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ABSTRACT: A high catalytic efficiency associated with a robust chemical
structure are among the ultimate goals when developing new biocatalytic
systems for biosensing applications. To get ever closer to these goals, we report
here on a combination of metal−organic framework (MOF)-based nanozymes
and a G-quadruplex (G4)-based catalytic system known as G4-DNAzyme.
This approach aims at combining the advantages of both partners (chiefly, the
robustness of the former and the modularity of the latter). To this end, we
used MIL-53(Fe) MOF and linked it covalently to a G4-forming sequence
(F3TC), itself covalently linked to its cofactor hemin. The resulting complex
(referred to as MIL-53(Fe)/G4-hemin) exhibited exquisite peroxidase-
mimicking oxidation activity and an excellent robustness (being stored in
water for weeks). These properties were exploited to devise a new biosensing
system based on a cascade of reactions catalyzed by the nanozyme (ABTS
oxidation) and an enzyme, the alkaline phosphatase (or ALP, ascorbic acid 2-
phosphate dephosphorylation). The product of the latter poisoning the former, we thus designed a biosensor for ALP (a marker of
bone diseases and cancers), with a very low limit of detection (LOD, 0.02 U L−1), which is operative in human plasma samples.

Nanozymes are defined as nanomaterials with enzyme-
mimicking activities. They have recently attracted a great

deal of interest for their applications in bioanalysis, disease
diagnosis,1 and therapy.1,2 Compared with natural proteina-
ceous enzymes, nanozymes display exceptional properties (e.g.,
chemical stability), versatility (e.g., easy chemical modifica-
tions),2,3 and affordability. Since the pioneering report by Yan
et al. about the peroxidase-like activity of ferromagnetic
nanoparticles (Fe3O4 MNPs),4 many other nanomaterials were
studied, including complexes made of noble metals5,6 and
metal oxides,7,8 along with metal−organic frameworks
(MOFs)9,10 and derivatives.11,12

Among them, MOFs are of particular interest since these
crystalline porous materials display appealing properties in
terms of dimensions, surface-to-volume ratio, and a well-
defined and controllable chemical structure.13 This was
demonstrated, for instance, with MOFs made of NH2-MIL-
88(Fe),14 MIL-53(Fe),15 and 2D Fe-BTC nanosheets.16 When
used as nanozymes for peroxidase-type catalysis, MOF
nanoparticles (NPs) have two major drawbacks:17,18 a low
catalytic activity, due to the limited active site exposure to the
substrate,17 and a weak colloidal stability, due to the
aggregation/precipitation of MOF NPs in aqueous solutions.18

Herein, we report on our efforts to improve the catalytic
properties of MOF NP nanozymes. To this end, we will exploit

the biocatalytic properties of G-quadruplex-DNA (G4-DNA),
known as G4-DNAzyme, and combine them with the MOF
NP architectures. The catalytic properties of G4-DNAzyme
rely on the interaction of the natural enzyme cofactor Fe(III)-
protoporphyrin IX (hemin) with a four-strand higher DNA
structure, a G4. This catalytic system, initially uncovered by
Sen et al.,19 is particularly efficient for the oxidation of
chromogenic substrates such as 3,3′,5,5′-tetramethylbenzidine
(TMB), 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
(ABTS), and luminol, in the presence of H2O2. Their oxidation
provides remarkable and easily monitorable color variations,
making them useful for biosensing applications applied to the
detection of proteins,20,21 DNA strands,22 small molecules
(e.g., ATP),23,24 and metal ions.25,26 As above, this system is
not devoid of drawbacks, chiefly a low catalytic activity when
compared to the natural horseradish peroxidase (HRP).27−30
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A strategy to improve G4-DNAzyme properties is to
covalently link the G4 to its cofactor hemin. This complex,
hereafter referred to as G4-hemin, is a far more efficient
biocatalytic system.31 Thus, we decided to combine the
properties of G4-hemin with that of aforementioned MOF
NPs in order to study the catalytic activity of an original MOF/
G4-hemin system and compare its properties with a similar
assembly in which the hemin is not covalently bound (MOF/
G4/hemin).24

