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Introduction

Biosynthesis of NiO nanoparticles using Spirogyra
sp. cell-free extract and their potential
biological applications

Yadvinder Singh,® Ramandeep Singh Sodhi,” Prit Pal Singh {2 ** and
Sandeep Kaushal & *°

Biosynthesis is progressing owing to economical synthesis and the availability of organisms (good source
of metabolites) which significantly complex and cap the metallic ions to produce stable nanomaterials.
In this study, nickel oxide nanoparticles (NiO NPs) were prepared using cell free extract of Spirogyra sp.,
a filamentous green macroalgae containing polyols, ammines, and carbonyl compounds. The
biomolecules in the extract efficiently convert Ni(NOs), to NiO as indicated by a change in color from
greenish to reddish violet. The formation of NiO NPs was confirmed by the signature peak observed at
350 nm in the UV spectrum and diffraction peaks at 20 = 37.3, 43.3, 62.9 and 75.6° in the XRD spectra.
The crystallite size of the as-synthesized NiO NPs was calculated to be 27.7 nm. The physical
characterization techniques like FESEM, HRTEM etc. confirmed the formation of polycrystalline
quasi-spherical NPs. The synthesized material was further investigated for its potency for biological
applications. Its antibacterial action (ICs0:10 mg L% against Gram-positive (Bacillus subtilis) and
Gram-negative (Escherichia coli) bacterial strains showed concentration dependent activity with MIC
(minimum inhibitory concentration) of 10 mg L™ In addition, the NPs showed a stimulatory effect at
lower concentration (5 mg L™) with a nearly 15% increase in the root length and shoot length, while they
exhibited an inhibitory effect at higher concentration (>5 mg L™) on seed germination and seedling
growth of Mung Beans (Vigna radiata (L) R. Wilczek). In addition, the NiO NPs showed appreciable
antioxidant potential, evaluated through assays like DPPH and TAC. Furthermore, it is concluded that the
as-synthesized NiO NPs via a green approach showed reliable in vitro biochemical properties, which
signifies their potential for use in the biomedical and agricultural fields with future appraisal.

current situation is to develop efficient, rapid, reputable and
biological approaches for the synthesis of stable nanomaterials

Small particles with wider pertinence have revolutionized the
field of nanotechnology. Sustainable growth in this field has
been observed in the last decade as nanomaterials display
distinct characteristics responsible for their diverse acceptability
and utilization." Global efforts have been made for large-scale
production of nanomaterials, considering their advantageous
physical, chemical, and biological properties. The conventional
methods employed for their synthesis have restricted their
applications in the field of ecological remediation, photo-
catalysis, biomedicine and agriculture.>® The challenge in the
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for their widespread biological applicability. Looking at the
abundant availability of flora and fauna, researchers have been
probing continuously the suitable candidates for bio-synthesis of
nanomaterials. The bottom down biogenic approach has gained
prominence due to its affordable cost, less complexity and
environment friendly nature.*® Numerous organisms like
plants, fungi, algae, bacteria etc. have been utilized by different
workers for the synthesis of metal/metal oxide NPs.””® The
metabolic byproducts from organisms act as reducing, and
capping agents to improve stability and biocompatibility.'®**
Algae, as one of the dominant photosynthetic and diverse
primitive organisms, are a rich source of secondary meta-
bolites, proteins, peptides, and pigments." Algae also have high
metal accumulation capacity and the ability to transform metals
into NPs either intra or extra-cellularly. The members of various
classes of algae such as Cyanophyceae (blue-green algae/
cyanobacteria), Phaeophyceae (brown algae), Chlorophyceae
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(green algae), and Rhodophyceae (red algae) have been exploited
for the synthesis of metallic and metal oxide NPs.""'*> Although,
Ag, Au and Zn NPs have been synthesized using algal extracts,
i.e. ZnO using Sargassum muticum,” Ag NPs using Bacillus brevis
and marine algae Spirogyra and Padina sp.,"""* and Au NPs using
aqueous algal extract of Laminaria japonica,* there is still scope
to explore the potential of more algal species for the synthesis of
unique nanomaterials.

