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Abstract
When fungus Phanerochaete chrysosporium was challenged with gold ions under ambient aqueous conditions gold nanoparticles were formed within 90 minutes. Controlling experimental conditions like the age
of fungus, incubation temperature and different concentration of gold chloride solution had drastic effect on
the morphology of the nanoparticles formed. The enzyme assays indicated the role of enzyme as a reducing
and shape directing agent. Laccase was the dominating enzyme in the case of fungal media for the synthesis
of extracellular gold nanoparticles. Ligninase was responsible for the intracellular formation of nanoparticles
on the fungal mycelium. The stabilization of the nanoparticles (NPs) via protein layer was evident by Atomic
Force Microscopy (AFM) which revealed the nanoparticles to be spherical in the range of 10 - 100 nm. This
study represents an important advancement in the use of fungal enzymes for the biosynthesis of highly stable
gold nanoparticles by a green and mild technique in one pot in aqueous media.
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1. Introduction
Synthesis of metal nanoparticles of various size and
shape and their colloidal stabilization through biomolecule
immobilization is very essential due to their usefulness in
many applications such as sensors [1], catalysis [2], chemical [3], optoelectronics [4], single-electron transistors,
light emitters [5], and in vivo imaging [6]. The wide
range of applications shown by nanomaterials is mainly
due to their large surface area and small size. A wide
variety of physical and chemical processes have been
employed for the synthesis of metal nanoparticles [7],
but these methods have certain disadvantages due to the
involvement of toxic chemicals and radiations. So the development of reliable experimental protocols for the synthesis of nanomaterials over a range of chemical compositions, sizes, and high monodispersity is one of the
challenging issues in current nanotechnology. There is a
need to develop an environment friendly approach for
nanomaterials synthesis and assembly that should be fast
and devoid of the use of toxic chemicals in the synthesis
protocol. As a result, for the development of clean and
environmentally acceptable green procedures, biological
Copyright © 2011 SciRes.

systems like bacteria and fungi are fast gaining attention
of the researchers.
The bacterium Pseudomonas stutzeri AG259 isolated
from silver mine, when placed in a concentrated aqueous
solution of AgNO3, was able to form silver NPs of welldefined size and distinct morphology within the periplasmic space of the bacteria [8]. The bacterium Pseudomonas stutzeri AG259 and Pseudomonas aeruginosa
have also been used for the synthesis of gold nanoparticles by the reduction of aqueous Au3+ ions [8,9]. The
common Lactobacillus strains found in buttermilk has
been used for the formation of gold, silver, and goldsilver alloy crystals [10]. Yeast strains have also been
identified for their ability to produce gold nanoparticles,
whereby controlled size and shape of the nanoparticles
could be achieved by controlling the growth and other
cellular activities [11,12].
However, compared to bacteria, the filamentous fungi
could be better candidates for such biomimetic processes
with significantly higher productivity of nanoparticles as
these biomasses are known to secrete much higher amounts
of proteins. Besides, fungi are easy to culture on a large
scale as it could grow on the surface of an inorganic vector
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during culture. Some researchers have reported the synthesis of silver and gold nanoparticles using various fungal strains like, Verticillium [13-15] and Aspergillus flavus [16]. However, these studies reported an intracellular
production of nanoparticles which makes the job of
downstream processing difficult and beats the purpose of
developing a simple and cheap process. The surface
trapped nanoparticles or those formed inside the biomass
would require an additional step of processing like ultrasonication for their release into the surrounding liquid
media. Therefore, in recent times the focus of research
has been given to development of an extracellular process which offers a great advantage over intra-cellular
process of synthesis from the application point of view.
There are some recent reports [17,18] on the extracellular
biosynthesis of silver nanoparticles using filamentous
fungus Aspergillus fumigatus and Fusarium semitectum.
Mukherjee et al. [15] have elucidated the mechanism of
nanoparticles formations, as in vitro approach was followed where species specific NADH dependent reductase, released by the Fusarium oxysporium, were successfully used to carry out the extracellular reduction of
gold ions to gold nanoparticles.
Among the lignolytic fungi, Phanerochaete chrysosporium has been the most intensively studied white rot
fungus and is considered as a model strain for the development and understanding of the lignolytic-enzyme-production system as it can produce more complete lignolytic enzyme complex than most other strains. But
surprisingly this particular strain of fungus has not been
much explored for the biosynthesis of gold NPs. Although, in 2006 Vigneshwaran [19] reported the biosynthesis of silver nanoparticles using fungus Phaenerochaete chrysosporium, to the best of our knowledge the
biosynthesis of gold by this fungus has not yet been reported. So we explored the utilization of this model
strain Phaenerochaete chrysosporium for the biosynthesis of gold NPs under varied working conditions. Working towards an ecofriendly, simple yet speedy approach
we have developed a one step, easy, cheap and convenient method for the biosynthesis of gold nanoparticles
using white rot fungus, Phaenerochaete chrysosporium.
The objective of the study was the intra as well as extracellular formation of gold NPs in much lesser time
than that reported earlier [17,18].
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at 4˚C on malt agar slants. The liquid growth medium
(GM) used for inoculating the fungus, consisted of 20
g/L glucose and 20 g/L malt extract. The medium was
autoclaved (‘WidWo’ Cat. AVD 500 ‘horizontal autoclave’) at 15˚psi for 30˚min and cooled to room temperature before use and the pH after autoclaving was 5.6.
The fungus was grown in a 150 mL conical flask and
harvested for 7 days at 37˚C. The pale white fungal mycelium (FMy) took the shape of a circular mat.
The fungal mycelium (FMy) was filtered through
Whatman No. 1 filter paper and washed thoroughly with
deionized water to remove any adhering growth media
(GM) components and the excess water was blotted. For
the biosynthesis of gold nanoparticles, two types of experiments were conducted in parallel at 37˚C under unaltered normal pH conditions (3.5) with constant shaking at
200 rpm in an incubator shaker. Experiments were conducted with the washed fungal mycelium (FMy) and with
the growth media (GM) in which the fungus was grown
and harvested for 7 days. The effect of temperature, time,
concentration of Auions (1 mM and 2 mM) and age of
fungus were studied by varying one parameter at a time,
keeping the other experimental conditions the same.

