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a b s t r a c t

Previously we reported an electrochemical method to quantitatively detect vertebrate oestrogens using
wild type Saccharomyces cerevisiae cells. That assay required the use of a double mediator system, a five-
hour incubation period and had a maximum detection limit of around 11 nM 17�-oestradiol. In the work
reported here we have sought to systematically increase the utility and decrease the complexity of the
whole cell assay. The steps we took to achieve this goal were in order; lysing the cells to remove transport
eywords:
estrogen assay
east oestrogen binding protein (EBP)
ADH
lectrochemical detection

constraints, removing the lipophilic mediator and conducting the assay with the hydrophilic mediator
only and finally performing the assay in a complex medium to demonstrate its specificity. Linear sweep
voltammetry was used to investigate the interaction of mediators with NADH. The assay is now cell free
and functions in a complex substrate. The linear response range upper limit has been raised to 100 nM
with a calculated limit of detection of 0.005 nM with a limit of determination of 0.014 nM and the assay

to 20
oltammetry period has been reduced

. Introduction

The need to detect environmental oestrogens and oestrogen
nalogues has been discussed in a number of publications, for
xample Kavlock et al. (1996), US Environmental Protection Agency
EPA US) (1997), Diamanti-Kandarakis et al. (2009) and environ-

ental guidelines setting contamination limits have been/are being
eveloped by some authorities, e.g., EC (1999), EPA US (1996a,b)
nd more recently Registration, Evaluation and Authorisation of
hemicals (REACH) (2006) and EPA US (2006). In response to the
stablishment of these guidelines a number of bioassays that will
etect oestrogen and oestrogenic molecules, such as xenoestro-
ens and phytoestrogens in formats that enable rapid analysis have
een developed. Unlike the conventional assay systems such as
CMS and HPLC assay systems, which can identify and quantify

ach oestrogen in a mixture of estrogens, the bioassays report an
estrogen equivalence (EEQ), which gives the oestrogenic potency
f the sample as an equivalent concentration of 17� oestradiol.
mportantly, the EEQ value gives a measure of the biological activ-
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ity of the sample rather than the concentration of oestrogens in
the sample. In general these bioassays still require specialised lab-
oratories and highly skilled staff. Assays using mammalian cells
and tissues provide the lowest levels of detection but are complex
and time consuming while assays based on competitive receptor
binding are fast but their detection limits are higher. Genetically
modified yeast systems containing a vertebrate oestrogen receptor
or its binding region and a reporter gene have been constructed
to provide simple alternative assay methods. Most of these assays
use the human oestrogen receptor and provide relatively sensitive
methods to detect EEQ (Schultis and Metzger, 2004).

S. cerevisiae and several other species of yeast are known to have
an oestrogen binding protein (EBP) (Feldman et al., 1982; Restrepo
et al., 1984; Skowronski and Feldman, 1989) that mediates the
oxidation of NAD(P)H to provide NAD(P)+ for the cells catabolic
processes. Oestrogens, particularly17� oestradiol, can bind to the
NAD(P)H oxido-reductase site and block its function and as a result
the concentration of NAD(P)H in the cell rises (Madani et al., 1994;
Baronian and Gurazada, 2007).
Baronian and Gurazada (2007) used S. cereviseae as the biorecog-
nition element in a non-genetically modified yeast oestrogen assay.
A double mediator electrochemical system comprising ferricyanide
and 2,3,5,6-tetramethyl-1,4-phenylenediamine (TMPD) was used
to detect NAD(P)H levels in the cell. As the concentration of

dx.doi.org/10.1016/j.bios.2011.01.016
http://www.sciencedirect.com/science/journal/09565663
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estrogen increased, so did the concentration of NAD(P)H and con-
equently, that of ferrocyanide, which was detected at the end of
n incubation period by linear sweep voltammetry (LSV). The assay
ave responses to other vertebrate oestrogens but not to a synthetic
estrogen. The assay was very sensitive with a linear response from
.67 × 10−13 M to 3.67 × 10−9 M and calculated limits of detection
nd determination of 3.6 × 10−15 M and 2.1 × 10−14 M, respectively,
ith an EC50 of 6.25 × 10−13 M. This compares favourably with

ther oestrogen assays, which mostly have limits of detection (LoD)
or 17�-oestradiol of between 1 × 10−12 M and 5 × 10−9 M (Kaiser
t al., 2010; Leskinen et al., 2005). The response was linear up to
.1 × 10−8 M, however, at 2.0 × 10−8 M the response plummeted
nd the downward trend continued at 5.5 × 10−8 M. Our explana-
ion for this phenomenon was that the ABC transporters that export
estrogen from the cell are not activated until the concentration of
estrogen rises above 11 nM. Once it has reached this level oestro-
en is rapidly transported out of the cell reducing its blocking effect
n EBP, an explanation that is supported by the work of Cheng
t al. (2006). This limitation on the upper concentration that can
e detected is a problem common to all yeast cell assays and gen-
rally requires sample dilution to remedy. While the LoDs of many
estrogen assays are suitable for analysis, raising the upper limit
ould improve the utility of these methods.

