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Abstract

Cocaine is a well-known, illegal, recreational drug that is addictive due to its effects on the
mesolimbic reward pathway in the human body. Accurate and real-time measurement of
the concentration of cocaine in the body as a function of time and physiological factors is
a key requirement for the understanding of the use of this drug. Current methods for such
measurements involve taking samples from the human body (such as blood, urine, and hair)
and performing analytical chemistry tests on these samples. This techniques are relatively
expensive, time consuming, and labor intensive. To address this issue, a new implantable
sensor for the automated detection and measurement of the relative cocaine concentra-
tion is presented here. The device is more economical and provides for higher sampling
frequencies than the current methods. The active sensor elements consist of piezoresistive
microcantilever arrays, which are coated with an oligonucleotide-based aptamer, i.e. a short
sequence of RNA with high affinity for specific target molecules, as the cocaine receptor.
A Wheatstone bridge is used to convert the biosensor signal into an electronic signal. This
signal is transmitted wireless at an operating frequency of 403.55 MHz, which complies with
the US Medical Implant Communication System (MICS) FCC 47CFR Part 95. The limit
of detection for the in vitro experiment is found to be 1 ng/ml. The device has success-
fully measured the relative concentration of cocaine upon implantation in the subcutaneous

interstitial fluid of male Wistar rats.
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Chapter 1

Introduction

1.1 Motivation

Measurement of the concentration of cocaine in the body as a function of time, dose and
physiological factors is a core research focus in seeking to improve the understanding of the
use of this drug. Correlation of cocaine use with the use of alcohol, nicotine, and other
drugs is also a significant area of research. Hence, it is important to advance the state
of the art in the science and technology of the measurement of cocaine concentrations in
vivo. The present state of the art requires extracting blood or urine samples and performing
analytical chemistry tests upon the withdrawn samples. Electrochemical tests are routinely
used for the analytical assay. The process of drawing blood samples and analyzing them
is clearly too expensive for high-frequency assessments over lengthy periods of time for
large numbers of laboratory animals or human beings. In the case of laboratory animals,
it is considerably easier to take samples at higher frequencies, but the cost is prohibitive
regardless. In response to this condition, a low-cost implantable device that automatically
reporting accurate and real time measurement of cocaine concentration is the key presented
in this project.

Cocaine (benzoylmethyl ecgonine) is a well-known, illegal, recreational drug that is ad-

dictive due to its effects on the mesolimbic or reward pathway in the human brain. At



standard temperature and pressure (STP) cocaine is a crystalline tropane alkaloid that
originates with the coca plant and certain South American native peoples are known to
have chewed coca leaves as far back as hundreds of years ago. Cocaine in powder form
is usually cocaine hydrochloride. Crack cocaine is cocaine with an increased amount of
freebase cocaine. This can have a stronger and more rapid effect in the body. Orally ad-
ministered cocaine requires almost 30 minutes to attain significant levels in the bloodstream
and roughly 30 percent of the intake is typically absorbed. The peak effects of ingested co-
caine occur after about one hour and the perceptible effects endure for about the same time
span. Insufflation (sniffing) is the most often method of cocaine intake. Also, injection pro-
vides the most rapid onset of physiological effects on the central nervous system. Injection

can actually be used in laboratory animals as small as fruit flies.

1.2 Goals and Expected Contributions

The challenges in developing a cocaine biosensor, which are mentioned in the previous

section, involve the following characteristcs:
e inexpensive,
e simple,
e low-power,
o fast,
e sensitive, and

small.

To achieve the above goals, this dissertation introduces a cocaine biosensor with active
elements that consist of piezoresistive microcantilevers coated with an oligonucleotide-based
aptamer as the selective cocaine binder. The micrometer size of the microcantilevers is the

optimal selection for a small, implantable device that has all of the above characteristics.



Figure 1.1: Our cocaine sensor placed next to a quarter.

The active elements are integrated with off-the-shelf electronic read-out components to pro-
duce a sensor with low cost, low power consumption, maximum battery life, and minimum
complexity. The microcantilevers along with the electronic components are enclosed in an
FDA-approved capsule as shown in Fig. 1.1. The sensor transmits its signal via telemetry to
a receiver that is connected to a computer for data display. The success of this work has the
potential to open a possibility for measurement of other drugs and biologically important
compounds in the human body.

The accomplishments anticipated in this dissertation work are to have an optimized
method for coating the microcantilevers with the cocaine receptor, to demonstrate in vitro
cocaine detection for relative concentrations in different techniques, and to conduct in vivo

sensor testing.

1.3 Previous Work on Cocaine Detection

1.3.1 Chromatography/Spectrometry

Cocaine in the human body has been measured by taking samples of urine [1], hair [2, 3]
and sweat [4] from cocaine users. Saliva samples have also been used [5]. However, the
saliva was taken from non-cocaine users and cocaine was then added for detection. Sun et

al. reported a determination of cocaine in serum samples of rats after having been injected



with cocaine [6]. The analysis of the extracted cocaine from these samples was mostly done
using gas or liquid chromatography incorporated with mass spectrometry, diode-arrays, and
spectrophotometers. However, these techniques are quite complicated, time-consuming and

expensive.

1.3.2 Electrochemical Analysis

Watanabe et al. explored a potentiometric electrochemical sensor by modifying the mem-
brane between the electrodes in an electrochemical cell [7]. In improving the sensitivity and
selectivity of the sensor, they incorporated a specific ion exchanger, sodium tetrakis [3,5-
bis(trifluoromethyl)phenyl]borate (NaTFPB), and solvent mediator, tetrakis(2-ethylhexyl)
pyromellitate (TEHPY), into a poly(vinyl chloride) (PVC) membrane between the elec-
trodes. The pair of Ag,AgCl electrodes was connected to a high input impedance voltmeter
to measure the electromotive force (emf) between the electrodes. The limit of cocaine
measurement using this technique was found to be 0.4 pM (0.121 pg/ml).

Similar work was done by Campanella et al. using cocaine-reineckate or cocaine-
tetraphenylborate as an ion exchanger [8,9]. The modified PVC membrane was attached to
an ISFET (ion sensitive field effect transistor), which was fabricated by HEDCO Laboratory
of Utah University. The modified ISFET device was immersed in cocaine solution, where
ions of the cocaine solution were able to interact with the ion selective membrane. The
challenge with this device was to keep the membrane adhered to the device. The ISFET
measurements were carried out using a potentiometer Radiometer pH meter coupled to a
recorder. The gate output voltage was recorded while keeping the source-drain current and
drain potential constant using an opamp in a feedback loop. The limits of measurement
were found to be 7 uM (2.12 pg/ml) for the cocaine-reineckate membrane and 15 pM (4.55
ug/ml) for the cocaine tetraphenylborate (TPB). Both were valid for pH range 2.5-7. For
a 1 mM cocaine concentration, response times for the device were found to be less than or

equal to 60 seconds.
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Figure 1.2: Block diagram of biosensor [10]. Note that Piezo includes piezoelectric and
piezoresistive measurements.

1.3.3 Biosensors

Biosensors are sensing devices consisting of a biological sensing material and a chemical or
physical transducer that converts a biological, chemical or biochemical signal into an electri-
cal signal [10] (see Fig. 1.2 ). The biological sensing materials include enzymes, antibodies,
nucleic acids (RNA and DNA), cells, receptors, tissues, etc. Transducers can be electro-
chemical, optical, piezoelectric, thermal, or magnetic types. In the present work the sensing
material or coating is aptamer. Aptamers are DNA or RNA oligomers, specific lengths of

the nucleic acid, that present a selective stereochemistry (“lock and key” structure).

Electrochemical biosensors

In contrast to the classical electrochemical sensor, an electrochemical-specific binding as-
say using antibodies as the biological sensing element has been investigated. Bauer et al.
applied a non-competitive immunoassay using labeled alkaline phosphatase (ALP) anti-
cocaine antibody as the cocaine binder [11]. First, cocaine in solution was mixed with the

antibodies. After the excess antibodies were removed, the cocaine-antibody complexes were



passed into an amperometric detector. The electrode current was measured by a potentio-
stat and was recorded using a chart recorder. The limit of detection was 380 pM (0.115
ng/ml) of cocaine.

In work by Suleiman and Xu [12], benzoylecgonine-antibody and horseradish peroxidase
(POD) enzyme were used as the cocaine binders. The binders were immobilized on a
membrane mounted over the tip of an oxygen electrode. Current response of the electrode
was recorded and cocaine measurement was found to be linear in the range of 0.1 uM to
10 M (0.03 pg/ml to 3 pg/ml) with a working pH range of 5.8 to 8.2. This sensor can be
regenerated by washing it with dilute hydrochloric acid solution and is stable for over 25
days.

A new class of molecules called aptamers has recently been introduced as the rival to
the antibody [13]. As stated above, an aptamer is an oligonucleotide sequence with the
capacity to recognize any class of target molecules with high affinity and specificity, and
thus it can be used as a biological sensing element in biosensors.

An aptamer-based electrode sensor, called the E-AB sensor, was fabricated by Baker
et al. [14]. The aptamer was immobilized on a gold electrode via the thiol group (-SH)
creating a self-assembled monolayer. Current increased upon addition of the cocaine to the
buffer solution where the electrode was immersed. Measurement limit was reported to be
below 10 uM (3.03 ug/ml). The sensor was regenerated by immersing the electrode two

times in a room temperature buffer for 3 minutes.

Optical-based biosensors

Optical-transducer sensors are based on absorption, surface plasmon resonance, lumines-
cence, fluorescence, and optical fibers. Devine and co-workers developed a fiber-optic co-
caine biosensor [15]. They used mAb antibody as the cocaine and cocaine metabolites
binder. The antibodies were immobilized non-covalently on quartz fibers. The goal was
to measure the evanescent wave fluorescence changes when cocaine or cocaine metabolites

presented. A fluorescein conjugate of benzoylecgonine (FL-BE) was used to generate the



fluorescense. First, the FL-BE was flown onto the fibers and bound to the antibodies,
and then the initial fluorescence was recorded. As cocaine or cocaine metabolites entered
the fibers, it dissociated the bond of FL-BE and hence reducing fluorescence intensity in a
concentration-dependent manner. Removal of cocaine allowed fiber regeneration. The limit
of measurement was 5 ng/ml of cocaine and 30 ng/ml of benzoylecgonine metabolite.

Stojanovic et al. was the first to introduce an aptamer-based sensor for cocaine in solu-
tion [16]. The aptamer had a three-stem structure. This three-way junction was stable in
the presence of cocaine. At the shortest end of these stems, they attached a 5’ -fluorescein as
the fluorophore and 3’-dabyl as a quencher. When exposed to cocaine solution, the aptamer
behaved as a fluorescent sensor for cocaine. The purpose of the quencher was to reduce
fluorescence intensity. Their experiment showed that without the quencher (fluorescein
only) the fluorescence intensity remained constant with different concentrations of cocaine.
They also showed that as the concentration of the cocaine was increased, the fluorescence
quenching decreased. The measurement range was 10 uM to 400 M (3.03 pg/ml to 121.36
ug/ml) cocaine concentration in serum.

In later work, Stojanovic and Landry replaced the use of the fluorophore and quencher
with dyes [17]. They found that by adding a cyanine dye to the aptamer, they were able
to observe significant changes in absorption maxima upon adding cocaine to the solution.
The cocaine displaced the dye in the aptamer-dye complex, thus reducing the absorption
peak detected by a spectrophotometer. The solution change of color was also visible by
naked eyes. After 12 hours, a blue precipitate and partial decoloration of the solution was
observed. The purpose of this method was to develop a sensitive and selective colorimetric
sensor that was better than the corresponding fluorescent sensors. The limit of detection
using this method was 0.5 uM (0.15 pg/ml).

A modification of Stojanovic’s work was done by Liu and Lu [18]. They constructed
gold nanoparticle aggregates functionalized with thiolated DNA. The particles were aggre-
gated with linker DNAs. They observed a color change when cocaine was added to the

solution due to disaggregation of the nanoparticles. The rate of color change increased with



increasing cocaine concentration. To confirm the color change observation, a UV /Vis spec-
trophotometer was used to detect changes in absorbance spectra. The advantage of this
sensor from previous work was that the color change could be seen instantaneously upon

adding the cocaine. Limit of detection was 50 uM (15.2 pg/ml) of cocaine.

