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In this work, we report a fluorescent probe (TPEQN-P) for detecting alkaline phosphatase (ALP) with high
sensitivity and monitoring its activity based on the specific aggregation-induced emission (AIE) effect.
TPEQN-P can be constructed by conjugating the phosphate moiety into an AIE molecule (TPE-QI)
through a reactive p-hydroxybenzyl group, which exhibits very weak emission in aqueous media due to
its good water solubility. In the presence of ALP, TPEQN-P undergoes dephosphorylation and releases
the hydrolysis product TPE-QI, which is intensely fluorescent because of its poor water solubility. The
detection limit for ALP using TPEQN-P can be as low as 0.0077 U L™ with a linear range of 0-30 mU
mL~t in solution. TPEQN-P also shows excellent applicability in serum samples, demonstrating potential
applications in clinical diagnosis and biomedical research. TPEQN-P also can be applied for the
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Introduction

Alkaline phosphatase (ALP), a crucial enzyme that exists in
a variety of tissues (liver, bone, and so on), has been serving as
a critical biomarker for molecular biology and as a diagnostic
indicator for many human diseases, due to its great ability to
remove the phosphate group from corresponding substrates
(nucleic acids, proteins, alkaloids).* For example, bone diseases
(Paget’s disease, osteoblastic bone cancer, and osteomalacia)
and liver diseases or damage (hepatitis, cancer, and obstructive
jaundice) are all correlated with an abnormal level of ALP in
blood serum.>* Therefore, the establishment of a highly sensi-
tive, highly selective, and rapid detection method for ALP is
overwhelmingly meaningful.

Among the diverse detection strategies, fluorescence
approaches have attracted considerable attention due to their
high sensitivity, low cost, easy operation, and real-time detec-
tion.* Numerous fluorescent probes for detecting ALP have been
reported based on nanomaterials and small organic fluo-
rophores with various mechanisms.>® Nevertheless, most of the
traditional probes require either complex steps to give a suffi-
ciently detectable signal, or the introduction of a quencher to
reduce background fluorescence. Recently, a kind of fluorogen
with aggregation-induced emission (AIE) characteristics has
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determination of ALP activity and in ALP inhibitor screening.

emerged as a promising fluorescent probe. Unlike conventional
fluorophores, which suffer from emission quenching in high
concentrations or in the solid state due to strong m- stacking,
AIE fluorogens displayed no or weak emission in solution state,
but had strong emission in their condensed state due to the
restriction of intramolecular rotations (RIR).” Taking advantage
of this unique property, many fluorescent probes based on the
AIE effect have been reported for the detection of ions, gases,
small molecules, and biomolecules.®™ In particular, this AIE
feature has also been applied to detect ALP."” Despite this great
work, methods for the detection of ALP are still not sensitive
enough. Thus, the development of a simple and sensitive AIE
probe for ALP is still significantly important from both funda-
mental and practical viewpoints.

Herein, we designed and synthesized a cationic AIE fluores-
cent probe (TPEQN-P) bearing a phosphate moiety for detecting
ALP. TPEQN-P has excellent water solubility and displayed
negligible fluorescence in aqueous media. In the presence of ALP
however, the fluorescence increased significantly due to TPEQN-P

Soluble, fluorescence off

Insoluble, fluorescence on

Scheme 1 Schematic illustration of the ALP detecting strategy.
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having undergone a dephosphorylation reaction that released the
hydrolysis product (TPE-QI), which was insoluble and formed
aggregates in the detecting media (Scheme 1). This specific
fluorescence turn-on phenomenon enabled TPEQN-P to detect
ALP with high sensitivity in solution as well as in a serum sample.
The kinetic behaviour of ALP was determined and an ALP
inhibitor screening was performed, with TPEQN-P.

Results and discussion

The synthetic route for TPEQN-P is shown in Scheme S1.f
Briefly, intermediate compounds 1-4 and (E)-4-(4-(1,2,2-triphe-
nylvinyl)styryl)quinoline (TPE-QI) were synthesized according to
previous literature.”** TPE-QI and 4-(bromomethyl)phenyl
diethyl phosphate (4) were refluxed in acetonitrile, followed by
a hydrolysis reaction to give the desired product TPEQN-P in
79% yield. The chemical structures of these compounds were
characterized by "H and "*C NMR spectroscopy, high resolution
mass spectrometry (HRMS), and satisfactory analysis data cor-
responding to their expected molecular structures were
obtained.

