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This study is based on the conductometric measurement of alkaline phosphatase activity (APA) from the cy-
anobacterium, Arthrospira platensis, called Spirulina. Cyanobacterium cells were directly immobilized, by
physical adsorption, on the ceramic part of gold interdigitated transducers. This activity was inhibited in
the presence of heavy metals and a variation of the local conductivity was measured after addition of the
substrate. The Michaelis–Menten constant (Km) was evaluated to be 0.75 mM through a calibration curve
of the substrate, disodium 4-nitrophenylphosphate p-nitrophenyl phosphate (pNPP). Inhibition of APA was
observed with cadmium and mercury with a detection limit of 10−20 M. The half maximal inhibitory concen-
tration (IC50) was determined at 10−19 M for Cd2+ and 10−17 M for Hg2+, and the binding affinity of heavy
metal (Ki) was equal to the IC50. On the sensor surface, scanning electron microscopy (SEM) images revealed
a remarkable evolution of the cyanobacterium's external surface that was attributable to the first defense
mechanism against toxic heavy metals in trace. This effect was also confirmed through the important in-
crease of response time τ90% recorded for APA response towards the substrate pNPP after cell exposure to me-
tallic cations. Lifetime of the Spirulina-based biosensor was estimated to be more than 25 days.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Existing as natural components of the Earth's crust, heavy metals
refer to chemical components with low densities, yet highly toxic or
poisonous when concentrated, for e.g. cadmium, lead, and mercury
which pose the highest pollution risks. Soil and water systems are
the most common entry points for heavy metals, whose tendency to
bioaccumulate in animals and human organisms makes them danger-
ous from a public health standpoint. Hence, even in traces, the toxic-
ity of heavy metals represents a serious threat to human health.

Substances such as cadmium or mercury have been classified as
“priority hazardous substances” in Decision No. 2455/2001/EC [1]
and Directive 2008/32/CE [2] for which industries should implement
the necessary measures. This will avertably help to reduce human an-
thropic activity and, thus, preserve ecosystems. In this approach,
quality control of aquatic ecosystems requires tools for continuous
detection that are in situ of contamination sources or contaminated
environments. Electrochemical platform detection [3] and biosensors
are such devices that can be implemented.
es Sciences Analytiques, CNRS/
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Recently, the development of whole-cell biosensors has raised an
increasing interest. Microalgae such as Chlorella vulgaris were used
in various studies to develop whole-cell biosensors for the control of
toxic pollutants in aquatic environments [4–7]. Conductometric bio-
sensors based on detection of alkaline phosphatase activity (APA) for
immobilized cells of Chlorella were studied for the detection of
heavy metals. Alkaline phosphatase of C. vulgaris, like other enzymes,
induces catalytic reactions generating ionic species leading to mea-
surable variations in local conductivity [8]. Also, in a study by
Berezhetskyy et al. [9], a detection of heavy metals has been recorded
with low detection limits: 1 ppb for Cd2+, Co2+, Ni2+, Pb2+, and
10 ppb for Zn2+. Recently, Thengodkar and Sivakami [10] observed
that monoesterase of Spirulina was able to hydrolyze under alkaline
conditions for the organophosphorus pesticide. According to the liter-
ature [11], Spirulina contains APA. This filamentous cyanobacterium,
has been used by Tekaya et al. [12], to characterize the global detection
of heavy metals using an impedimetric device. In this work, we have
developed a conductometric biosensor based on APA measurements.
This activity can be inhibited with metal ions [4–7].

