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A B S T R A C T   

Biosynthesis of silver nanoparticles (AgNPs) by marine bacteria especially luminescent Vibrio species is least 
investigated. In this study, AgNPs were first synthesized by the culture supernatant of a luminescent bacterium 
(Vibrio sp. B4L) and then, the prepared samples were characterized employing several techniques. The anti-
bacterial activity of the AgNPs was investigated against Escherichia coli and Staphylococcus aureus using disk 
diffusion agar and broth microdilution methods. The growth curve, Reactive Oxygen Species (ROS) formation, 
and Lactate Dehydrogenase (LDH) activity of the samples were measured along with Field Emission Scanning 
Electron Microscopy (FESEM) observation and inhibition of biofilm formation. Dynamic light scattering (DLS) 
analysis showed that the average particle size of the synthesized AgNPs was in the range of about 32.67–107.18 
nm and the polydispersity index (PDI) of 0.1120 indicated the formation of monodispersed particles. The average 
zeta potential of AgNPs obtained − 36.15 mV, showing the high stability of biosynthetic nanoparticles. Anti-
bacterial studies indicated that not only the AgNPs had antibacterial activity but also increased the antibacterial 
properties of tetracycline when used in combination. ROS production was enhanced in a dose-dependent manner. 
A high difference in LDH activities was found between AgNPs treated cells and the control group. FESEM images 
revealed membrane disruption and lysis in AgNPs treated cells. The formation of E. coli biofilm was 100% 
inhibited at 62.5 µg/ml showing that our bacteriogenic AgNPs can be a potential alternative remedies for con-
trolling antibiotic-resistant pathogens.   

1. Introduction 

Biogenic metallic nanoparticles seem to have unique properties [1]. 
They carry appropriate amounts of proteins and peptides on the surface 
giving them high stability due to the steric hindrance effect [2]. Among 
metallic nanoparticles, silver nanoparticles are highly regarded, because 
of having high catalytic and antibacterial properties [3]. Biogenic silver 
nanoparticles can be used as antibacterial, therapeutics, in high sensi-
tivity biomolecular detection and diagnostics, catalysis, and biosensors 
[4]. The antibacterial application of biogenic AgNPs is very important, 
as several pathogenic bacteria resist various antibiotics that have been 

recently developed [5,6]. 
Although many microorganisms are used to synthesize biogenic sil-

ver nanoparticles, bacterial systems are the most suitable choice because 
of being easily controlled and manipulated genetically [7,8]. When 
microorganisms are exposed to silver salts, they reduce the silver ions to 
silver nanoparticles through the catalytic mechanism. Silver nano-
particles can be synthesized either intracellularly or extracellularly 
[9–11]. Extracellular synthesis has a great advantage over intracellular 
synthesis due to easy control over the environment, ability to be pro-
duced on large scales, and ease of downstream processing steps [12,13]. 

Although, the synthesis of silver nanoparticles using different 
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terrestrial microorganisms has been widely studied, employing marine 
microorganisms for this purpose is the least investigated. A fact that has 
attracted attentions of many researchers in the field of nano-
biotechnology is that marine microorganisms can grow under extreme 
conditions [14,15]. Among marine bacteria, biotechnological applica-
tion of luminescent bacteria has become widespread mostly because 
contain lux operon which includes genes encoding reducing factors. This 
plays a significant role in the synthesis of nanoparticles [16,17]. 

In this research, we synthesized AgNPs extracellularly using a marine 
luminescent Vibrio species. Molecular identification of this isolate based 
on 16S rRNA gene analysis showed close similarity to strain Vibrio 
owensii LMG 25443(T). Our synthesized biogenic AgNPs were found to 
have good antibacterial activity against the two important pathogenic 
bacteria E. coli and S. aureus. Also, the silver nanoparticles enhanced the 
antibacterial effect of the tetracycline antibiotic against the two 
pathogens. 

2. Materials and methods 

2.1. Isolation, purification, and identification of luminescent Vibrio 
species 

Two methods were used for the isolation of Vibrio species from 
environmental samples. In the first method, water samples were spread 
onto a thiosulfate-citrate-bile-sucrose (TCBS) agar (Merck, Germany) 
plate incubated at 28 ◦C for 24 h. In the second method, water samples 
were filtered and the bacteria remained on the filter paper surface, were 
cultured on TCBS agar plates. The colonies grown on the TCBS were first 
dissolved in a test tube containing 5 ml phosphate-buffered saline (PBS) 
(pH 7.4) and then vortexed at low speed to obtain a homogeneous milky 
suspension of the colonies. The suspension was serially diluted in PBS to 
prepare 10-1, 10-2, 10-3, 10-4, 10-5 and 10-6 dilutions. Then, 100 µl of 
each dilution was spread onto a TCBS agar plate. Different- looking 
colonies in morphology (shape, color, and size) were purified by 
streaking on sea-water complete (SWC) agar plates. The purified col-
onies were first inoculated into the test tubes contained SWC broth 
medium and then incubated in a shaking incubator at 200 rpm and 28 ◦C 
overnight. For recognition and screening the luminescent colonies, 500 
μl of each overnight culture was transferred to a sterile microtube and its 
light intensity was recorded using an FB12 luminometer (Berthold, 
Germany). The lights emitted from the colonies were also checked by 
direct observation of the overnight cultures in a dark room after dark 
adapting for 5 min. 

