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Integration of Microfluidics With a Love Wave
Sensor for the Fabrication of a Multisample
Analytical Microdevice

Konstantinos Mitsakakis, Angeliki Tserepi, and Electra Gizeli, Member, IEEE

Abstract—A novel approach for multisensing has been devel-
oped based on the integration of a parallel-channel microfluidic
module with a surface acoustic wave (SAW) sensor chip. The
microfluidic module was used to compartmentalize the surface of
a single SAW sensor into N equal subareas in order to deliver
and detect multiple samples on the sensor. The design concerns
and fabrication procedure using soft lithography of polydimethyl-
siloxane are described. Successful demonstration of a four-channel
module is reported, along with a sensitivity evaluation and com-
parison with a standard flow cell used so far. Very promising
results were revealed during the tests concerning the system’s
operation with liquid samples. The reliability and reproducibility
of the results in all four subareas render the proposed setup very
suitable for biological testing and screening of various biomole-
cules in an array format. [2008-0031]

Index Terms—Miicrofluidics, polydimethylsiloxane (PDMS),
soft lithography, surface acoustic waves (SAWS).

I. INTRODUCTION

URFACE acoustic wave (SAW) sensors as analytical mi-
crodevices have extensively been implemented in a wide
range of applications. They have been used in vacuum chamber
processes [1], as gas sensors for toxic agents [2], as biosensors
operating in liquid for probing interactions and structural char-
acteristics of various biomolecules at surfaces [3], [4], etc. They
have also been used for measuring physical properties such as
pressure changes [5], viscosity of liquids [6], and mechanical
properties (shear moduli) of elastic and viscoelastic films [7].
The vast majority of the above applications focus on testing
one sample per sensor. However, in applications like toxic gas
sensing, chemical testing, identification of pollutants, biosens-
ing, drug screening, etc., there is an ever-increasing demand
for multianalyte detection and analysis [8]. SAW sensors ap-
plication to multisensing has been very limited in gas-phase
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sensing [9]-[12]. Few efforts have been directed toward the
development of SAW array biosensors [13], [14]. The main
idea has been the placement of several SAW delay lines one
next to the other to fabricate a linear array. This approach,
however, requires high-complexity electronics for the real-time
data acquisition. Moreover, it lacks versatility since the number
of samples that the user is allowed to probe is strictly limited
by the number of sensor elements incorporated in the array.

To overcome these issues, a new concept is proposed for
SAW multisensing, based on microfluidics. Microfluidic struc-
tures have rapidly entered into the microanalytical world due to
some major advantages they possess; the reduction of dead vol-
ume, the low sample consumption, the fast analysis times, the
ability for parallelization, and for performing various integrated
functions (dispensing, separation, mixing, delivery of liquids,
etc.) are some of the features that have promoted microfluidic
devices in numerous applications such as biosensing, micro-
arrays, micrototal analysis systems, and lab-on-chips within a
timeframe of approximately 15 years [15]-[18].

The idea of this paper is to integrate microfluidics with the
SAW sensor device toward the development of a multisample
sensing setup. In particular, instead of placing N sensors in
a line to form an array, it is proposed to divide the surface
of a single sensor into N subareas using an N-parallel-
channel microfluidic module, achieving, thus, a “multisample-
per-sensor” configuration. An important advantage of this novel
arrangement is that complex electronics are avoided since the
measurement platform is the same as the one used for a single
SAW device. In addition, the fabrication of the modules is low
cost and time saving, as well as versatile, since it is feasible to
make as many microchannels as the application demands.

This paper reports on the design considerations and the fab-
rication steps of the microfluidic module taking in mind the
specific characteristics of the SAW sensor. Subsequently, the
testing and evaluation of the proposed “microfluidics-on-SAW”
(UF-on-SAW) system in terms of its functionality, sensitivity,
and reliability are presented and compared to the standard SAW
setup used so far.

Il. SENSOR PLATFORM: LoVvE WAVE DEVICES
A. Operation Principle

The piezoelectric sensor’s principle of operation is, essen-
tially, the interaction of a SAW with matter. The material under
test can be a rigid mass layer [19], a purely viscous liquid [20],
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(a) Dual SAW sensor chip. (b) Three-dimensional representation of a pF-on-SAW setup.