Commercially, among metallic NPs, nickel nanoparticles
have attracted considerable interest owing to their intrinsic
semiconductor properties, electron transfer capability, anti-
microbial and anti-inflammatory potential and admirable
magnetic and electrical properties.”™ In comparison to nickel
nanomaterials synthesized chemically, the green approach
produces nanomaterials having diminished size with excellent
monodispersity, which demonstrate enhanced in vitro biological
applications.” Currently, few reports are available on biogenic
synthesis of Ni NPs by employing various plants and plant
products. The bio-fabricated Ni and NiO nanoparticles using
extracts from plant sources Hordeum vulgare, Ananas comosus,
Ocimum sanctum, Calotropis gigantea, Brassica rapa, Alfalfa
and Stevia leaf have shown reliable in vitro biochemical
properties.”"> ™ The reports signify the utility of biogenic
Ni NPs in biomedical and agricultural fields due to their
conducting nature, controlled size, ability to generate oxidative
stress and inherent anti-pathogenic properties.* Khan et al.
observed the stimulatory effect of doped Ni NPs on germination
of wheat and pearl millet seeds, which might be due to the
embedding of controlled size NPs through the seed coat, which
activated the embryonic uptake of nutrients along with water.*

The current study describes an efficient biological method for
the synthesis of NiO NPs using a cell-free extract of macroalgae
Spirogyra sp. To the best of our knowledge, NiO NPs have been
obtained for the first time using macroalgae Spirogyra sp. The
NiO NPs were characterized by FTIR, XRD, FESEM, EDX,
HRTEM, BET, XPS and RAMAN spectroscopic techniques to
explore their potential for in vitro biochemical applications.
The antibacterial potential was evaluated against one Gram
negative (Escherichia coli) and one Gram positive (Bacillus sub-
tilis) bacteria along with antioxidant properties in terms of DPPH
and OH radical scavenging activity. Moreover, the effect of the
synthesized NiO NPs on seed germination and early seedling
growth of mung beans has been studied to evaluate its biocom-
patibility as well as multi-functionality for potential agricultural
applications as a seed priming agent. The results revealed that
algal metabolites have the potential to work as a complexing and
stabilizing agent for the synthesis of NiO NPs. The synthesized
environment friendly NiO NPs have potential for widespread
future applications in medical and agricultural fields.

Materials and methods
Collection and identification of algal biomass

The biomass of filamentous green macroalgae was collected
from a freshwater stream, near Rajpura city of Punjab, India.
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The collected biomass was washed with double distilled water
(DDW) several times to remove impurities. Spirogyra sp. was
identified according to the following morphological character-
istics: vegetative cells 85-230 mm long and 40-60 mm wide; 1-5
chloroplasts spirally arranged; ellipsoidal zygospores.

Preparation of cell free extracts

The cleaned biomass of Spirogyra sp. was dried in the shade at
room temperature for a week and then pulverized using a pestle
and mortar. To prepare the aqueous cell free extract, 10 g
pulverized biomass was mixed with 100 mL DDW taken in a
250 mL conical flask, and the mixture was kept in a boiling
water bath for 30 min with continuous stirring. Then, the
mixture was centrifuged at 12000 rpm for 10 min and the
obtained greenish supernatant liquid (cell free extract) was
stored at 4 °C in a refrigerator for further use.

Synthesis of NiO NPs

The aqueous cell free extract (10 mL) obtained above was added
dropwise into 100 mL of 0.05 M Ni(NOs), (AR grade) solution
taken in a 250 mL conical flask. The pH of the reaction mixture
was adjusted between 5-10 using sodium hydroxide, and kept
at 65 °C for 30 min with constant mechanical stirring. The
change in color of the solution from greenish to brownish red
indicated the formation of NiO NPs. The nanoparticle synthesis
process was monitored by UV-vis spectrophotometer. The
solution mixture was cooled to room temperature and centri-
fuged at 14 000 rpm for 15 min. The pellet of NPs obtained was
retained while the supernatant was discarded.>® The obtained
semi gel pellet of NPs was dried in an oven by heating at 100 °C
for 1 h, followed by calcination at 400 °C for 4 h. The probable
mechanism for the synthesis of NiO NPs is given in Scheme 1.

