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Highlights

» Different methods for toxicity assessment in WW averitically reviewed.

» Laboratory standardization of the anaerobic ATAagss urgently needed

* Biosensor matrix or a biosensor with multiple répoorganisms needed for real WW

 MFC-based biosensors need correlation with tradhti@assays in real WWs

* On-line data processing methods need to be dewtlopaterpret data from sensors

Abstract

Biological wastewater treatment processes (WWTiBshature of their reliance on

biological entities to degrade organics and sonmedinemove nutrients, are vulnerable to
toxicants present in their influent. Various togaineasurement methods have been adopted
for biological WWTPs, but most are performed offdj and cannot be adapted to on-line
monitoring tools to provide an early warning for W¥/ operators. However, the past decade
has seen a rapid expansion in the research antbgevent of biosensors that can be used for

toxicity assessment of aquatic environments. Sdantlgese biosensors have also been shown



to be effective for use in biological WWTPs. Newetess, more research is needed to:
examine the sensitivity of assays and sensors lmasenhgle organisms to various toxicants
and develop a matrix of biosensors or a biosemsarporating multiple organisms that can
protect WWTPs; test the micro fuel cell (MFC)-bassasensors with real wastewaters and
correlate the results with the well-establishedgaxyuptake rate (OUR)-based or &bhsed
toxicity assay; and, develop advanced data praugssethods for interpreting the results of
on-line toxicity sensors in real WWTPs to reduce tioise due to the normal fluctuation in

influent quality and quantity.

Key words: biological wastewater treatment, activated sludg@erobic digestion, toxicity,

biosensor

1. Introduction

Biological WWTP has been used for more than 10@syaad to date it continues to
maintain a prominent presence within the envirortisdegrotection infrastructure. Sustaining
a high level of biological activity is critical tihne operation of a biological WWTP, however,
being a biological system it is inherently susdaptio the debilitating effects of toxic
compounds in its influent, which often leads tawldion in operation within WWTPs. A
recent report documented that a severe cyanidecapged the upset of a WWTP in UK and
the death of thousands of fish in the river recgjuhe effluent [1]; in another case, an illegal
chemical dumping incident caused the shutdown\WWVETP [2]. The importance of an early
warning system (EWS) that can detect toxicity in VW8 was also highlighted in a survey
done by the Water Environment Research FoundafdeRF, Alexandria, VA): an EWS
was widely (>83%) believed to be important, but miess (<50%) implemented in the

wastewater treatment industry [3]. Due to the caxipy of wastewater, it is often difficult to



identify the specific toxicants that result in theclining performance of a particular WWTP
[4], and therefore, prompt measurement of toxigtyital to the smooth operation of
WWTPs.

Among the diverse biological wastewater treatmesthmods, aerobic processes,
especially activated sludge, dominates. Thus, wio$te new toxicity assays that have been
developed focus on their application to activaledge. Recent advances in membrane
technology have made anaerobic wastewater treatanaary attractive process [5].

However, anaerobic processes, especially theiranetienic components, are very sensitive
to toxic compounds [6]. Well-known toxic compounrdsluding ammonia, sulfide, volatile
fatty acids, metal ions and organics, can dishuptanaerobic digestion processes to varying
degrees. Despite the general recognition that prolejection of toxic compounds is vital to
the smooth operation of anaerobic processes, baaréeen little advance in measuring
toxicity to anaerobic process in the past threeades. Meanwhile, research and development
within the domain of biosensors has bloomed [7-404 some of these biosensors clearly
have the potential to be used in the context dblgioal WWTPs. This review will cover
toxicity measurement methods for both aerobic arakeobic processes, and present a range
of promising biosensors that may be adopted foiru8éWTPs. Although ecotoxicological
assays — such as those based on the growth iohilotialgae or plants, the mortality of
crustaceans, and the mobility inhibitiondéphnia magna — are sometimes employed in the
assessment of toxicity to wastewater treatmentgases [11], they are fundamentally
designed to reflect the ecological impact of taampounds to aquatic environments [12].
This is distinct from the need for acute toxicitgrés relevant to WWTPSs, and hence these

assays have not been included in the scope ofathisw.



2. Approaches to toxicity measurement

Toxicity is the extent to which a toxic compoundxjtant) can harm an organism or
a group of organisms. The extent of damage candasuned directly by the deterioration of
physiological functions of the organisms, suchyagyen uptake rate (OUR) [13,14],
methane production rate [15], floc size distribnfi¢16] and community changes [17,18]. In
the context of wastewater treatment, toxicity co &e measured indirectly by assessing the
changes in water quality parameters, e.g. chericalen demand (COD) or biochemical
oxygen demand (BOD).

Rozzi and Remigi [19] provided a good review ondperoaches which could be
used for the measurement of activity in anaerolncgsses. As it is a process with complex
biochemical reactions, the approaches to measthesg toxic effects can be divided into
three categories; reactant consumption, indicdtorganism properties, and product
generation, as shown in Table 1. The most commactaat in the aerobic process is
dissolved oxygen, thus the OUR is the most widegdumeasurement of toxicity for aerobic
processes. C{production in aerobic processes has also beenfostakicity assessment,
although not as widely. OUR and gf@roduction, being specific to aerobic processes, a
termed respirometric methods. With more biolograatkient removal processes being used in
WWTPs, toxicity to nitrification has attracted caterable research effort in the past years.
Hence, changes in ammonium consumption, nitritesgomption/accumulation and nitrate
accumulation have all been used in toxicity as$aythe nitrification process. For anaerobic
process, the easiest measurement that can be masleess toxicity is GHproduction, while
volatile fatty acid (VFA) accumulation has also bhersed. The activity or toxicity of the
processes can also be determined by some indgatameters of organisms inherent to the

system, i.e. the indigenous microbial communityhef wastewater, such as their cell density



(growth), cell viability, floc morphology, and enmmatic activity including adenosine
triphosphate (ATP) and dehydrogenase.

In addition to the assays with activated sludgar@erobic sludge as the target,
toxicity can also be estimated using indicator argias. This is considered an indirect
measurement because the indicator organisms age®aos to the wastewater community.
The bioluminescence assay is the most well-knowsuoh methods, and recently biosensors
based on enzymes or whole bacterial cells have $tedired extensively. Sometimes a
biosensor based on a large scale full performagmetor has also been used [20]: using this
type of biosensor is a fairly good mimic of a direeeasurement, but there will always be
some difference between the microbial communityeactors and the one in the biosensors.
For this reason, they will still be consideredradirect methods in this paper. In the

following two sections, we shall further examineteassay in greater detail.
3. Direct toxicity measurement methods

3.1. OUR based respiration inhibition test

OUR based respiration inhibition is one of the etdeethods of measuring the toxicity of
influent to activated sludge, and has been estadigand standardized over the past three decades,
and further updated recently [21,22]. The methawlves incubating the activated sludge with toxic
compounds in a sealed container for 3 hours (aniB@ites for volatile or hydrolytic compounds), and
then monitoring the dissolved oxygen for 10 minwteth an oxygen electrode to determine the OUR.
The inhibition, defined as %l = 1-OWROUR, in which OUR. is the OUR of the test sample and
OUR.y is the OUR of the control sample, is then calcd4g®2]. In order to ensure that the biomass is
sensitive and the test works properly, a refereoxieant, 3,5-dichlorophenol (3,5-DCP) is
recommended to be include in the test. The medised for the test is a synthetic sewage, which
contains peptone, meat extract and urea. The OWReb@spiration inhibition test has been widely

used for the toxicity assessment of organics [332favy metals: chromium (VI) [25] and Ni(ll), Cr



(1) and zn (Il) [26], and complex wastewater, .elgndfill leachate [27], to activated sludge. #&s

standard method, it is widely used for comparisdth wther new methods [28,29].

