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Abstract

The authors describe a piezoelectric aptasensor for arsenite. A self assembeled monolayer (SAM) of mercaptoethylamine was
prepared to immobilize arsenite on the surface of a quartz crystal microbalance. Gold nanoparticles were modified with arsenite
aptamer to amplify the response frequency of the biosensor. Arsenite first binds to the SAM on the gold surface of the QCM. On
addition of gold nanoparticles with aptamer (DNA-AuNp), the SAM-As(IIl)-aptamer sandwich is formed. This increases the
resonance frequency of the sensor and allows trace concentration of arsenite to be determined. The aptasensor can detect arsenite
in the 8 to 1000 nmol-L ! concentration range with a 4.4 nmol-L ™! lower detection limit (at S/N'=3). The sandwich structure
improves the specificity of the aptasensor without considering the conformational transition of the aptamer. The strategy
described here conceivably has a large potential as it shows that small molecules can be sensed by using aptamers with unknown
working mechanism.

Keywords Arsenite detection - Piezoelectric sensor - Signal amplification - Quartz crystal microbalance biosensor -

Self-assembly - Sandwich structure

Introduction

Arsenite has become a major public health safety issue [1, 2]. In
2001, the US Environmental Protection Agency and the World
Health Organization reduced the maximum tolerance limit of
arsenic in drinking water from 0.05 mg-L ™" to 0.01 mg'L™" [3].
In China, the limit of arsenic in drinking water was also regu-
lated to 0.01 mg-L™" in China national standard GB 27622017
[4]. These lower tolerance limits have facilitated the develop-
ment of new methods for detecting arsenic, especially the high-
ly toxic arsenite (As III). At present, traditional detection tech-
niques, such as inductively coupled plasma mass spectrometry,
atomic absorption spectroscopy, atomic fluorescence spectros-
copy, etc., have high sensitivity for the detection of arsenic, but
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certain problems of complicated sample preparation, expensive
instruments, and strictly professional operation are needed [5].
In order to overcome these problems, some novel biosensors
were developed.

Quartz crystal microbalance (QCM) biosensors developed
rapidly based on the piezoelectric effect. The QCM is a mass-
sensitive sensor by monitoring the resonant frequency change
of a quartz crystal chip, in which the response frequency is
proportional to the mass change on the crystal surface [6]. The
sensor is extremely sensitive and can detect mass changes at the
nanogram level [7]. Thus, the piezoelectric sensor is very pop-
ular in the fields of food safety [8], drug function mechanism
[9], bioenergy [10] and environmental pollution [11], etc. [12]

Although the piezoelectric sensor is ultrasensitive to the
mass change on the surface of crystal chip, its detection for a
specific target has quite low quality. Thus, an aptamer capable
of binding with a target specifically to produce a conforma-
tional change was usually used in the piezoelectric biosensor.
Therefore, some piezoelectric aptasensors based on the con-
formational transition of aptamer were developed for the de-
tection of mercury [13, 14], lead [15], thrombin [16] etc. [17]
However, most aptamers were screened out by SELEX, in
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which the working mechanism to combine with target were
unknown except a few star aptamers. The arsenite aptamer
sequence was published in 2009 by Mina’s group [18], but
its working mechanism has not been proven. Therefore, the
development of aptasensor for arsenite detection was limited.

Mercaptoethylamine (MEA) modified gold electrode was
found that suppressed the Cu (II) interference in the anodic
stripping voltammetry determination of arsenite [19]. The
mercaptoethylamine molecules were easily self-assembled to
be an ordered molecular membrane on the solid/liquid inter-
face by Au-S bond interaction with the gold electrode [20, 21].
However, the stability of anodic stripping voltammetry deter-
mination was still poor.

