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ABSTRACT: Alkaline phosphatase (ALP) activity is regarded as an
important biomarker in medical diagnosis. A ratiometric fluorescent probe
is developed based on a phosphorylated chalcone derivative for ALP activity
assay and visualization in living cells. The probe is soluble in water and emits
greenish-yellow in aqueous buffers. In the presence of ALP, the emission of
probe changes to deep red gradually with ratiometric fluorescent response
due to formation and aggregation of enzymatic product, whose fluorescence
involves both excited-state intramolecular proton transfer and aggregation-
induced emission processes. The linear ratiometric fluorescent response
enables in vitro quantification of ALP activity in a range of 0−150 mU/mL
with a detection limit of 0.15 mU/mL. The probe also shows excellent
biocompatibility, which enables it to apply in ALP mapping in living cells.
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1. INTRODUCTION

Disease diagnosis attracts much attention from researchers,
clinical doctors, and medical companies since early detection of
severe diseases (e.g., cancers and AIDS) is of critical
importance to prevent disease progression and increase clinical
cure rate.1,2 Thank to the enthusiastic efforts of the scientists, a
variety of bioprobes for specific diseases with high sensitivity
and selectivity have been developed.3−6 Alkaline phosphatase
(ALP) is a hydrolase that catalyzes the dephosphorylation
process of various substrates including nucleic acids, proteins,
and carbohydrates, and its activity is often regarded as an
important biomarker in medical diagnosis.7,8 The normal level
of ALP activity in human serum is in a range of 40−150 mU/
mL. Abnormal levels of ALP activity in serum may reflect
several diseases, such as hepatitis, prostatic cancer, osteoporosis,
and bone tumor.9−11 In addition, as a series of secreted
proteins, ALP activity in extracelluar fluid also indicates the
viability of local cells. Thus, real-time monitoring of ALP-
expressing cell viability is necessary to distinguish normal and
abnormal behavior of cells (e.g., hyperproliferation).12,13

Fluorescent probes, with their intrinsic advantages of low
background noise and high sensitivity, are excellent candidates

not only in the area of bioassay in vitro, but also in the
visualization of targeting analytes in living cells.14−18 Many
fluorescent probes have been developed for monitoring ALP
activity by different mechanisms, including host−guest
interaction, assembly of nanoparticles, change of solubility,
and self-assembling of heteroaggregation.19−23 For example, Ji
et al. realized a turn-off ALP assay by the adoption of β-
cyclodextrin-modified quantum dots as fluorescent reporter and
p-nitrophenyl phosphate as the substrate. In the presence of
ALP, the p-nitrophenyl phosphate is catalytically converted to
p-nitrophenol, which quenches the fluorescence of quantum
dots based on host−guest interaction and energy transfer.19 Yu
and co-workers used pyrophosphate (PPi) and Cu2+ complex
to hamper the formation of fluorescent copper nanoparticles
(CuNPs), and the ALP activity is assayed through disassem-
bling the complex, resulting in the formation of fluorescent
CuNPs.20 These probes, however, have some limitations such
as low sensitivity, laborious synthetic procedures, and

Received: August 4, 2014
Accepted: September 11, 2014
Published: September 11, 2014

Research Article

www.acsami.org

© 2014 American Chemical Society 17245 dx.doi.org/10.1021/am505150d | ACS Appl. Mater. Interfaces 2014, 6, 17245−17254

www.acsami.org


complicated sensing mechanisms as well as short emission
wavelength.
Fluorogens with aggregation-induced emission (AIE) char-

acteristics have recently emerged as a novel class of fluorescent
materials with increasing applications in biosensing and
imaging.24−28 Unlike conventional systems, AIE fluorogens
are nonemissive in solution but emit strongly in aggregated or
solid states. Taking advantage of this unique property, a wide
variety of AIE bioprobes have been reported in sensing different
biomolecules with high sensitivity such as DNA, proteins, and
sugars.29,30 Recently, two AIE probes for ALP activity assay
have been developed by Zhang and Liu et al., respectively, with
high sensitivity and excellent selectivity.31,32 However, these
AIE probes emit blue or green color, which may be strongly
influenced by the autofluorescence from living cells. Therefore,
it is more desirable to design a fluorescent probe with red
emission for ALP activity assay.
Excited-state intramolecular proton transfer (ESIPT) is a

photochemical process occurring in the excited singlet state of a
molecule with intramolecular hydrogen bond.33 This process
has been studied intensively in recent years because ESIPT
usually alters the conjugation system of a fluorophore, thus
inducing redder emission.34−37 2′-Hydroxychalcone (HC) and
its derivatives were reported as a new class of fluorophores with
ESIPT process.38 The HC molecules undergo the ESIPT
process through enol form to keto form and generate a well-
conjugated structure with alternating single and double bonds
(Scheme 1).

