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ABSTRACT

The present study reports, for the first time, the green synthesis of cobalt oxide nanoparticles (Co;O4NPs) using aqueous extract of
Equisetum diffusum as a natural reducing and stabilizing agent. The synthesized ED@Co03;04,NPs were comprehensively char-
acterized using various techniques: UV-Vis spectroscopy revealed an absorption peak at 323 nm; FTIR confirmed the presence of
functional groups in the ED extract and ED@Co;0,4NPs. XRD confirmed the formation of crystalline spinel-phase Co;0, with an
average crystallite size of 15.17 nm, whereas SEM analysis showed uniformly distributed spherical nanoparticles with an average
diameter of 58.56 nm. DLS and zeta potential (—32 mV) indicated good colloidal stability. The biological potential of ED@
Co;0,4NPs was evaluated, demonstrating significant antibacterial activity against Pseudomonas aeruginosa (25 mm), Escherichia
coli (22 mm), and Staphylococcus epidermidis (12 mm). Antioxidant assays revealed a concentration-dependent increase in activity,
with DPPH scavenging percentages from 38.75% to 80.41% and FRAP reducing power from 26.05 (mg AAE/g) to 70.44 (mg AAE/g).
Hemolytic activity ranged from 0.10% at (0.5 pg/uL) to 3.76% at (5ug/uL), indicating low toxicity at lower concentrations.
Preliminary anticoagulant and thrombolytic assays suggested a promising hemostatic modulation potential. These findings

highlight the potential of ED@Co;04NPs for various biomedical applications.

1 | Introduction

Nanotechnology has emerged as one of the most dynamic and
rapidly expanding fields of scientific research worldwide [1].
Metal and metal oxide nanoparticles (NPs) synthesized through
nanotechnological approaches are employed in several fields
such as electrochemistry catalysis [2, 3], sensing [4, 5], phar-
maceuticals, biomedicine [5], cosmetics [6], and food technology
[7]. The biological and chemical characteristics of nanostructures
are superior to those of bulk materials owing to their small size
and high surface-to-volume ratio [8, 9].

Among the various metal and metal oxide NPs, cobalt oxide NPs
(Co304NPs) have attracted considerable scientific interest owing
to their versatile applications in several fields, including bio-
medicine [10]. Several approaches have been used to synthesize
Co304NP; however, conventional physicochemical methods are
often energy-intensive, time-consuming, costly, and environ-
mentally hazardous [11]. To overcome these challenges, a bio-
synthesis approach is employed, using plant extracts and other
renewable and sustainable biological resources as natural re-
ducing and stabilizing agents [12, 13]. These methods require less
heat energy, fewer chemical additives, are inexpensive, and most
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significantly, are nontoxic and environmentally friendly [14].
Moreover, bioactive phytoconstituents such as alkaloids and
flavonoids found in plant extracts can improve the characteristics
of NPs and act as reducing and stabilizing agents [15].

According to recent reports by the World Health Organization,
an alarming rise in antibiotic-resistant microorganisms poses
a critical threat to global health. Existing antibiotic treatments
have become increasingly ineffective owing to several factors,
such as poor solubility, instability, and side effects. Conse-
quently, there is an urgent need for novel antimicrobial agents
and efficient drug-delivery systems to combat these harmful
germs and multidrug-resistant (MDR) species [16]. Nanotech-
nology offers a promising platform in this regard, owing to the
distinctive  physicochemical properties, enhanced bio-
distribution, improved cellular uptake, and targeted delivery
potential of NPs [12, 17]. Among these, Co;O,NPs are utilized for
antibacterial purposes because of their diverse and intriguing
physicochemical properties. Biologically synthesized Co;O4NPs
have potent antibacterial action because of their ability to gen-
erate a large amount of highly reduced reactive oxygen species
(ROS) and their small crystalline size. Their bactericidal action
involves multiple mechanisms, including the disruption of cell
membrane integrity, formation of pits and pores, interference
with DNA replication, and reduction in the activity of respiratory
chain enzymes [18, 19].

NPs can enter the bloodstream regardless of their source, origin,
or exposure to the body. Multiple studies have documented that
NPs, owing to their diminutive dimensions, can infiltrate the
alveolar epithelium, trigger inflammatory responses, and ulti-
mately gain access to the circulatory system. Characterization of
the hemocompatibility of NPs involves assessing their hemolytic
activity as a marker [20, 21]. Co;O4NPs have demonstrated
significant efficacy as potential anticoagulant and thrombolytic
agents, effectively preventing blood clot formation and dissolving
existing clots, making them suitable for thrombosis treatment.
The anticoagulant effect of NPs is attributed to their ability to
inhibit specific enzymes responsible for thrombin formation
within the body [22].

Despite the known pharmacological potential of Equisetum
diffusum, its application in the green synthesis of Co;O,NPs has
not been previously explored. Moreover, the systematic evalu-
ation of plant-mediated Coz;O,NPs for antibacterial, antioxidant,
anticoagulant, and thrombolytic activities remains limited. To
address this gap, the present study proposes an eco-friendly
synthesis of Co3;O,NPs wusing an aqueous extract of
E. diffusum. E. diffusum is a popular antibacterial and anti-
inflammatory bathing agent for skin disorders [23]. It has
been hypothesized that the phytochemicals in the extract can
effectively mediate NP formation and enhance their biological
performance. The biosynthesized Co;O,NPs were characterized
using advanced analytical techniques and evaluated for their
multifunctional biomedical activities. This work supports sus-
tainable nanomaterial development and aligns with UNSDG
Goals 3 and 12 [24, 25]. The green synthesis of Co;O4NPs using
the E. diffusum extract offers a sustainable, cost-effective, and
nontoxic alternative to traditional methods, promoting envi-
ronmental sustainability and advancing health through the de-
velopment of safe biomedical nanomaterials.

