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copper ions are crucial in regulating angiogenesis signals. Co-loading copper and silver in bioac-
tive glasses has been explored to address clinical challenges. This study modified the prepara-
tion of silver-copper bimetallic mesoporous bioactive glass, analyzing their textural properties

and antibacterial activity against Enterococcus faecalis.

Materials and methods: The silver-copper co-loaded bioactive glass (designated as AgCu/80S)
was synthesized using a sol—gel technique with modifications. Textural analyses were carried
out via X-ray diffraction, UV—Vis spectroscopy, Brunauer—Emmett—Teller analysis, and trans-
mission electron microscope. The ion-releasing activity determined using inductively coupled
plasma-mass spectrometry, and the antibacterial activity against E. faecalis was assessed
through disk diffusion and kinetic bacterial growth curve.

Results: The modification led to weaker crystallization of calcium silicate, altering ion-
releasing and antibacterial activities. Ag3Cu2/80S exhibited the highest released silver ion
concentration at 112.6 ppm, with an inhibition zone of 9.09 &+ 0.09 mm in disk diffusion assays.
However, the inhibition zone of Ag2Cu3/80S was 9.92 + 0.04 mm, implying that the antibac-
terial activity may not only be influenced by silver ions.

Conclusion: The AgCu/80S showed a potential antibacterial activity against E. faecalis,
whereas further research on AgCu/80S glasses is necessary to optimize ion release conditions,
assess bioactivities, and explore potential dental applications.

© 2025 Association for Dental Sciences of the Republic of China. Publishing services by Elsevier
B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).

Introduction

Recent research has highlighted that over 90% of adults
suffer from diseases related to pulp infection,’? such as
dental caries and trauma, often caused by microbial in-
fections like Enterococcus faecalis, Streptococcus mutans,
and Porphyromonas gingivalis. Thus, effective removal of
microorganisms from the oral cavity is crucial in root canal
therapy. The failure in repeated endodontic treatments
may be led by persistent bacteria, poor root canal cleaning
and sealing, improper coronal sealing, or untreated root
canals.®> The microbiological analysis indicated specific
bacteria prevalence in primary and secondary pulp in-
fections, emphasizing the importance of addressing bac-
terial persistence in treatment.* Traditionally, root canal
files and antibiotics were used to excise infected tissue;>’
however, this led to treatment failure and tooth extraction
due to bacterial resistance and incomplete removal." %’
The regenerative root canal treatment offers an alterna-
tive, such as pulpotomy and apexogenesis, to promote the
repair and regeneration of dental pulp tissue.®'%""?
Commonly used pulp-covering materials, including cal-
cium hydroxide, mineral trioxide aggregate (MTA), and
biodentine, aimed to induce cell proliferation and repair
dentin formation for pulp regeneration.”'*'* Calcium hy-
droxide, known for its antibacterial properties, has limita-
tions such as degradation and incomplete bacterial
inhibition.">'® Despite its excellent sealing and biocom-
patibility, MTA may not effectively inhibit certain bacteria
like E. faecalis."” Biodentine, with rapid solidification
properties, demonstrated bacteriostatic effects against E.
faecalis but may pose challenges in clearing repeated in-
fections due to its quick coagulation.'® Collectively, while
various pulp-covering materials offer advantages in regen-
erative root canal treatment, each has its limitations,
emphasizing the need for further research to develop more
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effective antibacterial strategies for pulp repair and
regeneration.

