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Abstract This work describes the design of a conducto-
metric biosensor intended to monitor aquatic environments.
The biosensor is based on the measurement of Alkaline
Phosphatase Activity (APA) of the microalgae Chlorella
vulgaris. This activity is inhibited in the presence of heavy
metals. The purpose of this article is to obtain a tool for
detection of heavy metals through inhibition of APA. The
biosensor is composed of two parts: two platinum interdig-
itated electrodes which form the transducer, and the
microalgae, the bioreceptor. The microalgae were immobi-
lized on self-assembled monolayers (SAMs) of alkanethio-
late. The change in the local conductivity of the electrodes
following the addition of the substrate allowed us to
measure alkaline phosphatase activity of Chlorella vulgaris.
Good repeatability (RSD<5%) and reproducibility between
different biosensors (RSD<10%) were obtained. Lifetime is
estimated to be 17 days. The originality of this work
consists in the immobilization of algal cells on self-
assembled monolayers. The advantage of the SAMs is that
they do not form a physical barrier between the algae and
the constituents of the reaction medium (whether the
reaction substrate, or the toxic components are to be
detected). In addition, these sensors permit to obtain good
measurement repeatability. Detection limit of cadmium
reaches ppb levels.
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Alkaline phosphatase activity (APA) . Self-assembled
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Introduction

The microalgae Chlorella vulgaris has been used in different
works to produce whole cell biosensors to monitor toxic
pollutants in aquatic media [1, 2]. This unicellular green algae
was chosen due to its considerable ecological advantages (it is
ubiquist in all dulcicol environments and is able to accumulate
large quantities of pollutants). The first biosensor using whole
algal cells was developed by Pandard et al.(1993) [2]. Its
operation was based on measuring the oxygen produced by
immobilized algae. In earlier works we developed optical [1],
conductometric [3] and amperometric [4] sensors based on
measuring chlorophyll fluorescence and the activity of
enzymes located on the external membrane of algae [3, 5]
in order to detect toxic compounds in aquatic media.
Numerous works have been shown the interest of enzymatic
activity measurements to monitor water pollution [3, 6, 7].

In this paper we developed a biosensor based on APA
measurements. This activity can detect metal ion concen-
trations between 1 and 10 ppb [8]. This sensor is not
specific for a single metal, but it provides a global response
to the presence of heavy metals. This biosensor can be
considered as an early warning system, and was used to
measure concentrations of heavy metals in the order of ppb
in real samples as urban water [9]. The main problem
encountered is the low reproducibility of the results
obtained by the different sensors which can be explained
by the heterogeneity of the layers of immobilized algae.
Regarding the immobilization processes used, mention can
be made of physical adsorption which is the simplest
technique to implement. However, desorption can occur
during variations of pH, ionic force, temperature or the
presence of a solvent [10]. Physical trapping in a polymer
matrix (polyacrylamide [11], Polypyrrole [12],) or in a
gelling agent (agar [13], K-carrageenan [14], Alginate [15],
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sol–gel [16], BSA [17]) is frequently used, since it does not
denature the biological element and it permits protecting
metabolic activities. Nonetheless, the resulting matrix can
form a diffusion barrier that restricts the accessibility of the
substrate and/or inhibitors of algal cells. The Self Assembly
Monolayers (SAMs) have been exploited to provide model
surfaces in order to permit examining cellular behaviour for
bioanalysis and tissue engineering [18]. This technique
permits immobilizing proteins [19], antigens/antibodies
[20], DNA [21] and yeasts [18] on various substrates (Au,
Ag, SiO2, ZrO2, etc.). The bioreceptor in this case is linked
to the tranducers by a covalent link, thus it is free in the
reaction medium instead of being trapped in a matrix.

The objective of this work is to study the feasibility of
immobilizing algal cells on SAMs in the design of a sensor
based on the measurement of the alkaline phosphatase
activity of Chlorella vulgaris and to improve reproducibility
of responses. This technique is developed with algal cells
for the first time. The repeatability of the measurements
performed using the same sensor, the reproducibility
between sensors and the lifetime of the device will be
considered after which the improvements contributed by
this technique will be discussed.

