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ABSTRACT: The complete formation of stem-loop (i.e., hairpin) configuration on chip surface is of 

particular importance for the application of hairpin DNA (hpDNA) in building biosensors for various 

analytes with optimized performance. We report herein a convenient electrochemical protocol for 

evaluating the yield of hairpin DNA conformations upon self-assembly on electrode surface. As of the 

different hydrolysis capability of Exonuclease I (Exo I) towards single-stranded DNA (ssDNA) and 

hpDNA, we can selectively remove ssDNA from electrode but retain hpDNA strands; based on the 

changes in the cyclic voltammetric (CV) responses using [Ru(NH3)6]3+ as redox indicators, we can then 

determine the fraction of hairpin configurations in mixed DNA self-assembled monolayers (SAMs). It 

was discovered that the molar fraction of hairpin configuration formed on the surface is considerably 

lower than that in the binary deposition solution (containing both ssDNA and hpDNA). The accuracy of 

the Exo I-assisted electrochemical quantitative protocol has been validated by standard DNA 

hybridization experiments; the relationship between the overall DNA packing density and the yield of 

hairpin configurations was also evaluated. More importantly, taking HIV-1 gene detection as a trial 

system, the hpDNA-based biosensor shows significantly improved detection limit and broadened 

response range upon the background reduction by Exo I-catalyzed hydrolysis.  

 

Keywords: Exonuclease I, DNA hydrolysis, hairpin DNA, surface density, HIV-1 gene detection 
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INTRODUCTION 

A hairpin DNA (hpDNA) is a specially designed single-stranded oligonucleotide with 

self-complementary stems, which can fold into a stem-loop (i.e., hairpin configuration) under 

appropriate conditions.1-3 Benefiting from their unique selectivity to target molecules (such as DNA, 

proteins, and small molecules),4-7 hpDNAs have been widely employed as the sensing elements for the 

construction of chip-based biosensors and other molecular devices,8-15 which inclusively rely on 

stimuli-induced conformational switching of substrate-tethered hairpin structures. Therefore, it is 

particularly important to ensure high formation yield of hairpin configurations when immobilizing 

such specially designed DNA probes on surface.  

It has been confirmed that a hpDNA exists either as a curly single strand, a head-to-tail dimer or a 

hairpin configuration in solution.16-18 As a result, the DNA probes with mixed configurations are 

typically obtained upon immobilization on solid substrates. Clearly, such a DNA self-assembled 

monolayer (SAM) with mixed configurations may lead to high background signal, which inevitably 

influence the sensor performance. To solve this issue, efforts have been made to understand the effect 

of different factors, e.g., probe sequence, stem length, and buffer composition, on the formation and 

stability of hairpin configurations.19-23 In addition, different amplification strategies, including enzyme 

assisted methods24-26 and hybridization chain reactions27-31 have been introduced to improve the 

performance of hpDNA-based sensors lately, which do not involve the reduction of background signal 

contributed from ssDNA strands. One of the apparent challenges is the lack of convenient methods for 

quantitatively evaluating the hairpin configurations formed on the substrate surface, i.e., the ratio of 

hairpin to non-hairpin DNA strands, which is a key factor to the optimized sensor performance. 

In retrospect, both cyclic voltammetry (CV) and chronocoulometry (CC) are well-known 

electrochemical methods for measuring the surface density of DNA immobilized on electrode based on 

the responses from electrostatically bound redox cations (e.g., Ru(NH3)6
3+).32,33 However, these 

conventional electrochemical measurements cannot distinguish the different configurations of surface 

tethered DNA strands. It is known that Exonuclease I (Exo I) from E.coli can catalyze the cleavage of 
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ssDNA from 3’-terminus in a highly processive manner but does not show any activity to 

double-stranded DNA (dsDNA).34-36 Owing to this unique property, we envision that Exo I may have 

the capability of differentiating ssDNA from hpDNA strands. Combined with Exo I pre-treatment, CV 

measurements with Ru(NH3)6
3+ may fulfill the function of a quantitation method for the yield of hairpin 

configurations. More importantly, the pretreatment with Exo I should be also effective in reducing the 

background signal (vide supra).  

