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ARTICLE INFO ABSTRACT
Keywords: This research investigates the eco-friendly synthesis and comprehensive characterization of cobalt oxide nano-
Green chemistry particles (CoO—NPs) using turmeric ethanolic extract. Fourier transform infrared spectroscopy confirmed the
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presence of functional groups in the extract and their involvement in nanoparticle stabilization. Ultraviolet-
visible spectroscopy revealed an absorption peak at 417 nm, with bandgap energies of 3.45 eV and 3.21 eV
for direct and indirect transitions, respectively, as determined by Tauc’s plot. X-ray diffraction analysis yielded
an average crystallite size of 31.2 nm, while energy-dispersive X-ray spectroscopy verified the elemental
composition. The nanoparticles displayed a zeta potential of -21.66 mV, and dynamic light scattering indicated a
hydrodynamic diameter of 86.29 nm with a polydispersity index of 0.38. Transmission and scanning electron
microscopy demonstrated an average particle size of 26.3 nm, featuring cubic structures and diverse surface
morphologies. Antioxidant activity was evaluated using the DPPH assay, resulting in ICso values of 3.82 mg/mL
for the turmeric extract and 1.171 mg/mL for the CoO—NPs, compared to 0.42 mg/mL for BHT. The antibacterial
efficacy of the CoOO—NPs was assessed against Gram-positive Bacillus subtilis and Gram-negative Escherichia coli,
with minimum inhibitory concentrations of 25.3 mg/L and 22.8 mg/L, respectively. Furthermore, the nano-
particles exhibited substantial anti-cancer effects, with ICsg values of 26.4 ug/mL against Caco-2 cells and 43.6
ug/mL against MCF-7 cells. This work advances green nanotechnology by integrating scientific innovation with
environmental sustainability, thereby opening avenues for further research in materials science and biomedical
applications.

Abbreviations: CoO-NPs, Cobalt oxide nanoparticles; MTT, Colorimetric assay for measuring cell metabolic activity; Caco-2 cell line, Colorectal carcinoma (ATCC:
ATB-37); MCF-7 cell line, Breast cancer (ATCC: HTB-22); ICso, Half maximal inhibitory concentration; ROS, Reactive oxygen species; HPLC, High performance liquid
chromatography; DPPH, 2,2-diphenyl-1-picrylhydrazyl; BHT, Butylated hydroxytoluene; XRD, X-ray diffraction; ATR, Attenuated total reflection; FT-IR, Fourier-
transform infrared spectroscopy; TEM, Transmission electron microscopy; SEM, Scanning electron microscopy; EDX, Energy dispersive X-ray; UV-Vis, Ultra violet
spectroscopy; Eg, Energy band gap; MIC, Minimum inhibition concentration; B. subtilis, Bacillus subtilis (ATCC 6633); E. coli, Escherichia coli (ATCC 8739).
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1. Introduction

With rapid advancements in science, nanobiotechnology has
emerged as an integrative field that combines technological innovation
with environmental sustainability to benefit humanity [1]. The green
synthesis of cobalt oxide nanoparticles (CoO—NPs) exemplifies a sus-
tainable approach to nanomaterial production, as researchers seek to
develop methods that balance technological efficacy, environmental
responsibility, and economic viability [2]. Recent studies underscore the
importance of COO—NPs in various biomedical domains, particularly
microbiology and therapeutics [3-5]. Advanced research has revealed
their unique properties, including high efficacy and potential as safe
alternatives to conventional treatments, such as antibacterial and anti-
fungal agents [6,7]. Moreover, their application as anti-cancer agents
opens new avenues in modern medicine and innovative therapies [8,9].

CoO—NPs play a crucial role in numerous applications, including
catalysis in chemical processes [10], energy storage [11], and diverse
biomedical applications [12-14]. These nanoparticles can be prepared
using various chemical and physical methods, as well as environmen-
tally friendly green methods [15]. Among the well-known chemical
methods is the use of chemical precipitation reactions in aqueous solu-
tions [16], where cobalt salts are mixed with a reducing agent in an
aqueous solution, leading to the formation of cobalt oxide nanoparticles.
Additionally, thermal decomposition methods can be employed [17],
where cobalt compounds are heated in an oxygen-free environment at
high temperatures to produce the nanoparticles, solution combustion
[18,19], microwave-assisted [20,21], and co-precipitation [22]. As for
physical methods, chemical or physical vapor deposition [23] can be
utilized to produce CoO—NPs with controlled size, shape, and desired
properties. In recent years, green methods have gained increasing
attention, where plant extracts [24-26] or bacteria [24,27,28] can be
used as reducing agents to produce cobalt oxide nanoparticles in an
environmentally friendly manner [29-31]. These green methods are
promising due to their scalability, reduced environmental pollution, and
a wide variety of applications [32,33].

