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is of silver nanoparticles using
cyanobacterium Leptolyngbya sp. WUC 59 cell-free
extract and their effects on bacterial growth and
seed germination

Yadvinder Singh,*a Sandeep Kaushal *b and Ramandeep Singh Sodhic

The biogenic synthesis of metal nanoparticles (NPs) is of great significance, as it renders clean,

biocompatible, innocuous and worthwhile production. Here, we present a clean and sustainable route

for the synthesis of silver nanoparticles (Ag NPs) using the cell-free aqueous extract of the

cyanobacterium Leptolyngbya sp. WUC 59, isolated from polluted water and identified using

a polyphasic approach. The conformation and characterisation of the as-synthesized biogenic Ag NPs

was carried out using various sophisticated techniques like UV-visible (UV-Vis), X-ray diffraction (XRD),

Fourier transform infrared (FTIR), energy dispersive X-ray spectroscopy (EDS) and high-resolution

transmission electron microscopy (HRTEM). The sharp colour change and emergence of a characteristic

peak at 430 nm in the UV-Vis spectrum confirm the formation of the Ag NPs. The morphological and

physical appearance indicated that the synthesized Ag NPs are crystalline with a typical size of 20–

35 nm. Furthermore, the bio-reduced nanoparticles were explored for their antibacterial activity against

Bacillus subtilis and Escherichia coli bacteria, seed germination effects and early seedling growth of

wheat (Triticum aestivum L.). The Ag NPs significantly suppressed the growth of both Bacillus subtilis and

Escherichia coli bacteria with the treatment of 10 mg L�1 concentration within the initial 3 hours. The

lower concentration (25 mg L�1) of the synthesized Ag NPs significantly enhanced the seed germination

and early seedling growth of wheat in comparison to the control on the 4th and 8th day. The present

investigations show that the use of the cyanobacterium Leptolyngbya sp. WUC 59 provides a simple,

cost-effective and eco-friendly tool for the synthesis of Ag NPs. Moreover, it could have great potential

for use as an alternative to chemical-based bactericides not only in pharmaceutical industries, but also

to control bacterial diseases in agricultural crops.
Introduction

Nanotechnology is an emerging area with increased focus in
various elds of science, such as material science, medical
science and atomic science. It is the science of the synthesis of
nanomaterials, and the investigation of their applications with
their nanometre dimensions.1,2 Recently, the synthesis of
nanomaterials has gained massive consideration across the
world because of their intensive applications, ranging from
target drug delivery, cancer treatment, biomedicine and envi-
ronmental remediation to antimicrobial progress.3–5 The most
signicant perspectives that characterize its appropriateness for
these applications are the synthesis procedures. Numerous
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physical and chemical strategies for synthesizing nano-
materials, such as the reduction of silver salt solution, the
thermal decomposition of silver compound and sonication
have been discussed in the literature.6,7 However, these
methods have terrible impacts on the environment as well as on
human health as these strategies discharge huge amount of
hazardous chemicals and toxic byproducts.8–11 Consequently,
there is an emerging concern to develop green, procient,
innocuous, non-destructive, ecological and biological
approaches for the synthesis of nanoparticles (NPs), which will
be environmentally friendly.12 In particular, among the various
NPs, silver nanoparticles (Ag NPs) are the most commercialised
nanomaterials, and the production of these nanoparticles is
supposed to escalate in the next few years.13 In the literature,
bacteria, fungi, algae and plant extracts are the basic sources for
the synthesis of Ag NPs.14,15 The foremost utility of employing
these biological microorganisms to synthesize Ag NPs is the
presence of bioactive compounds in them, as they afford
a platform for different types of nanomaterials.16
This journal is © The Royal Society of Chemistry 2020
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Among the various microorganisms, algae are a potential
source of metabolites that are essential for the reduction and
fabrication of metallic nanoparticles.17 Cyanobacteria, also
known as blue-green algae, are photosynthetic prokaryotes.
They occupy diverse ecological habitats with widely uctuating
environmental conditions.18 They are good resources of novel
secondary metabolites with their diverse applications in the
eld of agriculture, as nutrient supplements, bioremediation in
wastewater treatment, and in the biomedical eld as an anti-
microbial and anticancer agent.19,20 Cyanobacteria are found to
be an excellent biosystem for the intracellular or extracellular
production of nanoparticles. There has been a number of
reports available in the literature in which cyanobacteria have
been employed for the green synthesis of nanoparticles.21 Cya-
nobacteria produced several biocompounds, such as pigments,
proteins, and polysaccharides, which may act as reducing and
capping agents during the biofabrication of nanoparticles.22

