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A B S T R A C T

In this research, a hydroxyl group functionalized metal-organic framework (MOF), UiO-66-(OH)2, was
synthesized as a “on-off-on” fluorescent switching nanoprobe for highly sensitive and selective detection
of Fe3+, ascorbic acid (AA) and acid phosphatase (ACP). UiO-66-(OH)2 emits yellow-green light under
ultraviolet light, when Fe3+ was added, Fe3+ was chelated with hydroxyl group, the electrons in the
excited state S1 of the MOF transferred to the half-filled 3d orbits of Fe3+, resulting in fluorescence
quenching because of the nonradiative electron/hole recombination annihilation. AA could reduce Fe3+ to
Fe2+, which can destroy the electron transfer betweenUiO-66-(OH)2 and Fe3+ after AA adding, resulted in
nonoccurrence of the nonradiative electron transfer, leading to the recovery of UiO-66-(OH)2
fluorescence intensity. The probe can also be used to detect ACP based on the enzymolysis of 2-
phospho-L-ascorbic acid (AAP) to produce AA. Benefitting from the hydroxyl group and the
characteristics of UiO-66, including the high porosity and large surface area, the developed UiO-66-
(OH)2 showed extensive advantages as a fluorescent probe for detection of multi-component, such as
high sensitivity and selectivity, colorimetric detection, fast response kinetics and easy to operate,
economical and secure. This is the first time to use active group functionalized MOFs as a multi-
component sensor for these three substances detection.
© 2020 Chinese Chemical Society and Institute ofMateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Fe3+, an essential trace element in the growth and development
of plants and animals, plays a vital role in life activities such as
myoglobin synthesis in hemoglobin [1]. Abnormal level of Fe3+ has
been reported to be related to various diseases such as diabetes,
anemia, and even cancers [2]. Therefore, in order to monitor and
prevent some diseases in advance, sensitive and reliable methods
for Fe3+ detection are urgently required. Some traditional methods
for detecting Fe3+ have been reported in the literatures including
plasma-optical emission spectrometry [3], chromatography [4],
inductively coupled plasma mass spectrometry (ICP-MS) [5].
However, these methods required large equipments, tedious
operations, trained professionals, and higher cost. Ascorbic acid
(AA) plays critical roles in many human physiological process, low
level of AA in human body can cause cardiovascular disease, scurvy,
and so on [6]. As an reductant, AA can reduce free radicals to non-
free radicals, which is widely used in cosmetics, food and even
medicine [7]. So far, various analytical methods for detecting AA
have been reported, including electrochemistry [8], capillary
electrophoresis [9] and ion chromatography [10]. However, as
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with these methods for the detection of AA, they showed
disadvantages of tedious operation, heavy equipment and high
cost. Fe3+ and AA are two biologically relevant substances [11].
Therefore, developing a fast, simple, and low-cost method to
sensitively detect Fe3+ and AA is essential. Although carbon
quantum dots have been reported to be used to detect these two
substances at the same time, there are still some disadvantages
such as the tedious preparation process and high detection limit
[12]. Metal-organic frameworks (MOFs) composed of metal ions
and organic ligands are a class of crystalline porous materials with
many excellent properties, including high surface area, multifunc-
tional composition and rich active sites [13,14]. MOFs are involved
and applied in many fields because of their unique advantages,
such as gas storage and separation [15,16], chemical biosensor [17],
catalysis [18] and biomedicine [19]. Especially, MOFs showed great
potential to be designed as fluorescent sensors for various targets
[20,21]. Compared with other fluorescent probes, MOF-based
probes have attracted more attention due to their inherent
characteristics (for example, adjustable pore size, large surface
area, and different fluorescent emission mechanisms). In addition,
MOFs can be functionalized with different functional groups, such
as ��NH2, ��OH,[42_TD$DIFF] to achieve the unique recognition of different
targets [22–24].
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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As materials with excellent performance, MOFs have also been
designed as sensors for detection of Fe3+. In our previous report, we
have constructed a nanocomposite of RhB@MOF as a sensor to
detect Fe3+ and AA with high sensitivity and selectivity based on
inner filter effect (IFE). This kind of sensors based on IFEmustmeet
the requirement of that the absorption spectrum of the analytes or
the substrates overlapswith the excitation or emission spectrumof
the fluorophores [25]. Recently, lanthanide-basedMOFs (Ln-MOFs)
were reported as excellent sensors for Fe3+ detection on the basis of
dynamic or static quenching effect owing to its inhibition to
antenna effect of ligand to lanthanide ions [26,27]. Whereas, these
MOF-based fluorescent sensors were usually constructed by
coordination of lanthanide ions with complicated and expensive
ligands, which involved in tedious synthesis process, limited their
wide application. In addition, many MOF shapes for detecting
metal ions were irregular, resulting in a relatively small interaction
area between MOF and metal ions, which affected sensitivity and
reaction rate [28]. However, there were few reports on the
fluorescent detection of Fe3+ and AA using reactive groups
functionalized MOF with direct mode. Herein, based on the high
binding affinity of phenol hydroxyl group to Fe3+, we synthesized a
hydroxyl group functionalized fluorescent MOF (UiO-66-(OH)2)
using Zr4+ as the metal node and [43_TD$DIFF]2,5-dihydroxyterephthalic acid
(DHT) as the ligand through one-pot process. The abundant phenol
hydroxyl groups on the surface of UiO-66-(OH)2 had efficient
chelation ability to Fe3+ ions. Therefore, with addition of Fe3+,
electrons/charges in the excited UiO-66-(OH)2 were transferred to
the half-filled 3d orbit of Fe3+, the radiation electron transition
from energy level of S0 to S1 was destroyed for UiO-66-(OH)2,
leading to fluorescence quenching of UiO-66-(OH)2 due to
facilitating non-radiative electron/hole recombination annihila-
tion through an effective electron transfer process [29–31]. The
quenched fluorescence by Fe3+ was then recovered by AA due to
the redox reaction between them. In addition, acid phosphatase
(ACP) can catalyze the hydrolysis of 2-phospho-L-ascorbic acid
(AAP) to produce AA [32], which can also recover the fluorescence
quenched by Fe3+. All in all, in this study, we have developed a
simple, fast response and effective fluorescent probe for the
detection of Fe3+, AA and ACP. So far, no literature has reported for
multi-component detection of these three substances using active
group functionalized MOFs through direct mode (Scheme 1).

