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Laser photoablation of poly(ethylene terephthalate) (PET),
a flexible dielectric organic polymer, was used to design
an acoustic miniaturized DNA biosensor. The microchip
device includes a 100-gym-thick PET layer, with two
microband electrodes patterned in photoablated micro-
channels on one side and a depressed photoablated disk
decorated by gold sputtered layer on the other side. Upon
application of an electric signal between the two elec-
trodes, an electroacoustic resonance phenomenon at ~30
MHz was established through the microelectrodes/PET/
gold layer interface. The electroacoustic resonance re-
sponse was fitted with a series RLC motional arm in
parallel with a static Cy arm of a Buttlerworth—Van Dyke
equivalent circuit: admittance spectra recorded after
successive cycles of DNA hybridization on the gold surface
showed reproducible changes on R, L, and C parameters.
The same hybridizations runs were performed concomi-
tantly on a 27-MHz (9 MHz, third overtone) quartz crystal
microbalance in order to validate the PET device devel-
oped for bioanalysis applications. The electroacoustic PET
device, ~100 times smaller than a microbalance quartz
crystal, is interesting for the large-scale integration of
acoustic sensors in biochips.

Poly (ethylene terephthalate) (PET) (Chart 1) is one of the most
widely used thermoplastic polymers,! with many applications in
everyday life encompassing different manufactured objects such
as bottles, clothes, wire coatings, and electrical switches. Because
PET is constituted of a main polymer chain having active primary
(o) and secondary (B) dielectrically relaxation processes,” " it has
attracted much interest for fundamental investigations by dielectric
relaxation spectroscopy,® a thermally stimulated discharge
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Chart 1. Polyethylene Terephthalate (PET)
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current,®®°and final isothermal discharging current techniques
to analyze charge transport and trapping in highly insulating
materials. The study of dielectric response of polymeric systems
is an excellent diagnostic tool since it reflects the molecular
structure, dipole motions and their mutual influence inside
semicrystalline or amorphous materials.

As a transparent material, PET has also found applications for
the design of biosensors as a support material for biomolecules.
Also, its surface properties can be easily tailored by physical or
chemical means, which is useful for patterning purposes.'? From
a biosensor manufacturing viewpoint, laser photoablation is a
method that enables production of microfluidic chips used in
chromatographic separation coupled to mass spectrometry.*~1°
Photoablated PET presents on its surface ionisable groups,'®
which can be used to generate electroosmotic flows when they
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are in contact with a solution'®® and therefore presents interesting
potentialities for designing microfluidic chips.®

Different methods have been proposed for the detection of
adsorbed molecules on PET. For example, laser-induced fluores-
cence confocal microscopy was optimized'”!® to investigate the
adsorption of a fluorescently labeled antigen (immunoglobulin G)
on PET microchannels. In another domain, supercapacitive
admittance tomoscopy was developed to study the capacitive
coupling across a thin PET layer separating microband electrodes
from the solution.!® Adsorption of charged biomolecules of a
flowing solution on the surface of a PET-modified microchannel
induces device capacitance changes. Hence, depending on the
amplitude of the capacitance variation, the concentration of
biomolecules can be determined.

Recently, ultrasonic transducer and made of highly piezoelec-
tric elastic PET films using a thickness extension resonance? at
120—150 kHz frequencies were reported as promising devices.
This advanced technology requires a physical foaming treatment
of PET in supercritical CO; at high pressure followed by a heat
treatment (above the glass transition temperature Ty) in order to
stabilize the structural changes.?°® The final treatment was
achieved by application of a high voltage to induce dipolar
polarization in the internal voids of the PET film, which can be
used as ferroelectric or in electroacoustical transducer.2’¢ How-
ever, except when chemical and physical treatments are carried
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Figure 1. Aspect of semicrystalline PET after laser photoablation at 250 mJ cm ™2,

out to turn PET into a piezoelectric active film, it is not possible
to use raw PET in such devices.