The luminescent isolate (B4L) was preliminarily identified based on 
the morphological, biochemical, and physiological assays such as Gram 
staining, urease, catalase, gelatinase, DNase tests, mannitol fermenta-
tion, citrate utilization, indole, H2S production, motility patterns, MRVP 
(Methyl Red, Voges-Proskauer), TSI (Triple sugar iron agar), lysine 
decarboxylase and starch hydrolysis examinations. Furthermore, the 
growth capability of the isolate in different concentrations of NaCl (0%, 
3%, 6%, 10% and 13%) and its antibiotic susceptibility against seven 
antibiotics were evaluated. The morphological, biochemical, and phys-
iological characteristics were compared with Bergey’s manual of sys-
tematic bacteriology to determine the isolate at the species level [18]. 

Molecular identification of B4L isolate was also carried out based on 
16S rRNA gene sequencing. Genomic DNA of the isolate was extracted 
using the boiling method as described by De Medici et al., [19]. Viability 
and existence of the extracted genomic DNA were confirmed using 1% 
agarose gel electrophoresis. PCR was performed to amplify the fragment 
of 16S rRNA gene employing the universal primers as 27F: 5′ AGA GTT 
TGA TCM TGG CTC AG 3′ and 1492R: 5′ GGT TAC CTT GTT ACG ACT T 
3′. PCR amplicon was electrophoresed in 1% agarose gel to evaluate the 
PCR reaction. The amplicon was further purified and sent to the Mac-
rogen Company for sequencing. The obtained sequence was compared 
with the 16 s rRNA sequence data from strains available at EzTaxon 
webserver using BLASTN sequence match and identified for genus and 

species. The phylogenetic tree was drawn using the Neighbor-joining 
method of MEGA5 program. 

2.2. Biosynthesis of silver nanoparticles 

In order to synthesize AgNPs by Vibrio isolates, each isolate was first 
inoculated in a conical flask containing 130 ml nutrient broth (NB; 
Merck) and then incubated in a shaking incubator agitated at 200 rpm 
and 28 ◦C for 48 h. After the incubation process, the culture was 
centrifuged at 10000 rpm for 15 min to separate the biomass from the 
supernatant. To examine the intracellular synthesis of AgNPs, 2 g (wet 
weight) of the biomass was first aseptically washed three times with 
normal saline to remove media traces and then resuspended in 100 ml of 
AgNO3 solution (1 mM). To examine the extracellular synthesis of silver 
nanoparticles, the supernatant was first filtered through a 0.22-µm sy-
ringe filter to become completely free of cells and then mixed with 
AgNO3 solution (1 mM) in a volume ratio of 1:1. Then, the reactive 
mixtures were incubated in a shaking incubator set at 28 ◦C and 200 rpm 
for 96 h in dark condition. After the incubation period, the color change 
of the reactive mixtures was checked as the initial indicator of silver 
nanoparticles biosynthesis. 

2.3. Purification 

Reactive mixtures color change examination showed that extracel-
lular synthesis of AgNPs by one of the isolates was successful and 
intracellular synthesis did not occur. For purification of the extracellu-
larly synthesized AgNPs, the silver nanoparticles pellets were collected 
by centrifugation of the color-changed mixture (supernatant + AgNO3 
solution) at 14000 rpm for 3 h [20]. The AgNPs pellets were resus-
pended in deionized water and centrifuged again at 14000 rpm for 3 h. 
In order to remove any undesirable impurities, the pellets were washed 
three times again. The pellets were then dried in a vacuum oven 
(Memmert, Germany) at 50 ◦C for 24 h to obtain the dried powder of the 
silver nanoparticles. 

2.4. Characterization 

2.4.1. UV–vis spectroscopy analysis 
The optical properties of the synthesized silver nanoparticles were 

investigated using UV–vis spectroscopy. About 0.001 g of the dried 
powder of the synthesized nanoparticles was first dispersed in 2 ml of 
deionized water using an ultrasonic cleaner. Then, the UV–vis absorp-
tion spectrum of the prepared sample acquired using a UV–vis spectro-
photometer (Shimadzu UV1700, Japan) at the wavelength range of 
350–700 nm. 

2.4.2. SEM analysis 
The morphology of the synthesized silver nanoparticles was inves-

tigated using SEM imaging technique. AgNPs powder suspension (15 μl) 
was placed onto the SEM specimen stub and further dried and examined 
by SEM (LEO 1450VP, Germany). 

2.4.3. XRD analysis 
XRD analysis of the synthesized AgNPs powder was performed by a 

Bruker D8 Advanced X-ray diffractometer (Germany) (CuKα radiation 
(λ = 1.5418 Ǻ)) to investigate the crystallinity of the synthesized AgNPs. 
Size of the silver nanocrystallites were determined from XRD data. Less 
than 0.04 g of the dried powder was coated onto XRD grid and then 
scanned in the 2θ range of 5◦ to 80◦ at a scan speed of 0.04◦/s. 

2.4.4. FTIR analysis 
FTIR Technique was used to determine various functional groups 

such as hydroxyl, amine, and carbonyl in the synthesized silver nano-
particles. A proper amount of the dried AgNPs was appointed with KBr 
pellets and analyzed using a Thermo Nicolet 6700 FTIR spectrometer 
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(USA) in the wavenumber range of 400–4000 cm− 1 with 4 cm− 1 reso-
lution. FTIR spectra indicated that the biomolecules were possibly 
responsible for reduction of silver ions, efficient capping, and stabili-
zation of the AgNPs. 

2.4.5. Particle size analysis 
Dynamic Light Scattering (DLS) technique was employed to obtain 

the size distribution profile of the synthesized AgNPs. First, Less than 
0.001 g of the dried AgNPs was dispersed in 1 ml of deionized water 
using an ultrasonic cleaner. Then, the particle size distribution and the 
polydispersity index (PDI) of the AgNPs were determined (DLS instru-
ment, Cordouan3 Vasco, France). 