One of the factors that prevents the OUR basedratism inhibition test from being
used as an early warning assay is its long respgonseof 3 hours; thus some modifications
to the method were proposed recently to decreasexjposure time. Tzoris et al. [29,30]
developed a portable manometric respirometer, wimehsured the oxygen usage via a
pressure transducer in a small cell (4.3 mL). Esponse time of the device can be as low as
6 minutes.

The OUR-based respiration inhibition test itselégmot differentiate between
heterotrophic and autotrophic oxidation (nitrificex). However, if this distinction is
required, an inhibitor of nitrification, e.g., Nighiourea (ATU) can be added to the test,

which will give OUR results based only on heterptriz oxidation [22].
3.2. Carbon dioxide evolution test

The carbon dioxide evolution test, also known a&sniodified Sturm test, has
(similarly to the OUR method) been established @nttinuously updated for almost 3
decades [31]. The test was designed for evalu#te@iodegradability of non-volatile
compounds in liquid medium. The standard,@@olution test involves aerating a measured
volume of sample and inoculum with g®ee air for 28 days; the G@roduced was trapped
in alkaline solution and measured by titration. Wilgis method is used as a toxicity assay,
an easily-biodegradable substrate is also addeldtharatio of CQproduction with a
toxicant in it to one without a toxicant can bedias an indication of the degree of toxicity.
Compared to an OUR test, the g®olution test features longer incubation times| #us is
more suitable as a biodegradability and chroniccttyxassay.

In real applications, different modifications tetstandard method have been used,

including shorter incubation times and no aeratieor.example, Vermué et al. [32] used 7-



day CQ production to measure the toxicities of 58 watemiscible organic solvents to
several test microorganisms; the headspace samplesanalyzed after 1 day and 7 days of
incubation with a GC. The C(roduction after 7 days in samples with toxic coonpds
relative to the ones without was defined as théitibn. Recently, Strotmann et al. [33]
developed an online G@volution test, which traps G@ KOH or NaOH solutions and
measures conductivity continuously. The changemdactivity correlates well with the GO
production.

The CQ evolution test has been used in the ecotoxicolbgesessment of drilling
fluids [34] and oilfield wastewater [35]. One oktfew example where it was used for
assessing the toxicity in wastewater treatmentgaees was by Prado et al. [36], who used
the CQ evolution test to evaluate the toxicity of veterynantibiotics tetracycline and
tylosine to activated sludge. The tests were peréarin 1-L batch reactors and sodium

benzoate was also used as the reference compound.
3.3. Nitrification/denitrification inhibition assay
3.3.1. Ammonium/Nitrite/Nitrate based nitrification/denitrification inhibition assay

Due to its significant sensitivity to toxicants [3txicity assays specific to
nitrification have been developed. For exampl@ddition to the OUR-based nitrification
inhibition test mentioned in the previous sectiam.ammonium/nitrite-based nitrification
inhibition assay was developed [38]. The assay eyepl two test microorganisms: an
ammonia-oxidizing\itrosomonas sp. and a nitrite-oxidizintylitrobacter, sp., which were
incubated in a test tube with samples for 4 holine. ammonium and nitrite consumption
were determined colorimetrically, and the consumptates relative to the controls
determined inhibition; the method has been stamzizddecently [39].

Odokuma and Akponah [34] used the ammonia/nitrésel nitrification inhibition

assay to assess the toxicity of four drilling fljiflor both tests nitrite accumulation or



consumption was monitored. The £€xolution test usingscherichia coli as the indicator
organism was also included for comparison. Thegkwmled that the nitrite oxidization
process is more sensitive to toxicants than the-&0lution test witlE. coli, and thus could
give a quicker response (within 8 hours). The teifproduction-based nitrification inhibition
assay has been applied to evaluate the toxicyhadr nanoparticles (Ag-NPs) to ammonia
oxidizing bacterium (AOBNitrosomonas europaea [40], leading to the distinction of level
of toxicity between small Ag-NPs (20 nm) and laAgeNPs (80 nm). The ammonia
consumption-based nitrification inhibition test, tve other hand, has been successfully
applied to monitor the toxicity of 2,4-dinitroanisdDNAN), a munition compound [41],
naphthenic acid [42], antibiotics colistin sulff48] and tetracycline [44], andfg45].

Like the nitrification inhibition assay, a denitcétion inhibition assay based on the
consumption of nitrate can be used to evaluat¢otkieity, for example, of Cu(ll) [46]. The
test was able to discern that denitrifying bactarethe most sensitive to Cu(ll) among the
trophic groups assessed (the other groups beingefeative bacteria, aerobic heterotrophs,

and nitrifying bacteria).
3.3.2. Nitrous oxide accumulation based nitrificatin inhibition assay

An increase in nitrous oxide ¢N) in the off-gas of wastewater treatment processes
was found to correlate well with ammonia shock kadd oxygen depletion to nitrification
process, and hence it is useful for monitoringfraaition [47], and as a component of an

early warning system [48].
3.4. Methane production-based anaerobic toxicity aay

The CH, production based anaerobic toxicity assay (AT Agati&ed by Owen and
colleagues [15,49] is the most widely used metlwa¥aluating the toxicity of substrates to
methanogenesis. The assay was initially develogediottingham and Hungate [5@hd

Miller and Wolin [51] Similar to the CQevolution test, ATA measures biogas production in



a batch set-up and uses the gas production ratieetoontrols to evaluate the toxicity of the
substrates. The method is very convenient and deeamploy, and has been applied in
toxicity testing of a wide variety of substratesluding plasticizers, halogenated phenols
[52-54], nitroaromatics and metals [55].

To use the ATA an accurate measurement of bioglasneois critical. The commonly
used methods include volume displacement devicgs,syringes and manometers, and
pressure transducers. When pressure transducearseategbiogas volume is measured from
the increased pressure inside the reactors ugingsaure transducer. Since the biogas
produced is not released in the closed system aud easily dissolve in the aqueous phase
under high pressure, errors could be induced swtlgthod when the calibration does not
include this error. When manometers are usedf#pping solution should be chosen
carefully as Walker et al. [56] showed that diffgreapping solutions could generate
systematic errors (which are often ignored by neteas). As suggested by the group, an
acidified (pH 2) 75% saturated NaCl solution was ltlest barrier solution. Among all the
methods, lubricated syringes are still the moselyidsed due to their ease of use and
accuracy. Some automated biogas volume measure®eces have also been developed
[57] and commercialized [58].

