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a b s t r a c t
Extracellular electron transfer is a key process for the interaction between metals and microbes; it can
be affected by biosynthetic nanoparticles. In this work, roles of CdS quantum dots (QDs) synthesized
by Saccharomyces cerevisiae were studied via electrochemistry and photo-electrochemistry. The reduction current of the yeast in cyclic voltammetry dramatically decreased after QDs biosynthesis, but was
enhanced with an illumination. On–off light cycling test illustrated an enhancement of photocurrent
effect in yeast after CdS QDs biosynthesis. Several proteins concerned with electron transfer were found
decreased in content after CdS QDs biosynthesis, consisting with the decrease in electrochemical activity. This study will help us to better understand the interaction between metals and microorganisms
in environment, and also provide biosynthetic QDs a potential use to promote electric production in
bioelectrochemical systems.
© 2015 Elsevier Ltd. All rights reserved.

1. Introduction
Semiconductor nanocrystal quantum dots (QDs) possess unique
electronic and optical properties because of the quantum conﬁnement effect. Recently, the biosynthesis of QDs has been attracted
a great attention. Many microorganisms including yeast have been
used to synthesize CdS, CdSe and CdTe QDs [1–3]. A key process
for the interaction between metals and microbes is extracellular electron transfer process [4–6]. Several yeast stains have been
demonstrated to be electrochemically active [7,8]. The yeast cells
with redox proteins present in the outer membrane may communicate with the electrode surface directly [9]. Ferredoxin, azurin and
cytochromes of yeast cells may help in exchanging electrons with
solid electrodes [10,11].
The formation of metallic nanoparticles may induce changes in
the electrochemical properties of microorganisms [5,12]. Previous
study indicated that the alteration in electrochemical properties
may be because of the protein expression variation [12]. Due to
the unique optoelectronic properties of CdS QDs, we proposed that
the combination of the yeast proteins and the QDs would cause
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the alteration in cellular components and functions, resulting in a
photo-electrochemistry effect on the cells themself. Therefore, the
study on extracellular electron transfer will contribute to clarify the
mechanism of heavy metal bioremediation and its potential value.
Herein, we report a method to extracellularly biosynthesize CdS
QDs by yeast using cadmium chloride and sodium sulphide. Saccharomyces cerevisiae was employed to study the interaction between
heavy metals and microbes. The study will help us to understand
the interaction between heavy metals and microorganisms, and
also provide potential applications for biosynthetic QDs in microbial electrochemical systems.

2. Materials and methods
2.1. Cultivation and CdS QDs biosynthesis
S. cerevisiae Meyen ex Hansen (BCRC Number 20262) was grown
aerobically in yeast extract peptone dextrose (YEPD) medium (pH
7.0) at 32 ◦ C for 1 day. The yeast cells were washed by sterile
distilled water and re-suspended to a normalized concentration
(OD600 = 0.6). A ﬁnal concentration of 0.1 mM CdCl2 was ﬁrst added
into the yeast cell suspension and then followed by Na2 S to 0.05 mM
under continuous stirring at 32 ◦ C.
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Fig. 1. HRTEM images of the biosynthetic CdS QDs (a) on the membrane and (b) in the cytoplasm of S. cerevisiae cells; (c) EDX of the CdS QDs; (d) the size distribution of the
CdS QDs.

2.2. Ultraviolet–visible (UV–vis) spectroscopy
The supernatant of cell solution was collected for measuring
UV–vis absorption spectra by a UV–vis spectrophotometer (UV2450, Shimadzu Corporation, Japan).
2.3. High resolution transmission electron microscopy (HRTEM)
The cells were pre-treated with 2.5% (w/v) glutaraldehyde and
2% (w/v) osmium tetraoxide and then dehydrated by ethanol grade
series. The treated cells were embedded in LR White resins and
then polymerized at 60 ◦ C for 24 h. Ultrathin sections of the resin
were deposited on carbon-coated copper grids. A high resolution transmission electron microscope (Tecnai G2 F30, Philips–FEI,
Netherlands) was used to acquire HRTEM images at 200 kV.
2.4. Electrode preparation and electrochemical measurements
The yeast cells were washed with phosphate buffer (50 mM,
pH 7.0). 10 L cell pellets were evenly coated onto the conductive
side of an ITO electrode (0.5 × 0.5 cm2 , 1.1 mm thickness, less than
30  cm−1 ). Then 10 L naﬁon was coated on the yeast cells and
dried at room temperature.
A three-electrode lightproof chamber with the prepared ITO
working electrode, a Pt wire counter electrode and an Ag/AgCl

