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Key Laboratory of Luminescent and Real-Time Analytical Chemistry (Southwest
University), Ministry of Education, College of Chemistry and Chemical Engineering,
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Abstract

Herein, a novel signal-off photoelectrochemical (&ptasensor was proposed for
sensitive detection of thrombin on the basis gh@N, nanocomposites as
guencher and Au nanoparticles (depAu) decorateglgrex tetracarboxylic acid
(PTCA) as sensing platform. Owing to the excellmeimbrane-forming of PTCA and
superior conductivity of depAu, the PTCA between wepAu layers can simply and
effectively produce an extremely high initial phatorent to afford a precondition for
sensitive biodetection. Thereafter, the assembl\Cgf@ CGN, nanocomposites on
electrode via typical sandwich reaction enabled dgleeeration of a significantly
decreased photocurrent. Here, theNCwith high surface area not only provided
massive binding sites forggimmobilization, but also partly competed with PT@A
light absorption for producing a significantly shealphotocurrent in the presence of
electron donor ascorbic acid (AA). Additionally,thdhe GN4 and Go have the poor

conductivity, which could inhibit the electron tsdar to achieve a further decreased
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photocurrent, effectively improving the sensitivif proposed biosensor. As a result,
the PEC biosensor in a “signal-off” mode showedeatremely low detection limit

down to 1.5 fM, providing a sensitive and universahtegy for protein detection.

Keywords: photoelectrochemical aptasensor; signal-off; lighsorption; @ CsN4

nanocomposites; PTCA

1. Introduction

Thrombin is a highly specific serine endoproteassted in the blood, which plays
an important role in pathologic processes suchr@sia thrombosis, leukemia and
liver diseast®. Accordingly, the quantitative and sensitive détecof thrombin is
extremely important in fundamental research as agltlinical practice. Up to now,
various intriguing bioanalytical methods, such atecteochemistry (EC)",
photoelectrochemisty (PETY electrochemiluminescence (EGLY fluorimetry
(FL)***2 and chemiluminescence (C£) have been developed for its detection.
Among them, PEC-based detection system has recpasgidular attention due to the
separable excitation source (light) and detectigmad (current) with significantly
reduced background and improved sensitf¥ity

3,4,9,10-perylene tetracarboxylic acid (PTCA) isanjugated organic dye with
excellent membrane-forming. Its LUM@*) and HOMO ft) levels are -3.8 eV and
-6.0 eV*®8 respectively, providing a preeminent photoactivaterial with simple
modification for PEC sensing system. Stuthé%have showed that the plasmonic Au
nanoparticles as a photosensitizer for PTCA enatiiedsignificant improvement of
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photocurrent via surface plasmon resonance (SRReps as well as light absorption.
The electrons from the plasmonic nanoparticles tansfer immediately to the
LUMO orbit of PTCA, followed by the migration to estrode with effective
hindrance of the recombination for electron/holegpadditionally, as we known, the
electron donor/accepter can improve the photowwitanversion efficiency of some
photoactive material through the oxidation-reduttreaction of donor/accepter. In
our previous work, the ascorbic acid (AA) has pt@be a desirable electron donor
for PTCA’, thus providing a simple strategy with extremeilghhinitial photocurrent
to construct “signal-off’ and signal tag “labeldre biosensor for sensitive
biodetection.

Graphitic carbon nitride (§8l4) as a new polymer semiconductor has the superior
advantages of simple preparation, high surface aneladesirable band structtifé®
thereby displays a predominant photovoltaic coneargfficiency in the assitant of
electron donor, such as,®>* and L-Cystein€. Here, we found that the electron
donor AA could also improve the photovoltaic corsien efficiency of GN4, which
however was much less than that of PTCA. Basecherobservation, in this work,
instead of being served as photoexcited materiagitmal output, the £Dl, was used
as the carrier for loading inert fullerenegf)Cto form Go@GC;N4 nanocomposites,
aiming to construct a @ CN4 hanocomposites induced signal-off PEC aptasensor
with Au nanopatrticles (from electrodeposition, diexaoas depAu) decorated PTCA as
sensing platform. Owing to the excellent membraeafng of PTCA® and SPR

effect of depAu, the PTCA between two depAu layerss first performed on
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electrode, which could simply and effectively produan extremely high initial
photocurrent to afford a precondition for sensitiviedetection in the assitant of
electron donor AA. Interestingly, thesig,; with high surface area not only provided
massive binding sites forggimmobilization, but also partly competed with PT@A
light absorption for producing a significantly shealphotocurrent in the presence of
electron donor ascorbic acid (AA). After the immdation of Go@GCN4
nanocomposites on electrode via typical sandwielstren, a significantly increased
“signal-off” state could be acquired. Additionallgpth the GN, and Go have the
poor conductivity, which could inhibit the electraransfer to achieve a further
decreased photocurrent, effectively improving teasgivity of PEC biosensor. By
using Go@GN4 nanocomposites induced “signal-off” mode, a sigagl“label-free”
PEC biosensor based on depAu/PTCA/depAu as septatigrm for ultrasensitive
thrombin assay was readily realized.

