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This work describes the utilization of a multi-channel microfluidic module on a Surface Acoustic Wave
(SAW) sensor chip in order to achieve multi-analyte detection. The design and fabrication issues of the
microfluidics-on-SAW (“pF-on-SAW”) setup are presented as well as the evaluation of the sensitivity
of the system during glycerol and protein loading. In its current configuration, pLF-on-SAW can host up

to eight different analytes for detection on the dual-device chip, crossed by four parallel microchannels.
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1. Introduction

Piezoelectric devices such as Quartz Crystal Microbalance
(QCM) and Surface Acoustic Wave (SAW) devices have been suc-
cessfully used for biosensing purposes, exhibiting high sensitivity
in mass deposition [1], viscous and/or viscoelastic changes [2-4],
as well as in the detection of conformational changes of surface-
bound biomolecules [5,6]. In the majority of the applications, the
operation of SAW and QCM sensors has followed the “one-
sample-per-sensor” regime, detecting in real time one analyte
(or, in general, one process) per device. However, recent advances
in biology, e.g. in proteomics and genomics, as well as in medical
diagnostics, require the development of platforms that are capable
of detecting a large number of analytes leading to multiplexing of
the results and better understanding of biomolecular interactions.
So far, acoustic devices for multi-analysis make use of a linear
array of M sensor elements [7,8] able to detect M liquid samples.
Recently a novel approach has been described showing that the
surface of a single SAW device can be compartmentalized into N
sub-areas by using an N-channel microfluidic module made of
poly(dimethyl siloxane) (PDMS) [9]. In the current work, this con-
cept is expanded by using a dual SAW chip (i.e. M = 2 elements on
the chip) in combination with a four-channel microfluidic module
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for the multiple detection of aqueous solutions and protein
samples on an array of 4 x 2 detection sub-areas.

2. Platform design and fabrication

The setup consists of a chip with two sensor elements and a
four-channel microfluidic module [9]. The microfluidics are de-
signed in a parallel channel format and cross the dual-sensor chip
perpendicularly. Thus, an array of eight sub-areas is formed, on
which eight distinct and independent experiments can be carried
out.

2.1. SAW sensor chip

Sensor description: The main parts of a SAW (bio)sensor are the
following (Fig. 1): (i) the piezoelectric substrate (quartz in our case),
which supports the acoustic wave; (ii) the two sets of InterDigital
Transducers (IDTs), which serve as the input and output of the elec-
tric signal. They are made of Au and are photolithographically pat-
terned on quartz, with a Cr intermediate layer for adhesion
purposes. The periodicity of the IDT fingers defines the wavelength
(32 pm, operating frequency 155 MHz). (iii) On top of the IDTs, a
thin polymer layer (polymethyl methacrylate, PMMA, few hun-
dreds of nm thick) is spin-coated and acts as waveguide, supporting
a Love wave [10]. For the experiments with proteins and for adsorp-
tion purposes, an additional 20 nm Au layer was sputter-coated on
top of the PMMA and between the two IDT sets (not shown in Fig. 1).

Detection mechanism: Due to the piezoelectric nature of the sub-
strate, the AC electrical input is transformed into a mechanical
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Fig. 1. Schematic side view of a SAW sensor. (a) piezoelectric substrate (quartz), (b)
Au contact pads, IDTs and metallization area, (c) PMMA waveguide, (d) shear-
horizontal polarization of the wave, (e) liquid in penetration depth 4.

oscillation with a shear-horizontal polarization. Subsequently, any
surface perturbation (within a penetration depth of 50 nm in
aqueous solution) affects the amplitude and phase of the propagat-
ing wave; amplitude change (AA) is related to energy losses and
viscoelastic phenomena, whereas phase change (APh) is related
to mass deposition. The signal is measured with an HP 8753ES net-
work analyzer, which was connected with an Agilent 3499A switch
control unit in order to probe both sensors simultaneously.

2.2. Microfluidic module

Design issues: In order to select the optimum design for the
microfluidic module, functionality issues and compatibility with
the SAW chip had to be taken into consideration. More particularly,
due to the piezoelectric nature of the sensor, the contact area with
the separating walls of the module should be minimal; on the
other hand, these walls should be thick enough in order to prevent
inter-channel leakage. Furthermore, the microchannel should be
spanning both sensors simultaneously, but not exceed the total
width of the sensor chip. Thus, the microchannels’ width and
length were designed to be 1.1 and 12.75 mm, respectively; their
depth was 100 pum, as it is defined by the fabrication procedure,
and the separating wall between the microchannels was 120 pm.
With these dimensions, each microchannel sensing area is
1.76 mm? (as opposed to 7.44 mm? of the total sensing area).
Finally, hollow areas were designed to be located right above the
IDT sets, so that the latter are protected from direct contact with
the “bulk” material of the micromodule, avoiding severe signal
distortion. The design appears in black in Fig. 2a.

