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A light-operated dual-mode method for
neuroblastoma diagnosis based on a Tb-MOF:
from biometabolite detection to logic devices†

Yanhong Liu, Wenyan Dan and Bing Yan *

Exploring simple analytical techniques with high accuracy and reliability to quantify biomolecules is

crucial, but it remains a great challenge for disease diagnosis. Since the body fluid concentration of most

biological targets usually varies in a rather limited range between normal and pathological states, and most

systems are greatly limited by a single mechanism/mode of detection, which makes them susceptible to

false positive/negative results. Herein, we successfully synthesized a double-mechanism-driven fluorescent

sensor based on a Tb-based metal–organic framework (Tb-DBA), which performs quantitative recognition

of urinary vanillylmandelic acid (VMA) as an early pathological signature of neuroblastoma (NEURO)

accompanied by two completely different luminescence phenomena in a smaller concentration window by

switching the excitation wavelength. Notably, Tb-DBA shows high sensitivity, great selectivity, and low

detection limit toward epinephrine (EP, the metabolic precursor of VMA). The bifunctional detector based

on Tb-DBA inherently improves analytical reliability and greatly reduces the chance of false negatives/posi-

tives for NEURO diagnosis. In addition, a one-to-two logic gate based on the interaction between Tb-DBA

and VMA was constructed for the analysis of VMA level, which can be further used for NEURO diagnosis.

This work represents the first example to design a luminescent sensor coupled with multiple mechanisms in

a single sensing platform for the diagnosis of NEURO, providing a new avenue for the clinical application of

two-dimensional detection biomarkers for accurate diagnosis in serious diseases.

Introduction

Early diagnosis of cancer is a major societal concern due to its
close association with clinical outcome and survival of
patients. Therefore, the accurate detection of related bio-
molecules is crucial. Neuroblastoma (NEURO), a neuroendo-
crine tumor arising from adrenal medullary cells, is the most
common tumor in children.1–5 NEURO originates from primi-
tive sympathetic ganglion cells and is characterized by exces-
sive production of catecholamines (epinephrine EP) and their
metabolites (vanillylmandelic acid VMA).6–9 As a clinical indi-
cator of NEURO, urinary VMA is produced in healthy individ-
uals during a normal physiological process of 1.0–2.9 × 10−5

M, whereas it is increased only threefold in the pathological
process of NEURO.10 Such minute changes in concentration
are difficult to be distinguished precisely and can easily result

in false positive/negative diagnostic results. Thus, exploring
biosensors with ultrasensitive and robust responses to tiny
changes in target concentrations is highly desirable for accurate
diagnosis. In this respect, numerous methods, such as
electrochemical,11–13 gas chromatography-mass spectrometry
(GC-MS),14–16 high performance liquid chromatography coupled
with electrochemical detection (HPLC-ECD)17 and liquid chrom-
atography-mass spectrometry (LC-MS)18–20 have been developed
to detect VMA levels. Nonetheless, these platforms still exist
some intrinsic limitations: (1) Cumbersome sample prepa-
ration, long analysis time and susceptible to interference. (2)
Most analytes require extensive and time-consuming derivatiza-
tion to become stable, volatile and suitable for ionization tech-
niques, resulting in poor utility. (3) Robust signal output conver-
sion typically requires a target concentration greater than the
intrinsic physiological range of the biological target. To over-
come these limitations and improve the accuracy of bio-
molecules, we sought to design an optical biosensor with mul-
tiple response mechanisms and high sensitivity, which can
provide ultrasensitive real-time determination of disease-related
biomolecules within a small concentration window.

As a kind of the crystalline porous materials with structural
tunability and functional versatility, luminescent metal–
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organic frameworks (MOFs)21–28 have been considered as
promising candidates for optical sensors. They not only offer
the advantages of high sensitivity, fast response, simple oper-
ation and low cost as fluorescent sensors,29–35 but can also be
designed to perform Boolean logic operations36–38 to transmit
and process information, just like the human brain and elec-
tronics. Additionally, intelligent, decision-based molecular
logic devices show great potential for life science
applications.39,40 These devices can handle binary and multi-
valued information for multi-parameter chemical sensing,41–45

