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For the rapid and reliable detection of endocrine disrupting compounds in water, a novel toxicity detec-
tion methodology based on sulfur-oxidizing bacteria (SOB) has been developed. The methodology
exploits the ability of SOB to oxidize elemental sulfur to sulfuric acid in the presence of oxygen. The reac-
tion results in an increase in electrical conductivity (EC) and a decrease in pH. When endocrine disrupting
compounds were added to the system, the effluent EC decreased and the pH increased due to the inhibi-
tion of the SOB. We found that the system can detect these chemicals in the 50-200 ppb range, which is
lower than many whole-cell biosensors to date. The SOB biosensor can detect toxicity on the order of min
to h which can serve as an early warning so as to not pollute the environment and affect public health.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

In recent years, more than 100 000 new chemicals of unknown
toxicity and effects to humans and wildlife are released into our
waterways (Rodriguez-Mozaz et al., 2004; Lean, 2008). The Euro-
pean Commission has stated that 99% of these are not adequately
regulated and there is no proper safety information for 95% of them
(Lean, 2008). Furthermore, since there are >600 known chemicals
listed in the Toxics Release Inventory which could be released, it
is difficult to quickly analyse the potential toxicity of each of these
chemicals using conventional analytical methods. Hence, the rapid
and continuous monitoring of toxicity, in general, is of great
importance.

The so-called emerging contaminants include compounds used
in everyday life, such as surfactants, pharmaceuticals, plastics,
paints, and hormones. These chemicals are of particular concern
both because of the volume of these substances used and because
of their activity as endocrine disrupting compounds (EDCs) (Rodri-
guez-Mozaz et al., 2004). When these chemicals enter a wastewa-
ter treatment system, their degradation leads to unknown
products, such as nonylphenols, which are also produced during
the synthesis of polyethoxylate detergents (Farre and Barcelo,
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2003). Furthermore, the degradation products of EDCs can be more
toxic than the original compounds (Warhurst, 1995).

A wide variety of chemicals can be considered EDCs since they
are defined by their biological effect. EDCs have been attributed to
cancer, birth defects, declining sperm counts, feminisation of male
vertebrates, and other developmental problems in both humans
and wildlife (Sadik et al., 2000; Rodriguez-Mozaz et al., 2004; Lean,
2008). With the reuse of water supplies, the concentrations of EDCs
in drinking water will likely increase. Even though EDCs in drink-
ing water are not yet regulated in the United States, the US Food
and Drug Administration requires environmental risk assessments
for new pharmaceutical EDCs with predicted environmental con-
centrations >1 pg L~! (Snyder et al., 2000). Bisphenol A, nonylphe-
nol, and diethylstilbestrol are among the chemicals currently being
studied as potential EDCs which are partly the focus of this study
(Sadik et al., 2000).

According to Hernando et al. (2005), the assessment of contam-
ination of water emerging from contaminated sites or as effluents
based on the conventional, analytical detection of specific pollu-
tants is not sufficient to assess environmental risk since toxicity
is a biological response (Hernando et al., 2005). Furthermore, the
toxicity of pollutants is synergistic meaning the toxicity of multiple
pollutants is greater than the sum of toxicity of the individual pol-
lutants (Eaton, 1973; Fernandez-Alba et al., 2002; Hsieh et al.,
2006). Therefore, means to evaluate toxicity on living organisms
is needed.

Sulfur-oxidizing bacteria (SOB) can be used for monitoring tox-
icity and their use circumvents many of the obstacles associated
with biosensors. SOB, first identified by Sergey Winogradsky in


http://dx.doi.org/10.1016/j.chemosphere.2010.05.056
mailto:Steven.vanginkel@asu.edu
mailto:sedkyhassan@kangwon.ac.kr
mailto:sedkyhassan@kangwon.ac.kr
mailto:ohsangeun@kangwon.ac.kr
http://dx.doi.org/10.1016/j.chemosphere.2010.05.056
http://www.sciencedirect.com/science/journal/00456535
http://www.elsevier.com/locate/chemosphere

S.W. Van Ginkel et al./Chemosphere 81 (2010) 294-297 295

1885, are chemolithotrophic bacteria that oxidize reduced sulfur
compounds to sulfuric acid in the presence of oxygen. Some SOB,
such as Genus Thiobacillus, use elemental sulfur particles as the
electron donor, as shown by Eq. (1) (Madigan et al., 2003):

S°+H,0+1.50, — SO +2H" AG” = —587 k/reaction
(1)