The series of results reported here unambiguously
demonstrates the better performances of the MOF/G4-
hemin nanozymatic system. As a proof-of-concept, we
synthesized the iron(III) benzene dicarboxylate MOF known
as MIL-53(Fe) (for Mateŕiaux de l’Institut Lavoisier), initially
developed by Feŕey et al.,32 and linked it to G4-hemin
complexes. The resulting MIL-53(Fe)/G4-hemin NPs display
exquisite peroxidase-mimicking activity. This system was then
used as a biosensor for the detection of the alkaline
phosphatase (ALP): this enzyme, which catalyzes the
dephosphorylation of proteins and nucleic acids, is found in
mammalian fluids and tissues. Its value for diagnostic purposes
is firmly established because it is abnormally expressed notably
in bone diseases (osteosarcomas, Paget’s diseases) and cancers
(e.g., liver cancer).33 Here we used MIL-53(Fe)/G4-hemin
NPs for detecting ALP according to a catalytic cascade that
lead to the very sensitive detection (0.02 U L−1) of this
enzyme in human serum samples.

■ EXPERIMENTAL SECTION

Synthesis of MIL-53(Fe) MOF. MIL-53(Fe) was synthe-
sized according to a previously reported method34 with slight
modifications. Typically, 1.35 g of FeCl3·6H2O, 0.83 g of 1,4-
benzenedicarboxylic acid (BDC), and 25 mL of N,N-
dimethylformamide (DMF) were mixed and vigorously stirred
for 30 min. Then, the mixture was poured into a 100 mL
Teflon-lined steel autoclave and heated in an oven at 150 °C
for 6 h. The obtained products were gathered by centrifugation
(7000 rpm, 6 min), washed three times with ethanol and
deionized water, and dried at 60 °C in a vacuum for 12 h. Next,
the obtained powder was suspended in ethanol, followed by
stirring for 24 h. Finally, the powder was dried in a vacuum
oven at 120 °C for 12 h to entirely remove solvent molecules
within the frameworks of MIL-53(Fe) NPs and obtain
coordination unsaturated Fe sites.

Preparation of Covalent G4-Hemin. The preparation
method of covalent G4-hemin was as follows: 1 mL of hemin
DMSO solution (5 mM) was reacted with 0.5 mL of EDC and
NHS solution (5 mM each) with stirring for 2 h at ambient
temperature to activate the carboxyl group of hemin. Then, 10
μM DNA-NH2, amine-modified DNA sequences, dissolved in
10 mM Tris-HCl (pH 7.0) buffer was reacted with 40 μM
activated NHS-hemin and 0.1 mg mL−1 4-dimethylaminopyr-
idine, and the resultant solution was reacted at 4 °C overnight.
The resulting samples were heated to 95 °C for 5 min, cooled
slowly to room temperature and stored at 4 °C prior to use.

Covalent Linking of G4-Hemin to MIL-53(Fe). The
synthesis method of MIL-53(Fe)/G4-hemin is as follows: 1

Scheme 1. Schematic Representation of Tailed Phosphate-Modified G-Quadruplex-Hemin Functionalized MIL-53(Fe) MOF
Nanoparticlesa

aHemin was first conjugated to the 3′ end of PO4
3−-G4-NH2 and formed covalently linked tailed phosphate-modified G4-hemin, then conjugated

to the surface of MIL-53(Fe) by straightforward metal-phosphate coordination to form MIL-53(Fe)/G4-hemin NPs.
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mL of 1.4 mg mL−1 MIL-53(Fe) MOFs was dispersed into 1
mL of 2 μM G4-hemin solution and stirred at room
temperature for 12 h. Subsequently, the products were
gathered after washing, centrifuged at 7000 rpm for 6 min,
and dispersed in water with 100 mM KCl for the following
experiments.
Peroxidase Mimetic-Like Activity Evaluation. Perox-