Fig. 1.

a viscoelastic film [21], as well as combinations of the above
(multilayer structures) [22]. In this paper and for the purpose of
evaluation of the proposed pF-on-SAW setup, we focus on the
viscous loading as a means of testing the system’s sensitivity
and performance. For liquid applications, the utilization
of Rayleigh SAW is not suitable because of its surface-
normal component of particle displacement, which imposes
severe damping of the wave in liquid. Therefore, the shear-
horizontal polarization is chosen. Shear-horizontal surface
acoustic wave (SH-SAW) is an acoustic evanescent wave and
exponentially decays toward the propagation-normal direction
as it propagates within the medium. Therefore, a penetration
depth & is defined as the effective length along which the
amplitude of particle displacement decays over the 1/e of its
surface value. It is a function of the fluid density p and viscos-
ity n as well as the sensor operating angular frequency o [20]

n
pw

M

The sensor is sensitive only to events taking place within the
volume defined by the penetration depth. For the sensor that
was used with center frequency at 155 MHz, $ is approximately
50 nm in water environment. Regarding the sensitivity of an
SH-SAW sensor, it is predominantly a function of its operating
frequency [23]; the higher the frequency, the higher the
sensitivity. In order to enhance the sensor sensitivity, a thin
polymer layer is spin coated on the piezoelectric substrate.
This layer acts as a waveguide, supports the acoustic wave,
and confines the acoustic energy in the vicinity of the sensor
surface, rendering it more sensitive to surface perturbations.
This configuration is known as the Love wave sensor [24].

The acoustic wave generated in the piezoelectric substrate
of the sensor is a propagating plane wave. The complex wave
propagation factor is related to its attenuation and velocity.
These quantities are directly proportional to the amplitude and
phase of the wave, respectively. The relationship between these
wave characteristics and the liquid properties (density p and vis-
cosity n) is summarized in the following two equations, where
AA and A represent the change in wave amplitude and phase,
respectively, and w is the device operating angular frequency

AA =, T (2)
Ad =c, °’2ﬂ ©)

(b)

The proportionality constants ¢;, ¢, depend on the device
material and geometry, the surface particle velocity, and the
SAW power density. All these sensor-related parameters are
incorporated in the constants and, as long as the device used
is the same, the values for cq, ¢, remain constant. Therefore,
according to (2) and (3), both wave propagation parameters
are proportional to the square root of density—viscosity product
[6], [20], [25], and [26].

B. Sensor Chip Architecture and Measurement
Instrumentation

The sensor chip we used is based on a 0.5-mm-thick
Y-cut quartz crystal. Two sets of 100-nm-thick Au interdigital
transducers (IDTs) were photolithographically patterned on top
of quartz, while a 20-nm-thick Cr thin film was used as adhesive
layer between quartz and Au. The IDTs have a split finger
design with a period of 32 pum. Each chip consists of two
sensors [Fig. 1(a)]. The waveguide material was polymethyl-
methacrylate (PMMA). An 8% (w/w) solution, prepared in
2-ethoxyethyl acetate 99+% (Aldrich), was spin coated on
the device chip at 4000 r/min for 60 s using a P6700 series
commercial spin coater (Specialty Coating Systems). A 3-D
representation of a SAW sensor is shown in Fig. 1(b).

An HP 8753ES Network Analyzer (NA) was used in order
to perform the measurements of AA and A, along with an
HPVEE software for data acquisition. The time-gating option
of the NA was used in order to minimize undesired interference
with electromagnetic feed-through and triple-transit signals.
In addition, the NA was connected to a switch control unit
(Agilent 3499A) so that both sensors could be simultaneously
probed. The experimental setup is shown in Fig. 2.

The sensitivity S of the SAW sensor to viscous loading is
expressed as the change in acoustic signal (either amplitude or
phase) with respect to the change of (pn)/2. In other words,

__d(ASjgnal)
dC"pm) -
In practice, the sensitivity is extracted by the slope of a
ASignal versus (pn)/2 graph. This relationship remains linear
up to a critical viscosity value, until which the sample is consid-
ered a Newtonian fluid. Beyond that, the signal reaches a satu-
ration, and the sensor response can be explained by considering
the liquid as Maxwellian and modeling it accordingly [27].

