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Abstract Room temperature biosynthesis of Ag, Pd,
Fe, Rh, Ni, Ru, Pt, Co, and Li nanoparticles was
achieved using Pseudomonas aeruginosa SM1 without
the addition of growth media, electron donors, stabi-
lizing agents, preparation of cell/cell-free extract or
temperature, and pH adjustments. The resulting nano-
particles were characterized by Transmission electron
microscopy and X-ray diffraction. It was observed that
P. aeruginosa SM1 is capable of producing both
intracellular (Co and Li) and extracellular (Ag, Pd, Fe,
Rh, Ni, Ru, and Pt) nanoparticles in both crystalline and
amorphous state. The FT-IR spectra clearly showed the
presence of primary and secondary amines which may
be responsible for the reduction and subsequent
stabilization of the resulting extracellular nanoparticles
which were obtained as a one-step process. This
suggests toward an unknown “selection mechanism”
that reduces certain metal ions and allows others to
enter the cell membrane. Finally, in this first of its kind
study, single strain of bacteria was used to produce
several different mono-metallic nanoparticles.
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Introduction

In recent years, the use of biological systems has
emerged as a radical technology for synthesizing
nanoparticles with an aim to control nanoparticle
morphology and monodispersity. Bacteria are an
exciting category of microorganisms which have an
innate ability to reduce metallic ions to their respective
metallic nanoparticles and function as cost-effective
“green” nanofactories. This reduction mechanism in
bacteria is due to their chemical detoxification acting
as a defence (Hallmann et al. 1997) mechanism as well
as due to energy-dependent ion efflux from the cell by
membrane proteins that function either as ATPase or
ion-transporters (Bruins et al. 2000). In fact, interac-
tions between metals and microbes have been used for
such biological applications (Klaus-Joerger et al.
2001) as biomineralization, bioremediation, bioleach-
ing, and biocorrosion. The microbial synthesis of
nanoparticles has emerged as a promising field of
research that bridges applied microbiology and
nanotechnology.

It should be noted that there are various physical
and chemical methods which are used to produce
monodisperse metallic nanoparticles by including
surfactants (for stability) and use of toxic chemicals
(reductants, solvents, etc.). Therefore, there is an
immediate need for an effective alternative. The use of
toxic chemicals on the surface of nanoparticles and
non-polar solvents in their synthesis limits application
in the clinical field. Therefore, the development of
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non-toxic, clean, and bio-compatible nanoparticles is a
welcome sign. Bacteria can produce nanoparticles
both intracellularly and extracellularly as shown in
Table 1.

It is interesting that nanoparticles are increasingly
being synthesized by bacteria even though the exact
mechanism is still unclear (Zhang et al. 2011). Some
of the studies mentioned above (Table 1) suggested
that bacterial nanoparticle synthesis depends on fac-
tors such as strain type, physical conditions like pH,
time and temperature, and the type and concentration
of the metallic salt. The growing demand for nano-
particles can indeed be supplied by a cost-effective
green synthesis from biological systems. Thus, extra-
cellular production of metal nanoparticles has greater
commercial application than intracellular nanoparti-
cles as they are easier to extract and process.

Silver nanoparticles have found tremendous usage
as antimicrobial agents and are extensively used in
surgical utilities, paints, water filters, clothing, etc.
(Rai et al. 2009; Son et al. 2004). Palladium nanopar-
ticles are widely used in various catalytic reactions
along with the fabrication of hydrogen sensing equip-
ment (Gopidas et al. 2003). Various studies have
conclusively supported the use of iron nanoparticles in
the cleaning of contaminated land and waters (Huber
2005), and iron oxide probes are also being used in
molecular imaging processes (Artemov et al. 2003).
Rhodium, platinum, and ruthenium nanoparticles are
widely used in various catalytic processes and have
provided break-through technology in energy produc-
tion from fuel cells (Mu et al. 2005; Liu et al. 2004,
Zhang and Chan 2003). While nickel and lithium
nanoparticles are widely used in the fabrication of
alloys and catalysis (Molenbroek and Ngrskov 2001;
Kima et al. 2007), cobalt nanoparticles have been used

in such important surface chemistry modifications as
the formation of polymer microspheres (Cui et al.
2005).

