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a  b  s  t  r  a  c  t

This  study  details  a  novel  method  for the  extracellular  microbial  synthesis  of  cadmium  sulfide  (CdS)
quantum  dots  (QDs)  by the white  rot fungus  Phanerochaete  chrysosporium.  P. chrysosporium  was  incu-
bated  in  a solution  containing  cadmium  nitrate  tetrahydrate,  which  became  yellow  from  12  h  onwards,
indicating  the formation  of  CdS  nanocrystals.  The  purified  solution  showed  a  maximum  absorbance  peak
between  296  and 298  nm  due  to CdS  particles  in the quantum  size  regime.  The fluorescence  emission
at  458  nm  showed  the  blue  fluorescence  of  the  nanoparticles.  X-ray  analysis  of the  nanoparticles  con-
firmed  the  production  of  CdS with  a face-centered  cubic  (fcc)  crystal  structure.  The  average  grain  size
of  the  nanoparticles  was  approximately  2.56  nm,  as  determined  from  the  full  width  at  half-maximum
(FWHM)  measurement  of  the  most  intense  peak  using  Scherer’s  equation.  Transmission  electron  micro-
ace-centered cubic scopic  analysis  showed  the nanoparticles  to  be  of  a uniform  size  with  good  crystallinity.  The  changes
to  the functional  groups  on  the  biomass  surface  were  investigated  through  Fourier  transform  infrared
spectroscopy.  Furthermore,  the  secretion  of cysteine  and  proteins  was  found  to  play  an  important  role  in
the  formation  and  stabilization  of CdS QDs.  In conclusion,  our study  outlines  a  chemical  process  for  the
molecular  synthesis  of CdS  nanoparticles.

©  2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Semiconductor nanoparticles known as quantum dots (QDs),
hich possess unique electronic and optical properties owing to

uantum confinement effects [1,2], have recently gained attention.
n the past twenty years, practical applications of QDs of various
izes, shapes, and compositions [3–6] have been widely explored;
Ds have been used as biological fluorescence markers [7,8] and
ave been employed in the production of optoelectronic transistor
omponents [9] and solar batteries [10]. Among the various QDs,
he properties of cadmium sulfide (CdS) nanocrystals (such as a tun-
ble size-dependent emission within the entire visible range) have
ed to an increasing interest in energy [11,12], magnetics [13], and

iomedical applications [14]. In comparison to conventional fluo-
escent dyes, CdS QDs have the advantages of high photostability,
ontrollable and narrow emission bands, and a high quantum yield.

∗ Corresponding authors at: College of Environmental Science and Engineering,
unan  University, Changsha 410082, PR China. Tel.: +86 731 88822829;

ax: +86 731 88823701.
E-mail  addresses: gqchen@hnu.edu.cn (G. Chen), zgming@hnu.edu.cn (G. Zeng).

ttp://dx.doi.org/10.1016/j.colsurfb.2014.02.027
927-7765/© 2014 Elsevier B.V. All rights reserved.
CdS QDs have also been widely utilized in the bioimaging of living
cells [15–17].

To  date, nanocrystals have been synthesized by various chemi-
cal and physical methods; however, most chemical methods cannot
avoid the addition of toxic chemicals [18,19], fuelling a press-
ing need for developing environmentally friendly processes for
nanoparticle synthesis. Biological methods for nanoparticle synthe-
sis using either microbes or plant extracts have provided reliable,
environmentally friendly, and less toxic alternatives to chemical
and physical processes [20]. Presently, the use of some biological
templates, including carbohydrates [21], peptides [22], nucleotides
[23], and fusion proteins [24], has been advocated for nanocrystal
synthesis. Such bionic approaches for the synthesis of nanocrys-
tals may  be extended to living biological systems [25–28], which
contain ideal endogenous nano-structured templates for the design
and synthesis of nanomaterials owing to their inherent ability for
molecular recognition and self-assembly [29,30].

