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A B S T R A C T

Biosensors are often limited by lesser signal/noise ratio in the detection of low concentration target analyte
which may be improved by modifying receptor configuration on the transducer. In this study, we report the
improvement in sensitivity, through an increment in surface stress signal, due to the attachment/functionali-
zation of malachite green aptamers with double thiolated ends on microcantilever based sensors, compared to
the conventional single thiolated aptamers. Malachite green is deemed to be carcinogenic to humans and its
detection using biosensors has been studied by many researchers. Our approach resulted in one order of mag-
nitude improvement in the detection limit for malachite green, on the same sensor. The improvement is at-
tributed to configurational changes of the aptamer on the cantilever surface, induced by the double thiolated
attachment, which results in better propagation of mechanical response upon binding with the target malachite
green, resulting in higher signal.

1. Introduction

Microcantilever (MC) based sensors [1,2] are widely studied for
their capability of sensitive detection of biological/chemical species
wherein the biological/chemical reactions on the transducer i.e. the
microcantilever (MC) are transduced into mechanical signals (e.g.
bending of MC [3,4], shift in resonant frequency [5], piezoresistance
change [6]) which can be readily monitored using optical methods and
other schemes [1,2,7]. The surfaces of the microcantilevers are coated
with a thin film of receptor molecules which can react with target
analyte molecules with certain sensitivity and specificity. In many
cases, the analyte molecules can be detected by observation of the
cantilever deflection [8,9], resulting in surface stress, due to the
binding of target molecules on the functionalized surfaces of the sen-
sors.

Thundat and his colleagues [10], first reported their findings on the
Atomic Force Microscope (AFM) cantilever deflection due to changes of
relative humidity, which revealed the potential of the AFM cantilevers
to work as chemical and biological sensors. They also confirmed the
detection of mercury adsorption on cantilever with picogram resolution
[5,10]. Following this, several applications have been studied based on
the micro-cantilever based sensors. Fritz et al. [11] observed MC de-
flection induced by the hybridization of single stranded, 12 nucleotide
DNA (ssDNA) with different concentrations of the complementary

ssDNA molecules. Since these initial reports, different applications have
been developed for sensing various targets including chemicals/gases/
drug molecules [1,12,13], explosives [14–16], DNA oligonucleotides
[11,17–24], biomolecules [7,23,25–27], toxins [9,28] and biomarkers
for sensors towards disease detection [6,8,29–32].

Theoretical studies and simulations were also conducted to explore
the mechanism of MC deflection. Fritz et al. [2] hypothesized that the
cantilever deflection in case of DNA hybridization is induced by two
competing mechanisms: electrostatic repulsion between negative
charges on the DNA strands and relaxation of steric hindrance as dis-
ordered ssDNA transition to ordered DNA strands. Mertens et al. [33],
conducted experiments and proved that hydration forces are also major
sources of the deflections besides electrostatic repulsions. With these
assumptions, Strey et al. [34], established a liquid crystal model to
investigate the pairwise potentials between hybridized DNA molecules
on the cantilever surface, and showed that the hydration forces and
electrostatic interactions have the dominant contributions to the sur-
face stress changes, and the strengths of the pairwise potentials depend
on the salt concentration and drops exponentially with the corre-
sponding decay lengths. The dependence of MC deflection, due to DNA
hybridization, on different distributions of DNA molecules on the MC
surface has also been reported [3], and computational results con-
sidering randomly immobilized DNA molecules on MC surface [3],
were in closer agreement to experimental reports [11,17,23], over
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ordered arrangements like the hexagonal form. Tan et al. [35] have
theoretically shown that elastic modulus of cantilever substrate has
influence on the surface stress/deflection as well. Thus, it is possible to
influence the signal of MC based sensors by developing a thorough
understanding of the interaction between the DNA receptors/ligands on
MC surface.

