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Abstract

The authors describe a sensitive fluorometric method for the determination of the activity of alkaline phosphatase (ALP). It is
based on the use of a composite prepared consisting of flower-like cobalt oxyhydroxide (CoOOH) and copper nanoclusters
(CuNCs). On formation of the CuUNC-CoOOH aggregates, the fluorescence of the CuNCs is quenched by the CoOOH sheets. If,
however, the CoOOH sheets are reduced to Co(Il) ions in the presence of ascorbic acid (AA), fluorescence recovers. AA is
formed in-situ by hydrolysis of the substrate ascorbic acid 2-phosphate (AA2P) as catalyzed by ALP. Thus, the ALP activity can
be detected indirectly by kinetic monitoring of the increase in fluorescence, best at excitation/emission wavelengths of 335/
410 nm. The assay allows ALP to be determined in 0.5 to 150 mU-mL ™" activity range and with a 0.1 mU-mL ™" detection limit.
The method was successfully applied to the determination of ALP activity in (spiked) human serum samples. The assay has
attractive features in being of the off-on type and immune against false positive results.
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Introduction

As a new kind of 2D layered nanomaterials, transition metal
oxides (TMOs) and their derivatives, such as MnO, and
CoOOH, have attracted increasing research interest owing to
their excellent physical and chemical properties [1, 2].
CoOOH sheets, an emerging kind of transition metal oxides
derivatives, possess a broad and strong absorption band
around 410 nm, making CoOOH sheets be used as a broad-
spectrum quencher [2]. In the past few years, CoOOOH sheets
have been utilized as fluorescence quenchers to construct fluo-
rescence resonance energy transfer (FRET) bio/chemical sens-
ing platforms [2—6]. Tang’s group found that CoOOH
nanoflakes have oxidizing capability and can react with ascor-
bic acid (AA) instantaneously [2]. On the basis of the finding,
they have reported CoOOH-modified persistent luminescence
nanoparticles for the fluorescence imaging assay of AA in
living cells and in vivo. Cen et al. have exploited a nanosys-
tem for the monitoring of AA in human plasma by using
CoOOH sheets-modified fluorescent upconversion nanoparti-
cles [5]. Meng et al. have utilized two-photon nanoparticles
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and CoOOH nanoflakes to report a turn-on strategy for fluo-
rescent determination and imaging of AA in living cells and
tissues [6]. However, the preparation process of these fluores-
cent nanomaterials is relatively complicated and harsh. Chu’s
group discovered that CoOOH nanoflakes exhibited different
adsorption ability between single stranded-DNA (ss-DNA)
and double stranded-DNA (ds-DNA), which resulted in the
fluorescence signal of dye-labeled ss-DNA was significantly
quenched by CoOOH nanoflakes, while ds-DNA still had
strong fluorescence emission [7]. On the basis of the phenom-
enon, they have constructed a CoOOH nanoflakes based fluo-
rescent bioassay platform for the detection of protein throm-
bin, T4 polynucleotide kinase activity and its inhibition
screening [7, 8]. Nevertheless, the exploration of CoOOH
nanomaterials for bio/chemical assay is still at early stage [9].

Alkaline phosphatase (ALP) as an enzyme widely present
in mammalian tissues and organs, catalyzes the hydrolysis and
dephosphorylation process on various substrates including
nucleic acids, proteins, and small molecules [10]. ALP also
plays vital roles in cellular regulation (such as cell cycle,
growth, apoptosis), and signal transduction processes. As a
result, the ALP activity is often regarded as an important bio-
marker in some diseases diagnosis. The normal level of ALP
in human serum is 40190 U-L™" (for adults), whereas the
ALP level of children and pregnant women is more than
500 U-L "' [11]. The abnormal levels of serum ALP is closely
related to some diseases, such as hepatitis, diabetes, liver dys-
function, breast and prostate cancer, and so on [12-15].
Therefore, sensitive and selective determination the ALP con-
tent is of significant importance.