reference electrode was used to perform electrochemical measurements. The ITO was horizontally placed in the three-electrode
chamber. Electrochemical signals were recorded on a CHI 660D
electrochemical workstation at room temperature. Phosphate
buffer (50 mM, pH 7.0) was used as electrolyte. All measurements
were performed under an anaerobic environment using nitrogen.
Photocurrent effect analysis was carried out using a 150 W xenon
lamp (PLS-SXE 300, Perfect Light, China) as the light source.

2.5. Protein extraction, 2-DE analysis and protein identiﬁcation
Cell proteins were extracted by the phenol extraction method
[13]. Total protein (800 g) from each replicate was separated by
2-DE. Isoelectric focusing was conducted using 18 cm IPG strips (pH
4–7, GE Healthcare, USA) in an Ettan IPGphor system (GE Healthcare Amersham Bioscience, UK) until the total volt-hours reached
64,000 Vh. IPG strips were applied on 12.5% SDS-polyacrylamide
gels and stained with Coomassie brilliant blue R250. Gel images
were obtained by a PowerLook 2100XL (UMAX) and analyzed by
PDQuest version 8.01 software (Bio-Rad).
The excised gels were digested with trypsin. The peptide mass
ﬁngerprint (PMF) was obtained by a MALDI-TOF/TOF-MS spectrometer (Bruker Daltonics, Bremen, Germany). The mass data were
matched against the National Center for Biotechnology Information
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Fig. 2. UV–vis spectra of the biosynthetic CdS QDs after incubation for 1 day (black
line), 4 days (red line), and 7 days (blue line). (For interpretation of the references to
color in this ﬁgure legend, the reader is referred to the web version of this article.)

non-redundant protein database using the Mascot search engine
(www.matrixscience.com).
3. Results and discussion
3.1. Characterization of yeast–CdS QDs
Fluorescence micrographs before and after CdS QDs biosynthesis are shown in Fig. S1. HRTEM images show the surface (Fig. 1a)
and cytoplasm (Fig. 1b) of the cells after 1 day biosynthesis of CdS
QDs. A number of small and well dispersed spots were found both
on the surface and inside of the cells. EDX spectrum shows that
both Cd and S elements exist (Fig. 1c) in the spots, demonstrating
the formation of CdS QDs. The result is in accordance with that of
a previous report on intracellular CdSe biosynthesis [2], in which
the QDs were mainly dispersed in the cytoplasm and membrane
of yeast. The CdS QDs are well dispersed spherical particles with
an average diameter of ca. 2 nm and spacing of 0.27 nm; the size
distribution is displayed in Fig. 1d. Herein, we report a method to
successfully biosynthesize CdS QDs by S. cerevisiae by adding Cd2+
and S2− into the yeast solution.
UV–vis absorption was used to probe the growth of the biosynthetic CdS QDs. The solution shows an intense narrow absorption
at ∼330 nm after 1 day biosynthesis (Fig. 2). This indicates a uniform particle shape and size of the resulting CdS QDs. Red shift in
absorption edges was observed as a function of biosynthesis time,
revealing that particle size was gradually increased. Control experiment using distilled water to replace the yeast solution was also
conducted. The results demonstrate that the formation of CdS QDs
was a biosynthetic process rather than a chemical reaction (Fig. S2).
3.2. Electrochemical activity and photocurrent effect
Cyclic voltammetry (CV) showed distinctly redox peaks of the
yeast (Fig. 3a): an oxidation peak appeared at −0.10 V and a reduction peak at −0.23 V. After CdS QDs biosynthesis, the oxidation peak
remained (Fig. 3b), and it appeared at −0.02 V which is more positive comparing with the oxidation peak of the native yeast cells
(−0.10 V). Notably, the reduction current was decreased dramatically. Control experiments using bare ITO and chemosynthetic CdS
QDs coated ITO as work electrode were conducted respectively,
but no redox peaks were observed from −0.6 to 0.4 V vs. Ag/AgCl
(Fig. S3), demonstrating that bare ITO electrode shows no photocurrent effect and electrons cannot exchange between CdS QDs and

