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24 ABSTRACT: The ultrasensitive and rapid quantification of the universal energy
27 currency adenosine triphosphate (ATP) is an extremely critical mission in field of
29 clinical applications. In this work, a “signal-off” photoelectochemical (PEC)
32 biosensor was designed for ultrasensitive ATP detection based on a fullerene (Ceo)
decorated Au nanoparticle@MoS; (Cgo-Au NP@MoS;) composite material as a signal
37 indicator and a p-type PbS quantum dot (QD) as an efficient signal quencher.
Modification of wide band gap Cey with narrow band gap MoS, to form an ideal PEC
42 signal indicator was proposed, which could significantly improve photo-current
conversion efficiency, leading to a desirable PEC signal. In the presence of p-type

a7 PbS QDs, the PEC signal of n-type Cgp-Au NP@MoS, was effectively quenched,
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because p-type PbS QDs could compete with Cgp-Au NP@MoS, to consume light
energy and electron donor. Besides, the conversion of a limited amount of target ATP
into an amplified output PbS QD-labeled short DNA sequence (output S;) was
achieved via target mediated aptazyme cycling amplification strategy, facilitating
ultrasensitive ATP detection. The proposed “signal-off” PEC strategy exhibited a
wide linear range from 1.00 x 107 pM to 100 nM with a low detection limit of 3.30
fM. Importantly, this proposed strategy provides a promising platform to detect ATP
at ultralow levels, and has potential applications including diagnosis of ATP-related

diseases, monitoring of diseases progression and evaluation of prognosis.

KEYWORDS: Adenosine triphosphate; Photoelectochemical biosensor; Fullerene
decorated Au nanoparticle@MoS,; Signal indicator; P-type PbS quantum dots; Signal

quencher

1. Introduction

Adenosine triphosphate (ATP) as a universal energy currency in biological
organisms holds a pivotal role in adjusting cellular metabolizability pathways and
various biochemical reaction processes.l'3 The abnormalities of ATP content prompts
the occurrences of cell viability, injury, necrosis and apoptosis, which could further
induce certain diseases such as malignant tumors, angiocardiopathy, Alzheimer’s and
Parkinson’s diseases.* ° Plenty of evidences demonstrate that ATP has been

acknowledged as a powerful and reliable indicator for the diagnosis of disease,
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monitoring of disease progression and evaluation of prognosis.* ’ Considering the
great significance of ATP in clinical applications, it is urgent to develop an accurate,
specific and ultrasensitive approach to detect ATP. Although various analysis
methods, including chemiluminescence, fluorescence, electrochemiluminescence,
electrochemistry and colorimetry, have been implemented for ATP detection, the
background signal and stability of these methods should be improved furtherly to

satisfy the demand of ultrasensitive ATP determination.*"?

Currently,
photoelectrochemical (PEC) assay as an emerging and developing analytical
technique has attracted intense attention due to its low background signal, excellent
stability and ultra-high sensitivity, which has been extensively applied in
ultrasensitive detection of various targets.'> '* In view of these merits, PEC assay

might be a promising analysis method for developing a highly sensitive and accurate

ATP detection strategy.

The PEC process refers to the photon-electricity conversion, which originates
from the electron excitation and following charge transfer of photoactive materials
under illumination."” As a classic signal mode for PEC sensing, the “signal-off” mode
has been applied in a broad range for its intrinsic virtues of simple structure,
convenient operation and good stability.'® An ideal photoactive material with
desirable PEC signal and an efficient quencher with significant quenching effect are
essential requirements to construct a “signal-off” PEC sensing. Recent years, with the

rise of carbon nanomaterials, fullerene (Cgo) has gained extensive attention in the PEC
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field for its excellent photovoltaic properties.'”'® Deepa’s group reported a quantum
dot solar cell based on the TiO,/CdS/CdSeS/Cqr/Au@poly(acrylic acid) photoanode
matrix that showed high photo-current conversion efficiency.'” Hu’s group reported
an all-carbon PEC immunosensing protocol for ultrasensitive target detection by using
carboxylated multi-wall carbon nanotube-Congo red-Cey nanohybrids as a signal
probe."® Although photovoltaic performances of the above devices demonstrated
prominent improvements, there are still several drawbacks including complicated
preparation procedure and cockamamie modification process. Therefore, there is a
real need for developing a simple and highly efficient approach for applying Ce in the
PEC field. MoS,, a classic transition metal chalcogenide with S-Mo-S trip atomic
layers, exhibits excellent intrinsic conductivity and unique optical property. In
particular, the 1.9 eV band gap of MoS; matches well with that of 2.6 eV of Cqy,
making MoS, an ideal candidate for enhancing the PEC signal of C60.19'21
Accordingly, we have synthesized a novel Cgy decorated Au nanoparticle@MoS,
(Coo-Au NP@MoS;) composite material with desirable PEC signal by combining -SH
functionalized Cgp and Au nanoparticle@MoS, (Au NP@MoS,), which is expected to

enhance the loading of Cgy as well as simplify the preparation and modification

processes.

