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Abstract
Background  Chickpea (Cicer arietinum L.) productivity is severely constrained by Fusarium wilt caused by Fusarium 
oxysporum f. sp. ciceris, and eco-friendly seed treatments are needed. Cobalt oxide nanoparticles (CoO-NPs) were 
green-synthesized using Ficus carica leaf extract and characterized by UV–Vis, FTIR, TEM, EDS, DLS, zeta potential, XRD, 
and XPS analyses. Seeds were nanoprimed for 24 h with CoO-NP suspensions (0.2, 0.5, 0.7, 1.0 mg/L) or a distilled 
water control, grown for 25 days, and challenged with F. oxysporum. In vitro antifungal activity was assessed by disc 
diffusion. Data (n = 3 biological replicates) were analyzed by one-way ANOVA with Tukey’s HSD (p < 0.05).

Results  UV–Vis peaks at 199, 216, and 229 nm and FTIR Co–O bands at 500–700 cm⁻1 confirmed CoO-NP formation. 
TEM, EDS, DLS, zeta potential, XRD, and XPS further confirmed nanoscale morphology, elemental composition, 
colloidal behaviour, crystallinity, and surface chemical states of the synthesized CoO-NPs. Compared with the control, 
nanopriming at 0.5 mg/L increased shoot length and root length, while 0.7 mg/L produced the highest growth 
response. Disease severity decreased from 63% in infected control to 32.5% at 0.5 mg/L and 27.5% at 0.7 mg/L. Disc 
diffusion showed the largest inhibition zones at 0.7 mg/L (18.5 ± 0.5 mm) and 0.5 mg/L (17.0 ± 0.5 mm).

Conclusions  Fig-mediated CoO-NP seed priming at 0.5–0.7 mg/L simultaneously enhanced chickpea growth and 
suppressed Fusarium wilt under controlled conditions. The absence of a bulk cobalt control remains an important 
limitation; therefore, future studies should include equivalent ionic/bulk cobalt treatments to distinguish nano-
specific effects from cobalt ion effects. Field validation, dose–response refinement, nodulation assessment, and 
mechanistic assays, including ROS, antioxidant enzymes, and defense genes, are recommended. Biosafety work 
should assess nanoparticle persistence and effects on beneficial rhizosphere microbes over multiple seasons.
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​​Introduction
Chickpea (Cicer arietinum L.) is the second most widely 
consumed grain legume globally and is cultivated in 
more than 50 countries, particularly in semi-arid and 
temperate regions [1]. It contributes approximately 15.4% 
of global pulse production, with major producers includ-
ing India, Pakistan, and Iran [2, 3]. Beyond its nutritional 
value—providing ~ 23% protein and 64% carbohydrates—
chickpea enhances soil fertility through biological 
nitrogen fixation, contributing up to 60  kg  ha⁻1 under 
optimal conditions [4]. However, chickpea productivity 
is severely limited by Fusarium wilt caused by Fusarium 
oxysporum f. sp. ciceris (Foc) [5]. The pathogen invades 
the vascular system, disrupts water transport, and causes 
systemic wilting and plant death [6]. In Pakistan, yield 
losses range from 10–50% annually and may reach 100% 
under severe conditions [3]. Management is difficult due 
to the long-term survival of chlamydospores in soil and 
pathogen dissemination through irrigation and farm 
equipment [7], highlighting the need for sustainable dis-
ease-control strategies.

Nanotechnology offers innovative tools for sustain-
able agriculture [8]. Nanoparticles, generally ranging 
from 1–100  nm, possess unique physicochemical prop-
erties that enable enhanced biological interactions [9]. 
Nanopriming has been shown to improve germination, 
growth, and stress tolerance by enhancing water uptake, 
enzyme activation, and ROS-mediated signaling [10]. 
The 24 h nanopriming duration used in the present study 
was selected based on previous nanopriming literature, 
where similar priming durations have been reported to 
improve seed hydration and early seedling vigor without 
prolonged exposure stress [10].

Among metal nanoparticles, cobalt oxide nanopar-
ticles (CoO-NPs) were selected over more commonly 
used metal oxides such as ZnO or MgO because cobalt 
has a legume-relevant micronutrient role linked to nod-
ulation and nitrogen metabolism, while also exhibiting 
dose-dependent antimicrobial activity [11, 12]. However, 
a major limitation in many cobalt nanoparticle studies is 
the absence of a bulk cobalt control, which makes it dif-
ficult to distinguish true nano-specific responses from 
effects caused by released cobalt ions. This limitation 
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was recognized in the present study and is explicitly 
addressed in the methods, discussion, and future direc-
tions. CoO-NPs exhibit antimicrobial activity that has 
been associated with ROS-mediated membrane disrup-
tion [13]. Their effects are dose-dependent, with ben-
eficial responses at low concentrations and potential 
toxicity at higher levels [14].

