of DI water, and the pH value was
adjusted to 7.40 at 37 ◦C by using a magnetic stirrer. In this study, 1 g of the specimen
powders was soaked to 10 mL SBF with the ratio of MBG: SBF = 1:10 for 7 days, and the
immersed sample was stored inside a thermostatic shaker at a fixed temperature of 37 ◦C.
Finally, the sample powders were separated in SBF through centrifugation at 5000 rpm for
5 min. Subsequently, the samples underwent two cleaning cycles, each involving 10 mL of
double-distilled water and acetone. The SBF was refreshed every 24 h using a centrifuge
machine. The samples were dried in an oven at 70 ◦C for 24 h.

2.5. Cytotoxicity Test

The MTT test steps were performed following the standard procedure of ISO10993-part
5: 2009 [57,58]. The choice to use osteoblast cell lines (MC3T3-E1) is based on their direct
relevance to bone tissue and the need to comprehend the influence of bioactive glasses
on bone cell activity, thereby imparting significant clinical importance when assessing
the cytocompatibility of materials employed in bone surgery [59]. Firstly, the MC3T3-
E1 cells (ATCC CRL-2594, Manassas, VA, USA) were cultured in a 75 cm2 flask using
minimum essential medium Alpha (MEM-α, Gibco, Waltham, MA, USA) supplemented
with 10% fetal bovine serum (FBS, Gibco, Waltham, MA, USA), 100 g/mL streptomycin, and
100 U/mL penicillin. In this study, 500 µL of MC3T3-E1 osteoblast cells were first planted
at a density of 2 × 104 cells per well onto 24-well plates. Next, the cultured cells were
incubated at 37 ◦C for 24 h in a humidified 5% CO2 atmosphere. Next, 0.5 mg of un-doped,
Ag-doped, Ce-doped, and Ag/Ce co-doped MBG powders were immersed into 5 mL of the
medium for 72 h at 37 ◦C with the dilution series of 100 µg mL−1. The media were removed
from each well after 72 h of incubation, and 200 µL of MTT solution was added. Each
well was then incubated at 37 ◦C for 4 h to create formazan crystals. The purple crystals
were dissolved by adding 300 µL of dimethyl sulfoxide (DMSO, Echo, Taiwan) to each
well after the MTT solutions had been withdrawn and the cell viability was determined
using a microplate reader (Multiskan Go, Thermo Scientific, Waltham, MA, USA) with a
570 nm absorbance wavelength and then the living and dead cells were calculated to a cell
viability of >70% (not toxic). The absorbance value (OD Value) of this standard group was
determined as the 100% survival rate of the cell survival rate experiment.

2.6. Statistical Analysis

Each test was performed in triplicate, and the results were presented as mean ± standard
deviation. The study has observed statistical significance levels of n = 3, * p < 0.05 and
** p < 0.001 through the utilization of one-way analysis of variance.

3. Results
3.1. Phase Composition

First, the phase compositions of all samples were assessed using X-ray diffraction
(XRD), as displayed in Figure 2. The obtained results confirm the amorphous structures
of all MBG specimens, except 5.75 mol% Ag-doped MBG. With the higher Ag concen-
tration (the 5.75 mol% Ag case), the XRD pattern exhibited the diffraction peaks at 38.2,
44.4, 64.6, and 77.6◦, which correspond to the (111), (200), (220), and (311), respectively,
diffraction maximum in silver (Ag, PDF#87-0720), and (116), (314) for silver oxide (Ag2O),
PDF#46–1476). Hence, for the Ag-doped MBG powders, increasing the silver concentration
changed from the amorphous structure to crystalline phases, whereas the cerium-doped
MBG powders did not.
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3.2. Morphology and Chemical Composition

