IEEE SENSORS JOURNAL, VOL. 4, NO. 5, OCTOBER 2004

A PDA-Based Wireless Biosensor Using
Industry Standard Components

Daniel R. Sommers, Desmond D. Stubbs, and William D. Hunt

Abstract—This paper presents the conception, design, imple-
mentation, and validation of an original, fully functional biosensor
based on surface plasmon tesonance (SPR) technology. We present
the motivation for building this sensor followed by the system
specification, a brief overview of the theory of operation for SPR
physics, and then give a detailed description of the hardware
design, software design, and immunoassay design. We present a
novel, graphical approach for tracking shifts in SPR center fre-
quency with an autocorrelation feature that minimizes component
variation. Additionally, we present the wireless communications
aspects of our design, which adds to its appeal for remote system
deployment and autonomous operation. Qur success demonstrates
the immediate availability of all the hardware, software, and
biological components required to construct a fully functional
biosensor with industrial application.

Index Terms—Immunoassay sensors, monoclonal antibody, sur-
face plasmon tesonance (SPR), wireless biosensor.

1. INTRODUCTION

NE VALIDATION technique for a new technology field,
such as biosensors, is to build a practical device that has
industrial appeal using only industry standard components. This
technique validates both the existence of the requisite components
and the maturity in the industry to define “practical.” A short list
of requirements from industry might be: easy to use, low cost,
and rapidly deployed. Conversely, the overriding demand for
research is high precision covering a broad range of applications.
For example, abiosensor thatrequires alab full of graduate stu-
dentstocalibrate andoperate (and forthatmatter, tointerpretthere-
sults) would not meet the industry’s criterion of “easy touse.” Ad-
ditionally, if a biosensor costs thousands of dollars with physical
specifications measured in square meters and tens of kilograms, it
is not likely to be considered “low cost” or “rapidly deployed.”
In fact, broad industrial acceptance is predicated more on
process than on theory of operation. A simple example is a home
pregnancy test: if it is easy to administer and yields a result that
is easily interpreted and reliable, the customer is satisfied.
Recently, the industry has been calling for “substance detec-
tors” in applications ranging from protecting soldiers (and cit-
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izens) during biological warfare [1], [2] to preventing contam-
ination or spoilage in food preparation and transport [3]. The
common principle underlying these types of applications is that
of detecting a shift in their environment from “normal” to “dan-
gerous.” Conveniently, the definitions of normal and dangerous
are easily characterized and quantified so the challenge is to de-
sign a biosensor that can accurately measure and report changes
in diverse environments.

II. BIOSENSOR SYSTEM DESIGN
A. System Specification

Basedonindustrydemand, the sensorshouldhavethecapability
to run continuously and monitor relevant changes in its environ-
ment. Further, it should be capable of tracking these changes in
order to detect trends of both increase (alarm) and decrease (re-
covery) of the relevant changes. The sensor should be capable of
running through multiple cycles of this type of activity. Finally, the
sensor should be easily deployed in remote areas.

The high-level list of our requirements is as follows:

1) continuous monitoring;

2) high specificity for contaminant;

3) multiday, autonomous operation;

4) notification upon contaminant detection;
5) field deployable (portable, small, etc.).

The high specificity of antibodies makes them an ideal choice
for a wide variety of sensor applications and they also satisfy the
criterion of continuous monitoring and can function for weeks in
a proper environment. The ready availability of small computer
technology—from ultrathin laptops with wireless modems to
programmable smart phones—can easily satisfy the requirements
for autonomous operation and notification from a field location.
The system must exploit some means of translating the biological
signal of antibody activity to the digital world of the computer,
and, finally, the notification mechanism should be industry stan-
dard (e.g., internet e-mail: any address containing “@’).

B. Component Selection

The next step was to search the technologies currently avail-
able and select the best matches to our requirements.

