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In this study, a simple colorimetric method with a tunable dynamic range for alkaline phosphatase (ALP)
activity assay was developed by using a peroxidase-mimicking two-dimensional-metal-organic-
framework (2D-MOF). Phosphates including pyrophosphate (PPi), ATP, and ADP inhibited the peroxidase-like
activity of the 2D-MOF, while their hydrolytic product, phosphate (Pi), exhibited no such inhibitory ability.
Therefore, by integrating with the ALP catalyzed hydrolytic reaction, a colorimetric method was developed
for ALP activity quantification. Furthermore, by using different phosphates as inhibitors for the peroxidase-
mimicking 2D-MOF, the dynamic range of this colorimetric method could be efficiently modulated. Three
linear ranges of 2.5-20 U L™, 5-60 U L%, and 50-200 U L~! could be obtained by using PPi, ATP, and ADP
as inhibitors, respectively. Other proteins exhibited negligible interference, demonstrating that the proposed
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DOI: 10.1039/c9tb02542a sensing method possessed excellent selectivity for ALP. Moreover, the developed assay was applied to

evaluate ALP inhibitors and construct logic gates. This work not only provides a promising method for
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Introduction

Alkaline phosphatase (ALP) plays pivotal roles in transpho-
sphorylation and dephosphorylation of molecules containing
phosphate esters in cells.”” The abnormal expression of ALP is
closely associated with many diseases, including bone disease,
liver disease, and even prostate cancer.>”® In addition, the ALP
levels may vary with age, gender and types of diseases.®” For
example, the serum ALP concentration in normal adults is
46-190 U L™ ', while it is higher (more than 500 U L") in pregnant
women and children.® Moreover, bone and liver-related diseases
usually cause high activity of ALP, while hypophosphatasia and
some other diseases may lead to a low concentration of ALP.>°
To date, various methods for ALP detection have been devel-
oped, including colorimetry, surface-enhanced Raman scattering
(SERS), fluorescence spectroscopy, and electrochemical assays.'®>*
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ALP detection but also represents a major step towards nanozyme bioanalysis.

However, most of these methods only possessed a single dynamic
range, which limited their applications for ALP detection under
different physiological and pathological conditions. Therefore, the
development of a cost-effective, label-free, and operation-simple
method with a tunable dynamic range for quantitative detection
of ALP is of great significance.

Nanozymes are considered to be promising enzyme mimics
because they can not only overcome natural enzymes’ intrinsic
limitations but also possess unique properties in comparison
with conventional artificial enzymes.>* > Recently, nanomaterials
with peroxidase-like activities have exhibited broad applications
for bioanalysis.*®*° Many peroxidase-mimicking nanozymes were
used to construct colorimetric sensors for the detection of
various analytes including metal ions, biomolecules, cancer
cells, etc.***7*%*1 Among these peroxidase-like nanozymes, the
two-dimensional-metal-organic-framework (2D-MOF) exhibited
unique advantages for bioanalysis due to not only its diverse
and tailorable structures but also its highly exposed active sites
for catalysis.>****° For example, Zhang and co-workers demon-
strated that 2D metalloporphyrinic MOF nanosheets possessed
excellent peroxidase-like activity.***> Moreover, glucose oxidase-
mimicking Au nanoparticles were grown on the surface of
2D-MOF nanosheets, enabling the cascade catalytic reactions for
glucose detection.** Very recently, we demonstrated that sensor
arrays constructed by three 2D-MOFs could be used for the
detection and discrimination of phosphates as well as monitoring
the phosphate-related enzymatic hydrolytic processes.**
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Scheme 1 Schematic illustration of the sensing platform constructed by the phosphate-responsive peroxidase-mimicking 2D-MOF for ALP activity

assays and colorimetric logic gates.

