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Electrochemical characterizations of proposed biosensor 

As shown in Figure S1a, the bare gold electrode presented a sharp symmetrical redox 

peak, implying the great electron transfer rate (curve 1). The peak current decreased once 

the electrode was modified with capture probe, which can be attributed to the repulsion 

interaction between negatively charged DNA and [Fe (CN)6]3-/4- (curve 2). MCH modifica-

tion further led to the reduction of current because dense self-assembly layers impeded 

electronic transfer on the surface (curve 3). With the introduction of the target (curve 4) 

and initiator (curve 5), the peak current decreased further. Then, when hairpin H1 and H2 

were introduced, HCR reaction occurred and produced a large number of double-

stranded DNA molecules with negatively charged. The current further decreased (curve 

6). Both the shift of potential and decrease of current in CV results confirmed the success 

of nucleic acid modification. The EIS characterization agreed with the CV results (Figure 

S1b), confirming the successful development of the electrochemical sensor again. The 

Nyquist plots of EIS consisted with the linear segment and the semicircle diameter. The 

former represented the lower-frequency region and the latter represented the higher-fre-

quency region which stood for the electron-transfer resistance (Ret). With the continuous 

immobilization of the capture probe (curve b, 66.7 Ω), MCH (curve c, 147 Ω), target (curve 

d, 700 Ω), initiator (curve e, 1.71k Ω), hairpin H1 and H2 (curve f, 2.08k Ω) in the Au 

electrode (curve a, 45.1 Ω), the Ret values increased continuously which can be explained 

by the fact that the newly generated negatively charged DNA duplexes had a strong hin-

dering effect on electron transfer. The above results proved that the construction of the 

EC-HCR sensor was successful. 



2 

 

 

Figure S1. (a) CV of different nucleic acids modified electrode in 10 mM K3[Fe(CN)6] containing 1 

M KCl. (b) EIS characterization of different nucleic acids modified electrode in 10 mM 

K3[Fe(CN)6]/K4[Fe(CN)6] containing 1 M KCl. (1) bare Au electrode, (2) Capture probe/Au electrode, 

(3) MCH/Capture probe/Au electrode, (4) Target/MCH/Capture probe/Au electrode, (5) Initia-

tor/Target/MCH/Capture probe/Au electrode and (6) Hairpin H1 and H2 /Initiator/Tar-

get/MCH/Capture probe/Au electrode. 

 

 

Figure S2. TEM image of DNA metallization product of silver nanoparticles. 
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Figure S3. (a) The voltammetric responses of the samples without (black line) and with (red line) 

the treatment of Exo Ι in aqueous solution with 0.1 M NaNO3 and 0.1 M NaCl. The electrode was 

modified with the target (1 aM), MCH, and capture probe. Scan rate：0.01 V/s. (b) The contrasts of 

multiple CV peak current without and with the function of Exo Ι. Each one was repeated 3 times. 

Optimization of the detection conditions 

In order to guarantee high hybridization efficiency, we further optimized the capture 

probe density and spatial arrangement. Low concentration of modified capture probes 

reduces the target binding sites, that is to say, affecting the efficiency of target recognition. 

However, the dense nucleic acid probe layer also has an adverse effect on sensing perfor-

mance as it increases the steric hindrance of the probe recognition. Therefore, the density 

of capture probes modified on the electrode surface needs to be optimized. When the con-

centration of the target was set as 2 µM, the peak current of silver solid transition revealed 

that the optimal concentration for the capture probe was 0.05 µM (Figure S4a). The 

chronocoulometric intercept difference (Qtotal and Qdl) represents the excess charge of the 

surface, which can be converted into the density of DNA. According to the calculating 

equation [1], the density of capture probe on the electrode interface was 6.08×1012 mole-

cules cm-2 (Figure S5, Calculation process see supporting information). The time that the 

capture probe incubated with the target was also crucial to the experiment, no matter it is 

too short or too long, both do harm to sensor detection. As shown in Figure S4b, 1.5 h is 

the most suitable time for incubation obviously. The initiator played a connecting role in 

linking the target and hairpin H1 and related to the triggering of HCR. The oxidation cur-

rent reached the maximum at the concentration of 0.5 µM (Figure S4c). The concentration 

and incubation time of hairpin H1 and H2 were also critical for the HCR. As illustrated in 

Figure S4d, the current intensity increased with the increasing concentration of H1 and 

H2 and reached a plateau at 1.5 µM, implying a suitable concentration for downstream 

assays. Figure S4e shows that the electrochemical signals reached saturation when the in-

cubation time of HCR was prolonged to 1.5 h. 
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Figure S4. (a) Optimization of capture probe immobilization concentration. (b) Optimization of cap-

ture probe incubation time. (c) Optimization of initiator concentration. (d) Optimization of hairpin 

H1 and H2 concentration. (e) Optimization of HCR incubation time. 

 

Figure S5. Chronocoulometric plot of MCH/capture probe immobilized on gold electrode in the 

absence (red line) and presence (black line) of 50 µM RuHex. The concentration of capture probe: 

0.05 µM. 
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Figure S6. Stability of electrochemical sensors (Target: 1 nM). 

