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Abstract: Biological routes of synthesising metal nanoparticles (NPs) using microbes have been gaining much attention

due to their low toxicity and eco-friendly nature. Pseudomonas aeruginosa JP2 isolated from metal contaminated soil

was evaluated towards extracellular synthesis of silver NPs (AgNPs). Cell-free extract (24 h) of the bacterial isolate was

reacted with AgNO3 for 24 h in order to fabricate AgNPs. Preliminary observations were recorded in terms of colour

change of the reaction mixture from yellow to greyish black. UV-visible spectroscopy of the reaction mixture has

shown a progressive increase in optical densities that correspond to peaks near 430 nm, depicting reduction of ionic

silver (Ag+) to atomic silver (Ag0) thereby synthesising NPs. X-ray diffraction spectra exhibited the 2θ values to be

38.4577° confirming the crystalline and spherical nature of NPs [9.6 − 26.7 (Ave. = 17.2 nm)]. Transmission electron

microscopy finally confirmed the size of the particles varying from 5 to 60 nm. Moreover, rhamnolipids and proteins

were identified as stabilising molecules for the AgNPs through Fourier transform-infrared spectroscopy.

Characterisation of bacterial crude and purified protein fractions confirmed the involvement of nitrate reductase

(molecular weight 66 kDa and specific activity = 3.8 U/mg) in the Synthesis of AgNPs.

1 Introduction

Nanotechnology, an emerging field in science and technology, has
led to the synthesis of nanoscale materials with enormous
implications in electronics, photonics, nanomedicine, biolabelling,
biomedical engineering and environment [1]. Various physical and
chemical strategies have been used to synthesise well-defined
nanomaterials of noble metals [2]. However, these conventional
methods despite their commercial importance are facing challenges
in terms of high cost and hazardous nature. Hence there is
growing demand for the use of environmentally benign procedures
for the synthesis of nanoparticles (NPs) [3]. Recently, there has
been an upsurge of biological techniques where metallic ions are
reduced to NPs [4] by different plants [5] and microorganisms [6].
In this context, new enzymatic approaches have been viewed as
playing an important role for both intracellular [7] as well as
extracellular syntheses [7] of NPs in batch and continuous cultures
of bacteria and fungi [8].

Generally, efficacies associated with NPs in different applications
and procedures have been linked with their sizes and stable
monomeric nature on a large scale [9]. The higher stability of
biogenic AgNPs can be attributed to the capping agents [10]. The
nature of the capping molecule depends on the organisms used
for enzyme source. Various capping molecules such as proteins
and rhamnolipids have been identified in bacteria- and
fungus-mediated synthesis of NPs. In addition, elucidation of
molecular mechanisms involved in the biological synthesis of
metal NPs with controlled size, shape and monodispersity are
some of the challenges to deal with. The pathways involved in the
biosynthesis of AgNPs are also of prime importance for the
development and upscaling of production methodologies for other
elements. [11]. Participation of cellular proteins in the synthesis of
AgNPs has been investigated earlier [12]. Extracellularly secreted
nitrate reductase from different microbes has been identified as the
reducing agent that converts silver ions to AgNPs [8]. Moreover,
similar reducing activities have been reported intracellularly in
different studies [13].

Biological reduction processes of metals are not only important in
natural metal transformation processes, but they are also equally
important in understanding the bioleaching processes associated
with metal ores [14] and in the bioremediation of
metal-contaminated sites [15]. In this study, efforts were directed
towards exploring the basic mechanism involved in the synthesis
of AgNPs. In this perspective, the participation of nitrate reductase
and metal capping or stabilising proteins was typically perused.

2 Experimental

In this study, environmental isolate from the metal-contaminated soil
was used as a source of enzyme, which was microbiologically and
biochemically characterised as Pseudomonas aeruginosa
(P. aeruginosa) JP2. The specific isolate produced fluorescence at
Cetrimide agar (Sigma-Aldrich). For the synthesis of AgNPs,
bacterial culture was aerobically cultivated in the slightly modified
MGYP media containing malt extract 3 g/l, glucose 10 g/l, yeast
extract 3 g/l and peptone 5 g/l for a 100 ml growth medium at 37°C
on a rotary shaker (150 rpm) for 24 h and harvested by
centrifugation (centrifuge Model H-251, Kokusan Co., Ltd., Tokyo,
Japan) at 8000 rpm at 4°C for 20 min to obtain the cell-free extract.