We used the following reagents throughout the experiment,
Zirconium chloride (ZrCl4), N,N-dimethylformamide (DMF), 2,5-
dihydroxyterephthalic acid (DHT), terephthalic acid, ferric chloride
(FeCl3) were obtained from Sigma-Aldrich in Beijing, China. AA,
ACP, AAP, L-alanine ([44_TD$DIFF]L-Ala), DL-phenylalanine (DL-Phe phospho), L-
tyrosine ([45_TD$DIFF]L-Tyr), citric acid (CA), L-[46_TD$DIFF]glycine (L-Gly), L-valine (L-Val), L-
lysine (L-Lys), L-glutathione (GSH), glucose (Glu), L-cysteine ([47_TD$DIFF]L-Cys),
L-serine (L-Ser), dopamine (DA), bovine serum albumin (BSA),
human serum albumin (HAS), glucose oxidase (GOx), horseradish
peroxidase (HRP) were obtained from Shanghai Macklin

[(Scheme_1)TD$FIG]

Scheme 1. Schematic illustration the “on-off-on” fluorescent detection of Fe3+, AA
using UiO-66-(OH)2 as sensor.
Biochemical Co., Ltd. In addition, the water used in our laboratory
was distilled water, which was obtained from Watson (Beijing,
China). All solvents were commercially available and used as
received.

