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DESIGN OF A FLUORESCENCE ENHANCED APTASENSOR
FOR SENSITIVE DETECTION OF SILVER IONS™
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A highly sensitive fluorescence-enhanced aptasensor was designed to detect silver ions (Ag') using met-
al-enhanced fluorescence. Interaction of Ag"™ with cytosine nucleobases was used to achieve a low detection
limit. Aptamer-modified gold nanoparticles (Au NPs) were mixed with 6-carboxyfluorescein (FAM)-labeled
DNA to prepare the sensor. In a solution without Ag®, aptamer and FAM-labeled DNA strands remained
free because of repulsion between cytosine. In the presence of Ag", pairs of aptamer and FAM-labeled DNA
strands formed double helices through cytosine—Ag—cytosine interactions. These interactions brought FAM
close to the Au NPs. The number of adenines repeats in the aptamer was altered to adjust the distance be-
tween the Au NPs and FAM, and provide controllable localized surface plasmon resonance. With the opti-
mum number of adenine repeats (n = 24), the linear range for detection of Ag" was 0.694 to 6.94 nmol/L and
the detection limit was 0.694 nmol/L. The aptasensor showed excellent specificity and gave a strong detec-
tion signal for Ag" present at trace concentrations to overcome issues associated with the detection of weak
signals.

Keywords: metal-enhanced fluorescence, aptasensor, silver ion, cytosine—Ag*—cytosine.
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Paspaboman evicoxouyscmeumenvHulii anmacencop Ha OCHO8E YCUNEHHOU @ryopecyenyuy Memania
ona obnapyscenus uonos cepebpa Ag'. Bzaumooeiicmeue Ag" ¢ azomucmoimu 0OCHOBAHUAMU YUMOSUHA UC-
NOAb308AHO OJIs1 OOCMUIICEHUs. HU3K020 npedena odHapydicerus. Mooupuyuposanuvie anmamepom HaHoua-
cmuywt 30n10ma (H4 Au) emewueanu ¢ /JJHK, mewennoii 6-kapbo-kcugpnyopecyeunom (FAM), ons npuecomos-
nenus cencopa. B pacmeope be3 Agt anmamep u meuennvie FAM numu JJHK ocmasanuce céo0600ubiMu.
B npucymcmeuu Ag" napor numeii JJHK, meuennvix anmamepom u FAM, obpasoevisanu 06otinvle cnupanu
3a cuem 63auMoOetcmeutl Yumosun—Ag —yumosun, Komopwle npueenu K yMEHbUEHUIO PACCMOAHUSL MEHCOY
FAM u HY9 Au. Konuuecmeo adeHuHno8blx no6mopos 8 anmamepe U3MeHaN0Ch C Yeabio pecyIuposanus pac-
cmoanua medxcoy H4 Au u FAM u obecneyenuss KOHMpOAUPyemo2o I0KAIUZ08AHHO20 NOBEPXHOCHHO20
NAA3MOHHO20 pe3oHanca. Ilpu onmumansHom Koauvecmee adeHUuHOBbIX nogmopos (n = 24) nunelinvii oua-
nazon obnapyocenus Ag" 0.694—6.94 nmonv/n, npeden obnapysxcenus 0.694 umonv/n. Anmacencop noxasan
NnpesoCcxo0nyI0 cneyuuuHocmy U HO360UNL OOHAPYICUMb UOHBL cepedpa, NPUCYMCMBYIOue20 8 Cle008blX
KOHYEHMPayusix.

Knwuesvie cnosa: ycunennas gayopecyenyus memaina, anmacencop, uown cepebpa, yumosun—Ag —
YUMOo3suH.

Introduction. Industrial development has led to the discharge of many metal ions into soil and water
along with wastewater [1, 2]. These ions are absorbed by plants and can enter the human body through the
food chain. Food safety incidents such as consumption of cadmium-contaminated rice and metal-

** Full text is published in JAS V. 89, No. 5 (http://springer.com/journal/10812) and in electronic version of ZhPS
V. 89, No. 5 (http://www.elibrary.ru/title_about.asp?id=7318; sales@elibrary.ru).
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contaminated vegetables have occurred. Trace metal ions accumulate in the human body, eventually causing
chronic poisoning — for example, when the silver ion (Ag") concentration reaches a certain level it will dena-
ture proteins and various enzymes, which causes edema, and in serious cases, death [3, 4]. The World Health
Organization and various countries have established limits for the residual concentrations of Ag” in drinking
water and sewage [5]. Monitoring of metal ions to ensure they are within relevant limits is necessary for food
safety and environmental protection.