2.2. Synthesis of Gold Nanoparticles

2. Materials and Methods

Experiments were conducted with the fungal mycelium
(FMy) as well as with the growth media (GM) in parallel.
Typically around 4 gm of wet fungal mycelium (FMy) or
the growth medium(GM) used, was made upto 30mL
volume by adding 1 mM concentration of HAuCl4 solution in a 150 mL Erlenmeyer flask. It was then agitated
at 37˚C at 200 rpm under normal pH. The pH of the solution was found to be 3.5. Simultaneously, a positive
control of incubating the fungal mycelium (FMy) with
deionized water as well as growth media without gold
ions (blank experiment) and a negative control containing only gold solution were maintained under similar
conditions.
The reduction of metal ions was routinely monitored
by visual inspection of the solution as well as by measuring the UV-Vis spectra of the solution by periodic
sampling of aliquots (1 mL) of the aqueous component.
The gold nanoparticles thus formed were subjected to different instrumental analytical techniques to characterize
them and the mechanistic details were further worked
out.

2.1. Growth of the Fungus

2.3. Characterization of Gold Nanoparticles

The white rot fungal strain Phanerochaete chrysosporium was obtained from Institute of Microbial Technology (IMTECH), Chandigarh. The strain was maintained

For the measurement of the UV–Vis absorbance, a
UV/Vis, Spectrophotometer Lambda 40, (Perkin Elmer,
USA) in the wavelength range of 200 - 800 nm was used.

Copyright © 2011 SciRes.
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The deionized water was used as the blank. Infrared (IR)
spectra were recorded on a BRUCKER, VERTEX 70,
Infrared spectrophotometer making KBr pellets in reflectance mode. The composition of gold nanoparticles
was studied by the method of x-ray diffraction analysis
on a recorded in ARL X TRA X-ray Diffractometer and
the x-ray diffracted intensities were recorded from 10˚ to
80˚ 2θ angles. For the observations of Scanning electron
micrographs SEM, the powered gold nanoparticles were
mounted on specimen stubs with double-sided adhesive
tape and examined under FEI (QUANTA 200) SEM at
10 - 17.5˚kV with a tilt angle of 45˚. Their corresponding
EDX spectrum was recorded by focusing on a cluster of
particles. We have also imaged protein capped gold
nanoparticles on mica substrate using an atomic force
microscope (AFM). Samples for AFM imaging were prepared by, a drop of aqueous solution containing the gold
nanoparticles were placed on the mica film and then
dried under room temperature. Atomic force microscopy
(AFM) was obtained using a Picoscan TM Molecular
imaging, (U.S.A). The pH of the solution was measured
with a Digital pH meter (MK VI Systronics).

