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Abstract The present work evaluates the bacteriocidal and al-
gicidal efficacy of nanosilver particles (AgNPs) synthesized
through a green pathway by using the cyanobacterium
Synechococcus elongatus. Further, the synergistic effects of the
conjugates of selected antibiotics and biogenic silver nanoparticle
were evaluated against three Gram-negative fish pathogens, viz.
Aeromonas hydrophila ATCC-7966, Vibrio parahaemolyticus
ATCC BAA-238 and Edwardsiella tarda ATCC-15947. The
biogenic silver nanoparticles were polydispersed and showed a
size range 71–201 nm with a zeta potential of −9.11 mV. The
antibacterial activities of ampicillin, gentamicin, ofloxacin and
ciprofloxacin exhibited a significant (P < 0.05) increase when
conjugatedwithAgNPs against the selected bacterial strains. The
highest synergistic effect of conjugates of AgNPs with gentami-
cin and ampicillin was observed against E. tarda. The biogenic
silver nanoparticles exhibited a considerable inhibition of growth
and decrease in photosynthetic pigments in a bloom-forming
alga (Microcystis aeruginosa) and biofouling alga
(Phormidium sp). This report aims to establish that biogenic
silver nanoparticles are effective against water-borne fish patho-
gens and their efficacy is comparable with silver nanoparticles
synthesized through chemical-based pathways. Sincemost of the

reports on antibacterial properties of silver nanoparticles are on
human pathogens, this report will provide baseline data for aquat-
ic pathogens which result in a considerable loss of fish produc-
tion due to disease outbreak.
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Antibiotics

Introduction

Antimicrobials are widely used for disease cure in humans and
growth promotion in animals including fish. In 2010, total
consumption of antibiotics was 63,151 t (in 228 countries)
and a 67% increase in consumption has been projected by
2030 (Van Boeckel et al. 2015). In Asia, antimicrobial con-
sumption is projected to be 51,851 t and a considerable in-
crease in the consumption has been projected for developing
countries in 2030. In aquaculture, there is an intensive use of
antibiotics either as an ingredient of medicated feed or in im-
mersion therapy which involves direct application of antibi-
otics to the water (Heuer et al. 2009). Intensive use of antibi-
otics in aquaculture impacts a wide variety of bacteria in the
environment if the effluents are not properly treated (Schwartz
et al. 2003; Koonse et al. 2005). Inadequate effluent treatment
practices for antibiotic removal lead to accumulation of resid-
ual antibiotics and its derivatives in the aquatic system which
increases selective pressure on endemic bacterial strains in the
aquatic environment. In view of the considerable increase in
prevalence of antibiotic resistant bacteria, an increased con-
sumption of antibiotics coupled with inadequate effluent treat-
ment system may lead to further increase in number of such
strains in the aquatic environment (WHO 2005). Considering
the above, reduction in the quantity of antibiotics used in
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aquaculture and other sectors without compromising health
security and production is a judicious approach to minimize
the detrimental effects of antibiotics on the environment.
Enhancement of antibiotic efficacy through synergism with
metal nanoparticles has been explored recently to achieve the
above goal (Sharma et al. 2009; Fayaz et al. 2010).
Additionally, augmentation of the efficacy of antibiotics
through conjugation with a specific metal nanoparticle is a
scientific approach to check the increasing trend of antibiotic
consumption worldwide. Metal nanoparticles (Me-NPs) have
higher surface area to volume ratio to their natural form and,
therefore, have received extensive attention in recent years
because of their remarkable properties and wide range of ap-
plications in catalysis (Paul et al. 2014), plasmonics
(Khlebtsov and Dykman 2010) , optoelec t ronics
(Muruganandam et al. 2014), biological sensors (Venkatesan
and Santhanalakshmi 2014), water treatment (Con and Loan
2011) and pharmaceutical applications (Ravichandran 2009;
Roychoudhury et al. 2016). Among Me-NPs, silver nanopar-
ticles (AgNPs) have been identified for algicidal (Dash et al.
2012) and bactericidal effects against pathogenic microorgan-
isms (Cho et al. 2005). In view of increasing demand for
AgNPs, various physical and chemical methods have been
developed for synthesis and preparation of nanosilver particles;
however, most of these methods are not eco-friendly due to
their toxic by-products (Singaravelu et al. 2007). In view of the
toxic nature and hazardous waste generated during the synthet-
ic chemical- and radiation-based pathways, nanoparticle syn-
thesis using biological materials has gained considerable im-
portance (Kannan et al. 2013). Biological entities ranging from
bacteria to fungi and algae to higher plants have shown the
potentialities for green synthesis of metal nanoparticles and
revealed many advantages of green pathways (Rai et al.
2012; Sharma et al. 2016). A systematic approach to study
the synthesis of metal nanoparticles by algae was initiated
using a phaeophycean alga Sargassum wightii (Singaravelu
et al. 2007). The cyanobacterium Spirulina (Arthrospira)
platensis was also found capable of synthesizing silver, gold
and bimetallic nanoparticles when reacted with AgNO3 and
HAuCl4 (Govindaraju et al. 2008). Among the marine
macroalgae, Cystophora moniliformis and Laurencia spp.
showed a potential for their use as a reducing and stabilizing
agent for the synthesis of biogenic silver nanoparticle (Prasad
et al. 2013, Vieira et al. 2016). The metallic and biogenic silver
nanoparticles produced by reduction of aqueous Ag+ and Ulva
fasciata, respectively, showed a remarkable synergistic effect
with selected antibiotics against human Gram-positive and
Gram-negative bacteria (Shahverdi et al. 2007; Fayaz et al.
2010). Although there are an appreciable number of reports
on synergistic effects of metal nanoparticles on human patho-
gens, baseline information about the efficacy of antibiotics
conjugated with metal nanoparticles against aquatic bacterial
strains, especially fish pathogenic strains, is not available in the

