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Abstract The fabrication of reliable, green chemis-
try processes for nanomaterial synthesis is an impor-
tant aspect of nanotechnology. The biosynthesis of
single-pot room-temperature reduction of aqueous
chloroaurate ions by Streptomyces hygroscopicus cells
has been reported to facilitate the development of an
industrially viable greener methodology for the syn-
thesis of technologically important gold nanoparticles
(AuNPs). Multidimensional AuNPs are generated via
the manipulation of key growth parameters, including
solution pH and reaction time. The synthesized
nanostructures are characterized by UV/Vis and
energy dispersive X-ray analysis studies. Particle
morphology is characterized by HRTEM, FE-SEM
and BioAFM. Additionally, we have demonstrated the
electrochemical and antibacterial properties of AuNPs
via cyclic voltammetry analysis and a minimal
inhibitory concentration assay. Owing to the draw-
backs of chemical synthesis, a biological synthesis
method has been developed to generate biocompati-
ble, inexpensive and eco-friendly size-controlled
nanoparticles.
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Introduction

Multi-structured nanomaterials have attracted increas-
ing attention because they are not only of fundamental
interest but also potentially useful (Brus 1994; John-
son et al. 2001; Duan et al. 2003). Biological methods
using bacteria and fungi for the synthesis of metal
(Klaus et al. 1999; Hosea et al. 1986; Mukherjee et al.
2001; Ahmad et al. 2003; Brown et al. 2000) and
semiconductor (Ahmad et al. 2002, 2003; Dameron
et al. 1989; Labrenz et al. 2000) nanoparticles
represent a relatively unexplored and underexploited
alternative, but have hitherto yielded minimal results
in terms of size and shape control. Biological systems
could synthesize and assemble a range of inorganic
nanomaterials such as amorphous silica (diatoms)
(Kroger et al. 1999) magnetite (Magnetotactic bacte-
ria) (Lovley et al. 1987) and minerals such as calcite
(Herman et al. 1988) into functional superstructures.
Understanding the biochemical processes that lead to
the formation of nanoscale inorganic materials is
therefore potentially appealing as an environmentally
friendly alternative to chemical methods for nanopar-
ticle synthesis. Living organisms have the endogenous
ability to regulate the synthesis of inorganic materials.
For example, shape and size control of inorganic
nanomaterials in biological systems has been achieved
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either by the formation of membrane vesicles (Lang
et al. 2007) or through functional molecules such as
polypeptides that bonded specifically to mineral
surfaces (Komeili et al. 2004). Many microbial species
have been found to be capable of synthesizing metal
nanoparticles but without much success in achieving
shape control. However, the high-yield synthesis of
nanoparticles with anisotropic shapes such as nano-
rods, nanotriangles, hexagons and pentagons remains
a challenging task for nanochemists, and frequently
requires complex and time-consuming steps such as
morphology transformation from the nanospheres or
seeded growth processes. On the other hand, it has
been discovered that many biological organisms, both
unicellular and multicellular, are capable of producing
inorganic nano materials, either intra or extra-cellu-
larly, with anisotropic morphology and hierarchical
assembly, frequently to nanoscale dimensions (Iosin
et al. 2008).

