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A B S T R A C T

β-Glucuronidase (β-GCU) is closely related to the occurrence of multiple diseases, and it has been applied as a
biomarker and therapeutic target in clinical diagnosis. However, reliable methods with high selectivity and
sensitivity for monitoring β-GCU are still lacked. Herein, we designed a novel fluorescent nanoprobe, rhodamine
B encapsulated MOF-5 (RhB@MOF-5) for the first time, to detect β-GCU through the synergistic effect of inner
filter effect (IFE) and static quenching effect (SQE) by employing 4-nitrophenyl-β-D-glucuronide (PNPG) as the
substrate. After encapsulating into MOF-5, the fluorescence emission of RhB at 550 nm excited by 320 nm was
greatly enhanced. The major overlap between the fluorescence excitation spectrum of RhB@MOF-5 (about
320 nm) and the ultraviolet absorption spectrum of PNPG (about 310 nm) lead to PNPG being a good IFE ab-
sorber in this sensing system. Under the optimized conditions, the excitation spectrum of the RhB@MOF-5 could
be absorbed by PNPG, resulting in the dramatically decrease of fluorescence emission. After adding β-GCU into
the system, the substrate of PNPG would be enzymatic hydrolyzed to p-nitrophenol (PNP) and glucose, then the
IFE disappearance and the fluorescence recovered. The current sensing platform was interference-free and ex-
hibited a broad linearity relationship for β-GCU range of 0.1–10 U L−1 (R2=0.9957) with a limit of detection as
low as 0.03 U L−1, which was reduced by more than one orders compared with the reported methods. Moreover,
the encapsulation of dyes using porous nanoparticles to achieve some tailor-made characteristics will enrich
experimental design inspiration.

1. Introduction

β-Glucuronidase (β-GCU), a glycosidase mainly exists in cell mem-
branes and extracellular matrices of tissues and organs [1,2], initiates
the hydrolysis of glucopyranosyl glycoside from glycosaminoglycans to
release glucose and the corresponding aglycone. The normal con-
centration level of serum β-GCU in human body is in the range of
3.48–5.72 U L−1, whereas the disordering of β-GCU in human body is
related to various diseases and even the development of cancers [3]. On
the one hand, abnormal overexpression of β-GCU in serum is con-
sidered to be associated with malignant tumors, such as liver cancer
[4], prostate cancer [5], gastric cancer [6], colon carcinoma [7] and
especially tumors in necrotic regions [8]. On the other hand, under-
expression of β-GCU in serum is related to hepatic failure and muco-
polysaccharidosis [9,10]. Moreover, a series of physiological diseases,
involving cholelithiasis [11], hepatic disorders [12] and epilepsy [13],

are also related to abnormal serum β-GCU level. Hence, β-GCU has been
taken as a significant tumor biomarker. So the detection of β-GCU ac-
tivity is valuable in ascertaining and early-stage diagnosing cancer.

Of late years, great endeavors have been devoted to the develop-
ment of efficient methods for the detection of β-GCU. A number of
methods such as colorimetric methods and chemosensors have been
developed [14–19]. Among them, method based on fluorescent probe,
especially organic fluorescent probe, is an attractive strategy in terms of
high sensitivity and selectivity. However, the organic fluorescent
probes inevitably suffer from complicated synthesis, low photo-
bleaching resistance, and high cytotoxicity [20–24]. In contrast, in-
organic nanoprobes have become a powerful analytical strategy with
remarkable advantages, such as simple synthesis process, excellent
biocompatibility, high photobleaching resistance ability, and satisfac-
tory dispersion in water [16,17,25,26]. Moreover, the present methods
for the detection of β-GCU based on inorganic probes are still not
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sensitive or selective enough to monitoring β-GCU, which largely lim-
ited their practical applications in disease diagnosis. Thus, it is still
challenging to develop methods for β-GCU detection with character-
istics of high sensitivity and selectivity, as well as easily operation and
excellent biocompatibility.

