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Biofilm-associated infections represent a major challenge in healthcare due to antibiotic resistance, driving
the search for effective nano-antimicrobial agents. This study presents the synthesis of Zn-doped CuO
nanoparticles (Cu;_,Zn,O, 0 = x = 0.5) via an eco-friendly co-precipitation method and investigates
their anti-adhesive efficacy against Gram-positive Staphylococcus epidermidis S61 and Gram-negative
Pseudomonas aeruginosa 2629. Comprehensive characterization (XRD, SEM, AFM, FTIR, and EDX)
revealed that Zn doping refined crystallite size, altered surface morphology, and enhanced specific
surface area. The anti-biofilm assays demonstrated that Zn incorporation significantly improved anti-
0.2 achieving >73% inhibition at 500 pg mL™ In
contrast, pure CuO was most effective against P. aeruginosa, indicating a strain-dependent response

adhesive activity against S. epidermidis, with x =

Received 4th March 2026 . . . . ) . . .
Accepted 25th April 2026 linked to bacterial cell-wall structure. The anti-adhesive mechanism is attributed to nanoparticle-surface
interactions, ion release, and reactive oxygen species generation. These findings highlight the potential

DOI: 10.1039/d6ra01884j of compositionally tunable Zn-doped CuO nanoparticles as selective anti-biofilm agents for combating

rsc.li/rsc-advances healthcare-associated infections.

1 Introduction

The increasing prevalence of biofilm-associated infections in
healthcare and industrial settings represents a significant
challenge to global health, largely due to the rise in antibiotic-
resistant bacterial strains."* Bacterial biofilms, which are
structured communities of microorganisms embedded in a self-
produced extracellular polymeric matrix, are inherently resis-
tant to conventional antimicrobial therapies and are a leading
cause of persistent and chronic infections.*>* Pathogens such as
Staphylococcus epidermidis (a Gram-positive bacterium) and
Pseudomonas aeruginosa (a Gram-negative bacterium) are
particularly notorious for forming resilient biofilms on medical
implants and surfaces, leading to costly and difficult-to-treat
nosocomial infections.®”
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Inorganic metal oxide nanoparticles (MO-NPs) have emerged
as a promising alternative to conventional antibiotics due to
their broad-spectrum antimicrobial activity, lower propensity
for inducing resistance, and multifunctional properties.?>®
Among these, copper oxide (CuO) and zinc oxide (ZnO) have
attracted considerable attention. CuO is a p-type semiconductor
with a narrow band gap (1.2 eV), known for its catalytic, elec-
tronic, and antibacterial properties.’ ZnO, an n-type semi-
conductor, is widely studied for its optical activity and strong
antibacterial efficacy, often attributed to reactive oxygen species
(ROS) generation." Both oxides are cost-effective, environmen-
tally benign, and exhibit potent activity against a range of
pathogens.*

Doping CuO with transition metal ions, such as Zn*', is
a well-established strategy to modulate its electronic structure,
defect chemistry, and surface properties, thereby enhancing its
functional performance.’*** The comparable ionic radii of Zn>*
(0.074 nm) and Cu*" (0.073 nm) facilitate the substitutional
incorporation of Zn into the CuO lattice, which can alter its
optical, magnetic, and catalytic behavior.'>'® Recent studies
have shown that Zn doping can significantly influence the
antibacterial and photocatalytic activities of CuO.”** For
instance, Thakur et al. reported that (Ag, Zn) co-doped CuO NPs
exhibit enhanced bactericidal properties.”” Similarly, Uthra
et al. demonstrated improved antibiofilm activity of Zn-doped
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CuO against Streptococcus mutans compared to pure CuO.'®
Furthermore, recent advances have highlighted the potential of
hybrid metal/metal oxide systems for enhanced antibacterial
and antibiofilm applications, where the synergistic effects of
combined materials and comprehensive characterization are
crucial for understanding structure-activity relationships.***®

However, despite these advances, a systematic and compar-
ative investigation correlating the degree of Zn doping in CuO
with its physicochemical properties and, more importantly, its
strain-specific anti-adhesive efficacy against both Gram-positive
and Gram-negative biofilm-forming bacteria remains largely
unexplored. Most existing studies either focus on the antibac-
terial activity of pure or singly doped oxides*** or lack
a comprehensive suite of characterization techniques to
convincingly link structural modifications to biological
outcomes.**** Furthermore, the differential response of Gram-
positive and Gram-negative bacteria, which possess funda-
mentally different cell-wall architectures, to doped metal oxide
nanoparticles is not well understood and is critical for
designing targeted antimicrobial strategies.>>*°

To address these gaps, this study presents a holistic inves-
tigation of Zn-doped copper oxide (Cu; ,Zn,0, 0 =< x = 0.5)
nanoparticles synthesized via a simple and scalable co-
precipitation method. We employ a multi-technique character-
ization approach, including X-ray diffraction (XRD), scanning
electron microscopy (SEM), atomic force microscopy (AFM),
Fourier transform infrared (FTIR) spectroscopy, and energy-
dispersive X-ray (EDX) analysis to elucidate how Zn concentra-
tion influences crystallinity, morphology, elemental composi-
tion, and surface chemistry. Subsequently, we rigorously
evaluate the anti-adhesive activity of these nanomaterials
against two clinically relevant biofilm-forming models: S. epi-
dermidis S61 (Gram-positive) and P. aeruginosa 2629 (Gram-
negative).

We hypothesize that controlled Zn doping will selectively
tune the anti-biofilm properties of CuO nanoparticles in
a bacteria-specific manner, driven by doping-induced changes
in surface area, crystal defects, and ion release kinetics. By
establishing clear structure-property-activity relationships, this
work aims to provide fundamental insights and a practical
framework for engineering compositionally tunable metal oxide
nanomaterials for effective biofilm prevention and control.