The SEM images of the doped and co-doped MBG powders are shown in Figure 3. The
particle size distributions of un-doped, 2.87Ag-doped, 5.75Ag-doped, 2.87Ce-doped, 5.75Ce-
doped, and 2.87Ag/2.87Ce co-doped (mol%) MBG are 671.17 ± 183.46, 602.19 ± 166.28,
663.43 ± 188.44, 646.50 ± 189.83, 668.19 ± 151.87, and 529.81 ± 180.98 nm, respectively, are
shown in Figure 4. The elemental composition of materials was determined using EDS, as
shown in Table 1. The results demonstrated that all MBG specimens show experimental
composition values that are qualitative consistent with the nominal composition values.
For doped MBG specimens, the atomic percentage of Ag and Ce is proportional to the
dopant concentration. Furthermore, the co-doped MBG specimens showed the presence of
both Ag and Ce elements. These results indicated that the dopant of Ag, Ce, and Ag/Ce
into the MBG structure was successful.

Table 1. Atomic compositions of un-doped, 2.87 mol% Ag-doped, 5.75 mol% Ag-doped, 2.87 mol%
Ce-doped, 5.75 mol% Ce-doped, and 2.87 mol% Ag/2.87 mol% Ce co-doped MBG.

Atomic Composition (at %)

Sample Type Si Ca P Ag Ce

Nominal 76.92 15.38 7.69 - -
Un-doped MBG 71.49 ± 0.69 14.82 ± 0.64 11.63 ± 0.73 2.06 ± 0.52 -

2.87 mol% Ag-doped MBG 69.52 ± 0.33 14.34 ± 0.85 10.07 ± 0.85 6.07 ± 0.69 -
5.75 mol% Ag-doped MBG 71.89 ± 0.41 14.01 ± 0.34 11.07 ± 0.69 - 3.03 ± 0.11
2.87 mol% Ce-doped MBG 68.78 ± 0.28 13.6 ± 0.86 11.79 ± 0.89 - 5.82 ± 0.23
5.75 mol% Ce-doped MBG 69.07 ± 0.37 14.0 ± 0.99 11.01 ± 0.29 2.9 ± 0.35 3.02 ± 0.17

2.87 mol% Ag/2.87 mol% Ce
co-doped MBG 71.49 ± 0.69 14.82 ± 0.64 11.63 ± 0.73 2.06 ± 0.52 -
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Figure 3. SEM images of (a) un-doped MBG, (b) 2.87 mol% Ag-doped, (c) 5.75 mol% Ag-doped,
(d) 2.87 mol% Ce-doped, (e) 5.75 mol% Ce-doped, and (f) 2.87 mol% Ag/2.87 mol% Ce co-doped MBG.

According to our TEM studies (Figure 5), the successful system of spherical meso-
porous particles of un-doped MBG is confirmed. Ag-doped, Ce-doped, and Ag-Ce-co-
doped MBG all had spherical shapes. In addition, the Ag dopant and Ag nanoparticles
were seen on the surface of the particles, as shown in Figure 5b,c. Figure 5f, which also
illustrates the result of the Ag/Ce co-doped MBG sample, shows a similar nanostructure to
the Ag-doped MBG samples with Ag nanoparticles produced on the particle’s surface [52].
Moreover, in Figure 5e, the Ce nanoparticles exhibit that they are noticeably darker than un-
doped and Ag-doped MBGs. This observation indicates a higher atomic weight. It is worth
noting that Ce possesses an atomic number of 58, while Ag possesses an atomic number of
47. On the other hand, the constituents of un-doped MBG do not possess atomic numbers
greater than 20. Furthermore, the MBG samples that were doped with 5.75% Ag, 5.75%
Ce, and 2.87% Ag/2.87% Ce (mol%) display darker regions on the MBG particles. These
darker regions become more prominent in terms of both quantity and size of nanoparticles
as the concentrations of Ag and Ce increase. This suggests a correlation with the growth of
metallic Ag and Ce nanoparticles on the glass surface and within the pores.
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Figure 4. Particle size distributions of (a) un-doped MBG, (b) 2.87 mol% Ag-doped, (c) 5.75 mol%
Ag-doped, (d) 2.87 mol% Ce-doped, (e) 5.75 mol% Ce-doped, and (f) 2.87 mol% Ag/2.87 mol% Ce
co-doped MBG.