disease diagnostics,46–49 and biomedicine.50–52 However, most
previous MOF-based luminescent sensors are mainly based on
a single monitoring mode or a single sensing mechanism,
which is insufficient for reliable and accurate quantification of
the target and prone to erroneous diagnostic results.
Increasing the signal output and sensing channels would be
beneficial to improve the reliability of detection. In 2019, Hao
et al., designed a luminescent sensor coupling multiple
mechanisms in a single interface to determine DNA damage
degree.53 The fabricated single platform concurrently provided
two switchable approaches for rapid quantitive and qualitative
recognition of representative product of oxidative DNA damage
by regulating the delicate competition between the different
mechanisms. Given this, the construction of a practical logic
device based on a multi-mechanism-driven luminescent
sensor has the potential to create an optimized method for
NEURO diagnostic monitoring. Herein, we report a novel strat-
egy to design a dual-mechanism-driven Tb-MOF based bio-
sensor (Tb-DBA) to track overexpressed VMA in urine by inte-
grating the fluorescence resonant energy transfer (FRET) and

coordination effect into a single sensing platform. Excitation
light can be well switched between the two mechanisms of
expression and conversion by being rationally controlled. For
VMA sensing, the sensor offers excellent performance with low
limit of detection (LOD) (0.1 µM) and fast response (3 min).
The sensor-based advanced analytical device can potentially
respond to increasing VMA concentrations by dividing the
output bits into three logical groups (YES (0, 0), OK (1, 0) and
NO (1, 1)), which provides a simple analytical method for VMA
detection relevant to NEURO diagnosis. It is worth noting that
Tb-DBA can also occur with EP (a precursor of VMA) in an
optical response not unlike that of VMA, adding reliability to
the diagnosis of NEURO and largely avoiding false positive and
negative results.

Experimental section
Synthesis and structural characterization of Tb-DBA

A hydrothermal reaction of Tb(NO3)3·6H2O and H2DBA in
mixed solvents of N,N-dimethylformamide (DMF) and HNO3

gave the yellow block crystal Tb-DBA. Single crystal X-ray diffr-
action study revealed that Tb-DBA crystallizes in a monoclinic
space group P2(1)/c. The structure contains two Tb atoms, two
DBA2− ligands, one coordinated DMF molecule and one dis-
ordered DMF molecule per asymmetric unit. The Tb(1) is co-
ordinated by seven oxygen atoms in triangular prism coordi-
nation geometry: one oxygen atom comes from a DMF, and the
remaining six oxygen atoms come from the carboxylic acid
groups of six different DBA2− ligands (Fig. 1a). Two adjacent

Fig. 1 (a) The coordination environment of the Tb(1) in Tb-DBA. (b) The 2D structure of the complex along the bc plane. (c) The inside of the 1D
channel. (d) One dimensional chain structures formed by Tb(1) and Tb(2) motifs linked by DBA2− linkers along a direction. (e) and (f ) The 3D frame-
work of Tb-DBA formed via 2D layers.
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Tb(1) are interconnected by the carboxyl groups to produce a
dimeric unit with a nonbonding Tb⋯Tb distance of 4.229 Å
(Fig. S2†). The disordered Tb(2) is in a distorted octahedral
coordination geometry, being coordinated by four oxygen
atoms from four carboxylate groups of four different DBA2−

ligands, two oxygen atom from the carbonyl groups of two dis-
ordered DMF molecules respectively (Fig. S3†). A dimeric unit
of Tb(1) and a Tb(2) are bridged by carboxyl groups of DBA2−

ligands to form a one-dimensional chain along the b direction
(Fig. 1d). These chains were connected together by the depro-
nated DBA2− ligands to form a two-dimensional layered struc-
ture (Fig. 1b). Adjacent two-dimensional laminar structures are
further interleaved by DBA2− ligands to form a three-dimen-
sional network structure (Fig. 1e and f). The three-dimensional
framework exhibits open hexagonal channels filled with DMF
molecules (Fig. 1c).

The synthesized Tb-DBA were characterized by scanning
electron microscopy (SEM), powder X-ray diffraction (PXRD)
and thermogravimetric analysis (TGA) to determine their
purity and stability. As shown in Fig. 2a, the SEM image and
elemental mapping showed that Tb-DBA had a blocky shape
and the Tb element was uniformly distributed in the Tb-DBA.
The diffraction peak of the Tb-DBA crystal sample was in good
agreement with the simulation data of the single crystal struc-
ture, which confirmed the phase purity of the synthesized
sample. As shown in Fig. S4,† the TGA analysis curve of Tb-
DBA showed a weight loss of 11.35% between 130 and 360 °C,
which corresponded to the loss of two DMF molecules (calcu-
lated 11.24%), and the structure was maintained until 440 °C.
Additionally, the Fourier-transform infrared (FTIR) spectra of
H2DBA and Tb-DBA were recorded (Fig. S5†). There was a
characteristic absorption peak at 1687 cm−1 in the spectra of