Recently, microorganisms such as bacteria, yeast, and fungi have

played an important role in the remediation of toxic metals through
the reduction of metal ions, generating interest as ‘nanofacto-
ries’. The bacterium Bacillus licheniformis has been reported to be
an excellent microbial resource for the extracellular synthesis of

dx.doi.org/10.1016/j.colsurfb.2014.02.027
http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
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old nanocubes [31], while silver nanoparticles have been syn-
hesized by Phanerochaete chrysosporium [32], Puccinia graminis
33], and Klebsiella pneumonia [34–36]. The preparation of cad-

ium telluride (CdTe) QDs with tunable fluorescence emissions
y Escherichia coli has been reported [37]. Various microorganisms
uch as Fusarium oxysporum [38], Schizosaccharomyces pombe [39],
hodopseudomonas palustris [40], Coriolus versicolor [41], and E. coli
42] have been used to synthesize CdS QDs. Moreover, the prepa-
ation of ZnS nanoparticles by sulfate-reducing bacteria under
naerobic conditions, and by Rhodobacter sphaeroides, has also been
eported [43].

These  methodologies have been applied at ambient temperature
nd are considered eco-friendly and less toxic compared to conven-
ional physical and chemical methods. However, similarly to other
ynthetic methods, microbial synthesis presents several challenges
hat remain unaddressed, such as improved control over size and
hape, and scale-up of the process for bulk preparations. Another
hallenge faced by microbial techniques is the elucidation of the
ynthesis mechanism at the molecular level, which may  eventually
oster better control over size, shape, composition, crystallinity, and

onodispersity.
In the present study, we established a new method for syn-

hesis of fluorescent QDs by manufacturing CdS QDs using P.
hrysosporium. The method allowed one-step preparation of CdS
Ds from Cd and S precursors. The morphology and crystallinity of

he biosynthesized CdS QDs was measured by transmission elec-
ron microscopy (TEM) and X-ray diffraction (XRD). The stability
as determined by thermogravimetric and differential thermal

nalysis (TG/DTA). The optical properties were determined by
ltraviolet–visible (UV–vis) and photoluminescence (PL) spectra.
urthermore, Fourier transform infrared spectroscopy (FTIR) was
sed to investigate the possible mechanism of the synthesis. The
tudy provides an economical and eco-friendly approach to the fab-
ication of fluorescent biocompatible CdS QDs that possess superior
ptical properties.

.  Materials and methods

.1.  Materials

Thioacetamide (TAA, 99%) was purchased from Tianjin Kermel
hemical Reagent Co. Ltd. (China) and mercaptoacetic acid (TGA,
0%) was obtained from Sinopharm Chemical Reagent Co. Ltd.
China). Cadmium nitrate tetrahydrate (99%) was purchased from
ianjin Guangfu Fine Chemical Research Institute (China). All other
eagents used were of analytical grade and used without further
urification. The water was deionized through an ultra-pure water
achine (UPT-II-40, China).

.2. Fungal culture

The  white rot fungal strain P. chrysosporium (BKMF-1767) was
btained from the Chinese Typical Culture Center of Wuhan Uni-
ersity. The strain was maintained at 4 ◦C on potato-dextrose
gar plates. The fungus was cultivated in Kirk inorganic liq-
id medium in Erlenmeyer flasks (500 mL)  using the shake flask
ethod. The flask was filled with 200 mL  of the growth medium

hat had been autoclaved at 105 ◦C for 30 min  and cooled to
oom temperature before use. The pH after autoclaving was
.0.

The inoculum was prepared by scraping some P. chrysosporium

pores from a single fungal colony growing on a dextrose-potato
gar plate and slowly adding them to bacteria-free water until the
urbidity (WGZ-1, China) of the suspension rose to 60. Further, 3 mL
f this inoculum was transferred to the autoclaved media under
iointerfaces 117 (2014) 199–205

sterilized  conditions and cultivated in a shaker (150 rpm) at 37 ◦C.
The mycelium pellets having 2–3 mm diameter were formed spon-
taneously in 3 days.

2.3.  Biosynthesis of CdS QDs

Following the formation of the ideal mycelium pellets, 137.5 mg
of cadmium nitrate tetrahydrate, 10 mL  of 0.668 g/L TAA, and 1 mL
of TGA were added to the media with stirring. The pH values of the
media in different flasks were adjusted to 9.0, 10.0, and 11.0 after
which they were incubated at 37 ◦C on a rotary shaker (150 rpm).
The color of the mycelial pellets changed from white to yellow after
12 h, which indicated that the QDs of CdS had been fabricated. This
protocol could be used easily and reproducibly for the biosynthesis
of the CdS nanocrystals.