Piezoelectric-based biosensors

Piezoelectric sensors use quartz crystal microbalance (QCM) and surface acoustic waves
(SAW) as transducers. A piezoelectric device (PZ) is very sensitive in detecting a small
mass change on its surface, which causes a measurable change in its resonant frequency,
usually on the order of ng/Hz. Attili and Suleiman took advantage of this PZ property to
detect cocaine [19]. Benzoylecgonine antibody, immobilized onto the gold electrode of a 10
MHz quartz crystal, was used as the cocaine binder. After its initial resonant frequency was
recorded, the crystal was immersed in cocaine solution for 30 minutes then air dried and
washed with distilled water. The shift in resonant frequency was then recorded to determine
the binding mass of the cocaine. The measurement range was 10 to 300 pg/liter (0.01 to
0.3 pg/ml.

Similar work was performed by Haldmek et al. [20,21]. The gold electrode of a piezo
crystal was first modified with BZE-DADOO, a derivative of cocaine. Different antibodies
were tested to determine the best cocaine binder. Antibody was flown onto the crystal to
obtain the initial or baseline resonance frequency of the crystal. For the cocaine detection,
a mix of the antibody and cocaine was introduced onto the crystal. Change in resonance
frequency was detected indicating the presence of cocaine. Regeneration the sensing surface
of the crystal was conducted by flowing formic acid to the ligand-antibody complex. Limit
of measurement was 34 ng/1 (34 x107% ng/ml) using the sheep antibody (IgG) and QCM
with a smooth gold surface. Total time of one analysis was 15 minutes.

Frisk et al. developed a QCM sensor to detect cocaine in vapor phase [22]. The sensor
contained a microfluidic vapor-to-liquid adsorption interface in a constant flow system with

QCM detectors. Cocaine antibodies were immobilized on a gold electrode. Cocaine was



added to a dust collecting paper filter and was vaporized by heating the filter at 270°C for 5
seconds. The cocaine vapor condensed on the liquid surface of PBS buffer which was flown
into the system. When the cocaine passed the QCM, it bound to the antibody and released
the antibody from the gold surface and thus increasing the resonant frequency of the QCM.
The frequency shift recorded was 15 Hz for approximately 50 ng of cocaine sample.

Another cocaine sensor in vapor phase was introduced by Stubbs et al. [23,24] using
a surface acoustic wave (SAW) device. A SAW device is a piezoelectric-based device, and
works in a similar principle as in QCM. However it has higher sensitivity than the QCM [10].
The primary part of this device was the two-port resonator, or the interdigital transducer
(IDT). The ports consisted of aluminum electrode in a shape of interlocking combs and were
fabricated on ST-X quartz with a center frequency of 250 MHz. The first port or the input
IDT was used to convert the driving radio frequency signal into an acoustic wave, while the
second port or the output IDT was used to convert the acoustic wave back to the RF signal
to be fed back into an oscillator circuit. The sensor used anti-benzoylecgonine (anti-BZE)
antibody as the cocaine binder. The antibody was immobilized on the electrodes on the
device surface via protein-A cross linker. Cocaine vapor was generated using an INEL vapor
generator. A shift of transient frequency was observed to determine the amount of cocaine
bound to the electrodes. The device had a sensitivity of approximately 20 Hz/pg and its
detection limit was on the order of a few picograms.

This work in measuring cocaine is summarized in the Table 1.1. The measurement unit

is in pg/ml unless otherwise stated.

1.4 Document Organization

This dissertation covers the development of the cocaine biosensor. Chapter 2 explains the
background, theory, and mechanism of microcantilevers and surface stress-induced micro-

cantilever deflection. Details of our cocaine sensor are described in Chapter 3. Several



Table 1.1: Summary of previous work on cocaine measurement.

Method Details Meas. Ref.
limit
(pg/mi)
GC-LC/MS serum (rat) 0.5x1073 [1]
urine samples 0.1 1]
hair samples 2-3x1073 [2,3]
ug/mg hair
sweat samples collected us- | 2.5x1073 [4]
ing patches ug/patch
saliva samples 5 x1073 [5]
Electrochemical | ion exchanger: NaTFPB 0.121 [7]
analysis
solvent mediator: TEHPY
membrane : PVC
ion exchanger: cocaine- | 2.12 8]
reineckate
membrane : PVC
ion exchanger:  cocaine | 4.55 [9]
tetraphenylborate
membrane : PVC
Electrochemical | receptor:  alkaline phos- | 0.12 [11]
biosensor phatase anticocaine anti-
body
receptor:  benzoyecgonine | 0.03 [12]
antibody and horseradish
peroxidase enzyme
receptor: cocaine ap- | 3.03 [14]
tamer [16]
Optical meth- | Optical fibers 5 x1073 [15,25]
ods
Fluorescence 3.03 [16]
Absorption:  aptamer-dye | 0.15 [17]
complex
Piezoelectric- Quartz crystal microbal- | 34 x1073 [19-22]
based ance (QCM) with antibod-
ies
Surface  acoustic ~ wave | few [23,24]
(SAW) with antibodies picograms

10




experimental setups are listed in Chapter 4. Chapter 5 we presents a discussion of the

results. These are summarized in Chapter 6.
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Chapter 2

Theory and Applications

In addition to their micrometer-size which advances the miniaturization of currently avail-
able sensors, microcantilevers have been demonstrated to have a very high sensitivity [26].
Furthermore, since microcantilevers are micromechanical devices, their fabrication uses
standard methods for mass production of integrated circuits. The mass production com-
bined with the advance of microfabrication technology leads to a low yield cost.

Before introducing more details about the cocaine biosensors, it is useful to understand
the theory and background of microcantilevers, especially piezoresistive microcantilevers,

and their mechanism as sensors which will be discussed in this chapter.

2.1 Microcantilevers

Microcantilevers were first used in atomic force microscopy (AFM) in 1986 to investigate
the surface topography of an electrically insulating sample [27]. The cantilever was clamped
at one end while a small tip was attached to the other end as sketched in Fig. 2.1. In this
configuration, the tip almost touches the surface of a sample producing a force between the
the tip and and the surface. This force causes the cantilever to bend. Since the AFM is
allowed to moved in three dimensions, the cantilever bending is measured and is registered

as topological information of the sample surface.
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cantilever + tip

Figure 2.1: An AFM cantilever with a tip attached to it is used to image the surface of a
sample.

Besides being used in scanning force microscopy, microcantilevers have also been used
in a different field of interest, namely sensor applications. As sensors, mirocantilevers
are very sensitive in detecting any changes of mechanical properties such as changes of
cantilever mass, temperature, and surface stress. There are two methods to measure such

changes [28,29]: dynamic mode and static mode.

2.1.1 Dynamic mode

In the dynamic mode, the change in the resonance properties such as frequency, amplitude,
and phase shift are measured. These property changes are usually caused by a change in

mass of the cantilever as demonstrated in Fig. 2.2. Its resonance frequency, f (Hz), is given

i (21)

where k and m are the spring constant (N/m) and the mass (kg) of the cantilever respec-

by [26]:

tively. The value of the spring constant depends on the geometry and the material of the
cantilever. For a rectangular cantilever displayed in Fig. 2.3, the spring constant is given

by [26]: ,
EWT

k
413

(2.2)

where E denotes the Young’s modulus of elasticity for the composing material (N/m?),

and W, T, and L are the width, thickness, and length of the cantilever which are usually
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Figure 2.2: Illustration of resonant frequency changes due to change in mass applied on
cantilever.

Figure 2.3: Beam cantilever or rectangular cantilever as used in the experiment.

in micrometers. To have a cantilever with a high sensitivity towards resonant frequency
changes, a very stiff cantilever - hence, a high spring constant - is preferable.

The detection of resonance property changes due to a mass change has led to the de-
velopment of gas sensors as described in Ref. [30-34]. In addition, the dynamic mode has
been used in the tapping mode AFM where an oscillating cantilever’s resonance properties

change as it approaches a surface.

2.1.2 Static mode

The static mode measures the deflection or bending of cantilever. The amount of cantilever

bending, z (m), for a given force, F' (N), is defined in Hooke’s law:

F =—kz (2.3)

where k is the spring constant. To have a cantilever that gives maximum deflection for a

given force, a soft cantilever with a low spring constant is preferable.
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Figure 2.4: Origins of cantilever deflection in static mode. (a) Thermal effect. (b) Surface
stress.

In AFM, the static mode is also called the contact mode. As introduced in Binnig’s
AFM [27], a force generated between the cantilever’s tip and the surface of a sample as they
touch each other causes the cantilever to bend.

The deflection can also be caused by a thermal effect or a surface stress applied to the
cantilever as shown in Fig. 2.4. In the thermal-induced cantilever deflection, the cantilever
is constructed using at least two different materials. The difference in the thermal expansion
coefficient of the materials causes the cantilever to bend in one direction (the bimorph effect).
Using this mechanism, Gimzewski et al. had designed a calorimeter to sense chemical
reactions to be used in gaseous or vacuum environment [35]. The calorimeter was capable
to detect heat changes as low as ~1 picojoule and temperature changes as low as ~ 107°K
at 300K. The device was then used by Barnes at al. to develop photothermal spectroscopy
with femtojoule sensitivity [36].

The surface stress-induced cantilever deflection is caused by adsorption of molecules on
a cantilever surface. This mechanism has been used to study the the mechanical properties
of self-assembly monolayers of alkanethiols, particularly its formation process [37]. Fritz et
al. demonstrated cantilever deflection in DNA hybridization. The cantilever was function-

alized with a certain sequence of biomolecule or oligonucleotide followed by injection of the
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complimentary oligonucleotide into the liquid cell resulting in hybridization. The cantilever
was also capable of detecting a single base mismatch between two oligonucletides. Other

molecular detectors based on the surface stress applied on microcantilevers are reported in

Ref. [38-40].

2.2 Measuring microcantilever deflection

Tunneling method

There are several techniques to measure a microcantilever deflection. Binnig introduced
the use of tunneling current in their AFM [27], as schematically displayed in Fig. 2.5(a). A
diamond stylus tip is attached to one end of the cantilever and they are integrated with a
scanning tunneling microscopy (STM)*

Their AFM operates using a similar principle as the STM. However, instead of keeping
the tunneling current constant between the tip and the sample, it maintains a constant force
between them. This operation mode makes scanning of non-conducting samples possible.
The cantilever and the diamond stylus are placed between the surface of a sample and the
STM tip. The AFM sample is mounted to a three-dimensional piezoelectric drive in x, y,
and z direction. The sample is modulated in the z direction. As the stylus is brought to
a very close distance to the sample, the force between the sample and the stylus causes
deflection the cantilever which results in the tunneling current to vary. The modulated
tunneling current is used to control the AFM feedback circuit in maintaining the constant

force.

*STM is another method to scan surface topography of conducting samples, invented before the AFM
also by Binnig et al. [41]. When a very sharp tungsten tip is brought close to the Pt surface with approximate
distance of 1 nm tunneling current flows from the tip to the surface. The movement of the tip is controlled
by piezodrives, P, and Py. The goal is to keep the tunneling current constant. To obtain this goal, a control
unit is attached between the tip and piezodrive P,. When the tip moves due to surface change, the control
unit adjusts the voltage of the piezodrive P, to keep the tunneling current constant. The voltages of the
piezodrives P, Py, and P, are registered as the topography of the sample surface.
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Capacitance method

Goddenhenrich et al. introduced a capacitance method to measure cantilever deflection used
in their magnetic force microscope (MFM) design [42]. An aluminum microtip is attached
to a V-shaped lever which is fabricated from 25 pm aluminum wires and has a calculated
spring constant of 1 N/m. One of the capacitor plates is placed on the microtip, while the
opposite capacitor plate is mounted on a controlled piezo tube. Both plates are made of
aluminum foil and have dimensions of 300um x 300pm. The sample is mounted on a single-
tube x, y, z scanner which allows lateral scan width of 10 ym and a vertical deflection of 1
pm. During scanning, the force-induced lever deflection causes the capacitance to change
due to change of the distance between the capacitor plates. A transformer bridge with a
ratio 100:1 and a phase-sensitive lock-in amplifier are used for the capacitance detection.
The device sensitivity is found to be 107% pF for 0.001 nm distance change between the
plates. Fig. 2.5(b) shows the schematic diagram of this method whose applications are

capacitance imaging and investigation of magnetic properties of materials.

