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Alkaline phosphatase (ALP) is a class of enzymes that are widely found in various tissues of the human
body. It plays important roles in regulating diverse cellular functions. The aberrant levels of serum ALP
are implicated in diseases. The development of sensitive and accurate detection tool for evaluating the
level changes of ALP in living organisms will be very helpful in the fields of biochemistry, cytology and
clinical medicine. Herein, we develop a near-infrared probe (QcyP) for the specific detection of different
ALP levels both in different cell lines and in tumor-bearing mice models. The probe is composed of two
moieties: a unique heptamethine cyanine fluorophore and a phosphate monoester. ALP can trigger an
off-on fluorescence switch via an enzyme-catalyzed cleavage of the phosphate group. The fluorescence
regulation mechanism is based on the rearrangement of the conjugated m-electron system. The probe
exhibits high selectivity and good sensitivity towards ALP. The results demonstrate that the probe QcyP
not only can be applied to discriminate the levels of ALP in different cell lines, but also can distinguish
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the ALP level changes between hepatic tumor mice model and normal mice.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Phosphatases are a large and structurally diverse family of sig-
naling enzymes which can remove the phosphate group from
protein and nonprotein substrates [1]. Among the various types of
phosphatases, alkaline phosphatase (ALP) is the most common and
crucial subclass, as it regulates biofunctions in the biogeochemical
cycle of phosphorus [2]. ALP not only facilitates the hydrolysis of
monoesters of phosphoric acid but also participates in transpho-
sphorylation reaction in the presence of high concentrations of
phosphate acceptors [2]. ALP widely exists in organisms from
bacteria to eukaryotes [2]. In human, ALP involves in abundant
isozymes, including intestinal alkaline phosphatase (IAP), placen-
tal alkaline phosphatase (PLAP), germ cell alkaline phosphatase
(GCALP) and tissue non-specific alkaline phosphatase (TNAP). Espe-
cially, TNAP holds high expression level in liver, bone, kidney, as
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well as other tissues [3]. ALP behaves important roles in protein
cyclic metabolism of phosphorylation and dephosphorylation in
cells. It is well documented that the increase of endogenous ALP
activity is closely related to the proliferation and differentiation
of osteoblasts and bone mineralization [4]. Moreover, accumulat-
ing clinical manifestations suggest that the aberrant elevation of
serum ALP level and activity is associated with many diseases, such
as breast cancer, prostatic cancer, liver dysfunctions, intestinal dis-
eases, bone diseases, and diabetes [2-5]. Therefore, the biological
and chemical approaches must be developed to detect the expres-
sion level of ALP. And more importantly, the examination of ALP
activity can provide invaluable insights into how it works under
physiological settings and how it is modulated therapeutically
under pathological conditions. Although extensive researches have
been began from 1907, there still exist huge challenges for compre-
hending the complicated and confused cellular phosphoproteome
network. The main obstacle is lacking of desirable chemical tools
which are capable of in real-time investigating protein dephospho-
rylation in cells and in vivo [4]. Thence, it is necessary to establish a
reliable, simple and sensitive method for ALP detection in biological
systems.
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Scheme 1. Illustration of molecular structure and detection mechanism of QcyP towards ALP.

Recently, biological and chemical approaches have been devel-
oped for inspecting the expression level and activity of endogenous
ALP, such as those based on electrochemistry, chromatography,
colorimetric techniques and peptide microarray [6-9]. However,
these detection technologies fail to provide an adequate view of
ALP dynamic properties by high sensitivity, real-time detection,
and high spatial resolution imaging in live samples [10,13]. Fluores-
cence imaging-based approaches have emerged to address some of
these issues via focusing on the detection of ALP activities in cells
at the proteome level [10-28]. Among them, small-molecule-based
fluorescent probes are highly desirable due to their desirable chem-
ical modification, excellent biocompatibility, and low cost [29].
Despite the promising properties of small-molecule probes offer
effective and versatile utilizations to specific detection of ALP in
complex proteomes (i.e., cell lysates) and living cells [30-35], but
many of them are not suitable for deep imaging in tissues and ani-
mals owing to their short emission wavelength at UV-vis region,
which hinders their further applications in biological systems.
However, near-infrared (NIR) fluorescence bioimaging probes with
NIR absorption and emission profiles (650-900nm) can pene-
trate tissue more deeply and minimize the interference from
background autofluorescence, which greatly facilitates for imag-
ing of physiological processes in vivo [36,37]. Until now, only one
hemicyanine-based NIR probe has been employed for the detection
of ALP in vivo [10,13]. However, the fluorescent probe that can pen-
etrate deeper tissue for ALP detection is still urgent need. Therefore,
it is full of interest and anticipation to further exploit the develop-
ment of new NIR fluorescent probe for detection of ALP in cells and
in vivo.

