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ABSTRACT: Detecting biomarkers associated with diseases has
significant meaning for early prevention, diagnosis, and treatment
of diseases. The development of luminescent biosensors for rapid
and accurate detection in real urine and serum is urgently desired
for human health monitoring. Herein, a luminescent cadmium
metal−organic framework, {[Cd(L)(bpbix)]·x(solv)}n (1), was
successfully prepared by using a urea-functionalized dicarboxylate
ligand, 5-(3-(pyridin-4-yl)ureido)isophthalic acid (H2L), 4,4′-
bis((1H-imidazol-1-yl)methyl)biphenyl (bpbix), and the Cd2+

ion. The structure of 1 presents a 2-fold interpenetrating three-
dimensional pillared-layer framework. The complex 1 exhibits
good stability in different-pH aqueous solutions and physiological
fluids. Strikingly, the complex 1 shows quick response, high
sensitivity, good anti-interference performance, and a recyclable ability for simultaneous sensing of hippuric acid (HA), nucleoside
phosphates, and Fe3+ in water. More significantly, this sensor can realize the sensitive and accurate detection of HA, nucleoside
phosphates, and Fe3+ in real urine and serum and meet the practical detection needs in clinical diagnosis. These results indicate that
the complex 1 as a multiresponsive luminescent biosensor possesses great potential for practical detection of HA, nucleoside
phosphates, and Fe3+ in biological samples.

1. INTRODUCTION
Biomarkers are crucial indicators that can determine the
occurrence and stage of diseases, which also play a key role in
disease prevention, early diagnosis, and treatment. For
example, toluene is a common organic solvent and widely
used in printing, painting, automotive, pharmaceutical, and
petroleum industries in many countries.1,2 However, long-term
exposure to toluene does harm to the human brain and the
central nervous system.2 Therefore, monitoring of the toluene
level in a working environment is of great significance for the
health of workers. However, due to individual differences, the
content of toluene in the environment cannot precisely and
truly reflect its real level in the human body.3 According to a
study, more than 80% of toluene inhaled by humans is
metabolized to hippuric acid (HA) followed by excretion in
urine, and the urinary concentration of HA is proportional to
the exposure level of toluene.4 So, the urinary HA is considered
to be an important biomarker in the monitoring of the level of
toluene exposure in the human body. In addition, nucleoside
phosphates including adenosine monophosphate (AMP),
adenosine diphosphate (ADP), and adenosine triphosphate
(ATP) play a vital role in numerous biological processes

including metabolism, energy storage and transduction, genetic
information transmission, and protein biosynthesis.5,6 Imbal-
ance in the concentration of nucleoside phosphates causes
many diseases such as malignant tumors, Parkinson’s disease,
malnutrition, and heart attacks.7−10 Thus, the nucleoside
phosphates can be used as biological indicators for health
diagnosis. Equally importantly, the Fe3+ ion, as a common
metal ion in living organisms, plays a critical role in many
physiological processes including oxygen metabolism, electron
transfer, and hemoglobin synthesis.11,12 The deficient or
excessive level of Fe3+ ion in the human serum can lead to
iron deficiency anemia, cancer, and cardiovascular and
Alzheimer’s diseases.13,14 Thus, it is imperative to find a new
way to accurately monitor the level of various biologically
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relevant substances for the prevention of diseases and early
diagnosis.