Unlike sensors for detection of chemicals/gas molecules [36,37], the
sensors developed for detecting biological species like proteins and
antigens, often suffer from low sensitivity and low detection thresholds
[38], because in case of microcantilever biosensors, the deflection
magnitudes and surface stress changes are often low during the binding
of smaller concentration of target analyte, resulting in lesser signal to
noise ratio. For example, surface stress changes of approximately
2–40mN/m have been reported for hybridization of 9-mer to 30-mer
ssDNA oligonucleotides [4,11,17,22,23,39]. The typical noise, in
buffer, reported in laser interferometry based MC sensors, developed by
our group, is less than 3mN/m [13], and this could worsen in presence
of interfering molecules available in complex sample like serum. Thus,
low magnitude of signal consequently limits the sensitivity and detec-
tion limit associated with target analyte. Hence, the low sensitivity
becomes an obstacle for MC based sensors for biological species de-
tection in complex matrices [38]. Many attempts have been made to
improve the threshold sensitivity of the sensing platform in biosensors
like controlling sensing environments through manipulation of hydra-
tion [33,40], utilizing background protein to saturate non-specific in-
teractions [41], adding new materials like magnetic beads [42], or
proposing new structural arrangements of the receptor using 3-D DNA
nanostructures [43]. In this study we propose a functionalization
method to increase the sensitivity of an aptamer based microcantilever
sensor to detect malachite green.

Malachite green (MG) is a triphenylmethane dye and was once
widely used as an antiparasitic, antifungal and antimicrobial agent in
agriculture/pisciculture [44]. Since the last two decades several studies
have analyzed the detrimental effects of MG on the human health and
environment and found it to be carcinogenic/mutagenic [45]. Despite
the ban/stringent regulation on MG in several countries, it is still used
illegally due to its low cost and efficiency. Hence, detection of MG, even
in trace amounts, has assumed a major area of research. Different ap-
proaches utilizing techniques like electrochemical methods [46],
fluorescent resonance energy transfer [47] and receptors ranging from
antibodies [48], oligonucleotides [49], quantum dots [50] to molecu-
larly imprinted polymers [47] have been reported.

Aptamers (short oligonucleotides, DNA/RNA) have been shown to
change configuration upon binding with ligand [51] or due to external
stimulus like change in pH and temperature [52], or electric field
[53,54]. Aptamers are being increasingly used as receptors to detect
biological elements like antigens and small molecules and even ions
[51]. Aptamers can retain their functional properties over a wide var-
iation of temperature, pH and other environmental factors and thus
hold a lot of promise in the field of diagnostics. In this work, we report
the investigation on the difference of surface stress changes due to
various functionalization methods, which in turn can impact config-
uration, for thiolated malachite green aptamers (MGA). The combina-
tion of malachite green (MG) and MGA has been used to study RNAs in
live cells [55] and the binding of MGA to MG increases the latter’s
fluorescence, which has important applications in cellular imaging
studies. The MGA is chosen as the receptor in present work, as it un-
dergoes a conformational switch upon binding with its target analyte,
malachite green (MG), [56] and as reported earlier [3] and discussed in
the previous paragraphs, the configurational arrangement of oligonu-
cleotides on the MC surface has strong bearing on the surface stress,
thus making the MGA an ideal candidate to investigate such effects. The
different functionalization schemes are schematically illustrated in
Fig. 1.

We consider two cases: (1) single thiolated and (2) double thiolated
aptamers and look at how these two cases influence the sensitivity of a

biosensor. The target analyte in this case is malachite green (MG) and
surface stress changes are analyzed by a laser interferometry based
microcantilever surface stress sensor. The surface density of aptamer for
the different functionalization methods are also determined based on
the fluorescent behavior of MG. Double thiolated aptamers are used to
promote the configuration that is most conducive to binding with MG
while bringing the structure closer to the microcantilever surface.
According to our hypothesis, this would result in higher signal strength
and better binding efficiencies. Through the research described in this
work, we intend to establish double thiolation as a possibly viable
technique to generate higher surface stress changes, accompanied by a
concomitant increase in sensor signal, for lower concentrations of
analyte, as compared to the straightforward single thiolated method.

2. Materials and methods

2.1. MGA/MG binding pairs

The malachite green aptamers (MGA) are short single-stranded RNA
molecules which bind specifically to malachite green (MG) molecules.
Structural analyses of the MGA/MG binding pairs [56,57] show that the
aptamers have a tertiary structure and form a binding pocket for the
MG molecules to sit inside and get locked. The MGA and MG molecules
both change their structures during binding. To be specific, the MG
molecule becomes flatter and the MGA develops twists in structure
[56–58].

