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M
etallic nanoparticles (MNPs) have
been synthesized utilizing various
physical and chemical methodo-

logies.1�3 However, there is a growing
demand to develop clean, nontoxic, and
environmentally benign synthetic technol-
ogies for nanoparticle production. Biosyn-
thetic protocols are receiving increasing
attention because of the milder process
condition, absence of toxic chemicals, and
well-focused distribution of the produced
nanoparticles.4�8 In nature, biological sys-
tems developed biomineralization pro-
cesses to nucleate, grow, and assemble
inorganic materials such as gypsum, calcite,
magnetite, silicates, etc.9�11 The specific
interactions involving proteins and inorgan-
ic compounds during the growth process
govern the shape and crystal structure of
biominerals along with their assembly
behavior.12,13 The role of microbes in metal
biogeochemistry was discoveredmore than
35 years ago, and the concept of microbial
nanofactories, that is, viable microorga-
nisms for nanostructure fabrication, has been
proposed for various applications.14�16 Pre-
ciousmetal nanoparticleswere thefirst nano-
structures to be considered, in view of their
high value and their relevance to the mining
industry.17,18

Among other MNPs, gold nanoparticles
(AuNPs) offer scope for biomedical and
environmental applications because of pro-
nounced biocompatibility, chemical inert-
ness, and characteristic optoelectronic pro-
perties.19�21 Therefore, biosynthetic proto-
cols for AuNP production are of paramount
importance. A number of microorganisms
such as bacteria,8,22�24 fungi,8,25,26 yeast,12,27,28

and viruses29,30 have been explored for
MNP synthesis. In their pioneer work, Klaus
et al.22 demonstrated intracellular synthesis
of silver nanoparticles (AgNPs) using Pseu-

domonas stutzeri AG259. Lengke and co-
workers24 proposed synthesis of AuNPs

through incubation of gold(I)�thiosulfate
and gold(III)�chloride complexes with
filamentous cyanobacteria, while Reith
et al.31,32 recently reported formation of
AuNPs by gram-negative β-proteobacteria
Cupriavidus metallidurans and Ralstonia sp.
While the formation mechanism of AuNPs

by prokaryotes is understood to some ex-
tent, the AuNP biosynthesis in viable fungi
is a relatively recent discovery. Only few
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ABSTRACT

In recent years, there has been significant progress in the biological synthesis of

nanomaterials. However, the molecular mechanism of gold biomineralization in microorgan-

isms of industrial relevance remains largely unexplored. Here we describe the biosynthesis

mechanism of gold nanoparticles (AuNPs) in the fungus Rhizopus oryzae. Reduction of AuCl4
�

[Au(III)] to nanoparticulate Au0 (AuNPs) occurs in both the cell wall and cytoplasmic region of

R. oryzae. The average size of the as-synthesized AuNPs is ∼15 nm. The biomineralization

occurs through adsorption, initial reduction to Au(I), followed by complexation [Au(I)

complexes], and final reduction to Au0. Subtoxic concentrations (up to 130 μM) of AuCl4
�

in the growth medium increase growth of R. oryzae and induce two stress response proteins

while simultaneously down-regulating two other proteins. The induction increases mycelial

growth, protein yield, and AuNP biosynthesis. At higher Au(III) concentrations (>130 μM),

both mycelial and protein yield decrease and damages to the cellular ultrastructure are

observed, likely due to the toxic effect of Au(III). Protein profile analysis also confirms the gold

toxicity on R. oryzae at high concentrations. Sodium dodecyl sulfate polyacrylamide gel

electrophoresis analysis shows that two proteins of 45 and 42 kDa participate in gold

reduction, while an 80 kDa protein serves as a capping agent in AuNP biosynthesis.

