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ARTICLE INFO ABSTRACT

Keywords: The combination of photodynamic therapy (PDT) and chemotherapy (CT) offers a promising approach for the
Near-infrared fluorophore tumor eradication for overcoming multidrug resistance (MDR), which is a major obstacle to effective cancer
Photosensitizer treatment. However, for PDT, simultaneously achieving near-infrared (NIR) emission and efficient reactive
Z:Z:sgz’}larr:;; therapy oxygen species (ROS) generation with low dark toxicity is urgently needed but remains challenging. Herein, a

series of novel fluorophores with strong NIR emission, hybridized local and charge transfer characteristics, good
two-photon absorption, high photostability, low dark cytotoxicity and excellent ROS generation ability are
developed. By encapsulating the NIR fluorophore (DEB-BDTO) as a photosensitizer along with a drug resistance
inhibitor tariquidar (TQR) within a polymeric prodrug (PMP), a reduction-sensitive drug co-delivery system
(DEB/TQR@PMP micelles) is constructed. The DEB/TQR@PMP micelles exhibit a prominent synergistic lethal
effect of PDT and CT on SKOV-3 cells and SKOV-3/MDR cells, and can apparently enhance the inhibition of
tumor growth compared with sole PDT or CT in the tumor-bearing mouse model. Both in vitro and in vivo
experiments prove that the new NIR fluorophores are excellent photosensitizers and can furnish an efficient
combination therapy of image-guided PDT and CT within drug delivery micelles, which is particularly useful for
eradicating multidrug resistance cancer.

Drug delivery

and impaired target specificity, causing severe nausea and vomiting,
hair loss, and frequent tiredness and weakness [2,4]. One of the pro-
mising approaches to address these issues is the combination therapy
because of the low recurrence risk and high efficiency [5,6]. Early

1. Introduction

Nowadays, cancer is a serious disease for human being, causing an
estimated 9.6 million cancer deaths in 2018 [1]. Chemotherapy (CT) is

one of the most widely used cancer treatment but its efficacy is often
greatly weakened due to the emergence of multidrug resistance (MDR),
a common phenomenon that cancer cells become resistant to the cy-
totoxicity of chemotherapeutic agents and eventually leads to the death
of patients from distant metastases [2,3]. In addition to the major ob-
stacle of MDR, the conventional sole-model CT also suffers from sys-
temic toxicity by non-specific drug distribution, poor bioavailability
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combination therapy is formulated by simply mixing two or more
drugs, but their performances are largely limited by the inability to
control the amount and appropriate ratio of each drug at the target
tissue [7]. Current researches reveal that combining CT with image-
guided photodynamic therapy (PDT) can provide a feasible and effec-
tive strategy for resolving these problems owing to the synergistic,
complementary tumor eradication effect elicited by the two therapy
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approaches [8,9]. In addition, drug delivery systems are often em-
ployed to maximize therapy efficacy and diminish the differences in
pharmacokinetic profiles [5,10]. Among numerous drug delivery sys-
tems, those based on biocompatible and biodegradable amphiphilic
polymeric micelles have received increasing scientific interest and have
been widely adopted owing to its capability to achieve selective tumor
targeting by enhanced permeability and retention (EPR) effect [11-14].

PDT is an emerging noninvasive treatment modality which relies on
photosensitizer and light to generate reactive oxygen species (ROS) to
kill cancer cells, and has gained considerable attention owing to its
controllable property and high spatiotemporal resolution, thus offering
a promising alternative for caner treatment [15-19]. Ideal reagents for
image-guided PDT should possess several desirable features, such as
strong photosensitization for target ablation under light irradiation,
NIR emission for deep-tissue imaging, good photostability, and negli-
gible dark toxicity [19,20]. Recently, some photosensitizers with NIR
emission based on porphyrin [21,22], BODIPY [23,24] and cyanine
[25,26] have been reported for image-guided PDT. However, the por-
phyrin derivatives usually have rigid, planar and hydrophobic struc-
tures, and are prone to form tight aggregate in aqueous media, which
induces strong intermolecular interactions and thus dramatically re-
duces their fluorescence and ROS production [22]. For BODIPY deri-
vatives, they often encounter obvious dark toxicity and low fluores-
cence caused by heavy atoms [23]. And for cyanine derivatives, the
moderate ROS generation ability limit their practical application in PDT
[26]. Therefore, the design of efficient NIR photosensitizers that can
fully meet the requirements for high-performance image-guided PDT is
still technically challenging.

