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Abstract: The development of sustainable, ecofriendly, and cost-effective methods for the synthesis
of nanomaterials is an important aspect of nanotechnology these days. The present study was aimed
at synthesizing cobalt oxide (Co3O4) nanoparticles by using plant extracts of Aerva javanica, bacterial
isolates from rhizospheric soil of Potentilla atrosanguinea, Swertia petiolata, Senecio chrysanthemoides,
and from fungus Fusarium oxysporum. X-ray diffraction spectroscopy (XRD) and scanning electron
microscopy (SEM) techniques were used in the characterization of the synthesized nanoparticles. The
bacterial strain, Bacillus subtilis, isolated from rhizosphere of Potentilla atrosanguinea (N1C1), Fusarium
oxysporum, methanolic and aqueous extracts of Aerva javanica reduced the cobalt salts to cobalt oxide
nanoparticles. The nanoparticles, synthesized from bacterial isolate N1C1 (Bacillus subtilis) and from
Fusarium oxysporum had average particle size of 31.2 nm and 33.4 nm, respectively, whereas, the
particle size of Aerva javanica was higher (39.2 nm) and all the nanoparticles were poly shaped. The
nanoparticles synthesized from methanolic extract of Aerva javanica, bacterial strain (N1C1) and
fungi Fusarium oxysporum showed better performance against Bacillus subtilis and P. aeruginosa, the
bactericidal activity was higher against Gram-positive bacterial strains. Methanolic extracts of leaf
and flower have shown a wide range of phytochemicals and higher antibacterial activity, and among
all strains, Pseudomonas aeruginosa and Bacillus subtilis susceptibility was greater to extracts.

Keywords: cobalt oxide nanoparticles; antimicrobial activity; Fusarium oxysporum; Aerva javanica;
scanning electron microscopy; X-ray diffraction spectroscopy

1. Introduction

Nanoscience is one of the fastest developing multi-disciplinary fields, which holds a
promising future because of the close relationship between basic and applied aspects of
this field [1]. Nowadays, different types of nanoparticles are synthesized by using many
physical, chemical, biological, and hybrid methods [2]. Biosynthetic methods employing
either biological microorganism such as bacteria [3], fungus [4], and plant extracts [5] have
proven to be simple and viable substitutes to more complex chemical synthetic procedures
of obtaining nanomaterials. Different types of nanoparticles, such as copper, titanium,
zinc [6], alginate [7], gold, magnesium, [8], and silver are synthesized. The most stable
phase of cobalt oxide, Co3O4 is used in lithium-ion batteries, gas sensors, magnetic stor-
age, and supercapacitors [9]. It is produced chemically through various methods like
13 nm Co3O4 in crystal sizes were synthesized from reaction of Co (NO3)2_6H2O with
NH4HCO3 at 300 ◦C [10]. Solanum trilobatum Linn extract was used for the synthesis
of silver nanoparticles under different temperature ranges. Silver nanoparticles having
15–20 nm cubic and hexagonal shape were formed in sunlight [11]. The extract of Psidium
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guajava leaves indicated the involvement of its polar phytocompounds in reducing the
metal source and stabilizing the nanoparticles. Therefore, the extract of its leaves was used
in the fabrication of various nanoparticles such as, silver, gold, zinc, and copper oxide
nanoparticles [12,13]. Rhizospheric microorganisms can improve plant performance under
different types of stress environments and improve yield through direct and indirect mech-
anisms [14]. Various Bacillus species were used in the preparation of nanoparticles because
of their easy handling and their ability to survive under low and high temperatures, and
variable degrees of acidity and alkalinity [15]. It was found the Fusarium oxysporum shows
high tolerance towards heavy metals [16]; also because of its growth rate, easy processing,
and biomass production Fusarium oxysporum is used in rapid synthesis of nanoparticles [17].
Ahmad et al. [18] demonstrated the synthesis of 5–15 nm silver nanoparticles from Fusarium
oxysporum. Various Fusarium oxysporum strains were involved in the production of nanopar-
ticles ranging from 20 to 50 nm. Das et al. [19] reported the production of nanoparticles of
gold by using Rhizopus oryzae which were confirmed through Fourier-transform infrared
spectroscopy (FTIR). Similarly, Mukherjee et al. [20] found biological production of silver
nanocrystalline 35 ± 10 nm particles from Trichoderma asperellum. Aspergillus tubingensis and
Bionectria ochroleuca showed significant ability to form silver nanoparticles extracellularly.
Further evaluation by X-ray diffraction analysis and photon correlation spectroscopy for
particle size and zeta potential, showed effective antifungal activity against Candida sp.
with minimal inhibitory concentration in the range of 0.11–1.75 µg/mL [21]. Aerva javanica
is a plant species belonging to the family Amaranthaceae; native to Africa and also present
in some Asian countries and many other parts of the world. It is a perennial herb [22].
Fusarium is a heterogeneous genus and is distributed all over the world [23]. Fusarium
oxysporum belong to division Ascomycota and family Nectriaceae.

Research is now focused on green synthesis of nanoparticles because this biological-
based process is not only environment friendly, cost effective, and rapid, but the chemically
synthesized nanoparticles may also exhibit pharmacological residual effects on the ecosys-
tem. So, for this reason, in metal nanoparticles production, microorganisms are also
used [24]. The development of methods benign to the ecosystem for biogenetic production
is now of more interest due to simplicity of the procedures and versatility [25,26]. Due
to their amenability to biological functionalization, biological nanoparticles are receiving
important applications in the field of medicine [27]. The biomolecules present in plant
extracts can be used in the synthesis of nanoparticles through a single-step green synthesis
process [28]. Beside this, biological synthesis using different plants and microbes results in
stable production of nanoparticles with controlled sizes and shapes, the process is rapid,
lacks complex chemical synthesis, and is nontoxic [29].

