
sensors

Review

Live-Cell Systems in Real-Time Biomonitoring of Water
Pollution: Practical Considerations and Future Perspectives

Donald Wlodkowic 1,* and Tomasz M. Karpiński 2
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Abstract: Continuous monitoring and early warning of potential water contamination with toxic
chemicals is of paramount importance for human health and sustainable food production. During
the last few decades there have been noteworthy advances in technologies for the automated sensing
of physicochemical parameters of water. These do not translate well into online monitoring of
chemical pollutants since most of them are either incapable of real-time detection or unable to detect
impacts on biological organisms. As a result, biological early warning systems have been proposed
to supplement conventional water quality test strategies. Such systems can continuously evaluate
physiological parameters of suitable aquatic species and alert the user to the presence of toxicants. In
this regard, single cellular organisms, such as bacteria, cyanobacteria, micro-algae and vertebrate cell
lines, offer promising avenues for development of water biosensors. Historically, only a handful of
systems utilising single-cell organisms have been deployed as established online water biomonitoring
tools. Recent advances in recombinant microorganisms, cell immobilisation techniques, live-cell
microarrays and microfluidic Lab-on-a-Chip technologies open new avenues to develop miniaturised
systems capable of detecting a broad range of water contaminants. In experimental settings, they
have been shown as sensitive and rapid biosensors with capabilities to detect traces of contaminants.
In this work, we critically review the recent advances and practical prospects of biological early
warning systems based on live-cell biosensors. We demonstrate historical deployment successes,
technological innovations, as well as current challenges for the broader deployment of live-cell
biosensors in the monitoring of water quality.

Keywords: water; pollution; early warning; sensor; bacteria; algae; cell

1. Introduction

Water resources free of chemical pollutants are paramount for the protection of the
biosphere, as well as a sustainable supply of water that is safe for human use and the
production of food. The increasing anthropogenic pollution of the aquasphere and the
impact of accelerating climate changes are driving shortages of potable water of a suitable
quality for large urban populations and remote rural communities alike [1]. The contami-
nation of water with industrial chemicals predominantly arises from long term, cumulative
processes. However, it can also occur rapidly following industrial accidents, deliberate and
illegal waste disposal and emergent threats associated with chemical terrorism [1–6]. Rapid
pollution incidents such as these cannot be predicted but have a significant potential of
becoming catastrophic events, especially considering the rapidly increasing potable water
shortages worldwide [1,5,6].

In this regard, an important component of source water protection programs are
future online systems capable of continuously monitoring water quality and providing
early warnings of developing chemical hazards [1,5–8]. They could increase the resilience
of water supplies and significantly reduce the risks associated with chemical discharge
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emergencies. Such systems have been indicated by many governmental regulations in-
cluding the US Safe Water Drinking Act (SWDA) that highlights the importance of source
water assessment and protection programs safeguarding water supplies [5,7]. The early
warning systems can be used to provide timely information on the quality of the source
water so that knowledgeable decisions can be made concerning treatment and operation
decisions [6].

There have been several developments in innovative technologies aimed at the water
industries’ needs for the continuous monitoring of the chemical and physical parameters of
water, including automated water sampling and remote sensors distributed in water deliv-
ery networks [6,8]. The latter can provide a multiparametric and highly automated analysis
of standard water indices such as pH, turbidity, chlorine, dissolved oxygen (DO)and total
organic carbon (TOC). Such technologies are becoming commonplace at many water instal-
lations across Europe, the United States and Asia [8,9]. However, despite their significant
advantages in the day-to-day online analysis of standard water quality parameters, they
have some major drawbacks. Namely, they are incapable of deciphering if an accidental
discharge of toxic chemicals has occurred. Moreover, they cannot detect any additive and
synergetic effects of toxicants on living organisms [1,2,7,8,10,11].

Recent developments of automated gas and liquid chromatography systems have
attempted to at least partially address the above issues. Although such systems provide
a noteworthy high degree of automation in the quantitative analysis of water chemistry,
they are limited by realistic sampling frequencies, non-trivial costs of infrastructure and
complex maintenance [1,2,8]. This often results in very high costs per sample. As such, the
routine adoption of these technologies for the online monitoring of water quality is still
largely impractical [2,8].

Developments of biosensors were also made to address water quality monitoring, in
particular, for catchments of drinking water [8,12–14]. A biosensor is best characterised
as an integrated device where a bioassay using a cell-free or a whole cell-based system
provides the quantitative or qualitative detection of an analyte. The signal generated by
the biological sensing part is detected and amplified by electronic circuitry, thus providing
a user-friendly data readout [12–15]. The ultimate goal for biosensors is high sensitivity
and specificity, defined as an ability to detect specific analytes [14–16]. In this regard,
significant developments in cell-free biosensors that utilise immune, enzymatic as well as
nucleic acid detection assays have also been demonstrated for the detection of toxicants
in water [17–19]. Such biosensing technologies are rapid and simple to use but are often
single, analyte-specific, require replacement upon detection and can be susceptible to the
biofouling and abiotic parameters of water.

To address the above limitations, biological early warning systems (BEWSs) have
historically been proposed [1–4,20]. Such biomonitoring technologies can address this
analytical gap and supplement conventional water testing by providing continuous evalua-
tions of water quality. This is usually achieved by the real-time evaluation of physiological
parameters of suitable aquatic bioindicator species [1,2,20]. In contrast to biosensors, the
BEWS technologies for online water biomonitoring applications are almost never designed
with analyte-specific detection in mind. They are inherently non-specific and lack the
ability to provide quantitative and qualitative chemical detection capabilities [1,2,20]. They
can, however, provide continuous sensing and an early warning about a sudden alteration
in the water quality parameters by monitoring alterations of the carefully established
baselines of physiological parameters. Such systems predominantly rely on the real-time
behavioural analysis of metazoan animals and have recently been thoroughly reviewed by
Bownik and Wlodkowic [2]. BEWSs and online biosensors can, however, also be developed
using single cellular organisms. Bacteria, cyanobacteria, algae and micro-algae offer, in
this regard, many promising avenues for the development of real-time and near real-time
water biosensors (Figure 1) [12–16,21]. Biosensors utilising intact and functional cells are
commonly referred to as live-cell biosensors. The measurement of diverse cell attributes
such as viability, proliferation, metabolic state and many others serves as a readout to detect
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toxic changes in the water samples. Historically, only a handful of systems utilising live
cells have been deployed as established online water biomonitoring tools. Recent advances
in recombinant microorganisms, cell immobilisation techniques, live-cell microarrays and
microfluidic Lab-on-a-Chip technologies open new avenues to develop the miniaturised
biosensing systems capable of detecting a broad range of water contaminants [12–14,21].
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In this work, we critically review the advances and prospects of practical applications
of biological early warning systems based on live-cell biosensors that utilise bacteria, algae
as well as vertebrate cell lines. We demonstrate historical successes with existing practical
deployment examples and technological innovations as well as discuss current challenges
for the broader deployment of live-cell biosensors in the monitoring of water quality.

2. Established Online Biomonitors Using Bacteria and Algae

Historically there have been only a handful of practical and successful deployment
examples of online water biomonitoring systems that utilise live cells (Figure 1).

2.1. Online Microtox System

Microtox-OS was initially introduced in 1990 by Siemens Environmental in collabora-
tion with Yorkshire Water. It was based on an established AZUR bioluminescent technology,
(Azur Environmental, Carlsbad, CA, USA) where the metabolic effect of toxicity is mea-
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sured as a decrease in the light output from the natively bioluminescent strain of bacteria
Aliivibrio fischeri (formerly known as Vibrio fischeri) [22–24]. Microtox-OS was an auto-
mated version of the standard, laboratory Microtox test [11,25]. The system was equipped
with a rotating carousel that held 36 vials of freeze-dried Microtox reagent. Each diluted
and reconstituted vial could supply up to 30 tests. The system could operate completely
unattended for up to 14 days and perform repeated analysis in 20 min intervals. A light
detector measured bioluminescence in the tested and reference (control) samples. The data
were logged in a time-stamped file. This innovative BEWS technology was developed for
applications in testing the toxicity of drinking water intake, as well as influent and effluent
monitoring in wastewater treatment plants [25]. Unfortunately, despite the inherent sensi-
tivity and established worldwide standard applications of bioluminescent Aliivibrio fischeri
in ecotoxicity testing, the Microtox-OS was quickly discontinued. This was predominantly
related to significant limitations of early automation and electronic technologies that were
proven to be unreliable and expensive in day-to-day operations.

Interestingly, recently, this early concept experienced a revival and modernisation
with the latest microelectronic technologies. Namely, the Microtox®® CTM (Continuous
Toxicity Monitor) was re-developed by Modern Water Plc (London, UK) to enable real-time
biosensing (Figures 1 and 2). The modern system is equipped with an automated on-board
fermenter that provides a continuous culture of a bioluminescent strain of bacteria Aliivib-
rio fischeri instead of the previous carousel of freeze-dried vials with Microtox reagents
(Figure 2). This enables Microtox®® CTM to automatically perform one measurement every
ten seconds for up to four weeks without any involvement from the operator. Furthermore,
modern electronics and automation systems allow for significant advancements in relia-
bility and rugged operational deployment. The sensitivity of Microtox®® technology has
been validated with a range of toxicants such as heavy metals, insecticides, fungicides,
herbicides and diverse industrial chemicals (Figure 2). Reportedly, the system can also
detect synergistic toxicity effects in complex mixtures of chemicals.
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Figure 2. The Microtox®® CTM (Continuous Toxicity Monitor, Modern Water Plc, London, UK) a
commercial real-time water biomonitoring system based on a bioluminescent strain of bacteria Ali-
ivibrio fischeri. (A) Overview of the device optimised to perform online monitoring in a continuously
delivered stream of water sampled from reservoirs, water supply systems and water treatment plants;
(B) Technical diagram depicting major components of the Microtox®® CTM. Note an automated
on-board fermenter that provides continuous culture of bioluminescent strain of bacteria Aliivibrio
fischeri. The system can automatically perform one measurement every ten seconds for up to four
weeks without any operator involvement, (C) Example response data with a reference toxicant (Zinc,
0.2 ppm). Source data provided by and used with permission from Modern Water Plc (London, UK,
www.modernwater.com, accessed on 1 October 2021).

2.2. ToxAlarm Toximeter

This system was developed by LAR Process Analysers AG (Berlin, Germany) and
is an example of automated BEWS based on bacterial respirometry in accordance with
the ISO 9509:2006 standard (Figure 1) [11,25]. The principle of ToxAlarm Toximeter is the

www.modernwater.com
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measurement of oxygen consumption by nitrifying bacteria [25]. The bacterial solution is
automatically dosed from the fermenter and injected into a measurement cell where it mixes
with an injected water sample. The measurement cell is equipped with a very sensitive
oxygen sensor. Nitrifying bacteria consume oxygen from the conversion of ammonia into
nitrate, and in the presence of toxic chemicals, this metabolic process is inhibited, thus
reducing the overall consumption of oxygen.

The system is equipped with an automated on-board fermenter that provides a con-
tinuous culture of nitrifying bacteria. The fermenter can reportedly operate unattended
for up to two weeks and after that period, the system only requires the replenishing of
bacterial media. Each toxicity testing measurement lasts approximately 5 min; hence, the
system can be classified as a near real-time BEWS technology. The ToxAlarm Toximeter
is reportedly suitable for the online monitoring of surface and ground water, as well as
catchments of drinking water.

One of the most notable examples of its deployment has been extensive evaluation on
the Rhine and lower Main rivers as part of large-scale and continuous water biomonitoring
programs in drinking water catchments [11,25]. This program was established by the
German Commission for the Protection of the Rhine in 1990. Interestingly, a report by the
Working Group of the German Federal States on Water Problems (LAWA) that provided
extensive sets of evaluations and recommendations on the deployment of continuous
biomonitors for the monitoring of surface waters highlighted some caution with regard to
the ToxAlarm system [11,25]. It was observed that during continuous operation, diverse na-
tive bacterial populations were routinely introduced from the test water if no pre-filtration
was conducted. Their growth in the tubing necessitated an enhanced daily maintenance
regimen with manual rinsing and sterilisation of the system, making it cumbersome for the
online monitoring of surface waters [25]. The new version of the technology is equipped
with a pre-filtration stage, thus, alleviating many problems associated with the previous
generations of the system.

2.3. Algae Toximeter II

The advances in microelectronics and fluorimetry have fuelled the development
of commercial BEWSs such as an Algae Toximeter II (bbe Moldaenke, http://www.bbe-
moldaenke.de (accessed on 1 October 2021)) (Figures 1 and 3) [26]. It is based on a successful
predecessor (Algae Toximeter I) that was time tested during continuous operation in
many installations across Europe since 1995. The updated technology has been specifically
designed to perform monitoring of water from drinking water purification and distribution,
as well as effluents from wastewater treatment plants [11,25,26]. It can also be deployed
to perform environmental monitoring in rivers and lakes providing the evaluation of
remediation processes.

The Algae Toximeter II is equipped with a computer-controlled and operated pho-
tobioreactor that automatically cultures microalgae Chlorella vulgaris as bioindicator or-
ganisms (Figures 1 and 3). They are widely used in water toxicity testing according to
the ISO 8692:2012 standard [26]. The raw water sample pumped into the device is first
evaluated from the perspective of concentration and activity of naturally occurring algae.
For this purpose, fluorometric reference analysis estimates the total chlorophyll content
in the sample as well as the concentration of different algae classes such as green, blue-
green, brown (diatoms and dinoflagellates) algae and cryptophytes [26]. Subsequently, a
precisely measured amount of cultured Chlorella cells is added from the photobioreactor
to the measuring chamber. A physiological state of the microalgae upon exposure to a
water sample is estimated using a direct chlorophyll fluorescence measurement (Genty
method) [26,27]. Its principle is based on the fact that the Photosystem II emits light in the
red spectrum range (685–700 nm) upon illumination with a 488–532-nanometer wavelength
stimulus. The intensity of red emission is, thus, recorded and reflects the photosynthetic
activity. The exposure to chemicals inhibits the photosynthetic activity compared to the
controls and serves as an indicator of toxicant presence. The latter activates an alarm above

http://www.bbe-moldaenke.de
http://www.bbe-moldaenke.de
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a pre-defined threshold [26]. Each testing phase takes approximately 45 min, hence the
Algae Toximeter II is an example of a time-resolved but not a real-time water sensing
technology.
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Figure 3. The Algae Toximeter II (bbe Moldaenke GmbH, Germany) is a commercial water biomon-
itoring system utilising Chlorella vulgaris microalgae as a bioindicator organism. (A) Overview
of the device, depicting major functional components. Note an automated on-board photobiore-
actor/fermenter that provides continuous culture of microalgae. Analysis of each water sample
takes approximately 45 min and, thus, the Algae Toximeter II is an example of time-resolved but
not real-time water sensing technology; (B) Technical diagram of the system with its main func-
tional components. Source data provided by and used with permission from bbe Moldaenke GmbH
(http://www.bbe-moldaenke.de (accessed on 1 October 2021)).