Nevertheless, on close inspection, some important aspects
about the photoablation treatment of PET have to be taken into
account due to its unusual thermodynamic conditions (high
temperature, high pressure). It is reasonable to think that such a
treatment has important consequences on the properties of the
photoablated polymer as mentioned previously. Several authors?!~%*
have studied the photoablation process on polymer materials at
different fluences for amorphous and semicrystalline samples with
an accepted value for melting the polymer surface around 80 mJ
cm ™2 (ArF, 193-nm laser).2'*® The most suggested phenomenon
is described as a photochemical process coupled with photother-
mal degradation.?'¢?4#?® The challenge is to understand clearly
the working mechanism of such treatment related to the imposed
unusual thermodynamic conditions, such as high temperature
(~900 °C) and high pressure (a few hundred bars), created by
the laser that lead to the formation of new phases on the polymer
substrate.?'f Indeed, in the case of PET, Watanabe et al.>* have
proposed a resulting structure that consists of an ablation layer,
a fusion layer, and a layer heated above the glass transition
temperature. For each layer, the thickness increased with the
increase of the irradiation energy with threshold fluence of the
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laser excimer. Figure 1 illustrates the result obtained on a sample
of semicrystalline PET after photoablation using a 193 nm laser
at 250 mJ cm 2. A surface roughness appears in the photoablated
area, displaying regular valleys and hills in a micrometer scale.
Lazare et al.2'®f have investigated the surface properties of two
photoablated polyesters, poly(ethylene naphthalate) and PET,
using a plethora of different techniques like atomic force micros-
copy, scanning electron microscopy (SEM), transmission electron
microscopy, ellipsometry, and quartz crystal microbalance (QCM),
in order to enlighten the origin of such a relief on the surface.
The most interesting result in their work, which can help to
interpret Figure 1, is the enlightenment on the mechanism of
formation of the regular bumps at the top of each hill resulting
from the solidification of a viscous liquid flow constituted by a
mixture of ablation products (monomers and gases). Nevertheless,
the authors have noted that, for two samples which are ablated
with a micropatterned single pulse of KrF laser, bumps appear
only on a PET (semicrystalline, 60%) and not on PET (amorphous,
100%).2!f They have correlated this absence of bumps on amor-
phous PET to its much lower density than for the crystalline PET,
which facilitates a better mix between the heated amorphous PET
layer with the viscous liquid flow of supercritical media or
superheated states. In addition, crystallinity measurements with
spectroscopy (u-confocal Raman) confirm the slight changes in
surface crystallinity, and Raman imaging shows a more homoge-
neous surface, after laser photoablation.?® In other words, bumps
can be seen as nanocrystalline particles that induce these
modifications on the surface properties. Therefore, photoablation
induces changes in the PET that can be considered as similar to
those imposed by the treatments inducing piezoelectricity reported
in the literature.

Until now, schemes of QCM miniaturization were limited from
a technological point of view because microsized crystals are
extremely brittle and hard to integrate in microchips. Hence, a
strategy to design miniaturized electroacoustic DNA biosensors
using flexible photoablated PET is reported in this work. The
resonator consists of two microelectrodes embedded in a PET
thin film covered with a gold layer. The electroacoustic admittance
response of the device around the resonance was measured with
a network analyzer in order to monitor interfacial reaction in the
vicinity of the gold layer in contact with the liquid media. The
performances of this acoustic microchip, for analytical biochem-
istry applications, were evaluated in the case of DNA detection
and compared to DNA detection based on classical QCM.

