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Convenient strategies to transform regular liposomes or nano-micelles into multifunctional theranostics
would be highly valuable in cancer therapy. Herein, we developed an amphiphilic fluorinated porphyrin
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dendrimer as a multifunctional “add-on” module which would self-assemble onto liposomal drug
delivery systems and conveniently transform the liposomes into novel theranostics. Through cancer cells
and murine xenograft tumor model assays, the theranostics showed valuable fluorescence/**F magnetic
resonance dual modal imaging and highly efficient chemo-photodynamic therapy. The modular strategy
facilitates the convenient and standardized preparation of multifunctional theranostics.
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Introduction

The integration of multimodal imaging and multiple therapeutic
agents into theranostics is highly attractive in cancer therapy
because it may achieve high therapeutic efficacy through compre-
hensive tumor-drug image guided combination therapy." On the
therapy side, combination cancer therapy, treating cancer with
multiple therapeutic agents, has been approved in clinics to
efficiently eliminate cancer cells through multiple mechanisms
and reduce drug resistance.> In recent years, photodynamic
therapy (PDT) has become a promising complement to chemo-
therapy because of its non-invasiveness, low toxicity, repeatability
and avoidance of multi-drug resistance.> On the imaging side,
theranostics with multimodal imaging takes advantage of each
imaging technology and provides comprehensive multi-dimensional
drug-tumor-therapy images for accurate cancer diagnosis and
therapy." Among the various imaging modalities, the combi-
nation of fluorescence imaging (FL) and '°F magnetic reso-
nance imaging (*°F MRI) is highly valuable.* FL provides high
intensity and real-time images in a convenient and well estab-
lished way, but it suffers the poor penetration of light in deep
tissues, while '°F MRI complements FL by providing “hot spot”
images without background signals, ionizing radiations, and
tissue depth limits.® Therefore, it would be highly beneficial for
cancer therapy to incorporate chemotherapy, PDT, FL, and
9F MRI into novel theranostics.
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However, it would be very challenging to develop such
theranostics. First, the relatively low sensitivity of "’F MRI
requires a number of '°F molecules with similar chemical
shifts to achieve high local "°F concentration,*® which would
lead to difficulties in the synthesis of '°F MRI agents. Second,
the low water solubility and strong aggregation of conventional
fluorescent agents, PDT photosensitizers and 'F MRI agents
would result in signal quenches, low therapeutic efficacy,
formulation issues, etc.*>” Third, it is difficult to synchronize
the drug delivery, release and PDT processes with imaging
technologies due to the off-target and premature drug/photo-
sensitizer release issues. To address these issues, a fluorinated
amphiphilic porphyrin dendrimer F-PP with FL, '°F MRI, and
PDT capabilities was herein developed as a multifunctional
module for the convenient construction of liposomal theranostics
(Fig. 1). Besides its multifunction, F-PP may be a convenient
“add-on” module for the existing drug delivery systems
(liposomes, micelles, dendrimers, etc.)® and transform them
into theranostics with multimodal imaging and multiple
therapeutic agents by self-assembling onto the nanoparticle surface.
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Fig. 1 Dendrimer F-PP as an “add-on"” module for theranostic L-PP.
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F-PP contained 3 structural and functional moieties which were
connected through 4 r-lysines: a tetrabenzylporphyrin core as
both a fluorescent chromophore and a PDT photosensitizer,
4 highly fluorinated dendrons with 108 symmetrical *°F as
strong '°F MRI signal emitters, and 4 highly branched mono-
disperse polyethylene glycols (M-PEGs) as solubility and bio-
compatibility enhancers. As a water soluble non-ionic
amphiphile, F-PP could on one hand avoid the FL and *°F MRI
signal quenches and improve the PDT efficacy by relieving the
strong aggregation of porphyrin and fluorocarbons, and on the
other hand easily “add-on” to doxorubicin (DOX) loaded lipo-
somes through self-assembly onto the lipid bilayer.’ In addition,
when F-PP was anchored on the nanoparticle surface with its
4 hydrophobic fluorinated dendrons, its 12 M-PEGs would
PEGylate the liposomes. In these means, a multifunctional
theranostics for imaging-guided cancer therapy would be con-
veniently prepared.

