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Abstract A fluorescence turn-on assay for alkaline phospha-
tase (ALP) activity is developed through the controlled release
of polyethyleneimine-capped copper nanoclusters (PEI-
capped CuNCs) from the MnO, nanosheets. In an aqueous
solution, the positively charged PEI-capped CuNCs could be
adsorbed onto the surface of the negatively charged MnO,
nanosheets. Such adsorption through favorable electrostatic
interactions could efficiently quench the nanocluster fluores-
cence emission via resonance energy transfer from the PEI-
capped CuNCs to the MnO, nanosheets. 2-Phospho-L-ascor-
bic acid (AAP) could be hydrolyzed to L-ascorbic acid (AA)
in the presence of ALP. AA could reduce MnO, into Mn®* and
trigger the disintegration of the MnO, nanosheets. As a result,
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the CuNCs were released and the quenched fluorescence was
recovered efficiently. The detection strategy is simple, inex-
pensive, sensitive, selective, with low toxicity, and has better
biocompatibility. The newly fabricated biosensor for ALP ac-
tivity will potentially make it a robust candidate for numerous
biological and biomedical applications.

Keywords Enzyme activity - MnO, nanosheets - Alkaline
phosphatase - Cunanoclusters - Fluorescence assay

Introduction

Alkaline phosphatase (ALP) is an essential enzyme in phos-
phate metabolism. It is a type of widely used hydrolase enzyme.
The main role of ALP is to get rid of the phosphate functional
groups in a variety of biomolecules such as nucleic acids and
proteins. ALP is present in a variety of mammalian tissues and
plays significant roles in various biological processes in living
organisms [1, 2]. ALP has been identified as an important bio-
marker in the diagnosis of various diseases like diabetes [3],
bone disease [4], prostate cancer [5], and liver dysfunction
[6]. Consequently, it is essential to exploit simple, sensitive,
and selective approaches to detect ALP activity.

In recent years, many sensing systems with high sensitivity
and selectivity have been established to detect ALP activity,
such as the colorimetry [7, 8], electrochemistry [9, 10], chemi-
luminescence [11], surface-enhanced Raman scattering [12],
and fluorescence [13, 14]-based techniques. Among them,
fluorescence methods have several advantages and attractive
potentials due to their simplicity, high sensitivity, and real-
time detection capability with fast response time. So far, along
with traditional organic fluorophores [15, 16], some novel
fluorescent nanomaterials including metal nanoclusters and
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semiconductor quantum dots [17-19] have been applied to
detect ALP activity.

Metal nanoclusters (MNCs) are made up of several metal
atoms and developed rapidly in recent years [20-22]. They
show outstanding chemical, physical, electrical, and optical
properties [23-25]. Acting as promising fluorescent
nanomaterials, MNCs show appealing performance such as
large Stocks shift, high photostability, low toxicity, and good
biocompatibility [26—-28]. Compared to noble metals, Cu is
quite abundant, much cheaper, and widely used in industry.
CuNCs have aroused much interest in recent years for their
unique properties and various applications in catalysis, biolog-
ical imaging, and chemical sensing [29, 30]. However, prep-
aration of uniform and stable CuNCs continues to be a chal-
lenge owing to its sensitivity towards oxygen in the air [31,
32].

MnO, nanosheets have drawn wide attention recently and
found a number of biomedical and energy-related applica-
tions, e.g., lithium battery construction, drug delivery, biolog-
ical sensing, and cell imaging [33-35]. MnO, nanosheets have
excellent biocompatibility and can be easily modified
[36-39]. They show a broad absorption spectrum and intense
light absorption which can be used for efficient quenching of
the fluorescence emission of nanomaterials [40]. Such unique
feature has been utilized for fluorescence sensing and
imaging-related applications [41, 42].