The mesoporous bioactive glasses (MBG) synthesized via
the sol—gel method with surfactants as structural guide
agents exhibit remarkable biological activity, making them
valuable in bone tissue regeneration and dental repair
materials.’”?® MBGs offer characteristics of high surface
area, pore volume, and an ordered mesoporous structure,
enabling the loading of functional ingredients such as drugs
and metals for controlled release, which makes them ver-
satile for various biomedical applications.'”?° Silver ions
(Ag™) are well-known for their excellent antibacterial
properties against both Gram-negative and Gram-positive
bacteria;?' silver nanoparticles (AgNPs) also exhibit
remarkable antibacterial abilities and are less prone to
causing microbial resistance. The previous studies have
demonstrated the antibacterial efficacy of the silver-
incorporated MBG (Ag-MBG) against bacteria like Entero-
coccus coli and Staphylococcus species,”” >* with Ag-MBG
showing significant inhibition zones, particularly against
Gram-positive bacteria, S. carnosus.?*> The approaches have
been taken to develop antibacterial bone scaffolds using
Ag-MBG combined with materials like poly L-lactic acid
(PLLA) or through 3D printing techniques.?”?* The obser-
vations have shown promising antibacterial effects of Ag-
MBG against various bacterial strains, making them poten-
tial candidates for bone or dental tissue engineering ap-
plications. Additionally, copper ions (Cu*") are recognized
for their role in regulating angiogenesis signals,?> promoting
vascular endothelial cell proliferation, migration, and
wound healing. The synergy effect between copper and
silver ions on the antibacterial effect has been studied,?®%”
The previous study showed that combining copper oxide
(CuO) nanoparticles with silver (Ag) nanoparticles signifi-
cantly enhanced antibacterial properties,?® with CuO
nanoparticles boosting the antibacterial effect of Ag
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nanoparticles up to 6 times. In another study, Hao et al.
described that the silver-copper bimetallic nanoparticles
(Ag—Cu NPs) effectively reduced the genotoxicity associ-
ated with individual nanoparticles while considerably
enhancing their antibacterial efficacy.”” The Ag—Cu NPs
were noted for their synergistic effects on reactive oxygen
species (ROS) generation processes, photocatalytic prop-
erties, antibacterial mechanisms, and the factors influ-
encing their performance. These observations highlighted
the potential of silver and copper combinations to enhance
efficacy, reduce toxicity, and find broader applications.

A few efforts have been made on co-loading copper and
silver in bioactive glasses to explore their multi-
functionality in addressing clinical challenges.?®?° The
previous studies reported enhanced antibacterial proper-
ties against methicillin-resistant Staphylococcus aureus and
vancomycin-intermediate S. aureus,”’ as well as promoting
angiogenesis, as evidenced by increased wound healing
rates and blood vessel formation.?® These findings encour-
aged further research in silver and copper co-doped ma-
terials to develop novel therapeutic strategies for various
biomedical applications, such as in the dental field. Hence,
to better understand and improve the AgCu/80S materials,
this study endeavored to modify the preparation of the
silver-copper bimetallic mesoporous bioactive glass, mak-
ing the AgCu/80S materials closer to a non-crystal bioglass.
The textural analyses were carried out using
ultraviolet—visible  spectroscopy, Brunauer—Emmett—-
Teller analysis, transmission electron microscope, and
inductively coupled plasma-mass spectrometry. The anti-
bacterial activity of AgCu/80S against E. faecalis was also
assessed via disk diffusion, kinetic growth curve, and
colony-forming testing assays.

Materials and methods
Preparation of AgCu/80S materials

The silver-copper co-loaded bioactive glass (designated as
AgCu/80S) was produced using a sol—gel technique as
described in the previous study but with modifications.?’
Briefly, the composition of the material was
80Si0,—15Ca0—5P,05-(5-x)Ag-xCuO, where x signified the
additional mole ratio with values ranging from 0 to 5. The
tetraethyl orthosilicate (TEOS) (Acros, NJ, USA), triethyl
phosphate (TEP) (Fluka, NC, USA), and calcium nitrate
tetrahydrate (Ca(NOs),-4H,0) (Showa, Osaka, Japan) were
employed as precursors, with the addition of nitric acid
(Showa) at 2M and Pluronic F-127 (BASF, Frankfurt, Ger-
many) in 99.5% absolute ethanol. Silver nitrate (AgNOs)
(Showa) and copper nitrate trihydrate (Cu(NOs),-3H,0)
(Showa) were poured based on the composition ratio. The
mixture was stirred at room temperature for 24h to
generate the sol. Subsequently, polyurethane (PUF)
(Nanapo, Kaohsiung, Taiwan) was utilized as a template,
which was compressed and immersed in the sol for 1 min to
facilitate the infiltration of the sol into its structure. The
immersed PUF was placed at room temperature for 10 min,
and the steps above were repeated twice. Aging was con-
ducted by drying in an oven at 100 °C for 24 h to induce
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evaporation-induced self-assembly (EISA). Finally, the ma-
terials were placed in a high-temperature calcining
furnace, with the heating rate at 10 °C/min up to 650 °C,
and the temperature was maintained for 5 h to undergo
thermal treatment for the removal of the template and
surfactant, resulting in the production of AgCu/80S powder.