In this work, we demonstrate an Exo I hydrolysis-assisted electrochemical method (i.e., CV 

quantitation protocol) for determining the ratio of hairpin configurations in a mixed DNA SAM on 

electrode. By comparing the amount of DNA nucleotides tethered on electrode (based on the integrated 

charge of reducing surface bound [Ru(NH3)6]3+) before and after Exo I-catalyzed cleavage, the ratio of 

hairpin configuration can be determined accurately. Meanwhile, we have carried out standard DNA 

hybridization experiments (i.e., selective hybridization with short DNA strands) to validate the 

accuracy of the Exo I-assisted electrochemical quantitative protocol. Particularly, we have shown that 

the DNA surface density directly affects the yield of hairpin configurations, and that the reduction of 

background signal indeed improves the hpDNA-based sensor performance (for which the detection of 

HIV-1 gene was adapted as a trial system).  

 

EXPERIMENTAL SECTION  

Materials and reagents. Tris (hydroxymethyl)-aminomethane (Tris), tris 

(hydroxymethyl)-aminomethane hydrochloride (Tris-HCl), and 6-mercapto-1-hexanol (MCH) were 

ordered from Sigma-Aldrich (St. Louis, MO, USA). Hexaammineruthenium (III) chloride 

(Ru(NH3)6Cl3, 98%), tris-(2-carboxyethyl) phosphinehydrochloride (TCEP), silver nitrate (AgNO3), 

and methyl aldehyde were purchased from Acros (Brussels, Belgium). Exonuclease I (Exo I) was 

obtained from the Takara Biotechnology Co., Ltd. (Dalian, China). Horseradish peroxidase 

(HPR)-labeled streptavidin and 3, 3’, 5, 5’-tetramethylbenzidine (TMB) were purchased from SeraCare 

(Gaithersburg, MD, USA) in the format of a ready-to-use reagent kit (H2O2 included; Lot No. 

10134980). Other general chemicals such as sodium chloride (NaCl), magnesium chloride hexahydrate 
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(MgCl2⋅6H2O), sodium carbonate anhydrous (Na2CO3), sodium thiosulfate pentahydrate 

(Na2S2O3⋅5H2O), sulfuric acid (H2SO4, 95–98%), absolute ethanol (C2H5OH, ≧99.7%), and nitric acid 

(HNO3, >90%) were purchased locally from Beijing Chemical Reagent Co. (Beijing, China). 

All oligonucleotides (sequences listed in Table 1) were synthesized by Sangon Biotechnology Inc 

(Shanghai, China) and purified with HPLC. Their stock solutions (100 μM) and all buffer solutions 

were prepared with deionized water (≥18.2 MΩ cm) produced from a Barnstead Easypure System 

(Thermo Scientific Inc., Dubuque, USA).  

 

Table 1. Oligonucleotide sequences of hpDNA and ssDNA probes employed in this work.  

 

DNA strand Sequence 

hpDNA-16 
HS(CH2)6O-5’- ACA CGC TCA CTA TGA GAA ACA GCT GGA AAC 

CGC TCA TAG TGA GCG TGT -3’ 

ssDNA-48 
HS(CH2)6O-5’- GAC TAA AAG ATA TGA GAA AGA GTC CGT CGA 

GAG GTC TAG TGA GCG TGT -3’ 

hpDNA-16-T 
5’- ACA CGC TCA CTA TGA GCG GTC TGC AAG TGT TTC TCA TAG 

TGA GCG TGT -3’ 

hpDNA-6 
HS(CH2)6O-5’- GCG AGC CTG GGA TTA AAT AAA ATA GTA AGA 

ATG TAT AGC GCT CGC -biotin -3’  

HIV-1 5’- GCT ATA CAT TCT TAC TAT TTT ATT TAA TCC CAG -3’ 

Target-10 5’- ACA CGC TCA C -3’ 

 

Polyacrylamide gel electrophoresis (PAGE) assay. A 20% native polyacrylamide gel was 

prepared to examine the hydrolysis behavior of Exo I towards solution-dispersed DNA strands with 

different configurations. For each lane of the gel, 10 μL of DNA sample (1.5 μM) was loaded. 

