IEESAPPLIED MATERIALS

Research Article

INTERFACES

www.acsami.org

Highly Sensitive Naphthalimide-Based Fluorescence Polarization

Probe for Detecting Cancer Cells

Ti Jia, Congying Fu, Chusen Huang,* Haotian Yang, and Nenggin Jia*

The Education Ministry Key Laboratory of Resource Chemistry and Shanghai Key Laboratory of Rare Earth Functional Materials,
Department of Chemistry, College of Life and Environmental Sciences, Shanghai Normal University, 100 Guilin Road, Shanghai

200234, China

© Supporting Information

ABSTRACT: Fluorescence polarization (FP)-based signal is a self- Lj o 0
referencing fluorescence signal, and it is less dependent on dye é{j o s & o

concentration and environmental interferences, which makes FP measure- ok v o 0q, g \«\'\9“3\/\}

ment an attractive alternative sensing technology to fluorescence intensity- LKL G

based detection. However, most of the fluorescence polarization probes
were constructed by introducing fluorescein, rhodamine, and cyanine dyes,
which have relatively shorter excited-state lifetimes compared with BODIPY
and naphthalimide dyes. Herein, a first naphthalimide based fluorescence
polarization probe (BIO) was designed and synthesized for selective and
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direct detection of cancer cells. The relatively longer excited-state lifetimes

and high photostability of naphthalimide makes BIO more sensitive and accuracy in quantitative determination of HeLa cells in
homogeneous solution without cell lysis and further separation steps. The detection limit of BIO for HeLa cells was about 85
cells mL™", the linear range was from 2.5 X 10* cells mL™" to 1 X 10° cells mL™" and the response time is no more than 25 min.
Moreover, due to the relatively high photostability of naphthalimide, BIO was particularly suitable for live cell imaging under
continuous irradiation with confocal microscopy, and the specific interaction of BIO with CD44-overexpressing cell lines was
clearly visualized. Importantly, this BIO based sensing platform offers a direct and real-time tool for cancer cell diagnosis when
complemented with the use of naphthalimide-based fluorescence polarization probe.

KEYWORDS: naphthalimide, fluorescence polarization probe, lifetime, cancer cells, self-referencing fluorescence sensing technology,

live cell imaging

Bl INTRODUCTION

The past decades have witnessed significant advances in
fluorescence based sensing technology including development
of new fluorescence sensing mechanism and measurement
instrumentation."” Fluorescence sensing technology has been
viewed as a powerful and versatile toolbox in the field of
physiology and molecular biology, environmental monitoring
and clinical diagnosis with the advantage of high selectivity and
sensitivity, spatiotemporal resolution, and visibility.” > How-
ever, the fluorescence intensity based assay might be interfered
with by some environmental factors such pH changes,
fluorescence self-quenching, and large background signal.
Thus, self-calibration should be required for improving the
accuracy and reliability of the fluorescence sensing technology.
Recently, two major self-referencing approaches including the
fluorescence ratiometric method® and lifetime detection’™'°
were developed for overcoming the obstacles of fluorescence
intensity based assay, which makes the detection sufficiently
reliable. Despite these efforts, rapid, simple, and convenient
self-referencing fluorescence detection techniques are still
urgently needed especially for cancer diagnosis.*'' "3
Fluorescence polarization (FP) measurement is another self-
referencing fluorescence sensing technology. Because the
polarization value (P) is defined as the ratio of fluorescence
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intensities parallel (I;) and perpendicular (I;) with respect to
plane-polarized excitation light (eq 1, detailed information,
please see ref 14), the fluorescence polarization-based signal is
less dependent on dye concentration and environmental
interference, which makes FP measurement an attractive
alternative to fluorescence intensity-based detection.'>'® Mean-
while, FP assay is a “mix and measure” technique without
separation of the free and bound ligands, which make FP more
convenient for real-time monitoring of the dynamic changes of

biomacromolecules including membrane lipid mobility,"” "

