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account in ecological risk assessment. Thus, present study has provided a promising approach to the
quality assessment of wastewater and a reliable way for early risk warning of acute biotoxicity.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Recent decades have witnessed extensive industrialization and
farming development, simultaneously, with insufficient waste
management policies, the aquatic ecosystems are suffering severe
pollutants damage, causing a dramatic drop in world fresh water
resources and exerting a potential harm to people's health. To
implement proper regulation over the emission of industrial
effluent and agricultural sewage, an efficient and reliable moni-
toring system is demanded for acute wastewater toxicity assess-
ment [1,2]. To achieve that, a wide range of laboratory models of
biotoxicity analyzers have been invented by using plant tissues [3],
invertebrates [4], fish [5] and some bacterial species [6—8] as test
organisms. The sensing scheme of these methods mainly relies on
monitoring certain physiological changes in the living organism
under the effect of an environmental stimulus. However, many of
these methods require several days or even longer time to be
completed, involving complex and tedious procedures, and also
need highly skillful personnel to obtain reproducible results. These
disadvantages, especially the long duration time, make these
methods unsuitable for real-time detection or on-line measure-
ment. Consequently, there is a great challenge for developing
effective testing techniques, which can provide rapid, sensitive,
simple and low-cost measurements to assess total biotoxicity of the
targeted water.

Microorganism incorporated electrochemical biosensors could
meet these demands because of their short life cycle and instant
response to toxicants, and therefore were rapidly adapted to toxi-
cological studies for assessing organisms or ecosystem health
[4,9—12]. The main advantages offered by electrochemical bio-
sensors over conventional analytical techniques are the possibility
of portable, miniaturized and working on-line, in addition, their
ability to measure pollutants in complex matrices with minimal
sample preparation also attracted considerable attention [13]. Thus,
for toxicants detection, cell-based biosensors (CBB) are emerging as
unique alternatives to other analytical methods [14]. To fabricate
the CBB devices, the living cells incorporate both prokaryotic
(bacteria) and/or eukaryotic (yeast, invertebrate and vertebrate)
cells are directly integrated onto the biosensor platform [15]. The
main advantages using the CBB are: (a) the cells were immobilized
on biosensor, unlike a system with cells in the free state, and the
immobilized biosensor can easily be stored and transported, thus, it
is convenient to be applied in situ; (b) the immobilization of cells on
the sensing platform will increase the stability of biosensor, and
will definitely enhance the reproducibility of the method [16].
Moreover, unlike enzyme and immuno-based detection systems
where the specificity of the biocatalyst is exploited, the CBB can
respond to a wide range of targets and are considered as particu-
larly suitable for the application in biotoxicity testing and envi-
ronmental monitoring where the source and ingredient of the
toxicants or pollutants cannot be predicted. Additionally, mediated
electrochemical biosensors have the superiority of instant response
and no interference from the turbidity of samples, even when
measuring suspensions.

To create a cell-based biosensor, the test microbe is the key
element by which the signal information is captured. At present,
most biotoxicity assessment methodologies use single-specie

microorganism as the recognition element to estimate water
quality. However, since the real wastewater sample is a complicated
contaminative system which contains variety of pollutants, the
traditional single-species microbial sensors are not capable enough
to detect the total biotoxicity of wastewater samples objectively.
Moreover, in previous reported researches, various strains bacteria
were used to develop biosensors, their sensitivity is different and
the reproducibility is poor for different kind of pollutants. To reflect
the authentic condition of the aquatic environment, multi-species
microbes are applied to the bioassay systems and expected to
provide a more realistic evaluation of water biotoxicity [17—20].
There were several studies based on the multi-species-test, such as
activated sludge [21], which has a broad detection range and more
convincing detection results, but there are also significant differ-
ences between the bacterial flora of different activated sludge in
composition and structure, leading to the test results not compa-
rable between laboratories. For all of these reasons, we developed a
microbial biosensor based on mixed consortium microbes for
wastewater biotoxicity analysis. To the best of our knowledge,
mixing different microbes into the same matrix film, and modifying
electrodes by the mixed microbes biofilm for wastewater bio-
toxicity assay has not been reported yet.