In the present work, a novel piezoelectric aptasensor with
mercaptoethylamine self-assembled membrane (SAM) was
developed for the detection of arsenite, where a sandwich
structure of SAM-As(IIl)-Aptamer was formed. And gold
nanoparticles (AuNPs) were employed to amplify the biosens-
ing signal by modifying aptamer [22, 23]. Thus, a sensitive
and specific strategy for the detection of arsenite is to be ex-
pected. And it has great potential in the development of
aptasensors by using aptamers without clear mechanism.

Materials and methods
Materials

The sequence of DNA aptamer (5’-SH-(CH,)s-GGTAATAC
GACTCACTATAGGGAGATACCAGCTTATTCAATTTT
ACAGAACAACCAACGTCGCTCCGGGTACTTCTTCAT
CGAGATAGTAAGTGCAATCT-3') was referenced in the
previous literature [18], and synthesized in Shanghai Sangon
Biotech Co., Ltd. (www.sangon.com). Tris(2-carboxyethyl)
phosphine hydrochloride (TCEP-HCI, AR,) was purchased
from Sigma-Aldrich (Shanghai) Trading Co., Ltd. (www.
sigmaaldrich.com). The other chemicals, including 2-
mercaptoethylamine hydrochloride (MEA), 4-(2-hydroxyethyl)
piperazine ethanesulfonic acid sodium salt (HEPES), 6-
mercapto-1-hexanol (MCH, AR), tetrachloroauric acid, sodium
citrate, tris (hydroxymethyl) aminomethane (Tris-HCI), H,O,,
HzSO4, Na3ASO4, NaAst, chlz, (CH3COO)2Pb, CdClz,
CuS045H;,0, etc., were purchased from Sinopharm Reagent
Co., Ltd. (www.reagent.com.cn). The water used in this study
was self-prepared double distilled water.

Apparatus

A QCM-922 instrument (AMETEK Inc., www.ametek.com.cn)
with a gold-coated quartz crystal chip (9 MHz) was used for the
QCM determinations. The processes of mercaptoethylamine
self-assembly and arsenite detection were characterized by using
a CHI660E electrochemical workstation (CH Instruments Co.,
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www.chinstr.com) and a JEOL 7500B field emission scanning
electron microscope (SEM, Shimadzu Co., www.shimadzu.
com). The electrochemical determinations were carried out
with a three-electrode system. The gold electrode of crystal chip,
Ag/AgCl and platinum wire were employed as the working,
reference and counter electrode, respectively.

Preparation of aptamer-AuNP complex

Citrate reduction method was employed to prepare gold nano-
particles (AuNPs) as published [24]. Prior to use, three micro-
liters of 200 umol-L ™" DNA aptamers were reduced by mixing
with 3 uL of 10 mmol-L ™" TCEP for 2 h at room temperature to
avoid the self-polymerization of sulthydryl groups. The re-
duced DNA aptamers (6 pL, 100 pmol-L™") were added into
500 pL of 12 nmol-L ™" AuNP solution with a molecular ratio of
100:1, and reacted for 24 h. Then, the mixture was blended with
a same volume of 20 mmol-L™" Tris buffer (including
0.2 mol'L ! NaCl, pH 7.4), and was kept standing for another
24 h to allow aptamers to be fully immobilized on the surface of
AuNPs. After centrifugation at 14000 rpm for 30 min, the pre-
cipitated aptamer -AuNP complexes were separated and rinsed
twice with 25 mmol-L ™' HEPES buffer (including 0.1 mol-L™"
NaCl, pH 7.4) to remove the free aptamer. Finally, the separated
aptamer-AuNP complexes were dispersed in 500 uL of HEPES
buffer and stored at 4 °C before use.

Preparation of the mercaptoethylamine
self-assembled monolayer (SAM)

Piranha solution (98% H,S04:30% H,0,=7:3) was freshly
prepared to clean the gold coating on quartz crystal chip for
3 min. (Caution: Piranha solutions are highly aggressive and
can undergo rapid thermal decomposition. Piranha solution
must be prepared with great care). Then, the crystal chip was
flushed by excessive double-distilled water and alcohol, follow-
ed by drying under nitrogen. A 20 pL of 10 mmol-L™"
mercaptoethylamine solution was added on the gold coating
of the cleaned chip, and kept in dark place for at least 10 h at
room temperature to create a self-assembly monolayer (SAM)
on the chip. Followed flushing by double-distilled water to
remove the free mercaptoethylamine, the chip with MEA
SAM was blocked for 1 h in 1 mmol-L™" MCH solution.
After another flushing by excessive double-distilled water, the
SAM chip was dried under nitrogen.