The present study adopts a multidisciplinary framework, integrating
nanotechnology, biochemistry, and molecular biology. Emphasis is
placed on the use of plant extracts as bioreducing agents, offering a
sustainable alternative to traditional chemical techniques while miti-
gating adverse environmental effects. These extracts facilitate the eco-
friendly production of nanoparticles through functional groups such as
carbonyls, hydroxyls, primary amines, and polyphenols.

Turmeric and its derivative curcumin (diferuloylmethane) are rich in
polyphenols and flavonoids. Studies have shown that turmeric contains
approximately 6.3 % protein, 5.1 % fat (including essential fatty acids),
69.4 % carbohydrates, and vitamins such as riboflavin [34]. It exhibits
diverse bioactive properties, particularly in biomedical contexts,
exemplifying nature-derived sustainable resources. These include anti-
oxidant, anti-inflammatory, anti-platelet aggregation, antimicrobial,
antimutagenic, anti-cancer, and neuroprotective activities [35,36]. The
composition of turmeric, encompassing polyphenols, proteins, and fla-
vonoids, has been characterized through various analytical techniques,
including high-performance liquid chromatography (HPLC) [37-40].

The aim of this study to develop an eco-friendly synthesis of cobalt
oxide nanoparticles (CoO—NPs) using Turmeric ethanolic extract,
comprehensively characterize their physicochemical properties, and
evaluate their antioxidant, antibacterial, and anti-cancer potentials to
advance sustainable nanotechnology and explore biomedical
applications.

2. Methodology and procedures
2.1. Materials

Co(NO3)2.6(H20), 291.03 g/mol (Sigma-Aldrich Chemie GmbH,
USA). Turmeric powder (Assuit local market, Egypt), Ethanol HPLC
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gradient grade (ROTH, UK). All the rest of the chemicals and reagents
were analytical grade (Loba Chemie, India).

2.2. Preparation of the turmeric extract

The methodology was adopted according to the previously prepared
method by Basima et al. [41]. The alcoholic extract of 28 % w/v
turmeric powder and 3.5 % w/v polyethylene glycol 6000 was created in
ethanol 70 % under a reflux system for 30 min at 70 °C. Subsequently,
the solution was cooled and adjusted to be slightly alkaline using
ammonium hydroxide 10 % v/v and filtered using Whatman filter paper
no. 1 and subsequently stored in a refrigerator for future use.

2.3. Preparation of the biosynthesized cobalt oxide nanoparticles

A solution in molar concentration of 0.01 M from cobalt(II) nitrate
hexahydrate was prepared in water forming a clear, blue solution. The
cobalt solution was slowly added to the turmeric alcoholic extract in the
ratio (1:3) in temperature reaction condition at 70 °C at constant stirring
at 1200 rpm for three hours. Subsequently, the reaction mixture was
centrifuged at 4000 rpm 5 times using purified water for washing the
precipitate in the last two runs. The resultant nanoparticles were dried in
a hot air oven at 120 °C for three hours giving metallic black powder.

2.4. Characterization of CoOO—NPs

The biosynthesized CoO—NPs were thoroughly characterized using
various spectroscopic techniques. The structural analysis was performed
using an XRD pattern obtained from a diffractometer of X-ray (60PA-
JSDX-Model-JEOL) from two Theta 4-90 degrees by step 0.2 degree,
providing insights into their crystalline nature. Scanning Electron Mi-
croscopy (SEM) analysis, conducted using an SEM JEOL model JSM IT
200 equipped with an EDX analyzer, revealed the morphology and
surface characteristics of the CoO—NPs. The functional groups respon-
sible for the reduction and stabilization of turmeric were identified using
an ATR Thermo Fisher model Nicolet iS10 FT-IR spectrometer in a
wavenumber range of 4000-450cm™, offering valuable information
about the chemical interactions and adsorbed some of the bioactive
constituents of the extract. Additionally, an Ultraviolet-Visible (Perki-
nElmer Lambda 40 UV/Vis Spectrophotometer) was employed to
determine the maximum absorption wavelength of the nanoparticles in
the range of (300-800 nm), providing critical data for their optical
properties. Transmission electron microscopy [TEM; JEOL model JEM-
100 CXII], and the pH-meter Mettler Toledo model SevenMulti. The
dynamic particle size and Zeta potential for the biosynthesized NMs
were conducted using [NICOMP, NANO ZLS, Z3000 ZLS].

