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ABSTRACT: Molecules capable of monitoring receptor
protein-tyrosine kinase expression could potentially serve
as useful tools for cancer diagnosis due to the over-
expression of tyrosine kinases during tumor growth and
metastasis. In this work, a conformationally induced “off−
on” tyrosine kinase cell membrane fluorescent sensor
(SP1) was designed and evaluated for the detection and
imaging of receptor protein-tyrosine kinases in vivo and in
vitro. SP1 consists of sunitinib and pyrene linked via
hexamethylenediamine and displays quenched fluores-
cence as a dimer. The fluorescence of SP1 is restored in
the presence of receptor protein-tyrosine kinases upon
strong interaction with SP1 at the target terminal. The
unique signal response mechanism enables SP1 use for
fluorescence microscopy imaging of receptor protein-
tyrosine kinases in the cell membranes of living cells,
allowing for the rapid differentiation of cancer cells from
normal cells. SP1 can be used to visualize the chick
embryo chorioallantoic membrane and mouse model
tumors, suggesting its possible application for early cancer
diagnosis.

Tumor formation is always accompanied by blood vessel
development and unlimited diseased cell growth.

Sunitinib malate is a multitargeted tyrosine kinase inhibitor
with antitumor and antiangiogenic activities effective on many
tumors, such as breast, lung, prostate and colorectal cancers.
Sunitinib malate exerts its antitumor effects by potently
inhibiting vascular endothelial growth factor receptor 2
(VEGFR2). VEGFR2, a type of receptor tyrosine kinase, is
normally located in the cell membrane. Free circulating
VEGFR2 has been evaluated as a surrogate marker for tumor
angiogenesis.1,2 The use of tumor-targeting techniques has
rapidly expanded in cancer therapy and visualization.3−5 Most
tumor targets are either membrane proteins or their ligands,
which are overexpressed on tumor cells or cancer-associated
cells.6,7 Cancer cells can be labeled by targeting cell membrane
receptor proteins, leading to the efficient and early diagnosis of
cancer and resulting in early treatment and reduced cancer
mortality.8 Numerous tumor-targeted fluorescent sensors have
been reported recently, but only a few target membrane
proteins.9,10

Compared with conventional techniques, molecular fluo-
rescence imaging has become a powerful tool for targeting
membrane proteins and related ligands due to its biological
compatibility, high selectivity and high resolution.11,12 This
method has emerged as a promising noninvasive, real-time,
high-sensitivity, low-cost technique.13 Though cell membranes
play vital roles in physiological and pathological processes,
multicomponent biological complexes make tumor targeting
difficult,14 and long-term debates regarding cell membrane
targeting persist.15 Monitoring VEGFR2 expression in vivo and
in vitro with a small molecular fluorescence sensor could be
useful for diagnosis, prognosis assessment, treatment planning,
monitoring and research.16,17 Herein, we designed a receptor-
target-based “off-on” fluorescent sensor for the optical imaging
of cancer cell membranes, useful in early cancer diagnosis and
surgical guidance.18 It was hypothesized that the fluorescence-
quenched sensor SP1, a fluorogenic tyrosine kinase inhibitor
derivative, migrated across the cell membrane and bound to
VEGFR2 inside cancer cells (Scheme 1). The sensor’s

fluorescence signal, which is quenched via the pyrene π−π
stacking interactions, is restored by restraining the conversion
of its own configuration due to the push−pull of the associated
charge-transfer mechanism. The unique responding mode PET
(photoinduced electron transfer) of SP1 permits the highly
selective identification of cancer cells due to a lower
background and enables the visualization of cancer-related
cell membranes, tissues and a living mouse model, possibly
facilitating early diagnoses.19
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Scheme 1. Schematic Diagram of SP1
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SP1, designed and synthesized in six steps, consisted of three
parts: a target group, a linker group and a fluorophore group.
The sunitinib target group was synthesized via the Knoevenagel
condensation of oxindole and a pyrrolic acid. Sunitinib is
expected to target receptor proteins on the cell membrane20 as
it is a multitarget inhibitor of tyrosine kinase. The long aliphatic
chain hexamethylenediamine acted as a linker and was
connected to sunitinib to improve the biological compatibility
of the sensor. The detailed synthetic route and chemical
structure of SP1 are described in Scheme S1. The structure of
SP1 was well characterized by 1H NMR, ESI-MS and 2D NMR
analyses. The NOESY spectrum exhibited cross signals between
Ha, Hb and Hc of the different pyrene moieties (Figure 1a).21

