IEESAPPLIED MATERIALS

Research Article

INTERFACES

www.acsami.org

Cationic Conjugated Polymer/Fluoresceinamine-Hyaluronan
Complex for Sensitive Fluorescence Detection of CD44 and Tumor-

Targeted Cell Imaging

Yangin Huang,* a X1n Yao, Ru1 Zhang, Lan ]g
Guangwei Zhang, Quli Fan,’ Lianhui Wang,

Ouyang, Rongculillang, Xingfen L1u, Caixia Song,
and Wei Huang

*r;

"Key Laboratory for Organic Electronics & Information Displays (KLOEID) and Institute of Advanced Materials (IAM), Nanjing
University of Posts & Telecommunications, Nanjing 210023, China

*Jiangsu-Singapore Joint Research Center for Organic/Bio- Electronics & Information Displays and Institute of Advanced Materials,

Nanjing Tech University, Nanjing 211816, China

SDepartment of Ophthalmology, Zhongda Hospital, Southeast University, Nanjing 211189, China

© Supporting Information

ABSTRACT: Simple, rapid, and sensitive detection of CD44
is of paramount importance since it plays pivotal roles in
tumor initiation, growth and metastasis. Herein, we describe a
novel method for sensitive, visual and facile fluorescence
detection of CD44 and CD44-mediated cancer cell imaging,
using a probe based on cationic conjugated polymer (CCP)—
PFEP and fluoresceinamine-hyaluronan (FA-HA). HA is an
anionic natural glycosaminoglycan that can specifically bind to
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the overexpressed CD44 on various kinds of cancer cells. PFEP and FA-HA formed a complex through electronic interactions,
resulting in a highly efficient fluorescence resonance energy transfer (FRET) from PFEP to FA-HA; moreover, the efficiencies of
FRET correlated with the concentrations of CD44 because the specific binding of HA-CD44 would separate FA-HA away from
PFEP. This method did not require laborious and expensive dual-labeling or protein-labeling needed in previously reported
detection methods of CD44. Just mix the sample and test solution containing the PFEP/FA-HA complex, and the results allowed
naked-eye detection by observing fluorescent color of solutions with the assistance of a UV lamp. Most importantly, the use of a
conjugated polymer with excellent amplification property as well as the specific binding of HA-CD44 endowed this method with
high sensitivity and specificity, making it applicable for reliable quantitative detection of CD44. Furthermore, the PFEP/FA-HA
complex formed nanoparticles in aqueous solution, and the nanoparticles can be selectively taken up by MCE-7 cells (cancer cell)
through the HA-CD44 interaction, thereby giving rise to a dual-color tumor-targeted imaging probe with good photostability.
The development of this fluorescent probe showed promising potential to make a reliable and routine method available for early

diagnosis of cancer.
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B INTRODUCTION

Hyaluronan (HA) is an anionic linear glycosaminoglycan
composed of repeating disaccharide units of f-(1,4)-p-
glucuronic acid and f-(1,3)-N-acetyl-D-glucosamine.”” HA is
abundant in extracellular matrices and synovial fluids and
implicated in a wide variety of important biological processes,
including tissue hydration, cell motility, proliferation, and
differentiation.” * Moreover, HA is a highly efficient molecule
that can specifically bind to the receptor—CD44, which is
overexpressed on various kinds of cancer cells.*™* This
important characteristic of HA, along with its biocompatibility,
biodegradability, and easily modified structure, makes HA-
based materials extremely attractable for tumor-targeted

delivery of imaging agents, cancer diagnosis, and therapy.”~"*
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CD44 is a major adhesion protein for the extracellular
matrices. It has been involved in many physiological processes,
such as lymphocyte homing and activation, wound healing, and
cell migration."'> Moreover, CD44 has sparked tremendous
research interests as the target receptor for cancer diagnosis and
therapy since it plays pivotal roles in tumor initiation, growth,
and metastasis."*>~*” For example, the concentration of CD44
in the serum is elevated in patients with gastric or colon cancer,
which was about 10 times that in the serum of normal
individuals. Thus, CD44 concentration was reported to be an
indicator of tumor burden and metastasis in patients with
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Scheme 1. (a) Schematic Illustration of the Overall Strategy for CD44 Detection and (b) Chemical Structures of FA-HA and