On the other hand, toxicants are often found as mixtures in the
environments, but detection methods are normally designed to
estimate the biotoxicity of a single pollutant. In joint toxicity tests,
the common used method to determine the combined effects is the
toxic unit (TU) approach. In the TU model, the concentrations of the
various toxicants presented in the mixture are expressed as TU, the
fractions of the EC50 or IC50 values. The joint effect of the toxic
pollutants is then judged by comparing the real IC50 values of the
mixture (IC50mix) with the corresponding sum of toxic units [22].
The joint effects of binary toxicants on a specific organism could be
less than, equal to, or greater than that calculated from the sum of
the individual chemicals, so-called “antagonistic effect”, “additive
effect” and “synergistic effect”, correspondingly [23]. Therefore,
joint toxicity experiments of the mixed toxicants can reflect the
genuine hazard of contaminated environments much better than
experiments in which the effect of a single toxicant is tested [24].

In this study, we primarily measured and evaluated the toxic-
ities of heavy metal ions (Cu®*, Cd**), DCP and pesticides (Ametryn,
Acephate) separately as well as their mixtures, by using a multi-
species microbial whole-cell sensing system. The microorganism
includes Escherichia coli (gram-negative bacteria), Bacillus subtilis
(gram-positive bacteria) and Saccharomyces cerevisiae (fungus).
Results from the individual toxicity tests revealed that the order of
toxicity for the five toxicants ranked as
Cu?t > DCP > Ametryn > Cd?>* > Acephate. In addition, results of
the binary experiments implied that different kinds of toxicants
may have interaction in the wastewater system, which will change
their toxic effects on microorganism. The results indicate that this
multi-species microbial whole-cell biosensor can be efficiently
used to assess the joint effects of toxicant mixture and reflect the
genuine biotoxicity of real wastewater samples. Thus, our studies
have provided a promising approach to the quality assessment of
wastewater and a reliable way for early risk warning of acute
biotoxicity.
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2. Experimental
2.1. Chemicals and reagents

CuSO4-5H,0, Cd(NOs3),-4H,0, 3,5-DCP, Acephate, Ametryn,
glucose and p-benzoquinone were provided by Beijing Lanyi
Chemical Products Co., Ltd., China. Peptone, beef extract and yeast
extract were obtained from Beijing Aoboxing Bio-tech Co., Ltd.,
China. All chemicals were of analytical grade and used as received
without further purification. All solutions were prepared using
deionized water obtained from Millpore Mill-Q purification system
(M-Q water, >18 MQ cm). A cocktail of respiratory substrates (so-
dium lactate, sodium succinate and glucose each at 10 mM) in
0.85% saline were prepared for resuscitating and monitoring the
biosensor. p-Benzoquinone (BQ) was used as mediator and BQ stock
solution with desired concentration was wrapped with aluminum
foil and kept at 4 °C refrigerator for further use. All toxicants (Cu®",
Cd**, DCP, Acephate, Ametryn) in desired concentration were
freshly prepared in Milli-Q water from high-concentration stock
solutions. Stock solutions were freshly prepared or kept at 4 °C. Low
solubility compounds were dissolved through the assistance of 0.5%
(v/v) dimethyl sulfoxide (DMSO) [25]. The three kinds of real
wastewater samples were taken from garbage-treatment plant,
electroplating factory and laboratory respectively. The biotoxicity of
above three real wastewater samples were tested without further
treatment.

