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perylene tetracarboxylic acid as platform 3 

Liu Yang, Xia Zhong, Liaojing Huang, Hanmei Deng, Ruo Yuan and Yali Yuana* 4 
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Southwest University, Chongqing 400715, China 7 

Abstract 8 

Herein, a novel signal-off photoelectrochemical (PEC) aptasensor was proposed for 9 

sensitive detection of thrombin on the basis of C60@C3N4 nanocomposites as 10 

quencher and Au nanoparticles (depAu) decorated perylene tetracarboxylic acid 11 

(PTCA) as sensing platform. Owing to the excellent membrane-forming of PTCA and 12 

superior conductivity of depAu, the PTCA between two depAu layers can simply and 13 

effectively produce an extremely high initial photocurrent to afford a precondition for 14 

sensitive biodetection. Thereafter, the assembly of C60@C3N4 nanocomposites on 15 

electrode via typical sandwich reaction enabled the generation of a significantly 16 

decreased photocurrent. Here, the C3N4 with high surface area not only provided 17 

massive binding sites for C60 immobilization, but also partly competed with PTCA in 18 

light absorption for producing a significantly smaller photocurrent in the presence of 19 

electron donor ascorbic acid (AA). Additionally, both the C3N4 and C60 have the poor 20 

conductivity, which could inhibit the electron transfer to achieve a further decreased 21 
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photocurrent, effectively improving the sensitivity of proposed biosensor. As a result, 1 

the PEC biosensor in a “signal-off” mode showed an extremely low detection limit 2 

down to 1.5 fM, providing a sensitive and universal strategy for protein detection.  3 

Keywords: photoelectrochemical aptasensor; signal-off; light absorption; C60@C3N4 4 

nanocomposites; PTCA 5 

1. Introduction 6 

Thrombin is a highly specific serine endoprotease existed in the blood, which plays 7 

an important role in pathologic processes such as arterial thrombosis, leukemia and 8 

liver disease1-3. Accordingly, the quantitative and sensitive detection of thrombin is 9 

extremely important in fundamental research as well as clinical practice. Up to now, 10 

various intriguing bioanalytical methods, such as electrochemistry (EC)1,4, 11 

photoelectrochemisty (PEC)5-7, electrochemiluminescence (ECL)8-10 fluorimetry 12 

(FL)11,12, and chemiluminescence (CL)13, have been developed for its detection. 13 

Among them, PEC-based detection system has received particular attention due to the 14 

separable excitation source (light) and detection signal (current) with significantly 15 

reduced background and improved sensitivity14,15.  16 

3,4,9,10-perylene tetracarboxylic acid (PTCA) is a conjugated organic dye with 17 

excellent membrane-forming. Its LUMO (π*) and HOMO (π) levels are -3.8 eV and 18 

-6.0 eV16-18, respectively, providing a preeminent photoactive material with simple 19 

modification for PEC sensing system. Studies19,20 have showed that the plasmonic Au 20 

nanoparticles as a photosensitizer for PTCA enabled the significant improvement of 21 
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photocurrent via surface plasmon resonance (SPR) process as well as light absorption. 1 

The electrons from the plasmonic nanoparticles can transfer immediately to the 2 

LUMO orbit of PTCA, followed by the migration to electrode with effective 3 

hindrance of the recombination for electron/hole pairs. Additionally, as we known, the 4 

electron donor/accepter can improve the photovoltaic conversion efficiency of some 5 

photoactive material through the oxidation-reduction reaction of donor/accepter. In 6 

our previous work, the ascorbic acid (AA) has proved to be a desirable electron donor 7 

for PTCA5, thus providing a simple strategy with extremely high initial photocurrent 8 

to construct “signal-off” and signal tag “label-free” biosensor for sensitive 9 

biodetection. 10 

Graphitic carbon nitride (C3N4) as a new polymer semiconductor has the superior 11 

advantages of simple preparation, high surface area and desirable band structure21-23, 12 

thereby displays a predominant photovoltaic conversion efficiency in the assitant of 13 

electron donor, such as H2O2
24 and L-Cysteine25. Here, we found that the electron 14 

donor AA could also improve the photovoltaic conversion efficiency of C3N4, which 15 

however was much less than that of PTCA. Based on the observation, in this work, 16 

instead of being served as photoexcited material for signal output, the C3N4 was used 17 

as the carrier for loading inert fullerene (C60) to form C60@C3N4 nanocomposites, 18 