20,21

DNA—protein and protein—protein interactions, and

folding of G-quadruplex motif,”* as well as the hyaluronidase

| 24-26

activity™® at the molecular leve Apart from detection of

biomacromolecules, recent years have also witnessed substantial

progress in aptamer based fluorescence polarization measure-
. . . A 2728

ment in determining small molecules such as Ochratoxin A,””
29-31 . . 2

ATP,*® ! adenosine, and adenosine monophosphate,3 as well

as L-tyrosinamide.>***
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Table 1. Lifetime and Photostability of Naphthalimide-Based BIO Compared to Other Fluorescent Dyes

fluorescein dyes

lifetime (ns) 4 2—47

e

photostability low® low’

used in fluorescence polarization assay common common
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Figure 1. Illustration of fluorescence polarization probe BIO in the detection of CD44 in situ on cell membranes and intracellular transport CD44

via endocytosis.
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However, most of these fluorescence polarization probes
were constructed by introducing fluorescein (or its derivatives
such as FAM, a commercially available dye), rhodamine, and
cyanine dyes, which have relatively short excited-state lifetimes
(less than 4 ns)***® compared to BODIPY and naphthalimide
dyes (lifetimes of naphthalimide and BODIPY dyes were above
6 ns, Table 1).37’38 In addition, the longer excited-state lifetimes
of BODIPY and naphthalimide dyes could make the signal of
fluorescence polarization more sensitive to binding interactions
over a larger molecular weight range.>” Some BODIPY based
fluorescence polarization probes have been used for detection
of biological samples,**~* but the naphthalimide-based
fluorescence polarization probes are still rarely investigated in
the biological assay (Table 1). Furthermore, most fluorescence
polarization probes for cancer diagnosis were mainly based on
determination of concentration of biomarker in cancer cells.
There are only a few fluorescence polarization probes
developed for direct detection of cancer cells.*™* Due to
the significant role of direct capture of cancer cells, especially in
circulating tumor cell (CTC) detection, development of a
sensitive and convenient approach for direct detection of cancer
cells will contribute to the potential clinical utilization in early
cancer diagnosis.%’47 Herein, a first naphthalimide-based
fluorescence polarization probe was designed and synthesized
for sensitive and direct detection of cancer cells.

The working principle of this naphthalimide-based fluo-
rescence polarization technology is illustrated in Figure 1. The
cancer cell-target fluorescence polarization probe (BIO) was

prepared from 4-amino-1,8-naphthalimide dye and chemically
modified hyaluronic acid (HA). Considering the longer excited-
state lifetimes and greater photostability of naphthalimide
compared with fluorescein and rhodamine dyes,***** the 4-
amino-1,8-naphthalimide was introduced into BIO to emit the
fluorescence polarization signal. At the same time, we have
chosen HA as a specific ligand for direct targeting of cancer
cells because HA serves as a key signaling molecule in
regulating cancer metastasis through the interaction with CD44
(a HA receptor), and the overexpressed CD44 is closely related
to cancerous angiogenesis and other types of tumor
progression. Consequently, the increase in the fluorescence
polarization signal of BIO will become remarkable only upon
capturing the target cancer cells. Compared to other current
technologies for detection of cancer cells, BIO contains the
following advantages: (a) the fluorescence polarization signal
from BIO is a self-referencing signal which could not be
interfered with by environment factors; (b) the longer excited-
state lifetimes and higher photostability of 4-amino-1,8-
naphthalimide makes BIO more sensitive and accurate in
detecting cancer cells; (c) the relatively high photostable
naphthalimide makes BIO particularly suitable to live cell
imaging under continuous irradiation with confocal micros-
copy; (d) to the best of our knowledge, BIO is a rarely reported
fluorescence polarization probe for directly detecting cancer
cells in homogeneous solution, which enables real-time
monitoring of living cancer cells without cell lysis and further
separation steps.
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Figure 2. Series of characterizations of BIO. (a) SEM images of lamellar probe BIO after drying at a low temperature. (b) Microscopy images of
BIO (left: bright field, right: fluorescence images under 405 nm exictation), scale bar, 200 ym. (c) Dry (shrinking) and swelling status of probe BIO
under the naked eye (left: bright field, right: fluorescence images under the UV lamp). (d) FT-IR spectra of HA (blue) and BIO2 (red) and probe
BIO (black). (e) Zeta potential shift from unmodified HA (red) to BIO2-modified probe BIO (blue). (f) UV—vis absorption spectra of HA, BIO2,
and probe BIO. (g) UV—vis absorption spectra of different concentrations ((0—4) X 10™* M) BIO2 at 450 nm. Inset: changes in UV—vis absorption
spectra of different amounts of BIO2. (BIO2-modification efficiency of BIO reaches 9% by interpolation analysis upon BIO2 UV—vis absorption

standard line.)

