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Abstract: Surface water used for drinking water production is frequently monitored in
The Netherlands using whole organism biomonitors, with for example Daphnia magna or Dreissena
mussels, which respond to changes in the water quality. However, not all human-relevant toxic
compounds can be detected by these biomonitors. Therefore, a new on-line biosensor has been
developed, containing immobilized genetically modified bacteria, which respond to genotoxicity in
the water by emitting luminescence. The performance of this sensor was tested under laboratory
conditions, as well as under field conditions at a monitoring station along the river Meuse in
The Netherlands. The sensor was robust and easy to clean, with inert materials, temperature control
and nutrient feed for the reporter organisms. The bacteria were immobilized in sol-gel on either
an optical fiber or a glass slide and then continuously exposed to water. Since the glass slide was
more sensitive and robust, only this setup was used in the field. The sensor responded to spikes of
genotoxic compounds in the water with a minimal detectable concentration of 0.01 mg/L mitomycin
C in the laboratory and 0.1 mg/L mitomycin C in the field. With further optimization, which should
include a reduction in daily maintenance, the sensor has the potential to become a useful addition to
the currently available biomonitors.
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1. Introduction

Contamination of surface water with various pollutants is a well-known worldwide problem,
especially in developing countries [1–3]. It poses a particular challenge for the drinking water
companies that use surface water as a source for drinking water [4]. Accidents with ships, runoffs from
fields or discharges from factories can cause sudden peaks in the concentrations of pollutants in
rivers [5]. To prevent the intake of these plumes of contaminants, the water quality is monitored
upstream of the drinking water inlet points in some countries, including The Netherlands. The devices
that are in use for on-line monitoring can be divided in three categories. The first are sensors
that measure chemical or physical parameters, such as temperature, conductivity, turbidity, acidity,
metal ions [6–8], or oxygen content. The second group measures several specific organic pollutants by
chemical analysis such as on-line HPLC-UV. The third group can be sub-divided into living biological
systems, for example biomonitors with Daphnia, algae, or Dreissena mussels, which respond to the
toxicants in the water [9–11] and biosensors, which employ natural or artificial bio-recognition elements
anchored to a surface that respond to the toxicants in the water [12]. If the concentration of a pollutant
or the response of a biomonitor reaches a certain critical value, an alarm is generated and the water
intake is closed.

However, not all pollutants that can have adverse effects in humans are detected by the panel
of current biomonitors or on-line chemical analysis instruments. Especially compounds that are
not detected by UV (due to the lack of a conjugated system in the molecule), or do not affect the
organisms used in the biomonitors, or only cause long term effects in low concentrations are easily
missed. Therefore, there is a demand for on-line biosensors that can detect these human-relevant toxic
compounds and mixtures in water in real-time.

In this study, such an on-line biosensor has been developed by using genetically modified
bacteria in which a promoter gene for a specific stress response is coupled to genes for luciferase (lux).
Although several luminescent bacteria are available for use in this device, these experiments were all
performed with an Escherichia coli strain DPD2794, which contains the luxCDABE genes for luciferase
coupled to the recA promoter gene from the SOS response, which is activated by DNA damage [13].
This strain was found to be the most relevant of the available strains, for the purpose of surface water
inlet monitoring for drinking water production [14].

Various configurations of such bioreporter-based biosensors have been built and tested, such
as miniature bioreactors with bacteria in suspension [15,16], a sensor with freeze-dried bacteria [17],
biochips [18], a sensor with bacteria immobilized in a disposable card [19], and self-contained sensors
with bacteria immobilized onto optical fiber tips [20–22], later adapted as a flow-through sensor
system [22]. The latter was promising, since it was one of the systems that could be used on-line and
the bacteria in the sensor were relatively easy to change. However, this sensor was not yet capable of
long term measurements while exhibiting limitations in sensitivity and sturdiness. For this reason,
the current study was started in which a new prototype and improved version was built with some
major adjustments. A dual immobilization system was integrated enabling the comparison of a larger
glass slide conformation with that of the fibre optic. As only a small portion of the emitted light reaches
the photomultiplier through the fiber [20], it was expected that the capture of the emitted light of a
larger surface would increase the sensitivity.

In addition, new features were integrated, such as control over temperature, flow speed,
concentration of growth medium, and the addition of positive controls. The instrument was built
with inert materials, to prevent biofouling, leaching of toxic compounds, loss of spiked compounds,
or memory effects from the sensor or tubing. In order to ensure no living genetically modified bacteria
would be released into the environment (due to replication of the bacteria), the efflux water was
sterilized with chlorine. For the field study, an UV-C unit was installed behind the sensor for on-line
disinfection of the wastewater, as an alternative to the chlorination of collected batches of wastewater.

The new sensor prototype was constructed and first tested in the laboratory to determine the
response characteristics. Eventually the sensor was transported to the field monitoring station



Sensors 2017, 17, 2682 3 of 14

Keizersveer (near Hank) along the river Meuse in The Netherlands and tested on site for a period of
two months. During this time, the background signal was determined and several spike experiments
were performed. The signal of the sensor was compared with the alarms of the Daphniatoximeter
(bbe-Moldaenke, Kiel, Germany) and Musselmonitor® (AquaDect, Brouwershaven, The Netherlands)
at the same station, and with the measurements of the chemical and physical sensors that were active
during this period.

2. Materials and Methods

2.1. Chemicals

Mitomycin C, ampicillin, and tetramethyl orthosilicate (TMOS) were purchased from Sigma
Aldrich (Zwijndrecht, The Netherlands). Nalidixic acid, lysogeny broth (LB) powder, agar,
dimethyl sulfoxide, acetone, glycerol, NaCl, KCl, NaHPO4·2H2O, KH2PO4, HCl, and NaOH were
purchased from Boom (Meppel, The Netherlands). All chemicals were of analytical grade and stored
as suggested by the manufacturer’s instructions.