2.2. Cultivation of microorganisms

E. coli (ATCC25922), S. cerevisiae (S288C) and B. subtilis (CGMCC
1.1086) were inoculated from China General Microbiological Cul-
ture Collection Center (CGMCCQ). E. coli and B. subtilis were cultured
in 100 mL autoclaved Nutrient Broth solution (10 g L~ 'peptone, 3 g
L 'beef extract, and 5 g L"'NaCl) for 16 h and 24 h at 37 °C,
respectively. A 100 mL autoclaved Yeast Extract Peptone Dextrose
medium (YEPD, 1% yeast extract, 2% peptone, 2% glucose) was
inoculated with a colony of S. cerevisiae and grown aerobically at
30 °C for 24 h on a rotary shaker (200 rpm), this allows the cells to
reach the exponential-log growth phase. The microorganisms were
harvested by centrifugation at 5000 rpm for 10 min at room tem-
perature, then washed twice with PBS and resuspended in PBS. The
final concentration of E. coli, B. subtilis and S. cerevisiae were
adjusted to an absorbance value of 20.0 at 600 nm (ODgpp),
measured by Secoman Uvikon UV—Vis spectrophotometer. The cell
suspensions with desired concentration were stored at 4 °C until
required. The bacterial suspension was used for the experiments on
the day of harvesting.

2.3. Preparation of multi-species microbial biofilm

The E. coli, S. cerevisiae and B. subtilis cell suspension with
desired concentration were mixed in designated ratio to form the
multi-species microbial mixture and kept at 4 °C refrigerator before
use. The biofilm was prepared as following procedure: 100 uL 10%
(w/v) PVA (degree of saponification 98%, degree of polymerization
2400) solution, 10 uL 1.0 M NaS04 aqueous solution and 40 pL 0.8%
(w/v) sodium alginate solution were mixed adequately. Then 50 pL
as prepared cell suspension was added to the mixed solution above.
The resulting mixture with all three kinds of cells was spun to the
surface of a polyethylene terephthalate (PET) plastic sheet. The PET
sheet coated with cells was further dripped in a 2% (w/v) CaCl;
solution and crosslinked for 15—20 min. A PVA-alginate microbial
biofilm was formed after above procedure and peeled off from the
PET sheet template. The biofilm prepared was washed thoroughly
with PBS and stored at 4 °C until use [7].

2.4. Electrochemical measurements and biotoxicity assay

The electrochemical experiments were performed with a
potentiostat/galvanostat (Model 263 A, Princeton, USA). The elec-
trochemical measurements were carried out in a biofilm reactor
(BFR), including a platinum sheet working electrode, platinum wire
auxiliary electrode, and Ag/AgCl (saturated KCI) reference elec-
trode. The platinum sheet electrode is of 1 cm x 1 cm size and
polished by 30—50 nm a-alumina powder each time before use. The
polished platinum sheet electrode was ultrasonic washed by ni-
trate, ethanol and distilled water successively. The working elec-
trode was modified by attaching an appropriate size of biofilm
prepared above on the polished platinum electrode, the modified
working electrode was fixed on the reactor by the O-ring.

The biosensor signals were monitored in a stirred vial contain-
ing 10 mL pH 7.0 respiratory substrates solution and the BQ
mediator was used to divert electrons from the respiratory system
of the immobilized microbes to the platinum sheet electrode. The
chronoamperometric experiments were performed at 300 mV with
respect to an Ag/AgCl (sat’ KCl) reference electrode at room tem-
perature. The electric current was monitored and the data were
displayed in real-time as current against time plots. After a stabi-
lization period about 5 min, 100 pL of BQ solution was added to the
monitoring system with the final concentration of 0.4 mM. Target
toxicants were added into the vial shortly after the second period of
stabilization was achieved. After adding a toxicant sample, the
current was decreased significantly because of their detrimental
effect to metabolic activities of microorganisms. The toxicity of the
sample can be determined by measuring current changes of the BQ-
mediated respiration chain activity. BQ can be reduced to hydro-
quinone (HQ) during cell respiration, and the resultant HQ can
diffuse to the platinum sheet electrode and reoxidized to BQ at the
electrode surface. The resulting current is proportional to the
metabolic status of the cell. For each toxicant concentration, the
anodic currents were converted to equivalent inhibitory percentage
values according to Eq. (1):

Inhibition% = (1 — I, /I;) x 100% (1)

Where [; is the steady-state current before adding the toxicant, I is
the steady-state current after adding the toxicant.