Since elemental sulfur is extremely insoluble, SOB must grow
attached to sulfur particles. It is known that extracellular, outer-
membrane proteins are considered to play key roles in sulfur mobi-
lization and transport (Rohwerder and Sand, 2003; Zhang et al.,
2008). Oxidation of elemental sulfur results in the formation of sul-
furic acid (sulfate and hydrogen ion), which lowers the medium pH
to ~2.5. The production of sulfate ions also increases the electrical
conductivity (EC) of the medium. Generally, EC is proportional to
the concentration of ions in the medium and is a measurement
of the ability of a medium to carry an electric current and varies
both with the number and type of ions the medium contains. Thus,
the decrease in pH and the increase in EC reflect the formation of
sulfuric acid as the result of sulfur oxidation and can easily be de-
tected using simple EC and pH meters (Madigan et al., 2003). In the
presence of toxic chemicals, the activity of SOB will be inhibited,
which will cause an increase in pH and a decrease in EC (Oh,
2009). Traditional potentiometric microbial biosensors measure
the difference between a working electrode and a reference elec-
trode and the signal is correlated to the concentration of the ana-
lyte. This method requires a very stable reference electrode and
may be a limitation of these transducers (Farre et al., 2009). How-
ever, the SOB biosensor does not have a reference electrode and
recalibration is not needed since only changes in pH are needed
to detect the inhibition of SOB.

Rogers and Williams note that simplicity, ruggedness (insensi-
tivity to external conditions), and cost-effectiveness are key com-
ponents of biosensors (Rogers and Williams, 1995). Biosensors
should be extremely versatile both in the range of compounds
and matrices for which they can be adapted. Biosensors able to de-
tect a variety of chemicals will be most competitive since the mar-
ket for detecting any single pollutant is small. This work expands

on the work of Oh et al. (2010) which used the SOB-based biosen-
sor to detect a variety of heavy metals in water.

2. Materials and methods
2.1. Culture and medium

Aerobic return activated sludge was used as the inoculum to the
SOB biosensors packed with elemental sulfur. The sludge was col-
lected from the Chuncheon Wastewater Treatment plant in Chun-
cheon City, Kangwondo, Korea. Synthetic stream water was made
by diluting the following nutrient mineral buffer (NMB) solution
100 times: NaHCO5 (3.13 g L~1), NH4Cl (0.31 g L"), NaH,PO,-H>0
(0.75gL71), KCl (0.13gL™ '), NaH,PO, (4.22gL~!), Na,HPO,
(2.75gL71). Trace metal and vitamin solutions previously de-
scribed were also diluted 100 times and added to the water (Lovley
and Phillips, 1988). The pH, EC, and alkalinity of the synthetic
stream water were 6.9+0.2, 0.12mScm™}, and 45mgL~! as
CaCOs, respectively, which is similar to the actual stream water
which had a pH 6.8-7.0, EC=0.18 mScm™!, and alkalinity of
75 mg L' as CaCOs.

2.2. Reactor construction and operation

The SOB biosensors tested were two identical cylindrical reac-
tors (100 mL) constructed from acrylic (Fig. 1). Each biosensor
was packed with 50 mL of sulfur particles (2-4 mm diameter)
and air was introduced from the bottom at a flow rate of 150-
250 mL min~!. The biosensors were inoculated with sludge and
incubated at 30 °C for three d in a batch mode. The biosensors were
then fed synthetic stream water continuously in up-flow mode
using adjustable peristaltic pumps. The biosensors were operated
at a HRT of 30 min for approximately 2-3 d each to reach steady-
state conditions (i.e. stable EC and pH values) and then several
EDCs were spiked to the influents of the biosensors and the effluent
EC and pH values were monitored.
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Fig. 1. The SOB biosensor: (a) schematic of the biosensor including sulfur particles, air supply, EC and pH meters. (b) Picture of SOB biosensors used in this study.
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Fig. 2. Monitoring of endocrine disruptors by sulfur oxidizing bacterial biosensor:
(a) bisphenol A, (b) nonylphenol, (c) estradiol (200 ppb), and (d) diethylstilbestrol
(200 ppb).

2.3. Chemicals and analyses

All EDCs were of analytical grade and were used without further
purification. The EDCs tested were bisphenol-A, nonylphenol,
estradiol, diethylstibestrol, and tributyltin. All the chemicals used
in this study were purchased from Sigma Aldrich. When the EC
and the pH of the biosensors reached steady-state conditions (i.e.
stable EC and pH values), the EDCs chemicals were then spiked
to the influents of the reactors. Toxicity was monitored by measur-
ing changes in the EC (LUTRON meter model # - YK 22 CT) and the
pH (LUTRON meter model # - pH 208c). The EC and pH meters
were connected to a computer and all data were automatically re-
corded every 10 min.
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Fig. 3. Monitoring of endocrine disruptors by sulfur oxidizing bacterial biosensor:
(a) tributyltin, (b) mixture of bisphenol A and nonylphenol (50 ppb each), and (c)
mixture of estradiol and diethylstilbestrol (100 ppb each).

