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Thermal annealing modulates the structural,
optical, and antibacterial properties of Cu-based
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Numerous studies have demonstrated the antiproliferative potential of copper-based nanoparticles (Cu-
based NPs) in antibacterial and anticancer applications. This study investigates how thermal annealing
influences the structural, optical, and antibacterial properties of Cu-based NPs. X-ray diffraction (XRD)
analysis revealed a monoclinic CusSO4(OH)s phase for the as-prepared powder, and monoclinic CuO
phase after annealing, alongside a notable increase in crystallite size from 8.20 nm to 30.20 nm. Optical
characterization shows a reduction in the band gap, a decrease in Urbach energy and an increase in the
steepness parameter as a result of annealing, confirming improved crystallinity. Interestingly, the as-
synthesized Cu,SO4(OH)g phase exhibits higher antibacterial activity (MIC = 0.31 — 2.5 mg mL™)
compared to the annealed particles, likely due to its higher specific surface area (114.16 m? g*1 vs. 29.58

m? g and unique crystal morphology. Both materials exhibit dose-dependent anti-adhesive effects
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Accepted 18th August 2025 against MRSA (>70% inhibition at 5 mg mL™), and the intermediate phase shows enhanced efficacy at

higher concentrations. These results underscore the critical role of thermal processing in tailoring

DOI: 10.1039/d5ra04198h material properties while revealing the unexpected antimicrobial potential of non-annealed copper
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1. Introduction

The characteristics of inorganic materials are significantly
influenced by their shapes, sizes, and crystallographic struc-
tures, prompting extensive research aimed at developing nano-
and micro-scale inorganic materials with unique and distinctive
morphologies.' Copper oxide (CuO), an important p-type metal
oxide semiconductor with a narrow band gap of 1.8-2.5 eV,* has
gained a leading edge in various applications,® including
catalysis,* gas sensing,” and antibacterial uses.® Recently,
nanoparticles (NPs) have become increasingly prevalent across
diverse fields, with metal oxide NPs, in particular, emerging as
a prominent area within nanotechnology due to their potential
in addressing microbial infections.

Copper-based nanoparticles (CuNPs) have demonstrated
broad-spectrum antibacterial activity against Gram-positive and
Gram-negative microorganisms. Notably, their antibacterial effect
does not require specific UV activation, highlighting their
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potential as versatile agents for controlling bacterial infections.”
Similarly, activated carbon fiber (ACF) filters coated with silver
NPs effectively inhibit bacterial growth, particularly against
Bacillus subtilis and Escherichia coli, showcasing their utility in
antimicrobial applications.” Copper nanoparticles have also
exhibited remarkable antimicrobial properties. The mechanisms
behind copper’s toxicity include membrane rupture, ion accu-
mulation, protein inactivation, and DNA damage, making CuO an
important material for combating bacterial and viral infections.”

Furthermore, CuONPs have been found to induce
autophagy-related cytotoxicity in A549 cells, demonstrating
their toxicity via the autophagic biomarker LC3-II, and this
effect can be mitigated using autophagy inhibitors.” Copper
nanoparticles synthesized through the modified polyol method
exhibited higher antimicrobial activity against Escherichia coli
compared to Candida albicans.” In catalytic applications, CuO-
based catalysts have gained attention for their role in
advanced oxidation processes (AOPs), offering high activity,
stability, and environmental friendliness.” Meanwhile, silver
NPs are extensively used in medical diagnostics and therapies
due to their unique properties, although biological methods of
synthesis are preferred to reduce the toxic byproducts associ-
ated with chemical methods.”

This integrated understanding of the antibacterial and
catalytic potential of CuO, ZnO, and silver NPs highlights their
growing importance in antimicrobial technologies and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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industrial applications. Our previous work demonstrated that
the reaction between CuSO,, 5H,0 and NaOH produces CuO
upon annealing, with diffraction analysis revealing a secondary
phase potentially contributing to antibacterial activity.®

In the following sections, we detail the synthesis of Copper-
based nanoparticles (CuNPs) both before and after annealing,
along with their structural and spectroscopic characterization.
We evaluate their antibacterial properties against various bacte-
rial strains, focusing on the relationship between structural
modifications induced by annealing and antibacterial efficacy.
This study aims to enhance our understanding of how thermal
treatment affects the antimicrobial potential of CuNPs, thereby
advancing the application of metal oxide NPs in relevant fields.