Characterization of the synthesized NiO NPs

The optical properties of the synthesized material were evaluated
by UV-visible spectrophotometer (Shimadzu-1800). Functional
group analysis was done with an FTIR spectrophotometer
(Perkin Elmer spectrophotometer-RXI). An X-ray diffractometer
(Rikaguminiflex 600) was used for XRD analysis using Cu-o
radiation (1 = 1.54 A) operated at 40 kV and 15 mA with a

_ﬁ ﬁ_
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Scheme 1 Schematic for the step-wise synthesis of NiO NPs.
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scanning speed of 4.000° min~'. Morphology and elemental
analysis were assessed by field-emission scanning electron
microscope (ZEISS) and high resolution transmission electron
microscope (HRTEM). The surface area, total pore volume and
mean pore diameter were determined using a BET (Bel, Japan,
Inc, Microtec BELSORP MINI-II) surface area analyzer. Raman
spectroscopic analysis was carried out using a Horiba, Model:
Lab RAM HR evolution. The elemental composition, empirical
formula, chemical state and electronic state were determined
by X-ray photoelectron spectroscopy (XPS) (Thermo Fischer
Scientific Escalab Xi +).

Biological applications
Antibacterial activity

The growth of both Gram-positive (Bacillus subtilis) and Gram-
negative (Escherichia coli) bacterial strains was examined in the
absence and presence of the synthesized NiO NPs. The pure
cultures of each test organism were sub-cultured separately in
10 mL LB medium (Hi Media) by placing the culture vessel in a
BOD incubator overnight at 37 °C and 150 rpm agitation. Then,
both the test organisms were again sub-cultured into 50 mL LB
medium supplemented with different concentrations (2.5 mg L™,
5mgL ", 10 mg L " and 15 mg L") of synthesized NiO NPs by
adjusting the initial optical density (OD) of the bacterial culture to
0.1 at 600 nm using a UV-visible spectrophotometer. The bacterial
growth in culture supplemented by NiO NPs was measured
periodically (after intervals of 2 h) in terms of the optical densities
at 600 nm in comparison to the control (growth medium without
NiO NPs) and algal cell free extract supplemented bacterial
cultures. The experiment was performed in completely rando-
mized design with three replications to record the growth of test
organisms for 16 h, and the measured optical densities were
plotted as a function of time.

Antioxidant activity
DPPH

The antioxidant activity of the synthesized NiO NPs was
evaluated by the DPPH method (19). Various concentrations
(5 mg L™" 10 mg L', 20 mg L™" and 40 mg L™ ') of NiO
NPs were prepared in methanol to assess their free radical
scavenging potential. To prepare the reaction mixture, a 1 mL
solution of each concentration of NiO NPs was added to a
freshly prepared DPPH (2,2-diphenyl-1-picrylhydrazyl) methanol
solution (80 pg mL ') and kept in the dark at room temperature
for 30 min. The decrease in concentration of DPPH was mon-
itored by measuring the absorbance of the reaction mixtures at
517 nm using a UV-vis spectrophotometer, with methanol as the
reference blank cooled to room temperature. All samples were
prepared in triplicate and their absorbance was recorded at
695 nm by a UV-vis spectrophotometer. All samples were run
in triplicate and the DPPH radical scavenging ability of the NPs
was expressed in % as follows:

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Inhibitions (I%) = Absorbance of control — Absorbance of
sample/Absorbance of control x 100

Total antioxidant capacity

The total antioxidant capacity of the synthesized NiO NPs was
determined using different concentrations of NPs (5 mg L™,
10 mg L', 20 mg L' and 40 mg L") by following the
phosphomolybdenum method.>" To prepare the reaction mix-
ture, 400 pL of the sample was mixed with 3.6 mL of reagent
solution containing 0.6 M sulfuric acid, 28 mM sodium phos-
phate and 4 mM ammonium molybdate. The reaction mixture
tubes were incubated at 95 °C for 90 min and then the capacity of
each sample was expressed as milligrams (mg) of ascorbic acid
(AA) equivalent by taking ascorbic acid as a standard reference.