B RESULTS AND DISCUSSION

Synthesis and Characterization of BIO. Our inves-
tigation began with the preparation of target probe BIO. As
displayed in Scheme S1, N-butyl-4-(6'-aminohexyl)amino-1,8-
naphthalimide (BIO2) was initially prepared through a facile
procedure.>>>' Then BIO was prepared by conjugation of
BIO2 and HA through the amide bond. The chemical
structures of BIO were characterized by IR (Figure 2d), zeta
potential, and UV—vis spectra (Figure 2f). The peaks at 1545
and 1384 cm™ can be attributed to the N—H and C—N bands
in the amide bond of BIO, and the strength of the peak at 772
cm™" of BIO decreased compared with that of BIO2, which was
ascribed to the disappearance of the primary amine of BIO2
through the formation of an amide bond. The peak at 1039
cm™ is from the HA (Figure 2d). Similarly, the zeta potential
of BIO was —42.9 mV which is relatively positive compared to
that of HA (—66.7 mV, Figure 2e), because some of the
carboxylic acids in HA were replaced by amine groups of BIO2
through the formation of amide bonds. A maximum absorption
at about 450 nm appeared in the UV—vis spectra of BIO also
suggesting that BIO2 was successfully conjugated to HA.
Furthermore, through the interpolation analysis based on the
UV—vis absorption standard line, we observed that the BIO2
modification efficiency of BIO reaches 9%. All these results
suggest that BIO was successfully synthesized. Meanwhile, the
morphology of BIO was also investigated in both solid state
and water solution. Transmission electron microscopy (TEM)
images reveal a lamellar structure in the dry form (Figure 2a),
which also emitted yellow fluorescence at 405 nm excitation
under microscopy (Figure 2b). After BIO was added into
water, it swelled and became water-soluble. The water solubility
of BIO makes it suitable for further application in biological
samples under physiological conditions. Meanwhile, DLS

10015

(dynamic light scattering) analysis of BIO in water solution
suggested that the hydrodynamic diameter of BIO was centered
at 634.8 nm (Figure S2), and no other peak was observed in
DLS analysis, indicating a pure BIO in water solution.

Fluorescence Lifetime of BIO and Cell Viability. Then,
by using the single-photon counting technique (Edinburgh FL
900, detailed procedure in Supporting Information), the
fluorescence lifetime of BIO was determined to be 6.26 ns
(Table 1). Compared with fluorescein, rhodamine, and cyanine
dyes, the naphthalimide-modified BIO displayed a relatively
longer lifetime, which was beneficial for sensitive detection of
HeLa cells through changes of the fluorescence polarization
signal.

The cell cytotoxicity of BIO was also tested by MTT using a
standard methyl thiazolyl tetrazolium (MTT) assay. During the
concentration between 0 and 150 ug mL™, BIO exhibited no
cell cytotoxicity (Figure S3) when the incubation time was 12
h. Even as the incubation time extends to 24 h, there was no
obviously decrease in cell viability (Figure S3). All these results
suggested that BIO could be used in the biological samples,
especially for the detection of live cells.

Fluorescence Polarization Response of BIO to Hela
Cells. Next, we investigated the fluorescence polarization
sensing behavior of BIO toward HeLa cells. Initially, pH
titration was conducted in water. As shown in Figure S1, no
significant difference in fluorescence of BIO was observed over
the pH range of 6.5—10. Thus, a PBS buffer (pH 74,
containing 1% DMSO) was chosen as the test medium. Then,
we tested the effect of BIO concentration on the fluorescence
polarization assay. As indicated in Figure 3a, 14.56 g mL™" of
BIO was conducive to fluorescence polarization assay. If the
concentration of BIO was higher or lower, the sensitivity of the
fluorescence polarization signal would be decreased. Thus,
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Figure 3. (a) Concentration effect of fluorescence polarization probe
BIO on the polarization assay. The amount of detected target HeLa
cells is 10° cells mL™". (b) Time correlation dynamics curve of
fluorescence polarization probe BIO (14.56 ug mL™") for HeLa cells
(10° cells mL™"). (c) Fluorescence polarization response of BIO and
control probe CBIO for HeLa cells (10° cells mL™").