In this paper, the viscosity values of all samples lie within the
linear region.

S 4)
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Fig. 2. (a) Experimental setup. (b) Close-up image of the sensor chip with the
attached microfluidic module.

I1l. DESIGN AND FABRICATION OF THE
MICROFLUIDIC MODULES

A. Microfluidic Module Design

The microfluidic module is intended to facilitate the separa-
tion of the SAW surface into subareas in order for multisample
sensing to be achieved. That is why the design of the module
suggests a parallel configuration of microchannels. Figs. 2(b)
and 3(a) show the microfluidic module mounted on top of
the SAW chip. For comparison reasons, Fig. 3(b) shows the
setup with the standard flow cell made of plexiglass with two
rectangular rubber gaskets for gentle contact with the sensor,
and the device holder used for measurements over the total
sensor surface.

The first issue of the design was the orientation of the mi-
crochannels, since two possible configurations were available:
the microchannels’ axis being: 1) parallel or 2) perpendicular
to the direction of wave propagation (the k-vector). In the first
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case, the wavefront would overlap N different samples at any
specific timeframe (N being the number of microchannels).
The wavefront would, thus, undergo different time delay during
its interaction with the different samples and break into partial
wavefronts (Fig. 4). Eventually, the receiver IDTs would sense
an interference signal between the N parts of the wavefront.
This effect was experimentally verified by poor quality results
and lack of reproducibility of signal change upon sample
loading (data not shown). Such irregularities do not hold for
the case of the perpendicular-to-k-vector orientation of the
microchannels, which is why this design was selected, instead.

Having selected the microchannel orientation, the next step
involved the design of microchannels’ dimensions. These were
selected considering two key factors: 1) the contact area be-
tween the sensor and the module and 2) the active area per
microchannel. To elaborate, each microchannel is separated by
its neighboring one by a polydimethylsiloxane (PDMS) “wall,”
which should be thick enough to facilitate good contact of the
walls with the sensor surface and prevent leakage. Fig. 5(a)
shows a “leaking” microchannel and Fig. 5(b) a functional
module. On the other hand, a major concern that had to be
taken into consideration was the piezoelectric nature of the
SAW sensor; excessive contact area between the sensor and the
module led to high damping of the wave and/or malfunction of
the device due to signal distortion. Therefore, to compensate
the pros and cons of the thickness of PDMS walls, the values
were chosen for the wall thickness to be around 100-120 um.
The height of the microchannels was 100 um, as defined by the
fabrication procedure (Section 111-B). With these dimensions,
the active sample volumes are drastically minimized; volumes
of 150-250 nL correspond to each sensing subarea, in contrast
to typically 3.5 pL that correspond to the total sensing area of
the standard flow cell. Finally, speaking of channel dimensions,
it should be noted that for both water and glycerol samples used
in the experiments the swelling ratio of PDMS was one [28],
which indicates no swelling behavior of the material and, thus,
no change in dimension or its properties upon its contact with
the particular samples.

Another special feature of the design derives from the liquid
state of the samples; the operation of the IDT electrodes is
incompatible with liquid. Therefore, it is imperative that the
IDT areas should be kept out of contact with the fluid under
test, otherwise severe distortion of the wave properties would
be caused. One option would be to simply let the module cover
the IDT sets. This, however, would impose pressure on the IDT
region and would, again, cause severe damping and distortion of
the output signal. For this reason, the design includes a hollow
“safety shell” located above the IDT sets in order to prevent
their contact with both the liquid and the bulk material of the
module.

Regarding the sample input and output, although the results
presented in this paper derive only from one of the two sensors
of the dual SAW chip, the length of the microchannels was
designed big enough to allow liquid flow above both sensors
of the chip. Therefore, this value was fixed at 12.75 mm,
allowing the input and output of the liquid to take place outside
the sensing areas to avoid any possible effect on the signal
response. The edges of the microchannels (liquid input and
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(a) and (c) PDMS multichannel module with attached capillary tubes; image and top view sketch, respectively. The black circles in (c) represent the inlets

and outlets of the microtubes right above the sensor. (b) and (d) Standard flow cell image and top-view sketch, respectively. The two bold rectangles in (d) indicate
the two rubber gaskets, and the four bold ovals represent the inlets and outlets of the standard flow cell.

