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g r a p h i c a l a b s t r a c t
� Fe3O4 NP@ZIF-8 was employed as
satisfactory catalyst to amplify
MoS2 QDs ECL signal.

� NSET was the interaction between
the point dipole of MoS2 QDs and
collective dipoles on the nanometal
surface of Au NPs.

� The high-resolution ECL imaging
based on the smartphone enabled
the point-of-care determination of
ATP.
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Herein, Fe3O4 NP@ZIF-8/MoS2 QD-based electrochemiluminescence (ECL) biosensor with nanosurface
energy transfer strategy was successfully developed for point-of-care determination of ATP. With the
porous structure and poor electron transfer ability, Fe3O4 NP@ZIF-8 complex was first used as an
excellent catalyst in ECL. The complex catalyzed the coreactant for more free radicals and hindered the
quenching effect of Fe3O4 nanoparticles (NPs) on quantum dots (QDs). In ECL-nanosurface energy
transfer (NSET) system, through the specific binding of complementary DNA linked to MoS2 QDs (QDs-
cDNA) and aptamer linked to Au NPs, interaction between the point dipole of MoS2 QDs and the col-
lective dipoles of Au NPs quenched ECL signal. When ATP was captured by aptamer, the ECL-NSET system
was taken apart, which resulted in the recovery of ECL signal. Moreover, changes of the ECL imaging can
be captured by a smartphone, which enabled point-of-care determination of ATP from 0.05 nmol L�1 to
200 nmol L�1 with LOD of 0.015 nmol L�1. With superior specificity and stability, the sensing system
showed significant potential about the application of catalysts coated with ZIF and NSET in point-of-care
ECL determination.

© 2020 Elsevier B.V. All rights reserved.
lu.edu.cn (X. Su).
1. Introduction

Adenosine triphosphate (ATP) regulates virtually all biological
processes of biochemical reaction and cellular metabolism, such as
energy transfer, cellular signaling and respiration catalysis [1e3].
Studies have shown that ATP level is closely related to disorders and
dysfunction of biological system, such as hypoglycemia and some
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malignant tumors [4,5]. It is of importance to understand integra-
tion of ATP in the brain and explore proliferation and apoptosis of
cells [6,7]. Various methods were developed for ATP determination,
such as performance liquid chromatography [8,9] and mass spec-
trometry [10] with need for expensive instruments, lengthy time
and cumbersome steps. Therefore, it is an essential issue to develop
a biosensor with satisfactory convenience, specificity and stability.
The electrogenerated chemiluminescence (ECL) technology which
combines characteristics of electrochemistry and spectroscopic
chemistry has better accuracy and reproducibility with lower
background noise [11e13]. In recent years, it has been widely used
in biosensing and clinical testing with convincing results [14e17].
Molybdenum disulfide with a 2D hexagonal lattice under weak van
der Waals force has amazing chemical luminescence properties
[18]. Among the various morphologies of molybdenum disulfide
materials, molybdenum disulfide quantum dots with edge effect
and quantum confinement effect have superior physical and
chemical properties [19], such as low toxicity, high catalysis and
excellent biocompatibility [18], which provides conditions for the
actual detection of DNA [20], photodynamic therapy [20], hydrogen
evolution catalysis [21], bioimaging [22,23], electrochemical and
optical sensors [22e24]. In the ECL sensing system, MoS2 QDs can
generate ECL emission with the assistance of the coreactant po-
tassium persulfate.