Another major aspect of our work lies in identifying an efficient quencher with
significant quenching effect to develop an approving “signal-off” PEC sensing.

Currently, the p-n type quenching has become one of the most effective quenching
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modes in PEC system, which is attributed to the fact that p-type semiconductor could
compete with n-type semiconductor to consume light energy and electron donor,
resulting in the significant quenching effect of p-type semiconductor towards n-type
semiconductor. Recently, Zhu’s group reported a p-n type quenching strategy that
selected p-type CuS nanocrystals as a quencher of n-type TiO,/CdSeTe@CdS:Mn
composite structure for ultrasensitive biomarker detection.”” However, the quenching
efficiency of CuS nanocrystals is still limited due to the weak light absorption
capacity caused by its wide band gap (2.0 eV). Therefore, a p-type semiconductor
with narrower band gap and stronger light absorption capacity is necessary. P-type
PbS quantum dots (PbS QDs) possesses a narrower band gap value (1.17 eV) than that
of CuS nanocrystals, which is an ideal quenching candidate for strengthening light
absorption capacity and improving quenching efﬁciency.23’ ** Given these advantages,
in the present work, p-type PbS QDs were used as an efficient quencher towards
n-type Cgo-Au NP@MoS, composite material. Meanwhile, the experimental results
demonstrate that the p-type PbS QDs exhibited higher quenching efficiency compared

with the CuS nanocrystals.

Herein, a novel “signal-off” PEC biosensor for ultrasensitive ATP detection was
proposed by using an n-type Cg-Au NP@MoS, composite material as a signal
indicator and a p-type PbS QD as an efficient signal quencher, which was depicted in
Scheme 1. The n-type Cep-Au NP@MoS, composite material was synthesized by

coupling the photoactive material Cgp and its signal enhancer (MoS;). The
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combination of wide band gap Cgp and narrow band gap MoS; could promote charge
separation, reduce the electron-hole recombination and improve photocurrent
conversion efficiency, which could achieve a desirable PEC signal. Besides, the target
mediated aptazyme cycling amplification strategy not only can recognize target with
high affinity and specificity, but also can catalyze multiple-turnover reactions for
signal amplification. In this work, the target mediated aptazyme cycling amplification
strategy was adopted, which could convert a limited amount of ATP into numerous
PbS QD-labeled short DNA sequences (output S;) though cyclic cleaving of aptazyme
at the cleavage sites, leading to effective target signal conversion and amplification.
Thereafter, these cleaved output S; could hybridize with the capture DNA on the
Ceo-Au NP@MoS; modified electrode surface to availably quench PEC signal of
Cso-Au NP@MoS,, which were ascribed to some key reasons: the p-type PbS QDs
competed with Cgp-Au NP@MoS; to absorb light energy and capture electron donor
and the electron transfer was retarded owing to the steric hindrance of PbS QDs. The
decreased PEC signal is quantitatively correlated with the magnitude of the output S,
which is related to the concentration of ATP. The successful establishment of this
“signal-off” PEC biosensor for ultrasensitive ATP detection revealed a new horizon
for the clinical applications of ATP-related diseases, including diagnosis of disease,

monitoring of disease progression and evaluation of prognosis.