Arsenite detection by the piezoelectric biosensor

The initial frequency of the gold crystal chip with
mercaptoethylamine (MEA) SAM detected by QCM was de-
noted as f;. A 20 puL of sample solution which might contain
arsenite was added on the gold surface of the SAM chip and
reacted for 1 h to immobilize the arsenite. After flushing by
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Fig. 1 Scheme of the
piezoelectric biosensor for
arsenite detection

QCM

excessive double-distilled water, a 20 pL of prepared aptamer-
AuNP complex solution was added on the crystal chip with
MEA SAM, and reacted for another 1 h to form a SAM-
As(Ill)-aptamer sandwich structure. After flushing by
double-distilled water and drying under nitrogen, its new fre-
quency detected by QCM was denoted as f,. The frequency
change Af caused by arsenite was calculated as Eq. (1). When
no arsenite was present in the sample, few aptamers were
absorbed on the SAM chip, and its frequency change was very
tiny and was recorded as Afy. Thus, the frequency difference
AF calculated by Eq. (2) is proportional with the concentra-
tion of arsenite. The principle of the piezoelectric QCM bio-
sensor for arsenite detection was illustrated in Fig. 1.

Af = £, 1, (1)

AF = Af-Af, (2)

Results and discussions
Cyclic voltammetric characterizations of the enso

Cyclic voltammetric (CV) curves were measured to char-
acterize the gold QCM chip in the process of developing a
MEA SAM QCM biosensor for arsenite detection. As
shown in Fig. 2, an obvious oxidation peak appears at
0.324 'V, and a reduction peak is observed at 0.196 V for
the bare gold QCM chip (black curve) in 5 mmol-L™" po-
tassium ferricyanide, due to its excellent electronic trans-
mission capability. When the QCM chip was coated with
mercaptoethylamine SAM and blocked by MCH, the redox
peak was extremely small and disappeared into a straight
line in the same potential range. It indicates that the self-
assembled monolayer of mercaptoethylamine and MCH
has a small dielectric constant, which reduces the electron
transfer rate of the electrode with SAM. Therefore, the
redox current through the SAM chip is significantly re-
duced. After capturing arsenite by mercaptoethylamine
SAM, the electron transfer rate on the SAM chip surface

NNHZ
NN“ 2
/\/N“2

NN“2
~NH,
~NH,

DNA-AuNp

DNA-AuNp

increased. And its signal of redox current in CV curve was
partially recovered at 0.252 V and 0.194 V, which should
be caused by the 3-electron electrolytic oxidation and re-
duction between As(IIl) and As(0). Finally, when aptamer
was fixed on the chip surface by combining with arsenite,
the oxidation peak potential E,, shifted positively to
0.271 V and the reduction peak potential E,. moved nega-
tively to 0.163 V, in which the interval of redox peak po-
tential expanded about 50 mV after binding with aptamer.
It indicates that aptamer is successfully bound on chip sur-
face by binding with arsenite, so that the transfer of elec-
trons on the surface of electrode is hindered.