BET and BJH analyzed particular powder specimen sur face areas, typical pore sizes,
and pore volumes using physical adsorption and desorption with nitrogen gas, which was
utilized because of its availability, inertness, and excellent quality. This research found that
all sample powders are mesoporous, with pore diameters averaging 11 nm, and the specific
surface area of un-doped, 2.87Ag-doped, 5.75Ag-doped, 2.87Ce-doped, 5.75Ce-doped, and
2.87Ag/2.87Ce co-doped (mol%) MBG was 230.68 ± 10.61, 217.78 ± 13.07, 186.01 ± 7.57,
170.12 ± 19.99, 57.39 ± 1.49, and 191.93 ± 0.54 m2/g, respectively, as well as the spec-
imen’s pore volume (cc/g), which was 0.7227 ± 0.018, 0.6144 ± 0.052, 0.5274 ± 0.026,
0.4822 ± 0.018, 0.2927 ± 0.090, and 0.6225 ± 0.006, as shown Table 2. Moreover, the
MBG powders at a higher concentration have a lower specific surface area (for instance,
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230.68 m2/g for the case of an un-doped MBG, but 57.39 m2/g for the 5.75 mol% Ce-doped
MBG case) and pore volume (for instance, 0.7227 cc/g for the case of an un-doped MBG,
but 0.2927 cc/g for 5.75 mol% Ce-doped cases). The N2 sorption isotherms of obtained
samples (Figure 6) are type IV characteristic mesoporous materials, and the H1 hysteresis
loop indicated the narrow pore-size distribution.
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Table 2. Specific surface area, total pore volume, and pore radius of un-doped, 2.87 mol% Ag-doped,
5.75 mol% Ag-doped, 2.87 mol% Ce-doped, 5.75 mol% Ce-doped, and 2.87 mol% Ag/2.87 mol% Ce
co-doped MBG.

Sample Type Specific Surface
Area (m2 g−1)

Total Volume
(cm3 g−1)

Pore Radius
(nm)

Un-doped MBG 230.68 ± 10.61 0.7227 ± 0.018 5.09 ± 2.12
2.87 mol% Ag-doped MBG 217.78 ± 13.07 0.6144 ± 0.052 4.67 ± 1.50
5.75 mol% Ag-doped MBG 186.01 ± 7.57 0.5274 ± 0.026 4.82 ± 1.73
2.87 mol% Ce-doped MBG 170.12 ± 19.99 0.4822 ± 0.018 5.45 ± 1.69
5.75 mol% Ce-doped MBG 57.39 ± 1.49 0.2927 ± 0.090 8.16 ± 0.06
2.87 mol% Ag/2.87 mol%

Ce co-doped MBG 191.93 ± 0.54 0.6225 ± 0.006 6.38 ± 0.10
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Figure 6. The N2 adsorption–desorption isotherms of (a) un-doped MBG, (b) 2.87 mol% Ag-doped,
(c) 5.75 mol% Ag-doped, (d) 2.87 mol% Ce-doped, (e) 5.75 mol% Ce-doped, and (f) 2.87 mol%
Ag/2.87 mol% Ce co-doped MBG.
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3.3. Antibacterial Activities