Secondly, the green synthesis of nanoparticles using biological material also facilitates
their implication as biocontrol agents in addition to their growth promoting properties,
for example, bacteria produce phytohormones and promote growth and development of
plants when used as bioinoculant. Furthermore, their biocontrol potential gets enhanced
when they are in nanoparticle form [30].

Cobalt oxide possesses interesting properties and therefore has attracted numerous
researchers to studying their possible biomedical and agricultural applications [31]. Cobalt
oxide nanoparticles show antibacterial, antioxidant, and antileishmanial effects where the
biogenic cobalt oxides NPs showed DPPH free radical scavenging potential [32]. They can
be used as a cofactor of vitamin B12, energy storage, and as a nanopesticide [33]. However,
these NPs also show eco-toxic effects, though the toxicity mechanism of NPs is unknown
but mostly depends on their shape, and physical and chemical properties [34]. The toxicity
of Co-NPs may be characterized either by their direct uptake by cells or by their solubilized
metal ions in the media [35]. The toxicity mechanisms have not yet been completely
elucidated for most NPs, and little is known about the potential effects of plants and NPs
on their subsequent fate in the food chain [36]. Hence, NPs ought to be designed to have
all necessary properties such as effective concentration with high effectiveness, stability,



Agronomy 2021, 11, 1607 3 of 20

solubility, time-controlled release in response to certain stimuli, enhanced targeted activity,
and less toxicity with safe and easy mode of delivery to avoid repeated applications [37].

Microorganisms like bacteria usually display a process called bioreduction, which
includes the accumulation of metallic ions to decrease their toxicity. Plants also possess the
reducing capability because of the presence of various biomolecules in their extracts [38].
Both plant extracts and microbial cells are known to contain many compounds such as,
polysaccharides, proteins, amino acids, organic acids, and phytochemicals such as, polyphe-
nols, flavonoids, terpenoids, alkaloids, tannins, and alcoholic substances can reduce and
stabilize the nanoparticles and causes their synthesis [39,40]. Fungi are excellent sources
of many bioactive compounds that can be used in the synthesis of nanoparticles. The
microscopic filamentous fungi and other fungal species are reported to produce thou-
sands of bioactive compounds [41]. These microorganisms possess lenience to the heavy
metals and can adopt as well as bioaccumulate the metals. Thus, these organisms have
been used for reduction and stabilization during the synthesis of nanoparticles. Fungi are
more convenient compared to other microbes due to their production of high quantities
of enzymes and proteins for nanoparticle synthesis [42,43]. Since fungi are very effec-
tive secretors of extracellular enzymes, therefore achieving vast production of enzymes
is feasible [44] and can produce nanoparticles and nanostructure via reducing enzyme
intracellularly or extracellularly. Microbes–nanoparticle interactions play a significant role
in disease treatment in the form of antimicrobial agents as biological nanoparticles were
found to be more pharmacologically active than physico-chemically synthesized nanopar-
ticles [45]. The inhibitory mechanism of nanoparticles against different pathogenic bacteria
and fungi includes release of metal ions that interact with cellular components through
various pathways including reactive oxygen species (ROS) generation, pore formation
in cell membranes, and cell wall damage that ultimately inhibits the growth of cells [46].
Nanomaterials as antibacterial complements to antibiotics are highly promising and are
gaining large interest as they might fill the gaps where antibiotics frequently fail [47,48].

The chemical synthesis of nanoparticles has several potential environmental hazards
and causes carcinogenicity, genotoxicity, cytotoxicity, and general toxicity [49]. Use of
toxic compounds also limits their applications. Hence, green synthesis of nanoparticles
using biological materials viz. plants, bacteria, and fungi is more sustainable, ecofriendly,
and cost effective. The novelty of using plants and bacteria is their additional benefit as
having medicinal properties such as, antifungal, and antibacterial properties; in the case
of plants against pathogens, the bacteria used for synthesis of nanoparticles may have
biocontrol potential. Therefore, the present investigation is based on the hypothesis that
the production of nanoparticles from plants and bacteria impart biocontrol properties in
addition to their growth promoting properties and phytohormone producing potential
of plants and bacteria, based on which the current research was aimed at synthesizing
ecofriendly nanoparticles from plant extracts, rhizobacteria, and fungi, and their subse-
quent characterization by XRD and SEM and application as antibacterial and antifungal
agents against selected species of pathogenic bacteria and fungi.

2. Materials and Methods

The present research work was carried out in the Phytohormone Laboratory, Depart-
ment of Plant Sciences, Quaid-i-Azam University, Islamabad, in collaboration with the
National Centre for Physics (NCP), Islamabad, Pakistan. Aerial parts of the Aerva javanica
were collected from Khalol, Tehsil Kahuta District, Rawalpindi. Fresh aerial parts were
taken, rinsed with distilled water and shade dried. Dried material was ground, and 50 g
powder was soaked in 500 mL of methanol and methanol: water in 1:1 ratio. The homoge-
nized mixture was incubated for two weeks at room temperature (25 ◦C) with occasional
shaking to facilitate extraction. The extract was filtered through double Whatman #41 filter
paper. The extracts were completely evaporated by rotary evaporator at 40 ◦C and under
reduced pressure. About 1.8 g of extract of Aerva was obtained. The extracts were stored at
4 ◦C in the refrigerator and further used for antibacterial and antifungal activities.
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2.1. Isolation and Characterization of Bacterial Strains

Three soil samples were collected from Gilgit at altitude of 3670 m.a.s.l. (from rhi-
zosphere of Potentilla atrosanguinea, Family; Rosaceae), 3914 m.a.s.l. (from rhizosphere
of Swertia Petiolata, Family; Gentianaceae), and 3486 m.a.s.l. (from rhizosphere of Senecio
chrysanthemoides, Family: Apiaceae).