X-ray diffraction

The powder of AgCu/80S material was placed on the plat-
form and subjected to analysis utilizing an X-ray diffraction
analyzer (Shimadzu XRD-6000; Kyoto, Japan) employing Cu
Ko rays (A = 1.542 A). The angular range of measurement
was 260 = 20—80°, the scanning velocity was set at 2°/min,
and the Jade 6 software was utilized to compare the ob-
tained data with the Joint Committee on Powder Diffrac-
tion Standards (JCPDS) database in order to validate the
crystal structure corresponding to AgCu/80S.

Ultraviolet—visible spectroscopy

An ultraviolet—visible spectrometer (Shimadzu UV-2600;
Kyoto, Japan) was employed to detect the absorbance
within 200—800 nm wavelength for the AgCu/80S powder to
identify the metal nanoparticles in materials. Various ma-
terials exhibited distinct absorption wavelengths, and
nanometals smaller than a certain size demonstrated a
surface plasmon resonance phenomenon,® which subse-
quently produced characteristic absorption peaks under
UV—Vis light irradiation.

Brunauer—Emmett—Teller analysis

The nitrogen adsorption isotherm (Micromeritics ASAP 2020)
was employed to assess the surface area, pore volume, and
pore size distribution of AgCu/80S porous materials. The
nitrogen at a specific partial pressure could help forming a
monolayer on the material’s surface and porous structures
due to the van der Waals force. The specific surface area,
pore volume, and pore size of the materials could be
calculated as previously described.>"

Transmission electron microscope

The samples were prepared by spraying the materials in
sterile distilled water onto the sample holder. The sample
holders were dried at 60 °C for 5 days. A transmission
electron microscope (JEOL JEM-3010; Tokyo, Japan) at an
accelerating voltage of 200 kV was utilized to examine the
morphology of the materials. A lanthanum hexaboride
(LaBg) filament within a vacuum system was employed to
permeate the sample film with a high-energy electron
beam, thus producing both a penetrating electron beam
and a scattered electron beam. Subsequently, the elec-
tromagnetic lens is employed to amplify and concentrate
these beams, resulting in diverse diffraction patterns or
luminous and shadowy contrast imaging that facilitate the
observation of the mesoporous structure of the substance.
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Inductively coupled plasma-mass spectrometry

An ICP-MS (iCAP TQ, Thermo Fisher Scientific) was
employed to examine the silver and copper content in the
inspired AgCu/80S solutions. The AgCu/80S materials were
immersed in brain heart infusion (BHI, Himedia) broth, the
bacterial culture medium used in this study, and shaken at
160 rpm and 37 °C for 24h, with 40 mg/mL solid—liquid
ratio. After the centrifugation, a 0.22 um filter was utilized
to remove the solid powder in the supernatant. The filtered
samples were then subjected to the ICP-MS detection.

Disk diffusion assay

The AgCu/80S materials were pressed into tablets with a
diameter of 8 mm. The bacterial suspension at
2 x 108 colony-forming units per milliliter (CFU/mL) of E.
faecalis ATCC29212 was prepared and spread onto BHI agar
using a swab. The 8-mm material tablets were gently
placed on the bacterial lawn. The plate was incubated at
37 °C for 24h in an atmospheric environment. The diameter
of the inhibition zone was measured. All experiments were
repeated three times.