Fig. 3. Cyclic voltammograms of (a) S. cerevisiae and (b) CdS QDs—S. cerevisiae cells
coated on an ITO electrode (1) without and (2) under the irradiation of xenon lamp
as the light source. Scan rate was 10 mV s−1 and PBS (50 mM, pH 7.0) was used
as electrolyte. (c) Photocurrent responses of S. cerevisiae (black line), CdS QDs—S.
cerevisiae (red line) and chemosynthetic Cd QDs (blue line). (For interpretation of
the references to color in this ﬁgure legend, the reader is referred to the web version
of this article.)
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Fig. 4. 2-DE proﬁles of proteins expressed in biosynthetic CdS QDs—S. cerevisiae.

ITO electrode at the range of experimental condition. The cyclic
voltammograms illustrate that CdS QDs at a certain point inhabited electrochemical activity of yeast cells, especially the reduction
capability.
When a xenon lamp was employed to irradiate on the yeast
modiﬁed ITO electrode, the redox current was increased (Fig. 3a).
This illustrates that the electrochemical character of natural cells
was affected by illumination. Notably, major change could be
observed in cyclic voltammetry for CdS QDs–yeast cells after the
irradiation (Fig. 3b). Both oxidation and reduction peaks were
enhanced, revealing that the redox ability of the CdS QDs–yeast
cells increased with illumination.
In order to further conﬁrm the photocurrent caused by illumination, photocurrent responses to an on–off light cycling test was
conducted (Fig. 3c). According to the oxidation reaction from CV,
the potential was held at 0 V during the test. The control experiment using CdS QDs coated ITO showed no difference in current
with or without illumination, demonstrating that no photocurrent
effect was occurred by chemical reactions. For the native yeast cells,
a photocurrent density of 20–30 A/cm2 was aroused by illumination while below 10 A/cm2 without illumination. After the CdS
QDs biosynthesis, the photocurrent reached up to 45–55 A/cm2
while the control was only about 1 A/cm2 for the CdS QDs–yeast
without illumination.
Many microorganisms are able to produce photocurrent using
semiconductors [14,15]. ITO may be excited by illumination to
generate electron–hole pairs as a semiconductor electrode. The
light-generated electron–hole pairs may improve internal conductivity and oxidation kinetics on the cell surface [16,17]. Both the
consequences are contributed to the interfacial electron transfer.
Hence, the electron transfer process from the original yeast cells
to ITO electrode was enhanced in the presence of light. CdS QDs
possess considerably high absorption coefﬁcient within the visible region of the illumination. The quantum conﬁnement effect
enables the possibility of generating multiple electron–hole pairs

