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Abstract
Understanding the biosynthetic mechanism of gold nanoparticle formation is the key to controlling the size, dispersity, and
morphology of the nanoparticles. Reduction of gold (III) to gold (0) in cell-free extracts of Candida parapsilosis ATCC 7330 is
not only enzymatic, as confirmed by experiments with heat denatured extracts. In addition to proteins, cellular reducing equiv-
alents also contribute to the formation of gold nanoparticles in a concentration-dependent manner. Characterization of the bio-
synthesized gold nanoparticles using X-ray photoelectron spectroscopy and elemental analysis revealed that nanoparticles are
stabilized by proteins. The importance of protein three-dimensional structure in producing stable gold nanoparticles is also
addressed. Making free thiol groups (–SH) unavailable by derivatizing them in protein extracts resulted in monodisperse gold
nanoparticles implying that free –SH increase aggregation and emphasize this as a possible strategy to produce monodisperse
gold nanoparticles in biological extracts which is otherwise difficult.

Keywords Gold nanoparticles . Biosynthesis . Mechanism . Reduction . Stabilization . Proteins

1 Introduction

Bio-inspired syntheses of metal nanoparticles are feasible, en-
vironmentally benign [1], and meet most of the design princi-
ples under green chemistry [2]. Among the bio-inspired
methods, microbial synthesis of nanoparticles, especially
gold, is widely reported [3, 4]. Gold nanoparticles are widely
used in various applications in biomedicine and catalysis even
though different microbes, namely bacteria, fungi, actinomy-
cetes, and algae, have been reported for the synthesis of gold
(Au) nanoparticles (NPs). The most preferred are the fungal
species for the synthesis of Au NPs due to advantages such as
high metal tolerance [5], ease of handling, scale-up proce-
dures, presence of redox enzymes, and capping agents [6].
In order to gain control over the size, shape, and dispersity

of the nanoparticles formed, it is imperative to understand the
mechanism of bio-synthesis of gold nanoparticles mediated
by micro-organism.

Several fungi have been reported for the synthesis of Au
NPs [7] but the mechanism of formation of nanoparticles is
not completely understood. Most of the reports have only
speculated that the reduction of gold (III) ions to gold (0)
atoms is mediated by enzymes. Two different routes reported
for the bioreduction of gold (III) using the fungus Botrytis
cinerea were established—(i) nicotinamide adenine dinucleo-
tide (NADH)–dependent reductases for the enzymatic reduc-
tion and (ii) the non-enzymatic reduction by heat stable mol-
ecules, to synthesize Au NPs of various shapes with sizes
ranging from 1 to 100 nm [8]. In the yeast Yarrowia lipolytica,
Au NPs are formed involving functional groups such as car-
boxyl, hydroxyl, and amide groups present on the cell surface
[9]. Bioreductants such as NADH produced by the fermenta-
tion of lactate in the yeast, Hansenula anomala, also report-
edly synthesize Au NPs (size: 14 nm) [10]. Besides, the syn-
thesis of gold nanoparticles using Candida sp. [11–13] is also
established but biosynthetic mechanism is not reported so far.

Stabilization of the reduced gold nanoparticles is the most
important step to prevent the formation of particle aggregates.
Generally, capping molecules involved in stabilization of
nanoparticles are analyzed using FT-IR spectroscopy [14].
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For example, phosphate groups and polypeptides/proteins
were detected in the Au NPs formed by R. oryzae biomass
[15]. The nature of stabilizers and their binding to gold nano-
particles is yet to be understood completely.

Candida parapsilosis ATCC 7330, a versatile biocatalyst
largely studied for enzyme-mediated biotransformation reac-
tions [16], has been recently used for the synthesis of colloidal
Au NPs [17]. However, the mechanism of formation of the
gold nanoparticles using Candida parapsilosisATCC 7330 is
not established as yet. The present study addresses the mech-
anistic aspects of gold nanoparticle formation, i.e.,
bioreduction and stabilization of Au NPs, in cell-free extracts
of Candida parapsilosis ATCC 7330. The multiple ways by
which reduction of gold (III) to gold (0) can occur and also the
details of the stabilization of the gold (0) have resulted in
investigating the role of native protein conformation and the
influence of free protein thiols (–SH) in the biogenesis of Au
NPs using yeast cell extracts.