2.2. Bacteria and Growth Conditions

The bacterial strain used in the sensor was DPD2794 (kindly donated by Prof. S. Belkin through
Prof. Marks, Ben Gurion University, Beer Sheva, Israel)). DPD2794 is a genetically modified Escherichia
coli strain, which contains a plasmid with the recA promoter, coupled to the luxCDABE genes. The recA
gene is part of the bacterial SOS response, which generates DNA damage repair [13]. The luxCDABE
genes are derived from Aliivibrio fischeri and code for the enzyme luciferase and the synthesis of its
substrate. As a result of the coupling of these genes, DPD2794 generates light with a peak wavelength of
490 nm when DNA damage is induced [23], without the need of adding a substrate. A characterization
of the response of this strain to various compounds performed in 96-wells plates can be found in the
Supplementary data, Part I. This characterization was performed without metabolic activation (S9-mix),
as this cannot be used in the sensor. Stock cultures of bacteria were stored at −80 ◦C in 25% (v/v)
glycerol medium. Colonies for daily use were maintained at 4 ◦C on LB-agar plates, supplemented
with 100 mg/L ampicillin. Before each experiment, bacteria were grown overnight in an incubator at
26 ◦C (Friocell, MMM, Planegg, Germany). Bacteria were grown in LB broth which contained 100 mg/L
ampicillin. The cultures were diluted to an OD600 of 0.2 as determined by a spectrophotometer (Jenway
6300 VIS, Staffordshire, UK).

2.3. Immobilization in the Sensor

The sol-gel was prepared by mixing 4 mL TMOS, 2.4 mL ultrapure water, and 0.68 mL of 0.1 M HCl.
This mixture was left for 24 h at 4 ◦C to pre-polymerize. The glass slides were standard microscope
slides (Waldemar Knittel, Braunschweig, Germany) purchased from Boom. The optical fibers used
were HUV-H pigtail fibers (Ceramoptec, Bonn, Germany). They had a core of pure, synthetic, fused
silica with a diameter of 1800 µm and a numerical aperture of 0.48 ± 0.2. The cladding was of
hardpolymer with a diameter of 1900 µm. The tip on one end was polished; on the other end a
SMA-standard connector was attached.

The pre-polymerized gel was first mixed with 0.05 M NaOH and then immediately mixed with
the bacterial culture in a ratio of 1:1:4 sol-gel:NaOH:bacteria. One mL of the sol-bacteria mixture was
immediately brought on the surface of the glass slide in a rectangular area of approximately 10 cm2

and with a thickness around 1 mm. A drop with a height of approximately 3 mm was attached to the
tip of the fiber by keeping the fiber upside down and letting the drop flow to the tip from a pipette
(Figure 1). Both slide and fiber were left for 5 min to let the gel polymerize.
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Figure 1. The bacteria are immobilized on the tip of an optical fiber and a microscope slide. 

2.4. System Setup 

The glass slide and optical fiber with the attached sol gel-bacteria mixture were fixed in a 
stainless steel measurement chamber, see Figure 2.  

  
(a) (b) 

Figure 2. Photographs of the measurement chamber as seen from the outside (a) and from the inside 
(b) of the pulled-out chamber side. The numbers correspond with the following parts: 1. 
photomultiplier tubes, 2. pH and temperature sensor inlet, 3. light shutters, 4. water outlet, 5. air 
outlet, 6. slide, 7. fiber.  

The side of the chamber was easily removable to enable efficient changing of the probes 
(Figures 2 and 3). This chamber was designed by 2M Sensors (Eindhoven, The Netherlands) and the 
assemblage was done at KWR Watercycle Research Institute (Nieuwegein, The Netherlands). The 
inner volume of the chamber was reduced as much as possible, down to a volume of 65 mL. This was 
done to prevent a reduction or delay of the response by dilution of a plume of compounds in the 
chamber. The inner corners of the chamber were rounded both to reduce the volume and to ease the 
removal of biofilm. Tap water flowed from bottom to top through the chamber, which was equipped 
with an air outlet at the top and a tap at the bottom to be able to drain the water. Two photomultiplier 
tubes (H-7467, Hamamatsu Photonics, Shimokanzo, Japan) were connected to measure both the slide 
and fiber light signal outputs separately. The fiber was placed behind the slide holder so both were 
shielded from each other’s light. Both photomultipliers were protected from overstimulation (e.g., 
when the chamber was opened to change the slide and fiber) by manually operated light shutters. 
The luminescence was measured four times per minute with an integration time of 10 milliseconds 
during the laboratory experiments and 100 ms during the field tests. All data points presented are 
averages over five min. 

An overview of the entire sensor is provided in Figure 3. During experiments the total water 
flow through the sensor was maintained at 25 mL/min. Before the water entered the chamber, LB 
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Figure 1. The bacteria are immobilized on the tip of an optical fiber and a microscope slide.

2.4. System Setup

The glass slide and optical fiber with the attached sol gel-bacteria mixture were fixed in a stainless
steel measurement chamber, see Figure 2.
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Figure 2. Photographs of the measurement chamber as seen from the outside (a) and from the
inside (b) of the pulled-out chamber side. The numbers correspond with the following parts:
1. photomultiplier tubes, 2. pH and temperature sensor inlet, 3. light shutters, 4. water outlet,
5. air outlet, 6. slide, 7. fiber.