Recently, extensive efforts were devoted to study many
methods for detection of HA, nucleoside phosphates, and the
Fe3+ ion, such as liquid chromatography−tandem mass
spectrometry (LC−MS/MS), gas chromatography (GC),
capillary electrophoresis (CE), coupled enzyme assays, electro-
chemical assay, surface-enhanced Raman scattering (SERS),
atomic absorption spectrometry, and inductively coupled
plasma-mass spectrometry (ICP-MS).15−22 However, they
require time-consuming, complex technologies and large and
expensive equipment and exhibit rather poor repeatability.
Therefore, it is an important but challenging task to seek a
rapid, simple, low-cost, and recyclable way for detection of HA,
nucleoside phosphates, and the Fe3+ ion in biological media.
Compared with the abovementioned techniques, the optical
sensing method based on the change in the luminescent
intensity caused by host−guest interactions has drawn
increasing attention because of its fast response time, easy
operation, good sensitivity, and recyclability.23 Luminescent
metal−organic frameworks (MOFs) have found wide promis-
ing applications in the field of sensing due to their excellent
photoluminescent properties, high surface area, structural
tunability, and functionalization.24 Up to now, an increasing
number of luminescent MOF-based sensors have been applied
for biosensing.25,26 However, the reported luminescent MOF-
based biosensors only display monoresponsive detection or
dual-responsive detection.3,4,8,10,12−14,27−31 To our knowledge,
multiresponsive luminescent MOF-based biosensors for
detection of HA, nucleoside phosphates, and the Fe3+ ion
have been not reported so far. On the other hand, biosensing
experiments were rarely performed in human fluids due to the
complexity of bodily fluids.3,10,32−35 This affects the accuracy
of detection and hinders the practical application of MOF-
based biosensors in disease screening and diagnosis. Thus, it is
an urgent need to develop stable multiresponsive luminescent
MOF-based biosensors for accurate detection in urine and
serum.

It is well-known that the urea group can provide two amide
N−H fragments to two oxygen atoms of carboxylic or
phosphate groups, forming two strong hydrogen bonds,36

and N-donor and O-donor atoms of the urea group act as good
binding sites for the Fe3+ ion.37 Thus, the urea group offers
guest-interaction functional sites for the effective detection of
HA, nucleoside phosphates, and the Fe3+ ion. Herein, a new
urea-functionalized ligand, 5-(3-(pyridin-4-yl)ureido)-
isophthalic acid (H2L), was designed and successfully
synthesized. The H2L was used to react with 4,4′-bis((1H-
imidazol-1-yl)methyl)biphenyl (bpbix) and the Cd2+ ion via
solvothermal conditions to successfully construct a 2-fold
interpenetrating 3D pillared-layer Cd-MOF, {[Cd(L)(bpbix)]·
x(solv)}n (1) (Scheme 1). This MOF simultaneously exhibited
good anti-interference performance and rapid, sensitive, and
recyclable detection of HA, nucleoside phosphates, and Fe3+ in
water. Most notably, the complex 1 was able to detect HA,
nucleoside phosphates, and Fe3+ in real urine and serum with
high sensitivity, accuracy, and reliability. Therefore, the
complex 1 can be used as a highly promising multiresponsive
luminescent biosensor for the simultaneous determination of
HA, nucleoside phosphates, and Fe3+ in real biological
environments.

2. EXPERIMENTAL SECTION
2.1. Synthesis of H2L. A mixture of isonicotinic acid (3 g, 24.37

mmol), triethylamine (3.6 mL, 25.59 mmol), and diphenylphosphoryl
azide (5.43 mL, 25.59 mmol) in dry acetonitrile (20 mL) was stirred
under a N2 atmosphere at 0 °C for 30 min and then heated at 75 °C
for 2 h. The reaction was cooled down to room temperature, and the
solvent was removed. Then, 4-aminobenzoic acid (4.64 g, 25.59
mmol) and N,N′-dimethylformamide (DMF, 50 mL) were added.
The mixture was stirred for 24 h at room temperature, and 300 mL of
water was added; finally, 5% HCl was added until the solution was at
pH = 1. The faint yellow solid was collected by filtration, washed with
water, and dried in air (3.6 g, 49% yield). 1H NMR (500 MHz,
DMSO-d6): δ = 13.27 (s, 2H), 9.43 (s, 1H), 9.33 (s, 1H), 8.39 (d, J =
5 Hz, 2H), 8.28 (s, 2H), 8.13 (s, 1H), 7.47 (d, J = 5 Hz, 2H). IR
spectrum (KBr, cm−1): 3035, 2808, 1727, 1689, 1657, 1637, 1586,
1558, 1510, 1434, 1385, 1352, 1320, 1278, 1250, 1212, 1194, 1105,
1046, 969, 899, 824, 789, 761, 742, 708, 654, 604, 562, 518, 451.
2.2. Synthesis of Complex 1. Cd(NO3)2·4H2O (30.8 mg, 0.1

