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orescence sensor based on
enzymatically activatable micellization of TPE
derivatives for quantitative detection of alkaline
phosphatase activity in serum†

Jeongmoo Lee,‡ab Seoyun Kim,‡ab Tae Hoon Kimc and Seoung Ho Lee *ab

A novel ratiometric fluorescence assay via enzymatically activatable micellization in aqueous solution was

devised for quantitative detection of alkaline phosphatase (ALP) activity. We demonstrated that the

dephosphorylation of the water-soluble, phosphate-functionalized, fluorophore monomer P-TPE-TG,

induced by an enzymatic reaction of ALP, leads to micelle formation in aqueous solution because its

water-soluble functionality is reduced. The dephosphorylation-induced micellization of P-TPE-TG

exhibited a ratiometric sensing response for various ALP concentrations (10–200 mU mL�1) and

provided a suitable sensing platform for naked eye detection with increased fluorescence quantum yield

(F ¼ 3.2%), even compared to a typical TPE-based sensor (F ¼ 1.0%), where ALP can be sensed with

a detection limit of 0.034 mU mL�1. In addition, P-TPE-TG displayed excellent sensing performance at

concentrations from 0 to 50 mU mL�1 in diluted human serum (10%), which offers the capability to

exploit ratiometric responses for bioactive substances under practical conditions.
Introduction

Enzymes are involved in many complex chemical reactions in
living organisms. As an example, alkaline phosphatase (ALP)
plays an important role associated with dephosphorylation in
various metabolic processes in cells.1,2 Deregulation of the
dephosphorylation induced by abnormal levels of ALP can lead
to serious problems in the liver, kidney, gallbladder, etc.3,4

Accordingly, during the past several decades, numerous uo-
rescence sensors for monitoring ALP's activity have been
designed and developed.5–7 In particular, considerable efforts
have focused on the development of efficient uorogenic
systems that work in practical blood conditions.8,9 However,
relatively few reports of effective ALP sensors that operate in the
real blood system have been reported because most uores-
cence sensors are limited in converting their detection into
uorescence signals in the presence of various interfering
substances.10

Fluorescence chemosensors based on the aggregation-
induced emission (AIE) effect have attracted considerable
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tion (ESI) available. See DOI:

work.

26894
attention due to their tremendous potential as effective turn-on
sensing tools.11,12 In particular, tetraphenylethylene (TPE)
derivatives have been widely studied as representative AIE
compounds.13,14 These TPE derivatives do not emit light but
exhibit strong uorescence resulting from the restriction of
their motion in the aggregated state. Moreover, the AIE effect of
TPE aggregates tends to increase as their motions are further
conned, resulting in enhanced uorescence.15,16 However,
since the solubility issue of aggregated TPE in aqueous solution,
which can affect the photophysical properties, hinders the
application to practical biosensors, a new type of sensing plat-
form based on TPE derivatives is required.17

A micelle refers to an aggregate of amphiphilic molecules
above a certain concentration under particular solvent condi-
tions. In aqueous media, when micelles are formed, hydro-
phobic units of the inner part are surrounded by hydrophilic
groups, which stabilize and allow the aggregates to dissolve
well.18,19 The micelle formation in aqueous media is mainly
affected by the hydrophobic degree of the amphiphiles and
various environmental factors such as pH, solvent polarity, and
temperature. Since such characteristics for micellization can
provide a useful platform for drug delivery, molecular encap-
sulation, and chemical sensors, numerous application studies
based on micelle formation and relaxation have been con-
ducted.20,21 In particular, micelle-based probes have been
considered a promising candidate as potential chemo- and bio-
sensors due to their structural exibility and versatility, along
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Schematic illustration for the self-assembly of P-TPE-TG by
enzymatic reaction of ALP.
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View Article Online
with the possibility of controlled adjustment of the
parameters.22–24