2.4.  Characterization

2.4.1. UV–vis and PL
Following  cultivation at different pH conditions, the media

containing P. chrysosporium from each Erlenmeyer flask was har-
vested by filtration with common qualitative filter papers to obtain
the mycelial pellets. Then, the pellets were washed thrice with
deionized water and suspended in centrifuge tubes with 30 mL
deionized water followed by addition of 200 �L of TGA. Ultrasonic
disruption of the cells was  performed using an ultrasonic proces-
sor (XO-1000D, China) over three 45 s cycles at an interval of 3 s
between the cycles. The sonicated samples were then centrifuged
at 6000 × g for 10 min  to precipitate the cell debris. The supernatant
was collected for the measurement of UV–vis and PL spectra. Both
the measurements were performed at room temperature. UV–vis
absorption spectra were recorded on a Shimadzu UV-2550 spec-
trophotometer (Japan) whereas PL spectra were obtained with a
Jobin–Yvon Horiba Fluoromax-4 spectrofluorimeter (HORIBA, Ltd.,
Japan).

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

The  mycelial pellets were harvested by filtration after a 12 h
incubation, washed thrice with deionized water, and then dried in a
freezer dryer (FD-1, Boyikang, Beijing, China) below a temperature
of −50 ◦C. The dry mycelial pellet (native, treated with cadmium
ions) samples were treated with a gold sputtering and then mea-
sured on an SEM (FEI QUANTA-200, Holland FEI Company, Holland)
equipped with an EDX. The micrographs were recorded and the
corresponding EDX spectra were measured by focusing on selected
area of nanocrystals.

2.4.3.  FTIR, TG/DTA, and XRD
The lyophilized mycelial pellets (treated with cadmium ions)

having adsorbed CdS nanocrystals were powdered and used for
XRD analysis and TG/DTA. The XRD pattern was  recorded using
an automatic X-ray diffractometer (D8-Advance, Bruker Company,
Germany). The TG/DTA graph was obtained from a Seiko TG/DTA
comprehensive thermal analyzer (TG/DTA7300, Japan) under nitro-
gen protection. The FTIR spectra were determined in reflectance
mode on a FTIR-8400S Spectrometer (SHIMADZU Corporation,
Japan) by using KBr pellets of the powdered lyophilized mycelial
pellets (native, treated with cadmium ions).

2.4.4. TEM

The  harvested mycelium pellets (12 h, treated with cadmium

ions) were washed thrice with deionized water and the CdS
nanocrystals still attached to the mycelia were dispersed in water
by ultrasonication. High-resolution TEM (HRTEM) was carried out
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nanoparticles were in line with the face-centered cubic crystal lat-
tice having unit cell parameters: a = b = c = 5.818 belonging to space
group F4̄3m(216).
ig. 1. (a) UV–vis and (b) PL spectra of extracellular biosynthesized CdS QDs follow
btained at around 458 nm.

y placing a drop of aqueous solution containing CdS nanocrys-
als on a Lacey Support Film followed by air-drying. Transmission
lectron micrographs were obtained by using a FEI Tecnai G2 F20
icroscope operating at 200 kV (FEI company, USA).

.5.  Data analysis

All  samples were analyzed in triplicate. The relative standard
eviations (RSD) of our method for each type of data were less than
.05.

. Results and discussion

.1.  UV–vis analysis and PL spectra analysis

Extracellular biosynthesized CdS QDs were obtained under
iffering pH conditions. The growth was monitored and optical
roperties of the QDs were studied by recording the absorption
nd the PL spectra. The test QD samples were drawn from reaction
essels with differing pH values, and were centrifuged to remove
ungal debris without further narrowing their size distribution.
ach sample showed a well-resolved absorption maximum for the
rst electronic transition. The presence of the absorption peak from
96 to 298 nm is characteristic of CdS particles in the quantum
ize regime. The intensity of the absorption peak was progressively
nhanced with an increase in the hydroxyl ion concentration, with
n approximately 3-fold increase in the formation of nanoparticles
t pH 11.0 compared to that at pH 9.0. Increased pH values were
ccompanied by a mild red shift of the absorption edge (Fig. 1a),
ndicating the growth of CdS QDs during the biochemical process
37].