2 | Materials and Methods

2.1 | Reagents and Chemicals Used During
Synthesis

E. diffusum D plants were collected from Tehsil Mir Ali, District
North Waziristan, Khyber Pakhtunkhwa, Pakistan, and were
authenticated by Ms. Naima Huma Naveed, Assistant Professor
of Botany at the University of Sargodha, Pakistan. A voucher
specimen (SARGU/CHEM-027) was assigned to the plant
specimen and deposited in the Herbarium (University of Sar-
godha-SARGU), Department of Botany, University of Sargodha,
Punjab, Pakistan. The plant sample (E. diffusum D) was collected
from a privately owned land belonging to one of the authors
located in North Waziristan, Khyber Pakhtunkhwa, Pakistan,
where the species grows naturally. The species is wild, not
protected, and not listed as endangered. Therefore, no specific
permissions or licenses were required for collection. All pro-
cedures complied with relevant institutional, national, and in-
ternational ethical and legal guidelines.

Laboratory-grade chemicals, cobalt nitrate hexahydrate (Co
(NO3),.6H,0) (Sigma-Aldrich), 2, 2-diphenyl-1-picrylhydrazyl
hydrate (DPPH) (Sigma-Aldrich), Muller Hilton Agar (Oxide),
and ascorbic acid (Sigma-Aldrich) were purchased from a local
market. The bacterial strains were obtained from the Bio-
chemistry Lab, University of Sargodha, Pakistan. Deionized
water (DI) was used for the solution preparation.

2.2 | Preparation of Aqueous Extract of Equisetum
diffusum

E. diffusum D plants were collected, washed thoroughly with tap
water to remove dust, then with DI, incised into small pieces, and
dried in a shady place for 15 days. The dried material was milled
into fine powder using a grinder. The aqueous plant extract was
prepared following the protocol described by Haq et al. (2021),
with some modifications [20]. Briefly, 5g of plant powder was
dissolved in 500 mL of deionized water to prepare a stock
aqueous extract and stirred for 5h at room temperature. The
resulting pale-yellow extract was obtained, cooled to room
temperature, and filtered three times through a Whatman No. 42
filter paper. The filtrate was then air-dried in an oven set at 45°C
and then placed in an amber glass bottle for further use.

2.3 | Fabrication of Cobalt Oxide NPs by
E. diffusum

The aqueous extract of E. diffusum D served as a natural reducing,
capping, and stabilizing agent in the synthesis of Co;04NPs. 1 M
solution of Co(NOs3),.6H,0 (50 mL) was added to 100 mL of an
aqueous extract of E. diffusum D in an Erlenmeyer flask [21]. Upon
continuous stirring on a hot plate at approximately 80°C for 2 h,
a shift occurred from yellow to a reddish-brown hue in the so-
lution’s color. The solution containing Co;O,NPs was subjected to
three washes with DI water before being heated in an oven at 70°C
for 12 h in order to obtain dried precipitates. The dried material
was subsequently calcined at 400°C for 2 h in a mulffle furnace to
enhance crystallinity. The resulting dark brown Cos;O4NPs ob-
tained were stored in an airtight jar for further characterization
and mentioned as ED@Co03;0,NPs.
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2.4 | Characterization

A combination of spectroscopic and microscopic techniques was
employed to characterize the biosynthesized ED@Cos0,4NPs.
UV-Visible spectrophotometry (UV-1700 Pharmspec, Shimadzu)
was used to evaluate the optical characteristics of the bio-
synthesized ED@Co;04NPs in the range of 250-700 nm. FTIR
analysis was performed to detect the functional groups present in
the samples. The surface morphology, size, and shape of
Co30,4NPs were analyzed by SEM, and dynamic light scattering
(DLS), while zeta potential measurements were carried out using
a Zetasizer (Malvern Zetasizer Nano ZS). The crystal size and
purity of the ED@Co50,NPs were confirmed using XRD (JDX-
3532, JEOL, Tokyo, Japan). Energy-dispersive x-ray spectroscopy
(EDX) was used to determine the elemental composition of the
samples. Finally, a thermogravimetric analysis [simultaneous
thermal analyzer (TGA/DSC) SDT 650] was used to assess the
thermal stability of ED@Co3;04NPs at room temperature and
900°C. TGA breakdown profiles were measured under nitrogen
gas at a rate of 10°C min~'. Using a heating rate of 10°C min*
under a nitrogen environment, the DSC experiments were ex-
ecuted using a device (SDT 650) in a temperature range of
ambient to 500°C [26].

2.5 | Antibacterial Potential

The antibacterial potential of ED@Co3;0,NPs was evaluated
using a well diffusion method following the protocol of Roheen
et al. (2025), with a few modifications [27]. The Petri dishes were
autoclaved at 120°C for 20 min at 15 psi after dissolving 5 g of
Muller-Hinton agar (MHA) in 100 mL of DI. The autoclaved agar
solution was then poured into sterilized Petri plates and allowed
to solidify for 15min. Before the antibacterial activity, sub-
cultures were prepared from pure cultures of Pseudomonas
aeruginosa (ATCC 10145), Escherichia coli (ATCC 10536), and
Staphylococcus epidermidis (ATCC 12228) and incubated at 37°C
for 24 h. Then, using the streak plate method, bacterial cultures
were equally spread on sterilized agar plates with cotton swabs.
Four 6-mm wells were formed in each Petri plate using a cork
borer. A 20-uL solution of ceftriaxone (1 mg/mL, positive con-
trol), ED@Co050,NPs (1 mg/mL), E. diffusum plant extract (1 mg/
mL), and DI (negative control) were poured into separate wells,
alphabetically labeled as A, B, C, and D, respectively, and placed
in an incubator at 37°C for 24 h. The procedure was performed in
the microbiology lab under aseptic conditions in a laminar-flow
cabinet to prevent contamination.