Herein, a turn-on fluorescence assay for monitoring ALP
activity based on the polyethyleneimine (PEI)-capped CuNCs
and the MnO, nanosheets is established for the first time. The
key points of the sensing strategy are illustrated in Scheme 1.
The newly prepared MnO, nanosheets are negatively charged
which could adsorb the positively charged PEI-capped
CuNCs through electrostatic attractive interactions. The broad
and intense optical absorption spectrum of the MnO, nano-
sheets overlaps with the emission spectrum of the PEI-capped
CuNCs. As expected, the fluorescence of the PEI-capped
CuNGs is efficiently quenched by the MnO, nanosheets via
energy transfer. ALP catalyzes the hydrolysis of 2-phospho-L-

Scheme 1 Schematic illustration

of the strategy for the detection of o @ )
ALP activil Tam . g
y & @
Fluorescence on
PEI-capped CuNCs Mn?

@ Springer

. o)
HO' ol A =
MnO, nanosheets ~ ALP \,'/)\OH AAP HO AA
[e]

ascorbic acid (AAP) to produce L-ascorbic acid (AA). The in
situ generated AA could reduce MnO, into Mn** and trigger
the disintegration of the MnO, nanosheets. As a result, the
PEI-capped CuNCs are released from the surface of the nano-
sheets and the quenched fluorescence is restored. The results
corroborate that the restoration in fluorescence intensity of the
PEI-capped CuNCs is associated with the ALP concentration.

Experimental section
Materials

Polyethyleneimine branched (PEI, Mw = 10,000, 99%) was
purchased from Alfa Aesar (Tianjin, China). ALP was pur-
chased from Takara Biotechnology Co., Ltd. (Dalian, China).
2-Phospho-L-ascorbic acid trisodium salt, acetylcholinesterase
(from Electrophorus electricus), esterase, lipase, and trypsin
were purchased from Sigma (St. Louis, MO, USA). Lysozyme
was purchased from Dingguo Biotechnology Co., Ltd.
(Beijing, China). L-Ascorbic acid was purchased from
Sangon Biotech Co. Ltd. (Shanghai, China). All stock and
buffer solutions were prepared using water purified with a
Milli-Q A10 filtration system (Millipore, Billerica, MA,
USA).

Instrumentation

Emission spectra were acquired using a Fluoromax-4 spectro-
fluorometer (Horiba Jobin Yvon Inc., USA) with an excitation
wavelength of 360 nm. UV-Vis absorption spectra were re-
corded using a Cary 50 Bio Spectrophotometer (Varian Inc.,
CA, USA) equipped with a xenon flash lamp. Quartz cuvettes
with 10 mm path length and 2 mm window width were used
for emission and UV—Vis measurements. Zeta potential mea-
surements were performed with a Zetasizer NanoZS (Malvern
Instruments, USA). Atomic force microscopy (AFM) charac-
terization was performed on a Multimode-V (Veeco
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Fluorescence turn-on detection

Instruments, USA) using a tapping mode. Transmission elec-
tron microscopy (TEM) images were acquired on a JEM-
2100F high resolution transmission electron microscope
(Philips, The Netherlands) operated at 200 kV. Unless speci-
fied, all concentrations of the PEI-capped CuNCs, AAP,
MnO, nanosheets, and buffer were those in the final assay
solutions (total sample volume, 400 pL), and all spectra were
measured at 37 °C in 5 mM phosphate buffer at pH 8.2.

Preparation of the PEI-capped CuNCs

The PEI-capped CuNCs were prepared according to the pre-
vious report with slight modifications [27]. Firstly, 10 puL of
100 mM CuSQy, 130 pL of 7.7 mM PEI, and 5 mL of water
were mixed thoroughly under stirring for 10 min. Then, the
pH was adjusted to 5.0 using HAc, and 4 mM of AA was
added. The mixture was stirred overnight at room temperature.
After that, several milligrams of NaBH, were added. Finally,
the sample mixture was dialyzed for about 12 h to remove the
unreacted precursors and small molecular weight by-products.

Preparation of the MnO, nanosheets

The MnO, nanosheet preparation procedures were adapted
from the reported literature method [34]. In a typical experi-
ment, 20 mL of an aqueous solution of 3 wt% H,0O, and 0.6 M
tetramethylammonium hydroxide was first prepared. Then,
10 mL of 0.3 M MnCl, solution was added rapidly. The
resulting suspension was stirred vigorously overnight in the
open air at room temperature. The bulk manganese dioxide
was obtained though centrifugation, washed with water and
methanol, and dried in an oven. The MnO, nanosheets were
prepared via ultrasonication of the aqueous solution of the
bulk manganese dioxide.