In this work, we report a novel ratiometric uorescence
sensory system for quantitative detection of ALP, which is based
on enzymatically activatable micellization. As shown in Fig. 1,
phosphate-functionalized (P) tetraphenylethylene (TPE) with
a tetraethylene glycol unit (TG), P-TPE-TG, was designed to be
soluble in water and emit blue light. Dephosphorylation of P-
TPE-TG with ALP induced a micellar structure in aqueous solu-
tions, where TPE derivatives with decreased hydrophilicity were
self-assembled. The micellization of P-TPE-TG by enzymatic
reaction gave rise to ratiometric uorescence colour changes with
increased quantum yield. This new system affords practical
sensing ability for the detection of ALP's activity in human serum.
Results and discussion
Synthesis

The water-soluble P-TPE-TG and amphiphilic counterpart TPE-
TG forming micelles in aqueous solutions were synthesized, as
outlined in Scheme 1. The control monomer P-TPE was also
prepared, which is water-soluble but can be aggregated by enzy-
matic reaction with ALP.25 Compound 1 was synthesized in
64.0% yield from commercially available benzophenone and 4,40-
dihydroxybenzophenone via an Ti-catalyzed reaction, as
described in the literature (Scheme S1†).26 A phosphonate ester
group was readily incorporated into 1 to produce 2 in 43% yield.
Scheme 1 Synthesis of P-TPE-TG and its catalysed form TPE-TG.
Reaction conditions: (i) ClPO(OEt)2, TMA, THF, rt; (ii) K2CO3, CH3CN,
80 �C; (iii) TMSBr, MeOH/CH2Cl2 (1 : 4, v/v), rt.

This journal is © The Royal Society of Chemistry 2020
Then, alkylation of 1 and 2 with monotosylated-tetraethylene
glycol was performed to give 3 and TPE-TG in 79% and 45%
yield, respectively. Finally, the phosphonate ester group was
hydrolysed with bromotrimethylsilane in MeOH/CH2Cl2 (1 : 4, v/
v). The water-soluble P-TPE-TG and P-TPE were obtained as pale-
yellow solids in good yields (56–65%). The structures of P-TPE-
TG, TPE-TG, and P-TPE were fully characterized by 1H-NMR, 13C-
NMR, 31P-NMR and ESI-MS spectroscopy (see the ESI†).
Enzymatic activation of P-TPE-TG

Dephosphorylation of P-TPE-TG by ALPwas investigated with high
performance liquid chromatography (HPLC) aer incubating
a solution of P-TPE-TG (1.0� 10�5M) with ALP (100mUmL�1) for
20 minutes for the enzymatic reaction in 10 mM Tris–HCl buffer
solution at pH 7.4. Fig. 2 shows HPLC traces before and aer the
enzymatic reaction of P-TPE-TG, and its catalyzed form TPE-TG, in
CH3CN/H2O (1/2, v/v). The peak of P-TPE-TG at approximately 12.5
minutes of elution time appeared at approximately 13.7 minutes
aer the reaction with ALP (Fig. 2a and b). Interestingly, the peak
of the P-TPE-TG incubated with the ALP corresponds to the
elution time of its catalyzed form TPE-TG (Fig. 2c). Thus, we
conrmed that P-TPE-TG undergoes a dephosphorylation that
removes a hydrophilic phosphate group aer an enzymatic reac-
tion with ALP, thereby increasing its hydrophobic nature.
Structural studies of P-TPE-TG for ALP

The micellization of P-TPE-TG induced by enzymatic reaction
with ALP was demonstrated by eld emission scanning electron
microscopy (FE-SEM), atomic force microscopy (AFM), and
Fig. 2 HPLC traces of (a) P-TPE-TG (1.0 � 10�5 M), (b) P-TPE-TG (1.0
� 10�5 M) incubated with ALP (100 mU mL�1) for 20 min, and (c) TPE-
TG (1.0 � 10�5 M). Absorbance was monitored at 330 nm.

