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Abstract Bacterial infections remain a leading cause of mortality worldwide, exacerbated by the overuse of
antibiotics, which has driven the emergence of antimicrobial resistance. Recent advancements in biocompatible
ceramic drug delivery systems aim to enhance antibiotic efficacy against resistant bacteria. This study focuses on
the successful coating of copper oxide (CuO) nanoparticles onto mesoporous silica microspheres and the
evaluation of their antibacterial properties. The synthesized CuO@SiO: system was characterized using various
techniques, including X-ray diffraction (XRD), Fourier-transform infrared spectroscopy (FTIR), scanning electron
microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS), and antibacterial assays. XRD analysis revealed
distinct peaks for CuO@SiO- at 36.5°, 39.5°, and 68.2° (20), corresponding to the (002), (111), and (202) crystal
planes, respectively, with a crystallite size of approximately 17 nm, in contrast to the amorphous silica structure.
FESEM images confirmed the spherical morphology, microscale size (~1.2 pm), and porous structure of the
samples, while EDS analysis indicated a copper content of 4-13 wt%, with elemental mapping demonstrating
uniform copper distribution. Antibacterial testing (colony counting method) exhibited over 99% bacterial
inhibition against both Escherichia coli and Staphylococcus aureus after 24 hours for CuO@SiO:. Owing to its
porous structure and potent antibacterial activity, this microscale drug delivery system shows significant potential
as a versatile carrier for various therapeutic agents, enhancing treatment efficacy for infections and wound healing

applications.
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1. INTRODUCTION

Bacterial infections now rank among the top ten
causes of mortality worldwide, posing a serious threat to
public health. Over the past decades, antibiotics have
proven highly effective in controlling these infections;
however, their widespread and often indiscriminate use
has given rise to an even greater challenge: bacterial
resistance. In response to this growing crisis, the design
of novel drug-delivery platforms capable of both carrying
therapeutic agents and exerting intrinsic antimicrobial
effects has become a key focus in biomedical research
(Nicolosi et al., 2015). Porous silica microspheres have
emerged as promising drug carriers owing to their high
specific surface area, tunable pore size, and highly porous
architecture, which together facilitate efficient loading
and controlled release of molecular cargos (Chen et al.,
2004). Meanwhile, copper oxide (CuO) nanoparticles,
particularly in the tenorite (monoclinic) phase have
attracted considerable attention for their unique
physicochemical and antimicrobial properties. Tenorite’s
stability, semiconductor behavior, and strong oxidative
activity not only make it invaluable in electronics,
catalysis, and sensing applications, but also render it a
powerful antimicrobial and oxidative agent (Takele
Assefa et al., 2024). In this study, we report the synthesis
of a multifunctional antibacterial delivery system in
which tenorite-phase CuO nanoparticles are uniformly
deposited onto the surface of porous silica microspheres.
This hybrid platform enables the co-loading of various

therapeutic molecules while releasing bioactive copper
ions that exert significant bactericidal effects. Such a
system holds great promise for the treatment of bacterial
and fungal infections as well as for enhancing the healing
of diverse wound types.

2. MATERIALS AND METHODS

All reagents were obtained from Merck (Germany):
tetraethyl orthosilicate (TEOS) served as the silica
precursor for forming the porous microsphere
framework; ammonium hydroxide (NH«OH) was
employed to adjust the reaction pH and catalyze the sol—
gel process; cetyltrimethylammonium bromide (CTAB)
acted as the structure-directing surfactant to template
mesopore formation; and copper(Il) nitrate trihydrate
(Cu(NOs3)2:3H20) provided the copper source for in situ
generation of tenorite-phase CuO nanoparticles.

2.1. Porous SiO:2 and Cu@SiO: Synthesis

Porous silica microspheres were prepared via a
modified sol-gel route: CTAB was dissolved in
quadruple-distilled water for 30 min, then NHsOH was
added to adjust the pH to 12. After stirring at room
temperature for 1 h, TEOS was introduced dropwise
under an 85 °C oil bath and the mixture was stirred for 8
h. The resulting silica spheres were collected by
centrifugation, washed four times with ethanol, dried at
70 °C for 12 h, and finally calcined at 625 °C for 6 h (15
°C/min ramp) to yield a white porous powder. For CuO
coating, a homogeneous ethanolic solution of TEOS and
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Cu(NO:s)2-3H20 was stirred for 1 h and then added
dropwise to the dried silica microspheres. The mixture
was vacuum-dried for 12 h and calcined under the same
conditions (625 °C, 6 h, 15 °C/min) to produce a uniform,
brown CuO-coated silica powder (Ma et al., 2016;
Rahimabadi et al., 2022 Yaseen et al., 2022).