The side of the chamber was easily removable to enable efficient changing of the probes
(Figures 2 and 3). This chamber was designed by 2M Sensors (Eindhoven, The Netherlands) and
the assemblage was done at KWR Watercycle Research Institute (Nieuwegein, The Netherlands).
The inner volume of the chamber was reduced as much as possible, down to a volume of 65 mL.
This was done to prevent a reduction or delay of the response by dilution of a plume of compounds in
the chamber. The inner corners of the chamber were rounded both to reduce the volume and to ease the
removal of biofilm. Tap water flowed from bottom to top through the chamber, which was equipped
with an air outlet at the top and a tap at the bottom to be able to drain the water. Two photomultiplier
tubes (H-7467, Hamamatsu Photonics, Shimokanzo, Japan) were connected to measure both the
slide and fiber light signal outputs separately. The fiber was placed behind the slide holder so both
were shielded from each other’s light. Both photomultipliers were protected from overstimulation
(e.g., when the chamber was opened to change the slide and fiber) by manually operated light shutters.
The luminescence was measured four times per minute with an integration time of 10 milliseconds
during the laboratory experiments and 100 ms during the field tests. All data points presented are
averages over five min.
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An overview of the entire sensor is provided in Figure 3. During experiments the total water flow
through the sensor was maintained at 25 mL/min. Before the water entered the chamber, LB medium
was added by an independent pump. The concentration LB medium was maintained at 2% in the
laboratory and 0.2% in the field, as this gave the optimal response (Supplementary data, Part II).

To be able to verify the responsiveness of the bacteria and to characterize the system, compounds
could be added at will through a third independent pump. Nalidixic acid and mitomycin C were used
as positive controls and added to the water after the medium. Exposure to positive controls was always
for a period of one h. Mitomycin C was used as a positive control when it was necessary to use the
most potent genotoxin (e.g., for sensitivity determination). In all other cases, nalidixic acid was used
as this compound was less hazardous, facilitating working conditions and waste removal. To ensure
an even distribution of these additions, a static mixer (SS tube mixer, Cole-Parmer, Vernon Hills, IL,
USA) was installed before the measurement chamber.

As an extra safety measure, the water passed through a flow meter (M-21, Tecfluid, Sant Just
Desvern, Spain) and pressure meter (Ceraphant, Endress+Hauser, Reinach, Switzerland) after the
measurement chamber. All tubing in the system, apart from the dosing of LB, was of either stainless
steel or Teflon to prevent loss of compounds and contaminating ‘memory’ effects. Masterflex PharMed
tubing (Cole Palmer, Vernon Hills, IL, USA) was used instead of Teflon for the addition of LB broth,
as Teflon was too inflexible for this pump for low volumes and the high LB stock concentration would
not be influenced by the tubing. All aforementioned parts were placed in a cooled incubator (Friocell
222, MMM, Planegg, Germany) to stabilize the temperature at 26 ◦C. The water that entered the sensor
was first brought to 26 ◦C with a heat exchanger inside the incubator. The sensor was controlled and
the data was collected with Labview software (version 2011, National Instruments, Austin, TX, USA).

To reduce the formation of fouling in the sensor, two filters were installed up-flow of the
incubator before the field experiments. The first was a 0.5 µm cartridge filter and the second a
membrane filter with a 30 nm polyvinylidene membrane (Compact PVC module with membrane
F4385, Norit X-Flow, Enschede, The Netherlands). When the filters were tested in the laboratory,
a separate pump (7523-57 L/S Digital Drive, Masterflex, Schiedam, The Netherlands) was used to
push the water over the filters, after which it was gathered in a 50L barrel (Graf, Teningen, Germany).

The water that left the sensor was collected in a waste barrel, where one litre of bleach was added
for disinfection (40 g chlorine per litre). In some experiments, the water went through an 18-Watt UV-C
water clarifier (AquaCristal Series II, JBL, Neuhofen, Germany) which was tested as an alternative
method for disinfection (see Supplementary data, Part III). The clarifier had three obstacles around the
UV-lamp to force the water to flow around the lamp, thus reducing the chance that a portion of the
water would not be irradiated. It was installed between the sensor and the waste barrel (visible at the
bottom of Figure 3b).

To clean the entire system, the chamber and tubing in the sensor were flushed with household
bleach diluted with tap water in a ratio of respectively 3:7 for approximately 15 min every day.
Afterwards, the system was thoroughly flushed with tap water for 1 h.

2.5. Tap and Surface Water Experiments in the Laboratory

Before the sensor was moved to the field, the performance of the sensor was tested in the laboratory
with tap water and river water samples. Tap water was used to optimize the setup of the sensor
and determine the limit of detection with relatively minor fluctuations in water quality. River water
was also tested in the laboratory to confirm the proper functioning of the bacteria in surface water.
The water was collected from the Lekkanaal in Nieuwegein, The Netherlands, which originates from
the river Rhine. The water was filtered and tested in the sensor on the same day as it was collected.

2.6. Field Tests

For the field experiments, the sensor was moved to monitoring station Keizersveer in Hank,
The Netherlands. This monitoring station is situated along the river Meuse and is managed
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by the drinking water company Evides. Other monitors that are employed at the station
include the Daphniatoximeter (bbe-Moldaenke, Schwentinental, Germany) and the Musselmonitor®

(AquaDect, Brouwershaven, The Netherlands), containing Daphnia magna and the Quagga Mussel,
Dreissena bugensis, respectively. Both monitors were also running during the test period. The sensor
was tested from the 2nd of July, 2012 until the 7th of September, 2012. At the monitoring station,
on-line sensors for temperature, oxygen content, turbidity, conductivity and acidity were used for
a general water quality assessment. Besides a regular chemical monitoring program, based on the
regulation for drinking water, once a week samples are screened for chemical pollutants using GC-MS
and HPLC-UV-DAD by the water laboratory, Aqualab Zuid (Werkendam, The Netherlands). The water
at the monitoring station was taken directly from the Meuse with a pipe and first went through a
1.0 mm filter (D-74613, Mahle, Flintbek, Germany), before being distributed to the various monitors in
the station. Then it was led through the aforementioned 0.5 µm and 0.03 µm filters for the bacterial
sensor specifically and subsequently entered the sensor.
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Figure 3. (a) A schematic overview of the sensor, the inside of the measurement chamber is shown
in the enlargement. (b) Photograph of the sensor at monitoring station Keizersveer. The filters were
attached to the side of the sensor (on the right). The UV-unit is visible on the bottom left.