The instruments used in the whole experiment are as follows,
scanning electron microscopy (SEM) (JEOL, Model JSM7500 [48_TD$DIFF]F) and
transmission electron microscopy (TEM) (Philips EM 420, 120 [49_TD$DIFF]kV)
were used to measure the morphology of the materials. Fourier
transform infrared (FT-IR) spectra were recorded in the 4000–500 [50_TD$DIFF]

cm�1 region using KBr pellets for tableting on a PerkinElmer
spectrometer. A LabX XRD-6000 was used to record X-ray
diffraction (XRD) patterns of the MOFs. The UV detection was
carried out on a Lambda 750 [51_TD$DIFF]s UV–vis spectrophotometer.
Fluorescence spectroscopy was performed on a Hitachi F-7000
fluorescence spectrophotometer. The fluorescence lifetimes were
measured by a SCINCO fluorescence FS-2 fluorescence spectro-
fluorometers. Zetasizer Nano ZS90 (Malvern, UK) was used to
determine the zeta potential for this experiment.

UiO-66-(OH)2 was prepared using the reported solvothermal
method and some modifications were made on the basis [33]. In
short, added 0.54 [53_TD$DIFF]mmol ZrCl4, 1 mL HCl and 15 mL DMF to a glass
bottle (20 [54_TD$DIFF]mL)with a screw cap and sonicated until all the contents
were completely dissolved. Then, added 0.74 [55_TD$DIFF]mmol of ligand DHT
and sonicated 10 [56_TD$DIFF]min for mixing well. The mixture was stirred and
heated at 120 [57_TD$DIFF]

�C for 12 h (Scheme S1 in Supporting information).
Cooled the obtained solution naturally, and the resulting yellow
powder was collected by centrifugation. Then, the product was
washed 3 times with DMF and EtOH, respectively. It was dried in a
vacuum oven at 50 [58_TD$DIFF]

�C overnight.
UiO-66 was synthesized in the same way as UiO-66-(OH)2,

except that the ligandwas replacedwith terephthalic acid. In short,
the UiO-66-(OH)2 aqueous solution was first prepared by disper-
sion of UiO-66-(OH)2 intowater (0.025 [36_TD$DIFF]g/L). For Fe3+ detection,100 [59_TD

$DIFF]mL of UiO-66-(OH)2 solution,100 [59_TD$DIFF]mL freshly prepared Fe3+ solution
with different concentrations and 800 [60_TD$DIFF]mL NaAc-HAc buffer (10
mmol/L, pH 5.5) were mixed well. To investigate whether the
prepared UiO-66-(OH)2 had good selectivity, the aqueous solutions
containing various interference metal ions (Ca2+, Hg2+, Mn2+, Ni2+,
Pb2+, Zn2+, Cd2+, Mg2+, Zn2+, Al3+, K+, Fe2+, Co2+, Na+, Ag+, and Cu2+)
were prepared in a concentration of 50 [61_TD$DIFF]mmol/L, respectively, other
operations were the same as above. Finally, fluorescence intensity
measurements were performed at 360 [62_TD$DIFF]nm excitation.

The experiment of AA sensing was performed as below: 100 [63_TD$DIFF]mL
of Fe3+ (180 mmol/L) and 100 mL of UiO-66-(OH)2 (0.025 [36_TD$DIFF]g/L) were
introduced into 700 [64_TD$DIFF]mL of NaAc-HAc buffer (10 [65_TD$DIFF]mmol/L, pH 5.5) to
form the sensing platform denoted as UiO-66-(OH)2/Fe3+. Then
added 100 [59_TD$DIFF]mL of diverse concentrations of AA and mixed
thoroughly. Incubated at room temperature for 50 [66_TD$DIFF]min, then
recorded the fluorescence recovery spectrum. To investigate
whether UiO-66-(OH)2/Fe3+ system had good selectivity for AA,
all potential interferences like L-Ala, [67_TD$DIFF]DL-Phe, L-Tyr, L-Trp, CA, L-Gly, L-
Val, GSH, Glu, L-Cys, L-Ser were added to the mixed solution with a
final concentration of 300 [68_TD$DIFF]mmol/L. Shook well, and performed
fluorescence detection after 50 [66_TD$DIFF]min of reaction.

To further detect ACP, the sensing platform of UiO-66-(OH)2/
Fe3+ was employed. Different concentrations of ACP solution were
firstly mixed with AAP (100 [69_TD$DIFF]mmol/L), and then added to the
previous sensing platform of UiO-66-(OH)2/Fe3+. After thoroughly
shaking, the mixture was performed by incubation at 37 [70_TD$DIFF]

�C for 70
min. At last, fluorescence recovery spectra were recorded.