2.5. Joint toxicity tests

Joint toxicity experiments were conducted according to TU
approach [26]. In the TU model, the toxicants concentrations in the
mixture are expressed as TU, which was calculated as fractions of
their half maximal inhibitory concentration IC50. The sum of TU in
the mixture can be expressed by the Eq. (2)

S TU=3T e @

Where n is the number of toxicants in the sample, ¢; is measured
concentration of the individual toxicant in the sample, and ICx; is
the concentration of ith sample component that cause x% inhibitory
effect magnitude.

In joint toxicity tests, toxicants were mixed in different toxic
units. The mixture were prepared by adding the appropriate
amount of each toxicant at the same concentration as in their in-
dividual experiments, but their toxic units are varies. Joint toxicity
experiments were composed of five binary mixtures:
cu®* + Cd?*,Cu** + DCP, Cu®* + Acephate, DCP + Acephate and
Acephate + Ametryn, which represent the combination of binary
metal ions, metal ion and phenol, metal ion and pesticide, phenol
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and pesticide and two pesticides, respectively.

2.6. The biotoxicity assay and composition determination of real
wastewater samples

The biotoxicity of three real wastewater samples (landfill
wastewater, electroplating wastewater and laboratory wastewater)
were estimated by chronoamperometry, the i-t curves were
recorded to observe the real-time signal changes in the toxicity
detection procedure. The inhibition rate was calculated according
to Eq. (1), and the biotoxicity level of three real water samples was
determined. The composition analysis of real water samples were
performed by inductively coupled plasma atomic emission spec-
trometry (ICP-AES) (Varian 710-ES ICP Optical Emission Spec-
trometer). The chemical oxygen demand (COD) values of these
three samples were measured by the closed reflux colorimetric
method with spectrophotometer (HACH DRB 200).

3. Results and discussion

3.1. Feasibility assay of multi-species microbial biosensor to acute
biotoxicity assessment

Previous reports [7,8,30] indicated that single microorganism
specie as recognition element have a defect of especially sensitive
to certain group pollutants while no response to others. For
instance, E. coli have an instinct response to heavy metal ions, but
for the organic pollutants, their acute toxicity response is relatively
low. Whereas, B. subtilis have an exactly opposite sensitivity
response by contrast to E. coli. Thus, to realize the accurate detec-
tion of biotoxicity of all types of toxic substances, we proposed a
methodology to mix three different microorganism species
together to prepare a mixed microbial consortium biosensor. The
microorganisms include E. coli (gram-negative bacteria), B. subtilis
(gram-positive bacteria) and S. cerevisiae (fungus). To prove the
feasibility of proposed approach, the toxicity of 10 mg L~! Cu?",
10 mg L' DCP and 25 mg L~ 'Ametryn were detected as repre-
sentative toxicants of heavy metal ions, phenols and pesticides. The
sensitivity of different kinds of microorganism and mixed microbes
was evaluated by comparing the inhibition rate of three represen-
tative toxicants above. The mixed ratio of multi-species microbes is
E. coli, B. subtilis and S. cerevisiae = 2:2:1. As shown in Fig. 1,
B. subtilis is more sensitive to phenols for its highest 27.29% inhi-
bition rate of 10 mg L1 DCP among all three kinds of microbes;
whereas E. coli is more suitable for the toxicity assessment of heavy
metals and pesticides; S. cerevisiae is least sensitive to the test
toxicants among all three microorganisms and this may contribute
to the complex cell structure of fungus. As contrast to the selective

50 50

sensitivity of single microbe, the mixed consortium showed broad-
spectrum sensitivity to no matter heavy metal ions, phenols and
organic pesticides. As we can observed from Fig. 1, the inhibition
rate of mixed microbes with ratio of 2:2:1 showed the highest
response sensitivity to all the toxicants studied, which implying
that the methodology of using multi-species microbes as biosensor
signal receptor is feasible to the acute biotoxicity assessment of
wastewater samples.

