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ABSTRACT

The overall objective of this work is to develop and to validate a quantitative, non-invasive diagnosis tool to monitor
the efficiency of colorectal cancer chemotherapy. This paper deals with the validation of a molecularly imprinted
polymer (MIP) thin film’s coating process, allowing high sensitivity of the resulting microsensor. After description
of the Love wave sensor and of the MIP coating process, the functionality of the resulting device is proved with
electrical characterization. Deep characterization of the thin film - morphology and print effect - is proposed, based
on dynamical responses observed under exposure to different vapors. Results point out a good reproducibility of
polymeric films. MIP layers increased responses of sensors to vapors by a factor 3 to 4 compared to bare devices
or to devices coated with non-imprinted polymer (NIP). For example, exposure to 4000mg/m? (2126ppm) of etha-
nol in nitrogen induced a frequency shift of -1.4/-0.4kHz with MIP/NIP-coated sensor, respectively.

Index Terms: SH-SAW sensor, Polymer, MIP, Thin film, gas detection

I. INTRODUCTION

Colorectal cancer is the second leading cause
of cancer related mortality. So it is very important to
treat and detect colorectal cancer as early as possible
because once it spread into lymph and other area
of the body, it become harder to treat. The classic
medical analysis tools such as therapeutic drug
monitoring of cancer is limited and present inherent
drawbacks such us : expensive, poor chemical and
physical long term stability, skilled manpower, long
time analysis [1].

Molecularly imprinted polymer (MIP) as
recognition element of biosensors [2] [3] provide a
promising alternative approach to overcome previous
drawbacks. In recent years, molecular imprinting
technology has found a broad range of applications in
many areas such as chemistry, medicine, biochemistry
or biotechnology. In this technique, functional
monomers organized around a template molecule by
non-covalent [4] or reversible covalent interactions
[5], are enwrapped by the cross linker leading to the
tormation of a highly cross-linked network polymer.

At the end of polymerization and after removal
of the template from the polymers, the resulting
polymer exhibited binding sites specific to the
template molecule [6] [7]. The synthesis technique is
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simple, cheap and the obtained polymers present high
selectivity, and excellent stability that promote their
application in harsh environments, such as in organic
solvent, or at high temperature, and made them ideal
as recognition elements.[8] [9].

Mass-sensitive devices, such as the quartz
crystal microbalance (QCM) or the surface acoustic
wave component, are very advantageous for chemical
sensing. In particular, Love wave devices have shown
their great potentialities in several areas like biological
liquid sensing [10] or gas detection [11], one of the
highest that can be achieved with acoustic devices. This
is mainly due to their guided nature in a thin layer,
which ensures a high confinement of acoustic energy
near the sensing surface. Recent studies showed many
attempts to use acoustic wave sensor for biological
detection of tumor markers with remarkable results.
[12] [13].

In the present work, we developed a Love
wave device based on a nucleotide (adenosine
monophosphate: AMP) as model of target molecule
tor imprinted polymer [14]. The acoustic component
and optimized coating process are described. Then, a
characterization method based on real-time detection
measurements of the coated sensor under ethanol and
toluene exposure is proposed. Results are analyzed and
lead to deeper understanding of the morphology of
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the layer in terms of specific surface area in particular,
by comparison with results obtained on reference
devices (bare or coated with non imprinted polymeric
film — NIP —). The printing effect is also validated
by comparison of vapor detection measurements
with MIP before extraction, after extraction and after
recapture of the target molecule.

Il. SH-SAW SENSOR
A. Transducing device

Figure 1 shows the basic configuration of
the used Love wave sensor. It consists of delay lines
built on an AT-cut quartz substrate. The Love wave
is generated and detected by means of interdigitated
clectrodes (IDTs) deposited on the substrate and prior
to SiO, guiding layer. They are composed of 44 splitted-
finger pairs of gold and titanium (Ti/Au/Ti, total
thickness about 150 nm) with a wavelength 1 (spatial
periodicity) equal to 40 um. The acoustic aperture
and the center to center distance of transmitting and
receiving IDT8 are equal to 401 and 2101, respectively.
An orientation with a wave propagation direction
perpendicular to the X-cristallographic axis is chosen in
order to generate pure shear waves, allowing operation
in a liquid medium. The SiO, layer is realized by
plasma enhanced chemical vapor deposition (PECVD)
to obtain a guided shear horizontal surface acoustic
wave (guided SH-SAW) or Love wave. The acoustic
energy is thus confined near the surface to maximize
the sensor sensitivity. Detailed information about the
delay-line technology can be found in [15].