2.4.6. Zeta potential 
Zeta potential which is a scientific term for electrokinetic potential in 

colloidal dispersions, was used to get information about the stability 
level of the synthesized AgNPs. This was done by dispersing 0.001 g of 
the AgNPs dried powders in 1 ml of deionized water using an ultrasonic 
cleaner at 22 ◦C and neutral pH environment using Zeta Compact, CAD, 
France. 

2.4.7. AFM analysis 
AFM is a technique which is usually used to investigate the 

morphology and structure of nanostructured materials, including 
nanoparticles. A proper amount (15 μl) of the prepared suspension was 
placed onto the AFM (Multimode Full Plus, Iran) specimen stub and 
further dried to examine the surface topography of the synthesized 
AgNPs. 

2.5. Antibacterial activity 

2.5.1. Disc diffusion 
Antibacterial activities of the synthesized AgNPs with 400 µg/ml 

concentration and their conjugate with the tetracycline antibiotic (400 
µg/ml) were evaluated against the two pathogenic bacteria: Escherichia 
coli (ATCC 25922) and Staphylococcus aureus (ATCC 25923), using the 
disc diffusion method. Glycerol 40% was used to overcome the insta-
bility of the AgNPs dispersion for the antibacterial experiment. The 
antibacterial experiment was carried out in triplicate and repeated three 
times. The pure cultures of the test pathogenic bacteria were subcultured 
in Mueller Hinton broth and incubated at 37 ◦C for 18 h. Mueller Hinton 
agar was prepared, sterilized, and poured into sterile Petri plates. After 
solidification of the plates, 100 μl of Mueller Hinton broth culture of 
each test microorganism (1–2 × 108 CFU/ml) was separately swabbed 
uniformly on the surface of Mueller Hinton agar plates using sterile 
cotton swabs. Four sterile blank discs with the size of 6 mm diameter 
were mounted on the surface of each agar plate using sterile forceps. 20 
μl of the silver nanoparticles solution sample (400 µg/ml), 20 μl of the 
tetracycline solution (400 µg/ml), and 20 μl of the silver nanoparticles- 
tetracycline conjugate were poured on three blank discs, respectively 
and 20 μl of the solvent was poured on the other blank disc as a negative 
control. For reparation of the antibiotic-AgNP conjugate, stock solutions 
(400 μg/mL) of tetracycline in distilled water were first filter sterilized. 
Then, equal amounts of antibiotic solution (5 ml) and biosynthesized 
AgNPs (400 μg/mL) were mixed and stirred for 15 min. This was fol-
lowed by incubation of the mixture at 25 ◦C overnight. The samples were 
then centrifuged and the pellet was resuspended in sterile deionized 
water and stored in the dark at 4 ◦C [21,22]. All the plates were incu-
bated at 37 ◦C for 24 h. After incubation process, the diameter of 

inhibition zone (DIZ) around the discs was measured and recorded for 
each tested microorganism. The increase in the fold area was deter-
mined by mean surface area calculation of the inhibition zone generated 
by pure tetracycline antibiotic and also in combination with the silver 
nanoparticles [23]. The fold increased area was calculated using the 
following equation. 

Fold increase (%) = (b − a)/a*100  

where a and b refer to the zones of inhibition for tetracycline antibiotic 
alone and tetracycline with silver nanoparticles, respectively. 

2.5.2. Minimum inhibitory concentration (MIC) and minimum bactericidal 
concentration (MBC) 

Microdilution method was employed to evaluate the antibacterial 
property of the synthesized AgNPs [24]. The antibacterial solutions 
were first prepared, in microplates wells, using serial two-fold (1:2) 
dilutions of AgNPs with concentration 3.9 to 500 µg/ml. Then, 1.5 × 108 

CFU/ml suspension (according to 0.5 McFarland standard) of bacteria 
(E. coli and S. aureus) was prepared in Mueller Hinton broth (Merck, 
Germany), diluted 20 times in buffered solution within 96 well micro-
titer plates, and incubated at 37 ◦C for 24 h. The microtiter wells con-
taining bacteria inoculum with culture medium (without nanoparticles) 
and the wells containing only culture medium were considered as the 
positive and negative controls, respectively. 

The growth inhibition percentage (GI %) of each treatment, at 
different reaction conditions, was calculated in comparison with its 
positive control using the following equation [16]:   

In order to determine the lowest antibacterial agent concentration 
for inhibiting 99% of the bacterial growth, the MIC test was performed. 
Also, microdilution measurement was carried out (triplicate), to eval-
uate the MIC value for each bacterium test. This was also performed for 
the MBC test after determining MIC by pipetting 10 µl of AgNPs with all 
different concentrations onto nutrient agar (NA; Merck) plates. Then, 
they were incubated at 37 ◦C for 24 h. The MBC value corresponded to 
the concentration which inhibited 100% of bacterial growth in com-
parison with the positive control (no treatment). 

2.5.3. Growth curve assay 
The growth curve of E. coli and S. aureus in the presence of AgNPs 

(15.625, 31.5, 62.5, 125 and 250 µg/ml) was investigated by adding 1% 
v/v of the overnight bacterial culture to 100 ml fresh medium. Samples 
were measured at different time points (0, 1, 2, 4, 6, 8, 10 and 12 h) and 
OD600 using UNICO S2100 UV spectrophotometer (Unico, Shanghai, 
China). The percentage of growth inhibition was obtained concerning 
the positive control [24]. All experiments were carried out in triplicate. 