While most studies focus on copper oxide (CuO) nano-
particles, this work explores for the first time the antimicrobial
potential of an intermediate hydroxysulfate phase. To our
knowledge, the Cu,SO4(OH)s phase has not been extensively
studied for its antibacterial properties.

2. Material and methods

2.1. Synthesis

The synthesis of nanopowders was carried out using a precipi-
tation method. Copper(u) sulfate pentahydrate (CuSO,, 5H,0)
was employed as the precursor. Initially, a specific mass of
copper sulfate was dissolved in 50 mL of distilled water under
magnetic stirring at room temperature for 15 minutes. The pH
of the solution was adjusted to a range of 11-12 by gradually
adding a 1M NaOH (sodium hydroxide) solution dropwise. This
step led to the formation of a blue precipitate. After filtration,
the precipitate was washed several times with distilled water
and ethanol to remove impurities. It was then dried at 80 °C for
12 hours (denoted as S;).

Alternatively, a portion of the precipitate was annealed at
350 °C for 4 hours, ground again, and subsequently calcined at
600 °C for 12 hours to obtain the final powder (denoted as S,).?

All chemical reagents, such as the primary precursor (CuSOy,,
5H,0), along with (NaOH), distilled water, and ethanol, were
sourced from Sigma Aldrich (purity >99%).

2.2. Characterization methods

Morphological characterization was performed using a scan-
ning electron microscope (JEOL JSM7100F) coupled with an
energy dispersive spectrometer (EDS) for elemental composi-
tion analysis. X-ray diffraction (XRD) patterns were obtained
using a Bruker D8Advance diffractometer with monochromated
CuK, radiation (1 = 1.5406 A). Infrared spectra were recorded in
the 4000-400 cm ™' range using a PerkinElmer FT-IR spec-
trometer. Optical absorption was measured with a PerkinElmer
UV-vis Lambda 365 spectrophotometer in the 190-1100 nm
wavelength domain.

2.3. Preparation of strains and NPs for the study of
antibacterial activity

Gram-positive bacteria Staphylococcus aureus ATCC33591, and
Staphylococcus epidermidis S61, along with Gram-negative bacteria

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Escherichia coli, Pseudomonas aeruginosa and Serratia sp., were
cultured in Muller Hinton broth (MHB) medium for 16-24 hours
at 30 °C.° The optical densities of the cultures were then adjusted
with liquid MHB medium to achieve a concentration of 1-5 x 10°
CFU mL ™ for each bacterium.'®" To assess antibacterial activity,
NPs were treated in an ultrasonic bath for 30 minutes.">*

2.4. Micro-dilution tests

The antibacterial activity was assessed using the micro-dilution
technique. MIC values were determined using a 96-wellmicro-
plate following the protocol described by."* Briefly, NPs were put
in wells containing MHB medium and then, two-fold dilution
series were prepared in the 96-well micro-plate. The micro-titer
plates were then incubated at 30-37 °C for 24 h and the reading
was taken after exposing each well to 20 pL MTT (3- (4, 5-dimethyl-
thiazol-2-yl) - 2,5- diphenyl-tetra-zolium-bromide) at a concentra-
tion of 0.5 mg mL . The viability of bacteria is detected by the
appearance of a blue-violet coloration. The MIC value is deduced
from the last well without bacterial growth hand the first well with
growth. After incubation and revelation with MTT, 10 pL were
taken from each well, which didn't show an apparent growth and
plated on solid LB medium by streaking. The Petri dishes were
incubated for 24 h, and the bacterial growth was assessed.