Arthrospira platensis is a Gram negative bacterium. It is also con-
sidered as a blue-green microalgae. Regarding the localization of
APA, it was reported that APA is periplasmic in gram-negative bacte-
ria, and that it also occurs at the cellular and extracellular surface [13].

http://dx.doi.org/10.1016/j.bioelechem.2012.10.001
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Here, Luo et al. [13] predicted a much higher abundance of cytoplas-
mic activity phosphatase in marine bacteria. In a study on the cyano-
bacteria, Anacystis nidulans, Block and Grossman [14] reported that
the majority of phosphatase activity is released into the medium in
which A. nidulans is osmotically shocked, indicating that the enzyme
is located either in the periplasmic space or weakly fixed to the cell
wall. In a recent work [11], the authors reported that alkaline phos-
phatase was histochemically localized in the cytoplasm, the cell
wall, and the sheath of Spirulina, using the enzyme-labeled fluo-
rescent substrate (ELF) method. In fact, the ultrastructure cell of
A. platensis observed by electronmicroscopy by Vonshak [15] is typical
of that of prokaryotic organisms, without a morphologically limited
nucleus and with an outer gram-negative type envelope on the cell
wall [16–20].

In this study, kinetic proprieties of APA were directly determined
using conductometric transduction which has been extensively used
for probing enzymatic reactions for biomedical applications, such as
urea [21] and glucose [22] detection or for environmental applications
[23–25]. The geometry of the interdigitated transducers (IDTs) takes
advantage of the changed conditions for the current flowwhichmain-
ly occurs close to the surface and, thus, shows a much higher sensitiv-
ity towards surface change compared to the conventional flat design
of electrodes.

Characterization of Spirulina cells was observed using scanning
electron microscopy (SEM). This new technology allows the observa-
tion of microstructural changes of biological samples in their natural
state under controlled conditions of temperature and pressure. Here,
it was applied in this study for revealing heavy metal effects on Spiru-
lina cells.

2. Experimental

2.1. Chemical and biological reagents

Disodium 4-nitrophenylphosphate p-nitrophenyl phosphate (pNPP)
purchased from Sigma-Aldrich was used as the substrate for measuring
Fig. 1. (a) Scheme of microelectrodes with gold interdigitated transducers, (b) Spirulina
immobilized on the reference electrode, and (d) SEM image of Spirulina cells population pe
alkaline phosphatase activity. It was dissolved in a buffer solution to
prevent a change to the total conductivity of the reaction when adding
the substrate. The buffer was HEPES (C8H18N2O4S) 4-(2-hydroxyethyl)
piperazine-1-ethanesulfonic acid N-(2-hydroxyethyl)piperazine-N′-
(2-ethanesulfonic acid and it was purchased from Sigma-Aldrich.
HEPES was diluted in Milli-Q water to obtain a concentration of 5 mM
and adjusted to pH 8.1 by adding NaOH solution. This pH was chosen
for its good functionality with HEPES.

To inhibit APA, the stock solutions of cadmium (Cd2+) and mercury
(Hg2+) were prepared from standard solutions purchased from Sigma-
Aldrich. Stock solutionswere stored at 4 °C and dilutionswere prepared
in the buffer solution (HEPES) 15 min before each series of analysis.

A. platensis (Compere 1968/3786 strain) or Spirulina was cultivated
under sterile conditions in Zarrouk liquid medium containing: (g/L)
NaNO3, 2.50; K2HPO4, 0.50; NaHCO3, 10.00; NaCl, 1.00; MgSO4 7H2O,
0.2; CaCl2 2H2O, 0.02; FeSO4 7H2O, 0.01. All salts were of analytical
grade and were purchased from Acros Organics. The medium was ad-
justed to pH 9.0 using NaOH solution. Cultivation was conducted in
5 L Erlenmeyer flasks. Cultures were maintained at 26±1 °C under air
bubbling and continuously exposed to fluorescent lamps (100 μmol·
photon/m2 s). After, the biomass was recovered by filtration, washed
with physiological water for the removal of nutrient salts, and then
dried at 40 °C for 48 h. Then, it was lyophilized and the resulting pow-
der was protected from moisture by storage in a closed vessel at 4 °C.
The Spirulinawas dissolved inHEPES and itwasfiltered (0.8 μm)before
analysis. As Spirulina is made of transparent cells stacked end-to-end
and entrapped with a sheath forming a spiral filament, the sheath was
broken through filtration in order to separate individual cells. This
step was very crucial for our studies.