Experimental
Cellular uptake of F-PP and L-PP

The cellular uptake of F-PP was detected in HepG2 cells using a
confocal microscope. Briefly, HepG2 cells were seeded into
confocal dishes and incubated at 37 °C for 24 h. Then the
medium was removed and replaced with F-PP medium
(5 mg mL ™). After 2 h of incubation, the medium was removed
and washed with PBS buffer, followed by DAPI staining of the
nuclei for 5 min, and then imaged using a confocal microscope.
The cellular uptake of DOX and L-PP followed the same procedure.

Detection of singlet oxygen in vitro

HepG2 cells were seeded in a 6-well plate at a density of
2 x 10° mL ™%, and incubated with L-PP (10 uM F-PP) at 37 °C
for 2 h. After washing with PBS, the cells were incubated with
carboxy-H,DCFDA (25 pM) for 30 min, then washed again with
PBS and irradiated with a 650 nm laser at a power density of
100 mW cm 2 for 5 min per well. The cells were fixed with 4%
formaldehyde polymer for 10 min and washed with PBS 3 times.
Finally, the cells were imaged under a confocal laser scanning
microscope (A1R/A1, Nikon, Japan).

In vitro phototoxicity

HepG2 cells were seeded into 96-well plates and incubated for
12 h. The cells were incubated with DOX and L-PP (0, 0.5, 1, 2, 5
and 10 ug mL~" DOX) for 24 h at 37 °C respectively. After being
washed with PBS, the cells were irradiated with a 650 nm laser
at a power density of 100 mW cm > for 5 min. The non-
irradiation group was kept under the same conditions except
for irradiation. A methylthiazolytetrazolium (MTT) assay kit
was employed to evaluate cell toxicity.

For staining of live and dead cells, the cells were seeded in a
6-well plate and incubated with L-PP (10 uM F-PP) at 37 °C for
2 h, washed with PBS and irradiated with a 650 nm laser at a
power density of 100 mW c¢cm ™2 for 10 min. Then the cells were
incubated with calcein AM (4 uM) and propidium iodide (4 uM)
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for 30 min and 5 min, respectively. Cellular fluorescence
images were obtained by a Confocal Laser Scanning Microscope
(A1R/A1, Nikon, Japan).

In vivo "°F MRI experiments

HepG2 tumor bearing Balb/c nude mice were purchased from
Cloud-Clone Corp. (CCC, Wuhan) and used for the in vivo
evaluation of L-PP. In this study, mice were injected with
250 pL L-PP (42.4 uM kg™ ' of F-PP) via the tail vein and
anesthetized using isoflurane. All animal experimental proce-
dures, including in vivo 'F MRI experiments, fluorescence
imaging, chemotherapy and phototherapy, were performed in
accordance with the National Institutes of Health Guide for the
Care and Use of Laboratory Animals and were approved by
the Institutional Animal Care and Use Committee of Wuhan
University. "H MRI: method = RARE, matrix size = 256 x 256,
FOV = 40 mm X 30 mm, TR = 2500 ms, TE = 33 ms, RARE
factor = 8, number of average = 4, scan time = 80 s; '°F MRI:
method = RARE, Matrix size = 32 x 32, FOV =40 mm x 30 mm,
TR = 1600 ms, TE = 2.95 ms, RARE factor = 4, number of
average = 64, scan time = 13 min.

