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8 ABSTRACT: For more than a decade, the backfilling
9 approach for the immobilization of DNA probes has been
10 routinely adopted for the construction of functional interfaces;
11 however, reliably reproducing electrochemical signal amplifi-
12 cation by this method is a challenge. In this research, we
13 demonstrate that the insertion approach significantly bolsters the reproducibility of electrochemical signal amplification via DNA
14 superstructures. The combination of the backfilling approach and the DNA superstructure formation poses a big challenge to
15 reliably reproducing electrochemical signal amplification. In order to use the detection of Hg2+ as a prototype of this new
16 strategy, a thymine-rich DNA probe that is specific to mercury ion was applied in this study. The presence of Hg2+ induces the
17 folding of the DNA probes and inhibits the formation of DNA superstructures. By using electroactive probes ([Ru(NH3)6]

3+)
18 that are electrostatically adsorbed onto the double strands, differential pulse voltammetry (DPV) could quantitatively confirm the
19 presence of Hg2+. A limit of detection (LOD) and a limit of quantification (LOQ) (LOQ) as low as 0.3 and 9.5 pM, respectively,
20 were achieved. Furthermore, excellent selectivity and real sample analysis demonstrated the promising potential of this approach
21 in future applications.

22 The self-assembly of DNAmonolayers on gold electrodes is a
23 topic of great interest for the electrochemical sensor
24 community.1 For more than a decade, the backfilling approach,
25 which entails the shoehorning of an alkanethiol into the void
26 spaces between constituents of a preassembled DNAmonolayer,
27 has become the mainstream.2−4 Despite the tremendous
28 progress achieved in this field, the reproducibility of electro-
29 chemical signals from DNA-modified electrodes still merits
30 further investigation. One concern that prompts additional study
31 is the competitive binding of the alkanethiols and DNA thiol
32 groups to the gold surface, leading to the diffusion of the DNA
33 probes along the surface and the formation of aggregated
34 domains. Consequently, the interprobe distance among the
35 DNAs in the monolayer becomes inhomogeneous, with smaller
36 spacings in the aggregated domains than the average interprobe
37 distance calculated from measurements via the ensemble
38 techniques. The uncontrollable heterogeneity caused by local
39 aggregation5,6 is unfavorable for the reproducibility of the signal
40 amplification via large nano/microstructures; instead, the signal
41 amplification prefers low probe density. To achieve optimal low-
42 probe density and avoid uncontrollable heterogeneity, strict
43 control over experimental operations to construct reproducible
44 electrochemical biosensors is required.
45 Suitable signal amplification in these electrochemical sensors
46 has been achieved through the use of DNA superstructures,
47 which consist of long DNA polymers hybridized from two single
48 stranded DNAs that have partially complementary segments.7

49 When the backfilling approach is used in combination with a
50 DNA superstructure, electrochemical sensors show large electro-

51chemical signal variations. To improve sensor quality in terms of
52hybridization efficiency and reproducibility, a monolayer with
53large void spaces between each DNA probe is required to
54eliminate the steric impedance and electrostatic repulsion
55between each superstructure.8−12 Most recently, monolayers
56formed via the insertion approach, in which thiol moiety-labeled
57DNA is inserted into a loosely packed alkane monolayer, have
58met the above-mentioned requirement and have been system-
59atically investigated by atomic force microscopy (AFM).13 As
60compared with the backfilling approach, DNA probes can be
61inserted into an alkane monolayer at lower surface density,14

62which is highly advantageous for combination with DNA
63superstructures.
64To date, no electrochemical sensor based on the combination
65of the insertion approach and DNA superstructures has been
66proposed. In this study, the distinct features of this concept were
67investigated, using the detection of Hg2+ as a sample case.
68Mercury ions are common heavy metal pollutants in the
69environment, and although toxic to humans, they can be
70consumed by bacteria. Further biological accumulation through
71the food chain imperils human health. Even low concentrations
72in the kidneys, hematopoietic system, or liver can result in serious
73consequences.15−17 Therefore, the establishment of highly
74selective and sensitive methods to detect Hg2+ would be
75significant. Heretofore, the most commonly used techniques
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76 for Hg2+ detection have been atomic absorption spectrometry
77 (AAS),18,19 cold-vapor atomic fluorescence spectroscopy (CV-
78 AFS),20,21 inductively coupled plasma−mass spectrometry
79 (ICPMS),22 inductively coupled plasma−atomic emission
80 spectrometry (ICP-AES),23 and surface-enhanced Raman
81 scattering (SERS)24 sensing. Although these techniques are
82 sensitive and accurate for assaying Hg2+, most rely on costly
83 instruments with time-consuming procedures and are unsuitable
84 for real field analysis. In recent years, although several
85 electrochemical sensors have been constructed and shown to
86 exhibit high sensitivity, their preparations have been based on the
87 backfilling approach.25,26