H2DBA, which arose from CvO stretching vibrations of the
free carboxyl group. Compared with the characteristic peaks of
H2DBA, in the FTIR spectra of Tb-MOF the stretching
vibrations of CvO at 1671 cm−1 was red-shifted and the inten-
sity of the peak was significantly decreased. Moreover, a new
vibration band at 1147 cm−1 (belonging to the bending stretch-
ing of Tb-OH) appeared in the spectra of Tb-DBA, which
suggested that Tb3+ ions are successfully coordinated with the
H2DBA ligands. Under the irradiation of 365 nm UV lamp, the
luminescence color of Tb-DBA was obviously different from
that of H2DBA in the solid state. The corresponding CIE dia-
grams also showed the emission colors of the H2DBA and Tb-
DBA as dark blue (0.1418, 0.1175) and cyan (0.194, 0.2906),
respectively (Fig. S6d†). Fig. S6a and b in the ESI† show the
fluorescence spectra of the H2DBA and Tb-DBA in the solid
state at ambient temperature. The maximum emission wave-
lengths of H2DBA and Tb-DBA under 396 nm excitation were
462 and 478 nm, which was almost in alignment with the
characteristic emission peak of the ligand, indicating that the
luminescence of Tb-DBA was emitted by the ligand rather than
the central Tb3+ ions (Fig. S6c†). The first excited triplet energy
level (T1) of H2DBA (16 496 cm−1) is lower than the 5D4 level of
Tb3+ (20 500 cm−1) by density functional theory calculation
based on the b3lyp/6-31 g level, which explained why the
complex did not show characteristic Tb3+ fluorescence.
However, such luminescence characteristics provide the possi-
bility for Tb-DBA to implement VMA sensing through a dual-
mode strategy. To verify the feasibility of our synthesized Tb-
DBA for VMA and EP detection, the stability of Tb-DBA in
aqueous media was first tested, as VMA in urine and EP in
serum were distributed in the aqueous phase. As shown in
Fig. 2b and S7,† the crystal integrity and luminescence signal

Fig. 2 (a) SEM and elemental mapping images of Tb-DBA. (b) PXRD patterns of simulated Tb-DBA (blue) and synthesised Tb-DBA before (red) and
after (purple) storage in water for 24 h. (c) Effects of pH on the luminescence intensities of Tb-DBA at 468 nm. The points marked with gray bar rep-
resent the intensities of Tb-DBA in deionized water (pH = 6.2). (d) Luminescence spectra of Tb-DBA in the presence of 5 × 10−6−7 × 10−5 M VMA
aqueous solution (λex = 360 nm). Inset: the corresponding calibration curves (λem = 468 nm).
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of Tb-DBA did not change significantly after immersion in
aqueous solution after 24 h, indicating that Tb-DBA has good
chemical and optical stability in aqueous environment. In
addition, the pH-dependent luminescence and structural pro-
perties in the urine and serum pH range (4.5–8.2) were also
investigated (Fig. 2c and S8†). Tb-DBA showed negligible fluo-
rescence changes in this pH range without any loss of crystalli-
nity, indicating the feasibility of Tb-DBA as sensing materials
in aqueous media at biological urine and serum environ-
ments. This exceptional water stability is attributed to the
hydrophobicity of the anthracene-based organic ligand and
the strong Tb–O coordination bond, which makes the frame-
work resistant to attack and hydrolysis by water molecules.54

