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Abbreviations

qRT-PCR―quantitative real-time polymerase chain reaction

ECL―electrochemiluminescence

1.  LncRNA Sequences used

1.1. LncRNA TROJAN:  

5'-TGT TCA CAC TCA ACT GAC CTT CAG ACT CTC CCT TTC AGG GGA 

GAT CTC AT-3'

We blasted the LncRNA TROJAN fragment to ensure that it specifically matches 

with the triple negative breast cancer.

1.2. Four gene fragments used in the study on selectivity: 

5'- ATT TGG AGG ATA ACT CCC AGC TAG AAA GGA AGA AAA GCT CTA 

AAG TGG AAT CGC CTT CCC CC GG AAG CTG TTG TAA AA -3'             

(L1)

5'- ACT GTT TCT CCG GAC GCT GGA CGC TGC CCG CGT GTT TGG TCT 

CTC CGC CG -3'                                                    

(ANCR)

5'- TGC CAG CCT CAG CTT AAT CCA GGA GAC AAA GAT TAT TTT CCT 

TAT TAT CTC TTC TGC ATA GGA TCT GCA ATC AGA ACT ATT GAA CTT 

CTC CAT TCA GAC CGC CAC TCA CAC CTA TGG GAA AAG GGT AAT GTA 

TCA TCG GCT TAG CAA CAG GGA -3'                                     

(UCA1)

5'- GTT TCA TGG TAG TGC AGA AGA ATT GAA GCT CAA TAG AAG AAG 
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AAC CAC GA -3'                                                   

(BCRT1)

2.  Optimization of sensor performance

Figure S1. Photocurrent responses at the pTTh/Cu2O electrode (A) in different 

electrolyte solutions and (B) in PBS solutions, (a) air-equilibrated without glucose 

added; (b) air-equilibrated with 0.5 M glucose; (c) deaerated solution without glucose 

added, and (d) deaerated with 0.5 M glucose. Photocurrent responses (C) in PBS 

solutions containing different glucose concentrations and (D) in a PBS solution 

containing 0.05 M glucose at different applied potentials.

In panel A, among the solutions examined, the photocurrent is the highest in PBS. 

We compared the photocurrent responses in air-equilibrated and dearated PBS 

solutions with and without added glucose (panel B). In the air-equilibrated, glucose-

containing solution, the current is almost the same as that in the deaerated solution 
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without glucose. Thus, the addition of glucose obviates the necessity of deaeration. 

Panel C shows that 0.05 M glucose is optimal for producing the highest photocurrent. 

Dissolved oxygen in the PBS electrolyte solution acts as an electron acceptor to 

capture the photoelectrons generated from the photoelectrodematerial:

O2 + 4H+ + 4e- = 2H2O                                            (1)

The following side reaction generates H2O2, which could react with ascorbic acid or 

even the electrode materials:1 

O2 + 2H+ + 2e- = H2O2                                              (2)

When the external voltage is applied to the heterojunction, the current-potential 

relation can be described by the Shockley equation: I = I0[exp(qV/kT) 1]. The 

applied potential is proportional to the current at a low bias voltage V. However, at a 

high bias voltage the junction could break down. As shown in panel D, the 

photocurrent intensity is the largest when the applied external voltage is 0.10 V. 

However, the electrode surface became partially discolored under an external voltage 

of 0.15 V, indicating that there is a breakdown of the heterojunction. 

Therefore, an external voltage of 0.10 V (vs. Ag/AgCl) was used.

3. Representative functional groups at a MPA-covered pTTh/Cu2O electrode 
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Figure S2. A FT-IR spectrum of a MPA-functionalized pTTh/Cu2O electrode.

Figure S2 shows broad and scattered stretching vibration peaks in the region of 

36003000 cm1. The stretching vibration of C=O (C=O) is affected by hydrogen 

bonding, and C=O shifts to a low wave number at about 1567 cm1. The C-O 

stretching vibration of carboxylic acid exhibits a prominent peak at approximately 

1186 cm1, while the  deformation vibration displays two distinct absorption 

peaks around 1403 cm1 and about 990 cm1. These findings confirm that MPA has 

strongly adsorbed onto the pTTh@Cu2O heterojunction. Further analysis reveals that 

the C-H bending stretching vibration absorption peak on the substituted thiophene 

ring appears at about 1048 cm1, and the C-S stretching vibration peak2 is at about 

895 cm1. The vibration peaks of the middle thiophene ring at about 618 cm-1 and 

about 562 cm-1 are the C-H out-of-plane bending vibration peaks on the 2,5-

disubstituted and 2-substituted thiophene rings. In addition, the peak at about 618 cm-1 

is sharp and strong, indicating that the polymerization of the triple thiophene mainly 

occurs at 2 and 5 positions. The torsion angle between the thiophene rings is the 
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lowest.3 This structure tends to be more planar and the resulting polymer has a high 

degree of regularity and conjugation. 

4. The active surface area measured voltammetrically 

The electrochemically active surface area (ECSA) of pTTh/Cu2O was estimated 

using the two equations below according to the literature.4, 5 

  C dlJ C

where Jc is the double-layer charging current density and Cdl represents the double 

layer capacitance and ν represents the scan rate. The experiment was performed in 0.5 

M Na2SO4. Voltammograms were collected in a non-Faradaic region at the following 

scan rates: 0.080, 0.060, 0.040, 0.020, 0.015, and 0.010 V/s. Plotting Jc as a function 

of ν yields a straight line with slope equal to Cdl. 