In this study, colorimetric assays with a tunable dynamic
range were developed for monitoring the ALP activity by using
peroxidase-mimicking 2D Zn-TCPP(Fe) nanozymes (Scheme 1).
A 2D-MOF with excellent peroxidase-like activity was first
synthesized and characterized. Furthermore, we have recently
demonstrated that PPi, ATP, and ADP could effectively inhibit
the catalytic activity of 2D-MOF-nanozymes, while their hydro-
Iytic product (i.e., Pi) exhibited negligible effect.*> On the basis
of this principle, by coupling with the ALP-catalyzed hydrolytic
reaction, the ALP activity assay could be constructed. Moreover,
the dynamic range of the colorimetric method for ALP could be
efficiently modulated when different phosphates (i.e., PPi, ATP,
and ADP) were applied to inhibit the peroxidase-like activity of the
2D-MOF. In addition, colorimetric logic gates could be rationally
constructed on the basis of the ALP sensing platform (Scheme 1).
Overall, this study demonstrated a colorimetric method with a
tunable dynamic range for sensitive and selective detection of
ALP activity.

Experimental section
Chemicals and materials

All reagents were at least of analytical grade. Adenosine 5’-tri-
phosphate disodium salt (ATP), adenosine 5’-diphosphate sodium
salt (ADP), 3,3',5,5'-tetramethylbenzidine dihydrochloride (TMB),
2,2-azinobis(3-ethyl benzothi-azoline-6-sulfonic acidjammonium
(ABTS), zinc nitrate hexahydrate (Zn(NOs)-6H,0), bovine serum
albumin (BSA), trypsin, glucose oxidase (GOx), a-amylase, and
hydrogen peroxide were purchased from Aladdin Chemical Reagent
Co., Ltd. Human serum albumin (HSA) was purchased from
CSL Behring AG (Switzerland). N,N-Dimethylformamide (DMF),
o-phenylenediamine (OPD), and sodium acetate trihydrate were
purchased from Sinopharm Chemical Reagent Co., Ltd. Poly-
vinylpyrrolidone (PVP, MW 40000), lysozyme, and alkaline phos-
phatase were purchased from Sigma-Aldrich. Sodium pyrophosphate
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(PPi) and sodium orthovanadate (NazVO,) were purchased from
Kermel Reagent. Fe(m) tetra(4-carboxyphenyl)porphine chloride
(TCPP(Fe)) was purchased from J&K Scientific Co. Ltd. All
aqueous solutions used in the experiments were prepared with
deionized water (18.2 MQ cm, Millipore).

Instrumentation

TEM images were recorded on a JEOL JEM-2100 transmission
electron microscope at an acceleration voltage of 200 kV. UV-visible
absorption spectra were collected using a spectrophotometer
(TU-1900, Beijing Purkinje General Instrument Co. Ltd, China).
The absorption of a 96-well plate at 450 nm was recorded
by using a SpectraMax M2e microplate reader (Molecular
Devices, USA).

Synthesis of 2D Zn-TCPP(Fe). The 2D Zn-TCPP(Fe) was
synthesized according to our previous method.*>** Briefly,
3.0 mg of Zn(NO3),-6H,0, 0.8 mg of pyrazine, and 20.0 mg of
PVP (MW 40000) were dissolved in 12 mL of ethanol-DMF
mixture (v:v =1:3). Subsequently, 4.4 mg TCPP(Fe) dissolved in
4 mL of ethanol-DMF mixture (v:v = 1:3) was added dropwise
into the above solution under vigorous stirring. The mixture
solution was then heated up to 80 °C and kept for 24 h.

Effects of PPi, ATP, and ADP on the peroxidase-like activity
of Zn-TCPP(Fe). 2.5 uL of 2D Zn-TCPP(Fe) with a concentration
of 100 pg mL ™", 2.5 uL of various concentrations of PPi (ATP or
ADP), and 75 pL of NaOAc (0.2 M, pH 4.5) were incubated for
20 min in a 96-well plate. After that, 10 pL of H,0, (1 M) and
10 pL of OPD (20 mM) were added into the above solution.
The absorption of each well was consecutively recorded every
2.5 min for 20 min by using a microplate reader.