2.3 Optical methods for measuring microcantilever deflec-

tion or resonance properties

Optical techniques can be used in the dynamic or static mode detection. Martin et al. [43]
presented a modified version of atomic force microscopy which measures the force between
a tip and a sample as a function of the distance between the tip and the sample surface. A
tungsten tip is tethered at the end of a wire which serves as the cantilever. This cantilever is
mounted on a piezoelectric transducer. The transducer vibrates the tip at the cantilever’s
resonant frequency. The tip, cantilever, and the transducer are integrated with a He-
Ne laser heterodyne interferometer used to measure the vibration amplitude [44]. The
laser beam from the interferometer applied onto the surface of the cantilever is reflected
and interfered with a reference beam producing a photocurrent on a photodetector with

a frequency determined from the frequency difference between both beams. As the tip is
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brought at a close proximity to the sample surface, the amplitude of the vibration changes
due to the shift of cantilever resonant fregency, resulting in a phase modulation of the
photodetector current. The applications of this method are material sensing and surface
profiling.

Another interferometric-based detection method, called the differential interferometry,
used to measure a force-induced cantilever bending in force microscopy is presented by
Schonenberger and Alvarado [45]. A cantilever is fabricated by cutting it out of GaAs wafer
that has been ground and chemically etched. The tip is made of a piece of tungsten wire and
is glued to one end of the cantilever using a conductive epoxy. The back of the cantilever
is polished and coated with gold to facilitate reflection of two laser beams referred as the
reference beam and the sensing beam. The sensing beam is reflected off the cantilever
end near the tip, while the reference beam is reflected at the side of the shaft where the
cantilever is mounted. The reflected beams are detected by two photodiodes which convert
the intensity of the beams into electrical signals.

Sarid et al. reported a compact detection scheme using a single-mode GaAlAs double-
heterostructure semiconductor laser diode emitting at 780 nm [46]. The beam reflected off
the cantilever surface is detected by a photodiode where the ac current is proportional to
the vibration amplitude of the cantilever. Meyer and Amer [47] proposed another simple
optical-based scheme for detecting cantilever bending used in atomic force microscope. The
cantilever is made of 75 um tungsten wire and is electrochemically etched to form a sharp tip
at the end. A minute mirror (300um x 300pm) is placed on the backside of the cantilever to
reflect the laser beam which off the cantilever. The reflected beam is captured by position-
sensitive detector (PSD) whose output is measured using a phase-sensitive device. A general
mechanism of the optical methods for measuring microcantilever deflection or resonance

properties is schematically displayed in Fig. 2.5(c).
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Figure 2.5: Methods of measuring cantilever deflection. (a) Tunneling current method.
(b) Capacitance method. (c) Optical-based method.



Table 2.1: Different methohds of measurement changes in cantilever properties.

Mode Source Method
Dynamic | Shift in resonance properties | Optical
due to mass

(shift in amplitude, frequency,

and phase)
Static Deflection due to thermal or | Tunneling
surface stress
Capacitance
Optical
Piezoresistive

2.4 Piezoresistive microcantilevers

Although the techniques described above offer advantages such as high sensitivity and noise
immunity, they are impractical for sensor applications because the complete instruments are
usually large in size and complicated due to their external sensor components. In addition
to being expensive, adjustment or alignment of the cantilever and the optical detector is
usually time consuming.

In 1991, Tortonese et al. proposed a new detection scheme to measure cantilever deflec-
tion. The deflection sensor, which used a varying resistance (i.e. piezoresistive material),
is embedded in a microcantilever [48] as demonstrated in Fig. 2.6. The piezoresistive can-
tilevers are made of a p-doped channel in silicon nitride, which exhibits a strong piezore-
sistive effect. The cantilever is connected to an external DC-biased Wheatstone bridge as
sketched in Fig. 2.7. The bridge directly measures the voltage across it which is proportional
to the value of the resistance change due to the cantilever bending.

The different methods in measuring the changes in cantilever properties as listed above
are summarized in Table 2.1.

In Section 2.5, different mechanisms are discussed which result in the bending of a
cantilever not due to its interaction with a surface of the sample, but because of elastic

stress resulting from the binding of molecules at the surface.
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Figure 2.6: Triangular shape piezoresistive microcantilever introduced by Tortonese et al.
from Ref. [48]

Figure 2.7: The piezoresistive microcantilever is connected with a Wheatstone bridge to
measure the change in the resistance of the piezoresistive material when the cantilever
deflects from Ref. [48]
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Figure 2.8: Beam cantilever or rectangular cantilever with a thin film (i.e. piezoresistor)
deposited on it.

For any given rectangular cantilever as shown in Fig. 2.8, the amount of cantilever

bending due to surface stress is defined using Stoney’s formula [49]:

3L%(1 — )

where z is the amount of cantilever bending (m), o, is the surface stress (N/m?), E is
Young’s modulus (N/m?), v is Poisson’s ratio, L and H are the cantilever length and
thickness respectively, and ¢ is the thickness of thin film deposited on the cantilever (i.e.
piezoresistive material). However, t < H.

A mathematical derivation of Eq. 2.4 can be found in Ref. [29], in which a spring constant

for surface stress-induced microcantilever, k. , was deduced by inserting z in Eq. 2.4 into:

O0s = kosz (25)
resulting in
EH?
ky, = ————= 2.6
7 (1 —wv)3L? (26)

A typical spring constant for a stress-induced microcantilever deflection is in the range
between 1 mN/m to 1 N/m [50]. A 1 mN/m surface stress experienced by a microcantilever
contributes to a bending of 1.6 nm.

For a piezoresistive material on which a strain is applied, the value of its resistivity

changes. For a rectangular piezoresistor with a pathway for a current flow demonstrated in
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Figure 2.9: Rectangular-shaped piezoresistor adapted from Ref. [29]. The longitudinal
direction is along the current flow, while the transversal direction is perpendicular to the
current flow.

Fig. 2.9, its sensitivity, which is the relative change in resistance, is defined by [29]:
AR
7 = K + Kiet (2.7)

where K is the gauge factor, which is a material parameter, € is strain applied to the
cantilever, and the subscripts [ and ¢ represent longitudinal and transversal direction of the
cantilever with respect to the direction of the current flow. Both the gauge factor and strain
are dimensionless quantity. They have no units of measure.

Fig. 2.10 illustrates the geometry and placement of the piezoresistor relative to the
cantilever that is used in the experiment. The current flows from one leg of the piezore-
sistor to the other, through the top part. The piezoresistive then can be divided into two

components, i.e. the legs and the top part:

A A A
AR _ AR AR (2.8)
R total R legs R top
= (Kiep + Kigy) + (Kjey + Kiey) (2.9)

R
where — represents both legs of the piezoresistor. In a simplified case, where the top
legs

part resistance is negligible compared to the total resistance, the total relative change in
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Figure 2.10: Geometry of the piezoresistor on the cantilever adapted from Ref. [29] with
direction of the current shown.

resistance can be shown to be:

AR

— =K K 2.10
R total 1€z My ( )

The strain for an elastic isotropic material is given by [51]:

1

Ep = E(Jgg —v(oy+02)) (2.11)
1
gy = E(Uy —v(ogy +02)) (2.12)

where o denotes the stress, ¥ and v are the Young’s modulus and Poisson’s ratio of the
material respectively. For a uniform in-plane stress applied on a cantilever, the stress out

of the plane of the cantilever, o, is zero and o, = o, which leads to:

Ep = £y = %(1 —) (2.13)

Inserting e, from Eq. 2.13 into Eq. 2.10, the sensitivity of the cantilever can be written as:

% = [Ki+ KJ(1 - v)% (2.14)
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Compressive stress Tensile stress

Figure 2.11: The bending direction of a microcantilever as a result of stress in the coating
layer. Deflecting away from the top surface is related to compressive stress; deflecting
toward the top surface is related to tensile stress.

Eq. 2.14 clearly shows the relation of surface stress with change in resistivity, as needed for

this work.

2.5 Surface Stress - Transduction mechanism

If one side of the cantilever is coated with a different material, the involved stress will result
in cantilever deflection. The direction of the deflection depends on the stress in the coating

layer as illustrated in Fig. 2.11:
1. Compressive stress, where a cantilever bends away from its top surface.
2. Tensile stress, where a cantilever bends toward its top surface

Details on how molecular recognition or attachment to a cantilever can cause surface
stress and which direction the cantilever deflects due to the molecular binding are still being

studied and investigated. There are several theories regarding this phenomenon.
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2.5.1 Electrostatic repulsive force

Berger et al. [37] immobilized alkanethiols on a V-shaped silicon nitride cantilever that had
been coated with 20-nm gold, creating a self-assembled monolayer. The process was mon-
itored and the cantilever bend was observed using a scanning force microscope technique.
The results showed a range of cantilever deflection between 50 to 200 nm away from its
top surface. This number is much greater than the deflection caused by the thermal effect,
which is only ~0.5 nm [35], and that caused by changes in mass due to molecular loading,
which is ~5 pm. Based on these negligible numbers, they concluded that the chemisorbed
alkanethiols produce a compressive surface stress during self-assembly. They also reported
that the stress is proportional to the number of molecules adsorbed on the gold and to the
length of the alkyl chain. They explained that the compressive stress is due to electronic
repulsion of the alkanethiol. When the thiol attaches to the gold surface, it creates an
apparent dipole moment: Au™ — S~ and S~ — alkyl™. Therefore, as the alkyl chain gets
longer, the apparent dipole moment also gets larger, results in increasing electrostatic re-
pulsion. The typical amount of surface stress due to the dipolar repulsive force of adsorbate
and adsorbant is 1072 N/m [52].

A similar experiment was done by Fritz et al. [53] by immobilizing a thiol-modified
oligonulectides on a gold-coated cantilever for DNA hybridization and detection of a single
base mismatch of two DNA sequences. They observed a compressive surface stress of 5
mN/m during DNA hybridization, which is ~100 times smaller than the stress resulting
from the alkanethiol immobilization done by Berger et al. above. Fritz et al. also suggested
that the electrostatic repulsive force is responsible for the surface stress. This force is due

to negative charges from the sugar-phophate backbone of the oligonucleotides.

2.5.2 Entropy

Wu et al. [54] reported that in addition to the electrostatic repulsive force between neighbor-

ing DNA chains, the cause of cantilever bending is also due to a change in configurational
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entropy. Two experiments were conducted, an immobilization of single-stranded DNA (ss-
DNA) on a gold-coated microcantilever followed by a DNA hybridization. During ssDNA
immobilization the microcantilever bent away from its top surface or downwards. Hence,
the microcantilever experienced a compressive stress which can be explained using the elec-
trostratic repulsive force theory as suggested by Fritz et al. During DNA hybridization, on
the contrary, the microcantilever bent toward its top surface or upwards instead of having
larger deflection away from the surface as one would have expected. This phenomenon
can not be explained using the repulsive force theory alone. In general, single-stranded
DNA chains will gain maximum configurational entropy in a free solution. However, when
they are attached onto a cantilever surface and are placed in a very close distance with
their neighboring chains, the conformational entropy decreases. As the counterbalance,
the decrease in the entropy leads to an increase in the driving entropy force resulting in
forming cantilever curvature. When the complementary target ssDNA are introduced, the
hybridization process created rod-like double-stranded DNA chains with reduced configu-
rational entropy driving force. Consequently, a smaller curvature is formed producing an
upwards cantilever deflection.