The main trace metal ion detection methods currently used are atomic absorption spectroscopy, atomic
fluorescence spectrometry, inductively coupled plasma mass spectrometry, mass spectrometry, and laborato-
ry analysis [6]. Although these methods have high detection accuracies, the instruments they require are ex-
pensive and the methods are time-consuming. Consequently, many researchers have studied a variety of
metal ion sensors, hoping to develop a small, portable, and cheap metal ion detector.

Fluorescence spectroscopy is widely used to detect heavy metal ions because it has high sensitivity and
provides rapid responses [7]. Fluorescence sensors used for metal ion detection can be divided into those us-
ing fluorescence resonance energy transfer [8—10], photoinduced electron transfer [11, 12], intramolecular
charge transfer [13, 14], metal-ligand charge transfer [15—17], chelating-enhanced fluorescence (CHEF) [18],
and metal-enhanced fluorescence (MEF) [19-22]. The specificity and sensitivity are important for evaluating
the advantages and disadvantages of these detection methods [23]. The specificity for a metal ion mainly de-
pends on the group used in the sensor to capture the target. The groups used to capture metal ions are either
chemical, such as various ligands and complexes, or biological, such as DNA and antibodies [24]. The lig-
ands used for metal ion capture, such as 4-amino-3,5-bis(2-hydroxy-phenyl)-1,2,4-triazole
NH2C,N3(CsHsOH), [25], have complex structures with high dissociation constants and can be toxic. Bio-
logical groups are better than chemical groups in terms of food safety because they are nontoxic. The prepa-
ration of metal-specific monoclonal antibodies, such as tobacco mosaic virus-coated cysteine mutants [26]
and tryptophan [27], involves immunodetection, which is generally expensive. In recent years, metal ion—
base interactions have been studied extensively, and specific interactions such as thymine-Hg?'—thymine [28]
and cytosine—Ag‘—cytosine have been found [12]. A variety of aptamers for detecting metal ions have been
developed using these interactions [29]. With the available fluorescence detection methods, the detection
sensitivity for a metal ion is mainly dependent on the luminous efficiency of the fluorescent group. CHEF
and MEF can effectively improve the sensitivity of metal ion detection by enhancing luminous efficiency.
However, CHEF generally involves the use of a complex organic molecule that could be toxic, and this
method is not suitable for metal ion detection in food safety and health fields. MEF uses DNA, silica, and
other nontoxic substances as an isolation layer between the metal and fluorescent groups, which effectively
enhances the fluorescence signal for the highly sensitive detection of metal ions. Aptamers can be designed
to capture target ions and act as isolators in MEF. These aptamers could be used to develop a fluorescent ap-
tasensor with the high specificity of an aptamer and the high signal intensity of MEF. An aptasensor with
these properties could be used to realize highly sensitive detection of metal ions using nontoxic materials for
practical applications in the food safety field.

Functionalized aptamers containing multiple adenine nucleobases were prepared as an isolation layer
between gold nanoparticles (Au NPs) and a fluorescent group (6-carboxyfluorescein [FAM]). The MEF
could be regulated by changing the number of adenine repeats. The fluorescence aptasensor was applied to
the quantitative detection of Ag”.

Materials and methods. The aptamers were synthesized by Sangon Biotechnology Co., Ltd. (Shanghai,
China). Au NPs (40 nm) were purchased from Beijing Thunder Science and Technology. Tris(2-
carboxyethyl)phosphine Buffer (10 mmol/L) contained 20 mmol/L tris-CH3COOH. Ultrapure water
(18.2 MQ-cm) was used in the experiments. All reagents were of analytical grade.