2.5. Antibiofilm activity

The anti-biofilm activities of both annealed and non-annealed
(Cu NPs) were evaluated against Staphylococcus aureus
ATCC33591, a strain known for its ability to form biofilms and its
resistance to methicillin."® The assessment of anti-adherence
properties was conducted using 96-well flat-bottom microtiter
plates, following a modified protocol based on.® Solutions of Cu
NPs, prepared in Tryptone Soy Broth (TSB), were subjected to
ultrasonic treatment for one hour at 25 °C. A 100 pl aliquot of
these solutions was added to the first column of the plates, fol-
lowed by a serial two-fold dilution across the wells. Subsequently,
50 pl of glucose was added to each well, achieving a final
concentration of 2.25% (w v ™). An overnight culture of S. aureus
was prepared in TSB at 37 °C and diluted appropriately to achieve
a final optical density (OD) of 0.1 at 600 nm when inoculated into
all wells. Control wells contained TSB without NPs. After a 24-
hours incubation at 37 °C, the TSB and planktonic cells were di-
scarded, and the wells were washed twice with 200 mL of sterile
phosphate-buffered saline (PBS) (pH = 7.2). The plates were then
dried at 60 °C for one hour. Each well received 150 mL of 0.2%
crystal violet solution (w per v in 20% ethanol) for staining, fol-
lowed by rinsing three times with water to remove excess dye. To
solubilize the biofilm, 200 mL of glacial acetic acid (33% v/v) was
added to each well and incubated for one hour at room temper-
ature. Finally, the optical density was measured at a wavelength of
570 nm using a microplate reader. The percentage of biofilm
inhibition was calculated by comparing the absorbance values of
untreated versus treated biofilms.

(OD57OConlrol - OD57OLrealed)
ODcomrol

% biofilm inhibition = x 100 (1)

RSC Adv, 2025, 15, 31498-31507 | 31499
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2.6. Statistical analysis

Antibacterial activity tests were performed in biological dupli-
cates n = 2 for each tested bacterial strain and condition (S, and
S,), the minimum inhibitory concentration (MIC) values were
reported as mean =+ standard deviation.

Antiadhesive activity was assessed in replicates (n = 4). The
results are expressed as mean + standard deviation. For each
tested condition, the standard deviation was calculated and
used to generate error bars in bar graphs. All calculations were
performed using Microsoft Excel (version 2506).

3. Results and discussion

3.1. Energy dispersive spectroscopy (EDS) analysis

To examine the chemical elements and assess the purity of the
synthesized powders, we conducted an analysis of the obtained
samples using the Energy Dispersive Spectroscopy (EDS)
technique.

The variation in intensity [cps eV '] as a function of energy
[keV] (Fig. 1), allowed us to identify the chemical elements
present within the synthesized samples.

The EDS analysis of the compounds S; and S, reveals the
presence of oxygen, copper, and sulfur in varying intensities,
indicating their relative abundances. The energy peaks at 0.5
kev for oxygen and at 0.8 keV for copper, with respective
intensities of 14 Cps eV~ ' and 16 Cps eV ', confirm that copper
is the main constituent of the samples, while sulfur is present in
lesser amounts at 2.3 keV with an intensity of 4 Cps eV ™.
Additionally, the peaks at higher energies (8 keV and 8.9 keV)
for copper suggest deeper electronic transitions, although their
intensity is relatively low. These results highlight the impor-
tance of oxygen and copper in the composition of the
compounds, providing essential information for understanding
their physical and chemical properties in various applications,
such as catalysis or electronic devices.

The elemental composition was presented as a table in the
inset of each figure. The shift from the predicted values is due to
defects such as oxygen vacancies and/or Cu interstitial.

cps/eV

View Article Online

Paper

3.2. X-ray diffraction study

To assess phase identification and crystallinity of the synthe-
sized powders, X-ray diffraction (XRD) analysis was conducted.
The XRD patterns are presented in Fig. 2.

Notably, the XRD patterns of the two samples exhibit
multiple diffraction peaks consistent with ICCD card no.: 96-
200-6545 of Cu,SO4(OH)e phase for S;,'® and ICCD card no. 00-
045-0937 of CuO phase for S,."” These diffraction patterns can
easily be associated with the monoclinic crystal structures
having the P2,/c and C2/c space group, for S; and S, respectively.

Although moderately intense, the (—202) peak at 42.77° and
(—125) peak at 46.46° serve as structural markers for the S; and
S, phases, respectively. The (—125) peak exclusive presence in S;
provides unambiguous phase identification, and its partial
decrease after annealing directly tracks the structural trans-
formation to S;. While the lower intensity presented analytical
challenges, this interpretation is robustly supported by corre-
lated FTIR sulfate vibrations (Fig. 4).

The (—202) peak exclusive presence in S, along with other
characteristic ((200) (002)) are the markers of the monoclinic
CuO purity according to ICCD card no. 00-045-0937.