Electrophoresis was carried out at 100 V for 90 min at room temperature in 1×TB buffer (89 mM 

Tris–borate, pH 8.3). Afterwards, the gel was immersed in a freshly prepared stain-all solution 
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(containing 0.3 g of silver nitrate, 200 μL of formaldehyde, 200 mL of H2O) for 30 min. Subsequently, 

the gel was incubated in the developer solution (4.5 g of sodium carbonate anhydrous, 200 μL of 

formaldehyde, 40 μL of sodium thiosulfate of 10 mg/ml, 200 mL of H2O) for 5 ~ 10 min. After washing 

with distilled water for three times, the PAGE results were photographed using a digital camera (Nikon, 

D7100).  

Preparation of DNA-modified gold electrodes. Gold disk electrodes (2.0 mm in diameter) were 

polished with 0.3 μm Al2O3 powder and carefully rinsed with deionized water and ethanol (three times 

each), respectively. Afterwards, they were electrochemically cleaned in 1.0 M H2SO4 solution by 

cycling the potential between -0.2 and 1.6 V (vs. Ag|AgCl) until a stable CV was obtained. The cleaned 

electrodes were rinsed thoroughly with deionized water and blown dry with high-purity N2. The 

thiolated DNA (freshly prepared) of different concentrations in 10 mM Tris coupling buffer (containing 

150 mM NaCl, 50 mM MgCl2, pH = 7.4) were heated to 80 °C for 5 min followed by slowly cooling to 

room temperature (25 °C). The cleaned electrodes were immersed in 100 μL of thus-prepared thiolated 

DNA solution for 4 h. After immobilization, the electrodes were rinsed with 10 mM Tris buffer, and 

then incubated in 1.0 mM MCH for 1.0 h, and thoroughly rinsed with 10 mM Tris buffer prior to 

electrochemical measurements. For HIV-1 gene detection, the electrodes modified with biotinylated 

stem-loop probes (hpDNA-6) were first incubated with HPR-labeled-streptavidin (5.0 μg/mL) for 10 

min at room temperature. After removing the nonspecifically adsorbed HRP through washing with 

deionized water, the electrodes were then examined through amperometric measurements.  

 Exo I-assisted DNA hydrolysis. The stock Exo I solution (1.25 U/μL, unless otherwise stated) 

was prepared in a buffer of 67 mM glycine-KOH (pH 9.5), 67 mM MgCl2 and10 mM DTT. For DNA 

hydrolysis in solution, 2.0 μL of 10 μM DNA (ssDNA, dsDNA, and hpDNA) were added into 18 μL of 

the Exo I solution and incubated at 37 °C for 30 min. For surface experiments, the DNA-modified gold 

electrode was immersed in 80 μL of the Exo I solution at 37 °C for 3 h (unless otherwise stated). 

Electrochemical characterization. CV and amperometric measurements were performed at room 

temperature with a Zahner Zennium electrochemical workstation (Kronach, Germany) with a 

conventional three-electrode cell consisting of an Ag|AgCl (3.0 M NaCl) reference electrode, a 
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platinum wire counter electrode, and a gold working electrode (modified with DNA strands as 

described above). All CV measurements were performed in 10 mM Tris buffer (pH 7.4) containing 5.0 

μM [Ru(NH3)6]Cl3. The electrolyte solutions were deoxygenated with N2 for 12 min in advance and 

kept under N2 atmosphere throughout the measurements. The cathodic peak of the first scan was 

integrated to estimate the amount of DNA on the electrode.33 The amperometric detection using TMB 

as the redox indicator was performed at a fixed potential of -100 mV (vs. Ag|AgCl) and a steady state 

was reached and recorded within 300 s.  