2 Experimental

2.1 Biosynthesis of Gold Nanoparticles (Au NPs) Using
Candida parapsilosis ATCC 7330

Colloidal gold nanoparticles is prepared using the cell-free
extracts of Candida parapsilosis ATCC 7330 strain (ATCC,
Manassas, VA 20108, USA) using the reported procedure
[17]. Reactions of Au NPs synthesis were carried out using
MilliQ water and conical flasks were washed with aqua regia
before use. Protein concentration in the cell-free extract was
estimated using Bradford reagent (Sigma-Aldrich).

2.2 Synthesis of Au NPs Using NADH, GSH, Ascorbic
Acid, and Glucose

NADH, a redox cofactor, was tested for the synthesis of Au
NPs by titrating against 1 mM of gold (III) for the concentra-
tions ranging from 0.2 μM to 3 mM. Similarly, varying con-
centration (10−6 M – 4 × 10−3 M) of glutathione was tested
against 1 mM gold (III) chloride for the synthesis of Au NPs.
Titration of either ascorbic acid (0.1–0.5 mM) or glucose
(0.1–0.5 mM) against the fixed amount of AuCl3 solution (1
mM) was carried out. For these experiments, the final volume
of the reaction mixture was adjusted with phosphate buffer
(pH 7.0, 20 mM) and the reaction flasks were incubated in
orbital shaker for 72 h, 200 rpm at 37 °C.

2.3 Estimation of Reducing Activity

For cell-free extract, heat-denatured extract, and bioreductants,
the reducing activity was assayed using standard protocol [18].
Calibration curve was plotted using a known reducing agent,

ascorbic acid (5–25 μg/mL). To the test sample, 0.5 mL of
0.02 M sodium phosphate buffer was added and 1% w/v aque-
ous potassium ferrocyanide (0.5 mL) was added later. This
mixture was incubated at 50 °C for 20 min and then cooled
rapidly, followed by addition of 0.5 mL of 10% w/v trichloro-
acetic acid and centrifugation at 3000×g for 10 min. The super-
natant (1.5 mL) was collected; 0.2 mL of 0.1% FeCl3 was
added to it. Absorbance at 700 nm (visible range) against the
blank was recorded using a UV/Vis spectrophotometer.

2.4 BSA-Mediated Preparation of Au NPs

Bovine serum albumin (BSA) of different concentrations (0.72–
21.6 μM) were titrated against 1 mM AuCl3 solution for the
preparation of Au NPs. The reaction with heat-denatured BSA
(microwave oven (700 W, 2 min)) was also carried out.

In an identical study, the effect of protein conformation on
the synthesis of colloidal Au NPs was studied by the addition
of native BSA to denatured cell-free extract. For this experi-
ment, varying BSA concentrations (2.2–4.32μM)were added
to an identical reaction flask comprising of either cell-free
extract or heat-denatured extract. Reaction with cell-free ex-
tract and heat-treated extract alone are kept as control experi-
ments. In reaction flasks, AuCl3 was added to make overall
1 mM concentration and the flasks were incubated in orbital
shaker for 72 h, 200 rpm at 37 °C.

2.5 Kinetics Study of Au NP Formation

For any processes like biosynthesis of metal nanoparti-
cles, kinetic study is imperative to understand the dy-
namics of the reaction. For this, gold (III) chloride was
added to make overall concentration of 1 mM either
with cell-free extract or heat-denatured extract.
Reaction flasks were incubated in an orbital shaker at
37 °C, 200 rpm. Samples were collected at different
time intervals during 72 h incubation time.

2.6 Stability of Au NPs in the Presence of Thiol
Ligands

It is important to understand the stability of Au NPs in the
presence of thiol-containing stabilizer like cysteine. For this,
cysteine was added to make overall concentration of 0–100
μM with 0.5 mL of Au NPs. Gold nanoparticles used in this
study were prepared using the Turkevich method [19].
Samples were incubated at 25 °C for 24 h.