Six samples of un-doped, 2.87Ag-doped, 5.75Ag-doped, 2.87Ce-doped, 5.75Ce-doped
MBG, and 2.87Ag/2.87Ce co-doped (mol%) MBG bioactive glasses were investigated for
antibacterial activity against E. coli bacteria. The results showed that 5.75Ag-doped and
2.87Ag/2.87Ce- co-doped (mol%) MBG killed 100% of E. coli bacteria after 24 h, whereas
2.87Ag-doped (86.6%) > 5.75Ce-doped (63.33%) > 2.87Ce (6.67%)-doped > un-doped (3%)
(mol%) MBG (Figure 7). Thus, the killing efficiency of doped MBGs against E. coli bacteria
was dependent on their concentrations.
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Figure 7. Antibacterial activities of un-doped MBG, 2.87 mol% Ag-doped, 5.75 mol% Ag-doped,
2.87 mol% Ce-doped, 5.75 mol% Ce-doped, and 2.87 mol% Ag/2.87 mol% Ce co-doped MBG against
E. coli bacteria (n = 3, * p < 0.05 and ** p < 0.001).

3.4. In Vitro Bioactivity

XRD, SEM, and FTIR are used to identify calcium phosphate in samples. The amor-
phous character of the bio-glasses became crystalline as the immersion duration increased
up to 7 days, enhancing the crystallinity of HA, silver, and cerium phosphate (monazite).
Some new crystalline phases appeared, e.g., HA(PDF#89-6437), silver (PDF#65-2871), and
cerium phosphate (PDF#74-1889) were formed after 7 days soaking of SBF in the case
of silver and cerium-doping, as shown Figure 8. The SEM images demonstrate that for
every MBG following SBF immersion, the surface of all MBG specimens except 5.75 mol%
Ce doped MBG, HA crystals were found to develop (Figure 9). In summary, XRD and
SEM data verified the development of HA on un-doped, silver-doped, cerium-doped,
and silver–cerium co-doped MBG. Furthermore, FTIR analysis was performed to quantify
the bioactivity. Figure 10a,b illustrates the FTIR spectra of MBGs before and during their
7-day submersion in SBF solution. According to previous works [60,61], the spectral bands
around 482 and 566 cm−1 are assigned to HA. To begin with, the spectral band at 482 cm−1

is assigned to the Si-O-Si bending vibration (referred to as I1) [62], while the spectral band
at 566 cm−1 is assigned to P-O bending vibrations (referred to as I2) [63]. The intensity
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ratio (I1/I2) of these peaks was calculated by dividing the intensity of the P-O peak by
that Si-O-Si peak. I1/I2 ratios of un-doped, 2.87Ag-doped, 5.75Ag-doped, 2.87Ce-doped,
5.75Ce-doped, and 2.87Ag-2.87Ce co-doped (mol%) MBG before immersion of SBF were
determined here as 0.114 ± 0.007, 0.151 ± 0.014, 0.186 ± 0.035, 0.148 ± 0.014, 0.103 ± 0.007,
and 0.175 ± 0.004 (Figure 10a), whereas the I1/I2 ratios after immersion were calculated as
0.214 ± 0.036, 0.252 ± 0.056, 0.283 ± 0.072, 0.236 ± 0.044, 0.209 ± 0.046, and 0.279 ± 0.072,
respec tively (Figure 10b).
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Figure 8. XRD patterns of un-doped MBG, 2.87 mol% Ag-doped, 5.75 mol% Ag-doped, 2.87 mol%
Ce-doped, 5.75 mol% Ce-doped, and 2.87 mol% Ag/2.87 mol% Ce co-doped after immersion in the
SBF solution for 7 days.