We describe here the first demonstration of extra-
cellular synthesis of silver (Ag), palladium (Pd),
platinum (Pt), iron (Fe), rhodium (Rh), nickel (Ni),
and ruthenium (Ru) as a one-step process from a single
strain of bacteria Pseudomonas aeruginosa SM1. The
same strain was used to produce intracellular nano-
particles of cobalt (Co) and lithium (Li). The resulting
nanoparticles were obtained in high yield with a well-
defined size, shape, and dispersity with no addition of
such stabilizing agents as surfactants or any kind of
pH/temperature adjustment throughout the process.
This study discusses the particle characterization of
various metallic nanoparticles and some interesting
details about the synthesis of bacterial nanoparticle.

Materials and methods
Bacterial strain and growth conditions

P. aeruginosa SM1 cells were procured from our
existing strain collection. The strain was originally
isolated from a natural aqueous environment and then
subjected to 16S rDNA gene sequencing. The P.
aeruginosa SM1 strain was cultured in 50-mL nutrient
broth (10 g/L peptone, 10 g/L meat extract, and 0.5 g/
L NaCl) at 27 °C and 120 rpm overnight in screw-cap
flasks. After a day of incubation, the culture was
centrifuged at 10,000 rpm for 10 min, and the result-
ing bacterial pellet was separated and retained. The
bacterial pellet was thoroughly washed three times in
sodium saline solution and then three times in MilliQ
water to remove any unwanted material sticking to the

Table 1 List of bacteria

. Microorganism
that synthesize metal g

Nanoparticle Localization

Reference

nanoparticles Bacillus subtilis 168

Shewanella algae

Pseudomonas stutzeri
AG259

Bacillus sp.
Corynebacterium sp. SHO9
Shewanella oneidensis MR-1
Desulfovibrio desulfuricans
Aquaspirillum
magnetotacticum

Au Inside the cell wall Lengke and Southam (2006)
Au Periplasmic space  Konishi et al. (2007)

Ag Periplasmic space  Joerger et al. 2000

Ag Periplasmic space  Pugazhenthiran et al. (2009)
Ag Cell wall Zhang et al. (2005)

Pd Periplasmic space  De Windt et al. (2005)

Pd Cell surface Yong et al. (2002)

Fe Inside the cell wall Mann et al. (1984)
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cells. These washed cells were then weighed and 0.2 g
wet weight pellets were prepared for every 50 mL of
salt solution. The washed cells suspended in 10 mL
distilled water gave a solution with cell concentration
of about 3.2 x 10'" cells/mL. Similar technique was
employed by Husseiny et al. (2007).

Synthesis of biogenic nanoparticles

Uniform solutions of 0.001 M were prepared from silver
nitrate  (AgNO;), disodium tetrachloropalladate
(Na,PdCly), iron(IIT) nitrate (Fe(NOs)3), sodium hexa-
chloro rhodate(IIl) dihydrate (NazRhClg-2H,0), nickel(II)
chloride (NiCl,-6H,0), ammonium hexachlororuthe-
nate(IV) ((NH4),RuClg), ammonium hexachloroplati-
nate(IV) ((NHy),PtClg), cobalt(Il) chloride hexahydrate
(CoCl,-6H,0), and lithium chloride (LiCl). It should be
noted that the pH was not subsequently adjusted. There
were two control solutions for each salt: a salt solution
with no inoculum and a salt solution with heat-killed cells
as inoculum. Finally, the 0.2 g cell pellet was introduced
separately into each of the 50 mL of 0.001 M salt. Each
of these reaction mixtures and the respective controls
were kept under static conditions at the typical room
temperature of 25 °C. At the end of the reaction time
(24 h, previously measured by synthesis of gold nano-
particle experiments (data not shown)), the cells were
removed by centrifugation at 4,000 rpm for 10 min and
the resulting supernatant was used for further analytical
studies. We observed that at lower salt concentration and
lower cell concentration, relative homogeneity of the
nanoparticle solution was found to be maintained.

For intracellular nanoparticles, including lithium
and cobalt, an additional extraction step was per-
formed after 24 h for the TEM imaging of nanopar-
ticles. A total of 10 mL from each reaction mixture
was separately mixed with ethanol in 1:1 ratio
followed by vortexing for 2 min. This caused the
bacterial cell wall to lyze and the intracellular metal
nanoparticle came out in the reaction mixture. This
step was followed by adding 10 mL of hexane and
vortexing for 2 min. The top layer, comprising of
hexane and liberated metal particle, was pipetted out
and stored.