In this work, we wish to report a series of novel NIR fluorophores
with excellent ROS generation ability (DMA-BDTO, DEA-BDTO and
MPPZ-BDTO) based on a 4,8-bis((2-ethylhexyl)oxy)benzo[1,2-b:4,5-b’]
dithiophene 1,1,5,5-tetraoxide (BDTO) core (Fig. 1A). The encapsula-
tion of DEA-BDTO and a drug resistance inhibitor tariquidar (TQR)
using polymeric prodrug poly(ethylene glycol)-b-poly(5-mthyl-5-pro-
pargyl-1,3-dioxan-2-one)-g-paclitaxel, PEG-b-PMPMC-g-PTX (PMP),
yields a reduction-sensitive drug co-delivery system, in which NIR
fluorophore DEA-BDTO functions as a photosensitizer for image-guided
PDT, and PMP that contains a paclitaxel (PTX) polymeric prodrug
serves CT. The combination therapy of image-guided PDT and CT
provides superior therapeutic effect against MDR cancer.

2. Results and discussion

The new NIR fluorophores with a BDTO core are facilely prepared
according to the synthetic routes illustrated in Fig. 1A. 4,8-Bis((2-
ethylhexyl)oxy)benzo[1,2-b:4,5-b’]dithiophene (DBr-BDT) underwent
oxidation with 3-chloroperoxybenzoic acid (mCPBA) to provide inter-
mediate 2,6-dibromo-4,8-bis((2-ethylhexyl)oxy)benzo[1,2-b:4,5-b’]di-
thiophene 1,1,5,5-tetraoxide (DBr-BDTO) [27], followed by the cou-
plings with corresponding arylboronic acids to yield DMA-BDTO, DEA-
BDTO and MPPZ-BDTO. The detailed synthetic procedures and char-
acterization data are described in Supporting Information (Figs. S1-S9).
They have good thermal stability, as evidenced by high decomposition
temperatures (Tq) of 292-315°C (Fig. S10 and Table 1). DEA-BDTO
crystallizes into triclinic crystal system in hexane and dichloromethane
mixture. The single crystal structure of DEA-BDTO indicates that it
adopts a relatively planar conformation of the conjugated molecular
backbone with a small torsion angle of 16.38° between BDTO and N,N-
diethylaniline (Fig. 1B), which is conducive to electronic coupling be-
tween the fragments. The interplanar distances between neighbouring
DEA-BDTO molecules in crystals are 3.402-3.495 A (Fig. S11), in-
dicating the existence of the m—s stacking interactions between DEA-
BDTO molecules.