Fabrication process & integration: PDMS was chosen as structural
material for the microfluidic module, because it is an easy-to-pro-
cess material, it conforms well on surfaces and thus seals well, and
it presents no swelling when used with the described liquid sam-
ples. The fabrication procedure was soft lithography of PDMS

[11]. The AutoCAD design was printed on a transparency, which
was used to prepare the mask. The latter was used for the structur-
ing of a mold made of the epoxy resin SU8 (100 um thick, which
defines the depth of the microchannels) using negative lithogra-
phy. Subsequently, PDMS was poured on the mold and after ther-
mal treatment it was ready for use. After peeling off and dicing,
vias with 500 pm diameter were drilled for capillary tubes attach-
ment (Fig. 2b).

Concerning the adjustment of the module on the sensor chip, it
was necessary to ensure the reusability of both the PDMS module
and the sensor chip. Therefore, no plasma treatment was used
since it causes permanent PDMS bonding. Instead, the attachment
between the two parts was conducted by slightly pressing the
module against the chip.

3. Evaluation of pF-on-SAW with glycerol and protein solutions

A very important issue for the successful function of the pF-on-
SAW is to have a uniform sensitivity profile along the path of the
acoustic wave. Once this is verified, the injection of multiple, dif-
ferent analytes will result in different signal responses due to sam-
ple differences, rather than sensitivity divergence between the
sub-areas.

In order to test this, the same samples were injected into all
microchannels. In particular, six aqueous glycerol solutions from
15% to 45% (w/w) were used. Such solutions do not adsorb on
the sensor’s surface and are removed completely upon water rins-
ing [4]. They are characterized by a particular density p and viscos-
ity 1, and the acoustic signal (either amplitude or phase) is
proportional to the square root of density-viscosity product for
the Newtonian region (where the six tested samples belong)
[12,13].

The six samples were serially injected in microchannels 1-4
(with water rinsing in between each sample) using a syringe pump
at a flow rate of 5 pL/min. The signal was monitored in real time
and on both devices simultaneously. Fig. 3a shows the real time
signal from device A. The equivalent graph for device B is similar
to Fig. 3a (data not shown). One of the samples (32.8% w/w, indi-
cated with arrows in Fig. 3a) was selected and its corresponding
AA values from both devices appear in Fig. 3b, in a 2D array format.
Each box corresponds to one of the eight formed sub-areas. As it
appears, there is a remarkable uniformity and reproducibility in
the signal response among the sub-areas of the same device (A1l
vs. A2, B1 vs. B2, etc.) but also between equivalent sub-areas of
different devices (A1 vs. B1, A2 vs. B2, etc.). The sensitivity S; for
each sub-area i appearing in Fig. 3a is extracted from the slope of
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Fig. 2. (a) Schematic top view of the design as it is predicted to cross the devices, forming eight distinct sub-areas (A1, A2, ..., B3, B4); the arrows indicate the input and

output of the samples. (b) Photo of the PDMS module mounted on the dual-sensor chip. # 1-4 denotes the microchannels.
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b 2D array of sub-areas on a dual-sensor SAW chip
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Fig. 3. (a) Real time change in wave amplitude at all sub-areas for the six glycerol solutions. S;-S, represent the sub-areas’ sensitivity, expressed in (dB m? s'/?)/(mm? kg). (b)
Surface-normalized AA for a particular glycerol sample (32.8% w/w) at each of the eight sub-areas formed on the dual SAW chip. The sub-areas’ colors match those in Fig. 2a.
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Fig. 4. Phase change for neu adsorption (solid bars) and subsequent b-BSA binding
(striped bars) at the four sub-areas of one of the two sensors.

a AA vs. A(pn)'? graph (data not shown) deriving from all six sam-
ples used and proves to be very stable as well along the acoustic
path.

Having proved the successful and reproducible detection of
simple and non-adsorbing liquid samples with the pF-on-SAW,
the setup was tested for biosensing implementation with protein
solutions. Specifically, two protein solutions were used and two
types of interactions were monitored: (i) physical adsorption of
neutravidin (neu) in concentration 200 pg/ml on the Au surface
of the sensor, and (ii) subsequent specific binding of 200 pg/ml bio-
tinylated BSA (b-BSA). PBS buffer was used in the protein solutions
and for the rinsing between the injections.

For protein samples, the phase of the acoustic wave was utilized
instead of the amplitude, since the former is more sensitive to pro-
tein adsorption and/or binding; the signal changes are summarized
in Fig. 4 for both proteins in one of the two sensors of the chip. It is
evident that the process of neu adsorption is sensed very reproduc-
ibly among the four microchannels. This is also the case for the
b-BSA binding on neu. The sub-areas were used in a varying
sequence (i.e. 1 -2 -3 -4, vice versa and mixed) without
noticing any effect on the reproducibility of the response. In
addition, it is proved that a process taking place on a sub-area is
independent of the “history” of the sample loading, i.e. the type
of bound species and their location on the device, ensuring that

each microchannel compartment can host independent and not-
interfering experiments.

4. Conclusions

A novel setup of microfluidics-on-SAW was described and eval-
uated in terms of sensitivity and signal response via aqueous glyc-
erol solutions and protein adsorption and binding. It was proven
that the reproducibility of the sensitivity among sub-areas of the
array was as high as 92%, allowing multiple experiments to be car-
ried out. This setup has potentials to extend its use to even larger
number of analytes for (bio)medical applications.
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