Characterization of biogenic nanoparticles

The morphology and grain size of the resulting
nanoparticles were analyzed using a Jeol JEM 1011

electron microscope (TEM) connected to a high
resolution imaging system. A total of 2 pLL was taken
from the two reaction mixtures, placed on carbon-
coated copper grids, and dried at room temperature.
The images were obtained by Olympus iTEM Imaging
Software and were further analyzed using Imagel
1.43 M software.

A Fourier transformation—infrared spectroscopy
(FT-IR) analysis was done using a Jasco FT/IR-680
plus coupled to a high performance computer. The
samples (100 pL) were placed in the ATR analyzer,
and the resulting spectra were analyzed using Spectra
Manager ver. 1.06.02. The FT-IR spectrum of each
reaction mixture was interpreted as per Silverstein
et al. (2005).

X-ray diffraction (XRD) measurements were made
using a Siemens D5000 diffractometer (Bragg—Brent-
ano parafocusing geometry and vertical 6—0 goniom-
eter) fitted with a curved graphite diffracted-beam
monochromator and diffracted-beam Soller slits, a
0.06° receiving slit and scintillation counter as a
detector. The angular 20 diffraction range was
between 25 and 100°. A drop of the sample (100 pL)
was deposited on to a low background Si (510) sample
holder. The data were collected with an angular step of
0.05° at 12 s per step and sample rotation. Cuko
radiation was obtained from a copper X-ray tube
operated at 40 kV and 30 mA. The chemical nature of
metallic nanoparticles was analyzed by Diffracplus
Evaluation software (Bruker 2007), which compared
the XRD diffractograms with the ICDD data base.

Results and discussion

This study explores the synthesis of numerous metallic
nanoparticles by P. aeruginosa SM1. The reaction
mixture of ionic solutions (metal salts) along with their
respective controls were analyzed primarily by TEM.
As expected, none of the control solutions (heat-killed
cells and without inoculum) gave a positive result and
were excluded from further analysis by FT-IR and
XRD.

Figure 1(a—i) presents the TEM images of the
nanoparticles produced from silver, palladium, iron,
rhodium, nickel, ruthenium, platinum, cobalt, and
lithium, respectively. It is interesting to note that silver
nanoparticles (Fig. 1a) are considered to be a potent
antibacterial agent. However, some reports have
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described the production of silver nanoparticles using
bacteria (see above) with their particle characteriza-
tion. The silver nanoparticles obtained were fairly
dispersed and of size 6.3 + 4.9 nm. The TEM images
show smaller particles in form of spheres, while the
larger particles tend to form disks. The palladium
nanoparticles (Fig. 1b) were considerably larger
(around 22.1 £ 6.2 nm) and were dense polygons in
shape. The presence of iron nanoparticles (Fig. 1c)
was revealed by the fact that the color of the reaction
mixture changed from colorless to slightly orange,
which indicated presence of iron oxide. These highly
dispersed flake-like particles were of 20.5 £ 5.3 nm
in size. As far as we know, this is the first reporting for
the synthesis of rhodium nanoparticles by any living
system. Fig 1d shows the extracellular rhodium
nanoparticles as small dense particles of size
2.1 £ 0.9 nm. It is interesting to note that the resulting
particles were very small which might be the reason of

particle aggregation observed by TEM. Biogenic
synthesis of Ni nanoparticle was achieved for the first
time by a bacterial system. The observed nickel
nanoparticles (Fig. 1 e) were of discrete form and
measured 2.9 £+ 1.2 nm. However, unlike rhodium
nanoparticles, they were better dispersed and main-
tained their shape in the reaction mixture. Just like
rhodium and nickel nanoparticles, ruthenium nano-
particles (Fig. 1f) were also produced for the first time
by a living system. It was observed that the resulting
nanospheres (and occasional disks) of size
8.3 £ 5.4 nm were well dispersed with perfect circu-
larity (spheres) for all particle size. The lack of particle
aggregation also suggested that they are inherently
stable in the reaction mixture. Platinum nanoparticles
(Fig. 1g) were produced measuring about 450 nm in
the form of unit circular disks. Another study
conducted by Riddina et al. (2010) showed similar
results (large particle size) with cell-free extract of