Green synthesis using plant extracts enhances nanopar-
ticle stability and biocompatibility [15]. Phytochemicals 
such as polyphenols and flavonoids act as reducing and 
capping agents [16]. Leaves of Ficus carica contain bioac-
tive compounds with antioxidant and antimicrobial prop-
erties. Compared with some other plants used for cobalt 
nanoparticle synthesis, such as Ficus religiosa and Uraria 
picta, Ficus carica has been reported to contain abundant 
phenolic and flavonoid constituents, which may contrib-
ute to improved capping stability and potential antifungal 
synergy. In addition to non-enzymatic phytochemicals 
such as phenolics and flavonoids, plant-derived reduc-
tase-associated biomolecules may also participate in the 
reduction of Co2⁺ ions during green nanoparticle syn-
thesis, although their relative contribution depends on 
extract composition and reaction conditions.

Although plant-mediated cobalt nanoparticle synthe-
sis has been reported [17, 18], their integrated applica-
tion as nanopriming agents in chickpea under Fusarium 
wilt stress remains limited, particularly under Pakistani 
agro-climatic conditions. Few studies have evaluated 
fig-mediated CoO-NPs as seed nanopriming agents for 
simultaneous growth enhancement and Fusarium wilt 
resistance in chickpea. Integrated assessments combin-
ing nanoparticle characterization, plant growth response, 
and disease suppression remain underexplored. In par-
ticular, previous studies have rarely compared CoO-NP 
nanopriming with bulk cobalt controls or evaluated nod-
ulation responses in chickpea under Fusarium stress.

This study synthesizes CoO-NPs using Ficus carica leaf 
extract and evaluates their dual role in promoting chick-
pea growth and mitigating Fusarium wilt. It integrates 
physicochemical characterization with in vitro antifungal 
assays and in vivo disease assessment under controlled 
conditions. The findings contribute to understanding 
dose-dependent cobalt nanoparticle effects in legumes 
and offer a potential eco-friendly alternative to chemical 

fungicides, supporting sustainable chickpea production 
in disease-prone regions.

This study aimed to: (i) synthesize and characterize 
CoO-NPs using Ficus carica leaf extract; (ii) evaluate 
the effects of CoO-NP nanopriming on chickpea germi-
nation and growth; (iii) assess the antifungal activity of 
CoO-NPs against Fusarium oxysporum f. sp. ciceris; and 
(iv) determine their potential to reduce disease severity 
under Fusarium wilt stress.

Materials and methods
Study site, experimental design, and experimental 
duration
The study was conducted between March and August 
2024 at the Department of Biological Sciences, Interna-
tional Islamic University, Islamabad, Pakistan (33.6844°N, 
73.0479°E; altitude 540  m above sea level). Laboratory 
experiments were carried out under controlled envi-
ronmental conditions at 25 ± 2  °C with relative humidity 
maintained at 60–70%. Greenhouse experiments were 
conducted under natural photoperiod (12–14  h light), 
with day/night temperature ranging from 22 to 30 °C and 
relative humidity of 55–75%. Light intensity during day-
time averaged 450–600 µmol m⁻2 s⁻1.

The experiment followed a completely randomized 
design (CRD). Five treatments were evaluated: distilled 
water control and four nanoparticle concentrations (0.2, 
0.5, 0.7, and 1.0  mg/L). A sixth treatment consisting of 
bulk cobalt or ionic cobalt control was not included in the 
present experiment. This is acknowledged as a limitation 
because such a treatment would help distinguish nano-
specific effects from cobalt ion effects and is therefore 
recommended for future work. Each treatment consisted 
of three independent biological replicates (Table 1). Each 
replicate comprised three pots, and each pot contained 
five plants, resulting in 45 plants per treatment. The sam-
ple size was determined based on previous nanoprim-
ing studies using comparable replication designs and 
was considered adequate for controlled greenhouse 
screening [10]. Only healthy, uniform, undamaged seeds 
were included. Certified seeds of Cicer arietinum L. cv. 
‘Punjab-2008’ were used. Seeds showing discoloration, 
mechanical damage, or abnormal size were excluded.

Green synthesis of cobalt oxide nanoparticles
Fresh, pesticide-free leaves of Ficus carica L. were col-
lected from the Botanical Garden of the International 
Islamic University, Islamabad, for the green synthesis of 
cobalt oxide nanoparticles. The study was carried out 
from March to August 2024 at the Department of Bio-
logical Sciences, International Islamic University, Islam-
abad, Pakistan (33.6844°N, 73.0479°E; 540  m altitude). 
Ficus carica is commonly cultivated in Pakistan and is 
not regarded as a wild species. The plant was identified 

Table 1  Experimental design
Treatment CoO-NP concentra-

tion (mg/L)
Replicates (n) Plants 

per treat-
ment

T1 0 (Control) 3 45

T2 0.2 3 45

T3 0.5 3 45

T4 0.7 3 45

T5 1.0 3 45



Page 4 of 14Anwaar et al. Chemical and Biological Technologies in Agriculture          (2026) 13:124 

performing synthesis in triplicate batches and confirming 
reproducibility of UV–Vis peak positions.

Characterization of synthesized nanoparticles
UV–Visible spectroscopy was performed using a Shi-
madzu UV-1800 spectrophotometer in the wavelength 
range of 200–1000  nm at 1  nm resolution. Distilled 
water was used as blank. Spectral scans were performed 
in quartz cuvettes with 1 cm path length. FTIR analysis 
was carried out using a PerkinElmer Spectrum Two FTIR 
spectrometer in the range of 4000–500  cm⁻1. Samples 
were prepared using KBr pellet method with a 1:100 ratio 
of sample to KBr. Each spectrum was averaged over 32 
scans at 4 cm⁻1 resolution.

