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A theophylline quartz crystal microbalance biosensor
based on recognition of RNA aptamer and amplification
of signalt

Zong-Mu Dong and Guang-Chao Zhao™

A quartz crystal microbalance (QCM) biosensor for theophylline was developed by recognition of RNA
aptamer and gold nanoparticle amplification technique. Firstly, a designed small single-stranded RNA,
RNA1, was immobilized onto the QCM electrode through a thiol linker. Then, the complementary
stranded RNA2, which can combine with RNA1 to form a double-stranded RNA with a recognition unit
of theophylline, could be self-assembled on the QCM electrode surface through a hybrid reaction in the
presence of theophylline. The recognition process could cause a frequency change of QCM to give the
signal related to theophylline. When RNA2 was tethered to gold nanoparticles, the signal could be
amplified to further enhance the sensitivity of the designed sensor. Under the optimal conditions, the
QCM-based biosensor showed excellent sensitivity (limit of detection, 8.2 nM) and specificity with a
dissociation constant of K4 = 526 x 1077 M. The sensor can be used to quantitatively detect
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Introduction

Aptamers are DNA or RNA sequences that bind specific analytes
with high affinity and specificity. They have several advantages
over antibodies, such as simple synthesis and higher stability
against pH, temperature and ionic strength.” Selectivity of the
aptamers for the specific target is based on the systematic
evolution of ligands by exponential enrichment (SELEX)
process.>* Typically, high affinities and specificities of aptamers
toward ligands are achieved by a combination of molecular-
shape complementarity, hydrogen bonding, and stacking inter-
actions.” Much progress has been made in the development of
aptamer-based bioanalytical assays using a variety of detection
techniques such as colorimetric,*” optical,*** surface plasmon
resonance (SPR)," and electrochemical analysis.**** Most of the
biosensing platforms require the use of labels including fluo-
rophores and radiolabels. The labeling process introduces extra
time, cost, and expertise required for the assays.

Quartz crystal microbalance (QCM) detectors have been
developed to alleviate this concern. The QCM operation is often
approximated by a simple principle given by the Sauerbrey
equation, which enables the user to quantify directly the mass
adsorbed onto the sensor surface for a given change in
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theophylline in serum, suggesting that it can be applied in complex biological samples.

resonance frequency of the crystal. The methodology allows for
real-time detection.

The QCM has demonstrated its effectiveness in detecting the
mass of high molecular weight analytes including DNA and
proteins.”"” However, low molecular weight analytes are diffi-
cult to detect only based on mass addition. Signal amplification
could be one of the major approaches for designing and
developing highly sensitive QCM-based biosensors. One
successful strategy is to use the mass enhancer such as gold
nanoparticles (Au NPs), which can be used in the context of an
assay where free analyte is displaced with a mass-enhanced or
surface-bound version of the molecule.’®* In the latter case,
additional amplification is achieved by appending the mass
tether to the linker probe.

Theophylline is used as a bronchodilator in cases of asthma,
bronchitis and emphysema. Due to its toxicity, different
approaches based on an aptamer for monitoring its level have
been developed. Sekella and Soukup et al. have used fluores-
cence resonance energy transfer (FRET) assay for theophylline
detection.”®* In their approach, theophylline was detected via
monitoring the activity of a ribozyme upon theophylline
binding through FRET. This is an indirect detection process.
Endoh et al. designed a theophylline-aptamer-inserted RNA to
detect theophylline with a limit of detection less than 10 uM by
FRET.*” Moreover, electrochemical,*?¢ optical”” and fluores-
cent® methods for the detection of theophylline have also been
reported by use of an RNA aptamer, which was subsequently
improved to detect theophylline in serum.*®?® However, these
methods involve long analysis time and the use of fluorescent
and redox-active labels.

This journal is © The Royal Society of Chemistry 2013
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In this work, we have fabricated a highly sensitive QCM-
based biosensor for simple and rapid theophylline detection
using Au NPs to enhance frequency signals. QCM is a useful
analytical method to assess sensor surface layer phenomena,
such as self-assembled monolayer and analyte capture. More-
over, according to previous studies, the two RNA aptamers,
11-mer and 8-mer theophylline binding aptamer (RNA1 and
RNA2), can bind to each other to form a special recognition unit
for theophylline,** which has facilitated the successful fabri-
cation of a sensing system to analyze theophylline. The meth-
odology is simple, allows real-time detection, and does not
require the use of harmful reagents, such as radio-labeled
ligands or expensive chromophoric substrates. Remarkably, the
theophylline standard spiked serum sample was also used for
exploring the potential of this method in practical applications.