Dual switchable detection performances of Tb-DBA with VMA

Then, the luminescence behaviors of Tb-DBA suspensions in
the presence of VMA were measured. Upon adding VMA to the
Tb-DBA suspension, the Tb-DBA’s maximum emission peak at
468 nm increased to 3.8 times under excitation at 360 nm
(Fig. 2d). Interestingly, the excitation spectrum of Tb-DBA-VMA
showed a new peak at 264 nm compared to the original Tb-
DBA excitation spectrum (Fig. S9a†). The emission pattern of
Tb-DBA-VMA also changed under the excitation of 264 nm.
The dual emission of Tb-DBA-VMA can be observed in
Fig. S9b,† one based on the ligand emission at 433 nm and
the other with four characteristic peaks of Tb3+ ions at 487,
544, 584 and 621 nm. By monitoring the 544 nm emission
peak, the best excitation wavelength of Tb-DBA-VMA was
exhibited at 286 nm (Fig. S9c†). As shown in Fig. S9d,† the
characteristic emission of Tb3+ was significantly enhanced,
while the emission at 468 nm kept stable under the excitation
at 286 nm. When the original fluorescence intensity ratio at
544 and 468 nm (I544/I468 = 0.22) is defined as 1.0, the relative
fluorescence intensity ratio increased by 14.2 times after the
addition of VMA. Two completely different fluorescence
responses of Tb-DBA to VMA were observed as the excitation
wavelength was switched from 360 nm to 286 nm, which
enabled the Tb-DBA to be a light-regulated optical sensor for
VMA with two tunable recognition patterns. The switchable
luminescence responses modulated by different excitation
lights are ascribed to a competitive effect of the fluorescence
resonant energy transfer (FRET) between VMA and the ligand
in Tb-DBA and the energy transfer (ET) induced by ligand-to-
metal charge transfer (LMCT) between VMA with the Tb3+,
which was confirmed by PXRD, lifetime measurements,
UV-Vis, FT-IR spectra, etc. The PXRD pattern did not change
after the experiment of Tb-DBA with VMA, indicating that the
framework of Tb-DBA did not collapsed in VMA solution
(Fig. S10†). In addition, the luminescence lifetime of Tb-DBA
at 468 nm increased from 7.423 to 11.848 ns in the time-
resolved fluorescence decay spectrum under excitation of
360 nm after the VMA treatment (Fig. S11 and Table S2†),
which suggested an interaction between Tb-DBA and VMA. As
shown in Fig. S12,† the excitation peak of Tb-DBA at
340–398 nm is well overlapped with the emission peak of VMA
at 397 nm, illustrating a great energy level match between the

singlet excited states (S1 level) of donor (VMA) and acceptor
(Tb-DBA). The great energy level match effectively promotes
the FRET process from the S1 level of D–A dual-component
VMA (4.9538 eV) to S1 level of ligand in Tb-DBA (3.1154 eV). In
addition, the LUMO level of VMA (−0.33 eV) is obviously
higher than that of ligand in Tb-DBA (−1.91 eV), indicating the
excited electrons of VMA in its LUMO can transfer to the
LUMO of Tb-DBA and the PET process contributes to the
luminescence enhancement. Therefore, the PET from VMA to
H2DBA molecule in Tb-DBA can be responsible for the FRET
between VMA and Tb-DBA, which was the dominant driving
force to the turn-on luminescence behavior under excitation of
360 nm. In contrast to the lifetime change behavior of 360 nm
excitation, the lifetime of [Tb-DBA-VMA] adduct at 468 nm
(Fig. S13†) exhibited a very slight change under 286 nm exci-
tation. At λex = 286 nm, [Tb-DBA-VMA] adduct generates four
obvious emission peaks at 487, 544, 584 and 621 nm originat-
ing from 5D4 →

