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Abstract

Alkaline phosphatase (ALP) is an essential enzyme involved in cell phosphorus metabolism. Developing sensitive and
accurate ALP quantitative assays is significant. In this study, a turn-on chemiluminescence (CL) analysis platform for the
detection of ALP activity in human serum was established based on two-dimensional (2D) Fe-centered metal-organic frame-
works with 1,3,5-benzene tricarboxylic acid as ligands (denoted as 2D Fe-BTC). The 2D Fe-BTC as the signaling probe
reacts with ascorbic acid forming reduced Fe-BTC which catalyzes the luminol CL reaction producing a strong CL signal.
The 2D Fe-BTC-based luminol CL reaction exhibited good CL responses when the concentration of ascorbic acid was in
the range of 5-500 nM. By employing magnesium ascorbyl phosphate (MAP) as the substrate which can be hydrolyzed by
ALP to generate ascorbic acid, a turn-on CL assay for the detection of ALP was established. Under optimal conditions, as
low as 0.00046 U L~! of ALP could be sensitively detected with a linear range of 0.001-0.1 U L~!. ALP in human serum

can be detected after a simple dilution process without any other pretreatment.
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Introduction

ALP is a zinc-containing glycoprotein that catalyzes the
hydrolysis of phosphate monoesters at alkaline conditions.
It is an important enzyme that participates in cellular phos-
phorus metabolism, thus has been regarded as a biomarker
for the diagnosis of a series of diseases. The abnormally
increased concentration level of ALP in human serum is
related to liver and bone diseases[1, 2]. Also, the lowered
concentration level of ALP commonly indicates malnutri-
tion. To further understand the role of ALP, especially on the
single-cellular levels, there is a high demand for developing
precise and sensitive assays to quantify ALP.

In recent years, various colorimetric [3—6], fluorescent
[7-11], chemiluminescent [12—14], electrochemiluminescent
[15], and electrochemical [16, 17] detection systems had
been established for the detection of ALP in serum, tissues,
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and cell lysates. Among these methods, the CL analytical
method was featured as high sensitivity, wide linear range,
and simple instrument. In recent years, L-ascorbic acid
2-phosphate trisodium salt (AAP) and MAP were reported
as the substrates for the CL detection of ALP activity [18,
19]. The hydrolysis of AAP or MAP by ALP produces ascor-
bic acid which is commonly considered as a quencher to the
luminol CL reaction. Based on the quenched CL signal, sev-
eral turn-off CL sensing methods were established to detect
the activity of ALP. For example, Huang’s group established
a luminol-H,0,-K,S,04 CL system with long life and high-
intensity emission. Based on the quenching effect of ascorbic
acid on the CL signal, a CL assay for the detection of ALP
was developed using AAP as the substrate [20]. Similarly,
Fan’s group employed MAP as the enzymatic substrate of
ALP. The hydrolysis product, ascorbic acid, quenched the
gold nanoclusters-catalyzed luminol-H,0, CL reaction,
based on which a CL assay for the detection of ALP in
human serum was developed [19]. These turn-off CL sens-
ing methods suffered from a high background which was
hard to observe the signals produced from low concentra-
tions of ALP.
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Here, we would like to report a turn-on CL sensing plat-
form based on Fe-centered MOFs for the detection of ALP
activity using MAP as the substrate. MOFs are formed by
connecting metal units with organic ligands through coordi-
nation bonds. As signal probes, MOFs have received special
attention in ALP detection because they have multiple active
sites, large specific surface areas, and designable structures
[21, 22]. Such as Tan’s group employed sodium tripolyphos-
phate as the substrate of ALP and established a photoelec-
trochemical assay for the detection of ALP based on control-
lable sensitization of Zr-MOFs (UiO-66) with Cds quantum
dots [23]. Lin’s group developed a fluorescent sensing plat-
form for the detection of ALP using pyrophosphate (PPi) as
the substrate the hydrolysis product of which inhibited the
fluorescent signals of o-phenylenediamine (OPD) oxidized
by NH,—Cu-MOFs. In the CL analysis field, Du’s group
designed a label-free chemiluminescent resonance energy
transfer (CRET) platform for the detection of ALP using
adenosine 5'-monophosphate (5'-AMP) as the substrate and
Tb@Zn-MOFs as the signaling probe. The hydrolysis of
5'-AMP by ALP produced PO,* ions that reacted with Tb**
ions to form Tb-PO,*" resulting in a low CRET efficiency
and a decrease in the CL signal [24].