KEYWORDS: gold nanoparticles . biomineralization . bioconjugate .
biosynthetic mechanism . stress response proteins

A
RTIC

LE



DAS ET AL. VOL. 6 ’ NO. 7 ’ 6165–6173 ’ 2012

www.acsnano.org

6166

species such as Verticillium, Phoma sp., Rhizopus ory-
zae, Fusarium oxysporum, Aspergillus fumigatus, and
Trichoderma asperellum have been investigated.25,26,33

Extracellular synthesis of AuNPs has been reported
using Trichodermaviride, while Verticillium sp. pro-
duced AuNPs in an intracellular organelle.25,33 Among
other fungi, R. oryzaepossesses several advantages as a
microbial nanofactory: (1) large quantity of viable
mycelia are obtained by growing the fungus in easily
available and low-cost growth medium; (2) down-
stream processing and handling of R. oryzae mycelia
is less complex than bacteria and viruses; (3) R. oryzae is
nonpathogenic and does not require special biosafety
measures; (4) it produces a significant quantity of pro-
teins; and (5) nearly monodisperse, water-soluble nano-
particles are obtained in the biosynthesis process.33�35

Because of these positive characteristics, we investigate
here the biosynthetic route of AuNPs in R. oryzae. To
enhance the applicability of this fungus in nanoparticle
synthesis and increase the synthesis rate, as well, it is
important to understand the biochemical andmolecular
mechanism involved in the process. In addition, in-depth
knowledge of biomineralizationmechanisms is required
to control the size, shape, and crystallinity of biosynthetic
nanoparticles.
Microorganisms possess a diverse range of mechan-

ism for reduction and biomineralization of metal
ions.9,33,36�43 For example, certain dissimilatory redu-
cing bacteria (Geobacter, Shewanella, Desulfovibrio,
etc.) use outer membrane cytochromes,36�38 while
others use various reductases.36,39 Enzyme-catalyzed
formation of AuNPs have been described in bacteria
and archea,41�43 while Checa et al.44 reported that a
Au-specific efflux system is involved in the Au biomi-
neralization in Salmonella enterica. Furthermore, the
biosynthetic mechanisms are distinguished according
to the location of AuNP formation, that is, cytoplasm,
the periplasm, or in the extracellular space.25,33 There-
fore, the understanding of fundamental molecular
mechanism, interaction of Au ions with the organism,
and the response to Au toxicity are necessary for the
development of an industrial bioprocess for AuNP
synthesis employing R. oryzae. This study deals with
the interaction of HAuCl4 with viable zygomycete fungi
R. oryzae, the distribution and speciation of Au in the
cells, and the genetic/biochemical response of the
microorganism. Our results will help to develop a
large-scale bioprocess for AuNP synthesis, thus redu-
cing the cost and environmental impact of the nano-
particles industry.

RESULTS AND DISCUSSION

Synthesis of AuNPs by R. oryzae. Incubation of R.

oryzae mycelia with HAuCl4 solution results in gradual
color change of the mycelia with time from pale white
to purple (Figure 1A). After 48 h, the UV�vis spectrum
of the purple mycelia showed a peak at 535 nm

(Figure 1B), indicating the formation of AuNPs. The
absorption band at 535 nm is due to the surface
plasmon resonance (SPR) of AuNPs,7 which indicates
bioreduction of Au(III) to Au0. Solution without myce-
lium did not change color.

The process was repeated at pH between 3.0 and
10.0 to understand the interaction of Au(III) with
R. oryzae. At low (<4.0) pH, the reaction was completed
within 12 h, while at high pH (>8.0), it took 72 h. The
protonation of surface functional groups at low pH
results in an overall positive charge, which facilitates
the electrostatically driven sorption of negatively
charged AuCl4

� [Au(III)] ions.45 Zeta-potential of
R. oryzae showed that at low pH the cell surface carries
net positive charge.46 Therefore, pH-driven AuNP for-
mation could be explained by electrostatic interaction
of positively charged cell wall functional groups and
negatively charged Au(III) ions followed by reduction
to AuNPs. Scanning electron microscope (SEM) images
show formation of AuNPs on the mycelia surface,
suggesting mycelia acts as a template in the AuNP
synthesis. On the mycelia surface, AuNPs appeared as
bright dots (Figure 2A), which is more evident in the
high-magnification image (Figure 2B and Supporting
Information Figure S1), due to their electron dense
metallic character. Area profile energy-dispersive X-ray
analysis (EDXA) of the mycelia after AuNP synthesis
shows the appearance of Au peaks along with C, N, O,
K, and Cu peaks (Figure 2C). The Au peaks correspond
to the formation of AuNPs, and Cu peaks are coming
from the copper stub, whereas C, N, O, and K arise from
X-ray emission of proteins and carbohydrate on the
mycelia surface, indicating that AuNP formation and
conjugation occur in close proximity of the mycelia
surface.