B. Oscillator configuration
For experimental measurements, Love-wave
delay lines were inserted in the feedback loop of a

radiofrequency amplifier to compensate delay-lines
losses and maintain oscillations.
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Figure 1. Love wave sensor (guided SH-SAW sensor).
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C. MIP thin layer technology process

The critical point in coating acoustic devices is to
obtain reproducible layers, with mechanical properties
well adapted for wave propagation. The preparation
of MIP thin film was based on the adaptation of a
bulk polymerization technique which is often difficult
to control or to reproduce. The principle adopted is
based on spin coating method [16] [17] with control
of deposition parameters.

Firstly, the SiO, surfaces of acoustic wave sensors
were cleaned by soaking them for 15 min in piranha
solution (H,SO,/H,O,) and immersed overnight in
a solution containing 2% (v/v) of 3-(trimethoxysilyl)
propyl methacrylate in toluene [18] in order to
promote adhesion of the MIP layer.

Then, the pre-polymerization mixture containing
the following components: functional monomer
(acrylamide), template (adenosine monophosphate),
porogenic solvent (dimethyl-sulfoxide) and initiator
(2, 2-Azobisisobutyronitrile), was deposited by spin-
coating at 2000 rpm for 10 s.

Finally, polymerization was initiated by UV light
under inert atmosphere. For non-imprinted polymer,
the procedure was similar except for the absence of
print molecule (Fig. 2). Otherwise, the waveguide
region was only covered with the MIP sensitive layer
by masking IDTs with Kapton.

D. Characterization of the layer profile

The profiles and images of the MIP films were
acquired using a stylus profilometer DektakO 150.
The thicknesses of the resulting MIP and NIP thin
films are in the order of a few hundred nanometers
(between 200 nm and 250 nm), with edge effect due
to the masking method used.

The film thickness is one of the main factors
which aftect the detection sensitivity and response time,
it was adjusted in order to obtain an optimal value, also
meeting the sensor insertion losses requirements.
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Figure 2. Schematic representation of the NIP/MIP coating
technological process onto the acoustic wave sensor surface.
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While the Scanning Electron Microscopy
(SEM) in Fig 3, revealed the NIP and MIP films
surfaces morphology and the pores sizes (range from
0.5 to 2um).

E. Electrical characterization of coated sensor

The film coating changes the physical
characteristics of the device. Indeed, due to the
mass-loading induced by the MIP film, the wave is
slowed down yielding an associated decrease in phase
and in center frequency. Figure 4 shows the typical
transmission characteristics S21.

It can be noted on Figure 4.a that the deposition
of the MIP layer induced no additional insertion losses.
On Figure 4.b, the phase of the coated device appears
slightly decreased corresponding to a decrease in
frequency at constant phase as measured in oscillator
configuration.
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(a) (b)
Figure 3. NIP/ MIP films pictures obtained using Scanning
electron microscopy: (a) The NIP film morphology and (b) The
MIP film showed a porous morphology with pores sizes ranging
from 500nm to 2um.

%6:800  1em HDLL

—uncoated - - coated
35
g s
2
=5
& 65
-
% -75
= 5
=
=]
£ 95
-
£
£ -105 . . - . v T v )
= 3 14 115 16 117 18 119 120 121
Frequency (MHz)
(a) Insertion losses (S21)
—uncoated --coated
200 4
T W ) W WP W L
—uncoated coated n " n \ "
200 " " n \ "
100 1\ ~ " K " v '
< m o\ R W\
= ' ' ] !
—~ a ' | I !
< p " ot (O VA ERL A R
Tz Oz AN RV Y YR
1 nes e s w2 |\ | VAV [ o
z -100 1 Frequency (MHz) ALV
é u u Y ' [y \ \ \ \ \
AN BRI AR '
-200

Be e
Frequency (MHz)
(b) phase
Figure 4. Transmission characteristics.
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lll. RESULTS AND DISCUSSION

Gas detection was realized with several vapors
(toluene, ethanol) and concentrations flown past
the sensitive part of the acoustic device placed in a
hermetic chamber. Vapor at a constant flow rate of
0.1 I/min (dry air: nitrogen gas) has been generated
using a gas generator (Calibrage, PUL 110, France).
The ethanol concentration was in the range of 8-200
ppm. Regarding the toluene, concentration was in the
range 8-1000 ppm. The sensor response was recorded
in terms of frequency shift.

A. Morphology comparaison between NIP and
MIP thin films

The first purpose was to assess the morphology
of the polymeric layers (porosity, specific surface area).
The sensors used for these characterizations under gas
exposure were subjected to the extraction step. Typical
responses of the MIP- and NIP-coated Love wave
device with each vapor are represented on Fig. 5 and
Fig. 6. On each set of curves, typical responses of a
bare device are represented as reference, with steady-
state frequency shifts always close to —200/250 Hz, for
both gases and regardless of the concentration. It can
be observed a difference between dynamic responses to
both gases, similar to previous observations [19].
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Figure 5. Real-time frequency of a Love wave sensor coated

with a 200 nm MIP layer in response to toluene and ethanol
concentrations steps.
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Figure 6. Real-time frequency of a Love wave sensor coated
with a 200 nm NIP layer in response to toluene and ethanol
concentrations steps.

