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Undoped and Sr-doped spinel structured CosO4 were successfully prepared by sol-
gel process for antibacterial application. The formation of Sr-doped Co304
nanoparticles with good crystalline nature of the samples was identified by X-ray
powder diffraction analysis. The crystallite size (D) and other related structural
properties are calculated. Antibacterial activity against Gram-positive and Gram-
negative bacteria has been tested. The calculated crystallites size of the
Co304:SrNPs were increased from 36,58 nm to 37,47 nm on increased the
concentration of strontium. Fourier-transform infrared spectroscopy showed the
stretching vibration of (Sr2*~0%") and (Co®*-0%") with respective bands at 578 and
667 cm™'. The uniform distribution of agglomerated spherical particles was
observed by scanning electron microscopy. The Sr-doped CosO« nanoparticles
demonstrated enhanced antimicrobial efficacy, with inhibition zones up to 29 mm
(C. albicans) and MIC values between 3.12-6.25 mg/L. Statistical analysis (p <
0.05) confirmed that increasing Sr content significantly improved the antimicrobial
performance, consistent with surface charge reduction (from —16.2 mV to —6.69
mV) and enhanced ROS generation. The values inhibition zone diameters obtained
of Sr-doped Co3O4 are comparable to the standard positive and negative control.

INTRODUCTION thus posing significant health challenges in many

parts of the world.? Due to the properties of

Clean drinking water, free from contaminants, nanomaterials, nanotechnology offers a great

is an essential resource for the life of all living opportunity for therapeutic application against
beings.! With the increase in pollution levels, antibacterial infections.> Transition metal oxides
many diseases are caused by bacterial pathogens, with mixed oxidation states constitute an important
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class of nanomaterials.* The use of these materials
as antimicrobial and antifungal agents offers
several advantages: good efficacy even in small
guantities against resistant strains of microbial
pathogens and good heat resistance. Furthermore,
they are non-toxic and are a source of essential
minerals for human cells.>” Out of these, spinel
tricobalt tetroxide (CosO4) has recently attracted
considerable interest and attention in research and
for a wide range of technological applications in
the field of energy storage devices, environmental
remediation and  biomedical  applications.®
However, some applications of Co304 require
adjustments to its physicochemical properties
because spinel structure tolerates a high
concentration of defects.® Indeed, doping with
metallic elements with multivalent states is an
effective approach for tuning the physicochemical
properties of these compounds.’® Due to the
absence of d-shell in their electronic structure,
alkaline earth metals like strontium (Sr) can be a
suitable choice as dopants.!* Several studies have
been reported in the literature on the changes
associated with the doping of metal oxides with
strontium,  notably the improvement of
antibacterial activity such as ZnO, CuO, ZrO,
Crzos, Agzo, TiOz, SnOZ, CeOg MI’]OQ, Fe304,
YMn03, LaMn03, NdMn03, COA|204, MgMn204
and C0304.12%" Numerous methods are used for the
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preparation of metal oxide nanoparticles.?®?® Most
of these synthesis methods require the
implementation  of  difficult  experimental
conditions, whereas the sol-gel method is a
relatively simple, inexpensive and efficient route
for the synthesis of high-purity nanoparticles with
a controlled size.* To the authors’ knowledge, the
application of strontium-doped cobalt oxide in
antibacterial activity has not been explored.
Therefore, in this contribution, we present the
evaluation of the antibacterial and antifungal
activity of CosO4 through Sr tetrahedral doping
(3% and 5% wt.) prepared by sol-gel process.

MATERIALS AND METHODS

Chemicals

All chemical products used in this work were of
analytical grade without the purification, Cobalt
sulfate (CoSOQy), Strontium nitrates Sr(NOs),, Citric
acid (CeHsOy), isopropanol (CsHsO), Sodium
hydroxide (NaOH), Hydrochloric acid (HCI).