The thiolated MGA oligonucleotides were synthesized by Integrated
DNA Technologies, Inc. (Coralville, IA) with the reported sequence [59]
as listed: thiol-5′-GGA UCC CGA CUG GCG AGA GCC AGG UAA CGA
AUG GAU CC-3′ (- thiol) (The second thiol group is optional for dif-
ferent experiment preparation). MG molecules were purchased from
Sigma (St. Louis, MO). The IDT Oligoanalyzer program was utilized to
review the secondary structure of the double thiolated aptamer and the
results are given in Figs. 5 & 6 of the Supplementary information. The
predicted structures suggest that both of the double thiolated groups
should be in the same orientation and thus facilitate attachment to the
gold surface of the microcantilever.

2.2. Micro-cantilever specification and sensor preparation

High aspect ratio tipless AFM cantilevers used in the sensor system
were purchased from Nanoworld, Switzerland. The cantilevers used
were 500 μm long, 20 μm wide and 1 μm thick, and coated with 5 nm of
titanium and 30 nm of gold film. In the sensor system, a sensing/re-
ference pair of MCs were used. The sensing cantilever was immobilized
with the thiolated MGA molecules and the reference cantilever was
immobilized with scrambled RNA, of equal nucleotide length, that has
very less affinity to the target MG molecules. The scrambled oligonu-
cleotide sequence on the reference cantilever is: thiol-5′-GGG GAG ACA
AGA AUA AAC GCU CAA UUC GAC A GG AGG CU-3′-thiol, as per the
control nucleotide described in Wang et al.’s study [56]. Two distinct
types of sensing MCs were prepared, one functionalized with MGA with
one thiol group at 5′ end, and the other functionalized with MGA with
thiol groups at both 3′ and 5′ ends.

2.3. Differential interferometer

The microcantilever (MC) based detection system (Fig. 2) in-
corporates a differential surface stress measuring interferometer having
a sensing/reference MC pair. A brief description of the working prin-
ciple is provided in this article, and readers are encouraged to consider
previous studies [13,20,60], by our group for a detailed explanation.
Measurement of differential surface stress ensures that the detected
signal is proportional to the specific binding of target analyte to the
aptamer functionalized sensing MC only, due to the elimination of the
influence of ambient disturbances/noise sources such as nonspecific
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binding, changes in pH, ionic strength, and especially the temperature,
as a result of having the reference MC. In the scheme shown in Fig. 2,
two laser beams of mutually orthogonal polarizations were generated
using the calcite beam displacer and they are let to shine on the sensing
and reference cantilevers.

Upon reflecting from the cantilevers and passing through the beam
displacer, the beams are recombined into one and become an ellipti-
cally polarized beam whose two linear components have a path length
difference equal to twice the differential displacement (Δl) between the
cantilevers [61]. This single light beam was collected and interfered,

utilizing the Walloston positioned at 45° relative to the merged re-
flective beam, and the intensities of the two interfered fringe patterns
were monitored through the two photodiodes. The optical signals were
thus converted to electrical signals, I1 and I2, by the two photodiodes.
The photodiodes signals may be represented as follows:

= + + = + −I I I I I φ I I I I I φ1
4

[ 2 cos ], 1
4

[ 2 cos ]s r s r s r s r1 2 (1)

where, Is, Ir are the light intensities of the reflected beams from sensing
and reference MC respectively, φ is the phase difference between the

Fig. 1. Schematic illustration of different immobilization methods. (A) Single thiolated MGA immobilization; (B) Double thiolated MGA immobilization.

Fig. 2. Schematic layout of differential surface stress based laser interferometer.
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reflected beams [60]. As a result, we can monitor the change of the
phase difference between the reference and sensing beams as follows:

=
−

+

=
+φ A I I

I I
A I I

I I
cos , ( )

2
s r

s r

1 2

1 2 (2)

When the MG solution was introduced to the cantilever pair, a differ-
ential surface stress change was generated during binding, and a dif-
ferential cantilever deflection Δl was induced. As a result, the path
length difference travelled by the two reflected laser beams were shifted
by a value of 2Δl, and the corresponding phase difference of φ=2Δl/λ
was observed, where λ is wavelength of the laser (635 nm). The in-
tensity of the interfered fringe was monitored and recorded during the
whole procedure of MG introduction till the signal achieved stability.
By analyzing the interfered signal, the differential deflections could be
calculated as =l λ φ πΔ Δ /4 . Finally, the surface stress change Δσ is
given by Stoney’s equation [61]:

=

−

Δσ E
ν

t
L

Δl
3(1 )

( ) (2 )2
(3)

where E is the elastic modulus, ν is Poisson’s ratio, L is the length, and t
is thickness of the microcantilevers.