Fig. 1 TEM analysis of biogenic nanoparticles after 24 h: a Ag, b Pd, ¢ Fe, d Rh, e Ni, f Ru, g Pt, h Co, i Li
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sulfate reducing bacteria (SRB) to produce cuboid
platinum nanoparticles of size 200-1,000 nm. The
large particle size can be attributed to the fact that
platinum salts are generally sparingly soluble/insolu-
ble in water. Thus, they have a strong tendency to
accumulate/cluster together in the course of reaction
resulting in larger particle size.

Finally, the two intracellular nanoparticles pro-
duced in this study were cobalt (Fig. 1h) and lithium
(Fig. 1i). Figure 2 clearly shows cobalt and lithium
nanoparticles inside the bacterial cell as observed by
TEM. After the ethanol-hexane-mediated extraction
of these intracellular nanoparticles, it was observed
that the resulting nanoparticles differ considerably in
terms of shape and size.

Cobalt nanoflakes were 550 nm in size (approx.),
while lithium nanoparticles were highly dense and
circular with 750 nm in size (approx.). These intra-
cellular nanoparticles were well-packed inside the
bacterial cell. Therefore, when the cell lysed, the true
shape of the nanoparticle was observed to be different
than when packed inside the cell. In Fig. 2 (a) the
encircled region shows the intracellular deposition of
cobalt which showed flake-like form (Fig. 2b) after
cell lysis. Similarly, the resulting dense spherical type

lithium nanoparticles (Fig. 2d) appeared oval inside
the cell (see the highlighted region of Fig. 2c). It is
interesting to note that vitamin B12 (cobalamin) is
synthesized by Pseudomonas sp. (Kuroda et al. 2004).
This suggests that either an underlying defence/
transport mechanism allows cobalt ions to enter the
cell or the lipopolysaccharide (LPS)/cell wall facili-
tates specific ion uptake. Other studies also suggest
that there is a unique lithium mediated ion transport
system present in P. aeruginosa in the high-salt region
(Blanche et al. 1991). Therefore, the two intracellular
nanoparticles (Li and Co) suggests that there may be a
unique “selection mechanism” present in this bacte-
rium allowing certain ions to pass, while “reducing”
others in its vicinity. This was further supported by
FT-IR spectra which suggested that certain primary
and secondary amines are responsible for the extra-
cellular synthesis of metallic nanoparticles although
the same was not observed for intracellular nanopar-
ticles. Table 2 shows all the nanoparticles analyzed by
TEM with data about the number of particles
observed, shape and size.

The FT-IR spectra of all the extracellularly pro-
duced nanoparticle (Ag, Pd, Fe, Rh, Ni, Ru, and Pt)
solutions showed a remarkable resemblance with each

F

1000nm |

Fig. 2 TEM images of Co nanoparticles: a trapped inside the cell b extracellularly; TEM images of Li nanoparticles ¢ trapped inside

the cell d extracellularly
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other. Three major bond stretchings were clearly
observed (Fig. 3) in all the seven extracellularly
produced nanoparticles which were in the range

1,000-1,400 cm_1(3). The peak stretchings in the
region 3,400-3,100 cm™' were primarily of OH
groups which were present because of the water and

3,600-3,400 cm_l(l), 2,800-3,000 cm_l(2), and were more prominently observed in the silver,

Table 2 Biogenic

. . Serial NP Particle size No. of Shape Other info
nanoparticles synthesized .
. no. type (nm) particles
by P. aeruginosa SM1
observed
1 Ag 6.3+ 49 150 Spheres and disks Extracellular
2 Pd 22.1 £ 6.2 nm 16 Polygons and disks Extracellular
3 Fe 205 £53 71 Largely flakes Extracellular
4 Rh 2.1 +09 22 Dense polygons Extracellular
5 Ni 29+ 1.2 75 Dense polygons Extracellular
6 Ru 83 +54 251 Spheres and some disks Extracellular
7 Pt 450 (approx) 15 Spheres with a few disks Extracellular
8 Co 550 £+ 100 20 Flakes Intracellular
9 Li 950 + 150 6 Polygons and disks Intracellular