Materials and methods

Material

Paranitrophenyl phosphate (pNPP) from Sigma-Aldrich
(http://www.sigmaaldrich.com) was used as the substrate for
measuring alkaline phosphatase activity. 3-mercaptopropionic
acid (HSCH2CH2COOH, MPA) was purchased from Fluka
(http://www.sigmaaldrich.com). Cd(NO3)2 salt (of analyti-
cal grade) was used to inhibit alkaline phosphatase activity.
All the reagents used were of analytic quality and used
without any treatment.

An SR830 synchronous amplifier (Stanford Research
Systems, http://www.thinksrs.com) was used. Photomicro-
graphs of immobilized algal cells were taken with an epi-
fluorescent Axioskop microscope equipped with an excitation
filter of 450–490 nm, an emission filter 530–750 nm and a
CCD camera (Cohu). Image acquisition was performed with
the analysis software Komet 4.0 (Kinetic Imagining Ltd.).

Total enlargement was ×400 with a lens (×40) and an
eyepiece (×10).

Cell culture and measurement of alkaline phosphatase
activity

The strain of freshwater algae Chlorella vulgaris (CCAP
211/12) came from the “Culture Collection of Algae and
Protozoa”, Cumbria (UK). This strain was transplanted

weekly under sterile conditions in an LC medium (standard
AFNOR NT 90 304). Preconditioning for 21 days in a
medium without phosphate was required [22] to measure
phosphatase activity which was measured with paranitro-
phenyl phosphate (pNPP) used as a substrate. The reaction
medium was buffered at pH 8.5 (Tris 0.1 mol l−1).

Sensor design

The conductometric transducer was composed of two pairs
of platinum interdigitated electrodes manufactured by the
Institute of Chemo and Biosensorics (Münster, Germany).
The two pairs of platinum interdigitated electrodes, 150 nm
thick, were placed on a Pyrex substrate. An intermediate
layer of Ti 50 nm thick was used to improve adhesion of
the platinum on the substrate. The width of the thimbles
composing the interdigitated electrodes, and the distance
between them was 10 μm and they were about 1 mm long,
thereby providing a sensitive zone on each of the two
electrodes of about 1 mm2. To define the sensitive part of
the sensor, the central part of the latter was covered with
epoxide resin [23].

The measurements were based on the detection of
conductivity variations at the sensitive zones related to the
movement of ions between the anode and the cathode.

As with other enzymes, the alkaline phosphatase of
Chlorella vulgaris leads to catalytic reactions generating
ionic species resulting in measurable changes of conductivity
[3].

Immobilization of microalgae

The interdigitated electrodes were first cleaned by ultra-
sound for 10 minutes in water, then subjected to chemical
reduction by immersion in Piranha solution (H2O2/H2SO4,
1:3 v/v) for 15 minutes (Caution: this solution reacts
violently with a lot of organic residues, so it must be

Fig. 1 Microscope image of an unmodified electrode with algal cells.
Enlargement ×400
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handled with care). The electrodes were then rinsed in
absolute ethanol and dried in a nitrogen flow.

The same experiments were performed with gold
interdigitated electrodes with the same characteristics as
those of platinum, but they were not used because they did
not resist to the treatment with piranha solution.

The pretreated electrodes were immersed in an aqueous
solution of 3-mercaptopropionic acid (MPA) at 2 mmol l−1

for 10 h at room temperature. After the formation of SAMs,
the modified platinum electrodes were rinsed in ultra-pure
water to eliminate the MPA physically adsorbed on the
surface of the electrode. 0.5 μL of algal culture was
deposited on the electrodes. To do this an active culture
(preconditioning without phosphate) was used for the
deposit on one of the two electrodes and an inactive culture
(no preconditioning) was used for the deposit on the second
electrode, which was therefore the reference electrode. The
deposit was kept on the electrodes from 12 to 14 hours and
these were then washed with ultrapure water to remove the
excess cells just physically adsorbed. Between the experi-
ments, the electrodes were kept at 4 °C in a culture medium
without phosphate.