Transmission electron micrographs (TEM) show
AuNPs on the cell wall as well as in the cytoplasmic
region (Figure 2D�F), indicating that Au(III) reduction
to Au0 occurs in both cell locations. Quantitative ele-
mental analysis data (Supporting Information, Table S1)
show that the number of AuNPs per unit area is higher
in the cytoplasmic regions than on the cell wall. The
multiple spectra were recorded from different regions
of the cell wall and cytoplasm. The quantitative

Figure 1. Photographs (A) of control and AuNP-synthe-
sized R. oryzaemycelia after 48 h incubation; UV-vis spectra
(B) of the dispersed AuNPs, HAuCl4 solution, and control
R. oryzae mycelia.
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elemental analysis was calculated from themean value
derived from those multiple spectra, and the squared
deviation was approximately 5%. Considerable differ-
ence in Au quantity in the cell wall and cytoplasmic
region suggests that a major amount of Au(III) is
transported into the cytoplasm and then undergoes
protein-mediated bioreduction to form AuNPs.

The protein-mediated reduction in the cytoplasm
was confirmed by synthesis of AuNPs using cell-free
protein extract (see Experimental Section). Results
show that Au(III) reductions to Au0 occur both in crude
cell-free protein extract and partially purified cytoplas-
mic protein(s), as shown by the appearance of the SPR
band at 535 nm. High-resolution transmission electron
microscopic (HRTEM) (Supporting Information, Figure
S2A,B) image shows formation of 15.9( 2.8 nm AuNPs
by partially purified cytoplasmic protein(s). The EDXA
spectrum (Supporting Information, Figure S2C) shows
Au peaks alongwith C, N, O, and K peaks resulting from
conjugation of protein(s) on the AuNP surface. The Cu
peaks in the spectrum originated from the copper grid.
Selected area electron diffraction (SAED) (Supporting
Information, Figure S2D) of AuNPs shows the Scherrer
ring patterns associatedwith the [111], [200], [222], and
[311] atomic planes of Au (JCPDS, No. 04-0784) and
indicated the formation of a face-centered cubic (fcc)
crystal lattice.7,47

Au speciation in the biomineralization process was
further studied through X-ray photoelectron spectros-
copy (XPS) technique. Consistently with the general
biochemical composition of fungal cell wall, C1s, N1s,
O1s, and P2p peaks were observed in both mycelia
(Supporting Information, Figure S3A). However, an
additional peak of Au4f was noted on the mycelia
following mineralization of gold ions (Supporting In-
formation, Figure S3B). The core-level spectra of C1s,
N1s, O1s, and P2p for control mycelia (Supporting Infor-

mation, Figure S4A�D) demonstrated that different
cell surface functional groups like carboxyl, amine,
phosphate, etc. provide Au(III) binding sites for miner-
alization of Au. Following interaction with Au(III) ions,
XPS spectra of mycelia showed a shift of C1s and N1s

peaks to higher binding energy (Figure 3A�D), com-
pared to the control mycelia. Further, high binding
energy peaks for carboxylate and protonated amine or
amide groups disappeared following interaction with
Au(III) ions, suggesting gold ions were complexed with
the carboxyl and amine groups of phosphoproteins
present on the cell surface. The related Au4f spectrum
collected from the mycelia at different time intervals
(24 and 48 h) was composed of doublet peaks, which
could both be assigned to Au0.48,49 The asymmetry in
the peaks could be resolved to describe an additional
chemical state, which was attributed to Au(I).48,49

Interestingly, the concentration of Au(I) is higher in
themyceliumharvested at 24 h than at 48 h (Figure 3F),
indicating the formation of AuNPs through intermedi-
ate Au(I) species. However, the reduction of Au(I)
species to AuNPs does not cause any shifting of core-
level C1s, N1s, O1s, and P2p spectra with time. The XPS
results strongly suggest that Au(III) was rapidly reduced
to Au(I) species upon initial binding on the mycelia by
electrostatic or covalent interaction, and then further
slowly reduced to Au0. The formation of Au(I) species
suggests the possibility of Au methylation as an addi-
tional detoxification mechanism.50,51 Methylation of
metals (e.g., Hg, Bi, Tn, or Ge) have been reported in
several microorganisms51 as a defense mechanism and
have been involved in Au biomineralization in R. oryzae.

