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Abstract

Lagoons and coastal waters are contaminated by a large number of chemicals discharged directly or carried by rivers and runoff water that
drain catchment areas in which agricultural activities take place. The inflow of these exogenous compounds constitutes a genuine risk for the
health of ecosystems. It is therefore important to detect their presence in the natural environment before they cause irreversible damage.

Here we present a study aimed at developing a tool for rapid detection of pesticides and other chemicals in environments liable to be
contaminated, in order to propose an early warning system for decision-makers. The study carried out focuses on two herbicides commonly
encountered in the environment, i.e. diuron and glyphosate, as well as several of their photodegradation products (DCPU, DCPMU, AMPA). The
results presented contribute toward developing a biosensor based on measuring the metabolic activities of immobilized unicellular marine algae.
The sensor’s operation is based on measuring the esterase localized on the external membrane of the algae cells and chlorophyll fluorescence.
The tests carried out show that the signal emitted by the sensor is disturbed by the presence of the two herbicides studied. The system proposed

appears useful as a tool for controlling environments requiring monitoring.
© 2011 Institut Pasteur. Published by Elsevier Masson SAS. All rights reserved.
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1. Introduction

Mediterranean lagoon and coastal waters are exposed to
different types of chemical contaminants carried by continental
waters, runoff resulting from rainfall episodes and direct
discharges. Pesticides make up a large amount of this pollution
(Hiiskes and Levsen, 1997). Due to their strong affinity for
organic matter, they accumulate in sediments and can return to
the water column due to disturbance by strong winds and heavy
swells (Grémare et al., 2003). They are also often present in the
surface microlayer where they reach high concentrations
(Garcia-Flor et al., 2005). The compounds maintained on the
surface are subject to intense photodegradation processes
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capable of generating compounds whose toxicity can sometimes
be higher than that of the initial product (Barcelo and Hennion,
1997; Landry et al., 2005). Therefore, all these exogenous
compounds can jeopardize the health of ecosystems (Louchart
et al., 2000).

Here we present a study performed in the framework of
a research program focusing on the distribution, degradation
and ecotoxocological impact of pesticides on microorganisms
in Mediterranean lagoon and coastal waters. The study
concerns the site of the lagoons of Bage and Thau and the bay
of Banyuls (Languedoc Roussillon Region, southern France).
A number of herbicidal compounds were identified in the
surface waters of the study area, including diuron, terbuthy-
lazine, simazine, glyphosate and two degradation products
(AMPA and desethyl-terbuthylazine). Our study focuses on the
two products most widely represented at the site examined,
diuron and glyphosate, as well as on several of their photo-
degradation products (DCPU and DCPMU for diuron and
AMPA for glyphosate).
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The objective of this work was to develop a biosensor
capable of detecting pesticides in contaminated areas. The tool
developed is based on studying metabolic disturbances of
immobilized unicellular marine algae. The advantage of such
a system is that it permits continuous observation of the
environments to be monitored. Besides the fact that it forms
the basis of trophic chains, algae can accumulate large
amounts of pollutants (Mc Cormick and Cairns, 1994).
Therefore, they act as pertinent indicators of toxicity and for
evaluating damage done to ecosystems exposed to pollutant
emissions; biosensors developed using entire and non-
modified unicellular algae are thus of great ecological
interest (Keddy et al., 1995; Moacir et al., 2008). This is the
advantage of this tool in comparison to biosensors using
modified cells which can be used in the field and biosensors
based on pure enzyme whose length of life is very short in
a natural environment. The metabolic functions investigated
hereafter are the enzymatic activity of membrane esterase,
which has been highlighted in previous studies on freshwater
algae with specific sensitivity to certain herbicidal compounds
(Chouteau et al., 2005), and chlorophyll fluorescence, which is
known to be modified by the presence of herbicides
(Eullaffroy and Vernet, 2003; Vedrine et al., 2003).

After describing techniques for immobilizing algae used in
sensor design, we first present results obtained from bioassays
on free algae before testing the response of algae immobilized
on biosensors. Tests on free algae, which are very easy to
implement, are carried out on microplates and permit carrying
out large series of tests that show the general trend of the
effects caused by the different compounds investigated. The
comparison of results obtained from free algae and biosensors
enables evaluating the viability of algae following immobili-
zation. This leads to a discussion on the advantages of
pursuing the development of these tools in view to monitoring
natural environments in situ.