Metal organic framework nanosheets are a new member
of ultrathin 2D nanomaterials that combine the advantages
of 2D nanomaterials with MOF crystals. As a canonical type
of metal organic framework nanosheet, 2D Fe-BTC was
built by connecting ferric ions and benzene tricarboxylic
acid linkers [6, 25, 26]. To the best of our knowledge, the
employment of 2D Fe-BTC as the signaling probe for the
detection of ALP has not been reported yet. In the present
study, the enhancement effect of ascorbic acid on the lumi-
nol-Fe-BTC system was discovered for the first time, which
provided us with a good opportunity to develop a turn-on CL
assay for the detection of ALP by using MAP as the enzyme
substrate. The turn-on CL assay has the advantage of low
background, thus, achieving sensitive and precise detection
of ALP.

Experiment
Chemicals

Polyvinylpyrrolidone (PVP), alkaline phosphatase (from
calf intestinal, 2000 U mg‘l), a-glucosidase (from Saccha-
romyces, 33 U mg™!), cysteine, and arginine were provided
by Yuanye Bio-Technology Co., Ltd. (Shanghai China).
MAP was purchased from Dibai Bio-Technology Co., Ltd.
(Shanghai, China). H;BTC and glutathione (GSH) were
purchased from Heowns Biochemical Technology Co, Ltd.
(Tianjin, China). B-p glucose was obtained from Tokyo
Chemical Industry Co., Ltd. (Tokyo, Japan). Methanol,
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ferric chloride hexahydrate (FeCl;-6H,0), copper chloride
dihydrate (CuCl,-2H,0), magnesium chloride hexahydrate
(MgCl,-6H,0), Ferrous chloride tetrahydrate (FeCl,-4H,0)
and tris(hydroxymethyl)aminomethane (Tris) were obtained
from Jiangtian Chemical Co., Ltd. (Tianjin, China). Lumi-
nol was purchased from Alfa Aesar. Bovine serum albumin
(BSA) and uric acid were obtained from Sigma-Aldrich.
L-Ascorbic acid was obtained from Kermel Chemical Rea-
gent Co., Ltd. (Tianjin, China). Human serum was obtained
from Puboxin Bio-Technology Co., Ltd. (Beijing, China).
ALP activity assay kit for the determination of ALP in serum
samples was purchased from Boxbio Science and Technol-
ogy Co., Ltd. (Beijing, China). Ultrapure water (18.24 MQ)
purified by an ultrapure water purification system of Youpu
Co., Ltd. (Sichuan, China) was used in all experiments.

The 20x hydrolysis buffer solution was prepared by dis-
solving 24.2 mg of Tris, 14.92 g of KCl, and 4 mg of Tri-
ton X-100 in 100 mL of volumetric flasks and then made up
to the scale with water.

The hydrolysis buffer solution was 1 X hydrolysis buffer
containing 0.2 mg mL~! of BSA and 5 mM MgCl,.

Apparatus

CL emission spectra were detected by a BPCL chemi-
luminescence analyzer purchased from Microphotonics
Technologies Co., Ltd. (Guangzhou, China). The BPCL
chemiluminescence analyzer was equipped with a series of
high-energy optical filters of 320, 350, 380, 400, 425, 440,
460, 490, 535, 555, and 575 nm. CL intensity measurements
were performed on Fluoroskan Ascent FL microplate reader
(Thermo Scientific, US). Transmission electron microscopic
(TEM) images were recorded on a high-resolution transmis-
sion electron microscope (FEI Tecnai G2 F20, US). Fourier
transformation infrared (FT-IR) spectra were recorded on
a Tensor 27 FT-IR spectrophotometer (Bruker, Germany).
The X-ray photoelectron spectra (XPS) were determined on
ThermoFisher Escalab 250Xi (Thermal Electron, US).