VAN

Fig. 4. (Black lines) Wavefronts traveling perpendicularly to the subareas
orientation causing a different time delay. White and dotted regions represent
two subareas with different samples.

output regions) were designed curved instead of rectangular to
avoid bubble formation and sample remnants at these regions
as well as incomplete wash-off, which could be possible in the
case of rectangular-edged microchannels.

Taking into consideration the above design parameters and
special features of the SAW sensor chip, the optimum dimen-
sions of channel width and PDMS-wall thickness for the cases
of three-, four-, and five-channel modules are summarized in
Table I.

B. Fabrication Process of Microfluidics—Mold Fabrication

The microfluidic module was fabricated by means of soft
lithography. This includes a group of procedures, which al-
lows fast, cost-effective, and simple fabrication of microfluidic
devices. Rapid prototyping is one major step, during which a
master prototype is designed and fabricated with standard pho-

(b)

Fig. 5. (a) Leakage between two microchannels due to localized failure in
contact. (b) Flow through intact microchannels.

tolithographic techniques, and can be used over and over again
as a mold. In the subsequent step of replica molding, PDMS,
the material used in this application to make the micromodule,
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TABLE |
TYPICAL DIMENSIONS FOR THREE TYPES OF MICROFLUIDIC MODULES

PDMS Wall Microchannel Volume (ul)

Number of Channel Height Channel Width Thickness Sub-Area
Channels (um) (um) (mm?) Above each
(hm) Total Sub-Area
3 100 1550 120 2.48 1.97 0.248
4 100 1100 120 1.76 1.40 0.176
5 100 900 110 1.44 1.14 0.144

is cast on the mold, and after specific thermal treatment, it
acquires the negative pattern of the mold [29]-[31]. In this
section, the procedure that was followed toward the fabrication
of the microfluidic modules is presented in detail.

The design was made with AutoCAD and printed on a trans-
parency with a high-resolution (2400 dpi) commercial printer.
The transparency was used as an initial mask for patterning
a 500-nm-thick Al-coated piece of glass (Al was deposited
by thermal evaporation). This was done by means of negative
photolithography of AZ(5214E) photoresist and subsequent wet
etching of the Al with a mixture of H3PO,4 and isopropyl
alcohol 1:1. In this way, the patterns were directly transferred
from the transparency to the Al mask, which was then used for
all the subsequent photolithography processes.

The negative epoxy-type photoresist SU8 100 from
MicroChem Corporation was used for the mold fabrication.
The processing of SU8 included the following steps, according
to the supplier’s instructions: substrate pretreatment followed
by spin-coating of SU8 on the Si substrate (Karl Suss RC8
spinner), and soft baking in order to form a 100-pum-thick SU8
layer. This thickness defines the depth of the microchannels.
Exposure to i-line UV was done with a Karl Suss MJB3 mask
aligner; various exposure times were examined for optimum
crosslinking. Two kinds of filters were used; a narrow bandpass
filter with a full-width at half-maximum of 55 nm in combi-
nation with a steplike filter that cuts off wavelengths below
365 nm, where SU8 presents too high absorbance and could
result in too high exposure of the top part of the structures and,
therefore, highly nonvertical walls [32]. The final processing
steps included postexposure bake and development which took
place in propylene glycol methyl ether acetate.

Upon completion of the processing, the structures were
examined under an optical microscope in order to validate the
efficiency of the procedure and the accuracy of the structures;
very little profile of the SU8 walls was observed, i.e., deviation
from the ideal vertical shape. This was of the order of 10% max-
imum, which does not affect the purposes of the current work.