literature. Therefore, the present investigation will facilitate in
filling the gaps in knowledge pertaining to synergistic effects
of antibiotics and metal nanoparticles against bacterial fish
pathogens. Moreover, the algicidal property of biogenic
silver nanoparticles is still a little explored area of research.
Park et al. (2010) attempted to evaluate the efficacy of silver
nanoparticle against a toxic bloom-forming cyanobacterium
Microcystis aeruginosa. However, the silver nanoparticle pro-
duced for the above study was synthesized using tannic acid
and sodium persulphate. Therefore, this report provides
preliminary new information about the selective inhibition of
growth ofM. aeruginosa through biogenic silver nanoparticles
synthesized through a green approach. Recently, Zhang et al.
(2014) found silver nanoparticle synthesized by Lactobacillus
fermentum effective in inhibiting the colonization of a biofoul-
ing bacterium Pseudomonas aeruginosa. A similar phenome-
non has been reported by Martinez-Gutierrez et al. (2013).
Since algae are major components of biofouling assemblages,
this report also provides data on the inhibition of growth of a
marine fouling cyanobacterium Phormidium fragile by graded
concentrations of biogenic silver nanoparticles.

Materials and methods

Unialgal populations of Synechococcus elongatus Nägeli
were isolated from water samples from a crater lake (Lonar
Lake, Maharashtra, India; 19.975° N; 76.506° E) following
the standard protocol for isolation and culture maintenance
(Guillard 1973). The biomass of the organism was produced
in an air-lift culture assembly consisting of a 20-L aspirator
bottle fitted with an air-injection device. The air passing
through the culture was decontaminated by a sintered glass
air filter. The culture in the reservoir was continuously stirred
(100 rpm) with the help of a magnetic stirrer. Algal material
was washed thoroughly with tap water and distilled water to
remove extraneous materials and was shade-dried for 5 days
followed by oven-drying at 60 °C until constant weight was
obtained. The dried biomass was then minced into fine pow-
der using an electric mixer and stored at 4 °C for experimental
use.

