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Nanoparticles assembled by aptamers and crystal violet for arsenic(I1I)
detection in aqueous solution based on a Resonance Rayleigh scattering
spectral assay

Yuangen Wu,”” Shenshan Zhan,” Haibo Xing,” Lan He,” Lurong Xu® and Pei Zhou**

o

Received 6th June 2012, Accepted Xth XXXXXXXXX 20012
DOI: 10.1039/b000000x

Aptamers assembled nanomaterials have captured much attentions from the field of analytical chemistry
in recent years. Although they have been regarded as a promising tool for heavy metal monitor, the report
involved in aptamers based biosensor for arsenic detection is rare. Herein we developed a highly sensitive
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and selective aptamer biosensor for As(III) detection based on a Resonance Rayleigh scattering (RRS)
spectral assay. Prior to As(III) detection, we firstly assembled a variety of nanoparticles with different
size via controlling the concentration of arsenic-binding aptamers in crystal violet (CV) solutions. The
results of photon correlation spectroscopy (PCS) and scanning probe microscope (SPM) testified that the
introduction of As(III) indeed had change the size of nanoparticles, which caused the great variation of

15 RRS intensity at 310 nm. In the presence of 100 ppb As(III), the maximum decline ratio of RRS intensity
was achieved for large nanoparticles assembled by 200 nM of aptamers and CV molecules, where the
average size of nanoparticles had decreased from 273 nm to 168 nm. In the case of small nanoparticles,
the maximum increase ratio of RRS intensity was obtained when the concentration of aptamer was over
600 nM. Combined with a RRS spectral assay, an effective biosensor has developed for As(III) detection,

20 using above large and small nanoparticles as target recognition element. The present biosensor has a

S

detection limit as low as 0.2 ppb, a dynamic range from 0.1 ppb to 200 ppb, and high selectivity over
other metal ions. Such efficient biosensor will play an important role in environmental detection.

developing countries nor capable of on-site field detection. To
1. Introduction overcome these problems, some novel chemosensors and
biosensors had been developed.* 7 For example, Ray and co-
40 worker developed a highly sensitive sensor for arsenic detection
with a detection limit of 3 ppt using a dynamic light scattering
assay.® Others used genetically modified E. coli cells and
presented a pH-based biosensor for detection of arsenic in
drinking water.” Recently, some fluorescence and quantum dots
ss sensor has also been employed to monitor As(II).* '® However,
these methods usually needed some reactions or modification,
thus they may be susceptible to the surrounding conditions.
Therefore, it is highly necessary to develop simple and stable
methods to detect trace As(Ill) in the environment.
so  Aptamers are single-strand RNA or DNA oligonucleotides
with unique conformations that can distinctly bind to a broad
range of targets, including small molecules, proteins, and even
whole cells.'" '* Because aptamers are stable, high selective and
cost-effective,”® they have been used as components for many
novel biotechnological applications, such as in diagnostics,"
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Arsenic in drinking water is becoming a major public health issue
25 in many regions worldwide.! Although arsenic exists in many
different chemical forms in nature, it is found almost exclusively
as arsenite (As(II) as H;AsO3) and arsenate (As(V) as H3AsO,)
in water.> As(Ill) was identified as one of the most harmful
substances in water to human health, and it is 60 times more toxic
than As(V) or organic arsenic compounds.® Considering its high
toxicity, the U.S. EPA and the WHO had reset the maximum
contaminant level (MCL) for arsenic in drinking water from 50 to
10 ppb in 2001.* This lower MCL also promoted research to
develop new methods for monitoring arsenic. Current popular
methods for arsenic detection require sophisticated equipment
and a long analysis time,™ ¢ so they are neither readily available in

3

=5

3

by

“ Key Laboratory of Urban Agriculture (South), Ministry of Agriculture,
and School of Agriculture and Biology, and School of Environmental

w
b

Science and Engineering, and Bor S. Luh Food Safety Research Center, molecular 1mag1ng,15 nanomaterial aSSmely,l6‘ . targeted
Shanghai Jiao Tong University, Shanghai, 200240, China. Fax: +86- therapeutics and drug delivery.lg‘ " Although a larger number of
21-34205762; Tel: +86-21-34205762; E-mail: zhoupei@sjtu.edu.cn aptamer based biosensors have been developed for various metal
? School of Chemistry and Chemical Engineering, Guizhou University, ions detection with high sensitivity and selectivity,”>** the report