idase-mimicking activities of MIL-53(Fe)/G4-hemin NPs were
estimated by monitoring the absorbance variation at 420 nm
using the substrate ABTS. Typically, 50 μg mL−1 MIL-53(Fe)/
G4-hemin were added to the mixture of 10 mM B-R buffer
(pH 6.0) with 100 mM KCl, 0.1 mM H2O2, and 0.1 mM
ABTS. Control experiments of MIL-53(Fe)/G4 NPs and G4-
hemin were conducted similarly. The mixed solution was
incubated at 37 °C, the absorbance of mixed solution at 420
nm (A420) was recorded on a Cary 3500 UV−vis
spectrophotometer (Agilent Technologies, CA, U.S.A.).
Colorimetric Assay of Alkaline Phosphatase (ALP).

ALP activity detection was performed as follows: 0.2 mM 2-
phosphate trisodium salt (AAP), 25 μL of ALP with different
activities ranging from 0 to 2000 U L−1, and 50 μL of Tris-HCl
(10 mM, pH 8.0) were first mixed and incubated at 37 °C for
30 min. Then, 330 μL of B-R buffer (10 mM, pH 6.0) was
added. Subsequently, 20 μg mL−1 MIL-53(Fe)/G4-hemin, 0.1
mM ABTS, and 0.1 mM H2O2 were mixed, and the A420 was
recorded after incubation at 37 °C for another 10 min. To
detect ALP activity in real clinical samples, human serum
samples (from Jiangsu Province Hospital, Nanjing) were
treated via ultrafiltration with 30 kDa Amicon cell at 3000 rpm
for 30 min, and the filtrate was employed for ALP analysis. All
measurements were repeated three times.

■ RESULTS AND DISCUSSION
As shown in Scheme 1, the MIL-53(Fe)/G4-hemin catalysts
were synthesized through a metal-phosphate coordination
strategy, functionalizing the MOF NPs with a phosphate-
modified G4-hemin. To this end, hemin was first covalently
conjugated to the 3′-end of PO4

3−-G4-NH2 via an EDC/NHS
strategy, the G4 structures annealed via a thermal treatment in
a K+-rich buffer (the sequences are provided in Table S1), and
the final complex assembled by mixing the MIL-53(Fe) MOF
with G4-hemin for 12 h at room temperature. Of note, it was
previously demonstrated that the coordination of the terminal
phosphate group with the metal ions of the MOFs is favored
over an interaction through the DNA backbone’s phosphate
groups, for steric hindrance reasons.35

The efficiency of this experimental setup was demonstrated
with the synthesis of a series of MOFs based on different metal
ions and ligands (HKUST-1, PCN-224, PCN-222, UIO-66,
ZIF-8/67/90, Zn-hemin MOF, MIL-53/88B/101, see the
Supporting Information) conjugated with our model G4-
hemin, F3TC-hemin.36 The catalytic activity of the resulting
MOF/G4-hemin NPs was evaluated with the H2O2-mediated
oxidation of ABTS37 (Figure 1A): the strongest improvement
as compared to both the MOF alone and F3TC-hemin was
obtained with the MIL-53(Fe)/G4-hemin nanozyme, evi-
denced by the maximum absorbance, thus selected for
subsequent investigations.
We thus decided to gain more information about the actual

structure of MIL-53(Fe)/G4-hemin, using a combination of
physical and physicochemical methods. As shown in Figure 1B,
the X-ray diffraction (XRD) patterns of the prepared MIL-
53(Fe) fully matches the simulated MIL-53(Fe)38 with,