The marine algal species of Phormidium fragileGomont was
isolated from a heterogeneous assemblage of algae collected
from the surface of boats of Versova Fish Landing Centre,
Mumbai, India. Streak plating technique was followed to isolate
the unialgal cultures. Pure cultures of freshwater species were
maintained in BG 11 medium (Stanier et al. 1971), and the ma-
rine species P. fragile was sub-cultured in ASW (artificial sea
water) medium (Guillard and Ryther 1962). The unialgal popu-
lations were maintained at temperature 24 ± 2 °C with an illumi-
nation of 54 μmol photons m−2 s−1. The photoperiod was 12:
12 h light and dark.
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Biosynthesis of nanosilver particles

Fifteen litre of exponential phase culture of S. elongatus
with an initial density of 350 μg mL−1 protein was ex-
posed to 10−3 M AgNO3 (silver nitrate) following the
procedure described earlier (Satapathy et al. 2015). The
conversion of silver ions into metallic silver was moni-
tored by ultraviolet–visible (UV–vis) absorption measure-
ment in 200–750-nm range using a spectrophotometer
(Thermospectronic, UK; UV-1 model). The formation of
silver nanoparticles was confirmed by measuring the ab-
sorption maxima of the supernatant of the algal suspen-
sion spiked with silver nitrate (10−3 M) which showed a
peak absorbance at 400 nm due to shift in surface plas-
mon resonance, imparting a brown colour to the solution.
For the characterization of silver nanoparticles, the brown
colour solution was concentrated at 60 °C to reduce the
volume. The concentrated solution was centrifuged at
15,900×g for 30 min. The pellet obtained was washed
with deionized water and centrifuged again for 15 min.
The process was repeated to remove water-soluble bio-
molecules from AgNP suspension.

Characterization of biogenic silver nanoparticles

The size of the silver nanoparticles was measured by a particle
size analyser (Malvern Mastersizer 2000) and transmission
electron microscopy. For TEM, a drop of the solution after
sonication for 5 min in a sonicator bath was placed on a
carbon-coated copper grid and dried. The grid was scanned
using a Phillips Tecnai-20 model transmission electron micro-
scope operated at 100 kV. Solution-cast films were used for
Fourier transform infrared spectroscopy (FTIR). Samples
were prepared by drop-coating method on a smooth NaCl
crystal. The spectra of samples were recorded by Perkin
Elmer spectrometer (Model 100 FTIR) in the range 4000 to
400 cm−1. Zeta potential was measured using a Beckman
Coulter DELSA Nano C Particle Analyser. For X-ray diffrac-
tion analysis, a colloidal solution of silver nanoparticles was
prepared by repeated centrifugation at 15,900×g for 15 min
and redispersion in deionized water (Millipore, USA). The
samples were analysed using XPERT-PRO diffractometer
(PANalytical, Netherlands) operated at 45 kV, 40 mA genera-
tor settings. The start and end positions for 2° theta were
2.0134 and 49.9874, respectively.

In vitro antibacterial assay and disc diffusion assay
to evaluate synergistic effects

The pathogenic fish bacterial strains Aeromonas hydrophila
ATCC 7966, Edwardsiella tarda ATCC 15947 and Vibrio
parahaemolyticus ATCC BAA-238 were obtained from
Aquatic Animal Health Management Division, ICAR-CIFE,

