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In clinics, for photodynamic therapy (PDT) it is challenging to achieve photosensitizers with properties of
high singlet oxygen quantum yield, tumor targeting and fluorescence imaging simultaneously. Herein,
a furan flanked diketopyrrolopyrrole (FDPP) molecule, with good singlet oxygen quantum yield (~26%), is

covalently connected to hyaluronic acid (HA) to obtain a water-soluble photosensitizer (FDPP—HA),
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exhibits excellent biocompatibility, low dark toxicity and high phototoxicity, which can effectively inhibit

DOI: 10.1039/c7ra06551e the tumor growth in vivo by PDT. The design of FDPP—HA in this work provides a general strategy for
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Introduction

As there are many problems for traditional treatment
approaches (such as drug resistance, side effects and individual
differences of cancer patients), novel therapeutic methods are
highly desired to realize efficient cancer treatment.’”* Photody-
namic therapy (PDT), with the advantages of being non-
invasive, having site-specific activation, and low systemic
damage, is a promising phototherapy for cancer treatment. The
mechanism of PDT involves activation of the photosensitizers
(PSs), achieving its lowest singlet excited state (S;) and subse-
quently intersystem crossing (ISC) to the triplet state (T;).* The
triplet state has a longer lifetime and can react with oxygen to
produce toxic reactive oxygen species (ROS), especially singlet
oxygen ('0,) to induce cancer cell death.>” Therefore, red-shift
absorption and enhancement of ISC efficiency of PSs are of
great importance to improve ‘0, quantum yield.

Considering the potential toxicity and long term retention of
inorganic-based PSs,*® the development of biocompatible
organic agents with narrow band gap, high molar absorption
coefficient, specific targeting and fluorescence bio-imaging
performance is important for the imaging-guided PDT.'***
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cancer target-specific fluorescence imaging and PDT.

Diketopyrrolopyrrole (DPP) is a kind of conjugated lactam
organic molecules with high degree of planarity, which can be
easily conjugated with electron donors (such as phenyl and
furan) to form photosensitizer with near-infrared (NIR)
absorption.”* The absorbance of furan-diketopyrrolopyrrole
(FDPP, 553 nm) is bathochromic compared with that of
phenyl-diketopyrrolopyrrole (PDPP, 480 nm), due to the less
steric hindrance of furan moiety.**** Furthermore, theoretical
calculations indicate that FDPP presents a lower energy gap
between its S; and Ty (AEsr, 0.50 €V) than that of PDPP (0.64 eV)
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Scheme 1 FDPP and PDPP optimized structures of HOMO and LUMO
at S; excited state.
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Scheme 2 Synthesis routes of FDPP-HA. () KOH, N,N-dime-
thylformamide, 1,6-dibromohexane, 25 °C, 24 h, 50%. (ii) N-Bromo-
succinimide, chloroform, 25 °C, 4 h, 87%. (iii) Protonated hyaluronic
acid, tetrahydrofuran, acetone, 45 °C, 66.5%.
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(Scheme 1), suggesting that FDPP have a higher 0, quantum
yield than that of PDPP. In addition, to overcome the hydro-
phobic property of most organic reagents and realize targeted
phototherapy, functional modification is necessary. As a result,
hyaluronic acid (HA), a natural polysaccharide with excellent
water solubility and tumor target-specificity, is employed to
modify the organic agent FDPP to obtain our desired hydro-
phobic photosensitizers (Scheme 2).'

Herein, FDPP is covalently connected with HA to form
a biocompatible and water-soluble photosensitizer (FDPP-HA)
for PDT. FDPP-HA theranostic agent presents good targeted
fluorescence bio-imaging property and high '0, quantum yield.
In vivo studies indicate that FDPP-HA can efficiently inhibit
tumor growth in tumor model of nude mice. These results
demonstrate that FDPP-HA is a promising imaging-guided
photosensitizer for PDT in clinic.

To realize the water solubility and biocompatibility, FDPP is
connected with HA to give FDPP-HA (with load rate of ~1 ng
(FDPP) per mg (FDPP-HA), calculated by the formula 7 = mgppp/
Meppp-pa) and it can be observed that FDPP-HA can completely
dissolve in water even at a high concentration (5 mg mL ') and
present transparent red color (Fig. 1a). On the contrary, FDPP
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Fig. 1 (a) Photographs of FDPP, HA and FDPP-HA in water (5 mg