14.56 pug mL™" of BIO was used in the following assay. To
obtain the optimal incubation time of interaction between BIO
and HeLa cells, the dynamic changes of the fluorescence
polarization signal of BIO were recorded through continuous
observation. As displayed in Figure 3b, after 10° cells mL ™" of
HeLa cells were added into PBS buffer containing 14.56 ug
mL™" of BIO, the fluorescence polarization signal changed
quickly within 15 min and then reached a plateau after 25 min.
This result demonstrated that the interaction between HelLa
cells and BIO was nearly complete within 25 min. Therefore,
30 min was taken for the detection time in the following
experiments.

To test whether BIO could be used in the specific
recognition of HeLa cells, a control probe (CBIO) without
the specific HA ligand was also synthesized for detection of
HelLa cells (Figure 1, detailed synthetic procedures in Scheme
S1). As shown in Figure 4c and Figure S4, negligible changes in
the fluorescence polarization signal were observed when CBIO
was incubated with HeLa cells. By contrast, the incubation
between HeLa cells with BIO resulted in a remarkable increase
in the fluorescence polarization signal, which could be ascribed
to the specific binding of HA in BIO to the CD44 expressed on
the HeLa cell surface. The rotation of BIO might become slow
after BIO was bound to the CD44 on cell surface, which could
result in an enhancement in fluorescence polarization signal.
These results also demosntrated the high selectivity of BIO for
determination of CD44-overexpressing cell lines.

Quantitative Determination of HelLa Cells with BIO.
Then, BIO was used to determine the quantity of HeLa cells
through the direct fluorescence polarization signal readout. As
displayed in Figure 4a, the changes in fluorescence polarization
signal increased upon gradual addition of increased concetra-
tion of HeLa cells (from 0 to 1 X 10° cells mL™"). Through the
enlarged profile (Figure 4a, inset), a clear and quick
enhancement in fluorescence polarization signal could be
obtained even when the concentration of HeLa cells fell below
2.5 X 10% cells mL™!. Meanwhile, when the amount of HeLa
cells increased to 1 X 10° cells mL™!, the increase in
fluorescence polarization signal beccame very slow. From the
concentration-dependent fluorescence polarization changes, the
limit of detection (LOD) of BIO for HeLa cells was about 85
cells mL™" (S/N = 3). Additionally, we take the logarithm of
fluorescence polarization changes and concentration of HeLa
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Figure 4. Quantitative analysis of the HeLa cells using fluorescence polarization assay based on BIO (14.56 ug mL™"). (a) Fluorescence polarization
response of BIO to different concentration of HeLa cells ((0—1) X 10° cells mL™). Inset: Enlarged profile of fluorescence polarization changes
depending on low concentration of HeLa cells ((0—53) X 10* cells mL™"). (b) Logarithmic behavior of fluorescence polarization changes with
different concentration of HeLa cells. Inset: fluorescence polarization response of BIO for different amounts of HeLa cells ((0—1) X 10° cells mL™).
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Table 2. Comparisons of the Proposed Fluorescence Polarization Probe BIO with Other Reported Sensors for HeLa Cell

Detection
materials for construction of probes (or detection limit type of
detection technique sensors) (cell mL™") linear range (cell mL™")  cancer cells references
chemiluminescence G-quadruplex aptamers 6000 2 X 10°-6 x 10° HeLa cells  Li et als.3
2009
electrochemical (impedance) grapheme based aptasensor 794 1 x 10%-1 X 10° HeLa cells  Feng e§4al.
2011
electrochemical (AC gold nanoparticles deposited on boron-doped 10 1x 10'-1 x 10° HeLa cells ~ Weng et al.
impedimetric approach) diamond electrode 2011°%°
electrochemical (DPV) PEI modified single-wall carbon nanotubes 10 1% 10'-1 x 10° HeLa cells  Liu et gé.
2013
electrochemical (impedance) folate conjugated PEI modified carbon 90 24 X 10°-24 X 10° HeLa cells ~ Wang et al.
nanotubes 2013%
fluorescence polarization naphthalimide modified HA 85 2.5 X 10*-1 x 10° HeLa cells  This work
a Dark-field Surface plot Dark-field Overlay Surface plot