2.4. Microcantilever functionalization

In preparation of the experiments, all the MC were cleaned with
piranha solution (70% H2SO4 and 30% H2O2) for 1min and then rinsed
in deionized water. The thiolated MGA were diluted to 0.5 μM con-
centration with the immobilization buffer (50mM Tris-HCl, 150mM
NaCl, 5 mM MgCl2, pH 7.4), and heated up to 90 °C followed by cooling
to room temperature for refolding the aptamer. The sensing MCs were
immersed in the MGA solution for 3 h to allow functionalization, fol-
lowed by washing in immobilization buffer to remove non-specifically
bound aptamers. The sensing MCs were then treated with 3mM 6-
mercapto-1-hexanol (MCH) solution to block any vacant gold surface.
Herne et al. [62] were amongst the first group to demonstrate the ef-
ficacy of using a mixed monolayer of MCH and ssDNA on gold surfaces.
That study along with the experiments reported by Levicky et al. [63]
and Keighley et al. [64], showed that MCH blocked non-specific con-
tacts between the DNA backbone and the gold surface, displaced
weakly adsorbed DNAs and the mixed monolayer could achieve nearly
100% binding efficiency to target analytes. MCH has been previously
used as passivating agent in several biosensor studies, for e.g. on elec-
trochemical biosensor transducer surfaces for detection of thrombin
[65] and small molecule like doxorubicin [41] including micro-
cantilever based biosensors to detect cocaine [13] and cancer bio-
marker nucleolin [8] and no detrimental effects are widely reported.
The reference cantilever was also passivated with MCH in the same
procedure, where the MGA had been replaced by the scrambled oli-
gonucleotide.

2.5. Surface coverage density tests

Before the surface stress experiments were conducted with the
sensor, the coverage densities of the sensing cantilevers for both of the
single and double thiolated MGA were determined with fluorescence
tests following the method outlined by Demers et al. [66]. After the
functionalization of the sensing cantilever with the MGA, it was merged
in the etching/removing buffer (12mM β-mercapthoethanol) for 48 h
to remove the aptamer. The MGA molecules attached on the MC surface
were removed and released into the buffer during the procedure and the
same buffer was used to complete the fluorescence tests based on the
fluorescent behavior of MG. Details are provided in Supplementary
information.

2.6. Surface stress experiments

The sensing experiments were carried out for both single- and
double thiolated aptamer scenarios with different concentrations of MG
in the binding buffer (10mM HEPES, 100mM KCl, 5 mM MgCl2, pH
6.0). The pH value was chosen for the particular MG aptamer to pro-
mote maximum binding to MG molecules, in accordance to previous
reports [56]. The sensing and reference microcantilevers were mounted
in the interferometer system and submerged in the binding buffer. The
MG solution was introduced to the experimental chamber in the laser
interferometer system and the interfered signals were monitored during
the differential deflection development. All experiments were con-
ducted at an average room temperature of 25 °C.

Three different sets of experiments were carried out with three
distinct types of sensing MCs: (1) MC functionalized with single thio-
lated MGA; (2) MC functionalized with double thiolated MGA; and (3)
MCs which were functionalized with the binding complex of double
thiolated MGA and MG, and then washed with double distilled water
having temperature of 80 °C to remove the MG molecules. Washing
above the melting temperature of MGA affects its configuration and
thus releases the binding with MG molecules.