Recent reports on the synthesis of silver nanoparticles using the
cyanobacterial species Oscillatoria limnetica and Desertilum sp.
have been proved to be an eco-friendly and low-priced route of
synthesis with their assorted applicability.23,24

The emergence of multi drug-resistant bacteria, with the
overuse of antibiotics against infectious diseases, required the
development of alternative neutral antibacterial molecules
having unique properties to control these types of microor-
ganisms.25 The cyanobacteria-mediated synthesized Ag NPs
have signicant inhibitory activity toward Gram-negative and
Gram-positive bacteria due to their small sizes and large
surface-area-to-volume ratios, which eased the broad interac-
tions between Ag NPs and bacteria.26 Current studies suggest
that the biosynthesized Ag NPs have effective antimicrobial
potential, and could serve as an alternative to developing anti-
microbial compounds to solve the problem of drug resis-
tance.21,23 Recently, with the improvement in the methods of NP
synthesis, the use of nanotechnology has been astonishingly
increased. In order to increase the capability of plants to absorb
more water and nutrients from soil, there are many advanced
tools in nanotechnology with intensied capacity.27 Razzaq
et al.28 suggested that seedlings supplemented with silver
nanoparticles increased the shoot/root length, chlorophyll and
total protein content. This might be due to the uptake of silver
nanoparticles through seeds, and the alteration of membranes
and other cell structures, as well as protective mechanisms. It
has been reported by many research groups that the effects of
nanoparticles on plants depend on their size and reactivity.28,29

In this context, it is helpful to understand the role of Ag NPs
during the germination of seeds and the early development of
wheat seedlings (Triticum aestivum L).

In light of the benets of green synthesis over different
techniques, herein we have explored the potential of the cell
extract from the cyanobacterium Leptolyngbya sp. WUC 59 as
the reducing and stabilizing agent for the synthesis of Ag NPs.
The effect of synthesized NPs on seed germination and the
early development of wheat seedlings, as well as their anti-
bacterial activity against Gram-negative and Gram-positive
bacterial strains, has also been explored. The results ob-
tained suggest that the biological precursors are a strong
This journal is © The Royal Society of Chemistry 2020
possibility for the synthesis of nanomaterials. These nano-
materials show potential for extensive applications in the
future in the eld of environment and energy, in addition to
medical applications.

Materials and methods
Materials

In this study, analytical grade (Hi-media) chemicals were used
for the preparation of culture media and to perform other
experiments.

Isolation of cyanobacteria and culture conditions

Leptolyngbya sp. WUC 59 was isolated from water samples
collected from a polluted stream (30� 390 00.700 N; 76� 230 47.900

E) from the district Fatehgarh Sahib, Punjab (India). Isolation
and purication of the organism was performed as per our
previous work18 on modied Chu-10 medium.30 The cultured
strains were examined periodically using light microscopes to
ensure the purity of the cultured biomass. The puried colonies
were transferred to sterile 500 mL asks containing Chu-10
medium (pH 7.8). The cultures were grown under a uores-
cent lamp at a light intensity of 2000 � 200 lux for 12 h light/
dark cycle at 26 � 2 �C for 15 days in BOD incubators (NSW,
New Delhi).