3. Results and discussion

The SOB biosensor pH and EC values can be very stable at ~2.2
and ~1.1 mS cm™!, respectively, for over 30d (data not shown).
The SOB biosensors were typically operated for 2-3 d before EDCs
were added. When the EDCs were added individually at concentra-
tions from 5 to 200 ppb (Figs. 2a-d and 3a), an initial decrease in
EC occurred in min to a few h. Tributyltin had the greatest inhibi-
tory effect and decreased the EC to near influent values after 2 h;
100 ppb was much more toxic than 50 ppb.

When bisphenol A and diethystilbesterol were added individu-
ally, the EC reached influent EC values after 50 and 30 h, respec-
tively. The effect due to nonylphenol and estradiol was less
pronounced over time reaching about half the in-reactor EC before
the chemical was added. When the EDCs were added together
(Fig. 3b and c), similar responses occurred. Even though the EDCs
were not tested at equal concentrations, tributyltin appears to be
the most toxic followed by diethylstilbesterol and bisphenol A, fol-
lowed by estradiol and nonylphenol. Diethylstilbesterol was more
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toxic at 200 ppb (Fig. 2d) than when added at 100 ppb with estra-
diol also added at 100 ppb (Fig. 3c). Bisphenol A seemed to domi-
nate the toxicity at 50 ppb when added with nonylphenol also at
50 ppb (Figs. 2a-b and 3b).

The initial EC values of the different biosensors shown in Figs. 2
and 3 are slightly different. This is likely due to different sulfur sur-
face areas. Even though 50 mL of sulfur was added to each biosen-
sor, the total mass and surface area of sulfur was different which
led to different production rates of sulfuric acid. This phenomenon
is not significant since changes in in-reactor EC and pH is what is
important for detection. Furthermore, changes in EC are more
important than changes in pH since there is low buffering capacity
in the influent, and thus even incomplete inhibition will lead to
some sulfuric acid and drop the pH into this range. In this regard,
it is likely that tributyltin is very toxic and completely inhibited
the SOB since the pH increased nearly instantaneously (Fig. 3a).

Although the toxic effects of the EDCs tested in this study are
still somewhat unclear, we can make some conclusions on their ef-
fects on SOB. Some known EDCs cause cellular toxicity related to
DNA damage, protein damage, oxidative damage, and membrane
damage due to fatty acid limitation. In humans, these effects are
in addition to estrogenic effects (Omowunmi and Diane, 1999;
Gu et al,, 2002). Gu et al. (2002) suggests bisphenol A may cause
DNA damage during replication while nonylphenol may interfere
with respiration after partitioning into the cellular membrane.
Similarly, tributyltin which has high lipophilicity and also a pro-
tonophore may also partition into cellular membranes and inter-
fere with respiration (Bragadin et al., 1999; Martins et al., 2005).
At the low biosensor pH of 2-3, this kind of inhibitory effect on res-
piration, i.e. the proton motive force, is enhanced. DNA damage or
the inability to replicate DNA may not be the main mode of inhibi-
tion since these EDCs are detected on the order of hs - a period of
time shorter or equal to what the cells need to replicate.

There still is a lack of systems suitable for determination of
these EDCs. Sadik et al. (2000) using cyclic voltammetry observed
limits of detection of bisphenol A, nonylphenol, estradiol and
diethylstilbestrol in the 0.5-1 mM range (~100-300 ppm) which
is a detection limit an order of magnitude higher than reported
here (Sadik et al., 2000). Using V. fischeri, Farre and Barcelo ob-
served an ECsg of 360 ppb for nonylphenol (Farre and Barcelo,
2003). Using a bioluminescent E. coli strain, Min et al. (1999) ob-
served a minimum detection level for bisphenol A at 500 ppb -
an order of magnitude higher than reported here. Warhurst states
that alkylphenol ethoxylates have LCsos above about 1.5 ppm,
whereas nonylphenol LCsos are generally around 100 ppb (War-
hurst, 1995). Here, we detected nonylphenol at 50 ppb in a matter
of h. Since some rivers in Switzerland contain alkylphenolic metab-
olite concentrations on the order of tens of ppb, our detection limit
should be lower (Warhurst, 1995).

4. Conclusions

A total of five EDCs were detected on the order of min to h in the
50-200 ppb range which is lower than many whole-cell biosensors
to date. Furthermore, there are several advantages of using the
SOB-based biosensor which circumvent many of the obstacles
associated with biosensors. First, it is simple, uses little energy,
and can be operated for at least several months. The air sparging
of sulfur particles laden with SOB in a continuous flow reactor
while measuring the pH and EC is sufficient for detecting toxicity.
Second, periodic calibration of pH and EC meters are not needed

because EC or pH changes over time are more important than exact
values. Third, sulfur particles are very cheap and no toxic byprod-
ucts are produced - the total mass of sulfate produced is low.
Fourth, the SOB-based biosensor is versatile in that it is able to de-
tect a variety of toxic chemicals at the same time.
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