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a b s t r a c t

A novel coarsening route for extracellularly biosynthesized cadmium nanocrystals was investigated for
the first time. In this process, the white rot fungus Coriolus versicolor was employed to take up cadmium
ions and synthesize extracellular cadmium crystal particles. The coarsening of the particles was induced
by thioacetamide under certain conditions. Scanning electron microscopy showed that the formed cad-
mium crystal particles were coarsened from about 100 nm to 2–3 lm. The corresponding energy-disper-
sive X-ray spectra confirmed the presence of proteins in the particles. The maximum removal efficiency
of Cd(II) increased from 17% to 87%, and the corresponding sorption capacity of biomass increased from 4
to 24 mg g�1 with the completion of the coarsening process. The properties of the coarsened particles
were also examined using X-ray diffraction (XRD) and transmission electron microscopy (TEM). XRD
analysis of fungal mycelial pellets embedded with the coarsened particles confirmed the formation of
cubic crystalline cadmium sulfide particles. The TEM results suggest that the coarsened particles were
composed of clusters of several smaller particles. The changes in the functional groups on the biomass
surface were studied through Fourier transform infrared spectroscopy. Based on the results above, a pos-
sible mechanism for the formation and coarsening of cadmium crystal particle is also discussed.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Recent investigations by various research groups have shown
that metallic crystals can be extracellularly biosynthesized by
many microorganisms under suitable conditions in toxic metal–
contaminated water. Extracellular biosynthesis has been recog-
nized as a defense mechanism against toxicity of microbes. For
example, white rot fungi (Jarosz-Wilkolazka and Gadd, 2003;
Huang et al., 2008), brown rot fungi (Jarosz-Wilkolazka and Gadd,
2003), and sulfate-reducing bacteria (Suzuki et al., 2002) have been
found to have the capacity to sequester heavy metals into metal
nanocrystals under certain conditions in response to heavy metal
stress.

Commonly, these formed crystal particles are in the nanometer
range, which make them still highly mobile and have the ability to
redissolve if the conditions change (Moreau et al., 2009). These
properties of nanocrystals may lead to recontamination of the

water and will increase the separation cost of the wastewater
treatment process. An earlier study has reported that coarsening
could restrict nanoparticle transport by inducing settling (Bradford
et al., 2002), driving crystal growth, and result in decreased solubil-
ity (Moreau et al., 2009). Therefore, to decrease the solubility and
mobility of metal nanocrystals in the solution and to lower the sep-
aration cost during wastewater treatment, there is an imperative
need for methods that facilitate nanocrystal coarsening.

In previous studies (Chen et al., 2005, 2006, 2008), we found
that the quantity of heavy metals taken up by Lentinula edodes
far exceeds the amount estimated from the sorption sites of the
microorganism. Extracellular biosynthesis of metal crystal parti-
cles has been considered a contributor to this phenomenon. To
date, however, few studies have been conducted to investigate
the mechanisms for nanocrystal formation and coarsening, which
may enhance the removal capacity of the biomass and decrease
the biological treatment cost of toxic metals. Thus, nanocrystal for-
mation and coarsening mechanisms is discussed in the current
study.

In the present study, C. versicolor was used to biosynthesize cad-
mium crystal particles and nanocrystal coarsening was facilitated
by the addition of thioacetamide (TAA). We report here our find-
ings that the cadmium nanocrystals could be extracellularly bio-
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synthesized using C. versicolor and their coarsening could be in-
duced by TAA under certain conditions.

To the best of our knowledge, this is the first report showing
TAA-induced coarsening of extracellularly biosynthesized cad-
mium nanocrystals. The possible underlying mechanisms are also
discussed. Although metal nanocrystals have been biosynthesized
using fungi such as Fusarium oxysporum (Ahmad et al., 2002), Ver-
ticillium sp. (Sastry et al., 2003), and Phanerochaete chrysosporium
(Sanghi and Verma, 2009b), the coarsening of the nanoparticles in-
duced by additional TAA has never been mentioned. Furthermore,
the sorption performance investigated in the current study indi-
cates that the maximum removal efficiency of Cd(II) is significantly
enhanced with the completion of the coarsening process, which re-
veals that this process possesses tremendous potential for biolog-
ical treatment of toxic metals.