3. Results

3.1. Surface coverage density

Three measurements were taken for both single- and double thio-
lated MGA functionalization. Fluorescence signal range was observed to
be of similar magnitude for identical MG concentration in case of both
single and double thiolated aptamers. The surface coverage densities
were then found to be 0.057 ± 0.05 and 0.042 ± 0.04molecules/
nm−2 for single and double thiolated MGA respectively, with a 90%
confidence interval, following the work by Demers et al [66]. Con-
sidering a hexagonal close packed arrangement, the separation distance
between two neighboring aptamers are calculated as 4.5 and 5.2 nm for
single and double thiolated MGA respectively. This possibly indicates
that double thiolated MGA backbone could be brought closer to the
microcantilever surface to accommodate the entire aptamer in the
space which maintains almost equal inter-aptamer distance like the
single thiolated functionalization scenario. The results are detailed out
in the Supplementary information.

3.2. Surface stress change

The MC surface stress measurements were conducted with equal
volume injections of MG solutions having different concentrations.
Fig. 3 shows a typical profile of the surface stress development during
the binding of MGA and MG molecules. The plot with 0 concentration
of MG is due to buffer injection which provides the noise level
(2 ± 1mN/m). Surface stress changes developed after the injection of
the MG solution into the system and reached the saturation state within
15–20min on an average. For e.g., surface stress change of ˜20mN/m
was observed with single thiolated MGA for final MG concentration of
100 nM. The range of surface stress change for experiments involving
set 1 with single thiolated MGA was 10–53mN/m. For experiments
involving set 2 with double thiolated MGA, the surface stress change
was 9–70mN/m, whereas that for experiments involving set 3 indicated
a surface stress range of 14–85mN/m. For all the different sets, the MG
concentration range was 5–5000 nM MG solutions. These results are
shown in Fig. 4(A) and (B). The details, including statistical calcula-
tions, are provided in Supplementary information.
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4. Discussion

4.1. Comparison between single and double thiolated aptamers

Surface coverage tests showed that the coverage densities for both
single- and double thiolated MGA functionalization turned out to be of
the same magnitude, in average 0.09 and 0.08 molecules/nm−2 re-
spectively, for NaCl concentration of 150mM. The results of surface
coverage is in agreement with previous reports [22,67] for similar salt
concentration and nucleotide length. In addition, the average separa-
tions between immobilized aptamer molecules were calculated to be
4.5 and 5.2 nm respectively for single and double thiolated cases, based
on the hexagonal close packed assumption [3].

The surface stress measurements, which are the sensor response,
associated with the binding of MGA and MG, on the three distinct sets
of MCs, are plotted and compared in Fig. 4(A) and (B). The results show
that, for the same MG concentration, the double thiolated cases resulted
in higher surface stress changes than those of single thiolated cases, and
experiments from Set-3 provided the highest surface stress change, at
the saturation zone. At low concentrations, the double thiolated apta-
mers (sets 2 and 3) induced much greater surface stress changes, and
the threshold detection limit was increased by about 10 times (from
˜50 nM to ˜5 nM). The detection limit was determined for the lowest MG
i.e. target concentration which still provided signal to noise ratio (SNR)
˜3. For e.g. for sets 2 and 3, the average signals at 5 nM of MG are ˜12
and ˜15mN/m respectively, and for a maximum blank response of
3mN/m (noise, due to buffer injection) the SNR ˜4–5 and thus higher
than the required value of 3. It is observed from Fig. 4(B) that for MG
concentrations less than or equal to 100 nM, the sensor response for
both sets 2 and 3 are mostly identical as signified by the strong overlap
of the confidence intervals. However, the surface stress changes show
saturation in maximum signal, at lower MG concentration, for the sets
of experiments with double thiolated MGA (500 nM for set 2, 1000 nm
for set 3) compared to the single thiolated MGA (˜2000 nM for set 1).

The equilibrium reaction of the binding and the corresponding
disassociation constant (kd) are studied as well for the different cases.
The experimental data for the three different cases are fit to the
Langmuir isotherm equation (Sensor response ∝ =