TPEQN-P showed a long absorption band around 420 nm in
DMSO solution (Fig. S1t), which was attributed to the typical
intramolecular charge transfer (ICT) based on a previous
report.™ Upon photoexcitation, TPEQN-P exhibited almost zero
emission in solution (Fig. 1A). When the water fraction (f,,) was
increased up to 50%, TPEQN-P remained virtually non-
fluorescent. However, when f,, was greater than 50%, the fluo-
rescence gradually increased. At a f,, of 90% the emission
reached its maximum, which represented about a 10-fold
enhancement in intensity than that obtained in pure DMSO
(Fig. 1B). This enhanced emission could be associated with the
formation of aggregates, which suppressed the non-radiative
relaxation channels. For the purpose of practical application,
the emission behaviour of TPEQN-P was also investigated in
a DMSO and Tris-HCl buffer (10 mM, pH = 9.0) mixture. It is
noted that the fluorescence intensity of TPEQN-P became
weaker compared with that from the DMSO-water solution
(Fig. S27). Even when increasing the buffer fraction to 99%, the
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Fig. 1 (A) Emission spectra of TPEQN-P (10 puM) in a DMSO/water

mixture with different water fractions (f,,). (B) Plot of emission intensity
at 590 nm versus the composition of the water mixtures of TPEQN-P,
where Ig is the emission intensity at 590 nm of TPEQN-P in pure DMSO
solution. Inset: photograph of TPEQN-P in DMSO/water mixture with
0 and 99% f,, under 365 nm irradiation.
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emission was still not strong, indicative of its better solubility in
the buffer solution.

After proving the optical properties of TPEQN-P, its fluores-
cence response to ALP (100 mU mL™') was tested under
different pH conditions (Fig. S3t). The results revealed that
emission was enhanced for the pH values 8-10, indicating that
alkaline conditions were favourable for the detection process.
Meanwhile, the effect of temperature for ALP detection (100 mU
mL ") was also investigated (Fig. $47). It is obvious that the
emission of TPEQN-P could be enhanced by ALP when the
temperature was higher than 30 °C. Combining the optical
features and reactivity of TPEQN-P, we set up the optimized
detection conditions as follows: the probe in 80% Tris-HCl
buffer solution (10 mM, pH = 9.0) with 20% DMSO was incu-
bated with ALP at 37 °C for 1 hour.

The detailed response of TPEQN-P (10 uM) towards ALP was
then measured. As shown in Fig. 24, after the addition of ALP
(0-100 mU mL ") the absorption band at 430 nm decreased
gradually, along with the increase of a new absorption peak at
around 370 nm. Meanwhile, a clear isosbestic point is present at
400 nm, which suggests that a new species was generated by the
reaction of TPEQN-P and ALP. Correspondingly, introducing
ALP yielded an emission intensity enhancement at 495 nm
(Fig. 2C). When 60 mU mL™" ALP was used the emission
intensity reached saturation, with the emission color varying
from originally colourless to green under 365 nm UV irradia-
tion. It is noteworthy that the emission intensity at 495 nm
exhibited a good linear relationship (R* = 0.9923) against the
concentration of ALP ranging from 0 to 30 mU mL™" (Fig. 2D
inset), which enabled TPEQN-P to serve as a probe for ALP with
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Fig. 2 (A) UV-vis and (C) emission spectra of TPEQN-P (10 uM) after

addition of ALP with different concentrations. Plots of (B) absorbance
at 430 nm and 370 nm and (D) emission intensity at 495 nm, vs. the
concentration of ALP. Inset in (C): photograph of TPEQN-P in the
absence and presence of ALP under 365 nm irradiation. Inset in (D): the
linear relationship between intensity at 495 nm and the concentration
of ALP (0-30 mU mL™Y).