Guiyang, 550025, Guizhou, China. Fax: +86-851-4732925; Tel: +86-

851-4732861 o involved in arsenic detection using aptamer as recognition

This journal is © The Royal Society of Chemistry 2012 Nanoscale, 2012, 4, 00-00 | 1


http://dx.doi.org/10.1039/c2nr31418e

Downloaded by University of Massachusetts - Amherst on 13 September 2012
Published on 13 September 2012 on http://pubs.rsc.org | doi:10.1039/C2NR31418E

Nanoscale

element is rare. Recently, we have developed a novel colorimetric
biosensor for As(III) with a detection limit of 5.3 ppb,* based on
the aggregation of gold nanoparticles mediated by cationic
polymers and aptamers.

s Resonance Rayleigh scattering (RRS) spectral assay is simple,
rapid and sensitive, and has been applied to the analysis of
proteins, nucleic acids, inorganic ion, based on the simple
molecular interaction between analytes and small molecules such
as dye.”* * Some inorganic nanoparticles such as Au and Ag

10 exhibit good RRS effect, so they were usually used as an essential
part of sensors for the RRS assay.”® *7 Recent studies also
indicated that some organic dyes can be applied to the
determination of trace amount substances.”® ** Triphenylmethane
(TPM) dyes, such as crystal violet (CV) and malachite green

15 (MG), contain three phenyl rings and one positive charge, so that
they can bind to DNAs through various noncovalent interactions
including electrostatic force, base stacking force and coordinate
bond. Previous works have testified that TPM dye could be used
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as a potential fluorescent reporter when it binds to aptamer,** '

2 G-quadruplex and some supramolecules.”® ** The special
interaction between TPM dyes and DNAs can be used for signal
transduction in the design of aptamer based biosensor. Herein we
assembled a variety of nanoparticles with different size by CV
molecules and Ars-3 aptamers, and used them as recognition
elements to develop an effective biosensor for As(IIl) detection
based on a RRS spectral assay. The sensing system is very simple
and it just contains Ars-3 aptamers and CV molecules, as
illustrated in Scheme 1. In the presence of As(Ill), the size of
large nanoparticles was decreased, which caused a decline of
30 RRS intensity at 310 nm; while the diameter of small
nanoparticles was increased and led to the enhancement of RRS
intensity. The variation of RRS intensity was depended largely on
the size alteration of nanoparticles that conditioned directly by
As(IIT) concentrations, thus this signaling mechanism makes it
35 possible to detect As(III) by a RRS spectral assay.
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Scheme 1 Illustration of the biosensor for As(III) detection based on the size alteration of nanoparticles assembled by aptamers and CV.

2. Experimental
2.1 Chemicals and materials

40 The sequence of Ars-3 aptamer is reference to the previous
literatures,* and was synthesized by Sangon Biotechnology Co.,
Ltd. (Shanghai, China). Its sequence is 5’-GGTAATACGAC
TCACTATAGGGAGATACCAGCTTATTCAATTTTACAGAA
CAACCAACGTCGCTCCGGGTACTTCTTCATCGAGATAGT

4s AAGTGCAATCT-3’. Before use, the arsenic-binding aptamer
was dissolved in 50 mM N-(2-hydroxyethyl) piperazine-N-2-
ethane sulfonic acid (HEPES) buffer solution of pH 7.2. Crystal
violet (CV) and malachite green (MG) were obtained from
Sigma-Aldrich (Milwaukee, WI, USA). Methyl violet (MV),

so ethyl violet (EV), SbCl; and BiCl; were purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
Unless otherwise mention, all other reagents were analytical
grade and used without further purification or treatment.
Ultrapure water (Milli-Q plus, Millipore Inc., Bedford, MA) was
ss used throughout.