Synthesis of 2D Fe-BTC

2D Fe-BTC MOF was synthesized according to previ-
ous reports [26]. Firstly, Cu,O was synthesized by mixing
0.0134 g CuCl, and 0.1 g PVP in 40 mL of water. Then,
2.5 mL of 100 mM ascorbic acid and 2.5 mL of 200 mM
NaOH were added to the mixture slowly. The reaction solu-
tion was kept stirring at room temperature for 0.5 h. The
product was separated by centrifugation at 10,000 rpm
for 6 min and washed three times with ethanol. The Cu,O
was dispersed in 10 mL of ethanol and used to prepare
Cu-BTC. To prepare Cu-BTC, 10 mL of Cu,0 was mixed
with 4 mL 50 mg mL™" H;BTC and 400 mg PVP Ky, dis-
solved in 60 mL of water. After stirring at room temperature
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for 16 h, a blue precipitate was obtained after centrifuga-
tion at 10,000 rpm for 16 min. The blue precipitate was
washed twice with ethanol and water, respectively. Then,
the product was vacuum-dried overnight at 60 oC. Finally,
the 2D Fe-BTC was synthesized by substituting the Cu*
ions in Cu-BTC with Fe** ions. Briefly, 10 mg of Cu-BTC
was dispersed in 10 mL of water and mixed with 10 mL
of 3 mg mL~! FeCl,, the mixture of which was stirred at
room temperature for 3 h. The color of the reaction solution
changed from blue to yellow indicating the formation of 2D
Fe-BTC. The final product was obtained by centrifugation
at 10,000 rpm for 10 min and washed twice with ethanol and
water, respectively. The product was vacuum-dried overnight
under 60 °C. The stock solution of 2D Fe-BTC was prepared
by dispersing Fe-BTC ultrapure water with a concentration
of 1 mgmL™".

CL detection of ascorbic acid

For the CL detection of ascorbic acid, 50 pL of different
concentrations of ascorbic acid prepared in ultrapure water
was mixed with 50 pL of 10 ug mL~! Fe-BTC suspension
in the well of a 96-well plate and incubated at room tem-
perature for 5 min. Then, 100 pL of 2 mM luminol in 0.1 M
Tris—HCI buffer solution (pH 9) was injected into the well by
a dispenser. The CL intensity was monitored by the Fluoros-
kan Ascent FL microplate reader. Each sample was detected
three times parallelly.

CL detection of ALP

For the CL detection of ALP, 20 pL of 100 pM MAP was
mixed with 180 pL of ALP with different concentrations in a
hydrolysis buffer and incubated at 37 °C for 60 min. 50 pL of
the resultant solution was mixed with 50 pL of 10 pg mL™!

Fe-BTC in the well of a 96-well plate. The following steps
were the same as described above.

Results and discussion

Effect of ascorbic acid on luminol-Fe-BTC CL
reaction

Ascorbic acid as a broad-spectrum scavenger for oxygen-
related species is commonly considered to be a quencher in
the luminol CL reaction and has been employed to study the
mechanism of luminol CL reactions [27]. However, an inter-
esting phenomenon we found was that a strong CL emission
was observed when the luminol solution was injected into
the mixture of 2D Fe-BTC and ascorbic acid. As shown in
Fig. 1a, when 100 pL of 2 mM luminol was injected into
the mixture of 2D Fe-BTC (100 pg mL~") and ascorbic acid
(1 pM), a flash-type CL signal was observed. The CL sig-
nal reached the maximum after 0.3 s of injecting luminol
into the mixture. In contrast, when the luminol solution was
injected into 100 ug mL~! Fe-BTC or 1 pM ascorbic acid
respectively, very weak CL signals were produced. The
result demonstrated that the 2D Fe-BTC or ascorbic acid
alone had no enhancement effect in the luminol CL reaction.
However, when the 2D Fe-BTC was mixed with ascorbic
acid, an about 30-fold enhanced CL signal was observed.
What's more, the CL intensity of the luminol CL reaction
increased by prolonging the incubation time of Fe-BTC with
ascorbic acid (Fig. 1b). We speculated that the incubation
of Fe-BTC with ascorbic acid may generate a product cata-
lyzing the luminol CL reaction even without any additional
oxidants.