2 Experimental details and materials
2.1 Materials and synthesis

Cu;_,Zn,0 samples with varying compositions (0 = x < 0.5)
were synthesized using the co-precipitation method. The
synthesis procedure involved adding 1 M copper(u) sulfate
pentahydrate (CuSO,-5H,0) to 100 mL of distilled water and
stirring the mixture for 15 minutes until homogeneous. Specific
amounts of zinc chloride (ZnCl,) were then added to the
suspension. The precursor components were completely di-
ssolved, and 10 mL of 2 M sodium hydroxide (NaOH) was added
dropwise every 15 minutes to maintain a pH level between 11
and 12. The mixture was continuously stirred using a magnetic
stirrer for 3 hours. The resulting precipitate was washed
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multiple times with a mixture of distilled water and ethanol to
remove any residual impurities. Finally, the precipitate was
dried at 80 °C for 12 hours and calcined at 500 °C for 4 hours to
obtain the Cu;_,Zn,O samples.

2.2 Anti-biofilm activity (anti-adhesive activity)

The anti-biofilm activities of Cu;_,Zn,0 (0 =< x < 0.5) samples
were performed against S. epidermidis S61 and P. aeruginosa
2629, two biofilm-forming strains from our laboratory collec-
tion.”” Anti-adherence activities were tested in 96-well flat-
bottom microtiter plates as described by Nostro et al.,*® with
some modifications. Nanoparticle solutions (Cu;_,Zn,0), di-
ssolved in Tryptone Soy Broth (TSB) or Luria Bertani (LB)
liquid medium, were subjected to an ultrasonic bath for 1 h at
25 °C. Solutions (100 uL) were then added into the first column
of plates and used to perform a serial two-fold dilution. The
addition of 50 UL of glucose at a final concentration of 2.25%
in each well was performed only with TSB medium used for the
development of S. epidermidis S61 biofilm. An overnight
culture of S. epidermidis S61 was performed in TSB medium at
30 °C and diluted with TSB. 50 pL of bacterial suspension were
used to inoculate all wells to reach a final absorbance of 0.1 at
a wavelength of 600 nm. The culture of P. aeruginosa 2629 was
performed in LB medium at 37 °C and diluted with LB. 50 uL
of bacterial suspension were also used to inoculate all wells,
reaching a final absorbance (600 nm) of 0.1. Cell culture
without NPs served as a control. Following incubation for 24 h
at 30 °C or 37 °C, TSB, LB, and planktonic cells were discarded
by reversing the plate, and all wells were washed twice with 200
uL of sterile phosphate-buffered saline (PBS) (pH 7.2). These
plates were then dried at 60 °C for 1 h. Each well was stained
with 150 uL of 0.2% (w/v in 20% ethanol) crystal violet for
15 min. The well contents were removed, and the remaining
crystal violet, which stained the attached bacteria, was rinsed
thrice with water. A volume of 200 pL of 33% (v/v) glacial acetic
acid was added to all wells, and the solubilization of biofilm
was obtained following incubation for 1 h at room tempera-
ture. Finally, the optical density was measured with a micro-
plate reader at a wavelength of 570 nm. Percentage of bi-
ofilm inhibition was calculated by comparing the absorbance
of untreated and treated biofilms according to the following
formula:

(ODcomrol - ODlreated)
ODcomrol

Biofilm inhibition(%) = x 100 (1)

All experiments were performed in triplicate to obtain
statistical confidence. The experimental data were presented as
mean =+ standard deviation. The statistical analysis was carried
out through one-way and two-way analysis of variance (ANOVA)
as well as Duncan's post hoc test using GraphPad Prism version
9 and Excel.

2.3 Characterization techniques

Prior to initiating anti-biofilm studies, a comprehensive anal-
ysis of the physical and chemical attributes of the prepared
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samples was conducted, including their crystalline structure,
phase purity, morphology, elemental composition, surface
topography, and functional group chemistry. Powder X-ray
diffraction (XRD) was performed using a D8 Advance Bruker
diffractometer equipped with a Lynxeye detector, employing Cu
Ko, radiation (A = 1.5406 A) at 40 kv and 40 mA. Diffraction
patterns were recorded over a 26 range of 5-70° with a step size
of 0.02° and a scanning rate of 0.2° per minute. The 2-Theta
peak position accuracy of the utilized system is assumed to be
better than £0.007° across the full angular range, referencing
NIST Standard Reference Material 1976. Regarding peak
intensity uncertainties, these are sufficiently minimal to obviate
the need for repeated measurements. This precision is achieved
through a deliberately low scan speed of 0.2° per minute, which
allows a high counting rate and thereby statistically reduces
associated uncertainties (these uncertainties being propor-
tional to the square root of the counting rate). The resulting
data were used to identify crystal phases and estimate crystallite
size via the Scherrer equation. Scanning electron microscopy
(SEM, Hitachi S-3400 N, Japan) coupled with energy-dispersive
X-ray spectroscopy (EDX) was utilized for morphological exam-
ination and elemental analysis. SEM images were acquired at an
acceleration voltage of 20 kV to assess surface morphology and
particle size distribution, while EDX provided semi-quantitative
elemental composition with uncertainties. The latter is esti-
mated at three different locations in the explored area to obtain
an assessment of the dispersion of the proportions of the
constituent chemical elements. The ratios will thus be
expressed based on the average values and the uncertainties
through the experimental standard deviations. Atomic force
microscopy (AFM) was employed to investigate the surface
morphology, roughness, and nanoscale morphological features.
AFM imaging was conducted in tapping phase contrast mode
using a Nanosurf easy Scan 2 Flex system. The used cantilevers
were Super Sharp Silicon probes (from Nanosensors, Switzer-
land) with of about 190 kHz resonance frequency. The probe-
surface distance is controlled with a precision better than
0.1 nm. Furthermore, both software and hardware improve-
ments of the device controller (C3000 Controller) enable accu-
rate interpolation, thereby electronically enhancing the overall
precision. In addition, the sampling is presently sufficiently
dense (at least one million data points) such that uncertainties
due to statistical errors are well below 0.1 nm. Nevertheless, we
have chosen to assign an uncertainty of 0.1 nm to all raw data.
The recorded images enabled determination of all roughness
parameters, then extraction of particle dimension and size
distribution, offering insights into nanoscale surface properties
that may influence biofilm adhesion. Finally, Fourier transform
infrared (FTIR) spectroscopy was performed using a Bruker
spectrophotometer over the wavenumber range of 4000-
400 cm ™, with a resolution of 2 cm™". A background spectrum
was recorded before each sample measurement and was used
for correction. This technique allowed identification of char-
acteristic vibrational modes corresponding to metal-oxygen
bonds and other functional groups present on the nanoparticle
surfaces.
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3 Results and discussion
3.1 XRD structural analysis and phase identification