88 In this study, we exploit a specific thymine-Hg2+-thymine (T-
89 Hg2+-T) coordination: T-rich DNA probes immobilized on a
90 gold electrode via the insertion approach can fold into hairpin
91 structures in the presence of mercury ions, blocking further DNA
92 polymer extension. The decrease in the current observed by
93 differential pulse voltammetry (DPV) can be used to
94 quantitatively determine the presence of Hg2+. The DNA
95 superstructures that grow from the probes on the electrode
96 significantly amplify the change in the current peak. This new
97 protocol for the construction of electrochemical sensors can
98 provide reproducible electrochemical signals. Label-free detec-
99 tion is another advantage for our proposed scenario, which
100 utilizes an electroactive complex ([Ru(NH3)6]

3+) as a signaling
101 molecule that binds to the anionic phosphate backbone of DNA
102 strands via electrostatic force.

103■ EXPERIMENTAL SECTION

104Ma t e r i a l s . 6 -M e r c a p t o - 1 - h e x a n o l (MCH ) ,
105hexaammineruthenium(III) chloride ([Ru(NH3)6]

3+), 4-(2-
106hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES), and
107tris(2-carboxyethyl)phosphine hydrochloride (TCEP) were
108purchased from J&K Scientific, Ltd. and used as received.
109Ethylenediaminetetraacetic disodium salt (Na2EDTA), magne-
110sium chloride hexahydrate, and sodium chloride were purchased
111from Beijing Chemical Co., Ltd. All other reagents were of
112analytical grade. The oligonucleotides were synthesized by
113Sangon Biotech (Shanghai) Co., Ltd. (Shanghai, China) and
114purified by HPLC; their sequences are listed in Table S1,
115Supporting Information. The capture probe was dissolved in
116immobilization buffer (“I-buffer”: 10 mM Tris-HCl, 10 mM
117TCEP, 0.5 M NaCl, pH 7.4) for 1 h before use, to ensure the
118absence of probe dimers. All solutions were prepared with Milli-
119Q water (18.2 MΩ cm−1) from a Millipore system.
120Gel Electrophoresis. All the hairpin oligonucleotides were
121heated to 95 °C for 10 min before use to ensure the absence of
122dimers. Auxiliary DNA 1 (AD1, 2 μM) was incubated with
123Auxiliary DNA 2 (AD2, 2 μM) for 3 h in hybridization buffer
124(“H-buffer”: 10 mM Tris-HCl, 0.5 M NaCl, pH 7.4) before gel
125electrophoresis analysis. The agarose gel concentration was 1%,
126prepared by using 1× TAE buffer. The agarose gel electro-
127phoresis was run at 50 V/10 cm for 30 min, followed by
128visualization under UV light and photography with a digital
129camera.

Scheme 1. Schematic Illustration for Detecting Mercury Ions Based on Electrochemical Signal Amplification by DNA
Superstructures in Combination with (A) the Insertion Approach and (B) the Backfilling Approacha

aThe capture probe forms thymine-Hg2+-thymine complexes in the presence of Hg2+.
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130 Electrode Pretreatment. The gold electrode (2 mm
131 diameter) was successively polished with 1.5, 0.5, and 0.05 μm
132 alumina slurries (Tianjin AidaHengsheng Technology Co., Ltd.)
133 until a mirror surface was formed. Then, the electrode was
134 sonicated in ultrapure water followed by ultrapure water and
135 ethanol (1:1 v/v) for 30 s each to remove the residual Al2O3