however, a slight decrease in intensities of the characteristic
peaks, suggesting at small decomposition after heating at 120
°C for 12 h, revealed by several coordinated unsaturated
(CUS) Fe atoms in MIL-53(Fe).34,39 Importantly, the XRD
signature was not affected by the conjugation of G4-hemin,
demonstrating that the overall structure of the MOF was
preserved. The generality of this observation was assessed by
the analysis of the XRD patters of the MOF NPs built from
HKUST-1, PCN-224, UIO-66, ZIF-8/67/90, and MIL-88B/
101, PCN-222, Zn-hemin MOF (see Figure S1). We also
analyzed the scanning electron microscopy (SEM) images of
both MIL-53(Fe) and MIL-53(Fe)/G4-hemin (Figures 1C
and S2A). Both MOFs display octahedral shapes, confirming
again that the conjugation of G4-hemin does not affect its
overall structure. After functionalization of G4-hemin into the
MIL-53(Fe), as characterized by dynamic light scattering
(DLS), the size of MIL-53(Fe)/G4-hemin was slightly larger
than that of bare MIL-53(Fe), demonstrating the combination
of G4-hemin with MOF (Figure S2B,C).
Next, we sought to demonstrate the presence of the G4 onto

the surface of the MOF. To this end, the Fourier-transform
infrared (FT-IR) spectra of G4-hemin, MIL-53(Fe) and MIL-
53(Fe)/G4-hemin were collected and compared. As seen in
Figure S3, the spectra of MIL-53(Fe)-containing species
comprised numerous peaks typical of the C−H bending
vibrations of the benzene rings (750 cm−1) and of the Fe−O
bonds (538 cm−1) within the MOF, confirming the Fe/
terephthalic acid nodes.40 Importantly, the spectra of the G4-
hemin-contianing species comprised a peak at 1046 cm−1 that
is characteristic of the G4-hemin complex, thus demonstrating
that the MIL-53(Fe)/G4-hemin was successfully constructed.
This was further investigated by the thermogravimetric analysis
of both MIL-53(Fe) and MIL-53(Fe)/G4-hemin (Figure S4).
It was indeed found that the conjugation of the G4-hemin
indeed provided a better thermal stability to the edifice,
therefore indicating that structure of the NPs was indeed

Figure 1. (A) Effects of different MOFs on catalytic activity with
F3TC-hemin (different MOFs contains a series of metal nodes and
ligands. Metal nodes includes Cu, Zr, Co, Zn, Fe, ligands includes
trimesic acid (BTC), tetrakis(4-carboxyphenyl)porphyrin (H2TCPP),
1,4-benzenedicarboxylic acid (BDC), 2-methylimidazole (MeIM),
imidazole-2-carboxaldehyde (ICA), [5,10,15,20-tetrakis(4-
methoxycarbonylphenyl)porphyrinato]-Fe(III) chloride (Fe(III)-
TCPP), Fe(III)-protoporphyrin IX (Fe(III)-PPIX), the concentra-
tions of catalysts were 30 mg L−1; (B) Power X-ray diffraction
patterns of simulated MIL-53(Fe), obtained MIL-53(Fe) samples and
MIL-53(Fe)/G4-hemin; and (C) SEM images of MIL-53(Fe)
covalently linker with G4-hemin.
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modified (and that the resulting conjugate displayed excellent
thermal stability).
To verify the generation of iron CUS during vacuum heating

and analyze the chemical states of the P, O and Fe elements, X-
ray photoelectron spectroscopy (XPS) was also used. This
analysis of MIL-53(Fe) confirmed that only C, Fe and O
elements were present (Figure 2A), while no N elements were

detectable, indicating that the solvent N, N-dimethylforma-
mide (DMF) molecules, coordinated to the Fe atoms of the
MOF, were successfully removed during the heating step, thus
indicating the presence of iron CUS.34 In contrast, the XPS
analysis of MIL-53(Fe)/G4-hemin showed the presence of C,
Fe, O, N and P elements, indicating again that G4-hemin was
indeed connected on the surface of the MOF.
The analysis of the P 2p spectrum of MIL-53(Fe)/G4-