For isolation of bacterial strains, 1 g soil from each sample was mixed with 10 mL
double-distilled water. The mixture was stored in an autoclavable Falcon tube and cen-
trifuged at 3000 rpm for 10 min. Thereafter, 10 mL supernatant was collected from each
Falcon tube and decimal dilutions were prepared. From decimal dilutions an aliquot
(80–100 µL) was used to spread on LB agar plate and were incubated at 30 ◦C for 72 h. To
study the cell morphology of selected bacterial strains the protocol described by Miller
et al. [50] was used. Bacterial cells were grown overnight in LB agar plates, and after 24 h,
color and shape of each isolated colony was observed under light microscope (Nikon,
Japan) at 100× magnification.

The number of colonies per plate were counted and CFU was determined as suggested
by James [51].

CFU = (colony count on an agar plate/total dilution of tube) × dilution factor (1)

Presence of oxidase enzymes in isolated microbial strains were checked according to
Steel [52]. For this purpose, Kovac’s reagent was made by the addition of hot distilled water.
A strip of filter paper was immersed in this reagent and then desiccated. Twenty-four-hour-
old bacterial colonies were transferred to filter paper. The color was changed from purple to
dark brown within 30 s, indicating the presence of oxidase. Whereas, the catalase enzymes
in microbial strains were detected according to Macfaddin [53]. Briefly, 24-h-old bacterial
cultures were dropped on the slide following the addition of 30% hydrogen peroxide (1
drop). Catalases were recorded based on the existence of gas bubbles.

The QTS-24 miniaturized identification system (DESTO Laboratories Karachi, Pak-
istan) was used to examine the biochemical traits of selected isolates. The 24-h-old culture
of bacterial colonies was suspended in saline solution (0.85% NaCl) and was used to
inoculate QTS kits.

2.2. Extraction, Purification and Sequencing of Bacterial DNA

A single colony of bacterial culture was used to inoculate tryptone yeast extract (TY)
broth. The grown culture was centrifuged at 12,000 rpm at 4 ◦C for (10 min) followed by
suspending in lysis buffer. The supernatant was transferred into a new tube followed by
the addition of chloroform. The obtained DNA was dissolved in distilled water. The purity
of DNA was assessed through nanodrop spectrophotometry (260–280 nm). The obtained
DNA was amplified. The primer used for PCR-amplification has the nucleotide sequence as
fd1 (AGAGTTTGATCCTGGCTCAG) and rd1 (AAGGAGGTGATCCAGCC). The amplified
PCR products were electrophoresed on 1.2% (w/v) agarose gel with DNA ladder (1 kb) as
molecular marker. The gel was stained with 0.01 g/mL ethidium bromide and examined
under UV trans-illuminator lamp. Approximately 1400 bp purified PCR products were
sequenced by using primers 27FAgAgTTTgATCMTGGCTCAg, 1492RTACggYTACCTTgT-
TACgACTT, 518FCCA gCAgCCgCggTA ATA Cg, and 800R TAC CAgggT ATC TAA TCC.
Sequencing products were resolute on an Applied Biosystems model 3730XL automated
DNA sequencing system (Applied BioSystems, San Francisco, CA, USA) at the Macrogen,
Inc., Seoul, South Korea.

2.3. Characterization of Phytochemical by Thin Layer Chromatography

Thin layer chromatography was performed on 20 × 20 cm preparative silica gel
plates (Merck, 25 Chromatofolios AL TLC 20 × 20 cm Silica gel 60 F254). The flavonoid
compounds present in Aerva javanica were qualitatively determined with the help of thin
layer chromatography. Ultraviolet light was used to observe colored spots on the TLC
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chromatogram. Chloroform and methanol (9:1 ratio and 4:1) were used as mobile phase.
Rf value was calculated by using the following formula [54].

Rf = distance spot travel/total distance travel (2)

2.4. Synthesis of Nanoparticles
2.4.1. Synthesis from Plant

Aerial parts of the plant Aerva javanica (50 g) were powdered using an electric grinder.
The powdered material (25 g) was suspended in 250 mL distilled water or methanol and
kept for 3 d at room temperature. The mixture was filtered using Whatman #41 double
filter paper. Thereafter, 100 mL of the filtrate was mixed with 0.1 M solution of cobalt
chloride (100 mL) incubated for 3 d in the dark. A mixture of distilled water and cobalt
chloride solution was used as control to establish that this mixture cannot reduce cobalt
chloride to cobalt oxide nanoparticles. Thereafter, the three days’ mixture was transferred
to China dishes and placed in an oven overnight. Dark green material in dried form was
obtained which was placed in a furnace for 5 h at 400 ◦C (Wisetherm, FH-05, Lilienthal,
Germany). After calcination, black color nanoparticles were formed.

2.4.2. Synthesis from Bacterial Strains

LB broth (400 mL) extract was prepared in four 250 mL flasks. After autoclave, the
flasks were placed at room temperature in a laminar hood and allowed to cool. A pure
colony of each bacterial strain (14–48-h-old culture) was inoculated in broth and placed
in a shaker. Then 100 mL of 0.1 M cobaltous chloride solution was added at 1:1 ratio and
incubated in a shaker for 3 d, at pH 6.8–7. The sterile media mixed with cobaltous chloride
solution was used as control to establish that the media components cannot reduce cobalt
chloride into cobalt oxide nanoparticles. The microbes were killed by autoclaving at 121 ◦C.
The water content in the mixture was removed by placing the flaks in an oven (Diagnostic
medical service, DSO) at 100 ◦C overnight. The residue left was transferred to a furnace
(Wisetherm, FH-05, Lilienthal, Germany) for calcination at 400 ◦C for 5 h. The nanoparticles
in powder form thus obtained were converted into very fine particles.