2. Experimental

2.1 Chemicals and apparatus
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Hexanethiol (HT), mercaptohexanol (MCH) and gold chloride tetrahydrate
(HAuCl4-4H,0) were bought from Sigma-Aldrich (St. Louis. MO, USA). ATP,
uridine triphosphate (UTP), cytidine triphosphate (CTP) and guanosine triphosphate
(GTP) were bought from Worthington Biochemicals (Lakewood, NJ, USA).
Thioglycolic acid (TGA) was purchased from Xiya Reagent Ltd. (Chengdu, China).
L-cysteine and Csy were bought from J&K Scientific Ltd. (Beijing, China).
Amido-modified Fe;O4 (FesO4-NH;) magnetic microspheres were purchased from
Tianjin BaseLine Chrom Tech Research Centre (Tianjin, China). K;3[Fe(CN)¢] and
K4[Fe(CN)g] were obtained from Beijing Chemical Reagent Co. (Beijing, China).
N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide = hydrochloride = (EDC)  and
N-hydroxy succinimide (NHS) were supplied by Shanghai Medpep Co., Ltd.
(Shanghai, China). Ascorbic acid (AA) was bought from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China). Sodium sulfide nonahydrate (Na,S-9H,0),
sodiummolybdate dihydrate (Na,MoO4-2H,0) were obtained from Chengdu KeLong
Co., Ltd. (Chengdu, China). Lead nitrate (Pb(NOs),) was obtained from Tianjin
Guangfu Fine Chemical Research Institute (Tianjin, China). In our work, 0.1 M
phosphate buffered saline (PBS, pH 7.0) was prepared using 0.1 M KH,PO4, 0.1 M
KCI and 0.1 M Na,HPO,4. Other chemicals were of analytical grade and used
throughout this work without further purification. Ultrapure water was employed for
preparing solutions in this work. The oligonucleotides sequences were ordered from

Sangon Inc. (Shanghai, China), which are listed as follows:
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Capture DNA: 5'-CAT CTC TTC CCC CCC-SH-3'
DNA linker: 5-SH-AAA AAA AAA ATT CAC CAA CTA TrA GGA AGA GAT
GAA AA-NH,-3'
Aptazyme strand: 5'-CAT CTC TTC AGC GAT CTA GGG GGA GTA TTG CGG
AGG ATA GCA CCC ATG TTA GTT GGT GAA-3'

2.2. Apparatus and measurements

PEC measurements were performed using a PEC workstation (Ivium,
Netherlands) connected to a three-electrode system consisting of a platinum wire
counter electrode, an Ag/AgCl (saturated KCI) reference electrode and a glassy
carbon working electrode (GCE, @ = 4 mm). Cyclic voltammetric (CV) and
electrochemical impedance spectroscopy (EIS) measurements were carried out on a
CHI 660e electrochemistry workstation (Shanghai Chenhua Instrumission, China).
UV-vis absorption spectroscopy was performed using a UV-2450 UV-vis
spectrophotometer (Shimadzu, Tokyo, Japan). The morphologies of the prepared
nanomaterials were obtained from three kinds of scanning electron microscopes
(Hitachi S-4800 microscope at voltage of 30 kV, JEOL JSM-7800F microscope at

voltage of 5 kV and FEI Nova NanoSEM450 at voltage of 1 kV).
2.3 Synthesis of Csy NPs and Au NP@MoS,

Cso NPs were prepared as described by us previously.” Flower-like MoS, was
prepared according to the literature with slight modifications.”® Briefly, 0.31 g
Na,Mo00O,4-2H,0 was added to 30 mL ultrapure water, followed by dropwise addition

of 12 M HCI for adjusting the pH to 6.5. Subsequently, 5 mL of freshly prepared
8
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aqueous L-cysteine solution (1.35 M) was added under gentle stirring for 1 h. After
that, the mixture reacted in a 50 mL Teflon-lined stainless steel autoclave at 180 °C
for 48 h. Finally, the obtained flower-like MoS, was centrifugally washed three times
with ethanol and ultrapure water, respectively. The product was dispersed in 30 mL
ultrapure water for further use. Based on flower-like MoS,, the Au NP@MoS, was
prepared through in situ growth of Au NPs on flower-like MoS; via a cysteine-linking
strategy, which followed the method reported in Cao’s group.27 Initially, 2 mL
flower-like MoS, aqueous solutions was mixed with 5 mL L-cysteine aqueous
solution (I mM) with continual ultrasonication for 30 min. Subsequently, 5 mL
HAuCly aqueous solution (0.3 mM) was introduced into above mixture solution under
vigorous stirring for 30 min. After that, 10 mL AA aqueous solution (5 mM) was
added as quickly as possible, followed by stirring rapidly for 3 h. Finally, Au
NP@MoS; was collected by centrifugation and washing with ultrapure water several

times.

2.4 Synthesis of Csp-Au NP@MoS,

The overall synthetic process of Cg-Au NP@MoS, was shown schematically in
Figure S2 (Supporting Information). The Cgp-Au NP@MoS, was prepared through the
special interaction between Au NP@MoS, and -SH functionalized Cg NPs.? Briefly,
2 mL of the synthesized Au NP@MoS, was added into 3 mL the as-prepared Cqy NPs

while stirring. After being stirred overnight at room temperature, the resultant Cep-Au
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NP@MoS, was centrifuged and washed to remove unreacted reagents. Finally, the

obtained Cgo-Au NP@MoS; was redispersed in 1 mL ultrapure water.