Effect on seed germination and seedling growth

The effect of biogenically synthesized NiO NPs on seed germina-
tion and seedling growth was evaluated using Mung Bean (Vigna
radiata (L.) R. Wilczek) seeds. To ensure the surface sterility, the
seeds were sterilized with 5% sodium hypochlorite solution for
15 min and rinsed thoroughly with DDW several times. Different
concentrations (5 mg L™, 10 mg L ™", 20 mg L " and 40 mg L™ ') of
the synthesized NPs were prepared for this experiment by mixing
the powdered NiO NPs in sterilized DDW. The prepared aqueous
nano-solutions were introduced in pre-sterilized Petri plates con-
taining four layers of filter paper (Whatman filter paper) and 20
Mung Bean seeds. The cell free algal extract and DDW (without
NiO NPs) were used as a control. A completely randomized design
with three replications was employed and the experimental setup
was kept in the dark at 27 °C, to assess the phytotoxicity of the NiO
NPs. The seed germination rate and the seedling growth in terms
of root and shoot lengths were measured on the 4th and 8th day.

Results and discussion
Biosynthesis of NiO NPs

The cell free extract of Spirogyra sp. contains various biomolecules
like tannin, phenolics, saponins, poly-alcohols, phenols, terpe-
noids, flavonoids, etc.?*** When nickel nitrate solution is incor-
porated in the aqueous algal extract, the nickel ions may interact
with phytochemicals present in the aqueous Spirogyra sp. extract
which form complexes with nickel ions, and a noticeable change
of color is observed.”* Various optimizations of the reaction
conditions were explored prior to the synthetic process, and it
was discovered that the volume of algal Spirogyra extract of 10 mL,
PH 8 and the reaction duration of 30 min with constant stirring
constituted the optimum conditions for synthesis. By using the
above parameters, the NiO NPs were synthesized and the solu-
tions were checked using a spectrophotometer for the formation
of nanoparticles.”® The synthesized particles were then washed
with DDW and calcined to get NiO NPs in powder form.

Physical characterization of the NiO NPs

Several analytical techniques were used to confirm the bio-
synthesis of NiO NPs. The change of color of the reaction
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mixture from greenish to brownish red on mixing the precur-
sor, (NiNO3),, with algal cell free extract at 65 °C indicated the
formation of NiO NPs. The NPs synthesis was monitored using
the UV-vis spectrophotometer absorption peaks positioned at
350 nm (Fig. 1a). The NPs suspension was preserved for 72 h at
room temperature and surface plasmon resonance was studied
after regular intervals using a spectrometer. The results showed
a significant peak centered at 350 nm with diminished inten-
sity, indicating the sedimentation of stable NiO NPs. The
reports suggest the binding of biomolecules, protein or meta-
bolites, i.e. ammines, terpenoids etc., which provide stability to
the NPs.'® The characteristic peaks of biomolecules have been
observed in the IR spectra.

The signature peaks of different functional groups in the
FTIR spectrum of Spirogyra sp. cell free extract (Fig. 1b) showed
that many biomolecules present in the extract may act as
capping and stabilizing agents during the process of synthesis.

View Article Online
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The broad peak at 3576 cm™ " is attributed to the O-H stretching
mode of alcohols or polyols."" The weak bands at 2928 cm ™" may
be attributed to C-H stretching of hydrocarbons and the peak at
2316 cm ' may be ascribed to C=N stretching vibrations of
ammines.”® The peaks at 1643 cm™ ' and 1525 cm™ ' indicate the
presence of C—0 or C—C bonds in carboxylic acids or aromatic
compounds, and the peak at 1376 cm ™" corresponds to C-O
stretching vibrations in alcohols or ethers. The peaks at
943 cm™*, 820 cm ™" and 685 cm™ ' may correspond to the C-X
bond of alkyl halides and C-H bond stretching of aromatic
compounds.”” The FTIR spectrum of the synthesized NiO nano-
particles showed a peak at 3519 cm™ ' and diminished peaks on
either side, indicating the presence of many O-H groups as in
polyols, present in different environments. The other peaks at
1637 cm ', 1368 cm™ ' and 1117 cm ™' showed the presence of
secondary metabolites and proteins, which are mainly respon-
sible for stabilizing the NiO NPs through complexation."
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(a) Tauc plot (inset UV-vis spectra); (b) FTIR spectra of the extract; (c) XRD pattern and (d) BET (inset: pore size distribution) of the NiO NPs.
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The peaks at 671 and 831 cm ™" are in the range of metal-oxygen
stretching vibrations, indicating the presence of a Ni-O bond.”