3.5. Cell Viability

At last, the cytotoxicity of MBG samples at concentrations of 100 µg.mL−1 is assessed
and determined using the MTT test after 72 h of contact. According to the standard of
ISO10993-5 for cytotoxicity tests, a substance must have a live cell survival rate of >70% to be
considered non-toxic. Figure 11: MTT assay test findings for as-received un-doped, 2.87Ag-
doped, 5.75Ag-doped, 2.87Ce-doped, 5.75Ce-doped, and 2.87Ag/2.87Ce co-doped (mol%)
MBG with cell viability values of 84.83 ± 0.029, 83.53 ± 0.062, 69.28 ± 0.213, 89.51 ± 0.230,
100.01 ± 0.221, and 86.84 ± 0.057%, respectively after 72 h of incubation. As a result, except
for 5.75 mol% Ag-doped MBG, all samples are non-toxic on MC3T3-E1 osteoblasts.
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Figure 9. SEM images of (a) un-doped MBG, (b) 2.87 mol% Ag-doped, (c) 5.75 mol% Ag-doped,
(d) 2.87 mol% Ce-doped, (e) 5.75 mol% Ce-doped, and (f) 2.87 mol% Ag/2.87 mol% Ce co-doped
MBG after immersion in the SBF solution for 7 days showing the HA formation on the surfaces.
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Figure 11. Cell Viability test of un-doped MBG, 2.87 mol% Ag-doped, 5.75 mol% Ag-doped, 2.87 mol%
Ce-doped, 5.75 mol% Ce-doped, and 2.87 mol% Ag/2.87 mol% Ce co-doped MBG during 72 h (n = 3,
* p < 0.05 and ** p < 0.001).

4. Discussion

The XRD analysis, Figure 2, revealed that the phase compositions of the MBG speci-
mens treated with varying concentrations (un-doped, Ag-doped, Ce-doped, and Ag-Ce
co-doped MBG), HCl acid catalysts, and Pluronic F-127 surfactant were all characterized as
amorphous except for the 5.75 mol% Ag-doped MBG. These findings suggest that the MBG
specimens were successfully synthesized and that the concentration treatments had no
effect on the chemical or phase composition of the spray-pyrolyzed MBG specimens, except
for 5.75 mol% Ag-doped MBG. Furthermore, according to the FE-SEM morphology figures
(Figure 3), all MBG specimens have a smoothed sphere morphology with no irregular
shapes and nanosized particles (less than 100 nm) formed, indicating that un-doped, Ag-
doped, Ce-doped, and Ag-Ce co-doped MBG specimens went through the “gas-to-particle”
conversion rather than the “one-particle-per-droplet” conversion [64].

Table 2 shows the surface area, pore volume, and pore size statistics. At high relative
pressures, all MBG samples display type IV isotherms, indicative of a mesoporous structure,
with type H1 hysteresis loops and a strong capillary condensation step, as shown in Figure 6.
As a result of the produced Si-O-Ag or Ce bonds taking up more space in the mesoporous
channels, the pore volume and specific surface area decreased (the addition of silver
and cerium disrupted the structure of the mesoporous silica) [65] when we increased the
concentration of Ag and Ce ions. However, the mesoporous materials’ distinctive textural
features imply that the surface properties, particularly the ultrahigh specific surface area,
play a significant role in enhancing the apatite-forming ability [2]. The formation of apatite
is significantly accelerated by ultrahigh-specific surface area (over 100 m2/g [66]), and this
material has unique features that make it particularly appealing for biomedical applications.
As a result, all MBGs exhibited remarkably high specific surface areas, with the exception of
the 5.75 mol% Ce-doped MBG, which demonstrated a considerably lower specific surface
area, approximately one-third of the other samples. The remaining MBGs were specifically
developed for applications involving bone defects. Besides the specific surface area, the
concentration of the dopant played an essential role in influencing the surface characteristics
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and the surface chemistry, which, consequently, exerted a substantial influence on bacterial
activity and in vitro bioactivity.