Colorimetric ALP activity assay. A colorimetric ALP activity
assay was performed as follows. 4 uL of 500 uM of PPi (ATP or
ADP), 20 pL of ALP with various concentrations, and 76 pL of
Tris-HCI (50 mM, pH 7.4) were first incubated for 30 min at
37 °C. Then, 10 uL of the above incubated solution, 2.5 pL of
2D-MOF (100 pg mL 1), and 67.5 pL of NaOAc buffer (0.2 M, pH 4.5)
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were added into each well of a 96-well plate. The mixture was
further incubated for 20 min. Subsequently, 10 uL of H,O, (1 M)
and 10 pL of OPD (20 mM) were added into the above solution,
respectively. Immediately after the addition of OPD, the absorption
of each well was consecutively recorded every 2.5 min for 20 min by
using a microplate reader.

Inhibitory effect of Na;vO, on ALP. To demonstrate the
potential application of the developed colorimetric assay for
ALP inhibitor investigation, 5 pL of Naz;VO, aqueous solution
with various concentrations, 50 uL of ALP aqueous solution
(2000 U L), and 45 pL of Tris-HCI buffer (50 mM, pH 7.4) were
incubated at 37 °C for 30 min. Subsequently, the experimental
procedures were the same as the ALP activity assay.

Results and discussion
Colorimetric detection of ALP

A 2D-MOF with a typical sheet-like structure was synthesized by
a surfactant-assisted method (Fig. S1, ESIT). The peroxidase-like
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activity of the 2D-MOF was first investigated by monitoring the
catalytic oxidation of OPD in the presence of H,0O,. The oxidized
product of OPD (i.e., OPDox) possessed a characteristic absorption
peak at 450 nm. As shown in Fig. S2a (ESIt), the reaction system
exhibited a strong absorption value at 450 nm in the presence of
H,0,, OPD, and 2D-MOF nanozymes. Other control groups con-
taining OPD, H,0, and OPD, or 2D-MOF and OPD, possessed
negligible absorption. In addition to OPD, other typical peroxidase
substrates, such as TMB and ABTS could also be catalytically
oxidized by the 2D-MOF in the presence of H,O, (Fig. S2b, ESIt).
Moreover, the peroxidase-like activity of the 2D-MOF strongly
depended on the catalyst concentration and H,O, concentration
(Fig. S2c and d, ESIY). The excellent catalytic activity of the 2D-MOF
was attributed to the active sites of TCPP(Fe), while the Zn>" ions
served as the junction sites.

Having demonstrated the excellent peroxidase-like activity
of the 2D-MOF, we further attempted to modulate its catalytic
activity by phosphates. As shown in Fig. 1a, the activity of the
2D-MOF could be significantly inhibited by PPi, while Pi
showed negligible effect on the peroxidase-like activity of the
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Fig. 1 (a) Typical absorption spectra for monitoring the catalytic oxidation of 2 mM of OPD in various reaction systems of (I) 2.5 pg mL™* of 2D-MOF,
(I) 2.5 ug mL~* of 2D-MOF + 2 uM of PPi, and (Ill) 2.5 pg mL™~* of 2D-MOF + 2 uM of Pi. (b) The relative change of absorption of OPDox (A,p — Ag) in the
presence of various concentrations of PPi. (c) Kinetic curves of the absorption of 450 nm for different concentrations of ALP in the presence of
2.5 ug mL~* of 2D-MOF and 2 uM of PPi. (d) The relative change of absorption of OPDox (Ao, — Ag) versus the concentration of ALP. Inset: Linear
calibration plot of the relative change of absorption against ALP activity. A, and Ag were the absorption of OPDox at 450 nm at O min and 20 min. Each

error bar shows the standard deviation of three independent measurements.
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2D-MOF. As shown in Fig. 1b and Fig. S3 (ESIt), the absorption
of OPDox at 450 nm decreased with the increase of the PPi
concentration, demonstrating that the inhibitory effect depended
on the PPi concentration. The inhibitory mechanism was demon-
strated in our previous study."” Phosphates can first chelate with
Zn*" to trigger the structure collapse of the 2D-MOF. Subsequently,
the phosphates can further bind with the catalytically active sites
(i.e., Fe) in TCPP(Fe), which in turn resulted in the decrease of their
catalytic activity. The mechanism was demonstrated by trans-
mission electron microscopy (TEM) imaging. As shown in
Fig. S4a and b (ESIY), the sheet-like structure of the 2D-MOF
was destroyed when PPi was added into the solution.