Herein, we designed and synthesized a NIR fluorescent probe
(QcyP) for selective evaluation of ALP enzymatic activity in var-
ious different living cells and mice models (Scheme 1). Based
on a unique NIR fluorescent fluorophore QCy7-Ethyl, the probe
showed an off-on fluorescence signal change with depending on
the enzyme-substrate (ES) interaction. The results of kinetic exper-
iments revealed that our probe possessed high binding capacity for
ALP. We also evaluated the levels of ALP activities in eight human
cell lines using QcyP. Finally, we successfully applied QcyP to com-
pare the real-time process of ALP dynamic dephosphorylation in
normal and HepG2 tumor-bearing mice.

2. Experimental
2.1. Synthesis of QcyP

The commercially available compound 4,4-
Hydroxyisophthalaldehyde (50 mg, 0.33 mmol) and compound 3
(220.5mg, 0.70 mmol) were dissolved in 150 mL mixed solution
n-butyl alcohol/toluene (7:3, v/v). The mixture was refluxed for
3 h, and the reaction was monitored by TLC. Then the solvent was
removed in vacuum. The crude product was dissolved into 100 mL
CH,Cl,, and washed with H,0 (100 mL x 3). The organic layer was
separated and concentrated. The silica gel column chromatography

was used for the further purification. The eluent was EtOAc/CH3; OH
(3:1, v/v). The final product Qcy7-Ethyl was a green solid, yield
70%. TH NMR (500 MHz, DMSO-dg) § (ppm): 8.72 (s, 1H), 8.43-8.42
(d, 1H), 8.00-7.99 (d, 1H), 7.91-7.68 (m, 4H), 7.66-7.50 (m, 4H),
6.95-6.93 (d, 1H), 6.80-6.77 (t, 1H), 6.63-6.62 (d, 1H), 6.60-5.98
(d, 1H), 3.35-3.28 (m, 3H), 3.23-3.16 (m, 1H), 1.91-1.83 (m, 12H),
1.79 (s, 6H). 13C NMR (125 MHz, CDCl3) § (ppm): 184.85, 183.02,
168.56, 151.39, 143.87, 143.63,143.51, 142.16, 142.07, 138.87,
134.92, 130.35, 130.11, 126.27, 123.62, 123.40, 123.32, 120.31,
115.03, 114.77,112.87, 109.99, 51.54, 49.93, 45.02, 44.96, 26.51,
25.32, 11.53, 10.52. LC-MS (ESI*): C34H37N,0" calcd. 489.2900,
found [M]*: 489.2906.

Qcy7-Ethyl (25 mg, 5 mmol) was dissolved in 15 mL pyridine and
then phosphorus oxychloride (10 L, 5 mmol) was dropped into
the mixed solution at 25°C. After stirred for 0.5h, 5mL H,0 was
added into the reaction system for another 0.5 h. Finally, the mix-
ture was removed by rotary evaporator. The crude product was
dissolved in the mixture of CH,Cl, (100 mL) and H,O (100 mL).
The water phase was collected and concentrated under reduced
pressure. The target product were purified by reversed phase sil-
ica C18 chromatographic column (75% CH3OH/H,0). The probe
QcyP was afforded as a yellow solid, yield 60%. 'H NMR (500 MHz,
DMSO0-dg) 8 (ppm): 9.07-9.03 (m, 2H), 8.60-8.45 (m, 2H), 8.27-8.04
(m, 3H), 7.68-7.41 (m, 4H), 7.02 6.82 (m, 3H), 6.26-6.25 (d, 1H),
4.61-4.43 (m, 4H), 1.99-1.78 (m, 18H). 13C NMR (125 MHz, CDCl3)
S (ppm): 183.99, 183.22, 154.40, 147.32, 145.12, 144.40, 144.03,
142.03, 142.00, 133.40, 133.33, 131.50, 131.25, 130.55, 129.98,
127.24,127.07,124.99,123.28,115.98,115.88, 100.06, 54.32,53.42,
53.36, 26.10, 26.05, 13.96, 13.52. 31P NMR (150 MHz, DMSO-dg) &
(ppm): —5.22. LC-MS (ESI*): C34H39N,04P%* calcd. 570.2636, found
[M—H]*: 569.2564.

2.2. Cell culture and fluorescence imaging

All tested cells were purchased from Chinese Academy of Sci-
ences stem cell bank/stem cell technology platform. All cells were
cultured at 37°C in 5% CO,. Cell culture medium, such as Dul-
becco’s modified Eagle’s medium (DMEM), RPMI (Roswell Park
Memorial Institute) 1640 Medium, Minimum Essential Medium
(MEM), and Fetal Bovine Serum (FBS) were purchased from Gibco
(Grand Island, USA). A549 cells, HeLa cells, PC9 cells, HepG2 cells,
and SMMC-7721 cells were cultured with DMEM supplemented
with 10% FBS. SH-SY5Y cells, and HL-7702 cells were cultured with
RPMI-1640 supplemented with 10% FBS. HEK293 cells were cul-
tured with MEM supplemented with 10% FBS and 1% L-glutamine.
Fluorescent images of cells were acquired on an Olympus FluoView
FV1000 laser-scanning microscope with an objective lens (x60).
Excitation wavelength at 559 nm and collected wavelengths were
in the range of 650-750 nm. Hoechst 33258, MitoTracker” Green
FM, CellMask™ Orange Plasma Membrane stain, and ER-Tracker™
Green dye were purchased from Thermo Fisher Scientific Corpora-
tion. The co-localization parameters were analyzed by Image-Pro
Plus software.
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Scheme 2. Synthetic scheme of the probe QcyP.