The absorption maxima of these new fluorophores are located in the
range of 514-546 nm in tetrahydrofuran (THF) (Fig. 1C), which are
associated with the formation of charge transfer state from peripheral
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electron-donating nitrogen-containing groups to electron-withdrawing
BDTO core [27]. The fluorophores show large absorptivity of
3.25 x 10°LM 'em ™! at 532nm for DMA-BDTO,
5.05 x 10°LM 'em ™! at 546nm for DEA-BDTO and
491 x 10*LM~'em ™! at 514nm for MPPZ-BDTO. The molecularly
dispersed fluorophores exhibit photoluminescence (PL) peaks at
~642nm (Fig. 1C) in THF solutions, with high fluorescence quantum
yields (@gs) of 46.1-63.2% (Table 1). They possess large Stokes shifts.
For instance, the Stokes shift of MPPZ-BDTO is 127 nm, which is highly
preferred to reduce light scattering and self-absorption. In addition, the
dipole moments of DEA-BDTO are further estimated from the PL spectra
in different solvents (Fig. 1D) on the basis of the Lippert-Mataga rela-
tion. The dipole moment of 15.33 D in high-polar solvents (f > 0.15)
indicates the existence of the charge transfer state, while 9.50 D in low-
polar solvents (f < 0.15) is resulted from the locally excited state
(Fig. 1E) [27]. The hybridized local and charge transfer (HLCT) state
can be formed due to the interaction between charge transfer state and
locally excited state [28,29]. In solid state, DMA-BDTO, DEA-BDTO and
MPPZ-BDTO exhibit NIR emission peaking at 739, 723 and 670 nm
(Fig. 1F), respectively, with high ®gs of 10.1-12.9%. The solid-state &g
of 12.9% at 739 nm is much higher than those of many reported organic
NIR fluorophores in the literature [30-32]. Two-photon absorption
(TPA) spectra of the fluorophores are investigated in the range of
800-1200 nm (Fig. 1G). The maximum TPA cross section values of
DMA-BDTO, DEA-BDTO and MPPZ-BDTO are 330, 368 and 419 GM
(I1GM =1 x 10"*°cm*s photon™! molecule™!) on excitation at
820 nm, respectively, measured using Rhodamine 6G in methanol as
reference [33]. The ROS generation ability of DMA-BDTO, DEA-BDTO
and MPPZ-BDTO is further investigated using 2’,7’-dichlorofluorescin
diacetate (DCFH-DA) as probe under white light irradiation
(40 mW cm ~?). As shown in Fig. 1H, the three NIR fluorophores, par-
ticularly DEA-BDTO, exhibit much better ROS generation efficiencies
than DCFH-DA, but slightly poorer than chlorine e6 (Ce6). The new NIR
fluorophores with large two-photon absorption cross sections and high
ROS generation efficiency could be very promising materials for two-
photon excited photodynamic therapy.

The optimized geometrical and electronic structures of these NIR
fluorophores are theoretically calculated by density functional theory
(DFT) at the basis set level of 6-31G(d,p). The torsion angles between
BDTO and N,N-diethylaniline, N,N-diethylaniline and 1-methyl-4-phe-
nylpiperazine are 22.6°, 21.8° and 19.1° (Fig. S12), respectively, in-
dicating good planarity of the molecular backbones, which is consistent
with the crystal structure. The highest occupied molecular orbitals
(HOMOs) are mainly centered on the whole molecular backbones,
while the lowest occupied molecular orbitals (LUMOs) are pre-
dominantly concentrated on the electron-withdrawing BDTO core (Fig.
S13), indicating the fluorophores are prone to form charge transfer
state, which is in good agreement with their photophysical properties
(Fig. 1D). The practical energy levels of these fluorophores are also
evaluated by cyclic voltammetry (Fig. S14). DMA-BDTO and DEA-
BDTO reveal similar reversible oxidation and reduction process, while
MPPZ-BDTO only shows oxidation process, indicating better electro-
chemical redox activity of DMA-BDTO and DEA-BDTO. The HOMO and
LUMO energy levels of DMA-BDTO, DEA-BDTO and MPPZ-BDTO are
estimated to be in the range of —5.19~-5.22 eV, and —3.13~-3.18 €V,
respectively (Table 1).