This result suggests that dimeric SP1 in the free state was
stabilized by weak interactions between the two pyrene groups,
resulting in significantly decreased background fluorescence
and enhanced sensitivity of the sensor.
SP1 (2 μM) showed strong emission in organic solvents,

such as DMF, DMSO, MeOH, CH3CN and acetone, but
exhibited weak emission in an aqueous solution (Figure 1b).
After the addition of tyrosine kinase, the fluorescence intensity
in DMSO exhibited a more significant increase compared with
that observed in other solvents. The fluorescence of free SP1
was quenched upon addition of H2O to the DMSO solution
(Figure 1c). The DMSO/H2O medium (1:9, 40 mM Tris−
HCl, pH 7.4) showed the largest intensity enhancement upon
addition of tyrosine kinase and was chosen to simulate
biological conditions of the cell membrane environment for
the subsequent experiments.
In the DMSO/H2O simulated physiological medium, SP1 (2

μM) showed weak emission at 545 nm when excited at 460 nm.
Upon addition of the protein-tyrosine kinase receptor (0 to 0.8
μg/mL), an “off−on” fluorescence transformation was directly
observed (Figure 2a). The dose-dependent fluorescence
enhancement of SP1 exhibited good linearity with the
concentration of the protein-tyrosine kinase receptor in the
range of 0 to 0.6 μg/mL, revealing that SP1 can quantitatively

measure protein-tyrosine kinase receptor levels.22 Notably, the
special two-dimensional structure of the cell membrane makes
simulation of the spatial structure and surrounding environ-
ment quite difficult.23 Even though a few studies have used
fluorescence techniques to achieve tyrosine kinase detection in
vitro,24,25 the linear response of luminescence intensity toward
the concentration of tyrosine kinase demonstrated sensitive
detection of tyrosine kinase in simulated physiological media.
With tumor growth, the tyrosine kinase receptor VEGFR2 is

enriched at the cell membrane surface. The selectivity of SP1
was investigated in the presence of relevant intracellular
substances26 in the DMSO/H2O medium. The addition of
various amino acids, inorganic salts and other relevant
substances had only a slight influence on fluorescence emission
(Figure 2b). Furthermore, the IC50 (50% inhibitory concen-
tration for tyrosine kinase) was calculated to evaluate the
binding capacity of SP1 with tyrosine kinase (Figure 2c). The
IC50 value of 2.2 ± 0.1 μM indicated that there is binding
affinity between SP1 and tyrosine kinase. Therefore, SP1 can
selectively target tyrosine kinases over other biologically
relevant analytes and selectively label cancer cells. Prior to
the bioimaging test, the potential toxicity of SP1 (0−20 μM)
against cancer cells was investigated and the relative cell growth
rate was then determined using the CCK8 assay. SP1 sensor
cytotoxicity (Figure 2d and S21) was within an acceptable
range, suggesting the biocompatibility of SP1 in living
systems.27,28

HT-29 cells, A549 cells and HUVECs are present in human
epithelial tissue.29 VEGFR2 is distributed within these three cell
types and is overexpressed during angiogenesis and in cancer
cells. Because the probe can recognize the tyrosine kinase
receptor, a colocalization assay with D4292 (a commercially
available membrane dye) was conducted. HT-29 cells, A549
cells, HUVECs and HeLa cells were incubated with D4292 (1

Figure 1. (a) NOESY spectroscopy of SP1 in a DMSO-d6 solution.
(b) Fluorescence spectra of SP1 and SP1-pr (with the addition of
tyrosine kinase) in various solvents. (c) Fluorescence spectra of SP1 (2
μM) in the DMSO/H2O medium. (d) Fluorescence spectra of SP1
and SP1-pr (with the addition of tyrosine kinase) in the DMSO/H2O
medium. λex = 460 nm. F0 is the lowest fluorescence intensity of the
sensor.

Figure 2. (a) Fluorescence responses of SP1 (2 μM) to various
concentrations of tyrosine kinase. (b) Fluorescence responses of SP1
to various interferences, including NaCl, KCl, MgCl2, CaCl2, tyrosine
(Tyr), glutathione reductase (GR), aspartic acid (Asp), glutamic acid
(Glu), arginine (Arg), bovine serum albumin (BSA), proline (Pro),
cytochrome C (Cyt-c), dithiothreitol (DTT), glucose, cholesterol,
nitroreductase (NTR), cysteine hydrochloride (Cys HCl) and tyrosine
kinase. The data were acquired in Tris−HCl (pH = 7.4, 40 mM,
containing 10% DMSO). (c) Inhibition of tyrosine kinase by the
activity-based probe SP1. (d) Relative growth rate (%) of cells that
were cultured in the presence of SP1 (0−20 μM) for 24 h, as
estimated by the CCK8 assay.
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μM, green channel) and SP1 (0.5 μM, red channel) for 30 min
(Figure 3a-l). The red channel fluorescence intensities were

dramatically higher in HT-29 cells, A549 cells and HUVECs
than in HeLa cells. There is a linear relationship of VEGFR2
expression between cells at low sensor concentrations and a
good distinction of VEGFR2 expression at high sensor
concentrations (Figure 3o). This result suggests that the sensor
has good selectivity to target cell membrane of tumor cells and
related angiogenic cells.30