2.3. Flow cytometric and western blot analysis

All tested cells were cultured at 2.0 x 10° cells per well in 6-well
plates and then treated with 5 wM QcyP for 15 min at 37 °C. After
incubation, cells were washed and suspended with serum - free
medium. Flow cytometry data were collected by BD Biosciences
FACSAria, and analyzed by Flowing Software. The flow cytometry
channel was chosen as PerCP-cy 5.5.

Total proteins of various cells were extracted using a cell lysis
buffer (Beyotime). Protein quantitative analysis was determined
using a BCA kit (Beyotime). The electrophoretic conditions and
transfer conditions were ultimately optimized for 80V, 40 min and
120mA, 2h, respectively. Subsequently, 5% BSA solutions were
uesd as a blocking liquid. Primary antibody ALP Monoclonal Anti-
body (CL1679) was incubated overnight at 4°C. Second antibody
was incubated for 2 h at room temperature. Polyvinylidene fluoride
(PVDF) membrane was exposed via using 200 wL chemilumines-
cent solution from Super Enhancer ECL Kit (For HRP).

2.4. Mice model and fluorescence imaging

The mice were obtained from Binzhou Medical University. All
surgical procedures were conducted in conformity with National
Guidelines for the Care and Use of National Guidelines for the Care
and Use of Laboratory Animals Laboratory Animals, and experi-
mental protocols were approved by the Institutional Animal Care
and Use Committee in Binzhou Medical University, Yantai, China.
Approval Number: No.BZ2014-102R.

The animals had free access to standard animal feed and water
in a room with temperature of 22 +2°C on a 12 h light-dark cycle.
BALB/c nude mice, female, 4 weeks old, and 10-15 g, were selected.
The HepG2 cells with logarithmic growth phase were cultured,
digested, centrifuged, and then collected. The cell suspension with
concentration of 1 x 107 /mL was prepared by serum-free medium.
The nude mice were randomly selected, and 0.2 mL of cell suspen-
sion was injected subcutaneously in the dorsolateral region of nude
mice. After 3 weeks, the HepG2 tumor-bearing mice model was
established successfully.

QcyP (1 mM DMSO) was diluted to working solution (100 M,
1:9 DMSO/saline v/v). Before imaging, the mice were anesthetized
with a mixture of 2% isoflurane and oxygen. Fluorescence imaging
was obtained from IVIS Lumina XRMS Series III In Vivo Imaging
System (Perkinelmer), with an excitation filter of 580 nm and col-
lected wavelengths were in the range of 650-750 nm. Fluorescence
imaging was obtained from IVIS Lumina XRMS Series III In Vivo
Imaging System (Perkinelmer), with an excitation filter of 580 nm
and collected wavelengths were in the range of 650-750 nm.

2 Qcy7-Ethyl

3. Results and discussion
3.1. Design strategy of QcyP for ALP detection

Near-infrared (NIR) fluorescent probes are highly desirable
owing to their deep tissue penetration, low phototoxicity, and
negligible interference from biological autofluorescence. Within
the family of NIR fluorophore, cyanine dyes are preferable for
meeting the requirements of the in vivo bioimaging [43]. Among
them, a new member heptamethine cyanine quinone derivative
dye (Qcy7) exhibits high fluorescence quantum yield and good pho-
tostability [38-42]. Its NIR emission wavelength affords potential
applications for the efficiency of deep bioimaging in vivo. The NIR
fluorophore Qcy7-Ethyl features a turn-on detection mechanism
based on a distinctive change in its m-electrons system. We envi-
sion that installation of a phosphate ester group into the phenolic
hydroxyl moiety of Qcy7-Ethyl will quench the fluorescence via
rearrangement of the conjugated m-electron system (Scheme 1).
The phosphate group is a common enzyme-substrate (ES) inter-
action group, which has been chosen for the detection of ALP
enzymatic activity []. Moreover, the incorporation of an ortho-
functionalised phenyl phosphate group in the probe can increase
the steric hindrance between the phosphate recognition group and
the active site of phosphatase, which specially improves the selec-
tivity against to other phosphatases, such as protein phosphatase
[11]. Our new fluorescent probe QcyP is synthesized through a sim-
ple two-step procedure. The synthetic route is shown in Scheme 2.
Briefly, Qcy7-Ethyl was synthesized via a retro-Knoevenagel reac-
tion by reacting ethyl indoline (3) with resorcinol (4) in a solution of
n-butanol: toluene =7:3 (v/v). The reaction system reflexed for 3 h.
The probe QcyP (1) was obtained via phosphorylation of Qcy7-Ethyl
(2) with phosphorus oxychloride in a solvent of pyridine for 0.5 h.
Then added water and stirred for 0.5 h. The mixture was extracted
with CH,Cl,. The aqueous phase was concentrated and purified
using a Cyg reversed phase column. The details of the synthetic
process were presented in the experimental (Scheme 1).