Identication of Leptolyngbya sp. WUC 59

The cyanobacterium was identied on the basis of its
morphological character,31 combined with partial 16S rRNA
gene sequencing. Genomic DNA extraction was done by the
HiPurA™ Plant Genomic DNA Miniprep Purication Spin Kit
(HiMedia, Mumbai, India). A cyanobacterial 16S rRNA gene
fragment of 1350 nucleotides was amplied using 5 pmol of the
universal primers 27F (50-AGAGTTTGATCCTGGCTCAG-30) and
1492R (50-TACGGTTACCTTGTTACGACT-30), corresponding to
the E. coli 16S rRNA gene. The total PCR reaction mixture was
50.0 mL, comprising 200 mmol L�1 dNTPs, 50 mmol L�1 each for
the primer, 1� PCR buffer, 3 U Taq polymerase, and 100 ng
genomic DNA. The thermo-cycling conditions involved an
initial denaturation at 94 �C for 4 min, followed by 35 cycles of
1 min at 94 �C, 1 min at 52 �C, and 2 min at 72 �C, and a nal
extension at 72 �C for 8 min. The gel-puried product was ob-
tained using the Gene JET Gel Extraction Kit (Fermentas, Lith-
uania). The sequencing was done using the Big Dye®
Terminator v3.1 Cycle Sequencing Kit and an ABI Prism 310
Genetic Analyzer (Applied Biosystems, USA). The sequences
were analyzed using the gapped BLASTn search algorithm, and
aligned to the near neighbours. The evolutionary history of the
organism was inferred using the Neighbour-Joining method,32

and the evolutionary distances were computed using the
Kimura 2-parameter method.33 The phylogenetic tree was con-
structed using MEGA X.34

Preparation of cell-free extracts

The biomass of a 15 day-old culture of Leptolyngbya sp. WUC 59
was harvested by centrifugation at 5000 rpm for 15 min, and the
Nanoscale Adv., 2020, 2, 3972–3982 | 3973
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pellets obtained were washed with distilled water at least twice
to remove the nutrients from the culture medium. The pellets
were air-dried, and the dried pellets were pulverized using
pestle and mortar. An aqueous cell-free extract was prepared by
mixing 50mg of ne powder with 25mL of double distilled (DD)
water, and then incubating the mixture at 50 �C. Aer 24 h, the
aqueous extract was again centrifuged at 10 000 rpm for 15 min,
and the obtained supernatant was stored in a refrigerator at 4 �C
for further use.
Biosynthesis of silver nanoparticles

The synthesis of silver nanoparticles was performed by adding
1 mL of cell extract (dropwise) into the 100 mL of 1 mM AgNO3

solution in a 250 mL conical ask. The reaction mixture was
kept at 70 �C for 15 min on constant mechanical stirring. The
complete reduction of Ag ions into Ag NPs was observed within
10 min, which indicated the rapid synthesis of Ag NPs. The
synthesis of the nanoparticles was monitored using a UV-Vis
spectrophotometer. The reaction mixture was centrifuged at
15 000 rpm for 30 min at 4 �C, and the supernatant was dis-
carded to collect the pellet. The collected pellet was washed with
DD water several times to remove impurities, and with 90%
ethanol to get the pure Ag NPs powder.
Characterization of Ag NPs

Fourier transform infrared (FTIR) spectra were recorded on
a PerkinElmer RX1 FTIR spectrometer. X-ray diffraction (XRD)
patterns were obtained using a PAN analytical system DY 3190
X-diffractometer. Transmission electron microscopic (TEM)
studies were performed using a model MIC JEM 2100. UV-Vis
spectra were recorded in a quartz cuvette using a Shimadzu-
UV 2600 spectrophotometer. The feasible elemental chemical
composition was analysed with energy dispersive X-ray (EDX)
spectroscopy (Oxford instruments: X-Max 51 – XMX0004). The
average crystallite size and polydispersity index (PDI) of the Ag
NPs were estimated using a Zetasizer Nano (Malvern-ZEN-1690)
apparatus.
Antibacterial activity of Ag NPs