2.6. Biofilm inhibition assay 

The biofilm inhibitory behavior of AgNPs was examined by a 
microtiter-plate test based on crystal violet staining [25]. The cultures of 
E. coli and P. aeruginosa were grown overnight at 37 ◦C. Then, the cul-
tures of the bacteria were diluted (0.5 McFarland standard) in LB me-
dium and exposed to AgNPs solution with different concentrations (8, 
15, 31.25, 62.5, 125, 250, 500 µg/ml), on 96 well microplate wells. After 
incubation at 37 ◦C for 24 h, the liquid suspension was removed and the 
process of well washing was performed with PBS. Sticking of bacterial 

Percentage of growth inhibition (GI %) = (100 − − (OD630in the presence of bactericidal agent/OD630in absence of bactericidal agent)) × 100   
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cells to the bottom of the wells was monitored by staining with crystal 
violet (0.25 w/v) followed by incubating for 30 min at 37 ◦C. After 
washing and drying the suspension, 30% acetic acid was added to the 
wells and then the optical densities of the stained adherent bacteria were 
determined, using ELISA microtiter plate reader (Stat fax® 2100, En-
gland) at 590 nm wavelength. This process was carried out in triplicate 
at various times. Biofilm inhibition percentage (BI %) related to the 
treatments with different conditions was calculated and compared to the 
positive control using the following relation. 

2.7. Reactive oxygen species (ROS) measurement 

The ROS production was measured, using 2,7 dichlorofluorescein 
diacetate (DCFDA) [26]. Reaction of DCFDA with ROS resulted in the 
formation of a highly fluorescent dichlorofluorescein compound. The 
bacterial cells were first adjusted to 105 CFU/ml and treated with AgNPs 
(31.25, 62.5, and 125 µg/ml) for 4 h. Then, the mixture was centrifuged 
with 1200 rpm speed at 4 ◦C for 30 min followed by treating the su-
pernatant with 100 µM DCFDA for 1 h. An excitation wavelength of 485 
nm and an emission wavelength of 520 nm were used to determine the 
fluorescence, employing RF-1501 spectrofluorophotometer (Shimadzu, 
Kyoto, Japan). The level of ROS was identified by dividing the 

absorbance of the treated group by the absorbance of the control group. 

2.8. Lactate dehydrogenase (LDH) measurement 

The LDH activity was measured spectrofluorometrically in an RF- 
1501 spectrofluorophotometer (Shimadzu, Kyoto, Japan) using a 
respective assay kit (Pars Azmon, Iran). After incubating the bacterial 
culture (105 CFU/ml) and AgNPs (31.25, 62.5 and 125 µg/ml) in a 
shaking incubator at 37 ◦C for 6 h, the culture was centrifuged with1200 

rpm at 4 ◦C for 30 min at which resulted in discarding the supernatant. 
The pellet was washed twice with PBS and then treated with the LDH 
reaction solution in a microplate. The plate was incubated with gentle 
shaking on an orbital shaker for 30 min at room temperature. The NAD 
+ reduction rate was measured as an increase in the absorbance (340 
nm). NAD + reduction rate is proportional to the activity of LDH in the 
cell medium [27]. 

2.9. FESEM studies 

Field-emission scanning electron microscopy (FESEM), (Mira 3 FEG, 
TESCAN Co., Czech) was used to investigate the morphology change of 

Fig. 1. Isolation, purification, molecular and 
biochemical identification, and antibiotic 
resistance profile of marine bacterium Vibrio 
sp. B4L strain used for silver nanoparticle 
biosynthesis. A: The cream-colored colonies 
and the embedded microscopic image of B4L 
isolate after Gram staining. B: the lumines-
cent light emission (in dark condition) of 
Vibrio sp. B4L culture on SWC agar and broth 
medium. C: Gel Image (top left images) of 
16S rRNA gene amplicon of B4L isolate 
(Lane 1: DNA marker; Lane 2: 16S rRNA 
gene amplicon) and neighbor-joining phylo-
genetic tree (right image) indicating the 
relationship between the 16S rRNA sequence 
of B4L strain and sequences of the database. 
The sequences of Bacillus aerophilus 
(AJ831844) are used as the outgroup. Boot-
strap values (%) are based on 1000 
replicates.   

Biofilm inhibition percentage (BI %) = 100 − (OD590 in presence of the antibacterial agent/OD590 in absence of antibacterial agent × 100)
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treated and non-treated bacteria with AgNPs. Bacterial cells were grown 
until the stationary phase (106 CFU/ml) at 37 ◦C in 100 ml of NB me-
dium treated with MIC concentration of AgNPs (62.5 µg/ml) for 3 h and 
then centrifuged for 30 min at 1200 rpm. Washing of the pellets was 
carried out using phosphate-buffered saline (PBS). A thin smear was 
prepared on a glass slide followed by air-drying and passing through the 
flame of a Bunsen burner four times. Fixing the bacterial cells was 
accomplished with 2.5% glutaraldehyde in normal saline for 45 min. 
The pre-fixed cells were washed with PBS twice and then the dehydra-
tion process was carried out using 30, 50, 70, 80, and 90% ethanol (10 
min each). In addition, the specimens were left in pure ethanol for 20 
min. The slides were stored overnight, at room temperature, for com-
plete ethanol evaporation. After that, the fixed cells were gold-coated to 
be examined by FESEM [28]. 

3. Results and discussion 

3.1. Isolation and identification of Vibrio sp. B4L 

After culturing the water samples, the growth of Vibrio species on 
TCBS medium was observed as the color of the medium changed from 
green to yellow due, to the fermentation of the sucrose in the medium. 
Vibrio species produced yellow mucoid colonies on the TCBS medium. 
Vibrio sp. B4L colonies were purified by sub-culturing in SWC agar 
medium and was found to be as high light emitters with counts per 
second/OD 600 nm equal to 30 × 10 6 RLU/Sec/OD. Cream-colored 
colonies on SWC agar medium were produced and their light emission 
was observed in a dark room (Fig. 1A-B). 