A combination of volatile fatty acids (VFAS) inclumly acetic acid, propionic acid and
butyric acid are used most of the time as the safestor ATAs, although sometimes the sole
use of acetic acid, glucose or ethanol may be redquivhen VFAs are used, the assay can
only show the toxic effects on the acetoclastichaebgens. When needed, a phase-separated
ATA can be conducted. For example, Shin et al. fi8jised a phase-separated ATA to study
the toxicity of sulfate and sulfide to both the tacdastic methanogens and the acidogenic
anaerobes. The substrate used for the acidogercweE glucose, while acetic acid was

used for methanogens.



In applications, different modifications have béecorporated by researchers based
on specific needs and contexts. In one modified AG®, methanol was used to dissolve
toxic compounds; when gas production from methareaked, a spike of acetic
acid/propionic acid was injected into the seruntlest after which a standard ATA was
performed. In another case [61], propylene glynstead of acetic acid was used as the major
substrate for the toxicity assay of methylbenzatia in aircraft deicing fluid. However,
different substrates will have significant effeatsthe toxicity; Liu and Hegemann [62]
observed that when incubated with glucose, the (ifie concentration causing 50%
inhibition) of formaldehyde was 300 mg/L, but thiscreased to 150 mg/L when incubated
with real wood-glue wastewater. This suggestsithe¢al wastewater the toxicity determined
from simple substrates may be biased.

Most of the ATAs were done in batch reactors, havea semi-continuous bioassay
can also be used [49]. In the semi-continuous bmgsa spike of toxic compounds and some
fresh sludge were added daily to the assay. Aaulieors concluded, semi-continuous assays
are slow and expensive, however, they provide métion on the toxicity of chemicals fed
continuously, and this would be encountered maguently in real situations than one that
is mimicked by a batch reactor. To interpret treuts of an ATA, one of the commonly used
method [63-70] is to determine the specific metlganec activity (SMA) of the samples
with toxicants supplemented (SM4 and the SMA of controls (SM4y), and to calculate
the %IC, which is defined as %IC = 1-SMASMA.. Another widely used method [71-76]
is based on the total volumes of gas producticesifsamples () and controls (V)
within certain days, in which case, %IC = YV .

Most of the ATAs were conducted on mesophilic aokierdigestion sludge (at ~ 35
°C). A few tests performed under thermophilic caiodis [73,77] have shown that

thermophilic anaerobic digestion sludge could ghdlly less sensitive than mesophilic



sludge to toxicants. The major disadvantage ofAfhA is that it is time-consuming, and
sometimes the test may last for a week. Thusnimabbe used as a prompt measurement in
industry to provide alerts about toxic influentSAWVTP operations. Another challenge to
apply the method is that it is difficult to compahe toxicity results tested in different labs,

as no standardized conditions have been appliedstne board.

3.5. Enzymatic activity of microorganisms

3.5.1. ATP luminescence assay

As the most important energy “currency” in livingsgems, ATP concentrations are
directly affected by the physiological conditiorfsooganisms. The ATP luminescence assay
is based on measuring the decrease in ATP comt@mganisms when they are exposed to
toxicants. ATP is quantified through the activifyfioefly luciferase, which converts ATP to
AMP and emits light. Its use on activated sludge lbeen established for a very long time
[78]. The assay involves about 15-40 minutes of AkRaction, before determination of
ATP levels through the luminescence produced bydrase [79,80]. Dalzell et al. [28]
compared the ATP luminescence assay with the Ol#eebeespiration inhibition test and
nitrification inhibition assay for toxicity assessnt of activated sludge. They found that
among the three methods, the ATP luminescence assathe least sensitive to toluene, Cd,
Zn, and the most sensitive to Cu; the nitrificatiohibition assay was the most sensitive
assay overall. This assay has been included to leomgnt the biodegradability test which is

used to assess the toxicity of imidazolium ionguiids [81].

3.5.2. Dehydrogenase activity

The dehydrogenase enzyme is one of a major groapzyimes involved in the
electron transfer processes of organisms. Thergfsractivity is a good indicator of the

collective metabolic activity of microbial commuiets such as the ones involved in



wastewater treatment. The dehydrogenase acti\sgyds based on the spectrophotometric
measurement of electron-acceptor dyes, such detyitetrazolium chloride (TTC) and
resazurin, which can be reduced by the dehydrogsrsckly [82], and amongst them the
assay based on resazurin is the most widely usadn€rcial kits based on this assay, e.g.,
ToxTrak™ (HACH, Loveland, CO, US) using either pure strainsnixed cultures are
available [83]. With a response time of 45 minuths,method can be adopted as a quick
screening step to detect influent toxicity, howewslike the ATP luminescence assay there
is no need to extract the dehydrogenase from tle &hus, it can be used vivo and
possiblyin situ. The dehydrogenase assay based on reductiorraddktim dye has further
been developed into a commercial cell membraregiity assay [84], which will be
discussed in the following section.

Strotmann et al. [85] compared the resazurin delggirase assay with the OUR-
based respiratory inhibition assay for assessiagakicity of different phenolic compounds
to activated sludge. They found that the dehydragemssay was a reliable method, although
the results did not always correlate well with tespiratory inhibition assay, and
furthermore, that pH had an important effect onrdsilts. However, in a recent study using
pure cultures, the dehydrogenase assay was fowutreate well with the OUR assay [86].
The assay was also used for assessing the toafatu(ll) [87] and imidazolium ionic
liquids [24] to activated sludge. El Bestawy et[&8] used the method (with TTC instead of
resazurin) for assaying the toxicity of heavy nefé&lu, Cd, Co and Cr) to activated sludge:

the results of the dehydrogenase assay correspaveledith the OUR assay.
3.6. Cell growth inhibition

For pure cultures cultivated under laboratory ctods, the change in growth of cells
monitored via optical density (OD) is a simple @adnmon way to assess toxicity. In

wastewater treatment processes, however, the gafveislls within the sludge is generally



minimal in the short span of time used for toxi@gsays, and changes cannot be
satisfactorily measured using this technique. Haxev can be used together with other
methods to provide additional information. Xu et[8P] used a turbidimetric microtiter

assay on a medium-throughput platform to quantié/dhanges in growth (QR) of

activated sludge in the presence of melamine, amcmmingredient of plastics. The @dg

was monitored every 1 hour for 72 hours. The reslibwed that with melamine as the only
carbon source, no increase in thesgdf the activated sludge was observed. When an
indicator culture is available, growth zone inhilxit on agar plates was also used to assay the

toxicity [90].
3.7. Mortality/viability assay
3.7.1. Mortality assay

The mortality or viability of target organisms isreeasurement of toxicity. Depending
on whether the organisms tested for viability adigenous to the system exposed to the
toxic compounds, or exogenous and serving onlynasdicator organism, the assays may be
considered direct or indirect, respectively. Lealef91] studied the toxicity of silver
nanoparticles to three model microorganisms — GnagativeE. coli, Gram-positive
Bacillus subtilis, and the yeas$accharomyces cerevisiae — by exposing their pre-grown
cultures to nanoparticles for varied times, and thigread plating on agar media. The colony
forming unit (CFU) was quantified after 24 hoursubation and compared with the controls
to reflect the toxicity. In another test, the des®in CFUs after exposure to toxicants for
certain time (48 hours) was an effective measuremmietoxicity of drilling fluid to a pure
cultureE. coli [34]. Due to the need to count CFU, if the toxiditya sludge community
needs to be assessed, only the toxicity with rédpabe agar-cultivable subpopulation can
be assessed by this method. Thus, the CFU-basddliydriability assay is more suitable

when a specific group of organisms, which can bevetied, is the target.