This journal is © The Royal Society of Chemistry 2018
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the capability of quantitative analysis. The detection limit for
ALP was calculated to be 0.0077 U L' based on the 3o/k
method, which is much lower than those of most reported
fluorescent probes (Table S1t), and is indicative of the high
sensitivity of TPEQN-P.

To further explore the detecting capability of TPEQN-P in
biological samples, an experiment was conducted in 80% Tris—
HCI buffer solution (10 mM, pH = 9.0) containing 2% fetal
bovine serum (FBS). The fluorescence was also enhanced with
increasing ALP concentration, although the rate of increase was
slower than that under the media without FBS (Fig. S57).
Importantly, a good linear relationship (R*> = 0.9983) was also
obtained when plotting the intensity at 495 nm against the
concentration of ALP from 0 to 30 mU mL™" (Fig. S5t inset).
Accordingly, the standard addition method was used to analyse
the concentration of ALP in diluted serum (Table 1). By
increasing the concentration of the standard solutions of ALP
from 5 to 25 mU mL™", the recovery of the spiked serum
samples was more than 96% while the relative standard devia-
tion (RSD) was less than 1.95%, suggesting that TPEQN-P has
a satisfying and practical applicability for the quantitative
analysis of ALP in real samples.

In order to confirm that the fluorescence enhancement
originated from the dephosphorylating reaction of TPEQN-P
triggered by ALP, a high performance liquid chromatography
(HPLC) analysis was performed. As described in Fig. S6,}
TPEQN-P displayed one peak at a retention time of 9.5 min.
After incubating TPEQN-P with ALP (100 mU mL™ ") the signal at
9.5 min disappeared, while a new peak at 19.5 min appeared
remarkably. Since pure TPE-QI was found to have a retention
time of 19.5 min, the observation proved that TPEQN-P was
dephosphorylated efficiently by ALP and led to the generation of
a new product TPE-QI. The effect of ALP on the micromor-
phology of TPEQN-P was further investigated by a scanning
electron microscope (SEM) and the results revealed that TPEQN-
P formed an amorphous film, probably due to its good solubility
in aqueous solution (Fig. 3A). However, uniform nanoparticles
were formed after the incubation of TPEQN-P with ALP (Fig. 3B),
which implied that the hydrolysis product of TPE-QI possess
poorer solubility under the same conditions. In addition, the
average diameter of nanoaggregates in the presence of ALP was
determined to be 280.8 nm by using dynamic light scattering
(DLS), whereas no signal was detected for TPEQN-P alone
(Fig. S71), which further confirmed the formation of TPE-QI
nanoaggregates in aqueous solution. Based on the RIR mech-
anism the aggregation blocks the intramolecular rotation,
which results in an enhancement of fluorescence.

Tablel Determination of ALP concentration in diluted serum samples

Added Found Recovery  RSD
Samples [MUmML™] [mUmL™'] [%] (n=3, %)
Diluted serum 5 4.799 96.03 1.95

15 14.858 99.07 1.76

25 25.273 101.01 0.87

This journal is © The Royal Society of Chemistry 2018

View Article Online

RSC Advances

Fig. 3 SEM images of TPEQN-P (10 uM) in the absence (A) and in the
presence (B) of ALP (100 mU mL™Y).

Furthermore, dynamic studies were conducted to study the
ALP-catalysed hydrolysis of TPEQN-P. The time-dependent
fluorescence intensity increment was measured by using
TPEQN-P (10 uM) with different amounts of ALP ranging from
0 to 100 mU mL~" within 80 minutes (Fig. S81). Clearly,
a sharper emission enhancement at 495 nm was acquired when
high concentrations of ALP were loaded into the solution of
TPEQN-P. This phenomenon demonstrated that a higher ALP
concentration led to a faster cleavage reaction rate of TPEQN-P
and promoted the generation of more TPE-QI.