Bacterial growth curve assay

The bacterial suspension at 2 x 108 CFU/mL was prepared,
diluted 200 times, and added to a 96-well plate. Subse-
quently, various solid—liquid ratios of inspired AgCu/80S
ranging from 1.25 to 40 mg/mL were also mixed, generating
final concentrations ranging from 0.625 to 20 mg/mL and
5 x 10° CFU/mL. The 96-well plate was incubated at 37 °C
in an atmospheric environment, and the absorbance value
was measured hourly for 24h at a wavelength of 600 nm
using a Microplate reader (Infinite F50). The minimum
inhibitory concentration (MIC) was determined as the
lowest concentration, observing no growth.

Colony-forming assay

To further evaluate the minimum bactericidal concentra-
tion (MBC) of AgCu/80S against E. faecalis, the samples
were collected from the 96-well plates for bacterial growth
curve assays. A sterilized cotton swab was immersed into
the sample and spread the sample onto BHI agar. The agar
plates were incubated at 37 °C for 24h in an atmospheric
environment. The concentration without a viable colony
was regarded as the MBC.

Results

Crystal phase analysis of AgCu/80S

The crystallographic characteristics of AgCu/80S were
determined using an X-ray diffraction analyzer to analyze
the material at 20 = 20—80° to observe the crystal phase
composition, with the Jade 6 software and JCPDS database
employed for comparison (Fig. 1). All materials in this study
exhibited the presence of glass ceramics containing calcium
silicate crystals (Ca,Si04) on planes of (301) (JCPDS
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Figure 1  X-ray diffraction results of (a)Ag5/80S, (b)Ag4Cu1/

80S, (c)Ag3Cu2/80S, (d)Ag2Cu3/80S, (e)Ag1Cu4/80S, and (f)
Cu5/80S.

24—0034) and planes of (046) and (208) (JCPDS 36—0642).
The diffraction peaks of silver (Ag, JCPDS 04—0783) at
20 = 38.11°, 44.27°, 64.47°, and 77.47° were noted in those
materials containing Ag (Fig. 1a—e), with the crystal planes
of (111), (200), (220), and (311), respectively. The signals
increased as the concentration of Ag added increased.
Similarly, the copper-containing materials (Fig. 1b—f)
exhibited the crystallization of copper (Cu, JCPDS 04—0836)
at 20 = 43.29° on the plane of (111). Furthermore, the
crystal phase of copper oxide (CuO, JCPDS 48—1548) was
observed at 26 = 35.54° and 38.70°, manifesting as (11-1)
and (111), respectively, when the mole ratio of copper
increased. The crystallization of calcium oxide (CaO, JCPDS
48—1467) was observed at 20 = 32.19°, 37.35°, 53.85°,
64.15°, and 67.37°, with the resulting crystal faces being
(111), (200), (220), (311), and (222). It was postulated that
Cu** infiltrated the material structure and replaced the
position of Ca®* as more copper was added, resulting in
Cao0.

The ultraviolet spectrometer (UV—vis) was used to
analyze materials for silver and copper crystal phases, with
wavelengths ranging from 200 to 800 nm (Fig. 2). No char-
acteristic absorption peak was detected in the 80S mate-
rial, while the Ag5/80S, Ag4Cu1/80S, Ag3Cu2/80S, and
Ag2Cu3/80S materials were observed with the of Ag nano-
particles at a wavelength near 400 nm. However, no related
signal was observed in Ag1Cu4/80S, probably due to the low
addition amount of silver. Additionally, no copper crystals
were found in all compositions.

Pore analysis of AgCu/80S

The mesoporous characteristics and pore size of AgCu/80S,
with the 80S serving as a control group, were investigated
to determine whether the addition of silver and copper to
the material would impact the material properties (Fig. 3).
According to the IUPAC classification, the adsorption and
desorption curve of the 80S corresponds to a type IV H1
isotherm curve with a hysteresis loop, signifying
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Figure 2 UV-—vis spectra of 80S, Ag5/80S, Ag4Cu1/80S,

Ag3Cu2/80S, Ag2Cu3/80S, Ag1Cu4/80S, and Cu5/80S.