D1 (Ag-aptamer): 5'-SH-CTA CCC TAG C-3’
D2 (Ajz-aptamer): 5'-SH-A, CTA CCC TAG C-3'
D3 (Ais-aptamer): 5'-SH-A1s CTA CCC TAG C-3’
D4 (Az4-aptamer): 5'-SH-Az4 CTA CCC TAG C-3’
D5 (Aszo-aptamer): 5'-SH-A3 CTA CCC TAG C-3’
D6 (FAM-HDNA): 5'-GCT ACC CTA G-FAM-3'

An HZQ-F200 oscillating incubator (Beijing, China) was used for hybridization. A GL-16 II centrifuge
(Shanghai, China) was used for separation of samples. Fluorescence was measured using a F-7000 fluores-
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cence spectrometer (Hitachi, Japan). A magnetic mixer (Hangzhou Instrument and Motor Co. Ltd.) was used
for mixing the solutions. A balance (Mettler Toledo Instruments Co.) was used to weigh the samples.
A working solution was prepared of AuNPs-polyAp-aptamer mixed with FAM-HDNA. First, the aptamer
was centrifuged at 7000 rpm for 1 min. Next, 10 mmol/L tris(2-carboxyethyl)phosphine solution was added
to give an aptamer (D1-D6) concentration of 5 mol/L. Au NPs (0.05 mg/mL) were then mixed with the ap-
tamers (D1-D5) in a set ratio, and the mixture was incubated at 37°C for 12 h. NaCl (2 mol/L) was added
twice at 3 h intervals to give a final NaCl concentration of 0.1 mol/L. The supernatant was removed by cen-
trifugation at 14 000 rpm for at least 20 min. Finally, 600 puL of tris-CH3COOH and 20 pL of 5 mol/L FAM-
HDNA were added, and the samples were stored at 4°C for later use. Aliquots of a solution of Ag* (100 uL)
at different concentrations were added to the working solution and the samples were incubated at 37°C
for 1 h. A solution of Ag" (600 uL) was also placed in a culture plate. The fluorescence intensity of the
working solution was measured using a fluorescence spectrometer, and the relationship between the Ag*
concentration and fluorescence intensity was calculated.

Results and discussion. Detection principle of the proposed method and its feasibility. The detection
principle of the aptasensor for Ag" is shown in Fig. 1. First, polyAp-aptamer attached to the Au NPs surface
via Au-S bonds. FAM-HDNA was then added, and the polyAs-aptamer and FAM-HDNA DNA strands
were in a free state (structure A in Fig. 1). The fluorescence intensity of the working solution at this stage
was relatively low. Next, Ag” was added and pairs of polyAs-aptamer and FAM-HDNA DNA strands
formed double helices through cytosine-Ag'—cytosine interactions. This brought FAM-HDNA close to the
Au NPs to form AuNPs-polyA,-FAM nanostructure (structure B in Fig. 1). The formation of this structure
effectively amplified the fluorescence signal of FAM through MEF. As the Ag" concentration increased, the
number of cytosine-Ag —cytosine interactions and the intensity of the fluorescence signal also increased.
The Ag" concentration could be determined from the degree of enhancement of the fluorescence signal.
Compared with the use of FAM on its own, the sensor gave a stronger output signal. Therefore, this method
will be useful for the detection of Ag" at trace concentrations and will overcome issues associated with the
detection of weak signals.
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Fig. 1. Schematic diagram of the detection of silver ions by the aptasensor.

To verify the feasibility of application of the sensor, the fluorescence intensities of FAM-HDNA,
D3/FAM-HDNA, Au/D3/FAM-HDNA, and Au/D3/FAM-HDNA/Ag* were measured. Au/FAM-HDNA had
the lowest fluorescence intensity (Fig. 2) because some of the fluorescence of FAM was quenched by the Au
NPs. The fluorescence intensity of the AW/ FAM-HDNA solution was lower than that of FAM-HDNA. The
fluorescence intensities of D3/FAM-HDNA and FAM-HDNA were similar and both were higher than that of
Au/FAM-HDNA. Without AuNPs in the solution, the DNA strands of D3 and FAM-HDNA were in a free
state. The fluorescence intensity of Au/D3/FAM-HDNA was higher than the fluorescence intensities of
FAM-HDNA and D3/FAM-HDNA. In these solutions, the adenine repeats around the Au NPs formed a pro-
tective layer, which prevented fluorescence quenching of FAM and enhanced the fluorescence of FAM-
HDNA. With addition of Ag", the concentration of Ag" was determined using the degree of fluorescence en-
hancement. Our results confirmed that the sensor could be used to detect Ag".
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Fig. 2. Detection of silver ions by the aptasensor.