2.2. Scanning electronic microscopy

The SEM images were captured using a Quanta™ 250 microscope
(FEI). A pretreatment of cells was required before imaging. Cells were
fixed with covalent links using glutaraldehyde solution (3%, v/v) pur-
chased from Sigma-Aldrich, specially purified for use as an electron
cells immobilized on the working electrode, (c) Spirulina cells, with inhibited APA
rformed between gold fingers of interdigitated transducers.



Fig. 2. Complex admittance spectra of (a) bare electrode and (b) modified electrode,
where: frequency range=100 mHz–100 kHz, amplitude potential=10 mV, with
measurements made in HEPES (5 mmol/L at pH 8.1).
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microscopy fixative. Spirulina-based biosensors were immerged in
this solution for 45 min. After, a series of dehydration in successive
absolute ethanol solutions were applied for 10 min using increased
concentrations (20%, 40%, 60%, 80%, and 100% ethanol).

2.3. Sensor design

The conductometric transducers (Fig. 1.a) were fabricated at the
V.Ye. Lashkaryov Institute of Semiconductor Physics (Kyiv, Ukraine).
Each of them consisted of two identical pairs of interdigitated thin
film electrodes (150 nm thick), fabricated by gold vapor deposition
onto a non-conducting pyroceramic substrate (5×30 mm). The tech-
nique of sensor manufacturing has been reported previously [26,27].
A 50 nm thick intermediate Cr layer was used to improve the adhe-
sion of Au to the substrate. Both the digit width and interdigital dis-
tance were 10 μm, and their length was ~1.5 mm. As a result, the
sensitive area of each pair of electrodes was ~2.9 mm2 (Fig. 1.a).

2.4. Conductometric device

A biosensor analyzer consisted of a sensor block and an electronic
measuring block (portable four-channel biosensor analyzer) was de-
veloped in collaboration with Institute of Electrodynamics of National
Academy of Sciences of Ukraine and it was reported by Dzyadevych
et al. [27]. The sensor block consisted of a stand with a fixed block of
holders; eachholderwas connected to the fingers of an appropriate con-
ductometric biosensor. An electronic measuring block consisted of the
following modules: a secondary transducer and a basic measurement-
control module. A personal computer with a specific software support
Fig. 3. SEM images o
was an integral part of themeasuring block. Using a generator, a sinusoi-
dal excitation signalwith a frequency of 30 kHz and amplitude of 10 mV
was applied to the two exciting electrodes. These conditions avoided
faradic processes, double-layer charging, and polarization of the micro-
electrodes. The signals measured were processed using the lock-in am-
plifier method, i.e. they were filtered using a low bandwidth centered
on the excitation frequency and then transmitted to the synchronous
detection which provided the difference of conductivity between the
working electrode and the reference electrode. In fact, this system
transformed the local variations in conductivity to a change of the active
conductivity which can be recovered as information at the output of the
system, such as variations in the output signal versus time.

Measurements were performed at room temperature in a glass cell
of 4 mL. The biosensor was immersed gently into the buffer (HEPES,
5 mM). A magnetic stirrer ensured solution homogeneity throughout
experimentations. After the signal stabilization, different quantities of
the substrate were added in the measurement cell. A rinsing step was
performed between two successive measurements.

2.5. Electrochemical impedance spectroscopy (EIS) measurements

The measurements were performed with an electrochemical im-
pedance analyzer “Voltalab PGZ 402” (Radiometer Analytical, France)
in a two electrode configuration. Data acquisition and processing
via “Voltamaster” software was provided by the same company. All
EIS measurements were taken at a frequency range of 100 mHz to
100 kHz at room temperature. The same glass cell (4 mL) was filled
with HEPES (5 mM) under vigorous magnetic stirring.

3. Results and discussion

3.1. Immobilization of Spirulina cells

IDT electrodes were cleaned by sonication for 10 minutes, followed
by chemical treatment in Piranha solution (H2SO4/H2O2, 3:1 v/v) for
5 minutes. The electrodes were then rinsed with absolute ethanol and
finally dried under a flow of nitrogen.