In order to improve the low ECL efficiency of MoS2 QDs, the
catalyst for activating ECL coreactant (e.g. potassium persulfate)
was explored. Studies have shown that magnetite, pyrite, siderite,
ilmenite, etc. can be used for the activation of persulfate [25,26].
Magnetite containing ferrous and ferric oxides can activate per-
sulfate by heterogeneous catalytic reaction, similar to the solution
interface reaction [27]. The reaction with superoxide radical (O2

�-)
promotes the formation of more sulfate radicals [28]. However,
Fe3O4 NPs can easily quench the luminescence of QDs due to charge
transfer between Fe3O4 NPs and MoS2 QDs. So it is necessary to
ensure the positive catalytic effect of Fe3O4 NPs and avoid the
negative charge transfer in the ECL process. In recent years, MOFs
have been applied to the establishment of catalysis systems
[29e32]. As a kind of MOFs, ZIF-8 can increase the amount and
stability of the catalyst due to its large specific surface area and
stable structure [33]. The porous structure of Fe3O4 NP@ZIF-8
complex has abundant pore channels and more active sites
exposed in the reaction solution to become a composite catalyst.
Meanwhile, ZIF-8 with poor electron transfer ability can hinder the
negative effect of Fe3O4 NPs on ECL signal.

Furthermore, in fabrication of biosensing systems, Au NPs are
considered to be a common energy acceptor in the non-radiative
energy transfer. However, the mechanism of energy transfer is
still unclear. Because of their special physical structure and chem-
ical properties, Au NPs can act as an acceptor in both F€orster
resonance energy transfer (FRET) and nanosurface energy transfer
(NSET). Compared with dipole-dipole FRET, NSET is based on the
interaction between nanometal surface and molecular dipole
[34,35] with higher energy transfer efficiency and longer energy
transfer distance (e.g., the distance between the binding sites of
living cells) [36]. Strouse et al. [37] confirmed that NSET still existed
when the distance between the donor and the acceptor was 22 nm
which was more than twice the FRET limit. Since the mechanism
involved in the ECL-energy transfer mode has not been discussed in
depth, it is particularly essential to calculate the distance between
the donor and the acceptor and investigate the exact ECL-energy
transfer mechanism [38].

In this work, Fe3O4 NP@ZIF-8/MoS2 QD-based biosensor
amplifying ECL signal with NSET strategy was developed for point-
of-care determination of ATP (as displayed in Scheme 1). QDs-cDNA
and Fe3O4 NP@ZIF-8 complex were fixed to the electrode surface by
hyaluronic acid (HA). On the electrode, Fe3O4 NP@ZIF-8 complex
can activate persulfate to boost the ECL signal of MoS2 QDs. Next, Au
NPs attached to the ATP aptamer approached MoS2 QDs and pro-
duced NSET, resulting in the decrease of ECL signal. In the sensing
process, ATP took the Au NPs away by specific binding to the
aptamer, which resulted in recovery of ECL signal. More impor-
tantly, with the changes of ATP concentration, changes of ECL signal
can be identified by a smartphone for point-of-care determination.

2. Experimental section

Reagents and apparatus, preparation of Fe3O4 NP@ZIF-8 com-
plex and production of Au NP-aptamer were exhibited in the sup-
porting information.

2.1. Synthesis of MoS2 QDs and QDs-cDNA

0.047 g ammoniummolybdate tetrahydrate and 0.254 g reduced
glutathione were dissolved in 12 mL of ultrapure water. The solution
was heated at 180 �C under the microwave-assisted condition for
50 min and then centrifuged for 10 min (10,000 rpm). Yellow su-
pernatant was then collected as MoS2 QDs solution. 900 mL of MoS2
QDs solutionwasmixed with 80 mL of cDNA solution (100 mmol L�1).
After stirring for 3 h, the mixture was dialyzed to near neutral pH
and stored in a refrigerator for later use.

2.2. The ECL biosensor fabrication

First, the electrode was polished and cleaned with ultrapure
water and ethanol to form a mirror-like surface. 6 mL of sodium
hyaluronate solution (1 mmol L�1) was dropped onto the electrode
and dried. Viscous sodium hyaluronate solution can generate
hydrogen bonds with the conjugate due to its rich hydroxyl group.
Next, 3 mL of QDs-cDNA solution prepared above and 3 mL of Fe3O4
NP@ZIF-8 saturated solution was mixed and dropped onto the
electrode. After drying again, 6 mL of Au NP-aptamer solution was
dropped onto the electrode and allowed to react at room temper-
ature for 2 h. Finally, the modified electrode was immersed in
100 mL of solution (pH 7.4) with different concentrations of ATP at
37 �C for 1 h. The ECL signals were acquired in PBS (pH 7.4) with
0.025 mol L�1 potassium persulfate. Meanwhile, the actual sample
testing was performed in human serum to confirm the feasibility of
the sensor for clinical application (described in the supporting
information).