2.4. Protein Assay
The protein concentration was determined by the BCATM
Kit at max 562 nm methods with bovine serum albumin
(Sigma) as standard.

2.5. Enzyme Assays
The lignin peroxidase activity was determined using the
method described by Tien and Kirk, [20]. Laccase activity was monitored using the method described by
Leonowicz and Grzywnowicz [21] and the manganesedependent peroxidase activity was measured using the
method described by Kuwahara et al. [22].

cubation temperature. However on increasing the temperature to 37˚C, nanoparticles formation started within
3 min and was found to be maximum at 90 min as evident by the color changes. The UV–visible spectrum of
the solutions was recorded to study the change in light
absorption profile of the medium. In the first set of experiments, the fungal mycelium (FMy) on exposure to
aqueous solution of HAuCl4 slowly changed from pale
white color to vivid purple after 30 min indicating the
intracellular formation of Au nanoparticles (Figure 1).
However its corresponding solution remained colorless
and showed no discernible absorption in the 500 - 600
nm regions indicating that extracellular reduction of
AuCl4 ions has not occurred [23]. The intracellular reduction of gold ions completed within 90 min as observed visually.
In the second set of experiments, the growth media
(GM) when exposed to HAuCl4 solution, changed color
with time from colorless to light orange, light purple and
finally dark or vivid purple [24] in 35 min, suggesting the
formation of gold nanoparticles. The reaction mixture
exhibited an absorbance band at about 525 nm characteristic of gold nanoparticles due to its SP absorbance, which
is responsible for the vivid purple color.
With further increase in temperature to 45˚C, the time
taken for the initiation of gold nanoparticles formation
was much increased to 1 h with the maximum intensity
at 2 h. Also, the maximum absorption wavelengths of
gold colloids take on a red shift (from 525 to 528˚nm),
showing an increasing tendency for the size of gold
nanoparticles at 45˚C. Since 37˚C showed the best results
in terms of reduced time as well as smaller particle size,
further studies were all carried out at this temperature.
The absorption spectrum for the blank experiment
showed a peak at 280 nm indicating the presence of

3. Results and Discussion
The washed fungal mycelium (FMy) and the growth medium (GM) in which the fungus was harvested were
separately challenged with 1mM of HAuCl4 solution and
incubated in shaker at 200˚rpm. The pH of the solution
was found to be 3.5.

3.1. Effect of Temperature
For both sets of experiments, FMy and GM at room
temperature, no change of color was observed for a long
time even under shaking conditions. It is generally believed that the reaction temperature will have a great
effect on the rate and shape of particle formation as the
rate of formation of the nanoparticles relates to the inCopyright © 2011 SciRes.

Figure 1. Test tube containing fungal mycelium after the
reaction with gold ions.
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aromatic residues in the proteins [25] released by the
fungus. This absorbance band was not seen in experiments when growth media was exposed to gold ions (GM)
indicating that these proteins were utilized and were responsible for the extracellular formation of gold NPs.
UV-Vis absorption measurements in the range 350 - 600
nm can provide a deeper insight into the optical properties
of the formed nanosized Au particles, and provide information about their size, size distribution, and surface
properties. The characteristic surface plasmon (SP) resonance band of Au nanoparticles is centered at about 520
nm [26] and in the current study, the characteristic SP
absorption band at 525˚nm was observed after 35 min
with Au-GM solution. The spectra clearly showed the
increase in intensity of gold solution with time, indicating
the formation of increased number of gold nanoparticles
in the solution. No further increase in intensity was observed after 90 min indicating the reaction completion
time to be 90 min (Figure 2).

3.2. Effect of Initial AuCl4 Concentration
Keeping all the experimental conditions the same, the
experiments with fungal media (GM) were performed at
two different AuCl4 concentrations 1mM and 2 mM. At
lower concentration of 1mM of gold ions the SPR peak
at 525 nm characteristic of spherical particles is narrower
than that observed at higher concentration of 2 mM. The
absorption tail in the longer wavelength extends well into
the near infrared region attributing the excitation of the
in-plane SPR which indicates significant anisotropy in
the shape of Au nanoparticles. As the quantity of gold
ions is increased the SPR intensity is decreased on the
longer wavelength side.