2.4.3. Synthesis from Fungus

Fusarium oxysporum (10 mL) was inoculated with 7-d-old culture and was poured into
100 mL of 0.1 M solution of cobaltous chloride and kept in an incubator for 3 d at 28 ◦C.
The sterile media mixed with cobaltous solution was used as control to establish that the
media components cannot reduce cobalt chloride into cobalt oxide nanoparticles. The pH
of the mixture was 6.5. After 3 d, the contents were autoclaved and filtered by using a
suction pump (OF301, Herlev, Denmark) using membrane filter paper (0.045 nm). The
filtrate was placed in an oven at 100 ◦C overnight and calcined at 400 ◦C for 5 h.

2.5. Characterization of Nanoparticles

Nanoparticles were suspended in DMSO by using a sonicator for 20 min with concen-
trations of 25 mg/mL, 15.5 mg/mL, 6.25 mg/mL, 3.1 mg/mL, and 1.5 mg/mL.

Nutrient broth medium was prepared for each test organism by dissolving 0.13 g of
nutrient broth powder in 10 mL of distilled water in a small 50 mL conical flask and the pH
was adjusted to 7.0. The flasks were plugged with a cotton plug and autoclaved at 121 ◦C
and 151 b/psi for 20 min. After sterilization, the broth medium was allowed to cool under
aseptic conditions. The 24-h-old test microorganism was then added to the broth culture in
flasks with the help of a sterile wire loop. This mixture was then placed in a shaker for 24 h
so that the test organism could grow well.

The agar tube dilution method was used for antifungal activity of the extract as
reported by Choudary et al. [55].

The morphology and size of particles were further determined by using XRD (X-ray
diffraction pattern). The X-ray diffraction pattern of the particle powder was studied with
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PAN Netherland diffractometer (Model 3040/60 X pert PRO). The morphological studies
were investigated by JSM5910 (JEOL, Tokyo, Japan) field emission electron microscopy.

3. Results
3.1. Isolation and Biochemical Characterization of Microbial Isolates

Initially many colonies were obtained of which four colonies from different samples such as,
N1C1 strain isolated from the rhizosphere of Seneciochry santhemoides, Family: Apiaceae 3486 m.a.s.l.,
Gilgit, was identified as Bacillus subtilis with which it bears 99% similarity. Na7C4 strain isolated
from rhizosphere of Swertia Petiolata, Family: Gentianaceae, 3914 m.a.s.l., Gilgit, and Na13C4 (strain
from rhizosphere of Potentilla Atrosanguinea, Family; Rosaceae 3670 m.a.s.l., Gilgit).

Bacillus sp. (Na13C3) and Planococcus rifietoensis (Na13C4) were Gram positive and
have round cell shape, whereas Bacillus subtilis (N1CI) and Arthrobacter. sp. (Na7C4) are
rod shaped and Gram negative. The Planococcus rifietoensis (Na13C4) had CFU/g soil
14 × 103 and Bacillus subtilis (N1CI) had maximum CFU at 107 dilutions (5.8 × 107). The
morphological and biochemical characterization of isolated bacterial strains are presented
in Table 1. All strains were oxidase and catalase positive.

Table 1. Morphological and biochemical characterization of isolated microbial strains from the soil samples taken at three
different altitudes in Gilgit Baltistan, Pakistan. Microbial identification kits QTS-24 from Desto Laboratory, were used for
biochemical tests.

Reactions Tests
Soil Samples

Bacillus sp. (Na13C3) Planococcus rifietoensis (Na13C4) Arthrobacter sp. (Na7C4) Bacillus subtilis (N1C1)

CS Colony shape/color large round/white Round/orange Round/yellow Small round/white

CES Cell shape Round Round Rod Rod

GS Gram staining + + − −

Oxid Oxidase + + + +

Cat Catalase + + + +

CFU Colony forming unit 4.5 × 107 9 × 103 14 × 103 5.8 × 107

QTS

ONPG Ortho nitrophenyl
β-D-galactopyranoside − + + −

CIT Sodium citrate + + + +

MALO Sodium malonate + + + +

LDC Lysine decarboxylase + + + +

ADH Arginine dihydrolase + + + +

ODC Ornithine decarboxylase + + + +

H2S H2S production − − − +

URE Urea hydrolysis + + + +

TDA Tryptophan deaminase + + + +

IND Indole − − − −

VP (Vogesproskauer) Acetion − − − −

GEL Gelatin hydrolysis − − − −

GLU Acidic from glucose + + + +

MALT Acid from maltose + − + +

NO3/N2 + + + +

SUC Acid from sucrose − − − +

MANN Acid from mannitol − − − +

ARA Acid from arabinose + + + +

RHAM Acid from Rhamnose + − + +

SOR Acid from sorbitol − − − +

INOS Acid from inositol − − − +

ADO Acid from adonitol − − − +

MEL Acid from Melibiose − − − −

RAF Acid from raffinose − − − −



Agronomy 2021, 11, 1607 7 of 20

QTS miniaturized identification tests results of these strains were compared against
the standard species present in Bergey’s Manual of Determinative Bacteriology. The isolated
rhizobacteria Planococcus rifietoensis (Na13C4) and Arthrobacter sp. (Na7C4) positively
utilized ONPG, CIT, MALO, LDC, ADH, and ODC, whereas Bacillus subtilis (N1CI) (isolated
from the rhizosphere of Potentilla Atrosanguinea) and Bacillus sp. (Na13C3) showed positive
results to all others except ONPG. Of four isolates, Bacillus sp. (Na13C3), Planococcus
rifietoensis (Na13C4), and Arthrobacter sp. (Na7C4) showed negative reaction to SUC,
MANN, SOR, INOS, ADO, and H2S production while Bacillus subtilis (N1CI) was positive
for these tests. All isolated microbial colonies were positive for UREA, TDA, GLU, NO3/N2,
and ARA activity and negative for IND, VP, GEL, MEL, and RAF, for MALT and Rhamnose
were positive except Na13C4 which was negative to Rhamnose utilization. The microbial
isolate N1C1 showed better utilization of carbohydrates.