PFEP
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malignant diseases."®'” Some noninvasive methods based on
CD44 detection for tumor diagnosis have been reported, such
as reverse transcription-PCR (RT- PCR), Western blottmg,

and ELISA assays.'®>*7%° Although these methods were
superior to previous invasive methods in terms of comfort-
ableness and simplicity, they are still inconvenient for routine
diagnostic use.”® They always required complicated procedures
such as dual-labeling or protein-labeling, making these
techniques time-consuming and expensive. Therefore, simple,
rapid, and sensitive methods to detect CD44 are still highly
desired. In addition, cancer stem cells, limited numbers of
dedicated cells in a tumor, are capable of self-renewal and
fuelling the growth of tumors, and CD44 has recently been
identified as one significant cell surface marker associated with
cancer stem cells in various types of tumors, such as breast,
liver, head, neck, pancreas, and bladder cancer.">*” Hence,
various HA-based derivatives have recently been investigated in
cell imaging for cancer diagnosis via specific binding of HA to
CD44.>~"* The fluorescence technique is one of the most
useful analytical tools in bioanalysis and imaging because it
offers real-time and specific insight into cellular events with
high sensitivity.'>*® In previous studies, HA has often been
labeled with organic fluorescent dyes’ "> or quantum dots
(QDs)*° as optical imaging agents. Although these studies
provided lots of valuable information, fluorescent dyes may not
be suitable for long-time observation due to photobleaching,31
and QDs suffer from celluar toxity by leaching harmful metals
from the nanocrystal core.*”** There is still a great demand for

novel HA-based optical imaging probes with better photo-
stability and sensitivity.

Motivated by the above demands, we developed a novel,
simple, and sensitve method for CD44 detection and tumor-
targeted cell imaging, using a probe based on the fluorescent
water-soluble conjugated polymer (WSCP)/fluoresceinamine-
hyaluronan (FA-HA) complex. Over the past decade, WSCPs
have established themselves as an efficient optical platform for
sensing,>*~** and very recently, various WSCPs have been
proved useful for live-cell imaging.**~>* WSCPs are synthetic
macromolecules with fully conjugated backbones and hydro-
philic polar side chains, which endow them with excellent
photophysical and biophysical properties. On the one hand, in
comparison to small molecule fluorescent dyes, the large,
delocalized molecular structures result in higher luminescence
brightness, better photostability, and optical signal amplification
properties with efficient energy transfer mechanisms. On the
other hand, amphiphilic WSCPs can form complexes with
oppositely charged biomolecules through strong electrostatic
and hydrophobic interactions, which is also very important for
cellular interaction and subsequent cellular entry because the
cell surface contains both negatively charged proteoglycans and
hydrophobic membrane lipids. Moreover, it is also noted that
WSCPs generally exhibit lower toxicity than most fluorescent
dyes and QDs. Herein, a cationic conjugated polymer (CCP)—
PFEP (Scheme 1)—with good photostability and excellent
energy transfer properties was employed in our method, which
can form a complex with anionic FA-HA, and efficient energy
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transfer from PFEP to fluorescein subsequently occurred
(Scheme 1). The FRET process triggered a “turn off” signal
of blue and an amplified “turn on” signal of green. When CD44
was present, the specific binding of HA-CD44 separated FA-
HA away from PFEP, and the fluorescence of PFEP recovered
obviously. A multicolor optical sensor for CD44 was thus
realized. Furthermore, the PFEP/FA-HA complex formed
nanoparticles in aqueous solution, which was demonstrated
by transmission electron microscopy (TEM). CD44-mediated
tumor targeting behavior of the developed nanoparticles was
evaluated in vitro through fluorescence cell imaging by using
tumor cells and normal cells.