2. Materials and methods
2.1. Algal cultures

Two species of unicellular marine algae were used:
Dunaliella tertiolecta as green algae (chlorophyceae) and
Phaeodactylum tricornutum as diatom, which are common in
marine waters They were kept under standard culture condi-
tions (20 °C; 16 h light, 8 h dark) by bi-weekly transplanting
in reconstituted saline medium (Instan Ocean at 33 g/l)
enriched with silica by Guillard /2 (Sigma) marine water
enrichment solution at a concentration of 90 mg/l.

2.2. Herbicide solutions

Diuron, glyphosate, DCPU (N-(3,4 dichlorophenyl)-urea),
DCPMU(N-(3,4 dichlorophenyl)-N-methyl urea) and AMPA
(aminomethylphosphonic acid) were obtained from Sigma
Aldrich. Solutions of 40 mg/l of water were prepared for
diuron, DCPU and DCPMU and solutions of 10 mg/l of water
for glyphosate and AMPA. The different concentrations tested

were prepared using these solutions and the culture medium
concentrated twice was added to the herbicide solutions at
1:1 V/V to conserve the ionic strength required to keep the
algae alive.

2.3. Bioassays on free algae

Tests on free algae involve measurements of esterase
activity. They were performed after 48 h culture, after which
the algae were introduced in herbicide solutions to obtain
a final mixture with a cellular concentration of 3 million cells
per ml. The measurements were performed after 2 h, 24 h and
48 h of algae/herbicide contact in 96-well microplates. 100 pl
of the algae/herbicide mixture was placed in each well, as
were variable concentrations (0—20 pM) of fluorescein diac-
etate (FDA; Sigma) used as substrate by algal esterase and
degraded into fluorescein, a fluorescent product (excitation
480 nm, emission 538 nm) detected with a fluorimeter
(Fluostar BMG). Esterase activity was proportional to the
fluorescence produced.

2.4. Producing the biosensors

A biosensor is an analytical device designed to convert
a biochemical phenomenon into a measurable signal. It
combines biological components called bioreceptors and
transducers that provide means of detection (Tran-Minh, 1991,
Fig. 1). Here we propose two types of biosensor based on
monitoring membrane esterase activity and the photosynthetic
activity of immobilized algal cells. In both cases, the bio-
receptor is a suspension of algal cells. The two sensors can be
distinguished by their transduction system: the first biosensor
is conductometric while the second is optical.

2.4.1. Conductimetric biosensor

The transducer is composed of two identical pairs of
interdigitated gold electrodes sold by the Kiev Institute of
Semiconductor Physics (Ukraine). The two pairs of interdig-
itated gold electrodes 15 nm thick were deposited on a ceramic
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Fig. 1. Schematic representation of a conductometric algal biosensor.
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Fig. 2. Esterase activity during the different stages of the culture.

substrate. A layer Ti 50 nm thick was used to improve adhe-
sion of gold on the substrate. The width of the fingers of the
interdigitated electrodes was 10 um, which was also the space
between them, while their length was about 1 mm, providing
a sensitive area on each of the two electrodes of about 1 mm?,
The central part was covered in epoxy resin to define the
sensitive part of the sensor (Fig. 2). Measurements were based
on detection of variations in conductivity of the sensitive areas
linked to the movement of ions between the anode and
cathode. The activity of the esterase located on the algal
membrane led to catalytic reactions producing ionic species
resulting in measurable changes of conductivity (Nishida,
1979).

For this type of sensor, algae were immobilized using the
self assembly monolayer (SAM) technique as described in our
previous work (Guedri and Durrieu, 2008). To achieve this,
interdigitated electrodes were first cleaned by ultrasound for
10 min in water, then subjected to chemical reduction by
immersion in piranha solution (H,O,/H,SOy, 1:3 V:V). The
electrodes were then rinsed with absolute ethanol, dried
under a nitrogen flow and immersed in a solution of
3-mercaptopropionic acid (MPA) at 2 mM for 10 h at ambient
temperature to permit formation of SAMs. MPA adsorbed on
the surface of the electrode was eliminated by rinsing with
water before depositing 0.5 pl of algal suspension (pre-
concentrated by centrifugation at 3 million cells per ml) on the
electrode. The deposit was maintained for 12 h, after which
the algal cells not held by the SAMs were eliminated by
rinsing with distilled water. After this rigorous washing phase,
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analysis with a microscope showed the algae immobilized on
the surface of the gold. The formation of the monolayer was
controlled by cyclic voltammetry.

Measurements of activity were performed by immersing the
electrode in the culture medium in which increasing concen-
trations of substrate (FDA) were added.