RSC Adv., 2020, 10, 26888–26894 | 26889
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dynamic light scattering (DLS) studies. A solution of P-TPE-TG
(1.0 � 10�5 M) incubated with ALP (100 mU mL�1) was depos-
ited on a carbon grid, the SEM image of which shows micellar
agglomerates (bright contrast) with an average grain size of
approximately 116.4 nm (Fig. 3a). This observation is consistent
with AFM results, where three-dimensional AFM image of
dephosphorylated P-TPE-TG displays micelle-like particles with
an average size of 112.4 nm (Fig. S1†). As shown in Fig. 3b, the
DLS result also exhibits similar features as its distribution
prole represents an average size of 219.4 nm with a maximum
size of approximately 458.7 nm. In the SEM image, the size of
solid state can be contracted by dryness compared to that of the
solution state in DLS.27,28 As expected, none of SEM, AFM or DLS
result was obtained for P-TPE-TG that was not incubated with
ALP. Interestingly, TPE-TG (1.0 � 10�5 M) exhibited similar
features to those of P-TPE-TG incubated with ALP in DLS results
(Fig. 3b). Then, we performed the concentration-dependent
experiments in DLS, where P-TPE-TG was not detectable
although its concentration increased in aqueous solutions, but
TPE-TG showed increased particle size aer 2.0 � 10�6 M
(Fig. S2†), indicating that micelle formation commenced at this
concentration. Based on the above observation, the aggregation
of P-TPE-TG by ALP in aqueous media is attributed to the
intermolecular hydrophobic interaction between the TPE units
with reduced hydrophilic properties caused by dephosphoryla-
tion of P-TPE-TG. Thus, we considered that the aggregated TPE
units were located inside the aggregate, thereby forming
a micellar structure in aqueous solutions.
Optical response of P-TPE-TG to ALP

The aggregation of TPE units in the micellar structure was
further claried by UV/vis absorption and uorescence
Fig. 3 (a) SEM image of P-TPE-TG (1.0 � 10�5 M) on a carbon grid; (b)
hydrodynamic radii obtained from DLS of P-TPE-TG (1.0 � 10�5 M)
incubated with ALP (100 mU mL�1) for 20 minutes and TPE-TG (1.0 �
10�5 M) in aqueous solution.

26890 | RSC Adv., 2020, 10, 26888–26894
spectroscopy. Fig. 4 shows the UV/vis absorption and uores-
cence emission spectra of P-TPE-TG (1.0 � 10�5 M) in the
presence of ALP (100 mUmL�1) and TPE-TG in 10 mM Tris–HCl
buffer solution (pH 7.4, 37 �C). Many previous studies of TPE-
based uorescence sensors showed that due to freely-rotating
groups of a TPE unit, the excited molecules relax through
these rotations leading to non-uorescence emission, and this
rotation can be reduced through the formation of intermolec-
ular aggregates, thereby exhibiting uorescence at approxi-
mately 470–480 nm. As shown in Fig. 4b, however, the water-
soluble P-TPE-TG exhibits a structured uorescence band at
lmax ¼ 385 nm; remarkably, it does not display the emission
corresponding to TPE aggregates oen seen from common TPE-
based sensors at a longer emission wavelength. The fact that P-
TPE-TG is not aggregated in water is attributed to the high water
solubility induced by both phosphate and TG groups. Since P-
TPE-TG does not aggregate, the strong monomeric emission of
P-TPE-TG is possibly due to the structural rigidity of TPEs
resulting from the surrounding water-soluble TG groups.29

The addition of ALP (100 mU mL�1) induced signicant
uorescence changes, where the monomeric emission at
385 nm was reduced while the excimer-like band was increased
at 475 nm. As shown in Fig. 4a, in addition, the absorption
spectrum of P-TPE-TG was slightly red-shied (Dl ¼ 15 nm)
with the scattered feature by ALP. Based on above observations,
the dephosphorylated TPE moieties of P-TPE-TG are likely to
aggregate in the ground state due to its increased hydrophobic
feature. This intermolecular aggregation causes restrictions on
the molecular rotations of the TPE moieties, which results in
strong excimer-like emission as seen in previously reported
Fig. 4 (a) UV-vis absorption and (b) fluorescence emission spectra of
P-TPE-TG (1.0 � 10�5 M) incubated with ALP (100 mU mL�1) for 20
minutes and TPE-TG (1.0� 10�5 M) in 10 mM Tris–HCl buffer solution,
at 37 �C, pH 7.4. Excitation at 330 nm.