BxPC-3

A549

Hela

+
CBIO

HEK-293T

ROS1728

b 120000
. ,
2 100000
W o~
2 = ]
£ & 80000
=] § . .
=
£ £ o000l M |
= =
P 8 | B
P E 40000
£ | B
2 20000_ ......
0_

Figure 5. Live cell imaging on six types of cell lines with CD44 expression in different levels with BIO and control probe CBIO. (a) Confocal
microscopy images (dark-field and overlay) of CD44-overexpressing cell lines (HeLa cells, BXPC-3 cells, and AS549 cells) and cell lines with low
expression of CD44 (MCF-7 cells, ROS1728 cells (rat osteosarcoma cell line), and HEK-293T cells) incubated with probe BIO, and HeLa cells
incubated with control probe CBIO for 30 min at 37 °C. (b) Histogram showing the semiquantitative calculation of averaged fluorescence intensity

(FI) of each cell in the displayed images. Scale bars are 20 ym.

cells, which was defined as (log(A) and log(c), respectively.
With a linear regression by Origin 8.0 software, a linear
relationship between (log(A) and log(c) was observed (Figure
4b, R?> = 0.9918). Therefore, a linear relationship between
changes of fluorescence polarization signal and the concen-
trations of HeLa cells (changes from 2.5 X 10 cells mL™" to 1
X 10° cells mL™", Figure 4b) can be deduced. The obtained
linear curve makes quantitative detection of HeLa cells very
convenient over this concentration range. Compared to some
of the other cytosensors for cancer cells, the probe BIO
exhibited a relatively lower detection limit and wider linear
range (Table 2, Table $1).7%* Moreover, most cytosensors
were developed based on electrochemical approaches, and the

10017

fluorescence polarization probe BIO could be an alternative to
these electrochemical approaches for detection of cancer cells
(Table 2, Table S1). Finally, BIO also presents a platform for
quantitative determination of other CD44-overexpressing
cancer cells by using fluorescence polarization detection.

Live Cell Imaging with BIO. To further investigate
whether BIO could be used as a fluorescent tool for visualized
monitoring of CD44-overexpressing cancer cells, live-cell
imaging exepriments in CD44-overexpressing cell lines
(including HeLa cells, BxPC-3 cells and AS49 cells) and cell
lines with low-level expression of HA (including ROS1728 (rat
osteosarcoma cell line), MCF-7 cells (human breast cancer cell
line) and HEK-293T cells) with BIO were conducted,

DOI: 10.1021/acsami.5b02429
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Figure 6. Fluorescent image of target HeLa cells co-stained with BIO and commercial lysosome-probe Red DND-99. (a) Confocal microscopy
image of HeLa cells incubated with BIO (14.56 yg mL™") (1, = 458 nm, A, = 510—590 nm, green). (b) Confocal microscopy image of HeLa cells
stained with Red DND-99 (50 nM) (A, = 633 nm, 4,,,, = 640—795 nm, red). (c) Overlay image of (a) and (b) (Pearson’s correlation R, = 0.815 and
overlap coefficient R = 0.835 of lysosome colocalization in dashed circular area). (d) Intensity profile of regions of interest (ROI) (1, lysosome-
location) across HeLa cells. (e) Intensity profile of regions of interest (ROI) (2, cell-membrane-location) across HeLa cells. Scale bars are 20 ym.

respectively. As suggested in Figure Sa, after the cells were
incubated with BIO for 30 min at 37 °C, a strong fluorescence
signal was obtained in HeLa cells, BxPC-3 cells, and A549 cells
upon 458 nm excitation with the confocal microscopy, while
the BIO-treated ROS1728, MCEF-7, and HEK-293T cells
produced a relatively weak fluorescence signal. Meanwhile,
treatment of HeLa cells with the control probe CBIO only
leads to a negligible fluorescence signal. Additionally, through
the semiquantitative calculation of averaged emission intensity
in cells (Figure Sb), we can see clearly that there was an
approximately 6-fold enhancement in fluorescence intensity of
BIO-treated HeLa, BxPC-3, and AS549 cells compared to BIO-
treated ROS1728, MCF-7, and HEK-293T cells. This result
demonstrated that HeLa cells, BxPC-3 cells, and AS549 cells