Mumbai, India. The bacterial strains tested during the
study were inoculated in 5 mL of Mueller-Hinton broth
(MHB) from the stock culture and incubated overnight at
28 °C. The culture broth was centrifuged at 8000×g for
5 min at 4 °C, and the pellets were washed twice with
PBS (phosphate-buffered saline, pH 7.4) and resuspended
in 0.85% saline water. Turbidity was adjusted to 0.5
McFarland standards (108 CFU mL−1) and was further
confirmed by optical density (OD) determination. The an-
timicrobial activity of biogenic AgNPs was evaluated
using standard protocols of disc diffusion methods
(Bauer et al. 1966). The selected bacterial cultures were
uniformly spread on Mueller-Hinton agar (HiMedia,
India) with the help of a sterile glass spreader. Various
antibiotic discs (HiMedia), disc containing 10−3 M
AgNPs and in different combinations with antibiotics
and biogenic AgNPs (gentamicin and ampicillin 100 μg
per disc; ofloxacin and ciprofloxacin 5 μg per disc +
10−3 M), were placed on the plates and incubated at
28 °C for 24 h. The test was performed in triplicate.
The growth of the bacteria was inhibited around the disc,
and a clear zone around the circumference of the disc was
observed. The diameter more than 8 mm of the growth-
free zone was measured and considered as positive with
HiMedia zone scale, and it corresponded to the size of the
inhibition zone. The synergistic effect of AgNPs on anti-
biotics was measured as difference in size of inhibition
zone (ZOI) of combination to antibiotics alone.

Synergistic level in%ð Þ

¼ ZOI AgNPþ antibioticsð Þ− antibioticsð Þ½ � in mm

ZOI antibioticsð Þin mm

� 100

Effect of biogenic silver nanoparticles on bloom-forming
alga Microcystis aeruginosa (Kützing)

Algal samples were collected from Powai Lake, Mumbai,
India. Microscopic examination showed that M. aeruginosa
was the dominant species (almost 90% of the algal colonies/
cells observed under Sedgwick-Rafter counter). About 40 L of
lake water was passed through a plankton net (mesh size
70 μm) to concentrate the colonies of the organism. One hun-
dredmillilitres of this concentrated sample was transferred to a
conical flask and then different concentrations 1–5% silver
nanoparticle solution were added and the flasks were incubat-
ed in a plant growth chamber under illumination of
54 μmol photons m−2 s−1. The samples were observed using
a microscope, and colonies were counted using a Sedgwick-
Rafter counting chamber.
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Growth measurement and chlorophyll estimation

The specific growth rate (k) of the algae was calculated by
using the formula of Kratz and Myers (1955):

k d−1ð Þ ¼ 2:303
logN 2−logN1

t2−t1

where k is the specific growth rate, N1 is the initial number of
cells at time t1 and N2 is the final number of cells at time t2.

The generation time (G) (per day) was calculated using the
formula:

G ¼ 0:693

k

Chlorophyll estimation Fifteen millilitre of algal culture was
taken after 7 days of exposure with different concentrations of
Ag nanoparticles used for toxicity experiment. The culture
was centrifuged at 10,000×g for 15 min at 4 °C. The superna-
tant was discarded, and 15 mL of dimethyl formamide (DMF)
was added to the remaining pellet and kept in a shaker for 3 h
to break the cells. After complete extraction, it was again
centrifuged at 5000 rpm for 15 min. The supernatant was
collected and optical density was measured at 664 nm.
Chlorophyll concentration was calculated using the formula
(Moran 1982):

Chlorophyll a concentration in μg mL−1 ¼ OD664 � 11:92

Statistical analysis

The data of antibacterial activity of various combinations of
AgNPs and antibiotics were statistically analysed using
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statistical package SPSS version 16 by one-way ANOVA and
Duncan’s multiple range tests to determine the significant dif-
ferences between the means. Comparisons were made at 5%
probability level.

Results

Biosynthesis of nanosilver particles

The UV–visible spectrograph (Fig. 1) of the algal suspension
treated with 10−3 M silver nitrate showed a shift in absorption
peak to 400 nm after 72 h. The colour of the suspension also

changed to brown, indicating a shift in surface plasmon reso-
nance (SPR) of silver ions after bioreduction.