Recently, drug delivery nanosystems, such as polymeric micelles,
polymeric vesicles, nanogels, inorganic nanoparticles and liposomes,
have shown high importance in anticancer treatment [34,35], owing to
their excellent drug loading content via the EPR effect. In view of the
excellent @r in NIR region and efficient ROS generation efficiency of
DEA-BDTO (abbreviated as DEB), we construct a reduction-sensitive co-
delivery system of DEB/TQR@PMP micelles by encapsulating the NIR
emissive photosensitizer DEB as well as a drug resistance inhibitor TQR
within the micelles of polymeric prodrug PMP (Fig. 2) that is synthe-
sized according to our previous reports [36,37]. The critical micelle
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Fig. 1. (A) Synthetic routes toward NIR fluorophores based on BDTO. (B) ORTEP drawing of the crystal structure of DEA-BDTO. (C) Normalized absorption and PL
spectra of NIR fluorophores in THF (10~°M). (D) Normalized PL spectra of NIR fluorophores in different solvents. (E) Linear correlation of orientation polarization
(f) of solvent media with the Stokes shifts (v, —v¢) for DEA-BDTO. (F) Normalized PL spectra of NIR fluorophores in solid. (G) Two-photon absorption spectra of NIR
fluorophores in THF (107> M). (H) Plots of I (emission intensity)/Ip (emission intensity at 0 min) of DCFH, DCFH/DMA-BDTO, DCFH/DEA-BDTO, DCFH/MPPZ-

BDTO and DCFH-Ce6 versus different light irradiation time.

concentration (CMC) of PMP is 8.6 mg/L in aqueous solution (Table Dynamic light scattering (DLS) measurement shows that the hydro-
S1), determined by fluorescence measurement using pyrene as a probe. dynamic sizes of PMP, TQR/PMP, DEB/PMP and DEB/TQR@PMP mi-
The DEB/TQR@PMP micelles are prepared by self-assemble of amphi- celles are 118.1 nm (PDI = 0.294), 161.1 nm (PDI = 0.257), 106.1 nm

(PDI = 0.225) and 157.0 nm (PDI = 0.244), respectively (Figs. 3A and

philic polymeric prodrug PMP, DEB and TQR (Fig. 2A). For comparison,
PMP, DEB@PMP and TQR@PMP are also prepared and investigated. S15, Table S1). As shown in Fig. S16 A and B, the TEM images confirm

Table 1
Optical properties and energy levels of the fluorophores based on BDTO.
Aabs” (nm) Aem (nm) @ (%) 7 (ns) HOMO/LUMO® E® Tq
(eV) (eV) °Q)
THF” solid THF” solid THF” solid
DMA-BDTO 532 642 739 62.1 12.9 2.36 2.58 —5.20/-3.16 2.04 292
DEA-BDTO 546 641 723 63.2 10.1 3.23 3.64 —5.19/-3.18 2.01 308
MPPZ-BDT 514 641 670 46.1 10.2 2.21 2.65 —5.22/-3.13 2.09 315

2 In THF solution (10 ~°M).

b Fluorescence quantum yield, determined by a calibrated integrating sphere.
¢ Fluorescence lifetime, measured at room temperature in air.

4 Determined by cyclic voltammetry in dichloromethane.

¢ Optical bandgap calculated from the onset of absorption spectrum.
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Fig. 2. (A) Schematic illustration of the preparation of DEB/TQR@PMP micelles and (B) its internalization and therapy process. Reduction-sensitive co-delivery
system DEB/TQR@PMP can target tumor interstitial fluid in a passive manner via the EPR effect. After cleavage of disulfide bonds under high concentration of
glutathione (GSH) in tumor cells, free PTX is released to disrupt the microtubule. Meanwhile, DEB generates cytotoxic ROS to damage the tumor cell under light
irradiation. The co-delivery of TQR, a P-glycoprotein drug efflux pump inhibitor, results in significant inhibition of drug resistance.

that DEB@PMP and DEB/TQR@PMP micelles have a sharply defined
sphere shape, with smaller size than corresponding DLS results, due to
the shrinkage of PEG shells during the drying process [38,39]. The
DEB/TQR@PMP micelles show absorption maximum at around
539 nm, a strong PL peak at around 690 nm and a relatively high &g of
7.1% (Fig. 3B). A large Stokes shift of 151 nm is observed for DEB/
TQR@PMP micelles, which is beneficial to in vivo bioimaging with high
contrast and low background. In addition, the DEB/TQR@PMP micelles
exhibit excellent stability after storage for 30 days in aqueous solution
at room temperature (Fig. 3C).