2.2 Instrumentation

A model of F-4500 fluorescence spectrophotometer (Hitachi,
Japan) was used to record the RRS intensity, with the excited slit
of 10 nm and emission slit of 2.5 nm, and PMT voltage of 700 V.
¢ Circular dichroism (CD) spectra were collected with the J-815
Circular Dichroism Spectropolarimeter (Jasco, Japan) in HEPES
buffer (50 mM, pH 7.2) to characterize the structure change of
aptamers at room temperature. The optical chamber (0.5mL

volume) was utilized. The scanning speed was 100 nm per minute.

es The CD spectra were collected in the range of 200-400 nm.
Multimode Nanoscope Illa scanning probe microscope (SPM)
(Digital Instrument Inc., NY. USA) was used to observe the
images of nanoparticles, and the procedure for samples pre-
treatment is reference to our previous report.”® The average size

70 of nanoparticles was determined by photon correlation
spectroscopy (PCS) (Malvern Instruments, UK).

2.3 Procedure of As(III) determination

An appropriate volume of 10 uM As-binding aptamer and 1 mM

CV stock solution were added into a 2 mL plastic tube, diluted to
75 495 uL with ultrapure water. Then a 5 uL NaAsO, solution (As™)
with varying concentration was added, mixed thoroughly and
incubated for 10 min. The blank sample was added 5 pL ultrapure
water instead NaAsO, solution. The RRS spectra were recorded
by means of synchronous scanning excited wavelength A., and
emission wavelength A, (Aex-Aen=AA=0) on the fluorescence
spectrophotometer. The RRS intensity at 310 nm (/) and the
blank solution without NaAsO, (/) were recorded. The value of
Al = [I -Ij)/I, was calculated. To test the selectivity of the
biosensors, methyl arsenic acid (MMA), dimethyl arsenic acid
(DMA) and other metal salts including Na,HAsO, (As"), SbCls,
BiCl;, Pb(NO;),, Hg(NO3),, Cd(NO;),, AgNOs, CaCl,, ZnCl,,
FeCl3, MgSO,, MnSO,, NiSO,, CuSO, and FeSO, were used.
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3. Results and discussion

3.1 Nanoparticles assembled by aptamers and CV
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To study the interaction between arsenic-binding aptamer and CV
molecules, the varying concentration of Ars-3 aptamer was added
into 100 uM of CV solution, and the RRS intensity at 310 nm
was recorded. As shown in Fig. 1(a), the RRS intensity enhanced
obviously with the increasing concentration of aptamer, and it
reached the maximum at 400 nM of Ars-3 aptamer in CV
solution. Fig. 1(b) confirms that only the coexistence of aptamer
with CV in solution can enhance the RRS intensity obviously,
which demonstrates that the possible interaction between As(III)
and CV or aptamer will not interfere the RRS assay.

The great enhancement of RRS intensity indicated that Ars-3
aptamer had interacted with CV molecules to assemble CV-
aptamer particles (complex). The process of particles assembly is
presented in Scheme 2(a). Each CV molecule carries one positive
charge and a three-phenyl ring, so it can bind to Ars-3 aptamer
via the electrostatic force between its positive charges and
negative charges of phosphate backbone in DNAs. The three-
phenyl ring makes CV molecules hydrophobic, thus some of
them will cluster each other to form a single-layer of lipoid liked
micelle structure, where the hydrophilic parts with positive
charges distribute on the surface and the hydrophobic parts are
enclosed in the inner micelle. Therefore, it is highly feasible to
assemble nanoparticles using electronegative aptamers and CV
micelles with dense positive charges.

The interactions between aptamers and some other cationic
TPM dyes were also investigated. The four cationic TPM dyes
contain the same core (a three-phenyl ring), and the difference
among them lies in their substitutent moieties (Fig. 1(c)). As
shown in Fig. 1(d), the RRS intensities were apparently related to

a) b)
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the substitutent moieties of cationic TPM dyes. MV and MG

molecules have the asymmetric dimethylamino substituents,
which would lead to instability in the assembly of nanoparticles.
In particular, MG contains only two dimethylamino substituents,
so the binding site for aptamer is less than other cationic TPM
dyes. These reasons can explain why the RRS intensity in MG-
aptamer solutions was the lowest one. In the case of EV solutions,
the variation of RRS intensity is similar with that of CV solutions,
but its value is less than the latter. Compared with CV molecule,
EV molecule has the longer side groups and will occupy a larger
space, which may hinder the assembly of nanoparticles to some
extent. Therefore, the proper length and symmetry of side groups
are critical to assemble nanoparticles. Regarding these two
special features, CV molecules may be the most suitable cationic
dyes for assembling nanoparticles.