EXPERIMENTAL SECTION

Chemicals. MgCl, and NaCl were from Sigma Aldrich
(biochemical grade); 20-base 5'-thiol-C¢-DNA probe and comple-
mentary 40-base DNA target were from Eurogentec (oligold
quality); and water was double-distilled and deionized. The DNA
probe is the complementary strand of a gene sequence encoding
for a large rRNA subunit of Alexandrium minutum DNA, a
microalgae that produces neurotoxins responsible for paralytic
shellfish poisoning on European?® and Asian?® coasts.
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Quartz Crystal Microbalance. The resonator of the microbal-
ance was an AT-cut planar piezoelectric quartz crystal, 14 mm in
diameter and 180 um thick, with a 9-MHz nominal resonance
frequency (Matel-Fordhal). Two identical gold electrodes, 2000
A thick and 5 mm in diameter, were deposited by evaporation
techniques on both sides of the quartz crystal with a 250-A
chromium underlayer. The resonator was connected by a silver
conducting paste to wires. The quartz crystal was mounted
between two O-ring seals inserted in a homemade plexiglass cell
with a 50-uL volume. Only one gold-coated face of the quartz
crystal was in contact with the cell solution. The apparatus
included a micropump (Pharmacia) to ensure a 50 L min !
constant flow of the solutions in the quartz cell. A laboratory-made
oscillator was designed to drive the quartz at 27 MHz, which
corresponds to the third resonator overtone. To improve the
stability, all the oscillator system was temperature-controlled
thanks to a heater monitor (Watlow) with temperature stability
better than 0.1 °C. The frequency was monitored by a laboratory-
made software (C language) and measured with a frequency
counter (PM 6685 Philips).

Admittance Measurements for PET Microchip. The ex-
perimental setup was built by coupling the microchip to a network
analyzer (HP 4194A) to apply the frequency and record the
electrical admittance of this device. During the DNA hybridization,
the frequency of the PET microchip and its admittance were
sequentially measured by using an electronic switch. All the
experimental setup was computer-controlled through a laboratory-
made software (HP-VEE language). The electrical admittance
measurements were performed automatically with a 10-mVpp
perturbation signal.

Microelectrodes and PET Photoablation. A PET 100-um-
thick sheet (Melinex®’) was photoablated'®* using a 193-nm argon-
fluor excimer laser (Lambda Physik LPX 2051) in order to obtain
a depressed disk with a depth of 10 um and a diameter of 2 mm
(Scheme 1a and b). The repetition rate of the laser pulses is varied
from 1 to 50 Hz with a fluence per pulse at 250 mJ cm ™2 under
high-power conditions (40 MW). After photoablation, the debris
produced by the laser ablation process was removed by rinsing
with 2-propanol. On the other side of the PET film, two parallel
microchannels with a depth of 50 um and a width of 100 um were
photoablated perpendicularly to the surface (Scheme 1c and d).
The separation between these two parallel microchannels was
equal to 100 um. The two channels were then filled with a
commercial silver paste (ElectraQ ED3000 Electra Polymers).
Another film of PET was laminated on the face of the PET film
including the two Ag electrodes, by heating at 60 °C for 4 h
(Scheme 1). A thin Au layer of 15 nm was deposited by dc plasma
sputtering on the PET disk in order to graft thiol-labeled DNA
probes (Scheme 1c). The microelectrodes were connected by a
silver conducting paste to wires. The microchip was mounted
between two O-ring seals inserted in a laboratory-made plexiglass
cell. Only the gold-coated face was in contact with the cell solution.

RESULTS

DNA Hybridization Investigated with a QCM. A QCM DNA
biosensor was designed as a reference system to compare the
performances of the PET microchip presented in this article.

(30) MacDonald, W. A. J. Mater. Chem. 2004, 14, 4-10.



Scheme 1. (a) Top View SEM Micrograph of a Photoablated Sheet PET Disk (Zone 2),
Nonphotoablated Part (Zone 1). (b) Cross-Sectional Section View of the 10-um-Thick PET Disk. (c) Top
View of the Device, PET Disk Coated with a 15-nm Gold Layer (Zone 3). (d) Cross-Sectional View of
the Device: Trapezoidal Band Electrode Cross Section in Black (Zone 4) in Contactless Configuration
(Zone 5) with the Gold Layer Deposited by Sputtering (Zone 3)
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Scheme 2. DNA Immobilization and
Hybridization on the Gold-Covered Quartz
Surface
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Scheme 2 describes the immobilization of a probe on the
transducer surface followed by the hybridization of a DNA—target.
A 260-Hz frequency drop Afne Was observed during the im-
mobilization of the DNA—probe at 1.7 uM in 0.5 M NaCl and a
230-Hz frequency decrease Afiyeet during hybridization of the
DNA—target at 1.7 uM in 107> M MgCl, (Figure 2). The
hybridization ratio of number of DNA hybridized target 7yrget
versus DNA immobilized probe 7, is given by