2.4.1. UV-vis and bandgap energy equations
The band structure and the transition of electron type can be inves-
tigated using the following equation:

a=2303xA/d (€)]

Where; « is the absorption coefficient, d is the thickness of the sample,
and A is the absorbance.

The energy band gap (Eg) of the as-biosynthesized CoOO—NPs can be
determined using the Tauc equation:

(aho)" = C(hv — Ey) )

Where; «a is the absorption coefficient, hv is the photon energy. n is
assumed values of 2 and 0.5 for direct and indirect transitions, respec-
tively, Cis energy independent constant and E; is the energy band gap of
the CoO—NPs.
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2.4.2. Scherrer equation [42,43]

Dscher =0.91 /ﬂhklcos(ehkl) (3)

Where 0.9 is a Scherrer constant;

A is the radiation X-ray wavelength (CuKa= 1.541838 A);

Bhki is the full width at half maxima “FWHM” of the measured peaks,
which were estimated and corrected according to the pseudo-Voigt
function of the line profile relation.

Ohk1 is the degree of observed distinct diffraction peak in the XRD
diffraction pattern.

2.5. Free radical scavenging activity using 2,2-diphenyl-1-picrylhydrazyl
(DPPH) assay

The assay method was performed as AlSalhi et al. reported with
slight modifications [44]. Multiple concentrations of each turmeric and
CoO—NPs, ranging from 0.025 to 10 mg/mL in methanol, were pre-
pared in methanol. For 0.2 mL of each concentration of turmeric and
CoO—NPs, they mixed with a larger volume (1.8 mL) of the 0.1 mM
DPPH. These mixtures allow the antioxidant components in the turmeric
and CoO—NPs to interact with the DPPH radicals. The mixtures were
shaken to ensure thorough mixing and left at room temperature for 30
min. During this time, any antioxidant compounds in both turmeric and
CoO—NPs would neutralize the DPPH radicals. After incubation, solu-
tions were measured at 517 nm using a spectrophotometer. BHT, a
well-known synthetic antioxidant, was used as a positive control to
provide a benchmark for comparison. By analyzing the results, the ICsg
value was calculated (the concentration of both turmeric and CoO—NPs
required to neutralize 50 % of the DPPH radicals).

DPPH scavenging(%) = (A—B)/A x 100 “4)

Where A refers to negative control absorbance (DPPH solution in
methanol) and B points to sample absorbance (the mixture of DPPH,
methanol, and sample).

2.6. Antibacterial activity

This study aimed to investigate the antibacterial potential of newly
biosynthesized CoO—NPs against bacterial standard strains. The study
utilized vancomycin as a positive control and turmeric extract as a
negative control. The tested strains included the Gram-positive bacte-
rium (B. subtilis) and the Gram-negative bacterium (E. coli).

The antibacterial activity of COO—NPs was evaluated using the agar
well diffusion method. Six different concentrations (156.25, 312.5, 625,
1250, 2500, and 5000 ppm) were prepared of CoOO—NPs and tested for
their antibacterial efficacy.

To conduct the antibacterial activity bioassay, 1 mL of the prepared
inocula of the standard strains was adjusted to a 0.5 McFarland turbidity
standard. The inocula were then evenly spread onto Muller Hinton agar
plates for bacteria [45]. Subsequently, 80 uL of each nanoparticle con-
centration was added to individual wells using a micropipette. The
inoculated plates for bacterial strains were incubated at 37 °C for 24 h
[46,47]. The antibacterial activity was assessed by measuring the
diameter of the inhibition zone formed around the wells.

2.7. Anti-cancer activity

The MTT assay was employed to assess the cell proliferation of two
human cancer cell lines: Caco-2 and MCF-7. These cell lines were ob-
tained from the Science Way Company. The experimental procedures
followed the protocols established in previous studies by Al-Hakkani
et al. [43,48]. The cytotoxicity profile of the CoO—NPs was evaluated
across a range of concentrations, from 3.125 to 100.0 pg/mL. A visible
spectrophotometer, set at a wavelength of 560 nm, was utilized to
measure the activity and assess the cytotoxic effects on the cancer cell
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lines.
3. Results and discussion
3.1. ATR-FTIR analysis

The emergence of green synthesis techniques in nanomaterial
fabrication has garnered significant attention, particularly in the
development of CoO—NPs using biological reducing agents. This study
explores the intricate molecular interactions and structural trans-
formations during the biosynthesis of CoOO—NPs mediated by turmeric
plant extract, utilizing ATR spectroscopy as a pivotal analytical
technique.

