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Adenosine triphosphate (ATP) plays an important role in various biological processes and the ATP level is
closely associated with many diseases. Herein, we designed a novel dual-emissive fluorescence nanoplat-
form for ATP sensing based on red emissive europium metal-organic framework (Eu-MOF) and blue emis-
sive gold nanoclusters (AuNCs). The presence of ATP causes the decomposition of Eu-MOF owing to strong
affinity of Eu* with ATP. As a result, the red emission of Eu-MOF decreases while the blue emission of
AuNCs remains unchanged. The distinct red/blue emission intensity change enables the establishment of
a ratiometric fluorescent and visual sensor of ATP. Moreover, a fluorescent paper-based sensor was fabri-
cated with the ratiometric ATP probes, which enabled easy-to-use and visual detection of ATP in serum
samples with a smartphone.

ATP © 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Adenosine 5'-triphosphate (ATP) is not only the primary energy
source for cellular processes, but also plays an important role in
various biological processes including intracellular energy transfer,
signal transduction, DNA replication and membrane transport [1-
4]. The abnormal level of ATP is typically closely associated with
many diseases such as hypoglycemia [5], Alzheimer’s disease and
malignant tumors [6,7]. Therefore, selective detection and accu-
rate quantification of ATP in biological samples is extremely im-
portant. Many approaches have been developed for ATP detection,
such as surface plasmon resonance [8,9] chemiluminescence [10],
surface enhanced Raman scattering [11-13], colorimetric [14,15],
and electrochemical approaches [16,17]. However, these methods
often need sophisticated operation, require high-cost equipment
and time-consuming analysis. Fluorescence assays have received
considerable attention in the field of ATP sensing due to their sim-
plicity, rapid response and high sensitivity [18-24]. While many
fluorescent ATP sensors have been developed in recent years, it still
remains challenging to achieve visual and on-site detection of ATP
which largely restricts their practical application.
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Paper-based analytical devices have been widely used for
molecular analysis, health and environmental monitoring recently
due to their low cost, portability and disposability [25-27]. For ex-
ample, Luo et al. [28] synthesized a dual-state emissive chalcone
probe with the feature of aggregation-induced emission and loaded
the probe into test papers. The obtained fluorescent test papers
were successfully employed for human serum albumin test using
the whole blood samples. Wang et al. developed a paper-based an-
alytical device with dual-emission carbon dots for the on-site and
semiquantitative detection of lead ions in water samples [29]. Im-
portantly, paper-based sensors enable low-cost, sensitive and in-
stant naked eye detection of analytes. Nevertheless, there are few
reports about fluorescent paper-based platforms for ATP sensing,
which is mainly due to the lack of robust probes.

Noble metal nanoclusters have recently emerged as promising
fluorescent nanoprobes for biosensing and bioimaging duo to
their ultrasmall core size (<2nm), strong photoluminescence,
facile availability, and good biocompatibility [30,31]. Metal-organic
frameworks (MOFs) have also been explored as excellent sensing
materials because of their porous nature, adjustable functionality,
and unique optical properties [32,33]. The combination of AuNCs
and luminescent MOFs can not only provide multiple emission
centers but also endow the MOF/AuNCs assemblies with enhanced
selectivity, sensitivity, and stability for fluorescent sensing [26,34].
Herein, we propose a novel paper-based visual and fluorescent
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Scheme 1. Schematic illustration of the fabrication of BSA-AuNCs@Eu-MOF-based
ATP nanosensors (A) and further development of paper-based sensors for visual ATP
detection (B).

ATP sensing platform based on ratiometric Iuminescent
nanoprobes by integrating fluorescent gold nanoclusters (AuNCs)
with MOFs. As described in Scheme 1, a ratiometric fluorescent
ATP sensor was fabricated by encapsulating blue emissive gold
nanoclusters (AuNCs, as the reference signal) into red emissive
lanthanide metal-organic frameworks (Eu-MOF, as the response
signal), which possess dual emission feature and good stability.
Introduction of ATP could trigger the decomposition of AuNCs@Eu-
MOF nanocomposites owing to competitive binding of Eu3+ with
ATP. Consequently, the red fluorescence of Eu-MOF decreased,
while the blue fluorescence of AuNCs is inert to the presence
of ATP. Therefore, quantitative fluorescent analysis of ATP can
be achieved. Moreover, AuUNCs@Eu-MOF probes were loaded into
fluorescent test papers, which can be used to detect ATP based
on the fluorescence change of the test paper with a smartphone
under a UV lamp. Thereby, this study provides a new strategy to
enable fluorescent and visual detection of ATP for on-site clinical
analysis.

