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a b s t r a c t

Environmental pollution by toxic heavy metals (HM) presents a real threat for aquatic medium and human
health. Therefore aquatic ecosystem management requires early warning systems for on line monitoring.
Microtechnologies can give rise to innovative bio-inspired hybrid microsensors, likely to meet this need
and providing cost reductions by reducing reagents consumption and manufacturing cost.

This work deals with a bacteria-based Love wave sensor, with enhanced properties provided by inte-
gration of a polydimethylsiloxane (PDMS) microfluidic network for a better control of the sample flow,
and devoted to in situ monitoring of Cd(II) and Hg(II). Whole Escherichia coli (E. coli) bacteria are used
as bioreceptor, mimicking in vivo enzymatic activity. They were immobilized on polyelectrolyte multi-
layer (PEM) films realized using layer by layer technique (LbL) with alternatively adsorption of positive
and negative chains. The acoustic delay line was inserted into an electronic oscillation loop for real time
monitoring.

Compared to previous work, this paper deepens the results obtained with two types of microfluidic
chips (measurements in static and dynamic modes), including analysis in terms of reproducibility. These
results are analyzed and interpreted thoroughly leading to assumptions about the phenomena involved
in the detection mechanisms. These hypotheses are validated through a pioneering study with atomic
force microscopy (AFM), performed to characterize bacteria adhesion and to establish the relationship

between bacteria morphological evolution and mechanical properties. AFM was chosen for its ability to
maintain the bacteria alive during the experience without inducing irreversible damage.

The resulting microsystem led to efficient HM detection, characterized by a reduced response-time
(less than 60 s) and a detection limit inferior to 10−12 M. AFM measurements have demonstrated a high
bacterial attachment and the stressing effect of toxic HM on bacterial morphological state. These results
are consistent with those obtained from Love wave measurements.
. Introduction

Heavy metal (HM) pollution is posing significant threats to the
nvironment and serious public health problems because of its

oxicity (Bertin et al., 2006, [1]), non-biodegradability and bio-
ccumulation [2,3]. Indeed, HM may enter the human body through
ood, water, air or by skin absorption, and they become toxic when

∗ Corresponding author at: Univ. Bordeaux, IMS, CNRS UMR 5218, IPB, Univ. Bor-
eaux 1, 351 crs Libération, 33405 Talence, France.

E-mail address: ibtisem.gammoudi@u-bordeaux1.fr (I. Gammoudi).
they are not metabolized by the body and accumulate in the soft
tissues. Therefore, it is important to be aware of risks, to be able to
track HM and to understand how they act in order to take protective
measures against excessive exposure.

Many techniques as X-ray fluorescence [4], atomic emission
[5] or absorption spectrometry [6] or chromatography [7] are
employed for metal detection but these methods are poorly suited
to in situ analysis.
Sensor is seen as a benefit compared to other means which are
heavy and cumbersome. In recent years, biosensor has become
an integral part of all technological advances [8,9]. Several sen-
sors have been developed for toxic compounds detection including
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Fig. 1. (a) Schematic view of a dual surface acoustic Lov

admium HM [10,11]. The aim of this study is to develop portable
nd disposable sensors. The use of bacteria as a bioreceptor mim-
cking in vivo enzymatic activity, can allows us to move from a

ulti-enzyme to a cellular bioreceptor, from in vitro to in vivo bio-
hemical recognition. It is also a good way to study effects of HM
n microorganisms, as HM generally exert an inhibitory action on
icroorganisms by blocking essential functional groups, displac-

ng essential metal ions, or modifying the active conformations of
iological molecules [12,13]. Exposure to HM ions can also lead to
ellular disfunctioning like DNA damage [14], enzyme alteration
nd cell membrane disruption [15].