The antibacterial properties of the as-synthesized biogenic Ag
NPs were examined by carrying out a set of investigations to
evaluate the growth of both Gram-positive (Bacillus subtilis)
and Gram-negative (Escherichia coli) bacterial strains. The
strain of both kinds of microorganisms were cultured in 5 mL
LB medium (Hi Media) aseptically under laminar air-ow,
followed by its sub-culturing into 50 mL LB of four sets of
Ag NPs having concentrations of 2 mg L�1, 5 mg L�1, 8 mg L�1,
and 10 mg L�1. At the same time, a control experiment having
no Ag NPs was likewise done. The optical densities of the
pathogens were recorded and plotted as a function of time.
The bacterial expansion was observed (aer interims of 2 h) by
recording the OD600 nm in the UV-Vis spectrophotometer for
the control and samples. The last OD600 nm was recorded aer
24 h of growth.
3974 | Nanoscale Adv., 2020, 2, 3972–3982
Effect of synthesised Ag NPs on seed germination and early
seedling growth

Seeds of Triticum aestivum L. (Wheat cv PBW 660) were sterilized
by washing with ethanol for about 5 min, followed by thor-
oughly washing with dd H2O. For this experiment, the desired
concentrations were prepared by mixing the powdered Ag NPs
in DD water. The seeds were placed on four layers of Whatman
lter paper tted in Petri-dishes, and were soaked with 25, 50,
75, 100 and 150 mg L�1 aqueous solutions of synthesised Ag
NPs. A completely randomized design with three replications
was employed for the germination test with 25 seeds in each
plate. Aer 4 and 8 days, the seed germination rate and the
seedling growth (in terms of the root and shoot length), the
fresh weight and dry weight were measured. As a control, 5 mL
of DD water was used without the addition of Ag NPs.
Statistical analysis

All data presented in the gures are expressed as a mean of
three independent replicates (mean � SEM). The data were
analyzed by applying ANOVA and Tukey's post hoc test at 95%
signicance level using GraphPad Prism 8.3 soware (Graph-
Pad Soware, Inc., La Jolla, CA, USA).
Results and discussion

The organism used in the present study for the biogenic
synthesis of silver nanoparticles (Ag NPs) was isolated and
puried from polluted water samples, and was identied using
the polyphasic approach. The puried axenic culture of the
isolated cyanobacterial isolate was observed under a light
microscope for its phenotypic characterization. The isolate was
unbranched, lamentous, and non-heterocystous. The la-
ments were long and arranged in parallel with a thin rm
sheath. The trichome was pale to a bright blue-green in colour,
and it was straight or bent with nearly round ended cells. The
cell had dimensions of 1.82 � 1 mm width and 1.43 � 1 mm
length. It was constricted at the cross wall with a rounded apical
cell. The cyanobacterium belongs to the family Lep-
tolyngbyaceae, order Synechococcales of Cyanophyceae, and is
identied as Leptolyngbya sp. on the basis of its morphological
characters (inset, Fig. 1). For further identication of the test
organism, the partial 16S rRNA gene sequence (1350 bp) was
determined and the BLASTn results revealed 99% similarity of
the obtained sequence with Leptolyngbya sp. PCC 73110 NIES-
3276 (LC485949). The phylogenetic tree of the 16S rRNA gene
sequences aligned with the sequences of the cyanobacterial
strains obtained from the NCBI GenBank showed grouping of
Leptolyngbya sp. WUC 59 into the supported sequence cluster
(Fig. 1). The nucleotide sequence obtained was deposited in the
NCBI GenBank database under the accession number
MT231937.

Aer mixing the Leptolyngbya sp. WUC 59 cell-free extracts
with the AgNO3 solution, the colourless solution of AgNO3

changed to a pale yellow colour, and then to a reddish brown
colour within the initial 15 minutes of the reaction. The afore-
said change in colour might be the reason for the plasma
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Phylogenetic tree showing the relationship of Leptolyngbya sp. WUC 59 (inset: microphotograph) with closely related taxa based on
partial (1350 bp) 16S rRNA gene sequence.
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resonance in Ag NPs.35 UV-visible spectroscopy was used to
determine the bioreduction of Ag NPs from the Ag+ ions. Fig. 2a
displays lmax at 430 nm in the absorption spectrum of the
biogenic synthesized nanoparticles, which was due to plasmon
Fig. 2 (a) UV-Vis spectra of extract (black line), Ag NPs (red line); (b) X
distribution image of the Ag NPs.