Experimental
Materials and chemicals

Oligonucleotides tethered with a thiol linker were purchased
from Integrated DNA Technologies and used without further
purification. The designed sequence is HS—(CH,)s-5-CCU-
UGG AAG CC-3' (RNA1), which was used as the capturing probe
sequence. Its complementary sequence is 5'-GG AUA CCA-3'-
(CH,)6—HS (RNA2), which can bind to the capturing probe to
form a special recognition unit for theophylline. Tris (2-car-
boxyethyl) phosphine hydrochloride (TCEP) was used as the
reducing agent to reduce the disulfide bonds formed in the
synthesized procedure of HS-ssRNA. HAuCl,-4H,0O was
purchased from Shanghai Chemical Reagents (Shanghai,
China). All other chemicals were of analytical grade and used
without further purification.

Apparatus

QCM was performed on a quartz crystal microbalance (CHI
440A, Shanghai Chenhua Ltd. China). A 7.995 MHz AT-cut
quartz crystal (13.7 mm diameter) covered with gold electrodes
(I = 5 mm) was mounted levelly in a homemade Taflon holder.
This Taflon holder was linked with a six-channel BT100K peri-
staltic pump. Electrochemical impedance spectroscopy (EIS)
and cyclic voltammetry (CV) were carried out with an electro-
chemical workstation (CHI660C, Shanghai Chenhua Ltd.,
China). CV and EIS were performed in 5 mM [Fe(CN),> /4~
solution which was purged with highly purified nitrogen for at
least 15 min. The prepared modified electrode was used as the
working electrode. An Ag/AgCl electrode and Pt wire were used
as the reference electrode and the auxiliary electrode, respec-
tively. All the measurements were carried out at room
temperature.

Synthesis and functionalization of gold nanoparticles

Au NPs were prepared according to a previously reported
method with a minor modification.?! In brief, 5 mL of trisodium
citrate (1%) was added to 100 mL of boiling HAuCl, solution
(0.25 mM) under stirring for 10 min. The resulting solution was
allowed to cool to room temperature. The size of Au NPs
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obtained was evaluated by using a JEM-100CX transmission
electron microscope (JEOL, Tokyo, Japan, figure not shown).*?
The prepared Au NPs, with an average size of 13 nm, were used
for binding with RNA2. The concentration of the prepared Au
NPs was 0.15 pM, determined by a U-3010 UV-vis spectropho-
tometer (Hitachi, Tokyo, Japan) with the absorbance at 520 nm
and the molar extinction coefficient is 2.7 x 105 M~' em ™. The
as-prepared Au NPs were further co-modified with the RNA2,
which was denoted as RNA2-AuNPs. Briefly, Au NPs (5 mL,
25 nM) were incubated with a RNA2 probe solution (100 pL,
100 pM) for 12 h at room temperature. The final mixture was
slowly brought up to a final salt concentration of 0.1 M Nacl,
10 mM TCEP and 10 mM PBS (pH 7.4) and allowed to age for
24 h. Centrifugation was performed at 14 000 rpm for 40 min in
order to remove excess RNA2. The precipitate was washed with
0.1 M NaCl, 10 mM PBS (pH 7.4) solution, recentrifuged, and
finally dispersed in 10 mM PBS (pH 7.4) containing 0.1 M NaCl
for further use. The supernatant solution was used to determine
the excess RNA2 by spectrophotometric method. The surface
density of RNA2 on the Au NP could be determined. In brief,
with standard stock solutions containing different concentra-
tions of RNA2, the absorbance was determined at 260 nm. Then,
the standard curves were obtained. The absorbance of the
supernatant solution was also determined simultaneously, and
the excess RNA2 could be detected. The surface density of RNA2
on the Au NPs could be calculated via the D-value of RNA2
concentration before and after incubating with Au NPs.