mmol), H2L (9.0 mg, 0.03 mmol), and bpbix (9.4 mg, 0.03 mmol)
were dissolved in the mixture of 0.5 mL of DMF and 2.5 mL of
deionized water by ultrasound. The suspension was sealed and heated
at 120 °C for 72 h and then cooled to room temperature. The
colorless block-shaped crystals were collected (yield of 68.2% based
on H2L). Elemental analysis for evacuated samples of complex 1
(C34H27N7O5Cd): C, 56.25; H, 3.75; N, 13.50%. Found: C, 56.52; H,
3.76; N, 13.22%. IR spectrum (KBr, cm−1): 3314, 1645, 1617, 1556,
1521, 1429, 1351, 1315, 1269, 1232, 1198, 1108, 1082, 1007, 933,
899, 797, 778, 739, 654, 530, 484, 446.
2.3. Pretreatments of Urine and Serum Samples. Urine was

collected from a healthy member of the research group. A fresh calf
serum sample was purchased from Sigma-Aldrich Company. In detail,
the urine and serum samples were centrifuged (10,000 rpm/min) for
10 min, and the supernatants of urine and serum were diluted with
100-fold deionized water to eliminate the matrix effect of urine and
serum.
2.4. Luminescence Experiments. A 3.0 mg complex 1 sample

was dispersed in 10 mL of deionized water and ultrasonicated for 30
min, and then, the obtained suspension was placed in a quartz cuvette.
Subsequently, the luminescence detection experiments were per-
formed by gradually adding analyte solutions. The steps of
luminescence titration experiments in urine and serum were
consistent with those in water.
2.5. Recyclable Luminescence Experiments. The recyclability

of 1 for sensing of HA, AMP, ADP, ATP, and Fe3+ was studied. After
the luminescence experiments, 1 was recovered by centrifugation of
the suspension and washing with water several times. The recycled
samples were collected and subjected to the next sensing cycle.

3. RESULTS AND DISCUSSION
3.1. Crystal Structure. Single-crystal X-ray diffraction

analysis shows that the complex 1 crystallizes in the monoclinic

Scheme 1. Synthesis of the Cd-MOF as a Multiresponsive
Luminescent Biosensor for the Simultaneous Sensing of
HA, Nucleoside Phosphates, and the Fe3+ Ion in Real Urine
and Serum
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space group C2/c and consists of one Cd2+ ion, one L2− ligand,
and two half bpbix ligands in the asymmetric unit (Figure S1).
Each Cd2+ ion is hexa-coordinated by three carboxylate O
atoms (O1, O3A, and O4A) from two different L2− ligands,
one pyridyl N atom (N1B) from the other L2− ligand, and two
apical imidazolyl N atoms (N4 and N6) from two different
pillaring bpbix ligands, displaying a distorted [CdO3N3]
octahedral geometry (Figure S2). The Cd−O/N bond lengths
[2.206(3)−2.481(3) Å] fall into the normal range.38,39

As shown in Figure 1a, each L2− ligand connects three Cd2+

ions, and each Cd2+ ion in turn is linked by three L2− ligands,
forming a 2D honeycomb layer with hexagonal windows. The
adjacent layers are alternately linked by pillared bpbix ligands
with two different conformations to afford a pillared-layer 3D
framework structure with 1D parallelogram channels (13.6 ×
7.7 Å2) along the b axis (Figure 1b). Because of the large pores
of the single net, structural interpenetration may occur, which
significantly enhances the stability of frameworks. As expected,
two independent single nets are interpenetrated with one
another to give a 2-fold interpenetrating 3D structure (Figure
1c). Topologically, the Cd2+ ion, L2−, and bpbix ligands act as
5-, 3-, and 2-connected nodes. So, overall, the 3D framework
can be considered as a 2-nodal (3,5)-connected gra network
with a Schlaf̈li symbol of (63)(69·8) (Figure 1d). After the
interpenetration, the total solvent-accessible volume of
complex 1 is about 821.7 Å3, which still represents 12.2% of
the per unit-cell volume (6708.6 Å3) calculated with
PLATON.40