2. Materials and methods

2.1. Fungus culture

The white rot fungal strain C. versicolor (ACCC 51171) was ob-
tained from the Institute of Agricultural Resources and Regional
Planning, Chinese Academy Agricultural Science. The strain was
maintained at 4 �C on potato dextrose agar slants. The fungus
was cultivated in liquid medium using shake flask method. Erlen-
meyer flasks (250 mL) were used for growing the fungal mycelia.
The flask contained 100 mL of the growth medium. The medium
was composed of the following (g L�1 of distilled water): dextrose
anhydrous, 10; ammonium tartrate, 1; KH2PO4, 2; MgSO4�7H2O,
0.5; CaCl2�2H2O, 0.1; vitamin B1, 0.001; and 7 mL of trace element
mixed liquor. The trace element mixed liquor contained the
following (g L�1 of distilled water): aminoacetic acid, 0.5;
MgSO4�7H2O, 3; NaCl, 1; FeSO4�H2O, 0.1; CoSO4, 0.1; CaCl2�2H2O,
0.1; ZnSO4�7H2O, 0.1; CuSO4�5H2O, 0.01; KAl(SO4)2�12H2O, 0.01;
Na2MoO4�12H2O, 0.01; MnSO4�H2O, 0.5; and H3BO3, 0.01.

The flasks were inoculated with three agar plugs (diameter,
3 mm) excised from a fungal colony growing on a dextrose potato
extract plate and cultivated at 30 �C under shaking (200 rpm) for
2–3 d to prepare inocula. Then, 2 mL of the inocula was transferred
to the autoclaved media under sterilized conditions and allowed to
grow for 4–5 d in a shaker (150 rpm) at 25–30 �C. The mycelium
pellets spontaneously formed in the media. The media were auto-
claved at 105 �C for 30 min and cooled to room temperature before
use. The pH after autoclaving was 5.6.

2.2. Preparation of solutions

All reagents used were of analytical grade and purchased from
Tianjin Pharmaceutical Co., China. The 1 g L�1 of stock Cd(II) solu-
tion was prepared by dissolving 2.775 g of Cd(NO3)2�4(H2O) in 1 L
of deionized water. The 0.668 g L�1 of fresh TAA solution was pre-
pared by dissolving 0.668 g C2H5NS (purity P 99.0%) in 1 L of
deionized water.

2.3. Absorption experiment and size control

After the mycelium pellets formed, two types of experiments
were conducted. Biosorption of Cd(II) by C. versicolor was first
investigated, followed by coarsening of cadmium crystal particles.
In the first group of experiments, 1 mL of stock Cd(II) solution
(1 g L�1) was added to the media with an initial Cd(II) concentra-
tion of about 10 mg L�1. In the second group of experiments,
1 mL of fresh TAA (0.668 g L�1) was added to the media after Cd(II)
was added for 24 h when adsorption equilibrium reached. The time
of adsorption equilibrium was obtained from the result of the first

group of experiments. For both groups of experiments, the concen-
trations of Cd(II) and dissolved protein at given time intervals (0–
60 h) were determined. The concentration of Cd(II) was deter-
mined using a Flame Atomic Absorption Spectrometer (PerkinEl-
mer AA700, USA). The content of the dissolved protein was
determined via the Coomassie Brilliant Blue method using UV–
Vis (UV754N, Shanghai, China) at 595 nm.

2.4. Scanning electron microscopy (SEM) coupled with energy-
dispersive X-ray (EDX) analysis

The mycelium pellets were harvested through filtering after
60 h incubation, washed with distilled water, and then dried under
�40 �C in a freezer dryer (FD-1, Boyikang, Beijing, China). The sam-
ples of the dry mycelium pellets (native, treated with cadmium
ions, treated with cadmium ions and TAA) were measured on an
SEM (FEI QUANTA-200, Holland FEI Company, Holland) equipped
with an EDX attachment. The micrographs were taken and their
corresponding EDX spectra were recorded by focusing on selected
points of particles.