The minimum inhibitory concentration (MIC) of the ED@
Co;04NPs was performed using the microdilution method.
Briefly, serial twofold dilutions of the ED@Co;O,NPs were
prepared in Muller-Hinton broth (MHB) between 10 and 70 ug/
mL. The bacterial strains P. aeruginosa, E. coli, and S. epidermidis
were cultured to the logarithmic phase, and an inoculum of
approximately 1 x 10° CFU/mL was added to each test tube. The
test tubes were kept in an incubator at 37°C for 24 h. The MIC
was defined as the lowest concentration of ED@Co;04NPs
preventing visible growth of bacteria.

Following the determination of the MIC, an aliquot from each
well without visible growth was plated on MHA for evaluation of
bactericidal activity. The lowest level of ED@Co0;0,NPs that led
to the total elimination of colony formation was established as
MBC and occurred at 37°C after a 24-h incubation.

2.6 | Antioxidant Potential Using 2,2-Diphenyl-1-
Picrylhydrazyl (DPPH) Assay

The DPPH scavenging potential of the green fabricated ED@
Co3;04NPs was evaluated using the modified protocol of Assad
et al. (2025) [28]. Varying concentrations of ED@Co030,NPs (100,
150, 200, 250, and 3000 L) (1 mg/mL) were mixed with 3 mL of
a 0.2 M ethanolic DPPH (4 mg/100 mL) solution. Absolute eth-
anol (99.98%) was added to each sample to obtain a final volume
of 10 mL. Reference samples were prepared by dissolving dif-
ferent concentrations of ascorbic acid following the same pro-
tocol mentioned above. The solutions were incubated at 25°C for
30 min in the dark. The absorbance was measured at 517 nm for
both the test and reference samples (ascorbic acid). The per-
centage scavenging activity (%RSA) of ED@Cos0,NPs was de-
termined using the following equation:

%RSA = ((Acat517nm - Asat517nm)/(Ac517nm)> x 100, (1)

where As is the sample absorbance and Ac is the control’s
absorbance.

2.7 | Ferric Reducing Antioxidant Power (FRAP)
Assay

Using the FRAP assay, the aqueous extract of E. diffusum D,
which induces the formation of Co;O4NPs, demonstrated sig-
nificant antioxidant activity. The FRAP assay was performed
following the protocol described by Gul et al. (2025), with slight
modifications [29]. Co;0,NPs were diluted in DI to concentra-
tions ranging from 100 to 300 xL (1 mg/mL). Ascorbic acid served
as the standard, with reference solutions of 100, 150, 200, 250,
and 300 xL (1 mg/mL).

The phosphate buffer (pH 6.6) was prepared by mixing 0.2 g of
potassium chloride, 1.44 g of disodium hydrogen phosphate, 8 g
of sodium chloride, and 0.24 g of potassium dihydrogen phos-
phate in 500 mL of DI. HCL was added to adjust the pH.
Phosphate buffer (pH 6.6) (2.5 mL) and 1% K3Fe(CN)g (2.5 mL)
were mixed with ED@Co3;0,NPs, samples, and controls for the
assay. After 5min of vortexing, the mixture was incubated at
50°C for 20 min. Following the incubation, 2.5 mL of 10% TCA
was added and the mixture was centrifuged for 10 min at
3000 rpm. The supernatant was collected, and DI (2.5 mL) was
added. To develop a colored solution, 0.5mL of 0.1% ferric
chloride was added. The absorbance of the samples and reference
solutions was determined at 711 nm using a UV-Visible spec-
trophotometer. The experiment was performed three times, and
the mean + standard deviation was calculated to describe the
results. The scavenging activity was estimated using the fol-
lowing equation [30]:

y

x = ——— R2 = 0.969. )
0.0024

2.8 | Hemolytic Potential

In vitro hemolysis assay of ED@Co0504NPs was determined using
the protocol described by Das and Saikia (2023) with slight
modifications [31]. Fresh human blood samples were collected
after obtaining consent from the author and ethical approval
from the Biosafety and Ethical Review Committee, University of
Sargodha, Pakistan (Ref no: SU/ORIC/2073), added to an
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anticoagulant vial containing sodium heparin, and centrifuged at
3000 rpm for 5min to separate plasma. After removing the su-
pernatant plasma from the blood, the remaining pellets were
suspended in 10 mL of chilled (4°C) PBS buffer of pH 7.4 and
centrifuged thrice to obtain a plasma-free pellet. Different con-
centrations of ED@Co3;04NPs (0.25-5 ug/mL) were added to test
tubes containing 2 mL of RBC suspension in each test tube. The
positive control in this experiment was Triton X-100, whereas
PBS was used as the negative control. After that, the test tubes
were carefully inverted and incubated for 90 min at 25°C. The
absorbance of the supernatant was measured at 540 nm, using
PBS as a blank. The percentage of hemolysis (%) was calculated
using the following equation:

0D, — OD,

%hemolysis = X 100.

OD positive control — OD negative control

3

2.9 | Anticoagulant and Thrombolytic Potential

The anticoagulant activity of ED@Co3;04NPs was performed
using a modified protocol described by Ajarem et al. (2021) [22].
Four test tubes were taken, and 1 mL of freshly collected human
blood was added to each test tube, followed by the addition of
varying concentrations (20, 30, and 40 ug/mL) of ED@Co0s0,NP
solution in three test tubes. The fourth test tube served as the
control. The test tubes were then incubated at 37°C for 1h to
check for clot formation. The thrombolytic activity of ED@
Co30,NPs was determined using the procedure described by
Azeez et al., (2020) [32]. A small drop of fresh blood was placed
on a glass slide and allowed to remain for 20 min to form a clot.
Then, 20-40 ug/mL of ED@Co;0,NPs was gently added onto
each clot. The extent of clot dissolution was observed and
recorded, indicating the thrombolytic efficiency of the ED@
Co304NPs.