The biosynthesized QDs yielded a strong fluorescence emission
Fig. 1b), and the PL emission spectra appeared excessively blue
or CdS QDs, which implied that very small particles had been
btained. In terms of the procedure outlined in the literature [44],
he average particle size of the biosynthesized QDs may  be less than
.0 nm as estimated from the spectra. Notably, all the full width
t half maximum (FWHM) values of the PL curves were below
0 nm,  which corresponded to narrow particle size distribution

nd superior monochromaticity. The UV–vis and PL results showed
hat CdS nanocrystals with good optical properties could be easily

anufactured, and that increasing the pH may  enhance produc-
ion. Compared to the biosynthesis of emission-tunable cadmium
cubation with P. chrysosporium for 12 h. The maximum peak in the PL spectra was

selenide  (CdSe) QDs in yeast cells [45], the harvesting of QDs
was much easier with our extracellular synthesis approach using
P. chrysosporium. The colloidal solution of CdS nanoparticles was
extremely stable and did not show aggregation even after two
months of storage.

3.2.  XRD and TEM

In  order to study the physicochemical properties of the
nanocrystals, XRD and TEM were used to clarify the characteristics
of phase properties, particle size, crystal system, and morphology.
XRD provides extensive information about composition, internal
atomic or molecular structure, and configuration of materials. The
XRD pattern obtained for our typical CdS nanoparticle sample
(Fig. 2) exhibited prominent broad peaks at 2� values of 26.58◦,
43.968◦, and 52.138◦, which could be indexed to the (1 1 1), (2 2 0),
and (3 1 1) facets of the cubic phase CdS, respectively, accord-
ing to JCPDS file no. 10-0454. The PDF card indicated that the
Fig. 2. XRD pattern of CdS nanoparticles. The peaks assigned to diffractions from the
(1 1 1), (2 2 0), and (3 1 1) planes were of face-centered cubic CdS. The X-ray source
was Cu K�.
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ig. 3. (a) HRTEM images of extracellularly biosynthesized CdS QDs. (Inset) Size d
d2 2 0 = 2.1 Å).

The average grain of the sample was determined to be approx-
mately 2.56 nm,  calculated from the FWHM of the most intense
eak calculated with Scherrer’s equation:

 = 0.89�

 ̌ cos �
(1)

here  � is the wavelength of the X-ray radiation,  ̌ is the FWHM
n radians of the XRD peak, and � is the angle of diffraction.

The  morphology and size of the CdS nanoparticles were
bserved by HRTEM. The TEM image (Fig. 3) showed uniform
phere-shaped nanoparticles, with sizes ranging from 1.5 to 2.0 nm.
he inset particle size histogram showed an average particle size
f 1.96 ± 0.1 nm.  This value was approximately in agreement with
he results estimated by PL and calculated by XRD. Fig. 3b fur-
her illustrated the lattice planes of the CdS nanocrystals, which
howed a spacing of 0.21 nm corresponding to the d spacing of the
2 2 0) planes of the face-centered cubic (fcc) crystalline structure
f CdS. The lattice planes in the HRTEM images were consistent
ith the XRD pattern (Fig. 2), which exhibited a relatively strong
eak (∼43.968◦) indexed to the (2 2 0) planes of the standard pat-
ern for cubic CdS. These findings indicated the biosynthesized CdS
Ds were of a uniform size with good crystallinity.

.3. TG/DTA

The lyophilized mycelial pellets which had formed CdS
anocrystals were powdered and used for TG/DTA analysis. As the
G curve indicated in Fig. 4, the weight of the sample dropped very
uickly below 500 ◦C and the weight loss about 65% was due to
he volatilization of water and gasification of the organic materi-
ls. The speed of decrease slowed down obviously over the period
rom 600 ◦C to 1300 ◦C (the upper temperature limit of TG analyzer).
he weight loss was not manifest even when the temperature was
bove 1000 ◦C. Until the highest temperature of 1300 ◦C, there was
till 10% of the weight existed, the residual should be the weight of
dS QDs. According to DTA analysis, an exothermal reaction should
e occurred around 1200 ◦C. This point may  be the onset tempera-
ure of degradation of the CdS nanoparticles. The TG/DTA analysis
howed the good stability of CdS QDs.
.4. SEM–EDX analysis

The  dry mycelial pellets (native or cadmium ion-treated) were
nalyzed by SEM and EDX for a better understanding of the
Fig. 4. TG/DTA analysis of CdS nanoparticles.