B EXPERIMENTAL SECTION

Materials and Instruments. The water-soluble cationic con-
jugated polymer poly{[9,9-bis(6'-(N,N,N-diethylmethylammonium)-
hexyl)-2,7-fluorenylene ethynylene]-alt-co-[2,5-bis(3’-(N,N,N-diethyl-
methylammonium)-1’-oxapropyl)-1,4-phenylene]} tetraiodide (PFEP)
was synthesized according to a previously reported method.>> The
molecular weight and polydispersity of its neutral polymer are 12 600
and 1.28, respectively.

Sodium hyaluronate (M,, > 10°> kDa) and sodium hyaluronate
oligomer (M,, = 3—10 kDa) were purchased from Qisheng Biological
Preparation Co., Ltd. (Shanghai, China) and Bloomage Freda
Biopharm Co., Ltd. (Jinan, China), respectively. Cyclohexyl isocyanide
and acetaldehyde were obtained from J&K Scientific Ltd. (Shanghai,
China). Fluoresceinamine was purchased from Acros. CD44 was
purchased from Immune Technology Corp. (Suzhou, China). Bovine
serum albumin (BSA), thrombin, and lysozyme were ordered from
Sigma. The serum was obtained from Zhongda Hospital and was
frozen and stored at —75 °C until use. All other reagents were
obtained from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China). All solutions were prepared using Milli-Q water (182 MQ
cm) from a Millipore system.

"H NMR spectra were recorded on a Bruker Ultra Shield Plus 400
MHz NMR. UV-—vis absorption spectra were recorded on a
SHIMADZU UV-3600 spectrophotometer. Photoluminescence (PL)
and FRET measurements were carried out using a SHIMADZU RF-
5301PC spectrofluorophotometer with a xenon lamp as a light source.
The hydrodynamic sizes of nanoparticles were determined by dynamic
light scattering (DLS) using a 90 Plus particle size analyzer
(Brookhaven Instruments). Zeta potentials were measured using a
zeta potential analyzer (ZetaPALS, Brookhaven Instruments Corp).
Transmission electron microscopy (TEM) images were recorded on a
JEOL 2010 transmission electron microscope at an accelerating
voltage of 100 kV. Fluorescence images were obtained with a confocal
laser scanning microscope (CLSM, Leica, TCS SPS, Germany).

Methods. Preparation and Characterization of Fluorescein-
amine-Labeled Hyaluronate (FA-HA). Fluoresceinamine-labeled
hyaluronate was synthesized as described in the literature.*® In brief,
FA-HA was produced from a one-step condensation-rearrangement
reaction involving FA, acetaldehyde, cyclohexyl isocyanide, and HA in
a mixture of DMSO and H,0 at 22 °C. The product was characterized
by gel filtration chromatography on a Sepharose CL-2B column
equilibrated with PBS, and the purity was estimated to be 97%. The
degree of substitution (DS, defined as the molar ratio of FA in FA-
HA) was determined using two methods, including 'H NMR**'! and
a FA absorption standard curve.’® The absorption standard curve was
constructed for methyl N-fluoresceinylthiocarbamate in borate
solution (pH 9) by plotting concentration against absorption at 492
nm. The FA-HA samples were dissolved in borate solution, and the
absorption was measured. For "H NMR, the sample was prepared by
dissolving the compound in D,0. FA-HA samples were stored as the
Iyophilized solid in the absence of light at —20 °C.