contain a high level of CD44, and there was low-level
expression of ROS1728, MCF-7, and HEK-293T cells, which
was partially supported by a previous study that reveals an
overexprssion of CD44 on HeLa cells, BxPC-3 cells, and A549
cells and low-level expression of CD44 in ROS1728 cells,
MCF-7 cells, and HEK-293T cells.*>™ It is interesting that
this result also indentified that ROS1728 cells expressed only a
little amount of CD44. There is little study revealing the
expressed amount of CD44 on ROS1728, which might be
potentially useful for understanding bone remodeling.®® For the
CBIO treated HeLa cells, the semiquantitative calculation of
averaged emission intensity only emits a background signal,
which indicated that specific binding of BIO to HeLa cells
occurred through the specific interaction between HA of BIO

DOI: 10.1021/acsami.5b02429
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and CD44 on live cells. All these results indicated that BIO was
a highly selective probe for determining CD44-overexpressing
HeLa cells, and this fluorecence polarization technique with
BIO could be potentially used for detecting other CD44-
overexpressing cancer cells.

Subcellular Distribution Study of BIO on HelLa Cells.
Encouraged by the specific interaction of BIO with CD44-
overexpressing HeLa cells, the subcellular distribution of BIO
on HeLa cells was finally investigated. As displayed in Figure Sa
and Figure S5, a strong fluorescence signal mainly concentrated
in the cell membrane and dot-like vesicular in cytoplasm was
observed, suggesting a membrane and lysosomal localization.
Then, a colocalization experiment was performed by co-staining
HeLa cells with LysoTracker Red DND-99 (a commercially
available probe for specific staining of lysosomes). Through the
fluorescence signal obtained under confocal microscopy, the
subcellular localization of BIO could be visualized. As
illustrated in Figure 6, a strong green fluorescecne signal was
from BIO, and the red fluorescence signal was attributed to the
localization of LysoTracker Red DND-99 stained lysosomes.
The merged images of BIO and LysoTracker Red DND-99
stained signal showed the strong yellow fluorescence, which
mainly localized in lysosomes (Figure 6a,b,c). Through the plot
analysis of regions interest (ROI) across the HeLa cells (line 1
in Figure 6a,b,cd), we can observe that some of the BIO stained
singal and LysoTracker Red DND-99 stained lysosomes
overlapped well. This result depicted that some BIO was
localized in lysosomes. Additionally, plot analysis of ROI also
suggested a strong green fluorescence signal on cell membrane
(line 2 in Figure 6a,b,c,e). Thus, the high selectivity of BIO for
HeLa cells was mainly based on the specific interaction of HA
of BIO with CD44 on HeLa cell membranes. Then, some BIO
penetrated into HeLa cells through a CD44-mediated
endocytosis and finally localized in lysosomes.®**”%®

Bl CONCLUSION

In summary, a naphthalimide-based fluorescence polarization
probe (BIO) was designed and synthesized for selective and
direct detection of CD44-overexpressing HeLa cells. To the
best of our knowledge, BIO was the first naphthalimide-
modified HA based fluorescence polarization probe for
detection of cancer cells. Compared to previous fluorescein
(or rhodamine)-modified HA based fluorescence polarization
probe, BIO with the naphthalimide fluorophore embodies the
relatively high photostability and longer lifetime. Through the
direct readout of changes in fluorescence polarization signal of
BIO, we have described a new approach for detection of CD44-
overexpressing HeLa cells in no more than 25 min.
Importantly, this fluorescence polarization technique permits
an accurate and quantative determination of HeLa cells through
the self-referencing fluorescence polarization signal. This
fluorescence polarization based technique for direct detection
of cancer cells also presents potential utilization in CTC
detection. Finally, the subcellular distribution of BIO on Hela
cells was investigated through the confocal microscopy assay,
which could further indentify the high selectivity of BIO for
cancer cells with overexpressed CD44. On the basis of BIO, a
direct and real-time tool has been developed for detecting
cancer cells in homogeneous solution, which enables
monitoring of living cancer cells without cell lysis and further
separation steps and could offer more accurate information for
cancer clinical diagnosis.
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