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Abstract:

This work deals with the development of a high sensibility DNA biosensor based on a 50MHz Quartz
Crystal Microbalance (QCM) Oscillator Electronic Circuit. The designed QCM oscillator sensor is able
to detect the presence of complementary DNAs in a solution that match the sequence on a given
strand in function of the changes in the output frequency of the oscillator. The design is adapted so
that the Barkhausen condition is satisfied even when the quartz is immerged in liquid media. Also a
comparative study of the developed 50MHz biosensor in front of a QCM oscillator with smaller
frequency is carried out, with object of checking if the sensibility of the oscillator increases, allowing to
detect smaller concentrations of the complementary DNA.
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l. INTRODUCTION

Specific DNA sequence detection is a major issue in
life science. An important advance in this field was done
during the last two decades with the design of DNA
biosensors. They are more efficient by comparison to
DNA hybridization tests performed on membranes that
are less sensitive, less selective, time consuming and
not time resolved. DNA biosensors are now intensely
developed for diagnostic applications, environmental
monitoring and food controls. DNA detection biosensors
are based in the hybridization process of combining
complementary, single-stranded DNA into a single
molecule.

The quartz crystal microbalance (QCM) oscillator
circuits are useful to design DNA-biosensors [1]. A QCM
sensor typically consists of an oscillator circuit
containing a thin AT-cut quartz disc with circular
electrodes on both sides of the quartz. Due to the
piezoelectric properties of the quartz material, an
alternating voltage between these electrodes leads to a
mechanical oscillations of the crystal. These oscillations
are generally very stable due to the high quality of the
quartz (high Q factor). If a mass is adsorbed or placed
onto the quartz crystal surface, the frequency of
oscillation changes in proportion to the amount of mass.
Therefore, these devices can be used as high sensitivity
microbalances intended to measure mass changes in
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the nanogram range by coating the crystal with a
material which is selective towards the species of
interest. In fig. 1 the structure of a DNA biosensor based
on a QCM oscillator is shown. The quartz crystal acts as
a signal transducer, converting mass changes due to the
hybridization process into frequency changes. One of
the main advantages of this device is the ability to
control a QCM's selectivity by applying different
coatings, which makes this sensor type extremely
versatile.

The design of crystal controlled oscillators used as
QCM sensors in fluids is a difficult task due to the wide
dynamic values of the resonator resistance that they
should support during their operations [2]. The
piezoelectric quartz experiences a strong reduction of its
quality factor due to the increase of the losses (Rq)
caused by the liquid [3]. Fig. 2 shows the BVD
equivalent circuit of a piezoelectric resonator modified by
Martin and Granstaff for a quartz crystal loaded by the
mass of a material layer and a liquid. The standard
design of oscillators, as Pierce or Colpitts, does not work
well since, although they provide a great stability in
frequency and a low phase noise, their gain and phase
are very sensitive to the losses of the resonator [4]. A
good design of a sensor oscillator for liquid media will
maintain the necessary loop gain and phase for the
oscillation in a wide margin of values of the loss
resistances of the quartz.
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Fig.1 Diagram of a QCM oscillator circuit used as biosensor for DNA
detection
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Fig.2. Electromechanical model of a piezoelectric resonator for
microgravimetrical applications in liquid; a) Cross-section of a loaded
resonator b) BVD equivalent circuit

This work deals with the design and implementation
of a 50MHz QCM electronic oscillator circuit for its use
as high sensitivity DNA biosensor. The QCM oscillator
sensor is able to detect the presence of complementary
DNAs in a solution that match the sequence on a given
strand in function of the changes in the output frequency
of the oscillator. The design is adapted so that the
Barkhausen condition is satisfied even when the quartz
is immerged in liquid media. An experimental
characterization of the frequency stability of the oscillator
is carried out, with object of determining the resolution of
the sensor. The behavior of the oscillator as DNA
biosensor is proven, by monitoring its frequency during
the process of immobilization of probe DNA on the gold-
covered quartz surface of the 50MHz QCM oscillator
and during the hybridization of complementary target
DNA present in a solution. Also, a comparative study of
the developed 50MHz biosensor in front of a 27MHz
QCM oscillator is carried out with object of checking if
the sensibility of the oscillator increases, allowing to
detect smaller concentrations of the complementary
DNA. Finally, a calibration of the DNA biosensor with
buffer solutions of different target DNA concentrations is
carried out and the minimum concentration of DNA
detectable is determined.