Fluorescence imaging

For in vivo experiments, 250 uL of L-PP (42.4 uM kg~ * of F-PP)
were intravenously injected into the HepG2 tumor-bearing mice
and the fluorescence images were obtained at 4 h, 8 h, 12 h,
24 h, and 48 h, respectively. Fluorescence imaging of organs
were obtained from the organs collected from sacrificed mice
after the 48 h in vivo imaging. The fluorescence scans were
recorded on an IVIS spectrum system. Fluorescence imaging
was performed using a 640 nm excitation filter and a 720 nm
emission filter.

In vivo chemotherapy and phototherapy

HepG2 tumor bearing Balb/c nude mice were divided into 4
treatment groups: (1) saline, (2) DOX, (3) L-PP, and (4) L-PP +
laser. The 4 groups of mice were injected through the tail vein
on day 0, 3, 6, respectively. The DOX doses for the DOX group,
the L-PP group and the L-PP + laser group were 5 mg kg~ and
the F-PP doses for the L-PP group and the L-PP + laser group
were 3 uM kg, respectively. Twelve hours post L-PP injection,
the mice in group 4 was irradiated with a 650 nm laser at a
power density of 100 W cm ™2 for 10 min. The body weight and
tumor volume of mice were measured every 2 days for a period
of 21 days. The tumour volume was calculated according to the
formula, volume = (width® x length)/2.

Results and discussion
Synthesis and physicochemical properties of F-PP

Dendrimer F-PP was synthesized in a convergent way on a gram
scale and fully characterized using HPLC, *F/"H/**C NMR, and
MS (ESIt). F-PP gave a singlet '°’F NMR peak at —72.34 ppm
from its 108 symmetrical "°F (Fig. 2a), distinctive concentration-
dependent UV absorption at 420 nm, 517 nm, 554 nm, 595 nm,
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Fig.2 °F NMR (a, 376 MHz, in water, TFA as an internal standard),
concentration-dependent UV absorption (b, in water) and fluorescence
emission (c, in water), and biocompatibility assay (d) of F-PP.

and 651 nm (Fig. 2b), and fluorescence emission at 660 nm,
725 nm, and 788 nm (Fig. 2c). Although it contained highly
hydrophobic fluorinated dendrons and tetrabenzylporphyrin,
F-PP is freely soluble in water because of its 12 hydrophilic
M-PEGs. Notably, F-PP had a low self-aggregation tendency in
water because no detectable nanoparticle was found using
dynamic light scattering (DLS), which was further confirmed by
the solvent-dependent UV absorption, fluorescence emission and
F NMR of F-PP (ESIT). Such non-aggregative behaviour of the
fluorinated dendrimer was also reported by Yu et al.’ Because of
its excellent solubility and low aggregation tendency in water,
aggregation-induced self-quenching, which is a major issue in
porphyrins-based FL and PDT agents, was not observed in F-PP.
Importantly, even at high concentrations, F-PP exhibited high
biocompatibility toward a series of cell lines, including L02 cells,
HepG2 cells and MCF-7 cells (Fig. 2d). Here, the M-PEGs in F-PP
played a crucial role in its high biocompatibility.