2. Experimental sections

2.1 Preparation of Cg@C3N4 nanocomposites

Herein, the G@CGN4 nanocomposites were first prepared as follows:g1Ga
and 0.4 g L-Cys were simultaneously added into 1RBIS (pH 7.4) and subjected to
an ultrasound for serval days until obtaining akdharown solution. Then, the
centrifugation was used to remove excess L-Cysthadrecipitate was redispersed
in 1 mL PBS. Then, 75 mM EDC and 15 mM NHS wereeatohto the solution and
reacted for 1 h to activate the carboxyl groupc8ithe GN4 had plenitudinous -NH

group, the G@CN4 nanocomposites could be easily synthetized byngdpliepared
4
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CsN4 with an incubation of 12 h. After centrifugatioh 00 rpm for 10 min, the

Ceo@GC3N4 precipitate was redispersed in 1 mL PBS for furthee.

2.2 Fabrication of PEC aptasensor

Prior to use, the bare GCEs were polished withad@® 0.05 pm alumina slurry
respectively, aiming to obtain a mirror-like sudafor electrodeposition of an Au
nanoparticle layer (depAu). Then, the cleaned G®&® subjected to 2 mL HAuLI
solution (1wt%) for 30 s electrodeposition at the potential@R-V. After that, SulL
prepared PTCA was thrown on the electrode for drgind then used PBS to undergo
rinsing for getting rid of excess PTCA. After elatteposition of another depAu on
electrode with the deposition time of 15 s,.)d5TBA I (2.0 mM) was dropped for 12
h to obtain a TBA/depAu/PTCA/depAu/GCE platform via the strong biglability
between -NH group of TBAI and depAu. To prevent the nonspecific adsorption o
electrode, 1uL HT (2.0 mM) was dropped on the resulting electr@hd incubated
for 40 min. Afterwards, the electrodes as a PEGdnsor was subjected to g0
thrombin with different concentrations for 40 min &7 °C. Subsequently, the
electrodes were immersed in b TBA Il solution for 40 min to perform the typical
sandwich-type reaction. Then, 1. glutaraldehyde was attached on electrode and
reacted for 10 min, which subsequently followedlg incubation of 2QL prepared
CsN4@GCyp nanocomposites for 10 min. Finally, the modifiéelceodes were washed
with PBS and dried before measurement. The dedigbs¢®@ CN4 nanocomposites
induced signal-off PEC aptasensor with depAu ddedr&TCA as platform was

shown in Scheme 1.
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3. Results and discussion
3.1 Morphology and spectroscopic characterizations

The surface morphology of sN4, Cso and Go@C3N4 nanocomposites were
investigated by the SEM. As illustrated in Fig. 8Ad Fig. 1B, the @Nsand Go
displayed a planar sheet-like and analogue ciramlamphology, respectively, which
was consistent with the previous literatdfesuggesting the successful synthesis of
CsN4 and Go. Studies have shown that the large surface ar€MNof which structure
derived from the graphite sheet, could provide danh loading sites for other
materials. Therefore, after the combination afNEand Go to form Go@ CsN4
nanocomposites, we observed that a large amoudpafith small size was densely
dispersed onto the surfaces 0fNg nanosheet. And the Fig. 1C gave a readily
visualizable morphology exhibition for that. Morewy the UV-vis absorption
spectroscopy was also used for measuring the asy@e samples. The black line in
Fig.1D was the spectrum of3;,, which displayed no obviously absorption peak.
However, the & functionalized with L-Cys showed two absorptionake
approximately at 260 and 360 nm, respectively (gtae, Fig 1D), which was in line
with other reported resuffs Moreover, after the formation of c§@GCsNa
nanocomposites, the absorption showed a red-séift tof the surface plasmon band
(red line, Fig 1D), indicating the successful prapan of Go@CN4

nanocomposites.