3.2. The optimization of mixed ratio of the multi-species microbes

In order to obtain better detection sensitivity, the mixture pro-
portion of three kinds of microbes was optimized. 10 mg L~ Cu?",
10 mg L~! DCP and 25 mg L~ 'Ametryn was used as representative
toxicants of heavy metal ions, phenols and pesticides, respectively.
Different mixture proportions of E. coli, B. subtilis and
S. cerevisiae = 2:2:1, 1:3:1, 3:1:1, 1:1:1 were analyzed, and the
optimized ratio was determined by compare the inhibition rate of
each mixed proportion. As shown in Fig. 2, among all the mixtures
of three microbes, the mixed microbes of E. coli, B. subtilis and
S. cerevisiaze = 2:2:1 show distinct sensitivity to all the three
representative toxicants compared to other mixture of various ra-
tios. The improvement of the sensitivity of mixed strains may
ascribe to the interactions (resource competition and competitive
exclusion) between different microbial consortium and the sus-
ceptibility of each microorganism species to toxicants [27]. There-
fore, according to above the discussion, the proportion of E. coli,
B. subtilis and S. cerevisiae = 2:2:1 was selected as the optimized
ratio and applied in the following experiments.

3.3. The single toxicity tests by multi-species microbial biosensor

To verify the wide applicability of multi-species microbial
biosensor to broad spectra toxic chemicals, the biotoxicity of two
heavy metal ions (Cu?*, Cd%>"), one phenol (DCP) and two pesticides
(Ametryn, Acephate) were examined. Chronoamperometry was
applied to detect the on-line current change in the monitoring
process. As shown in Fig. 3, in the stabilization period, the current is
nearly zero, because microbial cells' metabolism activity can hardly
be examined without the mediator. After 0.4 mM p-benzoquinone
mediator injected into the solution, there is a sharp increase in the
current value, which contribute to the amplification effect of the p-
benzoquinone mediator. BQ can be reduced to hydroquinone (HQ)
during cell respiration, and the resultant HQ can diffuse to the
platinum sheet electrode and reoxidized to BQ at the electrode
surface. After the second period of current stabilization, the toxi-
cant was added into the system and an apparent current decrease
was observed due to the detrimental effect of toxicant. The
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Fig. 1. The inhibition rate of single E. coli, B. subtilis, S. cerevisiae and their mixtures at the proportion of 2:2:1 to 10 mg L™' DCP, 10 mg L™' Cu?* and 25 mg L~ 'Ametryn. (a) The
inhibition rate of 10 mg L~ DCP; (b) The inhibition rate of 10 mg L~'Cu*; (c) The inhibition rate of 25 mg L~'Ametryn.
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Fig. 3. The chronoamperometry curve of prepared multi-species microbial biosensor
in toxicity determination process. The mediator is p-benzoquinone with final con-
centration of 0.4 mM, the detected toxicant is 20 mg L~! DCP.

inhibition rates were calculated by Eq. (1) in a series of toxicants
concentrations. The inhibitory curves of five individual toxicants
were shown in Fig. 4. Because of the detrimental effect of the
toxicants, the viability of cells decreased dramatically as the toxi-
cants concentration increased. The IC50 values can be deduced
from the inhibitory curves, for Cu®*, Cd*>*, DCP, Acephate and
Ametryn, and their IC50 values were 16.5, 20.5, 17.1, 28.3 and
18.7 mg L1, respectively. Therefore, the toxic order detected by the
multi-species microbial biosensor was ranked as
Cu®** > DCP > Ametryn > Cd** > Acephate according to the IC50.
The toxic order is consistent with the results obtained from single-
specie microbial biosensors [7,8,11], whereas the sensitivity of
prepared biosensor is improved. As shown in Table 1, in the pre-
vious reported single microbe biosensors, although the detected
IC50 value of a certain toxicant is lower than present method, their
detection of broad-spectrum toxicants sensitivity is relatively low.
From the comparison, we can conclude that the approach we
proposed in this study has a better sensitivity and extended
detection spectra, which indicate that above method is a promising
way for the risk warning of wastewater acute toxicity.