Characterization of biogenic AgNPs

The size distribution of the biogenic silver nanoparticle shows
that the size of nanoparticle was up to 201 nm. Among these,
10% nanoparticles were up to 71 nm and 50% were up to
125 nm in size (Fig. 2). However, the TEM micrographs of
the silver nanoparticle show that the majority of AgNPs were
in the size range 7–12 nm, with an average size 10.48 nm
(n = 20) (Fig. 3). The zeta potential of silver nanoparticles pro-
duced from S. elongatus was −9.11 mV (Fig. 4) with
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conductivity 2.3008 mS cm−1. The presence of some functional
groups as revealed by (FTIR) spectral analysis is shown in Fig. 5.
FTIR analyses of the dried algal biomass of S. elongatus after
silver nitrate treatment showed shifting of bands corresponding
to various functional groups in the bioreduction process. FTIR
measurements show 11 intense bands at 3421.92 (O–H stretch of
alcohols), 2853.42 (C–H stretch of alkane), 2345.69 and 2369.51
(O–H stretch of carboxylic acid), 1648.84 and 1533.80 (N–H
band of amide), 1419.70 (O–H band of carboxylic acid),
1243.90 (C-O stretch of carboxylic acid), 1026.45 (C–O stretch
of alcohols), 827.57 (C–H band of aromatics) and 576.18 cm−1,
corresponding to C–Cl stretch of acid chlorides.

The dried biomass of algal cells of S. elongatus after treat-
ment with 0.001 M AgNO3 was used for XRD analysis to
know about the presence of silver nanoparticles and their lattice
structure, i.e., whether amorphous or crystalline. The two theta
positions at 46.07°, 38.06°, 32.09° and 27.70° (planes) confirm
the presence of silver nanocrystals. A sharp peak at 38.06°
Bragg’s angle depicts the dominance of 111 planes of silver
nanoparticles with a face-centred cubic structure (Fig. 6).

Antibacterial and synergistic activity of the biogenic silver
nanoparticles with antibiotics

The biologically synthesized silver nanoparticles showed
an inhibition zone against all the studied bacterial
stains. Maximum zone of inhibition was found against
E. tarda (13.5 ± 0.28 mm) followed by A. hydrophila
(12.33 ± 0.33 mm), whereas V. parahaemolyticus exhibited
the least susceptibility towards silver nanoparticles. Further,
antibacterial efficacy of ofloxacin was found significantly
(P < 0.05) higher against A. hydrophila. Similarly, ciproflox-
acin showed a significantly (P < 0.05) higher zone of inhibi-
tion against V. parahaemolyticus and E. tarda. Biogenic silver

nanoparticles when applied in combination with antibiotics
showed a remarkable increase in the zone of inhibition
(Table 1). The synergistic effects of AgNPs to antibiotics var-
ied in a strain-specific manner (Fig. 7). The increase in size of
the inhibition zone ranged between 6.84 and 23.15%. The
highest (23.15%) and lowest (6.84%) increases in the diameter
of the zone of inhibition were found against E. tarda when
gentamicin (100 μg per disc) and ofloxacin were combined
with silver nanoparticles.

Effect of biogenic silver nanoparticles onMicrocystis
aeruginosa and Phormidium fragile

The cell-free suspension of biogenic silver nanoparticle (BNP)
produced after bioreduction of ionic silver by S. elongatus
showed a pronounced effect on the reduction of the number
of colonies of M. aeruginosa in treated water samples. There
was a concentration-dependent decrease in the number of col-
onies in the range 1–5% BNP solution. The colonies were
completely eliminated at 5% BNP concentration. The algal
suspension treated with 4 and 5% BNP not only showed the
disintegration of theM. aeruginosa colonies but also facilitat-
ed the emergence of other diverse algal species
(Supplementary Figs. S1, S2). A similar trend was observed
in P. fragile where BNP showed a strong inhibitory effect on
growth and chlorophyll-a content of P. fragile (Table 2) with a
72.94% decrease in growth rate after exposure of the algal
cells to 3% BNP solution. The concentrations 4 and 5%
BNP completely inhibited growth of P. fragile. Chlorophyll-
a content of P. fragile decreased considerably after ex-
posure to 1–5% BNP (Table 2). Chl-a concentration was
reduced by 84.5% at 3% BNP concentration. Further, in
4 and 5% of BNP, chlorophyll a could not be detected
in the algal suspension.
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Discussion