CD44 Detection. For the detection of CD44, fluorescence
spectrometric titration experiments were carried out at room
temperature (25 °C) in a 700 uL quartz cuvette with an optical
path length of 1.0 cm. CD44 dissolved in Milli-Q water was added

successively to the buffer solution (10 mM tris-HCL100 mM NaCl,
pH 8.0) of PFEP/FA-HA complex ([PFEP] = 5.0 X 1077 M, [FA-HA]
= 40 X 107° M, the concentrations both refer to the molar
concentrations of the polymer repeat unit). The FRET behaviors from
PFEP to FA-HA were studied by comparison of FRET efficiencies of
the solutions with CD44 at different concentrations. The FRET
efficiency was evaluated by the ratio of acceptor (FA-HA) emission
intensity to donor (PFEP) emission intensity.57’58

Preparation and Characterization of PFEP/FA-HA Complex Used
in Cell imaging. PFEP and FA-HA were both dissolved in phosphate
buffered saline (PBS, 0.02 M, pH 7.4) at room temperature ([PFEP] =
5.0 X 107 M, [FA-HA] = § X 10™* M, HA oligomer was used in these
experiments), and the solution was vortexed for 10 min and then
sonicated for 20 min. Nanoparticle sizes were determined by TEM,
and zeta potentials were also used to estimate the interaction between
PFEP and FA-HA. A drop of sample solution was placed onto a 300-
mesh copper grid coated with carbon and air-dried, and then the TEM
images were taken. Furthermore, CD44 was added to the complex
([CD44] = 1 x 107 g/mL), and TEM images and zeta potentials
were also measured to study the changes of nanoparticle sizes after the
binding of CD44 with FA-HA. In all of these above experiments, a
sample of PFEP solution with the same concentration was used as a
control.

Cellular Uptake of PFEP/FA-HA Complex and Imaging. To
evaluate cancer cell specificity of the PFEP/FA-HA complex, we
tracked its cellular internalization in MCF-7 cells (cancer cell) and
NIH-3T3 cells (normal cell). The cells were first cultured in confocal
microscope dishes at a density of 5 X 10°/mL in culture medium for
24 h at 37 °C. Then, the medium was replaced with the medium
without FBS and containing the above PFEP/FA-HA complex. The
final concentration of PFEP and FA-HA were 5.0 X 107 M and 5 X
107*, respectively. After incubation for 2 h at 37 °C, the cells were
rinsed twice with PBS (0.01 M, pH 7.4). As a control experiment,
another dish of MCF-7 cells was incubated with a high dose of free-
HA ([HA] = 0.5 mg/mL) for 2 h at 37 °C before treatment with
PFEP/FA-HA complex. The fluorescent images were all recorded on a
confocal laser scanning microscope with excitation at 405 nm, and the
emission in the ranges of 430—460 nm and 510—550 nm were
recorded, respectively.

B RESULTS AND DISCUSSION

Preparation and Characterization. In this paper, FA was
conjugated to HA through a simple reaction to produce a dye-
labeled polymer. The peaks for the N-acetyl group of HA (1.8
ppm) and the aromatic ring of FA (6.4—6.8 ppm) were
confirmed in '"H NMR spectra, indicating that FA-HA was
successfully synthesized (Figure 1). The degree of substitution
(DS), the introduction ratio of FA to HA, was estimated from
the integration ratio of the peak of the aromatic ring of FA to
that of the N-acetyl group of HA and was 5%0.*”"" The level of
HA labeling was also estimated using a FA absorption standard
curve constructed for methyl N-fluoresceinylthiocarbamate by
plotting concentration against absorption (492 nm). The molar
ratio of FA in FA-HA was estimated to be 5.9%o, which was
close to the value estimated using "H NMR spectra.