Finally, cyanobacteria solution (0.7 μL)was deposited directly onto
the sensitive area of the first pair of IDTs representing the work elec-
trode (Fig. 1.b). The cells were adsorbed preferentially to the ceramic
substrate as observed through SEM (Fig. 1.d). Throughout the study,
the cyanobacteria concentration was 0.3 g/L and it was chosen after
optimization. The variation of Spirulina concentration in the initial so-
lution did not affect the shape of the curve, while at the saturation
concentration of the substrate the curve varied slightly (data not
shown).

On the second pair of IDTs representing the reference electrode
(Fig. 1.c), Spirulina cells where the APA had already been inhibited
f Spirulina cells.

image of Fig.�2
image of Fig.�3


Fig. 5. Calibration curve of the alkaline phosphatase activity with pNPP concentration.
The mean values and error bars have been calculated from 3 experimentations with
different biosensors, under the same experimental conditions (HEPES, 5 mmol/L at
pH 8.1).
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by mercury solution (10−6 M) were immobilized using the same vol-
ume (0.7 μL). These cyanobacteria cells were inhibited in mercury so-
lution; this was made 24 h before immobilization. This configuration
allowed differential mode measurements.

EIS is a valuable tool to characterize phenomena at the interface. For
this, electrochemical admittance spectra were recorded for a bare mi-
croelectrode and after immobilization of Spirulina cells. An optimiza-
tion of the functionalization time was performed (data not shown)
and revealed that immobilization was not detectable after 6 h of depo-
sition. After 24 h from the deposition of the Spirulina cells on sensors,
Fig. 2 shows an evolution of complex admittance spectra validating
the immobilization process.

SEM images revealed the coexistence of several populations (Fig. 3):
single cells with average sizes between 0.4 and 0.9 μm,while other cells
were clustered in groups of two or three (Fig. 3).

3.2. Characteristics of kinetics for alkaline phosphatase

When the substrate was added to the solution it penetrates the
biofilm based on Spirulina cells and the enzymatic reaction induced
local variations of the ion concentration. The response time τ90% was
deduced at 12 s (Fig. 4.a). Therefore, the variation of the electrical
conductance was proportional to the concentration of the injected
substrate.

Fig. 5 shows the calibration curve of the APA of Spirulina cells with
pNPP concentration. The corresponding equation is:

G=μS ¼ 0:0056ð Þ pNPP½ �=μMþ 0:0615; ð1Þ

where the regression coefficient is 0.0056.
The sensor response increased linearly versus the concentration of

substrate (pNPP) to reach a level corresponding to enzyme saturation
at concentrations greater or equal to 1500 μM pNPP. The obtained
curve presents a Michaelian shape, as seen in previous works per-
formed with other microalgae [7,8]. Mean values and error bars
Fig. 4. Typical real time response of the conductometric transducer based on Spirulina
to the substrate pNPP: (a) before incubation in mercury (10−16 mol/L) and (b) after
24 h of incubation.
were calculated from three measurements using different biosensors
(RSDb10%). The Michealis–Menten constant (Km) was calculated at
0.75 mM. This value is close to Km (0.69 mM) determined by Yang
et al. [28] and Km (0.83 mM) [29] where APA was extracted from
Bos taurus. It was also close to Km (0.7 mM) [30], where APA was
extracted from Gallus gallus.

Fig. 6 presents the evolution of the conductance monitored during a
period of 25 days for three biosensors stored in dry conditions at 4 °C.
Mean values and error bars have been calculated from three experi-
mentations with three different biosensors. Measurements showed a
continuous decrease of 40% of the initial conductivity after 25 days.
Therefore, the lifetime of the biosensor can be estimated to be more
than 25 days.

3.3. Inhibition measurements

To evaluate the effects of heavy metals on the enzymatic activity
of the biosensors, measurements were performed before (dSbefore)
and after (dSafter) incubation in four concentrations of cadmium
and mercury: 10−20 M, 10−18 M, 10−16 M, and 10−14 M. Incubation
time has been optimized (data not shown) and a time of 24 h was
adopted in this study.