3.4. Joint toxicity of binary toxicants

Chemical pollutants always exist as mixtures in the environ-
ment, and water pollution is also a multi-components problem
especially in wastewater acute toxicity detection. To reflect the

combined effects of binary toxicants in the aquatic system, five
kinds of combination of toxic chemicals were selected and exam-
ined in present study and their joint toxicity were analyzed by
using the TU model. The combination of binary toxicants include
Cu* + Cd?*, Cu®* + DCP, Cu>* + Acephate, DCP + Acephate and
Acephate + Ametryn, which represent the joint toxicity analysis of
binary metal ions, metal ion and phenol, metal ion and pesticide,
phenol and pesticide and two pesticides, respectively. The 1C50
values of the individual toxicants obtained above were used to
calculate the IC50 for the mixture, IC50,ix. The concentration
gradients applied in the binary toxicants tests were exactly the
same as the individual toxicity experiments whereas the concen-
trations of each individual toxicants were converted to TUs by
dividing the concentrations of individual toxicant IC50
(TU = concentrations/IC50) as shown in Table 2. And the IC50 value
of each toxicant was used as 1TU for the subsequent joint toxicity
text in the mixture. As for the experiments of combined effects, the
joint toxicity was measured by the > TUi of binary compounds, as
shown in Table 3. The > TUi was calculated by Eq. (2), and the
inhibitory curves was drawn against Y TUi. From the resulting dose
(TU-based)—response relationships, IC50px, sum of toxic unit
(3°TU;) at 50% inhibition for the mixture, were calculated. The
combined effect was defined as concentration additive
(IC50mix = 1TU), synergistic (IC50,;x < 1TU) or antagonistic
(IC50mix > 1TU) [22].

As shown in Fig. 5 (a-e), the dose-response curves of five binary
mixtures were drawn against TU, and the IC50p,jx value of each
mixture was estimated as toxic unit. From the comparison in Fig. 5
(f), binary combinations of the five kinds of toxicants produced all
three types of interactions: less than additive (LA, antagonistic),
additive, and greater than additive (GA, synergistic) responses.
When Cu?* and Cd%** were added in combination, IC50pix for
multi-species was 0.9 indicating a synergistic response of two
metal ions to the poisonous effect on the microbes. This may
ascribed to the enlargement of cell membrane permeability when
two heavy metal ions coexistence in the binary mixture [28], since
Cu®* can be readily more bioavailable than other toxicants for its
lowest IC50 value compared to others. Antagonistic response to
multiple bacteria occurred when Cu?* + Acephate, DCP + Acephate
and Acephate + Ametryn mixed together because the IC50px
values were detected to be 1.7, 2.2 and 1.45, respectively, which are
significantly greater than 1, indicating that the addition of the
second toxic component to the system will decrease the toxicity of
the first compound or vice versa. This antagonistic response may be
due to the formation of less bioavailable complex to the microor-
ganisms. Binary mixtures of Cu?>* + DCP produced additive re-
sponses for the joint toxicity test as the IC50mix values for
Cu®* + DCP was 1.08 approximately equal to 1. This means that two
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Table 1

Comparison of IC50 values by current biosensor with other methods.
Toxicity assays Toxicants, IC50 (mg L™1) References

Ccu?* cd** DCP Ametryn Acephate

Amperometry mixed microbes 16.5 20.5 171 18.7 283 Present study
Amperometry, E. coli - 93.35 8.7 — — [29]
Amperometry, E. coli 44 79 — — — [8]
Colorimety, B. subtilis 5 27.6 - — - [30]
Amperometry, S. cerevisiae - 9.83 22 29 [7]
Amperometry, Psychrobacter. sp 2.6 473 - - - (31]

