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Abstract

We present the development of a hexagonal surface acoustic wave (SAW) device to
simultaneously sense and manipulate the biological sensing film in biosensor applications. The
primary objective is to improve sensitivity and selectivity. A secondary objective is to
regenerate the sensor for reuse. A hexagonal device fabricated in 36 ° lithium tantalate allows
for propagation of both Rayleigh and shear horizontal (SH) wave modes simultaneously. The
high electro-acoustic coupling in this piezoelectric material allows for efficient transfer of
energy from electrical to mechanical form.

In this device, the Rayleigh acoustic waves stress the bonds between the sensing film
and analyte forcing only the analyte with higher affinity for the sensing film to stay bound, while
the SH SAWSs are used for sensing. Additionally, the acoustic waves work to efficiently mix the
liquid samples flowing through the micro-channels of the micro-sensor system, reducing the
effects of diffusion-limited processes.

Results from using a sensing film of anti-mouse IgG covalently bound to the sensor-
surface and mouse IgG as the analyte in buffer solution have shown improved sensor
response, determined using fluorescent microscopy. Manipulation of liquid samples was
achieved by strongly exciting the piezoelectric substrate with power levels of ~12 mW which is
significantly greater than the 1 mW used for sensing. The larger electrical power creates an
acoustic wave via piezoelectric coupling that can physically force loosely bound species from
binding sites, reducing noise that can lead to inaccurate measurements.

Introduction

SAW devices have been used in many sensor applications in both gaseous [1-3] and
liquid environments [4-6]. Each application has its own requirements. For example, the use of
a SAW device as a biosensor implies the device must not inherently be attenuated by the
environment it is supposed to operate in. This implication restricts the SAW biosensors to SH-
SAWs and a specialized SH-SAW device that creates a Love mode wave from a thin film
deposited on its surface [7, 8].

SAW sensors have been shown to work well as high sensitivity biosensors; however, as
with all other biosensors non-specifically bound (NSB) protein interactions can cause a less
than ideal sensor response and concentration determination [9, 10]. Some possible responses
seen as a result of NSB proteins include: exaggerated response due to multi-layer formation,
false responses due to miscellaneous proteins covering the surface, and no response due to
poor alignment of the functional groups. Minor improvements to biosensor responses can be
achieved from thorough rinsing, use of ultrasonic baths to remove NSB proteins, and pre-



treatment of the analyte containing fluids. Each one of
these processes adds to the complexity and decreases the
functionality of a biosensor to be operated without
specialized  training in  everyday environments.
Developments in acoustic wave applications have
demonstrated NSB protein removal with relatively low
power consumption thus significantly decreasing the

. Figure 1. Hexagonal SAW
uncertainty of the sensors response [9, 10]. '9u xag
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Materials and Methods

A. Sensor Device Design

The hexagonal SAW is a composite of three traditional delay line SAW devices rotated
about the center of the die, which is approximately 20 x 20 mm. The individual delay line
devices are comprised of identical bi-directional interdigital transducers (IDTs) with an aperture
of 47 A, delay length of 197 A, and feature size of 4 um. The delay path is shorted to eliminate
unwanted waves and eliminate the electrical effect [11]. A standard metallization procedure of
100 nm titanium adhesion layer followed by 700 nm gold layer was used. Figure 1 is an
illustration of the hexagonal SAW layout. The IDT designs tested included design
considerations to improve the phase linearity and decrease the phase noise [11, 12].

B. Micro-fluidic Sensor Fixture and Test-bed

Sensitivity required for detection of many biological markers is on the order of a few
nano-grams per milliliter, which is obtainable by many types of sensors; however, SAW
sensors are some of the most sensitive and easy to implement devices [13-15]. Challenges
associated with this order of mass sensitivity become largely a fixture and test parameter issue
since any variation in fluid flow or pressure will cause a significant sensor response [16]. To
address this issue, we have chosen to use a precision syringe pump (Harvard Apparatus PHD
2000) which unlike peristaltic pumps provides a smooth continuous flow with no pulses. The
equipment shown in the illustration, Figure 2, is highly adaptable for all of our required fluid
requirements from nano-liters to milli-liters per minute [17]. Additionally, making the
configurability and operation of the test bed simple is a LabView® virtual instrument interface
that controls and records all electronic operations including flow rate, flow direction, and valve
position. Due to the design of the hexagonal SAW a typical micro-fluidic fixture is not feasible,
so an in-house design has been designed and fabricated. The test fixture is constructed of
polycarbonate, which has low moisture absorption, high strength, no centerline porosity, easy
machineablity, and can be polished to be optically clear. The micro-fluidic fixture has a printed
circuit board with SMA connectors to connect to electronic test equipment.

Infuse/Withdraw Multiport valve
Syringe pump with flow loop

C. Experimental Procedures

1. Sensor Preparation

The sensors were designed for biosensor
applications; however, additional preparations of the
sensor-surfaces were necessary. Primary to the Figure 2. Schematic of micro-
preparations was to insulate the IDTs from the liquid fluidic test bed for liquid phase
environment meeting three conditions 1) the insulating sampling of biologic samples.

Microfluidic
Test fixture

Test Samples



material must not attenuate the SAWs excessively, 2) the material must not be highly
permeable to water, and 3) the material must permit attachment of antibodies. High molecular
weight polystyrene (Sigma Aldrich) was chosen as a solution. Coating of the sensor was
achieved by dissolving polystyrene in 2-butoxyethyl acetate (Sigma Aldrich) to 4 weight
percent then spin coating the sensors. The sensors were then annealed at 120°C for 1 hour.
Following the annealing, the sensors where mounted in the micro-fluidic fixture and
characterized using a vector network analyzer (Agilent 8753ES).