Optimization of the experimental conditions. The MEF effect is closely related to the distance between
the Au NPs and the fluorophore [21]. To obtain a strong fluorescence signal, we optimized the distance be-
tween the Au NPs and the fluorophore. The distance was adjusted by changing the number of adenine re-
peats with the knowledge that three adenine repeats cover a distance of 1 nm [30]. We measured the fluores-
cence intensities of solutions containing 10 nmol/L Ag" and aptamers with 0, 12, 18, 24, and 30 adenine re-
peats. The highest fluorescence intensity was obtained with 24 adenine repeats, followed by 18, and then
30 (Fig. 3). The solutions with distances of 0 and 4 nm had low fluorescence intensities. When the distance
between the Au NPs and the fluorophore is between 0 and 5 nm, fluorescence resonance energy transfer will
occur, resulting in fluorescence quenching [19] and a decrease in the fluorescence intensity. If the Au NPs
and the fluorophore are too far apart, they will not affect each other and the fluorescence intensity will be
equivalent to that of the fluorophore alone [21]. Our results showed that a distance of 8§ nm between the Au
NPs and FAM was optimum for MEF. Distances of 6 nm and 10 nm also provided some MEF, but the effect
was not as obvious as that with a distance of 8 nm. Therefore, the polyAp-aptamer was selected for subse-
quent experiments.
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Fig. 3. Optimization of the thickness of the isolation layer: (a) fluorescence spectra of Au/polyAn,-
aptamer/FAM-HDNA/Ag" solutions with different isolation layer thicknesses; (b) relationship between
the fluorescence intensity of Au/polyAn-aptamer/FAM-HDNA/Ag® and the isolation layer thickness.
The concentration of was Ag" 10 nmol/L.
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To improve the sensitivity of the sensor, we optimized the ratio of AuNPs to aptamers [31]. If there are
too many aptamers on the surface of the Au NPs, some complementary chains will not be able to access the
aptamers in order to bind. By contrast, if there are too few aptamers on the Au NPs, the aptamers may be lo-
cated close to the surface of Au NPs, and the fluorescence of FAM will be quenched by the Au NPs [32]. To
investigate the ratio between the Au NPs and the aptamer, the concentration of aptamer was fixed at 5 mol/L
and the volume at 20 uL, and the volume of the 0.05 mg/mL Au NPs solution was changed. The fluores-
cence intensity of the working solution was measured for Au NPs/aptamer volume ratios of 0.25:1, 0.5:1,
1.25:1, 2:1; 2.5:1, and 4:1. When the volume ratio was between 0.25:1 and 2:1, the fluorescence intensity of
the working solution gradually increased with increases in the volume ratio (Fig. 4). This occurred because
the increase in aptamers on the surface of the Au NPs resulted in arrangement of the aptamers in a linear
fashion rather than coating with Au NPs. When the volume ratio was between 2:1 and 4:1, the fluorescence
intensity decreased with increases in the volume ratio. This occurred because as the density of aptamers on
the surface of the Au NPs increased, it was difficult for complementary chains to access the aptamers for
binding, which resulted in a decrease in the fluorescence intensity. Therefore, to improve the sensitivity of
the sensor, an Au NPs/aptamer volume ratio of 1:0.5 was selected for subsequent experiments.
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Fig. 4. Optimization of the Au NPs to aptamer volume ratio: (a) fluorescence spectra of Au NPs and
aptamers with different volume ratios; (b) relationship between the volume ratio of AuNPs/aptamer
and the fluorescence intensity.
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Fig. 5. Optimization of the pH: (a) fluorescence spectra of the working solution at different pH values;
(b) relationship between different pH values and the fluorescence intensity.
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Optimization of the pH is crucial to improve the sensitivity of a sensor [33]. Low pH will affect the flu-
orescence intensity of the working solution [34], while high pH will prevent cytosine-Ag‘—cytosine interac-
tions. To observe the effect of pH values between 5 and 10 on the fluorescence intensity of the working solu-
tion, a tris-CH3COOH buffer with different pH values was added to the working solution. In the pH range of
5-10, the fluorescence intensity of the working solution increased at higher pH values (Fig. 5). A low pH
could inhibit the activity of FAM, and reduce the fluorescence signal. A high pH could enhance the fluores-
cence signal, but Ag" can react with OH™ under alkaline conditions and this might make cytosine-Ag'—
cytosine interactions difficult. Therefore, to improve the intensity of the fluorescence signal and reduce inter-
ference of OH™ in Ag" detection, we selected a buffer solution pH 7.0.