Among the nanomaterials, coinage metals such as
Au, Ag and Cu are regarded as multifunctional
materials useful for a broad range of applications;
gold nanoparticles (AuNPs) are of great value in this
regard, owing to their unique physico-chemical and
biological properties. By controlling the size and shape
of AulNPs, the versatility of these techniques could be
improved. Thus, the development of new methodol-
ogies for controlled synthesis of AuNPs is essential for
several research applications (Wong et al. 1998; Tang
et al. 2002; Grubbs 2007). From the promising results
of our previous work [biosynthesis of AgNPs by
S. hygroscopicus, (Sadhasivam et al. 2010)], we
extend the present research work by biosynthesizing
the AuNPs. In our study, S. hygroscopicus was utilized
as bio-nanofactory machinery to reduce the levels of
chloroauric acid and modulate the formation of
multidimensional AuNPs such as spheres, triangles,
and hexagons. S. hygroscopicus has been recognized
as a very important microorganism for the production
of several antibiotics and enzymes. The results
obtained in the present study have further demon-
strated the nanosynthesis applications of S. hygro-
scopicus. In order to elucidate the properties of
biosynthesized AuNPs, several analytical techniques
were conducted. For instance, maximum absorbance
and crystalline properties were studied via UV—visible
and X-ray diffraction spectroscopy, respectively. Ele-
mental composition and morphological characteristics
were also significantly characterized.
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It is very important to address the potential
applications of synthesized biocompatible nanomate-
rials. However, reports on their applications have
proven quite limited, with the exception of anti-
microbial studies. In this regard, in the current study,
along with their anti-bacterial properties (against 4
gram-positive and 2 gram-negative bacteria), the
electrochemical properties of biosynthesized AuNPs
were evaluated. Several bio-analytical devices have
been designed by incorporating the unique properties
of AuNPs (Iosin et al. 2008; Katz et al. 2004). They
have the ability to provide a stable surface for the
immobilization of biomolecules that retain their
biological activities (probably as the result of
enhanced orientational freedom) is extremely useful
when preparing biosensors. Nanomaterials composed
of multi-dimensional ensembles of nanoparticles (NP)
are becoming increasingly important in analytical and
materials chemistry. Indeed, applications in nanoelec-
tronic devices, optoelectronic devices, chemical sen-
sors, and catalysts appear imminent (Schmid 1998;
Heath et al. 1998; Bethell and Schriffrin 1996; Lee
et al. 2004). Furthermore, electrochemical biosensors
created by coupling biological recognition elements
with electrochemical transducers based on or modified
with AuNPs have played an increasingly important
role in biosensor research over the past few years. In
this report, cyclic voltammetry was utilized to study
the fundamental electrochemical properties of bio-
synthesized AuNPs. It is anticipated that the intersec-
tion of microbiology and nanomaterial synthesis
could pave the way to several new economic and
eco-friendly approaches, for new interdisciplinary
applications.

Experimental details
Isolation of sample

The collected soil sediment samples were placed in
sterile polyethylene bags, closed tightly and stored in a
refrigerator at 4°C until use. For the isolation of
actinomycetes, soil samples were first mixed, sus-
pended in sterile distilled water (1 g in 100 ml) and
homogenized by vortexing, and then finally treated for
5-10 min via sonication according to Ouhdouch
methodology (Ouhdouch et al. 2001). The treated
samples were serially diluted up to 10-6 and spread
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(0.1 ml) over the surface of starch casein agar (SCA)
medium (pH 7.2) supplemented with 25 pg ml—
1cycloheximide to inhibit fungal growth, and 10 pg/ml
nalidixic acid to inhibit the bacteria capable of
swarming, without affecting the growth of actinomy-
cetes. All of the inoculated plates were incubated for
7-10 days at 30°C.

Morphological and physiological characteristics

Cultural characteristics of strain S. hygroscopicus
were assessed visually in 14-day-old cultures grown
on various International Streptomyces Project (ISP)
media (Shirling and Gottlieb 1966) and Bennett’s
agar medium. Micro morphology and sporulation
were observed under light microscopy via an inclined
coverslip technique (Williams et al. 1989) on starch
casein agar after 7 days of incubation at 30°C.
Colours of aerial and substrate mycelia were deter-
mined and recorded using National Bureau of Stan-
dards (NBS) Colour Name Charts. The spore chain
morphology and spore surface ornamentation were
assessed via scanning electron microscopy (JEOL) of
14-day-old cultures grown on agar medium (Fig not
shown).

Culture and synthesis of AuNPs

The S. hygroscopicus strain BDUS 49 was isolated
from deep sea sediment. Their partial 16S rRNA gene
sequences were deposited in Genbank under accession
no. GU195049. The active strain of S. hygroscopicus
was employed in the present study. It was grown in
sterile nutrient broth (Sigma) (pH6.5) and the flasks
were incubated with shaking at 30°C and 200 rpm for
5 days, cells were harvested via centrifugation at
5,000 rpm for 30 min and washed three times with
de-ionized water. The harvested cells were then
resuspended in DI water and 1 x 107> M HAuCl,
aqueous solution was added to different flasks. The
reactants were adjusted to neutral pH using 0.1 M
NaOH solution. The whole mixture was maintained in
the laboratory under ambient conditions and the
reactions were carried out for 48 h. During incubation
periods, the color of the reaction solution gradually
turned from pale yellow to pink red, thus indicating the
formation of AuNPs. Prior to further measurements,
the AuNPs solution was sonicated mildly for 30 s.