3.2. Stability Test. Water is a crucial and essential
component of the human body and also exists in the whole
biological processes of a human being. Therefore, it is highly
necessary to examine the water stability of 1. The as-
synthesized sample was immersed in water at room temper-
ature for 3 days. The PXRD pattern of the water-treated
sample of 1 has no obvious changes as compared with that of
the pristine sample (Figure 2), indicating the good water

stability of 1. Because the pH values of the urine and serum are
within the normal physiological range (4.6−8),3,41 the acidic
and alkaline stability of 1 is also explored by immersion in pH
= 4−8 aqueous solutions for 3 days. The measured PXRD
patterns are in agreement with that of the pristine sample
(Figure 2), indicating that the complex 1 remains stable after
treatments. Moreover, 1 can retain its good crystallinity after
immersion in urine and serum (Figure 2). The good stability of
1 makes it competent for practical sensing application in real
biological samples. Furthermore, inductively coupled plasma-
optical emission spectrometry (ICP-OES) of the supernatants
after the above treatment was also checked, and no obvious
Cd2+ leaching from the Cd-MOF into solution was observed
(Table S3), which further confirms the good structural
stability. In addition, the thermal stability of 1 was analyzed
by thermogravimetric analysis (TGA). The result indicates that
the decomposition temperature is up to ca. 295 °C (Figure
S6), indicating the good thermal stability of 1. The good

Figure 1. (a) 2D honeycomb layer. (b) Single net of the 3D framework. (c) Twofold interpenetrating 3D structure along the b axis. (d)
Topological representation of the 2-fold interpenetrating (3,5)-connected gra network.

Figure 2. PXRD patterns of 1 after immersion in water, pH = 4−8
aqueous solutions, urine, and serum.
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stability of 1 may be attributed to the 2-fold interpenetrating
structure.42

3.3. Luminescence Detection of HA. The good stability
of complex 1 inspired us to explore its potential for
luminescence detection in aqueous media. As shown in Figure
3a, the luminescence intensity of 1 dispersed in water
decreases with the increase in HA concentration. When the
concentration of HA reaches 166.7 μM, the quenching
efficiency on 1 is 82.1%. The control experiments with ligands
treated with HA show that HA exhibits a small variation in the

luminescence intensity of ligands, indicating the good potential
of 1 for HA sensing (Figures S7a and S8a). The quenching
efficiency can also be studied by the Stern−Volmer (S−V)
equation: I0/I = KSV[A] + 1, in which I0 and I represent the
luminescence intensities in the absence and presence of an
analyte, respectively, KSV is the quenching constant (M−1), and
[A] refers the molar concentration of the analyte. The S−V
plot for HA shows a nearly linear correlation at low
concentrations (Figure S9), giving a KSV value of 9.9 × 103

M−1. Then, the plot gradually deviates from linearity and bends

Figure 3. (a) Emission spectra of 1 (0.3 mg) by gradual addition of HA (1 mM) at room temperature (inset: photographs of 1 before and after the
addition of HA under UV light (254 nm)). (b) Luminescence response time of 1 after the addition of HA. (c) Luminescence intensities of 1
toward HA in the existence of other various urine components. (d) Emission intensities of 1 toward HA after five cycles.

Figure 4. (a) Emission spectra of 1 (0.3 mg) by gradual addition of ADP (1 mM) at room temperature (inset: photographs of 1 before and after
the addition of ADP under UV light (254 nm)). (b) Luminescence response time of 1 after the addition of ADP. (c) Luminescence intensities of 1
toward ADP in the existence of other various serum components. (d) Emission intensities of 1 toward ADP after five cycles.
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upward at higher concentrations. The limit of detection (LOD
= 3σ/k, σ = standard deviation for five repeated blank
determinations and k = slope of the calibration curve) for HA
is determined to be 1.02 μM (0.18 μg mL−1), which is better
than those of previously reported MOFs (Table S4).3,4,27,32

More importantly, the LOD is lower than the biological
exposure index of HA in urine (2.0 mg mL−1) recommended
by the American Conference of Governmental Industrial
Hygienists (ACGIH),3 indicating that the complex 1 can be
effectively used as a sensitive biosensor for detection of HA in
the diagnosis of toluene exposure-related diseases.