Powder X-ray diffraction (XRD) was employed to investigate the
crystal structure and phase evolution of the synthesized Cu;_,-
Zn,O NPs with varying Zn content (x = 0, 0.05, 0.1, 0.2, 0.3, 0.4,
0.5). The XRD patterns, presented in Fig. 1, were indexed and
analyzed using X'Pert High Score software with reference to ICDD
databases.

The diffraction pattern of the undoped CuO sample (x = 0)
exhibits characteristic peaks at 20 = 32.02°, 35.37°, 38.60°,
48.66°, 53.32°, 58.15°,61.39°, 66.11°, and 67.91°, corresponding
respectively to the (110), (002), (111), (—202), (020), (202),
(—113), (—311), and (113) planes of monoclinic tenorite phase
(ICDD card no. 01-089-2529, space group C2/c).**** No
secondary phases such as Cu,O or Cu(OH), were detected,
confirming the high purity of the synthesized CuO.

For low Zn doping levels (x = 0.05), the XRD pattern remains
similar to that of pure CuO, with no additional peaks attribut-
able to ZnO or other zinc-containing phases. This suggests that
Zn*" ions (ionic radius 0.074 nm) were successfully incorpo-
rated into the CuO lattice, substituting for Cu** ions (0.073 nm)
without inducing significant structural distortion, likely due to
their comparable ionic sizes.">**

At higher Zn concentrations (x = 0.1), additional diffraction
peaks appear at 26 = 31.66°, 34.25°, 36.07°, 47.36°, 56.50°,
62.70°, 65.95°, and 67.72°, which can be indexed to the (100),
(002), (101), (102), (110), (103), (200), and (111) planes of
hexagonal wurtzite ZnO (ICDD card no. 00-036-1451), as high-
lighted in the magnified views (Fig. 1b and c). This confirms the
formation of a biphasic CuO/ZnO nanocomposite at higher
doping levels. The coexistence of both phases without inter-
mediate compounds suggests that Zn doping promotes phase
separation rather than the formation of a continuous solid
solution across the entire composition range.*?

The lattice parameters a, b, ¢, 8, and unit cell volume (V) for
the monoclinic CuO phase were calculated using the eqn (2)
and (3).**** By considering a slightly overestimated angular
uncertainty of 0.01° (the quadratic sum of the instrumental and
experimental components), we can proceed with the uncer-
tainty propagation law to determine the associated uncer-
tainties for the different crystallographic parameters. Note that
it is possible to adopt semiautomatic or automatic methods,
based on a global adjustment of error propagation via the
covariance matrix or through Rietveld refinement.

1 1 (W K*sin®B8 P 2hl cos B
- o (G 522
dp ¢

 sin® B \& b2 ac

V = abcsin B (3)

where dj;,; is the inter-planar spacing calculated from Bragg's
law, and &, k, and [ are Miller indices. The calculated crystal-
lographic parameters and their respective uncertainties are
summarized in Table 1. A gradual decrease in the lattice
parameter a and V of CuO is observed with increasing x, sug-
gesting lattice contraction due to Zn>* substitution. This lattice

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 (a) XRD pattern of Cu;_,Zn,O (0 = x = 0.5) samples. (b and c) Enlarged view of the main peaks showing shifts in peak position and changes

in peak broadening.

contraction indicates an increase in the material's density and
a potential alteration in its electronic band structure, which can
influence its surface reactivity and ion release kinetics, key
factors in antibacterial activity.®® For the ZnO phase, the
parameters remain consistent with the standard wurtzite
structure, confirming the formation of a well-crystallized
secondary phase.

According to the International Tables for crystallography,
CuO crystallizes in the monoclinic space group C2/c, with lattice
parameters approximately equal to a = 4.6837 A, b = 3.4226 A, ¢

© 2026 The Author(s). Published by the Royal Society of Chemistry

=5.1288 Aand o = y = 90°, § = 99.54°. These values differ from
those obtained for our synthesized copper oxide powder (Table
1); however, such discrepancies are not unexpected, as
numerous studies report deviations from standardized values.
In a recent review encompassing more than three hundred
studies on crystalline copper oxide nanoparticles, Md. K. H.
Shishir et al. highlighted significant variability in the physical
parameters of synthesized nanoparticles.*® This variability
notably affects particle size and morphology, preferred growth
planes, as well as diffraction peak positions and their relative

RSC Adv, 2026, 16, 22610-22626 | 22613
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Table 1 Structural parameters of synthesized Cu; ,Zn,O samples