3.2. Spectral properties of probe QcyP

The spectral properties of probe QcyP were investigated under
simulate optimum physiological conditions 37 °C. Escherichia coli
ALP (ECAP) was selected as ALP model. The working solution was
prepared as 10 mM Tris-HCI buffer (pH=8.0) supplemented with
1 mM MgCl,. The probe QcyP exhibited almost no obvious absorp-
tion in the light region from 400 nm to 800 nm. After the addition
of ALP (100 U/L) for 30 min, two sharp absorption peaks centered at
475 nm and 575 nm were observed, which was the typical absorp-
tion of the fluorophore Qcy7-Ethyl (Fig. 1a) [38,39]. The process was
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accompanied by a visible change in color from yellow to cyan within
min, which provided a fast detection of ALP through colorimet-
ric method. The extinction coefficient at 575 nm was determined
as €5750m=27231M-1cm~!. There is negligible fluorescence of
QcyP in the absence of ALP (Aex =575 nm). Upon the addition of
ALP (100 U/L) for 30 min, the probe QcyP offered a strong fluores-
cence emission in the NIR region with a maximum wavelength of
685 nm (Fig. 1b). The large Stokes shift between the excitation and
the emission wavelengths (110 nm) would beneficial for increasing
the signal-to-noise ratio during the tests [44,45]. The fluorescence
quantum yield was determined as @ =0.072. There was no fluores-
cence changes of our probe QcyP at different pH values (Fig. S1), and
QcyP had an excellent photostablity under the testing conditions
(Fig. S2 and S3). These results also demonstrated the good spectral
properties of probe QcyP.

3.3. Reaction kinetics

The kinetic study of the QcyP towards ALP was subsequently
investigated. Different concentrations of QcyP (0.5, 1, 2, 5, 10,
and 20 wM) were added into 100 U/L ALP solution. The fluores-
cence intensities were recorded timely at different time intervals
(0, 2, 4, 6, 8, 10, 15, 20, 25, 30min), respectively. As shown in
Fig. 1¢c, the enzyme-substrate (ES) interaction indicated a fast enzy-
matic hydrolysis. Even at a low concentration of QcyP substrate,
the fluorescence signal also could reach an approximate plateau
within 20 min. As illustrated in Fig. 1d, the reaction rate accel-
erated as the concentration of QcyP increased, suggesting that
the activity of enzyme was the rate-limiting factor. We selected
the fluorescence intensities at 2 min as the basis for the initial
velocity of the reaction. The fitted Lineweaver-Burke equation
1/Vo=Km/Vmax[S]*+1/Vmax are shown in Fig. 1e. The linear fitting
equation was 1/Vy (WM~!min)=15.79/[QcyP]+1.62, r=0.9993.
The Michaelis constant Ky was calculated to be 9.75 WM. The result
indicated that the active site of the enzyme had high binding ability
with QcyP (Table S1). The turnover number (kcq:) and the catalytic
efficiency constant (keq: /Ky ) were then studied. keqr and keae /Ky
were determined to be 1.35s~! and 1.38 x 10° M~1s~1, respec-
tively.

3.4. Detection of ALP activity

The concentration-dependent experiment was next carried out
to evaluate the potential quantitative ability of QcyP towards ALP
Activity. The dosage of 10 wuM QcyP was depended on Ky value.
The concentrations of ALP solution ranged from 0 to 400 U/L were
evaluated in consideration of the typical range of ALP in biologi-
cal samples (40-150U/L) [5,46]. 10 wM QcyP reacted with various
dosages of ALP (0-400U/L). After incubated for 5min, the flu-
orescence intensities were recorded (Fig. 1f). There was a good
linear correlation between ALP concentrations and fluorescence
intensities (Fig. 1g). The linear fitting equation was Fggq nm = 1214.4
[ALP] - 606.1 (U/L) with a linear fitting constant r=0.9900. The
detection limit was calculated to be 1.0 U/L based on 3o/k. Besides,
we prolonged the reaction time to 30 min. Within the ALP activity
range of 0-120U/L, there was a linear relationship between fluo-
rescence intensity and enzyme activity (Fig. S4). The linear fitting
equation was Fggs nm =4052.2 [ALP] +9367 (U/L) with alinear fitting
constant r=0.9921. And the limit of detection was calculated to be
0.31 U/L. The detection limit of QcyP was excellent and adequately
met the detection of ALP in biological samples (Table S1).