In this work, we report a ratiometric fluorescent probe
(HCAP) with AIE attribute for ALP activity assay and
visualization of ALP in living cells. The probe is water-soluble
and emits greenish-yellow in aqueous buffers. In the presence
of ALP, the phosphate group on HCAP is cleaved, resulting in
formation of insoluble enzymatic product (HCA), which emits
red fluorescence (Scheme 2). Since the yellow emission from
HCAP decreases and the red emission from HCA increases

upon ALP activity, a ratiometric fluorescent probe is developed.
Meanwhile, the excellent biocompatibility of HCAP prompts us
to utilize it to map the endogenic ALP in living cells.

2. RESULTS AND DISCUSSION
2.1. Syntheses of HCA and HCAP. The synthetic route to

HCA and HCAP is depicted in Scheme 3. HCA is synthesized
with 2′-hydroxyacetophenone and 4-dimethylaminobenzalde-
hyde through Claisen−Schmidt condensation reaction under
mild basic conditions with a yield of 22%.38 HCA is purified
through recrystallization to obtain red crystalline products.
HCAPE was then synthesized through phosphorylation of
HCA with diethyl chlorophosphate in the presence of sodium
hydride. HCAPE was subsequently deprotected by iodotrime-
thylsilane to furnish HCAP. All compounds were purified and
characterized by standard spectroscopic techniques including
NMR and HRMS, from which satisfactory analysis data
corresponding to their expected chemical structures were
obtained (Supporting Information, Figures S1−S11).

2.2. Optical Property of HCA and HCAP. The optical
property of HCA and HCAP was first investigated. HCA is a
hydrophobic fluorophore and can readily dissolve in tetrahy-
drofuran (THF), while HCAP is a hydrophilic molecule and
dissolves well in aqueous solution. As shown in Supporting
Information, Figure S12, the absorption spectra of HCA in
THF solution and HCAP in water exhibit absorption
maximums at 430 and 416 nm, respectively. The blue-shifted
absorption of HCAP is associated with steric repulsion of the
bulky phosphate group. Such repulsion causes the benzoyl
group on HCAP to be twisted. Thus, the π-conjugated system
in HCAP is weakened, resulting in blue-shifted absorption.
HCAP in aqueous solutions emits greenish-yellow fluorescence,
which is originated from N,N-dimethylaniline and vinyl ketone
moiety. Interestingly, HCA is nonemissive when dissolved in
good solvents such as THF and dichloromethane (DCM), but
its crystals show very strong red fluorescence (ΦF = 18.5%)
under UV excitation with 365 nm light (Supporting
Information, Figure S12B). Such emission property of HCA
may present the AIE signature. To further examine whether
HCA is an AIE-active molecule, its photoluminescence (PL)
property is investigated using THF and water solvent mixtures.
As shown in Figure 1, HCA is nonemissive in pure THF. With
increasing the water content in THF/water mixtures from 0 to
80%, the fluorescence intensity increases gradually, and the
emission wavelength is red-shifted. Further addition of water
into the mixture leads to a sharp and dramatic enhancement of
PL intensity, and the emission maximum peak is shifted to 640
nm. At 90 vol % water content, the red fluorescence intensity is
nearly 60-fold higher than that in the pure THF solution.
Clearly, HCA is AIE-active. Different from typical AIE
fluorogens like tetraphenylethene (TPE), whose fluorescence
is induced to emit intensively only in aggregated state, HCA
displays rather different emission properties in its solution and
aggregated states. Besides that, the restriction of intramolecular
rotation (RIR) theory for the typical AIE system is not capable
of explaining such emission property of HCA.
To understand the origin of the AIE property of HCA, the

single-crystal structure of HCA is disclosed by X-ray diffraction
(Figure 2). From the crystal structure, the hydrogen-bonding
geometry, with O(1)H···O(2) = 1.75 Å, reveals that there exists
strong intramolecular hydrogen bonding, which facilitates the
ESIPT process of HCA (Scheme 1).39 Meanwhile, the crystal
packing of HCA is mainly edge-to-face and head-to-head, in