Various methods have been reported to determinate the
ALP activity, including colorimetric assay [16, 17], chemi-
luminescence [18], surface enhanced Raman scattering
[19], and electrochemical methods [20]. Although some of
these methods exhibit high sensitivity, most of them suffer
from laborious or complicated synthetic and prepared pro-
cedures. Due to their high sensitivity, cost effectiveness,
simplicity, and convenience, fluorescent methods have
drawn considerable attention [21-25]. A great deal of fluo-
rescent assays have been reported for detecting the ALP
activity on the basis of quantum dots (QDs) [26], conjugated
polyelectrolytes [27], and organic fluorophores [28].
However, these strategies exhibited some disadvantages
such as the high toxicity of QDs, the complex synthesis
and purification processes of conjugated polyelectrolytes,
and the poor photo-stability, water-solubility of organic
fluorescent dyes. Thus, it is still challenging to develop
fluorescent ALP assays with simplicity, low toxicity, high
sensitivity and selectivity.

In this study, we found that the fluorescent quenching ca-
pability of CoOOH was disturbed in the presence of AA,
resulting in fluorescence recovery of CuNCs. The recovery
of fluorescence might ascribe the specific reduction reaction
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of CoOOH sheets to Co** ion with AA, which leading to the
disappearance of the CoOOH nanosheets. On the other hand,
ALP can catalyze the substrate AA2P hydrolysis and dephos-
phorylation into AA. Then, the ALP activity can be detected
indirectly according to the fluorescence recovery. In addition,
the strategy is a signal-on assay and can effectively reduce the
false positives. As a result, a sensitive and selective fluores-
cent assay has been reported for the determination of ALP
activity by using CuNC-CoOOH probes.

Experimental
Reagents

Alkaline phosphatase (ALP) from bovine intestinal mucosa,
ascorbic acid 2-phosphate (AA2P), ascorbic acid (AA), bo-
vine serum albumin (BSA), thrombin, glucose oxidase (GOx),
acetylcholinesterase (AChE), lysozyme, peroxidase from
horseradish (HRP), trypsin, copper (II) sulfate pentahydrate
(CuSO45H,0) were obtained from Sigma Aldrich Chemical
Co. (St. Louis, MO, USA, http://www.sigmaaldrich.com).
Other chemicals (analytical grade) were purchased from
Shanghai Sangon Biological Engineering Technology and
Services Co., Ltd. (Shanghai, China, http://www.sangon.
com). All the solutions were prepared with ultrapure water
(>18.2 MQ-cm) by using a Millipore Milli-Q water purifica-
tion system (Billerica, MA, USA, http://www.merckmillipore.
com).

Apparatus

The fluorescence spectra were measured on a Hitachi F-
7000 fluorescence spectrometer (Hitachi Co. Ltd., Japan).
The excitation wavelength was set at 335 nm and the fluo-
rescence emission spectra were collected from 360 to
600 nm at room temperature. The excitation and emission
slits were both 5.0 nm. UV-vis absorption spectra were car-
ried out with a Hitachi U-3900 spectrophotometer (Hitachi,
Japan). X-ray photoelectron spectroscopy (XPS) was per-
formed with a K-Alpha spectrometer. Transmission electron
microscopy (TEM) images were obtained from Tecnai
G2F20S-TWIN field emission transmission electron
microscopy.

Preparation of CuNCs

Bovine serum albumin (BSA) templated CuNCs were synthe-
sized according to our previous reported methods [29, 30].
Typically, 5 mL 15 mg'mL ™" BSA solutions were mixed with
1 mL 20 mM CuSOy solution under stirring at room temper-
ature. Then, pH value of the mixture was adjusted to 12 by
using 1 M NaOH. After that, the solution color changed from
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Scheme 1 Schematic illustration

of the fluorescent bioassay for

ALP activity detection based on 335

CuNC-CoOOH probes qn i
CuNCs \

410 nm

blue to violet. Subsequently, the mixture was incubated at
55 °C under stirring for 2 days. The color changed to light
brown. At last, the mixture was dialyzed in ultrapure water to
remove excess Cu?*. The final product was stored at 4 °C
before use.

Preparation of flower-like COOOH and CuNC-CoOOH
probes

Flower-like CoOOH was synthesized according to the pre-
vious methods with minor modifications [5, 7]. Firstly,
100 pL 10 mM CoCl, and 100 uL 0.8 M NaOH solutions
were added to a 1.5 mL microcentrifuge tube. Then, 100 uL.
0.2 M NaClO were added into the mixture. Subsequently,
700 puL of ultrapure water was added and treated with
ultrasonication for 30 min. After that, the mixture was dia-
lyzed for 8 h in ultrapure water. Finally, the product was
collected for further use.