AuNCs@Eu-MOF composites were prepared through self-
assembly using isophthalic acid and Eu3* as the precursors of
MOF in the presence of bovine serum albumin-protected AuNCs
(BSA-AuNCs). BSA-AuNCs were first synthesized according to re-
ported strategy [35]. 2-Methylimidazole was then added to trigger
the nucleation to construct AUNCs@Eu-MOF at room temperature
[36]. As shown in Fig. 1A, AuNCs@Eu-MOF exhibits regular fusiform
shape with an approximate length of 5um. Compared with pure
Eu-MOF with a smooth surface (Fig. S1 in Supporting informa-
tion), the surface of AUNCs@Eu-MOF was coarse, which is likely
due to the attachment of BSA-AuNCs on the MOF surface. Fourier-
transform infrared spectroscopy (FTIR, Fig. 1B) further showed that,
distinct peaks of BSA-AuNCs at 1656 and 1540 cm~! corresponding
to the characteristic stretching and bending vibrations of amide I,
amide II in BSA, respectively, were maintained in the AuNCs@Eu-
MOF composites [35]. Moreover, peaks of BSA-AuNCs at 1240 and
1046 cm~! disappeared after combination with Eu-MOF, which is
likely due to the shielding effect of Eu-MOF nanocrystals [37]. XRD
analysis further confirmed the crystal structure of AuUNCs@Eu-MOF.
As shown in Fig. 1C, the negligible effect of AuNCs on structure
of Eu-MOF was verified by the similarity of diffraction peaks of
AuNCs@Eu-MOF as the pure Eu-MOF. To further confirm the suc-
cessful assembly of AuNCs and Eu-MOF, thermogravimetric analy-
sis (TGA) was carried out. TGA results showed that AuNCs@Eu-MOF
possesses a much higher decomposition temperature than Eu-MOF.
The weight loss at 1000 °C refers to the Au content in AUNCsS@Eu-
MOF (Fig. 1D), which is due to the existence of Au element that
strengthens the thermal stability of whole framework. All these re-
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Fig. 1. (A) SEM image of AuNCs@Eu-MOF; FTIR spectra (B) and XRD patterns
(C) of BSA-AuNCs, Eu-MOF and AuNCs@Eu-MOF; (D) TGA curves of Eu-MOF and
AuNCs@Eu-MOF.
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Fig. 2. Excitation (black) and emission (red) spectra of Eu-MOF (A) and BSA-AuNCs
(B) in aqueous solution; (C) fluorescence emission spectra of AUNCs@Eu-MOF with
different molar ratios of AuNCs to Eu®*: 80:1 (blue), 40:1 (red), and 20:1 (black);
(D) fluorescence stability of AUNCS@Eu-MOF (40:1) versus the time in the aqueous
solution. Excitation wavelength: 365 nm.

sults confirm that AuNCs were successfully incorporated into Eu-
MOF.

We then studied the optical properties of as-prepared
AuNCs@Eu-MOF. Before the assembly, BSA-AuNCs exhibit strong
blue fluorescence with the emission peak at 446 nm, and Eu-MOF
exhibits characteristic red emission of Eu3+ with the emission peak
at 616 nm owing to the antenna effect (Figs. 2A and B). As shown
in Fig. 2C, the formed AuNCs@Eu-MOF showed emissive features of
both BSA-AuNCs and Eu3*. Particularly, the dual emission intensity
was strongly dependent on the ratio of AuNCs to Eu3+, and the
intensity ratio of Eu-MOF to AuNCs (Ig6/l44¢) reached maximum
when the ratio of AuNCs to Eu3+ is 40:1. With increasing the con-
centration of AuNCs in the synthetic procedure, a slight decrease in
the emission band of Eu-MOF was observed, which might be due
to the coordination of carboxylate groups in BSA-AuNCs with Eu3+
centers. This might induce less energy transfer efficiency from the
initial ligand isophthalic acid (ISP) to Eu3t+ according to the an-
tenna effect, thus decreasing the Eu3* characteristic emission [38].
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Fig. 3. (A) Fluorescence emission spectra of AUNCs@Eu-MOF with the addition of
increasing concentrations of ATP. Excitation wavelength: 365 nm; (B) changes of the
Is16/Is46 value versus the ATP concentration. Red line denotes the linear fit in the
range of 0.01 mmol/L to 2.5 mmol/L; (C) SEM images of AUNCs@Eu-MOF in the pres-
ence of ATP; (D) PXRD patterns of AuUNCs@Eu-MOF in the absence (black) and pres-
ence (red) of ATP.

The effect of AuNCs on Eu-MOF emission further confirms the
successful assembly of AuNCs and Eu-MOF. We also investigated
the fluorescence stability of AuNCs@Eu-MOF in aqueous solution.
The fluorescence intensity of AuUNCs@Eu-MOF in Tris-HCl (pH 7.4)
kept almost unchanged within 24 h, indicating a good stability
(Fig. 2D).