hemin provided a direct evidence of the nature of the link
between the MOF and the G4 since a peak at 135.8 eV, which
is characteristic of the formation of P−O−Fe bonds,41 is
clearly seen in Figure 2B. We also analyzed the Fe 2p spectrum
(Figure 2C), which provides typical signature of Fe3+ (711.2,
719.0, and 725.0 eV) and Fe2+ (709.9, 715.5, and 723.4
eV),34,42 and the O 1s spectrum of MIL-53(Fe)/G4-hemin
(Figure S5), which further confirmed the presence of a O−Fe
bound (at 530.2 eV), along with typical PO, POH and
OCO bonds (at 531.5, 531.8, and 532.7 eV, respec-
tively).42

We finally measured the ζ potential of MIL-53(Fe), G4-
hemin, and MIL-53(Fe)/G4-hemin. The results seen in Figure
2D again advocate for the formation of a covalent MOF-G4
complex as the ζ potential significantly decreased from +31.5
to −22.1 mV after G4-hemin conjugation.
Another way to gain further insights into the covalent

connection between MIL-53(Fe) and G4-hemin was to
fluorescently label the G4 (adding a 6-carboxyfluorescein
(FAM) at its 3′-end) and perform fluorescence investigations.
The confocal pattern diagrams seen in Figure S6A−C showed
that when FAM-labeled G4s were covalently linked to MIL-
53(Fe) NPs, a bright fluorescence response can be observed at

527 nm, perfectly overlapping the NPs (bright field). We next
performed energy dispersive spectroscopy (EDS) elemental
mapping, which confirmed the O, N, P and Fe elements in the
MIL-53(Fe)/G4-hemin (Figures S6D−I).
After these physical and physicochemical characterizations

that provided a clear overview of the overall structure of MIL-
53(Fe)/G4-hemin, we decided to further investigate its
catalytic properties. We described above that the nature of
the MOF has a significant impact on the catalytic properties of
the resulting complexes. We thus investigated the nature of the
G4-forming sequences, combined to MIL-53(Fe). As seen in
Figure 3A, we built and compared MOF with 22 different G4

DNAs, not covalently linked to hemin. These investigations
confirmed the relevance of our first choice, as F3TC display
the best catalytic activity (with an initial velocity V0 of 15.63 ×
10−7 M s−1). The result was consistent with our previous
observations, the enhanced catalytic properties originating in
the presence of the proximal nucleobases dC.43 These results
also further demonstrated the interest of covalently link the
hemin to the 3′ end of F3TC, as the conjugated system is
about 1.5-fold more competent than the noncovalent F3TC/
hemin complex. This result was confirmed by a series of UV−
vis control experiments (Figure 3B). Interestingly, the synergy
effect between MOF and G4 DNAzyme was observed for the
first time, as the used MIL-53(Fe) MOF here possess higher
HRP like activity than previous used.44,45 As displayed in
Figure 3B, both G4-hemin and MIL-53(Fe)/G4 can catalyze
the oxidation of ABTS by H2O2. However, the catalytic activity
of noncovalent G4/hemin modified on the surface of MIL-
53(Fe) did not increase significantly. The potential reason is
the weak π−π stacking between hemin and MIL-53(Fe)/G4
resulting in the dissociation of them easily. Moreover, the MIL-
53(Fe)/G4-hemin significantly increased the peroxidase-like

Figure 2. (A) XPS survey spectra of MIL-53(Fe) before and after
modification with G4-hemin. (B, C) XPS spectra of MIL-53(Fe)/G4-
hemin: (B) P 2p, (C) Fe 2p. (D) Zeta potentials of G4-hemin, MIL-
53(Fe) and MIL-53(Fe)/G4-hemin.