 

RESULTS AND DISCUSSION  

Exo I-assisted cleavage of DNA strands in solution. As mentioned above, Exo I can cleave 

ssDNA progressively and does not show any activity towards double-stranded DNA (dsDNA) in 

solution.34-36 We have recently investigated the Exo I-assisted hydrolysis of DNA self-assembled 

monolayers (SAMs), and demonstrated that it can cleave surface-tethered ssDNA (independent of 

packing density and base sequences) as well.37 As “control” experiments, we have run polyacrylamide 

gel electrophoresis assays (PAGE) to examine the hydrolysis behavior of Exo I towards 

solution-dispersed DNA strands with different configurations (i.e., ssDNA, dsDNA, and hpDNA). As 

shown in Figure 1, the clear band observed in Lane 1 is ssDNA-48 without Exo I treatment. The 

original band essentially disappeared in the presence of Exo I (1.25 and 1.5 U/μL; lanes 2 and 3), 

confirming that solution-dispersed ssDNA strands can be hydrolyzed completely with Exo I. The bands 

observed on lane 4 to lane 7 are corresponding to dsDNA; these bands did not change at all with the 

same amounts of Exo I added, indicating that Exo I does not show any activity towards dsDNA. More 

importantly, the bands corresponding to hpDNA-16 (lane 7 to 10) also remain unchanged when Exo I 

was added at an even higher concentration (2.0 U/μL). The reason why Exo I cannot hydrolyze 

hpDNA-16 strands is attributed to the protection effect from the dsDNA-like complementary stems 

(ΔG = - 21.07 kcal/mol).38 These PAGE results confirmed that Exo I indeed has the ability to 

differentiate ssDNA from hpDNA strands in solution.  

 Exo I-assisted electrochemical protocol for quantifying surface-tethered hpDNA. Based on 
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the different hydrolysis behavior of Exo I towards ssDNA and hpDNA, we explored the feasibility of 

using CV measurements in the presence of 5.0 μM [Ru(NH3)6]3+ under low ionic strength (10 mM Tris 

buffer) to quantitate the ratio of hairpin configurations in mixed hpDNA-16/ssDNA-48 SAMs on gold. 

Such a convenient electrochemical quantitation method has been validated previously for determining 

the surface density of DNA strands immobilized on electrode surface, which is based on the integrated 

charge corresponding to the reduction peak of electrostatically bound [Ru(NH3)6]3+, while the 

contributions form solution diffused species minimized.33 

With the above-mentioned protocol, we systemically evaluated the molar fraction of the hairpin 

confirmation formed in the mixed hpDNA-16/ssDNA-48 and hpDNA-16 SAMs on gold. Figure 2 

shows representative CV curves of surface-tethered DNA strands with distinct configurations (right 

insets). At first, clear-cut, near symmetric CV peaks for the [Ru(NH3)6]3+/2+ redox process on as-formed 

DNA SAM-modified gold electrode were all observed. Upon Exo I-assisted hydrolysis, the CV peaks 

for electrodes modified with ssDNA-48 eventually vanished (Figure 2a); in contrast the CVs for 

electrodes modified with hpDNA-16 strands shown in Figure 2c are relatively stable besides 

differences in the capacitive currents. It is important to notice that for a mixed ssDNA-48/hpDNA-16 

film (Figure 2b), we have observed significant decrease in the redox peaks; however, they are still 

distinct upon the Exo I-assisted hydrolysis. Considering the fact that Exo I does not show any activities 

towards hpDNA-16 in solution, we believe that the decrease in the redox peaks corresponds to the 

amount of ssDNA strands on the surface. The fraction of ssDNA-48 and hpDNA-16 strands (of hairpin 

conformation) on the electrode surface, therefore, can be calculated based on:  

χss = [(Qint − Qfin)/0.7] / Qint ×100%                                                       (1) 

χhp = [Qint − (Qint − Qfin)/0.7] / Qint ×100%                                             (2) 