The typical real time response acquired by our system after inhibi-
tion by mercury is shown in Fig. 4.b. Response time τ90% before and
after incubation appears to be quite different. In fact, conductance
Fig. 6. Evolution of the signal of conductometric biosensors stored at 4 °C in dry condi-
tions. The mean values and error bars have been calculated from 3 experimentation
with different biosensors, under the same experimental conditions (pNPP, 1500 μmol/L
and HEPES, 5 mmol/L at pH 8.1).

image of Fig.�4
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image of Fig.�6


Fig. 7. APAres (residual) for 24 hour exposure to (a) Cd2+and (b) Hg2+. The mean
values and error bars have been calculated from 3 experimentations with different bio-
sensors under the same experimental conditions (pNPP, 1500 μmol/L and HEPES,
5 mmol/L at pH 8.1).
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variation towards the substrate (pNPP) injection was rapid before
incubation in mercury (10−16 M). However, the response time τ90%
reaches 8 min after 24 h of incubation. This was due to the phospha-
tase activity inhibition effect caused by mercury cations (Fig. 4). In
fact, after APA inhibition, the presence of mercury cations prevents
the substrate from reaching the phosphatase sites of Spirulina cells
easily. This was due to the changes on the cells morphology in the
presence of heavy metals.

Results were expressed as a percentage of residual activity (Ares)
given by the following formula:

Ares %ð Þ ¼ dSafter
dSbefore

� 100 ð2Þ

A control measure has been carried out in the same conditions, to
ensure that enzyme inhibition and not a phenomenon of electrode
Fig. 8. SEM images of: (a) cell exposed to Cd2+ (10−16 m
blocking by electrostatic interactions was occurring. This measure-
ment was performed with a non heavy metal that was calcium. We
have not recorded an inhibitory effect in low concentrations of calci-
um. Residual activity calculated from measurements recorded with
calcium ions was more than 90% after incubation in the same concen-
trations 10−20 M, 10−18 M, 10−16 M and 10−14 M of calcium.

Residual phosphatase activity rates are presented in Fig. 7.
These histograms show that the phosphatase activity can be inhibited
at 10−20 M, 10−18 M, 10−16 M, and 10−14 M of cadmium and mer-
cury. Here, the detection limits were lower in comparison with previ-
ous studies performed with conductometric biosensors based on
Chlorella, where the detection limit was 5×10−9 M [8], 10−9 M [9],
and 10−8 M [7] for cadmium. The detection limit in our study is less
than 10−20 M. The half maximal inhibitory concentration (IC50) was
evaluated at 10−19 M with cadmium as the inhibitor and 10−17 M
with mercury as the inhibitor. The binding affinity of heavy metals
(Ki) was equal to the IC50, and this suggests of non-competitive
inhibition.

SEM images were performed on cyanobacteria exposed to heavy
metals after conductometric measurements. The images reveal mod-
ifications on Spirulina cell walls exposed to 10−16 M of cadmium
(Fig. 8.a) and mercury (Fig. 8.b). The external surface changes seem
to be the first defense mechanism against toxic heavy metals, and
this is in agreement with Swift and Forciniti's observations with
cyanobacteria studies [31].

According to Rangsayatorn et al. [32] transmission electron micro-
graphs of Spirulina sections revealed the effects induced by cadmium:
disintegration and disorganization of thylakoid membranes, presence
of large intrathylakoidal space, reduction of gas vacuoles and an in-
crease of polyphosphate bodies (PPBs). This increase of polyphosphate
bodies can be the most important factor in the phosphatase activity in-
hibition mechanism during our study. It can explain the increase of the
response time τ90% recorded for APA response towards the substrate
(Fig. 4.b).