The electrostatic force between CV molecule and Ars-3
aptamer plays a vital role in the assembly of nanoparticles. In
general, the electrostatic force is associated with the ionic
strength of solutions. Herein, the varying concentrations of NaCl
were added into CV solutions to regulate its ionic strength during
the assembly of nanoparticles. As shown in Fig. 1(e), the RRS
intensity decreased gradually with the increasing of media ionic
strength, and it attained the minimum at highest ionic strength
(e.g.100 mmol/L). Under higher ionic strength solutions, the
quantity of positive and negative ions would increase to large
scale, so the competitive binding of positive ion (Na*) to aptamer
and negative ion (CI) to CV molecule had occurred, which would
decrease the electrostatic attraction between CV molecule and
Ars-3 aptamer to some extent.
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60 Fig. 1 (a) RRS intensities of CV solutions treated with varying concentration of Ars-3 aptamer and 100 ppb of As(IlI) for 20 min. (b) RRS spectra of the
solutions containing different substance. (c) Chemical structure of cationic TPM dyes in this study. (d) RRS intensities of other cationic TPM dyes (e.g.
MG, MV and EV) solutions treated with varying concentration of Ars-3 aptamer for 20 min. The concentrations of cationic TPM dyes were 100 puM. (e)
RRS intensities of CV solutions treated with 200 nM of Ars-3 aptamer under different ionic strength for 20 min.

65

3.2 Interactions between nanoparticles and arsenic(I1I)

Ars-3 aptamer had the high affinity to As(III) with a dissociation
constant of 7.05 nM, so it may has a special effect on the above
nanoparticles. To investigate the interactions between As(III) and
nanoparticles, we added 100 ppb of As(IIl) into nanoparticles
solutions, and the RRS intensity was recorded. As showed in Fig.

70

75

1(a), the RRS intensity of solutions before and after the addition
of As(Il) was changed greatly. The introduction of As(III)
decreased the RRS intensity of solutions when the concentration
of aptamer was lower than 400 nM, while the RRS values
incareased at higher concentration of aptamer.

Generally, the RRS intensity is associated with the size,

This journal is © The Royal Society of Chemistry 2012
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concentration and properties of particles in colloidal solutions,
and its values will comply with Rayleigh Equation to some extent
showed as follows:

2
9z’ pv*| ni—n’
I(R,0)=1 2 1+cos* @
RO =1 ik n? +2n} ( )

Where: I, and A are the intensity and wavelength of excited
light; p and v represent the density and volume of particles in
solution; n, and n; refer to the refractive index of disperse phase

View Online

and disperse medium, respectively; 0 is a scattering angle; both 7
and R are constant.

The maximum RRS intensity had achieved at 310 nm of
excited light in the preliminary experiments. According to
Rayleigh Equation, the RRS intensity was depended largely on
the size of particles under the same experimental conditions.
Therefore, it can be deduced that the variation of RRS intensity in

15 solutions was probably ascribed to the size alteration of

nanoparticles caused by As(III).

_N
HiC™ CH,

crystal violet

Scheme 2 Supposed principles of nanoparticles assembly and its interactions w1th arsenic. (a) Nanoparticles were assembled by CV and Ars-3 aptamer via
the electrostatic force between positive charges of CV molecules and negative charges of phosphate backbone in DNAs. The size of nanoparticles was
decreased and increased through the intramolecular (b) and intermolecular (c) hydrogen bonds between As(I1I) and bases of DNAs, respectively.