The minimum incubation period required for the S. cerevisiae
ssay is around 5 h. While this is very good in comparison with the
ncubation period required for the yeast oestrogen screen (YES) of
hree days (Routledge and Sumpter, 1996), it cannot be classified
s a rapid test. Some recent yeast oestrogen assays have reported
horter incubation periods, e.g., 2.5 h in modified S. cerevisiae con-
aining an oestrogen receptor with firefly luciferase controlled by
hormone responsive promoter as the reporter (Leskinen et al.,

005), 0.5 h for an automated 17� oestradiol immunoassay sys-
em (Tanaka et al., 2004), and 2 min with a carbon nanotube field
ffect transistor functionalised with oestrogen receptor � measur-
ng bisphenol A (Sanchez-Acevedo et al., 2009).

EBP will only bind to vertebrate oestrogens, which contrasts
ith oestrogen assays based on the vertebrate oestrogen recep-

or element and oestrogen receptor, which respond to oestrogens,
enoestrogens and phytoestrogens (Skowronski and Feldman,
989). This gives the EBP assay a unique property that can be
xploited to measure vertebrate estrogens only, or if used in
onjunction with an ERE/ER system, will enable the EEQ of xenoe-
trogens to be quantified.

Candida albicans also expresses an EBP and this organism is
ecause its EBP and the corresponding gene are fully characterised
Madani et al., 1994).

The objective of these investigations was to simplify the use of
ediators in the detection of oestrogen/EBP binding, increase the

ynamic range of the assay and to reduce the assay period to that
f a rapid test.

. Methods

.1. Cells

C. albicans CDC S-24 was purchased from ESR, Porirua, New
ealand and maintained on YEPD agar plates at 4 ◦C.

.2. Cultivation of cells
C. albicans was cultivated in YEPD broth, a general-purpose
ungal-selective medium (yeast extract 10 g Merck, peptone 110
0 g GibcoBRL, dextrose 20 g BDH Analar, per liter). Cells were incu-
ated at 37 ◦C for 16 h in indented flasks shaken at 180 rpm, and
arvested by centrifugation (2604 × g, 8 min, 10 ◦C), washed twice
lectronics 26 (2011) 3737–3741

in phosphate buffered saline (PBS) pH 7 and then re-suspended in
PBS pH 7 at OD600 = 3.0.

2.3. Reagents

Potassium hexacyanoferrate (III) (K3FeCN6, Merck pro analysis)
was dissolved in distilled water; 0.5 M, 2,3,5,6-tetramethyl-1,4-
phenylenediamine (TMPD, Aldrich) was dissolved in 96% ethanol,
20 mM, and 17�-oestradiol (Sigma) was dissolved in 96% ethanol,
300 �g L−1. Lyticase from Arthrobacter luteus, chitanase from Tri-
choderma viride, �-glucurinidase type H2 from Helix pomatia and
dl-dithiothreitol were purchased from Sigma. All solutions were
sterilised by filtration (0.45 �m Millipore) and stored at 4 ◦C. OECD
synthetic waste water was made by mixing160 mg peptone, 10 mg
meat extract, 30 mg urea, 28 mg K2HPO4, 7 mg NaCl, 4 mg CaCl2,
2 mg MgSO4·7H2O in 1 L H2O (mean COD concentration 263 mg L−1)
(OECD Technical Report, 1976).

2.4. Production of cell lysate

A cell suspension OD600nm 3 was pre-incubated for 15 min
with 2 mM dithiothreitol and then incubated with 50 mL of lyt-
icase (100 units/mL), 16 units of chitinase, and 200,000 units of
glucuronidase and protease inhibitor cocktail (leupeptin (Sigma),
pepstatin (Sigma), chymostatin (Sigma), benzamidine (Fluka) and
trypsin inhibitor (Fluka)) for 3 h at 30 ◦C at 50 rpm. Treated cells
were harvested by centrifugation for 15 min at 18,514 × g. The
supernatant containing the disrupted cells was removed, shaken
vigorously for 2 min and passed through 0.45 �m filter (Millipore)
to remove any debris. It was stored at 4 ◦C until use.