_ ntarget _ Af targeM probe
nprobe Af;)robeM target

@

where M is the molecular weight of the 20-base disulfidle—DNA
probe (6.10° g mol™) and Miue the molecular weight of the
complementary 40-base DNA—target (12.10° g mol ™). The 7 value
experimentally found from eq 1 was 44%, which was consistent
with previous results on the same biosensor, close to 40%.31732

The same immobilization and hybridization runs were performed
on the PET microchip.

Resonance in the PET Microchip. To validate our hypoth-
esis about the possibility of PET piezoelectricity induced by
photoablation, the electroacoustic response of the device was first
tested. The electroacoustic response of the device was studied
upon application of a 10 mVpp perturbation in a frequency range
from 2 to 50 MHz. Electroacoustic admittance modulus and phase
curves (Figure 3a) present three resonance phenomena, at 11.2,
22.4, and 29.6 MHz. These three resonance waves correspond to
propagation of mechanical vibration in PET. The resonance at 22.4
MHz is attributed to the first harmonic of the fundamental
resonance at 11.2 MHz. The electroacoustic admittance around
this resonance at 30 MHz will be used to monitor interfacial
reactions in liquid media in the vicinity of the gold layer in order
to design a DNA—biosensor.

DNA Hybridization Investigated with the PET Microchip.
The characteristics of a damped quartz crystal®* 3¢ (Scheme 3a)
can be represented by a Buttlerworth—Van Dyke (BVD)*" electri-
cal equivalent circuit consisting in a RLC motional arm in parallel
with a Cy static capacitance (Scheme 3c).

The electroacoustic resonance response of the PET device was
well fitted with this BVD equivalent circuit. Figure 4 displays the
admittance modulus spectra where the frequency span covers the
complete resonant region, from which the circuit components
were evaluated. The complex admittance Y of the polymer

(31) Bizet, K.; Gabrielli, C.; Perrot, H. | | |} } I 2000. 39,

139-150.
(32) Zhou, C. X.; Huang, L. Q; Li, S. F. Y. . 2001, 16, 85—
95.
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Figure 2. Microbalance frequency change during the circulation of
a DNA—target solution at 10 ug mL™" in 1072 M MgCl, aqueous
solution.

microstructure is defined as, Y= G + jB, where the conductance,
G, is the real part of Y and the susceptance, B, is the imaginary
part of Y. The corresponding relations are deduced from the
equivalent circuit of Scheme 3c:

Y) =joCy+ ——— @
R+]wL + ](U_C

Y =VG*+ B* ®)

tan©="2 @

G

when o is the angular frequency (rad s™'), defined by w = 2xf,
where fis the frequency (Hz) and © the phase angle related to G
and B according to eq 4. The values of the equivalent circuit
components were determined through a fitting procedure based
on a simplex algorithm. According to eq 2, four parameters, R, L,
C, and C can be obtained by fitting the admittance expression
given by Y(w) to the corresponding experimental data Yex,(w).
The values of the parameters that correspond to the best fit are
given after the minimization of the quadratic function = (Y(w) —
Yexp(@))? with a simplex algorithm.