It is well known that the disulfide bonds can be cleaved under in-
tracellular reductive conditions, while they are stable in human blood
plasma. Dithiothreitol (DTT), which can mimic intracellular reductive
conditions, is used to investigate the release of PTX, TQR and DEB from
DEB/TQR@PMP micelles in aqueous solution. PTX, TQR and DEB are
released with higher rates in the presence of 10 mM DTT than that
without DTT (Figs. 3D, E and 3F). Moreover, TQR is released faster than
PTX in the condition of 10 mM DTT. For example, the release percen-
tage of PTX (Fig. 3D, about 9%) is much smaller than that of TQR
(Fig. 3E, about 33%) within 2h. Also, 10 mM GSH is used as the re-
ducing agent to study the release behaviors of PTX and TQR from DEB/
TQR@PMP micelles in vitro (Fig. 3G and H). The release behaviors of
PTX and TQR have little difference between 10 mM GSH and 10 mM
DTT conditions. PTX is released in a sustained manner in response to
reductive environment and accumulated in cells, achieving the in-
tracellular drug release and finally reversing MDR [40]. TQR is released
to inhibit the activity of P-glycoprotein (P-gp), especially in drug re-
sistant cells, as confirmed in Fig. 31. The expression level of P-gp in drug
resistant SKOV-3/MDR cells is higher than those in drug-sensitive HeLa
and SKOV-3 cells.

Meanwhile, the time-dependent size changes of PMP, DEB@PMP
and DEB/TQR@PMP micelles under 10 mM DTT are investigated by

DLS. As shown in Fig. S15, the sizes of the three micelles are obviously
increased in the presence of 10 mM DTT, due to the cleavage of the
disulfide bonds by DTT, resulting in the detachment of PTX from the
micelles and thus allowing PTX and TQR to aggregate through hydro-
phobic interactions [37]. In addition, the increased size is also due to
the increased hydrophilic property of the residual polymer by leaving
PTX and forming hydroxyl groups [41,42]. Meanwhile, the morphology
of DEB/TQR@PMP micelles after incubation with 10 mM DTT is dis-
integrated rapidly. As shown in Fig. S16C, upon exposure to 10 mM
DTT, the size of spherical nanoparticles is increased, with an average
diameter of 70-90 nm, and other worm-like morphology can also be
observed. To keep track of the micelles, the effect of reduction-sensitive
property of DEB@PMP and DEB/TQR@PMP micelles on the fluores-
cence intensity of DEB is investigated. As shown in Fig. S17, in the
presence of 10 mM DTT, no obvious changes are observed for fluores-
cence intensity, indicating the fluorescence of DEB@PMP and DEB/
TQR@PMP micelles displays high resistance to the reducing environ-
ments. The ROS generation ability of DEB/TQR@PMP micelles is
evaluated by using 9,10-anthracenediyl-bis-(methylene) dimalonic acid
(ABDA) as a probe. With time elapsing, the peak at 400 nm decreases
after 20 min of light irradiation (Fig. S18), demonstrating that DEB/
TQR@PMP micelles can produce ROS efficiently. In addition, the ROS
generation ability of DEB@PMP is better than that of DEB, as proved by
Fig. S19.

The prodrug DEB/TQR@PMP micelles can be quickly cleaved after
endocytosis by tumor cells to rapidly release the active drug and con-
sequently achieve cancer cell cytotoxicity resulting from EPR effect.
The disassociated TQR can bind with P-gp to retrain its activity and
reduce the efflux of anticancer drug PTX, and further to reverse MDR of
tumor cells (Fig. 2B). Meanwhile, the disassociated DEB can efficiently
generate ROS for PDT in cancer treatment. The intracellular ROS gen-
eration abilities of DEB@PMP and DEB/TQR@PMP micelles in HeLa
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Fig. 3. (A) Hydrodynamic size distribution of DEB/TQR@PMP micelles. (B) Normalized absorption and PL spectra of DEB/TQR@PMP micelles in aqueous solution.
(C) Stability of DEB/TQR@PMP micelles in PBS during 30-day storage at room temperature. In vitro release of PTX (D), TQR (E) and DEB (F) from DEB/TQR@PMP
micelles in PBS (pH 7.4, 0.1 M) containing 0.1% (w/v) tween 80 at 37 °C with 10 mM DTT or without DTT, respectively. In vitro release of PTX (G) and TQR (H) from
DEB/TQR@PMP micelles in PBS (pH 7.4, 0.1 M) containing 0.1% (w/v) tween 80 at 37 °C without reducing agent, with 10 mM DTT and with 10 mM GSH, re-
spectively. (I) Expressions of P-gp in SKOV-3 cells, SKOV-3/MDR cells and HeLa cells.