According to the manufacturer, microalgae demonstrate higher sensitivity to herbi-
cides, aromatics, halogenated aromatics, chlorinated hydrocarbons, substituted organic
acids, some heavy metals and surfactants than Daphnia magna and fish that are used in
many behaviour-based real-time biomonitoring systems [26]. Thanks to its sensitivity
and extensive validation, this technology has been widely deployed in many installations
across Europe, the United States, Canada, Korea and China, with applications ranging
from dam monitoring, wastewater treatment testing and waterway health assessment to
online monitoring of both intake and treated drinking water supplies [26,28].

3. Automated Flow Cytometry and Online Fluorimetry

Apart from abiotic toxicants, the contamination of water with bacterial populations
is highly variable in many regions. The most significant daily health threat worldwide is
the possible pollution of drinking water catchments with enteric pathogens [29,30]. In this
regard, there is a notable lack of suitable real-time detection technologies that could be used
in early warning strategies [31]. The introduction of bacteriological online sensing systems,
although not directly related to the detection of toxic chemicals, can prospectively allow us
to supplement abiotic BEWSs and offer considerable potential for multi-parametric early
warning water biomonitoring systems.

Flow cytometry (FC) has become the gold standard in the multi-parametric analysis
of diverse human and animal cells, bacteria and even the development of rapid algal
cytotoxicity assays using fluorescent viability probes [32,33]. Recently, FC has gained
significant acceptance in the analysis of bacteriological water quality because it can provide
a simultaneous determination of the total cell count (TCC) and bacterial viability using
cell permeable nucleic acid stains such as SYTO and SYTOX [34]. Moreover, online flow
cytometry has recently found its noteworthy application in an assessment of microbial

http://www.bbe-moldaenke.de
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dynamics in groundwater used for drinking water catchments [35]. This innovative system
enables an automated 15-min interval water sampling and flow cytometric analysis of
bacterial populations in water for up to 14 consecutive days.

Apart from the above example, FC has also been used to assess the ecotoxic impact
of diverse pollutants on microbial and picoplankton communities in field deployments.
Fully automated flow cytometry systems such as CytoSense, CytoBuoy and CytoSub
(CytoBuoy b.v., Woerden, The Netherlands) provide, in this context, innovative capabilities
for in situ, as well as near real-time monitoring of chemical impacts on pico-, nano- and
microphytoplankton. The CytoSense system has been continually deployed since 2013 on
the river Meuse as a part of the early warning system for assessing the quality of drinking
water catchments.

The online fluorimetry, similarly to flow cytometry, has also been postulated as a
promising avenue to provide a continuous evaluation of the bacteriological water qual-
ity [36,37]. In particular, the tryptophan-like fluorescence (TLF) (peak excitation/emission,
280/350 nm, respectively) has been reported to correlate well with water microbiological
endpoints such as biological oxygen demand (BOD), chemical oxygen demand (COD)
and total organic carbon (TOC) [38,39]. Importantly, recent studies have indicated that
drinking water contaminated with faecal coliforms can have significantly higher TLF than
uncontaminated water [38]. Overall, online fluorimetry appears as a promising future
technology for a highly automated assessment of bacteriological risk in drinking water
sources [37].

There are major technology challenges for automated online flow cytometry and
fluorimetry. There is a considerable need for further engineering to develop systems that
are robust with reliable automation but at the same time feature user-friendly operation, a
low cost to analysis ratio, as well as being equipped with automated data processing and
mining. There are also other significant variables that can negatively interfere with online
fluorimetry analysis, such as the impact of temperature, the turbidity of raw water, the
biofouling of detection elements, as well as the significant build-up of inorganic deposits
such as iron ions that often hamper the measurements in long-term installations [36].

4. Bacterial Biosensors

Bacteria are prokaryotic microorganisms characterised by a lack of a membrane bound
nucleus and intracellular organelles. Most bacteria in waterways and sediments can be
classified as destruents, since they are responsible for the recycling of organic matter in
the ecosystem [25]. Bacterial-based biosensors are by far the most popular technologies
prototyped for toxicity and water quality testing (Figure 1) [12–15,40]. Furthermore, out
of the three existing commercial whole-cell online biomonitoring systems, two are based
on the implementation of bacteria-based detection. A plethora of species of bacteria were
explored in water biosensing and biomonitoring prototypes, but the most popular are
Escherichia coli, Aliivibrio fischeri, Photobacterium phosphoreum and multiple species from the
genus Pseudomonas sp. and Flavobacterium sp. [12–14,16].

Live bacteria systems can employ diverse endpoints for the real-time detection of
chemicals including a loss of cell viability, an inhibitory impact on metabolic activities,
changes in electrochemical potential, inhibition of selected enzymatic activities, or more
recently, an analyte-specific induction of florescence or bioluminescence in engineered
transgenic strains [12–14,16,41]. Most of these technologies have been thoroughly reviewed
in specific technical literature and a detailed description of all discrete features is beyond
the scope of this review [12]. Below, however, we briefly outline the main classes of bacterial
sensing technologies that have been proposed in the literature and discuss their practical
applicability for online water biomonitoring applications.

4.1. Electrochemical Sensing

This type of technology has traditionally been very popular due to the low cost, simple
design and straightforward implementation in portable applications [12,42]. Electrochemi-
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cal sensing is also advantageous for online sensing since it is a label-free technique that
does not require any staining with fluorescent probes or optical elements, that are usually
susceptible to damage or significant fouling. The measurable output of electrochemical
sensing can be the current (amperometry), potential (potentiometry) or electrical conduc-
tivity of the solution (conductometry, impedance spectroscopy) [12,42]. These technologies
can utilise both native or genetically engineered strains of bacteria that can be immobilised
on the specially modified surfaces or suspended in solution.

Amperometric principles measure an electric current output that occurs when elec-
trons are exchanged between the sensing electrode and the microbial population that
metabolic activities change the oxidation state of the electrode [43–45]. The measured
signal is proportional to the amount of the redox changes occurring at the electrode and,
hence, is proportional to the metabolic activities of the microorganisms [43]. The most
employed variation of this technology is chrono-amperometry, where changes of the cur-
rent output are measured as a function of time. Examples of amperometry sensors include
prototypes for the detection of neurotoxic pesticides, heavy metals as well as phenolic and
non-ionic surfactants [12,44,46,47].

Potentiometric biosensors operate on the principle of measuring the electrical po-
tential difference between working and reference electrodes [45,48,49]. The microbial
technologies of this class usually consist of modified electrodes that measure pH changes
or the production of carbon dioxide by microbes [50]. Examples include bacterial potentio-
metric biosensors developed for the detection of the cephalosporin group of antibiotics,
monitoring trichloroethylene in wastewater and organophosphate insecticides [12,50–53].

Conductometry technologies measure changes in the electrical conductivity (or resis-
tivity) of the solution [54]. Those measurements are proportional to the analyte concentra-
tion when an electric potential (constant or sweeping) is applied between two opposing
electrodes. Bacterial biosensors using this method usually detect global changes of metabo-
lites produced by the bacterial culture because they modify the overall conductivity of the
media [54,55]. Examples include prototypes demonstrated for the detection of sulfuric acid,
chlorinates and heavy metals in waters [56].

Electrochemical impedance spectroscopy (EIS) measures impedance changes between
a pair of electrodes immersed in a medium. The impedance is defined as the total resistance
of a conductive medium [57]. This technology is also commonly referred to as impedance
microbiology [57–59]. It is used to enumerate the density of microorganisms using an
increase in the electrical conductance and capacitance of the culture media occurring as the
bacteria proliferate. The increase in conductance and capacitance translates into a decrease
in the measured impedance values [57,58]. Importantly, this technique not only detects
the number of micro-organisms but also measures their relative metabolic activity [57,58].
The principles of this technology date back to 1899 and the seminal discovery by Stewart
that the growth of bacteria changes the conductivity of the media [60]. The progress in
the microelectronics and computer-controlled laboratory instrumentation from the early
1980s led to the development of many commercial applications of impedance microbiology,
especially in the food and dairy industries [61,62]. The impedance bacterial biosensing
has also been demonstrated in estimating pathogenic bacterial loads in water quality
testing [63,64]. Commercial high-throughput impedance microbiology systems include
Rapid Automated Bacterial Impedance Technique (RABIT; DonWhitley Scientific, North
Gosford NSW, Australia), Bactrac (Sy-ab Microbiology, Neupurkersdorf, Austria) and, a
now discontinued, Bactometer (bioMérieux SA, Marcy-l’Étoile, France).

Recently, two new impedance techniques have been proposed, including one utilising
immobilised bacterial cells at the electrodes, as well as impedance microflow cytometry [57].
The former technique, instead of measuring the conductivity of the medium, estimates
the interfacial impedance of interdigitated arrays of electrodes. It reflects the changes at
the surface of the electrodes and effects the local capacitance of the electrode/electrolyte
interface due to the bacterial presence [57]. The miniaturised Lab-on-a-Chip impedance
flow cytometry has only recently been demonstrated as a promising technology for the
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real-time online sensing of bacteria in water. This is one example of impedance-based
bacterial biosensing not performing in static environments [65].

4.2. Microbial Fuels Cell (MFC)-Based Biosensors

This type of technology relies on exoelectrogenic microorganisms that use organic
substrates as their primary metabolic energy source [41,66,67]. In MFCs, the electrochemi-
cally active microorganisms (EAMs) donate the electrons from the electron transport chain
to the anode electrode’s surface [41]. Alternatively, autotrophic microorganisms as electron
donors have also been demonstrated in photosynthetic microbial fuel cells (PMFC) [41,67].
The flow of electrons and, thus, the measured amount of electricity generated in the MFCs
is directly proportional to the metabolic state of the EAMs [41]. In all applications, the
critical prerequisite for the occurrence of the direct electron transfer (DET) is physical
contact between the bacterial cell membranes and the anode. This usually requires physical
or chemical entrapment or the immobilisation of bacteria cells in biofilms directly on the
surface of the anodes’ substratum [41,67]. The latter has been prototyped using diverse
materials such as platinum, graphite or carbon. There have been numerous of prototypes
demonstrated in recent years, including single and dual chamber MFC systems [41,66–68].

MFC-based biosensors have been tested under laboratory conditions for applications
in water quality testing including monitoring dissolved oxygen (DO), biological oxygen
demand (BOD) and chemical oxygen demand (COD), and as toxicity biosensors for heavy
metals, pesticides, formaldehyde and polychlorinated biphenyls (PCBs) [41,67,69,70]. Re-
portedly, MFCs can provide reduced operating costs compared to other types of live-cell
biosensing technologies and are reasonably low maintenance while providing long-term
stability [67,69].

4.3. Optical Sensing

Optical sensing offers significant advantages for the implementation of genetic en-
gineering and, thus, the development of analyte and/or effect-specific strains [12–14].
Virtually all bacterial optical biosensing prototypes can be classed as label-free techniques
since the emitted light output is based on native luminescence or recombinant DNA
technology and not on exogenous chemical fluorescent stains. The outputs are biolumines-
cence and fluorescence employing bacterial luciferase and green fluorescent protein (gfp),
respectively (Figure 1) [13,14,16].

4.3.1. Bioluminescence Methods

The utilisation of bioluminescent strains has become very popular and widely used
in diverse prototypes of bacterial toxicity and water quality biosensors. This method is
based on the expression of the luciferase enzyme and can offer faster overall responses and
higher sensitivity compared to GFP technology [16].

There are two main variations of luminescent biosensors that utilise (i) natively biolu-
minescent strains and (ii) recombinant DNA technology to provide inducible expressions
of luciferase [14,16].

Aliivibrio fischeri is an example of a naturally bioluminescent bacterium that natively
exhibits a constitutive and high-level expression of bacterial luciferase (lux) [14]. This
species is also very sensitive to many chemical pollutants and, thus, is ubiquitously used
in the patented Microtox®® technology in ecotoxicology and water quality testing [16,22].
Upon exposure to toxic chemicals, a decrease in the bioluminescence emissions is measured
as an output of the A. fischeri bioassay. This readout is not compound-specific and represents
the general cytotoxic effects on bacteria [16,22]. The Microtox®® CTM is a commercial
online water biomonitoring system exploiting this method of sensing.

In contrast, the recombinant DNA technology provides unique abilities to create
analyte and/or biological effect-specific strains of popular E. coli bacteria when specific
promoters are fused into a plasmid with the luciferase genes [14,16]. In this construct,
the promoter controls the inducible expression of luciferase [14,71]. A low baseline lu-
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minescence output increases rapidly upon sensing the target effect or analyte (switch on).
Moreover, the inducible expression can be designed as a switch on–switch off system, where
bioluminescence will return to basal levels upon the withdrawal of the target analyte,
thus affording self-regenerating and real-time sensing abilities. The recombinant systems
can utilise both bacterial (lux) or firefly (luc) luciferase genes [14,16,71]. Despite having
a higher quantum yield, the firefly luciferase does, however, require the addition of an
exogenous substrate called luciferin to maintain the luminescence output. The commonly
used modified bacterial luxCDABE operon contains both the luxAB genes responsible for
luminescence reaction, as well as the luxCDE genes encoding pathways for the regeneration
of the luciferin, thus eliminating any need to provide the substrate externally [71–73].

The inducible, analyte-specific bioluminescent strains that respond to specific chemi-
cals were the earliest attempts to develop targeted environmental biosensing. Already in
the early 1990s, a Tn21 mercury resistance operon (mer) and naphthalene and salicylate
catabolism promoter (nahG) were fused with promoterless luxCDABE to create biosensors
for mercury and naphthalene pollution [72,74]. Since those pioneering studies, a plethora
of recombinant strains have been created for monitoring toluene and trichloroethylene
(TCE), polychlorinated biphenyl (PCB), antibiotics, fast-acting biocide, phenols and heavy
metals such as cadmium, mercury, lead, zinc, arsenic copper and cobalt [12,14,16,75–78].

Interestingly, apart from analyte-specific constructs, several effect-specific lux strains
have been developed. These couple the luxCDABE gene to promoters responsible for the
bacterial SOS stress response and, thus, aim at the detection of specific cellular toxicity
effects or mechanisms underlying the exposure to toxic chemicals, such as the induction of
oxidative stress, the synthesis of heat shock proteins, genotoxicity and protein and plasma
membrane damage [79–82].

A comprehensive summary of those constructs and their applications has recently
been presented by Woutersen et al. and Eltzov and Marks [12,16].

4.3.2. Fluorescence Methods

In recombinant constructs, the genes encoding fluorescent proteins such as green
fluorescence protein (gfp) can be used in place of a lux reporter [13,83]. Several examples
have been demonstrated, including biosensing of heavy metals and BTEX [84–87]. Owning
to the recent progress in fluorescent protein technology, the potential major advantage of
this strategy is the possibility of creating bacterial strains, each containing several inducible
biosensing plasmids. In this scenario, each plasmid would employ fluorescent proteins with
different emission spectra [88]. This would allow one to theoretically create multi-analyte
or hybrid analyte/effect-specific multi-colour biosensors [13,89]. The implementation of
such DNA recombinant technologies on chip-based whole-cell microarray technologies
with integrated optic fibres and solid-state optoelectronic elements would open a breadth
of multiplexed sensing capabilities [12,13,86].