Figure 3. (A) Effects of various G4 DNA (1 μM) on catalytic activity,
(B) UV−vis absorbance spectra of the ABTS−H2O2 system in the
presence of G4-hemin (9 nM), MIL-53(Fe) (50 mg L−1), and G4 (9
nM) in the absence or presence of free hemin, or covalent linked
MIL-53(Fe) and G4-hemin (50 mg L−1). (C) The pH effect of G4-
hemin, MIL-53(Fe), and MIL-53(Fe)/G4-hemin over a range of pH
between 4.0 to 9.0; (D) The stability of MIL-53(Fe)/G4-hemin as
peroxidase mimic in aqueous solution. Error bars denote standard
deviations based on three measurements.
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activity, demonstrating the synergistic effect of active sites
between inner MIL-53(Fe) and outer covalent G4-hemin,
which may be attributed to two points: The hydrophilic G4-
hemin improves the dispersion of MIL-53(Fe) in water, and
the scattered MIL-53(Fe) further prevents the dimerization of
G4-hemin when it was covalently linked to the surface of MIL-
53(Fe).
Next, we investigated the various parameters that could

influence the catalytic properties of MIL-53(Fe)/G4-hemin.
First, we varied the amount of MIL-53(Fe) with respect to that
of G4-hemin: the optimal ratio was found to be 0.7 mg mL−1

of MIL-53(Fe) for 1 μM of G4-hemin (Figure S7). In these
conditions, an atomic emission spectroscopy by inductive
coupling plasma (ICP-AES) analysis indicated a coverage ratio
of 9 ± 1 nmol mg−1 DNA for MIL-53(Fe) NPs. Second, the
pH and the temperature of the experiments along with the
concentration of ABTS, catalyst, and H2O2 were optimized.
While the optimum pH for experiments performed with G4-
hemin and MIL-53(Fe) was found to be 7.0 and 5.0,
respectively, that of MIL-53(Fe)/G4-hemin was pH 6.0
(Figure 3C). The catalytic activity of this complex increased
with the concentration of ABTS (0−200 μM) and H2O2 (0−
800 μM) and MIL-53(Fe)/G4-hemin (0−100 mg L−1, Figure
S8A−C). This activity also raised with the temperature (25−
60 °C, Figure S8D). Therefore, the experimental setups for
subsequent investigations was fixed at 100 μM ABTS, 300 μM
H2O2, 50 mg L−1 MIL-53(Fe)/G4-hemin at 37 °C and pH 6.0.
Interestingly, the presence of a linked G4 provided a

protection against MOF deactivation, as about 37% of the
initial activity of MIL-53(Fe) was lost after storing in aqueous
solution for 8 weeks (certainly because of the aggregation of
hydrophobic MOFs in water),46 while only about 9% of the
catalytic activity of MIL-53(Fe)/G4-hemin was lost in the
same conditions (certainly due the improved water solubility
of DNA-coated MOF along with the negative DNA charges
that may promote dispersion of the NPs).
We also looked at the mechanism of this novel nanozyme,

which is still a matter of debate.47 To this end, we used various
radical scavengers such as ascorbic acid (AA) for •OH and
O2

•−,48 thiourea (TH) for •OH,49 p-benzoquinone (p-BQ) for
O2

•−50 and NaN3 for 1O2.
51 The catalytic activity of MIL-

53(Fe)/G4-hemin was strongly decreased upon addition of AA
and TH, implying the generation of •OH and O2

•− during the
catalytic process (Figure 4A), which is fully in line with the
most recent mechanism.43 We performed electron spin
resonance (ESR) experiments to confirm the production of
•OH and O2

•−: as seen in Figure 4B, four characteristic peaks
were clearly visible on the spectrum of MIL-53(Fe)/G4-hemin
in water (1:2:2:1 ratio), confirming the production of •OH
radicals. There peaks were also visible on the spectrum of MIL-
53(Fe)/G4-hemin in methanol (1:1:1:1 ratio), indicating the
generation of O2