Despite the considerable interest and amount of work focused on an understanding of
how the binding of molecular species at the cantilever surface result in its bending, open
questions remain. Alternative explanation may need to be considered. For example, Liu
at al. suggest that flexoelectric bending of the cantilever material, induced by the bound
charges at its surface, is the dominant mechanism [55]. In fact, these authors show that

published results of cantilever bending in [54,56,57] can be explained by this mechanism.
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Chapter 3

Design of the Cocaine Biosensor

The complete cocaine sensor system described in this work is divided into two parts: a
sensor device, which will be referred to as sensor in the rest of this dissertation, and a
receiver set, called the base station. The sensor is a monitoring device that detects cocaine
in the human body. It communicates wirelessly with a receiver, the base station, linked
to a computer (PC) serving as a user interface via USB connection. Fig. 3.1 and Fig. 3.2
illustrate a conceptual drawing and the block diagram of the cocaine sensor system. More
than one sensor is allowed to communicate with one base station. Each sensor may be placed
up to 10 meters from the base station. The operating frequency of the device is 403.55 MHz
with transmission band of 402-405 MHz, which is the frequency range allocated on a shared
basis for the US Medical Implant Communication System (MICS) FCC 47CFR Part 95.
This chapter focuses more on the sensor device. A short review of the base station will
be covered in Appendix section. The cocaine detector consists of three main components.
They are the active elements of the biosensor, the read-out electronics, and the compartment
which holds both the active elements and the electronics. The biosensor active elements
must form a the small, simple, inexpensive, yet sensitive sensor. Other requirements for the
cocaine sensors include: low current consumption, capability of operation at supply voltages
down to 3.0 V, maximum battery life, and minimum complexity. These requirements can

be achieved by selecting the right electronic components for the sensor read-out.
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Figure 3.1: Conceptual drawing of implantable cocaine sensor system.
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Figure 3.2: Block digram of the complete cocaine sensor system.
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Figure 3.3: The active elements of the cocaine biosensor. It includes piezoresistive micro-
cantilevers and an oligonucleotide—based aptamer as the cocaine binder.

3.1 The active elements

The active elements of the cocaine biosensor chosen in this work, as displayed in Fig. 3.3, are
piezoresistive microcantilevers coated with oligonucleotide-based aptamer as the biological

sensing element.

3.1.1 Oligonucleotide-based aptamer

Aptamers were chosen early in the project as a sensor coating due to their high selectiv-
ity. It is a new class of molecules that have recently been introduced as the rival to the
antibody [13,58]. An aptamer is an oligonucleotide sequence, a short sequence of RNA or
DNA oligomers with a specific sequence of base pairs that form a highly selective three—
dimensional structure with the capacity to recognize wide range of target molecules with
high affinity and specificity. It can be used in therapeutic and diagnostic applications as
well as a biological sensing element in biosensors. There are several reasons why aptamers
are more promising for such applications in the future than antibodies. Antibodies are
produced in animals, and identification and generation of antibodies depends only on the
physiological conditions of the animals. The properties of the antibodies, such as the ki-

netic parameters of antibody-target interactions, are not easily altered. Their performance

30



can vary from batch to batch, requires optimizations for each batch and its applications.
Storage is an additional challenge. Antibody-producing cells need to be frozen and stored
at multiple sites to prevent death of cell lines. Furthermore, they have limited shelf life, are
temperature sensitive, and can be irreversibly denaturated.

Aptamers, on the other hand, are produced in wvitro by chemical synthesis, namely
the SELEX (systematic evolution of ligands by exponential enrichment) process, in which a
unique oligo (RNA/DNA) is identified or selected from RNA/DNA libraries containing ran-
dom sequence oligomers. Example of such library is the Ellington lab aptamer database [59].
Aptamers properties can be customized or manipulated for enhanced stability, affinity, and
specificity. There is little or no variation in performance from different batches. Moreover,
they possess a high stability for long-term storage at ambient temperature and sustain
reversible denaturation. An important quality of aptamers as biological sensing elements
in biosensors is their ability to regenerate their function by varying heat, salt, concentra-
tion, pH, and addition of chelating agents. Integrated with specific transducers, aptamers
can be use to detect different analytes or target molecules such as human Immunoglobin
E (IgE) [60], the coagulation protein thrombin [61,62], HIV-1 Tat protein which controls
early phase of HIV-1 replication cycle [63], cancer-related proteins [64], and, of course,
cocaine [16,17]. More on aptamers development can be found in Ref. [59,65].

The aptamer that is used as the cocaine receptor in the work has similar configuration
as the aptamer MINS-4.1 used in Ref. [16,17]. The difference lies in the addition of a thiol
at the 5" end of the sequence which results in
5-(_C6Thiol) ACAGCTGGGTGAAGTAACTTCCTAAAAGGAACAGAGGG-3'. Fig. 3.4 illustrates the ap-
tamer’s structure. In the absence of cocaine, the aptamer is a partially formed three-way
junction. Cocaine binds to the aptamer through a hydrophic pocket located within the
junction, causing the short stem to form and producing a fully defined three-way junction.
Besides its low-micromolar dissociation constant (~ 0.4-10 M), another advantageous fea-

ture of MINS-4.1 aptamer is its selectivity for cocaine over cocaine metabolites.
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Figure 3.4: Structure of three-way junction of the aptamer used to bind cocaine adapted
from Ref. [16,17] with thiol at the 5" end of the sequence.

The thiol attached to the 5" end of the aptamer will help the immobilization process
of the aptamer onto the gold-coated microcantilever surface (see Fig. 3.5). A thiol is an
organic compound that has a thiol group, (-SH). A strong, covalent-like bond between the
sulfur and the gold atoms, which is on the order of approximately 50 kcal/mol [66], leads

to chemisorption of the aptamer to the gold coated microcantilevers.

3.1.2 Piezoresistive microcantilevers

Piezoresistive microcantilever arrays manufactured by Cantion, Inc. are used as the sensor’s
transducer. Each array contains four piezoresistive microcantilevers which are fabricated
with uniformly linearly doped (p-type) silicon ”"wires” encapsulated in SigN,. The em-
bedded 4 K2 resistive wire is connected to two bond pads for each cantilever as shown in
Fig. 3.6. Each array contains two bare Si3 N4 cantilevers and two that are coated with 30
nm gold (Au) via a vacuum physical vapor deposition and with 2 nm chromium (Cr) as
adhesion layer. Each rectangular-shaped microcantilever has dimensions of 50 ym width,

150 pm length, and 0.5 pm thick.
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Figure 3.5: Immobilization of aptamer on gold surface via thiol.
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Figure 3.6: Schematic of Cantion piezoresistive microcantilever array.
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A modified Wheatstone bridge, introduced by Tortonese [48] and mentioned in Chap-
ter 2, is used to measure the cantilever deflection. In Tortonese’s configuration, the bridge
is made of three fixed-value resistors and one varying resistor originated from the piezore-
sistive microcantilever as shown in Fig. 3.7(a). The cocaine sensor’s configuration uses four
microcantilevers to form the bridge, two Si3/N4 cantilevers and two gold-coated cantilevers
whose resistance can be varied as illustrated in Fig. 3.7(b). The gold-coated microcantilevers
are placed diagonally across from each other which proved to be the best configuration for
our purposes. Here, the differential ouput voltage (V4 — V4) is twice the value obtained
with the original Tortonese’s bridge, thus doubling the sensitivity of the sensor. In fact, the

differential output voltage of the original Tortonese’s Wheatstone bridge is:

AR
Vo=V, =V =V_m (3.1)

In contrast, for the Wheatstone bridge with two varying resistance cantilevers that are

diagonally across from each other, the obtained differential output voltage is:

R
_ 2
' = VR RTAR) (32)
R+ AR

V2 = Vel R AR (3.3)
V, = V—V—ViAR butAR < R (34)
o 2 L= 2R+AR’U ’

AR
~ V— 3.5
- (3.5)

In other words, when the target molecules are captured on the functionalized gold-coated
cantilevers surface, the resistance of the top left microcantilever increases, causing the out-
put voltage, Vi, to decrease. At the same time, the resistance of the lower right micro-
cantilever also increases, which leading to an increase in the output voltage, V5. Both the
decrease in V7 and increase in V5 result in increasing the differential output voltage, Vo — V7,

of the diagonal-type Wheatstone bridge configuration.
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Figure 3.7: Tortonese’s vs. the cocaine sensor’s Wheatstone bridge configuration.
(a) Tortonese’s configuration with one varying resistor from piezoresistve microcantilever.
(b) The cocaine sensor’s bridge configuration with two varying resistors diagonally across
from each other.

Since one of the pads of each cantilever in the Cantion’s array is tied to a common
electrical connection as shown in Fig. 3.6, two arrays are required to build a Wheatstone

bridge, where one gold-coated cantilever and one SigN, were selected from each array.

Accordingly, two Wheatstone bridges can be built in a single device as described in Fig. 3.8.

3.2 Electronics Read-Out

The Wheatstone bridges data readings are controlled by the following electonic components:
(a) analog to digital converter

(b) microprocessor

(c) transmitter and antenna

These components are powered by two silver oxide batteries at 1.55 V each. Fig. 3.9 is the

block diagram for the cocaine biosensor read-out.

3.2.1 Analog-to-Digital Converter

Analog to digital conversion is performed using the AD7792 chip from Analog Devices, Inc.
chosen for its low power consumption, low noise on—chip instrumentation amplifier, output

update rate options, on—chip digital filters, and a 16-bit sigma-delta (X —A) modulator. The
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Figure 3.8: Microcantilevers arrangement in the sensor’s Wheatstone bridges.
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Figure 3.9: Block diagram of the cocaine biosensor electronics read out.
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device’s operating voltage ranges from 2.7 volts to 5.25 volts with 400 pA typical current
consumption. The on—chip instrumentation amplifier or in—-amp allows small amplitude
signal to be interfaced directly to the device. The amplification factor can be achieved by
setting a gain of 1, 2, 4, 8, 16, 32, 64, or 128 that may be selected by programming specific
bits in the device’s configuration registers. The digital output update rate, which is also
user—programmable, ranges from 4.17 Hz to 470 Hz. The chip uses different types of digital
filters depending on the update rate. A simultaneous 50 Hz and 60 Hz rejection is optimized
when the update rate is 16.7 Hz or less, within which the rate used by the cocaine sensor
is.

The analog to digital conversion in the AD7792 is accomplished using a ¥—A modulation
method. A brief overview of the modulation method is as follows, according to Ref. [67]. As
demonstrated in Fig. 3.10, an analog input voltage is added to the output of the feedback
from a digital-to-analog converter (DAC) which is 0 V at initial condition. The result is
passed into an integrator where it is added to a value from previous integration whose initial
value is also 0 V. A comparator then checks the output of the integrator: if it is greater than
or equal to zero volts, then a logic 1 is sent out, otherwise a logic 0 is sent out. The bit is
fed to a DAC node. In the DAC node, the DAC sends out +VREF voltage to the summing
node when it receives logic 1 from the comparator, or -VREF when it receives logic 0. The
output bit from the comparator is also sent to a digital filter before being delivered in a serial
data stream. The advantage of the delta-sigma modulator for the the sensor application is
its very high resolution digital output due to oversampling of the analog input.

A battery is connected directly Vpp. Pin AIN(+) and AIN(-) receive signals from the
differential voltages of the Wheatstone bridge in the sensor, V5 and Vj respectively. The
reference voltage of the device is supplied by a 1.22 V external voltage reference. The serial
clock input, SCLK, which is set to noncontinous mode for the application, is regulated by a
the microprocessor which will be covered in the next subsection. The AD7792’s data input,
DIN, carries bits information from the microprocessor to the ADC shift registers. This

information sets the values of the appropriate registers within the ADC to certain values.
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Figure 3.10: Flow chart of Sigma-Delta (X — A) modulation [67].

The serial data output/data ready pin, DOUT/RDY, has dual functions. As DOUT, it
transfers serial data stream from the ADC to the microprocessor. As data ready pin, it is

an indicator whether the data conversion from analog to digital has been completed.

3.2.2 Microprocessor

The microprocessor used in the sensor needs to performed the following tasks:
(a) All system timing, including real time clock generation

(b) Battery status monitoring and management

(¢) MEMS A/D control for temperature sensor

(d) Data packet formation and transmission

The MSP430F1232 manufactured by Texas Instruments, Inc. meets the above requirements
for several reasons. First, the microprocessor has low operating voltage, ranging from 1.8 V
to 3.6 V, and a very low current consumption, 0.7 A in standby mode and 200 pA in active
mode. This low power consumption is very significant to achieve extended battery life in
portable measurement applications such as the present cocaine sensor. Another important
feature of this device is that it allows fast switching, less than 6 wps, from a low-power
mode or standby mode to an active mode. This feature helps the sensor in optimizing the

battery life. Despite its small package size (5mm x 5mm), the microprocessor has sufficient

memory capacity of 8KB 4 256B flash and 256B RAM. It is also equipped with a built-in
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real time clock (RTC), internal A/D used by the sensor for battery voltage monitoring and
a temperature sensor, and twenty-two general purpose input/output (GPIO) pins.

