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Abstract

The use of microorganisms in the synthesis of nanoparticles emerges as an eco-friendly and exciting approach. In this study, the bacteria
Rhodopseudomonas capsulata was screened and found to successfully produce gold nanoparticles of different sizes and shapes. The important
parameter, which controls the size and shape of gold nanoparticles, was pH value. The R. capsulata biomass and aqueous HAuCl, solution were
incubated at pH values ranging from 7 to 4. The results demonstrated that spherical gold nanoparticles in the range of 10—20 nm were observed at

pH value of 7 whereas a number of nanoplates were observed at pH 4.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The optoelectronic and physicochemical properties of
nanoscale matter are size- and shape-dependent [1-3]. So the
synthesis of gold nanoparticles of different sizes and shapes is
of great importance for their applications in optical devices,
electronics, biotechnologies and catalysis [4—6]. Conventional
synthetic methods of gold nanoparticles have involved a
number of chemical methods [7—10]. There is an increasing
pressure to develop clean, nontoxic and environmentally benign
synthetic technologies. Microbial resistance against heavy
metal ions has been exploited for biological metal recovery
via reduction of the metal ions or formation of metal sulfides
[11]. So the attractive procedure is using microorganisms such
as bacteria and fungi to synthesize gold nanoparticles recently.
An earlier study found that Bacillus subtilis 168 [12] were able
to reduce Au" ions to gold nanoparticles with a size range of
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5-25 nm inside the cell walls. Shewanella algae were found to
reduce Au*' jons forming 10-20 nm gold nanoparticles
extracellularly with the assistance of hydrogen gas [13]. Fungi
(Verticillium sp [14] and Fusarium oxysporum [15]) and
actinomycete (Thermomonospora sp [16] and Rhodococcus sp
[17]) were also used to synthesize nanoparticles intra- or
extracellularly. However, the biosynthesis of gold nanoplate
extracellularly is still scarce. In this study, prokaryote bacteria
Rhodopseudomonas capsulata, recognized as one of the
ecologically and environmentally important microorganisms,
commonly existing in the natural environment, were investi-
gated for reducing Au®" ions at room temperature with a single
step process. Especially gold nanoplates were formed under the
lower starting pH.

2. Experiment
2.1. Synthesis

Photosynthetic bacteria R. capsulata were cultured in the
medium containing purvate, yeast extract, NaCl, NH4Cl and

K,HPO, at pH 7 and 30 °C. The bacteria were cultured for 72 h
and separated from broth by centrifugation (5000 rpm) at 4 °C
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for 10 min. The collected bacteria were washed five times with
distilled water to obtain about 1 g wet weight of bacteria and
then resuspended in 20 mL of 1x10" > M aqueous HAuCl,
solution in a test tube. The reactants were adjusted to neutral pH
using 0.1 M NaOH solution. In other experiments, the starting
pH of the 1x10* M aqueous HAuCl, solution added with
biomass was adjusted to 6, 5 and 4 using 0.1 M NaOH and HCI
solutions respectively in test tubes. All the experiments were
conducted at room temperature for a period of 48 h.

The UV-Visible spectra of gold nanoparticles synthesized
were measured on a Shimadzu spectrophotometer (model UV-
3150PC). The products were dropped on a carbon-coated grid
and then analyzed by transmission electron microscopy (TEM)
(JEOL, JEM-200EX) and electronic diffraction (ED, JEOL,
JEM-200EX) was used to determine the crystal structure of the
samples. X-ray diffraction (XRD) measurements were carried
out on a Shimadzu XD-3A instrument. The reaction solution
was inoculated on the agar plate to detect the viability of
bacteria after reacting with aqueous HAuCly solution.

3. Results and discussion

The aqueous chloroaurate ions were reduced during exposure to the
bacteria R. capsulata biomass. The color of the reaction solution turned
from pale yellow to purple (as shown in Fig. 1A), which indicated the
formation of gold nanoparticles extracellularly. The reaction was
completed after 48 h of incubation indicating that it was a slow process.
The color of the reaction solution remained purple without any
changes, and the gold nanoparticles analyzed by UV—Vis spectra and
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Fig. 1. (A) Picture of test tubes containing the bacteria R. capsulata biomass
before (test tube 1) and after 48 h (test tube 2) incubation in an aqueous of AuCly
solution at neutral pH; (B) UV—Vis absorption spectra of gold nanoparticles after
the reaction of 10> M aqueous HAuCly solution at neutral pH with the bacteria
R. capsulata for 48 h (curve 1) and kept for three months after reaction (curve 2).
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Fig. 2. (A) TEM image of the gold nanoparticles produced by the reaction of
10~* M aqueous HAuCl, solution with bacteria R. capsulata biomass at pH 7.
The inset shows their ED pattern. (B) TEM image of the gold nanoparticles
produced by the reaction of 10> M aqueous HAuCl, solution with bacteria R.
capsulata biomass at pH 4. The inset shows a typical SAED pattern of a gold
nanoplate. (C) UV—Vis absorption spectra of gold nanoparticles produced at pH
7 (curve 1) and pH 4 (curve 2).

TEM were stable after 48 h of reaction. Control experiments without
biomass addition stayed pale yellow, indicating that the production of
gold nanoparticles was obtained by the reduction of microorganisms
indeed. Fig. 1B shows the UV—Vis absorption spectra recorded from
the gold nanoparticles solution after 48 h of reaction (curve 1). The
results indicate that the reaction solution has an absorption maximum at
about 540 nm attributed to the surface plasmon resonance band (SPR)
of the gold nanoparticles. After the reaction, the gold nanoparticles
solution was filtered from the bacteria R. capsulata biomass and aged
for three months. Then the gold NPs solution was tested for stability
using UV—Vis spectra measurement. The results as shown in Fig. 1B
(curve 2) indicate that the solution was stable for at least three months
with only little aggregation of particles in the solution.