Major bond stretchings:
1) 3600 — 3400 cm-1
2) 2800 - 3000 cm-1
3) 1000 - 1400 cm -1

E-

Fig. 3 FT-IR spectra of extracellular nanoparticle solutions: a silver, b palladium, ¢ iron, d rhodium, e nickel, f ruthenium, g platinum
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palladium, and nickel nanoparticle solution (suggest-
ing the presence of intermolecular H-bonds).
Although the actual peak values differed slightly in
all the reaction mixtures, they all followed the same
range (see above) and gave meaningful insights into
the probable mechanism of extracellular nanoparticle
synthesis and its subsequent stabilization. It is inter-
esting to note that the peak values in the region
3600-3400 cm ™' also strongly correspond to the
presence of primary amines in solution. Further, the
band in this region tends to shift to longer wavelengths
by hydrogen bonding, which can be observed in all the
spectral data. The aliphatic C-chain stretch is very
sharp and distinct between 3,000 and 2,800 cm™!
suggesting the presence of CH and CH, groups along
with the probable C—N stretch around the 1,070 cm™!
region. The fact that medium-to-weak absorption
bands for the unconjugated C-N linkage in primary,
secondary, and tertiary amines appear in the region of
1,250-1,020 cm™" reinforces this suggestion. Further,
the weak broken band around 1,400 cm™! may be the
result of a C-N stretching band of primary amides
formed during the course of the reaction. The FT-IR

spectra clearly suggests that certain organic com-
pounds consisting of amino acids are involved in the
reaction and may also be responsible for subsequent
stabilization of the resulting extracellular nanoparti-
cles. Also, the absence of active groups (carbon chains
or amines) in the FT-IR spectra (Fig. 4) of two
intracellular reaction mixtures (Co and Li) suggests
that the reduction mechanism observed for extracel-
lular nanoparticles synthesis may not be just some
random extracellular synthesis of certain proteins, but
a coordinated response from the cell depending upon
the type of metal ion present in the solution.

The absence of any organic band in the FT-IR
spectra of intracellular nanoparticles also suggests that
these ions (cobalt and lithium) were “allowed” to
enter the cell unlike the extracellular nanoparticles, in
which the ions were reduced by some unknown
mechanism present in P. aeruginosa SMI1. Further
research is required to corroborate this hypothesis and
provide more information about the molecular basis of
this reduction mechanism.

Finally, the chemical composition of the resulting
nanoparticles was analyzed by SAED (Selected area

105 |- —mm e e

104

102 —-------- -—-—-—-—--—-—-—-—-—-—-: -----------------------

Wavenumber [cm-1]

Fig. 4 FT-IR spectra of intracellular nanoparticle solutions a Li and b Co
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electron diffraction) and XRD. It was interesting to
note that the ruthenium, rhodium, cobalt, nickel, and
lithium nanoparticles in the solution synthesized by P.
aeruginosa SM1 were found to be amorphous by
SAED (data not shown). As XRD can provide
diffractograms only for crystalline materials, the
diffractogram of amorphous nanoparticle solution
(Ru, Rh, Co, Ni, and Li) were only noise and are not
presented in this study. All the other crystalline
nanoparticles (Ag, Fe, Pd, and Pt) were observed by
XRD and their chemical composition was determined
accordingly. The XRD spectra of silver nanoparticle
solution showed distinct presence of silver oxide
(AgO) as the reduced metallic form of silver (see
Fig. 5a). Thus, the silver ions were reduced to their
oxide state in the presence of P. aeruginosa SM1. The
diffractogram of the iron nanoparticle solution
(Fig. 5b) confirmed the presence of hydrohematite
(i.e., FeO(OH)). It should be pointed out that this
distinct brown-orange tint of the reduced solution
suggests the state of iron which is also formed when

Lin [Counlﬁ]
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iron-containing substances rust under water. In the
absence of any antioxidant to prevent the rusting of
iron nanoparticles, the presence of hydrohematite (i.e.,
FeO(OH)) was confirmed by its XRD spectra.