2.5 Synthesis of Au@Fe;O4 and PbS QD-labeled DNA linker

Au@Fe;0, was prepared in accordance with our previous report.®® The
TGA-capped PbS QDs were prepared under a highly pure nitrogen-filled atmosphere
through an established protocol.”® Briefly, 10 pL the as-prepared TGA-capped PbS
QDs were mixed with 20 pL coupling reagent (20 mM EDC and 10 mM NHS) at
room temperature for 1 h for activating -COOH groups of TGA-capped PbS QDs.
After centrifugation, 30 pL 4 uM DNA linker was added to the activated PbS QDs for
1 h, which would covalently couple to the DNA linker on the surface of PbS QDs via

a classic acylation reaction.

2.6 ATP mediated aptazyme cycling amplification procedure

The ATP mediated aptazyme cycling amplification procedure was performed in
an eppendorf tube according to an established protocol with minor modifications,*”*°
which was shown schematically in Scheme 1(A). Briefly, 90 uL the as-prepared
Au@Fe;04 and 30 pL. PbS QD-labelled DNA linker were mixed and reacted for 12 h.
Thus the PbS QD-labelled DNA linker was assembled on the surface of Au@Fe;O4
via Au-S bond for further magnetic separation. In order to block the nonspecific sites,

the above solution was incubated with 20 pL 1 mM HT for 40 min. Subsequently, 10

uL 4 uM aptazyme strand (containing ATP aptamer sequence and Mg -dependent

10
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DNAzyme sequence) was added. The obtained mixture was heated to 85 °C for 10
min, before it was slowly cooled to room temperature. This mixture was then stored in
the dark for 12 h to complete the hybridization between the PbS QD-labelled DNA
linker and aptazyme strand. After incubation in 20 pl. ATP with different
concentrations at room temperature for 90 min, a hairpin structure for aptamer
domain-ATP was formed, which was used to activate the Mg®"-dependent aptazyme
strand. Finally, 10 uL of 360 mM aqueous Mg2+ solution was added and incubated for
80 min to obtain a final concentration of 20 mM for Mg®". In the presence of both the
target ATP and the cofactor Mg®’, the activated aptazyme would cleave the PbS
QD-labelled DNA linker, generating numerous output S;. After magnetic separation,
the supernatant containing plenty of output S; was applied to the modified electrode

for PEC measurements.

2.7 Construction of PEC biosensor

The construction procedure and the function of a PEC biosensor are illustrated in
Scheme 1. Prior to modification, the GCE was carefully polished with o-Al,O;
powders (0.3, 0.05 um), followed by ultrasonic cleaning in ultrapure water and drying
with nitrogen. Then, the mirror-like GCE was modified with the as-prepared Cgo-Au
NP@MoS; (15 pL) and dried at 37 °C for forming a homogeneous film.
Subsequently, 15 uL. 4 uM thiol-modified capture DNA was attached on the Cgp-Au
NP@MoS, layer and incubated at room temperature for 12 h, leading to

immobilization of capture DNA on the modified electrode via Au-S bond. After

11
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blocking with 1 mM MCH for 1 h, the obtained electrode was incubated with 20 pL
output S; at 37 °C for 2 h to hybridize with the capture DNA on the electrode. After
each modification, the electrode was thoroughly washed with ultrapure water to

remove physically absorbed species.

_(-:. .................... h g TR .
~ A .
PbS QD :
r PEC signal :
e — Off 5
e \¢ I
................ B s mansis w v
X PbS QD-labeled % HT @ Au@Fe,0, \ Aptazyme :
: DNA linker .
; ¥ MCH ﬁ Cy-Au NP@MosS, Capture DNA :

Scheme 1. Schematic illustrations of the PEC biosensor for ATP detection. (A) ATP
mediated aptazyme cycling amplification procedure. Schematic illustrations of the
photocurrent generating (B) and quenching (C) mechanism.

2.8 PEC measurement

12
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The PEC biosensor was investigated in 5 mL PBS containing 0.1 M freshly
prepared AA solution at room temperature. As illustrated in Figure 4, AA was an
effective electron donor for hole-scavenging in the photoexcited photoactive
materials, which could promote the separation of electron-hole and suppress the
electron-hole recombination, achieving the generation of a stable photocurrent. The
excitation light source (wavelength: A = 460 nm; radiant flux: @ = 976 mW) was
provided by a LED lamp and switched off-on-off for 10 s-20 s-10 s under 0.0 V

potential.