A serum sample analysis was performed accordingly. Human
serum samples were taken from Jining People’s Hospital, and the
experiments we performed complied with relevant laws and
regulations. Before performing the experiment, the obtained
serum samples were diluted 10 times and different concentrations
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of Fe3+, AA and ACP were added by the standard addition method,
respectively.

And then we first characterize UIO-66-(OH)2. The structural
information on the prepared UiO-66-(OH)2 was firstly studied by
SEM and TEM. As observed in Fig. [71_TD$DIFF]1, UiO-66-(OH)2 exhibited a
spherical structure with average diameters of 900 [72_TD$DIFF]nm and with
uniform distribution. The as-synthesized UiO-66-(OH)2 was also
well dispersed inwater, which helped to quickly respond to targets.

The FT-IR spectra were showed in Fig. S2a (Supporting
information). The adsorption peak at 3460 [73_TD$DIFF]cm�1, which is
attributed to the phenol hydroxyl group, was observed both in
ligand (DHT) and UiO-66-(OH)2, suggesting that there was no
influence on phenol hydroxyl group after the coordination. The
absorption peak at 3126 [74_TD$DIFF]cm�1, derived from the stretching
vibration of O��H (nO-H) in the carboxyl group, was only observed
in DHT, suggesting that the carboxyl group was coordinated to
formMOF. The peaks at 1630 [75_TD$DIFF]cm�1 and 1580 cm�1 derived from the
C[76_TD$DIFF]=O tensile vibration of the carboxyl groups in DHT and MOF,
respectively [34]. After Fe3+ was added, a peak appeared at 650 [77_TD$DIFF]

cm�1, which was attributed to the coordination of Fe3+ with the
phenolic hydroxyl group, forming an Fe-O bond [35]. The FT-IR
comparison between UiO-66-(OH)2 and UiO-66 was also con-
ducted. As shown in Fig. S2a, the adsorption peak for stretching
vibration of hydroxyl group was observed both in UiO-66-(OH)2
and UiO-66, but UiO-66-(OH)2 showed weaker intensity. This
might be due to the presence of intra-framework hydrogen bonds
between the phenol hydroxyl group of ligand and Zr6O4(OH)4 unit
of metal central [36,37].

As shown in Fig. S2b (Supporting information), UiO-66-(OH)2
exhibited similar UV absorption profile to DHT, only a slight blue-
shift was observed after DHT being coordinated with Zr4+ to form
UiO-66-(OH)2.

The synthesized UiO-66-(OH)2 was characterized by XRD (Fig. [78_TD$DIFF]
S2c in Supporting information). The XRD patterns of the prepared
UiO-66-(OH)2 had good consistencywith that of simulated UiO-66,
revealing that the crystalline UiO-66-(OH)2 had been successfully
synthesized. The high crystallinity of UiO-66-(OH)2 help contrib-
ute to its high quality and excellent stability. Brunner–Emmet–
Teller (BET) surface area of UiO-66-(OH)2was obtained through the
measurement of N2 adsorption-desorption isotherms (Fig. [78_TD$DIFF]S2d in
Supporting information). The results showed that the measure-
ments surface area of UiO-66-(OH)2 was 57.6185 [79_TD$DIFF]m2/g and the
average pore size was 7.09 [80_TD$DIFF]nm. Moreover, the curves belonged to
type V isotherms, demonstrating that the interaction between
UiO-66-(OH)2 and N2 was weak.

The element mapping results, shown in Fig. [81_TD$DIFF]S3 (Supporting
information), further indicated the successful synthesis of
UiO-66-(OH)2. We measured the excitation and emission spectra
of UiO-66-(OH)2, from Fig. [82_TD$DIFF]S4 (Supporting information) we can
[(Fig._1)TD$FIG]

Fig. 1. SEM images of UiO-66-(OH)2. Indication scale is 1 [33_TD$DIFF]mm (a) and 200 nm (b).
TEM images of UiO-66-(OH)2 with the ruler of 1 [34_TD$DIFF]mm (c) and 500 nm (d).
observe that the excitation and emission wavelength of the
material were 360 [83_TD$DIFF]nm and 540 nm, respectively.