The structural and crystallinity information of NiO NPs is
displayed in Fig. 1c. The XRD pattern affirmed the formation of
NiO nanoparticles with intense reflection peaks at 20 = 37.3,
43.3, 62.9, 75.6 and 79.6 with indices (111), (200), (220), (311)
and (222), respectively. The diffraction pattern obtained for the
synthesized nanoparticles was in good agreement with JCPDS
card number 47-1049, with a face-centred cubic structure of
NiO NPs having average lattice parameter of 4.17710 A.>® The
average crystallite size of the nanoparticles was found to be
27.7 nm as calculated using the classical Debye-Scherrer
approximation. These results are in agreement with the TEM
results. The large surface area of nanomaterials offers an
incredible opportunity for assorted applications. The BET
analysis of the as synthesized NiO NPs has been displayed in
Fig. 1d. The specific surface area, average pore size and total
pore volume of NiO NPs were evaluated to be 16.71 m*> g7,
1.2 nm and 0.32 cm® g~ ', respectively, using the BJH method.
This suggests that NiO NPs are mesoporous with moderately
uniform pore size distribution.

The vibrational modes of the as-synthesized NiO NPs were
also investigated using Raman spectroscopy (Fig. 2). In the NiO
NPs, four scattering peaks were observed at 501, 735, 1080 and
1460 cm™". These could be ascribed to the first-order long-
itudinal optical phonon mode of the Ni-O lattice vibrations, the
second-order transverse, and the longitudinal optical phonon
modes,?>*° and the two-magnon mode of NiO.*!

The surface morphological characteristics of the as-
synthesized NiO NPs were examined by field emission scanning
electron microscope (FESEM) and shown in Fig. 3(a and b). It
has been observed that nanoparticles have a spherical shape
with some level of agglomeration which might be ascribed to
the high surface energy and surface tension of the NiO NPs.*?
Energy dispersive X-ray analysis (EDX) was used to confirm the
elemental composition and purity of the NiO nanoparticles.
The EDX precisely quantified the Ni and O contents, and
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Fig. 2 Raman spectrum of NiO NPs.
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exhibited only Ni and O peaks without any other peak due to
contaminants (Fig. 3b).

HRTEM investigations were employed to explore the mor-
phology and structure of the NiO NPs. Fig. 4(a-c) displays the
HRTEM images of NiO NPs and confirm the formation of
agglomerated quasi spherical particles. The sharp diffraction
spots in the selected area electron diffraction (SAED) pattern
(Fig. 4d) suggest that the as-obtained nanoparticles are poly-
crystalline and indexed to (111), (200), (220), (311) and (222),
respectively, and these observations are in good agreement with
the XRD results.

The survey spectrum (Fig. 5a) displays the characteristic
binding energy (eV) peaks corresponding to Ni, O and C in
the nanoparticles. The obtained Ni 2p spectrum supports Ni
2ps» and Ni 2py, peaks. Fig. 5b demonstrates that the char-
acteristic peaks of Ni*" 2,35, and its satellite peaks were found
at 854.1, 855.6, and 861.2 eV, respectively, whereas the Ni** 2py,
peak was found at 872.6 eV, indicating that NiO structures
were formed.** The deconvoluted spectra of oxygen (O 1s) in
Fig. 5c revealed a peak at 529.6 eV, which is related to the peak
in Ni 2p (NiO). The other peak at 531.2 eV was attributed to the
C=O0 group or shoulder peak of NiO. The peaks at 285.3, and
284.9 eV were assigned to the C-OH/C-O-Ni, and C-C/C=C,
respectively, in the deconvoluted expanded spectra of C 1s
(Fig. 5d).