Metal organic frameworks (MOFs), rising as a fresh kind of mean-
ingful microporous hybrid crystalline materials, are constructed by
metal ions or metal clusters connecting with organic bridging ligands.
On account of their attractive structures and superior physicochemical
properties, including controlled sizes, uniform nanoscale cavities, and
high surface areas, MOFs have exhibited wide utilizations in catalysis,
gas storage, separation, drug delivery, bio-imaging and molecular re-
cognition [27–34]. Additionally, their highly uniform nanoscale cav-
ities, which act as micro-reactors, are conductive to concentrating tar-
gets in their pores, resulting in low detection limit and high sensing
sensitivity [35]. Inner filter effect (IFE), a photophysical phenomenon,
regulates fluorescence based on the absorption of the excitation or the
emission light of fluorophores by absorbers in the sensing system
[36–40]. In other words, IFE occurs when the absorption spectrum of
the absorbers overlaps with the fluorescence excitation or emission
spectrum of fluorophores. Because the substrate or the absorber neither
require chemical link to the probe, nor require the special interaction
with the probe, the sensing platforms based on IFE exhibit more sim-
plicity when compared with sensors based on traditional fluorescence
quenching mechanisms, such as fluorescence resonance energy transfer
(FRET) and photo-induced electron transfer (PET) [41–43]. Nowadays,
most of the reported probes based on MOFs are usually used for sensing
metal ions, so that it is not only necessary but also very interesting to
further expand the application of MOFs in bio-sensing. However, so far
as we know, the MOFs-based probes via IFE for the detection of β-GCU
activity with satisfactory sensitivity and selectivity have not been re-
ported.

In this study, a hybrid nanocomposite of RhB@MOF-5 was con-
structed by embedding organic dye rhodamine B (RhB) into the porous
crystalline Zn(II)-MOF via a facile one-pot synthesis approach. RhB@
MOF-5 aqueous solution owns a yellow-green emission of RhB at
552 nm with the excitation wavelength at 315 nm. Moreover, we found
that the absorption spectrum of PNPG, a substrate of β-GCU, could
overlap with the excitation spectrum of the RhB@MOF-5. Based on
these properties, we rationally designed a “turn on” fluorescence sensor
by employing RhB@MOF-5 as nanoprobe and the PNPG as substrate to
detect β-GCU based on the synergistic action of IFE and static
quenching effect (SQE) (Scheme 1). Benefit from the gathering effect of
MOF-5, the improvement of fluorescent properties of RhB in RhB@
MOF-5, as well as the special recognition of PNPG substrate based on
IFE, a highly sensitive and selective method for monitoring β-GCU in
human serum was developed. Using the developed method, an assay
was performed to detect β-GCU in human serum of both healthy and
cancer people, the results were satisfactory.

2. Experimental section

2.1. Materials and reagents

4-Nitrophenyl-β-D-glucuronide (PNPG), p-nitrophenol (PNP) and β-
glucuronidase (β-GCU, 110 units/g) from Helix pomatia were pur-
chased from Sigma-Aldrich (Steinheim, Germany). Rhodamine B (RhB),
1, 4-benzenedicarboxylic acid (BDC), sodium hydroxide (NaOH), L-
alanine (L-Ala), L-tyrosine (L-Tyr), DL-phenylalanine (DL-Phe), L-tryp-
tophan (L-Try), L-valine (L-Val), L-serine (L-Ser), L-cysteine (L-Cys),
homocysteine (Hcy), L-glutathione (GSH), glucose (Glu), ascorbic acid
(AA), adenosine triphosphate (ATP), adenosine monophosphate (AMP),
guanosine triphosphate (GTP), glucose oxidase (GOD) and alkaline
phosphatase (ALP) were obtained from Aladdin Chemical Reagent Co.
Ltd. (Shanghai, China). Metal salts (CH3COONa, KCl, MnCl2·4H2O, Ni
(NO3)2·6H2O, CaCl2, Co(CH3COO)2, MgCl2·6H2O, FeSO4·7H2O,

BaCl2·2H2O, Pb(NO3)2, HgCl2, ZnCl2, AlCl3·6H2O, FeCl3·6H2O and
CrCl3·6H2O) were supplied by Fuyu Chemical Reagent Co. (Tianjin,
China). N, N-Dimethylformamide (DMF) and acetic acid (HAc) were
brought from Beijing Chemical Reagent Co. Ltd. (Beijing, China). And
all other reagents and solvents of analytical grade were commercially
available and used as received without purification.

2.2. Synthesis of MOF-5 and RhB@MOF-5 composites

The detailed information for preparing of MOF-5 and RhB@MOF-5
composites were presented in Supporting Information.

2.3. Fluorescence quenching assay for PNPG

Assay for incubation time: 100 μL PNPG (the final concentration
was 0.5 mmol L−1) was added into 100 μL of RhB@MOF-5 solution
(60mg L−1) with 800 μL of NaAC-HAc buffer (100mmol L−1, pH 5.0).
After different incubation times, the fluorescence emission spectra of
the mixture were recorded respectively.

Assay for PNPG concentration: 100 μL of RhB@MOF-5 composites
(60mg L−1), 800 μL of NaAC-HAc buffer (100mmol L−1, pH 5.0) and
100 μL of varied concentrations of PNPG ranging from 0.1 to 1mmol
L−1 were mixed, after incubation for certain time, the fluorescent
spectra of the mixture were measured.