Significantly, the results of our study emphasize the antibacterial effectiveness of
dopants, which is dependent on their concentration. The un-doped MBG demonstrated
the least effectiveness, with a reduction of only 3%. This emphasizes the importance of
doping in enhancing the potential for antibacterial activity. Moving up the scale, the
MBG doped with 2.87 mol% of cerium displayed limited bactericidal activity at 6.67%,
suggesting that cerium ions alone may not be as effective against E. coli. In contrast,
the MBG doped with 5.75 mol% of cerium exhibited moderate antibacterial effects with
a reduction of 63.33%, indicating the potential of cerium ions. Additionally, the MBG
doped with 2.87 mol% of silver demonstrated significant efficacy, eliminating 86.6% of
E. coli, thereby emphasizing the role of silver ions. The most impressive bactericidal
performance was observed in the MBG doped with 5.75 mol% of silver and the MBG
co-doped with 2.87 mol% of silver and 2.87 mol% of cerium, as they completely eradicated
E. coli within 24 h. This can be attributed to the strong antibacterial properties of silver
ions. Importantly, the results of our study emphasize the effectiveness of dopants in
preventing bacterial growth, which is dependent on their concentration. Additionally,
our investigation has taken into account the findings of previous studies. In the prior
research on antibacterial properties, it was established that cerium-containing compounds
exhibit antibacterial effects by inhibiting both glucose oxidation and absorption, along
with the modulation of endogenous respiration [33]. According to recent research, the
glass composition, local pH, dose, duration of treatment, shape, surface chemistry, particle
size, and presence of surface coatings are some of the parameters that affect cerium’s
antibacterial properties [67,68]. A stronger antibacterial property was detected when the
quantity of cerium oxide was in the 5 to 10 mol% range at the concentration of 10 mg/mL
and above [69]. Youness et al. [70] discovered that increasing the cerium concentration
of phosphate glasses improved their antibacterial effectiveness against E. coli. Raimondi
et al. investigated the antibacterial properties of cerium-doped MBGs up to 5.3 mol%
concentration [33]. Despite the conclusion made by Garner et al. [71], that cerium has weak
antibacterial activities at low concentrations of cerium [72]. According to Chen et al., the
cerium (III) ion [73] attaches to E. coli cells, blocks endogenous respiration, enters the cells’
cytoplasm, and disrupts their metabolic processes [74]. It should be highlighted that the
presence of Ce3+ and Ce4+ may be responsible for the improved antibacterial activities
observed. The conversion of cerium (IV) to cerium (III) that occurs after ceria particle
adsorption at the surface of E. coli cells suggests that oxidative stress may be a plausible
mechanism by which cerium particle exerts their toxicity [75]. Because it may act through
two different mechanisms: ionic and particle effects, the Ce-doped MBG produced in this
work is thought to have antibacterial characteristics during 24 h at 2 mg/mL concentration,
as shown in Figure 6. The ionic effect may aid in maintaining the material’s antibacterial
properties if one of the pathways was hindered by an environmental factor, such as when
particle impacts were reduced after interacting with or aggregating with other particles in
the medium [76]. The enhanced antibacterial effectiveness of Ag-MBG in comparison to Ce-
doped MBG can be attributed to the enhancement of silver’s antibacterial characteristics via
thiol groups [77]. The thiol groups of cysteine residues, which are crucial for the operation
of many enzymes, are subjected to numerous conformational changes as a result of this
linkage, which ultimately renders bacterial enzymatic activity inactive. For instance, DNA
replication is hampered by the increased pyrimidine dimerization caused by the attaching
of Ag+ to the guanine base (N7 atom) [78,79] and the antibacterial properties of silver
nanoparticles are influenced by factors including their morphology (as shown in TEM
images) and nanoparticle size. Further, the reaction mechanisms underlying the action
of silver and cerium ion-doped or co-doped MBG within the bacterial membrane. Our
investigation revealed that these doped MBGs induce the generation of reactive oxygen
species (ROS) within E. coli bacterial cells. This production of ROS occurs as a result of
the presence of silver and cerium ions, as well as silver and cerium nanoparticles. The
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resultant oxidative stress serves as a pivotal mechanism for the effective eradication of
E. coli bacteria. The intricate interplay between these elements contributes to the potent
antimicrobial action of silver and cerium-doped MBGs, ultimately leading to the successful
elimination of E. coli bacteria [80,81].