_SZ

(_3”)(022)

Intensity (a.u)

40 45 50 55
260 (°)

10 15 20 25 30 35 60 65 70 75 80

Fig. 2 XRD patterns of S; and S, powders.
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Fig. 1 EDS spectra of (a): Sy, (b): S,.
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In fact, in the first step of the synthesis process, sulphate
pentahydrate (CuSO,, 5H,0) initially reacts with NaOH to form
the blue precipitate of Cu,;SO,(OH)s via a simple chemical
reaction:

4(CuS04,5H,0) + 6NaOH Cu,SO,4(OH) + 3Na,SO, + 20H,0(2)

After annealing at 600 °C for 12 hours we obtain the final
powder as follows:

CuySO4(OH)6 4 CuO + SO; + 3H,0 (3)

XRD and microstructural analysis reveal a conversion of S;to
S, through annealing at 600 °C for 12 hours." Despite the
thermal treatment, the XRD pattern of the annealed compound
(Sy) still exhibit additional characteristic diffraction peaks
(marked with & symbols), confirming the persistence of the
Cu,SO4(OH) crystalline phase after annealing.

The structure of S;, characterized by large lattice parameters
(a=5.03A,h=8.50A,c=11.02 A, 3 = 96.48° and V= 468.51 A%)
and a high specific surface area (114.16 m> g™ %), evolves into
a more compact CuO phase (@ = 4.57 A, b = 3.42 A, ¢ = 5.10 A,
8 = 99.26° and V = 78.67 A®) with higher density (6.71 g cm ™)
(Table 1).

For additional structural investigations, micro-structural
parameters were calculated and analyzed. The lattice
constants (@, b and c¢) were calculated using the following
formulas:*

2d/1k/ sm(ﬁ) =nA (4)

For monoclinic S; and S,:

2 202 2
1 - 1 h_+ k*sin”(B) +€_  2htcos(B) 5)

sin’(g) [ b? c? ac

2
dhké

Moreover, the unit cell volume V, for the monoclinic S; and
S,, is given by
V = abc sin(p) (6)

The calculated values of structural parameters are gathered
in Table 1.

Table 1 Structural and micro structural parameters of S; and S,
samples

Samples S: S,

a (A) 5.03 4.57

b (A) 8.50 3.42

c(d) 11.02 5.10

Q) 96.48 99.26

Vv (&%) 468.51 78.67

D (nm) 8.20 30.2

e —5.16 x 10°° —8.03 x 10°*
6 (line nm?) 1.88 x 102 8.73 x 10*
p (g ecm™3) 6.41 6.71
SSA(m* g™ ") 114.16 29.58

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The average crystallite size (D) and micro-strain (¢) of the
prepared samples are estimated from the measured full width
at half maximum (FWHM) of the XRD peaks using Williamson-
Hall (W-H) model*

Becos 6 = % + 4esin 6 (7)

The W-H plots (Fig. 3) permit the evaluation of micro-strain
from the slope of the fit and crystallite size from the intercept
with the y-axis.

Then, the dislocation density (6) was deduced using this
relation:**

15¢
== 8

D (8)

The specific surface area (SSA) plays a crucial role in the
antibacterial activities of the NPs, as it defines the contact
surface with the surrounding molecules. The (SSA) can be
estimated using the following relations:**

6

A —
SSA = 50— 9)
_Z><M (10)
P=NxV

Both materials exhibit compressive microstrain, though
significantly reduced in S, compared to S, (Table 1). This strain
relaxation stems from: phase transformation-induced volume
contraction, thermal defect annihilation during annealing, and
crystallite coarsening (8.2 to 30.2 nm). The retained compres-
sive strain in S, suggests interfacial stresses from incomplete
phase conversion, while S;'s higher strain correlates with its
enhanced surface reactivity and antibacterial
performance.

The large SSA of the S; NPs will directly and significantly
improve its antibacterial activity. Biological tests are required to
validate this hypothesis.

superior

3.3. Fourier transform infrared (FTIR) study

Room-temperature FTIR spectroscopy [400-4000] cm ' reveals
distinct vibrational signatures for the S; and S, phases, as
shown in Fig. 4.

The FTIR results for the two compounds reveal significant
differences that reflect their structures and chemical trans-
formations. For S; before annealing, the bands observed at 468,
483, and 510 cm ! are typical of Cu-O bond vibrations (Fig. 4b).
Peaks around 596, 629, and 732 cm ™' correspond to sulfate
(SO, ?) group vibrations, while those at 779, 848, and 872 cm ™"
can be attributed to hydroxyl group (OH) vibrations or
combined modes with sulfate groups. The bands at 942, 984,
1085, and 1119 cm ™" also indicate sulfate group vibrations.