To verify our hypothesis, the UV—Vis spectra of each
reactant and their mixtures were recorded first (Fig. 2a).
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Fig.1 a The CL kinetic curves and b the influence of incubation time on the CL reaction. Experimental conditions: 10 pM ascorbic acid, 1 mM

luminol in 0.1 M Tris—HCI buffer solution (pH 10), 100 pg mL~! Fe-BTC
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Fig.2 a UV-Vis spectra of each reactant and their mixtures. b FT-IR spectra of 2D Fe-BTC incubated with and without ascorbic acid. ¢, d XPS
spectra of Fe 2p peaks and e, f TEM images of the 2D Fe-BTC incubated without (c, e) or with (d, f) ascorbic acid

The characteristic absorption bands of luminol are located
at 224 nm, 300 nm, and 345 nm, respectively. After the
CL reaction, the absorption bands at 224 nm and 300 nm
moved to 230 nm and 290 nm which indicated the
transformation of phthalic hydrazide to phthalate ions.
The maximum absorption wavelength of ascorbic acid
was located at 265 nm while Fe-BTC showed terminal
adsorption around 210 nm. The incubation of ascorbic
acid with the 2D Fe-BTC resulted in the disappearance
of the absorption peak of ascorbic acid located at 265 nm
suggesting that ascorbic acid may be oxidized by the Fe-
BTC. Then, the FT-IR spectra of the 2D Fe-BTC before
and after the CL reaction were determined. As shown in
Fig. 2b, the FT-IR spectra for both cases exhibited a simi-
lar profile. The characteristic absorption bands located at
1621 cm™, 1568 cm™, 1441 cm™, 1375 cm™', 760 cm™'
and 710 cm™! were ascribed to benzene tricarboxylic acid
in Fe-BTC. This result indicated that the ligand (BTC)
didn’t take part in the redox reaction with ascorbic acid.
Besides, the Fe-BTC after the CL reaction also showed
an absorption band at 472 cm~! which was correlated
with the stretching vibration of (Fe—-O) in Fe-BTC sug-
gesting that the chelating of iron ions with ligands still
existed. To investigate the valent state of iron ions in Fe-
BTC after the CL reaction, the XPS of the Fe-BTC before
and after the CL reaction were determined. Figure 2c is
the high-resolution spectra of Fe 2p of Fe-BTC before
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the CL reaction. The Fe-BTC without incubation with
ascorbic acid exhibited two characteristic peaks at 711.7
and 725.5 eV, respectively, which were attributed to Fe
2ps;, and Fe 2p,,,. After incubating with ascorbic acid,
the Fe-BTC exhibited two broadened peaks at 711.9 and
725.7 eV. (Fig. 2d). This discrepancy was ascribed to the
formation of Fe?*. The peaks at 711.2 and 724.2 eV were
assigned to Fe?*. The XPS spectra suggested that the incu-
bation of the 2D Fe-BTC with ascorbic acid resulted in the
reduction of Fe** to Fe?* ions. To verify the generation of
Fe*, 1,10-phenanthroline that reacts with Fe>* to produce
a coordination complex having a maximum absorption at
510 nm was employed. 100 pg mL ~! of Fe-BTC was incu-
bated with 500 pM ascorbic acid at room temperature for
20 min, to which 50 pL of 60 mg L™! 1,10-phenanthroline
was then added. Consistent with our hypothesis, the reac-
tion product showed maximum absorption at 510 nm (Fig.
S1). The results suggested that the incubation of Fe-BTC
with ascorbic acid led to the reduction of Fe** ions in 2D
Fe-BTC to Fe?* ions. The reduced Fe-BTC was a efficient
catalyst in the luminol CL reaction that catalyzed the oxi-
dation of luminol to emit light even without addional oxi-
dants. Besides, the TEM images of the 2D Fe-BTC before
and after the CL reaction were determined. Before the CL
reaction, the 2D Fe-BTC had a transverse size of 5 pm
(Fig. 2e). After incubating with ascorbic acid, the structure
of 2D Fe-BTC was still maintained (Fig. 2f).
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CL mechanism studies