 

where Qint and Qfin are the integrated charges before and after the Exo I catalyzed hydrolysis, 

respectively. The value of 0.7 is the hydrolysis efficiency of Exo I toward surface-immobilized ssDNA 

with 48 mer, which was determined by the length of DNA fragments after Exo I-assisted hydrolysis.37 
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The relationship between the molar ratio of surface-tethered hpDNA-16 and that in the binary 

deposition solution is shown in Figure 3. While the fraction of hpDNA-16 on surface increases 

monotonically with its increased concentration in solution, it is evident that the surface composition is 

different from that in solution. Particularly, the fraction of hpDNA-16 on surface is substantially less 

than that in the deposition solution, indicative of higher affinity of ssDNA towards gold surface in 

comparison with hpDNA. The fact that a hpDNA has a loop conformation may lead to a sluggish 

kinetics when competes with unstructured DNA single strands.39-41 

To confirm the above obervations, we have carried out DNA hybirdization experiments to 

quantitate the hairpin ratio of surface-confined hpDNA-16/ssDNA-48 SAMs (Supporting Information, 

Figure S2 and S3). Particularly we have chosen a short DNA strand (Targrt-10, with 10 nucleotides) 

that can hybridize with the ssDNA-48 strands and should not open the hairpin configurations 

(hpDNA-16). In this case, the amount of ssDNA-48 strands on surface can be determined from the 

increase in the CV peaks when measrued with [Ru(NH3)6]3+. As shown in Figure 4, the fractions of 

hairpin configurations of surface-confined hpDNA-16/ssDNA-48 SAMs measured by the DNA 

hybirdization method are consistent with those determined by the Exo I hydrolysis approach decribed 

above. The best liner fit to the correlation plot between the two sets of data yeilds a slope of 1.00 with a 

R2 value of 0.990, which further validates the Exo I assisted electrochemical method for the 

quantitation of hpDNA configurations on surface. The other important finding is that even with only 

hpDNA-16 strands in solution, the assembled surface only contains 76 ± 4% hpDNA-16 hairpins (as 

evidenced in both Figure 3 and Figure 4); the exact reason certainly deserves further investigations, but 

we suspect that the assembly process may induce the restructuring of these hairpin conformations. 

Another important factor we should consider is the overall surface density of DNA strands on retaining 

hpDNA conformations; we therefore, systematically studied the correlation between the fraction of 

hpDNA strands and the overall surface density. To be more related to sensor applications we have 

chosen a hpDNA with 6 complementary stem (hpDNA-6). As shown in Figure 5, we have observed a 

clear decrease in the surface fraction of hpDNA-6 when the total surface density increases. For probe 

densities below ∼2×1012 molecules/cm2, the hairpin yields can reach as high as 90% (consisent with 
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the results presented above). As the DNA strands pack more densely, their hairpin yield decreases 

remarkably; for a high surface density (e.g., 15×1012 molecules/cm2), it decreases to be as low as 11%.  
 Exo I-assisted background reduction for improved HIV-1 gene detection. The consistency of 

the above experiments to validate the Exo I-assisted electrochemical quantitation of hpDNA 

configurations on surface encouraged us to apply these findings in a practical sensor setting, i.e., the 

detection of HIV-1 gene with hpDNA probes.42,43 Additonal fluorescence spectroscopy experiments 

revealed that hpDNA with a 6-complementary stem shows the best performance to HIV-1 gene targets 

(Supporting Information, Figure S4). As described above, the fraction of hpDNA configuration can 

only reach 90% even at at low overall probe density, indicating that hpDNA-based biosensors are 

inevitably accompanied with high background signals generated by non-hairpin configurations. 