The processor is powered by the sensor battery. As shown in Fig. 3.9, the battery is
also input to the pin A7 for voltage monitoring. The system real-time clock is generated
by using a 32.768 KHz watch crystal oscillator, connected to pins XIN and XOUT.

The microprocessor operates in two modes: sleep mode and normal or active mode.
Referring to Fig. 3.11, in the sleep mode, the GND SW signal out is low, leaving the FET
switch open. Since there is no current flow, the input voltage across the Wheatstone bridge
is zero, and accordingly, the bridge’s differential output voltage is zero. The typical current
consumption in the sleep mode is approximately 2 pA for operation at 1 MHz. This is the
lowest power mode provided by the device which still allows the CPU to wake up. The
active mode includes powering up the sensor bridges, reading the values from the ADC
via the general purpose I/O pins, constructing data packet in RAM, and transmitting the
data packet to the transmitter chip via other GPIO pins. In this mode, the GND SW
signal out is set to high, causing the FET switch to close and creating a current path from
the voltage source to the ground. This allows the external reference voltage to power up
the Wheatstone bridge. This value is the highest voltage that is allowed to prevent the
cantilevers from overheating.

The interval time between the sleep and active modes is currently set to 8 seconds.
This value can be reconfigured via the watchdog timer feature of the microprocessor. The
data packet contains time stamps, the sensor identification, battery status, packet num-
ber, sensor temperature, current measurements from bridge I and from bridge II, previous
measurements from bridge I and from bridge I, parity bits, and data error checking using
Cyclic Reduncancy Code (CRC) as listed in Table 3.1. The packet is then delivered to the
RF transmitter using Manchester encoding.

Manchester encoding is done by representing one bit with a high-to-low or low-to-high
transition in the midpoint of the bit period. The binary 1 is set by setting the voltage

high at the first-half interval of the bit period and voltage low at the second-half interval.
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Figure 3.11: Part of the sensor’s schematic diagram which shows the FET switch that is
controlled by the microprocessor modes. In sleep mode, the FET switch is open, no current
flows. In active mode, the FET switch is closed, powering the sensor’s bridges.
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Table 3.1: Content of sensor transmission packet.

Field

Size (bits)

Bit position*

Description

Run-in

Start inicator

Status
Count

Temperature
ID (upper 8 bits)
ID (lower 16 bits)

MEMS-I
MEMS-II
PREV MEMS-I
PREV MEMS-II

CRC

16

16

10

16

16

16

16

16

16

b0-b15

b16-b41l

b42-b47
b48-b67

b68-b75

b76-b93

b94-b119

b120-b145

b146-b171

b172-b197

b198-b223

b224-b249

AAAALh. Used for re-
ceiver bit synchroniza-
tion

D4D4h. Used for re-
ceiver packet synchro-
nization and marks the
start data

Sensor status. See 3.2
Count calue of Mea-
surement Counter,
cremented each trans-
mission

Sensor temperature
measurement

High byte of sensor iden-
tifier

Lower 2 bytes of sensor
identifier

Measurement for MEMS
bridge 1

Measurement for MEMS
bridge I1

Previous measurement
for MEMS bridge 1
Previous measurement
for MEMS bridge 11
CRC for data error
check.

in-

Table 3.2: Sensor status bits.

Bit | Indication (bit=1)

b42 | reserved

b43 | reserved

b44 | reserved

b45 | Sensor operation error
b46 | Sensor measurement error
b47 | Low battery
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Figure 3.12: Manchester encoding of a given bit stream adapted from Ref. [68].

The opposite applies to the binary 0 where voltage low occurs at the first-half and voltage
high at the second-half interval. The Manchester encoding is shown in Fig. 3.12. The
advantage of this encoding scheme with transition in the middle of bit period is to permits
synchronization between the transmitter and receiver [68]. Furthermore, the clock frequency

and synchronization information are embedded in encoded data.

3.2.3 Transmitter and Antenna

To transmit the encoded sensor data to the base station, the TH72011 transmitter chip
manufactured by Melexis, Inc. is selected. The transmitter is compatible with the Eu-
ropian industrial-scientific-medical (ISM) band at 433 MHz, but it also provides broader
frequency range from 380 MHz to 450 MHz. To meet the nominal center frequency of
403.55MHz required by the US Medical Implant Communication System (MICS), a 12.6109
MHz reference crystal is utilized as shown in Fig. 3.9. The value of the reference frequency
derives from the formula given in the device’s specification sheet: f,.; = f./32, where f.
is the carrier frequency which is 403.55 MHz. The block diagram of the transmitter is
described in Fig. 3.13.
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Figure 3.13: Transmitter chip TH72011 block diagram [69].

The frequency-shift keying (FSK) modulation method is used to transmit the data
packet as demonstrated in Fig. 3.14. The data are transmitted by using different carrier
frequencies: the logic 0 is transmitted at frequency f.o and the logic 1 at frequency w,1.
The carrier frequencies for FSK low (0) and FSK high (1) are defined from the the lowest
and highest frequency range allowed by MICS. The FSK scheme is selected due to its low
power and better noise immunity than other modulation schemes. The modulated data
packet is then transmitted to the receiver via two loop antennas which are placed around
the sensor’s printed circuit board. Passive components to be selected are used to optimize

impedance matching thus minimizing losses.

3.3 Sensor Encapsulation

The piezoresistive microcantilever arrays and the electronic components are laid on two PC
boards: the upper and lower boards as described in Fig. 3.15. The upper printed circuit
board contains the two turns of the loop antenna, one on each side of the board. The lower
PC boards contain microcantilevers arrays, refers as MEMS in the figure, and the rest of
the electronic components. Spacers are placed between the upper and the lower boards to
avoid contact between the boards and to give enough room for two stacked batteries which

are placed at the end of the boards and secured by a pair of metal tabs.
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Figure 3.14: FSK modulation [70].
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Figure 3.15: The sensor’s PC layout.
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Figure 3.16: The sensor compartment is made up by the top and bottom housings.

The sensor is placed in a compartment or a housing. The challenge in choosing and
designing the compartment lies on the biocompatibility of the compartment material and
the ability to provide a water tight seal between electronic components and the sensor
environment but leaving the active elements, i.e. the aptamer-coated microcantilever arrays,
exposed to the interstitial fluid. A thermoplastic polyetherimide high heat polymer, Ultem—
1000, is selected for the housing material due to its high strength and high heat resistance
which provide flexibility during molding to obtain a preferred shape of the capsule and which
allow autoclave sterilization [71]. The material is FDA and USP (U.S. Pharmacoepia) class
VI compliant.

The housing is formed such that there are no sharp edges or features on the external
part of the housing that could possibly interfere with the implantation. As demonstrated in
Fig. 3.16, the compartment is divided into two parts, top and bottom housings, to give an
easy access to insert and replace the sensor boards as well as the batteries, with the lower
printed circuit board fit well in the bottom housing. The bottom housing contains a small
window as displayed Fig. 3.17. The window, which is positioned below the microcantilever
arrays, will allow interstitial fluid to flow to the sensor active elements. A ring of double-
sided polyester tape, Tesa-4967, is placed around the small window on the inside part of
the housing. As shown in Fig. 3.15 this tape ring forms a seal to isolate the electronic
components from the fluid. Fig. 3.18 demonstrates a complete assembly of the sensor

capsule.
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Figure 3.17: The bottom compartment of the sensor contains a small window that allows
interstitial fluid to flow to the microcantilever arrays.

Figure 3.18: Illustration of sensor capsule assembly.
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Chapter 4

Experimental Setup

4.1 Immobilization of aptamer

Before modifying the gold coated microcantilevers, an attachment test of aptamer is done
on a bigger surface for optimization of the immobilization process. A quartz crystal mi-
crobalance (QCM) is chosen for this purpose because the QCM provides information how

much aptamer covers the gold surface.

Quartz crystal microbalance.

Quartz crystal microbalance (QCM) consists of a thin quartz crystal disk sandwiched by
electrodes as shown in Fig. 4.1. The crystal itself is a piezoelectric material. When an
external electrical potential is applied across the crystal, it generates an internal mechanical
stress [72]. The crystal is integrated into an oscillation circuit at resonant frequency near
its fundamental frequency. The fundamental frequency depends on the crystal’s thickness,
chemical structure, shape, and mass. The resonant frequency, however, can be changed
when additional mass is applied on the crystal. The Sauerbrey equation (Eq. 4.1) shows

the change in resonant frequency, Af, due to change of mass, Am, is given by [73,74]:

Af =-Cy-Am (4.1)
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Figure 4.1: A quartz crystal microbalance (QCM).

where Cf is the sensitivity factor of the crystal. A typical value for a 5 MHz AT-cut quartz
crystal at room temperature is 56.6 Hz pg~'em?. The equation implies that the amount
of added or reduced mass to the crystal can be determined by measuring the shift in its
resonant frequency.

QCMs have been used widely used in thin film deposition. However, recently they
have been applied more for analysis tools as gas phase detectors for organic vapors e.g.
toluene, benzene, heptane, and xylene [75,76] and for environmental pollutants [77,78], and
as immunosensors to identify various analytes such as pesticides [79], bacteria [80-82], and

viruses [83,84]. Other applications are DNA biosensors to detect DNA hybridization [85-87]
and drug analysis [19,88,89].

Aptamer preparation

The oligonucleotide-based aptamer that is used to bind with cocaine is manufactured in
the laboratories of The Midland Certified Reagent Company (Midland, TX) and has been
purified from any extraneous salt by gel filtration chromatography (GF grade). The quantity
of the material is given in nanomoles and in A260 units, with A260 refers to the absorption
wavelength of the aptamer. One A260 unit equivalent to 30-35 micrograms of DNA. The
sequence of the aptamer and the placement of the thiol group at the 5’ end of the sequence
is mentioned in Chapter 3. Since the sulfur in the thiol group is very reactive, the aptamer

is received with a trityl protecting group attached to the sulfur and it is in a lyophilized
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(freeze-dried) form. Certain procedure to resuspend and to free the thiol group before using
the aptamer can be found at the company’s website [90]. Details on the procedure that has
been customized for the aptamer is listed in Appendix. When it is not being used, the free
thiol aptamer solution is stored under an inert atmosphere and placed in -20°C, which gives
a shelf life between 6 weeks to a year. A Cary 50 UV-Vis spectrophotometer is used to
read the aptamer spectrum to verify that the aptamer still presents after the deprotecting

process.

Immobilization process

The aptamer is thiolated at one end so that it can be thethered to a gold film on a sensor
due to the affinity of the sulfur in the thiol for the gold. It was not clear initially, that the
stereochemistry allowing unique binding in a solution would also prevail in the case that
one end of the aptamer is bound to a surface and surrounded by similarly bound aptamers.
Therefore, the initial experiments required studies of the binding as determined using a
quartz crystal microbalance.

Prior to attaching the thiol group to its gold surface, the QCM is cleaned by rinsing it
with acetone, isopropanol, and ethanol, consecutively, followed by drying it with N5. The
crystal is submerged in the aptamer solution and placed in -4°C storage room. Immersion
time is varied to obtain maximum aptamer coverage. After the specified amount of immer-
sion time, the QCM is removed from the aptamer solution, rinsed in distilled water to wash

away any contamination, and dried using No stream.

Measurement setup

To determine the amount of aptamer that is attached to the gold surface of the QCM, the
resonant frequency of the crystal is measured before and after aptamer adsorption. Fig. 4.2
describes the measurement setup. A QCM with resonant frequency 6.00 MHz is purchased
from the International Crystal Manufacturing Co, Inc. (Oklahoma City, OK) [91]. The

crystal has a diameter of 13.66 mm and is coated in the central 6.8 mm in diameter with
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Figure 4.2: Experimental setup to measure resonant frequency of the QCM.