aiming to construct a C60@C3N4 nanocomposites induced signal-off PEC aptasensor 19 

with Au nanoparticles (from electrodeposition, denoted as depAu) decorated PTCA as 20 

sensing platform. Owing to the excellent membrane-forming of PTCA26 and SPR 21 

effect of depAu, the PTCA between two depAu layers was first performed on 22 
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electrode, which could simply and effectively produce an extremely high initial 1 

photocurrent to afford a precondition for sensitive biodetection in the assitant of 2 

electron donor AA. Interestingly, the C3N4 with high surface area not only provided 3 

massive binding sites for C60 immobilization, but also partly competed with PTCA in 4 

light absorption for producing a significantly smaller photocurrent in the presence of 5 

electron donor ascorbic acid (AA). After the immobilization of C60@C3N4 6 

nanocomposites on electrode via typical sandwich reaction, a significantly increased 7 

“signal-off” state could be acquired. Additionally, both the C3N4 and C60 have the 8 

poor conductivity, which could inhibit the electron transfer to achieve a further 9 

decreased photocurrent, effectively improving the sensitivity of PEC biosensor. By 10 

using C60@C3N4 nanocomposites induced “signal-off” mode, a signal tag “label-free” 11 

PEC biosensor based on depAu/PTCA/depAu as sensing platform for ultrasensitive 12 

thrombin assay was readily realized. 13 

2. Experimental sections 14 

2.1 Preparation of C60@C3N4 nanocomposites  15 

Herein, the C60@C3N4 nanocomposites were first prepared as follows: 1 mg C60 16 

and 0.4 g L-Cys were simultaneously added into 1 mL PBS (pH 7.4) and subjected to 17 

an ultrasound for serval days until obtaining a dark brown solution. Then, the 18 

centrifugation was used to remove excess L-Cys and the precipitate was redispersed 19 

in 1 mL PBS. Then, 75 mM EDC and 15 mM NHS were added into the solution and 20 

reacted for 1 h to activate the carboxyl group. Since the C3N4 had plenitudinous -NH2 21 

group, the C60@C3N4 nanocomposites could be easily synthetized by adding prepared 22 
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C3N4 with an incubation of 12 h. After centrifugation at 8000 rpm for 10 min, the 1 

C60@C3N4 precipitate was redispersed in 1 mL PBS for further use. 2 

2.2 Fabrication of PEC aptasensor  3 

Prior to use, the bare GCEs were polished with 0.3 and 0.05 µm alumina slurry 4 

respectively, aiming to obtain a mirror-like surface for electrodeposition of an Au 5 

nanoparticle layer (depAu). Then, the cleaned GCEs were subjected to 2 mL HAuCl4 6 

solution (1 wt%) for 30 s electrodeposition at the potential of -0.2 V. After that, 5 µL 7 

prepared PTCA was thrown on the electrode for drying and then used PBS to undergo 8 

rinsing for getting rid of excess PTCA. After electrodeposition of another depAu on 9 

electrode with the deposition time of 15 s, 15 µL TBA І (2.0 mM) was dropped for 12 10 

h to obtain a TBA І/depAu/PTCA/depAu/GCE platform via the strong binding ability 11 

between -NH2 group of TBA І and depAu. To prevent the nonspecific adsorption on 12 

electrode, 15 µL HT (2.0 mM) was dropped on the resulting electrode and incubated 13 

for 40 min. Afterwards, the electrodes as a PEC biosensor was subjected to 20 µL 14 

thrombin with different concentrations for 40 min at 37 °C. Subsequently, the 15 

electrodes were immersed in 15 µL TBA II solution for 40 min to perform the typical 16 

sandwich-type reaction. Then, 10 µL glutaraldehyde was attached on electrode and 17 

reacted for 10 min, which subsequently followed by the incubation of 20 µL prepared 18 

C3N4@C60 nanocomposites for 10 min. Finally, the modified electrodes were washed 19 

with PBS and dried before measurement. The design of C60@C3N4 nanocomposites 20 

induced signal-off PEC aptasensor with depAu decorated PTCA as platform was 21 

shown in Scheme 1.  22 
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3. Results and discussion 1 

3.1 Morphology and spectroscopic characterizations  2 

The surface morphology of C3N4, C60 and C60@C3N4 nanocomposites were 3 

investigated by the SEM. As illustrated in Fig. 1A and Fig. 1B, the C3N4 and C60 4 

displayed a planar sheet-like and analogue circular morphology, respectively, which 5 

was consistent with the previous literatures27, suggesting the successful synthesis of 6 