The bands at 3386, 3567, and 3589 cm™ ' correspond to
hydroxyl stretching vibrations. The broad band at 3386 cm™" is
assigned to adsorbed H,O on the particle surface.” While the

RSC Adv, 2025, 15, 31498-31507 | 31501
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Fig. 3 Williamson—Hall (W-H) plot for (a): Sy, (b): S».

sharper bands at 3567 and 3589 cm ™" are attributed to struc-
tural OH groups in the sample, consistent with hydroxo-bridged
Cu(n) complexes* and layered hydroxy sulfate minerals like
brochantite.>

After annealing, S, shows distinct bands: peaks at 416 and
480 cm™ " are characteristic of Cu-O bond vibrations in cop-
per(n) oxide. The bands in the region 598-1257 cm ™', confirm
the presence of Cu,SO4(OH)s phase. These observations
confirm that annealing has transformed partially the Cu,SO,(-
OH)s phase to CuO.

3.4. Surface morphology

SEM images in Fig. 5 showed the morphologies of the two
samples S; and S,. We observed agglomerated particles of
various shapes and sizes, depending on annealing. The
observed agglomerations can be due to the OH groups present
on the surface of the NPs,° as proved by FTIR analysis. It is clear
that annealing leads to significant morphological changes of

T (a.u)

W
3589 3567
1

3386

T T T T T
1500 1250 1000 750 500
Wavenumber (cm™)

(a)

T T T T
4000 3750 3500 3250

Fig. 4
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particles, which can seriously affect their reactive surfaces and
thus their antibacterial efficacy. It is noteworthy that the S; NPs
(CuySO4(OH)) have a nanorods shape, while the annealing
leads to largest mico-particle size distribution. Nanorod parti-
cles are expected to show the greatest antibacterial
effectiveness.

4. Antibacterial test

The antibacterial efficacy of both annealed and non-annealed
nanopowders was evaluated by determining their Minimum
Inhibitory Concentration (MIC) and Minimum Bactericidal
Concentration (MBC) against Gram-positive (Staphylococcus
epidermidis and Staphylococcus aureus) and Gram-negative
(Escherichia coli, Pseudomonas aeruginosa and Serratia sp)
bacteria. The MIC and MBC values, which are crucial indicators
of antibacterial effectiveness, are summarized in Table 2. The
MIC values ranged from 0.31 to 2.5 mg mL . Overall, the S;

T (a.u)

T T T T T T T T T
1300 1200 1100 1000 900 800 700 600 500 400

Wavenumber (cm™)

(b)

FTIR spectra of S; and S, NPs in (a): 4004000 cm ™t and (b) enlarged 400-1400 cm™* region.
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Fig. 5 SEM images of (a; and ay): S; at different magnifications, and (b): S,.

nanopowders exhibited greater antibacterial activity, displaying
lower MIC values compared to their S, counterparts. Specifi-
cally, all MIC values obtained with the S; nanopowders were
equal to or lower than those of the S,, suggesting enhanced
activity of the S; intermediate phase. This trend was also
partially observed with the MBC values.

Annealing not only influences antibacterial activity by
changing the specific surface area and altering physico-
chemical characteristics, but also plays a role in modulating
the release of essential ions (e.g., Cu®").

Based on these findings, we conclude, for the first time, that
the intermediate phase (S;) demonstrates more promising

antibacterial potential than the CuO NPs obtained after
annealing. Azam et al. Reported that nanoparticle size influ-
ences antibacterial activity and is related to annealing temper-
ature.” A correlation between size and activity cannot be
determined due to the heterogeneity of the size resulting from
the presence of various impurities.® In our case, S; presented an
average of SSA more important than S, NPs which could justify
its important antibacterial activity. In fact, the surface area of
NPs (SSA) is a critical factor in determining their antibacterial
activity. A larger surface area facilitates more effective interac-
tions between the NPs and bacterial cell membranes,
promoting the delivery of antimicrobial agents or the

