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A 3 x 3 quartz crystal microbalance (QCM) sensor matrix, fabricated on an A-T cut quartz
crystal, has the ability to detect online a variety of labeled DNA samples in a parallel and
comparative fashion. The QCM matrix was equipped with a single oscillator circuit, which
activated only one QCM at any given time, and was controlled by programmable time-shared
electronic relays. The gold electrode had a diameter of 0.8 mm and operated at a fundamental
resonating frequency of 40 MHz; the dimensions of the matrix were 1.2 cm x 1.2 cm. The sensitivity
of an individual QCM was in the pictogram regime. Selected QCMs were coated with either
streptavidin or the anti-DIG antibody; the specificity of their detections was monitored using various
concentrations of samples of biotin- and DIG-labeled DNA. The basic design of the QCM matrix

Published on 13 January 2006. Downloaded by National Chiao Tung University on 26/04/2014 11:37:03.

is readily expandable, without any conceivable difficulties, in both geometry and circuitry.

Introduction

A quartz crystal microbalance (QCM) is a mass-detection
device that operates based on the piezoelectric properties of
quartz crystals. Because of their extraordinary sensitivity and
stability, QCMs have been applied in recent years as biosensors
for the online detection of biomolecules.'* Molecular imprint-
ing technologies have been combined with QCMs to allow the
detection of terpenes,’ caffeine,* and lysozyme.® Layer-by-layer
studies for proteins and DNA also have been investigated using
QCMs.% '* QCMs have also played pivotal roles in the recent
development of biomimetric systems,'>! studies of bio-
chemical processes>! and protein—protein interactions,*>’
the detection of single herpes virus,® *! detection of single-base
DNA mutations,*” and drug discovery.'

In addition to the broad-spectrum applications of single-well
devices, effort has been exerted to develop high-throughput
designs having flow injection analysis (FIA) capability. Five
sets of QCM/oscillator (QMC-OSC) systems have been
organized with one frequency counter for the detection of
gases;* this system is capable of performing parallel detection
in the expanse of space. In a similar design, a multichannel
counter that monitors eight QCM-OSCs has been assembled to
discriminate between the substances present in the breath of
individuals suffering from halitosis.** One particularly brilliant
design contains six QCMs and a computer-controlled relay
system that performs simultaneous detection in a composter.*®
Even with these advances, however, the space-consuming
QCM arrays are still a long way from being used in high-
throughput applications.

If QCMs are to be used in high-throughput applications,
both their hardware and software must be re-designed. The
most-simple design is to arrange the QCMs in a matrix con-
formation in which the upper electrodes of the QCM are inter-
connected vertical lines (x-index) and the lower electrodes are
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linked by horizontal lines (y-index); thus, each QCM is
addressed by a specific combination of x and y. The practical
addressing is achieved through PC-controlled commands that
provide information regarding the values of x and y and the
duration in seconds. The advantage of this design is the use
of a simplified resonating circuit; thereafter, only a single
frequency counter is required. To validate this concept, we
developed a 3 x 3 QCM matrix system equipped with a time-
resolved relay. We encased this fabricated QCM matrix in a
flow-cell system for the detection of DNA in solution. Such a
QCM system has the potential of expanding to incorporate an
almost unlimited number of QCM sensor matrixes for the
online detection of specific biomolecules.

Experimental

Materials

The oscillator (Catalog # 35366-10) and flow cell (Catalog
# 35363) were purchased from International Crystal
Manufacturing Co. (Oklahoma City, USA). The QCM was
fabricated from a 0.2 mm-thick AT-cut quartz wafer. A
laboratory-constructed transistor-transistor logic integrated
circuit (TTL-IC) was used to power the QCM. The TTL-IC
was based on IC 74HC93, 74LS138, 741.S95, 74L.S04 and
DI1A050000 and DI1C050000 relays (KUAN HIS Co.). An
Agilent HP 53132 Universal Frequency Counter was used to
monitor the frequency output.
Biotin-16-2'-deoxy-uridine-5'-triphosphate (Biotin-16-dUTP),
digoxigenin-11-2'-deoxy-uridine-5’-triphosphate (DIG-11-
dUTP), streptavidin conjugate of B-galactosidase (St-f-gal),
and anti-digoxigenin antibody conjugated to alkaline phos-
phatase (anti-DIG-AP) were purchased from Roche
Diagnostics GmbH, Germany. Other chemicals were of
analytical grade and were purchased from Sigma or Merck.