Direct immobilization of the RNA1 aptamer on QCM electrode

The RNA1-modified QCM electrode was prepared according to
the literature with some modification.' Briefly, the QCM gold
electrodes were cleaned with Phiranha solution [H,0,-H,SO,
1:3 (v/v)] for 1 min, rinsed with copious amounts of purified
water and ethanol, and dried with a gentle flow of nitrogen in
order to remove pollutants from the electrode surface. Prior to
the immobilization of the electrodes, RNA1 stock solution
(0.1 mM) was reduced in 10 mM TCEP for 2 h to cleave disulfide
bonds. The resulting solution was then diluted with Tris-HCI
buffer (pH 7.4) to a desired concentration (50 uM). Then, the
QCM electrode was incubated in the RNA1 solution for 16 h in
the dark at 4 °C. Followed by incubation, the electrode was
rinsed with water and then immersed in an aqueous solution of
1 mM 6-mercapto-1-hexanol for 1 h to block the uncovered
electrode surface.®® As a final step, the electrode was rinsed with
water, dried with nitrogen, and stored at 4 °C prior to use. The
assembly procedure of the electrode was shown in Scheme 1.

QCM measurements

All QCM experiments were performed in a QCM cell, in which
the quartz crystal gold electrodes were modified with the
capturing probe. The experimental process could be described
as follows: 10 mM Tris-HCI buffer (pH 7.4) containing 0.1 M
NacCl was injected firstly into the QCM cell with a flow rate of
20 uL-min~', and the crystal frequency was measured as a
background signal. After the signal change was less than 1 Hz of
frequency drift in 60 s, the experiment could be continued.
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Scheme 1
RNA2 (c) and RNA2-AuNPs conjugates (d).

Then, 50 pM linking probe (RNA2 or RNA2-(AuNPs)) solution
was added at a flow rate of 20 uL-min~" and the signal (AF) of
the QCM-based sensor was recorded. Then, the standard solu-
tion of theophylline was injected into the QCM cell by using a
micro-injector and the solution in the QCM cell was kept still
until a stable signal (AF) was obtained. Control experiments
were performed in a similar fashion but without adding the
theophylline.

Analysis of standard spiked serum samples

Initially, 0.5, 2.0 and 5.0 mL fetal calf serum (Hyclone Labora-
tories, Logan, UT, USA) were spiked with theophylline standard.
The mixtures were diluted to 20 mL by Tris-HCI buffer to make
a final theophylline concentration of 0.1 pM. Shaken for 10 min
and centrifuged for 20 min at 14 000 rpm, the supernatants
separated from the solution for theophylline
determination.

were

Results and discussion
The design of the sensing system

The sensing strategy in this study involved the self-assembly of
the thiolated aptamer (RNA1), recognition of theophylline
through forming a complex composed of RNA1, RNA2 and
theophylline, and signal amplification with gold nanopaticles.
Scheme 1 shows the procedure of the amplified sensing of the
target molecule. Firstly, RNA1 was immobilized on a QCM
electrode to form an aptamer monolayer, which was used as a
capturing chip and set in buffer solution. When only RNA2-
AuNPs was injected to the solution, the frequency signal of QCM
remained almost unchanged. However, when the mixture
solution of theophylline (0.45 uM) and RNA2-AuNPs was
injected, the frequency signal of QCM decreased 87 Hz within
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Schematic diagram illustrating the surface preparation (a and b) and binding procedure of the sensing interface for detection of theophylline based on

10 min due to forming a recognition complex of RNA1/
theophylline/RNA2-AuNPs (procedure d of Scheme 1). The
QCM sensor responds for theophylline more quickly (10 min)
compared to most QCM sensor response times for other
targets,** and has a similar response time compared to IP,,-
immobilized QCM biosensor for protein kinase detection.” The
availability of the above complex is based on the fact that RNA1
and RNA2 can recognize two distinct sites on theophylline.***°
Such binding events typically involve ligand-induced structural
changes in the aptamers, resulting in the formation of unique
secondary structures responsible for ligand binding, in which
the internal-loop structures are representative of active sites for
binding events.® As a control experiment, the mixture solution
of individual RNA2 and theophylline was injected in the
biosensor, the response of the biosensor was also observed
(procedure ¢ of Scheme 1). However, the signal response of
biosensor was far below that of the procedure b (use of RNA2-
AuNPs) under the same concentration of theophylline. In this
study, Au NPs were used as signal enhancers for highly sensitive
detection of theophylline. Compared with sensors prepared
without a signal amplifier (Au NPs), the biosensor displayed an
increase of about two orders of magnitude in the detection
limit.