2.4.2. Optical biosensor

The transducer was an optical fiber bundle (Varian) at the
end of which algal cells were immobilized in a quartz fiber
membrane (Millipore) by simple physical adsorption. In this
case, the optical biosensor was used here to measure the
chlorophyll fluorescence of the algal cells. The optical fiber
bundle in contact with the algae was linked to a spectrofluo-
rimeter and conveyed the exciting light (wavelength 640 nm),
provoking emission of photons (wavelength 680 nm) redir-
ected by collector bundles to the fluorimeter for amplification
and signal processing. The sensor was operated in batch mode:
the optical fiber was fixed to the membrane holding the algae
immobilized by a polypropylene cell into which was intro-
duced a solution formulated from the culture medium that also
contained the compounds to be tested.

3. Results and discussion

3.1. Measurement of esterase activity at different stages
of culture

Esterase activity was monitored at different stages of
culture (between 3 and 12 days) for the two species of algae
studied. Fig. 3 shows that the evolution of esterase activity is
the same through time for both species. Maximum activity is
reached after 5 days in both cases, after which a rapid decrease
was observed as the culture aged. All esterase activity
measurements described below were performed on cultures
between 3- and 4-days old.

3.2. Measurement of esterase activity on free and
immobilized algae

Measurement of esterase activity performed on free and
immobilized algae (using the SAMs technique) for different
concentrations of FDA substrate allowed us to plot the kinetics
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Fig. 3. Esterase activity measurement on free algae (a) and immobilized algae (b). Bars represent SD obtained with 3 replicates.
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Fig. 4. D. tertiolecta and P. tricornutum esterase activity after 2, 24 or 48 h exposure at different diuron concentrations. Results are expressed as percent activity of

the control. Bars represent SD obtained with 3 replicates.

linking the fluorescence produced with the concentration of
substrate. Fig. 4 provides a comparison of the curve of this
kinetics which in both cases can be assimilated with the
Michaélis—Menten model. Algae immobilization does not
appear to affect membrane esterase activity. It should be noted,
as already demonstrated by us in previous studies performed
with freshwater algae (Chouteau et al., 2004), that the quan-
tities of substrate required to obtain an optimal signal are 10
times higher for free algae than for those on biosensors.
Immobilization of algae by SAMs makes it possible to obtain
a monolayer of algae and work with much lower cell
concentrations on biosensors. This therefore improves the
sensitivity of the test. By using the SAM technique, each algal
cell is exposed to the substrate in the same way whereas, when
using microplate bioassays, algae at the bottom of the wells
probably come into contact with lower quantities of substrate

(Fig. 5).
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Fig. 5. P. tricornutum esterase activity after 2, 24 or 48 h exposure at different
DCPMU concentrations. Results are expressed as percent activity of the
control. Bars represent SD obtained with 3 replicates.

3.3. The action of herbicides on the esterase activity of
free algae

The microplate tests on free algae were initially carried out
on two species of algae exposed beforehand to different
concentrations of herbicides for periods of 2 h, 24 h and 48 h.
Three replicates were carried out for each concentration and
each time exposure. Fig. 6 shows test results obtained for
diuron. They are expressed in terms of residual activity, i.e. the
percentage of activity compared to a control treated under the
same conditions of the test, but with the diuron replaced by the
culture medium. Diuron was observed to inhibit the esterase
activity of D. ftertiolecta with an increasing dose—effect
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Fig. 6. D. tertiolecta and P. tricornutum esterase activity after 24 h exposure at

different AMPA concentrations. Results are expressed as percent activity of
the control. Bars represent SD obtained with 3 replicates.
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Fig. 7. Emission fluorescence spectrum, with excitation at 460 nm, of Duna-
liella cells immobilized on an optical biosensor after exposure to different
concentrations of diuron.

relationship up to a concentration of 0.5 mg/l, which led to
a residual activity of 62% of the basic activity for 48 h
exposure. A concentration of 5 mg/l also gives the same order
of residual activity for 48 h of exposure. The rate of activity
inhibition increases with time exposure as shown in Fig. 6.
Thus, it seems that maximum inhibition is obtained with
a concentration of 0.5 mg/1 for an exposure time of 48 h. It was
not possible to test for longer exposure times, since the
esterase activity of Dunaliella decreased rapidly after 6 days
of culture. The results obtained were very different for P.
tricornutum: the concentrations of diuron tested did not reveal
a dose—effect relation. The effect obtained appeared to be
independent of exposure time. According to these results, D.
tertiolecta appeared more advantageous for detecting the
presence of diuron than P. tricornutum.