Transmission electron microscopy (TEM) was per-
formed using a high-resolution transmission electron 
microscope (JEOL JEM-2100) operated at an accelerat-
ing voltage of 200 kV. Samples were prepared by dispers-
ing nanoparticles in ethanol, followed by ultrasonication, 
drop-casting onto carbon-coated copper grids, and dry-
ing under ambient conditions before imaging.

Energy-dispersive X-ray spectroscopy (EDS) was car-
ried out using an EDS detector coupled with electron 
microscopy. Spectra were acquired under high-vacuum 
conditions, and elemental composition was determined 
from characteristic X-ray peaks of cobalt and oxygen.

Dynamic light scattering (DLS) was performed using 
a particle size analyzer (Malvern Zetasizer Nano series) 
at a scattering angle of 90° and a temperature of 25  °C. 
Samples were dispersed in distilled water and sonicated 
before analysis to ensure uniform suspension.

Zeta potential analysis was performed using the same 
instrument equipped with electrophoretic light scatter-
ing capability. Samples were diluted in deionized water 
and analyzed at 25  °C, and zeta potential values were 
calculated from electrophoretic mobility using the Smo-
luchowski equation.

X-ray diffraction (XRD) analysis was conducted using 
an X-ray diffractometer (PANalytical X’Pert PRO) with 
Cu Kα radiation (λ = 1.5406 Å) over a 2θ range of 10–80°, 
at a scanning rate of 0.02° per step.

X-ray photoelectron spectroscopy (XPS) analysis was 
carried out using an XPS system equipped with an Al 
Kα X-ray source (hν = 1486.6 eV). Spectra were recorded 
under ultra-high-vacuum conditions, and binding ener-
gies were calibrated using the C 1 s peak at 284.8 eV.

Preparation of working suspensions
The dried nanoparticle powder was dispersed in ster-
ile distilled water to prepare a 100  mg/L stock suspen-
sion. The suspension was sonicated using a Branson 
Ultrasonics Sonifier (40  kHz) for 20  min to ensure uni-
form dispersion. Working concentrations of 0.2, 0.5, 
0.7, and 1.0  mg/L were prepared by serial dilution. All 

by Dr. Sadaf Anwaar, and voucher specimen No. IIUI-
45892 was deposited in the departmental herbarium for 
public access.

Leaves were washed thoroughly under running tap 
water for 5 min, followed by rinsing three times with dis-
tilled water to remove dust and microbial contaminants. 
Surface sterilization was not performed to preserve phy-
tochemical integrity. Twenty-five grams of fresh leaves 
were finely chopped and transferred into a 500 mL Erlen-
meyer flask containing 400  mL of distilled water. The 
mixture was heated at 70 °C for 30 min with continuous 
stirring at 600 rpm using a digital magnetic stirrer (Dai-
han Scientific MSH-20D, Korea). Heating at 70  °C for 
30  min was used to extract water-soluble phytochemi-
cals, including polyphenols and reducing sugars, while 
retaining their reducing and capping potential. Plant-
derived reductase-associated biomolecules present in the 
extract may also contribute to Co2⁺ reduction during syn-
thesis. The filtrate was stored at 4 °C and used within 24 h 
to prevent phytochemical degradation.

Cobalt nitrate hexahydrate [Co(NO₃)₂·6H₂O; ≥ 99% 
purity, Sigma-Aldrich, USA] was used as precursor. A 
0.1 M cobalt nitrate solution was prepared by dissolving 
11.68 g in 400 mL of distilled water. The cobalt solution 
was added dropwise at approximately 1  mL/min into 
200  mL of leaf extract under constant stirring. The pH 
of the reaction mixture was adjusted to 10.0 ± 0.2 using 
freshly prepared NaOH solution (3  g in 50  mL distilled 
water) while monitoring with a calibrated digital pH 
meter (Hanna Instruments HI2211). NaOH was added 
dropwise and only in the minimum volume required to 
reach pH 10.0 ± 0.2, thereby limiting excess Na⁺ introduc-
tion. After synthesis, the pellet was washed three times 
with distilled water and once with ethanol to remove 
residual Na⁺ ions and other soluble impurities.

Tween-20 (0.1% v/v; Merck, Germany) was added to 
prevent nanoparticle aggregation. Although phytochemi-
cals from Ficus carica acted as primary reducing and cap-
ping agents, Tween-20 was added only as an additional 
stabilizer to improve dispersion uniformity and reduce 
aggregation during synthesis. The mixture was stirred 
at 70 °C for 90 min. Formation of cobalt oxide nanopar-
ticles was indicated by a visible color change from green-
ish to moss-brown. The reaction was allowed to cool to 
room temperature before purification. The suspension 
was centrifuged at 5000 rpm, equivalent to 4300 × g, for 
10 min using a refrigerated centrifuge (Hettich Universal 
320R). The pellet was washed three times with distilled 
water and once with absolute ethanol to remove residual 
ions and organic impurities. The washed pellet was air-
dried at room temperature for 24  h, ground into fine 
powder, and calcined in a muffle furnace (Nabertherm 
L9/11) at 300 °C for 2 h with a heating rate of 5  °C/min 
to obtain crystalline CoO-NPs. Quality control included 
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concentrations are expressed in mg/L, which is equiva-
lent to ppm in aqueous systems.