Because the preparatory equipment at the monitoring station was limited, the bacteria had to
be immobilized at the laboratory located in Nieuwegein and transported to Hank by car. During the
transport, the slide with the immobilized bacteria was submerged in phosphate buffered saline (PBS),
with an initial temperature of ±4 ◦C, and placed in a cool box. All slides were used on the same day as
they were prepared. The time between the immobilization of the bacteria and their insertion in the
sensor was approximately 1.5–2 h.
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3. Results and Discussion

3.1. Speed and Sensitivity of the Sensor with Tap Water

The sensor was first tested in the laboratory with tap water to determine its speed and sensitivity
under controlled conditions. The limit of detection (LOD) was determined with the ISO standard
method for the specification and performance tests of new on-line sensors and analyzing equipment
for water [24].

The sum of the average and three times the standard deviation of the background (n = 3) was
divided by the average to calculate the response ratio. The highest response ratio between 2 and
10 hours was used as a significance limit; this was 1.55 for the glass slide and 2.19 for the fiber
(Figures 4 and 5). The LOD was defined as the lowest concentration that gave a response that was
above this significance limit (i.e., 1.55 or 2.19 times the average background) in the time period between
2 and 10 h of monitoring time, as visualized in Figure 5.

The bacteria were exposed to several concentrations of mitomycin C, the most potent compound in
the well plates (see Supplementary data, Part I), between 1 and 2 hours from the start of the experiment.
The signal started to differ from the background about 1 hour after the start of the exposure to 0.1 mg/L
mitomycin C, thus about 2 h from the start of the experiment. For lower concentrations, the response
time became longer: up to three h for 0.01 mg/L mitomycin C, as can be seen in Figure 5. This shows
a time frame of more than one hour is necessary between the passage of a contamination through
the sensor system and the arrival of the contamination at the inlet for drinking water production,
to be able to close the inlet. In other words, this sensor system would need to be placed at least one
hour upstream of an inlet for drinking water production. For the concentrations of 0.01 mg/L and
0.001 mg/L, the averages of two experiments were plotted.

Using the definition above, the LOD for detecting mitomycin C was 0.01 mg/L for the glass slide
setup and 0.1 mg/L for the fiber configuration of the sensor. The higher LOD of the fiber was mainly
caused by the variation in the background peak of this setup. Especially the variation in the time at
which this peak occurred reduced the sensitivity of the fiber. The variation on the slide was relatively
low compared to the background, resulting in a higher sensitivity.

It is also noteworthy that the response to mitomycin C endured long after exposure to the inducing
compound was stopped, especially after exposure to a concentration of 0.1 mg/L. HPLC analysis
of samples from the sensor showed that no mitomycin C was detectable in the water 30 min after
stopping the input of the toxicant. This is related to the fact that the bacteria are a living, multiplying
system and DNA damage repair does not immediately stop after the genotoxic substance is removed.
The implication for field monitoring is that once a positive signal has been induced, either the bacteria
have to be replaced or a long lag period must be taken until the bacteria return to their normal state.
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Figure 5. The result of spike experiments performed in the laboratory to determine the limit of
detection of the sensor. The response of the sensor to different concentrations of mitomycin C is given,
which were administered between 1 and 2 h (indicated by the vertical line), and the curve of the average
background response x the response ratio of respectively 1.55 for the slide (a) and 2.19 for the fiber (b).

3.2. Evaluation Immobilization Methods

The bacteria were immobilized on both a glass slide and an optical fiber, which were used
simultaneously to compare their relative performance. Fibers have been used in previous studies,
thus they were already known as a viable platform for immobilization of bacteria and guidance of the
light to a photodetector [22,25]. In this study, fibers were used with a larger diameter than previously,
namely 1800 µm instead of 400 µm. The motivation behind this choice was that with a larger surface
of the tip, more bacteria are directly in front of the fiber. Therefore, a larger portion of the emitted
light is coupled into the fiber. It was also for this reason that glass slides were tested as immobilization
platform, as they have a larger surface area than fibers. The idea was that by being able to gather more
light, the resolution of the signal as well as the sensitivity would increase.

Indeed, one can see the increased sensitivity in Figures 4 and 5, the signal from the slide is often
more than a factor hundred higher than that of the fiber. This is easily explained by the surface area
differences (fiber-optic 5 mm2 and flat slide 1000 mm2) (Figure 1).

More unexpected was the difference in shape of the background response from the bacteria.
The bacteria on the slide always started with a steep rise in response, followed by a slow decrease after
about 10 h. The response of the bacteria on the fiber increased more slowly and showed a characteristic
peak between 10 and 14 h from the start of the experiment. This pattern remained when a mutagenic
compound was added before the peak, although an increase in light production was observed one
hour after the start of the exposure. In comparison, the response of the slide was sharper and probably
easier to distinguish when the exact time of the dosing is not known.

More importantly, the LOD of the slide was lower, namely 0.01 mg/L versus 0.1 mg/L for the
fiber. This difference was caused by the large variation in the amplitude and time of the background
peak of the fiber. An additional issue with the fiber was that the attachment of the gel was relatively
weak and as a result, the gel was often lost during transport. As a result, only the glass slide was used
in the field experiments.

3.3. Sensitivity of the Sensor in the Field

After determining the response of the sensor in the laboratory, the sensor was moved to the water
monitoring station Keizersveer in Hank, The Netherlands. There, the sensor was tested with water
from the river Meuse. The integration time of the PMT of the glass slide was set to 100 ms instead of
the 10 ms used in the laboratory to reduce the noise of the signal. The bacteria were prepared in the
laboratory and transported to Keizersveer by car.