2.5. Experimental procedure

The cell incubation and electrochemical detection methods are
those previously described Baronian and Gurazada (2007). The
electrochemical analyser was an eDAQ potentiostat coupled to a
Power Lab 2/20 controlled by eDAQ Echem software. The electrodes
for all experiments unless stated was 100 �m diameter Pt microdisc
working electrode, a Ag/AgCl reference electrode and a Pt wire aux-
iliary electrode, all G-Glass, Australia. The Pt microdisc electrode
was polished on a Lecloth polishing cloth (Leco) using a slurry of
0.3 �m alumina (Leco) prior to each scan.

Experimental samples comprising the following were pre-
pared: either 4065 �L whole cell suspension or cell lysate, 800 �L
ferricyanide solution (incubation concentration 80 mM), 125 �L
TMPD solution (incubation concentration 0.5 mM), 100 �L oestro-
gen solution (incubation concentrations of 1 nM to 200 nM) and
ethanol (100 �L or less in endogenous control groups and oestrogen
groups where required). Note the cell lysate of 4065 �L is extracted
from an equivalent number of cells that are present in 4065 �L of
whole cell suspension.

The experimental samples were incubated at 37 ◦C with
oxygen-free nitrogen sparging for 5 h for cell samples and ini-
tial lysate samples. Subsequent lysate sample where incubated
for 10–120 min. At the completion of incubation, the cells were
pelleted by centrifugation (4629 × g, 20 ◦C for 10 min) and the
supernatant removed for voltammetric analysis. All trials were run
in triplicate and included a negative control to determine the base
level endogenous catabolic activity (cell trials) or redox activity
(lysate trials) and are referred to as the control in the results.

The supernatant of each sample was analysed in triplicate using

LSV. Steady-state voltammograms were obtained at a scan rate
of 5 mV s−1 scanning from 450 mV to 130 mV. Steady state cur-
rents were established from the LSV plateau current above the half
wave potential of the Fe2+/Fe3+ couple. This anodic plateau current
(quantified at E = 425 mV) was used as a relative measure of the
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response of whole cells remained almost constant over the same
period suggesting that the loss in response is due to the loss of
activity of EBP (Fig. 5b).
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ig. 1. C. albicans whole cell and cell lysate responses in the presence and absence of
7� oestradiol (E) 10 nM using a double mediator system (ferricyanide and TMPD).
he data points are the steady state currents obtained by LSV after 5 h incubation.
rror bars represent ±1SD.

mount of ferrocyanide produced (Baronian et al., 2002) and hence
he number of cell redox molecules oxidized by TMPD, either in
elation to yeast catabolism and/or the EPB/oestrogen/NADH oxi-
ase interaction. In later lysate experiments TMPD was removed
rom the incubation mix and ferricyanide only was used to mon-
tor the activity of EBP. The limit of detection was calculated by
he blank-value procedure from the blank sample B, the variation
f the blank sample sB, and empirical factors. Limit of detection
s given by: yL = B + 4.65sB and limit of determination is given by
D = B + 14.1sB. Error bars are 1 standard deviation and P values
ere established by ANOVA.

OECD wastewater incubations were prepared as follows:
600 �L cell lysate, 800 �L ferricyanide solution (final concen-
ration 80 mM) and 300 �L PBS. The two controls were 166 �L
thanol, 434 �L PBS, and OECD wastewater 300 �L, ethanol 166 �L,
34 �L PBS. Oestrogen trials were 300 �L OECD wastewater, 166 �L
thanol with oestrogen to give final concentrations of 5, 10, 25 nM,
nd 134 �L PBS.

The HPLC analysis was with an Agilent 1100series HPLC (Agi-
ent, USA) with Chemstation software. The column was a Prodigy
50 mm × 4.6 mm reverse phase column (Phenomenex, USA). Sol-
ent A was 0.01 M NaH2PO4 and B was methanol. The gradient
sed was 95% A + 5% B. Detection was by UV at 260 nm and 340 nm.

njected quantity was 5 �L.

. Results

C. albicans whole cells and cell lysate were incubated with fer-
icyanide and TMPD for 8 h with and without17�-oestradiol. Fig. 1
hows that there is a detectable response to the presence of oestro-
en in both whole cell and cell lysate trials. In this experiment
0 nM oestrogen was used as the analyte for both whole cells and
ell lysate. Cell lysate responses are approximately three times
arger than those seen in the whole cell trials.