Encouraged by the above results, kinetic parameters including
the Michaelis constant (Ky), the turnover number (k) and the
catalytic efficiency constant (k../Kym) were determined. Various
concentrations of TPEQN-P (0-15 uM) were incubated with ALP
(50 mU mL ") and the change of intensity at 495 nm was
monitored over 80 minutes. The emission intensity was found to
be enhanced along with increase of TPEQN-P concentration, and
this increase was rapid in the early stage (Fig. 4A). The data was
then directly fitted to the Lineweaver-Burk plot, 1/Vy = Ky/kead Eo]
[S] + 1/kcaEo], where Vj is the initial rate or velocity, [S] is the
concentration of substrate and [E,] is concentration of ALP. The
slope and intercept were obtained from a straight line (Fig. 4B
inset), and the Ky and k., were determined to be 29 uM and 4.95
s, respectively. The value of k../Ky Was calculated to be 5 x 10°
M~' S™', which was higher than that of the commercial substrate
4-MUP (keoi/Kny = 7.7 x 10° M~ ' §71), suggesting the high cata-
Iytic efficiency of ALP towards TPEQN-P.
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Fig. 4 (A) Time-dependent fluorescence intensity of TPEQN-P at
different concentrations (0-15 uM) incubated with 100 mU mL™ ALP
in aqueous solution. (B) Plot of initial velocity (V) against TPEQN-P
concentration. Inset in (B): Lineweaver—Burk plot for the reaction
between TPEQN-P and ALP.
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Fig. 5 (A) Bar graph of emission intensity at 495 nm of TPEQN-P (10

uM) incubated with various proteins. (B) Relative activity of ALP (100
mU mL™Y) as a function of different concentrations of NazVO, in
TPEQN-P solution (10 uM).

In order to evaluate the selectivity of TPEQN-P experiments
with other nonspecific enzymes including bovine serum
albumin (BSA), deoxyribonuclease (DNase), acetylcholines-
terase (AChE), esterase, human serum albumin (HSA), trypsin,
pepsin, and lysozyme were performed under the same condi-
tions. After incubation with 0.001 mg mL ™" of either BSA or
HSA, or 100 mU mL™" of one of the other enzymes, only ALP
induced about a 650-fold enhancement of emission whereas the
other proteins gave a negligible emission change (Fig. 5A and
S97). Experimental results indicated the existence of a specific
reaction between TPEQN-P and ALP, which endows TPEQN-P
with excellent selectivity towards ALP.

Considering that the activity of ALP can be extremely
inhibited in the presence of an inhibitor, we also evaluated the
possibility of using TPEQN-P for inhibitor screening assays. A
common phosphatases inhibitor, sodium orthovanadate
(NazVvO,), was selected for this study. ALP was pre-incubated
with different concentrations of Na;vVO, (0.01, 0.05, 0.1, 0.5, 1,
3, 5, 10, 30, 50, 100, 500, 1000, and 2000 uM) for 30 minutes,
then the above NazVO, pre-treated solution was added to
a solution of TPEQN-P, and the enzymatic reaction was moni-
tored by measuring the intensity at 495 nm. As revealed in
Fig. 5B, the emission intensity was reduced remarkably when
the concentration of Na;VO, was increased. The value of ICs,
was calculated to be 8.124 uM for NazVO,, which was in good
agreement with the values of previous reports.*»** These results
confirmed that TPEQN-P could be used for both the detection of
ALP activity and in a screening assay for an ALP inhibitor.

Conclusions

In conclusion, a sensitive fluorescent probe (TPEQN-P) was
developed for detecting ALP as well as monitoring its activity
based on the AIE effect. TPEQN-P was weakly emissive due to its
great solubility in aqueous media. In the presence of ALP,
TPEQN-P remarkably exhibited a fluorescence “turn-on”
response because of the synergetic effect of ALP catalysis and
the specific AIE feature of the catalysis product. The detection
limit for ALP was as low as 0.0077 U L™ ' with a linear range of 0-
30 mU mL™" in solution. Meanwhile, TPEQN-P also presented
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excellent applicability in a diluted serum sample. Furthermore,
ALP activity determination and ALP inhibitor screening could
be successfully investigated using TPEQN-P.

Experimental section

Chemical

CH,Cl, and N,N-dimethylformamide (DMF) were distilled over
CaH,. All other reagents and solvents were used directly from
the corresponding supplier without further purification. All
starting materials were purchased from TCI, Aladdin, Energy,
Accela and used directly. Bovine serum albumin (BSA) and
esterase were purchased from Aladdin, deoxyribonuclease
(DNase), acetylcholinesterase (AChE), human serum albumin
(HSA), trypsin, pepsin and lysozyme were purchased from
Sigma.