mesoporous materials, with a specific surface area and pore
volume of 294.1 m?/g and 0.51 cm3/g, respectively, and a
pore size of 7.6 nm (Fig. 3a). The measurement aligned
with the pore size of mesoporous bioactive glass, which
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falls within the range of 2—50 nm. The Ag5/80S, Ag4Cutl/
80S, Ag3Cu2/80S, Ag2Cu3/80S, Ag1Cu4/80S, and Cu5/80S
materials exhibited a notably smaller surface area and pore
volume compared to 80S, where the values were 154.9 m?/
g and 0.33 cm®/g, 175.9 m?/g and 0.33 cm®/g, 157.4 m?/g
and 0.31 cm?/g, 170.7 m?/g and 0.32 cm?/g, 173.2 m?/g
and 0.33 cm®/g, 150.2 m?/g and 0.35 cm?/g, respectively
(Fig. 3b—g). The percentage of decreases in surface area
ranged from 40.2% to 48.9%, and that in pore volume were
from 31.4% to 39.2%, with the pore size of 7.4—9.1 nm
(Table 1). Our findings suggested that silver and copper
have indeed infiltrated the material, resulting in a decrease
in surface area and pore volume.

Morphology of AgCu/80S

The transmission electron microscope was employed to
examine bright and dark field images to observe the
morphology of the materials (Fig. 4). The Ag5/80S, Ag4Cu1/
80S, Ag3Cu2/80S, Ag2Cu3/80S, Ag1Cu4/80S, and Cu5/80S
exhibited an orderly disposition with lines, whereas the
pores were found in a hexagonal form. Although the mes-
oporous structures were found no difference between 805
and AgCu/80S materials, the incorporation of silver and
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Nitrogen adsorption/desorption isotherm and pore size distribution curve results of (a)80S, (b)Ag5/80S, (c)Cu5/80S, (d)
Ag4Cu1/80S, (e)Ag3Cu2/80S, (f)Ag2Cu3/80S, and (g)Ag1Cu4/80S.
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Figure 3  (continued).

Table 1  The result of nitrogen adsorption/desorption isotherm and pore size distribution curve.

Seer (M2/g) The percentage of Ve (cm3/g) The percentage of Pore
decrease Sget (%)? decrease Vp (%)% size (nm)
80S 294.1 - 0.51 - 7.6
Ag5/80S 154.9 47.3 0.33 35.3 7.4
Cu5/80S 150.2 48.9 0.35 31.4 9.1
Ag4Cu1/80S 175.9 40.2 0.33 35.3 7.5
Ag3Cu2/80S 157.4 46.5 0.31 39.2 7.6
Ag2Cu3/80S 170.7 41.9 0.32 37.3 7.6
Ag1Cu4/80S 173.2 41.1 0.33 35.3 7.6

@ deceased percentage compared to that of 80S.

copper was observed in micrographs as black dots or
shadows (Fig. 4), which agreed with the findings by San-
chez-Salcedo et al.>*

lon release of AgCu/80S

The release of ions was considered the determinant for
antibacterial activities,>? where the BHI medium base was
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employed for the growth of E. faecalis. Proteins or amino
acids were regarded as the key component to release the
metal ions from metal-containing MBGs.>? Thus, the liber-
ation of silver and copper from the AgCu/80S materials was
detected using an ICP-MS (Fig. 5). The quantities of silver
ions released for materials containing silver (e.g., Ag5/80S,
Ag4Cu1/80S, Ag3Cu2/80S, Ag2Cu3/80S, and Ag1Cu4/80S)
were 102.0 = 0.1, 96.5 + 0.2, 112.6 = 0.1, 70.0 & 0.0, and
33.8 + 0.1 ppm, respectively. On the other hand, for those
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Figure 4 TEM micrographs of 80S, Ag5/80S, Cu5/80S, Ag4Cu1/80S, Ag3Cu2/80S, Ag2Cu3/80S and Ag1Cu4/80S. The scale bar

down left displayed 20 nm.

containing copper, the quantities of copper were deter-
mined as 123.8 + 0.2, 202.8 + 0.0, 205.8 + 0.1,
131.2 + 0.1, and 363.9 + 0.0 ppm, respectively. The
quantity of silver released from Ag3Cu2/80S was relatively
higher than others, speculating a phenomenon of copper-
enhanced silver release.