Journal of Integrated Circuits and Systems 2014; v.9 / n.2:118-122



Love Wave Sensor Based on Thin Film Molecularlylmprinted Polymer: Study of VOCs Adsorption

Hallil, Aouled, Plano, Delépée, Agrofoglio, Dejous & Rebiére

Indeed the sorption kinetics is slightly faster
for ethanol than toluene, on the reference device, as
well as on the coated devices. This demonstrates a
significant difference between the interactions of the
two gases with the MIP sensitive layer. This could be
used as a tool for discrimination of the two vapors even
at identical concentrations. In addition, the frequency
reaches a steady-state after few minutes for toluene and
less than 1 minute for ethanol.

A higher sensitivity is clearly observed with the
MIP layer rather than the NIP layer, with a factor 3
to 4. Indeed, the MIP possesses a high pore volume
and specific surface area, thanks to the presence of
specific recognition sites in the polymer which are
complementary to the template molecule both in shape
and in arrangement of functional groups.

B. Imprint effect

The other aim was to evaluate the imprint effect
by realizing gas detection before removal of template
from the MIP film, after removal and then after
rebinding of this AMP molecule. The real-time responses
to ethanol and toluene exposure are represented in Fig.
7 and 8. The results point out curve shapes similar for
the three investigated steps, with a change in frequency
dependent on the gas concentration. Above all, it was
also observed than the frequency shifts of the coated

1000 mg/m* 2000 mg/m? 3000 mg/m* 4000 mg/m?

ol T AT

7 / s

-1000 - - - wiHOUT EXTRACTION

AF (Hz)

+++- WITH EXTRACTION

REBINDING

-1500 T T T T T T T T
0 40 80 120 160
TIME (min)

Figure 7. lllustration of formation and breaking of the binding
template (AMP) /monomer with a film coated Love wave device
to toluene exposure.
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Figure 8. lllustration of formation and breaking of the binding
template (AMP) /monomer with a film coated Love wave device
to ethanol exposure.
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sensors, with identical vapor and concentration values,
obtained before removal, after removal and after
rebinding steps, were different and in good agreement
with expected behaviors.

Before removal of the template, all recognition
sites were occupied by AMP molecules, so the specific
surface area is the smallest. After removal of the
template from the polymer matrix, most recognition
sites became available, so the specific surface area of
the MIP film increased and thus the sensitivity. After
interaction with AMP, some of these recognition sites
were occupied again, inducing a decrease of the specific
surface area. These results are consistent if we consider
a mass effect, due to the presence of gas molecules into
the empty cavities.

IV. CONCLUSION

A structure combining the advantages of the
high selectivity of MIP and high sensitivity of Love
wave sensors was proposed. The molecular thin films
have been deposited directly onto the sensor surface by
spin coating in nanometer range. In the experimental
setup, the response of MIP coated sensor under several
gas concentrations was investigated. The results show
that the sensitivity of the NIP-coated sensor was much
smaller than that obtained for the MIP-coated sensor,
with a factor 3 to 4. For comparison, the frequency
variation of the bare device was low and roughly the
same regardless of the concentration of ethanol or
toluene. Furthermore, the imprint effect was assessed
by realizing gas detection with MIP- and NIP- coated
sensors after the extraction of AMP from the MIP
film and after rebinding of the AMP molecule. For
example, exposure to 4000mg/m?®* (1063 ppm) of
toluene induced a frequency shift of -0.5 kHz before
extraction, -1.4 kHz and -0.9 kHz respectively after
extraction and rebinding steps.

The proposed characterization technique
thus enables to evaluate qualitatively the porosity of
MIP and NIP thin films, and gives information on
surface morphology of thin MIP films. Further work
will focus on realizing nucleoside (colorectal cancer
biomarkers) detection with a Love wave device coated
with a new MIP being synthesized, and combined with
a microfluidic system.

ACKNOWLEDGMENT

We would like to thank the National Research
Agency for their support (ANR-2010-TECS-004
CancerSensor) and also Veronique Conedera and
Monique Benoit from LAAS-CNRS for their
collaboration in the Love wave sensors fabrication.

121



Love Wave Sensor Based on Thin Film Molecularlylmprinted Polymer: Study of VOCs Adsorption

Hallil, Aouled, Plano, Delépée, Agrofoglio, Dejous & Rebiére

REFERENCES

[1] L. Alnaim and D. Pharm, “Therapeutic drug monitoring of
cancer chemotherapy”, J. Oncol. Pharm. Practice., vol.13,
2007, Issue 4, pp. 207-221.