Then, we verified the stability of UIO-66-(OH)2. The stability of
UiO-66-(OH)2 in aqueous solution was examined (Fig. S5 in
Supporting information). We can observe from Fig. S5a, the
emission spectra of UiO-66-(OH)2 suspension at 540 [35_TD$DIFF]nm showed
negligible change as the time progressed, which indicated that
UiO-66-(OH)2 had good time stability in aqueous solution.
Moreover, in the range of pH 5–8, the fluorescence intensity of
UiO-66-(OH)2 at 540 [35_TD$DIFF]nm is also relatively stable (Fig. S5b). In
addition, as shown in Fig. S2a, after Fe3+ was added, a peak at 650 [77_TD$DIFF]

cm�1 appeared, which was attributed to the Fe-O bond formed by
coordination of Fe3+ with the phenolic hydroxyl group, this
indicated that the chelating band between Fe3+ and UiO-66-(OH)2
was stable during the detection.Moreover, as shown in Fig. S2b and
Fig. S6 (Supporting information), after addition of Fe3+, the UV
absorption and the fluorescence emission spectra had no shift, but
only showed intensity change, which further demonstrated that
the structure of UiO-66-(OH)2 was stable after chelating coordi-
nation with Fe3+. Therefore, excellent stability indicated the
feasibility of UiO-66-(OH)2 being constructed as a fluorescent
probe used in complex environments.

The fluorescence properties of UiO-66-(OH)2 and the sensing
experiment of Fe3+ ions were conducted then. The fluorescence
properties of UiO-66-(OH)2 were attributed to the properties of the
coordinated ligand DHT in the framework. DHT has two
electron-donating phenol hydroxyl groups at the para-position,
which facilitates electron delocalization. Therefore, the free
UiO-66-(OH)2 showed strong fluorescence emission at 540 [35_TD$DIFF]nm
in aqueous solution. Owing to high binding affinity of the phenol
hydroxyl groups toward Fe3+, after the Fe3+ being added into the
system, the Fe3+ was easily coordinated with the phenol hydroxyl
group, electrons/charges in the excited UiO-66-(OH)2 were
transferred to the half-filled 3d orbit of Fe3+, so the radiation
electron transition from energy level of S0 to S1 was destroyed for
UiO-66-(OH)2, resulting in quenching of UiO-66-(OH)2 fluores-
cence.

To evaluate the response kinetics of the probe towards Fe3+, the
time response characteristics was performed. At the Fe3+

concentration of 50 [61_TD$DIFF]mmol/L, emission spectra of UiO-66-(OH)2
excited at 360 [62_TD$DIFF]nm was measured with different response time.
Fig. S6a shows the time response fluorescence spectra and the
kinetics curvewithin 60 [84_TD$DIFF]s. As the response time increased from0 to
30 [85_TD$DIFF]s, the fluorescence intensity at 540 [35_TD$DIFF]nm of UiO-66-(OH)2 was
gradually decreased, and got a fixed value when the time reached
to 30 [86_TD$DIFF]s (Fig. S6b). After that, as the response time increased, the
fluorescence intensity did not change significantly. Therefore, the
time of responsewas selected as 30 [86_TD$DIFF]s in the following experiments.
The rapid kinetic response of the probe to the target may be
attributed to the high affinity of phenol hydroxyl group to Fe3+ and
the enrichment effect of the UiO-66-(OH)2 to Fe3+, as well as
abundant response sites supplied by the probe owing to the high
surface area. The fast response kinetics advantage of the
UiO-66-(OH)2 compared with other probes was shown in
Table S1 (Supporting information).