In vitro imaging and cell uptake

The designed liposomal theranostic L-PP was formulated through
a film dispersion method with both hydrogenated soybean phos-
phatidylcholine (HSPC) and F-PP as the surfactants, cholesterol
as an additive, and DOX as the chemotherapy drug. A DOX
encapsulation efficiency of 86% and a DOX loading content of
6% were obtained for L-PP (ESIt). DLS of L-PP showed a particle
size of 121 nm and a polydispersity index of 0.146 (Fig. 3a). L-PP
exhibited good stability over 15 days and a pH sensitive drug
release profile (ESIt). As expected, all the '°F molecules in L-PP
accumulatively gave a strong singlet '°F NMR peak at —72.61 ppm
(Fig. 3b) with pretty short '°F relaxation times (ESIL,t F-PP: Ty =
375 ms, T, = 10 ms; L-PP: T} = 439 ms, T, = 9 ms, at 376 MHZ),
which facilitated 100% °F utilization and rapid data collection
time for highly sensitive '>’F MRI. A detectable concentration of
99 uM F-PP (or 10.7 mM "°F) with a scan time of 160 seconds was
achieved for L-PP in "F MRI phantom experiments (Fig. 3c). It is
noteworthy that '°F MRI signal intensities (SI) of F-PP and L-PP
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are proportional to their '°F concentrations, respectively (Fig. 3d),
which would be valuable for quantifying F-PP and L-PP with the
'F MRI signal intensity. Confocal microscopy images of L-PP
treated HepG2 cells indicated that both F-PP and DOX were
efficiently delivered into the cells, especially in the nucleus
(Fig. 3e). In contrast, F-PP was mainly distributed in the
cytoplasm of F-PP treated HepG2 cells (ESIf). Notably, the
“add-on” of F-PP in L-PP was confirmed by both the '°F NMR
chemical shift change from —72.34 ppm in F-PP to —72.61 ppm
in L-PP and no detection of unencapsulated F-PP from Micro-
spin G-50 column treated L-PP.

The photodynamic properties of theranostic L-PP

The PDT effect and cytotoxicity of L-PP were investigated in
HepG2 cells. First, using a commercial probe 6-carboxy-2’,7’-
dichlorodihydrofluorescein diacetate (H,DCFDA), the reactive
oxygen species (ROS) generating ability of L-PP in HepG2 cells
was evaluated (Fig. 4a). Without L-PP treatment or 650 nm laser
irradiation, negligible ROS in HepG2 cells were detected by the

J. Mater. Chem. B, 2020, 8, 4469-4474 | 4471
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Fig. 4 Confocal images (a), relative viability (b), and fluorescence images
of live/dead cell staining (c) of HepG2 cells after 2 h of treatment with the
indicated materials. L-PP in (a) and (c) contained 10 uM F-PP. 5 min (a and b)
and 10 min (c) of 650 nm laser irradiation at 100 mW cm~2 were applied.

green fluorescence of H,DCFDA, while most HepG2 cells
with the treatment of L-PP and 650 nm laser irradiation at
100 mW cm™> for 5 min emitted green fluorescence of
H,DCFDA. So, L-PP can significantly improve the oxidative
stress of HepG2 cells with low power density laser irradiation.
Second, the cytotoxicity assay showed the high combination
therapy efficiency of chemotherapy and PDT (Fig. 4b).
Compared to DOX, L-PP showed slightly lower cytotoxicity
towards HepG2 cells. The cytotoxicity was dramatically
improved by the PDT effect when HepG2 cells were treated
with both L-PP and low power density laser irradiation. Third,
calcein-AM/PI double staining, in which green fluorescence
from calcein-AM represented live cells and red fluorescence
from PI represented dead or later apoptosis cells, was employed
to assess the PDT enhancement efficacy (Fig. 4c). After 10 min
of laser irradiation, most L-PP treated HepG2 cells were killed,
which emitted red fluorescence and resulted in a clear border
between the live and dead cells around the light spot. There-
fore, L-PP successfully integrated the chemotherapy of DOX
and the PDT of F-PP for enhanced therapeutic efficacy in
cancer cells.