2.4. β-GCU detection

Fluorescence assay for β-GCU was conducted as the following pro-
cedures. 100 μL β-GCU with various concentrations was added to NaAC-
HAc buffer (100mmol L−1, pH 5.0) containing RhB@MOF-5 compo-
sites (60mg L-1), AA (1mmol L−1) and PNPG (0.2 mmol L−1), then
adjusted the total volume to 700 μL. After incubation for 30min at
37 °C, the mixed solution was adjusted to alkaline by adding 300 μL
NaOH solution (0.01 mol L−1) and recorded the fluorescence emission
spectra using excitation wavelength of 315 nm. The selectivity of this
sensing system for β-GCU was investigated by using other biomolecules
or common ions (including Na+, K+, Mn2+, Ni2+, Ca2+, Co2+, Mg2+,
Fe2+, Ba2+, Pb2+, Hg2+, Zn2+, Al3+, Fe3+, Cr3+, L-Ala, L-Tyr, DL-Phe,
L-Try, L-Val, L-Ser, L-Cys, Hcy, GSH, Glu, AA, ATP, AMP, GTP, GOD and
ALP) instead of β-GCU.

2.5. Analysis of β-GCU in human serum samples

The above platform was used to the direct analysis of β-GCU in
human serum which were obtained from two healthy samples and two
cancer samples donated by the First Hospital of Qufu (Shandong,
China), and the authors declared that all studies were performed in
compliance with the relevant laws and institutional guidelines. During
the analysis of real samples, 100 μL human serums were added to take
the place of the standard β-GCU solution, and other procedures should
follow the above β-GCU assay.

2.6. Characterization methods

All the used instruments were demonstrated in Supporting
Information.

3. Results and discussion

3.1. Sensing mechanism and the characterization of RhB@MOF-5
composites

The preparation methods and the luminescent mechanism of the
sensing platform were shown in Scheme 1. In order to better understand
the fluorescent properties of the as-prepared RhB@MOF-5 composite,
its fluorescence spectra were recorded (Fig. S1). The fluorescence
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excitation spectrum displayed a strong peak at about 320 nm, and a
strong fluorescence emission peak at 550 nm under this excitation
wavelength was observed correspondingly. Furthermore, the inset in
Fig. S1B depicted the photograph of RhB@MOF-5 solution, which was
obtained under UV light (365 nm). To verify the IFE mechanism for the
β-GCU detection, the spectroscopic properties of PNPG and PNP were
also studied. As shown in Fig. 1A, the maximum fluorescence excitation

of RhB@MOF-5 was at about 320 nm, and the maximum ultraviolet
absorption of PNPG was at approximately 310 nm, thus there was a
major overlap between them, indicating that PNPG could be a good IFE
absorber in RhB@MOF-5 system. Specially, the UV–vis absorption peak
of PNP (the hydrolysis product of PNPG by β-GCU) was at about 400 nm
under alkaline condition, which had no effect on the fluorescence
emission of RhB@MOF-5 (Fig. S2). Therefore, the PNPG acted not only

Scheme 1. (A) The preparation procedure of RhB@MOF-5 by one-pot synthesis approach. (B) The mechanism for β-GCU detection based on the synergistic effect of
IFE and SQE (IFE: inner filter effect; SQE: static quenching effect).

Fig. 1. (A) The UV–vis absorption spectra of
PNPG (blue line) and PNP (red line), the
fluorescence excitation spectrum of RhB@
MOF-5 (black line). (B) The fluorescence decay
curves of RhB@MOF-5 in the absence and
presence of PNPG (For interpretation of the
references to colour in this figure legend, the
reader is referred to the web version of this
article.).

Fig. 2. (A) XRD images of the simulated MOF-5 (black), the as-prepared MOF-5 (red) and RhB@MOF-5 (blue). (B) FT-IR spectrum of MOF-5 (black) and RhB@MOF-5
(red) (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.).
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as the IFE absorber, but also as the substrate of the β-GCU. For further
studying the mechanism of fluorescence quenching, time-resolved
fluorescence spectra of RhB@MOF-5 in the absence and presence of
PNPG were measured. As shown in Fig. 1B, the fluorescence lifetime of
RhB@MOF-5 (about 5.6 ns) remained constant after adding PNPG,
which demonstrated that the fluorescence quenching of RhB@MOF-5
by PNPG may also obey a SQE [44,45]. Therefore, both the IFE and SQE
mechanism may be responsible for the fluorescence suppression of
RhB@MOF-5 caused by PNPG.