Therefore, it is of great significance to eliminate the influence of non-hairpin configurations in order to 

improve their detection performance. To demonstrate the background reduction effect of Exo I-assisted 

hydrolysis, we fabricated hpDNA-6-based sensors for HIV-1 gene detection and employed 

amperometric measurements to test their perfromance with and without background reduciton. As 

shown in Scheme I, hpDNA-6 strands dually labeled with a thiol and a biotin moiety at the 5’- and 

3’-end were immobilized onto the gold surface; the transducion of electrochemical signals relies on the 

binding of streptavidin-horseradish peroxidase (HRP) conjugates, which in turn catalyzes the reduciton 

of H2O2 in the presence of TMB. Initially, the immobilized hpDNA-6 probe was in the “closed” state 

(hairpin conformation) in the absence of HIV-1 gene, which shielded biotin from being approached by 

rather bulky streptavidin-HRP conjuates due to the steric effect (Scheme Ia). After hybridization, the 

loop sequence formed a rigid duplex with the HIV-1 target, thus relocating the biotin away from the 

electrode surface to allow for the binding of streptavidin-HRP conjuates (Scheme Ic). However, the 

existence of ssDNA on the surface can allow the binding of streptavidin-HRP conjuates in the absence 

of HIV-1 gene, thus leading to high background signal (i.e., causing false postive responses). We 

envision that the introduction of Exo I can effectively reduce the background signals by cleaving 

ssDNA strands. 

In Figure 6, we have shown the amperometric responses of such a sensor before (a) and after (a′) 

Exo I-assisted background reduction. As particularly shown in Figure 6(a) as the dashed line, the 

background current (i.e., without the presence of HIV-1 targets) decreased significantly. In both cases, 

the steady state current obtained increases upon adding different concentrations of the HIV-1 targets (as 

listed in the corresponding plot), which are depicted in the plots of ΔI (difference between sample and 
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background currents) as function of the target DNA concentrations (Figure 6b, 6b′). These working 

(calibration) curves are unfortunately not linear, but show impressive sensitivities at low concentration 

ranges (< 10 nM). To better illustrate the detection limits and dynamic response ranges, in Figure 6c 

and 6c′ we have plotted ΔI value with respect to the logarithm of the target DNA concentration. Without 

the background reduction, the plot exhibits a linear correlation from 10 pM to 50 nM with a R2 value of 

0.992. Meanwhile, the linear response range upon Exo I-assisted background reduction is from 100 fM 

to 10 nM with a R2 value of 0.998. The detection limit without and with Exo I-catalyzed hydrolysis 

were calculated to be 18 pM and 150 fM, respectively, according to the “3σ/b” rule (where σ is the 

standard deviation of the y-intercept of the regression line and b is the slope with appropriate 

propagation of experimental uncertainties).44  
 

Table 2. Comparison of various assay methods for the detection of HIV-1 gene. 

 

Detection method  LOD Response range Ref. 
Fluorescence 3 nM 7 nM-80 nM  42 
Fluorescence 0.29 nM 5 nM-100 nM 43 
Square Wave 
Voltammetry 10 pM 20 nM-100 nM 45 

Differential Pulse 
Voltammetry 5 nM 40 nM-2.56 μM 46 

Electrochemical 
Impedance Spectroscopy 

30 pM 100 pM-300 nM 47 
Differential Pulse 

Voltammetry 1 pM 1.5 pM-50 pM 48 

Amperometry 18 pM 10 pM-50 nM This study without Exo I

Amperometry 150 fM 100 fM-10 nM This study with Exo I 
 

As mentioned above, the detection of HIV-1 gene has been extensively investigated in the past two 

decades due to its practical importance in the early detection of Acquired Immunodeficiency Syndrome 
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(AIDS). In Table 2, we have listed the detection performance of our hpDNA-based HIV-1 sensors for a 

direct comparison with previous spectroscopic and electrochemical studies.42-43,45-48 We note that 

without the Exo-I assisted background reduction, both the detection limit and the dynamic response 

range are comparable with other hpDNA-based HIV-1 electrochemical sensors, and slightly better than 

those fluorescence detection.42,43 Upon introducing Exo I-catalyzed hydrolysis to reduce the 

background signals from ssDNA strands, the hpDNA-based biosensor shows a much  better detection 

performance with a lower detection limit (150 fM) and a broad linear response range (100 fM −10 nM).  