Tests were also carried out on the photodegradation prod-
ucts of diuron, DCPU and DCPMU. Only DCPMU appeared
to have a concentration-dependent inhibiting action on P. tri-
cornutum (Fig. 7), but had no marked effect on D. tertiolecta.
Likewise, DCPU had no marked action on the two species.

The tests carried out with glyphosate highlighted consid-
erable inhibition of esterase activity at higher concentrations
tested for 48 h exposure (residual activity < 40%) for the two
species of algae (Table 1). The glyphosate used here was not in
its Roundup® formulation linking it to the surfactant, poly-
oxyethylene amine (POEA), used to facilitate penetration into
cells, as showed by Hedberg and Wallin (2010). The glyph-
osate used here was in salt form, which according to the
literature, is of lower toxicity (Tsui and Chu, 2003), which
might explain the minimum time of 48 h required to obtain an

Table 1

effect. Conversely, we observed an induction of esterase
activity (residual activity > 120%) for the lowest concentra-
tion of glyphosate tested. In previous studies, we highlighted
induction phenomena for low concentrations of pollutants, in
particular for heavy metals (Chouteau et al., 2005). This
decrease in activity could correspond to detoxification mech-
anisms that occur for very low concentrations of toxic
substance as described by Hodgson and Levi (1996).

AMPA, a photodegradation product of glyphosate, was also
tested on the two species studied. After 24 h exposure, it
causes considerable inhibition of activity at the highest
concentrations for the two species of algae. No activity
induction phenomenon was observed with this product.
Therefore, AMPA appears to be more toxic than its original
product, glyphosate.

These different tests show that the membrane esterase
activity of the algae studied is disturbed in varying degrees
depending on the algal species and the compound studied.
Given the variability in results, it is estimated that inhibition of
esterase activity is significant when residual activity after
exposure changes by 10% versus initial activity. Fig. 6 shows
that in Dunaliella, residual activity obtained after 24 h expo-
sure to 5 pg/l of diuron is lower than 90% of initial activity;
thus, the inhibition obtained can be considered as significant.
In Phaeodactylum, we observed residual activity following
48 h exposure to 0.1 pg/l of glyphosate higher than 110% of
initial activity. This increase in activity can also be considered
as significant. In brief, it appears that the esterase activity of
Dunaliella is an interesting marker for detecting the presence
of diuron, while that of Phaeodactylum is more suitable for
detecting DCPMU. The esterase activity of both species
provides a useful marker for detecting glyphosate and its
photodegradation product, AMPA.

D. tertiolecta therefore appears adapted to the design of
a biosensor capable of detecting diuron and glyphosate.

3.4. Detecting herbicides with conductimetric
biosensors

The tests were carried out on sensors using Dunaliella cells
immobilized in monolayers (SAMs) according to the protocol
used in a previous study to measure alkaline phosphatase
activity on freshwater algae (Guedri and Durrieu, 2008). To do
this, we selected several sensors for which the variability of
the signal obtained by the different electrodes does not exceed
10%. The tests were performed after 2 h and 24 h immersion

D. tertiolecta and P. tricornutum esterase activity after 2, 24 or 48 h exposure at different glyphosate concentrations. Results are expressed as percent activity of the

control.

Glyphosate mg/1 D. tertiolecta

P. tricornutum

2HO00 24H00 48H00 2HO00 24H00 48H00
0.0001 102 £3 100 £5 125 £ 6 98 + 4 104 £ 7 135 £ 8
0.001 109 £ 2 90 £+ 4 65 4 98 £5 100 £ 2 70 £ 4
0.01 98 +£3 102 £5 55£5 104 £ 4 99 £ 8 40+ 6
0.1 90 £+ 10 101 £ 8 46 £ 5 9 +7 95 £ 8 42 +3
1 95 +9 104 £ 6 38+ 10 92 +5 96 £ 7 34 £4
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Table 2

913

D. tertiolecta esterase activity detected with conductometric biosensor after 2 and 24 h exposure at different herbicide concentrations. Results are expressed as
percent activity of a control biosensor. Duplicates were realized for diuron and AMPA.

[C] (mg/l) Diuron Glyphosate AMPA

2H00 24H00 2H00 24H00 2H00 24H00
1 42/50 30/57 98 102 65/72 40/20
0.1 75/82 66/60 95 90 75156 78/62
0.01 80/95 72/83 - — 82/68 72/61

of the sensors in solutions of diuron, glyphosate and AMPA.
The control sensors were immerged for 2 h and 24 h in the
culture medium. The results are expressed in the same way as
for the tests performed on free algae, by comparing the
residual activity obtained with the control sensors treated
under test conditions.