Instrumentation

Nuclear magnetic resonance spectra (*H, *C NMR) were
recorded on a Bruker Ascend 400 (‘H at 400 MHz, *C at 101
MHz) or a Bruker Ascend 600 (*H at 600 MHz, *C at 151 MHz).
The chemical shifts are reported as ppm and solvent residual
peaks were shown as follows: CDCl; 6 H (7.26 ppm) and ¢ C
(77.16 ppm); CD;OH ¢ H (3.31 ppm) and ¢ C (49.00 ppm). UV-
visible absorption spectra were measured on a Purkinje TU-
1950 spectrometer. Fluorescence spectra were recorded on
a Hitachi F-7000 spectrometer. Dynamic Light Scattering (DLS)
was carried out on a Malvern Zetasizer Nano ZS90. High
performance liquid chromatography (HPLC) spectra were ob-
tained on a Hitachi Chromaster. SEM pictures were be obtained
on an environmental scanning electron microscope Quanta
200. High-resolution mass spectra were obtained on a Bruker
Maxis and Microflex and are reported as m/z (relative intensity).

Preparation of aggregates

Stock DMSO solutions of the fluorogens with a concentration of
1 mM were prepared. Aliquots of the stock solutions were
transferred to 3 mL volumetric flasks. After appropriate
amounts of DMSO were added, water was added dropwise
under vigorous stirring to give 10 uM solutions with different
water contents (0-99 vol%). The fluorescence measurements of
the resulting solutions were then performed immediately.

ALP activity assay

TPEQN-P stock solution (1 mM in DMSO) was diluted with 80%
Tris-HCl buffer (10 mM, pH = 9.0) and 20% DMSO to make a 10
uM working solution. Different amounts of ALP stock solutions
(75 U mL™" in Tris-HCI buffer, 10 mM, pH 9.0, 1 mM MgCl,,
0.1 mM ZnCl,) were added into the solution of TPEQN-P to yield
final concentrations of ALP ranging from 0 to 100 mU mL ™.
The UV-vis and fluorescence measurements were carried out
after the prepared solutions were incubated at 37 °C for 1 hour.
For the selectivity test, all other enzymes were tested under the
same conditions with ALP.

This journal is © The Royal Society of Chemistry 2018
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ALP activity assay in serum samples

The fetal bovine serum (FBS) was diluted with Tris-HCI buffer
(10 mM, pH = 9.0) to prepare 80% Tris-HCI buffer (10 mM,
pH = 9.0) and 20% DMSO (containing 2% FBS) solution. The
ALP activity assay of the serum sample was then carried out
according to above method “ALP Activity Assay”. Different
concentrations of ALP (5, 15 and 25 mU mL™ ') were spiked with
the serum solution and used for recovery tests.

Kinetic studies

To determine the kinetic parameters of the hydrolysis reaction
by ALP, TPEQN-P was dissolved in 80% Tris-HCI buffer (10 mM,
pH = 9.0) and 20% DMSO to prepare TPEQN-P solutions of
different concentrations (0, 1.0, 2.0, 5.0 and 10 pM), followed by
the addition of ALP (100 mU mL™") for the dephosphorylation
reaction. The enzymatic reaction was monitored through the
change of fluorescence intensity at 495 nm at different time
intervals after incubation at 37 °C for 1 hour. The kinetic
parameters (e.g., Ky and k) of the hydrolysis reaction of
TPEQN-P were determined from a Lineweaver-Burke plot.

ALP inhibitor investigation

In order to investigate the application of TPEQN-P for ALP
inhibitor evaluation, Na;VO, solution with different concen-
trations (from 0.01 to 2000 uM) was added into the ALP reaction
system (100 mU mL~") at 37 °C for 30 min. The inhibitor treated
ALP reaction solution was mixed with TPEQN-P (10 uM) in 80%
Tris-HCl buffer (10 mM, pH = 9.0) and 20% DMSO at 37 °C for 1
hour, and then the fluorescence spectrum was recorded.
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