In order to verify the successful preparation of RhB@MOF-5 com-
posite, it was firstly characterized by X-ray diffraction (XRD). As de-
picted in Fig. 2A, the XRD patterns of the prepared MOF-5 and RhB@
MOF-5 were highly consistent with that of the simulated ones, in-
dicating the successful preparation of the materials and the negligible
influence of the encapsulated RhB on the lattice of MOF-5. Additionally,
the high similarity of XRD peaks between MOF-5 and RhB@MOF-5
demonstrated that the RhB molecules were encapsulated into the pores
of MOF-5 particle, rather than physically adsorbed on the surface of
particle [46]. The fourier transform-infrared (FT-IR) spectra of MOF-5
and RhB@MOF-5 composites were showed in Fig. 2B. The peak located
at 3439 cm−1 was ascribed to the OeH stretching vibration [47]. The
strong peaks from MOF-5 nanocrystals at 1389 cm−1 and 1587 cm−1,
originated from the symmetrical stretching vibration and the asym-
metric stretching vibration of carboxylate, had no blue or red shift after
encapsulation of RhB, suggesting that RhB in the composite had no
influence on the structure of the MOF-5. Furthermore, the peaks of RhB
at 1590, 1179, 1342 and 1645 cm−1 were not observed after its cap-
sulation into MOF-5, further suggesting that RhB molecules were lo-
calized inside the pores of MOF-5 [48]. Scanning electron microscopy
(SEM) observation (Fig. S3) clearly described the “cube-sugar-like”
morphology of the obtained MOF-5 and RhB@MOF-5 composites.
What’s more, the average side-length of the prepared material was
about 1.3 μm, and the RhB@MOF-5 was uniform crystals decorated
with a few of nanoscale sub-crystals.

3.2. Optimization of the detection condition

Several factors that might affect the method sensitivity were opti-
mized, including the incubation time of PNPG with RhB@MOF-5 and
the concentration of PNPG. As shown in Fig. S4, after adding PNPG, the
fluorescence emission of the RhB@MOF-5 suspension decreased rapidly
and gradually reached equilibrium at 2min. As for the amount of
PNPG, when various concentrations of PNPG (0.1 mmol L−1, 0.2 mmol
L−1, 0.3 mmol L-1, 0.4 mmol L-1, 0.5 mmol L-1, 0.6 mmol L-1, 0.7 mmol
L-1, 0.8 mmol L-1, 0.9 mmol L-1 and 1.0mmol L-1) were added to the
RhB@MOF-5 dispersive solution, the fluorescence intensity was de-
creased gradually with the increasing the PNPG amount. When the
concentration of PNPG was up to 0.5 mmol L−1, 94.18% fluorescence of
RhB@MOF-5 was quenched, whereas further increase the PNPG
amount, no obviously change of quenching effect observed (Fig. 3A). In
addition, the sensitivity of β-GCU (10 U L−1) response to PNPG towards

different concentrations (0.1-0.5 mmol L−1) was also investigated, and
the results were shown in Fig. 3B. From the Fig. 3B, we could see that
the maximum fluorescence recovery was achieved when the PNPG
concentration was below 0.2mmol L−1. Although the highest
quenching efficiency was achieved at the PNPG concentration of
0.5 mmol L−1, 0.2 mmol L−1 PNPG can also achieve satisfactory
quenching effect (88.71%). Considering that high PNPG concentration
could yield better quenching efficiency, whereas the excess PNPG could
lead to low sensitivity to β-GCU, the PNPG concentration of 0.2mmol
L−1 was selected as the optimal PNPG concentration in the following
experiments.

3.3. Performance of β-GCU activity assay

In order to obtain the best response effect, the main conditions
possible to influence the sensitivity of β-GCU detection, including re-
action time, pH values and temperature were optimized in detail. As
shown in Fig. S5, time of 30min, pH of 5.0 and temperature of 37 °C
were chosen as the optimum detection conditions. Based on the above
requirements, the fluorescence emission intensity of RhB@MOF-5/
PNPG changes were recorded after introducing a series of concentra-
tions of β-GCU from 0.1 to 10 U L−1 (Fig. 4A). It was clear that the
fluorescence increased gradually with the increase of β-GCU con-
centration. What’s more, a good linear relationship
(F=764.89+ 55.20c, R2= 0.9957) between the fluorescence in-
tensity and β-GCU concentration was achieved (Fig. 4B). The limit of
detection (LOD) was calculated to be 0.03 U L−1 via 3SD/S (SD is the
standard deviation of the blank samples and S is the slope of the linear
calibration plot), which decreased by over two orders when compared
to the normal levels of β-GCU in human serum (3.48–5.72 U L−1).
Therefore, the ultra-sensitivity of this β-GCU detection platform is
highly competent to detect β-GCU in biological samples. Furthermore,
performance of our method were compared with the previously re-
ported methods in detecting β-GCU (Table S1), and the LOD of the
proposed probe is much lower than that of the most reported sensors.