Figure S3. (A) Cyclic voltammograms of pTTh/Cu2O were collected at different scan 

rates in a region free of faradaic currents. (B) The cathodic charging currents at 0.16 

V were plotted against the scan rate.

The ECSA of pTTh/Cu2O can be calculated by dividing Cdl by the specific 
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capacitance as shown in the equation below.

   (2)dl

S

ESCA
C
C



The ECSA of pTTh/Cu2O was calculated based on Cdl measured and the Cs value 

from the literature, which are 72.72 μF/cm2 and 40.00 µF/cm24, 6, respectively. Thus, 

the ECSA is 1.81 cm2. The geometric area of our electrode was 1.5 cm2. Thus, 

covering Cu2O with pTTh has augmented the active surface area of the heterojunction.  

5. Mott-Schottky measurements

Figure S4. Mott-Schottky plots of (A) Cu2O and (B) pTTh.

Mott-Schottky (M-S) measurements were conducted in 0.5 M Na2SO4 solution at 

500 Hz. The relationship between the flat band potential and the semiconductor 

capacitance is described as follows:

FB2

0

1 2

d

kT
V V

q N qC  
 

   
      (3)
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where C denotes the capacitance at the semiconductor surface, ε the semiconductor’s 

dielectric constant, ε0 the vacuum permittivity, Nd the carrier density, V the applied 

potential, VFB the flat band potential, and kT/q the temperature-dependent expression. 

The slope is indicative of the type of semiconductor, with positive and negative 

slopes of straight lines corresponding to n-type and p-type semiconductors, 

respectively. Both slopes of Cu2O (1.48×1011) and pTTh (1.53×109) are negative, 

confirming that both are p-type semiconductors.4, 6 

6. Electrochemical impedance spectroscopic (EIS) measurements  

Table S1. EIS results of the pTTh/Cu2O heterojunction 

Frequency (Hz) Rt (Ω/cm2) Cdl (μF/cm2)

pTTh 10001 2.6 6.12

Cu2O 1777 10.5 1.51

pTTh/Cu2O 1221 50.5 2.58

7. Linear sweep voltammetry 
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Figure S5. Linear sweep voltammograms of (A) pTTh, (B) Cu2O, and (C) 

pTTh/Cu2O. Comparisons of the three materials (D) without illumination and (E) with 

illumination.
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Figure S6. IPCE of pTTh/Cu2O measured in 0.5 M Na2SO4.

8. Incident photon-to-current conversion efficiency (IPCE) 

 IPCE measurements were conducted at a bias of 0.67 V (Ag/AgCl). The IPCE is 

defined by the following equation: 

  (4) 1240
I PCE 100%

J
P


 

where λ is the incident light wavelength and P the incident light power density. The 

IPCE values of pTTh/Cu2O are greater than 13% (480 nm) across the wavelength 

range studied. At 360 nm it is even up to 32%, which is higher than those reported by 

other papers.7 Thus, the IPCE is enhanced by the heterojunction.

 9. Performance comparisons with other detection methods
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 10. Electrode functionalization 

Figure S7. (A) Photocurrent-time responses and (B) steady-state photocurrents at (a) 

pTTh/Cu2O, (b) MPA-covered pTTh/Cu2O, (c) probes immobilized onto the MPA-

covered pTTh/Cu2O and (d) lncRNA TROJAN (10-3 μmol∙L-1)/probe/MPA-covered 

pTTh/Cu2O.

The electrode functionalization process was evaluated. pTTh@Cu2O/ITO shows 

a high photocurrent response signal (curve a). The photocurrent at an MPA-

Table S2. Comparison of different lncRNA detection methods
ReferencesMethod Detection limit Linear range Target

this work PEC 6.64×10-14 M 10-8 10-13 M lncRNA TROJAN
8 Fluorescence 1.7×10-15 M 10-14  10-12 M lncRNA HOTAIR
9 DPV Not mentioned 10-12  10-7 M lncRNA HOTAIR
10 qRT-PCR 2.0×10-17 M

2.0×10-17 M

5.0×10-17 M

Not mentioned 

Not mentioned 

Not mentioned

lncRN AHOTAIR 

lncRNA HOTTIP  

lncRNA H19
11 Fluorescence 3.2×10-17 M 10-6  10-11 M lncRNA MALAT1
12 Fluorescence 8.7×10-19 M 10−18  10−10 M lncRNA MALAT1
13 DPV 4.3×10-14 M 10-8  10-14 M lncRNA MALAT1 
14 Fluorescence 6 .0×10-14 M 10-12  10-7 M lncRNA HULC
15 Chronopotentiometry 5.0×10−15 g/L 5.0×10−15  10−6 g/L lncRNA HOTTIP 
16 qRT-PCR 1.96×10−12 g 10−10  10−7 g lncRNA-ATB
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pTTh@Cu2O/ITO decreases due to adsorption of MPA to pTTh@Cu2O, likely 

through hydrogen-bonding (curve b). The probes were affixed on the electrode 

surface via amide bond formation between the amino groups on the probe and the 

carboxyl groups of MPA (curve c). The duplex formation between the probe and 

lncRNA TROJAN leads to a further decrease of the photocurrent (curve d).
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