In an interesting study by Madoni et al. [17], thehors used the mortality of a
protozoan community in activated sludge as an atdrcof the toxicity of heavy metals. The
cell numbers of 14 species of ciliated protozoa2asgecies of testate amoebae, before and
after exposure to heavy meals for 24 hours, wenated microscopically to determine their

toxicity.
3.7.2. Cell membrane integrity assay

One common way of assessing bacterial viabilitgrafixposure to toxicants is
through the monitoring of their cell membrane imiigg The Live/Dead BacLight™
bacterial viability stain is a popular kit used tbis purpose, and is essentially a mixture of
two fluorescent dyes: SYTO9 and propidium iodidB.(BYTO9 stains the nucleic acids of
all bacteria, but if the cell membranes are damagedill also enter the cells, resulting in
emission of red fluorescence [92] instead of giieenly SYTQO9 is present. The method has
been used together with the nitrification inhihititest to evaluate the toxicity of the
antibiotic erythromycin to activated sludge [93b<@rvation under confocal laser scanning
microscope (CLSM) allowed the Live/Déastained cells to be visualized within the flocs,
and filamentous bacteria were found to be the sassitive group to erythromycin. In
another study, the Live/De&dtaining kit was used to assess the toxicity nfohain fatty
acids (LCFA): oleate, stearate and palmitate, te poethanogenic cultures [94].
Methanospirillum hungatel was found to be more sensitive thdathanobacterium
formicicum to oleate, with 99+1% and 53+10% of damaged cedlspectively, at the
concentrations tested.

Cell membrane integrity can also be determined bgsuring the release of
intracellular K. Radniecki et al. [95] used this method togethién e nitrite production-
based nitrification inhibition assay to measuretthecity of Ag-NPs. After the AOBN.

europaea was exposed to Ag-NPs for 3 hours, the cells wagested in nitric acid for 24



hours and the Kwas determined via inductively coupled plasma sioisspectrometry
(ICP-ES). When the toxicant concentrations increédég™ 0 — 1 ppm and 20 nm Ag-NPs:
0-10 ppm), the intracellular Kdecreased significantly, which suggested toxiditgcied
outer-membrane integrity. The same method was oisedttivated sludge [96]. They
measured significant potassium’jkefflux from activated sludge flocs to the bulkagk
when the sludge encountered some toxic electrapthiémicals and the flocs disintegrated,;
the response time was short (within minutes).

The lactate dehydrogenase (LDH) assay is anothasumement of cell membrane
integrity: when cells are damaged, LDH, one ofkég enzymes involved in metabolism in
both prokaryotes and eukaryotes, is released. ®Eikad is more often used in ecotoxicology
assays [97,98] compared to toxicity assays forogichl water treatment processes. One
example was published very recently [99] assegbiadoxicity of copper nanopatrticles (Cu-
NP) to activated sludge; the results showed teirttreasing release of LDH correlated well

with decreasing OUR and growth rate due to thesg®e in concentration of Cu-NP.
3.8. Floc morphology

Microscopic observation of sludge flocs has longrbesed to characterize sludge.
Recently, with advanced image processing algorithinieecame possible to gain information
on floc size, fractions of flocs with different s and the fraction of filamentous bacteria
[100,101]. Heine et al. [102] developed an algonitinat retrieved floc morphology
information from microscopic images of activateddgle samples, and utilized the
information to evaluate the condition of the biota) process. They found that the
filamentous fraction in the flocs was a good intbcaf sludge bulking, which responded 1
or 2 days earlier than the sludge volume index JSAfid that the microfloc fractions
increased immediately after the toxicant was inioadl to the system. A similar method was

also used by Nisar et al. [103].



With the aid of the Live/Dedtkit, Louvet et al. [93] was able to observe themsyre
time-kill activity of activated sludge samples ezpd to different concentrations of
erythromycin, an antibiotic. After 1 hour expostwed.1 mg/L and 1 mg/L erythromycin,
respectively, 67% and 37% of live cells remainedev®4% of live cells were left in the
controls, while the floc size distribution also sleal that the fraction of small flocs (<50 pum)

increased significantly after being exposed to 1Lnegythromycin for 3 hours.
4. Indirect toxicity measurement methods
4.1. Bioluminescent assay

Bioluminescent bacteria emit luminescence throbgheixpression of a bacterial
luciferase ux) gene. Bacterial luciferase catalyzes the oxigatilong-chain aliphatic
aldehydes and in the process emits blue-green[ligid. The use of bioluminescent bacteria
in short-term toxicity assays has been studiedniore than 30 years [105]. Initially, the
marine bacteriunvibrio fischerii (Photobacterium phosphoreum), in which bacterial
bioluminescence was first observed, was used irfd€6,107]. The assays featured a
‘lights-off’ mode, i.e. luminescence signals whaltould be emitted by viab\é fischerii
cells at a certain cell density “switch off” whdrete are toxic compounds that affect the
bacteria. Eventually, an off-line toxicity assagtgyn for measuring the bioluminescence of
V. fischerii (reconstituted from freeze-dried stock as parhefassay kit) was developed and
marketed commercially (as MicrotB) and this has been an industrial standard mettod
rapid toxicity screening [108]. The Microt®assay performs acute toxicity tests within 5 or
15 minutes [109], and can be measured not onlyshyroprietary MicrotoX equipment, but
also on microplate luminometers [110].

In environmental conditions that differ too gredtlym its native ones, the marine
bacteria may fail to respond biologically as expddtl6]. Thus, genetically modified

bacteria with dux gene inserted have been constructed and usetkéasaéle indicator



organisms [110]. In some engineered bacteriauhgene was regulated by specific
promoters that respond to environmental signalsaa@adhot constitutively expressed. Thus,
these bacteria feature a ‘lights-on’ mode, i.e |tineinescence signal increases when toxic
compounds induce the promoter [104]. In such ircganthe bacterium would, in effect, be
serving as a whole-cell biosensor (which will becdissed in the next section) A big
advantage of engineered bioluminescent bactetfaithey can be designed for specific
toxic compounds or for specific effects, e.g., DN&mage, protein damage, and cell
membrane damage [104]. For example, Choi and Glj dded a recombinant strain to
successfully differentiate the chemicals with meanierdamaging effects from those with
DNA-damaging or oxidative-damaging effects. In &eotstudy [112], four freeze-dried
recombinant bioluminescent bacteria, which wersisige to DNA damage, cellular
membrane damage, oxidative damage and protein gawage used to test the toxicity of
endocrine disrupting chemicals (EDCs). The reslitsved that although there were no
estrogenic effects on bacteria, some EDCs weresthttexic to bacteria.