Unfortunately, the major limitation of fluorescence proteins for online biomonitoring
is the considerably slower response time compared to bioluminescent systems [12]. This
is because there is a potential lag of several hours between the induction of the promoter
and actual synthesis of the protein. The molecules of the latter also need to accumulate in
the cell in a sufficient quantity before the fluorescence signal can be reliably detected [12].
Moreover, unlike the lux technology, the significant stability of fluorescent proteins allows
their detection even upon their leakage to the medium after cell demise [12]. Since the
majority of biosensors are not single-cell analysis technologies and only provide an average
signal readout from the entire measurement chamber, this can potentially lead to erroneous
results and significant analytical bias.

4.4. Practical Aspects of Bacterial Sensing Technologies in Real-Time Water Biomonitoring

Bacteria-based technologies for the online monitoring of toxicity and water quality
offer significant operational advantages such as low cost, relative ease of bacteria culture
maintenance, rapid analysis time and an ability to utilise genetically engineered strains
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for analyte-specific detection [12–15]. Historically anchored successful examples and wide
implementation of commercial water biomonitoring systems such as ToxAlarm Toximeter
and the recent Microtox®® CTM are a testament to their usefulness in practical deployment
scenarios (Figure 2).

However, bacterial-based biosensing systems often need to replace bacteria between
sample measurements. The precisely measured number of cells is injected and mixed with
water samples in the analysis chamber during each measurement cycle. As a result, the
existing commercial biomonitoring systems predominantly use suspension cultures and
on-board fermenters. This increases the costs and complexity of the system, as well as
generating potentially significant biowaste. Moreover, such systems cannot achieve true
flow-through sensing since there is always a delay between the sequence of events that
needs to occur to prepare the sample, isolate the analysis chamber and perform the actual
sensing. To reduce the costs and complexity of macroscale bacterial fermenters, there have
been several attempts to develop online water sensing, employing miniature chip-based
bioreactors [14,90,91]. Although this is quite an innovative and promising concept, none of
those systems have, thus far, been deployed in the field or tested for long-term operational
reliability.

Over the last decade, a tremendous number of prototypes that employ the immobili-
sation or encapsulation of live microorganisms have been demonstrated [13–15,82]. Such
techniques can avoid the necessity of maintaining the cultures as well as, in theory, elimi-
nate any possibility of a washing-out bacteria from the analysis chamber, thus affecting the
readout and minimising the potential contamination of tested water with transgenic strains.
Diverse methods have been proposed in this regard to achieve a solid, semi-solid phase
chemical cell immobilisation or entrapment using microfabricated chip-based technologies
(biochips) [16,82,90,92,93]. Since immobilised bacteria cells cannot be replenished, unless
the entire biosensing element is removed and replaced, most of those technologies have
been designed for Point-of-Test, portable and disposable applications for water quality
testing [12–16].

There have been, however, several noteworthy and very promising attempts to de-
velop online and flow through biomonitoring technologies using microbial cell immobilisa-
tion techniques. In those systems, the immobilisation of bacteria has been predominantly
achieved using sol-gel chemistries that embed cells directly on fibre optic elements or form
biofilms on different matrixes [94–96]. The replacement of sensing elements can be reduced
by the utilisation of genetically engineered strains with bioluminescent or fluorescent switch
on–switch off genetic constructs. In such scenarios, the biosensing elements can operate, at
least under laboratory conditions, for extended periods and only generate positive signals
in the presence of the target analyte. The significant limitation of this design for online
deployment is the ability of the bacteria to remain viable and metabolically active when
continually exposed to raw, natural water. Interestingly, there is a paucity of comparative
data on these important practical aspects that greatly depend on the sensor design, as well
as the type of cell immobilising matrix.

Perhaps one of the best practical validation examples includes a recent prototype of a
bacterial online monitor that employed an engineered bioluminescent strain of Escherichia
coli. It was field tested for potential practical deployment in a water monitoring station
Keizersveer (Hank, The Netherlands) located on the river Meuse (Figure 4) [94]. Its perfor-
mance was also directly compared with the existing installations of animal behaviour-based
BEWSs such as DaphTox II (bbe-Moldaenke GmbH, Germany) and the Musselmonitor®®

(AquaDect, The Netherlands) that utilise freshwater crustacean Daphnia magna and bivalve
mussel Dreissena rostriformis, respectively [94]. Interestingly, the field trials demonstrated
the much lower overall sensitivity of the bacterial online monitoring [94]. This was ex-
pected since the system employed only one genetically engineered DPD2794 strain of E.
coli that sensed the occurrence of DNA damage (recA promoter cloned with the luxCDABE
genes of Aliivibrio fischeri) [91]. In contrast, animal-based technologies can monitor a wide
array of water parameters including toxicants that do not necessarily induce DNA damage.
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Furthermore, the peak induction of an alert response from the bacterial biosensor was
approximately 1–10 h, precluding sensum stricta real-time sensing (Figure 4) [94]. The
results of this trial have exposed some of the fundamental limitations of bacterial biomoni-
tors based on genetically engineered strains namely, a very narrow detection window and
delayed response time. Moreover, a rarely addressed issue is that genotoxic chemicals
often must undergo intracellular metabolic activation before they can induce DNA damage.
Therefore, bacterial recombinant biosensors such as the DPD2794 strain without additional
modification, including, for instance, the addition of eukaryotic cytochrome P450 genes,
are inherently incapable of accurately detecting the genotoxic effects of most chemicals [16].

Further improvements could potentially be achieved with multiple recombinant
microorganisms capable of detecting a broad variety of chemicals [97]. Recently, live-cell
microarray technology that utilises twenty recombinant bioluminescent bacteria to detect
and classify a range of toxicants has been demonstrated [98]. There is hope that the latter
technologies, in conjunction with the biopatterning, emerging microfluidic Lab-on-a-Chip
technologies and miniaturised optoelectronics, could be prospectively embedded into the
integrated online synoptic systems [92,99,100].

Yet another non-trivial problem highlighted by the above field trial was the significant
fouling of the sensing element that severely impaired the measured intensity of the lumi-
nescent signal. This required manual daily cleaning of the sensing element, thus making it
laborious and impractical for long-term online deployments [94]. In this regard, applica-
tions of non-optical technologies, such as MFCs, could perhaps be a more advantageous
approach in continuous monitoring scenarios [41,67,68]. Although MFCs can reportedly
provide the long-term stability of the biosensing elements, there is a paucity of data on their
performance in actual comparative field trails, such as the one demonstrated by Woutersen
et al. [94]. Accordingly, it is unknown if bio- or chemical fouling of the anode exposed
to natural water will be problematic as well as if the bacterial biofilms in the MFCs will
remain viable and metabolically active when continually exposed to raw water.

In conclusion, despite a few very innovative online monitoring prototypes demon-
strated and validated under nominal laboratory conditions for the detection of pesticides,
heavy metals and PCBs and other pollutants, none of them have thus far been commer-
cialised or deployed in routine applications. This demonstrates that despite two decades of
active research and development worldwide, there are non-trivial and practical operational
problems remaining that need to be resolved for these systems to mature. At present, the
existing deployments still utilise conventional biomonitoring systems, such as ToxAlarm
Toximeter and the Microtox®® CTM, and despite lacking more recent biosensing innova-
tions, these remain examples of rugged and reliable online biomonitors. It is our hope
that the development of next generation systems will be primarily driven by practical
deployment considerations and based on more stringent, comparative evaluations under
extended field trials.
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Figure 4. Prototype of bacterial online water quality biosensing system utilising an immobilised 
recombinant luminescent DPD2794 strain of E. coli that senses occurrence of DNA damage (recA 
promoter cloned with the luxCDABE genes of Aliivibrio fischeri). (A) Photograph of the system 
deployed for field trials at the water monitoring station in Keizersveer (Hank, The Netherlands) 
located on the river Meuse, (B) A schematic overview of the technical components of the prototype. 
Note the enlargement of the measurement chamber shown in the inset, (C) Photograph of the bio-
sensing element where bacteria are immobilised on the tip of an optical fibre, (D) Photograph of the 
measurement chamber: 1—photomultiplier tube, 2—pH and temperature sensors, 3—light shutters, 
4—water outlet, 5—air outlet, (D) Validation of background signal and response of the biosensor 
three concentrations of mitomycin C used as a reference toxicant. Reproduced under the terms and 
conditions of the Creative Commons Attribution (CC BY) license from [94]. 

  

Figure 4. Prototype of bacterial online water quality biosensing system utilising an immobilised
recombinant luminescent DPD2794 strain of E. coli that senses occurrence of DNA damage (recA
promoter cloned with the luxCDABE genes of Aliivibrio fischeri). (A) Photograph of the system
deployed for field trials at the water monitoring station in Keizersveer (Hank, The Netherlands)
located on the river Meuse, (B) A schematic overview of the technical components of the prototype.
Note the enlargement of the measurement chamber shown in the inset, (C) Photograph of the
biosensing element where bacteria are immobilised on the tip of an optical fibre, (D) Photograph
of the measurement chamber: 1—photomultiplier tube, 2—pH and temperature sensors, 3—light
shutters, 4—water outlet, 5—air outlet, (E) Validation of background signal and response of the
biosensor three concentrations of mitomycin C used as a reference toxicant. Reproduced under the
terms and conditions of the Creative Commons Attribution (CC BY) license from [94].
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5. Cyanobacteria Biosensing Technologies

Cyanobacteria, often called blue-green micro-algae, are prokaryotic microorganisms
that exhibit photosynthetic activity thanks to membrane-bound chlorophyll [21,101]. They
were historically one of first prokaryotic organisms used in attempts to develop whole
cell biosensing of toxicants in water. Their major applications have been initially aimed at
the detection of photosynthesis inhibitors, such as herbicides [21,101,102]. Cyanobacteria
species Synechocystis sp. and Synechococcus sp. were demonstrated in several biosens-
ing applications using respirometry analysis to measure the effects on aerobic and/or
anaerobic metabolism, nitrogen fixation as well as the fluorometric and amperometry
detection of photosynthesis inhibition [21,101–104]. Subsequently, transgenic technologies
were allowed to create multiple stable strains, each detecting specific metal ions such as
cadmium, zinc, copper, mercury, cobalt, chromate, thallium and nickel [103]. This was
achieved by fusing metal-responsive promoters with genes encoding either firefly luciferase
(luc), bacterial luciferase (luxAB) as well as genes of green-fluorescent protein (gfp) [21].
Bioluminescent strains were developed for biosensing the presence of nitrates and heavy
metals in water [105,106]. This was achieved by using a tac promoter cloned with bac-
terial luciferase [107]. The luminescence and fluorescence cyanobacterial biosensors can
provide a simple, rapid and economical detection of specific toxicants [104]. However,
they do require transgenic organisms that are tightly regulated due to the potential of
their release to the environment to be utilised. Moreover, since transgenic biosensing
elements are inherently analyte-specific, multiple strains would have to be utilised in any
practical deployment of a water biomonitoring system to simultaneously provide detection
of diverse toxicants. The presence of other chemicals that fall outside an analyte-specific
strain would not be detected. This adds significant complexity since the detection of
multiple independent bioluminescence strains needs to be monitored in real time as well
as combined with fluorimetry or amperometric measurements of general photosynthetic
activity to provide a global toxicity readout. Similarly, to bacteria-based biosensors, sig-
nificant technical complexity is required to enable the immobilisation, encapsulation or
reliable containment of cyanobacteria cells for continuous analysis [104,106,108]. As of
today, no practical deployment of water biomonitoring systems has been reported with
cyanobacteria-based biosensing technologies [21].

6. Algal Biosensing Technologies

Green algae are photo-autotrophic eukaryotic organisms characterised by the presence
of a double-membranous nucleus and organellar intracellular compartmentalisation. They
can be broadly classified into (i) macro-algae, a term used for seaweeds and other benthic
macrophytes that possess highly specialised tissue structures; and (ii) micro-algae, used as
a collective term to describe unicellular, microscopic photosynthetic eukaryotes that form
freshwater and marine phytoplankton [21,109]. Many marine and freshwater species of
micro-algae have been explored in ecotoxicity testing and potential water biosensing and
biomonitoring technologies. In this regard, the Chlorella vulgaris and Selenastrum capricornu-
tum remain the most common unicellular photosynthetic organisms employed [26,109,110].
Whole-cell algal systems can potentially utilise diverse endpoints for the real-time detec-
tion of chemicals including alterations in cell viability, cell proliferation, the inhibition of
selected enzymatic activity or the inhibition of general metabolic indices such as respiration
and photosynthesis. To this end, diverse technologies have been employed in a plethora of
published prototypes, but, in general, the most practical from the practical deployment are
the time-tested solutions that include the following:

6.1. Respirometry

A technology utilising dissolved oxygen sensors, built into an enclosed and fixed
volume measuring chamber, which is filled with a water sample and a precisely calculated
number of algal cells. Such systems can measure both aerobic metabolism (decrease in
oxygen content without illumination) as well as photosynthetic activity (increase in oxygen



Sensors 2021, 21, 7028 15 of 27

content when illuminated with actinic or blue spectrum of light source). The continu-
ous monitoring of dissolved oxygen levels can be performed using optical fluorescence
quenching or, more commonly, amperometric Clark electrode-based sensors [111]. Sev-
eral automated systems utilising fibreoptics to deliver an actinic light source and small
flow-cell reaction chambers have been prototyped to measure the impacts of toxicants
on photosynthetic activity in real-time [111,112]. Such systems were, however, not de-
signed as online water biomonitoring technologies and predominantly aimed at laboratory
ecotoxicity tests with an average measurement time per sample of approximately 10 min
(Figure 1). More recently, several innovative microfabricated devices were presented where
the oxygen generated by immobilised cells of micro-alga Chlorella vulgaris was monitored
amperometrically using transparent ITO (indium tin oxide) electrodes and motility biosens-
ing [113]. Such miniaturised and disposable biosensors were demonstrated in rapid water
toxicity testing, but thus far, have not found any practical applications in online water
biomonitoring systems.