The increase in the number of PPBs was also reported in studies of
heavy metal toxicity in cyanobacteria. PPBs were suggested as being
the site for metal sorption in cyanobacteria [33]. The strongly negative
surface charge of the polyphosphate in the PPBs and the lipids and
proteins also found in the PPBs all act to adsorb the metal. After treat-
mentwith zinc, the number of PPBs in cells of Anabaena flos-aquas and
Anabaena variabilis increased [34]. Similarly, their studies on Spirulina
platensis cells showed an increase in the number of PPBs when the
exposure time was increased. In addition, Swift and Forciniti [31] in-
vestigated different lead uptakemechanisms in various subcellular re-
gions of cyanobacteria, Anabaena cylindrica and found that phosphate
was precipitated both on the cell wall and inside the cell. Consequent-
ly, the inhibitionmechanism in our studywas induced by the presence
of metallic cations on the external surface cell and also by the increase
ol/L) and (b) cell exposed to Hg2+ (10−16 mol/L).

image of Fig.�7
image of Fig.�8
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in the number of PPBs. This can explain why a very low concentration
of metal induces a high inhibition effect on APA activity.

4. Conclusion

The originality of this work consisted of the study for APA activity
using conductometric transduction with a direct immobilization of
Spirulina cells on the transducer surface. The cells were preferentially
adsorbed to the ceramic substrate. The value of the Km can be evalu-
ated to be 0.75 mM. The APA of Spirulina cells can be inhibited with
heavy metals for concentrations higher than 10−20 M of Cd2+ and
Hg2+. The value of the IC50 was determined to be 10−19 M and
10−17 M with cadmium and mercury respectively. The effect of
heavy metals on Spirulina cells morphology has been deduced from
an increase in the response time τ90% recorded by APA response to-
wards the substrate pNPP and SEM images. This was especially ob-
served on the external surface as this is the first defense mechanism
against toxic heavy metals in trace. Such results are very promising
and provide a first proof of concept for an ultrasensitive biosensor
based on Spirulina cells for the detection of heavy metals in a liquid
medium. This biosensor was not specific for a single metal, but it
will provide a global response to the presence of heavy metals in
trace for natural waters and those in effluents.

Acknowledgments

The authors would like to thank EGIDE for their financial support
through UTIQUE Program N° 10G1103 and Region Rhone-Alpes for
their support through CMIRA Program.

References

[1] Off. J. Eur. Union 331 (2001) 1–5.
[2] Official Journal of the European Union, L81 ed., JOL, Vol. 2008/32/CE (2008)

60–61.
[3] A. Sbartai, P. Namour, A. Errachid, J. Krejci, R. Sejnohova, L. Renaud, M.L. Hamlaoui,

A.S. Loir, F. Garrelie, C. Donnet, H. Soder, E. Audouard, J. Granier, N. Jaffrezic-
Renault, Electrochemical boron-doped diamond film microcells micromachined
with femtosecond laser: application to the determination of water framework
directive metals, J. Anal. Chem. 84 (2012) 4805–4811, http://dx.doi.org/
10.1021/ac3003598.

[4] C. Durrieu, C. Tran-Minh, Optical algal biosensor using alkaline phosphatase for
determination of heavy metals. Ecot, J. Ecotoxicol. Environ. Saf. 51 (3) (2002)
206–209.

[5] P. Pandard, P. Vasseur, D.M. Rawson, Comparison of two types of sensors using
eukaryotic algae to monitor pollution of aquatic systems, J. Water Res. 27 (3)
(1993) 427–431.

[6] C. Chouteau, S. Dzyadevych, C. Durrieu, J.-M. Chovelon, A bi-enzymatic whole cell
conductometric biosensor for heavy metal ions and pesticides detection in water
samples, J. Biosens. Bioelectron. 21 (2005) 273–281.

[7] H. Guedri, C. Durrieu, A self-assembled monolayers based conductometric algal
whole cell biosensor for water monitoring, J. Microchim. Acta. 163 (2008)
179–184, http://dx.doi.org/10.1007/s00604-008-0017-2.

[8] C. Chouteau, S. Dzyadevych, J.-M. Chovelon, C. Durrieu, Development of novel
conductometric biosensors based on immobilised whole cell Chlorella vulgaris
microalgae, J. Biosens. Bioelectron. 19 (9) (2004) 1089–1096.