To reduce the amount of fouling, two filters were installed in front of the sensor. These filters were
first tested with river water in the laboratory, as detailed in the next paragraph. Possibly as a result
of the higher nutrient content of the Meuse water, a very strong rise in signal occurred after 10–17 h,
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which disrupted the measurements (Figure 6). This problem was solved by reducing the medium
concentration by a factor 10 to 0.2% LB.

The LOD was determined in the same way as for tap water, except that mitomycin C was added
after 4 h from the start of the experiment to avoid an effect of the handling of the glass slide at the
beginning of the experiments (Figure 6). In addition, the average and standard deviation of five
background curves was used, instead of three. By taking the highest response ratio between 4 and
20 h, the response ratio when using Meuse water was 3.15.

The lowest concentration that caused a response of more than 3.15 times the average background
was defined as the LOD. In Figure 6, the response curves of three concentrations mitomycin C are
shown, as well as the curve of the average background times 3.15. It can be seen that, although
there was already a concentration-dependent increase in luminescence at lower concentrations,
only 0.1 mg/L mitomycin C was sufficient to cause a significant response. Considering that the
0.1 mg/L concentration far exceeded the RR x background, it may well be that the LOD is actually
somewhat lower, but concentrations between 0.01 and 0.1 mg/L were not tested.

The higher LOD in river water compared to tap water (LOD of mitomycin C in tap water was
0.01 mg/L) can mainly be attributed to the higher variation in the background. This is not surprising,
since the quality and composition of the Meuse water varies more than that of tap water. It is an
important effect that should be kept in mind when determining the LOD of a sensor under field
conditions. Unfortunately, the LOD as determined in this study is still too high to enable the detection
of genotoxic compounds at the target value for these compounds in drinking water of 10 ng/L [26].
By reducing the variation in background between experiments, by for example standardization
and/or automation of the measurements, it is expected that the sensitivity of the sensor will increase.
Another option to increase the sensitivity might be pre-concentration of the water. It should be
mentioned in this respect that also for in vitro genotoxicity assays, the water samples are usually
concentrated to gain sufficient sensitivity [27]. However, this can probably not be combined with
continuous on-line monitoring and instead would require a (semi-) batch like setup of the sensor.
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Figure 6. Determination of the background and response of the sensor at monitoring station Keizersveer.
(a) shows the average of five background experiments, the average background + 3 times the standard
deviation and the average background x the response ratio of 3.15. In (b), the response to three
concentrations of mitomycin C, added between 4 and 5 h, are compared to the background x 3.15.

3.4. Fouling and Filtration

Prior to every experiment, the sensor was cleaned with diluted bleach to remove biofouling
from the system. In the laboratory we tried to perform experiments constitutively with tap water
without cleaning in between. In these cases, the signal of the bacteria dropped to zero after three to
five h and on the second day, no response to compounds could be seen (Figure 7). Culturing of water
and biofilm samples from the sensor on LB agar plates showed that high numbers of contaminating
bacteria, probably originating from the tap water, were present in the sensor when several experiments
were run in succession without cleaning. Their numbers were particularly high from the point where
LB broth was added to the water. Visual inspection confirmed the formation of biofilm in the Teflon
tubing as well as on the sol-gel on the glass slide. Although only 2% medium was used, apparently the
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nutrient concentration was sufficiently high to accommodate a rapid growth of bacteria. This effect was
probably enhanced by the temperature of 26 ◦C. It therefore seems that fast growing native bacteria in
water may disrupt the signal of the reporter bacteria.

Previous reports of bacterial biosensors rarely discuss the occurrence of biofouling or its effect on
the response of the bacteria [28]. The problem was usually avoided by using only sterile water [16,19]
or by only performing short experiments with filtered field water [29].

Prior to the start of the field tests, a short study was performed to test the effectiveness of filtration
in reducing biofouling and prolonging the response of the bacteria, and to determine the difference
in response between tap and river water. Nalidixic acid was used as inducer in these and all further
experiments, because this compound is much less toxic to higher organisms compared to mitomycin C.
For more information on the response of the bacterial strain to nalidixic acid, see Supplementary data,
Part I.

As can be seen in Figure 7a, the use of the two filters (0.5 µm and 30 nm) indeed resulted in a delay
of the decline of the average background response (n = 3) in tap water. This was an improvement,
because a decrease in background usually coincides with a decline of the responsiveness of the bacteria.
Indeed, the response of the bacteria to 1 mg/L nalidixic acid, added after 22.5 h, was more pronounced
when the filters were used (Figure 7b). Unfortunately, it was not possible to prevent biofouling
sufficiently to enable experiments on subsequent days without cleaning in between, as the ‘not cleaned
+ filter’ curves clearly show. Since faster formation of fouling of the sensor was expected with surface
water, the filters were used in all field experiments.

This strong effect of fouling has strong practical implications for the use of this and similar sensors
in the field, because it means they require daily maintenance. To enable monitoring over multiple
days without cleaning and replacement of the bacteria would require a different setup of the sensor.
Possible solutions may include further sample preparation, for example in the form of on-line Solid
Phase Extraction (SPE), and/or some form of automatic replacement of the bacteria.
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Figure 7. The effect of filtration on the response of the bacteria is shown. These experiments were
performed with tap water in the laboratory. In (a) the background response is compared in both a
cleaned sensor and when the sensor was used on subsequent days without cleaning in between and
with and without the addition of a filter before the water inlet. The curves of the cleaned sensor are
averages of three measurements, those of the not cleaned sensor single measurements. In (b) the
bacteria were exposed to 1 mg/L nalidixic acid after 22.5 h, for one hour (moment indicated by the
vertical line), with and without a filter.