Table 2 (MIC) and (MBC) values, obtained with NPs against Gram-positive and Gram negative bacterial strains®
S, S,
Strains MIC (mg mL™") MBC (mgmL™') MBCMIC MIC (mgmL ') MBC(mgmL') MBCIC
Gram(+) Staphylococcus epidermidis ~ 0.62 + 0.21 2.5 4.03 0.62 + 0.0 5 8.06
Staphylococcus aureus 0.31 + 0.0 2.5 8.06 1.25 £ 0.0 2.5 2
Gram(—)  Escherichia coli 0.62 £ 0.21 >10 N.A 1.25 £ 0.88 >10 N.A
Pseudomonas aeruginosa 2.5+ 0.0 >10 N.A 2.5 4+ 0.88 >10 N.A
Serratia sp. 0.31 £ 0.21 10 32.25 0.62 £ 0.0 10 16.12

“ N.A: not applicable.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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disruption of bacterial cell integrity.”® NPs with increased
surface area also possess a higher density of binding sites,
enhancing their attachment to bacterial cell surfaces and
enabling more efficient penetration through biofilms, which are
often resistant to conventional antibiotics.”” The antibacterial
activity of nano-metal oxides is partly due to the production of
oxygen species such as H,O, that inhibits bacterial growth.*®
CuO NPs are highly absorbent, adsorbent penetrating and
readily available antibiofilm agents.*

Our results conclusively demonstrate that the intermediate
phase (S;) exhibits superior antimicrobial properties compared
to both annealed (S,) and other copper-based nanomaterials
reported in the literature. Antibacterial activity tests reveal that
S; has significantly lower MIC values (0.31-2.5 mg mL™") than
S,.

NPs of smaller size are known to be more reactive due to
their larger specific surface area.*® Ultra-small synthesized CuO
NPs showed spherical morphology, 7 and 14 nm particle sizes
and inhibit bacterial growth at MIC values of 2.50 to 3.75 mg
mL '3 These results may explain the better antibacterial
activity of S; (8.2 nm) compared to S, (30.2 nm). More per-
formant antibacterial was reported with 20-75 pg mL ™" of MIC
values® despite the more important size of NPs (20-27 nm).
Green synthesis CUONPS produced 30.9 nm to 10.7 nm CuONPS
sizes with weak MIC values (62.5 to 125 pg mL "), compared to
our S;, against clinical isolates, including same bacteria species
such as Staphylococcus aureus (MRSA), Escherichia coli and
Pseudomonas aeruginosa.®® The more important efficacy of S;
may be explained by three key structural features of Sy, first
a high specific surface area (114.16 m> g~ " vs. 29.58 m”> g~ * for
S,), second optimized Cu®" ion release kinetics and the pres-
ence of sulfate groups that enhance membrane disruption.

In this context, copper oxide (CuO) NPs exhibit potent anti-
bacterial activity through several well-established mechanisms.
Primarily, they generate reactive oxygen species (ROS) that
induce oxidative stress, damaging bacterial membranes,
proteins, and DNA. Additionally, CuO NPs release copper ions
(Cu**) which disrupt essential enzymatic functions and
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bacterial metabolism. Their nanoscale size and surface prop-
erties facilitate direct interaction with bacterial cell walls,
causing physical membrane disruption and increased perme-
ability. Studies also highlight that the NPs' hydrodynamic
diameter and surface charge critically influence their
membrane penetration and antibacterial potency. These
multifaceted antibacterial actions make CuO NPs promising
alternatives to conventional antibiotics, with demonstrated
activity against pathogens like Staphylococcus aureus, Escher-
ichia coli, and Pseudomonas aeruginosa.®*

5. Antibiofilm activity

The anti-adhesive activity of annealed and non-annealed
nanoparticles (NPs) was evaluated against Staphylococcus
aureus MRSA ATCC33591 (Fig. 6). Both nanopowders showed
comparable antibiofilm activity, with no statistically significant
differences across tested concentrations. At 5 mg mL™", both
achieved over 70% inhibition, confirming dose-dependent effi-
cacy. Notably, non-annealed NPs exhibited slightly higher
activity at elevated concentrations, while annealed NPs were
more effective at lower doses (<0.156 mg mL ™).

X-ray diffraction (XRD) analysis revealed that annealing
preserved the monoclinic phase for both Cu,SO4(OH)s and
CuO. This suggests that the observed differences in anti-
adhesive activity are primarily attributed to changes in crystal-
lite size rather than phase transitions, as the monoclinic
structure was maintained in both cases. Larger crystallites in
annealed NPs may reduce surface reactivity at higher concen-
trations, while smaller crystallites in non-annealed NPs could
enhance interfacial interactions with bacterial cells. Similar
size-dependent effects have been documented for antibacterial
nanomaterials.”