The bioluminescent assay has been widely useckitotticity assessment of aquatic,
air and soil environments [98,113], drinking wdtHd4] and wastewater [106,114-117]. In
the wastewater industry its focus has been onatkieity measurement of the effluent, and on
monitoring of toxicity reduction during the treatntgorocesses [118-120]. In order to apply
the bioluminescent assay to the toxicity measure¢miewastewater influent, a recombinant
bioluminescent bacteriufseudomonas fluorescens strain Shk1, genetically modified from a
strain originally isolated from activated sludgesixconstructed [121]. The test results
showed that the Shk1 could detect the toxicityinf m influent at concentrations lower than
the ones detected by OUR respiration inhibition 163

Although the use of a bioluminescent assay has ingglace for a long time, many

challenges still remain before it can be adopteainasn-line toxicity warning system. One of



the key challenges is in the maintenance of thertepcells’ viability and reactivity. Ren and
Frymier tried to use a two-stage system with cedirgh and cell exposure [122] units and a
three-stage system with cell storage, cell growtth @ell exposure [123] to resolve the issue.
However, the stability of the system has to benerrimproved before it can be applied in
industrial settings. Recently, an automated onilmduminescence assay system —
TOXcontrof’ was developed [124]. The system is totally auteah@ixcept that the
bioreporter cells have to be prepared in batch¢lwvban then last for 2-5 days depending on
the temperature.

Another difficulty using bioluminescent assays\i@stewater processes is the
sensitivity of the assay, since it is very sensit low concentrations of toxic compounds,
e.g., <10 nM for mitomycin C [125]. However, asiadirect measurement method, they
may be too sensitive and frequently trigger falesHjve signals in a biological wastewater
treatment system. Lajoie et al. [13] compared mohescence with the OUR-based
respiration inhibition assay for the toxicity ohziin wastewater treatment. As expected,
bioluminescent assays were more sensitive tha@Um assay. In another field-scale study
[126], no quantitative correlation was found betwé® signals of a continuous
bioluminescent assay and treatment performancé{iieal oxygen demand (BOD) removal
rates). Hence, bioassays relevant to wastewatemgeatly needed, and some progress has
been achieved in a new bioassay developed by Maretgdl based on the use of fern spores
[120] which were less sensitive thénfischeri and displayed more realistic results. In
addition to bacterial bioluminescence, fungal bilnescence has recently been developed in
a toxicity assay for contaminated soil samples [,12@d a toxicity assay based on the algae

Scenedesmus obliquus has been applied to wastewater samples [128].



4.2. Biosensors

A biosensor features a biological recognition eletweorking together with a signal
transducer to generate a signal proportional tetimeentrations of analytes. The past two
decades has seen a dramatic increase in the vafieitysensors studied and developed
[10,129]. The biological recognition element cobllenzymes, cofactors, antibodies,
microbial cells, organelles, tissues or cells fioigher organisms [10]. Amongst them,
enzymes are the most widely used due to their Bpigcand sensitivity. However,
purification of enzymes is very time-consuming aftén requires stringent conditions to
maintain the integrity of the purified enzymesctimparison, whole-cell based biosensors
are far easier to generate as it simply involvesltivation of the appropriate bacterial
strains, which also tend to be more robust tharfipdrenzymes. The majority of research on
enzymatic biosensors have focused on the quawétdatection of target compounds, thus,
sensitivity and specificity are the two key paraenethat research has primarily focused on.
However, for toxicity assays, especially those #ratintended for on-line measurement of
toxicity in biological WWTPSs, generality and reaabie sensitivity are the desired outcomes:
in this respect, whole-cell biosensors are inh&renore suitable. Depending on the type of
transducer adopted, a biosensor may be broadlgaréed as an electrochemical or an
optical biosensor. Amperometric, potentiometriqyaactimetric, and microbial fuel cell type
biosensors are the major varieties of electrochamiosensors [129], while
bioluminescence, fluorescence, and colorimetrisdmsors constitute the optical biosensor
category [8]. Due to the large number of publicagion biosensors, this review shall only
cover studies that are relevant to biological WW.THs other biosensor areas readers are

recommended to recent reviews [10,129-132].



4.2.1. Whole-cell biosensors

Among the whole-cell biosensors, prokaryote-basess @re the most common type
[10,129]. Bacteria such &scoli andPseudomonas putida with the bioluminescent gerex
or green fluorescent proteigff) gene fused into their genome were widely expldoed
sensing various compounds including tetracyclimghthalene, toluene, and methyl viologen
[10]. Recently, an online flow-through bioluminesce device based on disposable biochips
immobilized with genetically modifie#.coli has been developed [133]. The luminescence
signals were probed by single-photon avalancheeditedectors. Three effects-specific (DNA
damage, oxidative stress, heavy metals) “lightyon@imoter strains and a constitutive “light-
off” promoter strain were immobilized on the bigehin 10-days of continuous operation the
device detected all the model toxicants testeddixét acid, paraquat and arsenic, and an
industrial wastewater sample. In another test [1B% cyanobacteri@nabaena torulosa
trapped on a cellulose membrane was used to absesxicity of Cu, Pb, and Cd, 2,4-
dichlorophenoxyacetate (2,4-D), and chlorpyrifos.iAthe case of many bacterially based
biosensors, an optical fiber connected to the #scence spectrometer was used as the
transducer. When toxicants were present in thernie photosynthetic activity of the
cyanobacteria changed resulting in a change imdkaence which was detected by the
spectrometer. The biosensor effectively detecteddhkicants at concentrations of < 10 pg/L.

Recently, whole-cell biosensors based on eukaryaes been reported [135]; a
group of protozoa known as ciliates were incorpganto biosensors. The advantage of
using ciliates is that they might be more sensitive to the lack of a cell wall, and be good
alternatives to cells as animals such as ciliateshmmans share more orthologs. gfe
gene was fused to a promoter gene GHEIT gene of the ciliate: fluorescence microscopy
was then used to observe the induced cells, antkhEsuitable transducers are attached a

viable biosensor may be generated.



When electrochemical transducers are used, majolendell biosensors utilize an
oxygen electrode as the transducer, however, lawastable concentrations of dissolved
oxygen [136] have led to the biosensor being baseelectron mediators. Wang et al [137]
have developed gbenzoquinone-mediated biosensor with an immolallizacterium
Psychrobacter sp. as the recognition element to measure theitpxaf heavy metals: Cu, Cd,
Zn, Cr, Hg and Pb. When a constant potential watieapbetween the working and reference
electrode, the change of current between the tectreldes was measured and correlated to
the concentration of toxicants; the measuregd 1@ the heavy metals varied between 1-110
mg/L. So far, most of the mediators have been atlmléte aqueous solution at a relative
high concentration, which could cause secondanytah, and a short life-time of the
immobilized cells. Immobilization of a mediator Wwibacterial cells would solve this
problem, and Li et al [136] successfully immobitizine mediator — benzoquinone dhdoli
cells on a glassy carbon electrode. The biosermadd detect the toxicity of Hg, Cu, and Cd
in an industrial wastewater. Zhang et al [138] di@yed a biosensor with the AOR
europaea as the bioreceptor, and an ammonium-selectiveretietas the transducer, and this
sensor might be suitable in a toxicity assay ferrihrification processes.