Table 2 summarizes all results obtained for the compounds
tested. They are consistent with the results obtained for free
algae. Inhibition caused by diuron is greater than that caused
to free algae. We obtained a residual activity of barely 30% for
one of the sensors exposed to a concentration of diuron of
1 mg/l. This result could be explained by the low number of
algae immobilized (monolayer) on the sensor. In this case, all
the algae were exposed to the same concentration of diuron,
whereas for bioassays, algae at the bottom of the microplate
wells may not have been in contact with the toxic compound
(Fig. 4). We have already mentioned this point by comparing
the concentrations of substrate required to obtain a detectable
signal between the bioassays and the biosensors. No notable
effect was observed for glyphosate, contrary to AMPA, which
led to significant inhibition after only 24 h exposure.

Given the variability of the results obtained, it will be
necessary to test a larger number of sensors with lower
concentrations of toxic compounds in order to determine the
detection thresholds for each product. It is necessary to
develop sensors using P. tricornutum to confirm the interest of
this tool and identify the possible specific responses of each
Sensor.

3.5. Detecting diuron with an optical biosensor

The optical biosensor was also produced using Dunaliella
cells, since the esterase activity of this species had been shown
to be sensitive to diuron. Many studies have been performed
on the action of herbicides on photosynthesis and its associ-
ated mechanism, chlorophyll fluorescence. In previous works,
we demonstrated the interest of this type of sensor for
detecting atrazine in freshwater (Vedrine et al., 2003).

It shows a fluorescence emission spectrum generated by
excitation at 460 nm. Maximum emission was observed at
640 nm. The spectrum was produced after exposing the sensor
to different concentrations of diuron (0.4, 0.04 and 0.004 mg/
I). A positive linear relationship between fluorescence and the
concentration of diuron was observed. Thus the optical sensor
based on chlorophyll fluorescence measurement appears
interesting for detecting diuron in aquatic environments.
Measurements of other herbicide compounds will permit

comparing detection thresholds and possible specific charac-
teristics of these different tools.

In conclusion, this study highlights the action of two
herbicides commonly found in the environment (diuron and
glyphosate) on two specific metabolic activities of unicellular
algae (esterase activity localized on the external membrane of
the cells and chlorophyll fluorescence). The tests on free algae,
performed on two species of algae, showed that the metabolic
activities tested can be used as pertinent markers for detecting
herbicide compounds studied in this work. The two species
respond differently from each other. Therefore, it would be
interesting to test other species in a future study in order to
identify other possible specific characteristics.

The biosensor tests were only performed on one of the two
species used for the tests on free algae. They showed that the
activity of the algae did not appear to be affected by immobili-
zation and the tests performed following exposure of the sensors
to herbicide compounds gave results in agreement with results
obtained with free algae. It could also be presumed that the
response of the sensors accurately reflects the metabolism of the
algae in the natural environment. The strongest concentrations
of herbicides tested were high and do not reflect the values found
in the environment, contrary to the lowest concentrations tested
which are regularly found and which produce here an effect on
enzyme activities. These initial tests enabled us to assess the
response potential of the sensors. The lowest values tested
corresponded to the limit of values authorized for drinking
water. The results obtained show that detection of these
concentrations is possible. However, the lowest threshold has to
be identified for each pollutant; further works will be necessary
to do so. This first study using marine algae sensors shows the
advantage of using this type of tool for monitoring the quality of
lagoon and coastal waters. Furthermore, measurements were
performed on full living cells and thus the results obtained are of
ecological interest, providing information on potential disorders
at the first level of the trophic chain, the algal compartment.

These tools remain purely qualitative and only allow
determining the presence of pesticides in the environment,
without giving their concentration. Their use needs to take into
account possible interference of other elements in natural
waters and does not provide an alternative to chemical dosing
to measure the concentrations actually present in the envi-
ronment. Hence, they can nonetheless be used for alerting
decision markers. They present the advantage of giving rapid
responses and being adaptable for in situ and continuous
control. For this they require a miniaturization stage. They
might then be proposed for continuous control in the field by
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state control authorities, as rapid and cost-effective analytical
tools for coastal surveillance. Before actual deployment, the
system will need adequate adaptation, including robustness,
sensitivity and long-term stability.
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