2.2. Characterization of hydrogels

FTIR spectra (400—4000 cm™") were recorded on KBr
pellets using a PerkinElmer Spectrum 100 to identify
functional groups, and XRD was employed to assess the
amorphous/crystalline nature of the mesoporous silica.
Morphology and elemental composition were examined
by FESEM-EDS on a Tescan Mira3 at 15kV, with
samples drop-cast from ethanol dispersions onto
aluminum foil and silver-sputtered for conductivity.
Antibacterial efficacy was determined by applying 0.4—
1 mL of a 0.5 McFarland (=1.5 x 108 CFU/mL) bacterial
suspension to the samples, incubating for 1, 3, 6, and
24 h, then plating 0.1 mL on TSA and counting colonies
after 24-48 h at 30 + 2 °C; CFU/mL, percent kill, and log
reduction were subsequently calculated.

3. RESULTS AND DISCUSSION

FTIR analysis (Figurel) of the NH«F/CTAB-
templated SiO2 microspheres revealed the characteristic
CTAB bands at 2800-3200cm™ (C-H stretching),
1470cm™* (C-H bending) and 960cm™! (CHs
out-of-plane), which disappeared after calcination and
were replaced by Si—O-Si vibrations at 472, 810 and
1082 cm™, confirming complete surfactant removal and
mesopore formation. Deposition of CuO onto the
calcined SiO: did not noticeably alter these framework
peaks, indicating that the silica network remains intact
during the coating process.

XRD patterns (Figure2) show pristine SiO: as a
broad diffuse halo, characteristic of an amorphous
material. After impregnation with Cu(NOs)2, 24 h stirring
and rapid thermal treatment at 625 °C, the composite
exhibits three sharp diffraction peaks at 26 =36.5°, 39.5°
and 68.2°, assigned to the (002), (111) and (202) planes
of tenorite-phase CuO (JCPDS 45-0937). Application of
the Debye—Scherrer equation gives an average CuO
crystallite size of ~17 nm, confirming the successful
formation of nanoscale copper oxide on the silica
support.

Morphological examination by FESEM (Figure 3)
shows that both SiO. and CuO@SiO: retain uniform,
spherical particles of ~1.2 um diameter, reflecting the
original CTAB-templated self-assembly. Elemental
mapping  further demonstrates a homogeneous
distribution of Cu alongside Si and O on the microsphere
surface, and EDS quantification (Figure4) indicates
copper loadings ranging from 4 to 13 wt% depending on
the region analyzed.

Antibacterial testing via colony-count assays
(Figure 5) against Escherichia coli and Staphylococcus
aureus revealed complete (100%) bacterial inactivation
after 24 h exposure to CuO@SiO:. This potent biocidal
effect is driven by the sustained release of Cu?" ions from
the tenorite nanoparticles, which disrupt microbial
membranes and interfere with essential enzymatic
processes. These results collectively demonstrate that
CuO@SiO: microspheres combine robust structural

integrity with high antimicrobial efficacy, making them
attractive candidates for infection-control applications.
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Figure 1. FTIR spectra of SiO: before calcination, SiO- after
thermal treatment, and CuO-coated silica (CuO@SiOz).
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Figure 2. XRD patterns of pristine SiO: and CuO-coated SiO:
(CuO@Si0z2), with the tenorite (CuO) reference phase card.

Figure 3. (a) FESEM images of CuO@SiO: microparticles;
(b, c¢) elemental mapping images from two different regions of
the CuO@SiO- sample.
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Figure 4. EDS spectra of the CuO@SiO: sample showing copper content of (a) 13 wt% and (b) 5 wt%.
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Figure 5. Antibacterial assay results of the CuO@SiO: sample against Escherichia coli and Staphylococcus aureus.

4. CONCLUSION

In this study, we successfully fabricated CuO-coated
mesoporous silica microspheres (CuO@SiO:) and
systematically evaluated their structural and antibacterial
properties. Characterization by XRD confirmed the
presence of the tenorite phase with an average crystallite
size of 17 nm, while FESEM and EDS analyses revealed
uniformly distributed copper (4-13 wt%) on spherical
particles of approximately 1.2 pum with well-developed
porosity. Antibacterial assays demonstrated over 99%
kill rates against Escherichia coli and Staphylococcus
aureus after 24 h. Given their robust structural features,
high copper loading, and potent antimicrobial activity,
CuO@SiO: microspheres constitute a promising
micro-scale drug-delivery platform for the treatment of
bacterial infections and wound healing applications.
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