reaction process and to gain further insight into the features of the
CdS nanoparticles. Through secondary electron signal imaging, the
SEM technique showed the morphology of the samples and was
used to observe the surface characteristics of P. chrysosporium. The
SEM images of the native and cadmium ion-treated fungi were pre-
sented in Fig. 5. The surface of the native fungus appeared smooth
and clear (Fig. 5a) without any adsorbed particles, while many light
dots (cadmium binding particles) were dispersed on the mycelia
surface (Fig. 5b). Picture c showed b in another imaging mode, high-
lighting the presence of a large number of nanoparticles that were
absorbed on the mycelial surface. Picture f showed the energy spec-
tra of region e in d. The EDX data shown in Fig. 5f confirmed the main
elemental composition of carbon, oxygen, phosphorus, sulfur, and
cadmium. The presence of the cadmium peak demonstrated that
some cadmium ions were bound to the surface of the biomass.

Combining the results of XRD and TEM, we confirmed that the
nanoparticles absorbed on the surface were CdS crystals. The peaks
corresponding to carbon, oxygen, and phosphorus were character-
istic of the composition of many organic substances in the cell wall
of the biomass. The content of S was  higher than that of Cd, plau-
sibly because the cells release many other active sulfur-containing
substances other than the sulfur contained in CdS. This analysis

was similar to that described by Moreau, which showed that the
sulfhydryl group present in cysteine and mercapto-compounds
exhibit particularly strong specific binding to the surfaces of sulfide
minerals and nanoparticles [46].
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Fig. 5. SEM–EDX micrograph of mycelium pellets: (a) native; (b) and (c) treated with Cd(II); (d) expanded image of the nanocrystals in (b); (f) EDX graph of selected area (the
red  area in e). As observed from the graph, plenty of nanoparticles were adsorbed on the mycelia surface. (For interpretation of the references to color in this figure legend,
t

r
t
t
i
i

3

i
f
g
s

t

he  reader is referred to the web version of the article.)

Based on the analysis, it can be inferred that the P. chrysospo-
ium mycelial surface is a superior place for the self-assembly of
he CdS nanoparticles, and that the nanoparticles are a product of
he physiological defense by the fungus against the toxic cadmium
ons. Furthermore, cell secretions such as cysteines may  play an
mportant role in the process of synthesis.

.5. FTIR

The mechanism of formation of the CdS nanoparticles was  stud-
ed using the FTIR spectra of the native fungi and the Cd(II)-treated
ungi. A number of absorption peaks belonging to several functional

roups present in the fungal cell walls were detected in the FTIR
pectrum (Fig. 6).

The  strong, broad IR absorption band at around 3400 cm−1 for
he native as well as the Cd(II)-treated fungus was characteristic
of the O H stretching vibration of the carboxyl group. In the
3500–3300 cm−1 region, the N H stretching vibration bands of
the fungal mass may  overlap with the carboxyl group band [47].
The peaks observed at 2927 and 2858 cm−1 could be assigned to
the anti-symmetric and symmetric vibrations of the CH2 groups of
the hydrocarbons present in fungal protein. The spectra displayed
two absorption peaks at 1640 and 1550 cm−1 corresponding to the
stretching vibration of amide I (C O) and the bending vibration of
amide II (N H) of the polypeptides or proteins, respectively [46].
The amide II band at 1550 cm−1, belonging to the C N stretching
of O C N H, also encompassed the asymmetric stretching vibra-
tion of COO of the carboxylates [48]. The two  bands at 1382 and

1040 cm−1 could be attributed to the C N stretching vibrations of
the aromatic and aliphatic amines, respectively. These facts suggest
that biological molecules could possibly carry out the formation
and stabilization of the CdS nanoparticles in an aqueous medium.
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Fig. 6. IR spectra of P. chrysosporium (1) control and (2) exposed to Cd2+ for 12 h.
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he bands at 1640 and 1550 cm−1 were assigned to bending vibrations of the amide
 and II bands, respectively. The two  bands observed at 1382 and 1040 cm−1 could
e  due to the C N stretching vibrations of the aromatic amines, respectively.

his result was in accordance with the finding that proteins can
ind to gold nanoparticles either through their free amine groups,
r through cysteine residues [49].