Because PPi and Pi exhibited differential effects on the
catalytic activity of the 2D-MOF, and ALP could catalyze the
hydrolysis of PPi to Pi, a colorimetric method could be con-
structed for ALP by phosphate-mediated peroxidase-like activity.
The dependence of the peroxidase-like activity of the 2D-MOF on
the ALP concentration was further studied (Fig. 1c). As shown in
Fig. 1d, the relative change of absorption of OPDox (45, — Ay)
increased with the increase of the ALP concentration ranging
from 1 to 50 U L™" because ALP catalyzed the hydrolysis of PPi to
prevent its inhibitory effect on the 2D-MOF. A linear dependence
between A,, — Ap and ALP concentrations in the range of 2.5 to
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20 U L™ " could be obtained. TEM images also demonstrated that
the sheet-like structure of the 2D-MOF was intact in the
presence of ALP, which was consistent with the maintained
high peroxidase-like activity (Fig. S4c and d, ESIT).

Tunable dynamic range

It is of great importance to develop ALP activity assays with a
tunable dynamic range because the concentration of ALP may
vary with age, gender, and types of diseases.®” In addition to
PPi, ATP and ADP also inhibited the peroxidase-like activity of
the 2D-MOF (Fig. S5a and S6a, ESIt). Compared with PPi, the
inhibitory abilities of ATP and ADP were weaker (Fig. 1b and 2a, c).
We envisioned that the dynamic range of the colorimetric method
for ALP activity may be modulated by replacing PPi with ATP or
ADP in the assay. As shown in Fig. 2a and ¢, 5 uM of ATP and
30 uM of ADP were selected for ALP activity assay, respectively. For
ATP-mediated ALP detection, the dynamic range of this colori-
metric method could be tuned to 5-60 U L™" (Fig. S5b (ESIt) and
Fig. 2b). The dynamic range could be further modulated to
50-200 U L' by ADP-mediated ALP detection (Fig. S6b (ESIt)
and Fig. 2d). Therefore, the quantification of ALP activity over
different concentration ranges could be achieved by using the
developed sensing systems.
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Fig. 2 The relative change of absorption of OPDox (Ao — Ap) in the presence of various concentrations of (a) ATP and (c) ADP. The relative change of
absorption of OPDox (A — Ag) versus the concentration of ALP based on (b) 5 uM of ATP and 2.5 pug mL™* of 2D-MOF systems, and (d) 30 uM of ADP and
2.5 ug mL™* of 2D-MOF systems. Inset: Linear calibration plot of the relative change of absorption against ALP activity based on ADP and 2D-MOF
systems. Each error bar shows the standard deviation of three independent measurements.
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Selectivity

To demonstrate the selectivity of the proposed method, the
effect of several potential interfering proteins such as lysozyme
(Lys), bovine serum albumin (BSA), trypsin (Try), human serum
albumin (HSA), amylase (Amy), and glucose oxidase (GOx) was
investigated. The concentrations of ALP and other proteins
used in this selectivity assay were 20 U L' and 20 nM,
respectively. As shown in Fig. 3 and Fig. S7 (ESIY), only ALP
remarkedly increased the peroxidase-like activity of the 2D-MOF,
while other proteins exhibited a similar absorption value at
450 nm with blank, implying the good specificity of this colori-
metric method for sensing of ALP. The excellent selectivity of
this assay should be attributed to the specific hydrolysis of PPi
by ALP enzymes.