C. Fabrication Process of Microfluidics—PDMS Processing
and Replica Molding

Preparation of the PDMS involved mixing of the base
resin with the curing agent Sylgard 184, supplied from Dow
Corning Corporation, in a 10:1 ratio and degassing. After
complete removal of the bubbles, the prepolymer mixture was
cast on the SU8 mold, which was located in a 4.5-mm-deep
metal holder. Last step was the thermal curing of PDMS
and peeling off the thermally cross-linked PDMS from the
SU8 mold. The elastomer modules were 4 mm thick, adjusted

(b)

Fig. 6. Scanning electron microscope images of three-, four-, and five-channel
microfluidic modules. (a) Cross-sectional view. (b) Top view. All images were
taken with 20x magnification.

by the depth of the metal holder. The PDMS modules were
diced from the “elastomer wafer” with a razor edge and pre-
cisely drilled with a bench drill machine (TBM 220) to open
0.5-mm-diameter vias and attach capillary microtubes made
of low-density polyethylene (Scientific Commodities, Inc.) for
fluid inlet and outlet. The microtubes were manually fixed on
their correspondent drilled positions on the PDMS module. The
lack of glue or any other adhesive means is a great advantage
because: 1) it eliminates the module contamination and 2) it al-
lows the replacement of one or more microtubes at any moment
without having to dispose of the PDMS module. Fig. 6 shows
the (a) cross-sectional and (b) top view of scanning-electron-
microscopy images of three-, four-, and five-channel PDMS
microfluidic modules. It clearly appears that the end-to-end
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TABLE I
FEATURES OF GLYCEROL SAMPLES USED IN THE EXPERIMENTS
) . Square Root of Density-
Sample Serial No Glycerol Cc;ncentratlon Viscosity Product
(w/w) (kg 2 S-1/2)
gly#1 15.37% 1.41
gly#2 25.63% 1.55
gly#3 32.87% 1.74
gly#4 37.34% 1.92
gly#5 42.29% 2.05
gly#6 46.72% 2.20

width is the same for all chips, as they are all intended to fit
in the same sensing area of the SAW sensor. The difference in
the microchannels width is noticeable, as well as part of the
“safety shell” at both sides of the microchannels for the IDTs
protection [Fig. 6(b)].

To ensure the reusability of the PDMS modules and the
uniform regeneration of the sensor surface after each experi-
ment, the modules were reversibly bound to the sensor surface.
Specifically, the PDMS modules formed reversible sealing on
the sensor when pressed against the latter; a slight pressure was
enough to seal the module on the sensor. This reversible sealing
is possible because PDMS is flexible and can conform to minor
imperfections in a “flat” surface making van der Waals contact
with this surface. This method of sealing is water tight and fast
and occurs at room temperature. Simply peeling the PDMS off
the flat surface breaks this reversible seal [30]. However, to
ensure the stability of the module, a plastic cover with properly
designed holes in order not to obstruct the microtubes was
screwed on top of the PDMS module in order to apply gentle
external pressure on the latter.

IV. CHARACTERIZATION OF THE F-ON-SAW SETUP

For the qualitative and quantitative evaluation of the perfor-
mance of the microfluidic module upon its integration with the
SAW sensor chip, aqueous glycerol solutions were used in con-
centrations varying from 15%-50% (w/w). Glycerol has widely
been used for the calibration and evaluation of performance of
SAW sensor setups [6], [25], [27]. In addition, assuming that the
surface roughness of the PMMA is negligible and based on the
fact that glycerol has not been observed to bind to the PMMA
surface, it can be safely considered that glycerol presents a
purely viscous behavior when it is applied on the sensor.

The viscosity of glycerol solutions was experimentally mea-
sured, using a concentric-cylinder-geometry Anton Par vis-
cometer, at 25 °C and at 264 min~! shear rate. The glycerol
solutions were considered Newtonian; this was also experimen-
tally verified since the viscosity remained constant for various
shear rates. Table Il summarizes the values for the concentration
and the square root of density—viscosity product of the glycerol
solutions.

Initial experiments were carried out using the standard flow
cell covering the total SAW surface, in order to acquire the
sensitivity profile over the total sens ing area for viscous loading
and have a basis of comparison for the subsequent evaluation
of the microfluidic module. The sensing area exposed to the
standard flow cell is 7.44 mm?2. The subareas as defined by
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the microchannels are listed in Table 1. In order to be able to
combine results from both standard flow cell and microfluidics,
the acoustic signal change was normalized to surface area.
The flow rate in all cases was 10 pL/min, achieved with a
HARVARD PHD 2000 programmable syringe pump.