mL™Y). (b and c) IR and absorbance spectra of FDPP, HA and FDPP—HA,
respectively. (d) Fluorescence emission spectra of FDPP (in DCM) and
FDPP-HA (in water).
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itself exhibits poor solubility in water and can precipitate at
bottom of the tube. The good water solubility of FDPP-HA
makes it possible to apply in biological environment for bio-
imaging and PDT therapeutic agent. Fig. 1b shows the
infrared (IR) spectra of FDPP-HA, FDPP and HA, respectively.
Except the characteristic peaks of FDPP and HA, typical char-
acteristic peaks of ester group at around 3125, 1508 and 1240
ecm™ ', can be clearly observed for FDPP-HA. This phenomenon
further proves the successful conjugation between FDPP and
HA. To clarify the effects of HA on the absorbance of the
conjugated FDPP-HA, FDPP, HA and FDPP-HA are analyzed by
UV-vis spectrum. Two obvious absorption peaks at 511 and
554 nm can be observed for FDPP (Fig. 1c). After conjugation
with HA, there are still two characteristic absorption peaks at
around 513 and 554 nm, respectively, for FDPP-HA. Since HA
shows no apparent absorption in UV-vis region, it can be
concluded that the two absorption peaks of FDPP-HA come
from FDPP." This result also confirms that HA has been
successfully grafted onto FDPP. Fig. 1d shows the fluorescence
spectra of FDPP (in dichloromethane, DCM) and FDPP-HA (in
water). After the formation of FDPP-HA, two obvious fluores-
cence peaks can be observed at 570 and 617 nm, which indi-
cates FDPP-HA possesses similar fluorescence spectrum as
FDPP.

To investigate the specific targeting and cellular uptake
behaviors of FDPP-HA, HCT-116 cells (CD44 overexpression to
HA) and A2780 cells (less CD44 expression to HA) were incu-
bated with FDPP-HA and monitored using confocal laser
scanning microscopy (CLSM). As shown in Fig. 2a, the HCT-116
cells incubated with FDPP-HA display a very high intracellular
fluorescence intensity surrounding the nuclei (dyed with DAPI),
indicating the excellent cellular uptake property of FDPP-HA.

(a) HCT-116 FDPP-HA | HCT-116 DAPI| HCT-116

((9]A2780 FDPP-HA [A2780 DAPI | A2780

(c) Lung

Spleen

Kidney

Fig. 2 (a and b) Photographs of fluorescence intensity captured by
confocal microscopy for HCT-116 and A2780 cells incubated with
FDPP-HA. The red and blue colors represent the fluorescence of
FDPP-HA and DAPI images, respectively. (c) Fluorescence images of
FDPP—-HA in HCT-116 tumor, heart, liver, spleen, lung, and kidney.
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On the other hand, Fig. 2b shows that the A2780 cells incubated
with FDPP-HA exhibit barely fluorescence signals. The quanti-
tative evaluation of the fluorescent intensity for the two cells is
shown in Fig. S1.f All the fluorescence signal results suggest
that the CD44 receptors on cancer cell surface can improve
FDPP-HA cellular uptake via receptor-mediated endocytosis
and present excellent specific targeting performance towards
HCT-116 cells.*®" To measure the specific targeting property of
FDPP-HA, the fluorescence imaging of tumor and major organs
is explored in HCT-116 tumor model of nude mice. As shown in
Fig. 2c¢, the tumor site exhibits strong fluorescence intensity. On
the contrary, the fluorescence of FDPP-HA in heart, spleen, lung
and kidney are very weak. It further proves that FDPP-HA has
excellent targeting fluorescence bio-imaging performance in
vivo.

Fig. 3 shows the subcellular localization behavior of FDPP-
HA (red color) in the HCT-116 cells by using lyso-Tracker, Mito-
tracker and ER-tracker (green color) as probes. The yellow color,
represents the overlapping of fluorescent signals of FDPP-HA
and organelle probe, can be observed clearly.**** This
phenomenon suggests that FDPP-HA is mainly localized in the
lysosome and less in the mitochondria and endoplasmic retic-
ulum of cancer cells. The result further suggests that FDPP-HA
has excellent cellular uptake performance and also can be used
for subcellular localization in targeted bio-imaging in vitro.

The singlet oxygen (*0,) quantum yield of FDPP was measured
by using 3-diphenylisobenzofuran (DPBF) as an indicator.?>*
Fig. 4a shows that the absorption intensity of DPBF at 416 nm is
gradually decreased by reaction with 'O, under illumination. The
complete degradation time of DPBF is about 120 s. According to
the following equation: @xx) = Papum) X (Sx/Sms) X (Fve/Fx), the
'0, quantum yield of FDPP is ~26%, which is moderate in

Lyso-Tracker

Mito-Tracker

ER-Tacker

Fig. 3 Sub-cellular localization of FDPP-HA in HCT-116 cells: left
panel, fluorescence images of FDPP—HA; middle panel, three kinds of
tracker channel; right panel, merged images.
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Fig. 4 (a) Absorption spectra of FDPP (10> mol L) mixed with DPBF
(10~° mol LY under illumination in DCM. (b) Absorption spectrum of
FDPP-HA (2 mg mL™%) mixed with ABDA (107> mol L™ under illu-
mination in DMSO/H,0 (v/v =1/199). (c) Fluorescence images of HCT-
116 cells incubated with FDPP—HA under the existence of DCFH-DA.
The green and blue colors represent the fluorescence images of DCF
and DAPI, respectively.