Normally, mid-log phase cells are harvested andaimiized to make the whole-cell
biosensor, which gives it a very short shelf-life. overcome this, a whole-cell biosensor via
immobilizing freeze-driedt.coli cells was developed [139]; the bio-sensor wasn&ttoited
immediately prior to use with the substrates laGtaticcinate and glucose. When there were
toxicants in the substrate, the changes in tharegepy activity of the cells will shift the
shuttle rate of the electron mediator — potassierabyanoferrate (lll) — to the working
electrode, resulting in a change in the currentcivivould indicate the presence of toxicants.

The biosensor was used to test the toxicity otigrits to WWTPs, and true-positive toxicity



signals were obtained from samples of influentd A TPs receiving tannery industry

wastewater mixed with domestic wastewater.
4.2.2. Microbial fuel cell (MFC) based biosensor

Bacterial oxidation of organic or inorganic compdsrinvolves the transfer of
electrons from the electron donors to the acceftpis series of compounds called an
electron transport chain. An MFC separates thdrele@acceptor from the biomass and
shuttles the electrons through an electrical wiirerefore generating electricity while
degrading the compounds. An MFC biosensor correlfie current or potential signal with
substrate concentration. The MFC biosensor wasd@geloped by Karube et al. [140] for
the 5-day BOD measurement. Unlike the current sehgobacterial cells in this prototype
system were immobilized on a platinum anddestridium butyricum cells were suspended
in acrylamide monomer solutions and cast insidgl@anmembrane which surrounded the
anode. The biosensor needed a response time (ligert a stable baseline between sample
changes) of 20-30 minutes depending on the coraterirof substrates. With real industrial
wastewater, the current from the biosensor coedlahearly with BOD up to 300 mg/L; the
measured BOD values were within the 10% error coethto standard readings. The current
output was reproducible for 30 days and remaingoletfor 40 days. Since then a range of
MFC biosensors have been developed, but the magrihem still target BOD
measurement [132,141-143].

Recently, MFC biosensors for the measurement of 8/&#d toxicity have shown
potential to be used in the monitoring of biologMANTPs. Kaur et al. [144] investigated
the use of MFC biosensors for specific VFA analy$isee H-type MFCs were inoculated
with anaerobic digestion sludge, and fed with @eetaropionate or butyrate as the sole
carbon source in a fed batch mode. The results etholat the peak currents in cyclic

voltammetry scanning mode increased proportiortallhe VFA concentrations up to 40



mg/L (10 mg/L for acetate) for the MFC fed with tbeeme VFA. In another study, Liu et al.
[145] developed a novel wall-jet MFC to monitorgsflow anaerobic fixed-bed (UAFB)
reactor. The MFC sensor featured a sandwich laybahode, proton exchange membrane,
and cathode in a small chamber of 1.6 mL, and nasulated with the biofilm of an old

MFC that had been running for one year. Installedhe recirculation loop of the UAFB
reactor and operated continuously, the output pialesignals of the MFC biosensor
corresponded well with the biogas flow rate ats¢rant organic loads of synthetic
wastewater. When real wastewater from a hydrohgsistor was fed to the UAFB, the output
potential also corresponded well with the biogasipction rate, soluble and total CODs,
total VFAs and acetic acid concentrations.

Davila et al. [146] developed a microfabricated MiGsensor of silicon wafers with
arrays of channels of 40 um x 40 um x 300 um ircdreer, which were deposited with
Ti/Ni/Au sputtered tri-layers. The two electrodesres placed together with a proton
exchange membrane sandwiched between them. Theacbagsign of the MFC biosensor
greatly reduced the distance between the electradesdistance for proton exchange, thus
reducing the internal resistance of the cell toi@mum, and resulting in a maximum power
density much higher than that achievable with géigetup. With constant current, the
voltage output of the MFC-biosensor decreased inmegl when formaldehyde was added
to the anode compartment. Wang et al. [147] ingagtd the current changes of a single
chamber bioelectrochemical cell with different cenizations of formaldehyde, and found a
linear correlation up to 0.08% formaldehyde. IntAeo set-up, Shen et al. [148] applied the
MFC-biosensor for the toxicity measurement of Qu(t the continuous operation model,
the MFC immediately detected toxicity when 5 omprrpof Cu(ll) was spiked into the feed of
a real wastewater. They also investigated the tsfigficshear force on the anode-oxidizing

biofilm and the sensitivity of the biosensor toitaty, and found that a lower shear force



could increase the sensitivity of the biosensors Tihding matches with the phenomena
observed by Patil et al. [149], as greater sheaefowill result in the electroactive biofilm,
which is more resistant to toxicants compared amktionic organisms, as the dominant
organisms in the anode chamber. Kim et al. [15@]iag MFC-biosensors to monitoring
toxicity in real wastewater, although during theegmar test there were no significantly toxic
compounds present in the influent. However, whéi @g/L Cd and 0.1 mg/L Pb were
injected into the influent as artificial toxicantee current dropped immediately. This
suggested the suitability of employing an MFC-biese for toxicity monitoring; they also
suggested diverting the toxic influent to a patd&C-biosensor in real situations to ensure
that the biosensor could recover after exposutleadoxic compounds.

Both electroactive biofilms and planktonic mediaassisted cells are widely used as
components of MFC biosensors [141]. A recent sfad$] investigating the sensitivity of
anode microorganisms (both electroactive biofilmg planktonic cells) to toxins revealed
some interesting phenomena. In the test, the ebettive biofilms were highly resistant to
toxicants including sulfamethoxazole, sulfadiazittdpramines B, Ci, Ag", PF* and Hg",
at concentrations similar to or higher than thoseeal wastewater, and hence no significant
changes in currents were observed. Instead, theatoetbased planktonic MFC biosensor
displayed reducing currents with the increase xicent concentration; these results
suggested that for measuring toxicity, the anodgaeorganisms need to be carefully selected
and validated. Sometimes, MFC biosensors inoculatétdknown mixed cultures were used
[151] with the aim of reducing the uncertainty amhancing long-term stability.

The most straightforward and widely-used way tonfii\asubstrate concentrations
from the signals of an MFC-biosensor is the limetationship between stable currents and
substrate concentrations [144,152,153]. To mairdajonod baseline and prevent a false-

positive measurement, the anodic potential of aiCNdl©sensor should be maintained within



a suitable range, and the pH has to be well cdatt@ls well [154]. However, the fluctuations
and interference caused by different substratesmadke it very difficult when real
wastewater samples are being analyzed. In ord®rdicome this limitation, a non-linear
programming method integrated with an artificialired network (ANN) was used to analyze
the signals from MFC biosensors [155-157]. The AN&thod utilized the information of

the peak area, peak height, acceleration ratedrgidence rate of the current signals. After
training, the MFC-biosensor could correctly idenfdur different substrates: acetate,
butyrate, glucose and corn starch, when the foostsates were fed into the biosensor in a
random sequence [156]. Furthermore, the COD medsuth the MFC-biosensor correlated

very well (R=0.99) with measurements based on the Standardokl§ti55].
4.2.3. Full performance reactor-based biosensors

Due to the complexity of sludge, a biosensor basedne single microbial strain, or a
sub-group of sludge organisms, can easily trigglsetpositive or false-negative signals.
Thus, the best biosensors are those that make tise whole sludge as the signal
recognition element and subjected to a similartoeasetup. The problem, however, is how to
achieve sufficiently prompt detection of toxicitythis complex biosensor which is
mimicking the community in the sludge. Generalyptapproaches have been used to solve
this: measuring multiple parameters, e.g., DO atd®»8,159], and maintaining a higher
metabolic activity in a full performance reactorsbd biosensor [160-162]. These examples
will be discussed in more detail here.