Ratio (x) a(A) b (A) c(d) 6 (°) v (A%

0 4.863 £+ 0.011 3.433 £ 0.005 5.136 + 0.010 99.31 £ 0.03 84.64 + 0.55
0.05 4.758 + 0.014 3.438 + 0.005 5.139 + 0.011 99.47 + 0.03 82.93 + 0.54
0.1 4.702 £+ 0.012 3.428 £ 0.005 5.138 + 0.010 99.44 £ 0.03 81.72 £ 0.53
0.2 4.677 + 0.013 3.439 £ 0.005 5.138 + 0.010 99.65 + 0.03 81.51 £+ 0.53
0.3 4.695 £ 0.013 3.438 £ 0.005 5.139 + 0.011 99.42 £ 0.03 81.87 £ 0.53
0.4 4.687 + 0.012 3.433 £+ 0.005 5.136 + 0.010 99.50 + 0.03 81.53 £+ 0.53
0.5 4.679 £ 0.013 3.433 £ 0.005 5.138 £+ 0.011 99.51 £ 0.03 81.42 + 0.53

intensities. These differences are strongly dependent on the
nature of the precursors and the synthesis route employed:
physical (laser ablation, sonication...), chemical (solvothermal,
hydrothermal, precipitation...), or biological (using plants or
microorganisms). This demonstrates the wide variety of metal
oxide nanoparticles that can be produced by varying one or
more parameters (precursors, operating conditions, synthesis
method, etc.). It is this diversity that will ultimately enable the
precise identification of the key parameters influencing the
physicochemical and morphological properties of the synthe-
sized materials. And from there, the selection of the most
effective one suited to the intended applications. It should be
noted, however, that this is no easy task, given that the various
physicochemical and morphological parameters are affected by
the full range of experimental conditions, which are often
interrelated. It is therefore clear that only a large number of
studies, once compiled, will allow us to unambiguously identify
the individual and correlated roles of each parameter and/or
operating condition.

3.2 Microstructural analysis

The average crystallite size (D) and the lattice micro-strain (&)
were determined form XRD peak broadening using the Scherrer
formula and strain equation:*"**

kA
b= B cos 6 )
B
T 4 tan 6 ()

where k = 0.9 is the shape factor, 4 is the X-ray wavelength, 6 is
Bragg angle, and £ is the full width at half maximum (FWHM) in
radians, obtained directly from Gaussian fitting of the diffrac-
tion peaks.

The exact values of 26 and g for the (002) and (111) reflec-
tions were determined by fitting the XRD profiles to a Gaussian
function of the form:

n A 72(»’67?)2 ©)
y=D>Xo e v
wi/ T2

where ), is the baseline offset, A is the peak area, x. is the peak
position (corresponding to 26), and w is related to the FWHM
by:

FWHM = wvIn 4 (7)

22614 | RSC Adv, 2026, 16, 22610-22626

The fitting was performed with the baseline offset y, = 0, and
the parameters peak position (x.), area (4), and width (w) were
optimized. The resulting FWHM (g) and peak position (26) for
each reflection are shown in Fig. 2.

The specific surface area (SSA) and the theoretical density (p)
were further estimated using:*

6
SSA= 5, (8)
nx M
P= T (9)

where D is the average crystallite size, M is the molar mass, 7 is
the number of formula units per unit cell, N is Avogadro's
number, and V is the unit cell volume.

x=0.5
Gauss Fit

x =04
Gauss Fit

= x=03
— Gauss Fit

x=0.2
Gauss Fit

Intensity (a.u)

x=0.1
Gauss Fit

= x=0.05

- Gauss Fit

x=0
Gauss Fit

a3

345 350 355 360 36.5 37.0 37.5 38.0 385 39.0 395

26 (°)
Fig. 2 Gaussian fitting of the (002) and (111) diffraction peaks for
a representative Cu;_,Zn,O (0 = x = 0.5) samples. The experimental

data points are shown as circles, the fitted Gaussian profile as a solid
red line, and the residual of the fit is plotted below each profile.
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Table 2 Microstructural parameters of Cu;_,Zn,O, determined from the (111) and (002) reflections
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Ratio (x) (hkD) 26 (°) 6 (%) D (nm) e (x1079) p (g em™) SSA (m* g ™)

0 (002) 35.380 0.306 £ 0.009 27.23 £0.76 4.19 + 0.12 6.242 £ 0.005 42.37 £ 0.77
(111) 38.608 0.464 £ 0.008 18.15 £ 0.33 5.78 =+ 0.10

0.05 (002) 35.344 0.577 £ 0.021 14.44 £ 0.51 7.91 + 0.28 6.371 £ 0.005 70.71 £+ 1.60
(111) 38.556 0.689 £ 0.018 12.21 £ 0.31 8.60 £ 0.22

0.1 (002) 35.392 0.365 £ 0.013 22.84 £+ 0.80 4.99 +0.18 6.466 £ 0.005 46.57 £ 1.11
(111) 38.616 0.495 £ 0.014 17.01 £ 0.50 6.16 + 0.18

0.2 (002) 35.387 0.705 £ 0.026 11.83 £+ 0.44 9.64 + 0.36 6.483 £ 0.005 82.67 + 1.84
(111) 38.552 0.798 £ 0.018 10.55 £ 0.23 9.96 + 0.22

0.3 (002) 35.332 0.440 + 0.019 18.95 £ 0.81 6.03 + 0.26 6.454 £ 0.005 56.39 + 1.50
(111) 38.538 0.599 £ 0.015 14.04 £ 0.35 7.48 £ 0.18

0.4 (002) 35.404 0.299 + 0.013 27.85 £ 1.18 4.09 + 0.17 6.481 £ 0.005 40.00 £+ 1.16
(111) 38.599 0.456 £ 0.016 18.44 £ 0.64 5.69 + 0.20

0.5 (002) 35.389 0.305 £ 0.013 27.34 £ 1.20 4.17 £ 0.18 6.490 £ 0.005 39.14 £ 1.12
(111) 38.594 0.422 £ 0.013 19.93 £ 0.62 5.26 £ 0.16

The calculated microstructural parameters for the (002) and
(111) reflections of CuO are compiled in Table 2.