[9] L. Berezhetskyy, C. Durrieu, H. Nguyen-Ngoc, J.-M. Chovelon, S.V. Dzyadevych, C.
Tran-Minh, Development of conductometric biosensors based on alkaline phos-
phatases for the water quality control, J. Biopolym. Cell 23 (6) (2007) 511–518.

[10] R.R.M. Thengodkar, S. Sivakami, Degradation of chlorpyrifos by an alkaline phospha-
tase from the cyanobacterium Spirulina platensis, J. Biodegrad. 21 (2010) 637–644.
[11] D. Antonia, A.A. Morte, G.C. Francisco, M. Pérez-Gilabert, Partial purification and
characterization of a calcium-dependent alkaline phosphatase from the cyanobacte-
rium Arthrospira platensis, J. Phycol. Soc. Am. 48 (2012) 347–354, http://dx.doi.org/
10.1111/j.1529-8817.2012.01119.x.

[12] N. Tekaya, N. Sakly, Haf. Ben Ouada, Hat. Ben Ouada, N. Jaffrezic-Renault, F.
Lagarde, Impedimetric characterization of alginate entrapped Arthrospira
platensis at a platinum/electrolyte interface. Effect of cadmium ions, J. Sens. Lett.
9 (2011) 1–5.

[13] H. Luo, R. Benner, R.A. Long, J. Hu, Subcellular localization of marine bacterial al-
kaline phosphatases, J. Proc. Natl. Acad. Sci. U. S. A. 106 (2009) 21219–21223.

[14] M.A. Block, A.R. Grossman, Identification and purification of a derepressible alkaline
phosphatase from Anacystis nidulans R2, J. Plant Physiol. 86 (1988) 1179–1184.

[15] A. Vonshak, Spirulina Platensis (Arthrospira): Physiology, cell biology and Bio-
technology. Ben-Gurion University of the Negev, Israel. Edition published in the
Taylor & Francis e-Library, 2002.

[16] F. Marty, F. Busson, Données cytologiques et systématiques sur Spirulina platensis
(Gom.) Geitl. Et Spirulina Geitleri J.De Toni (Cyanophyceae-Oscillatoriaceae), C. R.
Acad. Sci. Paris (1970) 270–786.

[17] C. Van Eykelenburg, On the Morphology and Ultrastructure of the Cell Wall of
Spirulina platensis, in: A. Leeuwenhoek, 1977, pp. 43–89.

[18] C. Van Eykelenburg, The Ultrastructure of Spirulina platensis in Relation to Tem-
perature and Light Intensity, in: A. Leeuwenhoek, 1979, pp. 45–369.

[19] L. Tomaselli Feroci, M.C. Margheri, E. Pelosi, Die Ultrastrukturvon Spirulina im
Vergleich zu Oscillatoria, Zbl. Bakt. Abt. II 131 (1976) 592.

[20] L. Tomaselli, M.R. Palandri, G. Tani, Advances in preparative techniquesfor obser-
vation of the fine structure of Arthrospira maxima Setch. And Gardner (syn.
Spirulina maxima Geitler), Arch. Hydrobiol. 71 (Suppl. 100) (1993) 43 (Algol.
Stud.).

[21] W.Nouira, A.Maaref, F. Vocanson,M. Siadat, J. Saulnier, F. Lagarde, N. Jaffrezic-Renault,
Enhancement of enzymatic IDE biosensor response using gold nanoparticles. Example
of the detection of urea, Electroanalytical 24 (5) (2012) 1088–1094.

[22] S.V. Dzyadevych, V.N. Arkhipova, A.P. Soldatkin, A.V. El'skaya, A.A. Shul'ga, Glucose
conductometric biosensor with potassium hexacyanoferrate (III) as an oxidizing
agent, Anal. Chim. Acta 374 (1998) 11–18.