136 powder. After this treatment, the gold electrode was immersed in
137 freshly prepared piranha solution (1:3 v/v 30% H2O2/H2SO4)
138 for 10 min and thoroughly rinsed with distilled water. (Caution:
139 piranha solution is highly caustic and must be used with care.)
140 Finally, the electrode was cleaned by electrochemical polishing
141 with 30 successive cyclic voltammetry (CV) scans from +0.2 to
142 +1.6 V vs Ag/AgCl in 0.5 M H2SO4 at 50 mV/s.27−29 The
143 prepared electrode was rinsed with ultrapure water and dried
144 with nitrogen.
145 Sensor Preparation. The capture probe was freshly reduced
146 by mixing 2 μM of the probe with I-buffer for 1 h. For
147 heterogeneous monolayer preparation via the insertion
148 approach, the cleaned gold electrode was immersed in 50 μM
149 MCH solution for the proper time at room temperature,
150 followed by incubation in the DNA probe solution for 16 h at 4
151 °C. Thereafter, the electrode was rinsed thoroughly with the
152 washing buffer (“E-buffer”: 10 mM Tris-HCl, pH 7.4). For the
153 mixed monolayer derived from the backfilling approach, the
154 above process was reversed and the MCH occupied the free
155 interspaces between the DNA probes. The capture probe-
156 functionalized electrode was subsequently incubated with the
157 reaction buffer (50 mM HEPES, 100 mM NaNO3, pH 7.4)
158 containing different concentrations of Hg2+ for 1 h at 25 °C.
159 Then, after rinsing the electrode with the E-buffer, the electrode
160 was incubated with H-buffer containing 2 μM each of AD1 and
161 AD2 for 3 h at 25 °C. The electrode was again rinsed with the E-
162 buffer and dried with nitrogen before using for electrochemical
163 detection.
164 Electrochemical Measurements. For each point in the
165 calibration curve of electrochemical signal versus concentration,
166 four measurements were replicated on the same electrode. We

167incubated the electrode modified with capture probes into the
168reaction buffer containing different concentrations of Hg2+ for 1
169h to form T-Hg2+-T complexes. Then, the electrode was
170incubated in H-buffer containing 2 μM AD1 and AD2 for 3 h
171to assemble the DNA superstructure, followed by a brief rinse
172with E-buffer. The electrode with the assembled DNA
173superstructure was immersed in the E-buffer containing 5 μM
174[Ru(NH3)6]

3+. The electrochemical measurements were per-
175formed on an electrochemical workstation (CH Instruments,
176Inc., Shanghai Chenhua Equipment, China) at room temper-
177ature using a three-electrode system consisting of the
178oligonucleotide-modified gold electrode as the working elec-
179trode, a silver/silver chloride electrode (Ag/AgCl) as the
180reference electrode, and a platinumwire as the counter electrode.
181DPV was carried out in E-buffer within the potential range from
1820.1 to−0.5 V with potential increments of 0.01 V. The amplitude
183and pulse width were both 0.05 V, and the pulse period was 0.1 s.
184Electrochemical Detection of Hg(II) in LakeWater. Lake
185water was collected from Nanhu Park (Changchun, China) and
186then filtered. Hg2+ was spiked into the lake water at different
187concentrations (0, 1, 10, 100 nM) without dilution. The
188electrochemical detection of Hg2+ was then performed in the
189same manner as that used for the buffer samples.

190■ RESULTS AND DISCUSSION

191The maximum contour length of the DNA superstructure
192assembled from two partial complementary DNAs can be more
193than 1 μm.14 Once elongation is initiated on the surface,
194sufficient free space is necessary for successful assembly. The
195traditional DNA probe immobilization approach easily triggers
196aggregation that leads to irreproducible results when combined
197 s1with DNA superstructures. The drawing in Scheme 1 illustrates
198the insertion approach given by pathway A and the backfilling
199approach represented by pathway B.
200DNA Superstructure Characterization via Agarose Gel
201Electrophoresis. The oligonucleotides were heated to 95° for
20210 min before use. Lanes 1, 2, 3, and 4 in the 1% agarose gel were

Figure 1. Optimization of the experimental conditions for the backfilling approach (A, B, and C) and the insertion approach (D, E, and F) at a fixed
concentration of MCH (50 μM). The red and black lines represent the electrochemical signals corresponding to the capture probe and the DNA
superstructure after assembly, respectively.

