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Abstract

Purpose: Probe-based confocal laser endomicroscopy (pCLE) is a novel technique allowing
real-time and high-resolution imaging in vivo. It provides microscopic images and increases the
penetration depth of tissues compared with conventional white light endoscopy. The aim of the
present study was to track ovarian cancer cells in organs by fluorescent polymer dots based on
pCLE.

Procedures: SKOV3-mCherry cells were incubated with polymer dots for 24 h in a serum-free
culture medium. Labeled cells were administrated to nude mice via intravenous, intraperitoneal,
and lymph node injection. The fluorescent signals of labeled cells in organs were observed by
pCLE. Furthermore, the results were confirmed by frozen section analysis.

Results: pCLE displayed fluorescence signals of labeled cells in the vessels of organs. Besides,
the accumulations of labeled cells visualized in detoxification organs like the spleen and kidney
were increased with time.

Conclusions: In this article, we present a real-time and convenient method for tracking SKOV -
mCherry in living mice by combined fluorescent polymer dots with pCLE.
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provide excellent fluorescence intensity, remarkable photo-
stability and biocompatibility, superior sensitivity, and low

Introduction

Fluorescence imaging has emerged as a powerful modality
in biological studies because it offers high signal-to-noise
ratios and splendid spatial resolution [1-3], and has proven
to be a useful tool for clinical applications [4]. Conjugated
polymer dots (Pdots), as an attractive fluorescence probe,
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toxicity [5—10]. Recently, Pdots have been applied in vivo
applications including cancer diagnosis and imaging,
fluorescence-guided surgery, lymph node mapping, and
ultrafast hemodynamic [5, 7, 11-13].

Ovarian cancer leads the significant female health problem in
the world and ranks the high mortality rate among all the
gynecological malignancies. The early stages are asymptomatic
[14-20]. Chan and co-workers synthesized folic acid—
functionalized Pdots (FA-Pdots) for in vivo targeting and long-
term monitoring of ovarian cancers by fluorescence imaging.
SKOV; cells incubated with 1 ml FA-Pdots (15 nM) for 16 h were
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implanted subcutaneously in nude mice. The fluorescence of the
tumor retained 32 % even after 36 days post-injection [21].

Confocal laser endomicroscopy is a new and small field of
clinical imaging with a flexible endoscopy which allows high
magnification and excellent resolution based on fluorescence
imaging. It provides a microscopic approach to study the tissue at
cellular and extracellular level in vivo. Until now, the technology
has affected several strategies of clinical care [22-27]. In this
article, we applied probe-based confocal laser endomicroscopy
(pCLE) to track ovarian cancer cells labeled with fluorescent
polymer dots [28]. Pictures and videos were recorded of five
organs including the spleen, kidney, liver, heart, and lung at
different imaging times. These data are expected to provide
insights into the further applications of pCLE and monitor
pathological processes in vivo.

Materials and Methods

Poly(9,9-dioctylfluorene-alt-benzothiadiazole) (PFBT, aver-
age M, 10 to 20 k) was purchased from Sigma-Aldrich, Inc.
Polystyrene (PS) graft ethylene oxide functionalized with PS
and carboxylic end group (PS-PEG-COOH) and amino-
terminated poly(methyl methacrylate) (MMA-NH,) were
purchased from Polymer Source Inc. Folate Cap PE (PE-
FA) was purchased from AVanti, Polar Lipids, Inc. Unless
otherwise stated, all chemicals and solvents were of
analytical grade and used without further purification.

A reprecipitation method was used to synthesize the
functional polymer dots and has been reported in our previous
articles [11, 29, 30]. All the raw materials were dissolved in
tetrahydrofuran (THF) as 1 mg/ml, respectively. The first step
of typical procedures was to add PFBT, PS-PEG-COOH,
MMA-NH,, and PE-FA into 2 ml THF in a fixed ratio. After
5 min of ultrasonication in the water bath, the mixture was
quickly dispersed into 10 ml Milli-Q water under vigorous
sonication using an ultrasonic cell crusher for 1 min (10 %
power). The excess THF was evaporated at 50 °C under the
protection of nitrogen (Hannuo Instrument, China). Finally, the
solution was filtered with a 0.22 um of polyvinylidene fluoride
membrane. For further application, the suspension of polymer
dots was concentrated to different concentrations through a
centrifugal filtration device (Amicon Ultra-15 Centrifugal
Filter with a molecular weight cutoff of 100 kDa).