Cleaning and coating of gold electrode

The gold electrode was cleaned by immersion in 1.2 M NaOH
for 20 min, 1.2 M HCI for 5 min, and distilled water for 5 min;
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after a final rinse with 95% alcohol it was air-dried at room
temperature.’ For activation, the gold electrodes were treated
with 2.5% glutaraldehyde (0.5 pL) for 15 min, washed briefly
with distilled water, and then dried. A sample of St-p-gal or
anti-DIG-AP (2 plL) was applied to the pretreated gold
electrode and incubated in a humid hood for 100 min. For
the preparation of control QCMs, bovine serum albumin
(BSA; 1 mg mL™!, 0.5 pL) was applied instead. The coated
electrodes were washed thoroughly with double-distilled water,
followed by a PBS wash. Blocking was achieved by adding
BSA (I mg mL™!, 0.5 pL), incubating in a humid hood for
1 h, washing with water, rinsing with PBS, and then air-drying.
The coating efficiency for St-B-gal was obtained through
a coloring assay: dropping 1 pL X-gal substrate (1.2 mM
5-bromo-4-chloro-3-indolyl f-D-galactopyranoside, 1 mM
MgCl,, 3 mM K;3Fe(CN)g, 3 mM KyFe(CN)g in PBS) onto
the coated surface and measure the absorbance at 430 nm. The
coating efficiency for anti-DIG-AP was also obtained through
a coloring assay: dropping 1 pL of Fast red TR/naphthol
AS-MX substrate (Pierce, Rockfod, IL) onto the coated
surface and measure the absorbance at 550 nm. The coated
QCM was assembled in a flow cell through which PBS was
passed at a flow rate of 1 mL h™!. The frequencies of all of the
QCMs were monitored until steady state conditions were
achieved (usually 30 min to 1 h).

PCR-labeled DNA

A Bluescipt-based plasmid containing a human L18 cDNA
fragment (1 kb in length) inserted at multiple cloning sites was
used as a template for PCR amplification. The sequences of
the primers were 5'CTG CAA GGC GAT TAA GTT GGG
TAA3" and 5’GTG AGC GGA TAA CAA TTT CAC ACA
CGA AAC AGC3'. The PCR amplifications were performed
using purified plasmid (10 ng) in a sample (total volume:
100 pL) containing 10 mM Tris-HCI (pH 8.8), 1.5 mM MgCl,,
50 mM KCl, 0.1% Triton X-100, 200 uM dNTP, 0.2 uM of
each primer, and 0.5 units of Taq polymerase (Viogen Co.,
Taiwan). For labeled DNA, 5 uM DIG-11-dUTP or 5 pM
biotin-16-dUTP was also incorporated. The thermal cycle
program was as follows: preheat at 95 °C for 10 min; 25
repeated thermal cycles of 95 °C for 30 s, 57 °C for 30 s, and
then 72 °C for 4 min; extension, 10 min at 72 °C. The lengths
of the PCR products were verified through 1% agarose gel
electrophoresis using suitably size markers. Unreacted small
molecules were removed through Millipore MultiScreen-HV
plate filtration (Millipore Co., USA). The concentration of
DNA was quantified through UV absorbance measurements
at 260 nm; the final concentration was adjusted to 1 ng pL~".

Results and discussion
QCM matrix FIA system

A 3 x 3 QCM matrix was fabricated on a 0.2 mm-thick
AT-cut quartz wafer (Fig. 1). The diameter of each electrode
was 0.8 mm. All electrodes were placed in a 1 cm x 1 cm
area that fitted into the flow-cell unit. The top electrodes
were 100 nm-thick gold layers; the bottom electrodes were
aluminium layers of the same thickness. In this conformation,

Fig. 1 A3 x 3 QCM matrix fabricated on a quartz wafer. The upper
image is a photograph of the fabricated matrix. The top electrodes are
gold-plated; the bottom electrodes are aluminium. Blurring in this
image was caused by reflection of the wafer. The lower image is a
schematic drawing depicting details of the matrix’s construction.

each QCM in the matrix was addressable through a single
combination of X- and Y-lines.