The CL emission spectra were determined on the BPCL
analyzer equipped with a series of light filters. Figure 3 is
the CL spectra of the CL reaction with and without the addi-
tion of ascorbic acid, respectively. When 2 mM luminol was
injected into 100 pL of 50 pg mL~! 2D Fe-BTC directly,
a weak CL emission located at 425 nm was observed. In
the case of incubating the 2D Fe-BTC with 10 pM ascorbic
acid, an enhanced CL emission at 425 nm was obtained.
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Fig.3 CL spectra of the CL reaction with and without the addition of
ascorbic acid. Experimental conditions: 2 mM luminol in 0.1 M Tris—
HCl buffer solution (pH 9), 50 pg mL~! Fe-BTC
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The maximum emission wavelength at 425 nm suggested
the luminophores of both cases were still 3-aminophthalate
anions in excited states (3-APA¥*).

Because there is no additional oxidant added to the CL
reaction, the dissolved oxygen was considered as one of
the oxidants to oxidize luminol to produce the 3-APA*. To
explore the role of dissolved oxygen in the CL reaction, the
CL signal was determined after bubbling all of the CL reac-
tion solutions with gas N, for 30 min to remove dissolved
O,. The CL intensity decreased by 14.6% proving that dis-
solved oxygen participated in the CL reaction. Besides, H,0,
which was produced from the redox reaction of the 2D Fe-
BTC with ascorbic acid may be the other oxidant in the CL
reaction[28]. Then, to explore the types of oxygen-related
free radicals involving in the CL reaction, different kinds of
free-radical scavengers were added to the CL solution. The
CL intensity decreased by 67.3%, 57.5%, and 94.2% in the
presence of 5% methanol, 10 U of superoxide dismutase
(SOD), and 0.5 mM histidine, respectively. The results sug-
gested that hydroxyl radicals (-OH), superoxide anion radi-
cal (O,""), and singlet oxygen (102) were involved in the
luminol-Fe-BTC-ascorbic acid CL reaction. The possible
mechanism was summarized in Scheme 1. The 2D Fe-BTC
reacted with ascorbic acid producing reduced Fe-BTC and
H,0,. The reduced Fe-BTC that has Fe*" ions may undergo
a classical Fenton reaction with H,O, to generate -OH which
oxidized luminol anions to form luminol radicals. Also,
the reduced Fe-BTC may react with dissolved O, to form

Haber-Weiss

E&=T= Fe-BTC (Fe¥)
==

Fe-BTC (Fe?")

*

NH,
(3-APA¥)

Scheme 1 The possible mechanism of the luminol-Fe-BTC-ascorbic acid CL system
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Fe-BTC and O, . The Haber—Weiss reaction may occur
between O, ~ and H,0, to produce -OH and '0,. Besides,
10, may also be produced from the reaction of -OH and O, ™.
Finally, the luminol radicals were oxidized by these oxygen-
related species including -OH, O, ~, and 'O, to produce the
excited-state 3-APA* that emits blue light at 425 nm.

Optimization of CL conditions

The reaction conditions including the pH of the reaction, the
concentration of luminol and 2D Fe-BTC were optimized
systematically by fixing the incubation time of Fe-BTC with
ascorbic acid at 5 min. 0.1 M Tris—HCI buffer solution was
employed to prepare the working solution of luminol and to
maintain the pH of the CL reaction. As shown in Fig. 4a,
a higher pH condition resulted in a stronger blank signal
and a lower S/N ratio which referred to the signal ratio of
the sample test to that of the blank test. Thus, the pH of the
Tris—HCI buffer solution was set at pH 9. Figure 4b is the
influence of the concentration of 2D Fe-BTC on the CL reac-
tion. Both of sample signal and blank signal increased with
higher concentrations of 2D Fe-BTC. Although the high-
est S/N ratio was obtained by using 1 pg mL~" of Fe-BTC,
the CL intensity at this data point was relatively low. Thus,
10 pg mL~! of Fe-BTC was selected for the following stud-
ies. A higher concentration of luminol is a benefit to the CL
reaction. The CL intensity of sample tests increased dramati-
cally with an increased concentration of luminol without a
significant enhancement on the blank signals (Fig. 4c). The
S/N ratio increased linearly with the increased concentration
of luminol ranging from 0.2 to 3 mM. Considering the rea-
gent consumption, 2 mM luminol was employed in the fol-
lowing studies. In summary, experimental conditions includ-
ing Tris—HCl buffer with pH 9, 2 mM luminol, 10 ug mL™!
of Fe-BTC, and 5 min of incubation time were employed in
the following studies.