For the bioactivity part of the in vitro study, the bioactivity of the 5.75 mol% Ce-doped
MBG sample was slower than that of the un-doped, Ag-doped, 2.87 mol% Ce-doped, and
Ag/Ce co-doped MBG sample, but the addition of 5.75 mol% Ce-doped MBG did not
significantly modify the capacity of crystallinity production [82]. According to a thorough
investigation by Lusvardi et al. [83] on the effect of cerium on bioactivity, cerium addition
slows down the development of the HA layer primarily because it produces insoluble
crystalline CePO4 and increases chemical durability. Additionally, this impact is connected
with the sample’s ceria content (concentration): at a ceria level of up to 5.3 mol%, HA
production was delayed by up to 28 days, but at a ceria content of up to 1 mol%, HA
formation was apparent after 7–14 days [33,84]. Hence, the bioactivity of cerium-doped
MBG at higher concentrations requires additional days to develop HA whereas the HA
formation of Ag-doped MBG was highest. Shih et al. [53] conducted research by using the
XRD peak intensities of the highest peak that has the highest HA (2 θ = 32.07 and 29.23◦);
we compared the XRD peak intensity of the results and found that the bioactivities of the
specimens could be categorized as un-doped, Ag-doped, Ce-doped, and Ag-Ce co-doped
MBG from 5.75Ag-doped > 2.87Ag/2.87Ce co-doped > 2.87Ag-doped > 2.87Ce-doped >
un-doped > 5.75Ce-doped (mol%) MBG. This result demonstrates that Ag dopants will
increase Ag-doped MBG’s bioactivity, speeding up HA growth rates (Figure 8). The other
confirmation study of bioactivity was FTIR and SEM morphology. Figure 10 shows the FTIR
spectra of un-doped, doped, and co-doped MBGs. The expansion of infrared absorption
bands of Si-O-Si stretching vibration is increasingly evident with an increase in the silver
content and low content of Ce-doped MBG in glass systems. Ag- and Ce-doped MBGs
have XRD patterns that show the presence of hydroxyapatite, metallic silver, and cerium
phosphate, which suggests that these materials disrupt the connection of the Si-O-Si glass
network. As a result, the FTIR results validated that all MBGs were bioactive in vitro,
except 5.75 mol% Ce-doped MBG after 7 days of soaking in SBF, supporting the XRD and
SEM (observed the HA morphology, see Figure 9) findings. We will now look at why Ag
increases MBG bioactivity. One of the crucial factors in developing novel glass composition
designs is, therefore, taking the chemical structure of the glass into account, as doing so
would alter the glass’s bioactivity. The SiO4 tetrahedral network forms the basis of the
SiO2-CaO-P2O5 composition, and the O ions link the individual tetrahedral units to create
a three-dimensional structure. The degree of connection in the 3D structure is known
to be modified by Ca to create non-bridging oxygen (NBO) groups. These NBO groups
are necessary for the exchange with H+ or H3O from the surrounding SBF solution to
generate a high dissolution rate, which leads to a high HA production (the first stage in
the process of HA creation is the dissolution of bioglass surface) [85]. Vernè et al. [86] and
Lin et al. [87] conducted investigations where they first synthesized BG and then coated
Ag at the BG surface to create Ag-containing MBG. The majority of Ag is present at the
BG surface and does not interact with the BG structure to reduce the quantity of NBO
groups [88]. The Ag ions produced from the Ag particles at the BG surface act as the
nucleus of HA [87], which subsequently accelerates the HA production to offer greater
bioactivity when the Ag-containing MBG (Figure 5b,c,f) is submerged in SBF. The majority
of the Ag particles were present at the surface of the Ag-containing MBG powders used
in this investigation, in which the dissolution rate of the Ag solubility rate is higher thus
accelerating the ion exchange and speeding up the HA formation. For the other study,
El-Kady et al. [89] employed sol-gel to make the Ag-containing BG particles, and most
of the Ag ions were integrated into the glass structure, which allowed them to study the
retardation of bioactivity. The Ag-O bonds are therefore anticipated to be more covalent
than the Ca-O ones [89]. Hence, silver (monovalent) would thus be used in place of
calcium (bivalent) to reduce the dissolving of the glass because silver ions had greater
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electronegativity than calcium ions. Silica ions release rates were assessed as a sign of
glass dissolving to further support the idea that the addition of silver has reduced glass
dissolution. The results showed that as the silver concentration in the glasses grew, silica
release rates from their surfaces dropped [89]. For this situation, Ag may reduce the
quantity and nature of the glass groups [88], which would slow down the synthesis of HA
and result in a reduction in bioactivity. This was likewise the case with cerium ions, as
shown Figure 5d,e, where most Ce particles were not visible on the BG surface.