C3N4 and C60. Studies have shown that the large surface area of C3N4, which structure 7 

derived from the graphite sheet, could provide abundant loading sites for other 8 

materials. Therefore, after the combination of C3N4 and C60 to form C60@C3N4 9 

nanocomposites, we observed that a large amount of C60 with small size was densely 10 

dispersed onto the surfaces of C3N4 nanosheet. And the Fig. 1C gave a readily 11 

visualizable morphology exhibition for that. Moreover, the UV–vis absorption 12 

spectroscopy was also used for measuring the as-prepared samples. The black line in 13 

Fig.1D was the spectrum of C3N4, which displayed no obviously absorption peak. 14 

However, the C60 functionalized with L-Cys showed two absorption peaks 15 

approximately at 260 and 360 nm, respectively (green line, Fig 1D), which was in line 16 

with other reported results28. Moreover, after the formation of C60@C3N4 17 

nanocomposites, the absorption showed a red-shift trend of the surface plasmon band 18 

(red line, Fig 1D), indicating the successful preparation of C60@C3N4 19 

nanocomposites. 20 

3.2 PEC characterization of aptasensor.  21 
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The assembly process of aptasensor was investigated by photocurrent response. 1 

As displayed in Fig. 2, the bare GCE (curve a) and depAu/GCE (curve b) respectively 2 

showed negligible photocurrent signal owing to the absence of photoelectric material. 3 

After its modification on depAu/GCE, the photocurrent signal increased obviously 4 

since the PTCA possessed desirable photoelectric property (curve c). Then, the 5 

photocurrent intensity obviously enhanced after electrodeposition of another depAu 6 

layer (curve d). It was mainly because the depAu with SPR process could 7 

significantly improve light absorption and hinder recombination of electron/hole pairs. 8 

The photocurrent intensity successively decreased after the in turn assembly of TBAІ 9 

and HT (curve e and f, respectively), which could be ascribed to the weak 10 

charge-transfer abilities of both DNA sequences and HT molecules. When the 11 

HT/TBAІ/depAu/PTCA/depAu/GCE was subjected to 10 pM thrombin, the 12 

photocurrent intensity further decreased (curve g). It could be attributed to the inert 13 

property of protein. After modification of TBAII on electrode through a typical 14 

sandwich reaction, the photocurrent intensity also further decreased (curve h). Since 15 

the C60@C3N4 nanocomposites could effectively hinder the electron translation, the 16 

photocurrent intensity decreased significantly when the modification of C60@C3N4 17 

nanocomposites (curve i). There are two reasons listed as follows: first, the C3N4 18 

competed partly with PTCA in light absorption for producing a significantly smaller 19 

photocurrent in the presence of electron donor AA. Additionally, both the C3N4 and 20 

C60 have the poor conductivity, which could inhibit the electron transfer to achieve a 21 

further decreased photocurrent. Summarily, the expectably changed photocurrent 22 
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intensity suggested successful fabrication of the proposed aptasensor. 1 

3.3 Comparison of various photoactive materials in the assistant of electron donor AA  2 

To test the difference in photovoltaic conversion efficiency between C3N4 and 3 

PTCA, the PEC measurement in detection solution without and with electron donor 4 

AA by using C3N4/GCE and PTCA/GCE were performed, respectively. As shown in 5 

Fig. 3, the C3N4/GCE showed extremely low photocurrent change (Fig. 3A) compared 6 

with that of PTCA/GCE (Fig. 3B) after the addition of electron donor AA, suggesting 7 

that the electron donor AA could significantly improve the photovoltaic conversion 8 

efficiency of PTCA and much higher than that of C3N4, providing a possibility in 9 

constructing C60@C3N4 nanocomposites induced “signal-off” PEC biosensor.  10 

3.4 Comparison of different signal amplification strategies  11 

To test the signal amplification of C60@C3N4 nanocomposites, a comparison 12 

experiment with different electrodes was performed. Fig. 4 displayed the changes of 13 

photocurrent intensity after the HT/TBAІ/depAu/PTCA/depAu/GCE incubating with 14 

10 pM thrombin and further assembly of different probes. We can see that the 15 

photocurrent intensity of HT/TBAІ/depAu/PTCA/depAu/GCE only changed 0.54 µA 16 

(Fig. 4A) after the incubation of thrombin, while the photocurrent intensity decreased 17 

about 1.84 µA after the further assembly of TBAII (Fig. 4B). Significantly, the 18 

photocurrent intensity changed the most about 4.04 µA after the decoration of 19 

C60@C3N4 nanocomposites (Fig. 4C), suggesting the proposed method could 20 

effectively improve the sensitivity of aptasensor. 21 
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3.5 Analytical performance of PEC aptasensor for detection of thrombin.  1 