PFEP was composed of a fluorenyleneethynylene phenylene
backbone with quaternary ammonium groups on the side
chains, including both the 9,9 position of the fluorenylene unit
and the 2,5 position of the phenylene unit. The photophysical
property of PFEP was investigated in water. As shown in Figure
2, the absorption spectrum of PFEP exhibits a maximum peak
at 405 nm. Upon excitation at 405 nm, the emission spectrum
shows a maximum peak at 445 nm. Good overlap can be
observed between the emission of PFEP and the absorption of
FA-HA, which enables an efficient FRET from PFEP to FA-
HA.>®>® PFEP exhibits blue light emission in water with a high
quantum yield of 26%. Moreover, PFEP was excited under
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Figure 1. '"H NMR spectrum of FA-HA.
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Figure 2. UV—vis absorption (a, c) and emission spectra (b, d) of
PFEP (a, b) and FA-HA (c, d) in tris buffer solution (10 mM, pH 8.0).

continuous strong UV irradiation by a mercury lamp (100 W),
and the fluorescence remained 60% after 25 s, which
demonstrated that the photostability of PFEP was much better
than many organic fluorescent dyes.”* Therefore, PEEP was
anticipated to be a good fluorescent signal reporter.

CD44 Detection. The strategy for CD44 detection was
illustrated in Scheme 1. Cationic PFEP can form a complex
with oppositely charged FA-HA through electrostatic inter-
actions. Thus, the close proximity allowed for efficient FRET
from PEEP to fluorescein conjugated with HA.>**" As a result,
the fluorescence of FA-HA was significantly amplified with
excitation at the maximum absorption of PFEP (405 nm), and
the solution emitted green fluorescence. Upon adding CD44,
the specific HA-CD44 binding separated FA-HA away from the
complex.>™* In this case, FRET from PFEP to FA-HA was
inefficient, and the blue emission of PFEP recovered. By
monitoring the change of FRET ratio with the addition of
CD44, it was possible to detect CD44 quantitatively.
Meanwhile, changes in emission color can be observed by the
naked eye under a portable UV lamp.

First, we did the following experiments to verify the
feasibility of this strategy. As shown in Figure 3a, PFEP itself
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Figure 3. (a) Emission spectra of PFEP excited at 40S nm, (b) PFEP/
FA-HA excited at 405 nm, (c) FA-HA excited at 492 nm, (d) FA-HA
excited at 405 nm, (e) PFEP/FA-HA/CD44 excited at 405 nm, (f)
PFEP/CD44 excited at 405 nm. Measurements were performed in tris
buffer solution (10 mM, pH 8.0). [PFEP] = 5.0 X 10" M, [FA-HA] =
2.5 X 107° M, [CD44] = 7.5 x 107° g/mL.

([PFEP] = 5.0 x 107 M) in 10 mM tris-HCl (pH = 8.0)
emitted strongly with a maximum at 445 nm when excited at
405 nm. The addition of FA-HA ([FA-HA] = 2.5 X 107> M) to
the solution of PFEP led to a sharp decline of blue emission at
445 nm, and a prominent green emission appeared at 531 nm
(Figure 3b). Specifically, the green emission intensity was about
three times the intensity of FA-HA (Figure 3c) when excited
without PFEP at its own absorption peak, 492 nm, and FA-HA
itself emitted very weakly with excitation at 40S nm (Figure
3d). Moreover, Figure 3b also displayed clearly that the
maximum of green emission (531 nm) was red-shifted 10 nm
relative to its emission maximum (521 nm) when excited
directly without PFEP (Figure 3c), consistent with the complex
formation and an increase in polarity in the vicinity of
fluorescein by the close proximity to PFEP.**** All of these
indicated clearly that energy transferred efficiently from PFEP
to FA-HA with the formation of the complex and that the
emission of FA-HA was significantly amplified. As shown in
Figure 3e, after the addition of CD44 ([CD44] = 7.5 X 10™% g/
mL), the specific HA-CD44 binding was stronger than the
electrostatic interactions in the PFEP/FA-HA complex;
consequently, FA-HA was separated from the complex, the
distance between PFEP and FA-HA increased, and FRET
became inefficient. As a result, the green emission decreased
obviously with the rise of the blue emission. In addition, CD44
was also added into the PFEP solution in the absence of FA-
HA, and no obvious change was observed for the emission of
PFEP (Figure 3f), which offered another confirmation of the
HA-CD44 binding and FRET from PFEP to FA-HA.