2.1 Biosynthesis of silver NPs (AgNPs)

To synthesise AgNPs, 50 ml of cell-free extract and 50 ml of an
aqueous solution of silver nitrate (AgNO3) (10 mM) were mixed
in an Erlenmeyer flask (250 ml). The flask containing the reaction
mixture along with positive control (cell-free extract) and negative
controls (AgNO3) were incubated in a rotary shaker (150 rpm)
under dark conditions at 37°C for 24 h. The preliminary detection
of the synthesised AgNPs was done by perceiving the colour
change from pale yellow to greyish black. Besides, another
investigation was processed in which bacterial extract was heated
(4 h at 98°C) to inactivate the possible biological reducing agent.
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2.2 Characterisation of NPs

Visual observation indicated the colour change, from yellow to
greyish black. The biological reduction of silver ions in the
solution and preliminary characterisation was detected by
measuring the ultraviolet–visible (UV–vis) spectra of the sampling
aliquots subsequently removed (at equal intervals of an hour) from
the reaction mixture using UV–vis spectrophotometer (Agilent
8453 UV–Vis, Agilent Technologies, Santa Clara, CA, USA) from
250 to 750 nm. The reaction mixture was centrifuged (centrifuge
Model H-251, Kokusan Co., Ltd., Tokyo, Japan) at 10,000 rpm for
8 min and AgNPs were precipitated. AgNPs were washed with
chilled ethanol and let them air dry. Crystalline nature and the
mean particle size were confirmed by X-ray diffraction (XRD)
analysis. XRD spectrum was obtained when dry powder-coated
films of dried sample containing NPs on silica were subjected to
XRD analysis (X’pert PRO XRD, PANalytical BV, Almelo, The
Netherlands) operating in a transmission mode, at 30 kV, 20 mA
with CuKα radiation.

The morphology of the synthesised NPs was determined by
transmission electron microscopy (TEM). The AgNPs film was
created on carbon-coated copper grids that were examined by
TEM (JEM-1010, JEOL Ltd., Tokyo, Japan) at an accelerating
voltage of 80 kV. Fourier transform-infrared spectroscopy (FTIR)
analysis was done to identify the nature of capping molecules on
the basis of functional groups vibration and their interaction with
AgNPs. For the sample preparation, the reaction mixture was
concentrated by ultracentrifugation (centrifuge Model H-251,
Kokusan Co., Ltd., Tokyo, Japan) at 12,000 rpm for 20 min. After
concentrating, the pellet was washed three times with pure ethanol
and double distilled water followed by air drying in a petri dish.
Then powder of AgNPs was pressed into a clear disc, which
was mounted and examined directly by FTIR (Perkin-Elmer,
Shelton, CT).

2.3 Enzyme (nitrate reductase) purification and
characterisation

All the steps of enzyme purification and characterisation were
performed at 4°C.

2.4 Ammonium sulphate precipitation

Cell-free extract was precipitated with 60% ammonium sulphate
saturation and the precipitates were concentrated by centrifugation
(centrifuge Model H-251, Kokusan Co., Ltd., Tokyo, Japan) at
6000 rpm for 20 min. This crude protein extract was suspended in

50 mM phosphate buffer (pH 7.4) and later on nitrate reductase
activity and total protein concentrations were determined.

2.5 Gel filtration chromatography

For further purification, 2 ml of the partially purified proteins was
subjected to size exclusion chromatography using a column packed
with sephadex G-100. The protein sample was eluted by phosphate
buffer (pH 7.4) that was continuously added and fractions of 3 ml
(each) were obtained with an average speed of 15 min/fraction. Gel
filtration chromatography is a standard technique [16] to purify and
separate biomolecules on the basis of their sizes. Initially larger
molecules are excluded, then smaller molecules. Each fraction is
supposed to contain specific type and size of the proteins (enzyme).
Nitrate reductase assay and Bradford assay were performed to
determine the enzyme activity and the total protein content,
respectively. Evaluation of the reducing agent that might be
responsible for reduction as well as synthesis of AgNPs was done
by treating the purified fraction of enzyme with equal volumes of
10 mM AgNO3 solution. After incubation at 37°C for 24 h the
reduction was measured at 420 nm.

2.6 Sodium dodecyl sulphate (SDS)-polyacrylamide gel
electrophoresis

The purified enzyme (nitrate reductase) was analysed by SDS-PAGE
for the determination of molecular weight. Proteins were visualised
by staining with Coomassie brilliant blue R-250; their molecular
weights were determined by comparison with standard protein
marker (Bio-Rad, USA) (Laemmli 1970).

