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Abstract: Researchers have extensively studied borate bioactive glass (BBG) for bone regeneration
and wound healing applications. In the current study, 13-93B3 (54.6% B2O3, 22.1% CaO, 7.9% K2O,
7.7% MgO, 6.0% Na2O, and 1.7% P2O5) was synthesized using a sol–gel technique and doped
with different molar concentrations of Cu (0.01, 0.05, and 0.25 M) into BBG for possible biomedical
applications. Then, the antibacterial activity was tested against E. coli and S. aureus. The maximum
zone of inhibition against S. aureus was achieved at 100 µg/mL of 0.25 M Cu-doped BBG. At 50 µg/mL
of 0.25 molar copper concentration, E. coli showed a significant reduction in colony-forming units.
Hydroxyl radical production, influenced by the BBG powder, was most effective against S. aureus,
followed by E. coli. Protein leakage studies demonstrated significant leakage after treatment with
BBG powder, demonstrating a strong effect on bacterial strains. This shows a change in protein
synthesis, which is essential for central metabolism and gene transcription, affecting proteins in the
periplasm and inner and outer membranes. Furthermore, carbohydrate leakage studies showed
that BBG is effective against all three categories of cellular carbohydrate, namely membrane-bound,
transmembrane, and intracellular carbs. This study focuses on the diverse antibacterial processes of
Cu-doped BBG, which has emerged as a promising contender for biological applications that require
strong antibacterial characteristics.

Keywords: borosilicate glass; antimicrobial activity; protein leakage; carbohydrate leakage; biomedi-
cal applications

1. Introduction

Microbial corrosion and biofilm formation are serious challenges in biomaterials,
destroying the materials’ overall performance and integrity. An enormous amount of
biomaterial is employed in the healthcare sector to promote patient health, including dental
prosthesis, heart valves, stunts, meshes, and so on. They are mostly composed of metals,
polymers, ceramics, or a combination of all three [1]. Humans have a symbiotic relationship
with many microbial organisms, including some potential pathogens [2]. All implanted
materials will come into contact with biological tissues and bodily fluids. Bacteria or any
microbial species can colonize on the surface of the biomaterial if there are any suitable
micro-environments such as temperature and moisture. Biomaterials frequently provide a
surface for initial adhesion, which is critical for biofilm formation [3].

Biofilm is a substance formed by microbial cells after microbes adhere to the surface of
biomaterials. Biofilm is an extracellular polymeric substance (EPS) that contains mainly
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polysaccharides, proteins, DNA, RNA, and lipids. These molecules provide extra support
and protection against environmental stresses after the initial adhesion. But the initial ad-
hesion is only determined by the physiochemical properties of the surface and microbes [4].
Sometimes these chemicals may compromise the integrity of biomaterials by inhibiting their
bioactivity and interfering with their intended function [5]. Many microbes can produce
acids and enzymes as metabolic byproducts. Acids and enzymes (proteases and lipases)
break down biomaterials and break down their organic components. Biomaterials may
also release the ions needed for cellular growth, healing, or function. However, microbial
activity can interfere with ion exchange, altering ion release and lowering biomaterial
functionality [4,6]. The accumulation of these organic compounds on the biomaterial (bio-
fouling) will hinder the interaction between biomaterials and the surrounding cells. As a
result, microbial colonization will affect the surface, topography, and chemistry of active
biomaterials. This change would influence cell adhesion, proliferation, and differentiation
on the material’s surfaces [7].

The primary objective of any synthesized biomaterials, as well as their intended
application, is to inhibit cell multiplication and destroy or stop the proliferation of microbial
cells. BBGs are the most commonly used in biomedical applications. BBG derivatives, in
particular, are employed as temporary bioactive surfaces in a wide range of applications,
including bone tissue engineering, which includes wound healing, targeted drug delivery,
and other regenerative medicine.