Fluorescence quenching of the PEI-capped copper clusters
by MnO, nanosheets

Different amounts of the MnO, nanosheets (0, 13.75, 27.5,
41.25, 55, 68.75, 82.5,96.25, 110, 123.75, 137.5, 151.25, and
165 pg/mL, respectively) were added to the solution of the
PEI-capped copper nanoclusters (10 pL) in 5 mM phosphate
buffer (pH 8.2). The solutions were mixed thoroughly and the
emission spectra were taken.

2-Phospho-L-ascorbic acid concentration optimization

Sample mixtures of the total volume of 390 pL including the
MnO, nanosheets (55 pg/mL), phosphate buffer (5 mM, pH
8.2) and AAP of different concentrations (0.2, 0.4, 0.6, 0.8,
and 1 mM, respectively) in the presence and absence of ALP
(10 mU/mL) were incubated at 37 °C for 60 min. Then, ten mi-
croliters of the PEI-capped copper nanoclusters was added.

The samples were mixed and the fluorescence signals were
collected.

Sensing of alkaline phosphatase activity

Sample mixtures of the total volume of 390 pL including the
MnO,; nanosheets (55 pg/mL), AAP (0.8 mM), phosphate
buffer (5 mM, pH 8.2), and ALP of different concentrations
(0, 0.5, 1.0, 5.0, 10.0, 25.0, 50.0, 100.0, and 200.0 mU/mL,
respectively) were incubated at 37 °C for a certain period of
time (0~80 min). Ten microliters of the PEI-capped copper
nanoclusters was added. The resulting solutions were mixed
and the fluorescence signals were measured.

Selectivity of the alkaline phosphatase assay

The sample mixtures containing the MnO, nanosheets (55 png/
mL), AAP (0.8 mM), phosphate buffer (5 mM, pH 8.2), and
different enzymes (100 mU/mL ALP, 10 U/mL AChE, 10 U/
mL esterase, 10 U/mL lipase, 10 U/mL lysozyme, and 10 U/
mL trypsin, respectively) were incubated at 37 °C for 60 min.
Ten microliters of the PEI-capped copper nanoclusters was
added. The samples were mixed and the fluorescence signals
were collected.

Alkaline phosphatase activity assay in biological fluid

A total volume of 390 uL of the sample mixtures containing
5% human serum, MnO, nanosheets (55 pg/mL), AAP
(0.8 mM), phosphate buffer (5 mM, pH 8.2), and ALP at
various concentrations was incubated at 37 °C for 60 min.
Ten microliters of the PEI-capped copper nanoclusters was
added. The samples were mixed and the fluorescence signals
were collected.

Results and discussion
Synthesis and characterization of the PEI-capped CuNCs

PEI comprises many amino functional groups and has good
affinity for metal ions. It provides and acts as a template and a
protecting agent for the formation of nanomaterials, such as
Au nanoparticles [43], Cu nanoclusters [44], and Ag
nanoclusters [45]. We selected PEI (Mw = 10,000) as the
capping ligand in the present study to synthesize the PEI-
capped CuNCs. The as-prepared CuNCs exhibit good solubil-
ity in an aqueous solution. As shown in Fig. 1a, the NCs are
mostly spherical in shape and display an average diameter of
1.8 nm. UV—Vis absorption spectrum illustrates that there is
no characteristic surface plasmon band around 560-600 nm
[29]. The results suggest that there are no large copper nano-
particles formed. As shown in Fig. 1b, the fluorescence
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Fig. 1 (a) TEM images of the
PEI-capped CuNCs. Inset:
HRTEM image of the PEI-capped
CuNCs. (b) UV—Vis absorption
(black) and emission spectra
(blue) of the CuNCs

emission spectrum of the CuNCs shows a peak centered at
475 nm upon excitation at 360 nm. Moreover, the emission
intensity of the CuNCs was enhanced after the addition of a
small amount of NaBH, (Electronic Supplementary Material
(ESM), Fig. S1). The stability of the CuNCs was studied. As
shown in Fig. S2 (see ESM), the emission intensity at 475 nm
remained unchanged at different NaCl concentrations, and it
showed minor decline at increasing assay solution pH values.
After several temperature cycles, the fluorescence intensity
did not vary, which demonstrates that the CuNCs are quite
thermally stable.