Analytical Chemistry Technical Note

dx.doi.org/10.1021/ac500029z | Anal. Chem. XXXX, XXX, XXX−XXXC



203 loaded with AD1 (2 μM), AD2 (2 μM), amixture of AD1 (2 μM)
204 and AD2 (2 μM), and a Trans 5K DNA marker, respectively. As
205 shown in Figure S1, Supporting Information, the bands in lanes 1
206 and 2 clearly indicate the absence of high molecular weight
207 constituents. Instead, the lane loaded with the mixture of AD1
208 and AD2 exhibits a continuous broad band that demonstrates a
209 wide distribution of DNA superstructures. Assembly over 3 h
210 allowed DNA superstructure formation with a maximum length
211 above 500 base pairs, which was shown to be sufficient for signal
212 amplification. The experimental conditions adopted for DNA
213 assembly in solution were the same as those used for assembly on
214 the electrode surface. Although the growth of the DNA
215 superstructure in buffer solution concurs with the assembly
216 process on the electrode, it has little influence on the
217 reproducible assembly of DNA superstructures on the gold
218 electrode.
219 Advantage of the Insertion Approach versus the
220 Backfilling Approach. It has long been a concern that MCH
221 addition into the preassembled DNAmonolayer can displace the
222 preexisting DNA probes tagged with thiol moieties and lead to
223 irreproducible results. In the absence of signal amplification, the
224 backfilling approach is good enough for many applications.
225 However, for building a highly sensitive sensor, signal

226amplification is necessary, which entails enough free space
227around the DNA probes to allow the subsequent assembly.
228Furthermore, reproducibility is also another important criterion
229for sensor quality. In our case, a DNA superstructure more than
230100 nm long was assembled on the gold electrode in a way that
231the requisite space between the DNA probes was large enough to
232achieve sufficient length.
233Initially, to find the best conditions for both approaches, we
234fixed the DNA probe concentration at 2 μM and adjusted the
235concentration and the immobilization time for MCH. As shown
236 f1in Figure 1A−C, a more than 30 min immobilization of 50 μM
237MCH that backfilled the interspaces between the preassembled
238DNA probes provided higher electrochemical signal amplifica-
239tion than a 10 min immobilization. The failure to observe a
240distinct change in the peak current before and after DNA
241superstructure assembly meant that a 10 min immobilization
242(Figure 1A) was insufficient to remove the nonspecifically
243absorbed DNA probes. We also utilized 1 mMMCH, which has
244been routinely used in previous studies;14,30−33 the results are
245shown in the Supporting Information (Table S2 and Figure S2).
246Unfortunately, the electrochemical signal amplification (Figure
247S2, Supporting Information) did not appear to increase after
248DNA superstructure assembly. Furthermore, the reproducibility

Figure 2. Reproducibility comparison between DPV signals via (A) the insertion approach and (B) the backfilling approach. Three independent
experiments for each approach were carried out.

Figure 3. (A) DPV curves of various DNA superstructures assembled on the electrode in the presence of different amounts of Hg2+ (from a to f: 0, 10
pM, 100 pM, 1 nM, 10 nM, and 100 nM, respectively). (B) Plots of peak current versus the Hg2+ concentration. Inset is the linear relationship between
the peak current and the logarithm of the Hg2+ concentration. The illustrated error bars represent the standard deviation from four repetitive
measurements.
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249 based on the backfilling approach was much worse than previous
f2 250 expectations would suggest, as demonstrated by Figure 2B.

251 Driven by the impetus to solve the poor reproducibility and
252 worse signal amplification problems posed by the backfilling
253 approach, the insertion approach, which has been shown to allow
254 sufficient space between DNA probes, was very appealing. As
255 shown in Figure 1D, the electrochemical signal amplification
256 corresponding to the difference in the peak currents was the
257 largest with a 10 min immobilization in 50 μMMCH. According
258 to the chronocoulometry method (Figure S3, Supporting
259 Information) under the same experimental conditions, the
260 DNA surface densities with the insertion approach and
261 backfilling approaches are 1.03152 × 1012 and 2.4156 × 1012