The interaction of Au(III) with protein was also
studied by XPS analysis. Similar spectra of C1s, O1s,
N1s, P2p, and Au4f to that of the Au�mycelia interaction
were observed following interaction of Au(III) with the
partially purified protein extract. The doublet peaks of

Figure 2. SEM micrographs at low (A) and high (B) magnification of R. oryzae incubated with Au(III) at 30 �C for 48 h. EDX
analysis (C) confirms AuNP formation. TEM micrograph of R. oryzae (D) shows formation of AuNPs following interaction
with Au(III) at 30 �C for 48 h. HRTEM images confirm that AuNPs form in the cell wall (E) and cytoplasmic (F) regions.
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4f7/2 and 4f5/2, which correspond to Au0,48,49 were
observed after AuNP synthesis (48 h). The binding
energies for Au(I) were observed after 24 h, that is,
before the completion of the AuNP biosynthesis pro-
cess. The changes of Au(I) and Au0 peaks with time
suggest that formation of AuNPs by protein extract
occurs through a similar pathway to those of the
mycelia surface. The core-level spectra of C1s, N1s,
O1s, and P2p in the control protein extract were ob-
served at the same positions as described for the
mycelia. The shifts of C1s and N1s peaks to higher
energy with respect to cell-free protein extract follow-
ing interaction with Au(III) ions suggest that conjuga-
tion of protein with AuNPs occurs in the reduction
process. The negative surface charge (ζ value of�24.8
( 1.2 mV) of protein extract showed that Au(III) ions
bind with cytosolic protein(s) through covalent inter-
action instead of electrostatic interaction. This result
further demonstrates that gold ions interacted with
proteinmolecules and get reduced to AuNPs. The zeta-
potential (ζ) of the biosynthetic AuNPs was �25.5 mV.
The protein molecules acted as both reducing and
capping agents. Conjugation of protein with AuNPs is

responsible for negative ζ value and gives stability to
the synthesized AuNPs.

Metabolism of Gold by R. oryzae. Metabolism of gold in
R. oryzae was evaluated by growing the mycelia in the
presence of gold ions. The growth curves of R. oryzae at
various Au(III) concentrations (0�400 μM) are shown in
Figure 4. At low Au(III) concentration (<130 μM), the
growth rates and mycelial yields of R. oryzae at early
stationary phase (72 h) increased from 265 mg/100 mL
without Au(III) to 329 mg/100 mL, while the lag phase
decreased from 18 to 9 h (Figure 4A). However, at
higher Au(III) concentrations (400 μM) resulted in lower
mycelial yield and increased lag phase: 226mg/100mL
and 32 h, respectively.

The effect of Au(III) in the metabolism of R. oryzae
was further studied by measuring the total protein
concentration in the mycelia. The total protein con-
centration after 72 h of growth (Figure 4B) showed
similar trend to that ofmycelial yields, with amaximum
of 14.3 mg/mL at 130 μM Au(III). The control mycelia
have a protein concentration of 7.25 mg/mL. Thus,
Au(III) has a strong impact on cellular growth and protein
expressions and becomes toxic at a concentration higher

Figure 3. XPS spectra of the R. oryzaemycelia showing the core-level C1s (A), N1s (B), O1s (C), P2p (D), and Au4f after 24 h (E) and
48h (F) reactionwith gold ions. The intensity of the core-level Au(I) peak is higher in themyceliumharvested at 24 h compared
to Au0. The core-level Au(I) and Au0 peaks decrease and increase with time, respectively.
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than 130 μM. At low concentration, R. oryzae respond by
increasing proteins expression, including those respon-
sible for gold bioreduction and detoxification. At higher
Au(III) concentrations, the detoxification mechanism(s)
are not sufficient to maintain the cellular integrity due to
toxic effect of gold ions. TEM micrographs showed that
Au(III) ions hadno impact on the cellular ultrastructureup
to 130 μM (Figure 5A,B); however, significant structural
alterations of the cell were noticed following growth in
the presence of higher Au(III) concentration (250 μM
AuCl4