Table 2 chemicals may not interfere with each other in mixture.
Toxic units of individual toxicants in different concentration gradients.
Concentration (mgL™")  TUgee  TUcee  TUpce  TUacephate  TUametryn 3.5. Analysis of real wastewater samples
0 0 0 0 0 0 Real i licated inated sample, which
50 031 025 029 017 027 ea wastewat.er is a comp icated contaminated sample, whic
10.0 0.61 0.49 0.58 035 0.54 combines of a variety of toxic substances. To evaluate the feasibility
15.0 0.91 0.73 088 053 0.80 of the developed multi-species microbial biosensor, three real
200 121 0.98 117 0.71 1.07 wastewater samples were investigated. The chronoamperometry
;g‘g 1;5 }ié }“712 ?‘gg }'Z‘; was applied to observe the real-time signal change in the toxicity
- - - - - - detection procedure. As shown in Fig. 6, The detected inhibition
Table 3
The sum of TUi of binary toxicants.
Concentration (mg L™") TUcpr a2+ TU¢+ ,pep TUg2+ +Acephate TUpcp. Acephate TUncephate + Ametryn
0 0 0 0 0 0
5.0 0.56 0.60 0.48 0.46 0.44
10.0 1.11 1.19 0.96 0.93 0.89
15.0 1.64 1.79 1.44 1.41 133
20.0 2.19 2.38 1.92 1.88 1.78
25.0 2.74 2.98 2.40 2.34 222
30.0 3.28 3.57 2.88 2.81 2.67
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Fig. 5. The dose (TU-based)—response relationship curves of the binary toxicants at different concentrations. (a) Cu** + Cd®*, (b) Cu?* + DCP, (c) Cu®** + Acephate, (d)
DCP + Acephate and (e) Acephate + Ametryn under the optimized conditions. Data points represent the average of three replicates. (f) The half maximal inhibitory concentration of
mixture (IC50x) to microbial cells exposed to binary mixtures. IC50nx is estimated as toxic unit (unitless). LA: less than additivity, A: simple additivity, GA: greater than additivity.

Table 4

rates are 39.83%, 48.15%, 51.77% for landfill wastewater, electro-
plating wastewater and laboratory wastewater, respectively, which
reflect the toxic order of three real wastewater samples is labora-
tory wastewater > electroplating wastewater > landfill wastewater.
The toxicity difference of real samples may contribute to the
composition diversity of these samples. As listed in Table 4, the
heavy metal ions ingredients of real water samples are measured by
ICP-AES and organic toxicants content are deduced from the COD
values. The electroplating wastewater have the highest heavy metal
ions content whereas the organic toxicants ingredient is relatively
low compared to landfill wastewater, which result in the above
biotoxicity level. As to laboratory wastewater, either heavy metal
ions or organic pollutants content is very low, however, it was
estimated to be the most toxic real water sample among others. The
acidic pH value may attribute to the above toxic order. In summary,

100

(=]
o
1

60 -

40

Inhibition Rate / %

204

Landfill
Wastewater

Electroplating
Wastewater

Laboratory
Wastewater

Fig. 6. The inhibition rate of three real wastewater samples.

Compositions of real wastewater samples.

Real wastewater samples

Heavy metal ions (mg L")

COD (mg L") pH

Nt Ccu?t  zZn?t Cr?F
Landfill wastewater 48 - - 0.2 19203 6.88
Electroplating wastewater 30—80 30—60 50 — 5760 6.9
Laboratory wastewater 0.7 0.4 - - 754 4.5

the detected results is coincidence with the predicted toxic order
refer from their compositions, which implying that the approach
can effectively use to detect the toxicity of real wastewater samples.
It cannot only reflect the toxicity of heavy metal ions and organic
pollutants but also can indicate the pH abnormal of water samples,
which providing an precise early risk warning method of aquatic
system.

4. Conclusions

A mediated cell-based electrochemical biosensor with a mixed
microbial consortium (E. coli, B. subtilis and S. cerevisiae) was pre-
pared to investigate the single and joint toxicity of five kinds of
pollutants, including heavy metal ions, phenol and pesticides. The
mixed microbial electrochemical sensor shows improved sensi-
tivity to the five kinds of single toxicants, which means that multi-
species microbial biosensor can make up the defect of restricted
detection range of single strain biosensors. The joint toxicity tests
indicate that TU approach appears to be a good model to estimate
the combined effect of toxic substances in water system. Binary
combinations of five toxicants produced all three types of in-
teractions, including antagonistic, additive and synergistic re-
sponses. This reflects the complexity of water acute toxicity
assessment and the necessity of joint toxicity measurements. In
conclusion, the biosensors prepared above provide an alternative
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and complementary way to water quality detection and a prom-
ising approach for wastewater acute toxicity assessment.
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