The response time is extremely important for the practical
application of the biosensors. Therefore, the luminescence
response rate of 1 toward HA was investigated by the time-
dependent sensing experiment. The emission intensity of HA is
significantly reduced within 20 s and remained stable as the
time increased (Figure 3b), which is much faster than that of a
reported MOF for HA detection (Table S4).4 The fast
response time demonstrates that the complex 1 has great
application potential in real-time detection of HA in clinical
diagnosis. Considering that urine contains more than one kind
of substance, the anti-interference performance of 1 for HA
was further explored. The competition experiments were
performed by measuring its luminescent intensity to HA in the
presence of other urine components such as creatinine,
creatine, urea, uric acid, SO4

2−, Na+, K+, NH4
+, Cl−, and

glucose. As shown in Figure 3c, no significant changes in the
emission intensity of 1 induced by HA is observed in the
existence of other urine components, confirming the anti-
interference ability of 1 for detecting HA. Good recyclability is
a significant performance marker for the biosensor to assess the
practicability. Thus, the recycling experiment of 1 was also
carried out. The quenching efficiency of recycled 1 toward HA
is significantly unchanged even after five detection cycles
(Figure 3d). Meanwhile, the PXRD pattern of the multiple
recycled 1 demonstrates that the structure remained
unchanged after five cycles (Figure S10). These results

indicate its good recyclability and stability for the actual
detection application.
3.4. Luminescence Detection of Nucleoside Phos-

phates. The rapid, sensitive, selective, and recyclable sensing
ability of HA prompted us to use the complex 1 to detect
nucleotide phosphates such as adenosine monophosphate
(AMP), adenosine diphosphate (ADP), and adenosine
triphosphate (ATP). As shown in Figure 4a and Figures
S11a and S12a, ADP, AMP, and ATP exhibit high quenching
effects on 1 with quenching efficiencies of 82.3, 74.9, and
56.9%, respectively. In the control experiments, two ligand
solutions titrated by ADP, AMP, and ATP only show a small
change in luminescence intensity, suggesting the good sensing
ability of 1 toward ADP, AMP, and ATP (Figures S7b−d and
S8b−d). Similar to HA detection, the S−V plots of ADP,
AMP, and ATP show a good linear relationship at low
concentrations and a nonlinear feature at higher concen-
trations (Figures S13−S15). The KSV values for ADP, AMP,
and ATP from the linear fitting of the plots are 1.1 × 104, 1.0 ×
104, and 6.4 × 103 M−1, respectively. These data indicate that
ADP exhibits high luminescence quenching of the emission for
1 in comparison with the other two biocongeners. The
detection limit of 1 toward ADP is further studied, and the
LOD for ADP is determined to be 0.95 μM (0.43 μg mL−1),
which is better than those of previously reported sensors
(Table S5).43−45

To demonstrate the response rate of 1 as a biosensor for
detection of nucleotide phosphates, the time-dependent
sensing experiments of 1 toward nucleotide phosphates were
implemented. As shown in Figure 4b and Figures S11b and
S12b, the luminescence intensities of 1 are immediately
quenched after adding nucleotide phosphates for 20 s, and the
intensities remain unchanged as time goes on. The response
time is faster than those of other reported studies (Table
S5),8,46 revealing the fast response ability of 1 toward
nucleotide phosphates. Similarly, since serum also contains
many substances, it is necessary to evaluate the anti-

Figure 5. (a) Emission spectra of 1 (0.3 mg) by gradual addition of Fe3+ (0.2 mM) at room temperature (inset: photographs of 1 before and after
the addition of Fe3+ under UV light (254 nm)). (b) Luminescence response time of 1 after the addition of Fe3+. (c) Luminescence intensities of 1
toward Fe3+ in the existence of other various serum components. (d) Emission intensities of 1 toward Fe3+ after five cycles.
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interference ability of 1 for the detection of nucleotide
phosphates. Competition experiments show that the addition
of other serum components such as L-proline, urea, Na+, K+,
Mg2+, Ca2+, Cl−, HCO3