100 nm of polished gold on both sides using 10 nm of titanium as the adhesion layer
underneath the gold. The QCM sensor is placed inside a 35 mm diameter glass bottle.
The QCM is driven by a 6.0 MHz oscillator which is also obtained from the International
Crystal Manufacturing Co, Inc. Two tubes are inserted into the bottle, one for the vapor
inlet and the other for the outlet. Nitrogen gas is streamed into the bottle to eliminate
water vapor and to keep a contant relative humidity. The flow rate of the Ny is set to
100 scem (standard cubic centimeters per minute), and is controlled by an MKS Mass-Flo
Controller (MFC) 1479A from MKS Instruments. Changes in the resonant frequency of the

QCM are recorded using an Agilent 53131A 225MHz universal counter.

4.2 Relative cocaine concentration measurement using quartz

crystal microbalance

A quartz crystal microbalance is also used to detect cocaine. Once the gold electrodes of the
QCM have been modified with the aptamer, a ’dip and dry’ [79,84] method is conducted
to observe any cocaine that binds onto the crystal. This method is carried out by dipping
the aptamer-functionalized QCM into the cocaine solution for a specified amount of time,

rinsing it in distilled water, and then drying it with N stream. The resonant frequency of
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the crystal is measured before and after cocaine immersion. The same experimental setup

as shown in Fig. 4.2 is used.

4.3 In vitro cocaine detection using piezoresistive microcan-

tilever in a flow controlled system

In a flowing solution, the sensor is placed such that cocaine solution flows over the mi-
crocantilever arrays. The experiment is done for both wired and wireless sensors. The
wired sensor, where the sensor is physically connected to a computer for signal reading, is
intended to make sure that the sensor’s active elements perform as expected before inte-
grating them with the electronic components. It is the simple version of the implantable

cocaine biosensor.

4.3.1 In vitro relative cocaine concentration measurement in a flow con-

trolled system using the wired sensor

In this experiment, the prototype of the implantable cocaine sensor with a simplified version
printed circuit board is presented. Each microcantilever array purchased from the Cantion
is mounted on a green printed circuit board as shown in Fig. 4.3. Two arrays are needed
to build a Wheatstone bridge. The bridge is connected to another printed circuit board
that contains an analog to digital converter AD7793 from Analog Devices which also uses
a sigma—delta modulator as in AD7792 but with 24-bit resolution instead of 16 bits. Here
the differential bridge voltage as a function of cantilever resistance may be converted to a
serial data stream. A USB data aquisition board is used to interface the digital signal to the
computer. Power to the sensor’s electronic components is supplied by the USB connection
to the computer. Therefore, no external battery and no optimization of battery life are
required. To create a flow, a channel is built over the microcantilevers arrays — refer to
Fig. 4.3(b) — such that the solution flows in a transversal direction of the cantilevers. The

channel sides are created using double sided foam tape on the printed circuit board with
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Figure 4.3: Cantion microcantilever arrays mounted on a printed circuit board. (a) Micro-
cantilevers facing down. (b) Microcantilevers facing up — the side where the flow channel
will be fabricated.

the microcantilevers are facing up. A microscope slide with thickness of 0.13 — 0.17 mm is
used to cover the channel to prevent overflow yet still be able to observe the solution flow.
Detail on the fabrication process can be found in the Appendix. Fig. 4.4 show the device
used in this experiment.

The experimental setup of the wired cocaine sensor is described in Fig. 4.5(a). The flow
channel is connected to a six-port valve with 1-ml loop, a syringe pump, and two syringes.
One syringe (A) is placed on top of one inlet port of the valve, and the other syringe (B)
is connected to the bottom port and is driven by a pump. The six-port valve runs in two
modes: LOAD and INJECT. In the load mode, illustrated in Fig. 4.5(b), the solution in the
syringe B flows directly into the channel. In the inject mode, solution in syringe B pushes
a solution that is in the 1-ml loop into the channel. For example, if syringe A solution has
previously filled the loop, the syringe B solution will push solution A into the channel.

The flow system is controlled using two LABVIEW-based user interface programs. The
first one is a syringe pump controller as displayed in Fig. 4.6. The program requires inputs
from the users such as the syringe diameter, pumping direction, maximum volume to be
delivered, and the most important input is the flow rate. As the feedback, the syringe pump

controller displays the amount of liquid being pumped to the flow system.
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(b)

Figure 4.4: Wired sensor used in a flow controlled system. (a) Side view. (b) Top view.
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Figure 4.5: Experimental setup of the wired cocaine sensor in a flowing solution. (a) Photo
of the experimental setup. (b) Two modes of the six-port valve.

o6



B SyringePump1.vi

Figure 4.6: Graphical user interface of the syringe pump controller.

The other program, shown in Fig. 4.7, functions as data acquisition, which serves as an
interface between the Wheatstone bridge and the AD7793. It allows users to set certain
parameters such as the AD7793 gain, data update rate, and voltage reference, and to check
the voltage of the power supply. The program’s display window provides the users with a

tool to monitor the signals of both the Wheatstone bridges.

4.3.2 In vitro relative cocaine concentration measurement in a flow con-

trolled system using the wireless sensor

The purpose of this experiment is to verify the performance of the electronic components
of the wireless sensor. The same circuit board and the electronic components described in
Chapter 3 is utilized. The microcantilever arrays that are originally attached to the board
were replaced by soldering the the Cantion arrays (Fig. 4.3) on the printed circuit board to
allow fabrication of a flow channel as described in subsection 4.3.1. The modified wireless
sensor for the flow controlled system is shown in Fig. 4.8. The wireless sensor and the
flow channel are then attached to six-port valve as previously shown in Fig. 4.5. The same
experiment procedures as in the wired sensor is carried out with the output signals from the
bridges are expected to be similar also, except that the update rate in the wireless sensor is
programmed to be slower compared to that in the wired sensor to maximized the battery

life.
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Figure 4.7: Graphical user interface of the data acquisition program for the wired sensor.

The graphical user interface for the wireless sensor data acquisition is different from
that of the wired sensor. The GUI is presented in Fig. 4.9. It shows that it is able to read
output signal up to six sensors distinguished by their ID numbers. Users do not have to
enter any input since the parameters needed has been programmed in the MSP430f1232
microprocessor. In addition to showing the sensor output signal, the program also displays
the battery voltage, the sensor temperature, the expected and actual number of packets

received by the receiver, and the quality of the signal received for particular sensor.

4.4 1In vitro relative cocaine concentration measurement us-

ing piezoresistive microcantilever in a stagnant solution

The experiment relies on diffusion of cocaine solution in distilled water which mimics the
mechanism of the sensor when it is implanted in the body. The sensor capsule is placed
in a petridish. The petridish is filled with distilled water that is enough to submerge the

capsule. After the signal from the sensor is stabilized, a cocaine solution is introduced into
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Figure 4.8: Wired sensor used in a flow controlled system.
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Figure 4.9: Graphical user interface of the data acquisition program for the wireless sensor.
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Figure 4.10: Experimental setup of in vivo cocaine detection in Wistar rats.

the water using a pipette. Since the signal is transmitted wireless, the same data acquisition

program as previously shown in Fig. 4.9 was utilized.

4.5 In vivo cocaine detection in Wistar rats

The sensor capsule was taken to Indiana University Purdue University at Indianapolis
(IUPUI) where it was surgically implanted under the skin at the nape of a male outbred
Wistar rat. Animals used in this study are maintained in facilities fully accredited by the
Association for the Assessment and Accreditation of Laboratory Animal Care (AAALAC).
All research protocols are approved by the Institutional Animal Care and Use Committee
and are in accordance with the guidelines of the Institutional Care and Use Committee
of the National Institute on Drug Abuse, NIH, and the Guide for the Care and Use of
Laboratory Animals of the National Research Council, 1996. The Wistar rat was implanted
with the sensor and after a surgical recovery period, the sensor signal was monitored. Once
stabilization is achieved, the rat was given an IP injection at certain dose depending on the
mass of the rat. The injection may be repeated after the signal is settled again. Fig. 4.10
displays the experimental setup of the in vivo test. It consists of sensor-implanted rats, a

base station, and a computer for data display and data acquisition.
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Chapter 5

Results and Discussion

5.1 Immobilization of aptamer

5.1.1 Aptamer preparation

From the deprotecting process of lyophilized oligonucleotide, the obtained concentration of
the thiol-free aptamer is 90.85 uM. Fig. 5.1 shows the UV-Vis spectrophotometer reading of
the aptamer spectrum with absorption peak near 260 nm wavelength as expected. Another
peak at 223 nm can be originated from other molecule structures contained in the aptamer,

such as the thiol group which achors the aptamer to the gold surface.

5.1.2 Aptamer immobilization on QCM

As mention in Chapter 4, the immersion time of a clean QCM in the aptamer solution is
varied to find the optimal time which maximizes the aptamer coverage on the gold surfaces.
It started with an overnight immersion. This is based on Ref. [66] that suggests ~12-18
hours immersion at room temperature to form self-assembly monololayers (SAMs) of thiols
in ethanolic solution at concentration of ~1-10 mM. The immersion time was increased
from several days to a week based on the following experimental conditions which affect
the adsorption of the molecules on the gold substrate: concentration, temperature, and

solvent. The temperature at which the immersion takes place influences the kinetics of
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Figure 5.1: UV-Vis spectrum of aptamer in triethylammonium acetate (TEAA) buffer with
peak near 260 nm. The 223 nm peak is the TEAA buffer spectrum.
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formation of SAMs. At the temperature higher than 25° C the rate of non-specific binding
desorption and the thiols adsorption increases. The most often used solvent in SAMs
formation is ethanol. It has been reported that the structure of water, which is common
solvent in biological molecules, may prevent the molecules from adsorption on the surface.
Since the concentration of the aptamer, which is dissolved in water-based TEAA buffer, is
approximately 10 times less than the concentration mentioned above and that the immersion
is placed in —4° C, the coating time needs to be increased to obtain similar dense coverage.
Three-day immersion is found to be sufficient. It gives a decrease in the QCM frequency of 40
Hz on average which corresponds to 160 ng of aptamer. Given the aptamer molecular weight
of 12,273.6 gr/mol and the dimension of the gold electrode of the QCM, the obtained density
of the aptamer is 1.1 x 10'3 molecules/ecm?. This number is less dense than that published
Love et. al. that suggets a typical surface density of approximately 4.5 x 104 molecules/cm?
for self assembly monolayers created from alkanethiols on gold. The less dense of the
aptamer on the gold surface can be explained due to the larger size of the its molecules
compared to pure alkane chain molecules. The steric bulk of the larger biomolecules attached
to the thiol prevents the formation of an organized self assembly monolayer. Instead, a
disordered and less dense layer is developed. Fig. 5.2 shows the difference in the organization

and packing density of SAMs for different size of terminal groups [66].

5.2 Relative cocaine concentration measurement using quartz

crystal microbalance

The experiment was started with a new, clean QCM which was immersed in the aptamer for
five days resulting a change in frequency of 43 Hz. As a control, the QCM was submerged
in distilled water for 30 minutes, dried under N» stream, followed by reading its resonant
frequency. This process was repeated for several times. Small changes of frequency also
appeared for the first QCM submersion in distilled water, in which the frequency increases

in the first water immersion implying that there was a decrease in mass. This can be

63



()

Figure 5.2: Packing density and organization of SAMs of different sizes terminal groups
attached to the alkanethiols [66]. (a) Small size groups such as -CHg and —CN form fully
ordered SAMs. (b) Medium size groups as the branched amide shown above creates slightly
disordered SAMs. (c) Larger size groups as for biomolecules (proteins, antibodies, etc.)
produce disordered and less dense SAMs.
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Figure 5.3: Change in resonant frequency of QCM due to immersion in 0.001x g/ml cocaine
solution.

caused by elimination of any contaminant and/or debris on the crystal surface which was
not thoroughly rinsed upon removing it from the aptamer solution.

Afterwards, a similar procedure was carried out for the same QCM in 0.001 pug/ml
cocaine solution. Changes in resonant frequency were observed as shown Fig. 5.3. After
the fifth immersion, frequency changes were very small and that they were negligible, i.e.
less than 5 Hz frequency change in comparison to the QCM resonant frequency, which is 6
MHz. The small frequency changes imply the saturation of the aptamer binding sites. The
total change of frequency measured from the last crystal immersion in the water to the last
immersion in the cocaine is about 62 Hz which corresponds to 248 ng of cocaine bind onto
the QCM gold surface.