+

Malachite green
Malachite green k

[ ]
[ ] d

)
to obtain an estimate of the kd [41]. The fit (solid lines) along with the

95% confidence intervals (dashed lines), for the three cases, are shown
in Fig. 4(A) and (B). Relative standard deviations (RSD) for the ob-
served stress changes with respect to particular concentration of MG are
reported in Supplementary Table S1. The kd values for set-1 (single
thiolated), set-2 (double thiolated) and set-3 (double thiolated MGA,
which was previously bound to MG) are 179 ± 8 nM, 37 ± 11 nM and
45 ± 13 nM. The reduction of kd by one order of magnitude from that
in set-1 to the values in set-2 and set-3 may be attributed to molecular
crowding effects [68], due to the different configurational aspect of
doubly thiolated aptamer in comparison to single thiolated aptamer.
Through experiments [41] and multiscale simulations [53], we have
previously reported that thrombin aptamer attached to the sensor sur-
face though a single thiol bond, has smaller kd (0.5–1.2 nM) for its li-
gand thrombin, compared to the solution kd of the complex (3–25 nM)
[69]. Similar reduction in kd is observed for the single thiolated ap-
tamer-malachite green complex compared to its solution kd of about
800 nM [56], and the kd is further reduced by one order of magnitude
for double thiolated aptamer (Table 1). Thus, it can be postulated that
the configuration of aptamer on the surface has a significant role in its
interaction with the ligand.

4.2. Surface stress change vs binding efficiency

According to previous reports [3], single thiolated DNAs have
pairwise interactions which lead to a second order relationship between
surface stress changes and hybridization efficiency. Here we assume
that the efficiency of binding between MGA and MG molecules is a
physical quantity which is similar to hybridization efficiency between
the interacting single stranded nucleotides. This provides a relationship
as follows:

=Δσ Kφ2 (4)

where Δσ is the surface stress change, φ=binding efficiency and K is
the strength constant. The binding efficiency φ can be defined as:

=

+

φ c
c kd (5)

The surface binding efficiencies corresponding to each concentration
can be calculated with the respective kd value, and the surface stress
changes were plotted with the binding efficiency or fraction of aptamer

Fig. 3. Typical profile of surface stress development during MGA/MG binding with a concentration of 100 nM of MG in the experimental cell.
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bound for all three sets of measurements in Fig. 5.
The results show that the relationship between surface stress change

and binding efficiency for single thiolated case (set 1) was increasing
non-linearly following Eq. (6). While for double thiolated cases (sets 2
and 3), the surface stress changes show a linear relationship with the
binding efficiency, i.e. Δσ φα and sensitivities (signal change over
analyte/target concentration, signified by the slope of the linear portion
of the curves)are constant (˜64 and 75mN/m nM respectively), which
are 6–7 times of the sensitivity (˜11mN/m nM) of set 1 at low binding
efficiencies (less than 40%). Hence, the sensor shows greater sensitivity
for low concentration of target in case of the double thiolated aptamers
in contrast to the conventional single thiolated aptamers. It may be

observed that the set 1 does not truly follow the parabolic fit for lower
binding efficiency (φ < 40%), as the response is mostly linear in that
regime. Similar linear response at lower analyte concentrations, for
single thiolated aptamers on microcantilever sensors has been reported
earlier by Kang et al. in the case of cocaine aptamers [13].

It is generally assumed that the surface stress change is induced by
the pairwise potential due to the conformational change of the mole-
cules after binding with the targets. The possible potentials include
electrostatic repulsions due to deprotonation, conformational entropy
along with repulsive steric interactions, and buffer-counterion osmotic
pressure. Earlier studies showed that among all these interactions, the
hydration forces due to disturbance on the hydrogen bonding network
are the dominant factor for the surface stress generation [29,33,34],
and simulations [3] based on that can reasonably predict the surface
stress change for single thiolated case, and the magnitude depends on
the surface coverage density or the inter-molecular separations. How-
ever, the surface coverage tests for the experiments described in the
present study showed that the surface densities are similar for the dif-
ferent functionalization types (Supplementary information), which
confirms that the differences in surface stress changes for different
measurement sets are not dependent on surface coverage. Stress dif-
ference due to temperature fluctuations can also be ruled out as the
experimental set-up utilizes a pair of sensing-reference microcantilevers
for elimination of environmental disturbances [20,21]. As a result, the
surface stress changes with double thiolated sets (sets 2 and 3) were
assumed to be due to some other factors. From the surface coverage
measurements (Supplementary information) it is observed that the
inter-molecular distances between two MGA molecules are of compar-
able magnitude for both the single as well as double thiolated aptamers.
Since the double thiolated functionalization will attach both ends of
MGA onto the surface of the cantilever, the backbone of the aptamers
are pulled closer to the surface.