3.5. Comparison with Other Monitors at Keizersveer

Several other (bio)sensors were also running at Keizersveer for regular water quality monitoring
during the period the sensor was tested there. Among them were the Daphniatoximeter
(bbe-Moldaenke, Schwentinental, Germany) and the Musselmonitor® (AquaDect, Brouwershaven,
The Netherlands) for on-line toxicity monitoring, and pH, temperature, oxygen, acidity and turbidity
sensors. In Figure 8, the data of these monitors are given for the period between 31-07-2012 and
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16-08-2012, as well as the response of the bacterial sensor during the same period and the response
of the sensor after subtraction of the average background. All experiments with the bacterial sensor
shown in this Figure were performed with 0.2% LB. The sensor was cleaned and new bacteria were
inserted each day. Most of the experiments were done with unaltered Meuse water, except those of 7,
9, and 14 August 2012, when a spike of 1 mg/L nalidixic acid was dosed between 4 and 5 h. The curve
of an experiment performed on 28 August 2012, when 10 mg/L nalidixic acid was added as a spike
between 4 and 5 h, is shown as well. The last curve in Figure 8 shows the average x 3.15, which is
the limit that should be passed to obtain a significant response. It can be derived from these curves
that 10 mg/L nalidixic acid caused a very strong response in the sensor, while 1 mg/L failed to give a
distinguishable increase in signal.

This graph clearly shows the typical daily pattern in the response of the sensor, with an increase
in luminescence followed by a decrease. The increase is probably due to replication of the bacteria,
while the decrease is thought to be caused by a combination of a reduction of the growth of the
luminescent bacteria and fouling with other microorganisms. To prevent the reduction in signal and
enable longer measurements would require a different setup of the sensor. One way to keep the bacteria
at a constant density and growth phase is by keeping them in a continuous culture, as has been done
with a few bioreactor sensors [15,16]. The disadvantages of these reactors however, include a relatively
high dilution rate of the sample water and a high concentration of genetically modified bacteria in the
wastewater. Another, more practical alternative, might be a (semi)batch design, with bacteria in wells
plates and automated dosing. In such a system, new bacteria are used for every measurement [30].
The additional advantage is that a (semi)batch system can be coupled to on-line SPE to increase the
sensitivity of the sensor.
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and GC-MS analysis showed that several industrial chemicals and pesticides were present in the low 
µg/L range on the days of the alarms, as well as unknown polar compounds detected using HPLC 
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station, Hank. For the Daphniatoximeter and the Musselmonitor only the alarms are shown.
All bacterial sensor measurements were performed with 0.2% LB and continuous exposure to Meuse
water. The vertical bars indicate when spikes of nalidixic acid were added to the water in the sensor.
The duration of the spikes was always one hour. Graph (a) shows the unaltered signal of the sensor,
while in graph (b) the average background was subtracted from the original response. The signals
from the other (bio)monitors are shown in graph (c) (FTU: Formazine Turbidity Units, SE: standard
pH units).

The pH, oxygen concentration, and turbidity varied little during the test period of the sensor and
no influence of these parameters was observed on the sensor signal. The Daphniatoximeter and the
Musselmonitor® both gave several alarms during the same time period, none of which coincided with
an increase or decrease of the signal of the bacterial sensor beyond the normal variation. HPLC and
GC-MS analysis showed that several industrial chemicals and pesticides were present in the low µg/L
range on the days of the alarms, as well as unknown polar compounds detected using HPLC analysis
(unpublished data). Since none of these measured compounds are known to have a strong genotoxic
effect, it is not surprising that the bacterial sensor did not show an increase in luminescence above
the background.

Although the period during which the sensor was tested in the field was relatively short, based on
the results obtained and the knowledge available of the compounds that occur in surface water, it is
expected that a positive signal will not occur often. However, many water pollutants are not detected
and identified with standard analytical methods. This is clearly shown by the alarms generated by
the Daphniatoximeter and the Musselmonitor®, which are often caused by compounds that cannot be
identified by standard HPLC analysis [9]. It should also be kept in mind that if there is a release of a
genotoxic contaminant, an on-line sensor has a far higher probability of detecting such a release than
routine sampling. As the experiments with nalidixic acid and mitomycin C spikes show, the sensor
responded well to such sudden increases in genotoxic compounds in surface water.

4. Conclusions

A new biosensor was developed and tested for the on-line monitoring of genotoxic compounds
in water using luminescent bacteria. In the sensor, the bacteria were immobilized on both the tip of an
optical fiber and a glass slide. The light signal from the bacteria on the glass slide was much stronger
than from the fiber, because of the larger surface area. Moreover, the variation between experiments
was higher with the fiber, which reduced its sensitivity. The limit of detection of 0.1 mg/L mitomycin
C was reached with the fiber and 0.01 mg/L mitomycin C with the glass slide. The time between
the start of the exposure and the response was about one hour for both fiber and glass slide. Overall,
the glass slide proved to be preferable over the fiber as immobilization method.

The sensor was also tested in a field monitoring station along the river Meuse. The sensor
responded well to spikes of genotoxic compounds added to the river water, with a limit of detection of
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0.1 mg/L mitomycin C for the glass slide. The Daphniatoximeter and Musselmonitor®, which were
employed at the same station, generated several alarms during the test period, none of which resulted
in a parallel alarm of the bacterial sensor. This was not unexpected, since these monitors respond
to different compounds and toxic effects. Unfortunately, daily cleaning of the sensor was necessary,
as fouling severely impaired the signal of the luminescent bacteria.

This sensor was already a large improvement over its predecessor in stability, robustness and
sensitivity. For future use of this on-line bacterial sensor in field studies, it is required to further
improve the sensitivity (e.g., by reducing the variation between experiments) as well as the time
needed for daily maintenance of the sensor. Both might be achieved by further standardization of the
methods and simplification and/or automation of the sensor.

Supplementary Materials: Supplementary materials are available online at : http://www.mdpi.com/1424-8220/
17/11/2682/s1.