Kong and colleagues [163] described a RODTOX (Ré&p@gigen Demand and
TOXicity tester) respirometric biosensor, which vaason-line monitoring set-up for BOD
measurement in a small reactor (10 L). To make asorement, the sensor was first
calibrated with a pulse dose of substrate (150 nr@§lD of acetic acid), following which DO

changes could be monitored. The DO depletion pealdde integrated online to provide



information about the peak height, peak area aa#t plpe. When the DO had returned to its
normal value, the toxic compound was further adddtie sensor in a pulse dose, and the
DO depletion profile was retrieved again from timelioe DO data. The inhibition profile

was obtained via comparison of the different DOlelign peaks. The biosensor can also be
used to determine the inhibition to heterotrophiawtotrophic organisms [158].

Recently, a novel biofilm reactor (BFR)-based BAbBsknsor was developed by Liu
et al. [20]. The BFR was built with glass tubingd(@ mm x L 1.05 m), which was fed with
air-saturated activated sludge to form the biofilnstead of using a conventional dissolved
oxygen (DO) electrode to measure the BOD, the neaator was incorporated with a
photoelectroncatalytic electrode, which could gateesignal currents that correlated linearly
with the COD levels. The COD changes after the sasnpere passed through the BFR were
then converted to BOD values. The biosensor calyamane sample in less than 15 minutes
and give rise to a linear BOD range from 10 mg/LtauB00 mg/L. The biosensor remained
quite stable for 30 days, suggesting that it magdssible to apply it to achieve toxicity
monitoring of activated sludge.

Hong et al. [159] developed a DO- and pH-baseddnissr for use in a nitrification
inhibition assay. Two 3-L sequential batch reactecaipped with a DO or pH probe,
respectively, were used as the sensors with nitgfgctivated sludge as the biological
recognition element. A data processing algorithrs gplied to log the change in pH and
DO (i.e., dpH/dt and dDO/dt) every 1 min from thewimg averages of readings of the two
sensors. From the pH reading, the occurrence @ramonia valley (AV)’, which was the
minimal pH attained due to the oxidization of ammom was determined. When the
occurrence time of AV was 110% longer than the jotevvalue, or when the OUR was 80%

less than the previous value, a toxicant alarrhénsamples will be triggered. The authors



successfully detected 2.5 mg/L Hig0.5 mg/L allythiourea, and 0.25 mg/L chloroform
through this system, and to finish one batch tdsibk about 60-70 minutes.

In another study, a 0.7-L (effective volume) anbdergranular reactor based
biosensor (AGB) was used as a biosensor for tgxicitboth carbon- and nitrogen-oxidizing
activated sludge in an aerobic reactor [164]. Wibteenol and Cti were fed simultaneously
to the aerobic reactor and the AGB, the oxidatexdhdction potential (ORP) in the AGB
corresponded with the variations of COD and4Nid the aerobic reactor. The response of
the AGB manifested 6-20 h earlier than the aeradmactor. A new on-line toxicity analyzer
developed by LAR AG [165] utilized a nitrifying biagcial culture Nitrosomonas) to detect
toxicity. The respiration inhibition of the selfgenerating culture was monitored and
provided toxicity measurement with 5-10 minutes.

A novel nitrous oxide accumulation based biosems® proposed by Black et al.
[166]. Instead of monitoring nitrification in WWTP#e proposed biosensor measured
nitrous oxide emissions in a sewer pipe upstreaW\6fTPs. After a shock load of the
toxicant of allylthiourea to the real wastewatar30 minutes, the nitrous oxide level in the
pipes tested were higher than the control for ¢gilewing 12 hours. However, when a shock
load of potassium dichromate, copper sulphate nasickl sulphate were applied to the
system, the increase in nitrous oxide in the t@stdes was not obvious. Sometimes the
control even had a higher gas level, and in additioe control baseline fluctuated a lot with
real wastewater, which was very challenging foagabcessing.

Rozzi and his colleagues [160-162] did some piangavork on toxicity
measurement in anaerobic digestion, and developahtox (Rapid ANaerobic load and
TOXicity test) biosensor. The Rantox was a smadlesiabic digester which was installed
online before the wastewater was directed intdotgeinaerobic digester. The Rantox sensor

was inoculated with the same sludge as that dbitpeeactor, and was also fed at the same



organic loading rate. The only difference was tweatic acid was fed into the Rantox at an
auto-adjustable frequency to keep the specificdsqaroduction rate at the maximum level.
The concept is that inhibition of methanogens cdwasdecrease in the specific substrate
utilization rate, which in turn will result in treccumulation of substrate. Based on the
Monod equation, these two factors present oppasiiegts on the specific substrate
utilization rate, and hence the inhibitory effestsre hard to detect in the beginning.
However, in the Rantox the substrate concentrati@re kept at a greater-than- saturation
level, and thus the inhibitory effects could eabidydetected from a decrease in the specific
substrate utilization rate (or specific biogas picitbn rate). In Rantox, the biogas flow rate
and pH were continuously measured and the maximagab production rate was
continuously calculated using software and this ptated. In a test with yeast-factory
wastewater, the Rantox signals were shown to hamegood reproducibility [161]. For
three different sludge sources, when the Rantoxtesied with chloroform it detected the
toxicity (5-10% decrease of the biogas productate)within three cycles of acetate spike (3
hours per cycle) at an HRT of 10 hours. At the siime, the inhibitory effects to sludge in
big digesters was not observed when using the Raaasor [162].

However, the Rantox did not differentiate betwesaltbiogas and methane, which
could cause some uncertainties in measurement.e-biscsame group developed a titration
bioassay to determine methanogenic activity [L62¢tate was used in a batch bioassay
reactor, and the pH was monitored. When acetateca@asumed, concentrated acetate was
titrated into the reactor to keep the pH constamd, the acetate added equaled the acetate
consumed by methanogens; thus the titrant volumédeaised to calculate methanogenic
activity. A test with chloroform displayed very ghimeasurement (40 minutes) of inhibition

in terms of specific methanogenic activity: althbuge method is promising, more work



needs to be done to decrease the uncertaintige interpretation of diagrams and to provide
guantitative criteria for inhibition.