3.3 CD characterization of Ars-3 aptamer

Circular dichroism (CD) measurement is a powerful tool and

usually used to investigate some biomolecules such as amino acid,

peptides, proteins and nucleic acids. To deduce the interactions
among aptamer, CV and As(Ill), the CD measurement was
utilized to monitor the confirmation change of aptamer in the
solutions. Fig. 2(a) shows the CD spectra of aptamer solutions
treated with 100 ppb As(III). Ars-3 aptamer (generally B-DNA)
has a negative peak at 240-260 nm and a positive peak at 270-290
nm, which is in accordance with previous reports.”® After the
addition of As(III), the value of negative and positive peaks were
decreased, but the location of peaks did not change. This result
indicated that As(III) could bind to Ars-3 aptamer, which
interfered bases from the transition of strong m—m* with
ribodesose, thus resulted in the decrease of CD peak. However,
the introduction of CV had changed the position and peaks of
Ars-3 aptamer. As showed in Fig. 2(b), the sharp negative at 220
nm and positive peaks at 320 nm were observed, which indicated
that CV molecules and Ars-3 aptamer formed the CV-aptamer
40 complexes (particles), thus the original conformation of aptamer
might changed. In this case, the addition of As(IIl) decreased the

@

S

a

CD peaks due to its high affinity to Ars-3 aptamer.
3.4 PCS analysis of nanoparticles

According to Rayleigh Equation, the RRS intensity is associated
with the nanoparticles size in solutions. Herein, the average size
of nanaoparticles was determined by PCS analysis throughout the
experiments, and the result is showed in Table 1. With increasing
number of Ars-3 aptamer, the average diameter of particles
decreased significantly. At lower concentration of aptamer (lower
than 200 nM), the diameter of particles was close to 1 pm, which
was larger than the wavelength of excited light (310 nm). Once
the particle diameter exceed excited wavelength, some energy of
excitation would lose by reflection and caused the lower RRS
intensity. The present result shows that the RRS intensity attained
the maximum value at 400 nM of Ars-3 aptamer (Fig. 1(a)),
where the particle diameter is about 80 nm. When the diameter of
particles is larger than 100 nm, the reflection and refraction of
excited light in the some parts of particles will happen, thus lead
to the decrease of RRS intensity, which can partially explain why

o the RRS values at 200 nM and 300 nM of aptamer were lower

than that at 400 nM of aptamer.
The electrostatic repulsion among aptamers and its competitive

4 | Nanoscale, 2012, 4, 00-00

This journal is © The Royal Society of Chemistry 2012

Page 4 of 9


http://dx.doi.org/10.1039/c2nr31418e

Page 5 0of 9

Downloaded by University of Massachusetts - Amherst on 13 September 2012
Published on 13 September 2012 on http://pubs.rsc.org | doi:10.1039/C2NR31418E

2;

3

Nanoscale

binding to CV molecules could account for the difference size of
nanoparticles. Under higher concentration of aptamer (e.g. 600
nM or 800 nM), the available aptamer for binding to CV
molecules increased in large scale, but the amount of CV
s molecules did not raise, so the competitive binding occurred
inevitably, which would prevent aptamers from binding or
absorbing massive CV molecules to assemble large particles.
Moreover, the electrostatic repulsion among aptamers also
prevented nanoparticles from aggregating together.

a)
20
15 600 nM Aptamer
=7 —— 600 nM Aptamer + 100 ppb As(l1l)
1.0
%" 0.5
7]
E -
~— 0.04
o
]
-0.54
-1.04
-15 T T T T T
220 240 260 280 300 320
Wavelength (nm)
4
24
®
o 04
£
=y 5
o L]
1
-4
T T T
200 240 280 320 360

Wavelength (nm)

Fig. 2 CD spectra of Ars-3 aptamer distributed in different solutions. (a)
Aptamer was presented in the 100 ppb of As(Ill). (b) Nanoparticles
assembled by 600 nM aptamer and 100 uM CV was treated with varying
concentration of As(III). Numbers 1 to 4 refer to 0, 1, 40 and 100 ppb of
As(IIl), respectively. Number 5 represents the CD spectra of Ars-3
aptamer distributed solely in 50 mM HEPS buffer (pH 7.2).