Figure 4a showed the fluorescence spectra changes of PFEP/
FA-HA ([PFEP] = 5.0 X 1077 M, [FA-HA] = 4 X 107° M) with
the successive addition of CD44 (normalized to the emission of
PFEP, see Figure S1 for un-normalized data). In these
experiments, the emission spectra were measured at 3 min
intervals over 21 min with excitation at 405 nm, and the
concentration of CD44 ranged from 1.0 X 107* M to 1.0 X
107> M. The initial solution of PFEP/FA-HA displayed a strong
emission of FA-HA. Upon adding CD44, the emission of FA-
HA at 531 nm gradually decreased with the increase of CD44
concentration and was almost quenched at the concentration of
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Figure 4. (a) Emission spectra of PFEP/FA-HA with the addition of
CD44 (normalized to the emission of PFEP). The inset shows the
photographs of PFEP/FA-HA solutions with increasing concentration
of CD44 under a portable UV lamp with excitation at 365 nm.
([CD44]=0,3x 1077, 1 x 107, 1 X 107° g/mL). (b) Dependence of
AFRET as a function of CD44 concentration. The inset shows the
linear plot obtained in the concentration range from 0 to 1 X 1077 g/
mL. (c) Comparison of the AFRET for the detection of CD44 (4.5 X
1078 g/mL), other proteins (BSA, thrombin, and lysozyme, each at 2
x 1077 g/ mL). Measurements were performed in tris buffer solution
(10 mM, pH 8.0). [PFEP] = 5.0 X 1077 M, [FA-HA] = 4 X 107 M.

1.0 X 107> M. Changes in the fluorescence spectra of PFEP/
FA-HA could be monitored by the naked eye under a portable
UV lamp with excitation at 365 nm. The inset of Figure 4a
exhibited that the emission color of PFEP/FA-HA gradually

changed from green to blue with increasing concentration of
CD44 ([CD44] =0,3X 1077, 1 X 107, 1 X 10™° g/mL). Thus,
naked eye detection of CD44 was feasible with PFEP/FA-HA
as a fluorescent probe. We also examined the changes of FRET
ratio  (Is3ynm/Isssam) using AFRET calculated from the
following equation, where FRET, and FRET were the FRET
ratio of PFEP/FA-HA complex in the absence and presence of
CD44, respectively.

AFRET = 1 — FRET/FRET,

The dependence of AFRET as a function of CD44
concentration is shown in Figure 4b. AFRET increased sharply
with the addition of CD44 and reached a plateau as the
concentration became larger than 1 X 1077 g/mL. The inset of
Figure 4b showed that a linear plot was obtained in the
concentration range from 0 to 1 X 1077 g/mL. Thus, the limit
of detection (LOD) was estimated to be 2.3 X 107 g/mL at a
signal-to-noise ratio of 3. Moreover, we investigated the
sensitivity of this strategy at different molar ratios of PFEP
and FA-HA. As shown in Figure S2 and Table S1, when the
concentration of FA-HA was 2.5 X 107° M, the largest FRET,
was obtained in the absence of CD44. When the concentration
of FA-HA decreased to 2.5 X 107° and 4.0 X 1077, the FRET’s
were too low to be used for detection. By using the same
method as above, linear plots were also obtained at the
concentrations of 2.5 X 107> M and 4 X 10™> M, and the linear
range became wider with the increase of FRET, For example,
at the concentration of 2.5 X 107> M, the linear range was from
0to 1 X 107° g/mL and the LOD was estimated to be 1.7 X
1077 g/mL (Figure S3).