1) Sensor Technology: Texas Instruments manufactures a
surface plasmon resonance (SPR) [4] liquid sensor called
the “Spreeta” [5]. The immediate appeal of the Spreeta
biosensor is its low cost, low power requirements, and im-
mediate availability in bulk quantities [6]. Further, SPR is
capable of tracking changes, both increases and decreases,
in antibody activity.

2) Computer Technology: Motorola, Inc., manufactures a
programmable “smart phone” called the “Accompli 009.” This
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Fig. 1. Hardware block diagram.

device not only provides secure, wireless communication via
e-mail, but it also sports a color screen, QUERTY keyboard,
and a serial communications port for Spreeta attachment. This
device is also optimized to run for days on a single, recharge-
able battery and fits in the palm of the hand, features attractive
to satisfy the “field deployable” requirement.

3) Biological Technology: the Sigma Chemical Company
offers a vast library of monoclonal antibodies immediately
available for purchase. Further, they are capable of manufac-
turing antibodies against specific analytes (contaminants) in
the case that a suitable antibody cannot be found in their li-
brary. Using this source, our system can satisfy the require-
ments of continuous monitoring of biological analyte with
high specificity and multiday capability.

C. System Operation Overview

After verifying the requisite components are all readily avail-
able from industry standard sources, we researched the basic
operational capabilities of the system and defined the theoret-
ical deployment of the system.

1) SPR Theory of Operation. The underlying principle be-
hind SPR is that a thin layer of gold will act as a mirror and
reflect light projected at it except under special “matching”
conditions. At the resonant frequency, the light energy will
not be reflected, but rather converted into mechanical energy,
generating the plasmon waveform. Thus, by varying the fre-
quency of the light striking the back of the gold film, a par-
ticular wavelength will match the precise permittivity on the
front side. A direct plot of light frequency versus reflected
light will show a marked loss of energy at the matching wave-
length. The theory is explained further in the Appendix.

2) Antibody Monolayer Theory of Operation. The goal is to
completely cover the gold SPR film with a consistent, con-
tinuous sheet of antibodies which have been grown to specif-
ically bind only to the antigen of interest (Anthrax, cocaine,

etc.). When the analyte encounters the antibody, it will “stick™
and, thereby, cause a perturbation in the permittivity, which
will be measured with the SPR technology.

3) Graphical User Interface. The main output of an SPR
system is a two-dimensional graph of light wavelength versus
absorbed light. The system must be sensitive enough to mea-
sure shifts in the minimum value from one wavelength to an-
other. Further, the user must be able to graphically set thresh-
olds for the maximum shift, enter e-mail addresses for notifi-
cation, and calibrate the average value output.

4) Continuous Operation. The system must monitor its envi-
ronment continuously but conserve battery life. This requires
two modes: a relatively slow “wake and sniff” mode which,
upon detection of some interesting activity, will automati-
cally switch to a “constant monitor” mode. Thus, the detec-
tion threshold must include a user-definable level that places
the system on “alert status.”

5) Notification. Upon detection of an SPR shift beyond the
acceptable limits set during initialization, the system must
generate a wireless notification to any number of prepro-
grammed recipients. If this alert is on a public network (e.g.,
cellular, paging, etc.), then the notification must be secured
such that it can be neither lost nor spoofed.

III. HARDWARE DESIGN

The expansion port on the Motorola A009 is an industry stan-
dard serial peripheral interface (SPI) bus, which has three crit-
ical lines: data in, data out, and clock. The SPI bus integrates
well with the Spreeta’s synchronous clock design that drives the
analog output sequentially from each cell in the array. Since the
Spreeta provides only an analog output, the system requires an
A/D converter. A 12-bit A/D converter can capture the dynamic
range of the Spreeta (see Fig. 1).

Data is pumped sequentially from the 128 photocells of the
Spreeta at each rising edge of its clock pin. The output then
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attached to the 12-bit A/D must be read across the SPI bus into
the Motorola Accompli 009. To overcome the lack of select lines
on the SPI port, the design includes a serial-in-parallel-out shift
register with staging capability. The SPI bus directly controls
and clocks the shift register, which hierarchically controls and
clocks the Spreeta and the A/D converter.