3.5. Selectivity and enzyme inhibitor assays

Selectivity was an important criterion to assess the suitabil-
ity of the probe for biological application. The interference of our

probe was investigated in the presence of various potential species.
As shown in Fig. 1Th and S5, the probe QcyP had no response
towards ions including Na*, K*, Ca%*, Mg?*, Fe3*, Zn?*, and Cu?".
The analogous functional enzymes (acid phosphatase and phos-
phodiesterase) and proteins (lysozyme, esterase, BSA, avidin, and
trypsin) also could not cause any interference in working solution.
But in 10 mM Citric acid - sodium hydroxide - hydrochloric acid
buffer (pH=5.0), QcyP has a strong response to ACP even more
than ALP (Fig. S6). However, under the alkaline conditions, ACP was
almost completely inactivated and resulted in a failure of catalysis.
Even under normal physiological conditions (pH =7.4), the acitvity
of ACP stay low level in cells and in vivo. The results affirmed that
QcyP possessed outstanding specificity for the detection of ALP in
complex biological systems. We further performed an inhibition
experiment to confirm the selective reaction between our probe
QcyP and ALP. The activity of ALP was inhibited by sodium ortho-
vanadate (Na3VO4), a common phosphatases inhibitor. 100 U/L
ALP was preincubated with different concentrations (0.01, 0.05,
0.1, 0.5, 1, 2.5, 5, 10, 25, 50, 100, 500, 1000, and 2000 wM) of
inhibitor for 30 min. 5 wM QcyP was then added. After incubated for
another 30 min, the fluorescence intensities were recorded. Then
the intensities were plotted as a function of natural logarithm of
the concentrations of Na3VOyg4. As displayed in Fig. 1i, the fluores-
cence intensity was gradually decreased when the concentrations
of inhibitor increased. The typical sigmoidal dose-response curve
well described the relationship between enzyme activity and the
concentration of inhibitor. The ICs5g for Na3VO4 was determined to
be 6.73 wM, which is consistent with previous reported data [28].
These results affirmed that the fluorescence increase was due to
the enzymatic reaction between our probe and ALP. Meanwhile,
the probe QcyP could be potentially used to screening assay of ALP
inhibitors.

3.6. Imaging of ALP in HepG2 cells

Since QcyP showed strong ability to detect ALP activity under
simulated physiological conditions, we next assessed whether QcyP
could detect ALP activity at physiologically relevant levels in living
cells. Prior to the use of the probe for biological imaging, its bio-
compatibility was first tested via the CCK-8 kit assay. HepG2 cell
(200 L) was plated into 96-well microtiter plates and adherently
generated for 24 h in the incubator. The different concentrations
of QcyP (0, 2, 5, 10, 20, 30, 40 uM) were added into the plates and
incubated for another 24 h. Afterwards, 10 pL CCK-8 solution was
added to each well. After 2 h, absorbance at 450 nm was measured
in a TECAN infinite M200pro microplate reader. As shown in Fig. S7,
the HepG2 cells still remained more than 90% viability under the
incubation of 40 .M QcyP. The result indicated that our probe QcyP
had low cytotoxicity under the testing conditions. HepG2 cells were
selected as test models for detecting the activity of endogenous ALP
due to its high expression of ALP. As displayed in Fig. 2, the cells
were divided into two groups. Before imaging, all the cells were
washed three times with saline to remove the excessive probe. For
group 1: HepG2 cells were incubated with 2 .M QcyP for 10 min
at 37 °C. There observed a pretty strong intracellular fluorescence
(Fig. 2a). The cells in group 2 were pretreated with 1 mM Na3VO,
for 30 min, the cells were incubated with 2 uM QcyP for 10 min.
There was almost no fluorescence signal obtained. The result indi-
cated that the activity of endogenous ALP had been competitively
inhibited by Na3VO,. Flow cytometry analysis was utilized to fur-
ther confirm the accuracy of bioimages collected from our probe
QcyP (Fig. 2b). We also used Western blotting analysis to evaluate
enzyme activity. As shown in Fig. 2¢, the inhibitors Na3VO,4 could
inhibit ALP. The qualitative analysis data for fluorescence imaging,
flow cytometry analysis, and western blotting analysis were pro-
vided in Fig. 2d. The results demonstrated that our probe QcyP could
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Fig. 1. a) UV absorption spectra and b) escence emission spectra of QcyP (10 M) incubated with (red line) and without (black line) 100 U/L ALP for 30 min. c¢) Time-dependent
fluorescence intensity of different concentrations of QcyP (0.5, 1, 2, 5, 10, 20 wM) towards 100 U/L ALP. The reaction was recorded at different time intervals (0, 2, 4, 6, 8,
10, 15, 20, 25, 30 min). d) Michaelis-Menten plot and e) Lineweaver-Burke plot of the reaction between variable concentrations QcyP (0.5-20 wM) and ALP (100 U/L). f)
Fluorescence spectra of QcyP (10 wM) towards different concentrations of ALP (0, 40, 80, 120, 160, 200, 240, 280, 320, 360, and 400 U/L). g) The plot of the linear relationship
between fluorescence intensity at 685 nm and ALP activity. h) Relative fluorescence intensity of QcyP (10 wM) upon addition with 0.17 pg/mL of ALP, acid phosphatase (ACP),
phosphodiesterase (PDE), and 100 pg/mL of lysozyme, esterase, BSA, avidin, and trypsin. The reaction was measured in 30 min at 37 °C. Inset: fluorescence emission spectra
of the reaction. i) Evaluation of inhibition of ALP with Na3VO4. 100 U/L ALP was premixed with different concentrations of Na;VO4 (0.01, 0.05, 0.1, 0.5, 1, 2.5, 5, 10, 25, 50,
100, 500, 1000, and 2000 M) for 30 min and then 5 WM QcyP was added into mixed solution. The reaction was measured in 30 min. Aex/Aem =575/685 nm. The experiments

were repeated five times and the data were shown as mean (+s.d.) (n=>5). (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

a Fluorescence images

b Flow cytometric analysis ¢ Western blot

- i ALP
= 2 g
)
(2]
< B-actin -
Control  Inhibitor
" d
[=]
=
‘- PerCP-Cy5-5-A  '0m PerCP-Cy5.6.A WD
3
,.E 9 ki
L= =
+ N
<
=%
) =
&
= g
PerCP-Cy5-5-A 1o PerCP-Cy5-5-A 1o 1 2 3
Control QcyP