6.2. Fluorimetry

This technique measures very weak fluorescence emissions of chlorophyl a when
illuminated in situ with a broad spectrum or blue wavelength (470 nm) of light. The chloro-
phyl emissions collected at wavelengths of 690 and 740 nm are characteristic for activity of
Photosystem II (PSII) and Photosystem I (PSI), respectively [114]. Fluorometric measure-
ments have indeed gained significant applications in an assessment of biotic and abiotic
plant stressors [115]. Analysis of the photosynthetic activity using chlorophyl fluorescence
kinetics is a non-invasive, label-free and rapid method used to indicate the changes in
functionality of chloroplast photosystems. It can also be well correlated with the algal
cytotoxic effects induced by pollutants. Recently, a pulse amplitude modulated fluorometry
(PAMF) was introduced [116–119]. Apart from standard measurements, this technology
includes measurements of chlorophyl fluorescence upon saturating light pulses [118]. It is
today widely regarded as the gold standard fluorometric method to precisely and reliably
assess PSII quantum efficiency [118,119]. Namely, inhibition of the photosynthetic activity
directly correlates with a decrease in PSII quantum yield, and this endpoint is particularly
sensitive for the detection of herbicides that predominantly affect the functionality of the
PSII. Reportedly, in some algal species, PSII quantum yield can also be used to sense
acetylcholinesterase inhibiting insecticides and some heavy metals [114,115,118,119]. Inter-
estingly, there are significant differences in inter-species sensitivity between micro-algae
exposed to the same type and even concentration of pollutants when measured using
PAMF [109]. This adds to the complexity of using PAMF in online water biomonitoring
systems, since the selection of bioindicator species is not universally standardised.

The majority of historic algae-based biosensor prototypes have exploited chlorophyll
fluorescence as the measurable endpoint performed in flow cells under continuous perfu-
sion. Such systems are usually based on macroscale perfusion chamber-based designs, the
encapsulation and immobilisation of algae in diverse gels or silica membranes and, more
recently, portable and miniaturised microfluidic-chip-based technologies [104,120–123].
The latter emerging technologies were also used to develop integrated multiparameter mea-
surements for the in situ portable biosensors including electrochemical, algae fluorescence,
dissolved oxygen O2 and pH endpoints [124].

6.3. Chlorophyl Fluorescence Imaging

The in situ imaging of chlorophyl fluorescence at 680 nm upon excitation with a
blue spectrum (488 nm) of light is a relatively new, non-invasive and rapid technique to
assess phytotoxicity [125–128]. The imaging paradigm enables the acquisition of time-
resolved images of spatio-temporal variations in photosynthetic activity using cooled
digital cameras [126]. Accordingly, it has been increasingly applied as an endpoint in
plant ecotoxicology and plant biology [125–129]. Recently, several studies have demon-
strated this technique for high-throughput algae cytotoxicity tests on 96-well multi-plates
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using automated IMAGING-PAM M-Series fluorimetry system (Heinz Walz GmbH, Ger-
many) [126]. The advantages of this approach for chemical water analysis include the lack
of any requirement for stains or extensive sample processing, rapid data acquisition and
ultra-high throughput capabilities [109,118,119,126,127]. Although the pulse amplitude
modulated fluorimetry is a superior technique to allow for PSII quantum efficiency to be cal-
culated, rapid chlorophyl fluorescence imaging can be also performed using conventional
fluorescent microscopy, two-photon excited fluorescence lifetime imaging (TPE-FLIM)
and laser-scanning or imaging cytometry systems. To the best of our knowledge, this
technique was demonstrated only in accelerated ecotoxicity testing and has not been tried
in any prototypes of online water biomonitoring systems [109,118,119,126]. This is a very
interesting notion for further exploration. Considering its ultra-high throughput, one could
envisage, for instance, a combination of a robotic liquid handling or microfluidic LOC
technologies to mix water samples with a precisely measured number of algal cells. The
subsequent PAM fluorescence imaging could achieve near real-time biosensing capabilities
at a high-throughout. In a sense, such a system could be built based on existing know-how
and the technologies used routinely in drug discovery applications that exploit robotic
liquid handing and automated high-content imaging.

6.4. Practical Aspects of Algal Technologies in Real-Time Water Biomonitoring

Despite the significant potential of algal biosensing methods for the water quality as-
sessment outlined above, one of their significant limiting aspects is a necessity to utilise the
entrapment and/or immobilisation of cells to maintain a precise and unchanging number
of cells between measurements and to prevent their diffusion and leaching during analy-
sis. For algal cells in suspension, this has usually been achieved in optical flow-through
chambers or dispensed into conventional multi-well plates [26]. Diverse methods have
also been proposed to achieve solid phase immobilisation using gel entrapment, microen-
capsulation and a forced formation of biofilms in different matrices such as poly(vinyl
alcohol) (PVA), polysulfone (PSU), porous silica (e.g., quartz microfibre filters) and cellulose
derivatives [21,104,111,122]. Algal cells must be, however, replaced after each measure-
ment and with solid-phase or gel-based matrix substrata; this is impossible to achieve
because they irreversibly bind cells, thus preventing their rapid replacement. Although
such technologies can be suitable for handheld portable and disposable field biosensors,
they are not optimal solutions for online water biomonitoring paradigms [21,104].

As a result, the majority of recent studies utilised microfluidic Lab-on-a-Chip (LOC)
technologies. They offer the ability to perform continuous microperfusion bioanalysis un-
der low Reynolds numbers and to implement diverse microfabricated functionalities such
as mechanical dams, sieves for cell entrapment and micro-scale optical chambers [124,130].
Moreover, LOC facilitates the integration of many active and miniaturised analytical com-
ponents such as micro-valves, solid state light emitting diodes and electrodes. A highly
innovative avenue with an LOC system that has not been thus far explored is the utilisation
of microflow cytometry (µFC) [131–133]. This technology represents a vastly miniaturised
version of conventional FC. Its sensitivity falls within the specifications of conventional cy-
tometric systems, but this next-generation technology promises greatly reduced equipment
costs and portability. Most importantly, as only ultra-low cell numbers and operational
reagent volumes are required in microflow cytometry, functional cell studies in real-time
appear to be possible [133]. As mentioned before, FC has been successfully demonstrated
in rapid algal cytotoxicity assays using fluorescent viability probes [33,134]. By virtue of
cell counting abilities and its common 488-nanometer excitation wavelength, it is also ap-
plicable to perform in-flow measurements of chlorophyl fluorescence at the single-cell level.
Multiparameter flow cytometric analysis of the inhibition of the chlorophyl fluorescence
can also be combined with measuring global esterase activity as a marker of cell health
using a cell permeable fluorescein diacetate (FDA) probe and plasma membrane perme-
ability as markers of cell death using markers such as DRAQ7 or SYTOX stains [33,134].
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The automation and real-time sensing of flow cytometric parameters could be achieved
with µFC, including automated sampling, staining and time-resolved cytometric analysis.

To this day, many prototypes of miniaturised algal biosensors have been demonstrated,
some with very innovative designs and promising analytical characteristics. Many nascent
technologies were also successfully validated in ecotoxicity studies aimed at the detection
of herbicides, insecticides, heavy metals and industrial solvents. However, despite their
potential for portable field use and even online water biomonitoring, the Algae Toximeter
(bbe Moldaenke) remains the sole example of a successful and practical deployment of
algal biosensing technology for near real-time sensing of water quality [26].

7. Biosensing with Vertebrate Cells

Automated technologies that utilise artificially grown layers of adherent vertebrate cell
lines as biosensing elements have been developed for a wide variety of high-throughput
applications in drug discovery, predictive human toxicology and, more recently, ecotoxicity
testing [135–137]. Quantitatively measured outputs usually include (i) respirometry param-
eters, such as acidification (an indicator of anaerobic respiration) and oxygen consumption
(an indicator of aerobic respiration) and, (ii) more recently, impedance measurements
(Figure 1). The later technique, pioneered by Giaever and Keese, is commonly referred to
as the electrical-cell-impedance-system (ECIS) or impedance spectroscopy [135,136,138].
It has been extensively demonstrated and validated in high-throughput cell cytotoxicity
studies in both human and environmental toxicology [137,139,140]. The ECIS principle
involves growing a monolayer of adherent cells on microelectrode arrays. The latter detects
local changes in the ionic environment at the electrode-medium interface. Ionic changes are
affected by the presence of adherent cells and the resulting change in the impedance value
read from the electrodes [141,142]. Cytotoxic effects as well as any changes in cell prolifera-
tion and, thus, cell numbers alter the structure of the growing monolayer interacting with
electrode arrays. This is, in turn, reflected by the detectable changes in electrical impedance.
The ECIS technology allows a label-free, non-destructive and real-time analysis of cell
viability and proliferation [141–143]. It provides several analytical advantages such as
(i) a lack of any fluorescent labels and imaging, (ii) the ability to perform real-time kinetic
monitoring of cells, (ii) ease of operation and (iv) straightforward automation [140,141].
Commercial examples of existing ECIS systems that are widely used for laboratory toxicity
tests include the xCELLigence (Agilent, Santa Clara, CA, USA), Maestro platform utilising
CytoView-Z impedance plates (Axion BioSystems, Atlanta, GA, USA) and Bionas 2500
(Bionas, Rostock, Germany) [142].

The utilisation of vertebrate cell biosensors including ECIS technology for the monitor-
ing of water quality has, thus far, been a niche application with only a very small number
of prototypes presented as compared to bacterial and algal sensors [139,140,143,144]. The
theoretical advantages of mammalian cell biosensors include a real-time response to a wide
variety of toxicants in real-time. This is advantageous when compared to cell-free biosens-
ing methods such as immunosensors, enzymatic and DNA biosensors. When utilising
human cell lines, one can also postulate that their responses might also be better applicable
to modelling the potential impact of toxicants on human health [143].

However, the exploitation of mammalian cell lines, including popular bovine pul-
monary artery endothelial cells (BPAECs) or bovine lung microvessel endothelial cells
(BLMVECs) for online and continuous monitoring of water quality, presents with very
significant obstacles. First and foremost, the culture of any mammalian lines in pure
water is impossible since, to support their survival and growth, they require specialised
culture media as well as a 5% carbon dioxide environment at 37 ◦C. This essentially
precludes any online water biomonitoring applications without elaborate sample pre-
processing [139,145,146]. For example, to enable water to be tested, it must be mixed with
concentrated or powdered cell culture media to re-constitute it with the correct osmo-
larity, pH and balanced nutrients [139]. Although such pre-processing steps can be, in
theory, automated, the added complexity might be cumbersome for practical deployment
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in biomonitoring systems. Moreover, the added chemical complexity of cell media may
significantly affect the results due to interactions between the toxicants and constituents
of the media. Interestingly, one study has also demonstrated that diluted wastewater
(1:10–1:10,000) could be used with L6 rat myoblasts cells for real-time respirometry and
impedance analysis [144].

The problems associated with mammalian cells fuelled the development of fish gill cell
lines as well as a primary FIsh Gill Cell culture system (FIGCS) for ecotoxicity testing and
their potential applications in water biomonitoring studies [143,147,148]. The rainbow trout
gill epithelial (RTgill-W1) cell line has gained significant popularity. It is an immortalised
fish cell line [148]. Those cells are characterised by their slow proliferation capacity and
can be reliably grown in monolayers at ambient carbon dioxide levels from 6–20 ◦C
for up to 78 weeks without any media changes [143,145,148]. They are also reportedly
sensitive to a broad spectrum of toxicants at concentrations that impact human health [149].
Those characteristics are suitable for ECIS systems, opening avenues for inexpensive, low
maintenance cell-based biosensors [143]. Despite the above advantages, however, the
RTgill-W1 cells still require a specific L-15 culture medium that must be reconstituted from
a powdered mix with water samples to be tested [143,145].

The above limitations of RTgill-W1 cells as a biosensing element led to the devel-
opment of the primary FIsh Gill Cell culture system (FIGCS) [147,150,151]. FIGCS cells
can be cultured at ambient temperatures with no carbon dioxide supplementation. The
fact that they reportedly tolerate the application of raw river water on the apical surface,
thus mimicking the physiological functionality of live fish, is particularly critical for water
biomonitoring paradigms [150,151]. When exposed to uncontaminated natural waters, the
FIGCS showed no cell viability loss following a 24-h incubation. Moreover, the FIGCS
has been successfully transported for field testing (approximately 1000 km during a 30-h
period) during both laboratory and field-based heavy metal contamination monitoring of
rivers [150–152]. The development of innovative cell-based systems, such as the FIGCS,
offers tremendous opportunities for whole-cell-based biosensors that can exploit ECIS,
respirometry as well as fluoresce viability probes as endpoint readouts.

8. Limitations of Live-Cell Online Biomonitoring in Practical Deployment Scenarios

Despite the potential advantages of whole-cell systems in laboratory and portable
Point-of-Test applications, they have numerous disadvantages for online water quality
biomonitoring. Apart from the technology specific examples provided in the preceding
sections, we will now briefly highlight the most critical aspects that need to be considered
when designing systems for practical deployment. Surprisingly, those non-trivial aspects
are rather infrequently discussed in the contemporary engineering literature on live-cell
water biosensors.

8.1. Non-Quantitative Nature

With limited exceptions, such as, for instance, microarrays of immobilised transgenic
bioluminescent bacterial strains, each detecting the presence of a specific toxicant, the very
nature of cell-based biosensing is non-specific with regard to the type of contamination
and, in the majority of cases, also concentrations of the chemicals [25]. In other words, this
type of technology does not provide any specific information about the actual chemical
composition of the water samples. This is perhaps one of the biggest criticisms of all the
BEWSs, including the ones using analysis of animal behaviour [1,2,20]. However, their
often-overlooked advantages are a synoptic early warning against sudden and global
changes in parameters that can be considered harmful to live organisms and, in translation,
also to human health [1,2,20]. Cell-based biomonitoring technologies can, thus, act as
supplementary on-line applications to the existing chemical analysis regimens. Their
successful deployments were demonstrated by established examples that are proven to be
very reliable in many worldwide installations [25].
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8.2. Analysis Time

As discussed in the preceding sections, many prototypes of biosensing technologies
do not offer a true real-time sensing capability, defined as the continuous sensing of
water parameters [25]. At present, only the Microtox®® CTM system is capable of real-
time biosensing with measurements performed on average every ten seconds. Most
cell-based technologies developed thus far offer near real-time analysis with samples
processed, at best, every 15–30 min. Furthermore, many bacterial biomonitoring prototypes
utilising genetically engineered strains demonstrate peak response times between 1 and
10 h [94]. This is generally in stark contrast to commercial examples of BEWSs based on
animal behaviour, where sensing always occurs in real-time. However, it needs to be
remembered that the near real-time capacity is not necessarily a real disadvantage for
practical deployment [25]. Considering that the dead volume in pipes of the drinking water
purification plant is very large, the total replacement of water in the system in any case
will not likely not occur in seconds. Systems that feature a delayed response time lasting
many hours cannot be considered as biomonitors for practical deployments.

8.3. Maintenance of Cell Cultures

The solid phase bacterial and algal biosensors have very limited applicability in
online water biomonitoring systems. As a result, all the practical deployment examples of
commercial cell-based biomonitoring technologies, such as Microtox®® CTM, ToxAlarm
Toximeter and Algae Toximeter II, are equipped with on board fermenters to provide
a continuous culture of cells for biotests. This is certainly one of the weak links of all
cell-based technologies, since any contamination of stock culture or technical failure in
the automated culture apparatus will immediately put a hold on their operation [25]. The
redundancy engineering can include dual, independent fermenters, albeit at an increased
cost and complexity of such systems. The issues related to the longevity of the cell cultures
and, hence, the service time required for replenishing cells, reagents and media, are also
non-trivial.