Acknowledgments: The authors would like to thank to Jean-Pierre Lodewijks, Bas Schaaf, and Daan Spitzers
from Evides and Frank Jonker of Aqualab Zuid for their cooperation and support during the field experiments
at monitoring station Keizersveer. This work was supported by the Joint Research Program of the Dutch
water utilities (BTO) and was performed at KWR within the TTIW-cooperation framework of Wetsus, Centre of
Excellence for Sustainable Water Technology (www.wetsus.nl). Wetsus is funded by the Dutch Ministry of
Economic Affairs. The authors like to thank the participants of the Sensoring research theme for the fruitful
discussions and their financial support.

Author Contributions: Marjolijn Woutersen, Bram van der Gaag, Minne B. Heringa, Jan Mink and Bram Brouwer
conceived and designed the sensor and the experiments and analysed the data; Marjolijn Woutersen wrote the
paper; all authors corrected the paper; Marjolijn Woutersen and Afua Abrafi Boakye performed the experiments;
Robert Marks contributed the bacteria and expertise in the design of sensors; Arco Wagenvoort and Henk Ketelaars
provided the location for the field experiments and the data of the mussel and daphnia sensors.

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

References

1. Schwarzenbach, R.P.; Escher, B.I.; Fenner, K.; Hofstetter, T.B.; Johnson, C.A.; von Gunten, U.; Wehrli, B.
The challenge of micropollutants in aquatic systems. Science 2006, 313, 1072–1077. [CrossRef] [PubMed]

2. Bekturganov, Z.; Tussupova, K.; Berndtsson, R.; Sharapatova, N.; Aryngazin, K.; Zhanasova, M. Water related
health problems in central asia—A review. Water 2016, 8, 219. [CrossRef]

3. Wang, H.; Wang, T.; Zhang, B.; Li, F.; Toure, B.; Omosa, I.B.; Chiramba, T.; Abdel-Monem, M.; Pradhan, M.
Water and wastewater treatment in africa – current practices and challenges. CLEAN—Soil Air Water 2014,
42, 1029–1035. [CrossRef]

4. Van Wezel, A.; Mons, M.; Van Delft, W. New methods to monitor emerging chemicals in the drinking water
production chain. J. Environ. Monit. 2010, 12, 80–89. [CrossRef] [PubMed]

5. Allan, I.J.; Mills, G.A.; Vrana, B.; Knutsson, J.; Holmberg, A.; Guigues, N.; Laschi, S.; Fouillac, A.M.;
Greenwood, R. Strategic monitoring for the european water framework directive. TRAC Trends Anal. Chem.
2006, 25, 704–715. [CrossRef]

6. Han, K.N.; Choi, J.-S.; Kwon, J. Gold nanozyme-based paper chip for colorimetric detection of mercury ions.
Sci. Rep. 2017, 7, 2806. [CrossRef] [PubMed]

7. Liu, Y.; Yu, C.; Cao, Z.; Shvarts, D.; Trogler, W.C. A highly sensitive enzymatic catalysis system for trace
detection of arsenic in water. Chem. Eur. J. 2017, 23, 10289–10292. [CrossRef] [PubMed]

8. Laschuk, N.O.; Ebralidze, I.I.; Quaranta, S.; Kerr, S.T.; Egan, J.G.; Gillis, S.; Gaspari, F.; Latini, A.; Zenkina, O.V.
Rational design of a material for rapid colorimetric Fe2+ detection. Mater. Des. 2016, 107, 18–25. [CrossRef]

9. De Hoogh, C.J.; Wagenvoort, A.J.; Jonker, F.; Van Leerdam, J.A.; Hogenboom, A.C. HPLC-DAD and Q-TOF
MS techniques identify cause of daphnia biomonitor alarms in the river meuse. Environ. Sci. Technol. 2006,
40, 2678–2685. [CrossRef] [PubMed]

10. Rijkswaterstaat. Site Dutch Ministry of Infrastructure and Environment. Available online:
https://www.rijkswaterstaat.nl/English/waterways/main-water-systems/aqualarm/index.aspx (accessed
on 24 October 2012).

11. Waterdienst; LUA; Evides. Aqualarm. Available online: https://www.aqualarm.nl/eijsden.html (accessed
on 24 October 2012).

http://www.mdpi.com/1424-8220/17/11/2682/s1
http://www.mdpi.com/1424-8220/17/11/2682/s1
www.wetsus.nl
http://dx.doi.org/10.1126/science.1127291
http://www.ncbi.nlm.nih.gov/pubmed/16931750
http://dx.doi.org/10.3390/w8060219
http://dx.doi.org/10.1002/clen.201300208
http://dx.doi.org/10.1039/B912979K
http://www.ncbi.nlm.nih.gov/pubmed/20082002
http://dx.doi.org/10.1016/j.trac.2006.05.009
http://dx.doi.org/10.1038/s41598-017-02948-x
http://www.ncbi.nlm.nih.gov/pubmed/28584238
http://dx.doi.org/10.1002/chem.201702769
http://www.ncbi.nlm.nih.gov/pubmed/28631380
http://dx.doi.org/10.1016/j.matdes.2016.06.016
http://dx.doi.org/10.1021/es052035a
http://www.ncbi.nlm.nih.gov/pubmed/16683608
https://www.rijkswaterstaat.nl/English/waterways/main-water-systems/aqualarm/index.aspx
https://www.aqualarm.nl/eijsden.html


Sensors 2017, 17, 2682 14 of 14

12. Amini, K.; Ebralidze, I.I.; Chan, N.W.C.; Kraatz, H.-B. Characterization of TLR4/MD-2-modified au sensor
surfaces towards the detection of molecular signatures of bacteria. Anal. Methods 2016, 8, 7623–7631.
[CrossRef]

13. Vollmer, A.C.; Belkin, S.; Smulski, D.R.; VanDyk, T.K.; LaRossa, R.A. Detection of DNA damage by use of
escherichia coli carrying recA‘::lux, uvrA‘::lux, or alkA′::lux reporter plasmids. Appl. Environ. Microbiol.
1997, 63, 2566–2571.