To selectively activate a single QCM at any given time, a
programmable, PC-controlled switching circuit was con-
structed using six DIAO050000 electronic relays (Fig. 2).
During the on/off cycle of each QCM, residual charges
remaining on the QCM created extra noise and caused signal
decay. To reduce the residual charge, two DIC050000 devices
were incorporated in the relay system. Discharging of all
the QCMs was activated during the intervals between each
QCM resonance. In practice, each QCM was turned on for
0.9 s followed by discharging for 0.1 s (Table 1). The complete
cycle took 9 s.

We adopted a standard oscillating circuit design (Fig. 3) and
used an Agilent HP 53132 Universal Frequency Counter to
monitor the frequency output. Because of the presence of the
electronic relay system, only one set of oscillators/counters
was required. We constructed a QCM matrix FIA system
consisting of a QCM matrix in the flow-cell, a cylindrical
pump, an injector, a PC-controlled electronic relay circuit, an
oscillator circuit, and a frequency counter (Fig. 3).

To record and display the frequency response of each QCM
simultaneously, we used LabView (National Instrument Co.)
to control the switching of electronic relays through a DIO
D/D control card, receive resonant frequency from an Agilent
53132A  through GPIB CARD (National Instruments
Corporation.), and graphically display the frequency record-
ings from the nine QCMs in a single window on the computer’s
screen (Fig. 4).

The QCM oscillating circuit was operated at a fundamental
resonating frequency of 40 MHz. The frequency shift corres-
ponding to the applied weight for individual QCM in the
matrix displayed sensitivity in the picogram regime (Fig. 5).
The dynamic (linear) range in terms of frequency shift vs.
applied weight/mass loading is given as an inset (Fig. 5 inset).
According to the Sauerbrey equation:

Af = =2fy x 2AmIA(qpq)"”
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Fig. 2 Schematic representation for the switching mechanism that selectively activates each QCM in the matrix. The heart of the switching process
is the operation of six DIA050000 electronic relays (RX1, RX2, RX3, RY1, RY2, and RY3) that control the values of X1, X2, X3, Y1, Y2, and Y3
for the QCM matrix. A circuit diagram is depicted in the upper left-hand corner. Two electronic relays DIC050000 (RG1 and RG2) discharge
residual charges on the QCM between on/off cycles and are depicted in the bottom right-hand corner. The switching motion is controlled, and the
frequency recorded, by a personal computer.

where Af, Am are the frequency and mass change, A4 is the
piezoelectric active area, jiq is the shear modulus, pq is the density

the detection of a specific DNA sample, we coated selected
QCMs with St-f-gal (QCM1, QCMS5) and anti-DIG-AP

of quartz. Frequency shifts induced by 10”7 g should be 3 order
higher than frequency shifts induced by 107 g; however in our
experiment, the difference was only ten. This might be due to
defects caused by the etching process, or a non-uniform pattern
width caused by the lift-off process.

Detection of labeled DNA

Specific detection of DNA molecules was achieved through
antigen—antibody binding or biotin-streptavidin binding. DIG
is incorporated into DNA molecules and detected by the
coated anti-DIG antibody. Biotin is incorporated into DNA
molecules and detected by the coated streptavidin. To perform

(QCM2, QCM6). The remaining QCMs were coated with
BSA; they served as controls. Injection of 1 ng of BSA did not
induce a frequency shift for any of the QCMs in the matrix
(Fig. 6B). Injection of 1 ng of biotin-labeled L18 DNA induced
frequency shifts of 21 Hz for QCMI and 16 Hz for QCMS5
(Fig. 6C). The difference between the frequency shifts of
QCMI1 and QCMS probably was due to the dead volume of
the flow cell (ca. 100 pL), resulting from the time lapse (ca.
60 s) between the two detections. Initially, the injected DNA
bound to QCMI1 and then diluted into the flow cell before
binding to QCMS. The local concentration at QCM1 was
much higher than that at QCMS and, thus, it quickly saturated
the binding sites on QCM1. Neither the BSA-coated QCMs

Table 1 Typical program of relays that control the on/off states of individual QCMs in the matrix