The final challenge was the power control design: the Spreeta
is a 5-V device with a TTL-compatible interface and the SPI port
is compatible with 3-V CMOS interface. By carefully selecting
the voltage sources and interface logic on the shift register, we
were able to avoid the propagation delay, real-estate, and power
overhead of level shifters. Texas Instruments produces an HC
version of the shift register which when supplied with 4-V can
interface to both 3-V CMOS and 5-V TTL compatible devices.

All components are industry standard parts, most available
from multiple suppliers. Because of the sensitivity of A/D con-
verters to board noise, we chose linear regulators (MAX603
from Maxim, Inc.) and added high-quality tantalum decoupling
capacitors on every component.

The final design consideration was to control the intensity of
the light source within the Spreeta. We added a potentiometer
to adjust the LED brightness and a software-controlled switch
to turn it off which yields additional power savings when the
Spreeta is not running its integration cycle.

IV. SOFTWARE DESIGN

The challenges in the software design were as follows:

1) maintaining real-time control of the Spreeta’s light inte-
gration period in its photocell array;

2) processing the data from the Spreeta using strictly integer
calculations;

3) defining a presentation mechanism with run-time analysis
that yields instantaneous operational results and simple limit
detection.

The software was designed with a hierarchy of tasks broken
up into three categories: real-time, time-critical, and off-line
(see Fig. 2). The real-time tasks are defined by the sensor
hardware: the integration periods of the A/D converter and the
Spreeta photocells. The time-critical tasks are defined by the
“continuous operation” requirement and include screen updates
and loop checks (e.g., check for user input). The off-line tasks

are all tasks that suspend the continuous operation of the sensor.
These are typically user initiated (print screen, set threshold,
etc.) with “alert user of threshold violation” being an example
of nonuser initiated task.

A. Real-Time Tasks

The Motorola Accompli 009 has a real-time operating system
that supports precise timing for the light integration period in
Spreeta’s photocell array and supports dedicating a hardware
timer to the task. The timer period can be adjusted during normal
operation, which sets the average value of all pixels, as well
as moves the entire waveform horizontally within the graph
(shorter => lower; longer => higher).

To maximize the precision of the integration period, the algo-
rithm shuts off interrupts, waits for the user-programmed delay,
then enters a loop of 128 cycles clocking each subsequent photo-
cell value from the Spreeta to the A/D converter and reads in the
A/D value (see Fig. 3). The delay clock resolution is 1 ys, which
is sufficient to minimize the waveform jitter between cycles. The
delay is initialized to 5 ms (5000 ticks) and can be incremented
and decremented in 50- s increments during normal operation.
Note that the timer’s minimum resolution is 30 ns, but clocking
faster increases power consumption while only producing neg-
ligible improvements in jitter.

We invested significant effort to minimize the cycle through
the real-time loop; unloading the 128 photocells from the
Spreeta as quickly as possible after integration minimizes any
effects of voltage leakage in the charge-coupled devices used to
store the collected light. Our optimizations in this area resulted
in a Spreeta clock rate of 45 KHz.

B. Time-Critical Tasks

The Motorola Accompli 009 provides programmable access
only to the display processor; the DSP is dedicated to wireless
communications and is therefore not accessible by user-loaded
programs. This architecture imposes the constraint of “integer
only” math because the display processor is sized for low cost
and minimal power consumption, not intensive floating-point
calculations. We designed a waveform-smoothing algorithm
that requires only shifts and adds: the array of 128 light intensity
values (I[128]) that correspond to 128 different wavelengths
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Fig. 3. Logic analyzer capture: real-time control of Spreeta, A/D converter, and shift register on the SPI bus.

projected onto the gold film, were smoothed by the “C” pseu-
docode shown, as follows:

I[N] = (I[N — 1] + I[N — 2] + I[N + 1]
HIN+2]) > 2) +IN]) > 1. (1)

Thus, given a contiguous set of array data values (a, b, c,
d, and e) with “c” being the value to smooth, this convolution
algorithm produces the weighting shown in (2)

a+b+d+e
Cconv = (( 42 )+C) (2)

Numerically expressed, the weighting kernel is [0.125 0.125
0.5 0.125 0.125], which is a weighted average based on a
geometric distance squared principle. The geometric distance
square relationship would be a weighted progression of 1/2,
1/4, 1/16, etc., but for the sake of avoiding compute-intensive
statistical smoothing, we chose the approximation presented
above. The photodiode array in the Spreeta is mechanically
discrete, and we commonly observed a 10-20 mV variance be-
tween adjacent array points that were not recording resonance
(e.g., should have been a flat line). Note that the smoothing
algorithm is applied to the “raw” data collected during the
real-time phase, but the actual calculation is performed during
the rendering phase which further minimizes the time spent in
real-time processing.

After smoothing, the intensities are mapped directly onto the
absolute graph which is 128 pixels wide yielding a 1-to-1 cor-
respondence between intensities and the screen pixels along the
X axis. The Y axis is a voltage scale and thus requires a conver-
sion to the screen height [see Fig. 4(a)]. Floating point calcula-
tion was unavoidable for this case, but divides were converted to
reciprocal multiples, which saved thousands of processor clocks
per calculation and yielded a rate of approximately eight full cy-
cles/second.

The final challenge was detecting curve shifts. The first solu-
tion was to allow the capture of an “initial” waveform and super-
impose subsequent waveform cycles in red. This had the desired
effect of showing shift continuously but with a minimum reso-
lution of one pixel. Our novel solution for displaying SPR shift
without requiring floating point calculation was to define a new
waveform format we call “differential mode” [see Fig. 4(b)].
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Fig. 4. Biosensor screens illustrating the relationship between the
“differential” and “absolute” modes.

The differential waveform is generated by a simple 128 cycle
loop subtracting “new” — “original” and plotting the difference
to the screen, but it can be exploited as a powerful mechanism
for watching an SPR shift occur during the continuous opera-
tion. It also yields the following:

1) a simple check for changes over time by marking the
height of the differential curve over the “zero level;”

2) enforcement of a threshold with a simple check against
the maximum and minimum threshold values;

3) autocorrelation of Spreeta output that normalizes wave-
form differences due to device variation.

A final advantage of the differential format is that we can con-
trol the values on the Y axis. By selecting values that were an
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Fig. 6. Screen shot of pop-up sending wireless e-mail notification upon
detection of threshold violation.

even increment of a power of 2, we were able to map the volt-
ages to screen values by a simple left-shift (e.g., voltages /2! =
voltages > 1; voltages/22 = voltages > 2...voltages/2%=
voltages > 9; 20 — o shift at all, see Fig. 5). Note that the
voltages (intensities) may well be greater than the values at the
Y axis in which case the algorithm simply “clips” the data and
plots the maximum height for the scale. This simply represents
saturation for the chosen display limits but is no loss of data:
Simply dividing by a greater power of 2 will allow the data to
be represented meaningfully on a graph with a broader range.
By eliminating floating-point calculations in differential mode,
the main loop runs at approximately 23 full cycles/second (a 3 x
reduction in cycle time).

C. Off-Line Tasks

The off-line tasks suspend the normal operation of the sensor,
perform the required task, and then resume normal operation.
One of the longest tasks is sending the e-mail notifications upon
detection of a threshold violation (Fig. 6). This routine will en-
crypt the user-entered message content and send it to the e-mail
destination address list wirelessly over the public networks; se-
cure [9] data with guaranteed delivery.