3. Results and discussions

3.1 Characterization of the different nanomaterials

The morphologies of prepared nanomaterials were characterized by scanning
electron microscopy and transmission electron microscopy (TEM). As shown in
Figure 1A, the as-prepared Cgy NPs exhibited globular structures with the size about
80 nm (with a standard deviation of 25 nm; N = 148). The obtained MoS, presented a
flower-like shape with a uniform diameter of 400 nm, which was shown in Figure 1B.
After cysteine-linking of Au NPs, the average size increased by ~50% on the surface
of flower-like MoS, (Figure 1C). After reacting with the synthesized Cgy NPs,
numerous globular structures were obviously observed on the Au NP@MoS, surface
(Figure 1D and Figure 1E). Moreover, a typical transmission electron micrograph

(Figure 1F) revealed that the synthesized PbS QDs possessed homogeneous

13
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dispersion and clear lattice planes with the average size about 4 nm. These results
indicated the successful formation of Cg NPs, MoS;, Au NP@MoS,, Cg-Au
NP@MoS; and PbS QDs. Besides, scanning electron micrograph of Au@Fe;04 was

shown in Figure S3 (Supporting Information).

2.00um

Figure 1. Scanning electron micrographs of C¢y NPs (A), MoS, (B), Au NP@MoS,
(C), and Cgp-Au NP@MoS; (D and E), and TEM images of PbS QDs (F). The inserts

of (B) and (C) showed an individually enlarged scanning electron micrographs of

14
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MoS, and Au NP@MoS,, respectively. The insert of (F) showed a high-resolution

TEM image of PbS QDs.

The scanning electron micrographs confirmed that the synthesized Cgp NPs with
-SH functionalization have been attached to the Au-S-Mo nanostructure via the
interaction between Au NPs and -SH groups (Figure 2A). In addition, UV-vis
absorption spectroscopy was performed to further examine the successful preparation
of MoS;, Au NPs, Au NP@MoS,, Cs NPs and Ce-Au NP@MoS,. As displayed in
Figure 2B, the characteristic absorption peaks of MoS; alone (curve a) were observed
around 208 nm and 230 nm, which was consistent with the reported absorption peaks
in the near-UV region (A < 300 nm).*"** The result might be attributable to the
excitonic features of MoS,.2”*' Au NPs had a strong characteristic absorption peak at
520 nm (curve b), which originates from its localized surface plasmon resonance.” **
Au NP@MoS; (curve c) exhibited two weak absorption peaks around 208 nm and 230
nm due to the excitonic features of MoS,.*"*' Meanwhile, a wide absorption peak
around 385 nm was also obtained in curve c, owing to the contribution of the oxidized
states of gold.>>3® Because of the dipole-allowed transitions in Cgo, the spectrum of
Ceo NPs (curve d) displayed three clear characteristic absorption peaks at 218 nm, 262
nm and 337 nm, respectively.”> Comparing with Ceo NPs, the characteristic absorption
peaks of Cgp-Au NP@MoS, (curve e) presented obvious red shifts (about 10 nm).

These results demonstrated the successful preparation of MoS,, Au NPs, Au

NP@MOSQ, C6() NPs and C60-Au NP@MOSQ.

15
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Furthermore, X-ray photoelectron spectroscopy (XPS) was employed for the
elemental analysis to prove the successful synthesis of Cgo-Au NP@MoS, composite
material. As seen from Figure 2C, the peaks at 284.8, 400 and 532 eV might be
assigned to Cls, N1s and Ols, respectively, which is consistent with some literatures
and suggests the presence of C, N, O elements.’’ >’ Besides, the doublets at 228.8 and
232 eV belonged to Mo3d, and the peaks located at 163.6 and 168 eV was
corresponding to S2p, which indicated the presence of Mo, S elements. > 26 4
Additionally, the XPS characteristic peaks for Au4f (84 and 87.7 eV) proved the

existence of Au element.**** The elemental analysis results verified that the Cgp-Au

NP@MoS; composite material might be successfully prepared.
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Figure 2. (A) Schematic diagrams of the structure and morphology for Cgo-Au
NP@MoS;. (B) UV-vis adsorption spectrums of (a) MoS,, (b) Au NPs, (c) Au
NP@MoS,, (d) Cep NPs and (e) Cg-Au NP@MoS,. (C) XPS analysis for (a) the full
region of Cgp-Au NP@MoS,, (b) Cls region, (c) Nls region, (d) Ols region, (e)

Mo3d region, (f) S2p region and (g) Au4f region.