@

In addition, the results in Table 1 indeed confirmed that the
addition of As(IIl) caused the size alteration of nanoparticles.
Under lower concentration of aptamers (lower than 200 nM), the
particles diameter was decreased gradually after the addition of
100 ppb As(III), which lead to the decrease in RRS intensity at
310 nm. The maximum decline ratio of RRS intensity was about
7.4 fold, where the nanoparticles were assembled by 200 nM
aptamer and 100 uM CV solutions. In this case, the average size
of nanoparticles had also decreased from 273 nm to 168 nm.
However, the variation trend of nanoparticles diameter was
opposite at higher concentration of aptamers. The RRS intensity
of solutions had enhanced obviously after the addition of As(III),
especially its values at least increased by 6-fold when the
o concentration of aptamer was over 600 nM in the assembly of

nanoparticles. Accordingly, the average diameter of nanoparticles
had increased from 28.7 nm to 73 nm.
The reasons for above two opposite size variation trend may lie
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in the different properties between large and small nanoparticles.

The large nanoparticles were assembled at lower concentration of
aptamers, where a large number of CV molecules or its micelle
structure might be enclosed by a single aptamer molecule. The
whole large nanoparticle was loose and full with holes due to the
electrostatic repulsion of CV molecules, which enable As(III)
insert easily into the inner parts of nanoparticle. Because arsenite
contains three hydroxy group (-OH) in aqueous solutions, it
would shorten the distance of neighboring bases and compact the
whole nanoparticles through strong hydrogen bonds between -OH
of As(IIl) and -NH, of bases in DNAs, just as showed in Scheme
2(b). In this case, the intramolecular hydrogen bonds would play
a leading role in maintaining the whole nanoparticles. As a result,
the size of large nanoparticles was ultimately decreased by the
addition of As(III). In the case of higher concentration of
aptamers, the small nanoparticles with tight structure would be
assembled. Because the available aptamers had increased in large
scale, the quantity of small nanoparticles in solutions would be
far more than that of large nanoparticles. Therefore, the
introduction of As(III) would bind to these small nanoparticles
and aggregate them via strong intermolecular hydrogen bonds
between As(III) and aptamers (Scheme 2(c)), which had caused
the significant increase in the average size of particles.

Table 1 Average size and RRS intensity variation of nanoparticles.

Aptamer Mean size (nm) RRS intensity

+
(nM) PDI Without As(II) With As(Ill)*  increased (fold)
0 none* none none -0.06
20 0.320 872.0 602.5 -1.08
40 0.313 1213.0 956.9 -1.27
100 0.391 908.8 586.9 -3.59
200 0.273 273.2 168.2 -7.40
300 0.240 142.0 153.6 -0.13
400 0.236 79.37 92.03 -0.06
500 0.258 59.53 86.48 0.74
600 0.212 28.71 72.97 6.04
800 none none none 6.66
1000 none none none 6.98

+ PDI indicates the dispersion degree of solutions. The lower value of
PDI means that particles distributed evenly in solutions.

1 Final concentration of As(III) in solution was 100 ppb.

* Here “none” represents the value did not calculated by PCS machine
due to the instability of the solution.

3.5 SPM observation of nanoparticles

To further confirm the assembly of nanoparticles and its size
alteration caused by As(IIl), the CV solutions treated with Ars-3
aptamers and As(II) were characterized by SPM , and their
images are showed in Fig. 3. In the absence of aptamer, some CV
molecules clustered together due to hydrophobic interaction, and
some of them had formed particles with average diameter of 10
nm (Fig. 3(a)). The shape of Ars-3 aptamer was a linear chain and
it distributed evenly in the solutions (Fig. 3(b)). The addition of
As(IIT) had changed the shape of DNAs to some extent. Some
aptamers interacted with As(IIl) to form irregular particles (Fig.
3(c)), which was an evidence for the high affinity of Ars-3
aptamer to As(III). It could be clearly observed that the
nanoparticles were indeed assembled by CV molecules and Ars-3
aptamer, but the shape and size of them were changed greatly
under different concentration of aptamer. As showed in Fig. 3(d),

This journal is © The Royal Society of Chemistry 2012
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some spherical nanoparticles with diameter in a range from 200
nm to 300 nm were assembled under 200 nM of Ars-3 aptamer.
Although the size of nanoparticles decreased significantly to 30
nm at 600 nM of aptamers, the numbers of them had increased
s obviously (Fig. 3(e)). In the case of 800 nM aptamers, a great
number of small nanoparticles had deposited on the surface of

mica sheet to form a flat film, as showed in Fig. 3(f). In the

a)

20

s

View Online

presence of 100 ppb of As(IIl), the size of large and small
nanoparticles decreased and increased respectively (Fig. 3(g~h)),

10 which were in accordance with the results of PCS analysis. As
showed in Fig. 3(i), the film on mica sheet looked more
compacted than before, which indicated that the addition of
As(IIT) could stabilize nanoparticles.