Absorbance and analytical measurement

The absorbance spectrum of the sample was obtained
in a wavelength range of approximately 300-700 nm
using the UV-Visible spectrophotometer (Optizen
3220, MECASYS) at regular intervals. The crystal-
linity and identity of the nanoparticles were
investigated using an X-ray diffractometer (XRD,
Scintag-SDS 2000) at 40 kV/20 mA using continuous
scanning 20 mode. The elemental composition of a
molecule/species was notified through EDXA analysis
by FE-SEM (HITACHI S-4700).

Morphological characterization of green
synthesized Au nanoparticle

Morphological characterizations were conducted with
transmission electron microscopy (Tecnai G* F30
TEM), field emission scanning electron microscopy
(FE-SEM) (HITACHI S-4700) and bio-AFM (Atomic
force Microscopy—Nanowizard II). For HRTEM,
samples were prepared on carbon-coated copper grids
and the films on the TEM grids were allowed to stand
for 2 min, following which the extra solution was
removed using a blotting paper and the grid was
allowed to dry prior to measurement. For FE-SEM,
samples were mounted on specimen stubs with double-
sided adhesive carbon tape coated with platinum in a
sputter coater and examined under field emission
scanning electron microscopy. For bio-AFM, the
samples were drop-coated on glass substrates and air-
dried. Intermittent contact mode (air) was applied to
obtain topographical images of the AuNPs.

Electrochemical study: cyclic voltammetry

CVs analysis was carried out using the three-electrode
configuration of a Biologic Science Instrument
SP-300. Platinum (Pt) and Ag/AgCl electrodes were
used as counter and reference electrodes, respectively.
Electrochemically-coated copper (I) oxide (Cu,0) on
Pt substrate (Cu,O—Pt) were employed as the working
electrodes and thoroughly surface-cleaned using
anhydrous ethanol and acetone for 5 min. The proce-
dure for electrochemical deposition of Cu,O structures
on Pt substrate was obtained from the reported
literature (Sastry et al. 1998). Afterward, oxygen
air plasma treatment was conducted for 500 s to
render the surface hydrophilic, which will enhance the

@ Springer



354

Biometals (2012) 25:351-360

1,2-ethanedithiol activation on the Cu20O-Pt electrode
surface. The plasma-treated Cu20O-Pt electrode was
subsequently soaked in a petri dish containing 1 mM
1,2-ethanedithiol for 12 h. Afterwards, the dithiol-
activated Cu20-Pt electrode is washed for 2 min with
DI water. An appropriate amount (100 pl) of AuNPs—
Methylene blue (AuNPs—MB) was drop-casted on the
surface of the thiol-pretreated Cu20-Pt electrode and
permitted to form a monolayer for 12 h. CVs were
recorded in 10 mM phosphate-buffered saline (PBS;
pH 7.4) solutions using 1,3-diphenylbenzofuran
(DPBF) as a probe molecule in the potential range of
—0.2t0 40.450 V and at a scan rate of 20 mV/s. Each
of the CV scans was repeated three times.

Minimum inhibitory concentration of AuNPs

The antibacterial activity of the AuNPS was tested
using growth inhibition studies against Gram-positive
and Gram-negative bacteria such as, Bacillus subtilis
KACC 14394 (B. subtilis), Staphylococcus aureus
KACC 13236 (S. aureus), Enterococcus faecalis
KACC 13807 (E. faecalis), Staphylococcus epidermi-
dis KACC 13234 (S. epidermidis), Escherichia coli
KACC 10005 (E. coli), Salmonella typhimurium
KACC 10763 (S. typhimurium). All the strains were
purchased from the Korean Agriculture Culture Col-
lection Centre. Minimum inhibitory concentrations
(MIC) of the synthesized AuNPS were determined via
an MTT assay using a 96-well microtitre plate. The
mean live cells of six pathogenic organisms were
inoculated, where the final volume in each microwell
plate was adjusted to 0.2 ml, and incubated overnight
at 30°C. After incubation, the microwell plates were
read at 590 nm using an ELISA reader (Emax
precision microplate reader) prior to and after incu-
bation to determine the MIC values.