CL responses for ascorbic acid

To test the CL response of the luminol CL reaction to
different concentrations of ascorbic acid, different concen-
trations of ascorbic acid were prepared in ultrapure water
and mixed with 10 pg mL~! Fe-BTC, respectively. After
the injection of luminol solution into the mixture, the CL
intensity was determined. As shown in Fig. 5, as the con-
centration of ascorbic acid increased from 5 to 500 nM,
the CL intensity increased linearly with increasing con-
centration of ascorbic acid. The regression equation was
described as 1=0.00572C +0.05943 (R*>=0.9936). The
limit of detection (LOD) for ascorbic acid was calculated
to be 0.5 nM (3 &/s). To test the repeatability of the CL
reaction, two concentrations of ascorbic acid (100 and
10 nM) were determined six times under the optimized
CL conditions, and the relative standard deviation (RSD)
for 100 and 10 nM ascorbic acid was 0.72% and 2.83%,
respectively.

32F

1=10.00572C + 0.05943
R?=10.9936
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CL intensity
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Fig.5 Response curve of the luminol-Fe-BTC system with different
concentrations of ascorbic acid
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Fig.4 Optimization of experimental conditions including a pH of the
buffer solution, the concentration of b Fe-BTC, and ¢ luminol. Exper-
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Tris—HCI buffer solution with different pH values, 100 pg mL~' Fe-
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Principle of CL detection of ALP

In light of the high sensitivity of the luminol-Fe-BTC CL
system for the detection of ascorbic acid, the proposed CL
reaction was then applied to the detection of ALP using
MAP as the substrate. MAP is phosphorylated ascorbic acid,
which is more stable than ascorbic acid even after treatment
at a high temperature [29]. MAP can be hydrolyzed by ALP
to produce ascorbic acid and magnesium phosphate under
an alkaline condition. The detection principle as shown
in Scheme 2, the produced ascorbic acid then reacts with
2D Fe-BTC producing reduced Fe-BTC which catalyzes
the luminol CL reaction. With the concentration of ALP
increased, increasing concentrations of ascorbic acid are
produced resulting in higher CL signals, thus, achieving the
quantitative detection of ALP.

To verify the feasibility of the method, the CL responses
of the luminol CL reaction to different concentrations of
ascorbic acid in hydrolysis buffer were determined firstly.
Here, different concentrations of ascorbic acid were pre-
pared with the hydrolysis buffer solution (pH 8.5) instead
of ultrapure water. The results were shown in Fig. S2 (Sup-
porting Information). Although the CL signals of the lumi-
nol CL reaction produced by ascorbic acid in the alkaline
hydrolysis buffer were lower than that prepared in ultrapure
water, the CL intensity increased linearly with increasing
concentration of ascorbic acid. The detection linear range

% ascorbic acid (=2 Fe-BTC (Fe’') == Fe-BTC (Fe?*) :

was from 20 to 500 nM, and the LOD was calculated to
be 13.7 nM (3 &/s). The regression equation was described
as 1=0.0009C+0.0435 (R2=O.9829). Besides, the CL sig-
nals of the luminol-Fe-BTC CL system in the presence of
ALP, MAP, and both of them were determined. As shown
in Fig. 6, when 100 uM MAP was incubated with 0.5 U L™!
ALP and then 10 ug mL~! Fe-BTC, after injecting 2 mM
luminol into the reaction solution, a strong CL signal was

