IEESAPPLIED MATERIALS

Research Article

INTERFACES

www.acsami.org

Bromo-Substituted Diketopyrrolopyrrole Derivative with Specific
Targeting and High Efficiency for Photodynamic Therapy

Yu Cai,’ Qianyun Tang,? Xiujuan Wu," Weili Si, Qi Zhang,*’i Wei Huang,*’_}_ and Xiaochen Dong*’%

TKey Laboratory of Flexible Electronics (K_LOFEQ and Institute of Advanced Materials (IAM), Jiangsu National Synergetic Innovation
Center for Advanced Materials (SICAM), and *School of Pharmaceutical Sciences, Nanjing Tech University (NanjingTech), 30

South Puzhu Road, Nanjing 211816, China

© Supporting Information

precise targeting to tumors are crucial for photodynamic therapy (PDT). Here, a bromo-
substituted diketopyrrolopyrrole derivative (2,5-bis(6-bromohexyl)-3,6-bis(S-bromothio-
phene-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione)-grafted hyaluronic acid is syn-

thesized, which presents excellent targeting and PDT efficiency both in vitro and in vivo. ()

ABSTRACT: Novel photosensitizers with high reactive oxygen species generation and ;

Light
N— —

AN s Br
s \
" y T

o ROS invitro

Light
—

o
o~/ HO. CH,OH
Q Q
s
THOHO \/M,.

NH

o}

PDT in vivo

KEYWORDS: photodynamic therapy, photosensitizers, diketopyrrolopyrrole, hyaluronic acid, bromo-substituted

B INTRODUCTION

Photodynamic therapy (PDT),'”* a promising strategy for
cancer treatment, has drawn much attention due to the
advantages of noninvasion, low systemic damage, and control-
lable therapy. To increase the photodynamic therapeutic
efficacy, development of novel photosensitizers (PSs)™® with
high reactive oxygen species (ROS) generation and precisely
targeting tumors are crucial. An efficient approach to improve
the ROS generation is by incorporation of bromine atoms into
the photosensitizer molecule to enhance the rate of intersystem
crossing”® (ISC) on the basis of the heavy atom effect.
Recently, Shen and co-workers reported tribromo-substituted
BODIPY exhibited higher singlet oxygen quantum yields due to
the presence of bromo substitution. Besides low ROS
generation of photosensitizers mentioned above, there are
still other problems limiting its application in PDT, such as
hydrophobicity, low photostability, no targeting to cancer cells,
and so on.””"" Hence, it is strongly desirable to develop highly
efficient photosensitizers with specific targeting, good bio-
compatibility, and photostability.'>"?

Diketopyrrolopyrrole (DPP) derivatives'*™'® have been used
widely in organic field effect transistors and fluorescent probes
for anion and metal cation detection due to its excellent
photostability, high molar absorption coeflicient, and good
fluorescence quantum yields. What is more, successful
application of DPP derivatives in bioimaging'’ makes them
possible candidates for biotherpy in the clinic. However, their
low generation of singlet oxygen and nontargeting prevent their
application in PDT."*"
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Herein, bromo-substituted DPP, 2,5-bis(6-bromohexyl)-3,6-
bis(S-bromothiophene-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-
1,4-dione (DTDPPBr2), was synthesized. Thienyl substituents
were attached to the DPP moiety due to the more efficient z-
conjugation capability compared to benzene, since it is known
to greatly facilitate ISC,”*~** and the bromine atoms were also
introduced to enhance the ROS generation. Because of the
excellent biocompatibility, hydrophilicity, and specific targeting
to CD44 overexpressed tumor cells, hyaluronic acid (HA)'>**
was selected to graft with DTDPPBr2, which can overcome
both hydrophobicity and nonspecific targeting of PSs to tumor
cells. Furthermore, the measurements in vitro and in vivo
demonstrate that the obtained DTDPPBr2—HA presents low
dark cytotoxicity, good biocompatibility, and excellent photo-
dynamic therapeutic efficiency.