The ATR-FTIR analysis (Fig. 1) of the turmeric plant extract revealed
a complex molecular landscape, characterized by characteristic trans-
mittance bands at critical wavenumbers 3263 cm™, 2916 cm™, 1594
cm™!, 1387 ¢cm™,1259 cm™, 1020 cm™ which could be attributed to
O—H stretching vibrations, aliphatic C-H stretching, C—=0O carbonyl
group vibration, O-H bending, unsaturated bond of C=C, and C—N
stretching vibrations, respectively [8,34]. On the other hand, the bio-
synthesized CoO—NPs demonstrated a nuanced spectral evolution, with
key bands at 3267 cm™, 2923 cm™, 1627 cm™, 1015 cm™, 656 cm™, 551
cm™! which were caused by the presence of hydroxyl group interactions,
modified aliphatic C—H stretching, shifted aromatic vibrations, C=0
stretching, C—N band, metal-oxygen bond configurations of tetrahedral
Co?*—0?~ and characteristic of Co—O lattice vibrations of octahedral
Co>*—027, respectively. These findings were found to agree with pre-
viously conducted papers on the biosynthesis of CoO—NPs using
different plant extracts [4,49].

The comparative spectroscopic analysis unveils the intricate molec-
ular transformations occurring during the green synthesis process,
highlighting the critical role of turmeric plant extract in the controlled
formation of CoOO—NPs.

3.2. UV-Vis analysis

A comprehensive literature review of biosynthesized CoO—NPs
published within the past five years reveals nuanced variations in
maximum wavelengths. Recent scientific publications demonstrate ab-
sorption peaks ranging from 265-510 nm, positioning our 417 nm
wavelength within the contemporary nanomaterial synthesis spectrum
(Fig. 2a). Some research papers reported the maximum wavelengths of
the biosynthesized CoO—NPs as Kumar et al. at maximum absorbance of
510 nm [50], Mudaliar et al. observed absorption peak at 265 nm [51].
Kavica et al. using Ziziphus oenopolia reported the absorption peak at 269
nm [52]. Our observed 417 nm wavelength demonstrates remarkable
alignment with the most recent biosynthetic approaches, suggesting
consistent optical characteristics across contemporary nanomaterial
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Fig. 1. ATR-FTIR spectra of turmeric and CoO—NPs.
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Fig. 2. a) UV-Vis spectrum of CoO—NPs, Tauc relationship of b) direct and c) Indirect band gap energy.

synthesis methodologies.

In general, the Co304 is an important semiconductor as a p-type with
a direct energy band gap (Eg) of 3.95-2.13 eV [53] with bulk material Eg
around 2.85 eV [54]. In the current study, using band structure and Tauc
equations (Eq. (1) and Eq. (2)), the calculated Eg of 3.45 eV (primary
transition pathway) represents a significant contribution to the under-
standing of electronic structural transitions in biosynthesized CoO—NPs
(Fig. 2b). Comparative literature review reveals piper betle extract syn-
thesis Eg at 3.86 eV [50], Cordia myxa extract method Eg at 2.42 eV [55],
and spent-coffee-mediated extract approach revealed Eg at 3.09 eV [54].

The direct Eg value closely aligns with state-of-the-art biosynthetic
methodologies, indicating the robust nature of the turmeric plant
extract-mediated synthesis approach. The indirect E; of 3.21 eV (sec-
ondary electronic transition mechanism) provides additional insights
into the electronic structural characteristics, revealing subtle variations
in electronic transition mechanisms (Fig. 2¢). So, it is clear that in our
approach we could manifest consistent optical properties across
biosynthetic methodologies, potential for controlled electronic struc-
tural engineering, and demonstration of turmeric plant extract-mediated
synthesis precision.

The comparative evaluation of direct and indirect E4 provides critical
insights into the crystalline nature of the as-prepared CoO—NPs, sub-
stantiated by the research of Al-Hakkani et al. [43]. The observed phe-
nomenon of direct E; energy exceeding the indirect transition energy
offers a fundamental understanding of the material’s electronic
structure.