The electrostatic effects resulting from the molecular

Fig. 4. (A) Surface stress change vs. MG concentration for 3 different im-
mobilization methods. Set-1, Set-2 and Set-3 correspond to single thiolated,
double thiolated and double thiolated aptamers which were previously bound
to MG, respectively. The Langmuir isotherm fit for each of the data is given by
the solid line (B) The concentration of MG is plotted in log scale to resolve the
response due to concentrations lower than 100 nM. The 95% confidence in-
tervals from the Langmuir fit, for each of the experimental sets are shown by
dashed lines.

Table 1
Sensor parameters for the different sets of experiments.

Case Lower limit of
detection (nM)

Signal saturation
concentration (nM)

Linear range of
detection (nM)

Sensitivity in linear range
(mN/m. nM)

kd calculated from
Langmuir fit (nM)

Set-1 – single thiolated MGA 50 ˜2000 ˜1950 11 (for φ < 40 %) 179 ± 8
Set-2 – double thiolated MGA 5 ˜500 ˜495 64 37 ± 11
Set-3 – double thiolated MGA which were

previously bound to MG
5 ˜1000 ˜995 75 45 ± 13

Fig. 5. Surface stress change vs binding efficiency for all 3 sets of measure-
ments. Set-1, Set-2 and Set-3 correspond to single thiolated, double thiolated
and double thiolated aptamers which were previously bound to MG, respec-
tively.
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conformational change upon binding with target could have greater
influence on the gold coated sensing surface of the microcantilever. The
isoelectric point of MG molecules is 3.0 [49], and the experimental
buffer pH of 6.0 ensures an overall negative charge for the MG mole-
cule. The aptamer is also a negatively charged molecule due to the
phosphate groups on the RNA. The change in configurational dis-
tribution of negative charges, over the microcantilever surface, owing
to the change in aptamer configuration due to double thiolation, in
contrast to the single thiolated case may result in the surface stress
difference. The conformational changes of the MGA before and after
binding with the MG have been studied previously by Flinders et al.
[70] and Wang et al. [56] and it was observed that the MGA molecules
will have a significant twisting on the molecular structure. Particularly
Flinders et al. [70], noted that intramolecular interactions within the
aptamer folds the phosphate backbone in a structure that results in an
asymmetric distribution of charge within the binding pocket that also
forces the ligand i.e. MG molecules to undergo a partial redistribution
of charge [57]. It could be that the resultant forces due to such inter-
actions may transmit to the sensing/transducer surface, much effec-
tively due to double thiolation which brings the aptamer closer to mi-
crocantilever surface as the inter-aptamer distance is almost equal to
that of the single thiolated case (Supplementary information). Thus, the
microcantilever surface will suffer greater reconstructions, which
would possibly lead to larger cantilever deflections, and result in an
increased surface stress signal and higher sensitivity. It is interesting to
note that recently Zhang et al. have also attributed the surface stress
signal in their version of microcantilever based biosensor to the struc-
tural switching of a cyanotoxin aptamer upon binding with its target
[71].

There is also the possibility of improved binding with MG molecules
as a result of the double thiolation which can promote favorable con-
figurational arrangement by exposing the aptamer binding pocket in a
favorable orientation while bringing the aptamer closer to the micro-
cantilever surface. Bernard et al. [72] have reported that MGA re-
cognizes and binds to its target i.e. MG mainly via π-π stacking as well
as electrostatic interactions. The π–π stacking stabilizes the non-cova-
lent interactions that are a common occurrence for interactions invol-
ving parallel aromatic rings [73]. Certain base pairs on the aptamer
serve as stacking platforms for its target whereas neighboring base pairs
act as anchors/linkers facilitating the binding process. Similar interac-
tions are also reported by Wang et al. [56], where they also showed that
proper orientation of aptamer enables greater binding efficiency and a
lower kd.