B RESULTS AND DISCUSSION

The synthetic route of DTDPPBr2—HA is outlined in Scheme
1. The raw material was prepared according to the
literature.”>** DTDPPBr2 and DTDPPBr2—HA were prepared
in moderate to good isolated yields according to the established
methods,”” and the structures of the resulting compounds were
characterized by '"H NMR and "*C NMR, respectively. Briefly,
in the presence of KOH, the raw material first reacted with
hexamethylene dibromide in DMF to give compound 1. Then a
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Scheme 1. Synthetic Route of DTDPPBr2—HA"
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“Reagents and conditions: (i) KOH, hexamethylene dibromide, N,N-dimethylformamide, 65 °C, overnight, 52%; (ii) N-bromosuccinimide,
chloroform, 25 °C, 6 h, 75%; (iii) sodium hyaluronate, tetrahydrofuran/acetone, 45 °C, 12 h, 42%.
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Figure 1. (a) Photographs of DTDPPBr2, HA, and DTDPPBr2—HA. (b) 'H NMR spectrum of DTDPPBr2—HA in D,0. (c) Infrared spectra of
DTDPPBr2, HA, and DTDPPBr2—HA. (d) Normalized absorption spectra of DTDPPBr2 in DMF and DTDPPBr2—HA in H,O. (e) Fluorescence
emission spectra of DTDPPBr2 in DMF and DTDPPBr2—HA in H,O.

mixture of compound 1 and N-bromosuccinimide (NBS) in
chloroform was stirred at room temperature, producing
DTDPPBr2. Finally, reaction of DTDPPBr2 and sodium
hyaluronate resulted in the crude product DTDPPBr2—HA.
After dialysis and freeze-drying, DTDPPBr2—HA was obtained.
Different colors of the raw materials and desired product were
observed, as shown in Figure 1a, and Figure SI indicates that
DTDPPBr2—HA presented a good water solubility even at a
high concentration. Figure 1b shows the '"H NMR spectra of
DTDPPBr2—HA in D,0. The expected signals of the
thiophene moiety at around 7.3—7.5 ppm indicate the
conjugation of DTDPPBr2 and HA, which cannot be found
in pure HA.”® In Figure lc, the characteristic IR absorption
peaks of DTDPPBr2—HA can be observed, and the overtone at
3431 cm™' and the absorption peaks at 1154 and 1662 cm™
suggest the existence of an ester group in DTDPPBr2—HA,
which further proves the conjugation of DTDPPBr2 and HA.
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Figure 1d shows the absorption spectra of DTDPPBr2 and
DTDPPBr2—HA. For DTDPPBr2, there are two obvious
absorption peaks at 525 and 566 nm. It is well-known that HA
has no apparent characteristic absorption in the UV-—vis
spectrum, but there are obvious absorption peaks for
DTDPPBr2—HA at 528 and 560 nm. Figure le presents the
fluorescence emission spectra of DTDPPBr2 and DTDPPBr2—
HA. Two obvious fluorescence peaks are observed at about 589
and 636 nm, respectively, suggesting DTDPPBr2—HA has
potential for bioimaging application.

To study the specific targeting to the CD44 receptor
overexpressed cancer cells, HCT-116 cells were chosen to test
the uptake of DTDPPBr2—HA, and A2780 cells were selected
as a comparison.””*" As shown in Figure 2a, with the existence
of DTDPPBr2—HA, HCT-116 cells exhibit obvious fluores-
cence (represented by a green color), while that of A2780 cells
is rather weak. This phenomenon demonstrates that the

DOI: 10.1021/acsami.6b01533
ACS Appl. Mater. Interfaces 2016, 8, 10737—10742


http://pubs.acs.org/doi/suppl/10.1021/acsami.6b01533/suppl_file/am6b01533_si_001.pdf
http://dx.doi.org/10.1021/acsami.6b01533

ACS Applied Materials & Interfaces

HCT-116 HCT-116 . HCT-116 (b) DTDPPBI‘ZJ.!‘,;\ . Mito-Tracker Merged
ce oty .
:‘.i'_u %
ol

™
DTDRPBr2-HA Lyso-Tracker

o

o

PEANES
4 »