3.2 Comparison of PEC responses for different nanomaterials

To confirm the superiority of Cg-Au NP@MoS, as a photoactive material, two
components including Au NP@MoS, and Cgy NPs were utilized as controls. The
comparison study concerning these nanomaterials was conducted under the same
experimental conditions, and the results obtained are shown in Figure 3. The
photocurrent responses of Au NP@MoS,; (Figure 3A) and Cgy NPs (Figure 3B) were
0.48 pA and 0.9 pA, respectively. For the Cgp-Au NP@MoS; modified GCE (Figure
3C), the observed photocurrent response (1.9 pA) was about 2-fold higher than that of
Ceo NPs, which was attributed to the enhancement effect of MoS, towards Cgy NPs.
These comparison results indicated that Cep-Au NP@MoS; could be employed as a

preferable photoactive material for construction of PEC biosensor.

17
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Figure 3. PEC responses of different nanomaterials: (A) Au NP@MoS,, (B) C¢y NPs
and (C) Cgo-Au NP@MoS,. The PEC measurements were performed in 5 mL PBS

(pH 7.0, 0.1 M) containing 0.1 M AA.

3.3 PEC mechanism of the biosensor

The photocurrent generating and quenching mechanisms of this PEC biosensor
are illustrated in Figure 4A and Figure 4B, respectively. Cq is an excellent
photoactive material in PEC sensing field because of its generally recognized
photovoltaic properties such as strong electron-accepting capacity and predominant

18,43

electronic absorption bands throughout the entire UV-vis spectrum. Nevertheless,

the existence of its wide band gap (2.6 eV) has led to limited photo-current conversion

18
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efﬁciency.44 In developing an ultrasensitive assay, it is essential to improve the
photocurrent response of Cg. In this regard, coupling wide band gap Cgp with narrow
band gap semiconductor is highly promising, which will promote charge separation,
raise the utilization of light energy and reduce the electron-hole recombination,
leading to a significantly enhanced photocurrent response.* ** Compared with Ceo,
MoS, possesses a narrower band gap (1.9 eV), which is beneficial for injecting
photogenerated electrons from MoS, to Cgy and improving photocurrent conversion
efficiency.'”*” Hence, as shown in Figure 4A, a novel Ce-Au NP@MoS, composite
structure was synthesized that selected Cgy as photoactive material and MoS, as PEC

signal enhancer to obtain a desirable initial amplified photocurrent response.

Besides, as a signal quenching element, the p-type PbS QDs were introduced
through DNA hybridization, which could effectively quench the photocurrent
response of Cgo-Au NP@MoS,.? First, the p-type PbS QDs competed with Cgo-Au
NP@MoS; to absorb light energy due to their broad absorption spectrum, which could
weaken the light absorption of Cgo-Au NP@MoS,, leading to decreased photocurrent
response.”” Second, the photogenerated electrons of PbS QDs were captured by
dissolved oxygen (electron acceptors) to form O, ~ (e), and the photogenerated holes
were neutralized with AA (d), which could reduce AA concentration supplied for
Ceo-Au NP@MoS,, making the photocurrent response decrease further. Third, the
electron transfer was retarded owing to the steric hindrance of PbS QDs, which could
also reduce the photocurrent response. Herein, an effectively quenched photocurrent
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response was obtained in the presence of the quencher p-type PbS QDs, which was

shown in Figure 4B.
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Figure 4. Schematic illustration of (A) the photocurrent generating mechanism of Cg

NPs/MoS; photoactive materials and (B) the photocurrent quenching mechanism of

p-type PbS QDs towards C¢o NPs/MoS, photoactive materials.

3.4 PEC characterization of the biosensor

The photocurrent characterization of the stepwise-modified procedure for the
proposed PEC biosensor is shown in Figure 5. After C¢-Au NP@MoS, was coated
onto the pretreated bare GCE, the photocurrent enhanced greatly (curve b) compared
to that of the bare GCE (curve a), which was ascribed to the excellent photoelectric
activity of Cgo-Au NP@MoS,. Subsequent incubating with capture DNA caused
obvious inhibition of the photocurrent (curve c¢) and the inhibition percentage from
curve b to curve ¢ was 6.83%, owing to the poor charge transfer of DNA skeleton. As