Materials synthesis

Pure and strontium-doped Cos0, nanoparticles
were prepared by the sol-gel method.
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Fig. 1 — Flow chart of pure and Sr-doped cobalt oxide synthesis by sol-gel method.
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Cobalt sulfate and strontium nitrate (Sigma
Aldrich, research grade, 99% purity) were used as
precursors for the synthesis. 4,5 mmol of citric acid
was dissolved in 225 mL of isopropanol) and stirred
for 30 min at 40 °C, then 1,0 mmol of Cobalt (II)
sulphate was added to the previous solution and
mixed for 30 min at 40 °C. Another solution prepared
by dissolving 0.5 mmol of strontium nitrate in 25 ml
of isopropanol was added dropwise to the above
mixture and kept under thermal stirring until a
viscous gel was formed which dried in a vacuum-
drying at 120 °C. The obtaining crust was then
carefully ground to obtain a fine powder which was
calcined in an electric furnace for 4 h at 600 °C.
Finally, the obtained powders were designated as SC,
SC3 and SC6, respectively. The experimental
procedure for synthesis steps of the undoped and
Sr-doped Cos;04 nanoparticles was shown in Fig. 1.

Materials characterization

XRD measurements were carried out on a Bruker
D8 Twin-Twin powder diffractometer with (CuKa)
radiation using a copper anticathode (A = 1.5406 A).
FTIR spectra of pure and Sr-doped CosOs4 were
studied using a Shimadzu 8400 Spectrometer in the
wave number range from 400 cm to 4000 cm=. The
morphology and elemental analysis were investigated
with SEM-EDX using Quanta 250 (with tungsten
filament from FEI Company). Surface charge was
studied by Zeta potential analysis using Zeta-sizer
(Malvern Instruments) model.

Antibacterial activity tests

The antibacterial and antifungal activities of the
nanoparticle-based formulations (SC, SC3, and SC6)
were evaluated against both Gram-negative and
Gram-positive microorganisms: Escherichia coli
(ATCC 25922), Pseudomonas aeruginosa (ATCC
27853), Staphylococcus aureus (ATCC 25923), and
the yeast Candida albicans (ATCC 10231).

Agar Diffusion Method

The antimicrobial screening was performed
using the agar well diffusion method. Sterile Petri
dishes were filled with approximately 15 mL of
Mueller—Hinton agar (MHA) for bacteria and for
C. albicans. Each medium was inoculated with
10 uL of a standardized microbial suspension
adjusted to the 0.5 McFarland standards
(=10° CFU/mL).

Sterile Discs of diameter 6 mm is placed on the
surface of the middle of the Petri dish impregnated
with each nanoparticle formulation (SC, SC3, and
SC6) were carefully placed on the inoculated agar
surfaceunder aspetic conditions. The plates were
pre-incubated at 4 °C for 2 h to allow proper
diffusion of the samples, then incubated at 37 °C
for 24 h for bacterial strains and at 30 °C for 48 h
for the fungal strain.

After incubation, the diameters of the inhibition
zones (mm) were measured using a digital caliper.
Each experiment was performed in triplicate
(n = 3), and the mean * standard deviation (SD)
was calculated for each sample.

Controls

To ensure the reliability of the results,
appropriate control conditions were included:

- Positive control: commercial antibiotic
discs — Gentamicin (10 pg/disc) for bacteria and
Amphotericin B (10 pg/disc) for fungi.

- Negative control: sterile discs impregnated
with distilled water or the blank matrix without
nanoparticles.

- The presence of a clear inhibition zone
around the test or control discs indicated
antimicrobial activity, while the absence of such a
zone indicated microbial resistance.

- Minimum Inhibitory Concentration (MIC)
Determination.