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Fluorescence responses of P-TPE-TG (1.0� 10�5 M) and P-TPE
incubated with ALP (100 mU mL�1) for 20 minutes in 10 mM Tris–HCl
buffer solution, at 37 �C, pH 7.4. Excitation at 330 nm.
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TPE-based sensors with AIE system. Interestingly, both UV/vis
and uorescence spectral results of P-TPE-TG with ALP were
also similar to those of the catalyzed form TPE-TG. The slightly
reduced uorescence of dephosphorylated P-TPE-TG compared
to that of TPE-TG at lmax ¼ 475 nm is attributed to the
quenching effect of the ALP, which is supported by the addi-
tional experiment that uorescence of TPE-TG can be quenched
by ALP (Fig. S3†). The concentration-dependent uorescence
changes provide clear information for the aggregation of TPE
units, in which TPE-TG showed stronger excimer-like uores-
cence with increasing concentration, whereas P-TPE-TG showed
its monomeric uorescence even at very high concentration
(Fig. S4†). Especially, the excimer-like uorescence intensity at
475 nm was markedly increased at 2.0� 10�6 M, conrming the
critical concentration for aggregation of TPE-TG. These results
indicate that dephosphorylation of P-TPE-TG allows photo-
physical interaction between TPE units, suggesting that micelle-
like structures with TPE aggregates can be formed in aqueous
solutions.

Fig. 5a shows the ratiometric uorescence changes of P-TPE-
TG incubated with various amounts of ALP for 10 minutes in
10 mM Tris–HCl buffer solution (pH 7.4, 37 �C). As the ALP
concentration increases, the uorescence intensity at 385 nm
gradually decreases and the excimer-like uorescence at 475 nm
is intensively enhanced, where an isoemissive point at 424 nm
is observed, indicating the emission from two distinct species.
As shown in Fig. 5b, S5 and S6,† the uorescence changes
(Il¼475/Il¼385) as a function of time were accelerated at the
higher ALP concentrations, where the ALP's activity can be
quantitatively monitored with an analytical detection limit
Fig. 5 (a) Fluorescence changes and (b) time-dependent fluores-
cence changes (I475/I385) of P-TPE-TG (1.0 � 10�5 M) incubated with
various concentrations of ALP for 10 min in 10 mM Tris–HCl buffer
solution at 37 �C, pH 7.4. Excitation at 330 nm.

This journal is © The Royal Society of Chemistry 2020
(ADL) of <0.034 mU mL�1 (Fig. S5†).30 This result indicates that
a higher concentration of ALP gives rise to a faster cleavage
reaction of P-TPE-TG, which promotes the generation of TPE-
TG.

We then evaluated the potential of the micellar structure to
act as a sensor by comparing the sensing responses of P-TPE-TG
with those of the control monomer P-TPE as a result of an
enzymatic reaction with ALP. Compound 1, the product of the
enzymatic reaction of water-soluble P-TPE with ALP, can form
a randomly aggregated structure in aqueous solutions.31 Inter-
estingly, P-TPE-TG exhibits approximately three-fold increased
uorescence compared to P-TPE in the presence of ALP, as
shown in Fig. 6. The increased uorescence is attributed to the
fact that the micellar structure allows more restriction than
Fig. 7 (a) Fluorescence changes of P-TPE-TG (1.0 � 10�5 M) incu-
bated with various concentrations of ALP for 60 min in diluted serum
(10%) at 37 �C, pH 7.4; (b) titration profile with Il¼475/Il¼385 ratio and
corresponding fluorescence colour changes (inset). Excitation at
330 nm.

RSC Adv., 2020, 10, 26888–26894 | 26891
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Table 1 Detection of specified ALP concentration in human serum

Probes
Real value (mU
mL�1)

Measured value (mU
mL�1) Recovery (%)

P-TPE-TG 20 18.96 � 0.84a 94.80
DPP 20 25.44 � 4.15b 127.20

a The sample was measured three times. b The sample was measured
two times.
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randomly aggregated structures in the conformational exi-
bility of TPE moieties, which would otherwise lead to non-
radiative decay through the rotatory motion.32 In addition, since
the TPE units are structurally located inside the micelle, the
water contact of luminescence units can be reduced, thereby
inhibiting the nonradiative decay caused by contact with a high
polar solvent.33 As a result, this study clearly shows that the
newly designed P-TPE-TG based on enzymatically activatable
micellization can be a useful tool for monitoring ALP's activity.
ALP detection of P-TPE-TG in serum