Electrochemical characterizations of sensing interface

Cyclic voltammetry (CV) and electrochemical impedance spec-
troscopy (EIS) were utilized to characterize the steps of electrode
modification and sensing of theophylline. At the bare gold
electrode, a couple of well redox peaks of [Fe(CN)g]' ">~ could
be observed, as shown in Fig. 1A (curve a). Then, the gold
electrode was incubated in a RNA1 solution for 16 h. Following
the incubation, the electrode was washed with water and

This journal is © The Royal Society of Chemistry 2013
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Characterization of the sensing interface by CV and EIS. (a) bare electrode, (b) after immobilization of RNA1 probe, (c) incubation with 1 uM RNA2-AuNPs

solution without theophylline for 30 min, (d) incubation with 1 kM RNA2-AuNPs solution containing 0.05 uM theophylline for 10 min.

immersed in an aqueous solution of 1 mM 6-mercapto-1-hex-
anol for 1 h to remove non-specifically adsorbed aptamer
molecules and block the electrode surface. Subsequently, the
gold electrode immobilized with RNA1 and 6-mercapto-1-hex-
anol was used as a work electrode and CV was performed in the
same [Fe(CN)]* /®~ solution. As shown in Fig. 1A (curve b), the
peak currents obviously decreased (more than 8 pA) and
the difference between cathodic and anodic peak potential
increased. These results suggest the formation of a dense
monolayer of immobilized RNA1 and 6-mercapto-1-hexanol on
the gold electrode surface. The RNA1 and 6-mercapto-1-hexanol
on the electrode surface prohibited the electron transfer of
[Fe(CN)e]* >~ at the electrode interface. Following this step, the
electrode was immersed in 1 pM RNA2-AuNPs solution (con-
taining 10 mM PBS and 0.1 M NacCl) for 30 min. The obtained
CV response, Fig. 1A (curve c), was very similar to Fig. 1A (curve
b), revealing that the electrode surface did not change obvi-
ously. However, when the electrode was immersed into RNA2-
AuNPs solution containing 0.05 pM theophylline for 10 min,
hardly any of the redox peaks of [Fe(CN)s]*™"*~ could be
observed, as shown in Fig. 1A (curve d). This was likely to be
attributed to the formation of the structure of RNA1/theophyl-
line/RNA2-AuNPs, which further blocked the electron transfer
of [Fe(CN)g]*™ at the electrode surface. These results could
also be demonstrated by EIS, which was shown in Fig. 1B. As the
electrochemical impedance was related to the amount of
theophylline, thus it could also be measured by EIS. However,
the reproducibility and sensitivity of this method were not as
good as those of QCM, so the latter was utilized to detect
theophylline in our work.

Sensitivity of aptamer-AuNPs amplified QCM biosensor

Sensitivity and specificity of aptamer-AuNPs amplified QCM
biosensor are dependent upon aptamer affinity, orientation,
and sensor surface coverage. In this study, the RNA1 were
immobilized onto a gold QCM surface. Samples containing
different theophylline concentrations were sequentially added

This journal is © The Royal Society of Chemistry 2013

to the QCM sensor to produce the calibration curve. The
amount of RNA1 on the chip surface was kept high to ensure
that aptamer binding sites would not become saturated upon
the sequential addition of theophylline. The surface coverage of
RNA1 on the sensor surface was detected by QCM. When the
density reached about 6.52 x 10" molecules cm?, the
response signal arrived at the maximum, which could be
ascribed to the saturation of immobilized RNA1 probe mole-
cules on the sensor surface (the surface coverage was calculated
on the basis of the AF measured during the QCM experi-
ments).* The surface coverage of RNA1 probe molecules on the
sensor surface was also calculated to be 8.75 x 10" molecules
em™? by Tarlov's electrochemical method.*” This value is less
than 6.52 x 10" molecules cm 2 by the QCM method. The
surface coverage of the RNA1 probe calculated by QCM may also
contain the contributions from the thimbleful of coupled water
on the sensor surface.