2.5. TEM analysis

The mycelium pellets (treated with cadmium ions and TAA)
were harvested after 60 h incubation and washed with distilled
water. The cadmium crystal particles still attached to the mycelia
were dispersed in water by ultrasonication. For TEM, a drop of
aqueous solution containing cadmium crystal particles was placed
on a carbon-coated copper grid and was air-dried. Transmission
electron micrographs were obtained using a TEM (H-800, Hitachi,
Japan).

2.6. XRD and Fourier transform infrared (FTIR) analysis

The freeze-dried mycelium pellets (treated with cadmium ions
and TAA) embedded with cadmium crystal particles were pow-
dered and used for XRD analysis. The pattern was recorded using
an automatic X-ray diffractometer (D8-Advance, Bruker Company,
German). For FTIR, the freeze-dried mycelium pellets (native, trea-
ted with cadmium ions, and treated with cadmium ions and TAA)
were powdered. Their IR spectra were recorded on an IR spectro-
photometer (WQF-410, Beijing, China) making KBr pellets in reflec-
tance mode.

3. Results and discussion

3.1. SEM-EDX analysis

To facilitate the coarsening of cadmium crystal particles, a given
amount of TAA was added into the media in which cadmium ions
had been absorbed for 24 h, when the adsorption equilibrium
reached (estimated from Fig. 1a). The SEM technique could de-
scribe the surface characteristics of the fungus, so it was employed
to observe the changes in particle size. The SEM images of the na-
tive fungus, the cadmium-treated fungus, and the cadmium and
TAA-treated fungus are presented in Fig. 2. In Fig. 2a, the surface
of the native fungus was smooth and clear, without any adsorbed
particles. As shown in Fig. 2b and c, many light dots (cadmium-
binding particles) were highly dispersed on the mycelial surface.
The outline of the mycelium showed some deformations from
reacting with cadmium ions, similar to that obtained from our
unpublished data on P. chrysosporium reacting with Cd(II). From
the images, the average diameter of the cadmium-binding particles
was about 100 nm. Compared with Fig. 2b and c, Fig. 2d and e illus-
trate that many 2–3 lm cadmium-binding particles were obtained
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after TAA was added. These particles were cubic and uniform in
size. These results indicated that the cadmium-binding particles
were successfully induced to coarsen by the addition of TAA. This
is a great advantage in wastewater treatment because coarsened
particles are easier to separate using common filtration techniques
than particles in the nanometer range. Consequently, separation
cost is reduced. This coarsening process also decreases the solubil-
ity and mobility of metal nanocrystals in the solution, thereby
reducing the risk of water recontamination. The possible mecha-
nism for the coarsening of the particles is illustrated in Section 3.5.

EDX is a reliable method for determining the elemental compo-
sition of particles. The EDX data of a selected point from the cubic
particles (red point in Fig. 2e) shown in Fig. 2f revealed the pres-
ence of carbon, nitrogen, oxygen, phosphorus, sulfur, and cad-
mium. The cadmium peak demonstrates the binding of cadmium
ions onto the surface of the biomass. Nitrogen signals were also ob-
served in the EDX spectra, specifically indicating the presence of
amino acids or even proteins. These results were in agreement
with phenomena observed in earlier studies (Gole et al., 2001;
Lin et al., 2005; Vigneshwaran et al., 2006), which confirmed that
proteins play an important role in the formation and stabilization
of metal nanoparticles. The peaks for carbon, oxygen, and phospho-
rus were characteristics of the composition of many organic sub-
stances in the cell wall of the biomass.