2.3. Visual test

The CHI 660B electrochemical workstation and a HUAWEI
smartphone were used as the visual test device. The coreactant and
reaction environment of the system remained unchanged. For
avoiding the interference of background light, a black shading box
existed in the whole imaging process. Finally, the ECL visual images
were exhibited with the CMOS sensor chip (1920 � 1080 pixels) of
the smartphone and the high-resolution recognition of images was
realized with the help of a self-developed software. The software
was developed by Python. The OpenCV library was used for image
processing. The gray value of images was calculated as quantitative
value and mapped by the color changed continuously from black to
red.

3. Results and discussion

3.1. Characterizations of MoS2 QDs

From the TEM image (as displayed in Fig. 1A), the excellent



Scheme 1. The Determination Mechanism of the Biosensor.

Fig. 1. (A) TEM image, (B) XPS spectrum, (C) FT-IR spectrum, and (D) fluorescence spectrum and ECL spectrum of MoS2 QDs.
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dispersion of MoS2 QDs with 4 nm of particle size and 0.15 nm of
lattice fringes was observed. The conditions about time, tempera-
ture and raw material ratio of the synthesis of MoS2 QDs were
optimized. As displayed in Figs. S1A and 50 minutes was the
optimal reaction time. The ECL signal increased with the increased
reaction temperature (as displayed in Fig. S1B). 180 �C was chosen
as the optimal reaction temperature. The best ECL signal of MoS2
QDs was observed when the molar ratio of ammonium molybdate
to glutathionewas 1:20 (as displayed in Fig. S1C). The XPS spectrum
showed the surface composition of MoS2 QDs containing C, N, O,
Mo and S elements (as displayed in Fig. 1B and Fig. S2). The peak at
227.8 eV represented Mo4þ3d5/2, which indicated that Mo domi-
nated the 4þ oxidation state. The peak at 163.4 eV represented S
2p3/2. The peak at 168.7 eV showed the presence of oxidized S6þ

during the reaction [39,40]. From the UV spectrum (as displayed in
Fig. S3), the shoulder peak of MoS2 QDs was at 310 nm with a
significant blue shift compared to conventional MoS2 nanosheets
[41]. From the FT-IR spectrum (as displayed in Fig. 1C), the peak at
3410 cm�1 represented stretching vibration of N-H and O-H. The
peak at 1700 cm�1 represented characteristic stretching vibration



Y. Nie et al. / Analytica Chimica Acta 1127 (2020) 190e197 193
of C¼O. And the peak at 1386 cm�1 represented stretching vibra-
tion of C-N. As displayed in the fluorescence spectrum (Fig. S4),
MoS2 QDs had a property of excitation wavelength dependence
from 300 nm to 380 nm. In the ECL spectrum (as displayed in
Fig. 1D), the peak position of ECL showed obvious red shift
compared with that of fluorescence emission. Since the surface
states and defects of MoS2 QDs played opposite roles in photo and
charge injection, red shift of the peak position occurred when the
band gap of surface state of MoS2 QDs was narrower than that of
core [42]. The quantum yield of MoS2 QDs was ca. 4.2% (quinine
sulfate 54%).