8.4. Sterilisation Protocols

Cell-based systems require sterile environments to maintain the stock cultures. The
sterilisation of the main fermenter tanks and associated components is periodically needed
and can be, to a large extent, automated, using contemporary advances in miniaturised
laboratory automation and mechatronics. However, historical deployment experiences
with previous generations of bacterial online biomonitoring stations on the river Rhine
demonstrated that the contamination with native bacterial species and the significant
growth of natural water bacteria in the tubing and detection chambers was indeed a cum-
bersome problem [11,25]. The postulated solutions included implementations of stringent,
daily sanitation protocols and the automated pre-filtration of water samples [11,25].

8.5. Pre-Processing of Water Samples

If implemented due to the significant load of native microorganisms and/or excessive
abiotic particulate matter present in the tested waters, the filtration cannot change the chem-
ical composition of the water [11,25,94]. Complicating the complexity of this topic is the fact
that anthropogenic pollutants adsorb to suspended nano- and micro-particulate matter and
this is indeed often their major route of exposure. Hence, the water filtration can introduce
a significant analytical bias and effectively create false negative readouts [25]. At present,
those aspects have not been satisfactorily resolved for conventional and miniaturised
biosensing technologies.

8.6. Waste Disposal

In many of the technologies developed thus far, fresh batches of cells are required for
each independent measurement. This creates a potentially significant load of biological
waste accumulating over time when sensing occurs continuously. With systems utilising
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genetically engineered microorganisms or species that are not native to the geographical
place of installation, very stringent biosecurity measures must be employed to avoid the
contamination of the ecosystem. In this regard, automated waste collection, secure storage
and certified decontamination protocols must be built in. They must be also continually
assessed for meeting compliance requirements, since any containment breaches can have
very wide and negative ramifications.

8.7. Thresholds of Sensitivity

The sensitivity of biosensors and their speed of response to a spectrum of chemicals at
toxic concentrations is critical for any successful online biomonitoring deployment [2,25].
Monitoring systems to be deployed at catchments of drinking water, drinking water
treatment as well as aquaculture plants must have a wide spectrum of sensitivity to diverse
substances and be carefully validated in laboratory conditions. However, the sensitivity of
biosensors varies significantly with cell types/species. The latter have been mostly selected
empirically and tested with limited numbers of chemicals across nominal concentration
ranges. For instance, algae biosensors are inherently more sensitive toward the toxicants
inhibiting photosystem activity, such as herbicides. At the same time, major intra-species
variability in algal sensitivity to the same chemicals has been widely reported. This can
create a situation where two biomonitoring systems equipped with a different species of
algae as biosensing elements will provide vastly different readouts. In general, there is a
notable paucity in large comparative trials to evaluate different biosensing technologies and
estimate sensitivity thresholds for the most common practical deployment scenarios [2,25].
It is imperative that the validation of biosensing prototypes and new test installations
considers the appropriate local regulations and water quality directives published by
national water management bodies [2,25].

8.8. Reliability of Alarm Events

In all the online monitoring applications, alarms are automatically triggered when the
computer-controlled biosensing detects statistically significant alterations in the pre-set
thresholds [2]. This event potentially indicates a presence of chemical pollutants. The alarm
events are related to the thresholds of sensitivity discussed in the preceding section, but the
evaluation of their reliability is usually a long-term and deployment-specific process that
includes estimating numbers of false positive and negative alarm events [2]. Alarm events
can stem from diverse and unexpected changes in water parameters such as dissolved
oxygen, dissolved carbon, pH, particulate matter load and a potential contamination or
infection of fermenters and fluidic components with pathogens. Some of these can be
continuously monitored with built-in chemical sensors but others may be very difficult
to detect and validate, thus impacting the installation reliability [2]. In this regard, some
cell-based biosensors, due to the above-described operational complexity, may be more
prone to reliability issues compared to animal behaviour-based BEWSs.

9. Conclusions and Future Outlook

Live-cell-based biosensing of water quality parameters is a viable method that can
supplement conventional chemical analysis test strategies. Although biological methods
do not provide analyte-specific data about the actual composition or concentration of
toxicants, they can be successfully implemented in early warning systems against sudden
contamination. Compared to paradigms based purely on chemical analysis, biological
sensing with live cells and whole intact aquatic animals also provides important data
on the biologically specific impact of chemical pollution. When applied to continuous,
real-time analysis, biomonitoring can also fill the gaps associated with a very limited
sampling frequency of chemical analysis. Recent years have brought a significant number
of innovations in whole cell biosensors, such as tremendously diverse cell immobilisation
techniques, the implementation of microfluidic chip-based technologies, miniaturised
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optics and electronic transducers, real-time embedded computing as well as genetically
engineered cell systems with bioluminescent and fluorescent reporters.

However, despite the potential of predominantly algal and bacterial biosensing meth-
ods for portable Point-of-Test devices, significant obstacles remain to be overcome for the
next generation of online monitoring applications. They include technical aspects such as
the long-term resistance to biofouling and the corrosion of sensing elements, increasing the
single-to-noise ratio from miniaturised transduction elements as well as the automation of
a long-term culture and the immobilisation of cells. The latter methods must prevent the
leakage of genetically engineered bioreporters into the environment but at the same time
allow cells to be rapidly replaced after each analysis cycle.

Apart from these technical aspects, the cell biosensing elements, with a few notable
exceptions, are generally not analyte specific. Moreover, as discussed for algal biosensors, a
significant inter-species heterogeneity of responses to chemicals exists. Those issues are not
trivial, but future innovations and technology developments will likely address them and
focus on multispecies systems and perhaps even hybrid technologies utilising a plethora
of promising advances in cell-free water biosensing technologies such as miniaturised
surface acoustic waves (SAWs), surface plasmon resonance (SPR), surface enhanced Raman
spectroscopy devices, as well as acoustic immunosensors and enzymatic and DNA biosen-
sors [2,8]. Hybrid technologies will surely increase the complexity of the biomonitoring
systems but, at the same, can provide a more robust multi-analyte sensing capability. Some
of the existing obstacles will likely be overcome using technical advances in miniaturisation
such as respite growing micro-electro-mechanical systems (MEMS) and even nanotechnol-
ogy. We also postulate that practical implementations of cell-based biosensors should be
coupled with existing animal behaviour-based biomonitoring technologies to dramatically
improve not only the sensitivity and specificity but also the resilience of the future online
devices deployed in the synoptic monitoring of water quality [2].

Lastly, as postulated recently for animal behaviour-based biomonitors, there is a
need for standardised strategies and common approaches to validate sensitivity in large
multi-centre trials. Despite a tremendous number of existing prototypes and small-scale
laboratory studies, there is a paucity of data on practical validations to demonstrate if their
sensitivity and reliability adhere to the existing water quality testing guidelines [2]. The
lack of such studies makes comparative analysis, cross-validation of different new designs
and making recommendations very difficult. Efforts should, therefore, be increased to
harmonise the validation strategies for water biosensing coupled with the development
of guidelines on deployments as part of wider country-specific water monitoring test
strategies.

In conclusion, despite existing limitations, the practical potential of cell-based biosen-
sors in the synoptic, online screening of water quality is well anchored in the successful
deployment examples of conventional systems. The next generation of miniaturised
biosensing cell-based technologies is budding. Despite the further advances and develop-
ments required, they can indeed form a valuable part of new and futuristic bioanalytical
strategies deployed for real-time sensing of water quality.

Author Contributions: Conceptualisation, D.W.; resources, D.W. and T.M.K.; data curation, D.W.;
writing—original draft preparation, D.W.; writing—review and editing, D.W. and T.M.K.; visuali-
sation, D.W.; supervision, D.W. All authors have read and agreed to the published version of the
manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.



Sensors 2021, 21, 7028 22 of 27

References
1. Bae, M.J.; Park, Y.S. Biological early warning system based on the responses of aquatic organisms to disturbances: A review. Sci.

Total Environ. 2014, 466–467, 635–649. [CrossRef] [PubMed]
2. Bownik, A.; Wlodkowic, D. Advances in real-time monitoring of water quality using automated analysis of animal behaviour.

Sci. Total Environ. 2021, 789, 147796. [CrossRef] [PubMed]
3. Gerhardt, A.; Ingram, M.K.; Kang, I.J.; Ulitzur, S. In situ on-line toxicity biomonitoring in water: Recent developments. Environ.

Toxicol. Chem. 2006, 25, 2263–2271. [CrossRef] [PubMed]
4. Gerhardt, A. Online Biomonitoring for integrated smart real-time water management. Water Solut. 2020, 3, 20–23.
5. Fitch, J.P.; Raber, E.; Imbro, D.R. Technology challenges in responding to biological or chemical attacks in the civilian sector.

Science 2003, 302, 1350–1354. [CrossRef]
6. Eubanks, L.M.; Dickerson, T.J.; Janda, K.D. Technological advancements for the detection of and protection against biological and

chemical warfare agents. Chem. Soc. Rev. 2007, 36, 458–470. [CrossRef]
7. Green, U.; Kremer, J.H.; Zillmer, M.; Moldaenke, C. Detection of chemical threat agents in drinking water by an early warning

real-time biomonitor. Environ. Toxicol. 2003, 18, 368–374. [CrossRef]
8. Storey, M.V.; van der Gaag, B.; Burns, B.P. Advances in on-line drinking water quality monitoring and early warning systems.

Water Res. 2011, 45, 741–747. [CrossRef]
9. Zhang, G.; Chen, L.; Liu, Y.; Chon, T.; Ren, Z.; Wang, Z.; Zhao, J.; Zhao, Y. A new online monitoring and management system for

accidental pollution events developed for the regional water basin in Ningbo, China. Water Sci. Technol. 2011, 64, 1828–1834.
[CrossRef]

10. Kramer, K.J.M.; Foekema, E.M. The “Musselmonitor®” as Biological Early Warning System. In Biomonitors and Biomarkers as
Indicators of Environmental Change 2; Butterworth, F.M., Gunatilaka, A., Gonsebatt, M.E., Eds.; Springer: New York, NY, USA, 2000;
pp. 59–87.

11. Diehl, P.; Gerke, T.; Jeuken, A.; Lowis, L.; Steen, R.; van Steenwijk, J.; Stoks, P.; Willemsen, H.G. Early Warning Strategies and
Practices Along the River Rhine. In The Rhine; Knepper, T.P., Ed.; Springer: Berlin/Heidelberg, Germany, 2005; pp. 99–124.

12. Eltzov, E.; Marks, R.S. Whole-cell aquatic biosensors. Anal. Bioanal. Chem. 2011, 400, 895–913. [CrossRef]
13. Belkin, S. Microbial whole-cell sensing systems of environmental pollutants. Curr. Opin. Microbiol. 2003, 6, 206–212. [CrossRef]
14. Gu, M.B.; Mitchell, R.J.; Kim, B.C. Whole-cell-based biosensors for environmental biomonitoring and application. Adv. Biochem.

Eng. Biotechnol. 2004, 87, 269–305. [PubMed]
15. Matejczyk, M. The potential of application of microbial biosensors. Postep. Mikrobiol. 2010, 49, 297–304.
16. Woutersen, M.; Belkin, S.; Brouwer, B.; van Wezel, A.P.; Heringa, M.B. Are luminescent bacteria suitable for online detection and

monitoring of toxic compounds in drinking water and its sources? Anal. Bioanal. Chem. 2011, 400, 915–929. [CrossRef] [PubMed]
17. Kawazumi, H.; Gobi, V.; Ogino, K.; Maeda, H.; Miura, N. Compact surface plasmon resonance (SPR) immunosensor using

multichannel for simultaneous detection of small molecule compounds. Sens. Actuators B Chem. 2005, 108, 791–796. [CrossRef]
18. Mauriz, E.; Calle, A.; Abad, A.; Montoya, A.; Hildebrandt, A.; Barcelo, D.; Lechuga, L.M. Determination of carbaryl in natural

water samples by a surface plasmon resonance flow-through immunosensor. Biosens. Bioelectron. 2006, 21, 2129–2136. [CrossRef]
19. Nabok, A.V.; Tsargorodskaya, A.; Hassan, A.K.; Starodub, N.F. Total internal reflection ellipsometry and SPR detection of low

molecular weight environmental toxins. Appl. Surf. Sci. 2005, 246, 381–386. [CrossRef]
20. van der Schalie, W.H.; Shedd, T.R.; Knechtges, P.L.; Widder, M.W. Using higher organisms in biological early warning systems for

real-time toxicity detection. Biosens. Bioelectron. 2001, 16, 457–465. [CrossRef]
21. Brayner, R.; Coute, A.; Livage, J.; Perrette, C.; Sicard, C. Micro-algal biosensors. Anal. Bioanal. Chem. 2011, 401, 581–597. [CrossRef]

[PubMed]
22. Chang, J.C.; Taylor, P.B.; Leach, F.R. Use of the Microtox assay system for environmental samples. Bull. Environ. Contam. Toxicol.

1981, 26, 150–156. [CrossRef]
23. Dutka, B.J.; Kwan, K.K. Comparison of three microbial toxicity screening tests with the Microtox test. Bull. Environ. Contam.

Toxicol. 1981, 27, 753–757. [CrossRef]
24. Coleman, R.N.; Qureshi, A.A. Microtox and Spirillum volutans tests for assessing toxicity of environmental samples. Bull. Environ.

Contam. Toxicol. 1985, 35, 443–451. [CrossRef]
25. LAWA. Recommendations on the Deployment of Continuous Biomonitors for the Monitoring of Surface Waters; Working Group of the

Federal States on Water Problems (LAWA): Stuttgart, Germany, 1998.
26. Noack, U.; Walter, J. The algae toximeter for continuous water monitoring. Schr. Ver. Wasser. Boden. Lufthyg. 1992, 89, 305–309.
27. Gerhardt, V.; Putzger, J. A biotest for water monitoring based on delayed fluorescence of algae. Schr. Ver. Wasser. Boden. Lufthyg.