3.2. Thin Layer Chromatography

Thin layer chromatography of methanolic and methanol water extract of Aerva javanica
showed the presence of flavonoids, tannins detected with the help of ultraviolet light. Rf
value was calculated from colored bands that were only visible under ultraviolet light of
low and high wavelength. The phytochemicals identified with the help of Rf value are
shown in Figure 1 and Table 2.

Figure 1. Thin layer chromatography of methanol and methanol:water extract of Aerva javanica with
solvent media methanol:chloroform (9:1, 4:1).

Table 2. Phytochemicals identified through TLC (thin layer chromatography) in methanol and the
methanol:water extracts of Aerva javanica.

Extracts Rf Value Class of Compound Reported
Compounds

Color of
Compound References

Ew

0.15

0.68 Tannins Bluish gray [56]

0.511 Flavonoid Tectochrysin Dark blue -

Em

0.444 Flavonoids Genkwanin Bluish -

0.57 Flavonoids Morin Bluish -

0.668 Tannins Bluish gray -

0.8 Flavonoids (365 nm) Kaempferol Light green [57]
Ew: methanol:water, Em: methanol.
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3.3. Characterization of Nanoparticle

Cobalt oxide (Co3O4) nanoparticles synthesized from the plant, fungus, and bacteria
were characterized through XRD and SEM. The XRD pattern of cobalt oxide synthesized
from Fusarium oxysporum exhibited diffraction peaks at 30.9191◦, 36.5364◦, 59.0089◦, and
64.9460◦ at indices (220), (311), (511), and (440) according to standard JCPDS card No
01-080-1545. The highest peak was observed at 36.5364◦ (311) indices. The peak’s intensity
showed the crystalline nature of the nanoparticle as presented in Figure 2. The average
particle size was 33.4 nm (Table 3).

The XRD pattern of cobalt oxide synthesized from Fusarium oxysporum (Naf) exhib-
ited diffraction peaks at 30.9191◦, 36.5364◦, 59.0089◦, and 64.9460◦ at indices (220), (311),
(511), and (440) according to standard JCPDS card No 01-080-1545. The highest peak was
observed at 36.5364◦at (311) indices. The peaks’ intensity showed the crystalline nature of
the nanoparticles as presented in Figure 2A. The average particle size was 33.4 nm.

Table 3. Peak detail of XRD pattern of cobalt oxide synthesized from Fusarium oxysporum, bacterial species, methanolic
extract of dried aerial part of Aerva javanica and water extract of dried aerial part of Aerva javanica.

Source Pos.
(◦2Th.)

Height
(cts)

Full-Width
Half-Maximum

(◦2Th.)
d-Spacing (Å)

Tip Width
(◦2Th.) Matched by

Fusarium
oxysporum

31.4981 508.56 0.2460 2.84033 0.2952 01-080-1543

36.5364 5426.86 0.1968 2.45940 0.2362 01-080-1543

44.821 27.25 0.1771 2.02110 0.2125 01-080-1532

59.0089 1526.73 0.1968 1.56538 0.2362 01-080-1543

64.9460 1814.11 0.3000 1.43471 0.3600 01-080-1543

Bacterial species

31.3115 15,451.40 0.1968 2.85684

36.4362 2852.11 0.2460 2.46593

45.0464 5803.07 0.2460 2.01259 01-080-1545

56.1684 1340.33 0.3444 1.63761

64.9833 356.50 0.6888 1.43516

65.9249 943.18 0.3936 1.41693

74.8941 1376.67 0.1968 1.26793

83.6190 557.20 0.7200 1.15547

Methanolic extract
of Aerva javanica

31.2819 28.77 0.1771 2.85948 0.2125 01-080-1532

36.8551 118.44 0.1476 2.43886 0.1771 01-080-1532

44.8465 27.25 0.1771 2.02110 0.2125 01-080-1532

59.4016 33.83 0.2952 1.55597 0.3542 01-080-1532

65.1555 20.28 0.4320 1.43060 0.5184 01-080-1532

Water extract of
Aerva javanica

28.5287 159.95 0.1033 3.12886

36.9674 35.99 0.2362 2.43171 00-001-1152

40.6646 79.63 0.0886 2.21875

69.3668 8.34 0.2657 1.35480

73.9683 14.87 0.4320 1.28043
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Figure 2. (A–D): X-ray diffraction spectroscopy (XRD) pattern of cobalt oxide synthesized from Fusarium oxysporum (A),
bacterial strain N1C1 (B), aerial parts of Aerva javanica (C), and water extract of dried aerial parts Aerva javanica (D).

The XRD pattern of cobalt oxide nanoparticle synthesized from rhizobacterial isolate
Bacillus subtilis (N1CI) showed diffraction peaks at 31.3115◦, 36.4362◦, 45.0464◦, 56.1684◦,
and 64.9833◦. These peaks are consistent with the indices (220), (311), (400), (422), and (440)
matched by standard JCPDS card 01-080-154 having particle size of 31.2 nm. The particle
size of 31.2 nm was calculated from the 1st, 3rd, and 5th peaks (Table 3). The peak with
high intensity was at 31.3115◦ showing the crystalline nature of nano powder (Figure 2B).

Similarly, cobalt oxide nanoparticles (Nm1) synthesized from methanolic extract of Aerva
javanica showed reflection peaks at 31.278◦, 36.855◦, 36.855◦, 44.821◦, 59.371◦, and 65.252◦.
These peaks correspond to indices (220), (311), (400), (511), and (440) matched by standard
JCPDS card No 01-080-1532 and average size was 39.23 nm calculated from peaks 1, 3, and 5
(Table 3). The acute peak showed the cubic crystalline nature of material (Figure 2C).