II. THE 50MHz QCM OSCILLATOR SENSOR

To design the quartz crystal oscillator circuit for its
use as QCM sensor in liqguid media, Miller oscillator
topology was chosen. The Miller topology is a high-
frequency stable topology that allows designing sensors
of high resolution [5-7]. This topology, in spite of not
being the most adequate topology for obtaining the best
frequency stability [8], experimentally showed a good
capacity to work under strong damping [9, 10]. Miller
oscillators allow solving the problems that have the
standard oscillators to work in liquid, as Colpitts or
Clapp, thanks to its ability of supporting a wide range of
values of the resonator resistance due to the
damping.Once decided the configuration, the design and
simulation of the circuit was done with the help of Orcad
PSpice. To model the quartz resonator, the experimental
values of the parameters of the equivalent electric circuit
in distilled water were used. They are summarized in
table 1. The Burr—-Brown OTAG660 transconductance
amplifier was chosen as the active device [11]. To

rn Vo=
+5v n V2
= svde=s
=0 :
R
270 OPABSOXIEE
AN ey 3 =+ |, kT
e -
2 T
5 | m@cm j 0.1uH #5p
= c ‘1 \v i il
X = n =
SOMEG -8 0

Fig.3. Schematic of the 50MHz Miller oscillator circuit

determine the values of the components, the design
considerations for this topology in [6, 7] were realized.
The OTA was polarized using a resistance of 220 ohms
to have a high gain. In fig. 3 a simplified scheme of the
designed oscillator is shown.

TABLE I. EXPERIMENTAL VALUES OF THE BVD EQUIVALENT CIRCUIT
FOR THE QUARTZ IN AIR AND IMMERGED IN DISTILLED WATER

Ro[Q] | Lo[uH] | CofF] | Co[pF] | fs [HZ] Q

Air 44.8 2330 4.34 10.7 50049219.2 | 16351

Water | 130 2349 3.34 17.9 49841134.0 | 5660

Once the oscillator circuit was designed and
simulated with PSpice, it was implemented on a printed
circuit board (PCB). All the elements were included in
the PCB with exception of the quartz crystal, which was
connected to the circuit using a BNC connector. A
temperature sensor was also incorporated to externally
control the temperature of the circuit by means of a
WATLOW regulator. In fig. 4a a picture of the
implemented PCB is included.

In order to be able to immerse the grounded side of
the quartz resonator, the quartz was placed on the
support pictured in fig. 4b. A conductive silver paste was
used to carry out the contact between the quartz
electrodes and the cables located in the other side of the
support. To only leave uncovered the electrode of the
crystal that will be used as DNA sensor and to isolate
the contacts and the other face of the crystal, a silicon
layer was applied. The group quartz-support is placed
inside a plexiglass cell that includes a BNC female
connector to which the cables of the support are
soldered. This cell is connected to the corresponding
BNC male connector incorporated in the metallic box in
which the PCB is located with the rest of the oscillator
(see fig. 4.c).

Once implemented the electronic oscillator circuit, it
was experimentally characterized in the measurement
environment. The output frequency of the oscillator was
connected to a Fluke PM6685 frequency counter
controlled by a software program that allows storing the
frequency samples. The temperature of the electronic
circuit was controlled by a Watlow regulator.
Experiments were made with the plexiglass cell (and
therefore the quartz and its environment) included in a
BMT Climacell climatic cell which allows maintaining
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Fig.4. Implementation of the sensor sly/étem a) PCB b) Support with
quartz. ¢) Connection of the cell with the quartz to the rest of the
oscillator

constant the ambient temperature and humidity. A
micropump was used to provide a constant flow of liquid
circulating over the surface of the crystal. The flow rate
was chosen low (50uL/min) to minimize noise in the
guartz. In order to characterize the designed system, a
study of the frequency stability of the oscillator was
carried out by means of the Allan deviation(,y(f)[lz].

Allan deviation characterization is commonly used
because it allows the determination the stability of an
oscillator in a time interval,t, for a certain application.
The oscillator detection limit, i.e. the smallest frequency
deviation that can be detected in presence of noise is
equal to [2] Af,(c)=0,(c)- f,, where fo is the nominal

frequency. In QCM applications, the mass resolution can
be obtained by the relationship between the detection
limit and Sauerbrey sensitivity of the sensor bzy
Resolution = Af,,,/k , Where k=226.10°.f? (Hz g™ cm’)

is the mass sensitivity coefficient, known as the
Sauerbrey coefficient [13].

A detection limit of 40Hz was found in the system
when the oscillator was used as DNA biosensor.
Therefore the designed system has a mass resolution of
7.1 ng/cm?.