The pH value is an important factor that has complex impacts
on sensors, so the effect of different pH on the fluorescence
emission of UiO-66-(OH)2 solution was studied. The experiments
of UiO-66-(OH)2 responding to Fe3+ (40 [87_TD$DIFF]mmol/L) in buffer solution
with various pH values were carried out and the results were
shown in Fig. S7 (Supporting information). We compared the
fluorescence intensity of UiO-66-(OH)2 before and after adding
Fe3+ to obtain a sensitive output signal for detecting Fe3+ (Fig. S7).
From the Fig. S7b, the pH 5.5 was the optimum value for sensitive
signal change. Therefore, the pH value of 5.5 was selected for
analysis in the following experiments.
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The sensitivity of the sensor was investigated under optimum
assay conditions. The fluorescence intensity at 540 [35_TD$DIFF]nm of the UiO-
66-(OH)2 (0.025 [36_TD$DIFF]g/L) was measured after 30 [86_TD$DIFF]s response time with
pH 5.5 at different concentration of Fe3+. As can be seen in Fig. 2a,
as the concentration of Fe3+ increased from 0 to 200 [88_TD$DIFF]mmol/L, the
fluorescence intensity at 540 [35_TD$DIFF]nm of the UiO-66-(OH)2 was
gradually decreased. From the Fig. 2b, the fluorescence signal
exhibited a good linear relationship with Fe3+ concentration in the
range of 5�60 [89_TD$DIFF]mmol/L, and the linear correlation coefficient (R2)
for this relationship was 0.9996. Fig. 2c shows the photo of the
detection system for detection of Fe3+ at different concentrations
under UV at 365 [38_TD$DIFF]nm. The limit of detection (LOD) for Fe3+ was 1.26 [90_TD

$DIFF]mmol/L according to the signal-to-noise (S/N) of 3.
Selectivity is one of the most important influencing factors for

sensitive detection of metal ions. Therefore, experiments were
performed to evaluate the selectivity of UiO-66-(OH)2. As
observed in Fig. S8 (Supporting information), under the same
test conditions, only Fe3+ led to significantly fluorescence
quenching, while other metal ions (Cu2+, Na+, Fe2+, Ca2+, Ni2+,
Co2+, Zn2+, Mn2+, K+, Mg2+, Pb2+, Hg2+ and Cd2+) showed
insignificant effect on fluorescence intensity of the
UiO-66-(OH)2. This revealed that UiO-66-(OH)2 exhibited high
specific recognition to Fe3+. Specially, no such distinct selectivity
was observed when UiO-66-(OH)2 was replaced by DHT (Fig. S9 in
Supporting information). The probable reason was that DHT not
only reacted with iron ions through phenol hydroxyl group, but
also reacted with other metal ions, such as copper ion through
carboxyl groups. In UiO-66-(OH)2 structure, the carboxyl group of
the ligand had been coordinated with zirconium ion so that had
no react activity to other metal ions.

Then we moved on the determination of AA based on
UiO-66-(OH)2/Fe3+ probe. Besides, in the above experiment, we
found that Fe2+ had no quenching effect on the fluorescence
intensity of UiO-66-(OH)2. It is widely known that AA can reduce
Fe3+ to Fe2+ under the physiological conditions, hence it is possible
to design a “turn-on” sensor to detect AA, of which the quenched
fluorescence of UiO-66-(OH)2/Fe3+ can be restored with the
addition of AA.

First of all, we measured the fluorescence intensity of
UiO-66-(OH)2 at 540 [35_TD$DIFF]nm before and after reacting with AA, and
found that there was no significant change after adding AA,
indicating that AA had no influence on free UiO-66-(OH)2 (Fig. S10
in Supporting information). Whereas, after adding Fe3+ to the
UiO-66-(OH)2 solution, the quenched fluorescence could be
[(Fig._2)TD$FIG]

Fig. 2. (a) Fluorescence spectra of UiO-66-(OH)2 at 540 [35_TD$DIFF]nm under different Fe3+

concentrations. (b) Linear relationship of fluorescence intensity at 540 [35_TD$DIFF]nm as a
function of Fe3+ concentration. (c) The photos of the detection system of
UiO-66-(OH)2 (0.025 [36_TD$DIFF]g/L) with response to different concentrations of Fe3+