The XRD pattern (Figure 2D) showed the formation of cobalt oxide from aqueous
extracts of Aerva javanica representing the diffraction peaks at 36.963◦ and 65.186◦ at indices
311 and 440 corresponding to standard JCPDS card No 00-001-1152. The average particle
size calculated from XRD pattern was 68.9 nm using the 1st, 3rd, and 5th peaks as shown
in Table 3. The cobalt oxide nanoparticles synthesized from microbes were smaller in size
than those of fungus and plant extracts. Methanolic extracts were smaller in size than those
of aqueous extract.

SEM images of nanoparticles synthesized from isolated rhizobacterial strain, Bacillus
subtilis (N1CI), and fungus, Fusarium moniliforme, are represented in Figures 3 and 4.

The synthesized nanoparticles were poly-shaped crystals at magnification of 0.5, 1,
and 5 µm. All the particles were in cluster form.

3.4. Antibacterial Activities of Bacterial Isolates, Plant Extract and Synthesized Nanoparticles

The antibacterial activity of selected isolates, plant extracts, and nanoparticles synthe-
sized from these isolates, plant extracts, and fungus were examined against four pathogenic



Agronomy 2021, 11, 1607 10 of 20

strains viz. Bacillus subtilis, Staphylococcus aureus, Escherichia coli, and Pseudomonas aeruginosa
at different concentrations.

Figure 3. SEM images of cobalt oxide nanoparticles synthesized from N1C1 microbial strain isolated from soil at different
magnifications.

Figure 4. SEM images of cobalt oxide nanoparticles synthesized from Fusarium oxysporum.
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The maximum bactericidal activity against Bacillus subtitles was shown by N1C1
followed by Bacillus sp. (Na13C3) and Planococcus refietoensis (Na13C4). The Arthrobacter sp.
(Na7C4) has no significant antibacterial activity against Bacillus subtilis. Significantly higher
bactericidal activity against Staphylococcus aureus was exhibited by Arthrobacter sp. (Na7C4).
Minimum antibacterial activity against Staphylococcus aureus was shown by Planococcus
refietoensis (Figure 5).

Figure 5. Antibacterial activity of Bacillus sp., Planococcus refietoensis, N1C1, and Arthrobacter sp. against pathogenic strains
Bacillus subtilis, Staphylococcus aureus, Escherichia coli and Pseudomonas aeruginosa. Different letters are indicating significant
differences (p < 0.05) among treatments.

Figures 6 and 7 showed that the plant methanolic and methanol:water (1:1) extracts
exhibited concentration dependent bactericidal activity against pathogenic bacteria. The
minimum inhibitory concentration (MIC) was 0.94 mg/mL against all pathogenic bacteria
except for Escherichia coli where the MIC was 0.47 mg/mL in cases of methanolic extract
while in the case of methanol:water the MIC was 0.94 mg/mL against Bacillus subtilis and
Escherichia coli and 0.47 mg/mL against Staphylococcus aureus and Pseudomonas aeruginosa.

Figure 6. Antibacterial activity of methanolic extracts of aerial parts of Aerva javanica against pathogenic strains Bacillus
subtilis, Staphylococcus aureus, Escherichia coli, and Pseudomonas aeruginosa at different concentrations. Different letters are
indicating significant differences (p < 0.05) among treatments.
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Figure 7. Antibacterial activity of methanolic:water (1:1) extracts of aerial parts of Aerva javanica against pathogenic strains
Bacillus subtilis, Staphylococcus aureus, Escherichia coli, and Pseudomonas aeruginosa at different concentrations as shown in Figure 6.
Different letters are indicating significant differences (p < 0.05) among treatments.

3.5. Antibacterial Activity of Cobalt Oxide Nanoparticle

Antibacterial activity of cobalt oxide nanoparticle synthesized from N1C1 microbial
strain isolated from soil showed significantly higher inhibition potential at 25 mg/mL
against all pathogenic strains which decreased with the decrease in concentration of the
sample. Minimum inhibitory concentration of N1C1 nanoparticle against Bacillus subtilis,
Escherichia coli, and Pseudomonas aeruginosa was 3.13 mg/mL. For Staphylococcus aureus,
MIC was 1.6 mg/mL nanoparticle (Figure 8).

Figure 8. Antibacterial activity of nanoparticles (N1C1) synthesized from isolated microbial strain from soil of Gilgit at
altitude of 3670 m (from rhizosphere of Potentilla atrosanguinea, Family; Rosaceae) against pathogenic strains Bacillus subtilis,
Staphylococcus aureus, Escherichia coli, and Pseudomonas aeruginosa at different concentrations. Different letters are indicating
significant differences (p < 0.05) among treatments.
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Nanoparticle synthesized from fungus Fusarium oxysporum showed significantly
higher inhibition potential against all the pathogenic bacterial strains at higher concentra-
tion of 25 mg/mL. Its MIC against Bacillus subtilis and Escherichia coli was 3.13 mg/mL
while MIC recorded for Staphylococcus aureus and Pseudomonas putida was 1.6 mg/mL
(Figure 9).

Figure 9. Antibacterial activity of cobalt oxide nanoparticles (Naf) synthesized from fungus Fusarium moniliforme against
pathogenic strains at different concentrations as shown in Figure 8. Different letters are indicating significant differences
(p < 0.05) among treatments.