1992, 89, 277–284.
28. Lechelt, M.; Blohm, W.; Kirschneit, B.; Pfeiffer, M.; Gresens, E.; Liley, J.; Holz, R.; Lüring, C.; Moldaenke, C. Monitoring of surface

water by ultrasensitive Daphnia toximeter. Wit. Tr. Biomed. Health 2000, 15, 390–400.
29. Machdar, E.; van der Steen, N.P.; Raschid-Sally, L.; Lens, P.N. Application of Quantitative Microbial Risk Assessment to analyze

the public health risk from poor drinking water quality in a low income area in Accra, Ghana. Sci. Total Environ. 2013, 449,
134–142. [CrossRef] [PubMed]

30. Efstratiou, A.; Ongerth, J.E.; Karanis, P. Waterborne transmission of protozoan parasites: Review of worldwide outbreaks—An
update 2011–2016. Water Res. 2017, 114, 14–22. [CrossRef]

http://doi.org/10.1016/j.scitotenv.2013.07.075
http://www.ncbi.nlm.nih.gov/pubmed/23962435
http://doi.org/10.1016/j.scitotenv.2021.147796
http://www.ncbi.nlm.nih.gov/pubmed/34049143
http://doi.org/10.1897/05-486R1.1
http://www.ncbi.nlm.nih.gov/pubmed/16986779
http://doi.org/10.1126/science.1085922
http://doi.org/10.1039/b615227a
http://doi.org/10.1002/tox.10138
http://doi.org/10.1016/j.watres.2010.08.049
http://doi.org/10.2166/wst.2011.750
http://doi.org/10.1007/s00216-010-4084-y
http://doi.org/10.1016/S1369-5274(03)00059-6
http://www.ncbi.nlm.nih.gov/pubmed/15217109
http://doi.org/10.1007/s00216-010-4372-6
http://www.ncbi.nlm.nih.gov/pubmed/21058029
http://doi.org/10.1016/j.snb.2004.11.069
http://doi.org/10.1016/j.bios.2005.10.013
http://doi.org/10.1016/j.apsusc.2004.11.084
http://doi.org/10.1016/S0956-5663(01)00160-9
http://doi.org/10.1007/s00216-011-5107-z
http://www.ncbi.nlm.nih.gov/pubmed/21626188
http://doi.org/10.1007/BF01622069
http://doi.org/10.1007/BF01611091
http://doi.org/10.1007/BF01636536
http://doi.org/10.1016/j.scitotenv.2013.01.048
http://www.ncbi.nlm.nih.gov/pubmed/23416990
http://doi.org/10.1016/j.watres.2017.01.036


Sensors 2021, 21, 7028 23 of 27

31. Besmer, M.D.; Hammes, F. Short-term microbial dynamics in a drinking water plant treating groundwater with occasional high
microbial loads. Water Res. 2016, 107, 11–18. [CrossRef] [PubMed]

32. Buysschaert, B.; Byloos, B.; Leys, N.; Van Houdt, R.; Boon, N. Reevaluating multicolor flow cytometry to assess microbial viability.
Appl. Microbiol. Biot. 2016, 100, 9037–9051. [CrossRef]

33. Stauber, J.L.; Franklin, N.M.; Adams, M.S. Applications of flow cytometry to ecotoxicity testing using microalgae. Trends Biotechnol.
2002, 20, 141–143. [CrossRef]

34. Prest, E.I.; Hammes, F.; Kotzsch, S.; van Loosdrecht, M.C.; Vrouwenvelder, J.S. Monitoring microbiological changes in drinking
water systems using a fast and reproducible flow cytometric method. Water Res. 2013, 47, 7131–7142. [CrossRef]

35. Besmer, M.D.; Epting, J.; Page, R.M.; Sigrist, J.A.; Huggenberger, P.; Hammes, F. Online flow cytometry reveals microbial dynamics
influenced by concurrent natural and operational events in groundwater used for drinking water treatment. Sci. Rep. 2016, 6,
38462. [CrossRef]

36. Sorensen, J.P.R.; Vivanco, A.; Ascott, M.J.; Gooddy, D.C.; Lapworth, D.J.; Read, D.S.; Rushworth, C.M.; Bucknall, J.; Herbert, K.;
Karapanos, I.; et al. Online fluorescence spectroscopy for the real-time evaluation of the microbial quality of drinking water.
Water Res. 2018, 137, 301–309. [CrossRef]

37. Bridgeman, J.; Baker, A.; Brown, D.; Boxall, J.B. Portable LED fluorescence instrumentation for the rapid assessment of potable
water quality. Sci. Total Environ. 2015, 524–525, 338–346. [CrossRef]

38. Sorensen, J.P.; Lapworth, D.J.; Marchant, B.P.; Nkhuwa, D.C.; Pedley, S.; Stuart, M.E.; Bell, R.A.; Chirwa, M.; Kabika, J.; Liemisa,
M.; et al. In-situ tryptophan-like fluorescence: A real-time indicator of faecal contamination in drinking water supplies. Water Res.
2015, 81, 38–46. [CrossRef]

39. Cohen, E.; Levy, G.J.; Borisover, M. Fluorescent components of organic matter in wastewater: Efficacy and selectivity of the water
treatment. Water Res. 2014, 55, 323–334. [CrossRef]

40. Bechor, O.; Smulski, D.R.; Van Dyk, T.K.; LaRossa, R.A.; Belkin, S. Recombinant microorganisms as environmental biosensors:
Pollutants detection by Escherichia coli bearing fabA’::lux fusions. J. Biotechnol. 2002, 94, 125–132. [CrossRef]

41. Zhou, T.; Han, H.; Liu, P.; Xiong, J.; Tian, F.; Li, X. Microbial Fuels Cell-Based Biosensor for Toxicity Detection: A Review. Sensors
2017, 17, 2230. [CrossRef] [PubMed]

42. Ronkainen, N.J.; Halsall, H.B.; Heineman, W.R. Electrochemical biosensors. Chem. Soc. Rev. 2010, 39, 1747–1763. [CrossRef]
[PubMed]

43. Skladal, P.; Morozova, N.O.; Reshetilov, A.N. Amperometric biosensors for detection of phenol using chemically modified
electrodes containing immobilized bacteria. Biosens. Bioelectron. 2002, 17, 867–873. [CrossRef]

44. Biran, I.; Babai, R.; Levcov, K.; Rishpon, J.; Ron, E.Z. Online and in situ monitoring of environmental pollutants: Electrochemical
biosensing of cadmium. Environ. Microbiol. 2000, 2, 285–290. [CrossRef] [PubMed]

45. Borman, S. Biosensors: Potentiometric and amperometric. Anal. Chem. 1987, 59, 1091A–1098A. [PubMed]
46. Lei, Y.; Mulchandani, P.; Chen, W.; Mulchandani, A. Biosensor for direct determination of fenitrothion and EPN using recombinant

Pseudomonas putida JS444 with surface-expressed organophosphorous hydrolase. 2. Modified carbon paste electrode. Appl.
Biochem. Biotechnol. 2007, 136, 243–250. [CrossRef]

47. Farre, M.; Barcelo, D. Characterization of wastewater toxicity by means of a whole-cell bacterial biosensor, using Pseudomonas
putida, in conjunction with chemical analysis. Fresenius J. Anal. Chem. 2001, 371, 467–473. [CrossRef]

48. Mehala, N.; Rajendran, L. Analysis of mathematical modelling on potentiometric biosensors. ISRN Biochem. 2014, 2014, 582675.
[CrossRef]

49. Koncki, R. Recent developments in potentiometric biosensors for biomedical analysis. Anal. Chim. Acta 2007, 599, 7–15. [CrossRef]
50. Gaberlein, S.; Spener, F.; Zaborosch, C. Microbial and cytoplasmic membrane-based potentiometric biosensors for direct

determination of organophosphorus insecticides. Appl. Microbiol. Biotechnol. 2000, 54, 652–658. [CrossRef]
51. Kumar, S.; Kundu, S.; Pakshirajan, K.; Dasu, V.V. Cephalosporins determination with a novel microbial biosensor based on

permeabilized Pseudomonas aeruginosa whole cells. Appl. Biochem. Biotechnol. 2008, 151, 653–664. [CrossRef]
52. Hnaien, M.; Lagarde, F.; Bausells, J.; Errachid, A.; Jaffrezic-Renault, N. A new bacterial biosensor for trichloroethylene detection

based on a three-dimensional carbon nanotubes bioarchitecture. Anal. Bioanal. Chem. 2011, 400, 1083–1092. [CrossRef] [PubMed]
53. Gaberlein, S.; Knoll, M.; Spener, F.; Zaborosch, C. Disposable potentiometric enzyme sensor for direct determination of

organophosphorus insecticides. Analyst 2000, 125, 2274–2279. [CrossRef] [PubMed]
54. Okafor, C.; Grooms, D.; Alocilja, E.; Bolin, S. Fabrication of a Novel Conductometric Biosensor for Detecting Mycobacterium

avium subsp. paratuberculosis Antibodies. Sensors 2008, 8, 6015–6025. [CrossRef]
55. Lei, Y.; Lamarche, P.; Tawil, N.; Khan, R.; Aliakbar, A.M.; Hassan, M.H.; Chodavarapu, V.P.; Mandeville, R. CMOS Conductometric

System for Growth Monitoring and Sensing of Bacteria. IEEE Trans. Biomed. Circuits Syst. 2011, 5, 223–230.
56. Chouteau, C.; Dzyadevych, S.; Durrieu, C.; Chovelon, J.M. A bi-enzymatic whole cell conductometric biosensor for heavy metal

ions and pesticides detection in water samples. Biosens. Bioelectron. 2005, 21, 273–281. [CrossRef]
57. Furst, A.L.; Francis, M.B. Impedance-Based Detection of Bacteria. Chem. Rev. 2019, 119, 700–726. [CrossRef]
58. Silley, P.; Forsythe, S. Impedance microbiology—A rapid change for microbiologists. J. Appl. Bacteriol. 1996, 80, 233–243.

[CrossRef]
59. Felice, C.J.; Valentinuzzi, M.E. Medium and interface components in impedance microbiology. IEEE Trans. Biomed. Eng. 1999, 46,

1483–1487. [CrossRef] [PubMed]

http://doi.org/10.1016/j.watres.2016.10.041
http://www.ncbi.nlm.nih.gov/pubmed/27783929
http://doi.org/10.1007/s00253-016-7837-5
http://doi.org/10.1016/S0167-7799(01)01924-2
http://doi.org/10.1016/j.watres.2013.07.051
http://doi.org/10.1038/srep38462
http://doi.org/10.1016/j.watres.2018.03.001
http://doi.org/10.1016/j.scitotenv.2015.04.050
http://doi.org/10.1016/j.watres.2015.05.035
http://doi.org/10.1016/j.watres.2014.02.040
http://doi.org/10.1016/S0168-1656(01)00423-0
http://doi.org/10.3390/s17102230
http://www.ncbi.nlm.nih.gov/pubmed/28956857
http://doi.org/10.1039/b714449k
http://www.ncbi.nlm.nih.gov/pubmed/20419217
http://doi.org/10.1016/S0956-5663(02)00076-3
http://doi.org/10.1046/j.1462-2920.2000.00103.x
http://www.ncbi.nlm.nih.gov/pubmed/11200429
http://www.ncbi.nlm.nih.gov/pubmed/3674439
http://doi.org/10.1007/s12010-007-9023-9
http://doi.org/10.1007/s002160100925
http://doi.org/10.1155/2014/582675
http://doi.org/10.1016/j.aca.2007.08.003
http://doi.org/10.1007/s002530000437
http://doi.org/10.1007/s12010-008-8280-6
http://doi.org/10.1007/s00216-010-4336-x
http://www.ncbi.nlm.nih.gov/pubmed/21052645
http://doi.org/10.1039/b006664h
http://www.ncbi.nlm.nih.gov/pubmed/11219066
http://doi.org/10.3390/s8096015
http://doi.org/10.1016/j.bios.2004.09.032
http://doi.org/10.1021/acs.chemrev.8b00381
http://doi.org/10.1111/j.1365-2672.1996.tb03215.x
http://doi.org/10.1109/10.804577
http://www.ncbi.nlm.nih.gov/pubmed/10612907


Sensors 2021, 21, 7028 24 of 27

60. Stewart, G.N. The Charges Produced by the Growth of Bacteria in the Molecular Concentration and Electrical Conductivity of
Culture Media. J. Exp. Med. 1899, 4, 235–243. [CrossRef] [PubMed]

61. Wawerla, M.; Stolle, A.; Schalch, B.; Eisgruber, H. Impedance microbiology: Applications in food hygiene. J. Food Prot. 1999, 62,
1488–1496. [CrossRef] [PubMed]

62. Felice, C.J.; Madrid, R.E.; Olivera, J.M.; Rotger, V.I.; Valentinuzzi, M.E. Impedance microbiology: Quantification of bacterial
content in milk by means of capacitance growth curves. J. Microbiol. Methods 1999, 35, 37–42. [CrossRef]

63. Strauss, W.M.; Malaney, G.W.; Tanner, R.D. The impedance method for monitoring total coliforms in wastewaters. Part I.
Background and methodology. Folia Microbiol. 1984, 29, 162–169. [CrossRef]

64. Colquhoun, K.O.; Timms, S.; Fricker, C.R. Detection of Escherichia coli in potable water using direct impedance technology. J.
Appl. Bacteriol. 1995, 79, 635–639. [CrossRef]

65. Clausen, C.H.; Dimaki, M.; Bertelsen, C.V.; Skands, G.E.; Rodriguez-Trujillo, R.; Thomsen, J.D.; Svendsen, W.E. Bacteria Detection
and Differentiation Using Impedance Flow Cytometry. Sensors 2018, 18, 3496. [CrossRef]

66. Cui, Y.; Lai, B.; Tang, X. Microbial Fuel Cell-Based Biosensors. Biosensors 2019, 9, 92. [CrossRef] [PubMed]
67. ElMekawy, A.; Hegab, H.M.; Pant, D.; Saint, C.P. Bio-analytical applications of microbial fuel cell-based biosensors for onsite

water quality monitoring. J. Appl. Microbiol. 2018, 124, 302–313. [CrossRef] [PubMed]
68. Adekunle, A.; Raghavan, V.; Tartakovsky, B. A comparison of microbial fuel cell and microbial electrolysis cell biosensors for

real-time environmental monitoring. Bioelectrochemistry 2019, 126, 105–112. [CrossRef] [PubMed]
69. Kim, M.; Sik Hyun, M.; Gadd, G.M.; Joo Kim, H. A novel biomonitoring system using microbial fuel cells. J. Environ. Monit. 2007,

9, 1323–1328. [CrossRef] [PubMed]
70. Liu, B.; Lei, Y.; Li, B. A batch-mode cube microbial fuel cell based “shock” biosensor for wastewater quality monitoring. Biosens.

Bioelectron. 2014, 62, 308–314. [CrossRef]
71. Meighen, E.A. Molecular biology of bacterial bioluminescence. Microbiol. Rev. 1991, 55, 123–142. [CrossRef] [PubMed]
72. Selifonova, O.; Burlage, R.; Barkay, T. Bioluminescent sensors for detection of bioavailable Hg(II) in the environment. Appl.