262 molecules/cm2, respectively. For longer immobilization times,
263 the efficiencies of DNA probe binding and the subsequent DNA
264 superstructure assembly were significantly suppressed. The
265 number of defect sites after monolayer assembly was critical to
266 the amount of the immobilized DNA probes via the insertion
267 approach. Longer immobilization times (Figure 1E,F) and a
268 higher concentration of MCH (Figure S2D, Supporting
269 Information) were not favorable for this approach. By comparing
270 the two approaches under the same experimental conditions
271 (Figure 2A,B), it can be concluded that the reproducibility of the
272 insertion approach was much superior to the backfilling
273 approach.
274 Electrochemical Detection of Hg2+. The electrochemical
275 detection of Hg2+ was performed by incubating the capture
276 probe-modified gold electrode for 1 h in aqueous solutions of
277 Hg2+ with defined concentrations. After the DNA probes folded
278 into loop structures via the formation of T-Hg2+-T, the electrode
279 was incubated in a DNA solution containing AD1 and AD2. The
280 free DNA probes on the gold electrode acted as seeds to initiate
281 DNA assembly on the surface. The assembly process occurred
282 simultaneously on the electrode and in solution. By using
283 [Ru(NH3)6]

3+ as a signaling molecule that could bind to the
284 anionic phosphates of the DNA strands through electrostatic
285 interactions, the DPV peak current was used to quantitate the

f3 286 Hg2+ concentration. As the Hg2+ concentration increases (Figure
f3 287 3A), the DPV peak current correspondingly decreases. As shown

288 in Figure 3B, the calibration curve at target ion concentrations
289 from picomolar to submicromolar shows a linear relationship
290 between the current peak and the log value of the Hg2+

291 concentration. A limit of detection (LOD) and limit of

292quantification (LOQ) as low as 0.3 and 9.5 pM, respectively,
293could be obtained based on this insertion approach. Although the
294absolute value of the voltage corresponding to the peak current
295was shifted toward to higher value as the Hg2+ concentration
296decreased, this feature did not degrade the quality of our sensor
297that combines the insertion approach and with signal
298amplification via DNA superstructure formation.
299Selectivity of Hg2+ Detection. The specificity of this sensor
300for Hg2+ detection was evaluated using a variety of environ-
301mentally relevant metal ions, including Ca2+, Ba2+, Sr2+, Cu2+,
302Ni2+, Al3+, Fe3+, Cr3+, and Ag+. We first investigated whether
303these metals could individually influence the detection sensitivity
304 f4of Hg2+. As shown in Figure 4A, the peak currents in the DNA
305superstructures showed no change in the absence or presence of
306other metal ions. The other metal ions presented only slight or
307negligible effects on the peak current of this sensor’s detection
308system, indicating its outstanding specificity and selectivity
309(Figure 4B) for Hg2+ against other metal ions.
310Recovery in Sample Analysis. To investigate whether this
311method was applicable to natural samples, we tested lake water
312spiked with three different concentrations of Hg2+: 1, 10, and 100
313nM. Possibly interfering materials present in the lake samples did
314not influence Hg2+ detection via the described method. As shown
315in Table S3, Supporting Information, the recovery of Hg2+ from
316spiked lake water samples demonstrates that the detection of
317Hg2+ in natural waters is quite feasible. Therefore, this sensor
318may be of great value for Hg2+ assays in real sample applications.

319■ CONCLUSIONS

320In this study, we adopted the insertion approach instead of the
321backfilling approach to build up an electrochemical sensor. We
322demonstrated that the insertion approach significantly improves
323the reproducibility of electrochemical signal amplification via
324DNA superstructure assembly. Using the detection of Hg2+ as a
325prototypical example, we demonstrated that DPV could
326quantitatively confirm the presence of Hg2+. LOD and LOQ
327values as low as 0.3 and 9.5 pM, respectively, were achieved.
328Furthermore, excellent selectivity and real sample analysis
329demonstrate the system’s promising potential in future
330applications. Other targets such as small molecules, DNAs, and
331proteins might also be detected by the combination of the
332insertion approach and signal amplification via DNA super-
333structure assembly. Along with our results based on the

Figure 4. (A) DPV curves of various DNA superstructures assembled on the electrode in the presence of different metal ions. (B) Histograms of the
peak currents of DPV curves of DNA superstructures in the presence of different metal ions. The concentration of each metal ion was both 100 nM. The
illustrated error bars represent the standard deviation of four repetitive measurements.
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334 combination of the insertion approach and rolling circle
335 amplification (Figures S4−S7, Supporting Information), we
336 can envision many potential applications of this method beyond
337 the scope of this study, including its integration with other
338 amplification systems that require sufficient spacing.
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