CuNC-CoOOH probes were constructed by the following
steps: 50 puL of the prepared CuNCs, 100 pL of different
concentrations of CoCl, and 100 pL. 0.8 M NaOH were added
toa 1.5 mL microcentrifuge tube. Then, 100 uL 0.2 M NaClO
were added. After that, 650 uL of ultrapure water was added
and the resulting solutions were ultrasonic treatment for
30 min immediately. Subsequently, the mixture was dialyzed
for 8 h in ultrapure water. Finally, CaNC-CoOOH probes were
successfully prepared.

Fluorescent detection of AA

In a typical experiment, 50 uL freshly prepared CuNC-
CoOOH probe solutions and 10 uL different concentrations
of AA were added to 100 puL of bioassay system. After that,
the solution was incubated for 2 min at room temperature.
Subsequently, the fluorescence intensity was recorded
immediately. The excitation wavelength was set at 335
nm and the fluorescence emission spectra were collected

- flower-like CoOOH

Q6. AA

(%

410 nm

() CuNCs ® Co**

from 360 to 600 nm at room temperature. The excitation and
emission slits were both 5.0 nm.

Fluorescent assay of ALP activity

In the assay of ALP activity, 5 uL of ALP and 5 uL 10 mM
AA2P were added into 10 pL of 20 mM Tris-HCI solutions
(pH 7.5, 2 mM MgCl,). The above solution was incubated for
30 min at 37 °C. Subsequently, 50 pL freshly prepared CaNC-
CoOOH probes and 30 uL of ultrapure water were added. The
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Fig. 1 a Fluorescence excitation (a) and emission (b) spectrum of the
CuNCs, and UV-vis absorption spectrum of CoOOH solutions (¢). b
Fluorescence spectra of free CuNCs (a), CuNC-CoOOH probes (b),
and CuNC-CoOOH probes with AA (c¢). The excitation wavelength is
set at 335 nm
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Fig. 2 a Fluorescence spectra of CuNC-CoOOH probes formed at a
series of different CoCl, concentrations. b Relationship between the
fluorescence quenching efficiency and the CoCl, concentrations

spectrum was measured immediately with the excitation
wavelength of 335 nm, after being incubated at room temper-
ature for 5 min.

Results and discussion

Design principle of the fluorescent method for ALP
assay

The design principle of the fluorescence bioassay is
shown in Scheme 1. CoOOH sheets are prepared through
the oxidation of CoCl, by NaClO in NaOH with ultrason-
ic treatment. CuNC-CoOOH nanoprobes are constructed
by on-line synthesis of CoOOH sheets in CuNC solutions.
When nanoprobes are formed, the fluorescence signal of
CuNCs can be strongly quenched by CoOOH sheets, due
to the large spectral overlapping between the absorption
spectrum of CoOOH and the emission spectrum of
CuNCs. However, fluorescence recovers in the presence
of AA, owning to the AA-mediated specific reduction of
the CoOOH to Co**, combined with the destruction of the
CoOOH sheets. Therefore, AA contents can be detected
through the fluorescence change of bioassay system. In
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Fig. 3 a Fluorescence spectra of CuNC-CoOOH probes in the presence
ofincreasing AA concentrations, the curves from a to n, the concentration
of AAare 0, 0.1, 1, 10, 20, 50, 75, 100, 150, 200, 250, 300, 350, 400 uM,
respectively. b The calibration curve between the fluorescence intensity
and the AA concentration. The error bars are the standard deviation of
three repetitive measurements

addition, ALP can catalyze the substrate AA2P hydrolysis
and dephosphorylation into AA, which trigger the specific
redox reaction of reduced CoOOH into Co>*. Thus, the
ALP activity can also be detected indirectly by the
amount of enzymatically generated AA according to the
fluorescence response.

Characterization of flower-like CoOOOH
and CuNC-CoOOH probes

The morphology of CoOOOH nanomaterials are firstly charac-
terized by SEM images and TEM images. Form Fig. S1A, itis
clearly observed that CoOOH sheets are irregular layered
structure and assembled to form the flowers-like nanostruc-
ture. Fig. SI1B displays the TEM image of the flower-like
CoOOH. It is seen that CoOOH sheets aggregated together
and formed a flowers-like nanostructure, which is the same as
the above SEM results. These results confirmed that the
flower-like CoOOH had large specific surface areas, which
providing an excellent platform for trace determination of
AA. As a result, the sensitivity of the assay system is
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Fig.4 The selectivity of CuNC-CoOOH probes for AA assay. Where, F
and F are the fluorescence intensity in the absence and presence of
400 uM AA, GSH, Cys, H,0, and 4.0 mM other interfering species,
respectively
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Fig. 5 a Fluorescence spectra of bioassay system in the presence of
increasing ALP activity, the curves from a to j, the ALP activity are 0.5,
2, 10, 25, 40, 50, 75, 100, 125, 150 mU-mL"", respectively. b The
calibration curve between the fluorescence intensity at excitation/