3 Results and discussion

When the extracellular filtrate of Pseudomonas aerogenosa JP2 was
reacted with AgNO3 solution (10 mM) at 37°C for 24 h AgNPs were
synthesised. Preliminary observation showed a visible colour change
of the reaction mixture from yellow to greyish black (Fig. 1a)
indicating the formation of AgNPs, due to the reduction of silver
metal ions into AgNPs via the biomolecules present in the extract.
This observation highlighted the involvement of some reducing
agent present in the cell filtrate [17]. While the negative control
(Fig. 1d) and positive control (Fig. 1c ) along with the heat-killed
(Fig. 1b) reaction mixture did not show any colour change; the
specific colour change was probably due to the excitation of metal
electrons by surface plasmon resonance (SPR) indicating the
formulation of AgNPs [18].

Fig. 1 Preliminary observation showed a visible colour change of reaction mixture from yellow to greyish black

a Reaction mixture containing cell filtrate of P. aerogenosa JP2 and AgNO3 solution (10 mM) showed the visible colour change from yellow to greyish black

b Heat-killed cell filtrate and AgNO3 solution showed no colour change

c Positive control (only cell filtrate), no change in colour

d Negative control (only AgNO3 solution), no colour change
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3.1 UV–vis spectroscopy

UV–vis absorption spectroscopy has been an established method to
characterise the formation of AgNPs [19]. UV–vis spectrum of the
reaction mixture exhibited a characteristic SPR band in the region
near 430 nm (Fig. 2), depicting the synthesis of AgNPs [20]. The
comparative analysis of the peaks regarding the AgNO3 solution
and the reaction mixture noticeably indicated the reduction of Ag+

to Ag0. The SPR bands for AgNPs in the range of 410–450 nm
have been well documented [21]. The sharpness and area of the
band depict the size, shape and amount of AgNPs [22]. The
intensity of the SPR bands kept increasing till the eighth hour
suggesting the accomplishment of the reaction which was
considerably efficient in terms of time than reported before [23].

3.2 XRD analysis

XRD analysis confirmed the crystalline nature of the AgNPs (Fig. 3).
XRD analysis of the purified dried powder form of reaction mixture
(Fig. 3) exhibited characteristic Bragg peaks at 2θ values of 38.2°,
44.3°, 64.8° and 77.4° corresponding to the 111, 200, 220 and
311 planes of the face-centred cubic (fcc) AgNPs, respectively
[24]. Debye–Scherrer equation was used to calculate the mean
diameter range 17.23 nm (10–27 nm) of particles (Fig. 4). Similar
observations have been made when extracellular AgNPs (31.7 nm)

were synthesised by Pseudomonas putida [25]. A small
insignificant peak was also observed that might be ascribed to
other organic substances present in the reaction mixture.

Debye–Scherrer equation

D = Kl/b
1

2
cos u

3.3 Transmission electron microscopy

TEM analysis of the purified NPs showed spherical-shaped AgNPs
with an estimated size ranging from 5 to 60 nm (Fig. 5) This size
range was much closely related to AgNPs synthesised by some
other bacteria such as Lactobacillus bulgaricus (40–50 nm) [26],
Pseudomonas aerogenosa 8–24 [27], 20–50 [23] and Escherichia
coli 40–50 nm [28]. Moreover, AgNPs were separately clustered
and close to monodispersed nature (Figs. 5a and b). Previously,
this sort of organization has been linked to certain capping
peptides and proteins in the cell filtrate that were involved in the
stabilisation of NPs and preventing them from aggregation [27].

