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Cadmium sulphide is one of themost promising materials for solar cells and of great interest due
to its useful applications in photonics and electronics, thus the development of bio-mediated
synthesis of cadmium sulphide nanoparticles (CdS NPs) is one of the essential areas in
nanoparticles. The present study demonstrates for the first time the eco-friendly biosynthesis of
CdS NPs using the yeast Trichosporon jirovecii. The biosynthesis of CdS NPs were confirmed by UV-
Vis spectrum and characterized by X-ray diffraction assay and electronmicroscopy. Scanning and
transmission electron microscope analyses shows the formation of spherical CdS NPs with a size
range of about 6–15nm with a mean Cd:S molar ratio of 1.0:0.98. T. jirovecii produced hydrogen
sulfide on cysteine containingmedium confirmed by positive cysteine-desulfhydrase activity and
the colony color turned yellow on 0.1mM cadmium containing medium. T. jirovecii tolerance to
cadmium was increased by the UV treatment and three 0.6mM cadmium tolerant mutants were
generated upon the UV radiation treatment. The overall results indicated that T. jirovecii could
tolerate cadmium toxicity by its conversion into CdS NPs on cysteine containing medium using
cysteine-desulfhydrase as a defense response mechanism.

Abbreviations: CdS NPs – Cadmium sulphide nanoparticles; Cd2þ – Cadmium; PCs – Phytochelatines; GSH
– Glutathione; MTs – Metallothioneins; CDhE – Cysteine desulfhydrase enzyme; EDX – Energy dispersive X-
ray; XRD – X-ray diffraction
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Introduction

The development of reliable protocols for the biosynthesis
of nanomaterials is one of the challenging concerns in
current nanotechnology; therefore the focus for this
synthesis has been shifted from chemical and physical
methods towards the ‘green’ bioprocesses. Currently,
there is a continuous need to develop eco-friendly
processes for the synthesis of nanoparticles. In this regard,
microbial biosynthesis of nanoparticles had been recently
recognized as a promising source of nanoparticles [1]. On
one hand, Cadmium (Cd2þ) is a non-essential heavy metal

with no known biological function, widely present in the
environment and is the most toxic environmental
pollutants to living organisms at relatively low concen-
trations [2]. However, living organisms have evolved
several defense mechanisms to overcome Cd2þ toxic-
ities [3]. In eukaryotes; cells sequester Cd2þ as inactive
biologically forms; with cysteine-rich peptides such as
phytochelatines (PCs), glutathione (GSH), and/or metal-
lothioneins (MTs) [4]. Schizosaccharomyces pombe directly
scavenge the free Cd2þ ions and the detoxification process
occurs through the production of nano crystalline CdS
capped with GSH and/or PCs [5]. Intracellular CdS
crystallites are produced as a result of biomineralization
by both Schizosaccharomyces pombe and Candida glabrata
which can function as quantum semiconductor dots [6, 7].
Also, Saccharomyces cerevisiae can use GSH as a main Cd2þ

scavengingmolecule since it lacks the biological system to
use inorganicsulfideandPCs [8].However,Candidaglabrata
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can use both the PC and the MTs mediated detoxification
pathways where it activates PCs production in response to
Cd2þ and copper/MTs production in response to copper [9].
While, both Clostridium thermoaceticum and Klebsiella
aerogenes could tolerate Cd2þ through the formation of
CdS NPs deposited on their cell surface [10–12].