(0�200 [37_TD$DIFF]mmol/L) for 30 s under UV light at 365 [38_TD$DIFF]nm.
recovered by AA successfully. Then, the effect of incubation time
for the UiO-66-(OH)2/Fe3+ detecting AA was studied. As we

[91_TD$DIFF]mmol/
fluorescence intensity gradually recovered and

remained stable after 50 [66_TD$DIFF]min. Moreover, a significant linearity
relationship of fluorescence intensity of the UiO-66-(OH)2/Fe3+

against the AA concentration (1�20 [92_TD$DIFF]mmol/L) was observed with
the correlation coefficient of R2 [93_TD$DIFF]= 0.9986. According to S/N = 3, the
LOD of themethod to AAwas calculated to be 0.37 [94_TD$DIFF]mmol/L (Fig. S14
in Supporting information). In addition, to evaluate the advantages
of the probe constructed in this study, a performance comparison
between this probe and other reported MOF sensors in terms of
measurement techniques, linear range, LOD and response kinetics
(Table S1). As exhibited in Table S1, UiO-66-(OH)2, the newly
constructed fluorescent sensor, showed much advantages includ-
ing simultaneous detection of Fe3+ and AA, fast response kinetics,
comparable or lower LOD. Meanwhile, the selectivity tests for UiO-
66-(OH)2/Fe3+ sensing platform for AA were performed in the
presence of representative interferents including L-Ala, DL-Phe,
L-Tyr, L-Trp, CA, L-Gly, L-Val, GSH, Glu, L-Cys and L-Ser (Fig. S15 in
Supporting information) under the same conditions. As expected,
these interfering substances had negligible effect on the fluores-
cence intensity of UiO-66-(OH)2/Fe3+, indicating the good selec-
tivity of this sensing platform for AA detection based on “turn-on”
fluorescent principle.

In addition, we studied the performance of ACP activity assay.
With the presence of ACP, AAP can hydrolyze to AA (Fig. S16 in
Supporting information), so this system can also be used to detect
ACP content. To achieve the highest response signals, the conditions
potential to affect the sensitivity of ACP detection, including
substrate AAP concentration, temperature and reaction time were
optimized in detail. The results shown in Fig. S17 (Supporting
information) demonstrated that AAP concentration of 100 [95_TD$DIFF]mmol/L,
temperature of 37 [96_TD$DIFF]

�C, incubation time of 70 [97_TD$DIFF]minwere the optimum
detection conditions. As the Fig. [98_TD$DIFF]S18a (Supporting information)
shows, with the gradual increase of ACP concentration, the
fluorescence intensity of UiO-66-(OH)2/Fe3+/AAP was gradually
enhanced. A good linear relationship (y [99_TD$DIFF]= 26.993x + 438.770, R2 [100_TD$DIFF]=
0.9971) between the fluorescence intensity and ACP concentration
in the range of 0.2–14 U/L was achieved (Fig. [101_TD$DIFF]S18b in Supporting
information). The LOD for ACPdetectionwas calculated to be as low
as 0.05 U/L based on S/N = 3. In addition, in order to investigate the
specific detection of ACP by the UiO-66-(OH)2/Fe3+/AAP system,we
performed interference experiments (Fig. S19 in Supporting
information). The results showed that the UiO-66-(OH)2/
Fe3+/AAP system exhibited high selectivity for detection of ACP.

In order to study the feasibility of this developed method in
practical sample detection, UiO-66-(OH)2 was used to determine
Fe3+, AA and ACP in human serum samples. Briefly, 10-fold diluted
human serum samples were respectively spiked with different
standard solutions, and then measured with the developed
method under the optimum conditions. As we can see from
Table S2 (Supporting information), the recovery of the established
method ranged from [102_TD$DIFF]98.30%–99.80% with the relative standard
deviation (RSD, n [103_TD$DIFF]= 3) less than 3.27% for Fe3+, from [104_TD$DIFF]99.50%–100.9%
with RSD less than 3.02 for AA, from [105_TD$DIFF]92.67%–98.33% with RSD less
than 4.09 for ACP, indicating the excellent ability to detect Fe3+, AA
and ACP in biological samples. Above results demonstrate that the
UiO-66-(OH)2 displayed the reliability and feasibility for Fe3+, AA
and ACP determination in the human samples.