2.7 Estimation of the Total Thiol Content in the Cell-
Free Extract

Total thiol content in the cell-free extract was estimated
using Ellman’s reagent, 5, 5′-dithio-bis-(2-nitrobenzoic
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acid) (DTNB) [20]. To 0.5 mL of the cell -free extract,
0.6 mL of the DTNB (0.25 mM prepared in methanol)
was added and the total volume made up to 1.5 mL
using methanol. The mixture was incubated for 15 min
and then centrifuged at 3000×g for 15 min. Absorbance
was recorded for the supernatant sample at 412 nm
using a UV/Vis spectrophotometer. Acetyl cysteine
(31–1000 μM) was used as standard to prepare calibra-
tion curve.

2.8 Influence of Free Protein Thiol Groups on
Biosynthesis of Au NPs

The role of free protein thiols in the biosynthesis of Au
NPs was studied by performing experiments using the
thiol-modified protein extract. A stock solution of
5.6 mM p-Chloro mercuric benzoate (pCMB) was pre-
pared in 0.05 N NaOH, used to derivatize the cellular
thiol residues. After addition of the equivalent amounts
of thiol modifiers, the reaction flasks were incubated at
25 °C, 150 rpm for overnight. Consecutively, gold pre-
cursor was added to the thiol-modified extracts to make
an overall concentration of 1 mM. Reaction flasks were
allowed to incubate for 72 h, 200 rpm at 37 °C. In an
another set of studies, after thiol modification of the
protein extract, ascorbic acid (0.2 mM) was added then,
and gold (III) precursor of 1 mM concentration was
added to the same flasks. The reaction flasks were kept
for orbital shaking for 24 h at 200 rpm, 37 °C.

2.9 Instruments and Characterization Techniques

Surface plasmon resonance (SPR) peak (~ 520–580 nm)
of the Au NPs was monitored using JASCO V-530 UV/
Vis spectrophotometer. Average size and polydispersity
index (PDI) of Au NPs were determined using Zetasizer
3000 HSA (MALVERN Instruments) and nanoparticle
analyzer SZ-100 (HORIBA Scientific nanoPartica). For
colloidal Au NPs, a drop of the sample was casted on
carbon-coated copper grids, air dried and taken for fur-
ther analysis using the PHILIPS CM12 transmission
electron microscope.

The concentration of Au NPs in the colloidal solution
was measured using ICP-OES analysis (PERKIN
ELMER Optima 5300 DV) after acid digestion of the
nanoparticle pellet. X-ray photoelectron spectroscopy
analysis of freeze-dried pellet of biosynthesized Au
NPs was recorded using AXIS-HS (SHIMADZU-
Kratos.Co) with Mg Kα radiation source (15 keV).
Elemental analysis of the freeze-dried pellet of
biosynthesized Au NPs was determined with the help
of a CHN analyzer (PERKIN ELMER 2400 Series).

3 Results and Discussion

3.1 Investigation on Bioreduction of Gold (III) as the
First Step of NP Formation

Our earlier study showed that AuNPs of hydrodynamic diameter
59.2 ± 1 nm were formed in cell-free extracts of 24 h grown
Candida parapsilosis ATCC 7330 which depends on total cel-
lular protein concentration and not only the enzymatic activity of
reductase [17]. Among the different culture ages (12, 24, 36, and
48 h) investigated, cell-free extract prepared from 24 h grown
yeast cells was found optimum for the biosynthesis of gold nano-
particles based on nanoparticles attributes (Figs. S1 and S2;
Tables S1 and S2). Experiments with heat-denatured cell-free
extracts (no reductase activity) resulted in the formation of gold
particle aggregates (~ 48% yield), as seen by surface plasmon

Fig. 1 Biosynthesis of gold nanoparticles using heat-denatured extract
(red line) of Candida parapsilosis ATCC 7330. a UV/Vis spectra, b
transmission electron micrographs, and (c) visual inspection

Fig. 2 Biosynthesis of gold nanoparticles using the cell-free extract, >
3 kDa and < 3 kDa fractions. a UV/Vis spectra and b visual inspection
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resonance (SPR) wavelength maxima (λmax) of 563 nm (Fig. 1)
suggesting that the reduction of gold (III) in cell-free extracts is
not purely enzymatic, contrary to reports so far which state that
the reduction of gold (III) is enzymatic and depends on reduc-
tases and/or other cellular enzymes in cell-free extracts [21–26].