2. Sensing

From a calculated exposed area of the sensor surface and cross-sectional areas of the
antibodies used, a concentration of proteins was specified to ensure 100% coverage of the
sensor surface without excessive multi-layer formation of non-specifically bound proteins. The
calculated protein concentration was applied to the surface of the sensor through the micro-
fluidic fixture for 1 hour to allow adequate surface adsorption to the polystyrene. Having the
sensor functionalized with an antibody, goat anti-mouse IgG (Pierce), varying concentrations of
antigen, mouse anti-rabbit IgG (Pierce) were flowed across the sensor at a constant 0.15
ml/min. The antigen concentrations were calculated and made to ensure less than 25%
surface coverage. To further insure a good response of the sensor, a pH of 7.4 was
maintained by using of phosphate buffered saline (PBS) solution.

3. Surface Manipulation

The second task of this project was the use of high amplitude waves to remove loosely
bound materials from the sensors surface. The first tests to show the surface was being
manipulated were conducted using a Leica DMI4000 fluorescent microscope. With the
prepared sensors, fluorescently labeled proteins were adsorbed onto the surface of the device
for 1 hour to achieve saturation. Sensors where then flushed with 3 ml of PBS. Following the
flushing the devices were subjected to high amplitude waves using a 4 watt RF power amplifier
(Mini-Circuits TIA-1000-1R8). Calculations showed that the actual power delivered to the IDT
was on the order of milli-watts due to insertion loss of the device and attenuation by the films
on the surface.

4. Simultaneous Surface Manipulation and Sensing

The final task of these experiments was the combination of the high amplitude waves
manipulating the surface and the use of low amplitude waves for sensing changes in the
sensing film simultaneously. The sensors were first prepared with an antibody film as
described above, and used to sense a known concentration of antigen in solution. After the
sensing test, the sensors were coated with known concentrations of a NSB protein, Bovine
Serum Albumin (BSA). Following the BSA application, the sensors were flushed with 3 ml of
PBS then subjected to high amplitude waves while monitoring the changes with a different
delay path.

Results and Discussion

The sensors used in this project are theoretically capable of detecting nano-grams of
mass change on their surfaces. The first experiments showed that this was the case with the
detection of low levels of mouse IgG binding with a functionalized surface. A representative
data set of the sensing capability is shown in Figure 3. N The first drop in the graph is the
result of flushing away the excess antibody from the 1 hour adsorption process. Following the
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Figure 3. Normalized phase response for the coating of a sensor with anibodies (138 ng/ml
anti-mouse IgG in PBS) followed by the detection of of the antigen (324 ng mouse IgG), and the
coating of the sensor with non-specifically binding BSA (500 ng).

first large drop, the antigen is injected and flushed away. In this event, there are actually two
measurements that are significant. First, the phase change upon injecting a known
concentration sample, and second, the non-returning of the phase change value to the
baseline (residual difference in phase change) even after extensive flushing with PBS. The
large step up seen upon flushing the system with PBS to remove the excess BSA may appear
to be removal of the BSA, but attenuation measurements show that this is not the case. In
fact, it is a complex non-linear response upon the adhesion of a large amount of BSA.

In the next step, BSA is injected to completely coat the surface in preparation for testing
the non-specifically bound protein removal function of the sensor. Upon first inspection one
will note the magnitude of this response is significantly different from the response of the
specific antigen. This is the result of leaving the linear response regime of the surface acoustic
wave (SAW) sensor by applying too much material onto the surface. For many biosensors this
would result in having to discard the sensor and starting over with a new one. However, this
situation allows us to clearly demonstrate the simultaneous manipulation and sensing
functionality of our sensor system.

Coating of the sensor-surface beyond its functioning point is often encountered.
Another commonly encountered situation is not having a pure sample of the one analyte
protein of interest. Such a sample requires extensive filtering and/or processing before a
concentration determination with the sensor. The results in Figure 4 address this issue. More
specifically, they demonstrate the feasibility of simultaneous sensing and manipulation of the
sensing film is in one device using two types of SAWs propagating in different directions. The
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Figure 4. Normalized phase angle response of sensor to the removal of excess BSA with just
PBS followed by the removal of NSB BSA using high amplitude waves.

data show the addition of a high concentration of BSA to the surface of the SAW sensor
followed by the removal of some of the BSA remaining on the surface upon extensive flushing
with PBS. Further removal is achieved through the application of the power amplified signal
for 50 seconds on a different SAW delay path than that used for sensing. Due to the
limitations of the currently used, first design of the hexagonal SAW device, more of the sensing
delay line is exposed to the sample solutions than what the second and third delay paths are
capable of manipulating.

Conclusion

We have shown the development of a hexagonal SAW device to simultaneously
manipulate biological films and sense changes in analyte concentration using different acoustic
waves across the same sensing film. The results have shown low-level sensing of proteins in
solution is possible with this new SAW sensor. Additionally, the sensor has the functionality to
reduce error in responses by removing NSB proteins and other loosely bound material that are
common in complex samples. With further design improvements and studies, we believe this
device has wide application to bio-sensing especially where non-purified samples containing
many different proteins need to be analyzed without the use of technicians and laboratory
equipment.
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