The commercial dye D4292 and the SP1 sensor were
compared at different concentrations in HT-29 cells. HT-29
cells were prepared by incubation with SP1 (0.2, 0.5 and 1 μM)
for 30 min. With excitation at 458 nm, a bright fluorescence was
observed in the red channel (Figure 4b,f,j). The fluorescence of
SP1 overlapped very well with that of D4292 (Figure 4a,e,i)
and the Pearson’s coefficient was calculated to be 0.99 (Figure
4h). This result implies a preferential distribution of VEGFR2
in the membrane. Fluorescence intensities were enhanced by
addition of the SP1 sensor to HT-29 cells (Figure 4l). The
well-matched imaging pattern between SP1 and membrane dye
illustrated the sensor’s selectivity toward receptor tyrosine
kinases in a biological environment.31,32

Angiogenesis plays a key role in the growth of various
pathological tissues and is particularly important for biological
behaviors, such as the growth and metastasis of solid
tumors.33,34 The applicability of this sensor to deep-tissue
imaging in the chick embryo chorioallantoic membrane (CAM)
with overexpressed tyrosine kinase was investigated. After
incubating liver tissue slices from 9-day-old eggs with SP1 (15
and 25 μM) for 24 h, deep-tissue images were obtained in the
same region with excitation at 458 nm (Figure 5). The imaging
demonstrated SP1 visualization of tyrosine kinases in the chick
embryo CAM with green fluorescence at depths of 0 to 400

nm. The results indicated that the sensor can achieve imaging
of tissue blood vessels and can be used to monitor effective
treatment in tumor therapy.
The in vivo fluorescence imaging of tyrosine kinase using SP1

in a HT-29 tumor-bearing mouse model was further
investigated (Figure 6). To determine whether SP1 can target
and monitor tumor cells, varying concentrations of SP1 were

Figure 3. Fluorescence images of HT-29 cells (a−c), A549 cells (d−f),
HUVECs (g−i) and HeLa cells (j−l) costained with D4292 (1 μM,
green channel) and SP1 (0.5 μM, red channel). (m) Intensity scatter
plot of SP1 and D4292 in A549 cells (Pearson’s coefficient = 0.968).
(n) Intensity scatter plot of SP1 and D4292 in HUVECs (Pearson’s
coefficient = 0.971). (o) Relative fluorescence intensity in the red
channel for the cells. Red bars: Costained with SP1 (0.5 μM). Blue
bars: Costained with SP1 (0.07 μM). λex = 458 nm excitation; λem =
500−530 nm (green channel) and 530−580 nm (red channel); scale
bar = 20 μm.

Figure 4. Fluorescence images of HT-29 cells via confocal laser
scanning microscopy. (a, e, i) images of D4292; Images of SP1 at (b)
0.2 μM, (f) 0.5 μM, (j) 1 μM. (c, j, k) Bright-field images. (h)
Colocalization coefficient of SP1 and D4292 in HT-29 cells. (l)
Relative fluorescence intensity of the red fluorescence (b, f and j) in
HT-29 cells. Scale bar = 20 μm.

Figure 5. Fluorescence images of the chick embryo CAM using SP1 in
9-day-old fertilized eggs. (a−d) 15 μM SP1; (e−h) 20 μM SP1.
Images were acquired using 458 nm excitation after incubation with
SP1 for 24 h at 37 °C; scale bar = 300 μm.

Figure 6. In vivo fluorescence imaging of SP1 in a HT-29 tumor-
bearing mouse model via SP1 injection: (a) 0.1 mM, 100 μL; (b) 0.5
mM, 100 μL; (c) 1 mM, 100 μL; (d) 2 mM, 100 μL. The fluorescence
signal was imaged at 500 to 720 nm under excitation with a 460 nm
CW laser (power density of 1 mW cm−2).
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directly injected into the tail of mice bearing subcutaneously
implanted tumors. Five minutes after injection, strong
fluorescence signals were observed at the mouse tumor site
and increased with increasing SP1 concentration (0.1 to 2
mM). Clearly, only the tumor site displayed strong fluorescence
images and no fluorescence signal was obtained from other
normal organs. These results indicate that SP1 can be
employed for real-time visualization of tyrosine kinases in
tumors.35,36

In conclusion, we reported the molecular sensor ability of a
PET-quenched fluorogenic protein-tyrosine kinase receptor
inhibitor. The fluorescence signal is selectively and quickly
generated by interaction with protein-tyrosine kinase receptors
accumulating on the cell membranes of cancer cells. The “off−
on” fluorescence enhancement results from the restrained PET
following SP1 binding to protein-tyrosine kinase receptors on
the cell membrane. SP1 permits the rapid, highly selective and
sensitive identification of cancer cells via imaging of the tumor
cell membranes, the chick embryo CAM and tumors in a
mouse model by fluorescence microscopy. Therefore, SP1
would be useful in the realization of early cancer diagnosis.
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