7FK (K = 3, 4, 5, 6) transitions of Tb3+ ions and
ligand-based emission at 468 nm. The decay lifetime of the
544 nm emission peak for [Tb-DBA-VMA] adduct follows the
exponential equation [I = A1exp(−t/τ1) + I0], and the lifetime is
399.84 μs (Fig. S14†). The photoluminescence performance of
[Tb-DBA-VMA] adduct reveals that the ET induced by LMCT
from VMA to Tb3+ ions allows Tb-DBA to generate green emis-
sion. Moreover, the relative fluorescence response of VMA
toward Tb3+ was also investigated. It was found that free VMA
molecules display an intense emission band at 410 nm upon
excitation at 306 nm, which may be caused by the π*–π tran-
sition (Fig. S9e†). Interestingly, complex VMA-Tb3+ exhibits the
emission peaks at 489, 544, 585 and 620 nm originating from
Tb3+ besides the emission at 377 nm based on VMA when
excited at 310 nm. By monitoring the 545 nm emission peak,
the best excitation wavelength of VMA-Tb3+ was exhibited at
294 nm (Fig. S9f†). Compared to the free VMA, complex
(VMA-Tb3+) not only exhibits the characteristic emission of
Tb3+, but also the ligand-based emission is blue-shifted by
33 nm, suggesting that the LMCT-induced ET based on VMA
procedure effectively promotes the emission of Tb3+ in Tb-
DBA. After adding Tb-DBA into the VMA solution, the solution
was centrifugated and the supernatant was collected for
recording UV adsorption spectra. From the UV absorption
spectrum shown in Fig. 3d, we can see that the UV absorption
intensity of VMA with the addition of Tb-DBA was significantly
lower compared to the original VMA, indicating the enrich-
ment effect of Tb-DBA on VMA through the coordination
between Tb3+ and VMA. After that, the FTIR spectra of Tb-DBA
and Tb-DBA-VMA have been recorded and analyzed. As shown
in Fig. 3a, the peaks at 1240 and 1031 cm−1 for free VMA are
considered to be characteristic C–O stretching vibrational
peaks for aromatic ethers and are shown at 1239 and
1035 cm−1 for VMA-impregnated Tb-DBA. It was also found
that the characteristic peaks of 1745 and 1147 cm−1 for VMA
belonging to the stretching vibration of the CvO bond and
C-OH (–COOH group) shift to 1682 and 1130 cm−1 for Tb-
DBA-VMA, which further demonstrated the coordinated chela-
tion of carboxyl groups in the VMA and Tb3+ in Tb-DBA.
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Furthermore, the 1H NMR analysis of the Tb-DBA solid after
immersion in aqueous solution containing VMA also demon-
strated that VMA could be coordinated to Tb3+ by replacing the
DMF molecules in the channel of Tb-DBA (Fig. S15†).
Additionally, the interaction between VMA and Tb3+ of Tb-DBA
was also verified by X-ray photoelectron spectroscopy (XPS) of
Tb and O elements. Two XPS peaks at 1277.3 and 1243.7 eV of
Tb 3d in Tb-MOF (Fig. S16†) were shifted from 1277.1 eV to
1242.9 eV, suggesting that Tb3+ attracted the electrons in car-
boxyl oxygen of VMA after coordinating with Tb3+, increasing
the electron cloud density of Tb atom and reducing the
binding energy. In the O 1s spectra (Fig. 3b and c), Tb-DBA
presents two O 1s XPS peaks at 533.03 eV (O–H bond) and
531.76 eV (CvO bond) and the intensity ratio of CvO and O–
H bonds was 1 : 0.53. By contrast, the two O 1s peaks of Tb-
DBA-VMA were located respectively at 533.41 eV (O–H bond)
and 532.05 eV (CvO bond) and the intensity ratio of CvO and
O–H bonds was 1 : 0.88. The increase of the O–H bond inten-
sity further suggests that the VMA molecules with multiple
hydroxyl groups was coordinated with Tb3+ in Tb-DBA.
Furthermore, the first excited triplet energy of VMA was at
21 160 cm−1, calculated using density functional theory based
on the b3lyp/6-31 g level, which is close to the 5D4 energy level
of the rare-earth ion Tb3+. It was proved that the effective trans-
formation of energy from VMA to Tb3+ could be realized in
theory. These experimental results suggested that Tb-DBA
could be used as a light-operated dual-mechanism-driven plat-
form for the detection of VMA through the competitive effect

of the FRET between VMA and the ligand in Tb-DBA and the
ET induced by LMCT between VMA with the Tb3+ (Fig. 3e).

For fluorescence sensing, sensing sensitivity, interference
immunity, detection limit and response time are a series of
important parameters. Considering the VMA range for healthy
(1.0–2.9 × 10−5 M) and diseased (3.0–9.5 × 10−5 M), the linear
range of Tb-DBA quantification was limited to the biologically
relevant concentration window (10−5–10−4 M). After exposing
Tb-DBA to a VMA solution with a series of concentrations (5 ×
10−6 to 7 × 10−5 M) for 1 min, the luminescence spectra of Tb-
DBA were recorded respectively under 360 and 286 nm exci-
tation. When the material was excited at 360 nm, the intensity
of the emission at 468 nm was continuously enhanced, and
there was a linear relationship between the values of I468 and C
with a correlation coefficient (R2) of 0.991 (inset of Fig. 2d).
When excited at 286 nm, the emission peak at 468 nm had no
change basically, but the intensity of green emissions at 487,
544, 584 and 621 nm increased successively with the growing
concentration of VMA (Fig. 4a), which resulted in an apparent
emission color changes from blue (0.1754, 0.1669) to cyan
(0.2381, 0.3589) in the relative CIE diagram (Fig. 4d). As seen
in Fig. S9d,† the excitation spectrum of Tb-DBA with VMA was
monitored at 286 nm when the optimal emission was 544 nm,
which is not in the optimal excitation range of 295–410 nm
based on the emission at 468 nm. This result illustrates the
phenomenon that the emission intensity of Tb-DBA at 468 nm
remained almost constant with the titration of VMA. The ratio
of emission peaks at 544 and 468 nm can be determined to