Results and discussion

The genus Streptomyces is a well-known commercial
organism for use in the production of biologically
active compounds, antiparasitic agents, antibiotics,
and cytochrome P450 enzymes. Herein, we have
reported that the resuspended solution of S. hygro-
scopicus in DI water became a pale yellow solu-
tion upon the addition of HAuCl,. This color change
has been attributed to the reduction of aqueous

@ Springer

chloroaurate ions to metallic gold (AuO) upon expo-
sure to S. hygroscopicus cells. The color of the
reaction solution turned purple to dark red, thereby
indicating the formation of AuNPs. Previous studies
(Mukherjee et al. 2001; Ahmad et al. 2002; Senapati
et al. 2005) have shown that NADH- and NADH-
dependent enzymes are important factors in the
biosynthesis of metal nanoparticles. The accurate
mechanism underlying the reduction of gold ions has
yet to be elucidated for S. hygroscopicus. The
reduction appears to be initiated via electron transfer
from NADH-dependent enzymes as an electron car-
rier. This may play a key role in these biosynthetic and
biotransformation reactions (Chun et al. 2006). The
mechanism involved in this study involves the dual
function of S. hygroscopicus active compounds as
both a reducing and stabilizing agent.

UV-Vis absorption spectroscopy analysis
of fabricated AuNPs

The bio-transformation process of the reaction solu-
tion is observed via visual inspection as well as
measurements of UV-Vis absorption spectroscopy
(Fig. 1). The UV-Vis spectrum illustrated in Fig. 1
(Curve A) shows no indication of an absorption peak in
the region of 300-900 nm for the S. hygroscopicus
supernatant. The UV-Vis spectra results showed
that the reaction solution evidences an absorption
maximum at approximately 540 nm attributable to
the surface plasmon resonance band (SPR) of the

Absorbance(a.u)

00 -\ ¥ — -

300 400 500 600 700 800 900
Wavelength(nm)

Fig. 1 UV-Vis absorption spectrum of Au nanoparticles after
48 h of reaction. a S. hygroscopicus supernatant. b, ¢ UV-Vis
absorption spectra of gold nanoparticles after the 24 and 48 h
reaction in neutral pH. ¢ pH at 4
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spherical AuNPs after 48 h reaction (Curve B). When
the pH was decreased, a number of mixed nanoplates
observed as compared to the spherical AuNPs. Syn-
thesized AuNPs were confirmed by sampling the
reaction mixture at regular intervals and the absorption
maxima were scanned by UV-vis spectra.

X-ray diffraction pattern of fabricated AuNPs

In order to confirm the crystal phase of the AuNPs,
XRD analysis was carried out. Figure 2 shows the
XRD patterns of the nanoparticles. The diffraction
features appearing at 20 = 38.1, 44.3, 64.5, 77.5 and
81.7 correspond to the (111), (200), (220), (311) and
(222) planes of the standard face-centered cubic phase
of Au, respectively. The lattice constant calculated
from this pattern was ‘a’ = 4.086 A and the data
obtained matched with the database of the Joint
Committee on Powder Diffraction Standards (JCPDS)
file No. 04-0783. The average grain size of the AuNP
formed in the bioreduction process was determined
using Scherr’s formula: d = (0.94 x 180°)/f cos 0.
The diffracted intensities were recorded from 20 to
90 degrees 20 angles.

Morphological observations of fabricated
nanoparticles

Figure 3 shows the various shapes and sizes of AuNPs
formed with changes in pH. Thus, the morphology and
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Fig. 2 XRD pattern recorded from fabricated AuNPs. In
spectrum (recorded from powder form of synthesized AuNPS)
the diffractions at 38.5°, 44°, 64.5°, 76.9° and 81.7° 20 can be
indexed to the (111), (200), (220) (311) and (222) planes of the
face-centered cubic (fcc) gold, respectively

dimension of the AuNPs are noted to depend on the
gold precursor solution, pH, and reaction time. All the
above factors are found to be interdependent.