Estimation of the reducibility of metal ions such as gold
(III) by the native cell-free extract and heat-denatured cell-free
extract was carried out using an Fe3+-based assay [27] (Fig.
S3). The higher the redox potential, the better is the reducibil-
ity of the metal ions by the reducing agent. Redox potential of
aqueous Fe3+ (0.77 eV) is nearly half of the aqueous solution
of gold (III) ions (1.4 eV) [28]. Compared to the cell-free
extract, only 28% residual reducing activity was observed
with the heat-denatured extract. In other words, 72% reducing

activity was lost due to heat treatment of the cell-free extract.
Clearly, this study indicates that heat stable bioreductants
present in the denatured cell-free extract also contribute to
the reduction of gold (III) to gold (0).

A typical yeast cell comprises 40–55% proteins, 20–35%
polysaccharides, 7–15% lipids, 6–12% RNA, and 1–3% DNA
[29]. Besides cellular macromolecules, small molecules such as
cofactors, amino acids, sugars, and organic acids are present
inside the fungi, which might also mediate the reduction of gold
(III). Nicotinamide adenine dinucleotide (NADH), glutathione
(GSH), ascorbic acid, and glucose were used as bioreductants
to reduce AuCl3. Systematic studies revealed the following ob-
servations: (1) Reduction of gold (III) to gold (0) mediated by
bioreductants is concentration dependent and (2) not all reduc-
tants reduce gold (III) and produce gold nanoparticles. In case of
NADH, surface plasmon resonance (SPR) corresponding to Au
NP (3.8 nm ± 0.5 nm) formation increases with the increase in
NADH up to 3 mM, which was in consensus with the
nanofabrication process (Figs. S4 and S5). Titration experiments

Fig. 3 Wide scan X-ray photoelectron spectroscopy of the gold nanopar-
ticles prepared by cell-free extract and the inset shows the XPS of Au (4f)

Fig. 4 Biosynthesis of gold
nanoparticles using ascorbic acid
(0.2 mM) and > 3 kDa fraction of
cell-free extract of varying protein
concentration (0–600 μg/mL). a
UV/Vis spectra and b visual
inspection

Table 1 Effect of BSA addition to the heat-denatured extract used for
the synthesis of gold nanoparticles (Au NPs)

BSA added to
the denatured
extract (μM)

SPR Wavelength
maxima (nm) of
Au NPs

Hydrodynamic
diameter (nm)
of Au NPs

Polydispersity
index (PDI) of
Au NPs

Control 541 93.87 ± 1.42 0.36 ± 0.05

2.16 539 71.97 ± 0.59 0.36 ± 0.01

2.88 539 71.86 ± 0.47 0.36 ± 0.02

3.76 541 71.83 ± 0.98 0.36 ± 0.01

4.32 536 70.14 ± 1.67 0.35 ± 0.02

BioNanoSci.



with glutathione, a tripeptide (γ-glutamylcysteinyl glycine),
showed an increase in Au NP formation until 0.5 mM GSH
against 1 mM AuCl3 (Fig. S6). Gold nanoparticles of mean
particle size of 25 ± 3 nm were formed with 0.5 mM glutathione
(Fig. S7). Titration studies of ascorbic acid (0.1–0.5 mM) against
AuCl3 did not show the visible formation of colloidal Au NPs
(Fig. S8). Similarly, titration experiments with glucose in con-
centrations ranging from 0.1 to 0.5 mM did not yield colloidal
Au NPs which was also consistent with visual inspection (Fig.
S9). Collectively, Au NPs observed in the experiments with
reducing equivalents NADH and GSH confirmed the non-
enzymatic bioreduction of gold (III) to gold (0). Analysis of the
reducing capacity of these bioreductants revealed that 1 mM of
NADH showed reducing activity of 224 μg/mL and GSH (1
mM) has a reducing activity of 156 μg/mL. Very few reports
indicate that themicrobial reduction of gold (III) to gold (0) could
be non-enzymatic [30, 31], and if they do, conclusive experimen-
tal proof is often missing.

To understand the role of proteins and the cellular
bioreductants in Au NP’s biosynthesis, the cell-free extract
was subjected to fractionation using 3 kDa centrifugal filters.
The > 3 kDa fraction rich in protein (~ 831 μg/mL) showed
the formation of Au NPs with maximum intensity as com-
pared to the reaction with < 3 kDa fraction where protein
concentration is very low (~ 13 μg/mL ) (Fig. 2).
Remarkably, Fe3+-reducing activity in > 3 kDa fraction was
high (85%) and the remaining activity was retained in the <
3 kDa fraction.