Fig. 3 (a) FT-IR spectra of VMA (blue), Tb-DBA (red) and after treatment with VMA (green). (b) XPS spectra of O 1s electrons in Tb-DBA and (c) in
Tb-DBA+VMA. (d) UV-Vis spectra of the VMA and after treatment with Tb-DBA. (e) Schematic of the dominant mechanism in the excitation light-
operated luminescence.
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realize the quantitative detection of VMA with a great linear
correlation (I544/I468 = 0.559CVMA − 0.383, R2 = 0.986) in the
concentration range of 10−5 to 6 × 10−5 M (Fig. S17†), which
indicates that the chromatic and ratiometric sensing of Tb-
DBA toward VMA was achieved under 286 nm excitation. These
results imply that Tb-DBA can be used as an excellent lumine-
scence sensor for the quantitative analysis of VMA in aqueous
solutions over the biologically relevant concentration window
regardless of the excitation wavelength. The limits of detection
(LODs) were 1.08 and 1.22 × 10−7 M at 360 and 286 nm exci-
tation, respectively, according to 3σ/k (σ is the standard devi-
ation of the fluorescence measurement of 20 replicates of the
blank solution and k is the slope of the obtained linear curve).
Both LODs are well below the normal human threshold (3 ×
10−5 M) and are suited for negative or positive expression in
the diagnosis of NEURO. It is worth emphasizing that this
fluorescence sensing strategy gives two quantitative detection
pathways for VMA in one platform simultaneously. The inte-
gration of both approaches into a single sensing platform
avoids erroneous results and improves the reliability of its
quantitative detection compared to single mechanism/
modality-driven sensors. In order to investigate the specificity
of Tb-DBA for VMA detection, we investigated the lumine-
scence of Tb-DBA in different simulated urine species since
VMA is metabolized in urine. As shown in Fig. 4b and c and
Fig. S18a in the ESI,† under excitation at 286 and 360 nm, the
addition of other typical urine species (NaCl, urea, glucose,

creatinine, NH4Cl, KCl, creatine and Na2SO4) resulted in only
negligible intensity changes, much lower than the values for
the addition of VMA. Encouraged by this result, the anti-inter-
ference ability of the sensor was further evaluated by fluo-
rescence intensity detection in aqueous suspension of Tb-DBA
with VMA in the presence of various interferents simulating
urine. When the excitation wavelengths were 286 and 360 nm,
the proposed biosensor exhibited excellent performance for
VMA discrimination in both mixed analytes and artificial
urine. Fig. 4e and f showed that the apparent changes in emis-
sion intensity and ratio triggered by VMA at 468 and 544 nm
were almost independent of the various coexisting species and
artificial urine background. After that, we examined the feasi-
bility of this method in biological matrices by analyzing artifi-
cial urine samples spiked with different concentrations of
VMA using Tb-DBA at two different excitation wavelengths. In
Fig. S19a and S20a,† artificial urine was used instead of
aqueous solution to prepare the VMA stock solution, and their
effects on the optical signal of Tb-DBA under 360 and 286 nm
excitation were recorded with increasing VMA concentration,
respectively. The similar fluorescence responses of the probes
in synthetic urine samples and aqueous samples at VMA con-
centrations of 1–13 × 10−5 M further demonstrate that Tb-DBA
can monitor VMA in artificial urine in dual mode, indepen-
dent of complex biological systems. The linearity of the emis-
sion intensity of Tb-DBA at 468 nm under 360 nm excitation
versus the concentration of VMA with a correlation coefficient

Fig. 4 (a) Luminescence spectra of Tb-DBA in aqueous solution of VMA at various concentrations (C = 5 × 10−6 to 7 × 10−5 M and λex = 286 nm). (b)
and (c) Emission intensity of Tb-DBA induced by VMA and various biologically coexisting species at 468 nm, 544 nm and its ratio variation under
excitation at 286 nm. (d) CIE chromaticity coordinates of Tb-DBA in the presence of VMA at different concentrations under the excitation of 286 nm.
(e) and (f ) The luminescence intensity response of Tb-DBA to VMA at 468 nm and 544 nm and its ratio in the background of various other urine
components (λex = 286 nm).
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(R2) of 0.985 and a calculated LOD of 2.1 × 10−7 M (Fig. S19b†).
At λex = 286 nm, the ratio of emission peaks at 544 and 468 nm
can be determined to realize the quantitative detection of VMA
in synthetic urine with a LOD of 2.5 × 10−7 M (Fig. S20b†).
These results demonstrate the excellent selectivity and anti-
interference ability of the dual mechanism-driven Tb-DBA for
VMA in various urine components and artificial urine.