emission wavelengths of 335/410 nm and the ALP activity. The error
bars are the standard deviation of three repetitive measurements

improved. From Fig. S1C, it is observed that the size of
CuNCs is approximately spherical in shape and less than
5 nm in diameter. As shown in Fig. SI1D, the CuNCs are
interspersed on the surface of the CoOOH sheets. The UV-
vis absorption spectrums of CoCl, and CoOOH sheets are
showed in Fig. S1E. It can be observed that CoCl, possess a
strong absorption peak at 510 nm. However, when the flower-
like CoOOH is formed, the absorption peak is blue-shifted to
410 nm, which is the same as the reported characteristic ab-
sorption spectrum of CoOOH sheets. Figure S1F shows the X-
ray photoelectron spectroscopy (XPS) of CuNCs and CuNC-
CoOOH probes. From curve a of Fig. SIF, CuNCs possess
four elements, Cu, C, N, and O. Besides, two obvious Co 2p
peaks are observed from the spectra of CuNC-CoOOH probes
(shown in curve b of Fig. SIF and Fig. S1G), which demon-
strate the successful preparation of CaNC-CoOOH probes.

Evaluation of fluorescence assay for AA detection

To further evaluate the feasibility of fluorescent assay of AA,
the fluorescence response of CuNCs is studied on different
experimental conditions. From Fig. 1a, it is found that a strong
emission peak at 410 nm can be observed with the excitation
wavelength of 335 nm. The fluorescence quantum yield of
CuNCs is 15.2%. Importantly, the fluorescence intensity of
CuNCs is no obviously changed after stored at 4 °C for
2 months. Furthermore, it is worth noting that absorption spec-
tra flower-like CoOOH (curve ¢ of Fig. la) exhibit a large
overlap with the emission spectrum of CuNCs (curve b of
Fig. 1a). Therefore, the efficient fluorescence quenching oc-
curs by fluorescence resonance energy transfer between
CuNCs and CoOOH. Figure 1b displays the over 90% fluo-
rescence signal of CuNCs is strongly reduced when CoOOH
is formed (curve b). Interesting, the fluorescence intensity is
recovered by 51.5% when the system present 400 uM AA
(curve ¢ of Fig. 1b). The enhancement of fluorescence inten-
sity is mainly attributed to the reduction of CoOOH to Co**
ions by AA (shown in Scheme S1), leading to the disappear-
ance of the CoOOH. Due to the separation of CoOOH from
CuNCs, the fluorescence intensity recovers.

Optimization of CUNC-CoOOH probes

Since CoOOH is formed by reducing CoCl, in the presence of
NaOH and NaClO, the effect of the CoCl, concentration on
the fluorescent bioassay system is investigated. Figure 2a dis-
plays that the fluorescence signal of CuNCs is reduced obvi-
ously when the CoCl, concentrations increase from 0 to
1.5 mM. Nearly 94% fluorescence is decreased when
1.0 mM CoCl, solution is added. From Fig. 2b, it is found
that the quenching efficiency (defined as (Fy - F)/Fy) of
CoOOH raises gradually along with the increasing concentra-
tions of the CoCl,. While the concentration of CoCl, reachs to
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Table 1 Comparison of various
analytical methods for ALP
determination

Analytical methods Determination  Limit of detection References
range (mU-mL 1)
(mU-mL™Y)
T7 exonuclease mediated signal amplification based ~ 0.1-50 0.1 [34]
electrochemical assay
Fluorescent carbon dots 2.540 1 [35]
Fluorescent Cu nanoparticles 0.3-7.5 0.3 [36]
Graphene oxide and A exonuclease based fluorescent 3-27 0.19 [37]
assay
Carbon dots and MnO, nanosheets based fluorescent 1-100 04 [38]
assay
Cu nanoclusters-CoOOH based fluorescent probes 0.5-150 0.1 this work

1.0 mM, the quenching efficiency has not obviously changed.
Thus, 1.0 mM CoCl, is used in the subsequent experiments.