The same experiment was done for a different, clean, new QCM. Six days of immersion
of the second QCM in the aptamer gives a frequency change of 46 Hz. Consecutive thirty

minutes of dipping, rinsing, and drying method using 0.05 pg/ml cocaine solution produced
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a total change in resonant frequency of 70 Hz. This experiment has proven the high affinity

of the aptamer to cocaine.

5.3 In vitro relative cocaine concentration measurement in

a flow controlled system using the wired sensor

Relative cocaine concentration measurement

First, both syringes were filled with water. Setting the six port valve in the load mode,
distilled water from syringe B was flown to the channel until a stable signal with minimum
drift was reached. The pump rate was set to 50 pl/min. Once the signal was stabilized,
the 1-ml loop was filled with water from syringe A, the mode was switched to inject mode.
In this mode, a continous solution flowed to the sensor in which the water from syringe B
would push the water in the 1-ml loop from syringe A. As illustrated in Fig. 5.4, which plots
the surface stress of each microcantilever over time, the 20 minutes line that marks the end
of 1-ml loop, no change in signal is observed as expected. Later, distilled water in syringe B
was replaced with cocaine solution starting at a very low concentration i.e. 0.001 pg/ml or
1 ng/ml. The experiment was carried out three times for each concentration. Since output
data from bridge A does not vary much from that of bridge B, data from both bridges (total
of six data sets) were averaged to determine the surface stress values.

Unless stated otherwise, the parameters used for data acquisition were the following
update rate 8.33 Hz, polarity bipolar, gain 128, and reference of 2.50 V. The output signal
is read in voltage. A conversion from voltage to surface stress is performed using the
equations Eq. 3.5 and Eq. 2.14. The signal also suffered from thermal drift which was then
eliminated by removing its background. Fig. 5.4 shows the surface stress over time for
cocaine concentration of 0.001, 0.01, and 0.1 pug/ml for the same device. For approximately
10 minutes after introducing the cocaine solution, the sensor experienced positive surface
stress followed by a decreasing surface stress. This can be explained as follows: at the small

amount of cocaine bound to the microcantilever, the molecules tend to attract each other
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Table 5.1: Average change in surface stress for different cocaine concentration for detection
using wired sensor in a flow controlled system.

Cocaine concentration Ao,

g /ml mN/m
0.001 0.12 + 0.04

0.0025 -0.17 £ 0.07
0.005 -0.26 + 0.08
0.01 -0.38 &+ 0.11
0.025 -0.51 + 0.07
0.05 -0.54 + 0.15
0.1 -0.72 £ 0.12
0.25 -0.99 + 0.29
0.5 -1.07 £ 0.11

causing the cantilever to bend towards its surface, hence the positive surface stress. As
the number of cocaine molecules increases, they tend to repel each other due to the dipole
moment. As a result, the cantilever bends aways from its surface causing the surface stress
to decrease.

Table 5.1 and Fig. 5.5 summarize the means and standard deviations of the shift in
surface stress of each microcantilever over the same period of time as in Fig. 5.4, i.e. 100
minutes, for different cocaine concentration. Limit of detection of 1 pg/ml or 1 ng/ml proves
the sensitivity of the sensor to detect cocaine. This number is comparable to detection
performed using gas/liquid chromatography, and mass spectrophotometry. In addition, it
shows that there is a rapid change in the surface stress at lower cocaine concentration.
Saturation signal occurring at higher concentration is attributed to depletion of the binding
sites of the aptamer.

The above experiment was repeated one month later. However, inconsistent results
were obtained for each concentration. The aptamer may not be as efficient in binding with

cocaine molecules as when it was freshly prepared.
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Figure 5.4: Result data of cocaine detection for wired sensor in a flow controlled system for
three different cocaine concentration.
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Figure 5.5: Average change in surface stress for different cocaine concentration for detection
using wired sensor in a flow controlled system.
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Non-cocaine binding test

Alcohol was used as the non-cocaine binding to the aptamer. It is common for cocaine
users to also drink alcohol while consuming the drug. Different alcohol concentrations were
tested for this experiment based on the standard blood alcohol content (BAC) [92] which is
measured as mass of alcohol per volume. For example, a BAC of 0.02 percent, in which a
subtle effect can be detected through special tests, means 0.02 grams of alcohol per 210 liter
of breath, or 0.02 grams of alcohol per 100 ml of blood. Fig. 5.6 displays the response of the
sensor using alcohol at BAC level of 0.02, 0.04, 0.08*, and 0.16 percent. As in the cocaine
experiment, the alcohol was introduced to the sensor at time ¢t = 20 minutes following the
distilled water flow. No alcohol is detected at BAC level of 0.02 to 0.08 percent, however,
signal change is observed at 0.16 percent. It is not known for sure the deflection is due to
alcohol attachment to the aptamer or due to change in temperature with the presence of
the alcohol at the higher level.

The rest of this chapter will cover wireless sensor whose output signals are displayed in
decimal representation of the binary code from the receiver. Conversion from the binary
codes to the Wheatstone bridge voltage outputs, to changes in resistance and to surface
stress of the microcantilevers involve many parameters and variables. Therefore, data read-

ing and analysis will be done based on this numbers.

5.4 In vitro relative cocaine concentration measurement in

a flow controlled system using the wireless sensor

As mentioned in Chapter 4, similar procedure used for the in vitro detection in a flow con-
trolled system using the wired sensor was used here. Beside the difference in the electronic
read-out components, the signal output is read every 8 seconds for the wireles sensor. Other

parameters for data acquisition and pump rate are maintained the same. The water-water

*BAC level of 0.08 percent is the lowest limit for driving under influence (DUI) in the 50 states in the
United States.
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Figure 5.6: Signal output for alcohol detection using wired sensor in a flow controlled

system.
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experiment was omitted as it can be seen from previous experiment using the wired sensor
that the aptamer does not response to the water. The change in sensor signal is determined
by subtracting the water-only output from the output with the presence of cocaine at time
t equals to 1 hour 40 minutes. Fig. 5.7 shows the output data of the sensor for cocaine
concentration of 0.01, 0.1, and 0.5 pg/ml.

Comparing the output signals from both the wired and wireless sensor in a flow con-
trolled system, we find that one is the vertical mirror of the other. The output in the
wireless signal displays negative slope follows by increase in the signal value as oppose to
the signal output in the wired signal as illustrated in Fig. 5.4. This can be explained by
the difference in the wiring from the modified Wheatstone bridge outputs to the analog
input pins of the analog to digital converter chip between the both sensors. For example,
as described in Fig. 5.8, the left output voltage of the bridge is connected to the AIN(+) in
one sensor but to the AIN(-) in the other sensor. This connection is done arbitrary and it
only causes the polarity to differ; however, it does not change the direction of the cantilever
bending. As in section 5.3, it is also shown here the means and standard deviations of
cantilever deflection at t = 1 hour 40 minutes minus that before t = 20 minutes, i.e. before
cocaine solution is introduced to the sensor for all concentration tested in this experiment
(see Table 5.2 and Fig. 5.9). The sensor experienced approximately the same amount of
change in output signal due to cocaine at the concentrations between 0.0025 to 0.01 pg/ml,

but quite rapid changes observes at higher concentration.

5.5 In vitro relative cocaine concentration measurement in

a stagnant solution using the wireless sensor

Due to the considerably low vapor pressure of cocaine, the capsule manufactured by Flex-
tronics requires to be immersed in liquid. The experiment was started by filling the petri
dish with 70 ml distilled water. This amout of water is enough to submerge the entire

capsule. A certain amount of cocaine solution was gradually introduced to produce the
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Figure 5.7: Result data of cocaine detection for wireless sensor in a flow controlled system
for three different cocaine concentration.
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Figure 5.8: Arbitrary connection from the Wheatstone bridge voltage out to AD7792/3
AIN pins results in different voltage polarity.
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Table 5.2: Average change in output signal for different cocaine concentration for detection
using wireless sensor in a flow controlled system.

Cocaine concentration Ao,
g /ml a.u.
0.001 71.33 £+ 2.31
0.0025 95 £+ 7.07
0.005 92.2 £ 2.69
0.01 92.5 + 8.66
0.025 98.44 + 7.84
0.05 103.07 £ 5.61
0.1 114.49 + 0.72
0.25 133 £+ 8.12
0.5 146.67 £ 6.11

Amount of deflection at different cocaine concentrations
using wireless sensor in a flow controlled system
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Figure 5.9: Mean plot of change in output signal for different cocaine concentration for
detection using wireless sensor in a flow controlled system.

74



same various cocaine concentration as used in previous experiments. Unfortunately, a very
noisy signal was observed in this experimental setup which could possibly due to distilled
water entering the electronic compartment either through dispersion on the sensor board
or around the capsule casing. To overcome this problem, a sheet of parafilm was placed
between the upper and lower sensor board. The sheet needs to be larger than area of the
capsule such that when the top and bottom casing are fastened together, there is extra
sheet showing around the capsule. A heat shrink tubing with a cutout created around the
capsule window, where the microcantilevers are exposed, was used to enclosed the capsule.
The capsule was then heated at the maximum temperature of 30°C to prevent damag-
ing the microcantilevers and shortened the lifetime of the aptamer . The purpose for the
parafilm sheet is to give extra sealant around the casing after being heated. The problem,
nevertheless, still present despite the effort to provide good sealant to the sensor.

It was discovered that the fluctuating signal is attributed to the silver conductive epoxy
that is used to glue down the microcantilevers to the gold bond pads on the printed circuit
board. This epoxy expands or swells up when it is exposed to humidity, causing the electrical
connection of the arrays to slowly break away from the printed circuit board. In addition,
the resistance of the microcantilever gradually becomes larger toward infinity, in which the
read-out values of the resistance are no longer correct. To resolve this problem, the original
microcantilevers mounted on the sensor board were replaced by microcantilevers mounted
on individual printed circuit board made by Cantion, Inc. Thus, similar wireless sensor
used in the flow controlled system was utilized in this experiment except there is no flow
channel built over the microcantilever arrays. Since the new form of the device causes the
sensor unable to fit into the capsule casing, to isolate the electronic from the distilled water,
the sensor was secured on the petri dish as illustrated in Fig. 5.10.

This new experimental setup resulted in more stable signal. The experiment was started
by filling the petri dish with 70 ml distilled water. Cocaine solution was then introduced to
the sensor after the signal was stabilized. Fig. 5.11 represents the change in the signal for

cocaine concentrations of 0.001, 0.02, 0.1 and 1.0 pg/ml. The plots show that the sensor
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Figure 5.10: Experimental setup of in vitro cocaine detection in a stagnant solution.
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was still able to detect cocaine at the low concentration via diffusion. Surprisingly, the
plots show that as the cocaine concentration is increased, the cantilever deflection becomes
smaller. This may be explained that the cocaine molecules are more difficult to detach from
the aptamer when the sensor is placed in a stagnant solution than when it is placed is in a

flow controlled system. More future work can be conducted to understand this phenomenon.