The primary and essential characteristics of any synthesized biomaterials are their
antibacterial capabilities and improved biomaterial surface qualities for long-term life.
Several strategies are designed to work together with all attributes to improve materials’
physiochemical and biological properties. The addition of therapeutic ions such as Cu into
bioactive glass composition improves its intrinsic capabilities by disturbing the plasma
membrane, modulating oxidative processes, causing DNA damage, and so on [8,9].

BBG plays an important role in bone regeneration and is promising for chronic wound
treatments. It is produced by replacing silica ions with boron in the glass network. Borate
is the trace element available in the body and plays a pivotal role in bone regeneration.
Boron elements promote calcium integration into cartilage, bones, and joints. Importantly,
the presence of boron in the body reduces the symptoms of arthritis, osteoporosis, and
coronary heart diseases [10].

To the best of our knowledge, there have been enough studies conducted to determine
the bactericidal activity of bioactive glass. However, there are no available studies in the
literature investigating protein/carbohydrate leakage and hydroxyl radical production by
bacterial strains against BBG. Therefore, the current study focuses on generating 13-93B3-
based BBG (mol.%: 54.6% B2O3, 22.1% CaO, 7.9% K2O, 7.7% MgO, 6.0% Na2O, and 1.7%
P2O5) with varying Cu molar concentrations by sol–gel synthesis for biologically rich and
antimicrobial active surfaces in biomedical applications. The structure and morphology of
prepared BBGs were also examined.

2. Materials and Methods
2.1. Borate Bioactive Glass Synthesis

The sol–gel method was utilized to synthesis BBG powders, designated 13-93B3,
containing 54.6% B2O3, 22.1% CaO, 7.9% K2O, 7.7% MgO, 6.0% Na2O, and 1.7% P2O5.
The precursors employed in the process of production included triethyl phosphate (TEP),
calcium nitrate tetrahydrate (Ca(NO3)2·4H2O), potassium nitrate (KNO3), magnesium
nitrate hexahydrate (Mg(NO3)2·6H2O), sodium nitrate (NaNO3), copper nitrate (CuNO3),
and tributyl borate (TBB).

First, 12 mL of TBB was added to a 40 ◦C solution containing 13 mL of ethanol, an equal
amount of water, and 0.1 mL of HNO3. The mixture was agitated for approximately 60 min
at 600 rpm. The doped (three different concentrations, Table 1) and undoped samples
were then mixed with a magnetic stirrer. For undoped sample BBG synthesis, 0.54 mL of
TEP, 0.72 g of sodium nitrate (NaNO3), 5.90 g of calcium nitrate (Ca(NO3)2·4H2O), 2.82 g
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of magnesium nitrate (Mg(NO3)2·6H2O), and 1.31 g of potassium nitrate (KNO3) were
added in only when the prior step’s solution was clear. For Cu doping, three different
concentrations of Cu(NO3)2·3H2O (0.05, 0.5, and 0.25 M) were added to the sol and stirred
for 5 h. The solution was allowed to age overnight after stirring. The sol was washed with
distilled water, centrifuged, and dried at 600 ◦C for 5 h (Cu-doped samples) [10].

Table 1. Different molar concentrations of copper-doped BBG’s.

Chemicals
CuNO3 (Molar Concentration)

0.25 0.05 0.01

TEP 0.54 mL 0.54 mL 0.54 mL
Sodium nitrate (NaNO3) 0.72 g 0.72 g 0.72 g

Calcium nitrate (Ca(NO3)2·4H2O) 2.95 g 5.31 g 5.31 g
Magnesium nitrate (Mg(NO3)2·6H2O) 3.02 g 0.64 g 0.64 g

Potassium nitrate (KNO3) 1.31 g 1.31 g 1.31 g
Copper nitrate (CuNO3) 3.20 g 0.60 g 0.12 g

2.2. Characterization of BBG Powder

To determine the crystalline nature, the produced BBG powder was analyzed using
X-ray diffraction (XRD, Bruker, Billerica, MA, USA). The surface morphology and elemental
composition of BBG were evaluated using a field emission scanning electron microscope
(FESEM, SUPRA, Carl Zeiss, Jena, Germany) equipped with energy-dispersive X-ray
spectroscopy (EDS). Raman spectroscopy was performed with a Renishaw Invia Reflex
confocal Raman microscope. X-ray photoelectron spectroscopy (Thermoscientific K-alpha,
Waltham, MA, USA) was employed to study the chemical constituents.