Zimmermann et al. [56] documented Hematite’s bulk Eg at 2.1 eV,
providing a critical reference point for nanoscale electronic transition
analysis. Also, he has proven that the change in the atomic electronic
structure, increasing the Eg, indicates that the size of the particles has

decreased, particularly towards the nanoscale. Al-Hakkani et al.
confirmed this fact when they reported the Eg of hematite NPs using
Echinacea in the range of 2.83-3.75 eV [43]. The comparative assess-
ment revealed that direct electronic transitions predominate, demon-
strating a direct correlation between absorption mechanisms and
quantum confinement effects. So, key mechanistic insights could be
gained by interpreting the quantum confinement effect as the funda-
mental mechanism driving electronic transition modifications, which
emerges from nanoscale dimensional constraints and generates intragap
electronic states. The estimated Eg values suggest the CoO—NPs exhibit
remarkable semiconductor characteristics, characterized by enhanced
optical responsiveness, sophisticated electrical property modulation,
and potential for advanced electronic device applications.

3.3. XRD analysis

XRD examination provides critical insights into material properties,
including crystallite dimensions, phase purity, crystallographic orien-
tation, and structural integrity of the synthesized nanomaterials.

The synthesized CoO—NPs demonstrated a diffraction pattern with
multiple characteristic peaks, revealing a crystalline structure. The XRD
diffractogram (Fig. 3) exhibited eight distinct diffraction peaks at pre-
cise two-theta angles as 19.4°, 31.2°, 36.8°, 38.6°, 45.0°, 59.4°, and
65.4°, each representing specific crystallographic planes of the cobalt
oxide structure which corresponded Miller indices “hkl” of 111, 220,
311, 222, 400, 511, 440, respectively. An additional carbon-related peak
was observed at 28.6°, potentially indicating residual of some organic
components from the biological synthesis process resulted after heating
[57-59].

The two theta positioning and relative intensities of these diffraction
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Fig. 3. XRD pattern of CoOO—NPs.

peaks provide critical information about the CoO—NPs’ crystallographic
configuration. The systematic arrangement of peaks suggests a well-
defined crystalline structure, indicative of the controlled nature of the
biologically mediated synthesis approach.

Preliminary analysis indicates the presence of a predominantly cubic
structure characteristic of CoO—NPs with unit cell a = 8.0650 A which
was agreed with the reference card# 00-153-8531, with potential
minor structural noises introduced by the biological synthesis method-
ology. Also, the diffractogram was found to be compatible with previ-
ously reported by Savitha et al. [60].

The most abundant peak is the principal peak in the as-
biosynthesized CoO—NPs with a crystallite size of 15.2 nm at Miller
indices (311), where the average crystallite sizes for all of the peaks were
found to be 31.2 nm as it was calculated using the Scherrer equation (Eq.
(3)). Peak sharpness and resolution suggest high crystallinity, while
peak breadth confirms the nanoscale material dimensions.

3.4. EDX analysis

Energy-dispersive X-ray (EDX) spectroscopy provides a critical win-
dow into the elemental composition and structural characteristics of
CoO—NPs synthesized through innovative turmeric plant extract-
mediated biosynthesis. This analytical technique offers precise quanti-
fication of material constituents, revealing the intricate chemical land-
scape of the synthesized nanomaterials. Analytical parametric
conditions were adjusted at accelerating Voltage: 10.0 kV, magnifica-
tion: 2700x, and imaging Scale: 5 '™ (Fig. 4). The EDX examination
unveiled a distinctive elemental composition as carbon;17.95 %, oxy-
gen; 41.20 %, and cobalt; 40.85 %. The elemental distribution provides
critical insights into the biosynthesis process, highlighting the intricate
interplay between organic and inorganic components. The significant
presence of carbon (17.95 %) suggests residual organic moieties from
the turmeric plant extract, potentially serving as stabilizing agents
during nanoparticle formation [58,59]. The oxygen content (41.20 %)
corroborates the expected stoichiometry of cobalt oxide, while the co-
balt representation (40.85 %) confirms the primary structural compo-
sition of the nanomaterial.

The sharpness of the peaks revealed the high crystallinity nature
which confirm the XRD results. The precise elemental mapping dem-
onstrates the sophisticated control achieved through green synthesis
methodologies. The near-stoichiometric balance between oxygen and
cobalt underscores the remarkable precision of the biologically medi-
ated synthesis approach, bridging the gap between natural processing
and advanced nanomaterial engineering. The EDX analysis provides
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unequivocal evidence of the successful biosynthesis of CoO—NPs,
showcasing the potential of plant extract-mediated synthesis in gener-
ating precisely engineered nanomaterials with controlled elemental
composition.