3.4 FTIR spectroscopy

The nature of the capping molecule was identified by FTIR analysis.
FTIR spectra of the AgNPs showed strong IR bands at 782, 815, 1632,
1520, 3264, 2950 cm−1 and a few others (Fig. 6). Peaks at 782 and
815 cm−1 were assigned to C–H group and aromatic groups of
proteins. Peaks at 1520 and 1632 cm−1 corresponded to the bending
vibration of amide I and amide II of the protein [29], while their
stretching vibrations were indicated by peaks at 3264 cm−1 [30].
The wave number 1022 cm−1 indicated the stretching vibrations of
C–O–C bond in rhamnose sugar [31] Aliphatic bonds CH3, CH2
were identified in the peak range 2930–2875 cm−1 [32]. The
presence of carboxylic acid functional group in the molecule was
confirmed by the bending of the hydroxyl (O–H) by 1447 and
1383 cm−1, which also provided evidence for the presence of
rhamnolipids on the surface of AgNPs [32]. The functional groups
(C–H) have been identified in the characterisation of purified
rhamnolipids [33]. Another peak at 1049 cm−1 attributed to the C–
O–H bending vibrations due to certain capping proteins (Fig. 6),
which might be responsible for the stability of AgNPs. FTIR
spectrum clearly indicated the presence of proteins and
rhamnolipids on the surface of biologically synthesised AgNPs.
Similarly, involvement of proteins and rhamnolipids as a stabilising
agent of AgNPs has been investigated earlier [27]. Capping
molecules might have bounded to the surface of NPs through
cysteine residues or similar amino acids, which prevent NPs from
forming aggregations [33]. These results were also in agreement
with those obtained with TEM.

3.5 Characterisation of nitrate reductase and its
involvement in the synthesis of AgNPs

To understand the underlying mechanism of the synthesis of NPs
evaluation of the reducing agent was done by crude and partially

Fig. 2 Absorption spectra of reaction mixture depicting the synthesis of

AgNPs

Fig. 3 XRD spectrum of AgNPs synthesised by P. aerogenosa JP2

Fig. 5 TEM of AgNPs synthesised by P. aerogenosa JP2

a Higher magnification (200 K)

b Lower magnification (150 K)Fig. 4 Histogram showing the particle distribution of NPs
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Fig. 6 FTIR spectrum of AgNPs produced by P. aeruginosa JP2

Fig. 7 Characterisation of nitrate reductase and its involvement in synthesis of AgNPs

a Fractionation of proteins and associated specific nitrate reductase activity from total extracellular protein extract of JP2 strain using gel-filtration chromatography

b Comparison of specific activity of purified fractions and their enzyme activities for AgNO3 solution

c Positive correlation (r = 0.715) indicating the involvement of nitrate reductases in the reduction of AgNO3 salt and synthesising AgNPs
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purified fraction of the nitrate reductase from the cell-free extract of
P. aeruginosa (Fig. 7a). The crude extract was initially screened out
by nitrate reductase assay. Subsequently, total protein was
precipitated out and fractionised by gel-filtration chromatography.
Specific activity was determined for all fractions (Fig. 7a) and
fraction with the highest specific activity (3.8 U/mg) was subjected
to SDS-PAGE analysis. SDS-PAGE results depicted the molecular
weight (66 kDa) of purified nitrate reductase (Fig. 8), which might
belong to periplasmic nitrate reductases. Molecular weight of
nitrate reductase proved to be much closer to the previously
reported one (70 kDa) [34]. A positive correlation (r = 0.715) was
observed, when purified protein fractions was treated with AgNO3

solution to reconfirm the participation of nitrate reductase in the
synthesis of AgNPs (Figs. 7b and c). The involvement of
NADH-dependent reductase in Fusarium oxysporum has been
reported [13]. It has also been suggested that the reduction of
metal ions took place perhaps due to the conjugation between the
electron shuttles and an NADPH-dependent reductase [17].
Respiratory nitrate reductases (Nar) [35] and periplasmic nitrate
reductases (Nap) [36] have been linked with the synthesis of AgNPs.

Heat treated crude extract (reductase) of the bacteria did not
reduce (Fig. 1B). That was another indication of the involvement
of a catalytic agent in the transformation of Ag to NPs. The
additional evidence to the mechanistic theory was provided by the
correlation results (Fig. 7c) of the AgNO3 reduction with purified
fractions of protein from crude extract of bacteria. Consequently, it
could be inferred that the purified nitrate reductase might be the
principle agent that reduced the metal ions and formulated the
NPs, which also acted as an electron shuttle and took the electrons
from nitrate molecule and transferred to the metal ion that
converted it into an NP. The results were in accordance with
Ahmed et al. (2003), where he described the enzyme mediated
synthesis of extracellular AgNPs.

4 Conclusion

In this study, a simple, cost-effective and eco-friendly method for
extracellular synthesis of AgNPs has been reported. The
synthesised NPs were much stable and monodispersed,
consequently, having good potential for biomedical applications.
Involvement of nitrate reductase as a reducing agent in the
synthesis of AgNPs was confirmed. Moreover, participation of
proteins and rhamnolipid in the formation and stabilisation of NPs
has been indicated. This understanding could further help in
exploring the detailed mechanism of synthesis of NPs.
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