Characterization of the Polymer Dots

Morphologies of polymer dots were captured by a HITACHI
JEM-2100F transmission electron microscopy (TEM) operated
at 120 kV (HITACHLI, Japan). The hydrodynamic size and zeta
potential of the polymer dots were measured with a Malvern
Zetasizer Nano ZSP instrument (Malvern, UK) (DLS). UV—vis
absorption spectrum was measured via a Shimadzu UV-2550
ultraviolet—vis spectrometer (Shimadzu, China). Fluorescence
emission spectrum was collected using a HITACHI F-2700
fluorescence spectrophotometer. The absolute fluorescence
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quantum yield (QY) was measured by a Hamamatsu UV-NIR
absolute PL QY spectrometer (Hamamatsu, Japan) using an
integrating sphere with 450-nm excitation for polymer dots from
a xenon lamp. In the physical stability test, polymer dots were
dispersed in phosphate-buffered saline (PBS, 1x) and McCoy’s
5A medium containing 10 % FBS as the same ratio at 37 °C,
respectively. Then, the particle size variance was measured by
DLS, and the fluorescence spectra were collected to detect the
fluorescence stability on an ELISA molecular system (Spec-
traMax i3x) [11, 31].

Cell Culture and Flow Cytometry Assay

SKOV; cells, established from a human ovarian adenocar-
cinoma, were obtained from the Shanghai Institute of Cell
Biology of the Chinese Academy of Sciences (Shanghai,
China). SKOV;-mCherry cells [20] were kindly provided by
Prof. Yu Kang of Shanghai Medical School of Fudan
University (Shanghai, China). The cells were grown in
McCoy’s 5A medium with 10 % FBS and 1 % penicillin/
streptomycin. All the culture dishes were cultured in the
incubator containing 5 % CO, at 37 °C.

SKOV5-mCherry was seeded in a six-well plate (2.4 x 10°
cells per well). Then, 5.4 pg of polymer dots was added into every
well for 24 h without serum. After 1000 rpm of centrifugation for
4 min, cells of every well were resuspended into 200 pl
phosphate-buffered saline (PBS, 1x). Half of the solution was
added into 400 pl PBS and analyzed via a Becton Dickinson
FACSArria II flow cytometry (Becton Dickinson, USA). The rest
was cultured in a new six-well plate for the next generation. The
fluorescence intensity plot was acquired using the BD FACSAria
II software.

Confocal Laser Scanning Microscopy Imaging

In the log growth phase, approximately 3 x 10* SKOV;-
mCherry was seeded in a glass-bottom dish and incubated
with ~5 pg of polymer dots without serum. After 24-
h incubation, the dishes were washed twice with PBS. In the
cell staining assay, cells were fixed with 4 % paraformalde-
hyde (PFA) for 15 min and stained with DAPI solution for
10 min. Cells were observed using a confocal laser scanning
microscopy (CLSM) instrument (Leica, Germany). Channel
settings were as follows: PFBT (excitation 458 nm, emission
530-600 nm), 4',6-diamidino-2-phenylindole (DAPI; exci-
tation 405 nm, emission 425-520 nm), and mCherry
(excitation 561 nm, emission 600—650 nm).

Fluorescence Intensity Analysis of Polymer Dots
and mCherry in Fluorescence Imaging

The 100 ul PBS of 2.5x 10° SKOV;-mCherry cells was
added into each of four wells in an enzyme label plate.
Comparatively, 100 pl of polymer dots (~6 ug) was
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added in the same way. ROI of every well was analyzed
using an IVIS Lumina K imaging system (PerkinElmer,
USA).

pCLE Imaging of SKOV3;-mCherry in Organs of
Living BALB/c Nude Mice

Experiments were conducted based on a Cellvizio Dual
Band system (Mauna Kea Technologies, France). A ProFlex
S1500 scanning probe was used in this system (diameter =
1.5 mm, spatial resolution=3.3 pum, Aexcitation =488 nm,

C
s 1.6
© 1120
S~
§ 1.2-
© 180
2 0.8
o
a8
< 0.4 140
0
=
> 0.0 - - ; ) s
> 400 450 500 550 600 650
Wavelength / nm
e
100] 4y +——0y
et - 4
>~ 604 °© : . -
(]
£ 40 . 5A
= 20 . PBS
0 . . r - :
0 24 48 72 96
Time / h