Synthesis and characterization of the MnO, nanosheets

A facile procedure was adapted to prepare the MnO, nano-
sheets [34]. TEM and AFM results indicate that the newly
prepared MnO, nanosheets exhibit typical 2D sheet-like mor-
phology (Fig. 2a), with a thickness of about 0.8 nm (see ESM
Fig. S3). UV—Vis absorption spectrum shows that the MnO,
nanosheets have a wide absorption spectrum from 200 to
600 nm, with a characteristic peak at 360 nm (see ESM
Fig. S4) [34]. A negative zeta potential value of —38.8 mV
was obtained for the nanosheets as shown in Fig. S5 (see
ESM), indicating negatively charged MnO, nanosheet
surface.

Fig.2 TEM images of the MnO,
nanosheets (a) and the nanosheets
after the ALP enzymatic reaction
(b)
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Fluorescence quenching of the PEI-capped CuNCs
by the MnO, nanosheets

PEI-capped CuNCs were selected as the fluorescence probe to
detect ALP. They exhibit high cationic charge intensity due to
the large number of amino groups on PEI, which can facilitate
the electrostatic attractive interactions with the negatively
charged MnO, nanosheets. Upon incubation of the CuNCs
with the nanosheets, the NCs were easily adsorbed onto the
surface of the nanosheets. Zeta potential measurement was
used to monitor the surface charge of the MnO, nanosheets.
As shown in Fig. S5 (see ESM), the addition of the CuNCs
caused a significant change in surface potential from —38.8 to
8.34 mV, indicating the adsorption of the positively charged
CuNGCs. It was observed that the absorption spectrum of the
MnO, nanosheets overlapped well with the fluorescence
emission of the CuNCs (see ESM Fig. S4). Such a spectral
overlap clearly demonstrates that the fluorescence emission of
the CuNCs was quenched as a result of the resonance energy
transfer from the NCs to the nanosheets. As shown in Fig. 3a,
the emission of the CuNCs was efficiently quenched when
mixed with the MnO, nanosheets. A decreased fluorescence
intensity of the NCs at 475 nm was observed upon increasing
the amount of the nanosheets. These findings clearly suggest
that the fluorescence quenching efficiency is reliant on the
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Fig. 3 (a) Emission spectral changes of the PEI-capped CuNCs as a

function of the MnO, nanosheets concentration. (b) Fluorescence
quenching efficiency at 475 nm versus MnO, nanosheets concentration

concentration of the MnO, nanosheet, and over 90%
quenching efficiency was obtained when mixed with
165 pg/mL of the MnO, nanosheets (Fig. 3b).

ALP activity assay

The MnO, nanosheets can be reduced to Mn>* in the presence
of a proper reductant. The quenched fluorescence of the PEI-
capped CuNCs increased gradually when mixed with increas-
ing concentrations of AA (see ESM Fig. S6). The results dem-
onstrate that AA could trigger the reduction of the MnO,
nanosheets to Mn?>*. CuNCs were released, and recovery of
the fluorescence of the CuNCs was observed.

AAP was hydrolyzed to AA via the catalysis of ALP. As
shown in Fig. 2b, TEM image shows that no MnO, nano-
sheets were observed after the ALP enzymatic reaction. The
characteristic UV—Vis absorption band of the MnO, nano-
sheets at 380 nm also disappeared completely (see ESM
Fig. S7). The results directly corroborate that the MnO, nano-
sheets decomposed which was originated from the ALP cata-
lyzed substrate hydrolysis.

The substrate concentration was optimized as shown in
Fig. S8 (see ESM). When 0.8 mM 2-phospho-L-ascorbic acid
was used, the fluorescence intensity changes (AF) reached
maximum. As a result, 0.8 mM AAP was chosen for the

subsequent experiments. The reaction time was examined as
shown in Fig. S9 (see ESM). The emission intensity of the
CuNCs increased gradually with gradually prolonged reaction
time and reached its maximum at 60 min. Further increase in
reaction time led to little changes in emission intensity of the
CuNCs. Therefore, 60 min was selected as the optimal reac-
tion time.