The target thrombin with different concentrations was added respectively into the 2 

reaction system to monitor the analytical performance of proposed PEC aptasensor. 3 

As illustrated in Fig. 5A, the changes of photocurrent enlarged with the increase of 4 

thrombin concentrations from 10 fM to 10 nM, which was in accordance with the fact 5 

that thrombin with higher concentrations would induce more assembly of secondary 6 

DNA TBA II, thereby enabling more C60@C3N4 nanocomposites bound with the 7 

TBAII to reduce the photocurrent intensity of PTCA. Moreover, the photocurrent 8 

changes showed linear relation to logarithm of thrombin concentrations. The equation 9 

of linear regression was ∆I = 0.6573logc + 3.260 (r = 0.9967, Fig. 5B). And the 10 

detection limit was 1.5 fM at the signal-tonoise ratio of 3. In addition, the sensitivity 11 

of the proposed PEC strategy was compared with that of some reported PEC assay as 12 

well as other analytical protocols. The corresponding results were shown in Table 1 13 

and Table 2. We can see that the proposed biosensor offered a much better detection 14 

limit and a wider linear response scope, which suggested that the modification of 15 

C60@C3N4 nanocomposites on secondary aptamer indeed could reduce the 16 

photocurrent intensity of PTCA significantly. 17 

3.6 Selectivity, stability and reproducibility of the PEC aptasensor.  18 

The selectivity of this assay was investigated by using hemoglobin (HB), bovine 19 

serum albumin (BSA), alpha fetoprotein (AFP), and L-Cys to substitute thrombin 20 

with the same concentration (10 pM), respectively. As shown in Fig. 6A, the presence 21 
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of thrombin could induce a remarkable photocurrent change, while HB, BSA, AFP 1 

and L-Cys had no obvious photocurrent change. Meanwhile, the obtained response 2 

from a mixture containing above four interferences and thrombin was almost the same 3 

as the response obtained from thrombin only. These results demonstrated that 4 

biosensing approach showed a high selectivity toward the target thrombin detection.  5 

  Additionally, we also evaluated the stability of this assay via consecutive cyclic 6 

light excitation. As indicated in Fig. 6B, there was no significant change of 7 

photocurrent density within 440 s under interrupted light excitation, which suggested 8 

an acceptable stability of the proposed PEC bioassay. Moreover, we further 9 

investigated the reproducibility of proposed aptasensor by using both intra-assay and 10 

inter-assay. The relative standard deviations (RSDs) of intra-assay were 4.65% and 11 

3.23% at 0.1 and 100 pM, respectively. The inter-assay RSD of 5.32% and 3.58% 12 

were acquired by measuring the same thrombin samples of three electrodes prepared 13 

separately under the same conditions. These results suggested the superior reducibility 14 

of this PEC biosensor, thereby providing a stable sensing platform mainly due to the 15 

excellent membrane-forming property. 16 

4. Conclusions 17 

In summary, we here reported a novel C60@C3N4 nanocomposites induced 18 

signal-off photoelectrochemical (PEC) aptasensor for sensitive detection of thrombin 19 

based on depAu decorated PTCA as sensing platform. The excellent 20 

membrane-forming of PTCA and SPR effect of depAu not only provided an 21 

extremely high initial photocurrent, but also made the assay system simple and 22 

sensitive. However, the C3N4 competed partly with PTCA in light absorption for 23 
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producing a significantly smaller photocurrent in the presence of electron donor AA 1 

after the introduce of C60@C3N4 nanocomposites via typical sandwich reaction. At the 2 

same time, the C3N4 with high surface area can effectively improve the 3 

immobilization amount of inert C60 and partly competed with PTCA in light 4 

absorption for further improving the sensitivity of proposed biosensor. The method 5 

presented here was signal tag “label-free”, low cost, simple in operation, and highly 6 

sensitive, which made it possible to detect thrombin for early diagnosis of various 7 

diseases. 8 
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Scheme 1 Schematic illustration of (A) the preparation of C60@C3N4 nanocomposites 1 

and (B) C60@C3N4 nanocomposites induced signal-off PEC aptasensor with depAu 2 

decorated PTCA as platform. 3 

Fig. 1 The SEM images of (A) C3N4, (B) C60 and (C) C60@C3N4 nanocomposites. (D) 4 