5.6 In vivo cocaine detection in Wistar rats

In this experiment, cocaine injected to the Wistar rats was detected. However, the absolute
concentration of the cocaine was not able to be measured. The main concern in this ex-
periment was to have the interstitial fluid enter the microcantilever arrays without having
the fluid reach the electronic components. Therefore, a new embodiment of the sensor was
done. The electronics are sealed off from the liquid water and then only the cantilevers are
exposed to liquid. However, as mentioned in previous experiment, the cantilever arrays are
attached to the printed circuit board by an epoxy that is not 100 percent water resistant.
In order to circumvent this problem, mounted cantilever arrays made by Cantion, Inc. were
soldered to the printed circuit board. The printed circuit board no longer fit in the original
yellow capsule due to the nature of the new electrical connections. The modified capsule
was placed in a plastic centrifuge tube that was not sealed from liquid water. The end
of the centrifuge tube was plugged with a mesh to minimize animal tissue from entering
the sensor chamber. To protect the electronics from the liquid, the capsule (excluding the
cantilever arrays) was coated with an epoxy (fiberglass resin). The battery was not epoxied
since it would drain before the capsule would be implanted. Two wires were connected
to the battery terminals so that an external battery could be used in data acquisition for
cocaine detection in Wistar rats. The modified capsule, shown in Fig. 5.12, was implanted
in Wistar rats from Dr. William McBride’s group at the Institute of Psychiatric Research,

Indiana University-Purdue University Indianapolis.
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A male Wistar rat was implanted with capsule 59 (external battery/modified capsule)
on December 6, 2007 at 9:40 AM. The rat was given a lengthened surgical recovery time to
also allow for sensor stabilization. The rat was intraperitoneally injected with a 10 ml/kg
dose of 20 mg/ml cocaine hydrochloride solution in water at 11:59 AM. The rat had a mass
of 403 g. As shown in Fig. 5.13, there was a good response from the sensor that can be
seen with the change in slope in the data. The rat was given a second dose of 20 ml/kg
cocaine hydrochloride solution at 2:54 PM. There was no response from the sensor for the
second dose. This lack of response may be attributed to the depletion of available binding
sites for cocaine. Generally there should still be available binding sites for multiple cocaine
injections, but this can vary with the coating process. Also, the use of the epoxy could
have heated the capsule above the optimum temperature for maintaining a long aptamer
lifetime. The cocaine detection can be greatly improved with better epoxy application and
with a better container for the printed circuit board and electronics. The interstitial fluid
did not uniformly cover the cantilevers especially with the centrifuge tube capsule.

Another Wistar rat with mass of 422 g was implanted with capsule 612 on December 7,
2007 at 8:47 AM. This rat was also given a lengthened surgical recovery time to also allow
for sensor stabilization. The rat was intraperitoneally injected with a 10 ml/kg dose of 20
mg/ml cocaine hydrochloride solution in water at 12:10 PM. There was no response with
the first dose. A second dose of 20 ml/kg was given at 3:55 PM where there was a large
change in signal (Fig. 5.14 and Fig. 5.15).

From the three plots, the sensors response are relatively quickly which agree to the
information provided by the Drugs and Human Performance Fact Sheets [93]. It states that
intravenous administration of single 32 mg doses of cocaine produced an average peak blood

concentration of 0.31 pug/ml of cocaine within 5 minutes.
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Figure 5.13: Signal deflection of sensor 59 bridge A implanted in a Wistar rat.
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Figure 5.14: Signal deflection of sensor 612 bridge A implanted in a Wistar rat.
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Chapter 6

Summary and Future Work

Measurement of cocaine concentration in the human body has been the focus of research
to improve the understanding of the drug use. Current means of measurement are done
by taking the blood and urine samples and performing analytical chemistry. This method
is very expensive, time consuming, labor intensive, and there is possibility of mismatch
between a subject and his or her sample. Therefore, a new approach for in detecting and
measuring cocaine which, automatically reports the presence of cocaine, is important.

This objective has been achieved by designing a cocaine biosensor which is low cost,
fast, simple, and small, enabling the device the sensor to be implanted in the body. The
sensor uses piezoresistive microcantilever arrays as its transducer and oligonucleotide-based
aptamer coated on the cantilever as the cocaine receptor. Off-the-shelf electronic compo-
nents are chosen for simplicity, which including an AD7792/3 analog to digital converter,
MSP430F1232 microprocessor, and TH72011 transmitter chip. Data transmission is done
via telemetry, removing the need of using any discomforting wire.

Dissertation has developed and tested step by step the process towards shaping the final

implantable device. The contributions of this dissertation include:

e optimizing the coating process of the cocaine receptor using the quartz crystal mi-

crobalance (QCM),
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e evaluating cocaine binding to the aptamer using the QCM,

e in vitro testing of the sensor prototype to determine the sensitivity and specifity of

the sensor,

e measuring relative cocaine concentration — also in vitro,

e verifying the electronic read-out of the capsule, especially its wireless data transmis-

sion, and

implanting the sensor into cocaine-administered Wistar rats.

Three days immersion time in the aptamer solution give an optimum molecule density.
This number is then used as the minimum time for coating the microcantilevers. The
aptamer has been proven to bind to the cocaine after being immobilized on the gold surface.
The wired sensor, which is the prototype of the capsule, is used to determine the limit of
detection of the cocaine in the solution. Cantilever bending at cocaine concentration of 1
pug/ml or 1 ng/ml is shown, which are comparable number concentrations as those detected
by other methods. This proves the sensitivity of the microcantilevers in detecting the drug
in the solution. In addition, the relative concentration of the cocaine concentration can be
measured using this prototype with a resolution of 1 ng/ml.

The experiment using the wireless sensor, both in vitro and in the Wistar rats, shows that
data transmission via telemetry works very well. The sensor, however, had to be modified
due to a problem with the electrical epoxy that attaches the microcantilever arrays to the
capsule board. The experiments that were conducted in a flow controlled system and in a
stagnant solution exhibit the same limit of detection of the cocaine concentration. For the
in vivo experiment, a fast response is observed upon injecting the cocaine to the Wistar
rats. However, there were some occasions when the sensors did not respond after injection.
This could be attributed to depletion of the binding sites, or to thermal damage leading
to shortened aptamer lifetime and occuring during the processing of the fiberglass resin

covering the capsule board.
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These observations allow us to indicate the areas where changes will yield an improved

sensor. For example:

e utilizing the right conductive epoxy which does not swell up when exposed to humidity

to attach the microcantilever array chips to the capsule board,

e alternatively, wired-bonding the microcantilevers to the capsule board, and

e fabricating new capsule or container that isolating the electronics from any fluid.

Furthermore, the capsule can be made smaller by selecting a chip that contains micropro-
cessor, analog to digital converter, and transmitter in a single device, such as CC1010 chip

from Texas Instruments.
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Appendix A: Base Station

The base station of the sensor performs the following tasks:
1. Detect and receive RF signal at the specified frequencies,
2. Demodulate the baseband signal,
3. Convert signal into a digital serial bit stream,
4. Capture and hold the digital package,
5. Perform decoding and format the data for transfer to host,
6. Hold packet in small FIFO to handle interrupt latency of host,
7. Interrupt host to inform of packet available, and
8. Transfer packet on host command.

The base station consists of an external antenna, a 50 {2 RD input interface, a filter, an
RF receiver, a controller, and a serial interface for connection to a PC as user interface as

illustrated in Fig. 1.

Filter

Signal filtering is performed using Surface Acoustive Wave (SAW)-based filter, B3550, man-
ufactured by Epcos, Inc.. The component is chosen as the filter for the base station due

to its selectivity (good ultimate rejection), low loss characteristic with high quality factor
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Figure 2: Basic SAW interdigital transducer structure on piezoelectric substrate.

”7Q”, and low coefficient of thermal expansion that provides stable frequencies over a wide
temperature range. The filter center of frequency is 403.55 MHz between 3dB points. In
general, a SAW filter consists of one input and on output interdigital transducers (IDTSs).
An interdigital transducer is a comb-shaped evaporations of metal on a piezoelectric sub-
strate as illustrated in Fig. 2 [94]. The SAW filter converts an electrical signal at the input
IDT into a mechanical surface wave. The mechanical surface wave then propagates on the

substrate surface to the output IDT to be converted back to the electrical signal.

Receiver

CC1020 transceiver chip from Texas Instruments is used as the RF receiver. This compo-
nent is decided due to its low power, low voltage wireless RF transceiver, short range device
frequency bands, suited for narrowband systems, and mainly intended for industrial, scien-
tific, and medical purposes. In addition, the CC1020 also performs FSK modulation and
demodulation, Manchester encoding and decoding, and data synchronization. Currently,
a unidirectional communication from sensors to the base station instead two-way commu-
nication is used to maximize the battery life and minimize the complexity of the system.
The CC1020 is programmed as a receiver mode by a microcontroller that is connected to
it. Fig. 3 [95] shows the block diagram of the receiver (highlighted part). RF input signal

is first amplified by the low noise amplifier and then down-coverted in quadrature to the
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Figure 3: CC1020 transceiver block diagram. The highlighted part is the receiver dia-
gram [95].
intermediate frequency. After being filtered and amplified, the IF signal is then digitized
by the ADCs and passed to the digital demodulator. The demodulator block diagram is
described in Fig. 4 [95]. It has a built-in bit synchronizer which synchronizes the internal
clock and the incoming data, and performs data decoding. Outputs of the digital demodu-
lated data is sent out on the DIO pin while the synchronized data clock is available at the
DCLK pin.

The transceiver chip also provides a built-in Received Signal Strength Indicator (RSSI)
and allows connection to a microcontroller. In our sensor application, RSSI is used to inform

when to begin decoding the received RF signal from the sensor.

Controller

The component selected as the microcontroller is DSP56858 from Motorola, Inc. The
controller is a combines of digital signal processor and microcontroller in a single chip to

reduce cost. However, for the sensor project only the microcontroller function is applied to

101



Average

filter
Bit

e Frequency Data Data slicer synchronizer
Digital fitering [ " joctor [ Decimator | — gp - | comparator | | anddata !

decoder

Figure 4: CC1020 demodulator block diagram [95].

handle RS232 communication, read the decoded packets from the receiver, and then send

them to the PC.

RF Link Protocol

The communication between the transmitter/sensor and the receiver/base station is done
unidirectional to maximize battery life and reduce system complexity. Although in the
future both direction of communication between the sensor and the base station can be
implemented. The sensor only transmits its packet data during its designated time slots,
which is pseudo-randomized to reduce the incidence of collisions among co-located sensors.
The initial time synchronization of sensor and base station, called the Marriage process,

consists of the following:

1. Base station is placed in a Marriage mode, in which the receiver is set on continuously
and the base station monitors the contents of the register signal strength indicator

(RSSI) of the sensor to be married,
2. The sensor is activated and placed in proximity to the base station,

3. When base station detects increase in the RSSI level, which is computed from the RSSI

register in the sensor data packet, it shall begin decoding the received RF signal,

4. If the decoded packet is invalid, that is the decoded bit errors is greater than 0, the

base station remains in continuous listen model until packet is error free,
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5. If the decoded packet is valid, the base station extract sensor ID and the sensor pseudo-

random time slow or window sequence, and introduce the sensor to the network,

6. The base station continues to monitor the married sensor along with other married

sensor once the Marriage process is successful.

If there is loss in communication between the sensor and the base station, resynchronization
is not required. The base station continues to listen for sensor packet at the computed time

slots until commanded to drop the sensor from the network.
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Appendix C: Flow channel

fabrication
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Figure 5: Fabrication procedure of the flow channel used by the sensors in the flow controlled
system
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Appendix D

Deprotecting procedure of thiolated oligonucleotide-based ap-

tamer

The procedure is based on the the Oligos, Inc. website [90] that has been customized to
the amount of aptamer that we received from the company. We received two vials.
Quantity of each vial:

(a) pg/vial = 7807.1

(b) nmole/vial = 636.0

(c) A260/vial = 286.0

The following procedure is performed only to one vial.

1. Add 2.86 ml of 0.1 M triethylammonium acetate (TEAA) buffer, pH 6.5, to resus-
pend the lyophilized oligonucleotide in at a concentration of approximately 100 A260

units/milliliter.

2. Add 429 pl of 1M aqueous silver nitrate solution (AgNOs3) to the solution 1, mix

thoroughly, and leave to react at room temperature for 30 minutes.

3. Add 572 pl of 1M aqueous DTT (dithiothreitol) solution to the solution 2, mix thor-

oughly, and leave at room temperature for 5 minutes.

4. Centrifuge the suspension in 3 at 4K rpm for 10 minutes to remove the silver-DTT

complex.
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5. Remove and keep the supernatant (the top layer in the vial) using a pipette.
6. Wash the precipitate in 5 with 2.86 ml of 0.1 M TEAA.

7. Centrifuge 6 also at 4K rpm for 10 minutes.

8. Combine the supernatant in 7 with that in 5.

9. Centrifuge the total supernatant again at 4K rpm for 3 minutes to ensure no precipi-
tation in the solution. If there is precipitation, carefully separate the supernatant and

place it in a new vial.

10. Perform gel filtration to the supernant using PD-10 column [96].

Note: If this free thiol oligonucleotide is not to be used immediately, it should be stored

under an inert atmosphere to avoid oxidative dimerization to the disulfide.
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