ALP activity was studied under the optimum conditions.
The emission intensity of the CuNCs increased with increas-
ing ALP concentration (0.5-200 mU/mL) (Fig. 4). The fluo-
rescence emission intensity changes were proportional to the
ALP concentration from 1 to 50 mU/mL. The linear regres-
sion equation is IF = 43.16 + 0.91C (R* = 0.99), where “IF”
represents the emission intensity of the CuNCs at 475 nm and
Cis the ALP concentration in milliunit per milliliter. The limit
of detection (LOD) is estimated to be 0.27 mU/mL [13,
46-48].
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Fig.4 (a) Changes in emission spectrum of the CuNCs upon the addition
of ALP of different concentrations (0, 0.5, 1, 5, 10, 25, 50, 100, and
200 mU/mL). (b) CuNC emission intensity changes at 475 nm versus
ALP concentration
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Fig. 5 Selectivity study. Columns A—F: ALP, AChE, esterase, lipase,
lysozyme, and trypsin, respectively. ALP, 100 mU/mL; the other
enzymes, 10 U/mL each. The emission intensity of the CuNCs at
475 nm was recorded, and background emission was subtracted for
clarity

It should be noted that during the manuscript preparation
process, a paper using a similar assay strategy for the detection
of ALP was published [49]. The assay utilized carbon dots-
MnO, nanocomposite as the probe is simple, economical, and
green but requires high-temperature treatment (100 °C). Our
assay contains a more detailed study on the electrostatic inter-
actions of the PEI-Cu nanoclusters and the MnO, nanosheets
(Fig. S5). In addition, more microscopic characterizations are
included (Figs. 3 and S3). The results clearly show that the
fluorescence of the CuNCs was quenched by the MnO, nano-
sheets, and the in situ generation of ascorbic acid caused de-
composition of the nanosheets and turn-on fluorescence of the
NCs.

Selectivity study

To further assess the specificity of our assay towards ALP, the
selectivity experiments were carried out to test various possi-
ble interfering enzymes, including acetylcholinesterase
(AChE), esterase, lipase, lysozyme, and trypsin. As shown
in Fig. 5, a notable increase in emission intensity of the
CuNCs was found in the presence of ALP. On the contrary,
the other enzymes led to negligible optical responses even at a
very high concentration (10 U/mL). The results reveal that
these enzymes have no obvious interference and our sensing
method is highly selective towards ALP.

ALP activity assay in biological fluid

To evaluate the effectiveness and suitability of the method for
complex sample system, we applied it to a sample mixture
containing dilute human serum (5%). As shown in Fig. S10
(see ESM), under the same experimental conditions, the emis-
sion recovery of the CuNCs was enhanced upon the addition
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of increasing concentrations of ALP. These findings strongly
demonstrate that our method could be employed in biological
fluids.

Conclusions

In summary, we have developed a novel method for fluores-
cence “turn-on” detection of ALP. In the sensing system, the
PEI-capped CuNCs were employed as the fluorescence unit
and the MnO, nanosheets were used as fluorescence quench-
er. In an aqueous solution, the MnO, nanosheets could adsorb
the oppositely charged CuNCs. The fluorescence of the
CuNCs was quenched efficiently as a result of energy transfer
from the NCs to the nanosheets. In addition, ALP catalyzed
the hydrolysis of AAP to produce AA, which could reduce
MnO, to Mn?*, and triggered the decomposition of the MnO,
nanosheets. As a consequence, the CuNCs were released, a
turn-on fluorescence signal was observed, and a simple, sen-
sitive, and efficient sensing strategy for ALP detection was
established. Our assay possesses several impressive features.
The MnO, nanosheets and the CuNCs could be easily fabri-
cated. More importantly, the use of simple and inexpensive
materials makes the assay cost-effective. The sensor is simple
in design and preparation and can also be used in complex
sample system. Due to the better biocompatibility, the assay
could be easily extended to ALP activity-related biological
and biomedical applications.
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