4
Luminol+MAP+ALP+Fe-BTC
Luminol+ALP+Fe-BTC

3t Luminol+MAP+Fe-BTC

CL intensity
N

0.0 0.5 1.0 1.5 2.0
Time (s)

Fig.6 The CL kinetic curves of the luminol-Fe-BTC CL system with
the addition of MAP, ALP, and both of them. Experimental condi-
tions: 100 uM MAP, 0.5 U L™! ALP, 2 mM luminol in 0.1 M Tris—
HCI buffer solution (pH 9), 10 pg mL~! Fe-BTC

A B
0—P=0"| Mg | 0—P—0'
(0N Mg2+ -

%

ALP ' luminol

Scheme 2 Schematic diagram of the turn-on CL assay for the detection of ALP
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observed. However, if MAP or ALP alone was incubated
with the 2D Fe—-BTC, very weak CL signals were obtained.
The results demonstrated that MAP could be employed as
the substrate for the development of a turn-on CL assay for
ALP by coupling the enzymatic reaction with the luminol-
Fe-BTC CL reaction.

CL detection of ALP

To establish the CL assay for ALP, the influence of experi-
mental conditions such as the concentration of MAP and
incubation time of MAP with ALP on the CL detection
of ALP were explored (Fig. S3, Supporting Information).
When the concentration of MAP was 100 pM and the incu-
bation time was 60 min, the S/N ratio was the highest. To
evaluate the capability of the CL method for the quantita-
tive detection of ALP, increasing concentrations of ALP
were incubated with 100 pM MAP at 37 °C for 60 min and
then mixed with 10 ug mL~! Fe-BTC. After injecting the

L}
1=15.0589C + 0.0159
R?=10.9955

CL intensity
(=}
e

0.;)0 0.2)2 0.64 0..06 0.;)8 0.I10
Concentration of ALP (UL™)

working solution of luminol into the mixture, the CL inten-
sity was determined. As shown in Fig. 7a, the CL intensity
increased linearly with the concentration of ALP in the range
of 0.001-0.1 U L™!. The standard curve for CL detection of
ALP was described as /=5.0589C +0.0159 (R?=0.9955).
The LOD for ALP was 0.00046 U L~!. Compared with pre-
viously reported methods, the proposed CL assay showed
good sensitivity as well as a wide linear range (Table 1).
0.1 UL™! ALP was determined 6 times and the RSD was
3.9% indicating the good repeatability of the ascorbic acid-
enhanced luminol-Fe-BTC CL system for the detection of
ALP. The proposed CL assay for the detection of ALP is
based on the hydrolysis of MAP to produce ascorbic acid
which has an enhancement effect in the luminol-Fe-BTC CL
reaction. Thus, as shown in Fig. 7b, the CL system had no
response to other substances including metal ions (such as
Na*, Cu®*, and Mn?*), amino acids (such as Arg), and other
kinds of enzymes (such as a-glucosidase), proteins (such
as streptavidin and IgG) and reducing substances (such as
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Fig. 7 a Standard curve for the CL detection of ALP. b The specificity of the luminol-Fe-BTC-MAP for the ALP detection. Experimental condi-

tions were the same as in Fig. 6

Table 1 Comparison of our method with other ALP detection methods

Method Material Linear range (U LY LOD (UL™Y References

Colorimetric His@AuNCs/graphene oxide hybrids 0-40 0.26 [4]

Fluorescent NH,-Cu-MOFs 2-180 0.078 [31]

Fluorescent ZnSe@ZnS quantum dots 4-96 0.57 [10]

Fluorescent Fluorophore monomer 0-50 0.034 [9]
P-TPE-TG

Electrochemical Gold nanoparticle-decorated single-walled 3-50 0.2 [32]

carbon nanotube
Chemiluminescent Gold nanoclusters 0.0027-1.389 0.0026 [19]
Chemiluminescent Fe-BTC 0.001-0.1 0.00046 This work
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GSH, cysteine, glucose, and uric acid). The good selectiv-
ity was attributed to the specific hydrolysis ability of ALP
to MAP which produced ascorbic acid and the specific CL
response of the luminol-Fe-BTC system to ascorbic acid.