Biochemistry analysis systems used with microelectronic
echniques are widely used in biosensor’s field. Therefore the
tudy of microfluidic sensor has become an important aspect
f the analytical instrumentation. One of the polymers com-
only used in developing micro-biosensor operating in liquid
edium is poly-dimethylsiloxane (PDMS) [16–18], due to its

ersatile and favorable properties, which include non-toxicity,
iocompatibility, flexibility, low cost, and easy fabrication [19].
icrofluidic devices obtained by photolithography and mold-

ng are now widely used because of their numerous advantages
uch as sample holding, reagent mixing, separation and detection
20,21].

In this paper, we present a hybrid structure combining PDMS
icrofluidic chip for flow control and bacteria-based Love wave

ransducer, devoted to in situ monitoring of HM for environmental
ontrol applications. Materials and methods involved in the device
re presented in Section 2. Then, results obtained during PEM and
acteria deposition, as well as during detection of Mercury and
admium, are exposed and analyzed. They are compared to previ-
us results obtained with PDMS cell for static measurements [22],
ringing to light enhanced response time and sensitivity allowed
y dynamical measurements with microfluidic pattern. Monitoring
f bacterial stress with AFM is also used for a better understanding
f mechanisms involved in the interaction between bacteria and
M.

. Materials and methods

.1. Love wave sensor

The surface acoustic wave component has been chosen for its
umerous advantages, specially high sensitivity, real-time work-
ng, robustness and versatility due to mechanical transducing
ffect. Details on the device can be found in ref. [23]. Briefly, it
onsists of a dual delay line deposited on an AT cut quartz sub-
trate (Euler angles: 0◦, 121.5◦, and 90◦) used as the piezoelectric
e (b) hydrostatic PDMS cell (c) microfluidic PDMS cell.

material. For each delay line, both Interdigital Transducers (IDTs)
used for piezoelectric emission and reception of acoustic wave are
made by sputtering 70 nm of gold on a 30 nm titanium layer to
achieve a good are made by sputtering 70 nm of gold on a 30 nm
titanium layer to achieve a good surface adhesion. IDTs are com-
posed of 44 Ti/Au splitted-finger pairs with a periodicity (�) of
40 �m. The acoustic path length is 164� (between both IDTs), and
the IDTs aperture (W) is 39� [24]. A 4 �m plasma enhanced chemi-
cal vapor deposited (PECVD) SiO2 layer is used as the guiding layer.
Finally, the SiO2 was etched upon electrical contacts. These charac-
teristics lead to a guided shear horizontal surface acoustic wave
(guided SH-SAW), also called Love wave, with synchronous fre-
quency f0. This synchronous frequency is real time monitored with
oscillating electronics [21] and represents the output signal of the
sensor. It decreases typically upon added surfacic mass, and is also
sensitive to other mechanical effects such as viscoelastic modifica-
tions [25].

2.2. PDMS chips

PDMS chips have been developed within previous works [26],
in order to confine and control the fluid samples on the sensor
surface. PDMS is a biocompatible material with interesting proper-
ties such as optical transparency, fast prototyping and good sealing
properties on glass. The PDMS cell for static and dynamic measure-
ments are schematically represented on Fig. 1b and can be briefly
described. Both have chambers localizing fluids samples on the
sensitive acoustic path between IDTs and air cavities upon IDTs
to avoid capacitive coupling with conductive liquids. Both types of
PDMS chips were pressed on the Love-wave component, instead of
glued on it, in order to preserve easy surface accessibility. In the
static configuration, fabrication process can be found in ref. [26],
fluid samples were introduced with a micropipette in the open
chambers. In the dynamic configuration micro channels were real-
ized using standard soft photolithography methods [27] by means
of silicon wafer with spin-coating of a SU-8 resin at 2000 rpm to
obtain a negative mold with 200 �m membranes as polymer tem-
plate, together with micromachining for external 3D shapes. The
PDMS chip was then formed from a liquid PDMS oligomer and a
cross-linking agent (weight ratio of 9:1). Both components were
mixed and put with a syringe pump at flow equal to 1 ml/min to
obtain a good homogenization of PDMS in the mold. After that,

PDMS was cured for 20 min at 95 ◦C and the resulting chip with the
microfluidic network pattern was peeled of from the mold. Using
a home-made test cell maintaining the PDMS chip with proper
alignment and sealing on the Love wave device, the fluid sample
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as pulled through the acoustic path with programmable syringe
umps.