3.2. Electrochemical feature and characterization of Fe3O4 NP@ZIF-
8/MoS2 QDs

HA was applied as the linker of Fe3O4 NP@ZIF-8/MoS2 QDs and
electrode surface. At high concentrations, HA solution has signifi-
cant viscoelasticity due to the three-stage network formed by
intermolecular interaction. HA solution at different concentrations
of 10�6, 10�5, 10�4, 10�3, and 10�2 mol L�1 was used for binding of
MoS2 QDs. As displayed in the figure (Fig. S5A), HA solution with
decreased viscoelasticity can bind less amount of MoS2 QDs on the
electrode surface, which resulted in low ECL signal. However, with
high concentration of HA solution, charge transfer in the ECL re-
action can be blocked, and the ECL signal also declined. Therefore,
10�3 mol L�1 HA solution was the best with the most stability for
the following experiments (as shown in Fig. S5B).

As displayed in the TEM image (as shown in Fig. 2A), Fe3O4
NP@ZIF-8 complex was with perfect appearance and uniform distri-
bution. The Fe3O4NPs (ca.15 nm)were successfully coatedwith ZIF-8
to formcore-shell Fe3O4NP@ZIF-8complex. Fe3O4NP@ZIF-8 complex
had a larger pore size and more active sites, which can activate the
coreactant [43]. From theXRDpatterns (as displayed in Fig. S6), Fe3O4
NP@ZIF-8 complex hadmatchingpeaks (slightmovements)with ZIF-
8 and Fe3O4 NPs, which represented the successful synthesis of the
Fig. 2. (A) TEM image of Fe3O4 NP@ZIF-8 complex. (B) Photos of Fe3O4 aqueous solution an
MoS2 QDs and MoS2 QDs with Fe3O4 NP@ZIF-8 complex and (D) ECL-potential curves of pur
0.025 mol L�1 potassium persulfate.
composite material. In Fig. 2B, the photos of Fe3O4 NPs solution and
Fe3O4 NP@ZIF-8 aqueous solution under magnetic attraction
confirmed magnetic properties of Fe3O4 NPs and Fe3O4 NP@ZIF-8
complex. From Fig. S7, the ECL signal enhanced with the increased
amount of Fe3O4 NP@ZIF-8 saturated solution. When 3 mL of Fe3O4
NP@ZIF-8 saturated solution was added, the ECL signal reached the
maximum value. When more Fe3O4 NP@ZIF-8 complex was intro-
duced, due to excessive aggregation of Fe3O4 NP@ZIF-8 complex can
lead to negative interactions of active reaction sites [44], the ECL
signal decreased. As displayed in Fig. 2C, the direct contact between
Fe3O4NPsandMoS2QDscancausecharge transfer,which reduced the
ECL signal of MoS2 QDs by ca. 50%. In the impedance test, the large
impedance value (30 kU) of ZIF-8 indicated poor conductivity, which
hindered the charge transfer between Fe3O4 NPs and QDs. This
property of ZIF-8 was consistent with previous reports [45,46]. As a
result, the ECL signal recovered and increased more than 50%, which
confirmed that the complex catalyzed potassium persulfate to form
more SO4

�-. In the potential-ECL measurements (as displayed in
Fig. 2D), the potential of MoS2 QDs with Fe3O4 NP@ZIF-8 complex
changed from �2.3 V to �2.1 V compared to the potential of pure
MoS2QDs,which alsoproved that Fe3O4NP@ZIF-8 complexcatalyzed
the formation of SO4

�- from potassium persulfate.

3.3. Mechanism of catalytic ECL and energy transfer

Fe3O4 NP@ZIF-8 complex acted as the catalyst to promote po-
tassium persulfate to generate more SO4

�-. MoS2 QDs contacted the
SO4

�- generated in the previous step to become excited-state species,
resulting in better ECL signal. The mechanism of ECL was presumed
as follows:

S2O
2�
8 þ e�Fe3O4 NP@ZIF� 8��������! SO$�

4 þ SO2�
4 (1)

SO4
�- þ MoS2 QDs þ e�/MoS2 QDs* þ SO4

2� (2)
d Fe3O4 NP@ZIF-8 aqueous solution. (C) ECL curves of MoS2 QDs with Fe3O4 NPs, pure
e MoS2 QDs and MoS2 QDs with Fe3O4 NP@ZIF-8 complex in PBS (pH ¼ 7.4) containing
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MoS2 QDs* / MoS2 QDs þ hv (3)