2.3. Hydroxyl Radical Generation

DMSO traps damaging hydroxyl radicals (OH•) in biological systems. It is oxidized
by OH radicals to produce a stable, easily detectable molecule known as methanesulfinic
acid. This method enables the straightforward and inexpensive assessment of cumulative
OH radical production in biological samples treated with DMSO [11,12]. BBG samples
with various CuNO3 molar concentrations were prepared, followed by dispersing a known
weight in each 1 mg/mL amount of bacterial solution. A control group comprising simply
the bacterial solution and no glass samples should also be prepared. To capture hydroxyl
radicals, add 28.2 mL DMSO to all samples and controls. Following the addition of
DMSO, rotate the samples and control at 37 ◦C for the desired time interval. Using a
syringe filter (2.5 mm pore size), extract 2.5 mL aliquots from each at regular hourly
intervals. In each aliquot, add 2.5 mL of pH 4 buffer solution and 0.5 mL of DPNH
(2,4-dinitrophenylhydrazine) solution. Then, heat the solutions to 40 ◦C for the specified
time. Finally, cool the solutions before measuring their absorbance at 360 nm with a
spectrophotometer [13].

2.4. Minimum Inhibitory Concentration

Initially, a pure microbial culture was prepared by streaking on agar plates. This
was followed by an overnight incubation period to promote colony growth. The next
stage was to initiate a liquid culture and allow it to go through the mid-logarithmic
development phase. The bacterial inoculum was painstakingly prepared and condensed
to the appropriate level. The test substance was then applied in various concentrations to
sterile discs/created wells in agar plates. The test material was incubated at 37 ◦C, and after
the specified period, the diameters of the inhibition zones surrounding it were precisely
measured to determine the antibacterial efficacy of the BBG powder.



J. Compos. Sci. 2024, 8, 245 4 of 14

2.5. Colony-Forming Unit

To make a broth culture, use the same concentrations of BBG (E. coli and S. aureus
bacteria) per milliliter of broth. The broth was thoroughly mixed with test samples and
evenly dispersed after three to four hours of bacterial growth. Using a sterile spreader, 30 µL
of the incubated material was pipetted onto agar plates and then evenly distributed. Then,
the agar plates were incubated for a suitable period of time and temperature to support the
growth of the specific microbiological sample. Following incubation, the colony-forming
units (CFUs) on the agar plates were counted, and the total CFU count for each plate was
recorded. Each test was performed in triplicate.

2.6. Protein Discharge Assay

We examined the protein efflux capabilities of borosilicate glasses doped with various
Cu concentrations for possible biomedical applications. CuNO3 solutions at concentrations
of 1 mg/mL (0.01, 0.05, and 0.25 M) were added to a 24 h culture of E. coli and S. aureus
bacteria. The centrifugation process was used to separate the proteins produced by the
bacterial cells following a 4–5 h incubation period at 37 ◦C. The extracted proteins were
subjected to the Bradford assay, with absorbance measured at 595 nm after 10 min of
incubation in the dark.

2.7. Carbohydrate Discharge Assay

The carbohydrate discharge assay was carried out against E. coli and S. aureus bacteria
using Cu-doped and undoped BBG. Carbohydrate leakage was used to assess the discharge
capacity of carbohydrates, glycolipids, and glycoproteins in bacterial strains in the presence
of Cu-doped and undoped BBG powder. Cu-doped and undoped BBG powders (1 mg/mL)
were added to a 24 h culture of E. coli and S. aureus and cultured for 4–5 h. Following
incubation, the samples were treated with anthrone reagent and put in a water bath at 50 ◦C
for 10 min. The liberated carbohydrates from the bacterial cell walls were then separated by
centrifugation. The anthrone reagent was added, and the absorbance measurements were
taken at 620 nm. The concentration of carbohydrates was then determined by comparing
the absorbance readings to a glucose standard curve.