3.2 Investigation on the Stabilization Aspects of the
Formed Au NPs

Particle stabilization is very important to prevent nanoparticle
aggregation [32]. Nanoparticles are mainly stabilized by elec-
trostatic interactions and steric forces or a combination of both
[33]. Elemental analysis of synthesized Au NPs showed the
presence of carbon (21.23%), hydrogen (2.14%), and nitrogen
(3.58%). X-ray photoelectron spectroscopic (XPS) analysis
indicated the presence of gold, carbon, nitrogen, and oxygen
in the lyophilized sample of biosynthesized Au NPs as per

standard values [34–37] (Fig. 3). The Au4f spectrum was re-
solved into three peaks with binding energies of 81.2 eV and
84.8 eV which corresponds to the 4f7/2 and 4f5/2 levels of gold
(0) and a third peak at 87.9 eV corresponds to gold (III) (Fig.
S10a). The C1s spectrum of the Au NPs showed two peaks
with binding energies of 281.8 eV and 282.2 eV which could
be assigned to C-C and C-H respectively (Fig. S10b). The N1s

spectrum revealed a peak with a binding energy of 396.7 eV
(Fig. S10c). The strongest peak with a binding energy of
529.4 eV was identified for the surface-like oxide in the O1s

spectra (Fig. S10d). All these results suggest that the peptides/
proteins corona formed on the nanoparticles surface as per
Vroman’s effect [38] could be the primary stabilizing forces.
Few reports have suggested the role of proteins in nanoparticle
stabilization [39]; however, the exact picture is not clear.

To study the stability exerted by proteins, synthesis of Au
NPs was carried out using ascorbic acid with increasing con-
centrations of protein rich extract (> 3 kDa protein). As results
show, the increase in protein concentration facilitated the for-
mation of smaller size Au NPs as indicated by blue shift in

Fig. 5 Visual representation of
the synthesis of gold
nanoparticles using heat-
denatured cell-free extract with
varying concentration of BSA

Fig. 6 Kinetics of formation of gold nanoparticles using the cell-free
extract and heat-denatured extract of Candida parapsilosis ATCC 7330

BioNanoSci.



SPR peak (λ544nm ~ 68 nm to λ531 nm ~ 42 nm) (Fig. 4)
emphasizing that native proteins in the cell-free extract con-
tribute to stabilizing the nanoparticles.

3.3 Effect of Protein Structure on Stability of Au NPs

The next obvious questionwas does the 3D structure of the protein
matter to the stability of the NPs? In order to answer this question,
experiments with a model protein, bovine serum albumin (BSA)
in (a) native and (b) completely disordered state were carried out.
Initially, the increase in BSA concentration (50–250 μg/mL)
against 1 mM AuCl3 showed corresponding increase in Au NP
formation as monitored by SPR absorbance (Fig. S11). The

optimum concentration of BSAwas 250μg/mL (3.76μM)which
produced Au NPs (λmax 531 nm) whereas heat-denatured BSA
(3.76 μM) produced larger Au NPs (λmax 539 nm) (Fig. S12).
This suggests that BSA in the denatured state does not effectively
stabilize the reduced gold species leading to coalescence and par-
ticle aggregates. The reaction of heat-treated cell-free extract (HT-
CFE) with native BSA yields smaller size nanoparticles as evi-
denced by the SPR blue shift of 8 nmwhich reinforces the impor-
tance of protein structure during the formation of nanoparticles
(Table 1 and Fig. 5). Investigations on the kinetic studies of the
formation ofAuNPswithCFE andHTCFE revealed that the rates
of nucleation of gold atoms in both the cases differ. Fast nucleation
occurs with native CFE (the increase in absorbance from 6 to 12 h

Fig. 7 Synthesis of Au NPs using
the thiol-modified > 3 kDa pro-
tein fraction of cell-free extract. a
UV/Vis spectra and b visual
inspection

Fig. 8 Transmission electronmicrographs (28,000X) of the gold nanoparticles synthesized using > 3 kDa fraction of cell-free extract in the presence of a
NaOH and b pCMB. Inset particle size distribution
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with respect to time is 0.0069 h−1) leading to the formation of
small nanoparticles of size ~ 45 nm whereas large particles ~
93 nm were formed with HTCFE (slow nucleation—0.0036
h−1) (Fig. 6). Nucleation of the gold atoms obtained after the
reduction of gold (III) ions seem to be influenced by the protein
compactness, which imparts stability during Au NP formation.