Scheme 1. ESIPT process of HCA

Scheme 2. Schematic illustration of HCAP for ALP activity
assay in solution and in living cells
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which the π−π interaction between the molecules is avoided. In
pure THF solution, the HCA molecules are excited under UV
illumination and ESIPT occurs, which generates various
transition states or resonance structures, as well as isomer-
ization if the molecular conformation is not fixed. Such
processes serve as a relaxation channel for the excited state to
decay.39,40 When a small amount of water is added into the
THF solution, the intramolecular hydrogen bonding is
impaired, and the ESIPT process is inhibited. Thus, the
mixture starts to emit a greenish-yellow emission like that of
HCAP, and the emission intensity increases along with water

fraction ( fw) from 10 to 80%. However, when more water is
added, HCA is induced to form tiny crystals due to its poor
water solubility. In the crystallizing state, the molecular
conformation of HCA is fixed, and the water molecule is
isolated from the HCA molecule. As a result, the intramolecular
hydrogen bonding in HCA is reformed, and the ESIPT process
brings the keto form of HCA to emit red fluorescence
intensively.

2.3. Design and Sensing Principle. HCA shows excellent
optical properties including absorption band in visible region
and red emission in crystalline state, rendering it a superior

Scheme 3. Synthetic Route to HCA and HCAP

Figure 1. (A) PL spectra of HCA in THF/water mixtures with different water fractions ( fw). (B) Plot of relative peak intensity (I/I0) vs fw.
Concentration: 20 μM; excitation wavelength: 430 nm. (inset) Photographs of HCA in THF/water mixtures with different water fractions taken
under hand-held UV lamp with 365 nm illumination.

Figure 2. (A) ORTEP drawing of single-crystal structure of HCA with 50% probability ellipsoids and hydrogen bond geometry. (B) Side view of
crystal structure of HCA. (C) A unit cell of the crystal structure.
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candidate for fluorescent probes. Inspired by the importance of
ALP activity assay and typical design strategy of ALP probes,
we have modified HCA with a phosphate group, which serves
as the recognition site of ALP. The sensing mechanism is
illustrated in Scheme 2. HCAP is highly water-soluble and
emits greenish-yellow in buffer solutions. In the presence of
ALP, the phosphate group on HCAP will be cleaved, and HCA
is reformed after protonation. Meanwhile, HCA easily forms
crystals in aqueous media due to its poor water solubility and
formation of intramolecular hydrogen bond. The crystallization
of HCA will activate the AIE and ESIPT processes. As a result,
the greenish-yellow fluorescence from HCAP will be
diminished, while the red fluorescence from HCA crystals
will be turned on during ALP-catalyzed process. Thus, the
ratiometric fluorescence responding to ALP activity can be
realized with the emission colors changing from greenish-
yellow to red. Furthermore, ALP is widely distributed in
cytosols, intercellular fluids, and serums of mammals. HCAP
will be converted to HCA with the catalytic function of
endogenic ALP secreted by cancer cells. Therefore, HCAP is
also expected to act as a fluorescent probe for ALP detection in
situ and visualization of ALP at cellular level.
2.4. Optimization of Fluorescent Sensing of ALP. To

construct a sensitive fluorescent probe, the sensing conditions
need to be optimized. Since HCA is pH-sensitive, the effect of
pH on the emission intensity of HCA is evaluated. From the PL
spectra shown in Figure 1, HCA shows the highest emission
when the water content is 90%. Thus, in the optimization
experiments, the buffer solutions with pH ranging from 2 to 12
were used to mix with THF at a ratio of 90:10 v/v. From the
result depicted in Supporting Information, Figure S13, the
result shows that the HCA emits intensely in a wide pH range
(3−11); however, the emission is much weaker in both strong
acidic or basic conditions. This is because in strong acidic
conditions, the dimethylamino group is protonated, and the
D−A system of HCA is destroyed. While in strong basic
conditions, the hydroxyl group of HCA is deprotonated;
therefore, the ESIPT process is lost in phenolate form.
Meanwhile, the effect of pH on the emission intensity of
HCAP was also examined (Supporting Information, Figure
S14). The result shows the unperturbed optical property of
HCAP in aqueous media when pH > 7. As the optimum pH for
ALP is 9.2,41 while HCA has a good work preferment in this

pH value, we chose Tris-HCl buffer solution with pH 9.2 in
further experiments.
For ratiometric detection, the ratio of the two dynamic peaks