Calculation process:  

For Chronocoulometric plot: Chronocoulometric experiments can be used to perform 

quantitative calculations of DNA density on the electrode. The DNA surface density can 

be converted from the excess surface charge. The integrated current or charge Q as a func-

tion of time t in the chronocoulometric experiment is given by the integral Cottrell expres-

sion, 
1 2
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The chronocoulometric intercept at time=0 is the sum of the double layer charge and the 

surface excess charge. According to Faraday’s law, the reduced charge of RuHex can be 

expressed as 

ds dl
Ru

Q Q
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The surface excess charge is converted to the surface density of DNA probe under satu-

rated conditions,  

  DNA Ru Az m N    

After the final conversion, we can get the formula 

Γ��� =【 (���-���) (���)⁄ 】(� �⁄ )(��) 

Where n is the number of electrons per molecule reduced. Faraday’s constant (F) is a phys-

ical constant representing the charge carried per mole of electrons and is generally calcu-

lated by taking a value of 96485 C/mol. A is the area of a single electrode. z is the charge 

of the redox molecule and RuHex is 3. m is the number of bases in the probe DNA. Avo-

gadro number (NA) is the thermal constant and is generally calculated by taking the value 

6.022×1023. 

For range and limit of detection: The peak currents of concentration of target ranging 

0.5 fM to 10 pM are shown in the table below. The linear correlation curve is described as 
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y=1.0399 x+0.5314. The slope (S) is 1.0399. When the test solution is blank buffer, the peak 

currents are 0.1422 µA, 0.1463 µA and 0.1466 µA. Standard deviation (N) of blank multiple 

determinations is 0.0025. With the formula LOD=3N/S, limit of detection (LOD) is 7aM. 

The concentration of 

target 

Take the log of the con-

centration of target 
The peak current (µA) 

0.5 fM -0.3 0.1985 0.235 0.2161   

1 fM 0 0.5188 0.7056 0.6555   

10 fM 1 1.0809 0.957 2.0242   

0.1 pM=100 fM 2 2.4274 2.8165 2.6028   

1 pM 3 4.0768 3.1299 3.0347   

10 pM 4 5.8014 3.6246 3.4851 4.5911 5.7617 

Table S1. Comparison with previous literature of similar tests. 

Detection method Analysis method  
The volume of target 

used for the analysis 
Detection range  LOD References 

EC DPV 10 µL 1 fM-10 nM 0.29 fM [2] 

SERS Raman spectra - 0.1 fM-10 nM 0.12 fM [3] 

ECL ECL intensity - 1 fM-1 nM 0.8 fM [4] 

EC DPV - 10 fM-10 nM 1.6 fM [5] 

EC DPV 10 µL 100 fM-100 nM 7.65 fM [6] 

EC DPV - 0.01 pM-500 pM 0.13 pM [7] 

EC 
Amperometric i-t 

curves 
20 µL 0.1 fM-10 nM 36 aM [8] 

EC DPV 10 µL 5 pM-0.5 nM 3 pM [9] 

SERS 
SERS 

spectra 
- 10 fM-1.0 nM 0.3 fM [10] 

EC SWV - 100 aM-1 nM 48 aM [11] 

EC CV 6 µL 0.5 fM-10 pM 7 aM This work 

*Square wave voltammograms (SWV), Differential Pulse Voltammetry (DPV), Cyclic Voltammetry 

(CV), Electrochemiluminescence (ECL), Electrochemical (EC), Surface-enhanced Raman scattering 

(SERS) 

Table S2. Spiked recovery experiments. 

Spiked Measured Recovery RSD 

0.5 fM 0.51 fM 102.0% 4.3% 

1 fM 1.06 fM 106.0% 6.5% 

10 fM 9.57 fM 95.7% 3.8% 

The “Spiked” represented the ctDNA concentration added to the complex matrix solution. 

The “Measured” represented the ctDNA concentration average value (three times) got by the cur-

rent signal and the linear equation. 

The “Recovery” was calculated by “Spiked” and “Measured”. 

The “RSD” was calculated by “Measured”. 

Table S3. All sequences involved in this work. 

Name Sequence (5’-3’) 
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Capture probe HS-(CH2)6 C TAC GCC ACT 

Target 134A allele GTT GGA GCT AGT GGC GTA G [12] 

Initiator AGC TCC AAC AGT CTA GGA TTC GGC GTG GGT TAA [13-15] 

Hairpin H1 
CAA AGT AGT CTA GGA TTC GGC GTG TTA ACC CAC GCC GAA 

TCC TAG ACT [13-15] 

Hairpin H2 
CAC GCC GAA TCC TAG ACT ACT TTG AGT CTA GGA TTC GGC 

GTG GGT TAA [13-15] 

mismatch 1 GTA GGA GCT AGT GGC GTA G [16] 

mismatch 2 GTT GGA GCT AGT GGC CTA G [16] 

mismatch 3 GTT GGC ACT AGT GGC GTA G [16] 

mismatch 4 GTT GGA GCT AGT GTA GTA G [16] 

mismatch 5 GTA CCA GCT AGT GGC GTA G [16] 

mismatch 6 GTT GGA GCT AGT GGT AGA G [16] 
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