Although the lower limit of detection was improved by one order of
magnitude, the signal saturation concentration was brought down to
500 nM (set 2) from 2000 nM (set 1), which reduces the linear range
(Table 1). We propose that the double thiolated MGA from set 2 of the
experiments promote conducive configuration for binding to MG and
only a small fraction of the aptamers would be restricted to config-
urations which need more instances to bind with MG as could be the
case for the single thiolated aptamers of set 1. This may explain the
improvement in kd from ˜179 to ˜37 Nm. Set 3 was designed to improve
this further by immobilizing the surface with MGA molecules which
were previously bound with MG, to possibly retain the most favorable
binding configuration of the aptamer. It could be conjectured that this
was made primarily possible by constraining free movement of the
oligonucleotide as both ends of the aptamer were tethered to the mi-
crocantilever surface previously. In this manner, most MGA molecules
attached to the surface were supposed to retain the configuration/
structure amenable to binding with MG. The measurements showed
that the saturation concentration was raised to 1000 nM with set 3, thus
improving the dynamic range over that of set 2. However, at present a
proper mechanism for this variation in dynamic range between sets 2
and 3 could not be derived. The results are provided in Table 1.
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4.3. Comparison with other techniques

Several researchers have studied malachite green detection and a
selection of these efforts are mentioned in Table 2. Electrochemical
techniques utilizing nanomaterials modified glassy carbon electrodes
could achieve a detection limit of 82–100 nM in contaminated fishery
water/fish samples. Whereas the utilization of quantum dots and gold
nanoparticles on aptamer receptors could achieve ultra-low detection of
0.03 nM. Well established detection methods like liquid-chromato-
graphy mass-spectrometry (LC–MS) [74] and enzyme linked immune-
sorbent assay (ELISA) [48] as well as surface enhanced Raman spec-
troscopy [75] involve sophisticated instrumentation and many pre-
treatment processes. In that regards electrochemical methods have an
advantage of being comparatively cheaper but may involve the utili-
zation of different nanomaterials to enhance the sensitivity and take
advantage of labeling of biomolecules. The present work provides an
alternative technology based on an optical method like laser inter-
ferometry for the label-free detection of MG using aptamers, minimum
process steps and reagents. The time required to achieve a saturated
signal is in the order of 30min (Fig. 2). Also, laser interferometers can
be made from fiber-optic components to reduce the equipment footprint
and combined with chip-based analyzers to provide a compact solution.
Still further studies are required to check their cost competitiveness
with electrochemical methods. As per Culp et al. [45], MG exists as
leuco-malachite green in fish tissue at an average concentration of
˜15 nM, which is within the detection range (LOD ˜ 5 nM) of the method
described in this work. One limitation of this study is that the effec-
tiveness of double thiolated aptamers were not tested in presence of
interfering molecules which will be present in samples collected from
fisheries etc., even though the aptamer has been selected [46,59]
against possible cross reacting agents.

5. Conclusion

In the present work, a new functionalization method has been de-
scribed and tested to achieve the goal of improving the performance of
microcantilever based biosensors. Instead of having thiol groups on one
end of the MGA molecules (receptor), used to attach the receptors to the
microcantilever surface, they were functionalized with thiol groups on
both ends of the aptamer. The new technique is demonstrated in the
detection of malachite green, which is a small molecule of importance
in aquaculture, molecular imaging and is being considered as a health
hazard as well. Experimental results showed that the double thiolated
functionalization method for the aptamer can increase the sensitivity
for lower concentrations and improved the threshold detection limit by
one order of magnitude.

It was noticed that the surface coverage density measurements of
MGA showed similar surface densities for both the single as well as the
double thiolated aptamers. Therefore, the enhanced response of the
sensor could be due to interactions induced by the double thiolated
MGA configuration on the surface which promotes increased binding
efficiency with MG. Reports on MGA structure studies have shown that
MGA molecules twist when bound with MG, and the configurational
proximity of the double thiolated aptamer to the cantilever surface may
translate to higher surface stresses. Therefore, the new functionaliza-
tion method tends to induce stronger surface reconstructions on the
sensor and lead to greater surface stress changes.

One side effect of the double thiolated functionalization is that the
dynamic/linear range of detection is reduced. An adjustment is con-
ducted to mitigate this side effect by functionalization with double
thiolated MGA which were previously bound with MG. This was done
to promote the configuration that is most favorable for the aptamer to
bind with its target. However, the mechanism behind this improvement
in dynamic range is not clearly understood. Other receptor-target
combinations, as well as response of the sensor in complex matrices
involving interfering molecules, need to be tested to prove the validity

and utility of the double thiolated approach as a universal technique.
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