Antibacterial activity of AgCu/80S

To examine the antibacterial activities of AgCu/80S mate-
rials, disk diffusion assays against E. faecalis ATCC 29212
were performed (Fig. 6). Neither 80S nor Cu5/80S exhibited
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Figure 5 ICP-MS results of the inspired Ag5/80S, Ag4Cut/

80S, Ag3Cu2/80S, Ag2Cu3/80S, Ag1Cu4/80S, and Cu5/80S in
BHI broth.
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an inhibition zone, while the materials containing silver
showed inhibition zone, with diameters of 8.21 + 0.06,
9.92 + 0.04, 9.09 4+ 0.09, 8.64 + 0.04, and 8.39 + 0.07 mm
for Ag1Cu4/80S, Ag2Cu3/80S, Ag3Cu2/80S, Ag4Cu1/80S,
and Ag5/80S, respectively. To further understand the
antibacterial kinetics of AgCu/80S against E. faecalis, the
bacterial growth curves were recorded, where the MICs
were also determined, with the colony-forming assays for
the MBCs (Fig. 7). No inhibition was found for E. faecalis
with Cu5/80S (Fig. 7a and b), illustrating that the copper
released from Cu5/80S possessed no antibacterial activity.
The MICs of Ag1Cu4/80S, Ag2Cu3/80S, Ag3Cu2/80S,
Ag4Cu1/80S, and Ag5/80S against E. faecalis were all found
as 20 mg/mL (Table 2), with delayed growth at concen-
trations lower than 20 mg/mL noticed in the growth curves
(Fig. 7c, e, 7g, 7i and 7k). Notably, the dose-dependent
trends of delayed growth were found for Ag2Cu3/80S,
Ag3Cu2/80S, Ag4Cu1/80S, and Ag5/80S (Fig. 7e, g, 7i and
7k), with growth postponed to approximately 6h, 8h, and
12h at 2.5, 5, and 10 mg/mL, respectively. Additionally, the
MBCs of Ag1Cu4/80S, Ag2Cu3/80S, Ag3Cu2/80S, Ag4Cutl/
80S, and Ag5/80S against E. faecalis ranged from 20 to
>20 mg/mL, with the lowest MBCs observed for Ag2Cu3/80S
and Ag3Cu2/80S, where the silver content of Ag3Cu2/80S
was found as the highest among the materials in this study
(Fig. 5). The findings implied that the AgCu/80S synthesized
in this study possessed antibacterial activities, whereas the
Ag2Cu3/80S and Ag3Cu2/80S demonstrated better efficacy
among these.

Discussion

The crystal phases found in this study agreed with the
previous efforts (Fig. 1).242%343% Besides, compared to the
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Diameter (mm) 8.21+0.06

9.92+0.04 9.09+0.09 8.64+0.04  8.39+0.07

Figure 6
ATCC29212. The scale bar down left displayed 5 mm.

previous report by Huang et al.,?’ the analyses revealed a

weaker crystallization for calcium silicate (Ca,SiO4) on
planes of (301) with the modification of preparation to
shorten the aging time from 3 days to 1 day and increase
the temperature from 25 to 100 °C, indicating the materials
we synthesized a bioglass. Our UV—vis results also agreed
with the findings in XRD for copper (Fig. 2), with no signal
found in UV—vis spectra and weak intensity of copper
crystallization. Similar findings for silver nanoparticles
were described in several studies.*®*” In the previous
study,?® Wu et al. synthesized Cu-MBG through the sol—gel
method, denoted as 1Cu-MBG, 2Cu-MBG, and 5Cu-MBG,
with their respective Si/Ca/P/Cu molar ratios being 80/(15-
x)/5/x (where x = 0, 1, 2, and 5). The surface area, pore
volume, and pore size of their MBG were reported as
539 m?/g, 0.60 cm3/g, and 5.2 nm, respectively. For 1Cu-
MBG, the corresponding values were 310 m?/g, 0.36 cm?/g,
and 4.2 nm; for 2Cu-MBG were reported as 353 m?/g,
0.34 cm®/g, and 3.8 nm; for 5Cu-MBG were reported as
334 m2/g, 0.44 cm>/g, and 4.7 nm, exhibiting a type IV H1
isotherm curve hysteresis loop characteristics. Similar
findings were reported by Sanchez-Salcedo et al.,”* who
synthesized mesoporous bioactive glasses containing silver
(MBG-0.15Ag, MBG-0.3Ag, and MBG-1Ag), with also a type IV
H1 isotherm curve hysteresis loop characteristics. As the
mole ratio of silver increased, surface area, pore volume,
and pore size decreased, suggesting the incorporation of
silver in materials. Their study also revealed the XRD results
of silver (Ag) at 20 = 38.1°, 44.3°, 64.5°, and 77.1°, with
the crystal planes of (111), (200), (220), and (311),
respectively. Even with the modification of preparation, no
notable difference was found between the materials syn-
thesized in this study and by Huang et al.?’