On the other Hand, cadmium sulfide nanoparticles
(CdS NPs) synthesis has been a modern growing field of
research due to its important physical, optical and
chemical properties. CdS has many promising applica-
tions infields such as photochemical catalysis, nonlinear
optical materials, detectors for laser and infrared, gas
sensor, solar cells, and various luminescence devices [6,
13, 14]. Several biological methods have been explored to
produce nanoparticles cheaply and efficiently. In this
regard, Sweeney et al. [15] reported that E. coli have the
capacity to synthesize intracellular CdS nanocrystals
when incubated with sodium sulfide and cadmium
chloride, the nanocrystals were composed of a wurtzite
crystal phase with a size distribution of 2-5 nm. Semi-
conductor nanoparticles which have unique electronic
and optical properties are potential for applications in
the emerging field of nanoelectronics [14]. CdS has a
great amount of visible light detecting properties among
other semiconductors. In the last few years, researchers
are aiming to produce high-quality CdS NPs and to
investigate their various properties [16]. Since the
electronic energy levels of semiconductor nanocrystals
are radically affected by their size, there is a huge
necessity for practical reproducible protocols for the
production and handling the uniform size of semi-
conductor nanocrystals [17]. Typically, glutathione,
thiolates and cysteine are able to form high-affinity
metal ligand clusters, and have shown to stimulate the
formation of ZnS and CdS nanocrystals [18, 19]. In this
regard, Dameron et al. [20] reported that the biosynthe-
sized nanocrystals were more monodispersed, size
reproducible, and have higher stability than the one
produced synthetically. Sulfide anions can be incorpo-
rated into cadmium glutathione complexes, resulting in
the formation of nanoparticles [21]. Generally, several
environmental factors have been implicated in sulfur
dioxide presence and the liberation of H2S [22], such as
high residual of elemental sulfur [23], cysteine com-
pounds or high methionine presence [24], as well as
nitrogen limitation [25]. Amajor advantage is that sulfur
containing compounds can be metabolized to other
volatile sulfur compounds by bacteria and yeasts [26];
and the variation is suggested as a result of differences in
the internal levels of enzymatic activities or their
regulation which have a profound effect on the
H2S liberation. In this respect, Cystein-desulfhydrase

enzyme (CDhE) was found to play a significant role by
providing the sulfur necessary for CdS formation. Bai
et al. [27, 28] reported that CDhE show a significant role
in the synthesis of semiconductor zinc sulfide (ZnS) and
CdS NPs by Rhodobacter sphaeroides.

To date, several microbes have been successfully used
for CdS NPs biosynthesis including fungi [29], algae [30],
bacteria [14, 15, 31, 32], and yeast [20, 32]. However, it is
worthwhile to search for a novel and effective CdS
producing microorganism, especially to use in one
container process. Such microbe might be capable of
being both cadmium resistant and producing CdS NPs
using an eco-friendly process. The overall objective of
present work was to investigate the biosynthesis of CdS
NPs by the yeast Trichosporon jirovecii for thefirst time as a
defense mechanism against cadmium stress.

Materials and methods

Chemicals
Tris buffer, Sodium sulfide, Ferric citrate, L-Cysteine
hydrochloride, N,N-dimethyl-p-phenylenediamine, Tris
hydroxyl methyl amino methane (TRIS), N-2 hydrox-
yethyl-piperazine-N0-2-ethanesulfonic acid (HEPES), 3-
Morpholine propanesulfonic acid (MOPS) and Piperazine-
1, 4-bis (2-ethanesulfonic acid (PIPES), Cadmium chlor-
ide, were obtained from Sigma-Aldrich. Starch, caesin
peptone, agar, malt extract, peptone, phosphate buffer,
and glucose were obtained from ADWIC (CAIRO) and
yeast extract from SAS chemical CO, (MUMBAI). All
solutions were prepared using double deionized distilled
water.

Yeast strain and its propagation
Trichosporon jirovecii has been previously isolated and
identified by Shetaia et al. [33]. It was maintained at 5
°C as stock slants on Wickerham agar medium having
the following composition (g/L): yeast extract, 3; malt
extract, 3; peptone, 5; glucose, 10 and agar 20, after
incubation for three days at 25 °C. Wickerham broth
medium was used as a standard growth medium.