P. Turkewitsch ,B. Wandelt , G. D. Darling and W. S. Powell,
“Fluorescent functional recognition sites through molecular
imprinting. A polymer-based fluorescent chemosensor for
aqueous cAMP”, Anal.Chem, vol.70, Issue 10, 1998, pp.
2025-2030.

[3] F. L. Dickert, H. Besenbock, M. Tortschanoff, “Molecular
imprinting through van der-Waals interactions: Fluorescence
detection of PAHs in water”, Adv.Mater, vol.10, Issue 2, 1998,
pp. 149-151.

[4] M. J. Whitcombe , M. E. Rodriguez , P. Villar , E. N. Vulfson,
“A new method for the introduction of recognition site
functionality into polymers prepared by molecular imprinting:
Synthesis and characterization of polymeric receptors for
cholesterol”, J. Am. Chem. Soc., vol.117, Issue 27, 1995, pp.
7105-7111.

[5] D. A. Spivak and K. J. Shea, “Binding of nucleotide bases by
imprinted polymers”, Macromolecules, vol.31, Issue 7, 1998,
pp. 2160-2165.

[6] G. Wulff, J. Vietmeier, H.G. Poll, “Enzyme-analogue built
polymers. 22. Influence of the nature of the crosslinking
agent on the performance of imprinted polymers in racemic
resolution”, Makromol. Chem, vol.188, 1987, pp. 731-740.

[2

—

[7] K. Mosbach and O. Ramstrém, “The emerging technique of
molecular imprinting and its future impact on biotechnology”,
Bio/Technology, vol.14, Issue 2, 1996, pp. 163-170.

K. E. Sapsforda, C. Bradburneb, J. B. Delehantyb, I. L.
Medintzb, “Sensors for detecting biological agents”, Mater.
Today; vol.11, Issue 3, 2008, pp. 38-49.

—
co
[l

<

K. Haupt and K. Mosbach “Molecularly imprinted polymers
and their use in biomimetic sensors”, Chem. Rev., vol.100,
Issue 7, 2000, pp. 2495-2504.

[10] I. Gammoudi, H. Tarbague, A. Othmane, D. Moynet,
D. Rebiére, R. Kalfat, C.Dejous., “Love wave bacterial
biosensors for the detection of heavy metal toxicity in liquid
medium”, J.Biosens .Bioelec., vol.26, Issue 4, 2010, pp.
1723-1726.

122

[11] C. Zimmermann, D. Rebiére, C. Déjous, J. Pistré, E.
Chastaing, R. Planade, “A Love-wave gas sensor coated with
functionalized polysiloxane for sensing organophosphorus
compounds”, Sens. and Act. B, vol.76, Issue 1-3, 1997, p.
668-679.

[12] Y. Uludag and IL.E. Tothill, “Development of a sensitive
detection method of cancer biomarkers in human serum
(75%) using a quartz crystal microbalance sensor and
nanoparticles amplification system”, Talanta, vol. 82, Issue 1,
2010, pp. 277-282.

[13] LLE. Tothill, “Biosensors for cancer markers diagnosis”,
Semin.Cell.Dev Biol., vol.20, Issue 1, 2009, pp.55-62.

[14] F. Breton et al., Molecular imprinting of AMP by an ionic-
noncovalent dual approach, J.Sep.Sci, vol.32, 2009, pp.
3285-3291.

[15] F. Razan, C. Zimmermann, D. Rebiére, C. Dejous, J.
Pistré, M. Destarac, B. Pavageau, “Radio frequency thin film
characterization with polymer-coated Love-wave sensor”,
Sens. and Actuators, vol.108, Issue 1-2, 2005, pp. 917-924.

[16] R.H. Schmidt, K. Mosbach, K. Haupt, “A simple method for
spin-coating molecularly imprinted polymer films of controlled
thickness and porosity”, Adv. Mater, vol.16, Issue 8, 2004, pp.
719-722.

[17] J.S. Mitchell, “Spin-coated methacrylic acid copolymer
thin films for covalent immobilization of small molecules on
surface plasmon resonance substrates”, European Polymer
Journal, vol.47, Issue 1, 2011, pp. 16-23.

[18] Q. He, F. Sévérac, H. Hajjoul, Y. Viero, A.Bancaud, “Directed
assembly of nanoparticles along predictable large-scale
patterns using micromolded hydrogels”, Langmuir, vol.27,
Issue 11, 2011, pp. 6598-6605.

[19] L. Blanc, A. Tetelin, C. Boissiére, C. Dejous, D. Rebiére,
“Mesostructured TiO2 and SiO2 as high specific surface area
coatings for vapor Love wave sensors”, J. Sensor Letters,
vol.9, Issue 2, 2011,p p. 763-766.

Journal of Integrated Circuits and Systems 2014; v.9 / n.2:118-122



