


reduction in sensitivity allows the power consumption to be
decreased dramatically. Fig. 4c shows the magnetic tickling
field as a function of the applied AC current.

VI. POWER AMPLIFIER

The power amplifier drives the electromagnet (3 Q + 300
uH) at 215 Hz with a 1 amp peak current. A straightforward
implementation of a class A amplifier is realized with an op-
amp driving a BJT Darlington pair (Fig. 4a). A sense resistor
(Rs) is part of the feedback loop to measure the current
through the coil. The op-amp is powered from a regulated 5 V
supply while the coil is supplied from an unregulated 11 volt
2100 mAh rechargeable lithium ion polymer (LiPo) battery.
To reduce the power consumption, the electromagnet is power
cycled when it is not in use. Theoretically such a battery could
last for almost 8.5 hours allowing 25 tests to be performed on
a single charge. A diode (D;) clamps the back-EMF voltage
across the electromagnet to protect the transistors when the
power is abruptly switched off. The same circuit used to
synthesize the signal driving the Wheatstone bridge (Fig. 3a)
was replicated to drive the power amplifier.

VIIl.  SIGNAL PROCESSING

At the heart of the NanoLab is a Microchip microprocessor
(dsPIC30F6012a) running at 80 MHz (20 MIPS). The
microprocessor has an integrated 12-bit ADC used to digitize
the signals from the sensors. Furthermore, it communicates to
the DDS chips via an integrated SPI bus. However, the
primary reason for choosing a high-end microprocessor is for
the heavy digital signal processing (DSP) algorithms that it
performs. To extract the single tone from the spectrum with
the double modulation scheme, a 113 tap digital FIR bandpass
filter is applied to the incoming samples. The tap count was
chosen after all of the code had been written such that it filled
the remaining memory of the microprocessor to minimize the
noise bandwidth of the extracted tone. The RMS value of the
filter output is proportional to the magnetoresistance of the
sensor and saved to an internal buffer. The sensors are scanned
in a round robin fashion rotating from sensor 1 (S1) through
sensor 8 (S8). For each sensor, the signal is acquired for 200
ms and the subsequent analysis takes 800 ms. While the signal
processing could be applied in real-time or overlapped with
the data acquisition, the tasks are done sequentially to simplify
the timing between the acquisition and the processing steps.
This signal acquisition and processing is repeated continually
throughout the duration of the test.

Prior to adding any MNP tags, several measurements are
made and averaged to obtain the baseline magnetoresistance
of each sensor. Every new data point (after the above signal
processing steps) is compared to this baseline value to
determine the change in magnetoresistance. The change in
magnetoresistance is converted to an analyte concentration
through  pre-programmed  concentration  tables. The
concentration tables have been quantized into four regions
based on therapy regimen corresponding to undetectable, low,
medium and high concentrations. The LED for each sensor is
unlit, green, orange, or red corresponding to the threshold
values of the concentration curve. This readout scheme
requires no further analysis by the end-user. While this
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Figure 4. a) Power amplifier b) Planar electromagnet and flux guides
¢) Measured tickling field versus applied current

readout provides only semi-quantitative results, we also
integrated the option to connect the device to a computer via a
serial port to obtain fully quantitative real-time data.

VIIl. RESULTS

We demonstrate detection of several spiked protein
samples to verify the specificity, multiplexing ability, and
reproducibility of the magnetic immunoassay. The biomarkers
used for the validation tests were vascular endothelial growth
factor (VEGF), carcinoembryonic antigen (CEA), and
epithelial cell adhesion molecule (EpCAM). While these
tumor markers are not specific to a particular disease state,
they were chosen to highlight the generalizability of the
platform. Bovine serum albumin (BSA) was included as a
control chemistry to monitor the specificity of the assay and
epoxy covered sensors to observe systematic errors with the
electronics. Each of the disposable NanoLab Sticks was
functionalized with VEGF (S1 and S2), CEA (S3 and S4),
BSA (S5), epoxy (S6), and EpCAM (S7 and S8). The sample
was incubated for 10 minutes prior to adding the MNP tags
and the binding curves measured for an additional 10 minutes.
More sensitive detection can be achieved with increased
incubation time [3]. However, for most clinically significant
concentration ranges, this is a sufficient compromise between
incubation and readout time for rapid analysis.

In the first experiment, VEGF protein was spiked into PBS
solution at 1 ng/mL (22 pM). The analytes for CEA and
EpCAM were intentionally not added to monitor the
nonspecific binding and cross-reactivity. Fig. 5a shows that
after 4 minutes, when the MNP tags were added, only the two
VEGF functionalized sensors responded, indicating that there
is negligible nonspecific binding and no cross-reactivity.
Furthermore, the duplicate sensors show evidence of the high
reproducibility in the assay.

1781



1782