Optimization of method

The following parameters were optimized: stability of the
CuNCs-CoOOH probes and incubated time of ALP.
Respective data and Figures are given in the Electronic
Supporting Material. It was found that CaNC-CoOOH probes
were relatively stable at 20 to 40 °C, pH 6.5 to 8.5, and in
different media (Fig. S2). Thirty minutes of incubated time of
ALP were found to give best results (Fig. S3).

Fluorescent assay of AA

It was found that the redox reaction between AA and CoOOH
was accomplished within 2 min at room temperature, indicat-
ing a rapid decomposition of CoOOH by AA. Figure 3a
shows the typical fluorescence spectra of CuNC-CoOOH
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Fig. 6 The selectivity of bioassay system for ALP assay. Each enzyme
including ALP, GOx, AChE, HRP, lysozyme, trypsin and thrombin was
150 mU-mL ", the concentrations of BSA was 1 mg:mL ', respectively.
The error bars are the standard deviation of three repetitive measurements
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probes in the presence of different concentrations of AA.
From curve a to n, it can be seen the fluorescence intensity
increased while the AA concentration ranging from 0 uM to
400 uM. The fluorescence recovery is mainly ascribed to the
AA-mediated reduction reaction of CoOOH to C02+, which
contributed to the decomposition of COOOH and the releasing
of CuNCs. Figure 3b indicates a good linear relationship be-
tween fluorescence intensity and AA concentration (from 0.1
to 400 uM, R =0.9904). The limit of detection is calculated to
be 20 nM. The performance of the assay is compared with
literature reports. From Table S1, it can be seen our method
exhibits a broader linear range and a lower detection limit than
the published methods [31-33]. Additionally, there is not ob-
vious fluorescent response in the presence of other interfering
species (including uric acid (UA), dopamine (DA), Cys, H,O,
and GSH) (shown in Fig. 4).

Fluorescent method for ALP activity assay

Furthermore, ALP possesses the capability of catalyzing the
hydrolysis of AA2P into AA. Therefore, the ALP activity can
be detected indirectly according to the fluorescence recovery.
The substrate AA2P has no significant reduction capacity and
no obvious effect on the fluorescence intensity of CuNC-
CoOOH probes. Under the optimized experimental condition,
the effect of ALP activity on the fluorescence intensity was
recorded in Fig. 5a. When ALP activity increases from 0.5 to
150 mU-mL™" (from curve a to j), the fluorescence intensity
rapidly increases. As shown in Fig. 5b, there is a linear corre-
lation between fluorescence intensity and ALP activity (rang-
ing from 0.5 to 150 mU-mL ). The limit of detection is esti-
mated to be 0.1 mU-mL ", The performances of the detection
of ALP activity are compared with previously reported
methods and listed in Table 1. It is observed that our method
is superior to other reported methods with better or compara-
ble detection limit and linear range [34-38].

The selectivity of the bioassay was evaluated by investi-
gating the fluorescence change of other non-specific
proteins/enzymes including glucose oxidase (GOx),
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acetylcholinesterase (AChE), peroxidase from horseradish
(HRP), bovine serum albumin (BSA), lysozyme, trypsin,
and thrombin. As shown in Fig. 6, it is obviously seen that
the fluorescence intensity of other interfering proteins were
little higher than that of the blank experiment (without ALP).
The results indicated that this turn-on fluorescent bioassay
exhibited a high selectivity toward ALP.

The practical application of the bioassay in real samples
was tested by detecting ALP activity in 100-fold diluted hu-
man serum samples. As given in Table S2, the relative stan-
dard deviations (RSD) are from 2.95% to 4.12% (n=3) and
the recoveries are ranging from 96.7 to 103.0%, indicating the
potential of this method for applications in complicated bio-
logical samples.

Conclusions

In summary, a fluorescent assay has been reported for ALP
activity detection by the AA-decomposited CoOOH-CuNC
probes. This strategy is based on the reduction reaction of
CoOOH to Co®* ions by AA, which resulting in the decom-
position of the CoOOH and the releasing of CuNCs. The
assay displays good performance towards determination of
ALP activity. So the strategy may find wide applications in
drugs screening and early biological and clinical diagnostics.
Compared to other fluorescence methods for ALP activity
assay, CuNC-CoOOH probes possess good stability and
CuNCs have the advantages of strong fluorescence intensity.
However, it is a little time consuming to purify the CuNCs.
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