Step 1 2 3 4 5 6 7 8 9 0 11 12 13 14 15 16 17 18
RX1“ 1 1 0 1 0 1 1 1 0 1 0 1 1 10 1 0 1
RX2 0 1 1 1 0 1 0 1 I 1 0 I 0 1 1 1 0 1
RX3 0 1 0 1 1 1 0 1 0 1 1 1 0 10 1 1 1
RY1 1 1 1 1 1 1 0 1 0 1 0 1 0 10 1 0 1
RY2 0 1 0 1 0 1 1 1 I 1 1 1 0 1 0 1 0 1
RY3 0 1 0 1 0 1 0 1 0 1 0 1 1 1 1 1 1 1
RGI1 0 1 0 1 0 1 0 1 0 1 0 1 0 10 1 0 1
RG2 0 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1
QCMinacton QI — Q@ — Q3 — Q4 — Q — Q@ — Q7 — Q8 — Q —

“ The activation of QCM in the matrix is controlled through the electronic relay to be “on” (1) or “off”” (0). Each column depicts the on/off
status of the relays. RX1, RX2, and RX3 control the wires connecting X1, X2, and X3, respectively. RY1, RY2, and RY3 control the wires
connecting Y1, Y2, and Y3, respectively. RG1 and RG2 control the discharging circuit. A complete cycle is composed of a total of 18 steps.
Odd-numbered steps (1, 3, 5, 7, 9, 11, 13, 15, and 17) correspond to the activation of the indicated QCM; they lasted 0.9 s. Even-numbered
steps switched on the discharging action; they lasted 0.1 s. A complete cycle took 9 s.
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Fig. 3 Schematic illustration of the 3 x 3 matrix QCM flow injection analysis apparatus. Continuous flow was achieved using a cylindrical pump.
The sample was injected through an injection loop and pumped into the flow cell containing the coated 3 x 3 QCM matrix. The oscillator (OSC)
activates the designated QCM selectively through a matrix control system and the resonant frequency is measured and reported back to the PC.
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Fig. 4 Screen-capture image of the LabView-controlled QCM matrix for the online monitoring of DNA detection.

nor the anti-DIG IgG-coated QCMs displayed a significant (14 Hz) and QCM6 (13 Hz) (Fig. 6D). These lower responses
difference in frequency shift. The injection of 1 ng of DIG- in terms of frequency, relative to those of the biotin-labeled
labeled L18 DNA into the matrix was detected by QCM?2 DNA, are probably due to the lower number of binding sites
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Fig. 5 Typical frequency response of the QCM selected from the
matrix.

on the anti-DIG-coated QCM. Differences in local concentra-
tions were also observed from this latter injection.

We also performed repeated stripping and coating to QCM
matrixes and observed the quality response. No significant
difference was observed between repeated stripping up to
10 times.

A number of factors must be considered when attempting to
expand the number of QCMs in such a matrix design. When
the number of QCMs increases, the time shared by each QCM

A

decreases proportionally. The time required for relay switch-
ing, the time required for the oscillations to build up and
stabilize, the time required to reach a stable frequency reading,
and the time required for sufficient discharging are all
important factors that determine the number of QCMs that
can be incorporated. In practice, the current matrix is
restricted by the manufacture’s design of frequency counter
that acquires and provides stable frequency reading in the sub-
second range. The utilization of tens of thousands of QCMs
in such a matrix would require the incorporation of a much-
faster acquisition mechanism. Discharging is another limiting
factor that is encountered only in a matrix configuration.
Residual charges on the QCM confuse the oscillation circuit
and cause signal reduction, decay, noise, and, sometimes, an
inability to oscillate. When the number of QCMs increases, the
electrode area decreases significantly; thus, the time required
for discharging might be reduced dramatically. The actual
length of time required for discharging in a different design,
however, remains purely empirical.

Conclusions

We have demonstrated the application of a versatile QCM
matrix system that behaves as a specific biosensor. The detec-
tion is simultaneous, parallel, and comparative. In this present
study, we provide a possible route toward the future applica-
tion of matrix sensors in proteomics, genomic research, and
drug discovery applications.
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Fig. 6 Specific detection of labeled DNA samples using the QCM matrix. (A) Recording of the response of QCMI1 to the injection of 1 ng of
biotin-labeled L18 DNA. (B) Simultaneous recordings of nine QCM matrixes after 1 ng of BSA had been injected. (C) Simultaneous recordings
after the injection of 1 ng of biotin-labeled L18 DNA. (D) Simultaneous recordings of the injection of 1 ng of DIG-labeled L18 DNA. Sequence of
QCMs (from left to right): (top) QCM1, QCM2, and QCM3; (center) QCM4, QCMS5, and QCM6; (bottom) QCM7, QCMS, and QCMOI.
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