Amplification effect of Au NPs was studied subsequently by
using an RNA1-modified QCM chip. Firstly, the direct detec-
tion of theophylline was studied through monitoring the QCM
responses induced from theophylline binding with immobi-
lized RNA1 by the formation of RNA1/theophylline/RNA2 on
the QCM biosensor surface. As shown in Fig. 2b, with the
increase of theophylline concentrations from 0.45 to 1.5 uM,
the frequency shifts from —5.5 to —18 Hz were observed. For
theophylline concentrations lower than 0.12 pM, it is difficult
to discriminate the frequency response from the baseline
noise. When RNA2 was replaced by RNA2-AuNPs in the
experimental process, the frequency shift obviously increased
with the same concentration of theophylline (frequency shifts
from —95 to —215 Hz were observed), as shown in Fig. 2c.
This could be explained by the fact that Au NPs were intro-
duced as a signal enhanced reagent to further improve the
sensitivity of the detector. A control experiment (monitor QCM
signal over time without addition of RNA2 or RNA2-AuNPs)
was shown in Fig. 2a, which revealed that sensor drift
over time was minimal and did not impact on the
measurements.
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adenine are similar to theophylline. A solution of standard
sample of adenine (2.5 pL, 2 mM), guanine (2.5 pL, 2 mM) or
caffeine (4 uL, 2 mM) was added in 1 mL PBS solution in the
QCM chamber, respectively. Fig. 5 shows the response of the
designed biosensor to the three control reagents. The adsorp-
tion detection was small when caffeine (8 uM), guanine (5 pM)
and adenine (5 pM) were added to the aptamer-AuNPs ampli-
fied QCM biosensor. Less than 2 Hz signal shifts (curve 1 to
curve 3) were observed implying non-significant binding activity
of the present aptamer-AuNPs amplified QCM biosensor for
caffeine, guanine and adenine (compared to a 122 Hz decrease
when the solution containing 0.8 uM of theophylline was added
to the same system). The data were summarized as Fig. S2 and
displayed in the ESLT In order to evaluate the binding affinity
between theophylline and aptamers, the theophylline-aptamer
association constant (K,) can be obtained from the time rela-
tionship of frequency decrease at various theophylline concen-
trations. Based on a Langmuir adsorption isotherm,* the
association (K,) and dissociation (Ky) constants for theophyl-
line-aptamer binding can be described by eqn (1).

CTHE _ CTHE 1 (1 )
AM A]l/[max A]‘4maxl<a

In eqn (1), AMy,.x is the maximum amount that theophylline
can be bound on the biosensor surface, which is equivalent to
the binding of theophylline when all the RNA1 are converted to
the RNA1/theophylline/RNA2-AuNPs complex. AM is the
measured theophylline binding amount at equilibrium, which
is a function of the theophylline concentration and will not
change with time, and [Cryg] is the original concentration of
theophylline. Based on the data obtained from Fig. 4, we can
obtain a representative plot of [Cyyg]|/AM versus [Cryg] (Fig. 6).
According to eqn (1), the association constant (K,) can be

obtained by the ratio of slope to the intercept of the calibration
curve. The dissociation constant (K4) can be calculated as 5.26 x
107710
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Table 1

Results obtained in analysis of diluted serum samples with the QCM-based sensor (n = 5)°

Concentration (nM)

Serum sample dilution

folds Added Found Avg. found RSD% Recovery%
5 100.0 119.5 113.7 98.8 123.6 111.6 113.6 9.4 113.6
10 100.0 107.4 109.9 112.6 119.6 99.5 109.8 7.3 109.8
15 100.0 98.8 106.6 99.2 110.5 103.5 103.7 5.0 103.7

“ No theophylline was detected in diluted original serum samples.

Conclusions

In this work, the special sequence of RNA aptamers with the
recognition unit of theophylline were designed, and an
aptamer-based QCM biosensor was developed for the sensitive
detection of theophylline. The amplification effect of Au NPs on
QCM as the mass enhancers was demonstrated in the analytical
method. With the amplification, a low detection limit of 8.2 nM
was achieved. The spiked recovery of theophylline from fetal
calf serum is satisfactory. This work extends the application of
QCM in biosensors, and provides a promising approach for the
sensitive detection of bio-reagents in biological samples.
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