�). This results in cell elongation, aggregation of
cytoplasmic content, and enlargement of the cell va-
cuoles (Figure 5C). The elongation of the cells caused a
decrease in surface/volume ratio. The ultrastructure

changes were due to the toxic effect of Au(III) at this
concentration. The cellwall also became thicker, suggest-
ing that the cell wall acted as a permission barrier against
metal toxicity. Alteration of surface morphology under
stress condition has been reported as a defense
mechanism.52,53 This confirms thatAu(III) has a significant
impact on cellular response.

Inducible expression of protein(s) in R. oryzae was
then studied by sodium dodecyl sulfate polyacryla-
mide gel electrophoresis (SDS-PAGE) (Figure 5E) to
assess the cellular response on low (15 and 35 μM),
medium (70 and 130 μM), and high (250 μM) Au(III)
concentration. Both up- and down-regulation of pro-
teins was observed in the presence of Au(III). Two
proteinswithMW∼45 and∼42 kDawere up-regulated
in the cells grown in the presence of 70�130 μMAu(III)
(Figure 5E, lanes 5 and 6), at the same time, two other
proteins with MW of ∼68 and ∼50 kDa were also
suppressed (Figure 5E, lanes 2 and 3). Expression of
∼45 and∼42 kDa proteins increased, while that of∼68
and∼50 kDa proteins decreasedwith increasing Au(III)
concentrations, showing concentration-dependent
protein expression. However, in the presence of a high
amount of Au(III) (250 μM), protein expressions were
suppressed due to the toxic effect of Au(III). Results
suggest that Au(III) might play a role in the expression
of an oxidative stress response gene, which up-regu-
lated oxido-reductase enzymes.54 Further, R. oryzae
responds with concentration-dependent active bio-
chemical detoxification when exposed to Au(III) ions.

Reith et al.31 recently observed up-regulation of
several oxidative stress response genes in Cupriavidus

metallidurans grown in the presence of Au(III). Au-
dependent and Au-specific regulation has been re-
ported in Escherichia coli despite Au being a rare, inert,
and non-essential metal.55 Nonspecific regulation of
CueR, a MerR-like transcriptional activator, which
usually responds to Cu(II), was activated by Au(III)

Figure 4. Growth kinetics of (A) R. oryzae grown with 0 to
400 μM Au(III) in the medium. Correlation between protein
and mycelia yield (B) with Au(III) ion concentration in the
medium during growth of R. oryzae.

Figure 5. TEMmicrographs of the R. oryzae ultrastructure grown in the presence of 0 μM (A), 130 μM (B), and 250 μMof Au(III)
(C). TEM micrograph of the mycelia grown in the presence of 130 μM Au(III), after AuNP synthesis shows enhanced AuNP
synthesis due to inducible expressionofproteins (D). SDS-PAGEofwholeproteins followinggrowth in thepresenceof 0 (lane2), 15
(lane 3), 35 (lane 4), 70 (lane 5), 130 (lane 6), and 250 μM (lane 7) of Au(III) (E). Arrows indicate suppressed and induced proteins.
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complexes.55 This activation was promoted by binding
of Au(III) to the cysteine (Cys) residues 112 and 120.
Checa et al.44 also characterized a transcriptional reg-
ulator (GolS) in Au(III)-resistant Salmonella enterica.
Expression of transmembrane efflux ATPase (GolT)
and metallochaperone (GolB) genes were activated
by GolS. A further GolS-regulated locus gesABC for
GolS-induced CBA (consisting of subunits C, B, and A)
efflux system-coding operon has been recently de-
scribed in Au(III)-resistant Salmonella strains; gesABC
is a Salmonella-specific CBA efflux system required for
Au(III) resistance in this bacterium.44,56