Culture media
Four culture media were prepared by modifying Iron
Sulfide Agarmedium composition (Table 1). Thesemedia
were supplemented with cadmium chloride that was
sterilized separately by membrane filtration (acetate
plus 90mm–0.22m) and added to the autoclaved growth
medium at a final concentration of 0.1mM to study the
Trichosporon jirovecii capability to tolerate its toxicity and
also for sulfite reduction.
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Biological buffered media
Two buffer strengths (10 and 50mM) of each of the
following buffers: Tris hydroxyl methyl amino methane
(TRIS), N-2 hydroxyethyl-piperazine-N0-2-ethanesulfonic
acid (HEPES), 3-Morpholine propanesulfonic acid
(MOPS), and Piperazine-1, 4-bis (2-ethanesulfonic acid
(PIPES), were used for maintaining the pH of the growth
medium III at pH 5.5 during growth. Cadmium chloride
was sterilized separately bymembrane filtration (acetate
plus 90mm–0.22m) and added to the autoclaved growth
medium to get a range of 0.1, 0.2, 0.3, 0.6, and 1mM final
concentrations.

Ultraviolet irradiation
UV irradiation was carried out by exposing 3ml of the
Trichosporon jirovecii cell suspension in a 3 cm diameter
Petri dishes to UV light (wavelength 254nm, UV lamp,
30W, Philips) at 20 cm distance for 15, 30, 45, and
60min. UV irradiated cells were then protected from
light for 2 h and subsequently plated onto medium “III”
supplemented with cadmium chloride that was steri-
lized separately by membrane filtration (acetate plus 90
mm–0.22m) and added to the autoclaved growth
medium to get a range of 0.3, 0.6, and 1mM final
concentrations.

Cysteine-desulfhydrase activity
Cysteine-desulfhydrase enzyme activity was deter-
mined using the modified method of Holmes
et al. [34]. Grown T. jirovecii broth culture was
centrifuged at 10000�g for 20min, the pellets was
suspended in 0.1M phosphate buffer (pH 7.0) and
sonicated five times each for 30 s at 50Hz with
intervals of 30 s. The sonicated sample was centrifuged
at 10000�g for 20min and the cell pellet was
resuspended in 0.1M phosphate buffer (pH 7.0).
Hydrogen sulfide production was assayed by incubat-
ing the pellet with Tris buffer (0.1M, pH 7.6) and
cysteine hydrochloride (100mM, pH 8.6) at 37 °C for
15min. The reaction was terminated by the addition of
N,N-dimethyl-p-phenylenediamine (2%, w/v, in 7.2M
HCl) and the enzyme activity was measured calorim-
etry at 650 nm.

Fast protein liquid chromatography and Ion exchange
chromatography analyses
Cells of the T. jirovecii mutants that had been grown for
three days on medium III supplemented with 0.6mM
cadmium chloride were sonicated five times (30 s) at
50Hz. The sonicated cells were then centrifuged at
10000�g for 20min and the supernatant was subjected
to Fast Protein Liquid Chromatography (FPLC) analysis
using spectra/chrome model with MP-1 pump, CF-1
fraction collector, low/thruUVdetector. The supernatant
was loaded on DEAE-Sepharose (Amersham biosciences)
column with a flow rate of 2ml/min.

Characterization of the biosynthesized CdS
nanoparticles
UV-visible. Absorbance of the eluted fractions from

the DEAE-Sepharose column was measured in the
wavelength range between 300 and 700nm by using
JASCO UV-Vis/Near-IR spectrophotometer Model V-570.
EDX-Scanning electron microscope. The morphology of

the cadmium sulfide nanoparticles (CdS NPs) was
analyzed by Scanning electron microscope (SEM). SEM
of the yeast cells without fixation or staining was carried
out using Philips XL 30 SEM at 20kV. Chemical analysis
of CdS NPs was performed by the energy dispersive X-ray
(EDX) spectroscopy using a thermo ionic electron gun, a
link pitfall windowless X-ray detector and an AN10000 X-
ray analysis system capable of measuring all elements
heavier than boron mounted on a Philips XL 30 ESEM.
Transmission electron microscope. The morphology and

size of the cadmium sulfide nanoparticles (CdS NPs) was
further analyzed by Transmission Electron Microscope
(TEM); five days grown yeast cells on medium III
supplemented with 0.6mM cadmium chloride were
harvested by centrifugation at 8000 rpm for 10min and
washed three times with MilliQ water. The washed cells
were subjected to ultrasonic disruption using ultrasonic
homogenizer (Biologics, Inc.) pulsed for 30 s at 50Hz
with intervals of 30 s for 15min in ice. The disrupted
biomass was centrifuged at 8000 rpm for 10min to
separate the cell debris and the supernatant was stored
at �80 °C for further investigations. A drop of aqueous
solution containing the cadmium crystal particles was

Table 1. Composition of the four different growth media used for the propagation of Trichosporon jirovecii.