Light microscopy of the population of S. elongatus exposed to
higher concentrations, i.e., 10−2 and 10−1 M AgNO3, showed
the lysis of cells within 6 h of exposure time. However, in
S. elongatus exposed to lower concentrations (10−3 and
10−4 M AgNO3), the cells were not only morphologically
intact but also remained viable at above concentrations. This
was evident from the increase in the density of cells with time.
In order to obtain higher concentration of silver nanoparticles,
10−3 M concentration of silver nitrate was selected for further
investigations. The individual cell showed a thin layer of
brown colour on the external wall surface; however, the inter-
nal cellular contents in the control (untreated) cells were de-
void of the brown coloration. This observation indicates that
the bioreduction of silver ions is mostly on the wall surface of
the cells. There is a possibility of the intracellular reduction
through various enzymatic pathways, e.g., nitrate reductase
(Danhoumane et al. 2012), but the reduced silver ions do not
accumulate within cells and may diffuse to the exterior of the
cells where they are deposited on the outer surface of the cell
wall along with the silver nanoparticles biosynthesized
through the wall constituents. The observations on the popu-
lations grown in the temperature range 18–24 °C revealed that
the shift in surface plasmon resonance occurred at a specific
temperature, i.e., 20 °C, and a shift of even 1 °C resulted in the
inhibition of bioreduction of silver ions. The findings suggest
that a specific temperature requirement is a major prerequisite
for the bioreduction process through S. elongatus.

Silver nanoparticles produced after the exposure of
S. elongatus populations to 10−3 M silver nitrate solution were
polydispersed with a size range of 71–201 nm. The polydis-
persity of nanoparticles can be attributed to the extent of
bioreduction depending upon the biomolecule involved in
the reduction process. Another possible explanation for the
varied size of silver nanoparticles is the lower zeta potential
(−9.11 mV) which may be due to the aggregation of smaller
nanoparticles into larger units of multiple nanoparticles. It was
noticed that the size of the particles measured by TEM was
smaller than those measured by a Malvern Mastersizer.
Therefore, the dimensions measured by TEM represent the
actual size of the biosynthesized nanoparticles, whereas the
value obtained through the Malvern Mastersizer depicts the
dimensions of the aggregates of silver nanoparticles formed
due to lower zeta potential. The difference in particle size of
silver nanoparticles by TEM (7–12 nm) and Malvern
Mastersizer 2000 (100–200 nm) may be due to the aggrega-
tion of nanoparticles during the measurement by the
Mastersizer. Sonication process before measurement by
TEM may lead to fragmentation of the aggregated nanoparti-
cles in to individual small-sized particles.

In the present study, the FTIRmeasurements confirmed the
presence of characteristic bands of various functional groupsT
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and the shifting of bands post treatment of silver nitrate con-
firms the involvement of these functional groups in the
bioreduction process. The bands at 1325 and 1512 cm−1 in
the spectrum of silver nanoparticle can be attributed to –C–O
stretching mode and C=C chain, respectively (Schulz and
Baranska 2007; Philip and Unni 2011). The characteristic peak
at 1725 cm−1 for the treatment of silver nitrate with
Chaetomorpha linum extract showed the presence of free ami-
no groups contributing to the stabilization of silver nanoparti-
cles formed after bioreduction (Philip 2010; Kannan et al.
2013). The vibrational bands corresponding to the bonds such
as –C=C (ring), –C–O, –C–O–C and C=C (chain) were derived

from water-soluble compounds present in S. elongatus extract.
Hence, it may be inferred that these water-soluble biomolecules
are responsible for capping and efficient stabilization.