expected, a further decreased photocurrent (curve d) was recorded and the reduction
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percentage from curve c to curve d was 13.59% after blocking with the organic small
molecule MCH. Finally, a significant depression of the photocurrent was appeared
(curve e) and the reduction percentage from curve d to curve e was 60.84% when
output S; was modified on the above electrode, because output S; was successfully
captured in which the p-type PbS QDs could effectively quench the photocurrent of
Ceo-Au NP@MoS, composite material and the maximum quenching percentage
reached about 74%. Zhu’s group has reported that the maximum quenching
percentage of p-type CuS nanocrystals is 66.67%.>> The result demonstrates that the
p-type PbS QDs has higher quenching efficiency compared with the CuS
nanocrystals, which are ascribed to the p-type PbS QDs with narrower band gap and

stronger light absorption capacity.
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Figure 5. PEC responses of (a) bare GCE, (b) Cso-Au NP@MoS,/GCE, (c) capture
DNA/Cgp-Au NP@MoS,/GCE, (d) MCH/capture DNA/Cgp-Au NP@MoS,/GCE and
(e) output S;/MCH/capture DNA/Cgp-Au NP@MoS,/GCE. The PEC measurements

were performed in 5 mL PBS (pH 7.0, 0.1 M) containing 0.1 M AA.
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3.5 Electrochemical characterizations of the PEC biosensor

To characterize the PEC biosensor preparation procedure step by step, CV
measurements were conducted in 2 mL PBS (pH 7.0, 0.1 M) containing 5.0 mM
[Fe(CN)6]3'/4' and 0.1 M KCI between -0.2 V and 0.6 V at a scan rate of 50 mV/s. As
displayed in Figure 6A, the bare GCE (curve a) exhibited a pair of reversible redox
peaks and the oxidation peak current was obtained as 232.3 pA. With Ce-Au
NP@MoS; coated onto the electrode surface, the oxidation peak current decreased to
213.4 pA (curve b) because of the poor conductivity of Cg-Au NP@MoS,. The
introduction of capture DNA induced further decrease of the peak current (curve c)
and the oxidation peak current was obtained as 178.2 pA, owing to the electronic

repulsion between [Fe(CN)e]>"*

and the negatively charged capture DNA. The
observed oxidation peak current (160.3 pA) decreased once again (curve d) after
blocking with MCH. Finally, when PbS QD-labeled short DNA sequences (output S;)
was immobilized onto the above electrode, the obtained oxidation peak current

decreased to 152.3 pA (curve e) which attributed to the increased steric hindrance

effect and electronic repulsion.

Meanwhile, as shown in Figure 6B, EIS measurements were employed to
characterize the fabrication of PEC biosensor. EIS measurements were recorded in 2
mL PBS (pH 7.0, 0.1 M) containing 5.0 mM [Fe(CN)s]*™* and 0.1 M KCI, which was
conducted over a frequency range from 10 kHz to 0.1 Hz using an AC potential with

an amplitude of 5 mV at a DC potential of 0.22 V. The charge-transfer resistance (R)
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for bare GCE was about 24 Q (curve a). Comparing with curve a, an increased R was
observed for the Cgp-Au NP@MoS; modified electrode (Ret = 112 Q, curve b). The R
increased sequentially with the consecutive assembling of negatively charged capture
DNA (Ret = 332 Q, curve ¢) and nonconductive MCH (R = 416 Q, curve d). A
further increase of the R was found after incubating with output S; (Rt = 562 Q,
curve e) because of the largely increased negative charges as well as the increased

steric hindrance effect. Give the hint that the PEC biosensor has been successfully

fabricated.
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Figure 6. CV (A) and EIS (B) responses of the stepwise modified electrodes: (a) bare
GCE, (b) Cg-Au NP@MoS,/GCE, (c) capture DNA/Cg-Au NP@MoS,/GCE, (d)
MCH/capture DNA/Cgp-Au NP@MoS,/GCE and (e) output S;/MCH/capture

DNA/Cgo-Au NP@MoS,/GCE.