Environ. Microbiol. 1993, 59, 3083–3090. [CrossRef]
73. Mancini, J.A.; Boylan, M.; Soly, R.R.; Graham, A.F.; Meighen, E.A. Cloning and expression of the Photobacterium phosphoreum

luminescence system demonstrates a unique lux gene organization. J. Biol. Chem. 1988, 263, 14308–14314. [CrossRef]
74. Heitzer, A.; Malachowsky, K.; Thonnard, J.E.; Bienkowski, P.R.; White, D.C.; Sayler, G.S. Optical biosensor for environmental

on-line monitoring of naphthalene and salicylate bioavailability with an immobilized bioluminescent catabolic reporter bacterium.
Appl. Environ. Microbiol. 1994, 60, 1487–1494. [CrossRef]

75. Ivask, A.; Rolova, T.; Kahru, A. A suite of recombinant luminescent bacterial strains for the quantification of bioavailable heavy
metals and toxicity testing. BMC Biotechnol. 2009, 9, 41. [CrossRef]

76. Robinson, G.M.; Tonks, K.M.; Thorn, R.M.; Reynolds, D.M. Application of bacterial bioluminescence to assess the efficacy of
fast-acting biocides. Antimicrob. Agents Chemother. 2011, 55, 5214–5220. [CrossRef]

77. Layton, A.C.; Muccini, M.; Ghosh, M.M.; Sayler, G.S. Construction of a bioluminescent reporter strain To detect polychlorinated
biphenyls. Appl. Environ. Microbiol. 1998, 64, 5023–5026. [CrossRef]

78. Leedjarv, A.; Ivask, A.; Virta, M.; Kahru, A. Analysis of bioavailable phenols from natural samples by recombinant luminescent
bacterial sensors. Chemosphere 2006, 64, 1910–1919. [CrossRef]

79. Biran, A.; Yagur-Kroll, S.; Pedahzur, R.; Buchinger, S.; Reifferscheid, G.; Ben-Yoav, H.; Shacham-Diamand, Y.; Belkin, S. Bacterial
genotoxicity bioreporters. Microb. Biotechnol. 2010, 3, 412–427. [CrossRef] [PubMed]

80. Niazi, J.H.; Kim, B.C.; Ahn, J.M.; Gu, M.B. A novel bioluminescent bacterial biosensor using the highly specific oxidative
stress-inducible pgi gene. Biosens. Bioelectron. 2008, 24, 670–675. [CrossRef]

81. Van Dyk, T.K.; Majarian, W.R.; Konstantinov, K.B.; Young, R.M.; Dhurjati, P.S.; LaRossa, R.A. Rapid and sensitive pollutant
detection by induction of heat shock gene-bioluminescence gene fusions. Appl. Environ. Microbiol. 1994, 60, 1414–1420. [CrossRef]
[PubMed]

82. Lee, J.H.; Youn, C.H.; Kim, B.C.; Gu, M.B. An oxidative stress-specific bacterial cell array chip for toxicity analysis. Biosens.
Bioelectron. 2007, 22, 2223–2229. [CrossRef] [PubMed]

83. Southward, C.M.; Surette, M.G. The dynamic microbe: Green fluorescent protein brings bacteria to light. Mol. Microbiol. 2002, 45,
1191–1196. [CrossRef]

84. Gireesh-Babu, P.; Chaudhari, A. Development of a broad-spectrum fluorescent heavy metal bacterial biosensor. Mol. Biol. Rep.
2012, 39, 11225–11229. [CrossRef]

85. Stiner, L.; Halverson, L.J. Development and characterization of a green fluorescent protein-based bacterial biosensor for bioavail-
able toluene and related compounds. Appl. Environ. Microbiol. 2002, 68, 1962–1971. [CrossRef] [PubMed]

86. Biran, I.; Rissin, D.M.; Ron, E.Z.; Walt, D.R. Optical imaging fiber-based live bacterial cell array biosensor. Anal. Biochem. 2003,
315, 106–113. [CrossRef]

87. Stocker, J.; Balluch, D.; Gsell, M.; Harms, H.; Feliciano, J.; Daunert, S.; Malik, K.A.; van der Meer, J.R. Development of a set of
simple bacterial biosensors for quantitative and rapid measurements of arsenite and arsenate in potable water. Environ. Sci.
Technol. 2003, 37, 4743–4750. [CrossRef] [PubMed]

88. Zhang, J.; Campbell, R.E.; Ting, A.Y.; Tsien, R.Y. Creating new fluorescent probes for cell biology. Nat. Rev. Mol. Cell Biol. 2002, 3,
906–918. [CrossRef] [PubMed]

http://doi.org/10.1084/jem.4.2.235
http://www.ncbi.nlm.nih.gov/pubmed/19866908
http://doi.org/10.4315/0362-028X-62.12.1488
http://www.ncbi.nlm.nih.gov/pubmed/10606159
http://doi.org/10.1016/S0167-7012(98)00098-0
http://doi.org/10.1007/BF02872933
http://doi.org/10.1111/j.1365-2672.1995.tb00948.x
http://doi.org/10.3390/s18103496
http://doi.org/10.3390/bios9030092
http://www.ncbi.nlm.nih.gov/pubmed/31340591
http://doi.org/10.1111/jam.13631
http://www.ncbi.nlm.nih.gov/pubmed/29112795
http://doi.org/10.1016/j.bioelechem.2018.11.007
http://www.ncbi.nlm.nih.gov/pubmed/30540973
http://doi.org/10.1039/b713114c
http://www.ncbi.nlm.nih.gov/pubmed/18049770
http://doi.org/10.1016/j.bios.2014.06.051
http://doi.org/10.1128/mr.55.1.123-142.1991
http://www.ncbi.nlm.nih.gov/pubmed/2030669
http://doi.org/10.1128/aem.59.9.3083-3090.1993
http://doi.org/10.1016/S0021-9258(18)68222-5
http://doi.org/10.1128/aem.60.5.1487-1494.1994
http://doi.org/10.1186/1472-6750-9-41
http://doi.org/10.1128/AAC.00489-11
http://doi.org/10.1128/AEM.64.12.5023-5026.1998
http://doi.org/10.1016/j.chemosphere.2006.01.026
http://doi.org/10.1111/j.1751-7915.2009.00160.x
http://www.ncbi.nlm.nih.gov/pubmed/21255340
http://doi.org/10.1016/j.bios.2008.06.026
http://doi.org/10.1128/aem.60.5.1414-1420.1994
http://www.ncbi.nlm.nih.gov/pubmed/8017928
http://doi.org/10.1016/j.bios.2006.10.038
http://www.ncbi.nlm.nih.gov/pubmed/17157494
http://doi.org/10.1046/j.1365-2958.2002.03089.x
http://doi.org/10.1007/s11033-012-2033-x
http://doi.org/10.1128/AEM.68.4.1962-1971.2002
http://www.ncbi.nlm.nih.gov/pubmed/11916719
http://doi.org/10.1016/S0003-2697(02)00700-5
http://doi.org/10.1021/es034258b
http://www.ncbi.nlm.nih.gov/pubmed/14594387
http://doi.org/10.1038/nrm976
http://www.ncbi.nlm.nih.gov/pubmed/12461557


Sensors 2021, 21, 7028 25 of 27

89. Mirasoli, M.; Feliciano, J.; Michelini, E.; Daunert, S.; Roda, A. Internal response correction for fluorescent whole-cell biosensors.
Anal. Chem. 2002, 74, 5948–5953. [CrossRef] [PubMed]

90. Lee, J.H.; Gu, M.B. An integrated mini biosensor system for continuous water toxicity monitoring. Biosens. Bioelectron. 2005, 20,
1744–1749. [CrossRef] [PubMed]

91. Thouand, G.; Horry, H.; Durand, M.J.; Picart, P.; Bendriaa, L.; Daniel, P.; DuBow, M.S. Development of a biosensor for on-line
detection of tributyltin with a recombinant bioluminescent Escherichia coli strain. Appl. Microbiol. Biotechnol. 2003, 62, 218–225.
[CrossRef]

92. Yoo, S.K.; Lee, J.H.; Yun, S.S.; Gu, M.B.; Lee, J.H. Fabrication of a bio-MEMS based cell-chip for toxicity monitoring. Biosens.
Bioelectron. 2007, 22, 1586–1592. [CrossRef] [PubMed]

93. Hong, S.R.; Choi, S.J.; Jeong, H.D.; Hong, S. Development of QCM biosensor to detect a marine derived pathogenic bacteria
Edwardsiella tarda using a novel immobilisation method. Biosens. Bioelectron. 2009, 24, 1635–1640. [CrossRef]

94. Woutersen, M.; van der Gaag, B.; Abrafi Boakye, A.; Mink, J.; Marks, R.S.; Wagenvoort, A.J.; Ketelaars, H.A.M.; Brouwer, B.;
Heringa, M.B. Development and Validation of an On-Line Water Toxicity Sensor with Immobilized Luminescent Bacteria for
On-Line Surface Water Monitoring. Sensors 2017, 17, 2682. [CrossRef]

95. Sun, Y.; Zhou, T.; Guo, J.; Li, Y. Dark variants of luminous bacteria whole cell bioluminescent optical fiber sensor to genotoxicants.
J. Huazhong Univ. Sci. Technol. Med. Sci. 2004, 24, 507–509.

96. Hakkila, K.; Green, T.; Leskinen, P.; Ivask, A.; Marks, R.; Virta, M. Detection of bioavailable heavy metals in EILATox-Oregon
samples using whole-cell luminescent bacterial sensors in suspension or immobilized onto fibre-optic tips. J. Appl. Toxicol. 2004,
24, 333–342. [CrossRef] [PubMed]

97. Charrier, T.; Durand, M.J.; Jouanneau, S.; Dion, M.; Pernetti, M.; Poncelet, D.; Thouand, G. A multi-channel bioluminescent
bacterial biosensor for the on-line detection of metals and toxicity. Part I: Design and optimization of bioluminescent bacterial
strains. Anal. Bioanal. Chem. 2011, 400, 1051–1060. [CrossRef] [PubMed]

98. Lee, J.H.; Mitchell, R.J.; Kim, B.C.; Cullen, D.C.; Gu, M.B. A cell array biosensor for environmental toxicity analysis. Biosens.
Bioelectron. 2005, 21, 500–507. [CrossRef]

99. Campana, O.; Wlodkowic, D. The undiscovered country: Ecotoxicology meets microfluidics. Sensor. Actuat. B-Chem. 2018, 257,
692–704. [CrossRef]

100. Campana, O.; Wlodkowic, D. Ecotoxicology Goes on a Chip: Embracing Miniaturized Bioanalysis in Aquatic Risk Assessment.
Environ. Sci. Technol. 2018, 52, 932–946. [CrossRef]

101. Bachmann, T. Transforming cyanobacteria into bioreporters of biological relevance. Trends Biotechnol. 2003, 21, 247–249. [CrossRef]
102. Shao, C.Y.; Howe, C.J.; Porter, A.J.; Glover, L.A. Novel cyanobacterial biosensor for detection of herbicides. Appl. Environ.

Microbiol. 2002, 68, 5026–5033. [CrossRef]
103. Shing, W.L.; Heng, L.Y.; Surif, S. Performance of a cyanobacteria whole cell-based fluorescence biosensor for heavy metal and

pesticide detection. Sensors 2013, 13, 6394–6404.
104. Lefevre, F.; Chalifour, A.; Yu, L.; Chodavarapu, V.; Juneau, P.; Izquierdo, R. Algal fluorescence sensor integrated into a microfluidic

chip for water pollutant detection. Lab Chip 2012, 12, 787–793. [CrossRef]
105. Yuce, M.; Nazir, H.; Donmez, G. An advanced investigation on a new algal sensor determining Pb(II) ions from aqueous media.

Biosens. Bioelectron. 2010, 26, 321–326. [CrossRef]
106. Mbeunkui, F.; Richaud, C.; Etienne, A.L.; Schmid, R.D.; Bachmann, T.T. Bioavailable nitrate detection in water by an immobilized

luminescent cyanobacterial reporter strain. Appl. Microbiol. Biotechnol. 2002, 60, 306–312.
107. Schreiter, P.P.; Gillor, O.; Post, A.; Belkin, S.; Schmid, R.D.; Bachmann, T.T. Monitoring of phosphorus bioavailability in water by

an immobilized luminescent cyanobacterial reporter strain. Biosens. Bioelectron. 2001, 16, 811–818. [CrossRef]
108. Lee, H.R.; Jung, S.M.; Yoon, S.; Yoon, W.H.; Park, T.H.; Kim, S.; Shin, H.W.; Hwang, D.S.; Jung, S. Immobilization of planktonic

algal spores by inkjet printing. Sci. Rep. 2019, 9, 12357. [CrossRef] [PubMed]
109. Bengtson Nash, S.M.; Quayle, P.A.; Schreiber, U.; Muller, J.F. The selection of a model microalgal species as biomaterial for a

novel aquatic phytotoxicity assay. Aquat. Toxicol. 2005, 72, 315–326. [CrossRef] [PubMed]
110. Franqueira, D.; Orosa, M.; Torres, E.; Herrero, C.; Cid, A. Potential use of flow cytometry in toxicity studies with microalgae. Sci.

Total Environ. 2000, 247, 119–126. [CrossRef]
111. Campanella, L.; Cubadda, F.; Sammartino, M.P.; Saoncella, A. An algal biosensor for the monitoring of water toxicity in estuarine

environments. Water Res. 2001, 35, 69–76. [CrossRef]
112. Cho, C.W.; Pham, T.P.; Jeon, Y.C.; Min, J.; Jung, H.Y.; Lee, D.S.; Yun, Y.S. Microalgal photosynthetic activity measurement system

for rapid toxicity assessment. Ecotoxicology 2008, 17, 455–463. [CrossRef]
113. Shitanda, I.; Takada, K.; Sakai, Y.; Tatsuma, T. Amperometric biosensing systems based on motility and gravitaxis of flagellate

algae for aquatic risk assessment. Anal. Chem. 2005, 77, 6715–6718. [CrossRef] [PubMed]
114. Endo, R.; Omasa, K. Chlorophyll fluorescence imaging of individual algal cells: Effects of herbicide on Spirogyra distenta at

different growth stages. Environ. Sci. Technol. 2004, 38, 4165–4168. [CrossRef]
115. Hassannejad, S.; Lotfi, R.; Ghafarbi, S.P.; Oukarroum, A.; Abbasi, A.; Kalaji, H.M.; Rastogi, A. Early Identification of Herbicide

Modes of Action by the Use of Chlorophyll Fluorescence Measurements. Plants 2020, 9, 529. [CrossRef]
116. Anandraj, A.; White, S.; Naidoo, D.; Mutanda, T. Monitoring the acclimatization of a Chlorella sp. From freshwater to hypersalinity

using photosynthetic parameters of pulse amplitude modulated fluorometry. Bioresour. Technol. 2020, 309, 123380. [CrossRef]

http://doi.org/10.1021/ac0259008
http://www.ncbi.nlm.nih.gov/pubmed/12498189
http://doi.org/10.1016/j.bios.2004.06.036
http://www.ncbi.nlm.nih.gov/pubmed/15681189
http://doi.org/10.1007/s00253-003-1279-6
http://doi.org/10.1016/j.bios.2006.07.014
http://www.ncbi.nlm.nih.gov/pubmed/16930985
http://doi.org/10.1016/j.bios.2008.08.027
http://doi.org/10.3390/s17112682
http://doi.org/10.1002/jat.1020
http://www.ncbi.nlm.nih.gov/pubmed/15478176
http://doi.org/10.1007/s00216-010-4353-9
http://www.ncbi.nlm.nih.gov/pubmed/21069300
http://doi.org/10.1016/j.bios.2004.12.015
http://doi.org/10.1016/j.snb.2017.11.002
http://doi.org/10.1021/acs.est.7b03370
http://doi.org/10.1016/S0167-7799(03)00114-8
http://doi.org/10.1128/AEM.68.10.5026-5033.2002
http://doi.org/10.1039/C2LC20998E
http://doi.org/10.1016/j.bios.2010.08.022
http://doi.org/10.1016/S0956-5663(01)00224-X
http://doi.org/10.1038/s41598-019-48776-z
http://www.ncbi.nlm.nih.gov/pubmed/31451717
http://doi.org/10.1016/j.aquatox.2005.02.004
http://www.ncbi.nlm.nih.gov/pubmed/15848251
http://doi.org/10.1016/S0048-9697(99)00483-0
http://doi.org/10.1016/S0043-1354(00)00223-2
http://doi.org/10.1007/s10646-008-0197-x
http://doi.org/10.1021/ac050894b
http://www.ncbi.nlm.nih.gov/pubmed/16223261
http://doi.org/10.1021/es035375+
http://doi.org/10.3390/plants9040529
http://doi.org/10.1016/j.biortech.2020.123380


Sensors 2021, 21, 7028 26 of 27

117. Miao, A.J.; Wang, W.X.; Juneau, P. Comparison of Cd, Cu, and Zn toxic effects on four marine phytoplankton by pulse-amplitude-
modulated fluorometry. Environ. Toxicol. Chem. 2005, 24, 2603–2611. [CrossRef]

118. Muller, R.; Schreiber, U.; Escher, B.I.; Quayle, P.; Bengtson Nash, S.M.; Mueller, J.F. Rapid exposure assessment of PSII herbicides
in surface water using a novel chlorophyll a fluorescence imaging assay. Sci. Total Environ. 2008, 401, 51–59. [CrossRef]

119. Schreiber, U.; Muller, J.F.; Haugg, A.; Gademann, R. New type of dual-channel PAM chlorophyll fluorometer for highly sensitive
water toxicity biotests. Photosynth. Res. 2002, 74, 317–330. [CrossRef]

120. Tatsuma, T.; Yoshida, Y.; Shitanda, I.; Notsu, H. Algal biosensor array on a single electrode. Analyst 2009, 134, 223–225. [CrossRef]
121. Umar, L.; Alexander, F.A.; Wiest, J. Application of algae-biosensor for environmental monitoring. Annu. Int. Conf. IEEE Eng. Med.