3.2. Removal of cadmium ions

To understand the changes in Cd(II) removal efficiency in the
two experiments (with or without TAA), the Cd(II) concentration
in the media was determined at given intervals (0–60 h). The re-

sults are shown in Fig. 1a. The removal efficiency of the cadmium
ions improved after TAA was added. The maximum was 87%, com-
pared with 17% for the control. The corresponding sorption capac-
ity of the biomass was 24 mg g�1 compared with 4 mg g�1 (Fig. 1b).
These findings demonstrate that the Cd(II) removal capacity of the
biomass increases with the increase of particle size. A contributing
factor to this may be the variation in the existing form of cadmium
ion, from the chelated form to CdS, which alters the accumulation
of cadmium ions. Although this phenomenon has not been ob-
served among fungi, similar results have been observed in Phaeo-
dactylum tricornutum by Scarano and Morelli (2003).

Dissolved protein content was also determined at the given
intervals. The data are presented in Fig. 1a. As shown in the figure,
dissolved protein content increased in various ways in the two
experiments. In the control experiment, it slowly increased, with
the maximum reaching 20 lg L�1 at 60 h. In contrast, in the TAA
treatment, it rapidly increased after the addition of TAA, and the
maximum was 61 lg L�1 at 60 h. The fungal secretion of proteins
may be a defense mechanism in response to stimulation by cad-
mium ions. Oxygenous or nitrogenous functional groups, such as
carboxyl, amino, and peptide bonds, in the proteins of microbial
cell walls have been suggested to be responsible for the binding
of metal ions in microorganisms (Lin et al., 2005). Özcan et al.
(2007) proved that P. chrysosporium secreted some proteins, such
as glucose-6-phosphate isomerase, ribosomal protein S7, and ribo-
somal protein S21e, in response to heavy metal stress. Moreover,
proteins have been found to play an important role in the stabiliza-
tion of metal nanoparticles (Vigneshwaran et al., 2006) and in the
aggregation of small particles (Moreau et al., 2009). Thus, the
secretion of protein by the fungus in the experiment provided
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materials for cadmium ion removal, stabilization of cadmium crys-
tal particles, and even aggregation of small particles.

3.3. TEM and XRD analyses

Determining the exact nature of the cadmium crystal particles,
which can be deduced by TEM and XRD analyses, is important. For
TEM, mycelial pellets challenged with Cd(II) and then TAA were
examined. The TEM image (Fig. 3) shows that the cadmium crystal
particles were not uniform in size and shape. Some aggregation of
the particles could also be observed. This could be related to the
preparation technique that deposited the particles onto the copper
grid. The average size of the particles estimated from the image
was in the 20–40 nm range, which does not agree with the size
estimated by SEM (Fig. 2d and e). This phenomenon shows that
the cubic particles seen under SEM are actually clusters of several
small particles with different sizes. As discussed, amino acids or
proteins might play a role in this aggregation process.

Further studies were carried out using XRD, an effective method
for investigating the microstructure of crystalline or amorphous
materials, to confirm the crystalline nature of the coarsened parti-
cles. The XRD pattern obtained is shown in Fig. 4. The XRD pattern

exhibits three intense peaks at 2h values of 26.50, 43.96, and
52.13�, which could be indexed to the (1 1 1), (2 2 0), and (3 1 1)

a b

c

d

e

f

Fig. 2. SEM-EDX micrograph of mycelium pellets: (a), native; (b) and (c), treated with Cd(II) (c was the magnification of selected area in b with scale bar 10 lm); (d) and (e),
treated with Cd(II) and then TAA (e was the magnification of selected area in d with scale bar 5 lm); (f), EDX graph of selected point (the red point in e). (For color
interpretation in this figure legend the reader is referred to see the web version of this article.)

Fig. 3. Transmission electron micrographs of cadmium crystal particles with scale
bar 50 nm.
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facets of the cubic phase CdS, respectively (JCPDS Powder Diffrac-
tion File no. 10-454). These three intense peaks agree with the
Braggs’s reflection of CdS nanocrystals reported in the literature
(Rodríguez et al., 2008). The broadened peaks indicate that the
sizes of the particles are in the nanometer range (Bai et al.,
2009), in line with the size estimated from the TEM image. The
shoulder in the (1 1 1) diffraction peak may have resulted from
the X-ray irradiation on the sample (Wang et al., 2003). Moreover,
two small insignificant impurity peaks were observed at 64� and
68�, which may be attributed to other organic substances of the
fungal mycelia. The results indicate that the square particles
(Fig. 2d and e) formed on the fungal surface were cubic phase
CdS nanocrystals.