Concentration of the medium ingredients (g/L)

Medium number Caesin peptone Sodium sulfide Ferric citrate L-cysteine HCl Agar–Agar

I 10 0.5 0.5 — 15
II — — 0.5 0.5 15
III 20 — 0.5 0.5 15
IV 20 — 0.5 — 15
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placed on a carbon-coated copper grid and air-dried.
Transmission electron micrographs were obtained using
a TEM (H-800, Hitachi, Japan).
X-ray powder diffraction. The crystalline nature of the

cadmium sulfide nanoparticles was characterized by X-
ray diffraction (XRD). Elution fraction no. 3 was further
characterized using Philips 3710 X-ray powder dif-
fraction (XRD) with Cu-Ka. A scanning rate of 0.02 S�1

was applied to record the pattern in the 20 range of
10–70.

Results

Effect of different growth media on the cadmium
tolerance of Trichosporon jirovecii
Growth and sulfide production of Trichosporon jirovecii
was monitored on four different culture media and its
capability to overcome cadmium toxicity at a concen-
tration of 0.1mM was investigated (Table 1). Results
presented in Table 2 indicate that medium “I” which
has sodium sulfide as a sole source of sulfur; a creamy
white colored colonies were observed with no black iron
sulfide precipitation in the absence of cadmium
whereas no growth was observed in the presence of
cadmium. For medium “II” where cysteine was used as
a sole source of carbon, nitrogen and sulfur, the yeast
growth turned yellow in the presence of cadmium.
While, in case of medium “III” (Table 2) which contains
casein peptone as an enriched nitrogenous substrate; a
metallic shiny ring around the yeast growth was
abundant. A few days later the color of the T. jirovecii
colonies was then turned to yellow. However, T. jirovecii
growth on medium “IV” which has the same compo-
sition as that of medium “III” except no cysteine was
present showed normal creamy colonies of T. jirovecii in
the absence of cadmium; whereas it was poorly grown

on a cadmium supplemented medium. Furthermore, to
increase the cadmium tolerance of the Trichosporon
jirovecii, it was grown on four different biological
buffered culture media including; TRIS, HEPES, MOPS,
and PIPES. Using buffered media with sulfonic acid
group species (HEPES, MOPS and PIPES) T. jirovecii
sensitivities to the cadmium ions were limited to 0.1
Mm. On the other hand, the growth of the T. jiroveciiwas
not significantly affected by 0.2mM cadmium in a
50mM TRIS buffered medium.

Induction of cadmium tolerance by UV treatment
Trichosporon jirovecii tolerance to cadmium was increased
by ultraviolet radiation treatment (data not shown). Six
“0.3”mMand three “0.6”mM cadmium tolerantmutant
colonies were induced.

Cadmium sulfide nanocrystals characterization
Ultraviolet absorption spectroscopy (Fig. 1) showed that
all recovered FPLC fractions were characterized by an
electronic transition in the near-UV due to the
cadmium sulfide bonds. lmax of the UV transition of
the different fractions was at 267 nm with a maximum
absorbance value (0.7746) for fraction No. 3. Our results
(Fig. 1) show the ultraviolet absorption spectroscopy.
The lmax of the UV transition was red-shifted of 30 nm
in the earliest eluting fractions (absorption in the 280–
320 nm range) with higher sulfide/Cd ratio, with respect
to that observed in the latest eluting fractions
(absorption in the 250–290 nm range) with lower
sulfide/Cd ratio. Fig. 2 shows that scanning electron
microscope micrographs of Trichosporon jirovecii mutant
cells grown in the presence of 0.6mM cadmium sulfide
revealed the presence of an electron-dense many light
dots material identified as cadmium binding particles
in the form of spherical particles deposited on the
mycelial surface and further characterized using TEM
as shown in Fig. 3.