In vivo fluorescence imaging and '°F MRI of HepG2 tumor

The in vivo FL and '°F MRI dual imaging of theranostic L-PP
was carried out in a xenograft HepG2 liver tumor nude mouse
model. First, the biodistribution of L-PP in shallow organs was
investigated using FL, which showed the gradual accumulation
of L-PP in the tumor region after the tail vein injection of L-PP
(Fig. 5a, a dose of 42 pM kg~ F-PP). Second, the accumulation
of L-PP in tumor was also investigated with '°’F MRI. With an
F-PP dose as low as 42 uM kg ', °F MRI gave clear “hot spot”
images of L-PP in the tumor region (Fig. 5b, tumor containing
cross-sections). Compared to FL, 'F MRI provided more
detailed and accurate images of L-PP in tumor. The accumula-
tion of L-PP in tumor, especially inside of tumor, was clearly
showed by '°F MRI, while FL could hardly show the vivid
distribution of L-PP in tumor. Third, the accumulation of
L-PP in tumor was quantitatively analysed with the SI of
in vivo FL and "°F MRI. A peak intensity of L-PP in the tumor
at 24 h post-injection was found by both imaging technologies,
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in which different anesthetics used in the imaging process led
to slightly different accumulation profiles (Fig. 5c and 6d).
Fourth, the biodistribution of L-PP in tumor and internal
organs was further studied with ex vivo FL of tumor and organs,
which also indicated high tumor accumulation of L-PP
(Fig. 5e and f). Thus, the two complementary imaging technologies:
FL with high sensitivity and '°F MRI without the tissue depth limit,
together provided sensitive, accurate, and quantitative in vivo
formation of L-PP.

Therapy of HepG2 tumor

With the high tumor accumulation of L-PP, the in vivo combi-
nation cancer therapy with the DOX-based chemotherapy and
F-PP-based PDT of L-PP was investigated in 4 groups of xeno-
graft HepG2 liver tumor mice (n = 5). On day 0, 3 and 6,
the mice were treated with saline (negative control), DOX
(positive control), L-PP, L-PP plus 650 nm laser irradiation at
100 mW cm > for 5 min, respectively. First, compared to
chemotherapy with DOX or L-PP, the combination therapy with
L-PP plus laser irradiation showed significantly enhanced
tumor growth inhibition, in which almost no tumor growth
was observed during the study (Fig. 6a). Second, due to the
toxicity of DOX, the mice in the DOX treatment group showed
dramatical body weight loss and all died between day 10 and

This journal is © The Royal Society of Chemistry 2020
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day 20 (Fig. 6b and c). Although L-PP showed less tumor growth
inhibition capability than DOX, the L-PP treatment groups
showed dramatically less body weight loss and full survival rate
(Fig. 6a—c). Finally, high therapeutic efficacy and lower systematic
toxicity were identified for the combination therapy group
because much less toxicity to heart, liver, spleen, lungs and
kidneys and much higher therapeutic effects on tumor were
found by H&E staining of the tissues collected from the mice
(Fig. 6d and ESIT).

Conclusions

In summary, we have developed a fluorinated porphyrin den-
drimer as an “add-on” module for the convenient construction
of multifunctional liposomal theranostics for cancer therapy.
The “add-on”” module showed valuable fluorescence properties,
such as high solubility, high fluorescence intensity, no self-
aggregation and aggregation-induced signal quenching, and
preferred '°F MRI properties, such as a single '°F NMR peak,
short relaxation times, and high "°F MRI sensitivity. The dual
imaging modalities complement each other by providing not
only highly sensitive and convenient FL of cells and shallow
organs, but also the sensitive and quantitative °F MRI of deep
organs without tissue depth limits. It was found that *°F MRI
provided much more accurate and vivid in vivo images of the
drug delivery system in murine. The FL and '°F MRI dual
image-guided combination cancer chemotherapy and PDT have
been demonstrated in both cancer cells and the murine xeno-
graft tumor model with significantly higher therapeutic efficacy
and the overall survival of animals. As it would self-assemble
onto liposomal drug delivery systems, the fluorinated porphyrin
dendrimer may be employed as a general “add-on” module
for various liposomal theranostics, not limited to DOX-loaded
liposomes in this case, and provided them with nanoparticle
PEGylation, FL, °F MRI, and PDT for image-guided combination

This journal is © The Royal Society of Chemistry 2020

View Article Online

Paper

therapy. With this modular strategy, many versatile theranostics
may be developed in a simplified, standardized, controllable and
precise manner for challenging disease therapy.
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