Whole cells and cell lysate were incubated for 8 h with ferri-
yanide as the sole mediator. Fig. 2 shows that there is a small
nd equal response detectable in whole cells both with and with-
ut oestrogen. In the cell lysate, however, the responses are much
arger than the whole cell responses, both with and without

estrogen, and the with-oestrogen response is larger than the
ithout-oestrogen response.

The response time to oestrogen in the lysate system is shown in
ig. 3. In the absence of cell structure the response time is reduced
nd the difference between endogenous catabolism (control) and
Fig. 2. C. albicans whole cell and cell lysate responses to 17�-oestradiol (E) 10 nM
using a single hydrophilic mediator (ferricyanide). The data points are the steady
state currents obtained by LSV after a 5 h incubation. Error bars represent ±1SD.

responses to 10 nM 17 �-oestradiol can be detected at 20 min. In 5 h
incubation the difference between the control and sample signal
was greater (approximately 500 nA, Fig. 1) indicating the diver-
gence of the signals continued beyond 80 min.

HPLC analysis for NADH showed that its concentration in cell
lysate with oestrogen was approximately twice that in cell lysate
without oestrogen, which supports the role of oestrogen in EBP
function outlined in the introduction.

The plot of the cell lysate responses to oestrogen shown in
Fig. 4 is a composite of two experiments exploring the lower and
upper ranges of the dose response curve. These ranges are at the
lower limit to beyond the upper limit of the S. cereviseae whole cell
response range (Baronian and Gurazada, 2007). The calculated limit
of detection is 0.005 nM with a limit of determination of 0.014 nM.
The control responses have been subtracted from the responses due
to oestrogen.

Fig. 5a shows that the response to oestrogen in both cells
and cell lysate declines over 20 days. However, the endogenous
Time (min)

Fig. 3. C. albicans lysate control (endogenous) responses and responses to 17�-
oestradiol 10 nM obtained from incubations ranging from 10 to 80 min. The data
points are the steady state currents obtained by LSV. Error bars represent ±1SD.
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Fig. 6. Responses to 17�-oestradiol (E) (5, 10 and 25 nM) in an OECD synthetic waste

ig. 4. C. albicans cell lysate responses to 17�-oestradiol were explored in two
xperiments 0.01–0.5 nM and 5–200 nM oestrogen. Both experiments are plotted.
esponses due to the background (controls 342 nA and 315 nA, respectively) have
een subtracted from the oestradiol responses. Error bars represent ±1SD.

OECD synthetic wastewater was spiked with oestrogen and LSVs

ere performed after incubation with lysate. Fig. 6 shows that

ncreasing concentrations of oestrogen are detectable in this com-
lex matrix and that there is no detectable background response to
he synthetic wastewater alone.

ig. 5. (a) C. albicans whole cell and cell lysate responses to 17� oestradiol 10 nM
ver 20 days (b) stability of the oestrogen response in whole cells over 20 days.
he cell response is relatively constant over 20 days while the oestrogen response
eclines over the same period. Error bars represent ±1SD.
matrix, final CoD = 15.8. Responses from the lysate and lysate plus OECD synthetic
wastewater controls are the same (P = 0.6348).

4. Discussion

Baronian and Gurazada (2007) used a double mediator system
comprising ferricyanide and 2,3,5,6-tetramethylphenyldiamine
(TMPD) with S. cereviseae whole cells for the detection of oestro-
gen. TMPD is a lipophilic mediator that can enter the cell and be
reduced by NAD(P)H and redox molecules of the electron trans-
port chain. Reduced TMPD exits the cell and reduces hydrophilic
(and therefore extracellular) ferricyanide to ferrocyanide. The fer-
rocyanide is detected electrochemically with the signal directly
related to the number of electrons removed from the redox
molecules oxidized by TMPD, either in yeast catabolism and/or
the EPB/oestrogen/NAD(P)H interaction. The maximum current
detected was at 11 nM oestrogen, which is a similar concentra-
tion to maximum signals reported for other whole cell oestrogen
assays (Beresford et al., 1999; Rehmann et al., 1999; Fine et al., 2006;
Leskinen et al., 2005). This work was repeated with C. albicans to
establish its response parameters to oestrogens before undertak-
ing C. albicans lysate trials. The responses were observed with C.
albicans whole cells were similar to those reported for S. cereviseae.