The microstructural analysis presented in Table 2 reveals
a clear dependence of crystallite size, lattice strain, and specific
surface area (SSA) on the Zn doping level (x) in the Cu;_,Zn,0
system. These parameters are fundamental descriptors of the
material's nanostructure and are critically linked to its interfa-
cial interactions with bacterial cells.*® A high SSA, as seen for x =
0.2 (82.67 m> g™ "), provides a greater density of exposed surface
sites. This directly enhances the potential for nanoparticle
adhesion to cell walls, ion-release kinetics (Cu**/Zn*"), and the
generation of reactive oxygen species (ROS), all key mechanisms
in anti-biofilm activity.** Concurrently, the minimized crystal-
lite size and maximized lattice strain at this composition indi-
cate high surface energy and defect density, which are known to
augment the antimicrobial potency of metal oxides.*

The average crystallite size (Day,.) exhibits a pronounced non-
monotonic evolution with increasing Zn content. The pure CuO
(x = 0) exhibits a moderate crystallite size of approximately
22.7 nm. Upon initial Zn doping (x = 0.05), a sharp decrease in
size to about 13.3 nm is observed. This reduction is attributed to
the incorporation of Zn>" ions into the CuO lattice, which
introduces significant lattice distortion and strain, thereby
inhibiting crystallite growth during synthesis.** The crystallite
size reaches a minimum of approximately 11.2 nm at a doping
level of x = 0.2. Concurrently, the lattice micro-strain (eug.)
peaks at 9.6 x 10~ * for this composition, confirming that the
maximum structural distortion coincides with the most refined
crystallite morphology. For higher Zn concentrations (x = 0.4
and 0.5), the crystallite size increases again to approximately
23 nm. This resurgence may indicate a saturation of Zn in the
monoclinic CuO lattice, the onset of secondary phase forma-
tion, or a shift in nucleation and growth kinetics that favors
larger crystalline domains.*

The specific surface area (SSA), calculated from the average
crystallite size and theoretical density via eqn (8), shows an
inverse relationship with the crystallite size trend. Conse-
quently, the SSA is maximized for the sample with the smallest
crystallites. The composition x = 0.2 possesses the highest SSA
of 82.67 m* g~ ', which is nearly double that of the undoped

© 2026 The Author(s). Published by the Royal Society of Chemistry

sample (42.37 m* g~ "). This substantial enhancement is of
paramount importance for anti-biofilm applications. A high SSA
directly translates to a greater density of exposed surface atoms
and active sites, which can promote stronger interactions with
bacterial cell walls, enhance the release of antibacterial ions
(Cu*, Zn®"), and facilitate the generation of reactive oxygen
species, key factors in disrupting biofilm formation and
viability.>**!

In summary, the strategic incorporation of Zn into the CuO
matrix serves as an effective microstructural engineering tool.
The doping process directly influences the crystallite size and
internal strain, which in turn govern the specific surface area,
a critical property for surface-mediated antimicrobial processes.
The composition x = 0.2 is identified as optimal within this
series, offering the most favorable combination of nanoscale
refinement and maximized surface area. These findings
underscore the profound impact of dopant-controlled micro-
structure on tailoring the physicochemical properties of metal
oxides for advanced anti-biofilm applications.*

3.3 Morphological, topographical, and elemental
characterization

3.3.1 Surface morphology and particle size distribution
(SEM). Scanning electron microscopy (SEM) was used to inves-
tigate the surface morphology and particle size distribution of
the Cu; _,Zn,O nanopowders. Representative SEM micrographs
(Fig. 3) along with corresponding 3D surface reconstructions
generated using Image] software show that all samples exhibit
agglomerated quasi-spherical nanoparticles, with agglomera-
tion likely arising from interparticle interactions (e.g., van der
Waals forces) during drying and calcination.*

Particle size distributions were determined by analyzing
multiple SEM images using Image]J, and the data were fitted to
a log-normal distribution function (eqn (10)):***

(D
10) = (gmp e IZ(D) (10)
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Fig. 3 High-resolution SEM images and 3D-Surface reconstructions
of Cu;_xZn,O samples obtained from image analysis using ImageJ
software.
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where f{D) is the log-normal probability density function, D,
corresponds to the median diameter and ¢ is the standard
deviation of the natural logarithm of the particle diameters.

The resulting histograms and fitted curves are presented in
Fig. 4, and the average particle size (Dsgy) along with standard
deviations (¢) are summarized with error bars representing the
standard deviation.

A non-monotonic variation in Dggy with Zn content is
observed. At low doping levels (x = 0.1), Dsgm decreases, sug-
gesting that Zn incorporation inhibits CuO grain growth, possibly
by segregating at grain boundaries.*> However, for x = 0.4 and 0.5,
an increase in Dggy is noted, which may be attributed to excessive
Zn promoting particle coalescence or Ostwald ripening due to
altered defect chemistry.” Intermediate compositions (x = 0.2,
0.3) show irregular fluctuations, indicating possible inhomoge-
neous doping or phase separation effects.*

Importantly, the SEM-derived particle sizes are consistently
larger than the crystallite sizes obtained from XRD (Table 5),
confirming the polycrystalline and aggregated nature of the
nanoparticles.*

3.3.2 Surface topography and roughness (AFM). Atomic
force microscopy (AFM) in tapping phase contrast mode was
employed to assess the surface topography and nanoscale
roughness of the samples. Fig. 5 displays 2D AFM images (2 x 2
um scan area), revealing a granular morphology with columnar
grain structures. Quantitative roughness parameters, root mean
square roughness (Sg), peak roughness (S,), and valley rough-
ness (S,), were extracted and are listed in Table 3.