3.4 Effect of Free Protein Thiols in Biosynthesis of Au
NPs

Proteins are built up of amino acids which bind to gold atoms
and contribute to stabilization of nanoparticles. Hard soft acid
base (HSAB) theory postulates that gold interacts with soft

ligands [40] such as sulfhydryl groups. Gold -thiol chemistry
is well established and thiol-based ligands such as alkane thiols
are reportedly used for the chemical synthesis of
monodispersed Au NPs [41]. The effect of one such thiol moi-
ety, cysteine (5-100 μM), was examined for the stability of
chemically synthesized Au NPs (Section 2.6). Increased aggre-
gation of Au NPs was observed at ≥ 10 μM cysteine which is
represented by secondary λmax at 600–700 nm and these results
are also consistent with TEM analysis (Figs. S13 and S14).

To investigate the role of free protein thiol groups in the
synthesis of AuNPs, the thiol groups in the protein extract were
derivatized using p-chloromercuricbenzoic acid (pCMB).
Reaction with thiol-modified protein extracts yielded nearly

Fig. 9 Synthesis of gold
nanoparticles using thiol-
modified protein extract of cell-
free extract and ascorbic acid as
the reducing agent. a UV/Vis
spectra and b visual inspection

Fig. 10 Transmission electron microscopy studies of the gold nanoparticles synthesized using thiol-modified protein extract in the presence of ascorbic
acid as a reducing agent. a NaOH control and b thiol-modified extracts
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monodisperse Au NPs (Fig. 7) (particle size: 6.7 ± 2.6 nm,
polydispersity index (PDI): 0.151) as compared to the nanopar-
ticles produced using native protein extract (particle size: 7.95 ±
4.89 nm, PDI: 0.378) (Fig. 8). Also, the isolated yield of the
nanoparticles was low in thiol-modified extracts, i.e., decreased
to 56% of that of native protein extract. Interestingly, the syn-
thesis of Au NPs using ascorbic acid (0.2 mM) and thiol-
modified protein extract yielded gold aggregates represented
by secondary λmax (~ 600–700 nm) from UV/Vis spectra
(Fig. 9). These results are also consistent with TEM analysis
(Fig. 10). Formation of gold aggregates in thiol-modified pro-
tein extracts could be due to the lack of sulfhydryl groups. For
the reaction with protein extracts in the presence of ascorbic
acid, colloidal Au NPs were formed with a characteristic SPR
peak around 550 nm (~ 80 nm). Overall, this study implies that
free thiol (–SH) groups control the size of the Au NPs and their
polydispersity. In a separate study, the modification of protein
thiol inhibits the formation of silver nanoparticles in the cell-
free filtrate of Penicillium nalgiovense AJ12 [42]. Also, modi-
fication of thiol groups in enzymes such as α-amylase, EcoR1,
laccase, and urease inhibits formation of Au NPs [30].

4 Conclusions

Systematic studies revealed that the bioreduction of gold (III)
ions using the cell-free extract of Candida parapsilosis ATCC
7330 is not purely enzymatic; it likely undergoes non-specific
reduction utilizing reducing equivalents present within the cell.
The native conformation of the protein is crucial for producing
stable gold nanoparticles. This was demonstrated using a model
globular protein, bovine serum albumin. Free thiol groups in
protein extracts leads to formation of polydisperse gold nano-
particles which was controlled by modifying the sulfhydryl
group. This strategy can be adapted to produce monodisperse
gold nanoparticles in cell-derived extracts. Collectively, this
study shows the complexity of yeast-mediated Au NP forma-
tion in that the reduction of gold (III) to gold (0) is not specific
to reductase enzymes, stabilization occurs with proteins in their
original 3D conformation, and free exposed thiol groups of
proteins influences the dispersity of gold nanoparticles formed.
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