Antibacterial activities of cobalt oxide nanoparticles synthesized from methanolic
(Nm) and aqueous extracts (Nw) of Aerva javanica are demonstrated in Figures 10 and 11.
The nanoparticles synthesized by methanolic extract (Nm) showed significantly higher an-
tibacterial activity against all the strains at higher concentration; maximum inhibition was
observed against Staphylococcus aureus than all other strains. Its minimum inhibitory con-
centration against Bacillus subtilis and Escherichia coli was in the range of 6.25–3.13 mg/mL
against Staphylococcus aureus and Pseudomonas aeruginosa, respectively. While in the case of
aqueous extract nanoparticles, the MIC was 6.25 mg/mL against Bacillus subtilis, 1.6 mg/mL
against Staphylococcus aureus, 12.5 mg/mL against Escherichia coli, and 3.13 mg/mL against
Pseudomonas aeruginosa. Nanoparticles showed good performance against Staphylococcus
aureus followed by Pseudomonas aeruginosa.

3.6. Antifungal Activities of Cobalt Oxide Nanoparticles

The nanoparticles formed via methanol extract showed better performance in inhibit-
ing (47%) the growth of Fusarium moniliforme and mild activities (10%) against Fusarium
solani. Similarly, nanoparticles synthesized via fungus Fusarium oxysporum (Naf) showed
25.3% inhibition of Fusarium moniliforme growth and bacterial synthesized nanoparticles
inhibited the growth of Fusarium solani by 20% (Figure 12).
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Figure 10. Antibacterial activity of nanoparticles (Nm) synthesized from methanolic extract of aerial parts of Aerva javanica
against pathogenic strains Bacillus subtilis, Staphylococcus aureus, Escherichia coli, and Pseudomonas aeruginosa at different
concentrations as shown in Figure 8. Different letters are indicating significant differences (p < 0.05) among treatments.

Figure 11. Antibacterial activity of nanoparticle (nw) synthesized from aqueous extract of aerial parts of Aerva javanica
against pathogenic strains Bacillus subtilis, Staphylococcus aureus, Escherichia coli, and Pseudomonas aeruginosa at different
concentrations. Different letters are indicating significant differences (p < 0.05) among treatments.
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Figure 12. Antifungal activity of nanoparticles formed from bacterial strain N1C1, Fusarium oxysporum fungus, and
methanolic and methanol water extracts of Aerva javanica (16 g/mL) against Fusarium moniliforme, Fusarium solani, and
Helminthosporium sativum. N1C1—Bacillus subtilis; NM1—methanolic extract of Aerva javanica; Naf—Fusarium oxysporum;
Nw—Aqueous extract of aerial parts. Different letters are indicating significant differences (p < 0.05) among treatments.

4. Discussion

During current studies, potential of rhizobacteria isolated from rhizosphere of wild
plants growing at higher altitude in Gilgit-Baltistan, methanolic and aqueous extracts
of wild plant Aerva javanica and already identified fungus Fusarium oxysporum was as-
sessed for the synthesis of cobalt oxide nanoparticles. The synthesized nanoparticles were
characterized by XRD and SEM and evaluated for biological activities. Four microbial
strains (Bacillus sp (Na13C3), Planococcus Rifietoensis (Na13C4), Arthrobacter sp. (Na7C4),
and N1C1) were used to synthesize cobalt oxide by reducing cobalt from cobalt chlo-
ride to cobalt oxide because Co3O4 is the most stable form. During current studies, only
bacterial isolate Bacillus subtilis (N1CI) was capable of synthesizing cobalt oxide, which
was confirmed through XRD pattern. These results confirmed the previous findings of
He et al. [58] who used Rhodopseudomonas capsulata and synthesized gold nanoparticles
of different sizes and shapes. Most metal ions are toxic for bacteria, hence bacteria use
different strategies, e.g., bioreduction of ions or the formation of water insoluble complexes
to overcome such toxicity [32], because for the synthesis of a specific nanoparticle, the
microbe should be resistant to that metal. The failure of Bacillus sp. (Na13C3), Planococcus
rifietoensis (Na13C4), and Arthrobacter sp (Na7C4) in the synthesis of nanoparticles may be
attributed to their susceptibility towards metal toxicity because various metals are toxic to
many microorganisms [59,60]. However, a good number of bacteria are resistant to heavy
metals and improve their resistance towards metal toxicity. This important characteristic
helps bacteria in their growth in media having high metal concentrations and has potential
for nanoparticle’s synthesis [61].

The average size of N1C1 calculated using XRD diffraction peaks was 31.2 nm. Simi-
larly, the particle size of cobalt oxide nanoparticle formed by fungus Fusarium oxysporum
(Naf) was 33.4 nm. Duran et al. [62] used several Fusarium oxysporum strains to synthesize
15–50 nm silver nanoparticles. Nanoparticle’s size was dependent on pH, incubation time,
etc., which was altered by changing these conditions [63].

Nanoparticles produced from methanolic and aqueous extracts of Aerva javanica have
an average size of 39.23 nm and 68.9 nm. Presence of carbohydrates and protein in Aerva
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Javanica [64] might be a source of oxidation of cobalt-to-cobalt oxide nanoparticles [65].
In addition, presence of flavonoids also helps in the synthesis of nanoparticles. Plants
contain many phytochemicals (terpenoids, flavones, ketones, aldehydes, amide, carboxylic
acids, etc.) that may be helpful in reduction of metal ions into nanoparticles [66]. Presence
of flavonoids in the Aerva javanica extracts were also confirmed through thin layer chro-
matography. Raghunandan et al. [67] reported that leaves extracted from Psidium guajava
contained flavonoids involved in reduction of gold from gold chloride for the biosynthesis
of poly-shaped gold nanoparticles.

The synthesized nanoparticles were poly-shaped crystals at magnification of 0.5, 1,
and 5 µm in scanning electron microscopy (SEM). Rod-shaped crystal nanoparticles were
prominent in microbes while more or less cubic form was observed in fungus. Formation
of different shapes like random and multifaceted structures were due to the aggregation
processes [68–70]. Various mechanisms are involved in aggregation of particles such as
agglutination (clumping of particles), cohesion, coagulation, condensation, etc. Many
factors such as diffusion time and reaction time are involved in controlling the size and
shape of aggregates [71].