This journal is © The Royal Society of Chemistry 2020
resonance of Ag NPs. The UV-Vis spectra of the extract showed
a peak at 325 nm, which may be due to the presence of
mycosporine-like amino acids (MAAs) in the cell extract. MAA is
a water-soluble compound present in cyanobacteria and
RD pattern of Ag NPs; (c) EDX spectrum of Ag NPs, and (d) DLS size

Nanoscale Adv., 2020, 2, 3972–3982 | 3975
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Fig. 3 FTIR spectra of biogenic Ag NPs.
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absorbs specic UV-Vis radiation in the range of 280–320 nm.36

The potential of various cyanobacterial species to synthesize Ag
NPs by crude extracts has been reported by many
workers.21,23,24,26,37 However, the mechanism of the biogenic
synthesis of Ag NPs using crude extracts of cyanobacteria is
still not very clear. Tentatively, the role of the reducing agents/
biomolecules present in the cell extracts of cyanobacteria,
such as sugars, proteins, peptides, polysaccharides, pigments,
and others has been implicated in the reduction of Ag+ ions.21,37

Ali et al.38 proposed that nitrate reductase enzyme played a role
in the reduction of silver ions by cyanobacteria growing in the
presence of nitrogen. The enzyme nitrate reductase converts
nitrate (NO3

�) to nitrite (NO2
�). During this reduction process

in which nitrate was converted into nitrite, the electron could be
transferred to the silver ion (Ag+), which then nally reduced to
metallic silver (Ag0).37 The organism used in the present study
was raised in a culture medium supplemented with nitrate.
Consequently, the nitrate reductase enzyme could be involved
in the reduction of silver ions most likely during the process of
synthesizing Ag NPs by the crude cell extract of this organism.

The stability of Ag NPs is a signicant variable, particularly
when they are utilized in biomedical applications. So as to
consider the stability, the NPs-containing solution was kept in
the dark at ambient conditions. The UV-Vis spectra of NPs were
recorded between 300 nm and 700 nm at various time stretches
from start to 30 days. Nevertheless, the absorption band
broadened and the intensity was reduced with no change in the
absorption band position, even aer 30 days. The reduction and
broadening in intensity might be due to the agglomeration of
NPs. These results stipulate the higher stability of the Ag NPs
prepared using the cyanobacterium Leptolyngbya sp. WUC 59.
Furthermore, reusability studies were also achieved by per-
forming the synthesis in triplicate in a period of 60 days. Still,
there was no appreciable alteration in the optical spectra,
showing that the as-synthesised Ag NPs were stable and well-
dispersed.

The powdered XRD pattern of the synthesized Ag NPs was
recorded between 10� to 80� at 2q, and is demonstrated in
Fig. 2b. The diffraction pattern attained for the synthesized
3976 | Nanoscale Adv., 2020, 2, 3972–3982
nanoparticles was in good agreement with JCPDS card number
04-0783 with a face-centred cubic structure of Ag NPs. The
reection peaks showed Ag NPs at 2q ¼ 27.9 (3.19 Å), 32.3 (2.76
Å), 38.2 (2.34 Å), 44.4 (2.03 Å), 46.3 (1.95 Å), 64.7 (1.43 Å) and
77.6 (1.23 Å) with indices (210), (122), (111), (200), (231), (220)
and (311), respectively. The Debye–Scherer equation was used to
calculate the average crystallite size of the Ag NPs.39

D ¼ lk

b cos q

where D ¼ average crystallite size (nm), k ¼ 0.9 (Scherer
constant), l ¼ 0.15406 (wavelength of X-rays), b ¼ FWHM
(radians), q ¼ angle of the X-ray diffraction peak. The crystallite
size of the biogenic synthesized Ag particles was found to be
32 nm. The EDX spectra showed a strong Ag signal at 3 keV,
along with other smaller peaks (Fig. 2c). The presence of other
smaller peaks in the EDX spectra of the synthesized Ag NPs may
be due to the presence of biomolecules or chemical constituents
of the extract that are oen bound to the surface of the Ag NPs.
The size distribution of the biogenic Ag NPs was determined
with DLS (Fig. 2d). The polydispersity index (PDI) of the silver
nanoparticle suspension is 0.652, indicating that the as-
prepared particles are of uniform size. The distribution prole
indicates that the average size of the Ag NPs was found to be
35.84 nm, which is in good agreement with the particle size
obtained from XRD.