IIl.  THE DNA BIOSENSOR

A disulfide-DNA biosensor was designed using the
50MHz QCM oscillator by immobilization of a 20-base
DNA-disulfide probe A in NaCl solution on the gold
quartz surface. The structure of DNA strands used is
presented on fig. 5, and the immobilization process is
illustrated in fig. 6 (1). The solvent for DNA
immobilization was 0.5 M NaCl referred to as “NaCl".
Immobilization of the recognition element on the surface
of the transducer, in our case the DNA-disulfide probe A,
is a key stage in the construction of a biosensor. The
covalent union of the probe DNA with the gold electrode
of the quartz takes place thanks to that the used
concentration of DNA contains sulfur (S) that will carry
out the union between the gold of the electrode and the
DNA. To carry out the immobilization the concentration
of DNA is added to the NaCl solution and a 50 pL/min
constant flow of this solution is maintained in the
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Fig.5. DNA strands structures

plexiglass cell in which is the quartz resonator is
included.

After the immobilization, DNA-disulfide probe A was
hybridized in HEPES solution with a complementary
DNA target A (2). A/A are 20-base complementary
sequences (fig. 5). Hybridization experiments were
performed in 0.05 M HEPES, with 0.5 M NacCl, adjusted
to pH 7.2 with drops of 1 M NaOH, referred to as
“HEPES” [14]. The dehybridization solution was 0.5 M
NaOH, with 3 M NaCl, referred to as “NaOH".

DNA biosensor oscillator frequency changes
recorded during successive circulation of DNA solutions
are presented in fig. 7. There is a first Af, = -1560 Hz
frequency change during circulation of a 20 pg/mL DNA-
disulfide NaCl solution attributed to chemical adsorption
of the DNA-disulfide probe A on the gold surface of the
quartz (1). Kinetics of the immobilization reaction were
estimated by calculating At = t% - t¥%, where t% and t¥%a
are respectively the ¥ and Y reaction time. DNA-
disulfide adsorption At is equal to 6120 s. The next
frequency shift is attributed to increase of viscosity and
density between NaCl and HEPES solutions. There is no
frequency shift during circulation of 20 pg/mL non-
complementary DNA B and DNA C HEPES solutions
indicating that there is no hybridization or non-specific
adsorption of the non-complementary DNA strands B
and C. There is a Afy = -1676 Hz frequency change
during circulation of a 20 ug/mL complementary DNA A
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Fig.6. DNA-disulfide biosensor: immobilization of DNA-disulfide probe
A (1), hybridization of a complementary DNA target A (2) and
dehybridization of the DNA target A (3).
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Fig.7. DNA-disulfide biosensor using the designed 50MHz QCM
oscillator circuit: frequency changes during successive circulation of 20
ng/mL DNA-disulfide probe A NaCl solution (1), 20 ng/mL DNA target
B HEPES solution, 20 ng/mL DNA target C HEPES solution, 20 pg/mL

DNA target A HEPES solution (2)

solution in HEPES attributed to hybridization of the
complementary DNA target A with the biosensor DNA
probe A (step 2). The corresponding hybridization ratio n
of hybridized DNA strands A, N, vs. immobilized DNA-
disulfide probes A, N, is estimated to be 58%: n = Na/Na
= (Afa.Mp)/(Afa.Mp), where M,y = 6500 g/mol is the
molecular weight of the DNA-disulfide probe and M, =
12000 g/mol is the molecular weight of the DNA target
A. The half-time hybridization reaction At calculated as
indicated previously is equal to 1620s.

The DNA-QCM 50MHz oscillator biosensor designed
is selective, as there is no frequency change of the QCM
during circulation of the non complementary DNA B and
C HEPES solutions. Also, this 50MHz DNA biosensor is
high sensitive, because there was a -1671 Hz frequency
change during circulation of a 20 pg/mL DNA target A
HEPES solution, in front of -55 Hz that can be found
using a DNA-QCM 27 MHz oscillator biosensor
designed and studied in previous works [1] (see figure
8). Also probe A can be dehybridized by circulation of a
NaOH solution and hybridized again with the
complementary DNA target A.

Finally, a calibration of the DNA-QCM 50MHz
oscillator biosensor with buffer solutions of different
target DNA concentrations was carried out. In fig. 9 the
obtained frequency curves are shown. It was founded
that the designed 50MHz oscillator is able to detect DNA
target A concentrations higher to 0.05ug/mL.
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