•− radicals (Figure 4C). The very weak signal
was obtained when using MIL-53(Fe)/G4-hemin with 2,2,6,6-
tetramethyl-4-piperidine (TEMP) to trap 1O2 in water
confirmed that the production of 1O2 is scarce in these
conditions (Figure 4D).
We next decided to better characterize the kinetics of the

reactions catalyzed by MIL-53(Fe)/G4-hemin. To this end, we
varied the concentration of H2O2 (0−10 mM) in the presence
of a fixed and high concentration of ABTS (0.06 mM) and vice
versa (0−2 mM ABTS vs 0.02 mM H2O2). The Michaelis−
Menten analyses of these reactions provided two parameters,
the Michaelis−Menten constant (Km) and the maximal

reaction velocity (Vmax). The curves seen in Figure 5A,B
provided the parameters upon varying H2O2 concentrations,

with Km = 0.14 mM and Vmax = 0.71 × 10−7 M s−1. In the
opposite setup, these values were 0.17 mM and 1.07 × 10−7 M
s−1, respectively (Table S2). The comparison of these values
indicated a higher affinity of MIL-53(Fe)/G4-hemin for H2O2
and ABTS than other nanozymes, and even HRP.52 We thus
calculated the Kw value, which provides a measurement of the
catalytic reaction rate,53 and obtained a higher Kw value for
MIL-53(Fe)/G4-hemin than for other nanozymes (Table S2).

Figure 4. (A) Catalytic oxidation of ABTS in the presence of H2O2
and various radical scavengers. (B−D) The ESR spectra of the
DMPO-H2O2-MIL-53(Fe)/G4-hemin in (B) aqueous suspension,
(C) methanol solution, and (D) TEMP-H2O2-MIL-53(Fe)/G4-
hemin in aqueous suspension.

Figure 5. (A, B) Steady-state kinetic assay of MIL-53(Fe)/G4-hemin
with (A) 0.06 mM ABTS and various concentration of H2O2 and (B)
0.02 mM H2O2 and various concentrations of ABTS. (C, D) Double
reciprocal plots of the activity of MIL-53(Fe)/G4-hemin with (C) a
fixed concentration of ABTS and a varied concentration of H2O2, and
(D) a fixed concentration of H2O2 and various concentrations of
ABTS. Error bars denote standard deviations based on three
measurements.
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This exquisite efficiency was confirmed through the Line-
weaver−Burk plots seen in Figure 5C,D: the observation of the
lines were almost parallel with each other (and the slopes
equal) conforming to a ping-pong mechanism that MIL-
53(Fe)/G4-hemin reacted with the first substrate and released
the first product before it interacted with the second one, in a
manner that is analogous to HRP52 and Fe3O4 nanoparticles.

4

We demonstrated above that AA, an antioxidant and free
radical scavenger, could hamper the oxidation of ABTS by
H2O2.

54 Interestingly, orthophosphate monoester such as
ascorbic acid 2-phosphate (AAP) could be hydrolyzed by the
enzyme ALP to generate AA. This led us to devise a novel and
simple colorimetric strategy for biosensing the activity of ALP
based on our MIL-53(Fe)/G4-hemin system, in the presence
of ABTS and H2O2 (Figure 6A).

We thus checked the feasibility and reliability of this
oxidation cascade, step by step. First, we confirmed the
inhibitory effect of AA (3 μM) on the activity of MIL-53(Fe)/
G4-hemin (Figure 6B). Second, we verified the sensitivity of
this inhibition by varying the concentration of MIL-53(Fe)/
G4-hemin (0−100 μg mL−1, Figure S9A) and ABTS (0−1
mM, Figure S9B), in the presence of 0−100 μM of AA: the
inhibition was maximally felt for 20 μg mL−1 catalyst and 1
mM ABTS, which were thus selected for subsequent
experiments. Further, the linear range of AA was 0.01−7 μM
(ΔA = 0.0141 + 0.0636 [AA], r2 = 0.9960, n = 12) with a limit
of detection (LOD) of 0.01 μM according to 3δ/K, in which δ
and K represent the standard deviation of blank samples (n =