V. SYSTEM VERIFICATION

To verify that the design is operable, we employed an im-
munoassay previously used by our laboratory to verify acous-
tical sensors [10]. The procedure to build the immunoassay de-
scribed in [10] and run an assay on the SPR biosensor is pre-
sented in brief here. This immunoassay consists of attaching a
monolayer of mouse monoclonal antifluorescein isothiocyanate
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Fig. 7.

(anti-FITC) antibodies from Sigma Chemical Company to the
surface of the sensor. The anti-FITC molecule is attached to the
biosensor surface via a well-known binding protein known as
“protein a,” purchased from Sigma-Aldrich Chemical Company.
Before attachment the surface is prepared using 1 M NaOH and
1 M HC], followed by washing with buffer. Protein a, a multiva-
lent biomolecule, self assembles on gold surfaces and binds to
the Fc (stem) of the antibody molecule; this ensures the correct
orientation is maintained for analyte binding. The entire mono-
layer is illustrated in Fig. 7 including a representation of uranine
molecules attached to the anti-FITC’s antigen binding site.
Any analyte with a high affinity for anti-FITC will come out
of solution and bind to the monolayer, thereby changing the
effective permittivity within the SPR interrogation field. Ac-
cording to SPR theory, this change is detectable via a shift in
the SPR resonant wavelength. Note that uranine and FITC have
comparable binding affinities for anti-FITC and both are fluo-
rescent, but since uranine is more soluble, it is a better choice
for a liquid assay. A fluorescent immunoassay provides a con-
venient mechanism for cross-correlation of monolayer binding
by first measuring the binding events using the biosensor, then
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exposing the sensor surface to UV light and measuring the in-
tensity of the fluorescence.

Mlustrated in Fig. 8 is one of the readings we captured during a
uranine binding experiment. The data shown represents a slight
shift to the right, which represents a slight decrease in permit-
tivity. Note that, for this device, a decrease in permittivity in-
vokes a shift to the right and an increase in permittivity a shift
left. Based on this observation, we might be tempted to conclude
that when uranine binds to anti-FITC, the binding induces a de-
crease in permittivity. However, we also captured the waveforms
show in Fig. 9 during the same experiment.

Obviously, the results of both a large increase in permittivity
and a small decrease in permittivity cannot both be the result of
the same biological phenomenon. Therefore, we conclude that
there are other factors contributing to the observed shift in per-
mittivity. In its most general form, permittivity is described by a
real component and a complex component. The real component
represents a fixed arrangement of the atoms in a material and the
complex component represents contribution by mobile ions. In
calculating the dielectric constant for a thin-film capacitor, for
example, the complex component can be ignored. However, the
application of SPR to an antibody/analyte binding experiment
should be strongly affected by free ions.

VI. DISCUSSION

The single light source in the Spreeta strikes the gold film
at progressively sharper angles and only the component of the
polarized light that is perpendicular to the surface interrogates
the biolayer. Thus, we have come to think of it as 128 simul-
taneous SPR engines all operating at progressively increasing
wavelengths. This must be clearly understood because a mono-
layer is never “text-book perfect” across the entire face of the
sensor surface which would result in exactly one resonant fre-
quency at all times.

fa ZHL Sl
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Fig. 10. Multiple simultaneous induced plasmons.

As illustrated in Fig. 10, several locations along the face of
the gold film can resonate simultaneously: resonance at the ex-
pected wavelength induced by the ideal conditions (far left),
resonance at the wavelength interrogating a patch of nonspe-
cific (random) binding, and resonance due to variations in inter-
rogation depths caused by shorter wavelengths (far right). For
the third example, consider a charge distribution gradient that is
highest near the structure of the monolayer and gradually less-
ening as distance increases into the random particle distribu-
tion of the buffer. In such a gradient, the “blue shifted” inter-
rogation will be stronger in the higher charge densities, but the
“red shifted” interrogation will penetrate farther into the lower
charge densities.