Measurements

The conductometric measurements were based on a differ-
ential measurement between the working electrode (on
which the active culture were deposited) and the reference
electrode (on which the inactive culture were deposited).
Using a generator, a sinusoidal excitation signal of a
frequency of 100 kHz could be applied to the two exciting
electrodes. The output signals measured at the receiving
electrodes depended on the impedance of the system.

The signals measured were processed using the look-in
method, i.e. they were filtered using a low bandwidth
centred on the excitation frequency then transmitted to the
synchronous detection which provided the difference of

conductivity between the working electrode and the
reference electrode. The measurements were performed in
daylight at room temperature in a 2 mL glass cell. The
biosensor was laid in an agitated buffer solution of Tris–
HCl, pH 8.5. After the signal stabilised, different quantities
of the substrate were added in the measurement glass cell.
The differential signal was recorded by an SR830 synchro-
nous amplifier.

Toxicity measurements

For Toxicity measurements, dS was measured for a definite
substrate concentration. The biosensor was then preincu-
bated in a test solution for 30 min. After washing, dS before
(dSbefore) and after exposure (dSafter) to the test solution
were compared and the residual activity rate was calculated.

Ares %ð Þ ¼ 100� 100� dSbefore þ dSafter=dSbefore

Fig. 2 Schematic representation of the immobilization of algal cells on the platinum electrode modified by SAMs. The figure is not drawn to
scale

Fig. 3 The platinum electrodes modified by self-assembled monolayers
without (a) and with (b) immobilized algal cells. Enlargement ×400
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Results and discussion

Pt–SAM–algae cell layers formation on the electrode

The film prepared with the algal cells was washed with
ultrapure water several times to eliminate the cells just
adsorbed physically. After this rigorous washing, micro-
scopic analysis showed the algal cells immobilized on the
surface of the platinum, leading to the assumption that the
microalgae were bound covalently. An unmodified elec-
trode has been prepared and the Fig. 1 shows that in this
case the algae were not preferentially adsorbed on the
platinum substrates.

The terminal carboxylic group of alkanethiolate SAM is
often used to immobilize proteins due to its reactivity with
certain chemical groups of biomolecules [24]. The interac-
tion between the algal cells and the surface of the SAMs
probably resulted from the reaction between certain
terminal mdash; NH2 groups of proteins interbedded in
the membrane of the algal cells and the −COOH group of
the SAM layer. Consequently we obtained a −CONH
group, as shown in Fig. 2.

Microscopic view of immobilized algal cells

Figure 3 shows a photograph using epifluorescence micros-
copy of the single algal layer immobilized on the thimbles
of the interdigitated electrodes. In this study, the algal cells

were immobilized on a platinum surface by SAMs. This
procedure permits good covalent bonding, though the vital
functions of the cell still require checking. Contrary to the
often used method of physical trapping with a gelling agent
(such as alginate, BSA, etc.), this immobilization technique
eliminates any diffusional barrier.

As shown in Fig. 3, the microalgae are fixed only on the
platinum but faults in the monolayer appear. This can be
explained by cracks in the platinum substrate as has been
observed by several authors when working on a gold
substrate [25, 26] and/or by the size of the cells (about
5 μm). Indeed, crowding can lead to “holes” in the algal
monolayer.

Measurement of alkaline phosphatase activity

Figure 4 shows that the sensor fabricated permits monitor-
ing the alkaline phosphatase activity of Chlorella vulgaris
cells immobilized in monolayers. The kinetics obtained has
a Michaelian curve, as seen in previous works [3]
performed with other immobilization techniques. Bonding
the algal cells on SAMs does not therefore appear to disturb
their alkaline phosphatase activity. In this case a loss of
activity was observed for substrate concentrations higher
than 70 μmol l−1. This is probably inhibition due to excess
of substrate. In the following the activity measurements
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Fig. 5 APA res (residual) for 30 min exposure to Cd2+ (10 mmol l−1
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Fig. 6 Enzymatic kinetics of alkaline phosphatase activity measured
with five conductometric biosensors under the same experimental
conditions (10 mmol l−1 Tris–HCl, pH 8.5)
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Fig. 7 Evolution of the signal of three conductometric biosensors
stored at 4 °C (10 mmol l−1 Tris–HCl, 50 μmol l−1 pNPP, pH 8.5)
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Fig. 4 Enzymatic kinetics of alkaline phosphatase measured with a
conductometric biosensor (10 mmol l−1 Tris–HCl, pH 8.5)