We further verified the experimental mechanism. Previous
reports have confirmed that oxygen-containing groups (e.g.,
hydroxyl groups) showed excellent binding affinity to Fe3+ [34].
In addition, the experimental results from this study demonstrated
that UiO-66 did not react with Fe3+ (Fig. S20 in Supporting
information), therefore we can conclude that the phenol hydroxyl

L
AAwas added, the
observed in Fig. S12 (Supporting information), when120
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Fig. 3. (a) The fluorescence lifetime studies of UiO-66-(OH)2 (black), UiO-66-(OH)2
reacted with Fe3+ (red) and UiO-66-(OH)2/Fe3+ reacted with AA (blue). (b) Zeta
potential of UiO-66-(OH)2 (black), UiO-66-(OH)2 reacted with Fe3+ (blue) and UiO-
66-(OH)2/Fe3+ reacted with AA (red).
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group in UiO-66-(OH)2 is the reactive site for Fe3+. In order to
further confirm the response mechanism between the
UiO-66-(OH)2 and Fe3+, the fluorescence lifetime experiments
were carried out. According to Fig. 3a, we can see that the
fluorescence lifetime of UiO-66-(OH)2 reduced from2.94 [106_TD$DIFF]ns to 2.33
ns after adding Fe3+, however, after adding AA, the fluorescence
lifetime of UiO-66-(OH)2/Fe3+ increased from 2.33 [107_TD$DIFF]ns to 2.51 ns,
which indicated that the fluorescence quenching effect belongs to
kinetic quenching. In addition, zeta potential of the UiO-66-(OH)2
before and after adding Fe3+ were measured, the results showed
that the zeta potential of UiO-66-(OH)2 increased from �20.9 [108_TD$DIFF]mV
to 10.8 mV with the addition of Fe3+, whereas after adding AA, the
zeta potential was decreased from 10.8 [109_TD$DIFF]mV to �15.1 mV, further
confirmed the coordination effect between the phenol hydroxyl
group of UiO-66-(OH)2 and Fe3+ (Fig. 3b). Therefore, after Fe3+

chelating with the phenol hydroxyl group on the surface of UiO-
66-(OH)2, electrons/charges in the excited UiO-66-(OH)2 were
transferred to the half-filled 3d orbit of Fe3+, so the radiation
electron transition from energy level of S0 to S1 was destroyed for
UiO-66-(OH)2, resulting in fluorescence quenching of
UiO-66-(OH)2 [29,31]. The AA detection system of
UiO-66-(OH)2/Fe3+ was based on redox reactions. After AA adding
to the system, Fe3+ was reduce to Fe2+, non-radiation electron
transition fromUiO-66-(OH)2 to Fe3+ could not take place, resulted
in the fluorescence recovery of UiO-66-(OH)2.

In summary, we used Zr4+ as the metal node and DHT as the
ligand successfully synthesized a hydroxyl group functionalized
fluorescent MOF (UiO-66-(OH)2) through one pot process as an
“on-off-on” fluorescent probe for detection of Fe3+, AA and ACP.
Fluorescence of UiO-66-(OH)2 can be quenched by Fe3+ with high
specificity due to electron transfer from UiO-66-(OH)2 to Fe3+,
therefore the electron radiation transition of the probe was
destroyed. Moreover, the quenched fluorescence can be recovered
as Fe3+ was reduced to Fe2+ by AA. Therefore, the probe can also be
used to detect ACP based on the enzymolysis of AAP to produce AA.
Benefitting from the hydroxyl group and the characteristics of UiO-
66, including the high porosity and large surface area, the
developed UiO-66-(OH)2 showed extensive advantages as a
fluorescent probe for detection of multi-component, such as high
sensitivity and selectivity, colorimetric detection, fast response
kinetics and easy to operate, economical and secure. This is the first
time to use active group functionalized MOFs as a multi-
component sensor for these three substances detection.
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