2.8. Live/Dead Cell Analysis

Acridine orange is a fluorescent cationic dye that selectively stains nucleic acids and
can cross cell membranes, staining both living and dead cells. Acridine orange is applied
to the microbiological samples prior to fluorescence microscopy. This permits the dye
to penetrate the cells and attach to nucleic acids, which subsequently fluoresce green
when exposed to the right amount of light. Undamaged nucleic acids are identified by
a continuous green fluorescence that can be seen throughout living cells. On the other
hand, dead cells may exhibit unique fluorescence patterns, such as feeble or punctuated
fluorescence, indicating weaker nucleic acids. This technique allows for the detection and
assessment of viable microbial populations inside a sample by contrasting the fluorescence
patterns of living and dead cells [14,15]. Acridine orange (AO) was mixed in 100 mL
of acetate buffer to create a solution that could be used to image both dead and living
microbial cells using fluorescence. Before staining, microbial broth cultures (E. coli and
S. aureus) cultured for 24 h were used. One microgram of each sample was mixed with
1 mL of broth and incubated for four to five hours. Following the incubation period, the
samples were dyed using the prepared dye solution for 10 min. The stained samples were
then gently rinsed with phosphate-buffered saline (PBS) and photographed with a Nikon
epifluorescence microscope (Japan).

3. Results and Discussion
3.1. Characterization of BBG Powders Using XRD, Raman Spectroscopy, and FESEM

13-93B3-based BBG was synthesized using the sol–gel method. As mentioned in
the previous study by Bento et al., 2021, the sol–gel method might end up producing a
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substance of an amorphous nature [16]. The sequential addition of precursors, including
sodium nitrate, calcium nitrate tetrahydrate, magnesium nitrate hexahydrate, potassium
nitrate, and triethyl phosphate, supports the gel formation that occurred through hydrolysis
and condensation reactions, followed by evaporation-induced solidification producing the
powdered bioactive glass discussed by Deliormanli [10]. Low sodium concentrations in the
process may change the activity of glass and gel formation during synthesis, which also
requires a high pH [15]. The structural and morphological properties of the generated BBG
powders were investigated using XRD, FESEM, and Raman spectroscopy.

Figure 1 shows the surface morphology of undoped (Figure 1a) and Cu-doped BBG
(Figure 1b–d). The particle size of BBG was around 100–200 nm in its undoped form, and
the particle size was slightly reduced with copper concentrations in Figure 1b,c. Further, a
higher Cu dopant concentration resulted in substantially smaller particle sizes (Figure 1d).
The reduction in the particle size of BBG and Cu-doped BBG is due to the dopant copper
ions (Cu2+), which substitute host lattices (B2O3, MgO, CaO, and Na) and distort their lattice
structures, resulting in a reduction in particle size variation with different concentrations of
Cu [17].
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(d) 0.25 M Cu-doped BBG.

Raman spectra of BBG doped with different concentrations of Cu show distinct peaks
corresponding to specific vibrational modes within the glass network (Figure 2). The
prominent peaks at 1053 cm−1 for undoped, 0.01, 0.05, 0.25, and Cu doping suggest the
presence of B-O stretching vibrations in borate triangles or tetrahedra, potentially driven by
the creation of Cu-O bonds or alterations to the borate network produced by copper [18].
The strong peak around 1053 cm−1 remains consistent throughout doping levels, including
0.25% Cu, indicating the presence of a stable structural motif, probably a Cu-B-O complex.
The presence of a peak at 1053 cm−1 in all BBG samples suggests an unchanged borate
network structure. These findings provide significant insight into the structural changes
caused by copper doping in the BG network, allowing for a better understanding of the
composition–structure–property relationship [18–20].
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Figure 2. Raman spectra of Cu-doped and undoped borate bioactive glass for functional group analysis.