Regarding the total sensing area, the output signal
acquired at the receiver IDTs is essentially an average of
the “events” taking place across the surface. In the case of the
microchannels, as the total surface is discretely divided into
subareas, the output acoustic signal is the sum of the events
taking place in all subareas. Therefore, during the injection
of a sample through microchannel #i, there is no sample in
the rest of microchannels in order to avoid convolution and
undesirable contributions (see Table 11 for sequence of sample
injections). Instead, water remains in the unused microchannels
in a “static” way, i.e., without flow. Although this could imply
longer duration of the experiment, in reality, this was not the
case as it was proved by initial tests for time tradeoff between
the standard and the pF-on-SAW setups. It was estimated
that for a typical experiment of four glycerol samples using
the standard flow cell the elapsed time was around 2000 s.
Equivalently, the time for sequentially running one sample
per microchannel (i.e., total of four samples) was, again,
approximately 2000 s (including rinsing). To conclude, the
fact that the pF-on-SAW does not lag in experimental time
(compared to sequential standard flow cell use) in combination
with the miniaturized sample volumes (Section Il1-A) and
the optimized reproducibility of measurements render the
MF-on-SAW a powerful tool for multisample analysis.

To ensure that the existence of nonflowing water in the
rest of microchannels—other than the one in use—does not
affect the acquired signal, water was injected and left in the
microchannels for a sufficient duration of time; no change in
the baseline of the signal was observed.

Fig. 7 shows the real-time response of the SAW sensor in
terms of the amplitude of the acoustic wave, when the four-
channel microfluidic module was used; a similar response was
observed for the phase of the acoustic wave. Each group of
six signal changes corresponds to successive injections of the
six glycerol solutions through microchannels #1, 2, 3, and 4.
Following the injection of each sample, the signal drops ac-
cordingly and, on rinsing, returns at its initial baseline, which
ensures that glycerol does not adsorb on PMMA, nor that there
are any mass loading effects due to surface roughness-induced
liquid trapping. A very small signal drift or deviation from com-
plete return of the baseline is due to temperature fluctuations
and/or other environmental reasons. This drift, though, is not
relevant to the use of the microfluidic module, since it is also
observed in experiments using the standard flow cell (data not
shown).

A crucial condition for the viability and reliable functionality
of the pF-on-SAW system is that, upon loading the same
sample on the various subareas, the sensor response should be
the same or, at least, consistently different (so that some sort
of calibration can be done according to the spatial location of
each microchannel). In order to test this, the change of acoustic
signal was extracted from the real-time data and was plotted for
each sample and for each of the four microchannels (Fig. 8).
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TABLE 111
CONTENT OF EACH MICROFLUIDIC CHANNEL DURING THE EXPERIMENT
uF channel #1 uF channel #2 uF channel #3 uF channel #4
Water for equilibrium in all microchannels
gly#6 “static” water “static” water “static” water
rinse “static” water “static” water “static” water
gly#5 “static” water “static” water “static” water
rinse “static” water “static” water “static” water
f 1 . . .
resto sampres “static” water “static” water “static” water
___&inse_ e
“static” water gly#6 “static” water “static” water
“static” water rinse “static” water “static” water
“static” water gly#5 “static” water “static” water
“static” water rinse “static” water “static” water
. f 1 . .
“static” water resto sampres “static” water “static” water
e &rinse i
“static” water “static” water gly#6 “static” water
“static” water “static” water gly#5 “static” water
“static” water “static” water rinse “static” water
. . T f I .
“static” water “static” water esto sampies “static” water
e &minse T
“static” water “static” water “static” water gly#6
“static” water “static” water “static” water rinse
“static” water “static” water “static” water gly#5
“static” water “static” water “static” water rinse
. . . I f !
“static” water “static” water “static” water est o samples
& rinse
End of experiment
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Fig. 7. Real-time representation of the acoustic wave amplitude. Series of injections was as follows: (a) Gly#6. (b) Gly#5. (c) Gly#4. (d) Gly#3. (e) Gly#2.