is a direct parameter for analyte detection. The ratio of
fluorescence peaks at I641 for HCA and at I539 for HCAP is
employed as reporting value of ALP activity. Therefore, the
larger the value of I641/I539 reaches, the higher the sensitivity of
the probe is. To optimize the concentration of HCAP used in
the assay, HCAP with different concentrations was incubated in
a constant ALP concentration (100 mU/mL) for 45 min, and
the PL spectra were then recorded. As shown in Figure 3, the
value of I641/I539 increases with HCAP concentration from 1−
20 μM. No significant change of the value of I641/I539 is
observed in the HCAP concentration ranging from 20−50 μM.
However, when further increasing HCAP concentration up to
50 μM, the value of I641/I539 decreases. Considering the
fluorescence intensity of red channel from enzymatic product
and larger value of I641/I539, we chose 40 μM HCAP as the
probe concentration in the sensing experiments.
We then optimized the incubation time for the reaction-

based catalytic process from HCAP to HCA. The PL spectra
were measured every 2.5 min in the presence of 100 mU/mL of
ALP and 40 μM HCAP. As shown in Figure 4, the HCAP in
Tris-HCl buffer solution (pH = 9.2) emits yellow fluorescence
before ALP addition. The fluorescence at 539 nm undergoes a
gradual decrease upon increasing incubation time with a
concomitant increase in the fluorescence intensity at 641 nm.
An isoemissive point is observed at 603 nm. The fluorescence
intensity at 641 nm reaches the maximum when the probe is
incubated in the presence of ALP for 45 min, indicating that the
enzymatic reaction reaches a saturated state.

2.5. ALP Activity Assay. To examine the possibility of
quantitative analysis of ALP activity, we conducted experiments
of concentration-dependent monitoring of enzymatic reaction.
As shown in Figure 5A, the fluorescence intensity at 539 nm
decreases, and that at 641 nm increases along with ALP activity
ranging from 0 to 200 mU/mL. The corresponding peak
intensities (I539 and I641) are plotted in Figure 5B, and they vary
as an exponential or logarithmic function with the activity of
ALP. Interestingly, the ratiometric fluorescent plot (I641/I539)
presents a linear relationship with ALP activity and high
correlation coefficient (Figure 6). Meanwhile, the HCAP probe
shows a good linearity in a broad range (0−150 mU/mL) with
the limit of detection of 0.15 mU/mL. The outstanding

Figure 3. (A) PL spectra of HCAP in different concentrations after incubation with 100 mU/mL of ALP. (B) Plot of ratiometric fluorescence
intensity (I641/I539) versus the concentration of HCAP; incubation time: 45 min; excitation wavelength: 430 nm.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am505150d | ACS Appl. Mater. Interfaces 2014, 6, 17245−1725417248



sensitivity should be attributed to the ratiometric fluorescent
probe because it employs simultaneous readings of two
fluorescent signal channels in the presence of an analyte,
which minimizes some interfering factors with amplified signal
output.42,43

As ALP is the most commonly assayed enzyme in practical
blood examination, to explore its feasibility of ALP detection in
real serum samples with HCAP, the experiment was conducted
in buffer solution containing 1% fetal bovine serum (FBS). As
shown in Supporting Information, Figure S15, although the
fluorescence from the probe is strongly interfered by the serum,
the red emission from HCA could still be observed, and the
intensity after incubation with ALP increases by ∼4.5-fold. In
spite of the inferior performance in serum samples, the red
fluorescence of HCA could be differentiated from strong
background of the serum. In addition, the high-resolution mass
spectrum confirmed the red fluorescent product was indeed
HCA (Supporting Information, Figure S16). The particle size
distribution was analyzed, and the corresponding fluorescence

microscopic images were taken to further confirm the
aggregation formation of HCA after incubation with ALP
(Supporting Information, Figures S17 and S18).