X-ray diffraction (XRD)
The XRD pattern (Fig. 4) exhibits prominent peaks at 2u
values of 28.07, 41.84, and 58.8, which could be indexed
as scattering from the (111), (220), and (311) cubic phase
CdS planes, respectively and according to JCPDS file no.
10–454.

Cysteine desulfhydrase activity
In the present study, cysteine-desulfhydrase activity was
positive in the extracts of Trichosporon jirovecii, cysteine
hydrolysis and sulfide production in T. jirovecii is shown
in the reaction scheme (Fig. 5).

Table 2. Growth pattern of the Trichosporon jirovecii on the four
different growth media.

Medium number Growth pattern

I Creamy white colonies with no black
iron sulfide precipitation

IþCadmium No growth
II Creamy white colonies
IIþCadmium Yellow colored colonies
III Metallic shiny ring around

developed colonies
IIIþCadmium Metallic shiny ring around colonies

then turned yellow
IV Creamy white colonies
IVþCadmium Poor growth

Biosynthesis of cadmium sulphide nanoparticles 523

� 2015 WILEY-VCH Verlag GmbH & Co.KGaA,Weinheim www.jbm-journal.com J. Basic Microbiol. 2016, 56, 520–530



Discussion

Effect of different growth media on the cadmium
tolerance of Trichosporon jirovecii
Cysteine and methionine amino acids compose a
significant portion of the total organic sulfur in certain
soils [35] and also in the rhizosphere region of others. In
the present study, Trichosporon jirovecii was previously
isolated and identified from the Egyptian agriculture
soil [33]; its capability to utilize cysteine or sodium
sulfide and liberate sulfur under cadmium stress
conditions was examined. Sulfide has been shown to
be produced in cystine and cysteine amended soils as a
result of amino acids mineralization rather than sulfate
reduction [36]. Typically, yeast cells produce only
enough hydrogen sulfide (H2S) to meet the biosynthetic
requirements. Any H2S formed beyond cell require-
ments diffuses from the cell into the fermentation
medium [22]. Results presented in Table 2 suggest that
in case of medium “I” T. jirovecii has no sulfite reductase
activity and subsequently was not capable to produce
sulfide ions (S�2) from sodium sulfide which was used as
a sole source of sulfur. For medium “II” where cysteine
was used, the yeast growth turned yellow in the
presence of cadmium, indicating the release of sulfur
from cysteine and the formation of CdS which was
characterized by an electronic transition in the near-UV
due to the cadmium sulfide bonds (Fig. 1). Similarly,
Vido et al. [37] reported that Saccharomyces cerevisiae

when exposed to 1mM cadmium strongly increased
cysteine and glutathione synthesis which are consid-
ered as potent sources of H2S in response to cadmium
treatment and are necessary in cellular detoxification
to form the nontoxic CdS NPs. The phytochelatin (PC)
formation is induced by a large number of elements
such as Pb2þ, Zn2þ, Cd2þ, Cu2þ, and Agþ when added to
the medium [38]. While, in case of medium “III” which
contains casein peptone; a metallic shiny ring around
the yeast growth was abundant indicating the precip-
itation of iron sulfide. The biomineralization of
cadmium was reported also by both yeasts
Candida glabrata and Schizosaccharomyces pombe which
is a metal-triggered biotransformation and metal ions
are chelated with small specific peptides and co-
precipitated with inorganic sulfur, resulting in the
nontoxic CdS clusters [5]. A few days later the color of
the T. jirovecii colonies was then turned to yellow
indicating that iron sulfide was converted to CdS as the
cadmium metal displace and/or substitute Feþ2 ions
from the biomolecules. Similar results were obtained by
Hall [4] and Jennifer and David [39], where the T. jirovecii
growing colonies turned bright yellow in the presence
of cadmium suggesting the formation of CdS. However,
T. jirovecii growth on medium “IV” which has the same
composition as that of medium “III” except no cysteine
was present showed normal creamy colonies of
T. jirovecii in the absence of cadmium; whereas it was
poorly grown on a cadmium supplemented medium