A general reduction in average grain size is observed with
increasing Zn content, from approximately 88 nm for pure CuO
to 62 nm for x = 0.5. This refinement in grain size, coupled with
changes in S, Sp, and S,, indicates that Zn doping modifies
surface topography, which may influence nanoparticle-bacteria
interactions.*”

3.3.3 Elemental composition and doping confirmation
(EDX). Energy-dispersive X-ray spectroscopy (EDX) was per-
formed to verify the elemental composition and confirm
successful Zn incorporation. The EDX spectra for all samples
(Fig. 6) display characteristic peaks for Cu, Zn, and O. The
numerical values presented on the spectra are in atomic
percentage (at%). The carbon signal originates from the
conductive adhesive used for sample mounting. A weak sulfur
peak, attributable to residual sulfate from the CuSO,-5H,0
precursor, is also detected.*®

The atomic percentages (at%) of Cu, Zn, and O obtained
from EDX quantitative analysis are presented in Table 4. The
experimental Zn content (xgpx) closely matches the nominal
stoichiometry, confirming effective incorporation. For example,
the sample with nominal x = 0.2 shows an experimental Zn
content of 17.7 at%, demonstrating good agreement within
instrumental uncertainty.*” These results validate the successful
synthesis of Cu;_,Zn,O solid solutions and composites as
intended.

3.3.4 Comparative analysis of sizing techniques. A
comparison of grain sizes obtained from SEM (image analysis),
AFM (topography) is summarized in Table 5, which also pres-
ents the crystallite size, estimated from XRD measurements.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Roughness parameters and average grain size (Dapm) from
AFM for Cu;_,Zn,O ina 2 pm X 2 pm measurement zone

Sample (x) Sq (nm) Sp (nm) S, (nm) Dapm (nm)
0 215.1 487.1 —824.4 87.8 £ 5.6
0.05 30.9 96.1 —104.6 74.1 + 4.9
0.1 28.9 101.9 —82.2 714 £ 5.1
0.2 24.8 101.3 —75.5 70.1 + 4.8
0.3 26.0 106.9 —114.9 68.9 + 4.5
0.4 33.3 89.3 —103.4 68.0 + 4.2
0.5 144.3 370.2 —511.6 61.6 + 4.0

Amplitude - Scan forward _Line

0.05 Amplitude - Scan forward _Line fit

Line ft 4,39mV

Line ft 4.39mV/

EEmmrea) ]~

Lie #5310V

Line #4.26mV.
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Lo #3780V
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Line #17.9mV.

Line #17 SmV

Fig. 5 Two-dimensional (2D) AFM images within the scanning area (2
pm x 2 pm) showing individual columnar grains of the prepared
samples.
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This multi-technique approach provides a comprehensive view
of the hierarchical structure: nanocrystalline primary particles
(XRD) that aggregate into larger grains (SEM/AFM),
a morphology relevant to surface-area-dependent applications
such as biofilm inhibition.** Both SEM and AFM measurements
converge to a mean of four crystallites per nanoparticle.

A comprehensive analysis of these data reveals strong
agreement between Atomic Force Microscopy and Scanning
Electron Microscopy measurements, both converging to a mean
of four crystallites per nanoparticle (4.1 + 0.4 by AFM and 4.1 +
1.0 by SEM). When considered individually, these proportions
show no correlation with the substitution rate x of copper by
zinc, the highest number of crystallites per particle being
observed at zinc contents of 5% and 20%. However, considering
additional crystallographic parameters reveals a relative corre-
lation with the lattice micro-strain (¢) values (Table 2). This
highlights both the richness and, more importantly, the
complexity of these comparative analyses, as the key parameters
remain difficult to identify due to their cross-correlations.

3.4 Vibrational and surface chemical analysis (FTIR)

Fourier-transform infrared (FTIR) spectroscopy was employed
to identify the functional groups, surface chemistry, and
chemical bonding in the Cu;_,Zn,O nanopowders. The spectra,
recorded in the range of 400-4000 cm ', are presented in Fig. 7,
with magnified views highlighting three key spectra regions.

The FTIR spectra (Fig. 7) were analyzed in three distinct
regions:

Low-frequency region (400-700 cm™"): the strong band below
600 cm ™' is attributed to Cu-O stretching vibration in the
monoclinic CuO lattice (Fig. 7a).*»** With increasing Zn
content, this band broadens and shifts slightly, indicating
lattice distortion and the possible formation of Zn-O bonds.**>*
For samples with x = 0.3, an additional shoulder near 430 cm ™"
appears, corresponding to Zn-O stretching in the wurtzite ZnO
phase,” corroborating the XRD evidence of a biphasic
composite.

Mid-frequency region (900-1600 cm™"): weak bands between
750-879 cm™ ' and 987-997 cm ™' are associated with vibrational
modes of residual sulfate (SO,>) groups, originating from the
CuS0,-5H,0 precursor (Fig. 7b).>*** Their presence confirms
that trace sulfate residues persist despite repeated washing,
a common feature in wet-chemically synthesized CuO.?” The
absence of organic contaminant peaks (e.g.,, C-H, C=O0)

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Comparison between nominal and experimental ratio x in
Cuy_xZn,O particles from EDX analysis in atomic percentage (at%).
Uncertainties are between 2% and 8%

Nominal (x) Cu (at%) O (at%) Zn (at%) Experimental ratio x
0 54.00 46.00 0.00 0

0.05 54.87 42.78 2.35 0.041 £ 0.004

0.1 52.74 44.36 2.90 0.052 + 0.005

0.2 44.65 45.74 9.61 0.177 £ 0.014

0.3 37.29 47.78 14.94 0.286 + 0.020

0.4 40.59 39.86 19.55 0.325 £ 0.020

0.5 35.09 40.20 24.71 0.413 £ 0.021

confirms the effectiveness of the calcination step in producing
pure oxide phases.*®

High-frequency region (2700-4000 cm"): a broad absorption
band centered around 3400 cm ' is observed in all samples
(Fig. 7c), corresponding to O-H stretching vibrations from
surface-adsorbed water molecules and hydroxyl groups.*>* This
hydrophilic character is typical of metal oxide nanoparticles
and may influence their dispersion in aqueous media and
interaction with bacterial surfaces.

The FTIR results collectively support the structural evolution
deduced from XRD: at low x, Zn integrates into the CuO lattice;
at higher x, a biphasic CuO/ZnO composite forms, with surface
chemistry progressively influenced by the ZnO phase.