Seed nanopriming and pot experiment
Certified seeds of Cicer arietinum L. cv. ‘Punjab-2008’ 
were obtained from the Seed Bank, Department of Bio-
logical Sciences, International Islamic University, Islam-
abad, Pakistan. Seeds were surface sterilized using 1% 
sodium hypochlorite for 2  min, followed by five rinses 
with sterile distilled water. Control seeds were hydro-
primed in sterile distilled water for 24 h under identical 
conditions without nanoparticles. Seeds were soaked 
in respective nanoparticle suspensions for 24 h at room 
temperature under gentle shaking (100  rpm). The seed-
to-solution ratio was maintained at 1:5 (w/v). After 
priming, seeds were air-dried under laminar airflow 
to near-original moisture content for uniform sowing. 
Only primed seeds were used for planting. No additional 
nanoparticle solutions were applied during irrigation. 
All plants received only distilled water throughout the 
growth period to ensure that the treatment effect origi-
nated exclusively from seed nanopriming.

Pots (15 cm diameter) were filled with sterilized growth 
medium consisting of 60% cocopeat and 40% garden soil. 
Soil was autoclaved at 121  °C for 20  min to eliminate 
background microbial interference. Five seeds were sown 
per pot at a depth of 2  cm. Plants were irrigated every 
two days with 100 mL of distilled water. Growth param-
eters, including shoot length, root length, and number of 
leaves, were recorded after 25 days.

Fusarium inoculation and disease assessment
The fungal pathogen Fusarium oxysporum f. sp. ciceris 
was obtained from a verified plant pathology culture col-
lection. The fungus was cultured on Potato Dextrose Agar 
(PDA; Oxoid, UK) at 25  °C for 7 days. Conidial suspen-
sion was prepared by flooding plates with sterile distilled 
water and gently scraping the surface. The suspension 
was filtered through sterile muslin cloth to remove myce-
lial debris. Spore concentration was adjusted to 1 × 10⁶ 
conidia/mL using a hemocytometer. At 25  days after 
sowing, each pot received 20 mL of spore suspension as 
soil drench around the root zone. No foliar spray was 
used to maintain biological relevance, as Fusarium is a 
soil-borne vascular pathogen.

Disease symptoms were scored using a 0–5 scale. Dis-
ease Severity Index (DSI) was calculated using the follow-
ing formula [19]:

	
DSI (%) = [Σ (Diseaserating × Numberof inf ectedplants)
/ (Maximumrating × Totalnumberof plants)] × 100.

In vitro antifungal assay
Antifungal activity was evaluated using disc diffusion 
assay on Potato Dextrose Agar. Sterile 6 mm filter paper 
discs were impregnated with 20 µL of nanoparticle sus-
pension at respective concentrations. Discs were placed 
on PDA plates inoculated with a 5 mm fungal plug. Nega-
tive control discs contained distilled water, while positive 
control discs contained 0.1% carbendazim. Plates were 
incubated at 25 °C for 72 h. Zone of inhibition (mm) was 
measured using digital Vernier calipers [20, 21].

Statistical analysis
All data were analyzed using IBM SPSS Statistics Version 
26.0 (IBM Corp., USA) and are presented as mean ± stan-
dard deviation (SD). Normality and homogeneity of vari-
ance were assessed using the Shapiro–Wilk and Levene’s 
tests, respectively. Treatment effects were evaluated 
using one-way ANOVA followed by Tukey’s HSD post 
hoc test where applicable. Statistical significance was set 
at p < 0.05.

Results
Physicochemical characterization of green-synthesized 
CoO-NPs
The synthesis of cobalt oxide nanoparticles (CoO-NPs) 
using Ficus carica leaf extract was successfully achieved, 
as visually evidenced by a gradual color transition of the 
reaction mixture from pale green to moss-brown within 
90  min at pH 10.0 (Fig.  1). This color change indicated 
the reduction of cobalt ions and subsequent nanoparticle 
formation.

The UV–Visible absorption spectrum of the synthe-
sized CoO-NPs displayed three distinct and sharp peaks 
at 199 nm, 216 nm, and 229 nm (Fig. 2A; Table 2). These 
peaks correspond to O2⁻ → Co3⁺ charge transfer transi-
tions and ligand-to-metal charge transfer (LMCT) inter-
actions, confirming nanoparticle formation. The absence 
of broad visible-range absorption suggested minimal par-
ticle aggregation and uniform nanoparticle dispersion. 
Peak sharpness further indicated good crystallinity and 
homogeneity of the synthesized CoO-NPs. FTIR spec-
tra (Fig. 2B; Table 3) revealed a broad absorption band at 
3400–3500 cm⁻1 corresponding to O–H stretching vibra-
tions of hydroxyl groups and adsorbed water molecules. 
The band observed at 1600–1650 cm⁻1 was attributed to 
O–H bending vibrations. Peaks within 1000–1300  cm⁻1 
represented C–O and C–N stretching vibrations from 
residual phytochemicals derived from Ficus carica. A 
characteristic absorption band between 500–700  cm⁻1 
confirmed the presence of Co–O bonds, verifying the 
successful formation of cobalt oxide nanoparticles.