Detection of ALP in serum samples

Serum samples contain lots of substances that may affect the
CL detection of ALP. To evaluate the matrix effect of serum
samples on the CL detection of ALP. A commercially avail-
able serum sample was employed and pretreated at 75 °C
for 10 min to inactivate ALP in the serum. Then, the deac-
tivated serum samples were diluted at different times with
the hydrolysis buffer solution and then spiked with 0.01 U
L' ALP. The CL signals were determined under optimal
conditions. The results were shown in Fig. S4 (Support-
ing Information), the CL intensities of ALP in 100, 500,
1000, and 2000-fold diluted serum samples were signifi-
cantly decreased compared with the CL signal of ALP in
hydrolysis buffer solution. We assumed that the proteins in
the serum may combine with the metal ions of Fe-BTC, thus
preventing the reduction of Fe** by ascorbic acid. When the
serum was diluted 5000 times, 0.01 U L~! ALP produced a
CL signal that is similar to that produced in the hydrolysis
buffer solution. Considering the concentration of ALP in
normal human serum is from 70 to 90 U L™! [30], theoreti-
cally, the content of ALP in 5000-fold diluted serum sam-
ple ranges from 0.014 to 0.018 U L~! which is within the
detection linear range of the proposed CL assay. Thus, the
5000-fold diluted serum sample was selected and a standard
addition method was employed to evaluate the accuracy of
the proposed CL method for the detection of ALP in serum
samples. Three concentrations of ALP (50, 100, and 150 U
L~!) were spiked into the ALP-deactivated human serum
samples and then diluted 5000-fold with hydrolysis buffer.
The diluted samples were detected under optimal condi-
tions. The recoveries of 50, 100, and 150 U L~} ALP were
93.3%, 100.0%, and 110.0% with RSD ranging from 2.09%
to 10.1%, respectively (Table 2). Furthermore, the proposed
CL method was also employed for the detection of ALP in
real serum samples, the results of which were compared with
results obtained from a commercial kit. The concentration
of ALP in three serum samples was determined to be 23.2,

Table 2 The recovery of CL detection of ALP spiked in human serum

Sample Amount Amount found (U L™") Recovery (%)
added ; .
(UL In diluted In original
serum serum
150 0.028 +0.0006 140+3.07 93.3+2.05
100 0.020+0.0009 100+4.87 100.0+4.87
50 0.011+0.0010 55+1.65 110.0+3.29

18.9, and 23.4 U L~! by using the commercial kit, while by
using the proposed CL method it was determined to be 21.1,
19.4, and 23.9 U L', respectively (Table S2, Supporting
Information). The above results demonstrated the applica-
bility of the proposed CL system for the detection of ALP
in serum samples.

Conclusion

In summary, the Fe-BTC after incubating with ascorbic
acid was found to enhance the luminol CL reaction. Mecha-
nism studies showed that the incubation of Fe-BTC with
ascorbic acid led to the reduction of Fe** ions in the 2D
Fe-BTC to Fe** producing reduced Fe-BTC which acted as
the catalyst in the luminol CL reaction. Under optimal con-
ditions, the CL intensity increased linearly with increasing
concentrations of ascorbic acid ranging from 5 to 500 nM.
Based on the good CL responses of ascorbic acid in the
2D Fe-BTC-luminol CL reaction, a turn-on CL assay for
the detection of ALP activity was established using MAP
as the substrate. Inherent from the specific hydrolysis of
the MAP by ALP to produce ascorbic acid and its specific
enhancement effect on the luminol-Fe BTC CL reaction,
the proposed turn-on CL assay featured good selectivity and
low background. As low as 0.00046 U L~! of ALP could be
sensitively detected. Benefiting from the high detection sen-
sitivity, ALP in serum samples can be detected after a simple
dilution process without any other complex pretreatments.
We believed that the proposed CL assay has great potential
in being applied in biochemistry, pharmaceutical analysis,
and clinical diagnosis.
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