3.3. Effect of Age of the Fungal Mycelia
The experimental studies were performed to relate the
protein production and the effect of mycelia age on the
1.5
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Figure 2. Increase of absorbance intensity with time in case
of fungal media (Au-GM) at normal pH.
Copyright © 2011 SciRes.
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formation of NPs. The fungal mycelia (FMy) was grown
and harvested in the growth media (GM) for different
number of days ranging from 5 to 20 days. Keeping all
the experimental conditions the same, the FMy and GM
of different days was used for the experiments and the
rate and extent of formation of nanoparticles was observed for all the reactors. It was concluded that the protein secreted by 7-day-old age culture was much higher
than that by 5-day and 10-day-old cultures. Clearly the
biosynthesis of nanoparticles is driven by the amount of
proteins which were being utilized in the synthesis of
gold nanoparticles. This was in agreement with the maximum production of NPs by the 7 day old fungus as also
evident by the maximum absorbance spectra in UV-Vis
(data not shown). The time taken for the maximum formation of NPs was observed to be 90 min. Interestingl,
the reaction initiation time for NPs growth with 7 day old
fungus was 30 min as compared to 1 h when 5 or 10 day
old fungus was used. Thus for all the studies, 7 day old,
fungal mycelium was used in the synthesis of gold nanoparticles.

3.4. Enzyme Activity
Studies were performed to monitor the change in enzymatic activity during the synthesis of gold nanoparticles.
Minimal activity was observed when there was no gold
ion solution in the blank flask. This may be attributed to
the enzymes already present in the fungus, during the
growth phase. On exposure to the Au ions, the enzyme
release is triggered as evident by the increase in the enzyme activity. The relative contributions of lignin, laccase and MnP to the synthesis of nanoparticles may be
different for each fungal strain under different conditions.
Laccase was found to be the dominating enzyme in case
of fungal media (GM) (Figure 3 (a)) and ligninase was
the dominating in case of fungal mycelium (FMy) (Figure 3(b)). Laccase are known to be more stable in their
extracellular role in the acidic range [27] and hence were
found dominating in the media (Au-GM) where the pH
was 3.5. Similarly under agitated conditions the mycelium mainly released ligninase as also reported by Kirk
et al. [28]. The reduction of ligninase in the case of mycelium (FMy) and laccase in the case of media (GM)
clearly indicates their being utilized for the formation of
NPs within 2 h of the reaction. The presence of other
enzymes can not be ruled out but they may not have a
significant role to play in the reduction of NPs. The results clearly indicate that the synthesis of gold nanoparticles by Phanerochaete chrysosporium involves a combination of complex mechanisms such as reduction of
gold ions by extracellular enzymes and adsorption by
cells (intracellularly).
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Figure 4. X-ray diffraction pattern of Au/fungal mycelium,
filled square indicate the peaks corresponding to that gold
nanoparticles.
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4.2. Fourier Transform Infrared Spectroscopy
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FTIR measurements (Figure 5) were carried out both for
the native fungal mycelium before the reaction with gold
ions as well as for the gold nanoparticles formed after the
reaction, to identify the possible interactions between
gold ions with fungal proteins.
The broad band contour which appears in the range of
3000 - 3400 cm−1 is the summation of association intermolecular hydrogen bonds arising from NH2 and OH
groups in protein molecules which becomes much broader
after the reaction with gold ions. The significant change
of transmittance related to the bonds with N atoms reveal
that nitrogen atoms are the binding sites for gold on fungus which further broadens and becomes symmetrical,
indicates that the N-H vibration was affected due to the
gold attachment. The band at 1456 cm–1 is assigned to
methylene scissoring vibrations from the proteins in the
solution.
It is reported earlier that proteins can bind to nanoparticles either through free amine groups or cysteine
residues in the proteins and via the electrostatic attraction
of negatively charged carboxylate groups in enzymes
present in the cell wall of mycelia and therefore, stabilization of the gold nanoparticles by protein is a possibility
[3,30].
The two bands observed at 1367 cm–1 and 1029 cm–1
can be assigned to the C–N stretching vibrations of aromatic and aliphatic amines, respectively. The aromatic
amine band becomes less intensified in gold nanoparticles formed after the reaction. Infrared active modes attributed to side chain vibrations include C-H stretching
antisymetric and symmetric modes at 2917 cm–1 and 2850
cm–1 corresponding to aliphatic and aromatic modes respectively broaden after the reaction with gold solution
at normal pH.
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Figure 3. (a) Change in max as an indicator of enzyme activity in case of fungal media (Au-GM) incubated with gold
ions at normal pH (La-Laccase max 525 nm, Li-Lignin
Peroxidase max 310 nm, MnP-Manganese Peroxidase max
431 nm, B-blank); (b) Change in max as an indicator of
enzyme activity in case of fungal mycelium (Au-FMy) incubated with gold ion solution at normal pH (La-Laccase
max 525 nm, Li-Lignin Peroxidase max 310 nm, MnPManganese Peroxidase max 431 nm, B-blank).