Experiments were performed to detect the viability of the bacteria to
the gold ions and gold NPs. Bacteria R. capsulata were found to
proliferate when a small drop of solution containing bacteria and gold
NPs was inoculated on agar plates demonstrating that the bacteria are
resistant to the gold ions and gold NPs.

Transmission electron microscopy (TEM) measurements show the
various shapes and sizes of gold nanoparticles formed with the changes
of pH. As shown in Fig. 2A, well-separated gold nanoparticles with
occasional aggregation are mainly spherical in the size range 10—20 nm
at pH 7. This is consistent with the optical spectrum (Fig. 2C). The
diffraction ring, as can be seen from the electron diffraction (ED)
pattern recorded from the gold nanoparticles, is consistent with
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nanocrystalline gold. With the decrease of pH, gold nanoplates
appeared. When the pH was adjusted to 4, there were a number of
nanoplates observed in addition to the spherical gold nanoparticles in
the reaction solution. Fig. 2B shows the representative TEM image of
gold nanoparticles obtained. It is clearly seen that the predominantly
larger nanoparticles are triangular nanoplates. The single-crystalline
structure of these nanoplates was further confirmed by their
corresponding selected-area electron diffraction (SAED) analysis.
From many TEM images similar with Fig. 2B, statistical analysis of
the gold nanoparticles was performed. The results indicate that nearly
60% of the total nanoparticle population is due to triangular gold
nanoplates in the size of 50—400 nm. And most of the other
nanoparticles are spherical with a size range of 10-50 nm. Fig. 2C
shows typical UV—Vis—NIR spectrum of gold nanoparticles at pH 4.
Two SPR bands of the gold nanoplates centering respectively at about
540 nm (band I) and 900 nm (band II) are clearly visible. Band I is a
common feature corresponding to the traverse surface plasmon
resonance and band II that occurs in the NIR region indicates the
longitudinal plasmon resonance of the gold nanoplates.

As shown by the XRD pattern in Fig. 3, which corresponds to the
gold nanoparticles in Fig. 2B, Bragg reflections are present, which
could be indexed on the basis of the face-centered cubic (fcc) gold
structure. No spurious diffractions due to crystallographic impurities
were found. An overwhelmingly strong diffraction peak located at
38.09° is ascribed to the {1 1 1} facets of face-centered cubic metal
gold structures, while diffraction peaks of other four facets are much
weak. It is worth pointing that the ratio of intensity between the {2 0 0}
and {1 1 1} peaks is much lower than the standard value (0.068 versus
0.53). The ratio between the {2 2 0} and {1 1 1} peaks is also much
lower than the standard value (0.039 versus 0.33). These observations
indicate that the gold nanoplates formed by the reduction of Au (III) by
bacteria R. capsulata are dominated by the {111} facets, and most of
the {111} planes parallel to the surface of the supporting substrate were
sampled.

These results show that the starting pH could have an important
effect on the size and shape of gold nanoparticles. Different pH would
regulate the proton concentration resulting in the control of gold
nanoparticles morphology. The main groups of the enzyme secreted by
biomass that may play an important role in reducing the AuCly ions
include amino, sulthydryl and carboxylic groups [14—16,18]. And the
AuCly ions could bind to biomass through these functional groups.
These groups of the biomass might carry more positive charge at low
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Fig. 3. Representative XRD pattern of gold nanoplates synthesized by the
reaction of 107> M aqueous HAuCl, solution with bacteria R. capsulata
biomass at pH 4.
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Scheme 1. Possible mechanisms of gold ions bioreduction.

pH values, which weakens the reducing power of the biomass and
allows the AuCly ions to get closer to the binding sites. So the reaction
rate of gold ions is very slow and Au-biomass biosorbent is strong,
which would contribute to the formation of nanoplate morphologies.
On increasing pH values, the reducing power and reaction rate increase
correspondingly and could contribute to the formation of thermody-
namic-favored spherical particles.

The possible role as shown in Scheme 1 is involved in the electron
shuttle enzymatic metal reduction process. Previous studies [15,19,20]
have indicated that NADH- and NADH-dependent enzymes are
important factors in the biosynthesis of metal nanoparticles. Bacteria
R. capsulata are known to secrete cofactor NADH- and NADH-
dependent enzymes that may be responsible for the bioreduction of Au
(3+) to Au (0) and the subsequent formation of gold nanoparticles. The
reduction seems to be initiated by electron transfer from the NADH by
NADH-dependent reductase as electron carrier. Then the gold ions
obtain electrons and are reduced to Au (0). The exact mechanism of the
reduction of gold ions is yet to be elucidated for bacteria R. capsulata.
Our current research focuses on the biological reduction mechanism of
gold ions and our findings will be reported later.

4. Conclusion

In conclusion, it has been demonstrated that the bacteria R.
capsulata are capable of producing gold nanoparticles extra-
cellularly and the gold nanoparticles are quite stable in solution.
And this is an efficient, eco-friendly and simple process. The
shape of the gold nanoparticles is controlled by pH. Work is
continuing for the study of the biological mechanism for the
nanoparticles formation and more detailed study of controlling
the shapes and sizes of nanoparticles. The NIR absorbance of
the gold nanotriangles could find interesting applications in
cancer hyperthermia. This report will also lead to the
development of a rational biosynthetic procedure for other
metal nanomaterials such as silver and platinum with the
bacteria R. capsulata.
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