MIC is defined as the lowest concentration that
can inhibit any microbial visible growth, the MIC
was measured. A 96-well plate was divided into
aliquots containing 100 pl of MH liquid medium.
The MH liquid micro dilution method using 96-
well ELISA plates was used.®

The procedure was performed according to the
standard protocol,*® with slight modifications. The
minimum inhibitory concentration (MIC) is defined
as the lowest concentration of nanoparticles or
nanoparticle-based emulgel that causes a 90%
reduction in microbial growth compared to the
untreated control. These parameters were determined
using the microdilution method in liquid Brain Heart
Infusion (BHI) or Mueller-Hinton Broth (MHB)
medium, to find the effects of the tested
nanoparticles. A stock suspension of nanoparticles
was prepared in DMSO or sterile distilled water at a
final concentration of 100 mg/mL. A two-fold serial
dilution was then performed from this stock to obtain
a range of concentrations: 0.5, 0.25, 0.125, 0.0625,
0.0312, 0.0159, 0.0078, 0.0039, and 0.0019 mg/mL.
From each dilution, 100 pL were distributed into the
wells of a 96-well microplate, each well containing
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100 pL of MHB. Subsequently, 20 pL of
standardized bacterial inoculum (=10° CFU/mL)
were added to each well. Each row was reserved for a
specific bacterial strain.

Two types of controls were included:

- Negative control: wells containing only
100 pL of sterile MHB (to check sterility).

- Positive control: wells containing 100 pL
of MHB and 20 pL of bacterial inoculums without
nanoparticles (to confirm bacterial growth).

After incubation at 37 °C for 24 hours, the MIC
was determined as the lowest nanoparticle
concentration showing no visible bacterial growth
(turbidity), on agar plates.

Statistical Analysis

Data on inhibition zone diameters were
analyzed using one-way ANOVA to compare the
antimicrobial  effects of the nanoparticle
formulations containing 0%, 3%, and 6% Sr (SC,
SC3, SC6) with the antibiotic discs (ATB).
Statistical significance was set at p < 0.05, and
analyses were performed using SPSS software.
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RESULTS AND DISCUSSION

Characterization of synthesized materials

Figure 2 shows the X-ray diffraction patterns
of undoped and Sr-doped Cos;0, powders heat-
treated at 600°C for 4 hours. For all three samples,
the peak positions are in good agreement with the
reflections of the standard structure of cubic spinel
Co304 (space group F-43m, JCPDS card NO. 42-
1467). The peaks observed at 20 angles of
19.14°, 31.46°, 37.02°, 38.74°, 44.95° 55.81°,
59.50° and 65.43° can be indexed for diffractions
from the (111), (220), (311), (222), (400), (422),
(511), and (440) planes.** No extradiffraction
peaks were detected, indicating that no crystalline
parasitic phases are present in the samples. In
addition, slight shifts of the SC3 and SC6 peaks to
lower 20 values were observed compared to that of
the undoped Co0s0. samples, indicating the
replacement of Co?* by Sr?* into the CosOs crystal
structures.®
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Fig. 2 — XRD patterns of pure and Sr-doped CosO4 nanoparticles.

Based on line broadening analysis, the average
crystallite size (D), lattice parameter (a), unit cell
volume (V), dislocation density (8) and micro-
strain (g) are calculated using Egs. (1), (2), (3), (4)
and (5) respectively:36-40

ki

- Pcosd 1)
a=dyy(R2+ K2+ 122 @
V=ad® (3)

1
o= E (4)
_ B
€= 4tanb (5)

The obtained values of the lattice parameter, unit
cell volume, crystallite size, microstrain and
dislocation density are presented in Table 1. The
results indicate that the average particle size of Co3Oa
increases with the increase in lattice volume caused
by the increase in the amount of strontium
incorporated on the one hand and the agglomeration
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process on the other hand. While the dislocation
density which remains inversely proportional to the
average particle size decreases with increasing

Table 1

doping rate. We also observe that the microstrain of
the doped samples is smaller than that of the undoped
sample, showing a reduction for higher doping rates.