Fig. 2. Characterization of endogenous ALP in HepG2 cells with and without Na3VO,4. The HepG2 cells were preincubated with and without Na3VO,4 (1 mM) for 30 min and
treated with QcyP (2 wM) for an another 15 min. a) Confocal microscopy images. b) Flow cytometry analysis. The grey part represents the control group and the red part
represents the experimental group. c) Western blotting analysis of ALP. S-actin was used as a loading control. d) Histograms of relative content. For 1: The ratio of mean
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column represents no pretreatment of Na3VO,4 and grey column represents the pretreatment of Na3VO4. The data were shown as mean (£s.d.) (n=5). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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be applied for the detection of endogenous ALP and its activity in
cells. Subsequently, the time-course experiment of the probe was
further investigated in HepG2 cells. 2 M probe QcyP was added
into the cell culture dish and then the images were acquired at
different time points: 30s, 1 min, 3 min, 5min, 10 min, 15 min. As
illustrted in Fig. S8, the intensities of fluorescence images gradu-
ally increased because of the enzymatic reaction. Furthermore, the
kinetic study of the QcyP in living HepG2 cells was investigated.
As shown in Fig. S9, the fitted Lineweaver-Burke equation was
1/Vo (WM~ min)=139.25/[QcyP] +8.73, r=0.9909. The Michaelis
constant Ky was calculated to be 15.95 wM. All the results demon-
strated that our probe had potential to detect endogenous ALP in
cells.

3.7. Subcellular colocalization in cells

The distribution of ALP in the cell is very extensive from the
cell membrane to the cytoplasm (endoplasmic reticulum, mito-
chondria), and even to the nucleus [12,47]. In order to investigate
the intracellular distribution of the probe, organelle co-localization
assay was carried out. The commercial dyes which selectively
stained mitochondria, endoplasmic reticulum, cell membrane, and
nucleus were used to trace the distribution of the probe QcyP in
cells. As shown in Fig. 3, all the HepG2 cells were incubated with
the probe QcyP (2 M) 10 min at 37 °C. The fluorescent image was
construct from fluorescence collection window: 650-750 nm, with

excitation wavelength (Aex) at 559 nm. And the optimum operation
conditions of other commercial dyes for mitochondria, endoplas-
mic reticulum, cell membrane, and nucleus were performed as
follows: the incubation time of MitoTracker” Green FM (0.5 M)
was 15min at 37°C and the fluorescence collection window was
450-550 nm (Aex =488 nm); The incubation time of ER-Tracker™
Green dye (1 wg/mL) was 15min at 37°C and the fluorescence
collection window was 450-550nm (Aex =488 nm); CellMask™
Orange Plasma Membrane stain (1 wM) was added into Petri-dishes
for 15min at 37°C and the fluorescence collection window set
from 510 to 610nm (Aex =559 nm). Hoechst 33258 (0.5 wg/mL)
was added into Petri-dish for 30 min at 37°C and with a fluores-
cence collection window from 410 to 510 nm (Aex =405 nm). We
then performed intensity correlation analysis of the dyads between
images of QcyP and images of other organelle dye, respectively. The
intensities of stain color-pair for each pixel in the merged images
demonstrated the intensity distribution of the two colocalization
dyes. The result illustrated that our probe QcyP predominantly
accumulated in mitochondria due to the mitochondria-targeting
ability of the cyanine dyes. The Pearson’s colocalization coefficient
was calculated as Rr=0.91, and the Manders’ coefficients were
determined as my =0.95, my = 0.97. The fluorescence intensity pro-
files of regions of interest (red arrow) in merged images exhibited
to be highly synchronous. All the results indicated that our probe
QcyP could locate in mitochondria and respond to ALP in mitochon-
dria.



Z. Gao et al. / Sensors and Actuators B 265 (2018) 565-574 571

PC9 SMMC-7721

Fluorescence image

PercP S EA FerlPc A o PerCP-CySSA W

PerCP-CyS5A o

PerCP-CySSA @ PerCP-Cy5-5-A ' PerCP-CySSA T

Flow cytometry analysis
)