DTDPPBr2-HA ER-Tracker

Tumor Heart Spleen

Figure 2. (a) Fluorescence images of DTDPPBr2—HA in HCT-116 and A2780 cells: left panel, fluorescence images; middle panel, DAPI channel;
right panel, merged images. The green color represents the fluorescence of DTDPP—HA. (b) Subcellular localization of DTDPPBr2—HA in HCT-
116 cells: left panel, DTDPPBr2—HA fluorescence images; middle panel, tracker channel; right panel, merged images. (c) Fluorescence images of
DTDPPBr2—HA in HCT-116 tumor, heart, liver, spleen, lung, and kidney.
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Figure 3. (a) Absorption spectra at 418 nm of DTDPPBr2 (10~° mol/L) mixed with DPBF (10™° mol/L) under illumination in DMF over time. (b)
Absorption spectra at 379 nm of the mixture of DTDPPBr2—HA (2 mg/mL) and ABDA (10~° mol/L) under illumination in DMSO/H,0 (v/v =
1/199) over time. (c) Confocal images of HCT-116 cells upon incubation with DTDPPBr2—HA and DCFH—DA upon light irradiation: left panel,
fluorescence image; middle panel, DAPI channel, right panel, merged image.

DTDPPBr2—HA is selectively taken up and retained by HCT- defined by using confocal microscopy and organelle-specific
é 16 cells t}ﬁouz‘ilh CD44 overe'xpression', Z{’d the d}ilfferen}:e probes,”’ as shown in Figure 2b. The fluorescence (represented
etween the [uorescence images Indicates that the by the green color) of DTDPPBr2—HA and the fluorescence

DTDPPBr2—HA has good specific targeting to CD44 receptor
overexpressed cancer cells (e.g, HCT-116 cells). Subcellular
localization of DTDPPBr2—HA in HCT-116 cells was also on HCT-116 cells are largely overlapped, indicating

(represented by the red color) of mito-tracker or lyso-tracker
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Figure 4. (a) Cell viability of HCT-116 treated with different concentrations of DTDPPBr2—HA with and without light illumination. (b)
Relationship between tumor volume and time of each group after different treatments. (c) Change in the body weight of mice with time after
different treatments. (d) Photographs of tumor-bearing mice treated after 30 days. (e) H&E-stained images of tumors from each group.

DTDPPBr2—HA is mainly located in the mitochondria or
lysosome.

To further examine its tumor-targeting property,
DTDPPBr2—HA (400 ug) was injected into HCT-116
tumor-bearing nude mice by tail veins.” After 24 h, the mice
were sacrificed and the tumors and other organs were taken out
for further fluorescence imaging study. As shown in Figure 2¢, a
strong fluorescence signal was observed in the tumor site due to
the selective accumulation of DTDPPBr2—HA in the tumor.
Only weak fluorescence can be observed in the liver, which is a
detoxification organ, and no obvious fluorescence of
DTDPPBr2—HA can be detected in the heart and spleen.
Figure SS shows the fluorescence images of tumors for no-
overexpress CD44. They indicate that the DTDPPBr2—HA
mainly aggregated into the heart, liver, and tumor, further
suggesting DTDPPBr2—HA has an excellent targeting to HCT-
116 tumors. These differences between fluorescence images of
tumors and other organs further confirm that the DTDPPBr2—
HA has an excellent targeting property toward HCT-116 tumor
in vivo, which could effectively avoid accidental injury of other
normal organs.

Cytotoxic reactive oxygen species, especially singlet oxygen
('0,), proved to result in irreversible cell damage and cause cell
death and tumor destruction in PDT. The 'O, generation
ability of DTDPPBr2 is examined by using 3-diphenylisoben-
zofuran (DPBF)* as an indicator with the absorption peak at
418 nm and the absorption intensity weakening upon reaction