In order to provide practical insight into the bioanalytical
applications of P-TPE-TG, the detection of ALP's activity was
investigated in human serum at 37 �C, and pH 7.4 (Fig. 7). The
solution was prepared with 1.0 � 10�5 M of P-TPE-TG in 10%
diluted serum (10 mM Tris–HCl buffer/serum, 9 : 1, v/v) at pH
7.4 and incubated for 60 minutes aer the addition of ALP.
Fig. 7a showed the ratiometric uorescence changes of P-TPE-
TG at various ALP concentrations in 10% diluted serum, where
the uorescence was gradually red-shied with increasing ALP
concentration. The titration prole of the uorescence ratio
changes and the corresponding uorescence colour changes
enabled the ALP concentration in serum to be approximately
measured. Given that the normal concentration of ALP in 10%
diluted serum is 4.0 to 19.0 mU mL�1, the P-TPE-TG can
quantitatively detect the activity (>190 mUmL�1) of surplus ALP
in practical serum conditions.34

Finally, we explicitly tested whether the specied concen-
tration of ALP could be probed by this system. Based on the
calibration plot derived from the titration prole of P-TPE-TG
for ALP, 20 mU mL�1 of ALP concentration was evaluated,
resulting in the recovery rate of 94.80% (measured value of
18.96 � 0.84 mU mL�1) as shown in Table 1 and Fig. S7.† This
result is comparable to the result (recovery rate: 127.20%) ob-
tained by the well-known Kind and King's method for detecting
the ALP's activity using disodium phenyl phosphate (DPP).35

Thus, this study clearly demonstrates that the newly designed
orescence sensor based on enzymatically activatable micelli-
zation can be a useful tool for the activity assay of ALP even in
real biological applications.
Experimental
Instrumentation

NMR spectra were recorded using a Bruker instrument
(AVANCE III 500), operating at 500 MHz for 1H-NMR and at 125
26892 | RSC Adv., 2020, 10, 26888–26894
MHz for 13C-NMR. UV/vis absorption spectra were recorded
using a Sinco Mega-2100 UV-vis spectrometer. Steady-state
uorescence spectra were obtained with a Shimadzu uorom-
eter RF-6000. A 1 cm quartz cuvette was used for all spectral
measurements. DLS experiments were performed with Zetasizer
Nano S90 from Malvern Panalytical. SEM images were obtained
with a Hitachi FE-SEM S-4300. HPLC studies were performed
with Shimadzu LC-10A (HPLC pump) and SPD-10A (UV
detector). ALP activity using ALP assay kit was monitored using
ELISA reader (Innite F200) from Tecan Austria GmBH.

Sample preparation

A 1 cm quartz cuvette was used for all spectral measurements.
Stock solutions (5.0 mM) of TPE-TG, P-TPE, and P-TPE-TG were
prepared in DMSO. The solution was kept at rt. The ALP (stock
solutions ¼ 5 U mL�1 in 10 mM, pH 7.40 Tris–HCl buffer
solution containing 1 mM MgCl2, 0.1 mM ZnCl2) was tested to
evaluate the uorogenic response of P-TPE and P-TPE-TG. For
all uorescence measurements, the excitation was made at
330 nm and the uorescence emission was monitored at
385 nm and 475 nm.

Fluorescence quantum yield is reported relative to known
standards (quinine sulphate, F ¼ 0.55 in 0.5 M H2SO4). The pH
of the buffer solution was adjusted with 0.1 M HCl using a Lab
850 Benchtop pH meter.

To obtain clear SEM or AFM patterns, micellized P-TPE-TG
was ltered using a hydrophobic syringe lter (0.45 mm) to
remove large particles. Aer the lms were prepared by drop-
casting a ltered solution of micellized P-TPE-TG onto
a copper grid or a silicon wafer, they were sufficiently washed in
a deionized water bath and dried at rt for 24 hours to remove
residual water.