Next we evaluated the fluorescence response of AuNCs@Eu-
MOF towards ATP. The reaction time was optimized to acquire
the best sensing performance as shown in Fig. S2 (Support-
ing information). With extending the reaction time, the I446/lg16
value increased rapidly and reached maximum in 10min. As ex-
pected, red Eu3* emission gradually decreased while the blue
BSA-AuNCs emission remain constant as the concentration of ATP
increased (Fig. 3A). A good linear relationship (RZ=0.998) be-
tween the Ig16/I144¢ value and ATP concentration in a wide range of
0.01 mmol/L to 2.5 mmol/L was obtained, and as low as 10 pmol/L
could be detected (Fig. 3B), which is far below the physiologi-
cal concentration of ATP (0.4-3.7 mmol/L). The sensitivity of our
approach is comparable or even better than many nanomaterial-
based fluorescent sensors (Table S2 in Supporting information)
[39-41]. This suggests that our ratiometric fluorescence sensor
could be utilized for ATP detection in real samples [42,43].

It has been previously reported that trivalent lanthanide ions
(Ln3+) possess high affinity for oxygen-donor atoms, especially
phosphates [44,45]. Therefore, addition of ATP could displace ISP
from Eu-MOF, leading to the collapse of the Eu-MOF framework.
As a result, energy transfer between ISP and Eu3* was blocked
and the red Eu3* emission decreased. Meanwhile, the fluorescence
of BSA-AuNCs was not affected upon the addition of ATP (Fig. S3
in Supporting information). As a result, the red emission intensity
changed significantly after the addition of ATP, which can be used
for developing a ratiometric fluorescent ATP sensor with the blue
emission of AuNCs as the self-reference. As seen in Fig. 3C, the
ATP treatment resulted in partial melting of AuNCs@Eu-MOF due
to the degradation of MOF structures. Moreover, the disappearance
of XRD peaks of Eu-MOF in the presence of ATP further confirmed
the proposed sensing mechanism (Fig. 3D).

The selectivity of AuNCs@Eu-MOF for ATP towards other poten-
tial interferences was investigated. As shown in Fig. S4 (Supporting
information), for GTP, UTP and CTP which also have three phos-
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Fig. 4. (A) Schematic diagram for the detection of ATP using a smartphone; (B) the
photo of a smartphone installed with a color recognition App; (C) color change of
test stripes (green channel/red channel) versus the concentration of ATP (the insets
show photos that were taken with a smartphone under a 310nm UV lamp).

phate groups, a slight increase in the I46/lg16 value could also be
observed. Since the ATP level in biological fluids is of a greater
amount than other triphosphate-containing species, their possible
interference on the detection of ATP is negligible [5,46]. Thus this
ratiometric fluorescence assay can provide a good selectivity for
further ATP sensing in real samples.

To further facilitate on-site visualization of ATP in practical ap-
plications, the above ratiometric fluorescent probes, AuUNCs@Eu-
MOF, were loaded into paper substrate. As shown in Fig. 4A, when
aqueous solution of ATP drops onto the test strips, the color of the
paper-based ATP sensor gradually changed from pink to light blue
under a UV lamp with an increase of ATP concentration from O
to 750 pmol/L. To quantitate the ATP concentration using our flu-
orescent paper sensor, the color information (RGB values) of the
paper sensor was read by a smartphone application (Fig. 4B). As
shown in Fig. 4C, the ratio of green channel to red channel has
a good linear relationship (R? =0.986) with the ATP concentration
within the range of 25-750 umol/L. These results suggest that our
fluorescent paper sensor can realize portable quantitative detec-
tion of ATP simply with a smartphone. Furthermore, human serum
(10%) spiked with ATP of different concentrations was used as real
samples to validate the practical potential of this fluorescent paper
sensor. The recovery rates in human serum calculated by RGB value
were found to be 93.5%-120.5% (Table S1 in Supporting informa-
tion). These results demonstrate that our smartphone-based fluo-
rescent paper sensor has great potential for the visual ATP sensing
in biological complex samples.

In summary, we have developed a novel ratiometric fluores-
cence assay for the detection of ATP based on ATP-triggered de-
composition of AuNCs@Eu-MOF. The presence of ATP could dis-
place ISP from Eu-MOF, leading to the collapse of the Eu-MOF
framework. As a result, the red Eu3* emission decreased gradu-
ally while the blue BSA-AuNCs emission remains constant. Con-
sequently, a ratiometric fluorescent sensor for ATP can be estab-
lished, which showed competitive sensitivity and selectivity to-
wards ATP sensing. Moreover, a fluorescent paper-based sensor
was fabricated with these novel probes to render a simple, vi-
sual assay of ATP in human serum, and satisfactory results were
obtained. We envision that the present visual sensing strategy
could provide useful guidelines for further developing novel optical
biosensors.
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