3.5. Dynamic light scattering (DLS) and Zeta potential measurements

The biosynthesized CoO—NPs exhibited a hydrodynamic diameter of
86.29 nm, representing the ensemble-averaged particle size in liquid
suspension (Fig. 5a). This dimensional measurement encompasses not
only the core nanoparticle structure but also the hydration layer and
associated stabilizing biomolecules derived from the turmeric plant
extract. The Polydispersity Index (PDI) of 0.38 indicates a moderate
heterogeneity in particle size distribution. While this value exceeds the
ideal threshold of 0.2 but not more than 0.4, it suggests potential vari-
ability in nanoparticle synthesis conditions. The PDI provides critical
insight into the uniformity of the synthesized nanomaterial, with higher
values indicating increased size heterogeneity and potential challenges
in achieving uniform nucleation and growth mechanisms.

Zeta potential measurement revealed a negative surface charge of
—21.66 mV, which provides crucial information about the colloidal
stability and surface chemistry of the biosynthesized CoO—NPs
(Fig. 5b). The observed negative charge suggests significant surface
functionalization, likely attributed to the organic capping agents present
in the turmeric plant extract. The zeta potential magnitude approaches,
but marginally falls short of, the optimal +25 mV threshold typically
associated with maximal colloidal stability. The negative charge in-
dicates electrostatic repulsion mechanisms that mitigate particle ag-
gregation, though the relatively moderate value suggests potential
limitations in long-term colloidal suspension maintenance.

The data on hydrodynamic diameter, polydispersity index, and zeta
potential together reveal the intricate surface chemistry and stabiliza-
tion processes involved in this nature-inspired nanoparticle synthesis
method. The turmeric plant extract seems key in influencing the nano-
particles’ surface characteristics, offering control over their size and
some degree of electrostatic stability.

3.6. TEM and SEM analyses

Transmission Electron Microscopy (TEM) dimensional character-
ization (Fig. 6a) was conducted to unveil the particle size distribution
(Fig. 6b) of the CoO—NPs giving a mean particle size of 26.3 nm,
standard deviation of 5.6 nm, minimum particle size of 14.0 nm, median
of 26.6 nm, and maximum particle size of 38.4 nm. The TEM analysis
revealed a narrow size distribution characteristic of the controlled
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biosynthesis process. The relatively low standard deviation (5.6 nm) heterogeneous population of CoO—NPs.

indicates remarkable uniformity in CO—NP nucleation and growth Scanning Electron Microscopy (SEM) morphological was also con-
mechanisms mediated by the turmeric plant extract. The size range ducted at three different parameters of image scale as follows, first im-
spanning from 14.0 nm to 38.4 nm suggests a consistent yet slightly aging configuration (magnification of 550X and scale of 20 um)
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(Fig. 6¢). Second imaging configuration (magnification of 2500X and
scale of 10 pm) (Fig. 6d), the third one at (magnification of 3000X and
scale of 5 um) (Fig. 6e) at the same accelerating voltage of 20 kV for
each. The SEM analysis of the CoO—NPs unveiled a complex surface
topography characterized by rough surface morphology, intricate sur-
face textures as cubic structural elements, and heterogeneous surface
features with intermittent spatial variations. Also, the microscopic ex-
amination revealed a multifaceted surface structure with spherical and
semi-spherical particles and irregular surface contours present in inter-
granular spaces with potential agglomeration tendencies and microscale
architectural complexity.

The combined TEM and SEM analysis provides comprehensive in-
sights into the morphological and dimensional properties of bio-
synthesized CoOO—NPs. The controlled synthesis approach mediated by
turmeric plant extract demonstrates remarkable capability in generating
nanoparticles with consistent size distribution and controlled morpho-
logical characteristics, with the potential for advanced functional ap-
plications with tailored physicochemical properties. These properties
make the CoO—NPs a good platform for catalytic and adsorption tech-
niques for the removal of either organic or inorganic contaminations
from wastewater.

3.7. Determination of the antioxidant activity

DPPH serves as a standard model for free radicals. The DPPH solution
has a distinctive purple color and is typically used to assess the antiox-
idant capacity of various compounds. After antioxidant neutralization
with the DPPH radicals, the purple color of the solution fades to convert
into a yellow color at increasing concentration. This new color change
formation may be attributed to accepting hydrogen or an electron. The
intensity of the changed color was quantified by measuring the change
in light absorption. The DPPH assay is a highly valuable and significant
method for detecting antioxidant properties in turmeric and CoO—NPs.
This assay is not only simple and cost-effective but also provides suc-
cessive results. ICsg values were calculated, and they were found to be
3.82 mg/mL and 1.171 mg/mL for turmeric and CoO—NPs against
DPPH radical scavenging activity, respectively, while BHT showed 0.42
mg/mL ICsq value. The reasonable ICs( value of CoO—NPs enables them
to carry out other activities directly related to entering living cells, such
as bacteria, fungi, and cancer cells, and causing mutations within them.
This suggests the potential use of these nanoparticles as antibacterial or
anti-cancer agents where the substances have antioxidant activity and
play a crucial role in protecting cells from oxidative stress, which is
linked to various chronic diseases and aging processes.