8 mmmmm Flow cytometry analysis

el Iysate assay

A549 HELA

SH-SY5Y HEPG2 SMMC-7721 PC9

PerCP-CyS-SA I

SH-SYSY

HepG2

PerCP-CyS-5-A WB PerCP-CySS-A Wm PorCP-CyS5A Wm

150
150
150
150

PerCP-CyS&A  wm PerCP-CySSA  wm PerCP-CySSA PerCP-CyS-5-A b

HL-7702 HEK293

Fig. 4. Comparison of endogenous ALP level changes in eight human cell lines. All tested cells incubated with 2 uM QcyP for 10 min at 37 °C. Confocal microscopy images
are presented in a) QcyP and b) merged image. Flow cytometry analysis are presented in ¢) Control and d) QcyP. e) Histograms of relative mean fluorescent intensities. Black
column: The ratio of flow cytometry analysis (Red/Gray). Red column: The ratio of cell lysate assay (QcyP/Control). f) Western blotting analysis. f-Actin was used as a loading
control. The data were shown as mean (&s.d.) (n=3). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)
3.8. Quantification of ALP levels in different cell lines

Since the probe QcyP provided a simple and rapid chemical tool
for selectively detecting endogenous ALP activity in live cells, we
next investigated whether it could be used to quantify the levels of
ALP in different cell lines. We selected eight cell lines form different
organs to evaluate capability of the probe for ALP detection. As dis-
played in Fig. 4, the total of eight human cell lines were HEK293
cell line, HL-7702 cell line, PC9 cell line, A549 cell line, SMMC-
7721 cell line, SH-SY5Y cell line, HepG2 cell line, and HeLa cell
line. All cell lines were incubated with 2 wuM QcyP for 10 min at
37 °C. Before observed images using confocal microscope, the cells
were washed with saline for three times. As shown in Fig. 4a and
4b, there are differences in the fluorescence image intensities of
the eight cell lines. A549 cell line and HeLa cell line emitted strong
fluorescence, respectively. SH-SY5Y cell line, HepG2 cell line and
SMMC-7721 cell line provided medium fluorescence images. PC9
cell line, HL-7702 cell line, and HEK293 cell line offered weak fluo-
rescence images. Flow cytometry analysis was performed to verify
the above results. The results (Fig. 4c and 4d) were consisted with
the confocal microscopy images results in Fig. 4a and 4b. Interest-
ingly, although the PC9 and A549 cell lines were all derived from
lung adenocarcinoma cell lines, the enzyme level and activity indi-
cated the difference in maturation [48]. Similarly, liver cancer cell
lines (HepG2 and SMMC-7721) expressed different levels of ALP.
However, human normal HL-7702 cells preserved relatively low
level of ALP in comparison with cancer cells, because ALP was over-
expressed in cancer cells. The levels of ALP expression were further

assessed via Western blot analysis (Fig. 4f and S12). The results
were high consistent with the result of fluorescence imaging anal-
ysis. But one should note that the high level and activity of ALP
were not considered as a diagnostic indicator for a specific diseases.
Flow cytometric analysis and cell lysate assay were performed to
further quantify levels of ALP in these cell lines (Fig. 4e). Accord-
ing to the standard curves of QcyP (Fig. 1g), the ALP activity was
estimated to be 10.15+0.38 U/L and 9.58 +0.35U/L in A549 and
Hela cells, respectively. And in medium fluorescence group, the
ALP activity was determined to be 7.04 +£0.36 U/L, 6.86 +0.33 U/L,
and 4.72 4+ 0.28 U/L in SH-SY5Y cells, HepG2 cells, and SMMC-7721
cells, respectively. The ALP activity of PC9 cells, HL-7702 cells, and
HEK293 cells was evaluated to be 2.48+0.21UJL, 1.37+0.22 U/L,
and 1.19+0.18 U/L, respectively.

3.9. Invivo imaging in mice

Near-infrared (NIR) fluorescence probe can effectively provide
high imaging resolution and sensitivity with increasing tissue pen-
etration depths, owing to advances in reducing photon scattering,
hemoglobin absorption and auto-fluorescence [37]. We further
evaluated the suitability of QcyP for bioimaging ALP level and activ-
ity in vivo. Clinical manifestations indicate that the liver cancer is
often associated with elevated ALP level in serum [3]. The HepG2
tumor-bearing mice model was constructed because of the high
level of ALP in the tumor region and the blood [49]. As shown in
Fig. 5, the BALB/c nude mice were divided into three groups for
imaging of ALP in vivo. The nude mice in group a were intraperi-
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mean (+s.d.) (n=3).