Fluorescence response and sensing mechanism of Tb-DBA to
EP

NEURO is a rare neuroendocrine tumor arising from adrenal
medullary cells and is characterized by excessive production of
EP and its metabolites (VMA). Since the EP level in serum is
closely related to NEURO, the simultaneous detection of EP in
serum and VMA in urine based on a sensing platform will
undoubtedly improve the reliability of the diagnosis of
NEURO. The luminescence spectra of Tb-DBA were recorded
after adding ground Tb-DBA powder into an aqueous solution
of EP (17 × 10−6 M) for 30 s, and the fluorescence enhance-
ment was found to be up to 6.7 times. Under 360 nm exci-
tation, the intensity of the emission peak based on 468 nm
gradually increased with increasing VMA concentration and
slightly blue-shifted toward 435 nm, resulting in the obvious
blue luminescence of Tb-DBA (Fig. 5a). There was a good
linear relationship (R2 = 0.994) between the response signals
and the EP concentration in the range of 1–17 × 10−6 M, with a
calculated LOD of 2.8 × 10−8 M (Fig. 5b). The Tb-DBA emission
color changes from blue (0.1754, 0.1669) to dark blue (0.1591,
0.0841) with increasing EP concentration in the relative CIE
diagram (Fig. 5c), which in sharp contrast with the phenom-
enon of adding VMA at 286 nm excitation. In addition,
different serum components (KCl, glucose, NaCl, L-proline,
MgCl2, urea, NaHCO3, and CaCl2) were investigated in order to

verify the detection selectivity of Tb-DBA for the EP. As shown
in Fig. S21,† the luminescence of Tb-DBA remained essentially
unchanged with the addition of other components in serum,
except for the same concentration of EP, indicating that Tb-
DBA can be used as a sensor for EP with high sensitivity and
selectivity, and offering the possibility to detect it in real
serum samples. Subsequently, the recorded optical signals are
shown in Fig. S22a,† the luminescence response of Tb-DBA in
goat serum was similar to that of the aqueous solution,
demonstrating that Tb-DBA can detect EP in serum without
interference from other biological components. Fig. S22b†
shows the calibration curve for the EP detection in the range
of 2–20 × 10−6 M with a linear correlation coefficient R2 of
0.988 and an LOD of 2.2 × 10−8 M, which implies that the Tb-
DBA is an excellent fluorescence sensor for the quantitative
monitoring of EP. The consistent PXRD patterns of Tb-DBA
samples before and after EP treatment not only confirmed the
structural stability of Tb-DBA (Fig. S10†), but also automati-
cally excluded the fluorescence enhancement based on struc-
tural collapse. In the time-resolved fluorescence decay spectra,
the luminescence lifetime of Tb-DBA at 435 nm increased
from 8.022 ns to 16.389 ns after EP treatment (Fig. S23†), indi-
cating an interaction between Tb-DBA and EP. To confirm
whether the mechanism of fluorescence enhancement was
caused by PET, the LUMO and HOMO energy values of EP
molecules and H2DBA were estimated and compared by
density flooding theory calculations. As illustrated in Fig. 5d,
both LUMO and HOMO energy values of H2DBA were lower
than those of EP, which could facilitate the PET process from
EP to the ligand in Tb-DBA. Furthermore, the S1 level of EP
(4.9761 eV) was higher than that of H2DBA (3.1154 eV), which
was responsible for the PET-based energy transfer process
from the EP unit to Tb-DBA. All these results suggest that Tb-
DBA can be used as a bifunctional detector for sensing EP and
VMA through different fluorescence response phenomena to
improve the reliability and accuracy of NEURO diagnosis.

Construction of logic gates

Logic gates are functional devices for information processing
that show great potential in many life science applications
such as disease diagnosis, biomarker detection, data storage,
and prodrug activation. Current research on logic gates has
focused on basic logic functions, AND, NOR, OR, IMP, INH,
and XOR, while building complex molecular devices with mul-
tiple inputs remains challenging. When more inputs are inte-
grated, the complexity of logic operations increases and
general and more powerful functions can be implemented by
connecting different logic gates. Herein, a cascaded logic gate
consisting of an INHIBIT gate and an AND gate was designed
based on the interaction between the excitation wavelength
and the VMA (Fig. 6a). In the operation of this combined gate,
λ360 (excitation at 360 nm), VMA and λ286 (excitation at
286 nm) were selected as input 1, input 2 and input 3, respect-
ively, and the emission intensity at 544 nm (F544) was used as
the output. The emission at 544 nm based on Tb-DBA-VMA
cannot appear at λ360, so the λ360 and VMA were designed as