14. 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]

15. 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] [PubMed]

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

17. Choi, S.H.; Gu, M.B. A portable toxicity biosensor using freeze-dried recombinant bioluminescent bacteria.
Biosens. Bioelectron. 2002, 17, 433–440. [CrossRef]

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

19. Horry, H.; Charrier, T.; Durand, M.J.; Vrignaud, B.; Picart, P.; Daniel, P.; Thouand, G. Technological conception
of an optical biosensor with a disposable card for use with bioluminescent bacteria. Sens. Actuators B Chem.
2007, 122, 527–534. [CrossRef]

20. Polyak, B.; Bassis, E.; Novodvorets, A.; Belkin, S.; Marks, R.S. Bioluminescent whole cell optical fiber sensor
to genotoxicants: System optimization. Sens. Actuators B Chem. 2001, 74, 18–26. [CrossRef]

21. 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 of immobilized onto
fibre-optic tips. J. Appl. Toxicol. 2004, 24, 333–342. [CrossRef] [PubMed]

22. Eltzov, E.; Marks, R.S.; Voost, S.; Wullings, B.A.; Heringa, M.B. Flow-through real time bacterial biosensor for
toxic compounds in water. Sens. Actuators B Chem. 2009, 142, 11–18. [CrossRef]

23. Billard, P.; DuBow, M.S. Bioluminescence-based assays for detection and characterization of bacteria and
chemicals in clinical laboratories. Clin. Biochem. 1998, 31, 1–14. [CrossRef]

24. ISO. Water Quality-On-Line Sensors/Analysing Equipment for Water-Specifications and Performance Tests
(ISO 15839). 2003. Available online: https://www.iso.org/standard/28740.html (accessed on 10 May 2012).

25. Polyak, B.; Bassis, E.; Novodvorets, A.; Belkin, S.; Marks, R.S. Optical fiber bioluminescent whole-cell
microbial biosensors to genotoxicants. Water Sci. Technol. 2000, 42, 305–311.

26. Mons, M.N.; Heringa, M.B.; van Genderen, J.; Puijker, L.M.; Brand, W.; van Leeuwen, C.J.; Stoks, P.;
van der Hoek, J.P.; van der Kooij, D. Use of the threshold of toxicological concern (TTC) approach for
deriving target values for drinking water contaminants. Water Res. 2013, 47, 1666–1678. [CrossRef] [PubMed]

27. Ohe, T.; Watanabe, T.; Wakabayashi, K. Mutagens in surface waters: A review. Mutat. Res. Rev. Mutat. Res.
2004, 567, 109–149. [CrossRef] [PubMed]

28. Charrier, T.; Chapeau, C.; Bendria, L.; Picart, P.; Daniel, P.; Thouand, G. A multi-channel bioluminescent
bacterial biosensor for the on-line detection of metals and toxicity. Part II: Technical development and proof
of concept of the biosensor. Anal. Bioanal. Chem. 2011, 400, 1061–1070. [CrossRef] [PubMed]

29. Gu, M.B.; Kim, B.C.; Cho, J.; Hansen, P.D. The continuous monitoring of field water samples with a novel
multi-channel two-stage mini-bioreactor system. Environ. Monit. Assess. 2001, 70, 71–81. [CrossRef]
[PubMed]

30. Jouanneau, S.; Durand, M.J.; Thouand, G. Online detection of metals in environmental samples: Comparing
two concepts of bioluminescent bacterial biosensors. Environ. Sci. Technol. 2012, 46, 11979–11987. [CrossRef]
[PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1039/C6AY01978A
http://dx.doi.org/10.1007/s00216-010-4372-6
http://www.ncbi.nlm.nih.gov/pubmed/21058029
http://dx.doi.org/10.1007/s00253-003-1279-6
http://www.ncbi.nlm.nih.gov/pubmed/12883867
http://dx.doi.org/10.1016/j.bios.2004.06.036
http://www.ncbi.nlm.nih.gov/pubmed/15681189
http://dx.doi.org/10.1016/S0956-5663(01)00303-7
http://dx.doi.org/10.1016/j.bios.2006.07.014
http://www.ncbi.nlm.nih.gov/pubmed/16930985
http://dx.doi.org/10.1016/j.snb.2006.06.033
http://dx.doi.org/10.1016/S0925-4005(00)00707-3
http://dx.doi.org/10.1002/jat.1020
http://www.ncbi.nlm.nih.gov/pubmed/15478176
http://dx.doi.org/10.1016/j.snb.2009.08.024
http://dx.doi.org/10.1016/S0009-9120(97)00136-7
https://www.iso.org/standard/28740.html
http://dx.doi.org/10.1016/j.watres.2012.12.025
http://www.ncbi.nlm.nih.gov/pubmed/23312671
http://dx.doi.org/10.1016/j.mrrev.2004.08.003
http://www.ncbi.nlm.nih.gov/pubmed/15572284
http://dx.doi.org/10.1007/s00216-010-4354-8
http://www.ncbi.nlm.nih.gov/pubmed/21061000
http://dx.doi.org/10.1023/A:1010612727587
http://www.ncbi.nlm.nih.gov/pubmed/11516022
http://dx.doi.org/10.1021/es3024918
http://www.ncbi.nlm.nih.gov/pubmed/22989292
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Chemicals 
	Bacteria and Growth Conditions 
	Immobilization in the Sensor 
	System Setup 
	Tap and Surface Water Experiments in the Laboratory 
	Field Tests 

	Results and Discussion 
	Speed and Sensitivity of the Sensor with Tap Water 
	Evaluation Immobilization Methods 
	Sensitivity of the Sensor in the Field 
	Fouling and Filtration 
	Comparison with Other Monitors at Keizersveer 

	Conclusions 