2.6. Selectivity Test. Selectivity is another important
parameter to evaluate the performance of bioprobes. To
demonstrate that the HCAP probe is selective to ALP, a control
experiment with other nonspecific enzymes including acetyl-
cholinesterase (AChE), deoxyribonuclease (DNase), esterase,
trypsin, and lysozyme was performed under the same
conditions. As shown in Figure 7, a 9-fold fluorescence
enhancement at 641 nm is observed only with the catalytic
function of ALP. While other enzymes show negligible
fluorescence changes in the red emission channel, the enzymes
only have tiny interference on the ALP-catalyzed hydrolysis
reaction. The result demonstrates that HCAP has excellent
selectivity to ALP.
To further prove the red fluorescence enhancement is

originated from the catalytic function of ALP rather than from
other effects such as hydrophobic interaction and electrostatic
interaction, we designed an inhibition experiment on ALP
activity. It is known that the activity of ALP decreases much in
the aqueous environment without Mg2+ and Zn2+ ions.44 Since

Figure 4. Time-dependent PL spectra of HCAP in Tris-HCl buffer
solution (pH = 9.2) upon addition of ALP at 37 °C. (inset)
Photographs taken under handheld UV lamp at 365 nm illumination
of the corresponding solutions (left) before and (right) after
incubation with ALP for 45 min. Concentration: HCAP (40 μM),
ALP (100 mU/mL); excitation wavelength: 430 nm.

Figure 5. (A) PL spectra of HCAP in Tris-HCl buffer solution (pH = 9.2) in the presence of different concentrations of ALP at 37 °C. (B) Plot of
peak intensities (red) at 641 nm and (black) at 539 nm vs ALP concentration; concentration of HCAP: 40 μM; excitation wavelength: 430 nm;
incubation time: 45 min.

Figure 6. Ratiometric fluorescence response (I641/I539) of HCAP vs
ALP concentration. Concentration of HCAP: 40 μM; excitation
wavelength: 430 nm; incubation time: 45 min.
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ethylene diamine tetraacetic acid (EDTA) can chelate those
metal ions in the active site of enzymes,32,45,46 we hypothesize
that HCAP will not be dephosphorylated by ALP and will
retain yellow emission in the presence of EDTA. As shown in
Figure 8, when the concentration of EDTA is below 1 mM, the

fluorescence intensity of the probe is almost the same as the
blank solution, suggesting there is no inhibition effect on ALP.
As the Tris-HCl buffer solution contains 1 mM of Mg2+ and 50
μM of Zn2+, EDTA will first chelate the metal ions in buffer
solution. Thus, the activity of ALP remains. To verify our
hypothesis, we first incubated HCAP with ALP in the presence
of 1 mM EDTA for 5 min. Afterward, another 1 mM EDTA
was further added to the solution, making the final
concentration of EDTA equal to 2 mM. The enhancement of
red emission of the probe immediately stops (olive dots),
indicating that the ALP activity is inhibited. The fluorescence
intensity remains at a low level when 2 mM EDTA is added at
the beginning stage. This result clearly indicates that the red

fluorescence enhancement is mainly due to the catalytic
function of ALP but not to other interactions.

2.7. Imaging of Endogenic ALP in Living Cells. Inspired
by the quantitative analysis of ALP in buffer solution and serum
samples, we further investigated whether the probe was able to
monitor endogenic ALP activity in living cells. We first
examined cytotoxicity of HCAP by 3-(4,5-dimethyl-2-thiazol-
yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay. As
shown in Figure 9, cell viability of HeLa cells remains at a
high level even when the HCAP concentration is as high as 20
μM, suggesting that HCAP has good biocompatibility.

As placental ALP could be expressed endogenically in HeLa
cells, no exotic ALP is added in the experiments.22,47 As shown
in Figure 10D, the HeLa cells that incubated with 10 μM
HCAP for 30 min displayed a clear orange fluorescence in the
cell cytoplasm. However, there is no fluorescence observed
from the cells untreated with HCAP (Figure 10B) as well as
those preincubated with the ALP inhibitor, levamisole (Figure
10F). Meanwhile, it is found that the emission color of HCA is
slightly blue-shifted when compared to the emission in buffer
solution. To verify that the orange fluorescence is indeed
originated from HCA, we used synthetic HCA to stain HeLa
cells under the same conditions. The result reveals that the
orange fluorescence from the HCAP probe incubated with ALP
is the same as that from synthetic HCA (Supporting
Information, Figure S19). The possible reason for the blue-
shifted emission is that HCA adopted a more twisted
configuration in cells due to the interaction with biomacromo-
lecules and thus results in less conjugation of HCA and a more
hydrophobic microenvironment for the product. The exper-
imental result suggests that HCAP is converted to HCA
efficiently with the catalysis of endogenic ALP from HeLa cells.
Thus, HCAP can potentially act as a light-up probe for ALP
detection in situ.
To further investigate the behavior of HCAP inside and

outside of cells, confocal laser scanning microscopy was
employed. By taking advantage of the two distinct emissions
of HCA and HCAP, we can verify whether the probe is
hydrolyzed inside or outside of cells. If HCAP is able to enter
the cells and is hydrolyzed to HCA inside the cell, the emission
from ALP-inhibited cells in green channel should give brighter
image than the cells without inhibitor. As shown in Figure 11,
the HeLa cells show orange fluorescence after incubation with
HCAP (Figure 11C). Similarly, the orange fluorescence in the