TEM-derived particle size distribution (Fig.  2C) 
showed a heterogeneous nanoscale population with a 
dominant fraction centered at approximately 5–10 nm, a 
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Fig. 2  Characterization of cobalt oxide nanoparticles: A UV–Vis B FTIR C TEM particle size distribution, D EDS elemental composition, E DLS hydrody-
namic size distribution, F zeta potential distribution, G XRD diffraction pattern, and H XPS spectrum

 

Fig. 1  Schematic workflow for green synthesis of CoO-NPs using Ficus carica leaf extract, showing preparation, reduction, purification, and characteriza-
tion steps
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secondary population around 20–25  nm, and a broader 
distribution extending from approximately 60 to 100 nm, 
with maximum particle sizes approaching approximately 
125 nm. EDS analysis (Fig. 2D) indicated cobalt and oxy-
gen as the primary elements, with approximate weight 
percentages of 79.6% Co and 20.4% O, supporting cobalt 
oxide formation.

The DLS profile (Fig.  2E) showed a hydrodynamic 
diameter centered at approximately 95–100  nm, with a 
distribution range spanning approximately 40–180  nm, 
indicating aggregation effects in aqueous suspension. 
Zeta potential analysis (Fig.  2F) showed negatively 
charged particles with peaks at − 18  mV and − 30.8  mV, 
suggesting moderate to good colloidal stability.

The XRD pattern (Fig.  2G) displayed characteristic 
diffraction peaks at 2θ values of approximately 19°, 31°, 

36–38°, 43–45°, 59–62°, and 65°, with the most intense 
peak near 37°, confirming the crystalline nature of cobalt 
oxide. XPS analysis (Fig.  2H) showed an O 1  s peak at 
approximately 530 eV, a Co 2p₃/₂ peak at approximately 
780  eV, and a Co 2p₁/₂ peak near 796  eV, confirming 
cobalt oxide surface chemical states.

Effect of CoO-NP nanopriming on growth of Cicer arietinum
Growth performance of Cicer arietinum L. was evalu-
ated 25  days after sowing. Representative plant mor-
phology is shown in Fig.  3, and quantitative growth 
data are illustrated in Fig.  4. Control plants exhibited 
limited vegetative growth, with a mean shoot length of 
8.5 ± 1.0 cm, a root length of 5.0 ± 1.0 cm, and 7 ± 1 leaves 
per plant (n = 45). Seed priming with CoO-NPs pro-
duced concentration-dependent growth enhancement 
(Fig.  4). The 0.5  mg/L treatment significantly improved 
vegetative parameters (p < 0.05), producing shoot length 
of 16.5 ± 1.0  cm and root length of 10.5 ± 1.0  cm, corre-
sponding to 94% and 110% increases relative to the con-
trol, respectively. The 0.7  mg/L treatment exhibited the 
highest overall growth performance, with shoot length 
reaching 20.5 ± 1.0  cm, root length 11.5 ± 1.0  cm, and 
leaf number peaking at 21 ± 1 per plant, representing a 
threefold increase compared to the control. Although the 
1.0 mg/L concentration improved growth relative to the 
control (14.5 ± 1.0  cm shoot length), it showed reduced 
performance compared to the 0.7  mg/L treatment, sug-
gesting a concentration-dependent hormetic response. 
One-way ANOVA revealed a significant effect of 
nanoparticle concentration on shoot length, root length, 
and leaf number (p < 0.05).

In vitro antifungal activity against Fusarium oxysporum
The antifungal efficacy of CoO-NPs was evaluated using 
the disc diffusion assay. Representative inhibition zones 
are shown in Fig. 5, and quantitative data are summarized 
in Fig. 7B. The control group exhibited negligible inhibi-
tion (1.5 ± 0.5  mm). The 0.2  mg/L treatment produced 
a mean zone of inhibition (ZOI) of 8.0 ± 0.5  mm. The 
0.5  mg/L concentration significantly increased antifun-
gal activity to 17.0 ± 0.5 mm (p < 0.05). The 0.7 mg/L con-
centration showed the highest inhibition (18.5 ± 0.5 mm). 
The 1.0 mg/L treatment produced 12.5 ± 0.5 mm inhibi-
tion. Differences among treatments were statistically sig-
nificant (p < 0.05).

Disease severity following fusarium oxysporum inoculation
Following soil inoculation with Fusarium oxysporum 
f. sp. ciceris, disease progression differed significantly 
among treatments (Table 4; Figs. 6 and 7A). Infected con-
trol plants (no nanoparticle priming) exhibited severe 
symptoms characterized by chlorosis, vascular brown-
ing, wilting, and reduced growth, with a mean Disease 

Table 2  UV–Vis absorption characteristics of cobalt oxide 
nanoparticles
Wavelength (nm) Electronic transition References
 ~ 199 O2⁻ → Co3⁺ charge transfer [36]

 ~ 216 Ligand-to-metal charge transfer [17]

 ~ 229 Interband electronic transition [18]

Table 3  FTIR absorption bands and functional group 
assignments of green-synthesized CoO-NPs
Wave-
num-
ber 
(cm⁻1)