Furthermore, in order to explore more fully the specificity of
this strategy for CD44 detection, a series of control experiments
were designed using bovine serum albumin (BSA), thrombin,
and lysozyme. The results shown in Figure 4c exhibited that the
addition of BSA, thrombin, and lysozyme did not produce the
high AFRET observed for CD44 even though the concen-
tration of the former (2 X 1077 g/mL) was more than four
times that of the latter (4.5 X 107 g/mL). This finding further
confirmed that the proteins that did not bind to HA would not
separate FA-HA from the complex, hence an efficient FRET
signal would be maintained and AFRET was very low.
Additionally, a blank experiment was also done using Milli-Q
water. Milli-Q water with the same volume as that of CD44 was
added to the solution of PFEP/FA-HA, and a very low AFRET
was obtained, implying that the dilution of solution did not
have much effect on the results of detection. Taken together,
these results provided convincing evidence for the specificity of
our fluorescent probe. The applicability of this strategy for the
quantitative detection of CD44 in the serum was further
evaluated. The serum was obtained from Zhongda Hospital.
CD44 at different concentrations was then added to the serum,
and a series of similar detection experiments were performed.
Figure S4 showed very similar FRET efficiency responses for
CD44 detection in the serum. The linear range was from 0 to 1
X 1077 g/mL, and the LOD was estimated to be 3.5 X 1078 g/
mL. These results indicated that the other components in the
serum have no obvious effect on the CD44 detection.

In Vitro Cellular Uptake of PFEP/FA-HA Complex. The
results obtained from in vitro CD44 detection motivated us to
further investigate the cellular uptake of the PFEP/FA-HA
complex into cancer cell lines overexpressing CD44 by
fluorescence microscopy. Before that, the microstructural
characterization of the PFEP/FA-HA complex in PBS was
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Figure 5. TEM images of (a) PFEP (scale bar: 100 nm), (b) lower magnification (scale bar: 2 ym), and (c) higher magnification (scale bar: 1 gm) of
PFEP/FA-HA complex, (d) PFEP/FA-HA/CD44 system (scale bar: 500 nm).

performed. The sizes and surface charges of PFEP molecules in
aqueous solution will be changed after binding with FA-HA,
because the cationic side chains of PFEP provided electrostatic
binding force to FA-HA. The sizes were therefore investigated
by TEM. TEM in Figure Sa showed that amphiphilic PFEP
itself formed nanoparticles with a size of about 50 nm, although
the nanoparticles adhered to each other instead of dispersing
well. After adding FA-HA, Figure Sb displayed that the
diameters of the particle size obviously enhanced to the range
of 200—350 nm, and Figure Sc with higher-magnification
showed clearly that the nanoparticles were approximately
spherical in shape with dark inner cores. Moreover, zeta
potential of PFEP was around +35.96 mV in aqueous solution.
After mixing with FA-HA in a molar ratio of 1:100, the zeta
potential of PFEP/FA-HA complex changed to —87.53 mV.
Hence, it was rational to speculate that the ionized carboxylic
groups of HA most likely located in the shell.”'" All of these
indicated that the PFEP/FA-HA nanoparticles, composed of a
more compact hydrophobic inner core and hydrophilic shell,
were successfully formed.*'>'* Furthermore, CD44 was added
to the complex to investigate the changes of nanoparticles after
the binding of CD44 with FA-HA. As shown Figure Sd, the
mean diameters of nanoparticles reduced to around 100 nm,
and the zeta potential also changed to —14.2 mV, providing
direct proof that some of the FA-HA molecules were separated
from the complex due to the strong HA-CD44 binding. These

results were consistent with the phenomena observed in the
above fluorescence spectrometric titration experiments.