Biological applications
Antibacterial activity

Currently, a number of traditional medicines having antibiotic
potential are in use to control bacterial infections throughout
the world. But, one of the major problems associated with the
use of traditional antibiotic medicines is the development of
antibiotic resistance in bacteria. The scientific community from
around the world is working hard for developing alternative
materials having strong antibiotic potential with no risk of
antibiotic resistance to control the infectious bacterial
diseases.**® The recent advances in nanotechnology have great
potential for providing new materials with significant antimi-
crobial properties through promising eco-friendly routes.”>°
In this study, the antibacterial activity of the as-synthesized
NiO NPs using cell free extract of Spirogyra sp. was evaluated by
determining the growth rate of selected bacterial strains: Gram-
positive (B. subtilis) and Gram-negative (E. coli). The selected
test organisms were cultured in LB medium supplemented with
graded concentrations (0 to 15 mg L") of NiO NPs and their
growth rate was monitored regularly in terms of optical density
at 600 nm. The obtained results revealed that the synthesized
NiO NPs showed a dose-dependent response against both the
selected bacterial strains (Fig. 6). Moreover, the cell free extract
of Spirogyra sp. also exhibited an inhibitory effect on the growth
of both the tested organisms in comparison to the control
(growth medium without nanoparticles). The biosynthesized
NiO NPs showed strong antibacterial activity by inhibiting the
growth of both the bacterial strains within the first 2 h of the

Mater. Adv,, 2022, 3, 4991-5000 | 4995
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Fig. 3 (a) FESEM image; (b) EDX spectra of NiO nanoparticles.

100}

Fig. 4 HRTEM images (a—c) and (d) SAED pattern of NiO NPs.

experiment at 10 and 15 mg L™ " concentrations. The MIC of the
biosynthesized NiO NPs for bacterial growth was found to be
10 mg L' for both the bacterial strains. The obtained results
confirmed that the NiO NPs synthesized using cell free extract of
Spirogyra sp. are bacteriostatic at lower concentration while
bactericidal at higher concentration. The results also suggested
that 10 mg L™ concentration of the as-synthesized NiO NPs was
suitable to act as a viable bactericidal for preventing bacterial
contamination. Overall, the biogenic NiO NPs synthesized in this
study showed significant antibacterial potential, which is con-
sistent with the previous reports.?®3336394% The exact

4996 | Mater. Adv., 2022, 3, 4991-5000
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mechanism for the antibacterial action of NiO NPs is still not
well described. So, it may be hypothesized here that the nano-
particles having ~25-30 nm size easily infiltrate the bacterial
cell wall and interact with the various cytoplasmic biomolecules
of bacteria. The bio-compounds on the surface, and the charge
and size of the nanoparticles are the key attributes that contribute
to adsorption of NPs on bacterial cells and their smooth penetra-
tion inside the cell by disrupting cell wall integrity. The penetra-
tion of NPs inside the cell may cause oxidative stress by generating
reactive oxygen species (ROS), which leads to cellular oxidative
damage and NPs-based toxicity. The earlier studies have also

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Growth curves of selected bacterial strains, (a) B. subtilis and (b) E. coli at different concentrations of the synthesized NiO NPs.
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Fig. 7 Antioxidant activity of biogenic NiO NPs at different

concentrations.

concluded that biogenic NPs can easily infiltrate the cell wall and
cause cell death by oxidative damage.***”