Calculated value of lattice parameter and volume, average crystallite size, microstrain and dislocation density

D (nm) a(A)
Undoped 36,58 8,0474
Sr (3%) 37,07 8,0736
Sr (6%) 37,47 8,0745

To study the effect of Strontium doping on
vibrational properties of cobaltite oxide, FTIR
spectroscopy experiments were carried out
Shimadzu 8400 Spectrometer. The FTIR
spectrum of pure and strontium doped Co030.
nanocrystals synthesized through the sol-gel
method was recorded in the range of 400-
4000 cm™!. As displayed in Fig. 3, the strong
absorption peak at approximately 578 cm™!
corresponded to B-O vibrations, “B” represents
Co®" ions octahedral coordinated and the second
one at 667 cm™ corresponded to A-O type,

V (A3 5x10 (line/m?) | & x102 (rad)
521,1548 7,47 2,986
526,2616 7,28 2,848
526,4376 7,12 2,928

“A” represented the metal Co?* ions tetrahedral
coordinated confirming the formation of spinel
Co304 in pure phase.**? The peak at around
1126 cm™ is associated to O—H.* The band at
1634 cm? is ascribed to the structural
deformation of absorbed water molecules* and
the weak band at around 3413 cm? shows
the stretching vibration mode of the O-H groups
of H20 from humidity.***" Finally, the infrared
spectrum of all samples shows no residual
organic or inorganic compounds like strontium
oxide.
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Fig. 3 — FTIR spectra of undoped and Sr-doped Co30Oa.

In order to determine the shape of the
developed nanoparticles, micrographs obtained by
scanning electron microscopy are presented in
Fig. 4. The particles are generally spherical in

shape with more or less different sizes. This
heterogeneous size dispersion is due to the
formation of agglomerates caused by the charge
state of the surfaces.
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Fig. 4 — SEM Micrographs of undoped and Sr-doped C030a.

Antibacterial and antifungal activity

The antimicrobial performance of pristine C0osO4
(SC) and Sr-doped Cos0. samples (SC3 and SC6)
(Figs. 5, 6) showed a pronounced dependence on the
Sr content. As summarized in Table 1, the inhibition
zones systematically (Fig. 7) increased with Sr
doping, indicating that the incorporation of Sr** ions
significantly enchances the biological activity of the
spinel oxide. The 6% Sr-doped material (SC6)
exhibited the highest inhibition diameters against all
tested strains, exceeding those of conventional
antibiotics such as amoxicillin, ciprofloxacin, and
ketoconazole.*®

This improvement can be attributed to several
physicochemical modifications induced by Sr
incorporation in the CosOs lattice. The substitution of
Co* by Sr** (larger ionic radius) causes lattice
distortion and the generation of oxygen vacancies,
which increase the surface defect density and active
sites. These defects enhance the adsorption and
interaction of the material with microbial cell walls,

facilitating redox reactions and the production of
reactive oxygen species (ROS) such as superoxide
(O27) and hydroxyl radicals (-OH). The ROS induce
oxidative stress, leading to membrane disruption,
leakage of intracellular contents, and DNA damage in
microbial cells. Furthermore, Sr doping alters the
electronic band structure of CosOs, improving charge
separation and electron mobility at the surface, which
enhances redox-driven antimicrobial processes. The
partial release of Sr** and Co?* ions into the
surrounding medium may also contribute to the ionic
toxicity effect, disturbing membrane potential and
enzymatic activities of the microorganisms. The
combined effects of increased oxygen vacancy
concentration, enhanced ROS generation, and ion
release account for the superior antimicrobial
behavior of Sr-doped CosOa, particularly at 6% Sr.
Therefore, Sr substitution can be considered an
effective strategy to tune the structural, electronic,
and biological properties of cobalt oxide spinels for
antimicrobial applications.

Table 2

Comparative analysis of the inhibition diameter of the Antibacterial and Antifungal Activity of Nanoparticles
and Reference Antibiotics?