Functional group/
vibration

Source/assign-
ment basis

References

3400–
3500

O–H stretching Surface hydroxyl 
groups and/or 
adsorbed water; 
broad band typi-
cal of hydrogen-
bonded –OH

[34, 35]

1600–
1650

O–H bending (H–O–H 
deformation)

Adsorbed water 
/ moisture 
deformation 
band com-
monly observed 
near ~ 1640 cm⁻1

[35, 36] (ad-
sorbed water 
at ~ 1640 cm⁻1)

1000–
1300

C–O and C–N stretching Plant-extract 
biomolecules 
(polyphenols/
flavonoids/
proteins) acting 
as reducing/
capping 
agents; residual 
phytochemi-
cal “corona” 
signatures

[35, 37]

500–
700

Co–O stretching Metal–oxygen 
vibration con-
firming cobalt 
oxide framework

[38] cobalt 
oxide FTIR 
Co–O 
bands ~ 569–
662 cm⁻1 
(example)
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Severity Index (DSI) of 63.0 ± 6.5%. Plants primed with 
0.2 mg/L CoO-NPs showed partial protection, recording 
a DSI of 52.5 ± 5.2%. The 0.5 mg/L treatment significantly 
reduced disease severity to 32.5 ± 4.1%, represent-
ing a 48% reduction relative to control (p < 0.05). The 
0.7  mg/L treatment demonstrated the strongest protec-
tive effect, reducing DSI to 27.5 ± 3.8%, corresponding to 
a 56% reduction compared to infected control plants. The 

1.0  mg/L treatment resulted in intermediate protection 
(47.5 ± 4.9%). ANOVA confirmed statistically significant 
differences among treatments (p < 0.05).

FTIR analysis of treated Cicer arietinum plants
FTIR spectra of treated plant tissues are shown in Fig. 8 
and Table  5. When compared with untreated con-
trol plants (spectrum not shown), plants treated with 

Fig. 4  A Effect of CoO-NP seed priming on shoot and root length of Cicer arietinum after 25 days. B Effect on leaf number across treatments (mg/L). Bars 
represent mean ± SD. Different letters indicate significant differences at p < 0.05 (Tukey’s HSD). For root length in panel A, statistics are as follows: control 
vs 0.5 and 0.7 mg/L, p < 0.05; control vs 0.2 and 1.0 mg/L, not significant

 

Fig. 3  Growth of Cicer arietinum after 25 days of CoO-NP priming: A 1.0 mg/L; B 0.5 mg/L; C 0.7 mg/L; D comparison of all treatments
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0.2 mg/L CoO-NPs exhibited preserved O–H, C–O, and 
C–N functional groups, with no peak shifts indicative of 
structural damage or phytotoxicity. The 0.5  mg/L treat-
ment demonstrated increased O–H stretching inten-
sity compared with the control, suggesting enhanced 
metabolic and possibly defense-related activity. No new 
abnormal absorption peaks were detected. Overall, FTIR 
results confirmed biochemical integrity of treated plants 
and absence of nanoparticle-induced toxicity.

Discussion
The observed growth enhancement aligns with previous 
reports demonstrating beneficial effects of nanopriming 
on seed germination and early vegetative development 

[10, 15]. Similar dose-dependent responses have been 
reported for cobalt-based nanoparticles in legumes, 
where low concentrations improved plant growth, while 
higher doses induced stress [14].

The growth promotion observed in this study is consis-
tent with the established role of cobalt as an important 
micronutrient involved in nodulation, nitrogen fixa-
tion, and activation of nitrogenase-related processes in 
legumes [11, 12]. The enhanced vegetative parameters 
at 0.5–0.7  mg/L may therefore reflect improved micro-
nutrient availability coupled with nanoparticle-medi-
ated physiological stimulation. However, a limitation of 
this study is the absence of a bulk cobalt or ionic cobalt 
control treatment [22–24]. Without this comparison, 
we cannot definitively distinguish whether the observed 
effects are truly nano-specific or primarily due to cobalt 
ion release. Future studies should include bulk cobalt 
treatments, such as Co(NO₃)₂ at equivalent Co2⁺ con-
centrations, to address this gap.

Regarding antifungal activity, the inhibition zones 
recorded in this study (up to 18.5  mm) are comparable 
or superior to those reported for other green-synthesized 
metal nanoparticles against phytopathogens [13, 25]. Pre-
vious studies have demonstrated antimicrobial properties 

Table 4  Disease severity index (%) in Chickpea Plants after 
Fusarium oxysporum Inoculation
Treatment (mg/L) DSI (%)
Control 63.0 ± 6.5

0.2 52.5 ± 5.2

0.5 32.5 ± 4.1*

0.7 27.5 ± 3.8*

1.0 47.5 ± 4.9
*Significant reduction vs control (p < 0.05)

Fig. 6  Response of primed plants to Fusarium oxysporum f. sp. ciceris: A infected control vs 1.0 mg/L; B 0.7 mg/L showing reduced wilting

 

Fig. 5  In vitro antifungal activity against Fusarium oxysporum: A 0.5 vs 0.7 mg/L; B 0.2, 0.5, and 0.7 mg/L; C 0.5 mg/L vs control. Control discs contained 
distilled water as negative control
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of cobalt oxide nanoparticles, primarily attributed to oxi-
dative stress–mediated membrane disruption [13]. Our 
results extend these findings by integrating both in vitro 
antifungal suppression and in vivo disease mitigation 
within the same experimental system.