Fig. 5 (a) Emission spectra (λex = 360 nm) of Tb-DBA immersed in
various concentrations of EP (1–17 × 10−6 M). (b)The dependence of the
emission intensity of Tb-DBA on the concentration of EP. (c) CIE
chromaticity coordinates of Tb-DBA in the presence of EP at different
concentrations under the excitation of 360 nm. (d) The LUMO and
HOMO orbitals of EP and H2DBA.
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two inputs to construct the INHIBIT gate. The 544 nm-based
emission occurred only when VMA and λ286 were introduced
simultaneously, since the excitation wavelength at 286 nm is
the optimal emission of Tb3+ in Tb-DBA-VMA, and thus the
λ286 and VMA were used as two inputs to construct the AND
gate (Fig. 6b). The presence and absence of the three inputs
were denoted as “1” and “0”, respectively, with a threshold
value of 1 (the maximum concentration of VMA in healthy
human urine makes the corresponding normalized fluo-
rescence intensity at 544 nm) (Fig. 6c). From the truth table in
Fig. 6a, it is clear that the output is “1” only when the inputs
are (0,1,1), and “0” when the inputs are otherwise. In addition,
the simplest one-to-two decoder that converts one input into
two outputs is designed to detect the VMA concentration level
based on the interaction between Tb-DBA and VMA. For the
input, the presence and absence of VMA are defined as “1”
and “0”, respectively, and the normalized fluorescence signals
of F468 (emission intensity at 468 nm) and F544 are used as
dual outputs with a threshold value of 1. Fig. S24† gives the
normalized fluorescence intensity histograms of the logic
gates of the one-to-two decoder and the corresponding truth
tables and show the different responses of the Tb-DBA for
various input states. By dividing the output area into three
logical groups, the one-to-two decoder logic gate can be
designed as a more advanced analysis device that can respond
to increasing VMA concentrations: YES (0, 0), OK (1, 0), and
NO (1, 1). Here, five concentrations from 0 to 7 × 10−5 M were

set as input signals and the output signals were normalized
(Fig. 6d). As shown in Fig. 6e, the OK gate was triggered by 3 ×
10−5 M VMA and the NO gate was triggered by 6 × 10−5 M
VMA. The YES gate appears when the concentration was below
3 × 10−5 M. Therefore, the VMA concentration level can be gen-
erated as a simple binary code to output a (1, 1) code repre-
senting a high concentration of VMA. Any other codes (0, 0
and 0, 1) reflect that the VMA concentration is within the
human health concentration range. Each concentration can
correspond to a color which can be observed from CIE
(Fig. 4d) by using the emission spectra calculated in Fig. 4a.
Then the concentrations (0 to 7 × 10−5 M) were divided into
four ranges with representative colors as shown in Fig. 6e, 0–1
(dark blue), 1–3 (light blue), 3–5 (cyan) and 5–7 (green), and
the designed the logic device can perform well in analyzing
the VMA levels by color discrimination.

Conclusions

In summary, we designed and synthesized Tb-MOF (Tb-DBA)
with high water and thermal stability as a biosensor for the
simultaneous detection of VMA and its metabolic precursor
EP, both of which are key indicators for the clinical diagnosis
of neuroblastoma. The designed light-controlled dual-mode
driven platform (Tb-DBA) was able to provide two simul-
taneous VMA assays with rapid and ultra-sensitive detection

Fig. 6 (a) Scheme and electronic equivalent circuitry of the cascaded logic gate (INHIBIT+AND) and the truth table of the cascaded logic gate (b)
PL spectra of the cascaded logic gate. (c) Column diagram of the emission peaks at 544 nm: the dashed line shows the threshold. (d) Column
diagram of the normalized fluorescence intensity of emission peaks at 544 and 468 nm toward different concentration of VMA ranging from 0 to 7 ×
10−5 M. (d) Truth table of the one-to-two logic analytical device for VMA monitoring.
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capabilities by the competitive action of FRET between VMA
and ligands in Tb-DBA and LMCT-induced ET between VMA
and Tb3+, reducing the chance of erroneous results from these
single-method driven assay platforms. More importantly, Tb-
DBA, as a luminescent probe, can quantitatively identify VMA
in urine in a dual mode of chromaticity and ratio under
286 nm excitation, thus significantly improving the diagnostic
accuracy of neuroblastoma. In addition, an advanced analytical
device based on a cascaded logic gate and a one-to-two
decoder was established and successfully combined with the
fluorescence sensing of VMA, which performed well in analyz-
ing VMA levels for neuroblastoma diagnosis. This work is the
first example of a MOF-based luminescent probe for the simul-
taneous detection of biometabolites and their precursors, and
propose a simple and novel strategy to modulate the optical
response performance of multimodal analysis, opening new
avenues for a versatile analytical platform for disease
diagnosis.
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