2.10 | Statistical Analysis

Graphical and numerical data were analyzed using Excel 2016
and Origin Pro 2021. All experiments were performed in trip-
licate (n=3), and results are expressed as mean =+ standard
deviation (SD). For antibacterial activity, one-way analysis of
variance (ANOVA) was performed to compare the differences in
mean zones of inhibition among the different treatments (pos-
itive control, ED@Co0s04NPs, and E. diffusum extract) for each
bacterial strain. Following a significant ANOVA result
(p < 0.05), Tukey’s honestly significant difference (HSD) post
hoc test was used for all-pairwise comparisons to identify specific
differences between treatment groups. Bartlett’s test was used to
assess the homogeneity of variances. Statistical computations
were performed using Statistix 8.1 software.

3 | Results and Discussion

3.1 | Green Synthesis of ED@Co0;0,NPs

The green synthesis approach applied in the current study to
prepare Co;O04NPs with E. diffusum D extract was found to be
efficient, inexpensive, and environmentally friendly. The re-
duction, capping, and stabilizing role of E. diffusum D extract are
critical for the successful synthesis of Cos;O4,NPs [33]. The

aqueous extract of E. diffusum D is rich in several bioactive
compounds (alkaloids and flavonoids) that are responsible for
cobalt nitrate hexahydrate reduction and stabilization of NPs
[34]. In a conical flask, 100 mL of E. diffusum D extract was mixed
with 50 mL of a 0.2 M solution of Co(NOs),-6H,0 during syn-
thesis. The solution was constantly stirred using a hot plate at
approximately 80°C for 2 h. A marked color change (yellow-red-
brown) was observed, confirming the formation of Co;04NPs.
The solution was then washed with DI water three times to
remove any unreacted materials and impurities. The washed
solution was air-dried at 70°C for 12h to obtain dried pre-
cipitates. Then, it was crushed and calcined at 400°C for 2h to
improve crystallinity (the dark-brown Cos;O,NP product in
Figure 1).

3.2 | UV-Vis Spectroscopy

The synthesis of the ED@Co;O4,NPs was analyzed using
a UV-Visible spectrophotometer (Figure 2). The UV-Vis spec-
trum of the prepared ED@Co3;04NPs displayed an absorption
peak at 323 nm, which is characteristic of ED@Co3;04NPs. This
peak is due to the surface plasmon resonance (SPR) band of the
particles, while the broad maximum indicates the large size
distribution of these particles [35]. This absorption is probably
ascribed to the charge transfer between O and Co ions in the
spinel lattice and is consistent with the UV-Vis spectra of Co30,
nanostructures produced by other green methods reported
[31, 36]. The ED@Co0304NPs were synthesized by reducing co-
balt (II) nitrate hexahydrate with an aqueous extract of
E. diffusum D, which acted as a capping, reducing, and stabilizing
agent [37]. The green synthesis of CosO4NPs entails the re-
duction of cobalt ions to neutral cobalt atoms, followed by nu-
cleation and growth processes. The resulting particles were
stabilized using bioactive phenolic molecules found in plant
extracts [38]. Phenolic compounds possess carboxylic and hy-
droxyl groups, which have a strong tendency to form bonds with
metals. Upon formation of a chelate, the hydrogen atom is
eliminated from the ortho position of the phenolic hydroxyl
group, leading to the formation of a structure resembling a semi-
quinone. As a result, Co(II) is converted into Co atoms at the
nanoscale because of the bioactive chemicals acting as capping
agents [39, 40].

3.3 | XRD Analysis of ED@Co0;04NPs

The crystalline structure of the biosynthesized ED@Co030,4NPs
was confirmed by x-ray diffraction (XRD) analysis, as shown in
Figure 3(a). The diffraction peaks observed at 20 = 31.90° (220),
35.38° (311), 38.03° (222), 46.26° (400), 56.44° (511), and 76.36°
(622) correspond well with the standard JCPDS card No. 42-1467,
confirming the formation of spinel-phase ED@Co030,NPs [41].
However, the peaks at 20 = 19.86°, 21.72°, 29.36°, and 47.94° did
not directly match the Co;O4NP reference, suggesting the pos-
sible presence of plant extract within the sample [42]. The av-
erage crystallite size (D) of the biosynthesized ED@Co3;04NPs
was calculated using the Scherrer equation [43] as follows:

kA

b= BCosd @

where K is the Scherrer constant with a value of 0.9. The symbol 4
indicates the wavelength of the x-ray source, which was
0.15406 nm. The radian degree value of the FWHM of the
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FIGURE 2 | UV-vis spectroscopy of the biosynthesized ED@Co;04NPs.

analyzed peaks is represented by the symbol g. In addition, 6
represents the orientation of the peak in radians. The bio-
synthesized ED@Co3;0,NPs have a nanocrystalline structure,
with an average size of approximately 15.17 nm, confirming their
nanoscale nature. The absence of extra diffraction peaks in-
dicates high-phase purity, which is consistent with previously
published Co3;04 NP studies [31, 44].

The dislocation density (6) obtained from the XRD measure-
ments was determined using the following equation:

1
o= —, 5
2 ©)
where D is the crystallite size, calculated using the Scherrer

equation. Given that the crystallite size D is approximately

Schematic representation of biosynthesized ED@Co0304 NPs.

15.17nm, the dislocation density of the synthesized ED@
Co;0,4NPs is approximately 4.35 x 10> m™>

The interplanar spacing (d) for a specific set of crystal planes was
calculated using Bragg’s equation:

nA = 2dsind, (6)

where 4 denotes the wavelength. The calculated value of the
interplanar spacing is 2.48 A for the high-intensity peak ((511)),
and the average lattice parameter (a) was calculated using the
following equation:

a

Vh? + kK + k2

The peaks of the XRD pattern of the ED@Co3;04NPs are con-
sistent with those of the standard reference patterns for Co;0,,
indicating that the NPs were successfully synthesized and the
average lattice parameter obtained from the peaks was ap-
proximately 0.8167 nm, indicating a uniform crystal structure in
the synthesized solid.

d= (7)

3.4 | FTIR Analysis of Biosynthesized ED@
Co;0,4,NPs

To compare the different functional groups and stretching vi-
brations between the FTIR spectra of the plant extract and the
synthesized ED@Co3;04NPs, the key peaks and their corre-
sponding functional groups were recorded using FTIR analysis,
as shown in Figure 3(b).