comparison with that from reported literatures.”® After the
formation of FDPP-HA, we measured the 'O, generation as well
by using 9,10-anthracenediylbis(methylene)dimalonic acid
(ABDA) as an indicator.”” As shown in Fig. 4b, the decreased
absorption intensity of ABDA at 378 nm under illumination
indicates that FDPP-HA also has an excellent 'O, generation
ability in aqueous environment. To further confirm the high 'O,
quantum yield of FDPP-HA in cancer cells (nuclei dyed with
DAPI), fluorescence images were measured by using 2/,7'-
dichlorofluorescein diacetate (DCFH-DA) as a probe.?® DCFH-DA
itself has no fluorescence, while it can be hydrolyzed into 2/,7'-
dichlorofluorescein (DCF) by reacting with '0,. DCF possesses
high fluorescence signal and can be applied for the detection of
0, generation in cells. As shown in Fig. 4c, the green color can be
clearly observed, indicating the formation of DCF in cells. It
further demonstrates the excellent 'O, generation ability of
FDPP-HA in cancer cells and suggests its potential application in
PDT in vitro.

To investigate the toxicity and biocompatibility of FDPP-HA
in vitro, a cell viability 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT) assay on HCT-116 cells are carried
out® under darkness and illumination, respectively, as shown
in Fig. 5a. The MTT analysis indicates that FDPP-HA presents
very low dark cytotoxicity on HCT-116 cells even the concen-
tration increased to 1.0 mg mL ™. On the contrary, the viability
of the HCT-116 cells decreases gradually with increasing
concentration of FDPP-HA under the irradiation of light
(510 nm, 40 mW cm 2, 8 min). And the half-maximal inhibitory
concentration (ICs,) of FDPP-HA is about 0.6 mg mL ™. These
results reveal that FDPP-HA exhibits very low dark cytotoxicity,
high light cytotoxicity and good biocompatibility, which is
useful for the cancer PDT. Motivated by the strong fluorescent
signal, good 'O, quantum yield and high phototoxicity of FDPP-
HA invitro, the therapeutic efficacy of FDPP-HA in vivo is further
studied. HCT-116 tumor-bearing nude mice are randomly
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Fig. 5 (a) Viability of HCT-116 cells under different concentrations of
FDPP—-HA treated with and without light illumination. (b and c) Tumor
volume and body weight changes of the three groups during treat-
ment. Each data represents the mean of quadruplicate measurements.
(d) Visual photographs of the mice after 30 days treatment. (e)
Photographs of H&E stained tumor tissues obtained from three groups
after 30 days treatment.

divided into 3 groups and treated with FDPP-HA by intravenous
injection: (1) saline with irradiation as the control group, (2)
FDPP-HA without irradiation, (3) FDPP-HA with irradiation as
the treatment group. Fig. 5b shows that the tumor volumes of
the control group increase rapidly. While the growth speed of
no light illumination group is slightly slower than that of
control group. This phenomenon is probably induced by the
little dark toxicity and indoor light activated PDT of FDPP-HA.
In contrast, the tumor growth of treatment group is the slowest
and the tumor volumes are inhibited in a certain range during
the whole process of treatment. Fig. 5c shows that there is no
obvious effects of FDPP-HA to the mice. The visual photographs
of therapeutic result are shown in Fig. 5d, indicating the effi-
cient tumor suppression role of FDPP-HA. These results
demonstrate high PDT therapeutic efficacy and negligible
systemic toxicity of FDPP-HA in vivo. Fig. 5e shows the H&E
staining of tumor tissue of each group, indicates that the tumor
cells of control and no illumination groups are arranged closely.
And their nucleus are in good condition. In contrast, fragmen-
tary nucleus and obvious apoptosis can be observed in treat-
ment group. To evaluate other potential toxicity in vivo, the
images of major organs (heart, liver, spleen, lung and kidney) by
H&E stained from the three groups are also measured, as shown
in Fig. 6. It can be seen that there are no obvious differences
between the three groups, implying the minimally invasive
character of FDPP-HA. These results further demonstrate that
FDPP-HA presents less side effect and can be used as a potential
targeting agent for PDT in clinic.

Conclusions

In summary, a novel photosensitizer FDPP-HA has been
designed and successfully synthesized based on theoretical
calculation. Measurements indicate that FDPP possess high
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Fig. 6 Photographs of H&E stained major organs including heart, liver,
spleen, lung and kidney obtained from three groups after 30 days
treatment.

single oxygen quantum yield (~26%). With introduction of HA
(CD44 overexpress for HCT-116 cells), FDPP-HA exhibits excel-
lent biocompatibility, targeting performance, low dark toxicity,
high phototoxicity and strong fluorescence signals, which can
simultaneously realize targeted fluorescence bio-imaging and
cancer PDT with high efficiency. In vivo experiments show
FDPP-HA can effectively suppresses the tumor growth, indi-
cating FDPP-HA is a promising therapeutic agent for imaging-
guided cancer targeting PDT in clinic.
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