Figure 7. PL intensity change of HCAP (40 μM) at 641 nm upon
incubation with different enzymes in Tris-HCl buffer (pH = 7.5, except
for ALP pH = 9.2). Blue bars show the effect of different enzymes on
the fluorescence intensity, and red bars show the presence of
interfering enzymes on HCAP + ALP system.

Figure 8. Plot of relative fluorescence intensity (I/I0) of HCAP at 641
nm vs incubation time in the presence of different concentrations of
EDTA (0, 50 μM, 1 mM, and 2 mM). Concentration: HCAP (40
μM), ALP (100 mU/mL); excitation wavelength: 430 nm.

Figure 9. MTT assay of HCAP on HeLa cells.
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HeLa cells is weaker when the cells are pretreated with
levamisole (Figure 11F).48 Unexpectedly, when comparing the
emission in the green channel, the fluorescence observed in
ALP-inhibited cells is even weaker than that in noninhibited

cells (Figure 11B,E), which indicates that HCAP is not able to
enter the cells and that the weak emission in the green channel
should be ascribed to short-wavelength part of the emission
peak from HCA. Thus, it can be concluded that the HCAP is
hydrolyzed by the ALP secreted by cells, and the resulting HCA
formed in intercellular fluids could enter the cells and show
orange fluorescence.

3. CONCLUSIONS
Through a simple modification of 2′-hydroxychalcone, we have
developed a novel ratiometric fluorescent bioprobe with AIE
characteristics and ESPIT property for ALP activity assay in
buffers and serum samples. In the presence of ALP, the
emission of the bioprobe is changed from greenish-yellow to
red. The bioprobe enables ALP assay in the concentration
range of 0−150 mU/mL with a detection limit of 0.15 mU/mL,
which is outstanding compared with previous literature.
Moreover, the red emission of the enzymatic residue prevents
the autofluorescence interference from serum sample. The
fluorescent probe could also be applied for detection of ALP in
intercellular fluids and visualization of the corresponding living
cells. The molecular design strategy provides a comprehensive
example for utilizing natural products to construct ratiometric
fluorescent probes with high sensitivity and red fluorescence
emission in aggregated state.

4. EXPERIMENTAL SECTION
4.1. Materials and Instrumentation. All chemicals and reagents

were commercially available and used as received. THF and DCM
were distilled from sodium benzophenone ketyl and calcium hydride,
respectively, under nitrogen immediately prior to use. 2′-hydrox-
yacetophenone, 4-dimethylamino benzaldehyde, sodium hydride,
diethyl chlorophosphate, iodotrimethylsilane, and alkaline phosphatase
(ALP) from bovine intestinal mucosa were purchased from Aldrich.
Levamisole was purchased from TCI. Fetal bovine serum (FBS) and 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)

Figure 10. Fluorescence images of HeLa cells in the absence or
presence of HCAP. (A, C, E) Bright field images corresponding to the
fluorescence images with (B) no HCAP, (D) HCAP (10 μM), and (F)
HCAP (10 μM) and levamisole (5 mM). Excitation wavelength: 460
nm ∼490 nm.

Figure 11. Confocal lasing scanning microscopic (CLSM) images of HeLa cells (A−C) incubated with HCAP and (D−F) HCAP with inhibitor
capturing with different emission channels. Concentration: HCAP (10 μM), levamisole (5 mM) (B, E) channel 1: 433−516 nm; (C, F) channel 2:
545−607 nm.
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were purchased from Invitrogen. Tris-HCl buffer (pH = 9.2, 10 mM)
was prepared with pure water from a Millipore filtration system. Other
enzymes used in the selectivity test were purchased from Aldrich. 1H,
13C, and 31P NMR spectra were measured on a Bruker ARX 400 NMR
spectrometer using CDCl3 and CD3OD as solvents, and tetrame-
thylsilane (TMS; δ = 0 ppm) was chosen as internal reference. UV
spectra were measured on a Biochrom Libra S80PC double beam
spectrometer. Photoluminescence (PL) spectra were recorded on a
PerkinElmer LS 55 spectrofluorometer. High-resolution mass spectra
(HRMS) were recorded on a GCT Premier CAB 048 mass
spectrometer operating in MALDI-TOF mode. Particle sizes were
determined using a Brookhaven ZetaPlus potential analyzer
(Brookhaven instruments corporation, USA). Fluorescent images
were taken on a fluorescent microscope (BX41 Microscope), and
confocal lasing scanning microscopic (CLSM) images were obtained
on a confocal microscope (Zeiss Laser Scanning Confocal Microscope;
LSM7 DUO) using ZEN 2009 software (Carl Zeiss).
4.2. Synthesis. 4-Dimethylamino-2′-hydroxychalcone (HCA). To