SEM characterization of the QCM

This piezoelectric QCM is to determinate arsenite via mass
changes on the crystal chip with self-assembled
mercaptoethylamine monolayer, where gold nanoparticles are
utilized to amplify the frequency response signal caused by
arsenite. When arsenite existed in the sample, the aptamer la-
beled with gold nanoparticles was fixed on the SAM chip sur-
face by binding with arsenite. Thus, the amount of gold nano-
particles linked on the chip surface is proportional to that of
arsenite. Field emission scanning electron microscopy was used
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Fig. 2 Cyclic voltammetric response of various gold QCM chips,
including (a) bare gold QCM chip, (b) MEA SAM/QCM, (c) As(II)/
SAM/QCM, (d) Aptamer/As(IIT)/ SAM/QCM. Scan rate: 100 mV/s
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Fig. 3 SEM images of the QCM.
b bare QCM. b the negative
control without NaAsQ,. ¢ the
QCM reacted with 1 pmol-L ! of
NaAsO,
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Fig. 4 Influences of mercaptoethylamine (MEA) concentration on fre-

quency variation caused by 1 umol-L™" arsenite. The error bars were
calculated from 3 repeated experiments at least

to characterize the effect of arsenite on the amount of gold
nanoparticles linked on the SAM QCM chip. As shown in
Fig. 3, there are few or no gold nanoparticles on the negative
control chip and blank bare chip. When 1 umol-L ™" of arsenite
was added to react with the SAM chip, many gold nanoparticles
were linked on the chip. A uniform distribution of gold nano-
particles is also shown on the sensor surface, which illustrates
that the aptamer bound with arsenite well and uniformly.

Effect of SAM preparation conditions on the response
of the sensor

The self-assembly membrane of mercaptoethylamine is a key
component. Its prepare conditions, including the usage of
mercaptoethylamine and its self-assembly time, should have
great influence on the signal of the sensor. Therefore, it is
necessary to optimize the concentration of mercaptoethylamine
and its self-assembly time.

For the optimization of mercaptoethylamine concentration,
20 pL of mercaptoethylamine solutions with different

40
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Fig. 5 Influences of mercaptoethylamine self-assembly time on the fre-
quency variation caused by 1 umol-L™" arsenite. The error bars were
calculated from 3 repeated experiments at least
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Fig. 6 Frequency changes caused by various concentrations of arsenite.
The error bars were calculated from 3 repeated experiments at least

concentrations were added on the QCM chip surface, respec-
tively. Then, they were protected from light for around 10 h at
room temperature to complete the self-assembly. Their re-
sponse results are shown in Fig. 4. In the low concentration
range, the frequency change (AF) of QCM sensor increases
with the concentration of mercaptoethylamine. It indicates that,
when the concentration of mercaptoethylamine increases, the
mercaptoethylamine monolayer on the chip surface assembles
denser, and more arsenite and aptamer can be combined, thus
the frequency change AF increases. However, the frequency
change AF decreased when the mercaptoethylamine concen-
tration was over 10 mmol-L™'. This means that the self-
assembled molecular layer has reached a saturated state at con-
centration of 10 mmol-L™". An excessive mercaptoethylamine
made the SAM too dense and disordered, resulting in an in-
crease in steric hindrance and hindering the combination of
arsenite and the aptamer, thereby causing a change in frequen-
cy reduced. Therefore, the optimal concentration of 10 mmol-
L™ for mercaptoethylamine was selected in the next study.
Moreover, the dependence of the frequency shifts from the
mercaptoethylamine concentration can be well described by
Langmuir model with R?>0.9. Because the adsorption of
mercaptoethylamine on the QCM surface is linearly propor-
tional to the frequency shift according to the Sauerbrey equa-
tion (Eq. 3), the Langmuir isotherm equation can be written as
Eq. 4. Thus, the Langmuir sorption equilibrium constant k is
calculated as 0.59 L-mmol ' while the maximal adsorption
capacity of mercaptoethylamine on the QCM surface is

Table 1 The parameters

of the logistic model Average value STD
A, 0.383 2.50
A, 36.97 0.35
X0 24.48 7.67
p 1.46 035
R? 0.989
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Table2  Comparison of the present work with other reported As(III) sensors
Materials used Method Sample Detection limit References
(nmol-L ™)

Boron-doped diamond (AuNP/BDD) Anodic stripping rice samples 266 [25]
electrode modified with gold nanoparticles voltammetry