‘n‘e [ @duadsalon|4

Zhang Y. et al.: Fluorescent Polymer Dots for Cell Tracking

Adetection = 905—700 nm). Each nude mouse was anesthetized
with 200 ul PBS solution of pentobarbital sodium (1 %) by
intraperitoneal (i.p.) injection. Then, 2 x 10° SKOV;-
mCherry incubated with 50 pg polymer dots were syringed
into mice by intravenous (i.v.) injection, i.p. injection, and
inguinal lymph node injection, respectively. Real-time video
sequences were recorded at 12 frames/s. The probe
contacted five organs including the spleen, kidney, liver,
heart, and lung directly and perpendicularly [23, 32]. pCLE
video sequences and images were processed offline using
the matching software (IC viewer, Mauna Kea Technologies,
France).
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Fig. 1. Characterization of PNCP. a TEM image of PNCP. The scale bar is 200 nm. b Hydrodynamic diameter of PNCP. ¢ UV—
vis absorbance and fluorescence spectra of PNCP. d Flow cytometry plot of SKOV3;-mCherry cells. After incubated with PNCP,
SKOV;-mCherry was analyzed for the fluorescence intensity of polymer dots by a flow cytometry at different time points. e
Particle size variance of PNCP after treatment with PBS or 5A medium containing 10 % FBS for 96 h at 37 °C. f Fluorescence
stability of PNCP in PBS or 5A medium containing 10 % FBS for 96 h at 37 °C.
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Histology Analysis of Organs

Organs were fixed with 4 % PFA. Eight-micrometer-thick
frozen sections were obtained using a cryo-microtome
(Leica CM1950) and observed by CLSM. The channel was
set for PFBT (excitation 458 nm, emission 530-600 nm).

Results
Synthesis and Characterization of Polymer Dots

Polymer dots with PFBT as the matrix were used because of
their generally low or absent toxicity, high fluorescence, and
long-term stability. PE-FA was employed as a tumor-
targeting ligand because the receptor alpha is overexpressed
on the surface of epithelial ovarian tumors [33-35]. PS-
PEG-COOH and MMA-NH, were coated polymer dots as a
biocompatible shell to improve the behavior of

DAPI

PFBT
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pharmacokinetics in vivo. PFBT polymer dots modified with
PE-FA, MMA-NH,, and PS-PEG-COOH (PNCP) were used
for tracking tumor cells in vitro and in vivo. The synthesis
process was shown in Suppl. Scheme 1 (see Electronic
Supplementary Material).

The morphology of PNCP was characterized by TEM. As
shown in Fig. 1a, they were found to have a spherical shape
with an average diameter of 32 nm. The size of PNCP was
uniform with a hydrodynamic diameter of 42 +4 nm in Fig.
1b. Mean polydispersity index (PDI) is 0.152 and the zeta
potential is —34.5+2 mV. Results showed that PNCP had
the good dispersity and colloidal stability in water. The
differences between TEM data and hydrodynamic diameter
data were due to hydration corona formed by the PS-PEG-
COOH or MMA-NH, polymer chains [11]. The absorption
and emission spectra of PNCP in water were shown in Fig.
lc. The peak of absorption was at 467 nm, and the emission
spectrum was centered at 535 nm. The absolute quantum

Fig. 2. CLSM imaging of SKOV3-mCherry cells. The scale bar is 20 ym. a CLSM imaging of SKOVs-mCherry after 24-
h incubation with PNCP. b Magnification of panel a. ¢ CLSM imaging of SKOV3-mCherry. d Magnification of panel c.
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yield (QY) test showed that the value of PNCP was
approximately 0.1. In the physical stability test (Fig. le),
the diameters of PNCP showed no obvious change during
96 h. Besides, the fluorescence intensity showed a slight
decrease after 2 h as shown in Fig. 1f. The value of PNCP
treated with 5SA medium after 96 h maintained approxi-
mately 90 % of their original intensities. Comparatively, the
value of PNCP treated with PBS increased slightly from 24
to 96 h. These data suggested that these polymer dots have
good physical stability.

Flow Cytometry Assay and CLSM Imaging
The fluorescence intensity of PNCP in SKOV;-mCherry was
accessed by a flow cytometry. Fig. 1d showed phagocytosis

percent of PNCP in SKOV;-mCherry reached 99.5 %+
0.2 % after 24 h, and PNCP still existed in cells after

Kidney

Spleen

Liver
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15 days. The original charts were displayed in Suppl. Fig. 1
(see Electronic Supplementary Material (ESM)), showing
that the peaks of experimental groups were gradually close
to the blank group with days increasing. The value was close
to zero 17 days later.

In CLSM imaging, PNCP existed in the cytoplasm region
while mCherry existed in whole cell (Fig. 2). ROI analysis
of mCherry and PNCP was applied in ESM Suppl. Fig. 2.
The results demonstrated that the fluorescence intensity of
mCherry was low compared with that of PNCP.