Electroacoustic admittance spectroscopy with an ac voltage of
10 mVpp was performed to understand the processes involved in
this detection approach. The 20-base DNA thiol-labeled monolayer
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Figure 3. (a) Electroacoustic admittance phase curve of the PET
device, (b) electroacoustic admittance modulus curve of the PET
device, and (c) localization of the longitudinal vibrations corresponding
to the fundamental resonances at fi = 11.2 MHz and £, = 29.6 MHz.

was grafted on the PET gold disk by filling the PET device cell
with a 10 ug mL ™" thiol-DNA solution in 0.5 M NaCl for 1 h. The
gold chemically modified surface was then rinsed three times with
double-distillated water. Admittance measurements were per-
formed on the device with a droplet of a 1072 M MgCly
hybridization buffer solution. G real, B imaginary, and |¥] modulus
parts of the admittance and corresponding Bode and Nyquist plots
(Figure 4) are well fitted with a BVD model. Theoretical fit using
eqs 3 and 4 yields to the parameters values: L =79 x 107> H, C
=37x10®F, R=145%x 10> Q, and G, = 2 x 107" F.
Parameters R, L, and C represent the motional arm and are
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Scheme 3. (a) Representation of a Piezoelectric
Quartz Crystal Sandwiched between Two Gold
Electrodes. (b) Representation of a
Electroacoutic PET with Two Insulated Silver
Microband Electrodes. (c) BVD Equivalent
Circuit of Piezoelectric Systems under Electrical
Excitation

ETCT

B PET MicrocT p

Ll ==

c equwa!ent circuit (a and b)

directly related to the physical properties of the resonator. The
quality factors of both the QCM and PET microchip was calculated
in order to compare rate of acoustic energy dissipation, as a low-
quality factor can be detrimental to the accuracy of the gravimetric

measurement:>®

Q=254 7 ©)

The resonance of the PET microchip occurs in the same
frequency range as the QCM, but with a smaller quality factor
(see Table 1). Some improvement of the geometry would be
necessary to increase this quantity.

On the basis of this observation, the admittance spectra were
recorded at 201 frequencies around 30 MHz during successive
cycles of DNA hybridization and showed reproducible changes
on R, L, and C parameters (Figure 5): the initial system consisted
of an adsorbed 20-base DNA-thiol monolayer on the gold surface
and the cell was filled with 196 uL of 0.5 M MgCl, solution. After
a period of 50 min, the resonance was stable and 4 uL of a 1 mg
mL~! DNA—target solution was introduced in the cell; the DNA
concentration in the cell was then 20 ug mL™*. The evolution of
the admittance at 201 frequencies around 30 MHz was monitored
before and after the addition of the DNA—target solution in the
cell, and the data were analyzed in terms of BVD equivalent circuit.
It was found that (R, L) and C varied in opposite directions with
time during the DNA hybridization process (Figure 5). These
responses were recorded at different times, before and after
addition of a DNA solution in the device cell. This first approach
was not perfectly adapted to observe DNA hybridization, as
mentioned, but it is a preliminary and essential approach to
investigate new electroacoustic devices. In a second development
phase of this sensor, an appropriate algorithm, using a BVD
model, will enable us to monitor in real time interfacial reaction,
by calculating R, L, C, and frequency for each electroacoustic
response. Then to obtain a simple sensor, an oscillator circuit will
be developed.
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Figure 4. (a) Real G and imaginary B parts of the admittance versus
frequency for a MgCl, buffer-filled cell from immobilization of the 20-
base DNA thiol-labeled probe. (b) Bode representation: experimental
admittance modulus (solid line), fitted admittance (open circles), and
phase angle (dotted line).

Table 1. PET Microchip Characteristics Compared to
QCM

fo MHz) Af (MHz) Q
PET 29.6 3 10
QCM 27 0.02 1350

DISCUSSION

To speculate about the possible origin of the resonances, the
equations of piezoelectricity have been taken into account. The
tensor equation of mechanical deformation S under mechanical
T or electrical E perturbation is given by

T=CS—eE (6)
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Figure 5. Sensor responses during cDNA (c-DNA) additions: (a) R
vs time. (b) L vs time. (c) C vs time.
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where C'is the elastic tensor of the material and e the piezoelectric
tensor. For the PET device, the perturbation is purely electric
and so T = 0. The mechanical deformation C is given by the
relation

CS—eE=0 ™)

The resolution of this equation yields resonance frequency:

C;=4pl’f* ®)

where p is the material density, / the propagation length, and
Cj the coefficient of the elastic tensor: C;; depends on both material
and wave propagation mode. Two important kinds of wave
propagation modes have to be taken into account, (i) longitudinal
and (i) shear.