Carbon fiber ultra-microelectrodes modified Anodic stripping tap and well 11.97 [26]
with gold nanoparticles voltammetry waters

Gold nanoparticles (AuNPs) Colorimetric assay, UV-vis drinking water 24 [27]

MoS2 Nano sheet/FAM labeled fluorescence Tap and lake 18 [28]
Ars-3 aptamer water

Au@Ag shell-core nanoparticles Surface enhanced Raman lake water 133 [29]
absorbed As(III) aptamer spectroscopy (SERS)

Iridium (IIT) complex 1 and a G quadruplex microfluidic natural water 7.6 [30]

Aptamer modified with AuNPs QCM River water 4.6 This work

209.5 ng-em 2.

AF = —2.26%10 #F,**Am/A (3)
AF *CMEA

AF = — % 72 4

Where F, is the inherent resonant frequency of the crystal
(9 MHz), Am is the mass of the molecules adsorbed on the chip
surface (g), A is the chip area (0.198 cm?), AF,,, is the maximal
frequency shift caused by adsorbed mercaptoethylamine, Cyga
is the concentration of added mercaptoethylamine, k is the
Langmuir sorption equilibrium constant (L-mmol ).

In order to determine the self-assembly time of
mercaptoethylamine, a time range of 2 h to 10 h was tested.
Its influence on the response signal of the piezoelectric sensor
is shown in Fig. 5, where the signal of frequency change
increased with the assembly time of mercaptoethylamine.
The mercaptoethylamine is fixed on the crystal oscillator by
Au-S bond. The conformation of self-assembled monolayer is
more stable as the assembly time increases, and the formed
monomolecular film is more favorable to combine with arse-
nite and aptamer. After assembling for 8 h, the frequency
signal tends to be stable. In order to achieve enough self-as-
sembly, the optimal assembly time of mercaptoethylamine
was selected for 10 h.

Piezoelectric determination of arsenite

The time of arsenite reacted with the aptamer was also opti-
mized in this study to improve the sensitivity of the QCM
sensor (data not shown). And 30 min is needed for completely
combination of the aptamer-AuNP complex and the arsenic
immobilized on the QCM chip with SAM film. After the
optimization of experimental conditions, the response sensi-
tivity of the sensor needs to be investigated. Thus, different
concentrations of arsenite were added on the crystal chip to
react with mercaptoethylamine SAM and aptamer-AuNP

@ Springer

complex. The frequency responses of the aptasensor caused
by various concentrations of arsenite are shown in Fig. 6. As
the concentration of arsenite increases, the response value of
frequency change increases accordingly. When the arsenite
concentration increased to 200 nmol-L ™", the frequency re-
sponse value AF did not change any more. It indicates that
the binding of arsenite and aptamer has reached saturation
when the arsenite concentration is 200 nmol-L ™", In the mean-
time, arsenite is detectable and distinguishable in concentra-
tion range from 8 to 200 nmol-L ™" by using this sensor. A
nonlinear relationship between frequency change AF and ar-
senite concentration was obtained, which was fitted as a logis-
tic model (Eq. 5, R?=0.989). The red curve in Fig. 6 is the
fitted logistic curve.

A-A
AF =121 A, (5)

\P
1 (%)

Where x is the concentration of arsenite (nmol-L ™), A; is
the initial value of AF when x is 0, A, is the final value of AF
when x tends to infinity, X is the arsenite concentration at the