Figure 1. UV-Visible absorption spectra of fractions eluted from sepharose gel; fraction 3 showing maximum absorbance at 267 nm.
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and this indicates the cysteine role for cadmium
tolerance. Similarly, Cunningham and Lundie [11]
reported that Clostridium thermoaceticum precipitates
CdS at both the cell surface and growth medium from
CdCl2 in the presence of cysteine which acts as the
source of sulfide. Likewise, Krumov and Posten [40]
reported that the choice of media composition for
Candida glabrata is vital for the formed CdS NPs stability.
Similarly, both Candida glabrata and Schizosaccharomyces
pombe when challenged with toxic metals as cadmium
synthesize intracellular CdS NPs as a detoxification
defense mechanism [41]. Following similar trend, Chen
et al. [42] reported that cadmium induces cellular death
in Phanerochaete chrysosporium when exposed to cad-
mium ions; while some cells survived by activating
antioxidant agents and biosynthesizing crystal particles
extracellularly to reduce the cadmium bioavailability
and consequently its toxicity; which is considered as a

defense mechanism in response to toxic cadmium ions.
Since the medium composition plays an important role
in the formation of the CdS crystallites; an intracellular
CdS nanocrystals, were formed when E. coli was
incubated with sodium sulfide and cadmium chloride
as reported by Sweeney et al. [15]. In addition, our
results are in agreement with a previous work reporting
that the growth of Schizosaccharomyces pombe in a
medium containing CdCl2 resulted in the synthesis of
Cd-g-Glu peptide complex and enhanced the production
of sulfide ions [8]. The strong induction of the cysteine
biosynthesis enzyme pathway and the proteomic
response of Saccharomyces cervisiae to cadmium ions
have been also reported by Vido et al. [37]. The overall
results indicate that the composition of the nutrient
media plays a pivotal role in the cadmium tolerance
capability of the Trichosporon jirovecii under investiga-
tion and its capability to overcome cadmium toxicity

Figure 2. (A) Scanning electron microscope showing high atomic density. Individual nanocrystals are difficult to be distinguished; (B) EDX
pattern of the electron dense area.
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through the biotransformation of cadmium ions into
CdS NPs.

Growth media composition can have a significant
effect on heavy metal toxicity, as metals can bind to
buffers in the growth media [43]. Using buffered media
with sulfonic acid group species such as HEPES, MOPS
and PIPES, T. jirovecii sensitivities to the cadmium ions
were limited to 0.1mM which indicated that these
buffers didn’t effectively chelate cadmium. Similarly,
Holmes et al. [12] reported that cadmium tolerance of

K. aerogenes varied when cultured on buffered media by
sulfonic acid group species such as HEPES (pKa7.55),
where K. aerogeneswas very sensitive to cadmium ions in
the range of 10-100mM, indicating that the HEPES buffer
do not effectively chelate cadmium which results in a
high concentration of bioavailable toxic cadmium ions.
Consequently, only a low concentration of cadmium ions
is required to be added into the growth medium before
reaching the toxic level. On the other hand, the growth
of the T. jiroveciiwas not significantly affected by 0.2mM
cadmium in a 50mM TRIS buffered medium having NH2

functional group. This tolerance can be explained by the
higher affinity of TRIS buffer towards the cadmium ions
and consequently much of the cadmium added to the
growth medium will be in a chelate form with a slow
ligand exchange process causing toxic cadmium
release [12].

Induction of cadmium tolerance by UV treatment
0.6mM cadmium tolerant mutant Trichosporon jirovecii
colonies were induced. The growing colonies were
yellow in color indicating the sulfide formation and
its precipitation as CdS NPs.

Cadmium sulfide nanoparticles characterization
Ultraviolet absorption spectroscopy (Fig. 1) showed that
all recovered FPLC fractions were characterized by an
electronic transition in the near-UV due to the cadmium
sulfide bonds. lmax of the UV transition of the different
fractions was at 267nm. In this respect, Scarano and
Morelli [30] reported that Phaeodactylum tricornutum
incorporated Cd-induced sulfide ions in Cd-PC com-
plexes, thus forming nanometer sized PC-coated CdS
NPs. This biomineralization process enhanced the Cd-

Figure 3. Transmission electron microscope showing CdS nano-
crystals formed by Trichosporon jirovecii.