On comparison of the IR spectra, two significant differences
ere observed in the Cd(II)-treated fungi–broadening of the band

t 3400 cm−1 corresponding to the O H stretch vibration of the
arboxyl group, and the appearance of a new band at 1550 cm−1

atching the NH bending vibration of amide II. These two changes
ndicated that amino acids, proteins, or polypeptides, were secreted
y the fungus. Taken together with the results from the EDX anal-
sis, the secreted amino acids were probably cysteines. Thus, the
mide and the carboxyl groups are possibly the critical factors in
he synthesis of the CdS nanocrystals. As described by Gole and
anghi, proteins may  bind to nanoparticles either through free
mine groups (those that do not react with carboxyl groups, or
re uninvolved in the formation of the peptide chain), or through
ysteine residues, via the electrostatic attraction of the negatively
harged carboxylate groups of enzymes in the mycelial cell wall
49,50]. From the analyses, it appears the molecules secreted by
he fungus possibly form a coat that covers the metal nanoparticles
o prevent their agglomeration and aids their stabilization in the

edium.

.6. Mechanism

Presently, although a few reports on the microbial synthesis of
anoparticles are available, the most extensive researches were

ocused on the formation and properties of the products, while
ew studies have investigated the mechanisms for nanocrystal for-

ation. Illustrating the molecular mechanism could enable better
ontrol over the process of biosynthesis, allowing the preparation
f high quality materials.

Based  on the results obtained from our study, a possible mech-
nism for the microbial synthesis of the face-centered CdS QDs has
een put forth (Fig. 7). The CdS nanocrystals may  be synthesized on
he basis of the following chemical reactions:

d2+ + HS R COOH → Cd S RCOOH + H+ (a)
H3CSNH2 + 3OH− ↔ CH3COO− + NH3 + S2− + H2O (b)

d2+ + S2− → CdS (c)
Fig. 7. Schematic representation of the mechanism for CdS QDs synthesis.

CdS + Cd S RCOOH → CdSCd S RCOOH (d)

CdSCd S RCOOH + NH2CH(R)COOH

→  CdSCd S RCOOH· · ·NH2CH(R)COOH (e)

At the outset, under stress due to the toxic heavy metal ion load,
biomolecules such as cysteine and proteins may  be secreted on the
fungal cell wall surface, and these may  capture cadmium ions via
chelation with the thiol groups of cysteine. Further, the chelating
compounds may  be linked and form Cd-binding particles on the
cell wall (Eq. (a)). Upon TAA hydrolysis, gradual release of S(II) into
the solution (Eq. (b)) may  occur, and these released ions may  com-
bine with the remaining cadmium ions to form CdS nuclei (Eq. (c)).
The Cd S R complexes may  then covalently bind to the CdS core
[51] and form passivation layers (Eq. (d)), thereby producing CdS
nanocrystals. At the same time, other carboxylic acid-containing
biomolecules such as proteins or polypeptides, which also have
the capacity to assemble on the surface of CdS nanocrystals (Eq.
(e)), may  in turn be responsible for capping the CdS nanocrystals
via hydrogen bonding and electrostatic interactions [41]. Through
the steps described above, tiny monodispersed nanocrystals may
be manufactured. The capped masses on the surface may  be of
significance for the monodispersity of the CdS nanocrystals. More
research needs to be carried out to confirm the mechanism pro-
posed above.

4. Conclusions

In this study, the white rot fungus P. chrysosporium was used for
the successful synthesis of fluorogenic CdS nanoparticles. TEM anal-
ysis revealed a uniform morphology and good crystallinity. The XRD
pattern confirmed the “fcc” crystalline structure of metallic CdS. A
good stability was shown by TG/DTA analysis. Using Scherer’s equa-
tion, the average size was estimated to be approximately 2.56 nm,
corresponding with the results of the TEM and PL analyses. The
PL spectra showed a pure blue emission with an FWHM narrower
than 30 nm,  indicating good optical properties. EDX and FTIR anal-
yses revealed the important role played by proteins and amino
acids during the process of formation of the CdS nanocrystals. Thus,
the superior optical properties and low toxicity of the biosynthe-

sized CdS QDs make them extremely useful for bio-imaging and
bio-labeling applications. In addition, the mechanisms discussed
in this article may  be of great use for the extracellular biosynthesis
and size control of metal nanoparticles.
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