(@) In the case of a longitudinal mode,* the coefficient of the
elastic tensor matrix to take into account is C*, which is equal to
the Young modulus E for a semicrystalline material. In these
conditions, the relation between frequency and propagation length
is given by

E=4pl’f’ ©)

(i) In the case of a shear mode, the coefficient of the elastic
tensor to take into account is C**, which is equal for a semicrys-
talline material to

o E

C =5qa+n (10)

where v is the Pascal viscosity adimensional coefficient. In these
conditions, the relation between frequency and propagation length
is given by

el a1

Equations 9 and 11 permit us to calculate the propagation
length of fundamental vibrations for, respectively, longitudinal (i)
and (ii) shear modes, for each resonance, at 11.2 and 29.6 MHz.
(PET Melinex: p =14 10°kgm 3, E=53x10°Nm 2 v =
0.44). These calculated propagation lengths were compared to the
geometric dimensions of the device, which are 86 um for the
length between the electrodes and 40 um for the length between
each electrode and the device surface. Results are given in the
Table 2.

There is a good agreement between path length calculated
from resonance frequency considering a longitudinal propagation
mode and the device dimensions. Moreover, the two resonances
at 11.2 and 22.4 MHz were hardly affected during filling of the
cell with water, but the resonance at 29.6 MHz was subject to
significant changes. This last observation is in agreement with
the analysis done, as the modification of the gold interface with

(38) (@) Rodriguez-Pardo, L.; Farina, J.; Gabrielli, C.; Perrot, H.; Brendel, R. Sezs,
dlsciegell 2004, 103, 318. (b) Rodriguez-Pardo, L.; Farina, J.; Gabrielli,
C.; Perrot, H.; Brendel, R. giglelgiited 2005, 5, 1251.

(39) Kardasheva, B. K.; Nikanorova, S. P.; Kravchenkob, V. S.; Malinovb, V. L;
Punin, V. T. Zegkeblias. 2007, 52, 1519-1522.
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Table 2. Comparison between the Theoretical
Propagation Lengths with the Device Dimension

path length / (um)

f(MHz) () longitudinal (i) shear  device dimensions (um)
11.2 87 51 86
29.6 33 19 40

exterior media has an influence on the resonance phenomenon
that involves the surface, i.e., at 29.6 MHz. The initial hypothesis
that the feeble piezoelectric character of the material is responsible
for the observed resonance is consistent with the measured
frequency and this last observation. In conclusion, the resonance
at 11.2 MHz can be attributed to the longitudinal vibration mode
in the PET section localized between the two microelectrodes and
the resonance at 29.6 MHz to a longitudinal vibration mode in
the PET section localized between the microelectrodes and the
gold surface.

CONCLUSION

This work describes the development of a flexible electroa-
coustic PET microchip for bioanalysis. It was demonstrated in the
first part that the 30-MHz frequency resonance observed in the
microchip results from the propagation of a mechanical longitu-

dinal wave through the microelectrode/PET/gold layer interface.
The feeble piezoelectric character discovered in this PET config-
uration is probably due to laser treatment, thereby affecting the
property of the polymer. In a second part, the device was used to
probe DNA hybridization by monitoring the RLC parameter of a
BVD resonant model. This first prototype, close to 100 times
smaller than a quartz microbalance, is working in a contactless
configuration well adapted to avoid faradic reaction that may
damage biolayers. It is promising for integration of electroacoustic
sensors toward biochips as schemes of QCM miniaturization were
technologically limited because microsized mineral crystals are
extremely brittle.
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