3.4. FTIR analysis

To study cadmium crystal particle formation and coarsening
mechanism in the system, the FTIR spectra of the native fungi,
the Cd(II)-treated fungi, and the fungi treated with Cd(II) and
TAA were determined. The FTIR spectrum displays a number of
absorption peaks due to the several functional groups present in
the fungal cell walls (Fig. 5).

The strong broad IR absorption band of the native fungus at
around 3365 cm�1 is characteristic of the OAH stretching vibration
in the carboxyl group. In the 3500–3300 cm�1 region, the NAH

stretching vibration bands of the fungal mass may overlap with
the strong and large band of the carboxyl group (Choi and Yun,
2006). The peaks observed at 2927 and 2858 cm�1 could be as-
signed to the anti-symmetric and symmetric vibrations of the
CH2 groups of the hydrocarbons present in fungal protein. The
bands at around 2560 and 671 cm�1 were due to ASH and CAS
stretching, respectively, and these are characteristic of sulfur-bear-
ing protein residues such as cysteine and methionine. The spec-
trum also displays absorption peaks at 1660 and 1545 cm�1,
corresponding to C@O and NAH stretching, which correspond to
amide I and II, characteristic of polypeptides or proteins (Moreau
et al., 2009). The amide II band at 1545 cm�1 also represents the
asymmetric stretching vibration of COO in the carboxylates over-
lapping with the CAN stretching of O@CANAH (Sanghi et al.,
2009). The most complex amide III bands were also seen between
1300 and 1200 cm�1. The presence of carbonyl groups is evident
from the characteristic absorption peaks around 3365 cm�1, repre-
senting OAH stretching, and around 1660 and 1240 cm�1, repre-
senting C@O stretching. The CAN stretching of aliphatic amines
is evident from the peak at 1043 cm�1 (1090–1020 cm�1). In addi-
tion, the spectrum also shows the peculiar absorption band be-
tween 600 and 550 cm�1 due to CANAC scissoring, which is only
found in the polypeptide spectra (Sanghi et al., 2009).

Some changes could be observed in the spectrum by comparing
the initial state of the biomass with that after treatment with Cd(II)
or with both Cd(II) and TAA. The main changes are presented in Ta-
ble 1. The characteristic peaks of the stretching vibrations of ANH
and AOH (COOH) shifted to a low wave number of about 4 cm�1

for the Cd(II)-treated fungi and 6 cm�1 for the fungi treated with
Cd(II) and TAA. The intensity of the peaks also weakened (Fig. 5),
which indicates that the nitrogen and oxygen atoms were the bind-
ing sites for Cd(II) on the fungi during the reaction. The most differ-
ences were that the peak of stretching vibrations of ASH
disappeared after the two treatments and the peak for the stretch-
ing vibrations of CAS shifted to higher wave numbers by approxi-
mately 17 and 8 cm�1, respectively. The reason for this may be the
replacement of the H atom of ASH by Cd, forming the CdASAR
complex on the grown CdS crystal surface (Tang et al., 2005; Sang-
hi and Verma, 2009a). The slight blue shift in the amide I band
from 1660 to 1658 cm�1 for the Cd-treated fungi and to
1656 cm�1 for the fungi treated with Cd and TAA indicates that
some interactions between Cd(II) and C@O occurred (Yang et al.,
2006). The shifts in wavelength and the variation in transmittances
of the amide II band and the CAN absorption peak are also shown
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in Table 1 and Fig. 5. Based on the shift in the amide I and II bands
coupled with the variations in the transmittances, the conforma-
tion of the proteins may have been affected because of the reaction
with cadmium ions or binding with the cadmium sulfide crystal
particles, as described by Sanghi and Verma (2009b).