In the FTIR spectrum of the plant extract, a broad absorption
peak at approximately 3454cm ' was attributed to the O-H
stretching vibrations of hydroxyl groups in phenolic and alco-
holic compounds. The peaks at approximately 2900 cm ™' are
C-H stretching vibrations, which are characteristic of organic
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compounds [45]. The intense peak at ca 1726 cm ™ * indicates the
presence of carbonyl moieties (C=0) such as aldehyde, ketone,
or carboxylic acids [46]. The region below 1000 cm ™ contains
various peaks that are indicative of complex organic molecules.

In contrast, the FTIR spectrum of the synthesized ED@
Co5;0,NPs shows additional peaks that confirmed the formation
of metal oxide bonds. The peaks observed around 572 and
607 cm ™' indicate Co-O stretching vibrations, confirming the
presence of cobalt oxide in the NPs [47-49]. Similar binding-
group patterns have been reported in other plant-mediated
Co30,NP syntheses [50]. The presence of these peaks, along
with those from the plant extract, as shown in Table 1, suggests

(a) XRD pattern of ED@Co3;0,4NPs and (b) FTIR spectrum of the synthesized ED@Co50, NPs.

that the biomolecules from the plant extract acted as capping
agents, stabilizing the NPs and facilitating their synthesis [46].

3.5 | Scanning Electron Microscopy (SEM)
Analysis

The SEM of the green synthesized ED@Co;0,NPs demonstrates
the presence of uniformly distributed, nearly spherical particles
with minimal signs of agglomeration, indicating excellent sta-
bility and homogeneous morphology as shown in Figures 4(A),
4(B), 4(C), 4(D), 4(E). The spherical structure of the Co;O,4NPs is
attributed to the controlled processes of nucleation, growth, and
aggregation during synthesis [47]. Plant derivatives control the
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TABLE 1 | FTIR spectrum data of ED extract and ED extract-mediated ED@Co30,4NPs.

Functional Functional
S.NO group (ED extract) group (ED@Co;0,NPs) Functional group
1 3454 o O-H stretch (alcohol, phenol)
2 2900 2785 C-H stretch (alkanes)
3 2445 2449 N-H stretch (amines)
4 1990 1924 C=0 stretch (aldehydes, ketones)
5 1726 1795 C=0 stretch (carbonyls)
6 1525 _ N-O asymmetric stretch
7 1383 1375 C-H bend (alkanes)
8 1065 1134 C-N stretch (amines)
9 _ 887 C-H bend (aromatics)
10 o 607, 572 M-O stretch (metal oxides)
11 474 - halogen stretching

X108 180 1m CRL UOP

CRL UOP

e
F 357 Means Diameter= 58.56+ 0.45 nm

30 40 50 60 70 80

Diamter (nm)

FIGURE 4 | (A-E)SEM analysis of ED@Co03;0,4NPs at different magnifications. (F) Size distribution histogram of the biosynthesized ED@C0304NPs.

nucleation, growth, and structuring of NPs [51]. The particle size Spherical geometry provides convenient homogeneous biological
distribution histogram indicated the average particle diameter of  interactions (e.g., cell uptake and biointeraction). The moniform

58.56 nm, together with a narrow standard deviation of 0.45 nm, morphological distribution of plant-mediated oxide NPS has been
which confirms the presence of a uniform particle size as shown reported in previous studies and is an indication for well-controlled
in Figure 4(F). synthesis [31, 52]. The use of plant extracts as reducing and capping
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agents in green synthesis methods renders them eco-friendly, cost-
effective, and biocompatible because they avoid toxic chemicals/
solvents. This environment-friendly approach makes NPs more
beneficial for medicinal and other purposes, in which natural
phytochemicals are used for highly qualitative NPs.

3.6 | EDX Analysis of the Green Synthesized ED@
Co;0,4NPs

The EDX analysis of the green synthesized ED@Co0;0,NPs
confirmed the elemental composition of 17.78% carbon (C),
49.17% oxygen (0), 1.00% sodium (Na), and 32.05% cobalt (Co) by
mass, as depicted in Figure 5(a). The strong oxygen and cobalt
signals validate the successful formation of Co;0,NPs, while the
carbon and sodium peaks were attributed to phytoconstituents
from the E. diffusum extract, which acted as reducing, capping,
and stabilizing agents during NP synthesis. This observation is
consistent with recent studies that employed plant extracts, such
as rosemary, for the eco-friendly and cost-effective synthesis of
Co304NPs [53]. These studies confirmed the elemental compo-
sition and demonstrated that such NPs possess unique proper-
ties, making them suitable for various applications, including
catalysis and biomedicine, owing to their stability and non-
toxicity at specific concentrations [54].

37 |

The DLS results of the green fabricated ED@Co3;04NPs NPs
show an average particle size of 63.37 nm, which is slightly
higher than that observed in the SEM analysis (58.56 nm), as
presented in Figure 5(b). This discrepancy can be explained by
the aforementioned difference between DLS measurements,
which mostly provide hydrodynamic diameters that are better
than the SEM sizes [55, 56]. These results indicate that the green
synthesis technique can be efficiently employed for the pro-
duction of Co;O,4NPs with particle sizes suitable for applications
in catalysis, biomedicine, and environmental protection because
of their high surface area and reactivity.