The UV spectrum of C3N4 (black line), C60 (green line) and C60@C3N4 5 

nanocomposites (red line). 6 

Fig. 2 Photocurrent responses of (a) GCE, (b) depAu/GCE, (c) PTCA/depAu/GCE, (d) 7 

depAu/PTCA/depAu/GCE, (e) TBAІ/depAu/PTCA/depAu/GCE, (f) HT/TBAІ/ 8 

depAu/PTCA/depAu/GCE, (g) thrombin/HT/TBAІ/depAu/PTCA/depAu/GCE, (h) 9 

TBAII/thrombin/HT/TBAІ/depAu/PTCA/depAu/GCE and (i) TBAII/thrombin/HT/ 10 

TBAІ/depAu/PTCA/depAu/GCE after the immobilization of C60@C3N4 11 

nanocomposites. 12 

Fig. 3 Photocurrent responses of (A) C3N4/GCE and (B) PTCA/GCE investigated in 13 

PBS buffer without and with electron donor AA. 14 

Fig. 4 The comparison experiment of photocurrent change for the HT/TBAІ/depAu 15 

/PTCA/depAu/GCE incubating with 10 pM thrombin (A), and further assembly of 16 

TBAII (B) and C60@C3N4 nanocomposites (C). 17 

Fig. 5 (A) Photocurrent responses of the PEC aptasensor for different thrombin 18 

concentrations: 10 fM, 100 fM, 1 pM, 10 pM, 100 pM, 1 nM and 10 nM. (B) The 19 

corresponding calibration curve (n =3). The PEC measurements were performed in 20 

0.1 M PBS containing 2 mM electron donor AA with the excitation light source at 365 21 

nm by the LED lamp and switched off-on-off for 10-20-10 s under 0.0 V potential. 22 

Fig. 6 (A) Specificity of the biosensor. (B) The PEC stability of proposed aptasensor 23 

with 10 nM thrombin under periodic off-on-off light for 11 cycles.24 
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Table 1 Comparisons of the proposed PEC biosensor with different methods for thrombin 

detection. 

Analytical method Linear range  Detection limit Ref. 

RLS 60 pM-6 nM 3.5 pM 29 

EC 0.0001-30 nM 0.068 pM 30 

ECL 0.5-40 nM 0.08 nM 31 

SERRS 100 pM-1 µM 100 pM 32 

FL 0.01-0.12 nM 0.04 nM 33 

EIS 0.12-30 nM 0.06 pM 34 

FRET 0.05- 200 pM 0.05 pM 35 

SPR 0.1 -75 nM 0.1 nM 36 

PEC 10 fM-10 nM 1.5 fM Our work 

Abbreviation: resonance light scattering (RLS); electrochemistry (EC); fluorescence (FL); 

electrochemiluminescence (ECL); surface-enhanced resonant Raman scattering (SERRS); 

electrochemical impedance spectroscopy (EIS); resonance energy transfer (FRET); surface 

plasmon resonance (SPR). 

 

Table 2 Comparisons of proposed biosensor with other reported PEC biosensors for TB detection. 

Analytical method Linear range Detection limit Ref. 

PEC 0-10 pM 0.1 pM 37 

PEC 20-200 fM 5.9 fM 38 

PEC 10-250nM 3.1 nM 39 

PEC 4.0-150nM 0.9 nM 40 

PEC 2.0-600 pM 1.0 pM 41 

PEC 1.0-10pM 0.45 pM 42 

PEC 10 fM-10nM 1.5 fM Our work 
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Highlights 
� A signal-off photoelectrochemical (PEC) aptasensor was proposed for sensitive detection of 

thrombin on the basis of C60@C3N4 nanocomposites as quencher and Au nanoparticles 

(depAu) decorated perylene tetracarboxylic acid (PTCA) as sensing platform. 

� The PTCA between two depAu layers can simply and effectively produce an extremely high 

initial photocurrent to afford a precondition for sensitive biodetection.  

� The C3N4 with high surface area not only provided massive binding sites for C60 

immobilization, but also partly competed with PTCA in light absorption for producing a 

significantly smaller photocurrent in the presence of electron donor ascorbic acid (AA). 

� Both the C3N4 and C60 with poor conductivity could inhibit the electron transfer to achieve a 

further decreased photocurrent for sensitivity improvement. 
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