Figure 4. X-ray diffraction pattern of the fraction no. 3 containing CdS precipitated nanoparticles.
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binding stoichiometry of the complexes; while the UV
absorbance shift in the range 250–290nmwas attributed
to the lower sulfide/cadmium ratio. Native CdS particles
exhibited differences in their particle size, sulfide
content and optical spectroscopic properties and the
lmax of the UV transition ranged from 260 to 290nm [30].
According to the spectrum, we estimate that the
bandgap of CdS variation indicates the presence of
quantum size effects in the produced CdS. The ultra-
violet absorption spectroscopy indicates that all frac-
tions were characterized by an electronic transition in
the near-UV due to the Cd–sulfide bonds. The lmax of the
UV transition was red-shifted of 30nm in the earliest
eluting fractions with higher sulfide/Cd ratio, with
respect to that observed in the latest eluting fractions
with lower sulfide/Cd ratio. These differences in the UV
electronic transition are indicative of differences in the
particle size [18, 21] which appear related to the different
sulfide content of the fractionated samples. However,
Kowshik et al. [44] reported that the absorbance profile of
CdS crystalles had an absorbance maximum at 305nm
after anion exchange chromatography using diethyl
aminoethyl cellulose column. Scanning and Transmis-
sion electron microscope micrographs of Trichosporon
jirovecii mutants cells grown in the presence of 0.6mM
cadmium sulfide revealed the presence of an electron-
dense many light dots material identified as cadmium
binding particles in the form of spherical particles
deposited on the mycelial surface (Figs. 2 and 3).
Similarly, Energy dispersive X-ray (EDX) facilitates
multiple elemental analyses and shows that the
proportion of the electron dense material observed on
the yeast cells was simply CdS as indicated by the mean
Cd:S molar ratio of 1.0:0.98 [12]. Semiconductor CdS
nanocrystals generally show a representative visual
absorption peak approximately at 3 keV due to surface
plasmon resonance [45].

The presence of the cadmium peak demonstrated that
some cadmium ions were bound to the surface of the
biomass (Fig. 2). Likewise, Chen et al. [42] reported that
SEM images, EDX and XRD analysis reveals that
cadmium crystals were extracellularly synthesized by
Phanerochaete chrysosporium when exposed to cadmium
ions. The complexation of the heavy metals by
extracellular polymericmaterials and their precipitation
on the microbial cell surfaces could also protect the cells
against heavy metal [46, 47]. For that reason, the
formation of CdNPs is most likely a detoxification
mechanism to restrain the cadmium, and thus decrease
its bioavailability and toxicity [42].

X-ray diffraction (XRD)
The XRD pattern (Fig. 4) exhibits prominent peaks at 2u
values of 28.07, 41.84 and 58.8, which could be indexed
as scattering from the (111), (220), and (311) cubic phase
CdS planes, respectively and according to JCPDS file no.
10–454.The diffraction pattern was also consistent with
the hexagonal CdS phase as reported by Stevenson
et al. [48]. By using the Scherrerś equation d¼0.8l/bcosu,
where l is the wavelength of the X-ray radiation, b is the
full width at half maximum (FWHM) of the (111) peak,
and u is the angle of diffraction, the average size of the
CdS-MD nanoparticles was determined to be of the order
of 3 nm. Ahmad et al. [29] reported that Fusarium
oxysporum synthesize CdS and other metal sulfide
nanoparticles extracellularly by a pure enzymatic
process. Exposing F. oxysporum to an aqueous solution
of Cd2þ and SO4

2- ions lead to the formation of very stable
CdS NPs in the solution [29]. Similarly, Chen et al. [42]
reported that Phanerochaete chrysosporium extracellularly
synthesized cadmium crystals; which were character-
ized by XRD and it was considered as a detoxification
mechanism to restrain the dissolved cadmium, and thus
decrease its bioavailability and toxicity. The formation of