[23] N. Jaffrezic-Renault, S.V. Dzyadevych, Conductometric microbiosensors for en-
vironmental monitoring, Sensors 8 (4) (2008) 2569–2588, http://dx.doi.org/
10.3390/s8042569.

[24] Y.I. Korpan, S.V. Dzyadevych, V.N. Arkhipova, M.V. Gonchar, T.D. Gibson, N.
Jaffrezic-Renault, C. Martelet, A.P. Soldatkin, Enzyme-based electrochemical sen-
sors for formaldehyde detection, Sens. Mater. 12 (2) (2000) 79–86.

[25] X. Wang, S.V. Dzyadevych, J.-M. Chovelon, N. Jaffrezic-Renault, C. Ling, X. Siqing,
Development of conductometric nitrate biosensor based on Methyl viologen/
Nafion® composite film, Electrochem. Commun. 8 (2006) 201–205.

[26] V.М. Arkhypova, A.L. Bereghetskyy, O.A. Shul'ga, J.М. Chovelon, O.P. Soldatkin, S.V.
Dzyadevych, Sens. Electron Microsyst. Technol. 2 (2005) 48–54.

[27] S.V. Dzyadevych, A.P. Soldatkin, A.A. Soldatkin, V.N. Peshkova, A.D. Vasilenko, V.G.
Melnik, A.A. Mikhal, L.N. Semenycheva, M.P. Rubanchuk, Sens. Electron.
Microsyst. Technol. 3 (2009) 47–53.

[28] Z. Yang, X.J. Liu, C. Chen, P.J. Halling, Hofmeister effects on activity and stability of
alkaline phosphatase, Biochim. Biophys. Acta 1804 (4) (2010) 821–828.

[29] M. Delomenède, R. Buchet, S. Mebarek, Lansoprazole is an uncompetitive inhibi-
tor of tissue-nonspecific alkaline phosphatase, J. Acta Biochim. Pol. 56 (2) (2009)
301–305.

[30] S. Sekiguchi, Y. Hashida, K. Yasukawa, K. Inouye, Effects of amines and
aminoalcohols on bovine intestine alkaline phosphatase activity, J. Enzym. Microb
Technol. 49 (2) (2011) 171–176.

[31] D.T. Swift, D. Forciniti, Accumulation of lead by Anabaena cylindrica: mathemati-
cal modeling and an energy dispersive X-ray study, J. Biotechnol. Bioeng. 55
(1997) 408–419.

[32] N. Rangsayatorn, E.S. Upatham, M. Kruatrachue, P. Pokethitiyook, G.R. Lanza,
Phytoremediation potential of Spirulina (Arthropira) platensis: biosorption and
toxicity studies of cadmium, J. Environ. Pollut. 119 (2002) 45–53.

[33] T.E. Jensen, Cyanobacterial cell inclusions of irregular occurrence: systematic and
evolutionary implications, J. Cytobios 39 (1984) 35.

[34] J.W. Rachlin, T.E. Jensen, B. Warkentine, Morphometric analysis of the response of
Anabaena flos-aquae and Anabaena variabilis (Cyanophyceae) to selected concen-
trations of zinc, J. Arch. Environ. Contam. Toxicol. 14 (1985) 395–402.

http://dx.doi.org/10.1021/ac3003598
http://dx.doi.org/10.1007/s00604-008-0017-2
http://dx.doi.org/10.1111/j.1529-8817.2012.01119.x
http://dx.doi.org/10.3390/s8042569

	Ultra-sensitive conductometric detection of heavy metals based on inhibition of
alkaline phosphatase activity from Arthrospira platensis
	1. Introduction
	2. Experimental
	2.1. Chemical and biological reagents
	2.2. Scanning electronic microscopy
	2.3. Sensor design
	2.4. Conductometric device
	2.5. Electrochemical impedance spectroscopy (EIS) measurements

	3. Results and discussion
	3.1. Immobilization of Spirulina cells
	3.2. Characteristics of kinetics for alkaline phosphatase
	3.3. Inhibition measurements

	4. Conclusion
	Acknowledgments
	References