Identification of B4L isolate up to the species level is required to 
determine the silver nanoparticles biosynthesis mechanism. Based on 
the morphological results, the B4L isolate was found to be Gram- 
negative and curved rod shape (Fig. 1A). The results of the biochem-
ical assays of B4L are shown in Table 1. B4L could tolerate 6% of NaCl 
concentration, while its growth was completely ceased beyond 10% of 
salinity. Antibiotic susceptibility testing suggested that the B4L isolate 
demonstrates the lowest susceptibility to amikacin and ceftazidime and 
the highest susceptibility to trimethoprim/sulfamethoxazole (Table 2). 
Based on the morphological, biochemical, and physiological results, the 
B4L isolate belonged to Vibrio species. Molecular characterization, based 
on 16S rRNA gene sequencing analysis, revealed B4L 99% identity to 
Vibrio owensii strain (LMG 25443) (Fig. 1C). The isolate was submitted in 
the GenBank database as Vibrio sp. B4L with the accession number of 
MF706366. The phylogenetic tree was constructed using the Neighbor- 
joining method of MEGA5 program (Fig. 1D). 

3.2. Biosynthesis of AgNPs 

B4L isolate can reduce silver ions to silver nanoparticles at 1 mM 
concentration. Luminescent isolate could synthesize silver nanoparticles 
extracellularly by the culture supernatant. After treating the aqueous 
solution of AgNO3 (1 mM) with the culture supernatant of the isolate 
and incubation of the mixture for 4 days in the dark, a light brown color 
appeared in the reactive mixture suggesting the formation of silver 
nanoparticles [9]. Fig. 2A shows two conical flasks with the culture 

supernatant of B4L before and after reaction with Ag + ions. Before the 
reaction, color of the mixture was yellow (left flask) but changed to 
brownish after completion the reaction, which took 4 days (right flask). 
This color change is related to the surface plasmon resonance excitation 
of the synthesized silver nanoparticles [9,13]. Also, the color change 
from yellow to brown was due to the reduction of silver ions to silver 
nanoparticles as reported by Jeevan et al [29]. Different studies have 
shown that NADH- dependent reductase enzymes play a key role in the 
biosynthesis of silver nanoparticles [9]. Eramabadi et al., indicated that 
the type of microorganisms can have an influence the characteristics and 
properties of NPs, as gram-negative bacteria are more beneficial in 
producing smaller size PtNPs nanoparticles [30]. Also, NPs biosynthesis 
(other than AgNPs) by naturally occurring and genetically engineered 
luminescent bacteria have been achieved in which the enzymes stabi-
lized on nanoparticles were recognized as the most predictive agents in 
nanoparticles biosynthesis [16,31–33]. Masoudi et al found that lucif-
erase enzyme with cofactor FMN are some of the luminescent Vibrio 
agents present on the surface of nanoparticles bringing unique proper-
ties to the biosynthesized NPs [31]. 

The extracellular synthesis of silver nanoparticles in this study pro-
vided a great advantage because in intracellular synthesis, additional 
downstream steps such as ultrasound treatment or reaction with suitable 
detergents are needed for the release of nanoparticles from the biomass. 
Also, there is no need for an extra step for nanoparticles recovery in 
extracellular synthesis. The AgNPs pellets collected by centrifuging the 
color-changed mixture, were washed three times and then oven-dried at 
50 ◦C for 24 h (Fig. 2B). 

3.3. Characterization 

The optical properties of metal nanoparticles, examined by UV–vis 
spectroscopy, are directly associated with their surface plasmon reso-
nances which are highly dependent on the morphology of the nano-
particles. Based on reliable published sources, an absorption peak at the 
wavelength of 400–470 nm indicates the presence of silver nanoparticles 
(Fig. 3A). This peak is due to the surface plasmon resonance of AgNPs 
[13]. According to Mie̓ s theory, small and spherical shapes of the 
nanoparticles show only a single surface plasmon band, while aniso-
tropic nanoparticles show two or three bands [34]. In this study, a strong 
absorption band peak at 420 nm wavelength was observed in the UV–vis 
absorption spectrum indicating the presence of AgNPs. In another word, 

Table 1 
Biochemical test results for B4L isolate.  

Indole Citrate 
Utilization 

Manitol 
Fermenation 

DNase Catalase Urease Assay 

+ _ + + + + Results 
Lactose 

Fermentation 
Glucose 
Fermentation 

Voges 
Proskauer 

Methyl red Gelatinase H2S 
Production 

Assay 

+ + + + _ + Results  
Motility Lysine 

deamination 
Lysine 
decarboxylation 

Gas 
Production 

Assay  

+ _ + _ Results  

Table 2 
Antibiotic susceptibility (S) of B4L isolate to the studied antibiotics.  

Resistant/ 
susceptible 

Zone of inhibition(diameter 
in mm) 

Antibiotics 

S (low) 4 Amikacin 
S (high) 15 Nalidixic acid 
S (medium) 10 Meropenem 
S (low) 4 Ceftazidime 
S (medium) 8 Gentamicin 
S (medium) 9 Nitrofurantoin 
S (high) 19 Trimethoprim/ 

sulfamethoxazole  
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Fig. 2. Biosynthesis of AgNPs using luminescent Vibrio sp. B4L culture supernatant. A: Conical flasks containing B4L culture supernatant in aqueous AgNO3 solution 
at the beginning of the reaction (left) and after 96 h reaction (right). B: dried powder of the synthesized AgNPs. 

Fig. 3. Characterization of biosynthesized AgNPs using marine luminescent Vibrio Sp. B4L. A: The UV–vis spectrum. The absorption peak at 400–470 nm wavelength 
is observed. B: XRD pattern of AgNPs with four strong diffraction peaks. C: FTIR spectrum of the AgNPs shows bands at the region between 400 and 4000 cm− 1 

wavelengths. D: The size distribution histogram. E: Zeta potential histogram of AgNPs (– 36.15 mv) indicating high stability of the synthesized nanoparticles. 
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this single strong band which is assigned to the surface plasmon reso-
nance of the synthesized AgNPs confirms that the synthesized silver 
nanoparticles are small particles having spherical particles. 