.3. Chemical and biological materials

The sensitive biofilm of bacteria has been immobilized onto
he surface of the Love wave platform through Polyelectrolytes
PE) multilayers. Polyelectrolytes used in our studies are a poly-
ation, poly(allylamine hydrochloride) (PAH) (MW = 56 kDa), and a
olyanion, poly (styrene sulfonate) (PSS) (MW = 70 kDa), both pur-
hased from Sigma–Aldrich. Adsorption of PE was done from TBS
Tris Buffered saline) solutions of constant ionic strength (0.15 M)
ith a concentration of PE at 0.5 g/l.

PE were deposited through the “layer-by-layer” (LbL) method
28] resulting in self-assembled molecular multilayers PAH-
PSS-PAH)n. Typically, PAH and PSS solutions were alternatively
eposited, adsorption and rinsing steps were then repeated to
btain a desired numbers of PE layers. In this work the PAH-PSS
i-layers ended with a PAH layer (positively charged) were used
o immobilize E. coli (negatively charged). This bacterium is used
s bioreceptor because of its sensitivity to HM, as presented in
he introduction part. E. coli, acquired from the Centre d’Etudes du
ouchet (DGA, France), were grown overnight in Petri dishes con-
aining LB solid agar nutritive medium. They were suspended in
.15 M TBS (buffer) to obtain a final D.O. (optical density at 600 nm)
qual to 0.6 corresponding to concentration of 108 cells/ml, that
llowed good coverage of the biofilm on the sensor surface (results
ot shown).

The reference solutions of cadmium and mercury were prepared
rom Cd(NO3)2·(H2O)4 and Hg(NO3)2·(H2O) (from Sigma–Aldrich)
n the same TBS buffer (0.15 M). The platform was subjected to four
elected concentrations of each metal: 10−12 M, 10−9 M, 10−6 M
nd 10−3 M. These concentrations were chosen as representative to
tudy the sensitivity and reproducibility of the device over a large
ange and to evaluate the interest of such a sensor for environmen-
al applications.

.4. Atomic force microscopy

AFM was used to probe bacteria morphology and behavior in a
hysiological environment and in real time. In this work, the effect
f the Cd2+ concentration on the bacterial cell surface behavior was
xamined.

AFM experiments were carried out with a Bioscope II mounted
n an Olympus inverted optical microscope and operating with
he NanoScope V controller (Veeco-Brucker, Santa Barbara, CA).
his technique is based on the detection of small forces existing
etween a tip and an object (the surface sample) which is scanned
long the tip with a piezo scanner (maximum XYZ scan range of
50 �m × 150 �m × 12 �m). The tip is attached on one end of a
antilever which is “built in” at the other end. This technique can
enerate information such as topography and mechanical prop-
rties at the nanometer level. Indeed, images obtained with AFM
rovide not only information about the (2D and 3D) topography of
he studied sample (bacteria morphology) but also its mechanical
roperties such as adhesion, elasticity, viscoelasticity or chemi-
al composition with friction and/or phase images [29–33]). In
he present work, experiments were achieved in liquid and with
he AFM contact mode. So, first, the biosensor surface is scanned
n the three directions of space (imaging mode), this allows, for
xample, to provide information such as bacteria density on the
iosensor surface, bacteria morphology (shape and size), etc. Then,

nd in order to access to the bacteria mechanical properties, force
urves (FC) are obtained and collected from measuring the can-
ilever deflection as the sample was moved toward the tip in the z
irection (spectroscopic mode).
All data presented in this paper were generated with the same
cantilever (the spring constant of the cantilever used was nomi-
nally of about 0.58 N/m) and an imaging scan rate at 0.5 Hz. For each
experiment, four images were recorded at the same time: trace and
retrace height images, trace deflection image (signal error) and fric-
tion images (mechanical properties) [35]. For more clarity, images
are flattened and only the trace height ones are shown in this paper.