−, and glucose does not influence the
luminescence quenching ability of 1 caused by nucleotide
phosphates (Figure 4c and Figures S11c and S12c), confirming
the high anti-interference ability of 1 for detection of
nucleotide phosphates even in the coexistence of other
serum components. The recyclability of the detection perform-
ance of 1 toward nucleotide phosphates was studied by the
cyclic experiments. As shown in Figure 4d and Figures S11d
and S12d, the luminescence intensity and quenching efficiency
of recycled 1 almost return to the initial level during five
sensing cycles. Moreover, the PXRD pattern of the recycled 1
indicates that the structure is not damaged after five recycles
(Figure S10). These experiments reveal that 1 can exhibit a
recyclable detection ability toward nucleotide phosphates.
3.5. Luminescence Detection of Fe3+. Additionally, the

detection capacity of 1 toward the Fe3+ ion was also studied.
The luminescence titration experiment was performed upon
incremental addition of Fe3+ ion. As shown in Figure 5a, the
emission intensity of 1 is gradually quenched by increasing the
concentration of Fe3+. While the Fe3+ concentration is 57.1
μM, the quenching efficiency reaches to 86.1%. Control
experiments using ligands show relatively weak luminescence
responses, proving the good detection performance of 1 on
Fe3+ (Figures S7e and S8e). Furthermore, the S−V plot shows
a good linear relationship at the low concentration and then
departs from the linear relation at the high concentration
(Figure S16). The KSV value for the Fe3+ ion is 3.5 × 104 M−1

based on the linear S−V plot. The LOD of 1 for the Fe3+ ion is
0.29 μM (0.43 μg mL−1), which falls below those of the
reported MOFs for Fe3+ detection (Table S6).47−53 What is
more, the LOD is much lower than the normal concentration
of Fe3+ ion in human serum (5−39 μM),54 which shows that 1
is a useful biosensor for practical detection of the Fe3+ level in
the human fluids.

The response rate of 1 to Fe3+ was also measured at different
time intervals. The luminescence intensity is quenched
instantly within the initial 20 s (Figure 5b), which is faster
than those of other MOF-based biosensors for Fe3+ (Table
S6).50,51,55−57 The fast response sensing ability promotes the
application of 1 in real-time detection of Fe3+ in clinical
diagnosis. Furthermore, we also studied the anti-interference
ability of 1 for detection of Fe3+. The presence of other serum
components has a negligible effect on the quenching effect of
Fe3+ ion (Figure 5c), which exhibits that 1 has a high anti-
interference ability for Fe3+ detection. In addition, the
recyclable ability of 1 was also investigated. The repeatable
luminescence sensing performance and unchanged PXRD of
recycled 1 demonstrate that 1 has good recyclability without
the loss of the crystalline structure after five sensing cycles
(Figure 5d and Figure S10).
3.6. Application to Real Water Samples. In order to

better realize the clinical application, the detection ability of 1
in urine and serum was explored. The luminescence titration
experiment of 1 dispersed in urine was performed by the
addition of HA. The luminescence intensity gradually declines
with increasing concentration of HA (Figure S17a), and this
result is similar to the detection of HA in water. The
luminescence spectra of 1 dispersed in serum were also
recorded by the addition of ADP, AMP, ATP, and Fe3+. As
shown in Figures S18a−S21a, the quenching trends are almost

consistent with the detection performance in aqueous solution.
In addition, the relationship curves of the I0/I and the
concentrations of the abovementioned analytes can be
followed in the S−V equation (Figures S17b−S21b), which
are more like linear correlations in water. The LOD values of
HA, ADP, and Fe3+ are determined to be 1.07, 1.16, and 0.40
μM, respectively, which are lower than those of the previously
reported studies.3,4,27,32,43−45,47−53 These results indicate that
the complex 1 has great practical potential in biological or
clinical target detection.