per photon through the impact ionization effect [18]. The biosynthetic CdS QDs can be excited by illumination, generating more
electron–hole pairs comparing with the situation that only ITO was
used as electrode. Thus, the current increased more distinctly for
the CdS QDs–yeast with illumination in the potentiostatic tests than
that of natural yeast.
3.3. 2-DE analysis
The biosynthesis of metallic nanoparticles may induce electrochemical property changes in microbes, which may due to cell
protein expression alterations [5,12]. The biosynthesis of CdS QDs
may also be involved in the metabolism of yeast and cause a variation in cell protein expression. Therefore, 2-DE was conducted to
detect the yeast proteins which expressed differently. Hundreds of
protein spots were observed in each gel (Fig. 4). In the gel, 43 protein spots could be detected as signiﬁcantly different abundance
spots for further analysis (Table S1). Among them, several spots
involved in protein synthesis and metabolism, may be concerned
with the variation in electrochemical activity of the yeast (Table 1).
Cytochrome c plays a crucial role in electron transfer chains
and cytochrome c peroxidase (spot 31) can catalyze the reaction
between cytochrome c and H2 O2 [19]:
2cytochromec(Fe2+ ) + H2 O2 + 2H+ → 2cytochromec(Fe3+ )
+ 2H2 O(1)
The decrease of cytochrome c peroxidase would slow down the
above reaction, resulting in the decrease of cytochrome c (Fe3+ )
which is the oxidation state of cytochrome c. As a result of consequence, the reduction peak in CV weakened since cytochrome c is
an important electrochemical active protein in the yeast cell membrane. The V-type H+ ATPase (spot 10) is an ATP-dependent enzyme
that transforms the ATP hydrolyzed energy to electrochemical
potential differences of protons, which across cell membrane by
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Table 1
Identiﬁcation of CdS QDs-responsive proteins concerned with electron transfer in S. cerevisiae by MALDI–TOF/TOF–MS analysis.
Spot no.a NCBI accession No.b Protein namec Protein description
4
10
13
31
39
a
b
c
d
e
f
g
h
i

gi|323338542
gi|398364951
gi|323307016
gi|99031835
gi|6320695

His4p
Vma2p
Ald6p
Ccp1p
Rib3p

Fold changed TheoreticalMr/pIe ObservedMr/pIf MOWSE Scoreg Mh Ci

Histidinol dehydrogenase
−2.54
V-type proton ATPase subunit B
−2.16
Aldehyde dehydrogenase
+2.33
Cytochrome c peroxidase
−2.15
3,4-Dihydroxy-2-butanone-4-phosphate synthase +2.56

87.65/5.17
57.71/4.95
54.38/5.31
33.38/5.18
22.55/5.46

87.80/5.30
52.21/5.04
58.16/5.65
26.49/5.19
21.81/5.78

170
409
137
177
130

16
34
17
16
17

21
69
40
56
80

Sequence number of differentially expressed protein spot.
Database accession numbers in the NCBInr database.
Name of the identiﬁed proteins.
The ratio of protein abundance between CdS QDs treatment and control. “+” and “−” stand for upregulated and downregulated proteins, respectively.
Theoretical mass (kDa) and pI of the identiﬁed proteins.
Experimental mass (kDa) and pI of the identiﬁed proteins.
Mascot search score against the database NCBInr.
The number of matched mass values.
The sequence coverage (%).

the primary active transport of H+ [20]. Its decrease may affect the
electron exchange or transfer between redox partners in yeast cells,
leading to a current reduction in redox peaks of CV.
Proteins involved in metabolism were also detected. His4 (Spot
4) is a histidinol dehydrogenase, which can catalyze the chemical
reaction:
l-histidinol + 2NAD+ + H2 O → l-histidine + 2NADH + 2H+ (2)
It belongs to the family of oxidoreductases, which act on the
CH OH group with NAD+ or NADP+ as acceptor [21,22]. Mitochondrial Aldehyde dehydrogenase (Ald6, spot 13) from S. cerevisiae is
the protein responsible for rapidly oxidizing acetaldehyde [23]. It
has been conﬁrmed that NAD(P)+ is added prior to aldehyde in
the process [24]. Electrons are obtained from NADH inside of the
yeast cells and then transferred to extracellular electron acceptors. The decrease of His4 and the increase of Ald6p may affect
the amount of NADH and further inhibit the electron production,
leading to the reduction in redox ability. The variation in electrochemical activity of the yeast indicates that proteins involved
in electron transfer changed. Notably, 3,4-dihydroxy-2-butanone4-phosphate (spot 39) was increased in abundance. It can form
6,7-dimethyl-8-ribityllumazine, the direct biosynthetic precursor
of riboﬂavin. Riboﬂavin is believed to play an important role in
mediated electron transfer process. This illustrates that mediated
electron transfer in yeast may be enhanced with the formation of
CdS QDs, which needs further conﬁrm.
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