3. Results and discussion

3.1. Acoustic responses during polyelectrolytes multilayers and
bacteria deposition

The real-time characterization of PE multilayer coating is based
on the modification of the acoustic wave phase velocity and so the
oscillator frequency, due to mass loading of the surface.

Also, the frequency variation in real time has allowed us to
optimize the flow rate. Indeed, we have selected each time a flow
rate involving an improved frequency variation within the shortest
time.

We will discuss in the following the results obtained for different
stages of development and realization of biosensor.

The steps of the Fig. 1a (top curve) show a fast decrease in
real-time signal during the injection in micro-flow of both PE alter-
natively, followed by signal stabilization that needs only a few
minutes after each PE indicating the end of the adsorption step.
Optimal throughput was set at 20 �l/min. It is observed that for
each one of the three bilayers, the steady-state frequency change
increases with each new injection (Fig. 1a, bottom). This curve also
highlights the good reproducibility of these results. It has been
shown that a cleaning step was needed at the end of each layer,
unlike when using a PDMS chip for static measurements, for which
rinsing steps seemed to be unnecessary, as similar frequency shifts
were obtained, compared to same protocol with rinsing steps [22].

Bacteria immobilization was then monitored in real-time. An
optimal flow rate was found to 15 �l/min. It was observed a
decrease of electronic signal, followed by signal stabilization after
20 min. A frequency variation 3–5 times greater than the variation
found for the immobilization of bacteria in static mode [22] was
obtained.

In parallel, a study was performed by AFM to optimize the pro-
tocol for the polyelectrolytes deposition in order to ensure full
substrate coverage with homogeneous film and reduced number
of aggregates.

3.2. Acoustic responses during mercury and cadmium detection

The real-time responses to different concentrations of Cd2+ and
Hg2+ were studied (Fig. 2). Optimal throughput was set at 15 �l/min
for heavy metals. Note an increasing frequency in the presence
of heavy metals by increasing the levels and up to 10−3 mol l−1,
with a detection threshold better than to 10−12 mol l−1. Beyond
10−3 mol l−1, a significant decrease in the frequency of several
kilohertz can be observed. It was attributed to physico-chemical
interactions, as similar effect is observed with a control line with
PE and without bacteria (results not shown). This effect can partly
explain the degradation of reproducibility appearing at high con-
centrations (10−3 M).

More generally, these phenomena can be attributed to changes
in the viscoelastic properties, related to changes in the bacte-
rial metabolism. Indeed, HM interact with the constituents of the

membrane and inhibit some enzymatic activities of bacterium
inducing a decrease in its viability. Qualitatively similar effects
were observed previously, when compared with the static con-
figuration where the solutions were injected with micropipette
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ig. 2. (a) Typical responses for PEM deposition with a microfluidic cell, top: real-
nd reproducibility (circles: PAH, squares: PSS), mean values and error bars have be
requency responses to bacteria immobilization for static (top) and hydrodynamic (

22]. It should be noted that characteristics have been improved
ith microfluidic system: the response time has been significantly
educed with effective detection within 60 s, and the sensitivity
as been enhanced (Fig. 2c), with detection limit still inferior to
0−12 M. These results demonstrate the importance of conduct-

ng tests under dynamic conditions. Also, the rate of injection of

ig. 3. Response of the hybrid sensor to Cd(II)and Hg(II): (a), (b) (top curves).Typical rea
mmobilization and increasing concentrations of Cd(II) (a) and Hg(II) (b). (a), (b) (bottom

ean values and error bars have been calculated from 4 experiments with different dela
eavy metals detection with static and hydrodynamic protocols.
requency; bottom: steady state frequency shift due to one PE layer (PAHi or PSSi)
culated from 5 experiments with different delay-lines, (b) Comparison of real time
m) protocols.