To evaluate the activity of ALP using DPP, commercially
available ALP assay kit from Asan Pharm. Co. was used and
carried out according to the procedure provided by the
company. Absorbance was monitored at 517 nm.

Serum lipid extraction with organic solvent

Normal human serum purchased from Sigma-Aldrich Chemical
Company was used and its specications are listed in Table S1.†
Extraction with a chloroform–methanol mixture was based on
the methodology of Folch et al.36 Aer 4 mL of normal human
serum was added to 10 mL of chloroform–methanol (2 : 1, v/v),
the mixture was agitated manually for 1 minute and centrifuged
at 4000 rpm for 10 minutes at rt. Aer centrifugation, the
aqueous phase was collected and repeated once more with
hexane.37

Synthetic procedure

Compound 1 was prepared in a good yield as described in the
literature.26

Synthesis of compound 2

To a solution of 4,4'-(2,2-diphenylethene-1,1-diyl)diphenol (1)
(1.2 g, 3.2 mmol) in dried THF (15 mL), TMA (1.0 g, 16.1 mmol)
This journal is © The Royal Society of Chemistry 2020
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was added. Aer stirring for 5 minutes, diethyl phosphoro-
chloridate (0.6 g, 3.6 mmol) was added to the reaction mixture.
The resulting mixture was vigorously stirred at rt for 24 hours
under argon gas. Aer the solvent was removed in vacuo, the
reaction mixture was acidied with 5% aqueous HCl solution (5
mL), and then extracted with CH2Cl2 (200 mL). The organic
layer was separated and washed with water (100 mL) and dried
over anhydrous MgSO4, and the solvent was evaporated to yield
a yellow solid. The pure product was isolated by column chro-
matography on silica gel using ethyl acetate : hexane (1 : 1) as
the eluent. Yield: 43%; 1H NMR (500MHz, CDCl3): 7.10–7.05 (m,
6H), 6.94–6.91 (m, 6H), 6.83 (d, 2H, J ¼ 8.7 Hz), 6.57 (d, 2H, J ¼
8.7 Hz), 4.20–4.14 (m, 3H), 1.31 (t, 6H, J ¼ 14.2 Hz); 13C NMR
(125 MHz, acetone-d6): d 149.59, 149.54, 143.49, 141.69, 140.18,
139.12, 132.36, 130.98, 127.81, 126.60, 119.40, 119.36.

General procedure for TPE-TG and 3

To a solution of compound 1 (0.4 g, 1.0 mmol) or 2 (0.5 g, 1.0
mmol) in dried CH3CN (20 mL), dried K2CO3 (0.1 g, 0.6 mmol)
was added. Aer stirring for 5 minutes, monotosylated TG
(0.4 g, 1.2 mmol) was added to the reaction mixture. The
resulting mixture was vigorously stirred at 80 �C for 6 hours
under argon gas. Aer the reaction mixture was allowed to rt,
the solvent was removed in vacuo. The reaction mixture was
acidied with 5% aqueous HCl solution (30 mL), and then
extracted with ethyl acetate (150 mL). The organic layer was
separated, washed with water (50 mL) and dried over anhydrous
MgSO4, and the solvent was evaporated to yield a yellow solid.
The pure product was isolated by column chromatography on
silica gel using ethyl acetate as the eluent.

Compound 3. Yield: 79%; 1H NMR (500 MHz, CDCl3): 7.10–
7.06 (m, 6H), 7.02–6.97 (m, 6H), 6.94 (d, 2H, J¼ 8.00 Hz), 6.89 (d,
2H, J ¼ 9.00 Hz), 6.65 (d, 2H, J ¼ 9.00 Hz), 4.05 (t, 2H, J ¼ 4.50
Hz), 3.81 (t, 2H, J ¼ 5.00 Hz), 3.72–3.66 (m, 13H), 3.60 (t, 3H, J ¼
4.00 Hz), 1.30 (t, 6H, J ¼ 7.00 Hz); 13C NMR (125 MHz, CDCl3):
d 157.37, 144.82, 133.00, 131.28, 129.84, 127.96, 126.31, 119.16,
113.77, 72.48, 70.71, 70.63, 70.45, 70.31, 69.27, 68.68, 61.68,
21.62.