3.8. Antibacterial activity

Biosynthesized CoO—NPs were evaluated for their antibacterial
properties against two distinct bacterial types: Gram-negative (E. coli)
and Gram-positive (B. subtilis). E. coli, a Gram-negative bacterium,
possesses a complex cell wall structure comprising three layers: muco-
peptide (peptidoglycan), a lipoprotein layer, and a lipopolysaccharide
layer. This intricate composition includes a higher concentration of
amino acids and lipids [45]. In contrast, Gram-positive bacteria, such as
B. subtilis, exhibit a simpler cell wall structure consisting of only two
layers: mucopeptide (peptidoglycan) and teichoic acid [47]. The
absence of an outer membrane and the presence of a thicker peptido-
glycan layer render Gram-positive bacteria more susceptible to certain
nanoparticles.

The study aimed to explore the relationship between nanoparticle
characteristics and their antibacterial efficacy. The antibacterial activity
was assessed using inhibition zone diameters at various concentrations.
Turmeric extract served as a negative control, demonstrating no activity,
while vancomycin acted as a positive control, producing an inhibition
zone of 19.3 mm at 10 ppm.

The CoO—NPs exhibited concentration-dependent inhibition against
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both bacterial types (Table 1). At the highest concentration of 5000
ppm, the CoO—NPs displayed impressive inhibition zones of 20.7 mm
and 18.8 mm against B. subtilis and E. coli, respectively (Fig. 7). How-
ever, at the lowest concentration of 156.25 ppm, the inhibition zones
decreased to 10.3 mm and 10.9 mm for E. coli and B. subtilis,
respectively.

As shown in (Table 1), the impact of biogenically synthesized
CoO—NPs on B. subtilis is more pronounced compared to its effect on
E. coli. This difference in efficacy could be attributed to the distinct
structural composition of these bacterial types, as previously mentioned.
It is easier for CoOO—NPs to penetrate the cell wall of Gram-positive
bacteria, leading to greater destruction of cellular proteins and nucleic
acids. In contrast, the impact on Gram-negative bacteria is relatively less
significant.

This variation in the antibacterial activity of CoO—NPs is likely due
to the different structural characteristics of Gram-positive and Gram-
negative bacteria. The ability of CoOO—NPs to effectively penetrate the
cell wall and interact with the cellular components is influenced by the
bacterial type. The enhanced destruction of proteins and nucleic acids in
Gram-positive bacteria further contributes to the observed differences in
antibacterial efficacy.

The superior performance of CoO—NPs in penetrating the complex
cell walls of both Gram-negative and Gram-positive bacteria may be
attributed to their reduced particle size at the nanoscale. This size
reduction facilitates more efficient penetration, enhancing the nano-
particles’ antibacterial potential.

So, specific further research is warranted to explore the specific
mechanisms underlying the differential impact of CoOO—NPs on Gram-
positive and Gram-negative bacteria. Understanding these mechanisms
could provide valuable insights for developing targeted antibacterial
strategies and optimizing the use of CoO—NPs in various applications.

The minimum inhibition concentration (MIC) could be calculated
theoretically using the microbial assay equation as follows:

Inhibition zone (mm) = (s) x In (concentration) + (u)

Where, s is the slope of the linear relationship, u is the intercept.

MIC= e (6.1 — (w))/s)

Where 6.0 mm is the well diameter in mm and 6.1 mm is the smallest
diameter could give an inhibition effect.

As Fig. 8 manifested, there were a directly proportional relationship
between inhibition zone and In (concentration) where in CoO—NPs the
regression line coefficients revealed high linearity with R? > 0.90 ac-
cording to the validation methodology guidelines for linear equations
especially, for microbial assay. So, according to the depicted equations
in the (Fig. 8), the MIC was 25.3 ppm and 22.8 ppm for B. subtilis and
E. coli, respectively.

3.9. Anti-cancer activity

The MTT assay revealed distinctive cytotoxic responses of CoOO—NPs
across two human adenocarcinoma cell lines of MCF-7 and Caco-2. The
comprehensive  concentration-dependent analysis demonstrated

Table 1
The antibacterial activity of the as-prepared CoO—NPs against B. subtilis ATCC
6633 and E. coli ATCC 8739 bacterial standard strains.