liquid and route to the sensitive surface of the sensor, as well as
the flows form, significantly affect the interaction effectiveness

between bacteria and the sensitive layer, as well as the effect
mechanically induced on the transducing platform and therefore
the response time and overall sensitivity. Thereby, with smaller
analysis chambers (100–300 �m in height), and a better distri-

l time frequency shifts (base frequency: 116,383 MHz) during E. coli (bioreceptor)
curves). Steady-state frequency shifts vs. Cd(II) (a) and Hg(II) (b) concentrations,

y-lines. (c) Comparison of cumulative steady-state frequency shifts |F-F0| (kHz) to
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ig. 4. Bacteria population before (a) and after (b) addition of cadmium metal (cont
ue to the elastic behavior of the bacteria before and after addition and (e) Force cu

ution of liquid, the response time and in some cases the sensor
ensitivity, can be improved.

The reproducibility was also verified and some results are
eported on Fig. 1a (bottom) and Fig. 2a (bottom). As for PE and
acteria, responses to low concentration of HM show a good repro-
ucibility. The degradation appeared at 10−6 M and 10−3 M.

.3. Monitoring of bacterial stress by AFM

Thorough investigation of bacteria morphology and mechanical
roperties evolution as function of heavy metal concentration was
ade with AFM measurements. Among results, it appeared that
M (Cd2+) had a definite effect on the behavior of the bacterial
opulation immobilized on the biosensor.

Fig. 3a shows typically rod-shaped cells with smooth surfaces
ell attached on substrate. The addition of Cd2+ induced consid-

rable damages resulting from changes on bacterial morphology
Fig. 3b) and on its adhesive properties. Indeed, a detachment of
acteria of the substrate can be observed (bacteria 3) following
canning tip while other bacteria remained attached (Number 1 and
) but one can observe that their contours became less well defined
hich suggests a modification of the bacteria integrity. Besides, the
FM tip motion destabilized bacteria because it was sensitive to the
xternal strain. This is result of hydrodynamic forces large enough
o remove the cell (probably become less stable and less adherent),
nvolving its displacement and then its detachment from substrate
fter a few scans (results not shown).

In order to complete this AFM study, we carried out nanoin-
entation comparative experiments on bacteria before and after

njection of heavy metals (Fig. 3c). The obtained force curves
re consistent with topographic results. Firstly, unlike the results
btained before injection of heavy metals, cells responses in pres-
nce of Cd2+ are not reproducible. In fact, approach-retract curves

iffer from one cell to another and from one area of the cell to
nother, indicating important variability in cell stiffness linked
o variable states of degraded cells. Second, and from a qualita-
ive point of view, superposition of approach curves obtained with
de AFM in liquid medium), (c) longitudinal profile of the bacterium (d) Force curve
om, longitudinal profile of the bacterium.

bacteria after addition of Cd2+ to those of the substrate (PE layers)
indicates the loss of cell elasticity behavior which can be correlated
with degradation of bacteria. Also by analyzing the retract curve
in the presence of cadmium, one notices the presence of several
negative cantilever deflections while withdrawing the probe from
the bacteria surface indicating tip contamination with the bacte-
rial degraded cell content. In order to make a quantitative study,
it would be interesting to follow the cell elastic behavior [29,33]
when varying gradually the cadmium concentration. We plan to
carry out this study in the very near future.

Fig. 4.

4. Conclusion

A bacterial based Love wave microsensor was presented. Asso-
ciated to new hydrodynamical PDMS chips integrating microfluidic
network, this platform has lead to fast heavy metals detection, with
efficient detection in less than 60 s with enhanced sensitivity and
a detection limit better than 10−12 M compared to the work of
Stobiecka et al. [34] with a limit of detection LOD of 19 nM. AFM
has emerged as a good complementary technique in this study.
We observed real-time cell degradation following heavy metals
injection through AFM images and force measurements on E. coli
bacteria confirming the assumptions made on the basis of the
results obtained with Love waves. This overall work put to evi-
dence the interesting of this hybrid approach mixing electronics
and micro-organisms for efficient detection of heavy metals, spe-
cially at very low concentration (<10−6 M).
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