The FTIR measurement was carried out to determine the
interaction of the as-synthesized Ag NPs and biomolecules
present in the extract. The absorption bands at 3851, 3741 and
3613 cm�1 in the FTIR spectrum (Fig. 3) may be due to the
hydroxyl (OH) stretching vibration of the alcohol and phenols in
the nanomaterial. The bands at 2930, 2859, 2311 and 1743 cm�1

indicate the presence of the C–H stretching, C^N stretching
and C–C stretching (non-conjugated) vibrational modes,
respectively. The absorption peak at 1648 cm�1 indicates C–N
and C–C stretching vibrations, representing the presence of
proteins.40 The bands at 1522, 1462, 1366 and 911 cm�1 specify
the presence of C–N stretching and N–H stretching in the amide
linkages, N]O symmetry stretching in the nitro compounds,
This journal is © The Royal Society of Chemistry 2020
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Fig. 4 HRTEM images of Ag NPs at: (a) 50 nm; (b) 20 nm; (c) 5 nm bar
scale and (d) SAED pattern of Ag NPs.
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and the bonding of metal particles with oxygen, respectively.41

Therefore, it may be conrmed from the FTIR study that the
extract efficiently played the dual role of capping and reducing
agent. Moreover, the study revealed that there were great
interactions with the Ag NPs and biomolecules of the extract.
The results of the present study concurred with the ndings of
other reports, which revealed that the biomolecules present in
the cell extracts could reduce Ag+ ions.23,24,42

The high-resolution transmission electron microscopy
(HRTEM) technique has been used to study themorphology and
particle size of the as-synthesized Ag NPs. As can be seen
(Fig. 4a–c) from the morphology of the Ag NPs, most of the
nanoparticles were found to be of spherical shape with the
Fig. 5 Growth curves of (a) B. subtilis and (b) E. coli bacterial strains at diff
same lower case letters are not significantly different from each other a

This journal is © The Royal Society of Chemistry 2020
particle size varying from 20–35 nm. The selected area electron
diffraction (SAED) pattern (Fig. 4d) has conrmed the crystal-
line nature of the as-obtained Ag NPs. The presence of a quasi-
ring-like diffraction pattern indicating the polycrystalline
structure and the (111), (200) and (311) rings were indexed to
the face-centered cubic (fcc) crystal structure of Ag, which are in
good agreement with the XRD results.43,44

During the present study, the antibacterial activities of the
biosynthesized Ag NPs were investigated for B. subtilis and E.
coli. The growth rates of the selected bacterial strains were
measured by their optical densities at regular intervals aer
treatment with a graded concentration of Ag NPs from 0 to
10 mg mL�1 (Fig. 5a and b). The results of the present study
suggest that the synthesized Ag NPs were able to signicantly
inhibit the growth of both Gram-positive and Gram-negative
bacterial strains within the rst 3 hours of the experiment at
8 and 10 mg L�1 concentrations. The minimum inhibitory
concentration (MIC) was found to be 8 mg L�1 for both B.
subtilis and E. coli. The present investigation has conrmed that
8 mg L�1 concentration of biogenic Ag NPs synthesized using
the cell-free extract of Leptolyngbya sp. WUC 59 was sufficient to
act as viable bactericides.