Strains SC SC3 SC6 Mean £ SD Comparable Typical Inhibition
(mm) (mm) (mm) (mm) Antibiotic (10 pL) Zone (mm)
Candida albicans 23 25 29 25.7+3.1 Ketoconazole 25
Staphylococcus 15 17 28 20.0+7.0 Amoxicillin 20
aureus
Escherichia coli 18 19 22 19.7+£21 Ciprofloxacin 20
Pseudomonas 17 18 26 20.3+4.9 Amikacin 22

aeruginosa
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Minimum Inhibitory Concentration (MIC)
Determination

The MIC evaluation shows that it remains
relatively low (Table 2). It is between 3.12 and
6.25.mg/l. This concentration represents the
concentration for which 90% of the bacterial
population is eliminated. All three nanoparticles, are
good products that can inhibit gram-positive and
negative strains as well as the fungus. These results
clearly show that the doping of cobalt oxide with
strontium has a considerable effect on the MIC value
of NPs. Interestingly, the SC6 sample exhibited the
highest MIC value but also the largest inhibition zone
diameter. This apparent discrepancy can be attributed

Table 3

to the physicochemical properties of Sr-doped C0s0a4
nanoparticles. The increased strontium content in
SC6 may enhance the surface charge and reactive
oxygen species (ROS) generation, promoting rapid
bactericidal activity on the agar surface, which results
in a larger inhibition zone. However, in the liquid
medium used for MIC determination, particle
aggregation or limited dispersion may reduce their
effective concentration in contact with microbial
cells, leading to a higher MIC value. Therefore, the
inhibition zone mainly reflects the surface diffusion
and immediate contact activity, whereas the MIC
expresses the minimum concentration required to
completely inhibit microbial growth in a
homogeneous environment.

Minimum Inhibitory Concentration (MIC) of Co304 and Sr-CosO4 NPs against antimicrobial strains

Strains CMI CMI
Nps S. Aureus (G+) E. Coli (G-)
SC 3.125 6.250
SC3 3.125 3.125
SC6 6.250 6.250

Comparison of the interaction of nanparticles
with strains studied by zeta potential

The nanoparticles were characterized by a
Zetasizer model (Malvern Instruments) to evaluate

5x10° ;
4x10° +
3x10°

2x10°!

Total Counts

-100

CMI CMI

P. Aeruginosa (G-) C. Albicans (G-)
6.250 6.250
3.125 6.250
6.250 6.250

the zeta potential (Figs. 8 and 9), in order to find a
correlation between the charge of the NPs and the
variation of the inhibition diameters. It is observed
that the zeta potential is negative for all the materials,
with a lower value recorded for the SC6 sample.

SC

=

0 100 200

Apparent zeta potential (mV)

Total Counts

-100

SC3

0 100

Apparent zeta potential (mV)

Total Counts

SCé6

-100

100

Apparent zeta potential (mV)

Fig. 8 — Total count versus apparent zeta potential (mV) for nanopaticles.
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The electrostatic forces are responsible for the
attraction between the bacteria and the fungus
studied on one side and the charged surface of the
nanoparticles of the materials (SC, SC3 and SC6)
on the other side. Consequently, the resulting
electrostatic adhesion leads to the direct death of
these bacteria by rupture of the cytoplasmic

membrane. This can be justified by the high values
of the inhibition diameter (Table 1) recorded by the
three powders, especially for the 6% doped
sample. This result can be explained by the fact
that strontium doping favors the appearance of
charges by its greater electronegativity compared
to that of cobalt.

SC| $Aun¢us| €. i

P. Acr'ugmosa C.Albicans

Zeta potential (mV)

S. Aunus

S

v v em—— v —
| COUI [ A Mi:. c. In‘

Zeta potential (mV)

SCi $Aunus| E. Coli|PA¢\Inos¢ >4 A'

Zeta potrential (mV)

Fig. 9 — Zeta potential and inhibition diameter comparison for pure and Sr-doped C030a.