a solution of 4-dimethylbenzaldehyde (12 mmol, 1.79 g) and 2′-
hydroxyacetophenone (13.2 mmol, 1.80 g) in EtOH (30 mL), KOH
(50 mmol, 2.8 g) in water was added and stirred at room temperature
for 24 h. The reaction mixture was neutralized with dilute HCl until
the pH value was adjusted to 7.0. The precipitates were collected
through suction filtration and washed with ethanol three times. The
obtained residue was further purified by silica gel chromatography with
hexane/ethyl acetate (5:1) as eluent to afford the desired product (700
mg, 2.62 mmol) as deep red crystals. Yield = 22%. 1H NMR (400
MHz, CDCl3): δ (TMS, ppm) 13.23 (s, 1H), 7.93−7.90 (m, 2H),
7.58−7.56 (m, 2H), 7.47−7.43 (m, 2H), 7.02−7.00 (m, 1H), 6.92 (t,
1H), 6.70−6.68 (d, 2H), 3.05 (s, 6H). 13C NMR (100 MHz, CDCl3):
δ (TMS, ppm) 192.9, 162.8, 151.7, 145.9, 135.0, 130.2, 128.7, 121.7,
119.8, 117.8, 113.6, 111.2, 39.5. HRMS (MALDI-TOF), m/z calcd. for
C17H17NO2: 267.1259; found 267.1258 (M+).
2-(3-(4-(Dimethylamino)phenyl)acryloyl)phenyl Diethyl Phos-

phate (HCAPE). To a solution of HCA (1 mmol, 267 mg) and NaH
(2 mmol, 80 mg) in distilled THF (20 mL), diethyl chlorophosphate
(0.3 mL, 2.0 mmol) was added dropwise under nitrogen. The reaction
mixture was stirred at room temperature for 2 h. The resulting solution
was quenched with water (2 mL), and the solvent was evaporated
under reduced pressure. The crude mixture was extracted with DCM
three times. The combined organic layer was dried over MgSO4 and
filtered, and the solvent was evaporated under reduced pressure. The
crude product was purified by silica gel chromatography with hexane/
ethyl acetate (2:1) as eluent to afford the desired product (370 mg,
0.92 mmol) as orange gel-like solid. Yield = 92%. 1H NMR (400 MHz,
CDCl3): δ (TMS, ppm) 7.55−7.46 (m, 6H), 7.25−7.22 (d, 1H),
7.06−7.02 (d, 1H), 6.67−6.65 (d, 2H), 4.15−4.12 (m, 4H), 3.03 (s,
6H), 1.24−1.23 (t, 6H). 13C NMR (100 MHz, CDCl3): δ (TMS,
ppm) 191.6, 151.5, 147.4, 145.8, 132.0, 132.0, 131.2, 129.9, 129.4,
124.3, 121.6, 120.8, 119.8, 119.8, 111.1, 64.3, 64.2, 39.5, 15.4, 15.3. 31P
NMR (162 MHz, CDCl3): δ (TMS, ppm) −7.26. HRMS (MALDI-
TOF), m/z calcd. for C21H26NO5P: 403.1549; found 403.1549 (M+).
2-(3-(4-(Dimethylamino)phenyl)acryloyl)phenyl Phosphate