(f) Gly#1. The same sequence continues for the rest of the microchannels. The serial number of the samples corresponds to specific concentration, as it appears in

Table II.

Each group of bars indicates the surface-normalized signal
change upon loading of a specific sample in the four different
microchannels.

Interestingly, it was observed that when the same sample
(e.g., gly#1) was injected in different microchannels, i.e., it
flowed over different locations on the sensor surface, the signal
response obtained was essentially the same. The maximum
observed deviation was 6% for amplitude and 8% for phase
change, as estimated by the ratio of the maximum and minimum
values of signal change. This suggests that the sensor response
is independent of the subarea location. The above applies to the
whole range of glycerol concentrations that were tested, with
maximum deviations for the rest of glycerol solutions of the
order of only 5% and 6%-8% for amplitude and phase changes,

respectively. Finally, the last bar of each group represents
the surface-normalized signal change when the standard flow
cell was used on the total surface. As it appears, there is a
satisfactory agreement between the two setups (upon surface
normalization of the signal), with very few exceptions of devi-
ation up to 10%, which, however, is considered to be within the
experimental error.

The sensitivity of the SAW system upon viscous loading
is evaluated through the surface-normalized change of the
acoustic signal with respect to the sample’s (pn)*/? (4). The
relationship of these quantities is linear for the total area and
for the viscosities range that was used (2) and (3). Fig. 9
summarizes the ASignal/area versus (pn)*/? plots for all mi-
crochannels and the standard flow cell. It is noticeable that, for
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Fig. 9. Signal change as a function of the square root of density—viscosity product. (a) Amplitude change. (b) Phase change. The equations refer to the linear
trendlines. The slopes represent the sensitivities of the four subareas and the total area.
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the examined viscosities, the linearity between AA (and A¢)
with respect to (pn)*/? remains valid in the case of the mi-
crochannels, despite the fact that the total area has been divided
into four subareas. The overlap of the points and the fact that
they follow the same trend is a significant issue (trendlines
are not shown for simplicity reasons, but the linear equations
appear in Fig. 9). It indicates that, although the subareas are
located at different sites on the sensor, they are identical in
their performance when their compartments are filled with the
same viscous liquid. The slopes for all microchannels are the
same, and therefore, the sensitivity profile of their subareas is
uniform and does not depend on their location on the sensor.
In numbers, comparison of the slope values (i.e., sensitivity)
among the subareas gives a maximum deviation of 4% and 3%
when it is expressed in terms of amplitude and phase,
respectively.

Apart from comparison between the microchannels’ perfor-
mance, another interesting feature from Fig. 9 rises through
the comparison of the total area sensitivity profile with each
of the subareas. Some net values of normalized signal change
taken from the total area and one subarea revealed a deviation
of approximately 10%, as described before. However, this
deviation does not hold for sensitivity and is quite lower, only
1%-5% and 2%-3% for amplitude and phase, respectively.
This clearly indicates that confining a sample in a smaller
rectangular-shaped subarea of the sensor does not affect the
sensitivity profile.

V. CONCLUSION

In this paper, the separation of a SAW sensor surface into in-
dependent subareas was achieved, rendering the former a mul-
tisample sensor. For this purpose, PDMS-based microfluidic
modules consisting of parallel microchannels were fabricated
using soft lithography technique, a fast, versatile, and low-cost
procedure; the design limitations and specifications were dis-
cussed. The evaluation of the pF-on-SAW setup revealed very
interesting points. Comparison of the results deriving from the
four subareas showed remarkable uniformity along its compart-
mentalized subareas, regarding the net values of signal change
as well as the sensitivity profiles of those areas; no dependence
of the results on the location of the subareas on the sensor was
observed, neither on the sequence that the microchannels were
used (i.e., 1 - 2 -~ 3 — 4 or reverse) proving that the SAW
surface compartmentalization is reproducible and reliable.

The design of the module was tailor made in accordance
with the size and dimension demands of the specific SAW chip.
Despite that, the pF-on-SAW setup appears to be a generic
tool that can be incorporated in any available SAW system;
in addition, the system exhibits high potentials for biosensing
applications such as drug screening or cancer biomarkers, since
biomolecule arrays and multisample sensing can be hosted on a
single SAW sensor.
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