The role of Au(III)-induced proteins in Au minerali-
zation was further investigated to determine the bio-
mineralization mechanism. R. oryzae mycelia grown
with Au(III) were incubated with Au(III), and formation
of AuNPs was studied as described above. TEM micro-
graph demonstrated that more AuNPs were accumu-
lated or synthesized in both the cell wall and
cytoplasmic regions of R. oryzae grown in the presence
of 130 μM Au(III) (Figure 5D and Supporting Informa-
tion, Figure S5) compared to the control mycelia
(Figure 2D�F). However, formation of AuNPs was
inhibited in R. oryzae grown in the presence of
250 μM Au(III) (Supporting Information, Figure S6), as
the toxic effect of Au(III) at higher concentration
suppressed expression of proteins (Figure 5E, lane 7),
and thus AuNP synthesis was inhibited. On the other
hand, in the presence of 130 μM Au(III), the induced
proteins (Figure 5E, lane 6), most probably metal
reductase proteins, enhanced AuNP synthesis.

Finally, the role of these Au(III)-inducible expressed
proteins in AuNP biosynthesis was evaluated by inter-
action of Au with protein extract. The protein extracts
were prepared from R. oryzae mycelia grown in the
presence of different concentrations of Au(III) and used
in AuNP synthesis. The rate of AuNP synthesis was
higher in protein extract prepared frommycelia grown
with Au(III) up to 130 μM compared with control one
(Supporting Information, Figure S7). At the latter Au(III)
concentration, AuNP synthesis was completed within
14 h, whereas control protein extract took 24 h. Rate of
AuNP synthesis increaseswith an increase in Au(III) ions
in the growthmedium and reached optimum values at
130 μM Au(III) (Supporting Information, Figure S7B).
Further, Figure S7A showed that a sharp SPR band of
AuNPs shifted from 535 nm to broad 545 nm in the
case of AuNPs synthesized by protein extracted from
mycelia grown in the presence 250�400 μM Au(III). As
the SPR is known to be highly sensitive to nanoparticle
size,7,35 this suggests formation of larger AuNPs. TEM
picture shows (Supporting Information, Figure S8) the
formation of highly polydisperse, irregular AuNPs. Re-
duced protein activity might be responsible for un-
controlled growth of AuNPs. Inducible expressed pro-
teins thus play a strong role in the Au biomineralization
process and increases the nanoparticle synthesis rate.

This has significant practical importance in the scale-up
of the AuNP biosynthetic process.

Role of Fungal Proteins. Fungal proteins responsible
for AuNP synthesis were partially purified by separa-
tion of the membrane fraction from whole cell-free
protein extract, followed by salted out using ammo-
nium sulfate precipitation (experimental section in
Supporting Information). UV�vis spectra after 12 h
reaction showed that, among different fractions, 80%
ammonium sulfate fraction had the highest AuNP
biosynthetic activity based on nanoparticle synthesis
rate and production yield (Supporting Information,
Figure S9). Following biosynthesis using this fraction,
unbound proteins were separated by centrifugation
and subjected to SDS-PAGE (Figure 6). Electrophoresis
showed a number of protein bands similar to those
observed in the whole cell-free extract, including ∼42
and∼45 kDa proteins, except the∼80 kDa protein that
likely remained bound to the AuNP surface (Figure 6,
lane 2). To confirm this observation, the AuNP-bound
proteins were detached by boiling with 1% SDS solu-
tion for 10 min. The treated sample was further ana-
lyzed by SDS-PAGE, which showed the presence of a
ca. ∼80 kDa protein only (Figure 6, lane 3). Since SDS
caused detachment of the bound proteins from the
AuNP surface, it is likely that the ∼80 kDa protein
bound with the AuNP surface acted as a capping agent
and confers stability to AuNPs, whereas ∼42 and/or
∼45 kDa proteins acted as reducing agents.