There are some references reported in the literature which
also work on the replacement technology for fluorescent DNA
sensing by utilizing the structure switching among various
forms of DNA,61_65 such as a molecular beacon, a DNA double
helix, and aptamer binding. However, most of them were
limited to in vitro detection in homogeneous solution. By
contrast, our method provided the possibility of diagnosis of
cancer through cell imaging experiments due to the specific
binding of HA and CD44. To verify this point, we evaluated the
cellular uptake efficiency with the PFEP/FA-HA complex by
CLSM studies in NIH-3T3 cells (mouse embryonic fibroblast
cell) and MCF-7 cells (human breast cancer cell). It has been
previously reported that NIH3T3 is the normal cell line with a
low CD44 expression'”'* and that MCF-7 is a cancer cell line
with a high CD44 expression.”'"'? Thus, these cell lines were
used without additional experiments to confirm the levels of
CD44 expression. As shown in Figure 6a, strong fluorescent
signals were detected in the cytoplasm for MCF-7 cells with
excitation at 405 nm, indicating that PFEP/FA-HA nano-
particles were readily taken up by MCF-7 cells. In view of the
specific HA-CD44 binding, the bright blue color should be
attributed to the recovery of emission from PFEP, and the
slightly dark green color was attributed to the emission of
fluorescein due to the weak FRET from PFEP. In comparison,
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Figure 6. Phase contrast images (1) and fluorescent microscopic (2—3) images of MCF-7 cells (a), MCF-7 cells pretreated with HA (b), and NIH-
3T3 cells (c) after incubatation with the PFEP/FA-HA complex for 2 h at 37 °C. Blue and green colors indicate the fluorescence of PFEP and

fluorescein on FA-HA, respectively.

when the MCEF-7 cells were pretreated with a high dose of free-
HA to block CD44 before PFEP/FA-HA complex treatment,
intracellular fluorescence was rarely observed in Figure 6b,
suggesting a lack of cellular uptake of PFEP/FA-HA nano-
particles. Also, when the PFEP/FA-HA complex was incubated
with NIH-3T3 cells, which exhibit low CD44 expression, only
very weak signals were observed in Figure 6¢c. Moreover, as CD-
44 was competing with the PFEP/FA-HA binding, we also
evaluated cellular uptake efficiency with only PFEP in MCE-7
cells in order to determine whether the complex was taken up
by the cell or PFEP and FA-HA enter the cells separately. As
shown in Figure S5 in the Supporting Information, much
weaker fluorescent signals were detected in MCF-7 cells as
compared to the fluorescent signals obtained in cell imaging
experiments using the PFEP/FA-HA complex. This indicated
that the polymer was mainly taken up by the cell as part of the
complex because the specific HA-CD44 binding helped to
improve the cellular uptake efficiency. All of the above results
demonstrated that the PFEP/FA-HA complex can specifically
bind to CD44 proteins overexpressed on the MCF-7 cells and
internalized into the cancer cells via receptor-mediated
endocytosis.”' "3

Bl CONCLUSION

In summary, the PFEP/FA-HA complex was fabricated through
electronic interactions, which gave rise to a novel method for

sensitive, visual, and facile fluorescence detection of CD44 and
CD44-mediated cancer cell imaging. Our method was simple
and low-cost because it only required a single fluorescent label
on HA through a simple and mature reaction. This method also
provided greater convenience and speed of response than
previously reported methods by working in a simple
mechanism; that is, the efficiencies of FRET from PFEP to
FA-HA were closely related with the concentration of CD44
due to specific HA-CD44 binding. Thus, if the sample and test
solution containing PFEP/FA-HA were just mixed, the
fluorescent signals would change from green to blue with an
increase of CD44 concentration, and the results can be directly
visualized using a UV illuminator. Most importantly, the use of
PFEP with excellent amplification property as well as the
specific interactions between HA and CD44 endowed this
method with high sensitivity and specificity, making it
applicable for reliable quantitative detection of CD44.
Furthermore, through specific interactions between the HA
located on the surfaces of PFEP/FA-HA nanoparticles and the
CD44 protein overexpressed on the MCF-7 cancer cells, the
complex could selectively bind to cancer cells, which was
examined through a dual-color fluorescence imaging. The
values of sensitivity and specificity obtained in this paper were
promising and could be further improved by developing novel
cationic conjugated polymers/FA-HA complex. Therefore, we
believe that the development of this fluorescent probe may go
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some way toward the goal of making a reliable and routine
method available for early diagnosis of cancer.
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