The antibacterial results in this investigation are in good
agreement with previous reports.45,46 The precise mechanism of
the mode of antibacterial action of Ag NPs is still not well
described.37 It has been hypothesized that the small-sized
nanoparticles may easily penetrate through the bacterial cell
wall, and then interact with the various cytoplasmic biomole-
cules inside the cell. Roy et al.37 explained that the bio-
compounds that surround the surface, the charge and the size
of the particles play important roles in the attraction between
the bacterial cells and NPs, as well as their penetration in the
cell wall. On the cell surface, adhesion of NPs to the bacterial
cell wall causes a disruption of the cell integrity and nally cell
death. This is achieved by disrupting the permeability of the
membrane and respiratory functions via membrane depolar-
ization triggered by the nanoparticles.47,48 It has been suggested
erent concentrations of Ag NPs. Data at different time intervals with the
t the 95% confidence level (p < 0.05).
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by earlier reports that depending upon the damage of the
bacterial cell wall, Ag NPs can penetrate the cell wall. The Ag
NPs could then affect the functions of important biomolecules,
such as DNA, proteins, lipids, and respiratory enzymes that
cause oxidative stress by liberating ROS and damage of nucleic
acids and proteins, which may lead to the death of the bacterial
cell.37,49 Comparable antibacterial properties of Ag NPs were
also described by Li et al.50 They have shown in their study that
nanoparticles may enter the bacterial membrane and bring
about the hindrance of typical cell growth, ultimately causing
cell death. The Ag NPs synthesized from different cyanobacte-
rial species and their applications have been compared with the
present study, and are summarized in Table 1.

The effects of the synthesized Ag NPs on the growth of wheat
seedlings were examined by evaluating their effect on the
germination percentage, root and shoot length, and the fresh
and dry weights (root and shoot) of the plant at a concentration
ranging from 0 to 150mg L�1 on the 4th and 8th day of treatment
(Fig. 6). The physio-chemical properties of the particles (size of
NPs, shape and surface coating) and experimental conditions
(concentration of NPs, exposure time, method of exposure, and
cell type or plant species) are the major factors that determine
the stimulatory or inhibitory effect of NPs on plant growth.59–61 A
few studies have previously reported that seed treatment with
nanoparticles stimulated seed germination by inducing a range
of biochemical changes in the seed, such as breaking of
dormancy, hydrolysis or metabolization of inhibitors, imbibi-
tions and enzyme activation.62,63 The results of the present study
indicate that Ag NPs at lower concentration slightly promote the
seed germination and early seedling growth of wheat in
comparison to the control. The synthesized Ag NPs either had
no signicant negative effect on seed germination with 25 to
75 mg L�1, or caused a signicant reduction in germination
with 100–150 mg L�1, in comparison to the control (Fig. 6a).
Higher concentrations (>75 mg L�1) were found to signicantly
inhibit the seed germination in this study. Variable responses of
different plants to Ag NPs have been reported by different
investigators.28,64,65 The germination of the seed is the beginning
of a physiological process that requires water imbibitions.
Table 1 Ag NPs synthesized employing various cyanobacterial species w

Cyanobacterial species Shape of NPs Size (nm)

Desertilum sp. Spherical 4–26
Oscillatoria limnetica Quasi-spherical 3.30–17.97
Microcoleus sp. Spherical 44–79
Nostoc commune Approx. spherical 15–54

Anabaena doliolum Spherical 10–50
Anabaena sp. Irregular 24.13
Synechocystis sp. 48–3 Irregular 14.64
Synechococcus sp. Spherical 15.2–266.7
Nostoc sp. Agglomerated 51–100
Phormidium sp. Spherical 5–10
Scytonema sp. Spherical 11.5–12
Leptolyngbya JSC-1 Spherical 12–50
Leptolyngbya sp. WUC 59 Spherical 20–35