3.2 PEC characterization of aptasensor.
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The assembly process of aptasensor was investiggt@tiotocurrent response.
As displayed in Fig. 2, the bare GCE (curve a) @eplAu/GCE (curve b) respectively
showed negligible photocurrent signal owing to @hsence of photoelectric material.
After its modification on depAu/GCE, the photocuntresignal increased obviously
since the PTCA possessed desirable photoelectopeply (curve c). Then, the
photocurrent intensity obviously enhanced aftectebeleposition of another depAu
layer (curve d). It was mainly because the depAuhwsPR process could
significantly improve light absorption and hindecombination of electron/hole pairs.
The photocurrent intensity successively decreafied the in turn assembly of THA
and HT (curve e and f, respectively), which could bscribed to the weak
charge-transfer abilities of both DNA sequences & molecules. When the
HT/TBAI/depAu/PTCA/depAu/GCE was subjected to 10 pM thrimmbthe
photocurrent intensity further decreased (curveltggould be attributed to the inert
property of protein. After modification of TBAIl orlectrode through a typical
sandwich reaction, the photocurrent intensity digther decreased (curve h). Since
the Go@GN4 nanocomposites could effectively hinder the etettiranslation, the
photocurrent intensity decreased significantly wilea modification of @ CsN4
nanocomposites (curve i). There are two reasomadlias follows: first, the £bl,
competed partly with PTCA in light absorption faiogucing a significantly smaller
photocurrent in the presence of electron donor Additionally, both the N4 and
Cso have the poor conductivity, which could inhibietklectron transfer to achieve a
further decreased photocurrent. Summarily, the empéy changed photocurrent

7



10

11

12

13

14

15

16

17

18

19

20

21

intensity suggested successful fabrication of ttopased aptasensor.

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

To test the difference in photovoltaic conversidficiency between N, and
PTCA, the PEC measurement in detection solutiohowit and with electron donor
AA by using GN4/GCE and PTCA/GCE were performed, respectivelysswn in
Fig. 3, the GN4/GCE showed extremely low photocurrent change (49.compared
with that of PTCA/GCE (Fig. 3B) after the additiohelectron donor AA, suggesting
that the electron donor AA could significantly impe the photovoltaic conversion
efficiency of PTCA and much higher than that ofNG; providing a possibility in

constructing Go@ CGN4 nanocomposites induced “signal-off” PEC biosensor.

3.4 Comparison of different signal amplification strategies

To test the signal amplification of 6@ C3N4 nanocomposites, a comparison
experiment with different electrodes was perfornieid. 4 displayed the changes of
photocurrent intensity after the HT/TB/MepAu/PTCA/depAu/GCE incubating with
10 pM thrombin and further assembly of differenblpes. We can see that the
photocurrent intensity of HT/TBRdepAu/PTCA/depAu/GCE only changed 0/%A
(Fig. 4A) after the incubation of thrombin, whileet photocurrent intensity decreased
about 1.84 pA after the further assembly of TBAHRiIg( 4B). Significantly, the
photocurrent intensity changed the most about 4.@4 after the decoration of
Ceo@C3N4 nanocomposites (Fig. 4C), suggesting the proposedhod could
effectively improve the sensitivity of aptasensor.

8
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3.5 Analytical performance of PEC aptasensor for detection of thrombin

The target thrombin with different concentratiorssvadded respectively into the
reaction system to monitor the analytical perforoganf proposed PEC aptasensor.
As illustrated in Fig. 5A, the changes of photoeuntrenlarged with the increase of
thrombin concentrations from 10 fM to 10 nM, whieghs in accordance with the fact
that thrombin with higher concentrations would indunore assembly of secondary
DNA TBA 1l, thereby enabling more @GN, nanocomposites bound with the
TBAII to reduce the photocurrent intensity of PTCWoreover, the photocurrent
changes showed linear relation to logarithm offfson concentrations. The equation
of linear regression waal = 0.6573log + 3.260 ( = 0.9967, Fig. 5B). And the
detection limit was 1.5 fM at the signal-tonoisécaf 3. In addition, the sensitivity
of the proposed PEC strategy was compared withathsdme reported PEC assay as
well as other analytical protocols. The correspogdiesults were shown in Table 1
and Table 2. We can see that the proposed bioseffsoed a much better detection
limit and a wider linear response scope, which saggyl that the modification of
Ceo@C3N4 nanocomposites on secondary aptamer indeed coettlice the

photocurrent intensity of PTCA significantly.

3.6 Selectivity, stability and reproducibility of the PEC aptasensor.

The selectivity of this assay was investigated byngi hemoglobin (HB), bovine
serum albumin (BSA), alpha fetoprotein (AFP), an€Cys to substitute thrombin

with the same concentration (10 pM), respectiv&l/shown in Fig. 6A, the presence
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of thrombin could induce a remarkable photocuri@mnge, while HB, BSA, AFP
and L-Cys had no obvious photocurrent change. Madewthe obtained response
from a mixture containing above four interferenaad thrombin was almost the same
as the response obtained from thrombin only. Thesalts demonstrated that
biosensing approach showed a high selectivity tdwlae target thrombin detection.