10740

with 'O,. As shown in Figure 3a, the absorption intensity of the
DTDPPBr2 and DPBF mixture at 418 nm decreases
significantly compared with that of compound 1 (Figure S4)
after irradiation and almost disappears in 90 s, indicating the
excellent 'O, generation ability of DTDPPBr2 (the yield of
singlet oxygen is about 16.2%). Meanwhile, the 'O, generation
efficiency of DTDPPBr2—HA is also measured by using 9,10-
anthracenediylbis(methylene )dimalonic acid (ABDA)*’ as an
indicator. As shown in Figure 3b, under illumination, the
absorption density of ABDA at 378 nm decreases gradually
with prolonged time, indicating DTDPPBr2—HA produces 'O,
with high efficiency in a water solution. 2’,7’-Dichlorofluor-
escein diacetate (DCFH—DA) is an ROS probe’* in HCT-116
cells. While DCFH—DA reacts with ROS, fluorescent 2',7'-
dichlorofluorescein (DCF) is produced. Figure 3c shows the
fluorescence images of DTDPPBr2—HA with DCFH—DA as
an indicator in HCT-116 cells upon light irradiation. After 2min
of irradiation, strong fluorescence was observed, which can be
ascribed to the reaction of DCFH—DA with ROS in HCT-116
cells, confirming the high 'O, generation ability of
DTDPPBr2—HA in cells.

Low dark cytotoxicity and high light cytotoxicity are the key
properties of the PSs for their application in PDT.”> As shown
in Figure 4a, DTDPPBr2—HA presents a low cytotoxic effect
on HCT-116 cells in the dark even at a high concentration. On
the contrary, the DTDPPBr2—HA exhibits a concentration-
dependent PDT effect under light irradiation (510 nm, 40
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mW/cm? 7 min). The half-maximal inhibitory concentration
(IC) of DTDPPBr2—HA is 0.4 mg/mL, demonstrating high
'0, generation in DTDPPBr2—HA-incubated cells and an
excellent PDT effect under 510 nm light illumination.

To further evaluate the PDT therapeutic efficacy in vivo, the
DTDPPBr2—HA (400 pg) was tail vein injected into HCT-116
tumor-bearing mice (six mice per group), and the changes in
the tumor volumes and body weight were recorded. As shown
in Figure 4b,d, the tumor volumes of the control group
increased rapidly. However, the tumor volumes of the injected
group increased steadily without additional light irradiation due
to the room light everywhere. In contrast, DTDPPBr2—HA
under light irradiation can remarkably inhibit the tumor growth.
Moreover, the volumes of the tumors regressed after 16 days
and almost disappeared after 30 days of treatment, which
implies that DTDPPBr2—HA has excellent PDT therapeutic
efficacy. Meanwhile, the relative body weight of mice in the
control group decreased gradually (Figure 4c). No obvious
weight loss was observed for the mice treated with
DTDPPBr2—HA under light irradiation, suggesting negligible
systemic toxicity of DTDPPBr2—HA to mice. Figure 4d shows
the photographs of three mice from the three groups after
treatment for 30 days, which more intuitive proves the PDT
effect of DTDPPBr2—HA. The hematoxylin and eosin (H&E)-
stained images of the tumor histologic section of each group are
shown in Figure 4e. Compared to the control and without
illumination groups, obvious apoptosis can be observed for the
tumor treated by DTDPPBr2—HA under illumination, and the
nucleus became smaller and the color of staining became
shallower. H&E-stained images of the major organs from the
three groups were also analyzed, and there is no significant
difference between these two groups, which means low tissue
toxicity of DTDPPBr2—HA (Figure S6). These results further
demonstrate that the DTDPPBr2—HA can serve as a potential
targeting photosensitizer for PDT to kill tumor cells clinically.

B CONCLUSION

In summary, a novel PDT photosensitizer, a bromo-substituted
DPP derivative (DTDPPBr2—HA), has been developed, which
is modified by HA to increase its water solubility. The
DTDPPBr2—HA with high singlet oxygen generation exhibits
specific targeting to the CD44 receptor overexpressed cancer
cells and effectively suppresses tumor growth in both in vitro
and in vivo experiments. Therefore, the DTDPPBr2—HA with
dark toxicity and high phototoxicity would be a potential and

promising theranostic agent for PDT treatment in the clinic.
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