11) and slope of the linear regression equation, respectively
(Figure 6C and S9C). Third, we assessed the performances of
ALP in these conditions (Figure 6D): the ABTS oxidation was
inhibited only when both 20 U L−1 of ALP and 0.2 mM of
AAP were mixed, due to the in situ generation of AA.
Interestingly, the addition of p-bromotetramisole oxalate, an
inhibitor of alkaline phosphatase, produce less AA, which
makes the ABTS oxidation effective in the presence of H2O2.
It was thus of interest to lower the ALP concentration in

order to define the limit of detection (LOD) of the biosensing
system. The oxidation activity was directly linked, in a linear
manner to the ALP concentration (0−70 U L−1, Figures 6E
and S9D), which corresponds to a broader range as compared
to previously reported methods (Table S3). More importantly,
this biosensor is found to be highly sensitive as the LOD is
estimated at 0.02 U L−1 (3δ/K; Table S3).
We next wondered whether, in addition to being sensitive,

this system is specific. To this end, biomolecules usually found
in human serum (proteins, amino acids, etc.) were used as
potential triggers of this oxidation cascade, as depicted in
Figure S10, huge excess (from 4- to 500-fold) did not affect the
ALP/MIL-53(Fe)/G4-hemin reaction cascade (Figure S10).
Then, the activity of this biosensing system was evaluated
directly in human serum samples. The ALP was added at 3
different concentration (0.4, 1, and 3 U L−1) and the detection
provided by the MIL-53(Fe)/G4-hemin-based system ranged
between 92 to 101% (with a relative standard deviation (RSD)
lower than 5.0% (Table 1)), which clearly highlighted not only
the performances but also the reliability of our biosensor in real
conditions.

■ CONCLUSIONS
In conclusion, the biocatalytic system reported here, MIL-
53(Fe)/G4-hemin, combined the advantages of MOF-based
nanozymes and G4-DNAzymes. Its synthesis is straightforward
via a facile metal−phosphate coordination strategy. Its
excellent catalytic properties, along with a good chemical
stability, makes it a highly valuable biosensor. This was
demonstrated by sensitive detection of ALP activity, achieved
through two intertwined catalytic cycles: the former relies on
the ability of MIL-53(Fe)/G4-hemin to oxidize ABTS, which
yields a series of radical species; the latter relies on ALP, which
dephosphorylates AAP to yield AA, a known scavenger of
radicals. Therefore, the product of the latter poisons the
former, which leads to a detection system that is not only
sensitive, cost-effective but also operative in real conditions.
This work thus demonstrates that two efficient biosensors can

Figure 6. (A) Schematic illustration of sensing platform for ALP
activity analysis. (B) The UV−vis absorption spectra of various
reaction systems in the presence of 3 μM AA. (C) Linear plots of
ΔA420 vs concentrations of AA (0−30 μM). Inset: The UV−vis
absorption curves of MIL-53(Fe)/G4-hemin based colorimetric assay
with different AA activities from 0.01 to 7 μM. (D) The UV−vis
absorption spectra of various reaction systems in the presence of ALP.
(E) Linear plots of ΔA420 vs concentrations of ALP (0.03−70 U L−1).

Table 1. Determination Result of ALP in Real Human
Serum Samples

serum
samples

spiked
(U L−1)

found
(U L−1)

recovery
(%)

RSD
(%, n = 3)

1 0.4 0.37 92.50 3.56
1 0.95 95.00 3.62
3 3.04 101.33 2.43

2 0.4 0.38 95.00 3.98
1 0.96 96.00 2.63
3 2.87 95.67 3.74

3 0.4 0.39 97.50 3.85
1 0.97 97.00 4.19
3 2.93 97.67 3.66
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be associated with act synergistically in order to provide a
hybrid system that combines the benefits of the two methods.
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