X-ray diffraction (XRD) analysis (Figure 3) revealed a shift in the peak positions with
increasing Cu doping levels, indicating a change in the material’s structure [21]. While
Raman spectroscopy confirmed the expected bonding environment in pristine BBG, XRD
identified the presence of crystalline Cu-O-B phases in Cu-doped BBG, as evidenced
by diffraction peaks matching the reference pattern for this structure (JCPDS card no.
48-1548) at 35◦ [22]. The presence of sodium nitrate (JCPDS number 36-1474) with a
rhombohedral lattice phase corresponding to the (104) plane at 29◦ was also detected in the
BBG samples [10]. This sodium nitrate likely aids in the formation of sodium borate (JCPDS
card no. 37-0115), another rhombohedral phase with a peak at 33.9◦ corresponding to the
(012) plane [10]. Interestingly, glasses with lower Cu dopant concentrations exhibited fewer
sharp peaks, indicative of an amorphous structure that is a desirable characteristic for bone
regeneration applications. Conversely, higher dopant levels led to the emergence of distinct
diffraction peaks, suggesting the formation of crystalline phases [23,24]. This observation
suggests that Cu ions become incorporated into the borate glass matrix at the molecular
level, inducing a transition from a disordered (amorphous) to a more ordered (crystalline)
structure. These findings provide valuable insights into the spatial and physical properties
of the Cu-doped BBG material, offering valuable information on its structural evolution
and potential applications [25].
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3.2. X-ray Photoelectron Spectroscopy Analysis

The X-ray photoelectron spectroscopy (XPS) technique was employed to determine
the chemical state of copper (Cu) in the doped borate bioactive glass (Figure 4). From
the survey spectrum, all the elements (Na, K, Cu, B, Mg, Ca, and P) were detected. The
concentration of doped copper in the glass was found to be 1.8 atomic percent using the
survey spectra. The measured binding energies of B and O were found to be 192.3 eV and
532.2 eV, respectively [26]. The high-resolution spectra of Cu 2p analysis revealed distinct
doublet peaks at energy levels of 934.8 eV and 954.8 eV. These peaks correspond to the Cu2+

2p3/2 and Cu2+ 2p1/2 states, respectively [27]. Two prominent satellite peaks, distinct
from the Cu peaks, were observed at 942.9 eV and 962.9 eV. The presence of these additional
peaks in the satellite spectrum can be attributed to the 2p03d9 electronic arrangement of
Cu2+ in the CuO phase [28]. The difference in binding energy between spin orbits was
20 eV, which closely agreed with the previously reported values [27].
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3.3. Epifluorescence Microscopy Analysis

Figures 5 and 6 show epifluorescence microscopy images of E. coli and S. aureus
in undoped and Cu-doped BBG. The image clearly shows that green fluorescence was
observed in undoped BBG for both E. coli and S. aureus bacterial strains (white arrow),
indicating minimal antibacterial activity. Furthermore, the addition of Cu to BBG lowered
the survival rate of both bacterial strains over time. Figures 5 and 6b–d, exhibit primarily
orange fluorescence, indicating bacterial death (E. coli and S. aureus). Cu influences the loss
of membrane potential of the bacterial cell wall, resulting in the denatured state of proteins,
amino acids, and DNA damage [29,30].
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Cu-doped BBG, and (d) 0.25 M Cu-doped BBG against S. aureus. Red arrow indicates live cells and
white arrow indicates dead cells.
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3.4. Hydroxyl Radical Generation