Zeta potential measurements revealed values of
—16.2 mV for SC, —17.0 mV for SC3, and —6.69
mV for SC6 (Fig. 9), indicating that Sr doping
significantly reduced the surface charge of the
nanoparticles. The higher absolute values observed
for SC and SC3 suggest better colloidal stability
and electrostatic repulsion, whereas the near-
neutral potential of SC6 promotes aggregation in
suspension. This reduced electrostatic stability in
SC6 can explain its higher MIC values (Table 2),
as nanoparticle agglomeration in liquid medium
limits the effective surface area available for

microbial interaction. However, the same
formulation exhibited the largest inhibition zones
on agar plates, which may be related to localize
release of Sr?* ions and enhanced production of
reactive oxygen species (ROS) at the nanoparticle
cell interface. Therefore, while SC6 aggregates
more in broth (raising MIC), its strong surface
reactivity and ionic diffusion on solid medium lead
to a larger inhibition halo. These findings confirm
that zeta potential plays a critical role in balancing
dispersion stability and antimicrobial efficiency of
Sr—Co304 nanoparticles.
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Statistical Analysis and Interpretation

The antimicrobial activity of the nanoparticle
formulations containing different Sr concentrations
(SC: 0%, SC3: 3%, and SC6: 6%) was statistically
compared with that of the standard antibiotic discs
(ATB). One-way ANOVA showed (Table 3)
significant differences (p < 0.05) (Table 3)
between treatments. The inhibition zones increased

proportionally with the Sr content, reaching the
highest values for SC6. In particular, SC6 (6% Sr)
exhibited significantly greater activity (Figs. 5
and 6) than ATB against Pseudomonas aeruginosa
(p = 0.002), Candida albicans (p = 0.000),
Staphylococcus aureus (p = 0.006), and
Escherichia coli (p = 0.000). These results confirm
that increasing Sr concentration enhances the
antimicrobial efficacy of the nanoparticles.

Table 4

Statistical comparison of inhibition zone diameters (mm) between nanoparticle formulations and antibiotic discs

Microorganism SC SC3
Pseudomonas aeruginosa 17+0.8 22 +0.6
Candida albicans 21+0.5 25+0.4
Staphylococcus aureus 19+0.7 23+0.5
Escherichia coli 18+ 0.6 20+0.7

SC6 ATB (Antibiotic DISC) SIG. (Bilateral)
26+0.5 25+0.7 0.002*
29+0.6 27+05 0.000%**
28+0.8 20+0.6 0.006**
22+05 20+0.6 0.000%**

Values are expressed as mean + SD (n = 3). Statistical significance determined by one-way ANOVA followed by post-hoc test.

(*p < 0.05; **p < 0.01; ***p < 0.001).
CONCLUSION
Pure and  strontium-doped  C0304

nanoparticles at 3 and 6% were prepared by sol-gel
process and characterized by X-ray diffraction

(XRD), Infrared spectroscopy (IR), Scanning
electronic spectroscopy (SEM) and zeta-potential
analysis. ~ X-ray diffraction and infrared
spectroscopy  characterizations confirmed the

formation of well-crystallized materials with a face-
centered cubic spinel structure. The 3 and 6%
strontium-doped Co304 retained the cubic spinel
structure, which was identical to that of pure C030..
However, the size and morphology were inevitably
influenced due to the ionic size and different
electronic state of foreign atoms compared with
those of the host cobalt in Cos0s. The Sr-doped
Cos0s  nanoparticles  exhibited  remarkable
antimicrobial efficiency against both Gram-positive
and Gram-negative strains as well as Candida
albicans. The 6% Sr-doped sample (SC6) showed
the highest inhibition zones (29 mm) for
C. albicans, (28 mm) for S. aureus, (26 mm) for
P. aeruginosa, and (22 mm) for E. coli, surpassing
the reference antibiotics (p < 0.01). The minimum
inhibitory concentrations (MICs) ranged between
3.12 and 6.25 mg/L, confirming potent bactericidal
and fungicidal activity at low doses. Zeta potential
values decreased from —16.2 mV (SC) to —6.69 mV
(SC6), indicating that Sr incorporation reduced
surface charge and enhanced reactive oxygen
species (ROS) generation. Statistical analysis
(ANOVA, p < 0.05) confirmed that increasing Sr
content significantly improved the antimicrobial

performance of Co0sOs nanoparticles
synergistic effects of ionic release,
reactivity, and oxidative stress induction.
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