4. Characterization of Nanoparticles
4.1. X-Ray Diffraction Studies
Further evidence for the formation of gold nanoparticles
is provided by X-ray diffraction (XRD) analysis of the
Au nanoparticles formed during the course of the studies.
As shown by the XRD pattern in (Figure 4) which corresponds to the gold nanoparticles, which could be indexed on the basis of the face-centered cubic (fcc) gold
structure. A strong diffraction peak at 38.05˚ was ascribed
to the fcc gold structures, while diffraction peaks of other
four facets were much weaker. The four strong Bragg
diffraction peaks at 38.05, 44.6, 64.4, and 77.45 closely
matched that of gold [29]. As expected, the XRD peaks
of the nanoparticles were considerably broadened because of the finite size of the nanoparticles.
Copyright © 2011 SciRes.
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Figure 5. FTIR Spectra of plain fungal mycelium as well as
gold nanoparticles.

The significant changes observed for peaks at 1367
cm–1, and 2850 cm–1 is indicative of the role of aromatic
groups in reduction of Au ions in Au/mycelium (FMy)
which possibly arise from aromatic amino acids tryptophan or tyrosine as discussed above.
It is notable that a new band at about 1735 cm−1 (Figure 5) corresponding to carbonyl stretch vibrations in
ketones, aldehydes and carboxylic acids indicating that the
reduction of the gold ions is coupled to the oxidation of
the hydroxyl groups and/or its hydrolyzates, which may
be attributed to the formation of a quinone structure due
to the oxidation of the phenolic group of aromatic amino
acids.
The amide linkages between amino acid residues in
polypeptides and proteins give rise to well known signatures in the infrared region of the electromagnetic spectrum. The strong and narrow peak at 1648 cm−1 is due to
the presence of amide I band which is primarily a C=O
stretching mode. After the reaction the amide band I bifurcate in two peaks at 1668 cm−1 and at 1631 cm−1. The
amide II band due to the N-H stretching modes of vibration in the amide linkage was not visible after the reaction with gold ions but showed up at 1540 cm−1 in the
native fungal mycelium. A shift of v cm−1 39 is also seen
in the more complex Amide III band located near 1228
cm−1 to 1267 cm−1 in gold nanoparticles. The position of
these bands is close to that reported for native proteins in
earlier papers 2. The peaks at 1648 cm−1 and 1145 cm−1
arise from a carbonyl stretching vibration and phenolic
groups of tyrosine and tryptophan, respectively, which
shows the carbonyl stretching vibration from the carboxylate ions and the hydroxyl stretching vibration from
the phenolic ions in Tyr of the native fungus [30,31].
This indicated that the secondary structure of the proteins
is affected as a consequence of reaction with the Au ions
or binding with the gold nanoparticles.
Some very interesting observations were made after
the reaction. Peaks which could be ascribed to the presence of proteins disappear after the reaction with gold
ions. An aromatic C-C stretch at 1145 cm−1 and a C-H
Copyright © 2011 SciRes.
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bend at 844 cm–1 could be well assigned to the aromatic
residue tyrosine and the C-H bending mode of the aromatic residue tryptophan detected at 786 cm–1. Apart
from this the spectrum also shows peaks at 621 cm–1, 653
cm–1 and 703 cm–1 due to C-S stretching; these C-S
stretching modes of the sulfur-bearing residues confirm
the presence of cysteine and methionine. The peaks at
around 1145 cm−1, 1068 cm−1, 1029 cm–1 in the n–C–O
stretching vibration region, are indicative of gold ions
interaction with the fungal protein of mycelium (FMy).
On comparison of the spectra of native fungal mycelium and gold nanoparticles, the most significant point to
be noted is that the band at 2552 cm–1 and 910 cm–1 corresponding to –SH stretching 32 and bending mode are
absent in the spectrum of gold nanoparticles while these
spectra are present in native fungal mycelium (FMy).
The disappearance of the –SH stretching band indicates
the formation of a bond between the S atoms and gold
clusters. It indicates chemisorption on gold surface as
thiolate by forming an Au-S bond.