Oh et al. [167] developed a new biosensor for noomig the toxicity of Cr (VI) in
water by using changes in the electrical condugt@&C) and pH caused by the inhibition of
sulfur-oxidizing bacteria (SOB). The SOB were grawra 100 mL continuous reactor
packed with sulfur particles, which were convetiegulfate and protons through the
biological activity of SOB. With an HRT of 30 mired, the differences in EC and pH values
between the influent and effluent could be deteewitWwhen the toxicant - Cr (VI) at a
concentration as low as 5 ppb was fed in the infiudne change of EC and pH values in the
effluent could be determined after 1 hour. The cteda limit of this method was much lower
than the common bioluminescent assay, and thisiggeé was used successfully in the

toxicity assessment of industrial effluents contagrnl,4-dioxane [168].
5. Comparison of different assays and future reseah needs

As discussed in an earlier section, there are yywest of toxicity assays: the batch-
based direct measurement of toxic effects on thigenhiological community; and, the
indirect measurement of toxic effects on biolumased indicator organisms or biosensors.
The two types of toxicity assays have their ownligppon niches: the batch-based direct
measurement is more applicable when a new chemi@hew wastewater has to be
evaluated for basic toxicity. The indirect measugatris more suitable as a front-line
screening device to protect an operating WWTP. Agarison of the above-mentioned
toxicity assays is listed in Table 2.

Recently, both the direct and indirect toxicityasshave been used in full-scale
biological WWTPs. A wastewater treatment faciliégeiving more than 85% of wastewater
from industrial sources in Virginia, USA, had expaced a number of random toxic upsets

[169]. Thus, an early warning system (EWS) baseADR luminescence assay developed by



LuminUltra (Fredericton, New Brunswick, Canada) waplemented, which identified a
significant toxic upset and facilitated troublestiog after the upset. In another case, an EWS

I™ which consisted of a small

based on a full performance reactor-based bioserioCoi
aeration tank and an unaerated plug-flow reactas, successfully used over the past six
years [170]. The pH, temperature, suspended salidsdissolved oxygen were sensed in the
EWS, and the OUR was determined continuously. W& Euccessfully warned of a
chemical spill incident, and helped to identify daurce of the incident. These examples
clearly demonstrate that an EWS based on an eféetikicity assay can protect WWTPs

from toxic shocks. However, research is still neeitethe following areas:

1) Dehydrogenase activity assay

OUR- or DO-based respiration inhibition assays tiedammonium-based
nitrification inhibition assay have been incorperhinto whole-cell biosensors. Amongst the
rest of the batch-based assays reviewed in thisrpte dehydrogenase activity assay seems
to be very promising for adoption as an on-linadiyx sensor due to its high correlation with
the OUR assay, and its easy data acquisition flisoeescence detector. However, the flocs
and particles in sludge may interfere in the detaadf the fluorescence; thus future studies
should focus on how to eliminate this interference.

2) Bioluminescent assays and whole-cell biosensors

The bioluminescent assays, or whole-cell biosensased on genetically modified
strains of bacteria that originate from activatkedige, such ablitrosomonas sp. and
Nitrobacter sp. have the potential to be adopted in WWTPs. él@w a single toxicant can
cause different effects on different organismsstassays or sensors based on a specific
organism may fail to trigger a toxic alarm. Befarbioluminescence assay or biosensor can
be used in WWTPs, its sensitivity to a matrix ofigas toxicants has to be examined. If

needed, a combination of different organisms inseresor, or incorporation of multiple



sensors is a possible choice to provide full ptatado WWTPs. The short life-time of a
bioluminescent assay or whole-cell biosensor pasether challenge to its application as an
on-line toxicity tool. The method fan-situ cultivation of the reporter organisms has to be
improved before these sensors can be used aseotebis. Despite the above challenges, the
bioluminescent assay or biosensors with the speaiesffect-specific reporter genes fused
are the best fit for an emergent toxicity analysiglentify a potential toxicant, or the specific
effect that a toxicant causes.

3) MFC- and full performance reactor-based biosenso

The MFC- and full performance reactor-based biosenisave the advantages of
medium sensitivity and a quick response that ilyiko be sufficient to protect the integrity
of most WWTPs. Both of them are almost free fromieed to constantly maintain the
indicator bacteria. The MFC biosensor has a quickgponse than the full performance
reactor biosensor, although the latter has therddga that it can provide detailed
information about which specific process is inhedit

However, the correlation of MFC-based biosensoth thie traditional OUR-based
assays in response to real wastewaters has todstigated carefully before they can be
used in biological WWTPs due to the difference le&mwthe anode microorganisms and
sludge in WWTPs. However, a full performance reabesed biosensor has been used
successfully in a full-scale WWTP. The bigger watkivolume of such a biosensor better
mimics a full-scale WWTP, thus resulting in morgaigle results, although the increased
maintenance work induced by their bigger voluméhits their wide application. Thus,
research on reducing the effective volume of agalformance reactor-based biosensor
while keeping its sensitivity is needed.

4) Bioassay/biosensor specific for anaerobic preees



Currently the CHproduction-based ATA is widely used. However, ualtke OUR-
based respiration inhibition test, which has begorously standardized for aerobic processes
over the past decades, there has been to datstalished standard method for anaerobic
CHs-based ATAs, which makes it very difficult to com@aesults across different labs.

Thus, effort needs to be made by the scientificroomty to standardize the ATA.

With the advancement of membrane technology, tbécgion of anaerobic
processes as a stand-alone technology for fule36&NTPs is very attractive. However,
biosensors specific for anaerobic processes aravadable yet. One major difficulty of
adopting the Chlproduction-based ATA as an online tool is thatdchange of methane
content in biogas is not significant and hard ttederight after the toxicants are introduced
to the influent. In contrast, MFC-based biosensoesvery promising for anaerobic processes
due to their quick response, long-term stabilitgt ambustness. However, the difference
between the anode microorganisms and anaerobistitigesiudge will inevitably result in
different toxic effects, which have to be examigadefully in labs and in pilot-scale
WWTPs.

5) On-line data processing method

A lot of effort has been put in to develop noveldensors. However, how will these
biosensors perform in full-scale biological WWTHR3fe fluctuations in influent quality and
guantity cause large uncertainties in the dataieddafrom the biosensors. This was
highlighted in a recent report by WERF [171] docatmeg a case study of an EWS in a
WWTP to prevent upsets caused by chemical/biolt/gichoactive contaminants: the key
issues for a robust EWS identified by this projgete the data quality and real-time data
analysis. Therefore, advanced data processing ia&tiadich can differentiate between true-

and false-positive signals, are needed for aniefficEWS in real WWTPs. The ANN



method used in MFC biosensors [155-157] is verysing, although future studies with

raw wastewaters in laboratory- or pilot-scale expents are needed.
6. Conclusions

Different toxicity assays are available for biolkeaiWWTPs; amongst them, the
OUR-based respiration inhibition test, and the;®Hsed ATA assay are the most widely
used in aerobic and anaerobic processes, resdgc®andardization of the CHbased ATA
assay is urgently needed in order to compare seaafbss different labs. Recently, EWs
based on reliable on-line toxicity biosensors hanavided protection from toxic shocks to
WWTPs. However, more research is needed to: tesedponse of bioluminescence assays
and whole-cell sensors based on specific organismarious toxicants, and build a matrix of
biosensors or a biosensor of multiple reporter misyas that can protect the integrity of
WWTPs; correlate the MFC-based biosensors withrdditional OUR-based or Ckbased
assay in response to real wastewaters; reducézthefsull-performance reactor-based
sensors; and, develop more advanced on-line data$sing methods to correctly interpret

the results obtained from toxicity sensors in W&V TPs.
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