toneally injected a dosage of 200 L probe QcyP (100 uM, 1:9
DMSO/saline v/v) for 30 min (Fig. 5a). The HepG2 tumor-bearing
nude mice in group b were given intratumoral injection of 200 L
probe QcyP (100 wM, 1:9 DMSO/saline v/v) for 30 min (Fig. 5b).
The tumor-bearing nude mice in group c were given intraperi-
toneal (i.p.) injection of a dosage of 200 wL probe QcyP (100 M,
1:9 DMSO/saline v/v) for 30 min (Fig. 5d). Each group was set an
inhibitor group, respectively. After pretreated by a i.p. injection of
200 pL of NazVO,4 (100 mM in saline) for 30 min, the nude mice
in Fig. 5b were then treated as described in group a. The tumor-
bearing nude mice in Fig. 5b were intratumorally injected 200 p.L
of Na3VO,4 (100 mM in saline) for 30 min, then treated as described
in Fig. 5c. The tumor-bearing nude mice in Fig. 5f were afforded i.p.
injection of 200 L of Na3VO,4 (100 mM in saline) for 30 min, then
treated as described in Fig. 5e. The mice were finally anesthetized
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by isoflurane for in vivo imaging. The fluorescence imaging was
obtained from IVIS Lumina XRMS Series Il In Vivo Imaging System
(Perkinelmer), with collected window 650-750 nm (Aex = 580 nm).
As shown in Fig. 5b, the tumor region of tumor bearing mice pro-
vided strong fluorescence signal, which indicated the high level of
ALP in the lesion of HepG2 cancer model. The Na3VO,4 pretreatment
could lead to an obvious 9-fold decrease in fluorescence intensity
(Fig. 5b). As known, the level of ALP in human serum is used to
help diagnosis by physician as a biomarker. The i.p. injection test
revealed a high ALP level in the tumor-bearing nude mice (Fig. 5d).
In normal nude mice, the level and activity of ALP was lower than
that of tumor-bearing mice. The fluorescence intensity in abdom-
inal cavity was 2.3-fold lower than that of HepG2 tumor-bearing
mice (Fig. 5g). And the inhibitor experiment in vivo could result in
weak fluorescence emission (Fig. 5b, d, f). The result verified that the
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Fig. 6. Representative time-dependent fluorescence images of endogenous ALP activity levels in mice. a) Nude mice were taken an intraperitoneal injection of 200 wL QcyP
(100 M, 1:9 DMSO/saline v/v). b) HepG2 tumor-bearing mice were injected intraperitoneally with 200 wL QcyP (100 M, 1:9 DMSO/saline v/v). c) HepG2 tumor-bearing
mice were taken an intratumoral injection of 200 L QcyP (100 M, 1:9 DMSO/saline v/v). d) Relative fluorescence intensity of time course in mice a-c, from top to bottom.
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fluorescence emission initiated from the enzymatic hydrolysis of
the ALP. The levels of ALP in serum were also assessed (Fig. 5h). The
results were consistent well with imaging analysis. According to the
standard curves of QcyP (Fig. 1g), the activity of ALP in mice serum
were 78.81+16.92 U/L in normal mice, and 224.08 +22.63 U/L in
tumor-bearing mice. The activity of ALP in mice tumor protein
extract was 327.86+27.06 U/L. The inhibitor Na3VO,4 was added
to the serum 30 min later, the activity of ALP in mice serum were
determined to be 10.51 £0.54U/L and 15.93 £0.67 U/L in normal
mice, and tumor-bearing mice, respectively. The activity of ALP in
mice tumor protein extract was evaluated to be 15.93 +0.85 U/L.
We then employed the probe to conduct the time-course depen-
dent experiment. The assays were performed with three groups
of mice. The mice in Fig. 6a were intraperitoneally injected with
200 pL probe QcyP (100 wM, 1:9 DMSO/saline v/v). The tumor-
bearing mice in Fig. 6b were given an intratumoral injection with
200 pL probe QcyP (100 wM, 1:9 DMSO/saline v/v). The tumor-
bearing mice in Fig. 6¢c were afforded an intraperitoneal injection
with 200 pwL probe QcyP (100 M, 1:9 DMSO/saline v/v). The
dynamic changes of fluorescence intensities were immediately
monitored using In Vivo Imaging System. All fluorescence inten-
sities increased along with time. But the rate and fluorescence
intensity were different. The fluorescence intensity of the whole
tumor region rapidly increased with 5 min, which was attributed to
the catalytic hydrolysis of our probe QcyP by the tumor-generated
ALP. The fluorescence intensity of tumor-bearing mice were signif-
icantly higher than that of in the normal mice. The result indicated
that HepG2 derived tumor could elevate the concentration of ALP
in mice. Kinetic changes in fluorescence signals were plotted in
Fig. 6d. The result also demonstrated that our probe could act as a
good chemical tool for imaging level changes of ALP in vivo in real-
time. The fluorescence changes in the above five operations were
also offered as videos (Videos: I-1Il in Supplementary information).

4. Conclusion

In summary, we have designed and synthesized a NIR fluo-
rescence probe QcyP for imaging and evaluating endogenous ALP
changes in different cell lines and in tumor-bearing mice models.
Our probe consists of two parts: a unique heptamethine cyanine
as the fluorescence modulator and a phosphate monoester as the
response moiety for ALP enzymatic reactions. The probe QcyP effec-
tively exhibits an off-on fluorescence increase signal in response
to ALP via the enzyme-catalyzed cleavage of the phosphate group.
QcyP can selectively and sensitively respond to ALP without inter-
ferences of other enzymes, ions, and proteins. The subcellular
distribution of QcyP in HepG2 cells has been identified in mito-
chondria. The probe has also been used to evaluate the different
levels of ALP in eight human cell lines, revealing that the cancer
cell lines have high-level expression of ALP. Moreover, the probe
can be used to distinguish the ALP level difference between HepG2
tumor-bearing mice model and normal mice. The above applica-
tions make our probe a potential candidate for revealing the roles
of ALP in physiological and pathological processes.
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