Since overlap existed between the ECL spectrum of MoS2 QDs
and the molar absorption spectrum of Au NPs (as displayed in
Fig. 3), energy transfer occurred between MoS2 QDs and Au NPs
(FET ¼ 0.37). The mechanism of energy transfer was explored in
detail. The different non-radiative energy transfer mechanisms
were taken into our consideration, including ECL-FRET and ECL-
NSET. The acceptor in ECL-NSET is the nanometal surface equiva-
lent to the assembly of many dipoles rather than a point dipole in
ECL-FRET.

In ECL-FRET, according to the previously reported calculation
formula [47], the F€orster distance R0 can be calculated when the
energy transfer efficiency was 50%, as follows:

R0 ¼0:021
h
k12FDðnÞ�4JðlÞ

i1
6 (4)

k2 is orientation factor,FD is the quantumyield of MoS2 QDs, n is
water refractive index and J(l) is the overlap integral of ECL spec-
trum and molar absorption spectrum. The value of R0 can be
calculated as 14.84 nm. It was then substituted into the following
formula to calculate the actual distance between MoS2 QDs and Au
NPs (index is 6 for ECL-FRET; 4 for ECL-NSET) [48]:

FET ¼
1

1þ
�

d
d0

�n (5)

Since the calculated actual distance was 16.22 nm, it did not
match the required distance (less than 10 nm) in ECL-FRET.

In ECL-NSET, according to Persson and Lang’ s model [49], when
the energy transfer efficiency reached 50%, the distance between
MoS2 QDs and Au NPs can be represented by d0 as follows:

d0 ¼
 
0:225FDc3

u2
DuFkF

!1
4

(6)

FD is the quantumyield of MoS2 QDs, c is the light velocity, uD is
the angular frequency of MoS2 QDs, uF is the Au Fermi frequency,
and kF is the Au Fermi wave vector. The value of d0 was 3.98 nm.
And the distance between MoS2 QDs and Au NPs was 4.55 nm.
Therefore, the energy transfer form in the sensing systemwas ECL-
NSET. The energy transfer was the interaction between the point
dipole of MoS2 QDs and the collective dipoles on the nanometal
surface of Au NPs.
Fig. 3. ECL spectrum of MoS2 QDs (donor) and molar extinction coefficient curve of Au
NPs (acceptor).
3.4. Point-of-care determination of ATP and ECL imaging