Figure 7 demonstrates an increase in hydroxyl radical generation over time for all
tested samples (undoped, 0.25 M Cu, and 0.05 M Cu). All samples of BBG have the property
of generating OH radicals. While increasing the molarity of Cu, there is an increase in
the OH concentration and ultimately a decrease in the growth of bacteria due to changes
in cellular permeability. Notably, the rate of increase appears highest for the 0.25 M Cu-
doped sample, followed by 0.05 M Cu and undoped samples. This suggests that a higher
concentration of Cu (0.25 M) may accelerate hydroxyl radical formation. Mu et al. (2022)
identified highly oxidative hydroxyl radicals (OH•) produced at normal temperatures, and
their continuous synthesis can lead to the spontaneous oxidation of Cu ions [31]. This
process might influence cellular membrane permeability and potentially contribute to
further radical generation [11,31]. Bhattacharya et al. reported that BBG glasses inherently
release OH radicals [13]. The observed antibacterial activity of Cu-doped BBG could be
attributed to the combined effects of Cu-mediated hydroxyl radical generation and the
inherent release of OH radicals from the BBG itself.
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Figure 7. Free radical generation by Cu ion depicts oxidative damage to cellular events and organelles
of the Gram-negative microbes.

3.5. Minimum Inhibitory Concentration (MIC)

The antibacterial activity of BBG, with a focus on its efficacy against both Gram-
negative and Gram-positive bacteria, was assessed using a zone of inhibition assay. Notably,
0.25 M Cu-doped BBG showed substantial antibacterial action against S. aureus species.
This finding suggests that Cu-doped BBG has potential relevance as an antibacterial agent,
notably against the S. aureus strains listed in Table 2. More research may be required to
clarify the mechanism of action and investigate the broader therapeutic implications.
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Table 2. Minimum inhibitory concentrations of undoped and Cu-doped BBG.

BBG Powder E. coli
(Zone of Inhibition)

S. aureus
(Zone of Inhibition)

BBG + 0.25 M Cu 16 mm 14 mm
BBG + 0.05 M Cu 10 mm 11 mm
BBG + 0.01 M Cu 8 mm 9 mm

Undoped BBG 4 mm 2 mm

3.6. Colony-Forming Unit (CFU)

The CFU for Cu doping reveals that the 0.25 M concentration may suppress the growth
of both Gram-positive and Gram-negative microorganisms. This is because the CFU (colony-
forming units) per microliter dropped at 0.25 M compared to the undoped control in both
groups, as shown in Table 3. Interestingly, the 0.01 M concentration appears to stimulate
Gram-negative microorganisms, resulting in a substantial increase in CFU compared to the
control, but has the reverse effect on Gram-positive microbes. Further research is required
to establish the particular mechanisms behind these observations [32,33].

Table 3. Colony-forming units per microliter (µL) of Gram-negative and Gram-positive microbes at
different concentrations.

BBG Concentration (M) E. coli (CFU/µL) S. aureus (CFU/µL)

Undoped 2.79 2.67
0.25 1.11 1.07
0.05 2.01 1.33
0.01 269.0 2.77

3.7. Protein and Carbohydrate Discharge Assay

Anthrone and Bradford assays were used to quantify protein and carbohydrate dis-
charge, respectively. These assays aimed to assess the ability of Cu-doped BBG to dam-
age bacterial cells by disrupting their protein and carbohydrate structures. The data
(Figures 8 and 9) reveal a trend of increasing protein and carbohydrate discharge from both
E. coli and S. aureus as the copper concentration increases. Undoped BBG exhibited the least
amount of discharge for both biomolecules, suggesting the dose-dependent effect of copper.
This potentially indicates higher bacterial toxicity with increasing copper content. Bhat-
tacharya et al. (2021) observed a similar correlation between bioactive glass concentration
and the extent of molecule discharge. Free ions released from the bioactive glass are likely
more effective at damaging cellular components and disrupting the cell wall compared to
reactive ions [13].