(HCAP). To a solution of HCAPE (201 mg, 0.5 mmol) in dry DCM
(25 mL) was added iodotrimethylsilane (0.28 mL, 2.0 mmol)
dropwise under nitrogen at 0 °C. The reaction mixture was stirred
for 3 h at room temperature before the addition of MeOH (2 mL).
After the mixture was stirred for another 0.5 h, the solvent was
removed under reduced pressure. The crude product was purified by
silica gel chromatography with DCM/methanol (10:1) as eluent to
afford HCAP (73 mg, 0.21 mmol) as orange gel-like solid. Yield =
42%. 1H NMR (400 MHz, CD3OD): δ (TMS, ppm) 7.77−7.74 (d,
2H), 7.62−7.52 (m, 4H), 7.44−7.38 (m, 2H), 7.28 (t, 2H), 3.02 (s,
6H). 13C NMR (100 MHz, CD3OD): δ (TMS, ppm) 191.9, 149.1,
145.8, 142.8, 131.9, 131.6, 131.2, 129.8, 129.1, 125.2, 123.7, 120.3,
117.4, 43.0. 31P NMR (162 MHz, CD3OD): δ (TMS, ppm) −6.13.
HRMS (MALDI-TOF), m/z calcd. for C17H18NO5P: 347.0923;
found: 347.0916 (M+).
4.3. Preparation of Aggregates. Stock THF solution of HCA

with a concentration of 2 mM was prepared. An aliquot (0.1 mL) of

the stock solution was transferred to a 10 mL volumetric flask. After
adding an appropriate amount of THF, water was added dropwise
under vigorous stirring to furnish 20 μM THF/water mixtures with
water fractions ( f w) of 0−99 vol %. Measurement of PL, particle size
analyses, and fluorescent microscopy of the resulting mixtures were
carried out.

4.4. Optimization of HCAP Concentration and Incubation
Time for ALP Activity Assay. Solutions of HCAP (1−100 μM) were
prepared by mixing Tris-HCl buffer (10 mM, pH = 9.2) and a certain
amount of HCAP stock solution (2 mM), rendering the final
concentration of HCAP ranging from 1 μM to 100 μM. Each testing
sample was added in 100 mU/mL of ALP and then incubated for 45
min at 37 °C. Afterward, the PL spectra of resulting solutions were
recorded at the same conditions. For the optimization of ALP, 100
mU/mL of ALP was added into the buffer solution of HCAP (40 μM),
immediately followed by PL scanning. The enzymatic hydrolysis
process was monitored by the PL spectral measurements, which
scanned at intervals of 90 s.

4.5. ALP Activity Assay. Different amounts of ALP stock
solutions (20 U/mL) were added into the probe solution of HCAP
(2 mL, 40 μM) to yield final concentrations of ALP from 0 to 200
mU/mL. PL measurements were carried out after the prepared
solutions were incubated at 37 °C for 45 min. For the selectivity test,
all the interfering enzymes were tested under the same conditions with
ALP.

4.6. Cell Culture. HeLa cells were cultured in the minimum Eagle’s
essential medium containing 10% FBS and antibiotics (100 units/mL
penicillin and 100 μg/mL streptomycin) in a 5% CO2 and 90%
humidity incubator at 37 °C.

4.7. Cell Imaging. HeLa cells were grown overnight on a 35 mm
Petri dish with a coverslip or a plasma-treated 25 mm round coverslip
mounted to the bottom of a 35 mm Petri dish with an observation
window. The living cells were stained with 10 mM HCA for 30 min,
20 mM HCAP for 30 min, or preincubated with inhibitor, levamisole
(5 mM) for 10 min followed by incubation with 20 mM HCAP for 20
min. The cells were imaged under a fluorescent microscope (BX41
Microscope) using excitation filter = 460−490 nm and dichroic mirror
= 505 nm. The preparation process of cell samples in CLSM imaging
was the same as that in fluorescence microscopic imaging. HCAP was
excited at 405 nm (6% laser power), and the fluorescence was
collected at channel 1 (433−516 nm) and channel 2 (545−607 nm),
respectively.

4.8. Cell Viability Evaluated by MTT Assay. Viability of the cells
was assayed using cell proliferation Kit I with the absorbance of 595
nm being detected using a PerkinElmer Victor plate reader. Eight
thousand cells were seeded per well in a 96-well plate. After overnight
culture, various concentrations of HCAP were added into the 96-well
plate. After 8 h of treatment, 10 μL of 3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyltetrazolium bromide (MTT) solution (5 mg/mL in
phosphate buffer solution) was added into the each well. After 4 h
of incubation at 37 °C, 100 μL of solubilization solution containing
10% sodium dodecyl sulfate and 0.01 M HCl was added to dissolve the
purple crystals. After 4 h of incubation, the optical density readings at
595 nm were taken using a plate reader. Each of the experiments was
performed at least three times.
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