DLS Analysis

The zeta potential measurement of the green synthesized ED@
Co504NPs reveals —32 mV, indicating the suspension stability of
the NPs as shown in Figure 5(c). This negative zeta potential is
attributed to the high electrostatic repulsion among the particles,
which plays a role in maintaining a stable colloidal system. It has
been reported that green-prepared Cos;O4NPs generally have
a negative zeta potential. Al-Qasmi (2022) found that the green-
synthesized Co;O4NPs with R. officinalis Linn extract have ex-
cellent stability properties, as evidenced by zeta potentials
(negative), which guarantee colloidal conditions and dispersive
effectiveness [53]. Another experiment conducted by Mehrafza
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et al. (2024) in the green synthesis of Co;04NPs using Bacillus
megaterium showed a negative zeta potential, which is indicative
of the stability of the NPs in suspension, an important charac-
teristic for their application in different areas such as catalysis
and biomedicine [57].

3.8 | TGA and DSC Analysis of Green Synthesized
ED@Co50,NPs

The thermal stability, decomposition behavior, and phase
transitions of green synthesized ED@Co;0,NPs were elu-
cidated by TGA. Preliminary TGA measurements indicated
a slight weight loss of 1.27 mg (7.092%) in the range from
15.60 to 200°C due to evaporation of water and volatile
organics formed during synthesis, respectively. A consid-
erable amount of weight loss (15.031 mg, 16.69%) observed
around at 343.09°C corresponds to the decomposition of
organic elements derived from botanical extract, resulting in
cobalt oxide generation. Additional mass loss was observed
below 815.9°C to reach a final value of 13.014 mg (27.58%),
denoting the elimination of organic matter remnants and
complete crystallization into Co;04 with a final residue left
at 900°C of 12.841mg (28.48%). DSC analyses exhibit
physical strict state transitions as derived from glass tran-
sition temperature located at 259.97°C, whereas the onset of
oxidation is signaled at 220.78°C, which is important with
respect to precursor superoxidation._softcl:specified grade
XC400 biterocks; digital/D41 The exothermic process at
447.34°C with an enthalpy change of 2670.5 J/g is ascribed to
the crystallization and stabilization of ED@Co0304NPs
(Figure 6). These investigations confirmed the thermo-
physical properties and stability of the NPs, which could find
practical applications in catalysis, biomedicine, and the
environment.

3.9 | Antibacterial Activity

Infections caused by pathogenic organisms are a serious global
health threat, particularly in developing nations, where the
misuse of antibiotics is prevalent [58]. This has also contributed
to the development of MDR strains that are resistant to several
drugs. The development of drugs to combat pathogenic bacterial
strains, including MR strains, is of great significance in the fight
against infectious illnesses. In recent years, scientists have fo-
cused on NPs and microscopic particles that exhibit toxicity
against harmful microbial strains [59, 60]. In particular, NPs
synthesized via biogenic pathways have been the subject of many
recently published investigations for their antibacterial potential,
with promising findings against a wide range of bacterial strains
[61, 62].

The antibacterial activity of ED@Cos;O,4NPs was evaluated
against three bacterial strains, Pseudomonas aeruginosa (ATCC
10145), Escherichia coli (ATCC 10536), and Staphylococcus epi-
dermidis (ATCC 12228). The biosynthesized ED@Co03;04NPs
showed a significant zone of inhibition of 25, 22, and 12 mm
against P. aeruginosa, E. coli, and S. epidermidis, respectively,
suggesting potential antibacterial properties. With reference to
S. epidermidis, the ED@Co03;04NPs also resulted in an inhibition
zone that is smaller than the other two but marked by a sub-
stantial antibacterial action (see Figure 7).

The positive control (ceftriaxone 1 mg/mL) exhibited significant
inhibition zones of 27.0 £1.0 mm against P. aeruginosa, 21.0
+1.0mm against E. coli, and 13.0+£1.0mm against
S. epidermidis. Similarly, the E. diffusum plant extract presented
moderate activity when tested alone against these strains, with
inhibition zones of 17.0 &+ 1.0 mm against P. aeruginosa, 17.0
=+ 1.0 mm against E. coli, and 9.0 £ 1.0 mm against S. epidermidis.
These data demonstrate the wide-spectrum antimicrobial activity
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FIGURE 6 | TGA/DSC analysis of the green synthesized ED@Co3;04NPs.
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FIGURE 7

| Antibacterial activity: (A) P. aeruginosa (ATCC 10145), (B) E. coli (ATCC 10536), (C) S. epidermidis (ATCC 12228), and (D) a graphical

representation of the mean inhibition zones (mm =+ SD) for (A) positive control (ceftriaxone 1 mg/mL), (B) ED@Co03;04NPs (1 mg/mL), and (C)
Equisetum diffusum extract (1 mg/mL) against the three bacterial strains. Statistical significance for pairwise comparisons between treatments within
each bacterial strain was determined by one-way ANOVA followed by Tukey’s HSD post hoc test (p < 0.05).

of ED@C0304NPs and confirm that our NPs may be potential
candidates as powerful antibacterial agents.

These data demonstrate the wide-spectrum antimicrobial activity
of ED@Co030,4NPs, confirming their efficacy against both Gram-
negative (P. aeruginosa, E. coli) and Gram-positive
(S. epidermidis) bacteria. The comparable performance of
ED@Co3;04NPs to the standard antibiotic ceftriaxone (statisti-
cally confirmed by Tukey HSD for all tested strains) highlights
their potential as powerful antibacterial agents.