Detection of Ag"® at different concentrations. To evaluate the detection range of the sensor, a working
solution was prepared containing 24 cytosine nucleobases. The volume ratio of Au NPs to aptamer was
1:0.5, and the pH was 7. The fluorescence intensity of the working solution was detected after adding Ag” at
5, 10, 20, 30, and 50 nmol/L. The fluorescence intensity increased as the Ag’ concentration increased
(Fig. 6a). This occurred because there was more cytosine—~Ag —cytosine interactions, and more FAM moved
close to the Au NPs. The linear regression equation between different concentrations of Ag" and the fluores-
cence intensity was y = 0.007x + 151, where y is the fluorescence intensity and x is the Ag" concentration
(Fig. 6b), and the R* was 0.99. The detection range of the sensor was 0.694-6.94 nmol/L and the detection
limit was 0.694 nmol/L. Compared with colorimetric, electrochemical, and similar methods in the literature
(Table 1), the detection limit of the aptasensor prepared in this study is relatively low.
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Fig. 6. Detection of Ag": (a) fluorescence spectra with different concentrations of Ag” in the working
solution; (b) relationship between different concentrations of Ag* and the fluorescence intensity.

TABLE 1. Comparison of Different Sensors for Ag" Detection

Method Linear range LOD Reference
Colorimetric 0-100 uM 26 nM [35]
0.05-0.9 uyM 20 nM [36]
Electrochemistry 10-500 nM 1.3nM [37]
2-100 nM 1.5 nM [38]
0-90 mM 320 nM [39]
50-500 nM 10 nM [40]
10-500 nM 10 nM [41]
Fluorescence 0.5-13 uM 0.08 uM [42]
0-45 M 15 nM [43]
3-30 uM 0.26 uM [44]
5-60 uM 0.226 uM [45]
0.1-1.5 uM 68 nM [46]

0.694-6.94nM | 0.694 nM This work
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Fig. 7. Changes in the fluorescence intensity of the sensor after addition of different ions at 6.94 nmol/L.

Specificity is an important parameter used to evaluate the performance of a sensor. To determine the
specificity of the sensor, the fluorescence intensity of a working solution containing 6.94 nmol/L Mg?*, K*,
AIP*, Zn**, Fe*", and Na' was analyzed under the optimum experimental parameters. The value of F — Fj
was used to calculate the change in the fluorescence intensity after ion addition, where F and Fy are the fluo-
rescence intensity of the working solution and the fluorescence intensity after ion addition, respectively. Ad-
dition of Ag" resulted in a large change in the fluorescence intensity (Fig. 7). Only slight changes in the fluo-
rescence intensity were observed with the other ions, which indicated that the fluorescence-enhanced ap-
tasensor had excellent specificity for Ag”.

Conclusions. We developed a fluorescent aptamer sensor with high output intensity using metal-
enhanced fluorescence. To realize the metal-enhanced fluorescence effect and improve the detection limit of
the sensor, we optimized the preparation of the sensor and applied it to detection of different concentrations
of Ag". When the number of adenine repeats was 24, the Au NPs to aptamer ratio was 1:0.5, and the pH was
7, the detection limit was 694 pmol/L and the detection range was 0.694—6.94 nmol/L. The sensor was spe-
cific to Ag" and did not respond to other metal ions. This sensor could be applied to other metal ions after
modification of the aptamer.
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