TPE-TG. Yield: 45%; 1H NMR (500 MHz, CDCl3): 7.11–6.99
(m, 10H), 6.90 (d, 2H, J¼ 8.85 Hz), 6.86 (d, 2H, J¼ 8.65 Hz), 6.63
(d, 2H, J ¼ 8.85 Hz), 6.56 (d, 2H, J ¼ 8.7 Hz), 4.04 (t, 2H, J ¼ 9.85
Hz), 3.80 (t, 2H, J ¼ 9.65 Hz), 3.72–3.65 (m, 10H), 3.61–3.59 (m,
2H); 13C NMR (125 MHz, THF-d8): d 157.68, 156.41, 144.60,
140.72, 138.49, 134.73, 132.40, 132.40, 131.25, 131.25, 127.40,
125.71, 114.26, 113.33, 70.68, 70.56, 70.43, 69.57, 61.27; ESI(+)
MS (m/z): [M + Na]+ calcd for C34H36O6, 563.2410; found,
563.2412.

General procedure for P-TPE and P-TPE-TG

Compound 2 (0.7 g, 1.0 mmol) or 3 (0.7 g, 1.0 mmol) was dis-
solved in 15 mL of CH3OH/CH2Cl2 (v/v, 1 : 4) and cooled in an
ice/water bath. Bromotrimethylsilane (TMSBr, 0.98 mL) was
added to the solution dropwise. Upon the completion of the
addition, the reaction mixture was allowed to warm to rt and
stirred for another 4 hours. The excess of bromotrimethylsilane
and the solvent were removed in vacuo.
This journal is © The Royal Society of Chemistry 2020
The residue was dissolved in saturated NaHCO3 and then
washed three times with CH2Cl2. The aqueous phase was
acidied with 5% aqueous HCl solution and poured into ethyl
acetate. The organic layer was dried over anhydrous MgSO4,
ltered and evaporated under reduced pressure. The product
was stored as a yellow solid.

P-TPE. Yield: 65%; 1H NMR (500 MHz, (CD3)2CO): 7.14–7.06
(m, 6H), 7.04–6.95 (m, 8H), 6.83 (d, 2H, J¼ 8.50 Hz), 6.60 (d, 2H,
J ¼ 8.50 Hz); 13C NMR (125 MHz, (CD3)2CO): d 157.04, 144.94,
141.03, 135.61, 133.35, 129.05, 128.62, 127.15, 115.51; ESI(+) MS
(m/z): [M � H] calcd for C26H20O5P, 443.1048; found, 443.1048.

P-TPE-TG. Yield: 56%; 1H NMR (500 MHz, CDCl3): 7.10–6.96
(m, 10H), 6.89–6.84 (m, 6H), 6.61 (d, 2H, J ¼ 8.6 Hz), 4.01 (t, 2H,
J ¼ 8.65 Hz), 3.75–3.52 (m, 14H); 13C NMR (125 MHz, CDCl3):
d 157.02, 143.93, 143.73, 140.55, 139.90, 136.64, 136.26, 136.26,
132.54, 131.79, 127.69, 126.31, 119.73, 113.81, 70.50, 70.46,
70.35, 69.62, 61.46; 31P NMR (202 MHz, CDCl3): d �4.26; ESI(+)
MS (m/z): [M + Na]+ calcd for C34H37O9P, 643.2073; found,
643.2074.
Conclusions

We have devised a new sensing approach based on a micelle
that is capable of quantitatively monitoring ALP's activity. The
dephosphorylation of water-soluble P-TPE-TG by an enzymatic
reaction of ALP induced the formation of a micellar structure
and exhibited a ratiometric sensing behaviour with a very low
ADL (0.034 mU mL�1) in aqueous solutions. We also demon-
strated that the micellar uorescence system of TPE derivatives
provides an excellent sensing platform with superior photo-
physical properties compared to the known TPE-based sensors.
Considering that P-TPE-TG can quantitatively monitor the
activity of ALP in human serum, which uorogenic detections
struggle to achieve because of interference from various meta-
bolic processes, the micelle-based sensor is potential candidate
as efficient sensor for detecting bioactive substances in prac-
tical bio-conditions.
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