Silver nanoparticle produced from S. elongatus exhibited
an appreciable antibacterial activity against the fish pathogen-
ic bacteria studied. The antibacterial activity of silver nano-
particles against several pathogenic strains with resistance
against antibiotics has been documented (Rai et al. 2012).
We also found resistance against ampicillin in A. hydrophila
(Gram-negative bacterium); however, it was interesting to
note that these ampicillin-resistant bacteria were sensitive to
silver nanoparticles which showed an appreciable inhibitory
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Combination of biogenic nanosilver particles and antibiotics

A. hydrophila V. parahaemolyticus E. tardaFig. 7 Strain-specific variation in
synergistic effects (%) of AgNPs
and antibiotics against selected
fish pathogenic bacteria

Table 2 Number of colonies,
inhibition of growth and doubling
time of Microcystis aeruginosa
and chlorophyll-a content
(μg mg−1 dry wt) of marine
biofouling cyanobacterium
Phormidium fragile after
treatment with silver nitrate and
diluted biogenic silver
nanoparticle (BNP) solution post
10 days and 48-h exposure,
respectively

Treatmentsa/algae Microcystis aeruginosa Phormidium
fragile

Parameters Number of
colonies mL−1

Specific growth rate (k)
(day−1)

Generation time
(days)

Chl-a
(μg mg−1)

Control 1875 0.340 ± 0.012 02.02 ± 0.012 64.5 ± 3.8

Algae + silver nitrate
(10−3 M)

0 0 – NGD

Algae + 1% NP
solution

1000 0.229 ± 0.021 3.15 ± 0.027 52.8 ± 4.2

Algae + 2% NP
solution

700 0.158 ± 0.034 4.22 ± 0.021 41.4 ± 3.2

Algae + 3% NP
solution

375 0.092 ± 0.008 7.53 ± 0.23 9.92 ± 0.31

Algae + 4% NP
solution

125 NGD – NGD

Algae + 5% NP
solution

0 NGD – NGD

NGD no growth detected
a 1, 2, 3, 4 and 5%NP solutions were prepared by mixing cell-free suspension 1 mL biogenic silver NP solution +
99 mL lake water with natural algal flora containing about 350 ± 20 colonies of M. aeruginosa per mL
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effect against the above bacterial strain. The observations
suggest that after a thorough screening of various patho-
genic strains for their sensitivity/resistance towards spe-
cific antibiotics and metal nanoparticles, there is scope for
the use of nanoparticles alone where a bacterial strain has
developed resistance to multiple antibiotics. The mecha-
nism of growth inhibitory effects of silver nanoparticles
on microorganisms is not clearly understood. One possi-
bility is that the growth inhibition may be related to the
formation of free radicals from the surface of silver.
Uncontrolled generation of free radicals can attack mem-
brane lipids and lead to a breakdown of membrane func-
tion. The varying degree of efficacy of nanoparticles can
be attributed to the structural difference in cell wall com-
position of Gram-positive and Gram-negative bacteria
(Rai et al. 2012). Gram-negative bacteria have a layer of
lipopolysaccharides at the exterior, followed underneath
by a thin layer of peptidoglycan. Although the lipopoly-
saccharides are composed of covalently linked lipids and
polysaccharides, there is a lack of strength and rigidity.
The negative charges on lipopolysaccharides are attracted
towards the weak positive charge on silver nanoparticles
and can attack the Gram-negative bacteria by metal deple-
tion (Amro et al. 2000; Ahmad et al. 2003). Shahverdi
et al. (2007) investigated the combined effects of silver
nanoparticles with antibiotics like penicillin G, amoxicil-
lin, erythromycin, clindamycin and vancomycin for both
Gram-negative and Gram-positive human pathogenic bac-
teria. They noticed an increased efficacy of antibiotics in
the presence of silver nanoparticle against Escherichia
coli and Staphylococcus aureus. The ampicillin molecules
act on the cell wall, which leads to cell wall lysis and thus
increases the penetration of AgNPs into the bacterium.
The AgNP–ampicillin complex reacts with DNA and pre-
vents DNA unwinding, which results in more serious
damage to bacterial cells (Batarseh 2004). Our results en-
dorse the synergistic effect of biogenic nanoparticles (pro-
duced from S. elongatus by live cells in culture medium)
with different antibiotics against pathogenic Gram-
negative bacteria of fish which ultimately enhances the
efficacy of the antibiotic against pathogenic strains. The
possible mechanism of higher efficacy or increased activ-
ity of antibiotics may be due to higher attachment of an-
tibiotic molecules to the surface of AgNPs. Since genta-
micin is an aminoglycoside, the hydroxyl group tends to
bind with positively charged AgNPs and amino groups
stabilize it. Similarly, ampicillin having more ketone and
hydroxyl groups may facilitate binding of a larger number
of antibiotic molecules with AgNPs, resulting in higher
antimicrobial activity (Fayaz et al. 2010). Among the
strains, the highest enhancement in efficacy was ob-
served for gentamicin against E. tarda. Aeromonas
hydrophila was found resistant to ampicillin but it