50 -

0_
Ha(ll) Pb(ll) Cd(ll) Cu(ll) As(V)As(lll) Mix

Fig. 7 Influence of interference ions on selectivity detection of arsenite
by the QCM aptasensor. The error bars were calculated from 3 repeated
experiments at least
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Table 3 Arsenite detection in real samples by using this method and hydride atomic absorption spectrometry
Samples This method HGASS
Added (nmol-L ™) AF (Hz) Casamn (nmol-L ™) Recovery (%) Cas amy (nmol-L™h) Recovery (%)
W1 (Shanxi) 0 202 +1.1 30.20+3.33 - 30.49+2.71 -
21.5+0.9 34.41+328 84.22 34.58+4.69 81.80
10 23.4+0.8 41.41+3.14 112.09 38.67+2.05 81.82
20 254+0.5 51.10+£2.48 104.48 48.90+1.02 92.07
W2 (Shanghai) 0 125+1.3 13.84+1.95 - 14.12+2.71 -
5 15.3+0.6 18.62+1.05 95.57 1821+£2.71 81.82
10 185+1.1 25.51+2.71 116.73 24.35+541 102.29
20 22.2+0.9 36.88+3.31 115.20 36.63+3.07 112.53

half maximal AF, p is a power constant. The parameters of the
fitted logistic model were calculated as shown in Table 1.

The detection limit is calculated as 4.4 nmol-L" according
to the 3 times the standard deviation in blank solution, which
is far below the minimum standard of 0.01 mg-L ™" (130 nmol-
L") of arsenic in drinking water specified in Chinese national
standard GB 2762-2017. A comparison of the published ar-
senite sensors is listed in the Table 2, where this approach
shows a good sensitivity over the other sensors. Therefore, it
is demonstrated that the SAM piezoelectric biosensor can de-
terminate arsenite sensitively.

Selectivity for arsenite detection

In order to evaluate the selectivity, several other metal ions
which usually coexist in environment were also tested under
above optimized conditions. The determination results of
1 umol-L_1 of NaAsO,, HgCl,, (CH;COO),Pb, CdCl,,
CuSOy4, NazAsO, and their mixture are shown in Fig. 7, sep-
arately. Arsenite sample shows a significantly larger (>7
times) frequency change than those of the interference ion
samples, and the mixture of the above samples shows a com-
parative frequency change. Although the interference ion con-
centration is ten times of arsenite, the sensor still has the larg-
est change (data not shown) in frequency response to arsenite,
in which lead ion and mercury ion displayed a little interfer-
ence on the sensor. These interferences can be avoided by
adding EDTA.

Application to real samples

Two samples from different regions in China were tested in
this study (W1 is from Qin River of Changzhi, Shanxi
Province, China. W2 is from Huangpu River of
Shanghai, China). The two samples were first filtered by
0.22 mm microporous membrane. As shown in Table 3, the
background As(IIT) concentrations in W1 and W2 are

30.20 nmol-L " and 13.84 nmol-L ", respectively. In order
to verify the feasibility of this new method, hydride atomic
absorption spectrometry (HGAAS) is applied to test the
concentrations of As(IIl) in W1 and W2, which are
30.5 nmol-L™" and 14.1 nmol-L™", respectively. The results
indicate that there is no significant difference between the
atomic absorption spectrometry and this method.
According to Table 1, the recovery of As(IIl) is in the range
of 80%—120%. The results indicate that the piezoelectric
aptasensor has broad practical application value in the ar-
senite detection in real samples.

Conclusions

In this study, a piezoelectric biosensor based on
mercaptoethylamine self-assembled membrane for arsenite de-
tection was established by using aptamer and gold nanoparticles.
The composite applications of aptamer and mercaptoethylamine
SAM eliminates the interference of other metal ions in this pie-
zoelectric sensing system. And the aptamer-AuNPs complex
amplified the frequency response to trace arsenite successfully.
Under the optimized conditions, this biosensor demonstrated
ultra-high sensitivity as low as 4.4 nmol-L ™" and a wide distin-
guishable concentration range from 8 to 200 nmol-L™" for arse-
nite detection. Therefore, this piezoelectric biosensor shows ex-
cellent high sensitivity, wide distinguished concentration range
and good selectivity for arsenite detection. And this strategy
works without considering the binding mechanism between
aptamer and target. In view of these advantages, this aptasensor
strategy has great potential in qualitative and quantitative detec-
tion of small molecules and ions, especially for aptamers are of
unknown working mechanism.
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