In the XRD pattern (Fig. 3B), there are four intense diffraction peaks 
at 2θ, 38.2◦, 44.4◦, 64.6◦, and 77.5◦ corresponding to (111), (200), 
(220) and (311) planes respectively, in agreement with the standard 
pattern of silver nanocrystals (JCPDS file No. 0.4–0.783) having face- 
centered cubic (FCC) crystal structure. The average size of the silver 
nanocrystallites was estimated about 23 nm using the Debye-Scherrer 
formula (Eq.4): 

D = 0.9λ/βCosθ (4)  

where “λ” is the X-ray wavelength (0.1541 nm), “β” is FWHM (full width 
at half maximum), “θ” is the diffraction angle and “D” is the nano-
crystallite diameter. 

FTIR spectroscopy was also used to identify the possible bio-
molecules responsible for the reduction of the silver ions, efficient 
capping and stabilization of the synthesized silver nanoparticles. 

In the FTIR spectrum of the synthesized silver nanoparticles there are 
bands at 1086 cm− 1, 1380 cm− 1,1630 cm− 1, 2925 cm− 1, 3268 cm− 1 and 
3436 cm− 1 wavenumbers in the range of 400 to 4000 cm− 1 (Fig. 3C). 
The bands observed at 1086 cm− 1 and 1380 cm− 1 are assigned to the 
C–N stretching vibrations of aliphatic and aromatic amines, respec-
tively. The band at 1630 cm− 1 is associated with the stretching vibration 
of C––O which is usually found in proteins. The peaks observed at 2925 
and 3268 cm− 1 are assigned to the stretching vibrations of amideII and 
amideI bands, respectively. The band at 3436 cm− 1 confirms the pres-
ence of the OH functional group. The observed bands indicate the 
presence of proteins and their binding to the silver nanoparticles which 
stabilize the nanoparticles. It is well known that proteins can bind to 
nanoparticles either through free amine groups or cysteine residues in 
the proteins and via the electrostatic attraction of negatively charged 
carboxylate groups in enzymes [35]. 

Furthermore, the size of synthesized AgNPs was examined using DLS 
method. The silver nanoparticles were found to have the size ranging 

between 32.67 and 107.18 nm with an average of 68.29 nm which is 
very close to the size of those synthesized by Vibrio alginolyticus and 
Enterobacteriaceae [36]. Nanoparticle with the smaller size can pene-
trate the cell membrane of bacteria more easily as compared to bigger 
nanoparticles. Also, spherical silver nanoparticles have efficient anti-
bacterial effects which might be due to the large surface to volume ratio 
of the nanoparticles [37]. 

The size distribution curve of the synthesized nanoparticles in this 
study is bell-shaped which indicates a fairly uniform distribution of the 
particle sizes (Fig. 3D), similar to the particle size distribution curve of 
nanoparticles synthesized by Enterobacteriaceae. [36]. According to 
literatures, a uniform colloidal silver nanoparticles solution, with high 
monodispersity of the particles has a polydispersity index (PDI) between 
0.01 and 0.7 while a non-uniform and polydisperse sample has a PDI 
greater than 0.7 [2]. The polydispersity index (PDI) of the synthesized 
AgNPs in this study was obtained 0.112 indicating the high uniformity of 
the synthesized silver nanoparticles colloidal solution. 

The high value of zeta potential reveals the high surface charge of the 
nanoparticles. Zeta potential can be an index to the stability of particles. 
In the case of charged particles, higher zeta potential causes the larger 
repulsive interactions resulting in formation of more stable particles 
with higher uniform size distribution. Various studies have shown that 
the nanoparticles with zeta potential greater than + 30 mV or lower than 
− 30 mV are more stable which avoid agglomeration in the colloidal 
solution [38,39]. In this study, the average zeta potential of the syn-
thesized silver nanoparticles was found to be – 36.15 mV indicating the 
high stability of the synthesized AgNPs (Fig. 3E). In addition to the 
repulsive electrostatic forces between the synthesized nanoparticles, the 
presence of appropriate amounts of proteins and peptides bound to the 
surface of the nanoparticles, which causes the steric hindrance effect 
may be a factor for high stability of the synthesized nanoparticles [2]. 

The SEM micrograph of the synthesized sample showed the presence 
of AgNPs in both single and agglomerated forms (Fig. 4A). The bio-
synthesized silver nanoparticles were spherical and had a uniform 
morphology. 

Fig. 4B shows two and three dimensional AFM surface topography 

Fig. 4. A: SEM image of AgNPs. Examples of single and agglomerated formed are distinct by an orange circle. B: Two (left) and three-dimensional (right) AFM images 
of AgNPs giving the nanoparticle size around 60 nm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.) 
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images of the synthesized AgNPs. In these images (5 × 5 µm), the surface 
structure, arrangement of the nanoparticles and their heights are shown. 
Darker spots show the lower heights and brighter spots show the higher 
heights. The average height of the nanoparticles was obtained 66.35 nm. 
The size of the nanoparticles was also determined from the AFM images 
around 60 nm. 

3.4. Antibacterial activity 

The antibacterial activities of the pure synthesized AgNPs and also 
with the tetracycline were investigated against two pathogenic bacteria 
Escherichia coli (ATCC 25922) and Staphylococcus aureus (ATCC 25923), 
by employing the disc diffusion method and measuring the diameter of 
inhibition zone (DIZ). A clear zone of inhibition was formed against both 
pathogenic bacteria in the presence of AgNPs. Our results showed that 
the silver nanoparticles had antibacterial effects on tested bacteria. 