3.6 PEC analysis of ATP at the developed biosensor

To investigate the analytical performance of the PEC biosensor, the quantitative

measurement was explored by detecting ATP with various concentrations under the
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optimal experiment conditions (Supporting Information, Figure S1). As depicted in
Figure 7, the PEC response linearly decreased with incremental ATP concentration
from 1.00 x 10 pM to 100 nM with a detection limit of 3.30 fM (defined as LOD =
3Sp/m, where Sz and m were the standard deviation of the blank and the slope of the
calibration plot at lower concentration ranges, respectively), and the linear regression
equation expressed as [ = -0.145 1g ¢ + 0.776 with a correlation coefficient of 0.995
(where [ and ¢ were the PEC response and the ATP concentration, respectively).
Additionally, the analytical performances of the proposed PEC biosensor were
compared with some previously reported methods for ATP detection. As seen from
Table S1 (Supporting Information), an improved sensitivity and a much wider linear
range were observed in our work. These results demonstrated that the proposal PEC

biosensor possessed excellent potential for ultrasensitive detection of ATP.
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Figure 7. (A) PEC responses of the biosensor in the presence of ATP with various

concentrations: 1.00 x 107 pM, 1.00 x 10" pM, 1.00 pM, 1.00 x 10> nM, 1.00 x 10"
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nM, 1.00 nM, 10.0 nM and 100 nM (from left to right). (B) The corresponding

calibration curve for ATP detection.

3.7 Selectivity and stability of the PEC biosensor

To explore the selectivity of the PEC biosensor, several possible interfering
agents including UTP, CTP and GTP were assessed as controls. As shown in Figure
8A, the PEC response of the blank test exhibited no difference in comparison with 10
uM GTP, 10 uM UTP and 10 pM CTP. However, a significant decreased PEC
response was achieved when 100 nM ATP was served as the detection sample.
Meanwhile, the mixture containing 10 pM GTP, 10 uM UTP, 10 uM CTP and 100
nM ATP exhibited no obvious change in PEC response compared with the case of
solely ATP. The result suggested a good selectivity of the proposal PEC biosensor for
ATP assay. Furthermore, the proposal PEC biosensor incubated with 0.1 nM ATP
was monitored under successive periodic “off-on-off” light for 10 cycles to
investigate the stability of this strategy. As illustrated in Figure 8B, the relative
standard deviation (RSD) for PEC responses was 3.22%, which indicated an excellent

stability of the proposal PEC biosensor for ATP detection.
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Figure 8. (A) Selectivity of the PEC biosensor with different targets: 10 uM GTP, 10
uM UTP, 10 uM CTP, 100 nM ATP and the mixture containing 10 uM GTP, 10 uM
UTP, 10 uM CTP and 100 nM ATP. (B) Stability of the PEC biosensor in the

presence of 0.1 nM ATP under periodic “off-on-off” light for 10 cycles.

3.8 Preliminary application in human serum samples for ATP detection

The recovery experiment of the PEC biosensor was conducted by detecting ATP
in real-life human serum samples for evaluating the feasibility of this strategy. Briefly,
the healthy human real serum samples (provided by Ninth People’s Hospital of
Chongqing, China) was diluted 50-fold and utilized to prepare different
concentrations of ATP for further detection. As tabulated in Table 1, the recovery
ranged from 93.16% to 108.50%, which indicated the excellent potentiality of this

strategy for ATP determination in real biological samples.

Table 1. Determination of ATP added in human serum samples with the proposed

PEC biosensor.
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Sample number Added / (nM) Found / (nM) Recovery / %
1 50.00 46.58 93.16
2 2.00 2.17 108.50
3 5.00x107 5.05x107 101.00
4 1.00x10 0.96x107 96.00
5 5.00x107 4.74x107 94.80

4. Conclusion

In summary, this work developed a novel “signal-off” PEC strategy by using an
n-type Ceo-Au NP@MoS, composite material as a signal indicator and a p-type PbS
QD as an efficient signal quencher for ultrasensitive detection of ATP. The
synthesized Cgp-Au NP@MoS, composite material with superior photovoltaic
properties presented nearly 2-fold higher photocurrent response than that of Cg due to
the enhancement effect of C¢y by MoS,. Moreover, using a p-type PbS QD as a signal
quencher, the photocurrent response of Cg-Au NP@MoS, was effectively quenched,
which was attributed to the significant quenching effect of p-type PbS QDs towards
n-type Ceo-Au NP@MoS,. With the aid of target mediated aptazyme cycling
amplification strategy, the conversion of a limited amount of ATP into an amplified
output S; was achieved, and these PbS QD-labeled output S; were obtained to amplify
the quenching effect furthermore. By combining the Cgo-AuNP@MoS, composite
material and the efficient quencher p-type PbS QDs, our proposed strategy showed a
higher sensitivity and a much wider linear range compared with previously reported
methods for ATP detection. In view of these results, the developed “signal-off” PEC

strategy provides a modular platform for ATP ultrasensitive detection and paves a
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new avenue in clinical applications of ATP-related diseases, including diagnosis of

disease, monitoring of disease progression and evaluation of prognosis.
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