Figure 3 also shows the well-separated spherical
AuNP in the range of 2-10 nm at neutral pH. When
the pH was decreased, a number of hexagonal and
pentagonal nanoplates were noted in the reaction
solution at room temperature (Fig. 3c, d). The
HR-TEM images supported the production of multi-
dimensional nanostructures under different pH condi-
tions—the range of nanoplates is 30 nm to 1.5 micron.
A crystallite image (Fig. 3e, f, g) shows the atomic
arrangement of spherical, pentagonal and hexagonal
AuNPs. The multidimensional gold particles were
synthesized as described above by varying the pH
value of the solution mixtures while keeping the other
conditions constrant. Figure 4 provides further
insights into the size and shape morphology details
of the nanoparticles. The FE-SEM micrographs also
demonstrate the size and shape of the particles. The
diameter of the spherical gold particle is approxi-
mately 10-20 nm (Fig. 4a). Figure 4b—d confirms the
formation of multidimensional nanoplates in the size
range of 30 nm—1.5 microns. Additional information
on the formation and stabilization of AuNPs by green
synthesis was examined by EDXA (Fig. 5) combined
with FE-SEM. The EDXA spectrum revealed a strong
signal for gold. Other peaks corresponding to Si, O and
Pt were also observed, most likely because of the
borosilicate glass and the fact that the sample was
sputter-coated with platinum for FE-SEM. Further-
more, the Bio-AFM image was consistent with the
HRTEM and FE-SEM images (Fig. 6).

Cyclic voltammetry analysis of AuNPs

Electrodes with significant chemical modifications are
used extensively as a sensitive and selective analytical
method for the detection of biologically important
compounds. Generally, chemical modifications of
electrodes are incorporated using a broad variety of
materials such as inorganic and organic compounds
(Veerapandian et al. 2011), conducting polymers,
metal of different forms, reviewed elsewhere (Ragu-
pathy et al. 2010). The electrochemical properties of
AuNPs for a broad range of chemical and biochemical
analyses have been thoroughly evaluated (Shaojun and
Erkang 2007). In an effort to evaluate the electro-
chemical properties of current biologically synthesized
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Fig. 3 HR-TEM images of multishaped AuNPs after 48 h of reaction a Neutral pH, b—d pH 4, e-g crystallite structure of AuNPs

AuNPs, a well-known electroactive cationic dye MB
(redox indicator) is coated on the surface of AuNPs via
an ultrasonication process. The physically adsorbed
AuNPs—MB were then drop-casted on alkane dithiol-
pretreated Cu20-Pt substrate and used as working
electrode. The resulting CVs were measured under
PBS and PBS-DPBF. We previously demonstrated
the electrochemical properties of MB-coated Ag—
SiO,NPs in the presence of DPBF as an analyte probe
in which the MB-Ag—SiO,NPs were coated onto the
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surface of an Au—PCB electrode. The surface modifi-
cation of different NPs on electrode surface may be
attributable to the measurement of the presence of a
constant analyte in electrolyte solution via significant
changes in the CVs. As the materials fabricated in the
current approach are AuNPs, we have selected a
different electrode composed of Cu20-Pt as the
substrate for observation of the specific response from
AuNPs—-MB. Here, it is worth noting that the utilization
of Cu20-Pt substrate as a working electrode is
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Fig. 5 EDXA spectra of cell-free extract following the
reduction of AuCl,~ ions recorded from FE-SEM-EDX

attributable to its convenient availability, rather than
because of any other specialization. Figure 6 shows the
typical CVs for AuNPs—-MB-modified Cu20O-Pt elec-
trodes under different volume ratio of DPBF in PBS
buffer. As observed in Fig. 7a—black trace), the
control sample shows a short intense cathodic peak
potential (E,.) centered at 0.112 V and a broad weak
anodic peak potential (E,,) at —0.041 V. Figure 7b—e
shows the electrochemical signal in presence of probe
DPBF (100, 200, 300 and 400 pl); CVs show notable