The MTT assay test was the final investigation for this study. Silver may be dangerous
if discharged in large amounts, thus it is important to carefully monitor how much is
injected. The potential of ion-exchange treatments to surface functionalize glasses while
maintaining the bulk structure and primary characteristics of MBG is well recognized [34].
According to a study by Chao Shi et al., when the Ag-doping concentration increases from
0.04 to 197 µg mL−1, the antibacterial rate improves from 63% to 99% but cell viability
reduces from 97% to 62% [90]. Furthermore, Luo et al. also developed in vitro testing on
osteoblasts and fibroblasts, and their study revealed no harmful effects from the inclusion
of 0.75 and 1 wt% Ag2O; however, 2 wt% Ag2O was toxic [91]. When we investigated, all
materials were not toxic at a concentration of 100 µg mL−1, but 5.75 mol% Ag-doped MBG
was toxic to MT3C3-E1 osteoblast cells after 72 h; therefore, we had to utilize co-doped Ag-
Ce MBG, which led to 100% death for E. coli bacteria and had no toxic effects on MT3C3-E1
osteoblasts cells, as shown Figure 11.

As the result of this study, co-doped MBGs could offer superior benefits, such as
enhanced bioactivity and antibacterial activity. This makes them more effective compared
to doped or un-doped MBGs. Hence, co-doped Ag and Ce MBG should be utilized to
decrease the issue of Ag toxicity in MBGs and enhance Ce’s bacterial killing effectiveness
and bioactivity, that is why we examined Ag-Ce co-doped MBG.

In our contemplation of the forthcoming period, the subsequent stages of investigation
will encompass the exploration of their associations with varied cell classifications, the
elucidation of their operational processes in opposition to additional drug-resistant bacteria,
the enhancement of doping concentrations for refined biocompatibility, and the evaluation
of their performance within a living organism (in vivo performance), thus establishing the
foundation for their potential clinical applications.

5. Conclusions

The objective of this investigation was to enhance the functionality of mesoporous
bioactive glasses (MBGs) by incorporating metallic ions, specifically silver (Ag), cerium
(Ce), and a combination of Ag and Ce, using the spray pyrolysis technique. This study
sought to assess the efficacy of modified MBG particles in addressing bone deformities
and bacterial infections in bone repair procedures. It was observed that both 5.75 mol%
Ag-doped MBGs and Ag-Ce co-doped MBGs exhibited potent antibacterial properties,
effectively eliminating 100% of E. coli bacteria after a 24 h incubation period. This finding
is particularly significant in the context of bone surgeries, where infections pose critical
concerns. Although the antibacterial activity of Ce-doped MBGs was comparatively lower
than that of Ag-doped MBGs, further investigation is warranted. The selection of Ag and
Ce as metallic ions was based on their known osteogenic properties, which contribute to the
enhanced bioactivity of MBGs. Furthermore, the MBGs demonstrated mesoporosity and
high reactivity in simulated body fluid (SBF), promoting the formation of a hydroxyapatite
layer that resembles bone. In terms of biocompatibility, all MBG compositions, with the
exception of the 5.75 mol% Ag-doped MBG, exhibited high compatibility with MC3T3-E1
osteoblasts at a concentration of 100 µg/mL.
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