Antioxidant activity

The biogenically synthesized NiO NPs were found to have strong
DPPH radical scavenging ability in comparison to that of the algal
extract. The obtained results indicate that all the tested samples
have concentration-dependent antioxidant activity, i.e. from 28%
to 86% across all the tested concentrations ranging from 5mg L™"
to 40mg L~ (Fig. 7). Furthermore, the total antioxidant capacity
of the biosynthesized NiO NPs supports their free radical scaven-
ging potential. The maximum value for total antioxidant capacity
(TAC) in terms of ascorbic acid per mg was found to be 70% for
40 mg L ™" of NiO NPs. It is noteworthy that cell free extract of
Spirogyra sp. also exhibited good free radical scavenging activity
and total antioxidant capacity. These observations indicated that
cell free extract of Spirogyra sp. is a rich source of natural
antioxidants. Therefore, the algal biomolecules (flavonoids, phe-
nolic acids, alkaloids, etc.) present on the surface of the nano-
particles were responsible for the high antioxidant activity of the
synthesized NiO NPs. The results of antioxidant activity studies
are in agreement with earlier reports on biogenic NiO NPs.?%3%3°
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Effect on seed germination and seedling growth

Recently, NPs based bio-fertilizers have emerged as a better
substitute with significant applications in agriculture fields to
enhance nutrient uptake, break seed dormancy and reduce the
use of hazardous agrochemicals. Therefore, NPs synthesized by
a green route have better potential and are an eco-friendly
alternative to agrochemicals used in agriculture fields.
Presently, numerous metallic nanoparticles including TiO,
ZnO and Ag NPs etc. are in use for sustainable agriculture.*®™*
In the present study, the effect of the synthesized NiO NPs on
seed germination and early seedling growth (Root and Shoot
Length) of Mung Bean was examined on the 4th and 8th day of
the experiment. The obtained results indicated that the synthe-
sized NiO NPs at low concentration (5 mg L™ ') showed a
stimulatory effect on seed germination and early seedling growth
of mung beans in comparison to the non-treated control. It is
worth mentioning that the cell free extract of Spirogyra sp. also
exhibited a stimulatory effect on all the studied growth para-
meters. Although at lower concentration of NPs, the seed germi-
nation was not inhibited, at higher concentrations, the
germination was inhibited by 16, 45 and 80% at 10, 20 and
40 mg L', respectively. A significant increase (nearly 15%) in the
root length of 4.1 and 9.2 cm was observed on 4th and 8th day,
respectively at 5 mg L™ concentration of the synthesized NiO
NPs in comparison to the non-treated control (Fig. 8b and c). A
similar trend was observed in the case of shoot length in which a
significant increase of 20% and 21.22% was observed on the 4th
and 8th day, respectively at 5 mg L' concentration of the
synthesized NiO NPs in comparison to the non-treated control.
However, higher concentrations (>10 mg L™ ') of the synthe-
sized NiO NPs caused a significant reduction in root and shoot
length of mung beans. Results of this investigation corroborate
with findings of previous studies that showed both inhibitory
and stimulatory effects of NiO NPs on seed germination and
seedling growth of various crops.*>*™*

Conclusion

This study demonstrates an ecofriendly method for the synth-
esis of biogenic NiO NPs using cell free extract of green
macroalgae Spirogyra sp. The physical characterization of the

(b)
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Fig. 8 Effect of the synthesized NiO NPs on (a) seed germination, (b) root length and (c) shoot length.
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as-synthesized NPs by various sophisticated methods revealed
the stable polycrystalline nature of the as-synthesized NiO NPs
with assorted morphological properties, controlled size
(27.7 nm) with large surface area and semiconducting nature
(Eg = 2.85 eV) along with the confirmation of bioactive func-
tional groups on the surface. The biogenic NiO NPs exhibited
various in vitro biological activities due to their small size and
the presence of capping and stabilizing biomolecules on their
surface. The synthesized NiO NPs have shown good antibacter-
ial activity against Gram-positive (Bacillus subtilis) and
Gram-negative (Escherichia coli) bacterial strains along with
significant antioxidant activity. Moreover, the biogenically
synthesized NiO NPs possess a stimulatory effect on seed
germination and seedling growth of Mung Beans (Vigna
radiata) at lower concentration (5 mg L") which may be used
as a substitute for synthetic agrochemicals for plants having
seed dormancy and slow seed germination. Hence, it is con-
cluded that the as-synthesized biogenic NiO NPs from cell-free
extract of Spirogyra sp. with potential biological activities could
be utilized as bactericides and green agrochemicals at indus-
trial scale after carrying out detailed in vivo studies on their
toxicity in animal models.
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