Several mechanisms have been proposed to explain the anti-
bacterial activity of NPs [63]. In these processes, NPs attach to the
cell wall of microbes, which disrupts the cell wall, allows NPs to
infiltrate the cell membrane, and eventually causes membrane
disintegration [64, 65] and damage to proteins, enzymes, and
DNA [66, 67]. NPs generate ROS, which cause oxidative stress in
the cell and affect various metabolic pathways of the cell, leading
to cell lysis [68, 69]. Similar to recent reports of tetrazole-based
metal-coordinating systems demonstrating strong metal-
-biomolecule interactions and biological activity, the observed
antibacterial performance of ED@Co0;O,NPs may also be
influenced by surface-mediated metal ion interactions and oxi-
dative stress mechanisms [70, 71]. Antibacterial activity was
evaluated to determine the biomedical relevance of the bio-
synthesized Co;O4NPs, as cobalt oxide nanostructures are
known to exert antimicrobial effects through ROS generation and
membrane disruption mechanisms. Furthermore, the medicinal

background of Equisetum diffusum suggests that plant-mediated
synthesis may influence the surface chemistry and enhance
biological performance, making antibacterial assessment es-
sential for validating the functional potential of the synthesized
nanomaterial.

The MIC of the ED@Co3;0,NPs was measured by microdilution
method. MIC results were 20 for P. aeruginosa, 20 for E. coli, and
30 ug/mL for S. epidermidis as shown in Table 2. Among the
strains tested, P. aeruginosa showed the lowest MIC, indicating
that it was more susceptible to ED@Co03;0,NPs than other strains.
Aliquots from the test tube, which showed no visible growth,
were plated onto MHA to determine the minimum bactericidal
concentration (MBC). MBC values obtained for P. aeruginosa,
E. coli, and S. epidermidis were 20 ug/mL, 40 ug/mL, and 50 ug/
mL, respectively, as shown in Table 2. The results indicated the

TABLE 2 | Antibacterial activity of ED@Co;0,NPs against different
bacterial strains.
MBC
Bacterial strain ZOI (mm) MIC (ug/mL) (pg/mL)
P. aeruginosa 25 20+1.5 20+1.2
E. coli 22 20+1.3 40+1.8
S. epidermidis 12 30+2.0 50+2.5

Note: Values of ZOI, MIC, and MBC for P. aeruginosa, E. coli, and S. epidermidis,
along with their respective standard deviations (SDs).
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FIGURE 8 | Antioxidant activity of the green synthesized ED@Co;0,4NPs: (a) DPPH assay and (b) FRAP assay.

requirement of the lowest concentration of ED@Co3;04NPs to
obtain bactericidal activity against P. aeruginosa, whereas Gram-
positive S. epidermidis was inhibited with the highest MBC value
implying it to be least susceptible.

3.10 | Antioxidant Activity

DPPH assay is a widely used method for evaluating the free
radical scavenging potential of a compound. DPPH was chosen as
the model assay for free radical scavenging activity because it is
a highly stable lipophilic radical [72]. The percentage inhibition
activity of NPs was between 24.735% and 85.457%, as depicted in
Figure 8(a). The findings were compared to those for the ED@
Co304NPs and ascorbic acid (300 uL; standard) layers. The
scavenging (%) of DPPH significantly depends on the

TABLE 3 | % Hemolytic activity of the biosynthesized ED@
Co304NPs.

Sample concentration

(ug/mL) OD at 540nm % Hemolysis
0.5 0.117 0.10
1 0.119 0.19
2 0.124 0.39
2.5 0.163 2.03
5 0.204 3.76

concentration (in L) of ED@Co0504NPs, and an upward trend in
percentage was observed with increasing volume, i.e.,
38.75-80.41% (100-300 uL), which reflects that as the ED@
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FIGURE 9 | Anticoagulant activity of the green ED@Co030,4NPs.
@) ®) ©| )

(@)

FIGURE 10 | Thrombolytic analysis of biosynthesized ED@Co03;04NPs.

Cos;0,NP concentration increases, its potential for neutralization
of free radicals also increases. Furthermore, the antioxidant
activity of ED@Co30,4NPs is higher than that of ascorbic acid
while exhibiting stable and relatively high scavenging (78.75% at
300 uL), indicating potential for use as antioxidants.

The FRAP assay is based on the ability of samples to reduce ferric
ions to ferrous ions. As the FRAP test is concerned, ED@
Co;0,NPs at different concentrations exert increasing reducing
power values from 26.05 mg AAE/g (100 L) to 70.44 mg AAE/g
(300 uL). Ascorbic acid, used as a standard at a single concen-
tration of 300 uL, demonstrated a consistently high reducing
power of 73.9 mg AAE/g. At 300 uL, the reducing power of ED@
Co30,4NPs is nearly comparable to that of ascorbic acid as shown
in Figure 8(b). This indicates that ED@Co050,NPs possess strong
antioxidant properties, especially at higher concentrations, and
could be considered as effective as ascorbic acid in reducing ferric
ions in an FRAP assay [73].

3.11 | In Vitro Hemolytic Potential

The hemolytic activity of the ED@Co050,NPs was systematically
evaluated by measuring the optical density (OD) at 540 nm across
a range of concentrations. Phosphate-buffered saline (PBS)
served as the negative control with an OD of 0.11, and Triton
X-100 (TX100) was used as the positive control, exhibiting an OD
of 2.50. ED@Co0504NPs showed hemolysis activity at concen-
trations from 0.5 to 5ug/mL, with % hemolysis ranging from

(®)

0.10% to 3.76%. This indicates a concentration-dependent in-
crease in the hemolytic activity of ED@Co0504NPs as shown in
Table 3. Since 5% hemolysis is generally regarded as the per-
missible limit for biomaterials, this threshold was met at con-
centrations up to 5.0 ug/uL of Co;O4NPs [74]. The observed
hemolytic profile provides important insights into the bio-
compatibility of ED@Co0304NPs. The low hemolytic activity at
lower concentrations suggests that these NPs are relatively safe
for biomedical applications involving lower doses. However, the
marked increase in hemolytic activity at higher concentrations
indicates a threat to red blood cell damage, which must be
carefully considered in clinical applications. The concentration-
dependent hemolytic profile highlights the necessity for thor-
ough dose-dependent evaluations to ensure the safe and effective
use of ED@Co03;0,4NPs in medical treatments and diagnostics,
particularly in scenarios where NPs may come into direct contact
with blood. Our results are in good agreement with the previous
literature on the Co;O,NP hemolytic activity [31].