15 Fig. 3 Scanning probe microscope (SPM) observation of solutions containing: (a) 100 uM CV solution; (b) 600 nM Ars-3 aptamer solutions; (c) sample b
+ 1000 ppb of As(IIl); (d~f) nanoparticles assembled by 100 uM CV as well as 200 nM, 600 nM and 800 nM of Ars-3 aptamer, respectively; (g~i)

samples (d~f) + 100 ppb of As(III).
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.
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Fig. 4 Sensitivity of the biosensor for As(III) detection in aqueous solution. (a) RRS spectra (left) and calibration curve (right) of biosensor-200 responded
20100, 0.1, 05,1, 2, 4, 6, 8, 10, 20, 40, 60, 80 and 100 ppb As(Ill). The curve was fitted to Hill plot with a correlation coefficient of 0.973. Inset: RRS
intensity decreased value at low As(III) concentrations. The liner regression equation was y = 0.037 x + 1.086, with a correlation coefficient of 0.998. (b)
RRS spectra (left) and calibration curve (right) of biosensor-600 treated with 0, 0.1, 0.5, 1, 2, 5, 10, 20, 40, 60, 80, 100, 150 and 200 ppb As(III). The
curve was fitted to Hill plot with a correlation coefficient of 0.989. Inset: RRS intensity increased value at low As(I1l) concentrations. The liner regression
equation was y = 0.051 x + 1.453, with a correlation coefficient of 0.997.
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3.6 Sensitivity of the biosensor for arsenic(III) detection

According to above results, the addition of 100 ppb As(III) had
caused the maximum decline and increase ratio of RRS intensity
in the two different nanoparticles, which were assembled under
200 nM and 600 nM of Ars-3 aptamer, respectively. Thus these
two kinds of nanoparticles, referring to biosensor-200 and
biosensor-600 in the subsequent experiments, can be used as the
powerful tools to detect As(III) in aqueous solution.

To test the performance of the biosensor-200, the system was
treated with varying concentration of As(IIl) from 0.1 ppb to 100
ppb, and the RRS intensity at 310 nm was recorded. As shown in
Fig. 4(a), the RRS intensity decreased greatly with the increasing
concentration of As(II), especially higher concentrations of
As(IIT) caused a sharp decline of signal. Interestingly, the average
size of nanoparticles had decreased from 273 nm to 168 nm
(Table 1), which demonstrated that the variation of RRS intensity
was depended largely on the size alteration of nanoparticles
caused by the addition of As(III). To quantify As(III) in solution,
the RRS intensity of biosensor-200 are plotted, and the
calibration curve looks like a sigmoid shape, which was fitted to
Hill plot with a correlation coefficient of 0.973. The RRS
intensity at low As(III) concentrations was fitted to linear with a
correlation coefficient of 0.998. Based on the previous reports,
2835 3¢/slope was used to determine the detection limit of
biosensor-200 as 0.3 ppb, which is lower than U.S. EPA and
WHO defined toxicity level of arsenic in drinking water (10 ppb).
The similar method was also employed to determine the detection
limit of biosensor-600 as 0.2 ppb and a dynamic range up to 200
ppb (Fig. 4(b)), where the RRS intensity enhanced obviously
with the increasing concentration of As(IIl). The above results
indicate that these nanoparticles indeed possesses the potential
application of detecting As(III) sensitively in aqueous solution.

3.7 Selectivity of the biosensor for arsenic(III) detection

The selectivity of the biosensor for As(IIl) detection was also
investigated. A variety of analogues of As(III) and competing
metal ions, including methyl arsenic acid (MMA), dimethyl

Table 2 Determination of As(IlI) in water samples.