The XRD pattern of palladium nanoparticle solution
marked the peaks for synthesized metal palladium
(Fig. 5¢) in the reaction solution. It should be noted that
palladium metal does not react with oxygen at normal
temperatures (only at 800 °C or above) (Craig and
Anderson 1995), which explains why only synthesized
palladium was detected in the diffractogram and not its
oxide/hydroxide. For the platinum nanoparticle solu-
tion, XRD identified three distinct compounds as
synthesized platinum, platinum chloride, and methyl-
amine chloroplatinate. Also, platinum is generally
insoluble in water, hydrochloric acid, and nitric acid,
and tends to form halogenated compounds with chlorine
(Lide and David 2007). This presence of chloride and
chloroplatinate is explained by the fact that the starting
ionic solution was also a halogenated compound
(ammonium chloroplatinate) before reduction.
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Fig. 5 Diffractograms obtained from nanoparticle solutions:
a silver, highlighted region corresponds to the presence of AgO;
b Iron, highlighted region corresponds to the presence of
FeO(OH); ¢ palladium, highlighted region corresponds to the
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The resulting nanoparticles were observed to be well
dispersed and of discrete shape and size. It is important
to note that the exact mechanism and the site/mode of
synthesis for biogenic nanoparticles is currently being
investigated, and this study explores a new perspective.
Interestingly, many biogenic nanoparticle studies deal
with the synthesis of gold nanoparticles (Ogi et al.
2010; Bhambure et al. 2009; Husseiny et al. 2007). This
may be because gold is a noble metal and is quickly
reduced even under mild reducing conditions as is the
case of biological systems. Also, reduced elemental
gold can be easily detected by XRD because it tends to
form a crystalline structure.

Finally, with the help of FT-IR data we successfully
highlighted the presence of certain functional groups
which may be responsible for reducing metal ions into
their respective nanoparticles. We also used XRD to
demonstrate that the nanoparticle being synthesized
can be amorphous or crystalline. It was interesting to
note that both the intracellular nanoparticles (cobalt
and lithium) were amorphous suggesting that they had
been formed and deposited intracellularly. With eight
d-block elements (Ru, Rh, Ni, Co, Pd, Pt, Fe, and Ag)
and one s-block element (Li) we were able to
synthesize and characterize various biogenic nanopar-
ticles from a single strain of bacteria.

Conclusions

With increasing demand for engineered nanomaterials,
it becomes important to develop eco-friendly strategies
for their fabrication with an aim to develop economi-
cally viable synthesis routes. This study shows extra-
cellular nanoparticle synthesis of Ag, Pd, Fe, Rh, Ni, Ru,
and Pt as a one-step process by P. aeruginosa SM1. The
two intracellular nanoparticles (Co and Li) were also
produced which required an additional extraction pro-
cedure. The “cost-effective and simple” objective which
is generally required for commercialization is high-
lighted by the fact that this study was carried out without
the addition of nanoparticle stabilizing surfactants or
control of pH or temperature at any point throughout the
investigation. TEM images confirm the presence of
biogenic nanoparticles with fixed shape, size, and
dispersity. Spherical/disk type conformations were
obtained for Ag (6.3 & 4.9 nm), Ru (8.3 £ 5.4 nm),
and Pt (450 nm), while Pd (22.1 £ 6.2 nm) and Li
(950 nm; intracellular) showed polygons and disks,

respectively. Also, small and dense polygons were
observed in case of Rh (2.1 £ 09 nm) and Ni
(2.9 = 1.2 nm) nanoparticles. Flake type conformation
was observed in the case of Fe (20.5 + 5.3 nm) and Co
(550 nm; intracellular) nanoparticles. Further, it was
concluded that the resulting biogenic nanoparticles were
amorphous (Ru, Rh, Co, Ni, and Li) and crystalline (Ag,
Fe, Pd, and Pt). XRD gave important information about
the structural composition of crystalline nanoparticles.
FT-IR spectra detected no chemical groups in the
intracellular nanoparticles, but did in the extracellular
nanoparticles. Finally, this “single strain-multiple par-
ticles” synthesis has the potential to revolutionize the
production of nanoparticles and requires interdisciplin-
ary research. The usefulness of these different metallic
nanoparticles generated through one-step biological
synthesis is tremendous and will find numerous appli-
cations in the field of catalysis, electrochemistry,
chemical synthesis, and biomedicine.
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