3.4. Selectivity of IFE based sensing platform

To investigate the specificity of the RhB@MOF-5/PNPG nanosensor
platform toward β-GCU, the potential interferences in human serum
samples, containing various metal cations (Na+, K+, Mn2+, Ni2+,
Ca2+, Co2+, Mg2+, Fe2+, Ba2+, Pb2+, Hg2+, Zn2+, Al3+, Fe3+ and
Cr3+), amino acids (L-Ala, L-Tyr, DL-Phe, L-Try, L-Val, L-Ser, L-Cys,
Hcy and GSH) and other potential biological interferences (Glu, AA,
ATP, AMP, GTP, GOD and ALP) were explored under the conditions
same as that of the β-GCU (Fig. 5). It is known that Fe3+ has the similar
ultraviolet absorption spectrum to PNPG, so it could lead to fluores-
cence quenching at a certain extent (Fig. S6A). Interestingly, neither AA
nor Fe2+ has effect on the fluorescence of RhB@MOF-5 (Fig. S6B) so
that we could use AA to reduce Fe3+ to Fe2+ to ensure its selectivity
(Fig. S7). The experimental results in Fig. 5 demonstrated that only the

Fig. 3. (A) Fluorescence emission spectra of
RhB@MOF-5 in the presence of varying con-
centrations of PNPG (0.1mmol L−1, 0.2 mmol
L−1, 0.3 mmol L−1, 0.4 mmol L−1, 0.5 mmol
L−1, 0.6 mmol L−1, 0.7 mmol L−1, 0.8 mmol
L−1, 0.9 mmol L−1 and 1.0 mmol L−1). (B) The
sensitivity of β-GCU (10 U L-1) response to
different concentrations of PNPG (0.1mmol
L−1, 0.2 mmol L−1, 0.3 mmol L−1, 0.4 mmol
L−1 and 0.5 mmol L-1). (F0 and F are the
fluorescence intensities of RhB@MOF-5/PNPG
in the absence and presence of β-GCU, re-
spectively).
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target of β-GCU led to obvious fluorescence recovery in the presence of
AA, while the other substances had negligible effect on the fluorescent
recovery, indicating that this RhB@MOF-5/PNPG nanosensor was
highly specific for the β-GCU detection.

3.5. Detection of β-GCU in human serum samples

To demonstrate the potential practical application of the offered
sensor in complex biological samples, an assay was performed to detect
β-GCU in human serum of both healthy and cancer people. These
samples were added with three different concentrations and analyzed
using the same method to evaluate the recovery. The results in Table S2
showed that the recoveries of β-GCU in serum samples were in the
range of 98.39%–104.57% with the RSDs less than 5%, indicating the
high analytical accuracy and precision of the proposed method.
Therefore, this nanosensor platform could be potentially applied for β-
GCU detection assay in practical application. Moreover, as shown in
Table S2, the concentrations of β-GCU in the cancer patients’ serum
(˜13 U L−1) were much higher than that of in healthy adults (˜5 U L−1).
The above results further confirmed that the β-GCU concentration was
closely related with cancers so that it could act as a significative cancer
biomarker.

4. Conclusion

In summary, a composite of RhB@MOF-5 was rationally designed
and successfully applied for the “turn on” fluorescence detection of β-
GCU using PNPG as the spectra absorber and substrate based on the
synergistic effect of IFE and SQE mechanism. Owing to the capsulation
of RhB into MOF-5, the best excitation wavelength of RhB to the
emission spectrum at 550 nm blue shifted to 315 nm, leading to large
stocks shift. By tuning the absorption and non-absorption of spectrum at
315 nm with adding the PNPG and β-GCU, high on-off-on fluorescence
changes were observed and resulted to the highly sensitive response to

the target of β-GCU. Using this detection platform, a good linear re-
lationship for β-GCU detection from 0.1 to 10 U L−1 (R2= 0.9957) was
achieved, and the LOD was as low as 0.03 U L−1, which was reduced by
more than one orders when compared with the reported methods.
Moreover, this established sensing platform was successfully applied for
the determination of β-GCU in human serum samples with satisfactory
results. Importantly, the strategy of encapsulation of dyes using porous
nanoparticles to achieve some tailor-made characteristics used in this
study will enrich experimental design inspiration.
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