Gram-negative bacterium E. coli possessed higher sensitivity (DIZ = 11 
mm) to silver nanoparticles compared to Gram-positive bacterium 
S. aureus (DIZ = 8 mm). This can be related to rather thick layers of 
peptidoglycan in the cell wall of Gram-positive, comparing to Gram- 
negative bacterium, which may lead to less penetration of the nano-
particles into the gram-positive bacterial cells [38]. The exact antibac-
terial activity mechanism of silver nanoparticles are not yet clearly 
known. Lin et al have reported that silver ions released from silver 
nanoparticles can attach to negatively-charged proteins of the bacterium 
cell membrane through the electrostatic attraction causing the proteins 
structure collapse and cell death [40]. The antibacterial activity of the 
tetracycline antibiotic was found to increase significantly in combina-
tion with silver nanoparticles (DIZ = 35 mm for E. coli and DIZ = 29 for 
S. aureus). The fold increase percentage (FI%) against E. coli and 
S. aureus is 40% and 26.08%, respectively. An increase in the synergistic 
effect might be due to binding reaction between antibiotic and silver 

Fig. 5. Antibacterial activity of AgNPs synthesized by Vibrio sp. B4L. A: Graph of growth Inhibition (%) of E. coli ( ) and S. aureus (■) induced by various con-
centrations of AgNPs and the corresponding MIC and MBC values (top table) obtained for AgNPs against the tested bacteria. B: The Petri plates showing the 
bactericidal activity (MBC) for different concentrations of AgNPs (µg/ml) against E. coli and S. aureus. C: Growth diagram of E. coli and S. aureus in the presence of 
AgNPs with different concentrations. Error bars are the sample standard deviation from triplicate measurements. 
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nanoparticles. Similar studies indicated that biosynthesized AgNPs had 
efficient antibacterial activity against gram negative (E. coli) and gram 
positive (S. aureus) bacteria [41]. They observed the synergistic effect of 
biogenic AgNPs + antibiotics on selected microbes. Furthermore, they 
found higher efficacy (AgNPs + antibiotics) in terms of increase in fold 
area for gram negative bacteria (E. coli) than gram negative bacteria 
(S. aureus). Molecules of antibiotics contain many active groups such as 
hydroxyl and amino groups, which can easily react with silver nano-
particles by chelation [42]. The antibiotic-silver nanoparticles complex 
interact with DNA and prevent the loosening up of DNA, which brings 
about more severe harm to bacterial cells [43]. In another report, 
Gudikandula et al. demonstrated that the antibacterial property of cef-
triaxone and streptomycin antibiotics increase significantly against 
E. coli, S. aureus, B. subtilis and P. aeruginosa, in the presence of AgNPs 
[44]. Meanwhile, commercial AgNPs used in Sun et al., studies showed 
little antibacterial activity with inhibition zone diameter of 0.5–0.8 mm 
[45]. 

3.4.1. MIC and MBC test 
The growth inhibition percentage (GI %) was evaluated for E. coli 

and S. aureus to find out the lowest concentration needed (MIC) which 
can completely inhibit the growth (Fig. 5A). The obtained MICs were 
31.25 and 62.5 µg/ml for E. coli and S. aureus, respectively. The MBCs of 
AgNPs were also evaluated and found to be 31.25 µg/ml and 125 µg/ml 
for E. coli and S. aureus respectively (Fig. 5A and 5B). 

The values of MIC and MBC for E. coli showed that E. coli was more 
susceptible to AgNPs than S. aureus. These findings were comparable 
with other experiments conducted with the same species [46]. In this 
work, AgNPs even with a smaller average size proved less powerful 
against E. coli (MIC of 62.5 µg/ml). Silver nanoparticles attack Gram- 
negative bacteria through anchoring as well as penetrating the cell 
wall which leads to structural change in the cell membrane and the in-
crease of permeability [47]. Noteworthy that commercial AgNPs pre-
viously studied in an antibacterial experiment did not show E. coli 
growth inhibition even at 50.0 µg/ml [45], indicating the higher anti-
bacterial properties of our biogenic AgNPs in comparison with the 
commercial ones. 

The growth rates of E. coli and S. aureus were monitored in 100 ml of 
NB medium supplemented with various amounts of AgNPs (Fig. 5C). It 
can be observed that at all the amounts of the nanoparticles cause 
growth reduction in both bacteria. However, higher concentrations have 
increased the growth reduction. Also, there was an increase in bacterial 

growth in control with time and when compared with control, there was 
a substantial reduction in bacterial growth of the samples subjected to 
different concentrations of AgNPs. 

3.5. Antibiofilm activity 

Biofilms are defined as structured bacterial communities adhered to 
abiotic or biological surfaces. Currently, biofilms have become a wide-
spread problem because the bacterial cells in a biofilm have shown to 
have more resistance against antibiotics [48]. Biofilm-related infections 
have affected people in many countries, causing death. Therefore, the 
need for more effective compounds such as biogenic NPs has received 
more attention. 

Concerning the higher ability of Pseudomonas aeruginosa and E. coli to 
form a biofilm, these bacteria were used for our biogenic AgNPs anti-
biofilm studies. The effect of different concentrations of AgNPs on bio-
film formation was evaluated by monitoring the binding of the crystal 
violet to adherent cells in microtiter wells. This reflects the effective 
ability of the biofilm formation directly (Fig. 6). It was observed that the 
formation of biofilm is inhibited 100% at AgNPs concentration of 62.5 
and 250 µg/ml for E. coli and P. aeruginosa, respectively. However, the 
biofilm formation of P. aeruginosa was inhibited 99.5% in 62.5 µg/ml of 
AgNPs. The higher resistance of P. aeruginosa biofilm to AgNPs, 
compared with E. coli, has been reported [49]. Moreover, it has been 
shown that chemically synthesized AgNPs (20 µg/ml) could inhibit the 
biofilm formation of P. aeruginosa by only 67% [50]. Thus, our biolog-
ically synthesized AgNPs seems to be more effective and could be used as 
potential alternative remedies. 