4.3. Scanning Electron Microscopy
Figure 6 shows an SEM picture of the fungal mycelium
(FMy) after exposure to 1 mM aqueous gold solution for
90 minutes. The presence of uniformly distributed gold
nanoparticles on the surface of the fungal mycelium
(FMy) is observed, indicating that the nanoparticles
formed by the reduction of gold ions are bound to the
surface of cells. Aspot-profile energy-dispersive analysis
of X-rays (EDX) of one of the gold nanoparticles shows
the presence of strong signals from the gold atoms together with weaker signals from C, O, S and Cl atoms.
The C and O signals arise from X-ray emission from

Figure 6. SEM of Au/mycelium (Au-FMy) at normal pH.
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proteins/enzymes either directly bound to the gold
nanoparticles or in the vicinity of the particle, while the
presence of a weak Cl signal indicates the presence of a
small fraction of Au(Cl)4− ions in the region being investigated.

4.4. Atomic Force Microscopy
In order to confirm the size and shape of the synthesized
gold nanoparticles, the samples were analyzed under the
atomic force microscopy. The image revealed the synthesized nanoparticles are in the form of spheres (data
not shown). Gold nanoparticles were formed in several
different sizes, ranging from polydisperse small nanoparticles to large nanoparticles. The particles were in the
range of 10 - 100 nm in size, depicted by AFM.

5. Mechanism
The studies with fungal mycelium (FMy) revealed that
the gold ions were first trapped and reduced by the proteins/enzymes on the cell surface at normal pH (2 - 3.5),
forming nuclei, followed by extensive crystal growth into
the final shapes. The positive amino and sulfhydryl (SH)
groups of fungal protein at low pH makes Au (III) available for the binding and allow the reduction of Au (III) to
Au (0) 33. Carboxylic groups, which are abundant in
biomass, are known to be protonated at low pH and contribute to the binding of Au (III) ions 33.
In the case of experiments with growth media (GM),
extracellular synthesis of gold nanoparticles takes place
with in 90 min. This is possible because the extracellular
enzyme laccase are more stable in their extracellular role
as they are often produced as highly glycosylated derivatives where the carbohydrate moieties increase their hydrophilicity [27]. In general, laccase levels are substantially higher in media (GM) containing sufficient nitrogen and the optimum pH for laccase production and activity ranges from 3.0 to 4.5 and the optimum temperature ranges from 20˚C to 37˚C [27]. So the current experimental conditions were very favorable for the extracellular formation of nanoparticles in the media (GM)
and intracellular formation of nanoparticles in the fungal
mycelium (FMy).
The fact that the resulting gold nanoparticles prepared
by this method are stable for very long periods of time in
spite of the absence of any additives indicates that the
particles are electrostatically stabilized.

6. Conclusions
Gold nanoparticles were formed within 90 minutes by
fungal protein of Phanerochaete chrysosporium when
Copyright © 2011 SciRes.

challenged with gold ions, under normal pH in aqueous
solution when temperature was incresaed to 37˚C. The
rate of particle formation and therefore the size of the
nanoparticles could be manipulated by controlling parameters such as temperature, gold concentration and exposure time to gold ions. The entrapment of the gold
nanoparticles occurs by electrostatic interaction between
the gold nanoparticles and within the surface-bound
fungal protein for the protein-capped gold nanoparticles.
The extracellularly nanoparticles synthesis was due to
the presence of extracellular laccase enzyme and the intracellular nanoparticles synthesis on the mycelium surface was due to the presence of ligninase as evident by
enzyme assays.
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