Figure 5. Reaction scheme showing the enzymatic hydrolysis of L-cysteine by the action of L-cysteine-desulfhydrase enzyme and the
formation of CdS nanoparticles (developed yellow colonies).
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PC-coated CdS crystallites by Trichosporon jirovecii could
explain its low sensitivity to cadmium. The role of these
particles in Cd-tolerance is supported by the enhanced
production of PC-coated CdS crystallites in Cd-resistant
mutants of the yeast Candida glabrata and in the meta
tolerant ecotype of Sliene vulgaris as mentioned by
Verkleij et al. [49] and Mehra et al. [9]. Similarly, Scarano
and Morelli [30] reported that the marine diatom
Phaeodactylum tricornutum was able to incorporate Cd-
induced sulfide ions in Cd-PC complexes, thus forming
nanometer sized PC-coated CdS nanocrystallites. Over-
all, it has been well documented that thiol mediate
crystal growth and cysteine–rich peptides stabilize the
surface of the biosynthesized CdS NPs [8, 37].

Cysteine desulfhydrase activity
Someyeast suchasTrichosporonandRhodotorulacanreduce
sulfur to H2S using glucose as an electron donor, which is
probablynot a formof respirationbut it is anelectron sink
for disposal of excess reducing power [50]. Cysteine-
desulfhydrase enzyme (EC4.4.1.1) showsa significant role
in the synthesis of semiconductor ZnS and CdS nano-
particles by Rhodobacter sphaeroides [27, 28]. Both Wang
et al. [51] and Bai et al. [28, 31] reported that cysteine-
desulfhydrase enzyme was an important factor in the
biosynthesisofmetal sulfidenanoparticles.Previouswork
done in our laboratory succeeded in using Trichosporon
jirovecii yeast cells for thefirst time as a source of cysteine-
desulfhydrase enzyme which was used in a biosensor for
the detection of L-cysteine [52]. In this respect, Hassan
et al. [52] reported that sulfide was evolved constitutively
by T. jirovecii, in the absence of cysteine or cadmium,
whereas it was enhanced by cysteine or cadmium
addition. In the present study, cysteine-desulfhydrase
activitywas positive in the extracts of T. jirovecii, therefore
it was likely suggested that the enzyme is the source of
sulfide for cadmiumprecipitation and it is responsible for
catalyzing cysteinehydrolysis and sulfideproduction inT.
jirovecii as shown in the reaction scheme (Fig. 5). In
addition, Bai et al. [53] and [28] confirmed that Rhodobacter
sphaeroides secrete cysteine-desulfhydrase (C–S-lyase)
being responsible for sulfide production. Also, the
biosynthesis of CdS nanocrystal by Rhodopseudomonas
palustris indicated that the cysteine desulfhydrase could
control the crystal growth, since cysteine-rich proteins
can produce sulfide through the enzyme action [31].
Cystein-desulfhydrase activity has been found in
yeast [54]. Earlier, Dott and Truper [55] have stated that
cysteine induces the largest liberation of H2S despite
regulating the sulfate reduction sequence, either itself or
through an interconversion with methionine. Likewise,
Clostridium thermoaceticum produces sulfide from cysteine

in soil to reduce the redox potential for optimal growth
and this would result in heavymetals precipitation by the
normal metabolic activity [11].

Concluding remarks
In summary, the overall results demonstrate that the
yeast Trichosporon jirovecii could tolerate the cadmium
toxicity by its conversion into CdS NPs as a detoxification
defense mechanism using cysteine-desulfhydrase
enzyme. A novel and simple biosynthesis approach to
prepare CdS NPs has been developed in our lab by
incubating the yeast cells with inorganic cadmium
source and cysteine containing medium. This study is
the first describing a novel yeast with both cadmium
resistant and sulfite reducing capabilities as a promising
microbial catalyst for the production of CdS NPs;
especially to use in one container process using an
economical and environmentally friendly process.
Structure and purity of the formed crystals could
suggest their use in the fabrication of various metallic
semiconductor nanocrystals as an economical, less
energy consuming and environmental friendly bio-
product when compared with those chemically
synthesized.
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