Further studies should explore how crystallite size indepen-
dently modulates biofilm inhibition, excluding phase-related
variables.

This size dependent biofilm inhibition parallels recent
findings. Uthra et al.*® reviewed CuO and ZnO NPs and reported
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Fig. 6 Antiadhesive activities of S; and S, NPs at various concentrations ranged between, 19 pg mLto 5 mg mL™™.
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strong antibiofilm efficacy against antibiotic-resistant bacteria,
noting that smaller sizes correlate with higher antimicrobial
action due to increased surface area and ROS generation.
Similarly, Oetiker et al.** demonstrated that Cu NPs effectively
inhibited oral bacteria biofilms, with efficacy linked to particle
size and dispersion. These results align with our observation
that non annealed NPs with smaller crystallites outperform at
higher concentrations, likely due to enhanced membrane
interaction and interference with gene expression pathways
involved in biofilm development, and inhibition of surface
adhesion proteins.

Evaluation of anti-biofilm activity against MRSA S. aureus
revealed complementary concentration-dependent mecha-
nisms of action. At high concentrations (5 mg mL™"), both
formulations showed >70% inhibition, with a slight advantage
for S; attributable to its smaller crystallite size (8.2 nm vs.
30.2 nm for S,), promoting better EPS matrix penetration.*”
However, at low concentrations (<0.156 mg mL™'), S, unex-
pectedly exhibited greater efficacy, likely due to increased
generation of reactive oxygen species by easily disaggregated
CuO NPs favored by the weak dose,*® as well as more prolonged
Cu*' ion release a phenomenon also observed in CuFe,O,
systems.*

These findings position our Cu,SO4(OH)s phase as an
adequate candidate combining the efficacy of complex nano-
composites, the stability of annealed oxides, and the production
simplicity of single-component systems, thereby opening new
avenues for developing broad-spectrum antimicrobial and anti-
biofilm agents. Further studies should explore crystallite size
optimization for targeted applications, along with in vivo vali-
dation of these promising properties.

6. Conclusion

In this study, we synthesized and characterized two copper-
based nanomaterials non-annealed Cu,SO,(OH), (note S;) and
annealed CuO (note S,) and systematically investigated the
impact of thermal treatment on their structural, optical, and
antibacterial properties. EDS confirmed copper as the primary
component, with oxygen and sulfur as secondary constituents.
XRD analysis identified monoclinic structures for both phases,
with distinct lattice parameters: for the as-prepared S; (a = 5.03
A, b=18.50 A, c =11.02 A) and after annealing S, phase (a = 4.57
A, b=3.424A c=5.10A).

Annealing induced a phase transformation from S, to S,
accompanied by a sevenfold increase in crystallite size (8.20 nm
to 30.2 nm) and a sharp reduction in specific surface area
(114.16 m® g~ " to 29.58 m? g ). Optically, the band gap nar-
rowed significantly (2.97 eV to 1.45 eV), while Urbach energy
and steepness parameter trends confirmed improved crystal-
linity, suggesting enhanced electronic properties post-
annealing.

Despite its lower surface area, CuO retained notable anti-
bacterial activity, whereas the non-annealed S, exhibited supe-
rior efficacy (MIC = 0.31-2.5 mg mL '), attributed to its higher
surface reactivity and unique structural features.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Both materials demonstrated strong, dose-dependent anti-
adhesive effects against MRSA, with the intermediate phase S,
showing exceptional performance at higher concentrations.

These results highlight the dual significance of thermal
processing: it optimizes structural and electronic properties
while unexpectedly revealing the untapped potential of non-
annealed copper phases for antimicrobial applications. Future
work could explore hybrid systems combining the advantages of
both phases for targeted biomedical uses, such as antibacterial
coatings or wound dressings.

Building on these findings, future research should prioritize
three key directions to advance the translational potential of
these materials: quantitative mechanistic studies using DCFH-
DA assays and ICP-MS to precisely correlate ROS generation
and Cu®" release kinetics with antibacterial efficacy; develop-
ment of hybrid systems that combine the superior antimicro-
bial activity of non-annealed S; with the enhanced stability of
annealed S, for applications like smart wound dressings or
medical device coatings; and comprehensive in vivo validation
in clinically relevant infection models to evaluate biofilm
penetration and long-term therapeutic effects.
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