The carbonyl group of amino acid residues and peptides has a
strong ability to bind metals (Gole et al., 2001; Vigneshwaran
et al., 2006), and proteins can bind to nanoparticles either through
free amine groups (not reacting with carboxyl groups in the forma-
tion of peptide chain) or cysteine residues, and via the electrostatic
attraction of the negatively charged carboxylate groups in the en-
zymes present in the cell wall of mycelia (Gole et al., 2001; Sanghi
and Verma, 2009b). The sulfhydryl group present in cysteine and
mercapto-compounds particularly exhibit strong specific binding
to the surfaces of sulfide minerals and nanoparticles (Moreau
et al., 2009). Based on the analyses, the proteins secreted by the
fungus could possibly form a coat that covers the metal nanoparti-
cles to prevent their agglomeration and aid in their stabilization in
the medium.

3.5. Possible mechanism

Based on the results and discussion above, a possible forma-
tion mechanism for the cubic CdS crystal particles (Fig. 2d and
e) is proposed. Initially, the cadmium ions are captured by the
biomolecules secreted by the fungi through chelation via the car-
boxyl, amino, and thiol groups on the fungal cell wall or released
into the solution. The extracellular chelating compounds could
link together and form Cd-binding particles (Figs. 2b and c) on
the fungal cell wall. When TAA is introduced, S(II) is slowly re-
leased into the solution through hydrolysis. The S(II) may then
destroy complexes, such as CdASAR, and combine with Cd(II)
to form the CdS nuclei due to their stronger interactions. The
residual CdASAR complexes may covalently bind to the CdS core
(Tang et al., 2005) and form passivation layers, thereby prevent-
ing the growth of CdS nanocrystals. At the same time, other bio-
molecules containing carboxylic acid and carboxylate also have
the capacity to assemble onto the surface of CdS nanocrystals,
and in turn are responsible for capping the CdS nanocrystals
via hydrogen bonding and electrostatic interaction (Sanghi and
Verma, 2009a).

However, monodispersed CdS nanocrystals could not be ob-
tained because water, hydroxyl group (Yan et al., 2004), and amino
acids (Moreau et al., 2009) could impel the agglomeration of CdS
nanocrystals. These associations, coupled with the interactions be-
tween CdS nuclei may be the driving force for the formation of cu-
bic micro-particles (Figs. 2d and e). The formation of special cubic
structures may be due to different growth rates of nanocrystals in
all directions, because if the growth rate in all directions is slow,
the shape of the CdS crystals will be spherical due to minimum sur-
face energy effect (Maleki et al., 2008). The parameters affecting
crystal growth are complicated and include the internal structure
of a given crystal, capping molecule, temperature, and mass trans-
port. However, the key parameter is the internal structure of the gi-
ven crystal (Zhang et al., 2007). Therefore, further investigations
are needed to derive the exact mechanism.

4. Conclusions

This study has demonstrated a novel process for the extracellu-
lar induction of cadmium nanocrystal coarsening using additional
TAA. When the coarsening was completed, cadmium ion removal
efficiency greatly improved from 17% to 87% (corresponding to
the sorption capacity of biomass from 4 to 24 mg g�1). The results
of SEM-EDX indicate that particle coarsening and the presence of
proteins in the particles. TEM analysis suggests the coarsened par-
ticles seen under SEM (Fig. 2d and e) were actually composed of
clusters of several different-sized particles. Characterization of
the coarsened particles by XRD techniques confirmed the forma-
tion of cubic crystalline cadmium sulfide particles. In addition, FTIR
analysis revealed the important role of proteins in the formation
and coarsening of cadmium nanocrystals. The mechanisms dis-
cussed in this article may be of great use in conducting biological
remediation of toxic metals and improving their efficiency in the
future. Another potential benefit of the process described in the
current study is that it will provide practical and theoretical refer-
ence values for the extracellular biosynthesis and controlling the
size of metal nanoparticles.
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