View Online

arsenic acid (DMA), As(V), Sb(I1l), Bi(III), Pb(II), Cd(II), Hg(Il),
Ag(l), Mg(ID), Zn(II), Mn(IT), Ni(Il), Cu(II) , Fe(II), Fe(IIl) and

40 Ca(Il), were individually exposed to biosensor-200 and the RRS

intensity were monitored. Fig. 5 shows the difference in RRS
intensity decrease among blank and solutions containing 10 ppb
of As(IIl) and other metal ions. The results demonstrate that all
the other metal ions display slight and negligible interferences on

45 biosensor-200 for As(III) detection.

Ca(ll)
Fe(lll)
Fe(ll)
Cu(l)
Ni(l)
Mn(ll)
Zn(l1)
Mg(i)
Ag(l)
Hg(I)
Cd(In)
Pb(I1)
Bi(lll)
Sbylll)
DMA
MMA
As(V)
As(lll)
Blank

T T T T T T T T T T
0.0 0.1 0.2 03 0.4 05
Intensity decreased (Al)

Fig. 5 Selectivity of the biosensor-200 for As(IIl) detection in aqueous
solution. The concentrations of metal ions were 10 ppb.

3.8 Detection of arsenic(III) in water samples

so The application of present biosensor based on RRS assay was

evaluated for the determination of As(IIl) in several water
samples containing different concentrations of As(III) and some
other metal cations and anions. The results are summarized in
Table 2, which displays that the mean recovery of samples was in

ss the range of 96.7-104% and the relative standard deviation (RSD)

were between 5.2% and 10.8%. The results reveal the potential
application of present biosensor for As(IIl) detection in water
samples.

Biosensor-200 Biosensor-600

Water samples Mean found Recovery RSD  Mean found Recovery RSD
— - - - - (ppb) ) (%) (ppb) (%) %)
g% (1()6)’ gi)(zz,)(’;;dMA(l)’ Pbi(1), Cd'(2), Fe'(1), Mn'(2), 1024011 102 108 0.98+0.09 98 92
3 ) 4
1 11 11 11 1 11
1[3?) .(fz)é)D 1;4(?5.5 2;;“2’11.’?%)’ Hg'(3), Cd(6), Mg (7), Ag (6), Ca’(1), 580+030  96.7 52 5.83+0.59 97.2 10.1
3 5 4 i
1 V, 11 -1 11 11
As_(10), As'(9), DMA(10), Pb'(8), Ni'(2), Cu’(6), Zn'(7), 9.77£081 977 83  104+0.85 104 8.2

NO5 (16), SO, (8), CI' (14)

+ Final concentration (ppb) of ions was added.

4. Conclusions

In conclusion, we have successfully assembled a variety of
nanoparticles with different size via controlling the concentration
of Ars-3 aptamer in CV solutions. The large nanoparticles were
assembled by lower concentration of aptamers and CV molecules,
while the small nanoparticles were constructed under higher
concentration of aptamers due to electrostatic repulsion among

aptamers and its competitive binding to CV molecules. We also
discovered that the introduction of As(IIl) could change the size

70 of nanoparticles, thus caused the variation of RRS intensity. In

the presence of As(Ill), the maximum decline ratio of RRS
intensity was achieved for large nanoparticles assembled at 200
nM of aptamers, where their average size had decreased from 273

This journal is © The Royal Society of Chemistry 2012
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nm to 168 nm. In the case of small nanoparticles, the maximum ss 18. X. He, L. Hai, J. Su, K. Wang and X. Wu, Nanoscale, 2011, 3, 2936-
increase ratio of RRS intensity was obtained when the 2942.

concentration of aptamer was over 600 nM. Combined with a
RRS spectral assay, we have successfully developed an effective
biosensor for As(IIl) detection using above two kinds of
nanoparticles as target recognition element. The detection limit of
our approach is about 0.2 ppb, which is about two orders lower
than U.S. EPA and WHO defined toxicity level of arsenic in
drinking water. The present biosensor also displayed high
selectivity over other competitive metal ions, with an excellent
recovery in the detection of real water samples. The experimental
results reported here exhibit that the biosensor will provide the
reliable, highly sensitive and selective monitoring method for
arsenic in environmental and other applications.
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