3.5 Anti-adhesive activity against biofilm-forming bacteria

3.5.1 Activity against Gram-positive S. epidermidis S61. The
anti-adhesive efficacy of Cu,_,Zn,O nanoparticles against the
Gram-positive bacterium S. epidermidis S61 was evaluated using
a crystal violet biofilm inhibition assay. As shown in Fig. 8,
undoped CuO NPs exhibit dose-dependent anti-adhesive
activity, ranging from 4.7% inhibition at 7.8 pg mL™' to
53.3% at 500 ug mL ™",

Zn doping significantly modulates this activity. The sample
with x = 0.2 demonstrates the most potent effect, achieving
>72% inhibition at both 250 and 500 pg mL™". In contrast, the
highly doped sample (x = 0.5) shows a substantial loss of
activity at low concentrations (7.8-62.5 pg mL "), highlighting
a concentration- and composition-dependent response. Inter-
estingly, low to moderate Zn doping (x = 0.05 and 0.4) enhances
the low-concentration activity compared to pure CuO. For
instance, at 7.8 ug mL ™", samples with x = 0.05 and 0.4 achieve
~21% inhibition, whereas pure CuO yields only 4.7%. These

View Article Online
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results suggest that optimized Zn doping enhances the anti-
adhesive performance of CuO against Gram-positive bacteria,
likely by modifying surface properties and reactive ion
release.'®*

3.5.2 Activity against Gram-negative P. aeruginosa 2629. A
distinctly different trend is observed against the Gram-negative
bacterium P. aeruginosa 2629 (Fig. 9). Here, pure CuO exhibits
the strongest anti-adhesive activity, particularly at high
concentrations (500 pug mL™'). Zn doping generally reduces
efficacy against this strain. Most doped samples show signifi-
cant activity only at the highest concentration tested (500 pg
mL "), while pure CuO maintains notable inhibition across
a broader concentration range (3.9-62.5 ug mL ™).

This clear divergence in response underscores a strain- and
cell-wall-dependent mechanism. The superior performance of
pure CuO against P. aeruginosa may be linked to its interaction
with the outer membrane lipopolysaccharides (LPS) of Gram-
negative bacteria, which is potentially disrupted by Zn doping.>***

3.5.3 Comparative efficacy and bacterial selectivity. A direct
comparison of the maximum anti-adhesive activity (at 500 pg
mL ') against both bacterial strains is presented in Fig. 10. This
visualization highlights the selectivity of the nanomaterials:

e For S. epidermidis (GP), optimal activity is achieved with x =
0.2.

e For P. aeruginosa (GN), pure CuO (x = 0) is most effective.

e The sample with x = 0.5 shows moderate activity against
both strains but is less efficient than the optimized composi-
tions for each specific bacterium.

This selectivity is crucial for designing targeted anti-biofilm
strategies and can be rationalized by fundamental differences
in bacterial cell wall structure (Fig. 11). Gram-positive bacteria
possess a thick peptidoglycan layer, while Gram-negative
bacteria feature an additional outer membrane containing
LPS. These structural differences influence nanoparticle
attachment, ion permeability, and subsequent bactericidal
effects.”?® Furthermore, variations in surface charge and
extracellular polymeric substance (EPS) composition between
GP and GN biofilms contribute to the observed differential
activity.*>*

The anti-adhesive mechanism likely involves a combination
of direct nanoparticle interaction with bacterial cell walls,
release of antibacterial Cu** and Zn”* ions, and the generation
of reactive oxygen species (ROS), as schematically illustrated in
Fig. 12.3%%% The composition-dependent modulation of these

Table 5 Comparative microstructural analysis of Cu;_,Zn,O samples from different techniques

Crystallite/particle ratio

Ratio (x) Crystallites Dyyg. (nm) Particles Dggyy (nm) Particles Dpgpy (nm) SEM AFM

0 22.69 £ 0.41 68.9 £ 15.2 87.8 £ 5.6 3.0+ 0.7 3.9+0.3
0.05 13.33 £ 0.30 59.9 + 12.8 74.1 £ 4.9 4.5+1.1 5.6 + 0.5
0.1 19.92 £ 0.47 51.2 £ 11.5 714 +£5.1 2.6 £ 0.6 3.6 £0.3
0.2 11.19 £ 0.25 74.9 + 16.3 70.1 + 4.8 6.7 £ 1.6 6.3 + 0.6
0.3 16.49 £ 0.44 69.9 + 14.7 68.9 £ 4.5 42 +1.0 4.2+04
0.4 23.14 £ 0.67 86.1 £+ 18.1 68.0 + 4.2 3.7+ 0.9 2.9 +£0.3
0.5 23.63 £ 0.68 86.6 = 18.4 61.6 + 4.0 3.7+£0.9 2.6 £0.2
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(900-1600 cm™), (c) high-frequency region (2700-4000 cm™?).

factors by Zn doping explains the strain-specific efficacy profiles
observed in this study.

3.6 Synthesis of structure-property-activity relationships
and mechanisms

3.6.1 Correlation between structural properties and Zn
doping. This study demonstrates that Zn doping significantly
alters the structural, morphological, and surface properties of
CuO nanoparticles. XRD and FTIR analyses confirm that for x <
0.05, Zn** ions substitute Cu®" in the monoclinic lattice, while
for x = 0.1, a biphasic CuO/ZnO nanocomposite forms. This
phase evolution directly impacts physical parameters such as
crystallite size, lattice strain, and specific surface area (SSA). The
reduction in SSA at certain doping levels (e.g., x = 0.4, 0.5) may
be attributed to increased crystallite size or denser aggregation,
whereas samples with higher SSA (e.g., x = 0.05, 0.2) possess
more exposed surface sites potentially active against
bacteria.*>*

Morphological analysis via SEM and AFM reveals that Zn
doping generally reduces grain size and modifies surface
roughness, factors known to influence nanomaterial-cell

© 2026 The Author(s). Published by the Royal Society of Chemistry

interactions.®® EDX quantification confirms that the synthe-
sized compositions closely match the intended stoichiometries,
validating the co-precipitation method as a reliable route for
producing doped and composite oxide nanoparticles.