Biol. Soc. 2015, 2015, 7099–7102. [PubMed]
122. Naessens, M.; Leclerc, J.C.; Tran-Minh, C. Fiber optic biosensor using Chlorella vulgaris for determination of toxic compounds.

Ecotoxicol. Environ. Saf. 2000, 46, 181–185. [CrossRef] [PubMed]
123. Vedrine, C.; Leclerc, J.C.; Durrieu, C.; Tran-Minh, C. Optical whole-cell biosensor using Chlorella vulgaris designed for monitoring

herbicides. Biosens. Bioelectron. 2003, 18, 457–463. [CrossRef]
124. Sekli Belaidi, F.; Farouil, L.; Salvagnac, L.; Temple-Boyer, P.; Seguy, I.; Heully, J.L.; Alary, F.; Bedel-Pereira, E.; Launay, J. Towards

integrated multi-sensor platform using dual electrochemical and optical detection for on-site pollutant detection in water. Biosens.
Bioelectron. 2019, 132, 90–96. [CrossRef]

125. Perez-Bueno, M.L.; Pineda, M.; Baron, M. Phenotyping Plant Responses to Biotic Stress by Chlorophyll Fluorescence Imaging.
Front. Plant Sci. 2019, 10, 1135. [CrossRef]

126. Schreiber, U.; Quayle, P.; Schmidt, S.; Escher, B.I.; Mueller, J.F. Methodology and evaluation of a highly sensitive algae toxicity test
based on multiwell chlorophyll fluorescence imaging. Biosens. Bioelectron. 2007, 22, 2554–2563. [CrossRef]

127. Oxborough, K. Imaging of chlorophyll a fluorescence: Theoretical and practical aspects of an emerging technique for the
monitoring of photosynthetic performance. J. Exp. Bot. 2004, 55, 1195–1205. [CrossRef]

128. Gavel, A.; Marsalek, B. A novel approach for phytotoxicity assessment by CCD fluorescence imaging. Environ. Toxicol. 2004, 19,
429–432. [CrossRef] [PubMed]

129. Hupp, S.; Rosenkranz, M.; Bonfig, K.; Pandey, C.; Roitsch, T. Noninvasive Phenotyping of Plant-Pathogen Interaction: Consecutive
In Situ Imaging of Fluorescing Pseudomonas syringae, Plant Phenolic Fluorescence, and Chlorophyll Fluorescence in Arabidopsis
Leaves. Front. Plant Sci. 2019, 10, 1239. [CrossRef]

130. Tsopela, A.; Laborde, A.; Salvagnac, L.; Ventalon, V.; Bedel-Pereira, E.; Seguy, I.; Temple-Boyer, P.; Juneau, P.; Izquierdo, R.;
Launay, J. Development of a lab-on-chip electrochemical biosensor for water quality analysis based on microalgal photosynthesis.
Biosens. Bioelectron. 2016, 79, 568–573. [CrossRef]

131. Skommer, J.; Akagi, J.; Takeda, K.; Fujimura, Y.; Khoshmanesh, K.; Wlodkowic, D. Multiparameter Lab-on-a-Chip flow cytometry
of the cell cycle. Biosens. Bioelectron. 2013, 42, 586–591. [CrossRef]

132. Wlodkowic, D.; Skommer, J.; Akagi, J.; Fujimura, Y.; Takeda, K. Multiparameter analysis of apoptosis using lab-on-a-chip flow
cytometry. Curr. Protoc. Cytom. 2013, 66, 9–42. [CrossRef] [PubMed]

133. Wlodkowic, D.; Darzynkiewicz, Z. Rise of the Micromachines: Microfluidics and the Future of Cytometry. Recent Adv. Cytom.
Part A Instrum. Methods 2011, 102, 105–125.

134. Franklin, N.M.; Stauber, J.L.; Lim, R.P. Development of flow cytometry-based algal bioassays for assessing toxicity of copper in
natural waters. Environ. Toxicol. Chem. 2001, 20, 160–170. [CrossRef]

135. Rakers, S.; Imse, F.; Gebert, M. Real-time cell analysis: Sensitivity of different vertebrate cell cultures to copper sulfate measured
by xCELLigence(A (R)). Ecotoxicology 2014, 23, 1582–1591. [CrossRef]

136. Bohrn, U.; Mucha, A.; Werner, C.F.; Trattner, B.; Backer, M.; Krumbe, C.; Schienle, M.; Stutz, E.; Schmitt-Landsiedel, D.; Fleischer,
M.; et al. A critical comparison of cell-based sensor systems for the detection of Cr(VI) in aquatic environment. Sens. Actuat
B-Chem. 2013, 182, 58–65. [CrossRef]

137. Yan, G.; Du, Q.; Wei, X.; Miozzi, J.; Kang, C.; Wang, J.; Han, X.; Pan, J.; Xie, H.; Chen, J.; et al. Application of Real-Time Cell
Electronic Analysis System in Modern Pharmaceutical Evaluation and Analysis. Molecules 2018, 23, 3280. [CrossRef]

138. Giaever, I.; Keese, C.R. A morphological biosensor for mammalian cells. Nature 1993, 366, 591–592. [CrossRef] [PubMed]
139. Curtis, T.M.; Widder, M.W.; Brennan, L.M.; Schwager, S.J.; van der Schalie, W.H.; Fey, J.; Salazar, N. A portable cell-based

impedance sensor for toxicity testing of drinking water. Lab Chip 2009, 9, 2176–2183. [CrossRef] [PubMed]
140. van der Schalie, W.H.; James, R.R.; Gargan, T.P. Selection of a battery of rapid toxicity sensors for drinking water evaluation.

Biosens. Bioelectron. 2006, 22, 18–27. [CrossRef] [PubMed]
141. Wegener, J.; Keese, C.R.; Giaever, I. Electric cell-substrate impedance sensing (ECIS) as a noninvasive means to monitor the

kinetics of cell spreading to artificial surfaces. Exp. Cell Res. 2000, 259, 158–166. [CrossRef] [PubMed]
142. Ke, N.; Wang, X.; Xu, X.; Abassi, Y.A. The xCELLigence system for real-time and label-free monitoring of cell viability. Methods

Mol. Biol. 2011, 740, 33–43. [PubMed]
143. Brennan, L.M.; Widder, M.W.; McAleer, M.K.; Mayo, M.W.; Greis, A.P.; van der Schalie, W.H. Preparation and Testing of

Impedance-based Fluidic Biochips with RTgill-W1 Cells for Rapid Evaluation of Drinking Water Samples for Toxicity. J. Vis. Exp.
2016, 109, 53555. [CrossRef]

144. Kubisch, R.; Bohrn, U.; Fleischer, M.; Stutz, E. Cell-based sensor system using L6 cells for broad band continuous pollutant
monitoring in aquatic environments. Sensors 2012, 12, 3370–3393. [CrossRef]

http://doi.org/10.1897/05-009R.1
http://doi.org/10.1016/j.scitotenv.2008.02.062
http://doi.org/10.1023/A:1021276003145
http://doi.org/10.1039/B819040B
http://www.ncbi.nlm.nih.gov/pubmed/26737928
http://doi.org/10.1006/eesa.1999.1904
http://www.ncbi.nlm.nih.gov/pubmed/10831331
http://doi.org/10.1016/S0956-5663(02)00157-4
http://doi.org/10.1016/j.bios.2019.01.065
http://doi.org/10.3389/fpls.2019.01135
http://doi.org/10.1016/j.bios.2006.10.018
http://doi.org/10.1093/jxb/erh145
http://doi.org/10.1002/tox.20043
http://www.ncbi.nlm.nih.gov/pubmed/15269919
http://doi.org/10.3389/fpls.2019.01239
http://doi.org/10.1016/j.bios.2015.12.050
http://doi.org/10.1016/j.bios.2012.11.008
http://doi.org/10.1002/0471142956.cy0942s66
http://www.ncbi.nlm.nih.gov/pubmed/24510726
http://doi.org/10.1002/etc.5620200118
http://doi.org/10.1007/s10646-014-1279-6
http://doi.org/10.1016/j.snb.2013.02.105
http://doi.org/10.3390/molecules23123280
http://doi.org/10.1038/366591a0
http://www.ncbi.nlm.nih.gov/pubmed/8255299
http://doi.org/10.1039/b901314h
http://www.ncbi.nlm.nih.gov/pubmed/19606294
http://doi.org/10.1016/j.bios.2005.11.019
http://www.ncbi.nlm.nih.gov/pubmed/16406499
http://doi.org/10.1006/excr.2000.4919
http://www.ncbi.nlm.nih.gov/pubmed/10942588
http://www.ncbi.nlm.nih.gov/pubmed/21468966
http://doi.org/10.3791/53555
http://doi.org/10.3390/s120303370


Sensors 2021, 21, 7028 27 of 27

145. Brennan, L.M.; Widder, M.W.; Lee, L.E.; van der Schalie, W.H. Long-term storage and impedance-based water toxicity testing
capabilities of fluidic biochips seeded with RTgill-W1 cells. Toxicology 2012, 26, 736–745. [CrossRef] [PubMed]

146. Curtis, T.M.; Tabb, J.; Romeo, L.; Schwager, S.J.; Widder, M.W.; van der Schalie, W.H. Improved cell sensitivity and longevity in a
rapid impedance-based toxicity sensor. J. Appl. Toxicol. 2009, 29, 374–380. [CrossRef] [PubMed]

147. Bury, N.R.; Schnell, S.; Hogstrand, C. Gill cell culture systems as models for aquatic environmental monitoring. J. Exp. Biol. 2014,
217 Pt 5, 639–650. [CrossRef] [PubMed]

148. Lee, L.E.; Dayeh, V.R.; Schirmer, K.; Bols, N.C. Applications and potential uses of fish gill cell lines: Examples with RTgill-W1.
Cell Dev. Biol. Anim. 2009, 45, 127–134. [CrossRef] [PubMed]

149. Schirmer, K.; Dixon, D.G.; Greenberg, B.M.; Bols, N.C. Ability of 16 priority PAHs to be directly cytotoxic to a cell line from the
rainbow trout gill. Toxicology 1998, 127, 129–141. [CrossRef]

150. Minghetti, M.; Schnell, S.; Chadwick, M.A.; Hogstrand, C.; Bury, N.R. A primary FIsh Gill Cell System (FIGCS) for environmental
monitoring of river waters. Aquat. Toxicol. 2014, 154, 184–192. [CrossRef]

151. Schnell, S.; Bawa-Allah, K.; Otitoloju, A.; Hogstrand, C.; Miller, T.H.; Barron, L.P.; Bury, N.R. Environmental monitoring of urban
streams using a primary fish gill cell culture system (FIGCS). Ecotoxicol. Environ. Saf. 2015, 120, 279–285. [CrossRef]

152. Maunder, R.J.; Baron, M.G.; Owen, S.F.; Jha, A.N. Investigations to extend viability of a rainbow trout primary gill cell culture.
Ecotoxicology 2017, 26, 1314–1326. [CrossRef]

http://doi.org/10.1016/j.tiv.2012.03.010
http://www.ncbi.nlm.nih.gov/pubmed/22469871
http://doi.org/10.1002/jat.1421
http://www.ncbi.nlm.nih.gov/pubmed/19267359
http://doi.org/10.1242/jeb.095430
http://www.ncbi.nlm.nih.gov/pubmed/24574380
http://doi.org/10.1007/s11626-008-9173-2
http://www.ncbi.nlm.nih.gov/pubmed/19184248
http://doi.org/10.1016/S0300-483X(98)00030-4
http://doi.org/10.1016/j.aquatox.2014.05.019
http://doi.org/10.1016/j.ecoenv.2015.06.012
http://doi.org/10.1007/s10646-017-1856-6

	Introduction 
	Established Online Biomonitors Using Bacteria and Algae 
	Online Microtox System 
	ToxAlarm Toximeter 
	Algae Toximeter II 

	Automated Flow Cytometry and Online Fluorimetry 
	Bacterial Biosensors 
	Electrochemical Sensing 
	Microbial Fuels Cell (MFC)-Based Biosensors 
	Optical Sensing 
	Bioluminescence Methods 
	Fluorescence Methods 

	Practical Aspects of Bacterial Sensing Technologies in Real-Time Water Biomonitoring 

	Cyanobacteria Biosensing Technologies 
	Algal Biosensing Technologies 
	Respirometry 
	Fluorimetry 
	Chlorophyl Fluorescence Imaging 
	Practical Aspects of Algal Technologies in Real-Time Water Biomonitoring 

	Biosensing with Vertebrate Cells 
	Limitations of Live-Cell Online Biomonitoring in Practical Deployment Scenarios 
	Non-Quantitative Nature 
	Analysis Time 
	Maintenance of Cell Cultures 
	Sterilisation Protocols 
	Pre-Processing of Water Samples 
	Waste Disposal 
	Thresholds of Sensitivity 
	Reliability of Alarm Events 

	Conclusions and Future Outlook 
	References