In the previous study, Baino et al. conducted the syn-
thesis of mesoporous bioactive glasses containing copper
via the sol—gel method in 2018,® with a composition of
575i0,—32Ca0—6Na,0—3Al,05-xCu0 mol%, where x = 2, 5,
denoted as SCNA-2Cu and SCNA-5Cu. The evaluation of Cu
ion release in simulated body fluid revealed an increase in
copper ion release over time for both groups, with SCNA-
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5Cu exhibiting the highest copper release. In another
study, Huang et al. synthesized MBG-Ag through the sol—gel
method and evaluated the released silver content in various
media such as water, PBS, TSB, and taurine.>* The results
indicated differing silver concentrations, with the highest
in Tau-Ag (272.90 ppm), followed by TSB-Ag. In a separate
study, Huang et al. synthesized silver-containing copper
mesoporous bioactive glass AgCu/80S using the sol—gel
method.?” The evaluation of silver and copper release
showed similar silver release among the bimetallic groups,
higher than Ag5/80S, while copper release increased with a
higher copper ratio, suggesting that the simultaneous
loading of two metals promotes an increase in silver
release. The results of the copper-enhanced silver release
agreed with the previous study,?’ where the antibacterial
activity was also increased against methicillin-resistant S.
aureus (MRSA). However, compared to their case, the
preparation of materials in this study was modified,
decreasing the crystal phase of CaSiO4. The matrix for
metal inspiration used in this study was BHI, where the
protein content is more prosperous than that in TSB. The
findings revealed the different ion-releasing activities be-
tween the materials synthesized in this study and by Huang
et al.?’ Besides, Huang et al. synthesized AgCu/80S mate-
rials using a sol—gel method and evaluated their activity
against methicillin-resistant S. aureus. The composition of
Ag1Cu4/80S exhibited the best antibacterial activities, with
the MIC and MBC of 5 and 10 mg/mL, respectively. With
modifications of the material preparation, the AgCu/80S
materials in this study displayed different activities against
E. faecalis ATCC 29212, whereas the Ag2Cu3/80S and
Ag3Cu2/80S showed the most extraordinary.

The textural findings in this study agreed with the pre-
vious study,?’ while the ion-releasing and antibacterial ac-
tivities were different. It was speculated that the shorter
time and higher temperature for material aging form a
material closer to glass but with different ion-releasing and
antibacterial activities. Further study of the AgCu/80S
glasses would be needed to investigate the appropriate
environment for ion release, bioactivities (including
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Figure 7 The bacterial growth curve and colony forming tests for Cu5/80S (a and b), Ag1Cu4/80S (c and d), Ag2Cu3/80S (e and f),
Ag3Cu2/80S (g and h), Ag4Cu1/80S (i and j), and Ag5/80S (k and l) against E. faecalis ATCC29212.
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Table 2 MICs and MBCs of AgCu/80S against E. faecalis ATCC29212.

Material Cu5/80S Ag1Cu4/80S Ag2Cu3/80S Ag3Cu2/80S Ag4Cu1/80S Ag5/80S
MIC (mg/mL) >20 20 20 20 20 20
MBC (mg/mL) ~20 >20 20 20 ~20 >20

hydroxyapatite formation, cell proliferation, and osteoin-
duction), and its dental applications (bone formation and
angiogenesis).
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