It should be emphasized that the hpDNA sensors we have examined above for the HIV-1 gene 

detection is merely a trial system to demonstrate the effect of Exo I-assisted background reduction. The 

capability of our convenient electrochemical quantitation in conjunction with Exo I hydrolysis-assisted 

conformational differentiation is unlimited; in principle any other DNA sensor constructs (e.g., folded 

aptamers, G-quadruplexes, i-motifs, and three-way/four-way junctions) can be readily improved by 

introducing Exo I-catalyzed hydrolysis to remove the unwanted DNA single strands. 

 
CONCLUSION 

In summary, we developed a convenient Exo I hydrolysis-assisted electrochemical protocol to 

evaluate the yield of hairpin configurations upon the immobilization of DNA probes on electrode 

surface. Particularly, the combined Exo I-assisted hydrolysis and DNA hybridization experiments have 

validated that the ratio of hairpin configuration formed on the surface is appreciably lower than that in 

the binary assembly solution, which significantly decreases upon increasing the overall probe density 

on the surface. More importantly, it was demonstrated that the background signal caused by 

non-hairpin DNA strands can be reduced by Exo I-catalyzed hydrolysis, thus improving the detection 

performance for hpDNA-based sensors; in particular the sensor for HIV-1 gene detection adapted as 

the trial system shows a 120-fold improvement in the detection limit. It should be emphasized that the 

developed electrochemical quantitation protocol in conjunction with the background reduction with 

Exo I assisted hydrolysis can be adapted to many other biosensors with designed DNA constructs to 

achieve their optimized performance.  
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Figure 1. Native PAGE of different DNA strands after Exo I hydrolysis for 30 min at 37 °C. The gel 

was stained with silver nitrate for visualization. Lane 1 to 3: 10 µM ssDNA-48 treated with Exo I (0, 

1.25, and 1.50 U/μL, respectively); Lane 4 to 6: 10 µM dsDNA with Exo I (0, 1.25, and 1.50 U/μL, 

respectively); Lane 7 to 10: 10 µM hpDNA-16 with Exo I (0, 1.25, 1.50, and 2.00 U/μL, respectively). 
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Figure 2. Representative CV responses of gold electrodes modified with (a) ssDNA-48, (b) 1:1 ratio of 

hpDNA-16 and ssDNA-48, and (c) hpDNA-16, in 10 mM Tris buffer in the presence of 5.0 μM 

[Ru(NH3)6]Cl3 before and after hydrolysis with 1.25 U/μL Exo I for 3 h at 37 °C. The right insets show 

the schematic configurations of DNA-modified electrodes, respectively.  
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Figure 3. Molar fraction of surface-tethered hpDNA-16 as function of the solution composition. The 
solid line is to guide the eyes only, and the error bars are standard deviations from three replicated 
experiments. 
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Figure 4. Correlation between the molar fractions of surface-tethered hpDNA-16 measured by Exo I 

hydrolysis and DNA hybridization. The solid line shows the best linear fit to the experimental data. 
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Figure 5. Molar fraction of surface-tethered hpDNA-6 as function of the overall surface density. The 

error bars represent standard deviations determined from three replicated experiments. The solid line is 

to guide the eyes only.  
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Scheme I. Schematic view of Exo I hydrolysis-assisted hpDNA biosensors. (a) hpDNA- based sensor 

in the presence of ssDNA strands. (b) Exo I catalyzed hydrolysis of ssDNA strands that are accessible 

of HRP binding to reduce background signal. (c) Upon hybridization with HIV-1 gene, the formation of 

duplex make the biotin accessible for HRP binding, which catalyzes the electrochemical reduction of 

hydrogen peroxide. 
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Figure 6. Amperometric response for different concentrations of HIV-1 targets without (a) and with (a′) 

Exo I catalyzed hydrolysis. (b) and (b′) show ΔI (difference between signal and background current) as 

function of the target DNA concentrations. (c) and (c′) show the plots of linear relationship between the 

ΔI values with respect to the logarithm of the target DNA concentration. The solid lines are the linear fit 

of the experimental data, the R2 values equal to 0.992 and 0.998 for (c) and (c′), respectively. Error bars 

represent standard deviations obtained from three independent experiments. 
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