182 Microchim Acta (2008) 163:179–184



were performed for substrate concentrations lower than
70 μmol l−1. This phenomenon could not be observed by
the conductometric biosensor based on the immobilization
of microalgae with BSA reticulated by glutaraldehyde. It is
possible to assume that the diffusion of the substrate occurs
inside the BSA gels thereby implying trapping of the
substrate, making it more difficult for the latter to reach the
algal cells. In such a case the concentration of substrate in
contact with the algae is always lower than the concentra-
tion of the test medium. Regarding the chemical immobi-
lization, it permits direct contact between the enzymes and
the substrate. Thus all the substrate comes into contact with
the enzyme.

The conductometric biosensors were developed in this
study in order to be used for the detection of pollutants,
especially metal ions. The first results obtained (Fig. 5)
show that the biosensor is sensitive to the presence of
cadmium with a detection limit of 1 ppb.

Analysis of response variability

Three measurements were performed on the same biosensor
for each substrate concentration. In all cases the standard
deviation did not exceed 5% (Fig. 4). This variability is
lower than that observed up to now in previous works in
which it could reach 8% [3]. Immobilization on a
monolayer therefore appears to improve this problem of
reproducibility due to more homogenous distribution of the
cells on the surface of the transducer.

Figure 6 shows that the immobilization of the algae on
SAMs appears to also lead to a reduction of response
variability between the different sensors in comparison to
classical immobilization techniques such as BSA [8]. The
variability of the measurements performed here between the
different sensors did not exceed 10%.

In classical immobilization techniques (BSA, alginate,
etc), algae form on the surface of the transducer a layer with
a certain thickness. In this case, the substrate may not react
only with the cells on the surface of the layer, but penetrate,
according to the experimental conditions, more or less well
into the thickness of the layer. Since the algae are deposited
manually on the surface of the transducer, the thickness of
the cell layer varies from one sensor to another, obviously
leading to the problem of variability. Immobilization in a
monolayer eliminates this problem.

Sensor stability through time

Figure 7 shows the response of the sensor monitored
regularly during a period of 30 days under the same storage
conditions as those described in “Immobilization of micro-
algae” subsection. Three different zones appeared. From D
0 to D 5: the response fell slightly until the fifth day. This

could have been due either to a release of certain algal cells
that were poorly fixed to the electrode, or to a cellular
adaptation to the new medium. From D 6 to D 22 the
response was stable. From D 23 to D 30 the response fell
constantly. This can be explained by cellular death or again
by partial release of the algal cells. These results were
obtained on three different sensors and show that after a
brief period of declining activity, the response of the sensor
was stable over a period of 17 days.

Conclusion

The results obtained show that it is possible to immobilize
whole algae on SAMs on the surface of a conductometric
biosensor.

In this work, we have demonstrated that immobilization
on a monolayer improves the repeatability (RSD<5%) and
the reproducibility (RSD<10%) of the response. The
lifetime of the sensor is 17 days. The objective of this
work was to find a mode of immobilization that does not
lead to interference with the toxic elements to be detected
as was the case in previous studies. The absence of
interactions between the mode of immobilization and the
reaction medium is necessary to obtain a sensor sensitive
and specific to a family of pollutants. The first results
obtained show that the biosensor is sensitive to the presence
of cadmium with a detection limit of 1 ppb. Other
enzymatic activities could be studied, for example esterase
activities, for identification of different families of pollu-
tants as pesticides in the natural environment at thresholds
useful to decision-makers.
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