From impedance spectra (Fig. S8A), the resistance of the bare
electrodewas small, and the resistance increased after HAmodified.
After the modification of Fe3O4 NP@ZIF-8/QDs-cDNA to the elec-
trode, resistance increased due to the poor conductivity of ZIF-8.
When Au NP-aptamer was introduced, resistance further
increased. Both EIS profiles and CV profiles (as displayed in Fig. S8B)
verified satisfactory construction of the sensing system. As shown in
the qualitative curves (Fig. 4A), without interference from back-
ground light, no ECL signal was on the bare electrode. And the ECL
signal appeared after the addition of Fe3O4 NP@ZIF-8/QDs-cDNA.
When Au NP-aptamer was introduced, the ECL quenched due to
NSET. When ATP took away the aptamer from the electrode surface,
the ECL signal recovered.Meanwhile, in the inter-batch test (Fig. S9),
the biosensors produced in five batches had outstanding signal
reproducibility, which met the requirements of actual determina-
tion. The excellent stability of the biosensor was also displayed in
Fig. 4B. The biosensor showed the satisfactory sensitivity for ATP
determination from 0.05 nmol L�1 to 200 nmol L�1 with LOD of
0.015 nmol L�1. The linear equation of logarithm of ATP concentra-
tion and the ECL intensitywas I¼ 10646.8 log [ATP]þ 182052.3with
a correlation coefficient of 0.992 (as displayed in Fig. 4C and D). The
result showed that the biosensing systemwas convenient to achieve
point-of-care determination of ATP. The biosensor showed partic-
ularly excellent selectivity for 200 nmol L�1 ATP solution compared
to 1 mmol L�1 other molecules of nucleoside family (CTP, GTP, UTP),
histidine, aspartic acid, arginine, glycine, galactose and glucose so-
lution added to the system (as displayed in Fig. S10A). In the anti-
interference test, 200 nmol L�1 ATP solution was mixed with
1 mmol L�1 interfering substances solution mentioned above
respectively and introduced into the sensor system. The result
confirmed the excellent anti-interference characteristics of the
sensor (as displayed in Fig. S10B). Finally, the biosensor was applied
for ATP actual determination in human serum using standard
addition methods. As displayed in Table S1, the recoveries ranged
from 99% to 105%with RSD less than 5.18%. Meanwhile, our method
had considerably better sensitivity than other methods for deter-
mining ATP (as displayed in Table S2). In particular, our composite
sensor had a lower detection limit compared to the sensing system
containingMoS2QDsor Fe3O4NPs alone. The catalytic effect of Fe3O4
NPs on the coreactant effectively amplified the ECL signal of MoS2
QDs, which made the sensing systemmore sensitive. To respond to
the requirement of actual determination, a visual test based on a
smartphone was applied to collect the ECL signals and obtain high-
resolution images via self-developed software. As displayed in Fig. 5,
the ECL signal cannot be captured by the smartphonewhen the ATP
concentration was 0.05 nmol L�1. When the ATP concentration was
5 nmol L�1, the ECL signal wasweak, but the brightness of the image
processed by the software was clear. Finally, when the ATP con-
centration was 200 nmol L�1, the light signal was strong, and the
image can be compared with the previous twoweaker images after
processing. In this ECL imaging for ATP detection, a facile smart-
phone instead of professional instruments was employed. Further-
more, the detection results were presented by the software in
gradual colors. This imagingquantitativemethodwasmore intuitive
and convenient than the conventional ECL method. Therefore, this
detection method based on the smartphone had great potential in
ATP point-of-care determination.

4. Conclusions

In thework, a biosensor with high specificity and sensitivity was
developed for determining ATP. Fe3O4 NP@ZIF-8 complex worked
as the catalyst to stimulate the ECL signal of MoS2 QDs.



Fig. 4. (A) ECL curves of different modified electrodes, (B) ECL curves of the electrode after modification of sodium hyaluronate, QDs-cDNA, Fe3O4 NP@ZIF-8 complex and Au NP-
aptamer, (C) ECL curves of proposed biosensor with different concentrations of ATP (from a to k: 10�11, 3 � 10�11, 5 � 10�11, 10�10, 10�9, 5 � 10�9, 10�8, 10�7, 2 � 10�7, 3 � 10�7,
10�6 mol L�1) in PBS (pH ¼ 7.4) containing 0.025 mol L�1 potassium persulfate. (D) Calibration curve for ATP detection.

Fig. 5. Digital images (from A to C: 5 � 10�11, 5 � 10�9, 2 � 10�7 mol L�1 ATP solution) and processed high resolution images (from D to F: 5 � 10�11, 5 � 10�9, 2 � 10�7 mol L�1 ATP
solution) of the ECL emission of the biosensor in PBS (pH ¼ 7.4) containing 0.025 mol L�1 potassium persulfate.
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Furthermore, the mechanism of ECL energy transfer in the
biosensor was deeply explored. The energy transfer was the inter-
action between the point dipole of MoS2 QDs and the collective
dipoles on the nanometal surface of Au NPs. Most importantly, ECL
imaging and high-resolution data processing based on a smart-
phone and self-developed software enabled the point-of-care
determination of ATP. Since point-of-care determination is still an
urgent problem to be solved today, we devote to developing a
smaller, faster, and more convenient imaging device to achieve the
actual tests.
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