Our findings thus suggest that R. oryzae harbor
several gold detoxification mechanisms to reduce
Au(III) to Au0 (AuNPs) (Figure 7). At this point, we do
not have sufficient data to determine the sequence of

Figure 6. SDS-PAGE analysis of R. oryzae proteins respon-
sible for gold biomineralization. Lane 2, unbound proteins
after AuNP biosynthesis. Arrows indicate∼45 and∼42 kDa
proteins. Lane 3, bound protein released from the AuNP
surface after boiling with 1% SDS solution. Arrow indicates
the ∼80 kDa capping protein that determines AuNP
stability.
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the Au biotransformation mechanism; however, at
least two reduction routes took place: (a) binding of
Au(III) on the cell wall through electrostatic interaction
followed by reduction to AuNPs by proteins/enzyme
present on the cell wall, and (b) diffusion or transporta-
tion of Au(III) into the cytoplasm and protein/enzy-
matic reduction to form AuNPs. The binding of Au(III)
on the cell surface through electrostatic interaction
and the appearance of Au0 on the cell wall through
intermediate Au(I) species formation were observed.
Negatively charged gold ions bind on the positively
charged R. oryzae mycelia through electrostatic inter-
action with phosphoprotein(s) and then become re-
duced to Au(I) species as a result of the high redox
potential of Au(III) [e.g., E0 = 1.002 V for the reaction
AuCl4

� þ 3e� = Au(s) þ 4Cl�].57 This led to a “grab” of
electrons from suitable electron donors, resulting in
reduction to Au(I) ions. The formation of Au(I) species
was confirmedby the shift of C1s andN1s core-level peaks
to higher energy in the XPS analysis and suggests the
possibility of Au methylation as an additional detoxifica-
tion mechanism.50,51Active mechanism was likely to be
responsible for reduction of Au(I) species to metallic
Au0 particles as revealed from a protein induction
experiment. Further, XPS confirmed that initial bind-
ing of Au(III) ions and subsequent reduction to Au(I)
species occurs through a chemical interaction pro-
cess, whereas reduction of Au(I) species to Au0 occurs
through a biochemically driven reduction pathway.
Similar results were also obtained by X-ray absorption
spectroscopy (XAS) in Plectonema boryanum, where
Au(III) complexes get reduced to metallic Au through
rapid (<2 min) formation of an intermediate Au(I)�S
species and followed by a slower active reductive
pathway to Au0.58

The observation of Au0 in the cytoplasmic space
may be explained with the biochemically driven intra-
cellular reduction that occurred through transporta-
tion of Au(III) from the cell wall into the cytoplasmic
region where it was reduced by metal reductases to
Au0.59 Since Au(I) species were observed also in the
cytoplasm, it is likely that the cytoplasmic reduction of
Au(III) to Au0 occurs through the intermediate Au(I)
species. Instead of electrostatic interaction, covalent
binding was involved in the initial binding of Au(III)
with cytoplasmic proteins as the latter carries negative
ζ value. The whole protein analysis showed concentra-
tion-dependent up- and down-regulation of protein
expression in the presence of different Au(III) concentra-
tions. Asmentioned previously, two up-regulated proteins
of MW ∼42 and ∼45 kDa promoted AuNP biosynthesis,
while the ∼80 kDa protein bound with the AuNP surface
and forms a stable gold bioconjugate system.

Conclusion. We characterize Au bioreduction process
in viable R. oryzae to form AuNPs. Au(III) ions initially
bind on the cell surface, then reduce to intermediate
Au(I)�protein complexes and finally to AuNPs (Au0).
The majority of Au(III) are transported into the cyto-
plasmic region where they are reduced to AuNPs by
cytoplasmic proteins, likely metal reductases. Growth
of R. oryzae in the presence of sublethal Au(III) con-
centrations (130 μM) induces stress response proteins.
At higher Au(III) concentrations (250 μM), Au toxicity
results in damages to the cellular ultrastructure and
AuNP biosynthesis is drastically reduced. The protein
profile of the extract under sublethal dose [Au(III) < 130
μM] shows that two cytoplasmic proteins of ∼45 and
∼42 kDa are up-regulated and likely responsible for
AuNP biosynthesis. The induction and/or suppres-
sion of proteins in response to sublethal Au(III)

Figure 7. Proposed gold biomineralization mechanism in R. oryzae.
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concentration correlates with an increase in AuNP
biosynthesis. Detachment of protein from AuNP bio-
conjugates shows that the∼80 kDa protein serves as a
AuNP capping agent and stabilizes the bioconjugates

through electrostatic repulsion, which impedes AuNP
aggregation. Identification of Au-specific genetic re-
sponses may lead to the development of a low-cost
AuNP biosynthesis process.