To further evaluate the reliability and feasibility of 1 for
detection in biological media, the urine or serum samples with
different concentrations of HA, ADP, AMP, ATP, and Fe3+
were measured, and the results are shown in Table S7. The
satisfactory recoveries (94.69−107.82%) and relative standard
deviations (0.29−4.72%) are obtained in real urine or serum
samples, which demonstrates the potential applicability of 1 as
a biosensor for the accurate detection of HA, ADP, AMP, ATP,
and Fe3+ in real biological samples.
3.7. Sensing Mechanism Analysis. To understand the

excellent luminescence quenching effect of 1 toward HA, ADP,
AMP, ATP, and the Fe3+ ion, the possible mechanisms were
investigated systematically. First, PXRD patterns of 1 before
and after five detection cycles were performed, and the
unchanged PXRD patterns confirm that the structure of 1 still
retains its integrity (Figure S10), excluding the possibility of
quenching caused by structural collapse. To better figure out
the sensing mechanism, the UV−vis spectra of HA, ADP,
AMP, ATP, and the Fe3+ ion were measured. Almost no
overlap between the emission spectrum of 1 and the
absorption spectra of HA, ADP, AMP, ATP, and the Fe3+
ion was observed (Figure S22), revealing the absence of a
resonance energy transfer mechanism. However, the excitation
spectrum of 1 shows an overlap with the absorption spectra of
HA, ADP, AMP, ATP, and the Fe3+ ion (Figure S23),
indicating that the quenching effect of 1 caused by HA, ADP,
AMP, ATP, and the Fe3+ ion may be ascribed to the internal
filtration effect (IFE) mechanism. Especially, the absorption
spectra of nucleotide phosphates exhibit that ADP has the
highest absorbance, resulting in the strongest quenching effect
of 1 for ADP among these nucleotide phosphates, which is
consistent with the experimental results. The observed
luminescence quenching effect of 1 toward HA, ADP, AMP,
and ATP may be explained by the photoinduced electron
transfer (PET) effect. The lowest unoccupied molecular orbital
(LUMO) energy level of the MOF is higher than that of the
analyte, which facilitates electron transfer from the MOF to the
analyte, leading to the quenching of luminescence. The highest
occupied molecular orbitals (HOMOs) and LUMOs of HA,
ADP, AMP, and ATP were calculated by density functional
theory at the B3LYP/6-31G* level. According to previous
studies,58−60 the HOMO and LUMO energies of 1 were
obtained by cyclic voltammetry (CV) data (Figure S24). As
shown in Figure S26, the LUMO levels of HA, ADP, AMP, and
ATP are lower than that of 1, indicating that the electrons can
be transferred from 1 to HA, ADP, AMP, and ATP. In
addition, to understand whether the luminescence quenching
is caused by the static or dynamic mechanism, the
luminescence lifetimes of 1 were recorded before and after
the addition of HA, ADP, AMP, ATP, and the Fe3+ ion. As
shown in Figures S27−S29, the unchanged lifetimes
demonstrate the existence of static quenching during the
sensing processes, further indicating the formation of the
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nonemissive ground-state complexes between 1 and HA, ADP,
AMP, ATP, and Fe3+. For HA, ADP, AMP, and ATP, the
carboxylic group of HA and the phosphate group of nucleotide
phosphates may be bound to N−H fragments of the urea
group through two N−H···O hydrogen bonding interactions.36

Meanwhile, for the Fe3+ ion, the uncoordinated N-donor and
O-donor atoms of the urea group in the L2− ligand may bind
with Fe3+, which is similar to that reported in another previous
study.37 Moreover, these interactions may facilitate the
electron transfer from the MOF to the abovementioned
analytes, resulting in a strong quenching effect.

4. CONCLUSIONS
In summary, a stable luminescent 2-fold interpenetrating 3D
Cd-MOF (1) has been successfully synthesized from a urea-
functionalized H2L ligand, pillared bpbix ligands, and the Cd2+

ion via a solvothermal method. The complex 1 has good
stability in aqueous solutions with pH from 4 to 8 and
physiological fluids. Interestingly, the complex 1 dispersed in
water simultaneously exhibits selective and recyclable detection
of HA, nucleoside phosphates, and the Fe3+ ion with a low
LOD and fast response time. Importantly, the complex 1 can
be used for the accurate and reliable monitoring of HA,
nucleoside phosphates, and the Fe3+ ion in real urine and
serum. This study provides a promising path to achieve
multiresponsive luminescent MOF-based biosensors for
practical applications in clinical diagnosis and analysis of
diseases.
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