Concentration (ppm) E. coli B. subtilis
Inhibition zone (mm)

5000 18.8 + 0.2 20.7 £0.3
2500 17.0 +£ 0.5 19.0 + 0.2
1250 16.9 + 0.3 17.4 £ 0.4
625 13.6 + 0.8 14.3 £ 0.4
3125 12.8 + 0.8 13.8 +£ 0.6
156.25 10.3 +£ 0.5 10.9 + 0.8
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Fig. 7. Antibacterial activity of the as-biosynthesized CoO—NPs against
B. subtilis ATCC 6633 and E. coli ATCC 8739 at different concentrations of 1)
5000 ppm, 2) 2500 ppm, 3) 1250 ppm, 4) 625 ppm, 5) 312.5 ppm, and 6)
156.25 ppm.
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Fig. 8. Microbial assay relationship of the as-biofabricated CoO—NPs against
B. subtilis and E. coli bacterial standard strains at different concentrations in the
range of 5000 ppm-156.25 ppm.

significant cellular metabolic inhibition mechanisms. The precise ICsg
determination unveiled cell line-specific sensitivity where it was found
to be 26.4 pg/mL and 43.6 pug/mL for Caco-2 and MCF-7 cell lines,
respectively (Fig. 9).

The markedly lower ICsq for Caco-2 cells indicates heightened sus-
ceptibility to CoOO—NPs when compared with some of the other papers,
suggesting potential line-specific molecular vulnerability mechanisms
(Table 2). One of the potential mechanisms can be ROS generation.
Nanoparticle-induced cellular damage predominantly manifests
through robust ROS generation.

The nanoscale morphology of CoO—NPs critically influences oxida-
tive stress induction. This action can be attributed to surface reactivity
dynamics, where increased surface area-to-volume ratio, enhanced
electron transfers capabilities, and accelerated free radical production.
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Table 2
Comparison of the anti-cancer activity of the as-prepared CoO—NPs against
some previously published papers.

Plant Cell line type 1Cs0 (ug/mL) Ref.

Psidium guajava Leaves HCT 116 24.5 [61]
MCF-7 29.5

Turmeric Caco2 26.4 Current study
MCF-7 43.6

Chemical reduction method MCEF-7 30.8 [1]

Prickly pear fruit HepG2 100 [15]

Caccinia Macranthera seeds Huh-7 375 [25]

Also, oxidative stress cascades through mitochondrial electron transport
chain disruption, glutathione system overwhelming, lipid peroxidation
initiation, and protein oxidative modification.

Nanoscale structural implications are considered the main motive for
anti-cancer activity in our opinion where the sub-100 nm particle di-
mensions the responsible for facilitating unprecedented cellular inter-
action mechanisms. This nature enhanced membrane penetration,
improved intracellular distribution, and amplified biochemical
reactivity.

The differential ICsy values suggest intrinsic molecular variations
where Caco-2 is more vulnerable to cellular architecture while, MCF-7
has relatively enhanced stress tolerance mechanisms.

4. Conclusion

This study establishes the efficacy of a green biosynthesis method for
cobalt oxide nanoparticles (CoO—NPs) using turmeric ethanolic extract,
offering a scalable, environmentally benign alternative to conventional
chemical synthesis that minimizes ecological impact while advancing
nanomaterial innovation. The multifaceted characterization reveals that
the extract not only facilitates precise control over nanoparticle size,
morphology, and surface chemistry but also enhances stability through
functional group capping and electrostatic interactions, underscoring
the potential of plant-derived agents in tailoring nanomaterial proper-
ties for targeted applications. Notably, the synthesized CoO—NPs
demonstrate enhanced antioxidant capabilities surpassing those of the
raw extract, alongside robust antibacterial action against both Gram-
positive and Gram-negative pathogens, and promising anticancer ef-
fects via ROS-mediated mechanisms, positioning them as versatile can-
didates for biomedical interventions. Overall, this work propels
sustainable nanotechnology forward by validating bio-inspired routes
for high-performance nanomaterials, illuminating their therapeutic
promise in fields like medicine and materials engineering, and advo-
cating for rigorous toxicity evaluations to bridge the gap toward safe
clinical and antimicrobial deployment, thereby opening avenues for
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Fig. 9. Anti-cancer activity of the as-biosynthesized CoO—NPs against a) Caco-2 and b) MCF-7 cell lines in the range concentration of 3.125-100pg/mL.
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