3.6. ROS formation 

ROS refers to radical reactive oxygen forms (i.e. O2
‾, OH•) and non- 

radical reactive oxygen forms (e.g⋅H2O2, 1O2, O3) which easily involve 
in oxidation reactions and so potentially poisonous to cells. The gener-
ation of ROS by AgNPs has been considered a primary mode of cytotoxic 
action of AgNPs [51]. It has been reported that ROS can exist in intra-
cellular and extracellular locations [52]. However, at higher concen-
trations greater than the antioxidant capacity of a cell, the highly 
reactive ROS gets engaged in destruction of cell membrane, proteins, 
DNA, and intracellular systems such as respiratory systems. To deter-
mine the biogenic effect of AgNPs on enhancement of ROS production, 
E. coli and S. aureus were treated with different concentrations of AgNPs 

Fig. 6. Effects of different concentrations of AgNPs on biofilm formation of 
E. coli ( ) and P. aeruginosa (■). Error bars are the sample standard deviation 
from triplicate measurements. 

Fig. 7. Quantitation of ROS production by E. coli ( ) and S. aureus (■) after 
treatment with different concentrations of AgNPs. The results are given as the 
mean fluorescence intensity ± SD (n = 3). 
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(31.25, 62.5, and 125 µg/ml) in the presence of DCFDA. The results 
showed that the ROS Production in both bacteria enhanced in a dose- 
dependent when treated with AgNPs (Fig. 7). The increased 

generation of ROS supports the hypothesis that bacterial cells are un-
dergoing oxidative stress, which can ultimately lead to the observed 
cytotoxicity. 

Fig. 8. The effect of various concentrations of AgNPs on LDH activity of E. coli (A) and S. aureus (B). Experiments were carried out in triplicate and the data are 
presented as mean ± SD. *Significantly different from Time 0 group (p < 0.05). 

Fig. 9. FESEM micrographs of E. coli (A, B, E, F, I) and S. aureus (C, D, G, H, J). A, C, E, and G: controls; B, D, F, H, I and J: treated with MIC concentration of AgNPs. 
Scale bar (A, B, C, D, I, J): 2 µm; scale bar (E, F, G, H): 500 nm. 
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3.7. LDH activity 

Lactate dehydrogenase (LDH) activity is responsible for catalyzing 
the reversible reduction of pyruvate to lactate. This reaction causes 
balance the redox potential by oxidation of NADH + H+ to NAD+. The 
release of LDH with cytoplasm is in response to the damage of cell or 
exogenous insults which results in the damage of plasma membrane. 
LDH release has been widely used to evaluate the damage and toxicity in 
the cells [53]. In this work, the effect of AgNPs synthesized from Vibrio 
sp. B4L on LDH activity in E. coli and S. aureus has been evaluated at 
31.25, 62.5, and 125 µg/ml concentrations (Fig. 8). Our results revealed 
that the LDH activity of E. coli and S. aureus in the control group 
increased significantly with time, whereas the LDH activity decreased in 
the cells treated with AgNPs. There was a significant difference in the 
LDH activities in AgNPs treated cells and in cells of the control group (P 
< 0.01). Our results agree with the previous findings [28] and further 
support the concept of inhibition of LDH activity by AgNPs through ROS 
generation which causes damage to the cell components and hindering 
respiration. 

3.8. FESEM studies 

To examine the morphological changes of the bacterial cells by 
AgNPs, E. coli and S. aureus cells were observed under FESEM upon 
exposure to MIC concentration of AgNPs (Fig. 9). In control groups, 
E. coli and S. aureus cells shapes were typically rod and sphere, respec-
tively (Fig. 8A, E, C, and G). The cells surfaces were intact without any 
damages. However, membrane disruption and lysis by AgNPs were 
observed in the cells treated with AgNPs (Fig. 8B, F, D, and H). Also, 
several bacterial cells exposed to AgNPs had a relatively long shape 
compared to control cells, which might be the reason for cell division 
inhibition by AgNPs (Fig. 8I, J). Our observations are in good agreement 
with some other published studies [28,54]. 

4. Conclusions 

In this study, an eco-favorable and low cost-effective method for 
extracellular biosynthesis of silver nanoparticles, using a marine lumi-
nescent Vibrio sp. B4L was successfully performed. The produced silver 
nanoparticles were then characterized by different techniques: UV–vis 
and FTIR spectroscopy, SEM, FESEM, AFM imaging techniques, XRD, 
DLS, and Zeta potential analyses. The results confirmed the formation of 
highly stable silver nanoparticles with a spherical shape and the average 
particle size of about 70 nm. The biosynthesized AgNPs showed good 
antibacterial properties against two pathogenic bacteria E. coli and 
S. aureus. The synthesized silver nanoparticles also enhanced the reac-
tion rate of the tetracycline antibiotic in a synergistic mode on the test 
pathogenic bacteria. Further investigations (antibiofilm assay, ROS and 
LDH activities and FESEM observations) revealed the applicability of 
AgNPs synthesized by a marine luminescent Vibrio species. Therefore, 
the rational use of this biogenic nanoparticle in medicine is suggested. 
The biotechnological application of the present isolated marine lumi-
nescent strain in the biosynthesis of other important metal nanoparticles 
can be an interesting and optimistic issue for further future studies. 
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