100nm

variations in cathodic peaks with a reduced current
signal of approximately 0.107, 0.106, 0.093 and
0.092 mA, respectively. This may be due to the
irreversible reaction between DPBF and electronically
excited singlet delta oxygen (1Ag). It has been demon-
strated that the cationic dye MB is auto-oxidizable and
can donate electrons, thereby readily reducing the
levels of other compounds. This reaction mechanism of
interaction was recently reported from MB-coated
phosphonate-terminated SiO,NPs (PSiNPs) by detect-
ing the maximum absorbance using UV-visible
spectroscopy (Xiaoxiao et al. 2009). That report
demonstrates that DPBF reacts with 'O,, which
induces a reduction in the intensity of the DPBF
absorption band at 400 nm and thereby detects the
generation of singlet oxygen from MB—PSiNPs. Like-
wise, in this study, the AuNPs modified with MB
electro-actively generated the singlet oxygen species
which mediates the irreversible reaction with DPBF
and also induces significant changes in the CVs. Owing
to the addition and increasing concentration of the
analyte from 100 to 400 pl in the desired electrolyte
solution, a shift in the cathodic peak potential, disap-
pearance of the anodic peak and reduced current
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Fig. 6 Bio-AFM image of multishaped AuNPs after 48 h reaction. a Neutral pH. b, ¢ pH 4

Fig. 7 Cyclic voltammetry
analysis of AuNPs. a AuNps
with MB. b—e Au—-MB with
100, 200, 300, and 400 pl of
DPBF, respectively

intensity have been observed as compared to AuNPs—
MB (without DPBF) alone. Figure 8 depicts the
monolayer of AuNPs-MB coated on the Cu20-Pt
substrate after electrochemical scanning. The image
clearly depicting the synthesized multidimensional
nanoparticles could function as electroactive nano-
structures and were successful in inducing the electro-
chemical reaction. This preliminary electrochemical
response observed via the protocol devised in the
current study allowed us to extend the application of
the fabricated AuNPs for the construction of a broad
range of electrochemical sensors.

Microtiter broth dilution method

The 96 well microtiter plate method was used to assess
the MIC profile against six different pathogens.
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Kanamycin was used as a standard and AuNPs were
used for antimicrobial screening. Table 1 shows the
bacterial organisms and their MIC values. Among the
six organisms selected for this study, maximal
growth inhibition was observed when using E. coli,
S. typhimurium and S. aureus. The minimal inhibition
of these strains ranged from 64 to 128 pg/ml, which
was almost equal to the MICs obtained using standard
antibiotics. Furthermore, the MICs of AuNPs against
B. subtilis KACC 14394, S. epidermidis KACC 13234
and E. faecalis KACC 13807 were measured to be
64,128 and 256 pg/ml. The AuNPs interacted with
bacteria in all directions due to the multidimensional
exposure of the NPs, which provided better interaction
with microorganisms and enhanced antimicrobial
activity. From the results of the antibacterial study,
the MIC values are defined as the lowest concentration
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Fig. 8 FE-SEM image of
AuNPs-MB-modified
Cu,O-Pt substrate after
CVs scan

Tablel Minimum inhibitory concentration (MIC) of AuNPs
against pathogenic bacterial strains

AUNPs
MIC (pg/ml)

Bacterial strains Kanamycin

MIC (pg/ml)

Bacillus subtilis 64 8
KACC 14394
Staphylococcusaureus 32 8
KACC 13236
Enterococcus faecalis 256 16
KACC 13807
Staphylococcus epidermidis 128 8
KACC 13234
Escherichia coli 32 8
KACC 10005
Salmonella typhimurium 32 8
KACC 10763

Control undiluted AuNPs

of the compound that inhibited 80% of bacterial
growth.

Conclusion

From our experiments we have demonstrated that, the
multidimensional AuNPs (e.g., triangle and hexagon)
were synthesized using the culture supernatant of
S. hygrocopicus. Structural elucidations of the fabricated

%
A
2

&

X 16,000

nanoparticle were well ensured by UV-vis and EDXA
studies. The X-ray diffraction study further confirmed
the identity and crystallinity of fabricated nanoparti-
cles. Moreover, we have demonstrated the electro-
chemical and antimicrobial activity of nanoparticle
synthesized by CVs and MIC analysis. This method
has effectively provided a simple, green, biochemical
route for the production of multishaped AuNPs,
although the solution is highly stable. The methods
described herein appear to be a better choice for
achieving nanomaterials of controlled shapes and
sizes than the chemical methods currently available. A
purely green-chemistry-based biological method
appears promising for extension to other structures.
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