EXPERIMENTAL SECTION

Materials. Chloroauric acid (HAuCl4 3 3H2O) and all chemicals
were purchased from Sigma. Microbiological ingredients were
obtained from Fluka. Ultrapure Millipore water (18.2 MΩ) was
used in all AuNP biosynthesis experiments.

Synthesis of AuNPs by R. oryzae. Synthesis of AuNPs was carried
out by incubating 0.2 g of fungal mycelia with 25 mL of HAuCl4
(2 mM) solution in 50 mM phosphate buffer (pH 7.0). The
mycelial suspension was incubated at 30 �C for 48 h under
shaking (150 rpm), while bioreduction of chloroaurate ions
(AuCl4

�) was monitored by UV�vis spectroscopy measurement
(Varian Cary 50 Bio, UK). Control experiments without fungal
mycelia were also performed. The effect of pH on nanoparticle
synthesis was carried out under identical conditions but varying
the pH from 4.0 to 10.0. After 48 h, the mycelia were harvested
by centrifugation at 10 000 rpm for 10 min, dried by lyophiliza-
tion, and then dispersed in DI water. The dispersed solution was
then analyzed by UV�vis spectroscopy. All of the experiments
were performed in triplicate.

Synthesis of AuNPs by cell-free protein extract and partially
purified proteins was carried out to determine the role of
protein(s) in the reduction of gold ions. The experiments were
performed as described above by incubating 2 mM HAuCl4
solution in 50mMphosphate buffer (pH 7.0) containing 100 μM
NADH with 2 mg/mL protein extract. The nanoparticle forma-
tion was monitored by UV�vis spectroscopy.

The distribution, morphology, crystal structure, and chemi-
cal composition of as-synthesized AuNPs by the fungal mycelia
and protein extract were characterized through SEM, TEM, and
EDX analysis. The speciation and reduction mechanism of Au
were carried out using high-performance XPS analysis. Particle
size distribution and surface charge of AuNPs were measured
through dynamic light scattering (DLS) measurement and zeta-
potential analysis (Beckman Coulter Delsa Nano C, UK). The
detailed experimental procedures are provided in the Support-
ing Information.

Metabolism of Gold by R. oryzae. The biochemical experiments
were conducted to assess the response of R. oryzae to aqueous
Au(III) ions and determine the possible mechanism of Au(III)
detoxification. The experiments were carried out by growing
R. oryzae in the presence of 10�400 μM gold, and mycelial
weight and protein yield were then measured. The proteins
were extracted from mycelia (as described in Supporting Infor-
mation) grown in the presence of different concentrations of
gold ions, and the expressions of proteins were visualized using
12% SDS-PAGE according to standard procedures. Electrophor-
esis was performed using the Bio-RadMini Protein gel system at
a constant voltage of 90 V for 150 min against prestained
molecular weight markers. Gels were stained with Coomassie
Brilliant Blue R-250 solution.

The role of Au(III)-inducible expressed proteins in AuNP
biosynthesis was studied to identify the Au biomineralization
process and understand the Au-specific genetic responses in
nanoparticle biosynthesis. The latter was carried as described
above using cell-free and partially purified proteins extract from
Au(III)-induced mycelia.

Identification of Proteins. After AuNP synthesis by partially
purified protein, unbound proteins on AuNP surface were
separated by centrifugation at 18 000 rpm for 30 min. The
supernatant containing unbound proteins was collected and
subjected to SDS-PAGE electrophoresis. The pellet containing
nanoparticle-bound protein(s) was washed with phosphate
buffer. The proteins bound with the nanoparticles were re-
leased from the nanoparticle surface by boiling with 1% SDS
solution for 10 min. The supernatant was collected by

centrifugation at 18 000 rpm for 15 min. The bound (SDS-
treated) proteins were further analyzed by SDS-PAGE.

Further experimental details are provided in the Supporting
Information.
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