showed a considerable inhibitory effect on ampicillin-
resistant strains, suggesting that nanoparticles alone can
inhibit the growth of the above bacteria. This phenom-
enon was reported earlier also where the antibacterial
activities of ampicillin, kanamycin, erythromycin and
chloramphenicol increased in the presence of silver
nanoparticles against test strains (Shahverdi et al.
2007; Fayaz et al. 2010).

The inhibition of growth of the marine cyanobacterium
P. fragile and the freshwater cyanobacterium M. aeruginosa
can be attributed to the loss of membrane integrity (Jung et al.
2008). AgNP-treated samples of M. aeruginosa showed that
the inhibition of growth of the cyanobacteriumwas due to loss
of the integrity of the colonies which was evident from the
disruption of the gelatinous matrix which envelops the cells of
the colony. Once the colony is disintegrated, the embedded
cells are released into the medium but do not form new colo-
nies and are disintegrated within 48 h. The reappearance of
algal diversity (Pediastrum sp., Scenedesmus sp., Selenastrum
sp., Nitzschia sp., Synedra ulna, etc.) can be attributed to
selective disintegration ofMicrocystis colonies by the biogen-
ic silver nanoparticles. The findings of the present investiga-
tion endorse an earlier report by Chaturvedi and Verma (2015)
on algicidal effects of biogenic silver nanoparticles on
cyanobacteria.

The toxicity of nanoparticles is considered to be a
major issue in their wider application. Although there
are limited reports on the toxicity of nanoparticles, an
earlier report on toxicity of nanoparticles on fish indi-
cates that silver nanoparticles were approximately four
times less toxic than silver ion, indicating that
nanosized forms of silver are less toxic than its soluble
form (Massarsky et al. 2013). Overall, it is concluded
the silver nanoparticles synthesized through green path-
way using cyanobacteria are effective against water-
borne fish pathogens and bloom-forming and biofouling
cyanobacteria and their efficacy is equal to silver nano-
particles synthesized via synthetic chemical-based path-
ways. Further, like for human pathogens, biosynthesized
silver nanoparticles are effective against fish pathogens
and show an appreciable synergy with selected antibi-
otics against fish pathogenic bacteria. Furthermore, the
efficacy of silver nanoparticles against an ampicillin-
resistant strain of A. hydrophila highlights the stand-
alone potentiality of biogenic silver nanoparticle as a
tool for controlling the growth of drug-resistant bacteria.
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