Our observations of the waveform output from the Spreeta
correlate with this “multiple simultaneous resonance” theory in
that we have clearly seen cases where the curve widened or nar-
rowed, as opposed to strictly shifting right or left, indicative of
a change in resonance in one region without a complimentary
change at the opposing region. This observation was facilitated
by the “raw” data graphs correlated with the differential graphs.
Smoothing algorithms that resolve for the shift while ignoring
the shape of the waveform are likely to hide this type of infor-
mation. Thus, it is beneficial to study the “raw” data coming
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from the Spreeta, which may be yielding quantitative informa-
tion about the monolayer itself as opposed to just operational
information about resonance shift. It may be yielding informa-
tion on both shifting and “skipping” at the same time.

The final comment is on controlling permittivity. Since per-
mittivity is a measure of the charge-holding and/or field-sus-
taining capability of a material, it is consistent with the basic
theory of SPR that a change in free ion concentration would
yield shift in resonance frequency. This is the reason the “neg-
ative” test of Alexa introduced to a monolayer of Anti-FITC
failed to register “no activity” in an SPR sensor; a solution con-
taining Alexa will have more free charge than the same solu-
tion containing a comparable concentration of uranine. Further,
changes in pH, temperature, and even pressure change the con-
centration of free ions in the interrogation field.

As in most biosensor applications, the success and accuracy
of the assay is based on sample preparation and environmental
control. Often, it is not possible to control the temperature or
the pH, but if those parameters do change during an assay, SPR
theory clearly predicts these changes will register as shifts in
the resonant frequencies. These shifts must be quantified and
extracted as noise from experimental results.

VII. CONCLUSION

This research shows that it is possible to build a viable
biosensor using only industry standard components commer-
cially available. In fact, many of the hardware components
used were requested as free samples on the websites of the
companies which vend them [11], [12]. Texas Instruments also
supplied the Spreeta devices free of charge in response to an
e-mail request and Motorola also supplied the Motorola Ac-
compli 009 and the software development environment without
charge in support of this research project.

This biosensor can readily serve any application where the
goal is to detect real-time drift away from a calibrated (e.g.,
“known good”) starting point. In manufacturing process con-
trol, for example, this sensor can be immersed in vitro into a
chemical processing flow and upon detection of a drift outside
the calibrated limits (or, better yet, drifting toward violation of
the calibration limits) the biosensor can wirelessly notify the
system administrator and/or adjust the process’ inputs.

This sensor can continuously monitor and, as a component
in a feedback control environment, maintain the quality of the
output. There are practical applications in food processing, drug
manufacturing, oil refineries, and waste management. Note that
this sensor is only suited to liquid applications and as imple-
mented does not have direct application in any sort of “vapor
phase” analysis.

APPENDIX
SPR THEORY OF OPERATION

SPR is a physical phenomenon for which the electrons in
a thin gold film can be excited into a collective oscillation by
bombarding it with photons (light) of a particular frequency.
This phenomenon is analogous to resonant frequency in a me-
chanical system in that there must be a precise match between
the light’s frequency and momentum and the characteristics
of the gold. Any mismatch between the wavelength of the
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Change in permittivity shifts SPR excitation.
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Fig. 12.  Example of an “ideal” SPR shift waveform.

light: either too short (a.k.a. “blue-shifted”) or too long (a.k.a.
“red-shifted”), and the gold will fail to induce the plasma
oscillation. The matching wavelength is also dependant on the
permittivity of the material on the opposite side of the gold film
(see Fig. 11).

Permittivity is a measure of a material’s capability to store
energy in an electric field and is defined in terms of the mate-
rial’s dielectric constant. In a thin film, the light actually induces
an interrogation field on the opposite side of the gold. This field
interrogates the relative permittivity for a distance on the order
of one wavelength of the light striking the surface. A biological
system is not likely to be disturbed by an electromagnetic field.
A biological system can, however, invoke a change in permit-
tivity. This change of permittivity within the interrogation field
of the SPR system can cause a measurable shift in the wave-
length required to excite the plasma state (see Fig. 12).
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Fig. 13.  Photograph of fully operational biosensor prototype.
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