Inhibition assay

Screening the enzyme inhibitors is greatly important in drug
design.”” Having demonstrated the ability of the as-designed
colorimetric method for ALP detection, we further investigated
whether this method could be applied for evaluating the enzyme
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inhibitor efficiency. Previous studies reported that sodium
orthovanadate (NazVO,) is a reversible and competitive inhibitor
for ALP.** Therefore, Na;VO, was taken as an example for proof-
of-concept experiments. To validate the inhibition assay, ALP was
first preincubated with NazVO, with various concentrations
in aqueous solutions for 30 min. Then, Na;VO,-treated ALP
solutions were mixed with PPi for another 30 min. Furthermore,
2D-MOF nanozymes were added into the above incubated solu-
tions and subsequently subjected to peroxidase-like activities
measurements. If the ALP could be efficiently inhibited by
Na;VO,, the hydrolysis of PPi by ALP would be restricted, and
as a consequence, the catalytic activity of the 2D-MOF would be
decreased. As shown in Fig. 4a and Fig. S8 (ESIT), the absorption
of OPDox catalyzed by the 2D-MOF decreased with the increasing
concentrations of Na;VO,, demonstrating that the NazVO,
remarkably inhibited the activity of ALP. To quantify the inhibiting
ability, the inhibition ratio (I, %) was defined by the following
regression equation: 7 (%) =H x 100, where A, was the
relative change of the absorption at 450 nm in the absence of
ALP, A, was the relative change of the absorption at 450 nm in the

(b) ] .
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Fig. 3 (a) Typical absorption spectra and (b) the relative change of the absorption of OPDox catalyzed by 2.5 ug mL™* of the 2D-MOF with 2 uM of PPi in
the absence and presence of 20 U L™ of ALP, and 20 nM of Lys, BSA, Try, HSA, Amylase, and GOx. A»o and Ag were the absorption of OPDox at 450 nm at
0 min and 20 min, respectively. Each error bar shows the standard deviation of three independent measurements.
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Fig. 4 (a) Kinetics curves of the absorption of ALP responsive reaction systems in the presence of various concentrations of NazVO,. (b) The
dependence of the inhibition ratio on the concentration of NasVO,. Each error bar shows the standard deviation of three independent measurements.
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Fig. 5 The "IMPLICATION" logic gate by using PPi and ALP as inputs and the absorption at 450 nm as output. (a) Schematic as well as the truth table and
(b) the histogram of the "IMPLICATION" logic gate. Each error bar shows the standard deviation of three independent measurements.

presence of ALP without the inhibitor, and A, was the relative
change of the absorption at 450 nm in the presence of ALP and
inhibitor. The dependence of the inhibition ratio on the concen-
tration of Naz;VO, is plotted in Fig. 4b. These results demonstrated
that the current colorimetric assay for ALP could also be applied
for evaluating the ALP inhibitor efficiency.

Logic gates

Molecular logic gates have found interesting applications in
biosensing and medical diagnostics.'”*® Herein, on the basis of
the peroxidase-like activity of the 2D-MOF modulated by PPi and
ALP, an “IMPLICATION” logic gate was constructed (Fig. 5). In
this logic gate, PPi and ALP were used as inputs, and the
absorption values of OPDox at 450 nm acted as the output signals
(Fig. 5a). For input, “0” and “1” states were defined in the
absence and presence of PPi and ALP, respectively. For output,
the absorption value of more than 0.3 was regarded as “1”, while
less than 0.3 was defined as “0”. As shown in Fig. 5b, when the
PPi alone was applied (0,1), the catalytic activity of the 2D-MOF
could be efficiently inhibited and the output was “0”. In other
cases, the 2D-MOF exhibited excellent peroxidase-like activities
and the output was “1”. In addition to an “IMPLICATION” logic
gate, an “INHIBIT” could be developed by using PPi and 2D-MOF
as inputs, and a “NOR” logic gate could be constructed by using
PPi and ATP as inputs, respectively (Fig. S9 and S10, ESIt). These
above results demonstrated the potential applications of the
colorimetric assay for construction of logic gates.

Conclusions

In conclusion, a colorimetric ALP activity assay with high
selectivity was developed by using phosphate-responsive 2D-MOF
nanozymes. Moreover, the dynamic range was rationally tuned
when different phosphates (PPi, ATP, or ADP) were applied for
inhibiting the peroxidase-like activity of the 2D-MOF. In addition
to ALP detection, this colorimetric method exhibited broad appli-
cations for evaluating the ALP enzyme inhibitor (i.e., NazVO,) and
constructing logic gates. Overall, this method with the advantages

6910 | J Mater. Chem. B, 2020, 8, 6905-6911

of simplicity, excellent selectivity, and tunable dynamic range
exhibited potential applications for biomedical diagnosis.
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