The growth-promoting effects observed in this study 
are comparable to those reported for other legume spe-
cies. For example, Kavya et al. [12] demonstrated that 
foliar application of cobalt at 8–12 mg/L improved chick-
pea yield parameters, although their study used bulk 

Table 5  Comparative FTIR analysis of treated chickpea plants
Parameter 0.2 mg/L CoO-NPs 0.5 mg/L 

CoO-NPs
Major functional groups O–H, C–O, C–N 

preserved
O–H, C–O, C–N 
preserved

O–H stretching intensity Normal Slightly higher

Nanoparticle-plant 
interaction

Mild Stronger

Toxicity evidence None None

Biological response Normal growth Enhanced activity

Fig. 8  FTIR spectra of treated Cicer arietinum leaves: A 0.2 mg/L and B 0.5 mg/L CoO-NPs. Arrow-marked bands represent observed absorption peaks. 
Spectra were compared with untreated control plants, spectrum not shown, which exhibited similar functional group profiles

 

Fig. 7  A Disease Severity Index (%) of Cicer arietinum following Fusarium oxysporum f. sp. ciceris inoculation. B In vitro antifungal activity showing zone 
of inhibition (mm) across CoO-NP concentrations. Bars represent mean ± SD. Different letters indicate significant differences at p < 0.05 (Tukey’s HSD)
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cobalt rather than nanoparticles. Similarly, Hu et al. [11] 
reported that cobalt supplementation at 0.5–1.0  mg/L 
enhanced nodulation and nitrogenase activity in soybean. 
Compared to other metal oxide nanoparticles, such as 
ZnO and MgO, which have been primarily studied for 
their broad antimicrobial effects [25, 26], CoO-NPs offer 
the distinct advantage of combining antimicrobial activ-
ity with the micronutrient benefits of cobalt for legumes. 
This dual functionality makes CoO-NPs particularly suit-
able for chickpea nanopriming compared with ZnO/
MgO systems that lack this nutritional synergy.

In a related study on canola (a non-legume), Jahani et 
al. [14] observed hormetic growth responses to Co₃O₄ 
nanoparticles, with optimal stimulation at 50  mg/L and 
toxicity above 200  mg/L. The lower optimal concentra-
tions in our study (0.5–0.7  mg/L) likely reflect species-
specific sensitivity and the different exposure route (seed 
priming vs. direct exposure).

Although plant-mediated synthesis of cobalt nanopar-
ticles has been reported previously [17, 18], limited stud-
ies have evaluated their combined effects on both growth 
promotion and Fusarium wilt suppression in Cicer arieti-
num, particularly under Pakistani agro-climatic condi-
tions. Therefore, rather than claiming absolute novelty, 
the present work contributes integrated, crop-specific 
evidence within a legume-pathogen model [27, 28].

The Ficus carica leaf extract used in this synthesis con-
tains higher phenolic and flavonoid content compared 
to other plant extracts such as Ficus religiosa or Uraria 
picta. The phytochemical corona derived from Ficus 
carica may improve nanoparticle stability and biocom-
patibility, while also contributing potential synergistic 
antifungal effects. Patil [29] similarly reported that Ficus 
carica-mediated nanoparticles exhibit favorable stability 
and bioactivity compared with several plant-mediated 
nanoparticle systems.

The enhanced growth observed at 0.5–0.7  mg/L sug-
gests a hormetic response, where low nanoparticle con-
centrations stimulate physiological activity, whereas 
higher concentrations (1.0  mg/L) reduce the magnitude 
of the response. Such biphasic effects are well docu-
mented in nanoparticle–plant interactions [14].

Several plausible mechanisms may explain the dual 
growth-promoting and antifungal effects: First, cobalt 
supplementation may enhance nitrogen metabolism and 
nodulation efficiency, indirectly improving vegetative 
growth [11]. However, nodulation was not assessed in 
this 25-day study. Future research should evaluate nodule 
number, nodule dry weight, nitrogenase activity, and root 
nodule morphology to confirm this proposed mecha-
nism. Second, cobalt oxide nanoparticles may exert direct 
antifungal effects through reactive oxygen species (ROS)-
mediated membrane disruption and lipid peroxidation 
in fungal cells, as suggested in previous antimicrobial 

studies [13]. While this mechanism is biologically plau-
sible, ROS generation and antioxidant enzyme activity, 
including SOD, CAT, and POD, were not directly mea-
sured in the present study [30–32]. Therefore, these 
pathways remain hypothetical and require experimental 
confirmation in future studies. Third, FTIR analysis of 
treated plants showed preserved functional groups and 
increased O–H stretching intensity at optimal concen-
trations, which may indicate enhanced metabolic activ-
ity and possible induction of defense-related phenolic 
compounds. Similar increases in phenolic metabolism 
have been associated with nanoparticle-mediated prim-
ing responses in crops [33]. Fourth, the phytochemical 
corona derived from Ficus carica may act synergistically 
with CoO-NPs to enhance both growth promotion and 
antifungal activity, as fig leaf compounds possess intrinsic 
antioxidant and antimicrobial properties [39–44].