Additionally, we also evaluated the stability this assay via consecutive cyclic
light excitation. As indicated in Fig. 6B, there svano significant change of
photocurrent density within 440 s under interrugiglt excitation, which suggested
an acceptable stability of the proposed PEC bigasbéoreover, we further
investigated the reproducibility of proposed aptase by using both intra-assay and
inter-assay. The relative standard deviations (RSDsntra-assay were 4.65% and
3.23% at 0.1 and 100 pM, respectively. The inteagsRSD of 5.32% and 3.58%
were acquired by measuring the same thrombin sangbléhree electrodes prepared
separately under the same conditions. These resugtgested the superior reducibility
of this PEC biosensor, thereby providing a stablesmg platform mainly due to the

excellent membrane-forming property.

4. Conclusions

In summary, we here reported a novefp@CN, nanocomposites induced
signal-off photoelectrochemical (PEC) aptasensoisémsitive detection of thrombin
based on depAu decorated PTCA as sensing platfoifthe excellent
membrane-forming of PTCA and SPR effect of depAu paly provided an
extremely high initial photocurrent, but also maite assay system simple and

sensitive. However, the 38, competed partly with PTCA in light absorption for
10
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producing a significantly smaller photocurrent lire foresence of electron donor AA
after the introduce of @GN, nanocomposites via typical sandwich reactionh&t t
same time, the 4Bl; with high surface area can effectively improve the
immobilization amount of inert & and partly competed with PTCA in light
absorption for further improving the sensitivity pfoposed biosensor. The method
presented here was signal tag “label-free”, lowt,ceisnple in operation, and highly
sensitive, which made it possible to detect thramior early diagnosis of various

diseases.
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Scheme 1 Schematic illustration of (A) the preparation gh@ GN4nhanocomposites
and (B) Go@GC3N4 nanocomposites induced signal-off PEC aptasenshr depAu

decorated PTCA as platform.

Fig. 1 The SEM images of (A) M4, (B) Cso and (C) Go@CsN4 nanocomposites. (D)
The UV spectrum of €Ns (black line), Go (green line) and §&E@GCN4

nanocomposites (red line).

Fig. 2 Photocurrent responses of (a) GCE, (b) depAu/GEOERTCA/depAu/GCE, (d)
depAu/PTCA/depAu/GCE, (e) TBAepAu/PTCA/depAu/GCE, (f) HT/TBHR
depAu/PTCA/depAu/GCE, (g) thrombin/HT/TBAepAu/PTCA/depAu/GCE, (h)
TBAIl/thrombin/HT/TBAI/depAu/PTCA/depAu/GCE and (i) TBAIl/thrombin/HT/
TBAI/depAu/PTCA/depAu/GCE  after the immobilization of @GNy

nanocomposites.

Fig. 3 Photocurrent responses of (AJNG/GCE and (B) PTCA/GCE investigated in

PBS buffer without and with electron donor AA.

Fig. 4 The comparison experiment of photocurrent chawgehe HT/TBA/depAu
/PTCA/depAu/GCE incubating with 10 pM thrombin (And further assembly of

TBAII (B) and Go@ C3N4 nanocomposites (C).

Fig. 5 (A) Photocurrent responses of the PEC aptaserwodifferent thrombin
concentrations: 10 fM, 100 fM, 1 pM, 10 pM, 100 piinM and 10 nM. (B) The
corresponding calibration curva €3). The PEC measurements were performed in
0.1 M PBS containing 2 mM electron donor AA witle thxcitation light source at 365

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

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

with 10 nM thrombin under periodic off-on-off lightr 11 cycles.
19
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Table 1 Comparisons of the proposed PEC biosensor wittergifit 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 pM 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 15fM Our work

Abbreviation: resonance light scattering (RLS); electrochemigEC); fluorescence (FL);

electrochemiluminescence (ECL);

surface-enhancesbnent Raman scattering (SERRS);

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

plasmon resonance (SPR).

Table 2 Comparisons of proposed biosensor with other reddPEC 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 1.5fM Our work
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Highlights

A signal-off photoelectrochemical (PEC) aptasensor was proposed for sensitive detection of
thrombin on the basis of Cg@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 Cg
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 C3N,4 and Cgo with poor conductivity could inhibit the electron transfer to achieve a
further decreased photocurrent for sensitivity improvement.
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