In Vivo Fluorescence Imaging of PNCP in Mice

In order to achieve deep and accurate imaging in BALB/c nude
mice, we used real-time and sensitive pCLE which was carried
out in vivo on the micro level with minor wounds [36].

Heart Lung

Fig. 3. pCLE imaging organs of mice after i.v. injection of labeled SKOV3;-mCherry. The green (PNCP) channel was excited at
488 nm and collected from 505 to 700 nm. a Blank control. Observation of organs at b 40 min, ¢ 6 h, and d 30 h post-injection.
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In Fig. 3a, only isolated point signals emerged in the
spleen, kidney, and liver of blank mice without injection. As
shown in Fig. 3b—d, dominate organs were imaged at
40 min, 6 h, and 30 h after i.v. injection, respectively.
According to the picture recordings, the dot shape and vessel
structure were two main types of signals. Intensity of five
organs reached the strongest at 6 h post i.v. injection (Fig.
3c). Compared with other organs, the signal of spleen lasts
longer, and clear contour still existed even after 30 h.
Furthermore, distinct vasculatures in the spleen at 6 h were
exampled in ESM Suppl. Fig. 3. It provided parallel and
bifurcated morphologies in vivo (ESM Videos 1 and 2). The
diameter of vessels ranged from 16 to 69 um and from 6 to
25 um in pictures of the spleen and kidney, respectively. To
conclude, labeled cells exhibited more accumulation and
adhesion to the vessel walls at 6 h than other time points.
The critical margin of vessels could be recorded by pCLE.

In Fig. 4a of i.p. injection, the fluorescence still remained
bright after 6 days especially in the spleen and heart. Dot-
like fluorescence was found to form the vessels in the
spleen; meanwhile, signals were distributed in the heart
relatively. The perfusion of spots highlight vessels in the
spleen at 6 days was detected, and it was consistent as
observed in i.v. injection.

Comparatively, in Fig. 4b, ¢ of inguinal lymph node
injection, the results displayed the fluorescence dispersed in

Spleen Kidney

Liver
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tissues. It indicated that cells migrated from the injection site
to prime organs. With the time going on, cells accumulated
in detoxification organs increased. To determine whether
cells had selectivity of accumulation in organs at a
histological level, we checked the frozen sections of three
examples by CLSM in ESM Suppl. Fig. 4. On the basis of
histology, the fluorescence of PNCP in the kidney, liver, and
heart was intense while the intensity in the spleen and lung
was weak.

Discussion

In this study, polymer dot-labeled SKOV3-mCherry cells
were syringed into nude mice by intravenous injection,
intraperitoneal injection, and inguinal lymph node injection,
respectively. Clear vasculatures were displayed in the spleen
at 6 h post intravenous injection. Besides, the accumulations
of cells were observed in detoxification organs like the
spleen and kidney after the inguinal lymph node injection
increased with time. In comparison, polymer dot-labeled
SKOVj; cells without the expression of mCherry mainly
clustered in the lung during different periods post i.v.
injection (ESM Suppl. Fig. 5). This result indicated that
the expression of mCherry may change the nature of original
SKOV; cells.

Heart

Lung

Fig. 4. pCLE imaging organs of mice at a 6 days post i.p. injection of labeled SKOV3;-mCherry, b 8 days, and ¢ 15 days post-
inguinal lymph node injection of labeled SKOV3-mCherry.
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pCLE is rapidly emerged in clinic with minimal inva-
siveness as a microscopic imaging. It provides high
magnification and superior resolution. Compared with
fluorescein, fluorescence imaging using polymer dots even
lasts for 36 days [21]. pCLE can detect the accumulation
sites of cells and observe the flow of vessels instead of 2-
deoxy-2-['®F]fluoro-D-glucose (['*F]JFDG) PET imaging
[37]. We applied an easy and effective method to track
SKOV;-mCherry cells circulating in mice via different
injection sites. It helped study the distribution of cells in
organs and implied that pathological changes in organs were
connected with the migration of cancer cells. In the future,
PCLE can be one of the visualization tools to track cancer
cells by means of fluorescence techniques [38].

Conclusion

This study focused on tracking SKOV;-mCherry cells in
BALB/c nude mice at a tissue level by combined polymer
dots with pCLE. Interestingly, the real-time microscopic
imaging displayed the flow of labeled cells in the vessels of
organs. The research can establish a promising way for
targeting cells. Besides, other imaging modalities like
photoacoustic imaging could be combined with pCLE to
observe pathological processes of malignant diseases.
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