3.6.2 Strain-specific anti-biofilm activity: role of bacterial
cell-wall architecture. The most striking finding of this work is
the strain-dependent anti-adhesive response to Zn doping.
Against the Gram-positive S. epidermidis, optimal Zn doping (x
= 0.2) enhances anti-adhesive activity, particularly at higher
concentrations. In contrast, against the Gram-negative P. aeru-
ginosa, pure CuO outperforms all doped samples.

This divergence can be rationalized by fundamental differ-
ences in cell envelope structure (Fig. 11). This thick, porous
peptidoglycan layer of Gram-positive bacteria may facilitate
deeper penetration and interaction with smaller, doped nano-
particles, where Zn-induced surface defects enhance reactive
oxygen species (ROS) generation or ion release.>*** Conversely,
the outer membrane of Gram-negative bacteria, rich in lipo-
polysaccharides (LPS), presents a formidable permeability
barrier.”® Pure CuO, with its distinct surface chemistry and
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dissolution profile, may interact more effectively with LPS, di-
srupting membrane integrity and inhibiting adhesion.***

3.6.3 Proposed mechanism of anti-adhesive action. The
anti-adhesive activity of Cu;_,Zn,O nanoparticles likely involves
a multimodal mechanism (Fig. 12):

22622 | RSC Adv, 2026, 16, 22610-22626

1. Physical disruption: nanoparticles adsorb onto the bacte-
rial surface or biofilm matrix, interfering with initial attach-
ment and biofilm stability.®”

2. Ion release: Cu** and Zn>" ions released from the nano-
particles disrupt ¢rans-membrane potentials, enzyme activity,
and DNA integrity.**
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3. ROS generation: surface defects and electronic transitions
in the metal oxides promote the formation of reactive oxygen
species, inducing oxidative stress and damaging cellular
components.®>*

Zn doping modulates these mechanisms by altering the
nanoparticles' electronic structure, dissolution kinetics, and
surface reactivity. The optimal doping level differs between
bacterial strains, highlighting the importance of tailoring
nanomaterial composition for targeted applications.

3.6.4 Implications for biomedical and environmental
applications. The tunable and strain-specific anti-biofilm
activity of Cu; ,Zn,O nanoparticles positions them as

© 2026 The Author(s). Published by the Royal Society of Chemistry

promising candidates for several practical applications. In the
biomedical field, they could be integrated into antimicrobial
coatings for medical devices, implants, and hospital surfaces to
prevent biofilm-associated infections, following similar strate-
gies employed with other metal oxide nanomaterials.®”* Simi-
larly, their incorporation into functional textiles for healthcare
environments could reduce microbial colonization and trans-
mission, as demonstrated in recent studies on nanoparticle-
functionalized fabrics.*® Beyond biomedical uses, these nano-
materials also hold potential for environmental remediation,
serving as biofilm-inhibiting agents in water treatment systems
or in industrial settings prone to biofouling, an area where CuO
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Fig. 12 Schema describing the anti-adhesive activity and the mechanisms of interaction between the nanoparticles and bacterial cells.

and ZnO composites have shown preliminary promise.” Future
research should focus on evaluating their in vivo efficacy, long-
term stability, biocompatibility, and cytotoxicity, as well as
elucidating the detailed molecular mechanisms underlying
their strain-specific anti-adhesive action, including gene
expression studies of biofilm-related genes. Exploring syner-
gistic effects with conventional antibiotics in another promising
avenue.

4 Conclusion & future perspective

In summary, a series of Cu; ,Zn,O (0 = x = 0.5) nanoparticles
was successfully synthesized via co-precipitation and system-
atically characterized. XRD and FTIR revealed a transition from
Zn-substituted CuO solid solutions (x = 0.05) to CuO/ZnO
nanocomposites (x = 0.1). Morphological analysis showed
that Zn doping influences grain size, aggregation, and surface
roughness. The anti-adhesive activity against biofilm-forming
bacteria is strongly dependent on both nanoparticle composi-
tion and bacterial strain. Optimal Zn doping (x = 0.2) maxi-
mizes activity against Gram-positive S. epidermidis, whereas
pure CuO is most effective against Gram-negative P. aeruginosa.
This selectivity is attributed to differences in cell-well structure,
surface charge, and nanoparticle dissolution behavior.

22624 | RSC Adv, 2026, 16, 22610-22626

Despite the promising results, this study has certain limita-
tions. The experiments were conducted exclusively in vitro using
two bacterial strains, and the potential cytotoxicity of the
nanoparticles towards mammalian cells was not assessed.
Additionally, the detailed molecular mechanisms underlying
the observed strain-specific activity, such as the expression of
genes involved in biofilm formation and oxidative stress
response, remain to be elucidated.

Future research should address these limitations by
extending the investigation to in vivo models, evaluating the
biocompatibility and log-term stability of the nanoparticles,
and performing transcriptomic or proteomic analysis to unravel
the molecular pathways involved. Furthermore, the synergistic
effects of combining these nanoparticles with conventional
antibiotics should be explored as a strategy to combat
multidrug-resistant biofilms. The development of nanoparticle-
infused coatings for medical devices and implants represents
a promising translational pathway for these materials.

By correlating structural characteristics with biological
performance, this work advances the development of effective,
strain-specific antimicrobial agents for combating biofilm-
associated infections in biomedical and industrial contexts.
The capacity to tune CuO or composite metallic oxide nano-
particles’ properties, through variation of synthesis methods,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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can be advantageously exploited to tailor synthesis strategies to
targeted applications.
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