The bioactive phytochemical corona derived from Ficus 
carica leaf extract may also contribute synergistically to 
antimicrobial activity, as fig leaves are known to contain 
flavonoids and phenolic compounds with antioxidant 
properties. This phytochemical coating likely improves 
nanoparticle biocompatibility and stability [45–50].

The significant reduction in Fusarium wilt severity 
suggests potential application of CoO-NP seed prim-
ing as an eco-friendly alternative to chemical fungicides. 
Given increasing concerns regarding fungicide resistance 
and environmental contamination, nanoparticle-based 
seed treatments may offer integrated crop protection 
strategies. For chickpea-producing regions such as Paki-
stan, where Fusarium wilt causes substantial yield losses 
[51–54], the identification of a safe and effective con-
centration range (0.5–0.7  mg/L) is particularly relevant. 
However, practical implementation requires validation 
under field conditions.

This study has several strengths, including an inte-
grated approach combining nanoparticle synthesis, phys-
icochemical characterization, plant growth evaluation, 
in vitro antifungal testing, and in vivo disease assess-
ment within a single experimental framework. Extended 
nanoparticle characterization, including TEM, EDS, DLS, 
zeta potential, XRD, and XPS, strengthened the interpre-
tation of nanoparticle formation, elemental composition, 
morphology, colloidal behavior, crystallinity, and surface 
chemistry.

However, several aspects require further investigation. 
First, while the experiment was conducted under con-
trolled greenhouse conditions, multi-location field trials 
are needed to validate these findings under diverse soil 
types, climatic conditions, and natural pathogen pres-
sure. Second, although the sample size was sufficient for 
controlled screening, larger-scale trials with increased 
biological replication would enhance ecological gener-
alizability. Third, mechanistic pathways, including ROS 
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production, antioxidant enzyme activity, and defense 
gene expression, were not directly quantified. Fourth, 
although extended nanoparticle characterization was 
included in the present study, future work should per-
form replicated batch-wise characterization to assess 
synthesis reproducibility under field-scale preparation. 
Fifth, a bulk cobalt control was not included, making it 
difficult to attribute effects specifically to the nano form 
versus ionic cobalt release. Sixth, long-term environ-
mental fate analysis, including nanoparticle persistence 
in soil, bioaccumulation potential, and effects on ben-
eficial rhizosphere microbes over multiple seasons, was 
not assessed and is critical for biosafety evaluation. Sev-
enth, nodulation parameters were not evaluated despite 
cobalt’s known role in nitrogen fixation.

Based on the findings and limitations of this study, the 
following priorities are recommended: multi-location 
field trials to validate agronomic performance under 
diverse soil types, climatic conditions, and natural Fusar-
ium pressure; molecular studies examining defense gene 
expression, PR proteins, PAL, SOD, CAT, and antioxi-
dant enzyme activity to confirm proposed ROS-medi-
ated mechanisms; quantitative metabolomic profiling 
such as HPLC–MS to identify defense-related phenolic 
compounds induced by CoO-NP nanopriming; repli-
cated batch-wise nanoparticle characterization using 
TEM, EDS/EDX, DLS, zeta potential, XRD, and XPS to 
establish synthesis reproducibility and structure–activity 
relationships; bulk cobalt control studies to distinguish 
nano-specific effects from ionic cobalt effects; nodulation 
assessment including nodule number, nodule dry weight, 
and nitrogenase activity in longer-term studies; environ-
mental fate analysis including nanoparticle persistence 
in soil, bioaccumulation in plant tissues, and effects on 
beneficial rhizosphere microbes over multiple seasons; 
and dose–response refinement to establish the minimum 
effective concentration and maximum safe concentration 
for field application.

Conclusion
This study demonstrates that green-synthesized cobalt 
oxide nanoparticles (CoO-NPs), produced using Ficus 
carica leaf extract, enhance growth and reduce Fusar-
ium wilt severity in Cicer arietinum under controlled 
greenhouse conditions. Seed nanopriming with 0.5–
0.7 mg/L CoO-NPs significantly improved shoot length, 
root development, and leaf production compared to 
untreated controls, confirming a concentration-depen-
dent hormetic response. Moreover, these optimal con-
centrations substantially decreased the disease severity 
index and exhibited strong in vitro antifungal activity 
against Fusarium oxysporum f. sp. ciceris. Spectroscopic 
and physicochemical characterization verified suc-
cessful nanoparticle synthesis, phytochemical capping, 

nanoscale morphology, elemental composition, colloi-
dal stability, crystallinity, and surface chemical states. 
The dual functionality observed—growth promotion 
and pathogen suppression—highlights the potential of 
CoO-NP seed priming as a sustainable alternative to 
conventional fungicides. Nevertheless, the absence of a 
bulk cobalt control, nodulation analysis, and direct ROS/
antioxidant-enzyme measurements limits mechanistic 
interpretation. Therefore, future studies should include 
bulk cobalt controls, nodulation parameters, mechanistic 
assays, multi-location field validation, and long-term bio-
safety assessment before recommending large-scale agri-
cultural application.
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