During current studies, methanolic extract of Aerva javanica had greater antibacterial
activity against all the tested bacterial strains. However, the bactericidal activity was higher
against Gram-positive bacterial strains. Plant methanolic and methanol:water (1:1) extracts
exhibited concentration-dependent bactericidal activity against pathogenic bacteria. The
plant, fungal, and bacterial extracts were more effective against pathogenic bacteria than
the pathogenic fungi. Results further demonstrate that the methanol:water extract of
plant-based nanoparticles was effective and at 15 mg/mL can supersede even the stan-
dard antibiotic chloramphenicol. Antifungal activity of methanolic extract of plant-based
nanoparticles was effective and can supplement the fungicide. Mothana et al. [72] exam-
ined the 64 methanol and water extracts of thirty Yemeni plants (Cupressus sempervirens) in
which prominent antimicrobial activity was observed against Gram-positive bacteria. Srini-
vas and Reddy [73] also demonstrated that the amount of Aerva javanica residues extracted
with methanol was higher when compared with other solvents and leaf and flower yielded
larger amounts of extracts. Methanolic extracts of leaf and flower have shown a wide range
of phytochemicals and higher antibacterial activity and among all strains, Pseudomonas
aeruginosa and Bacillus subtilis susceptibility was greater to extracts [74].

The antibacterial activity of the synthesized nanoparticles was dependent on their
source of reducing agents. The nanoparticles synthesized from methanolic extract of
Aerva javanica, bacterial strain (N1C1), and fungi Fusarium oxysporum showed better per-
formance against Bacillus subtilis and P. aeruginosa. S. aureus was more susceptible to Naf.
Nidhi et al. [75] reported that the silver nanoparticles synthesized from Cynodon dactylon
leaves were most effective against P. aeruginosa followed by S. aureus, E. coli, and S. ty-
phimurium. The nanoparticles illustrated mild antibacterial effects against Gram-negative
E. coli and S. typhimurium but significant activity against Gram-positive S. aureus and
Gram-negative P. aeruginosa. Members of genera Fusarium and Helminthosporium were well
known phytopathogens producing major losses in crop yield; keeping the importance of
this economic damage in mind it was very fascinating to test the antifungal potential of
isolates (Arthrobacter sp. (Na7C4), Bacillus sp. (Na13C3), Planococcus rifietoensis (Na13C4),
and N1C1)), plant extracts (methanolic and methanol water), and their nanoparticles and
nanoparticles formed from fungus against these pathogenic fungal strains. Plant methano-
lic extract inhibited the growth of Fusarium moniliform, Fusarium solani, and Helminthospore
sativum with greater percentage than other samples. Plants are an important source of
fungal toxic compounds, and they may provide renewable sources of useful fungicides
that can be utilized in antimycotics drugs against different fungus. Cespedes et al. [76]
reported that methanolic extract showed good antifungal activity against Fusatium monili-
forme and other fungal species. Among microbes, Fusarium moniliforme was encountered
by Bacillus sp in a better way than others while Arthrobacter sp and N1C1 showed mild
activity and Planococcus refietoensis did not inhibited the growth of fungus. Bascillus sp’s
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performance against pathogenic strains suggested that it has the potential for promotion of
plant growth and suppression of soil-borne plant pathogens. This statement is supported
by Svanstrom et al. [77], that some bacteria, especially Bacillus, etc. suppressed the growth
of filamentous fungi both in vitro and in vivo by secreting lytic enzymes such as chitinases
and glucanases, which digests their walls that are the protecting layer around fungi and
killed them. Similarly, Wahyudi et al. [78] demonstrated that Bacillus sp showed mild
antifungal activity against Fusarium sp. Joshi et al. [79] illustrated that Bacillus megaterium
showed 47% inhibition against Fusarium oxysporum.

Antifungal activity of cobalt oxide nanoparticles formed from bacteria fungi and plant
extracts demonstrated that these nanoparticles did not show any pronounced activity.
However, nanoparticles formed from methanolic extract of plants inhibited the growth
of Fusarium moniliforme. The nanoparticles synthesized from rhizobacteria inhibited the
growth of Fusarium solani, which may be attributed to the smaller size of these nanopar-
ticles compared to those synthesized from plant extracts and fungi. Size and shape of
nanoparticles and methods of their preparation and their interaction with media and stabi-
lizers are responsible for fascinating properties of nanoparticles. However, to obtain good
nanoparticle-controlled synthesis application is a key challenge [80,81].

5. Conclusions

Bacillus subtilis, Fusarium oxysporum, and methanolic and water extracts of Aerva
javanica have potential for the oxidation of cobalt-to-cobalt oxide. XRD confirmed that
nanoparticles synthesized via bacteria (31.2 nm) were smaller than those synthesized from
fungus and plant extracts. For the synthesis of nanoparticles from microbes, the bacteria
should bear resistance to the metal used. Plants contain many phytochemicals (terpenoids,
flavones, ketones, aldehydes, amide, carboxylic acids, etc.) that may be helpful in reduction
of metal ions into nanoparticles. Hence synthesis of nanoparticles from plants may be easier
and the synthesized nanoparticles may possibly also be more potent as biocontrol agents.
The size of nanoparticles being dependent on pH and incubation time and temperature
hence their action may also differ under different growing conditions and abiotic and biotic
stresses. The rhizobacterial isolate Bacillus subtilis (N1CI) and methanolic extract of Aerva
javanica and Fusarium oxysporum could be used in industry for the sustainable, economical,
and environment-friendly synthesis of cobalt oxide nanoparticles.
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