Fig. 1a shows that cell lysate responses 17� oestradiol are much
higher than the response seen with whole cells. The higher signals
are probably due to the absence of a cell membrane, which exerts
rate limitations on the entry of oestrogen into the cells and perhaps
on the export of reduced TMPD. Removal of this barrier permits
the reactants to behave as molecules in solution and increases the
overall rate of reaction, because barriers to diffusion no longer exist.

Yeast cells have, in addition to the intracellular redox centres,
transmembrane electron transport proteins (tPMETs, also known as
plasma membrane oxidoreductases, PMOR), which transfer elec-
trons from the cell interior to the external surface of the cell
membrane. Common electron donors are NADH and NADPH and
common extracellular acceptors are Fe3+ (uptake of iron), oxy-
gen (maintenance of catabolism) and ascorbate free radical (AFR)
defence systems (Ly and Lawen, 2003). Fig. 2 shows the cell sig-
nals with ferricyanide are small and are the same with and without
oestrogen. This is because the hydrophilic ferricyanide can only
access the external component of tPMETs and cannot cross the cell
membrane to access catabolic redox molecules. The use of ferri-
cyanide with the lysate, however, produces a response equivalent
to that seen in the ‘with’ and ‘without’ oestrogen double mediated

whole cell trials because it is not excluded by a cell membrane.
This is simplification of this assay in that only a single hydrophilic
mediator is required.
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There is a dramatic decrease in the signal at high 17� oestra-
iol concentration in the S. cereviseae oestrogen bioassay (Baronian
nd Gurazada, 2007). This decrease is also seen in hER/ERE modi-
ed yeast cells although the decrease is less dramatic (Schultis and
etzger, 2004; Beresford et al., 1999). The reason is not clearly

nderstood, however, Cheng et al. (2006) state that microarray
tudies show that increased 17�-oestradiol increases the transcrip-
ion of the genes CDR1 and CDR2, which seem to be related to
n increase the production of efflux pumps which remove 17�-
stradiol from C. albicans cell. Removal of the cell membrane
llows EBP/oestrogen/NADH interactions to proceed without con-
entration limiting cell membrane regulatory mechanisms, which
ncreases the dynamic range of the assay to 100 nM.

These experiments have been successful in significantly reduc-
ng the incubation time to make it comparable with the most rapid
estrogen assays reported to date. Fig. 3 suggests that it may be pos-
ible to reduce this period further by increasing the concentration
f EBP, i.e., the time taken to enable the detection of the response
s concentration dependant and not event dependant.

While the oestrogen response in both whole cells and cell lysate
eclines over twenty days (Fig. 5a) the control response of whole
ells (Fig 5b) and lysate remain relatively constant over the same
eriod. This indicates that the loss of oestrogen response is due to
he loss of EBP activity. Use of EBP in a long use-by-date sensor will
hus require stabilisation of the molecule.

The whole cell assay referred to earlier was sensitive to back-
round catabolic molecules and controls were required to remove
his effect. In lysate experiments with OECD synthetic waste as the
ackground there was no response to the waste but quantitative
esponses to oestrogens were clearly detectable. This is a further
implification over the whole cell assay in that the effect of the
ackground on the oestrogen signal is reduced.

The assumptions that oestrogen blocks the reduction of NADH
y EBP and that NADH is the source of electrons for both TMPD

n whole cell experiments and ferricyanide in lysate experiments
s supported by the HPLC analysis. NADH concentration in lysate
amples is higher in lysate with oestrogen than in lysate without
estrogen (data not shown). This difference corresponds to the dif-
erences between the ‘with’ and ‘without’ oestrogen response in
he double and single mediator trials shown in Fig. 1a and b and
upports the notion that NADH a source of electrons for mediator
eduction.

Lysate detection of oestrogen in a complex substrate is shown in
ig. 6. The oestrogen responses are clearly distinguishable from the
ysate only and synthetic waste controls. There is also no difference
etween the two controls (P = 0.6348) indicating that disruption of
he cell has prevented a catabolic response to the waste. This is a
istinct advantage over the whole cell assay where the background
atabolic response had to be controlled with glucose (Baronian and
urazada, 2007).
. Conclusions

This work has successfully transferred a method for detection
f oestrogens using a wild type S. cereviseae to a wild type C. albi-
lectronics 26 (2011) 3737–3741 3741

cans as the assay catalyst. The use of cell lysate from C. albicans
has reduced the assay time to minutes and increased the dynamic
range 10 fold. The assay can also be used in a complex matrix with-
out interference from catabolic substrates. Furthermore we have
demonstrated that lysate stored at 4 ◦C is sufficiently active over 8
days for use in analysis.
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