Figure 8 depicts the protein discharge profile, whereas Figure 9 shows the carbohydrate
discharge pattern. The observed changes in protein and carbohydrate discharge after BBG
powder treatment suggest an alteration in bacterial proteomics and potentially a disruption
of the peptidoglycan layer, which is the cell wall’s upper layer composed of sugars and
amino acids (Figure 10). Copper content appears to influence carbohydrate release, with
a specific copper concentration (0.025 M) showing the highest discharge for E. coli. This
pattern is consistent with observations for S. aureus. These findings suggest that copper
may affect bacterial glucose leakage, potentially through altered membrane permeability
or metabolic changes. This aligns with the observations of Bhattacharya et al. (2021) [13]
who reported a higher impact of sugar discharge on Gram-positive bacteria compared to
Gram-negative bacteria treated with Mg nanoparticles. Additionally, Toplitsch et al. (2021)
found a correlation between antibacterial activity and the amount of Cu2+ generated by the
samples [34].
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Figure 10 shows a schematic diagram of the killing mechanism of bacteria on the
copper surface. When the cell wall of the bacteria adheres to the Cu surface, the formation
of oxidative stress followed by redox reactions triggers the reduction of Cu2+ and Cu+ ions
in the presence of hydrogen peroxide (H2O2), which interacts with sulfur-containing and
phosphorus compounds and subsequently damages deoxyribonucleic acid (DNA) [33].
Further, Cu2+ ions could enter bacterial cell walls through osmotic regulation and interact
with intracellular amino acids and proteases, resulting in the denaturation of proteins [34].
Experimental data on protein, carbohydrate, and hydroxyl radical generation, as well as
other antimicrobial assays, proved copper release to and metabolic disturbance in bacteria.



J. Compos. Sci. 2024, 8, 245 12 of 14

J. Compos. Sci. 2024, 8, x FOR PEER REVIEW  11  of  14 
 

 

 

Figure 9. Carbohydrate discharge for different dopings of copper and their effect on antimicrobial 

activity. 

Figure 8 depicts the protein discharge profile, whereas Figure 9 shows the carbohy-

drate discharge pattern. The observed changes in protein and carbohydrate discharge after 

BBG powder treatment suggest an alteration in bacterial proteomics and potentially a disrup-

tion of the peptidoglycan layer, which is the cell wall’s upper layer composed of sugars and 

amino acids (Figure 10). Copper content appears to influence carbohydrate release, with a spe-

cific copper concentration (0.025 M) showing the highest discharge for E. coli. This pattern is 

consistent with observations for S. aureus. These findings suggest that copper may affect bac-

terial  glucose  leakage,  potentially  through  altered membrane  permeability  or metabolic 

changes. This aligns with the observations of Bhattacharya et al. (2021) who reported a higher 

impact of sugar discharge on Gram-positive bacteria compared to Gram-negative bacteria 

treated with Mg nanoparticles. Additionally, Toplitsch et al.  (2021)  found a correlation 

between antibacterial activity and the amount of Cu2+ generated by the samples [34]. 

 

Figure 10. Schematic diagram of the mode of action of Cu-doped BBG powders. Figure 10. Schematic diagram of the mode of action of Cu-doped BBG powders.

4. Conclusions

This study successfully synthesized Cu-doped borate bioactive glass (BBG) using the
sol–gel method. The presence of copper was confirmed using multiple techniques, and its
concentration had a major impact on the BBG’s properties. Increased copper concentrations
resulted in smaller particle sizes and a shift from an amorphous to a more crystalline
structure. An epifluorescence microscopy study demonstrated that Cu doping improved
the BBG’s antibacterial activity against both Gram-positive (S. aureus) and Gram-negative
(E. coli) bacteria. Based on a study on hydroxyl radical generation, the presence of a certain
concentration (0.25 M) may contribute to accelerated hydroxyl radical generation. The
minimum inhibitory concentration (MIC) assay confirmed this finding, with 0.25 M Cu-
doped BBG having the highest antibacterial activity. Interestingly, the CFU analysis revealed
a concentration-dependent effect, with 0.25 M Cu suppressing microbial growth for both
types of bacteria, whereas lower concentrations stimulated Gram-negative microorganisms.
Protein and carbohydrate discharge experiments indicated that Cu-doped BBG destroys the
bacterial cell wall and internal components, which contributes to its antibacterial activity.
These findings highlight the potential of Cu-doped BBG as an antibacterial agent, notably
against S. aureus strains. However, more research is needed to explain the mechanisms
behind the reported results and investigate the material’s broader therapeutic applications.
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