3.12 | Anticoagulant and Thrombolytic Analysis of
ED@C0304N Ps

The anticoagulant activity of biosynthesized ED@Co050,NPs was
assessed by treating human blood samples with varying con-
centrations of NPs and monitoring coagulation over time. Fig-
ure 9 shows four test tubes labeled A, B, C, and D, each
containing different amounts of ED@Co3;04NPs. In the control
sample (Tube A, without ED@Co50,NPs), coagulation began
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within 15 min of incubation. The blood sample thickened over
time, forming a large clot after 60 min. In Tube B, with 20 ug/mL
of Co304NPs, the blood sample also coagulated within 60 min.
However, in Tube C, which contained 30ug/mL of ED@
Cos04NPs, there were no significant changes observed in the
blood sample after 60 min of incubation, indicating the onset of
anticoagulant activity. Tube D, with 40 ug/mL of ED@Co0304NPs,
showed the best anticoagulant activity, as no signs of coagulation
were found even after 60 min of incubation. This observation is in
line with previous publications on the thrombolytic behavior of
Co304NPs mediated by red algae, but there are limited data
available in the literature on the use of nano-cobalt as an anti-
coagulant and thrombolytic agent [22]. These results were
consistent with those of earlier studies on the anticoagulant
effects of silver NPs [32, 75].

The thrombolytic activity of biogenic ED@Co0s;0,NPs was
evaluated by applying different volumes (10, 20, 30, and 40 xL) of
the NP suspension to preformed blood clots on the slides. Blood
clots were allowed to interact with the NPs for 30 min. In
Figure 10(a), the blood clots remained intact on the slides, la-
beled a, b, ¢, and d, each corresponding to a different volume of
ED@Co0304NPs to be applied. After 30 min (Figure 10(b)), the
clot on slide “a” (10 ug/mL of ED@Co050,NPs) showed partial
liquefaction. The clot on slide “b” (20 ug/mL) exhibited further
dissolution, and the clot on slide “c” (30 ug/mL) showed sig-
nificant liquefaction. Notably, the clot on slide “d” (40 ug/mL)
was completely dissolved, indicating that 40 ug/mL of ED@
Co504NPs is the most effective volume for achieving complete
clot dissolution within the observed time frame. These results
confirm the potent thrombolytic activity of ED@Co504NPs, with
the highest concentration (40 ug/mL) demonstrating the ability
to completely dissolve blood clots within 30 min. Although the
present study provides visual and qualitative evidence of anti-
coagulant and thrombolytic activity, future investigations will
incorporate quantitative analyses, including clot weight re-
duction percentage, spectrophotometric clot lysis measurement,
plasma recalcification time (PRT), prothrombin time (PT), and
activated partial thromboplastin time (aPTT), to provide a more
comprehensive and mechanistic evaluation of ED@Co;0,NPs in
hemostatic modulation.

3.13 | Comparison With Previous Literature

The comparison analysis shows that the biosynthesized ED@
Cos04NPs show competitive and in some cases even better
antibacterial performance as illustrated in Table 4. Many of the
other nongreen synthetic methodologies depend on the use of
chemical reducing agents, extensive heat treatment or surfac-
tants, that can lead to residual toxicity and may impede their
biomedical applications. On the other hand, plant-mediated
synthesis applied in this work uses E. diffusum extract as
a natural reducing and stabilizing agent without employing toxic
chemicals, which makes it possible to produce promising green
fabrication protocol.

Moreover, most of the previously investigated studies have only
concentrated on antibacterial evaluation; however, this study
offers an extensive biological evaluation including antioxidant,
hemolytic anticoagulant, and thrombolytic assays. This com-
prehensive evaluation strengthens the biomedical relevance of
the synthesized NPs beyond simple antimicrobial screening. The
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significant inhibition zones against P. aeruginosa and E. coli and
good hemocompatibility results indicate that phytochemical-
based surface modification could help with improved bi-
ological interactions.

The combined adoption of green synthesis, detailed physico-
chemical analysis, and versatile biological evaluation demon-
strates the potential benefits of plant-mediated route for
ecofriendly cytocompatible, biodegradable Co;O4NPs suitable for
advanced biomedical applications.

4 | Conclusion

The present study successfully synthesized Co;O,NPs using E.
diffusum aqueous extract, establishing an eco-friendly, cost-
effective, and efficient green synthesis route. The character-
ization of ED@Co5;04NPs confirmed their nanoscale size, with
UV-Vis spectroscopy showing an absorption peak at 323 nm,
FTIR analysis revealing functional groups responsible for NP
stabilization, SEM indicating a uniform spherical morphology
with an average diameter of 58.56 nm, XRD confirming the
crystalline structure with an average crystallite size of ap-
proximately 15.17nm, and EDX analysis showing the ele-
mental composition of the NPs. DLS and zeta potential
analyses further confirmed the stability and size distribution of
the synthesized NPs. The greenly synthesized ED@Co3;0,NPs
exhibited significant antibacterial activity, particularly against
P. aeruginosa and E. coli, with zones of inhibition measuring
25mm and 22mm, respectively. The antioxidant activity,
assessed through DPPH and FRAP assays, showed a concen-
tration-dependent increase in scavenging activity, with DPPH
scavenging percentages rising from 38.75% at 100 to 80.4 1% at
300 uL and FRAP reducing power increasing from 26.05 at 100
to 70.44mg AAE/g at 300 uL. Hemolytic studies confirmed
biocompatibility at lower concentrations (% hemolysis=
0.10%-3.76%). NPs also demonstrated excellent anticoagulant
and thrombolytic properties, with significant inhibition of
blood coagulation and complete dissolution of blood clots at
higher concentrations. The green synthesized ED@Co3;0,NPs
show promising potential for various biomedical applications,
including antibacterial, antioxidant, anticoagulant, and
thrombolytic activities.
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