3978 | Nanoscale Adv., 2020, 2, 3972–3982
However, the precise mechanism of the effect of Ag NPs on seed
germination is not clearly understood. Mahakham et al.66 have
proposed a hypothetical mechanism of Ag NPs inducing the
seed germination of rice. These authors hypothesized that Ag
NPs can enhance seed germination with at least three possible
ways, including (i) the creation of the seed coat nanopores, (ii)
a mild stress-induced agent or reactive oxygen species
generating agent, and (iii) a nanocatalyst for enhancing starch-
degrading enzyme activity. Initially, Ag NPs could interact with
the cell wall of the seed coat and penetrate the seed coat by
creating small pores that increase the water uptake efficiency of
the seeds. During this initial phase of imbibitions, the
enhanced water uptake can stimulate the higher metabolic
activity and starch hydrolysis of the seed. The penetrated Ag NPs
could fasten the starch hydrolysis by forming the NPs-amylase
complex with a-amylase, and generate a greater amount of
available sugar to support the initial embryo growth. Inside the
seed, Ag NPs could generate ROS to induce the mild oxidative
stress by acting as signalling molecules, and participate in the
loosening of the cell wall and weakening of the endosperm. The
signicant increase in the shoot length of 3.0 cm and 8.0 cm at
25 mg L�1 concentration of Ag NPs was observed on the 4th and
8th day, respectively, in comparison to the control (Fig. 6b). A
signicant decrease in the shoot length was observed upon
further increasing the concentration of Ag NPs. A similar trend
was observed in the effect of Ag NPs on the root length. On the
4th and 8th days, a signicant increase in the root length was
observed at 25mg L�1 concentration of Ag NPs in comparison to
the control (Fig. 6b). Conversely, the higher concentration of Ag
NPs caused a signicant reduction in the root, as well as the
shoot length. Dimkpa et al.67 reported that Ag NPs reduced the
length of the shoots and roots of wheat in a dose-dependent
manner. Signicantly higher fresh and dry weights of the root
and shoot biomasses were observed with 25 mg L�1 Ag NPs on
the 4th and 8th days of growth, as compared to the control.
Further increase in the Ag NPs concentration (50–150 mg L�1)
caused a signicant progressive reduction in these growth
parameters of wheat (Fig. 6c and d). During the present study,
the possible reason behind the enhanced seedling growth rate
ith their applications
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Fig. 6 Effect of different concentrations (0, 25, 50, 75, 100, 150 mg L�1) of synthesised Ag NPs (SNPs) on wheat seed germination (a), root and
shoot length (b), fresh weights of root and shoot (c), and the dry weights of the root and shoot (d) on the 4th and 8th days of treatment. Data at
different concentrations of Ag NPswith the same lower case letters are not significantly different from each other at the 95% confidence level (p <
0.05).
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at the lower concentration (25 mg L�1) of Ag NPs could be the
efficient water uptake by the treated seeds, as Ag NPs can
penetrate through the seed coat and may induce the growth of
the embryo. During penetration, Ag NPs may cause more new
pores in the seed coat that remain helpful in fast imbibitions,
efficiently leading to fast germination and growth rate. Most of
the previous studies suggest that the effect of the Ag NPs on the
growth of the plant was concentration-dependent.68 We also
observed similar results in the present study, which showed
that higher concentrations had inhibitory effects, while lower
concentrations enhanced the growth of wheat. Similar effects of
Ag NPs on seed germination have been reported in other crops
by different workers.28,62,69
Conclusions

In summary, we have successfully synthesized Ag NPs using the
cyanobacterium Leptolyngbya WUC 59 cell-free extract. The
appearance of a characteristic peak at 430 nm in the UV-Vis
spectra conrmed the formation of Ag NPs. The crystallinity
This journal is © The Royal Society of Chemistry 2020
of the as-synthesized Ag NPs was investigated by powdered XRD
technique, and observed to be face centered cubic (fcc) struc-
ture. HRTEM images veried that biogenic Ag NPs have
a spherical shape with an average size of 20–35 nm. In addition,
when applied as an antibacterial agent, the biogenic Ag NPs
displayed appreciable antibacterial activity against both Gram-
positive (B. subtilis) and Gram negative (E. coli) bacteria.
Furthermore, the as-synthesized Ag NPs have shown signicant
potential in enhancing the seed germination and early seedling
development of wheat (Triticum aestivum L.) at lower concen-
tration (25 mg L�1). The Ag NPs accomplished from the
cyanobacterium Leptolyngbya WUC 59 cell-free extract have
massive potential, and might have outstanding inuence on
agricultural and pharmaceutical industries as biocontrol agents
in the future.
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