cells, SKOV-3 cells and SKOV-3/MDR cells are assessed using as ROS
sensor, as shown in Figs. 4A and S20. After incubation with DEB@PMP
or DEB/TQR@PMP micelles for 4 h without light irradiation, only weak
green fluorescence is detected in HeLa cells, SKOV-3 cells and SKOV-3/
MDR cells. Under light irradiation, remarkable green fluorescence is
observed in HeLa cells, SKOV-3 cells and SKOV-3/MDR cells incubated
with DEB@PMP or DEB/TQR@PMP micelles. This is due to that non-
fluorescent DCFH-DA is oxidized to green fluorescent DCFH by ROS
produced from DEB@PMP and DEB/TQR@PMP micelles. These results
indicate that DEB-loaded micelles can be used for PDT.

To reduce the efflux of exotic hydrophobic drug and enhance the
therapy efficacy. P-gp inhibitor TQR is coloaded in DEB@PMP micelles
during the preparation of the micelles. PTX-sensitive HeLa cells, PTX-
sensitive SKOV-3 cells and SKOV-3/MDR cells are used as cell models to
investigate the cellular imaging. As shown in Figs. 4B and S21, after
incubation with DEB@PMP and DEB/TQR@PMP micelles, obvious
fluorescence signals can be observed for HeLa cells, SKOV-3 cells and
SKOV-3/MDR cells. However, for SKOV-3/MDR cells, DEB/TQR@PMP
micelles exhibit apparently enhanced intracellular fluorescence in-
tensity as compared with DEB@PMP. In other words, in the presence of
TQR, the intracellular concentration of exotic hydrophobic drug is

increased in the drug resistant cells.

In order to investigate the effect of reducing PTX on the microtubule
integrity, the micelles of PM, PMP, TQR@PM and TQR@PMP are in-
cubated with HeLa cells, SKOV-3 cells and SKOV-3/MDR cells, respec-
tively. Microtubules are accurately identified by confocal laser scanning
microscopy (CLSM) using a-Tubulin-FITC antibody as an indicator. As
shown in Figs. 4C and S22, there are no obvious morphological changes
of microtubules observed for HeLa cells, SKOV-3 cells and SKOV-3/
MDR cells after incubated with PM micelles and TQR@PM micelles,
respectively. When treated with PMP micelles and TQR@PMP micelles,
for PTX-sensitive HeLa cells, PTX-sensitive SKOV-3 cells, the micro-
tubules are shrunken and damaged, which can be attributed to the
cleavage of disulfide bonds and the release of PTX under intracellular
reducing conditions. The released PTX can promote the assembly of
tubulin in cancer cells and prevent its depolymerization, causing re-
plication failure of aggregation and deaggreagtion, and then inducing
cancer cells apoptosis. However, for PTX-insensitive SKOV-3/MDR
cells, PMP micelles does not affect the morphological of microtubules.
While incubated with TQR@PMP micelles, serious disruption and da-
mage to the microtubules are observed (Fig. 4C). The results indicate
that the co-delivery system based on polymeric prodrug micelles can
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Fig. 4. (A) Detection of intracellular ROS production by DCFH-DA in SKOV-3/MDR cells after incubation with DEB@PMP (—), DEB@PMP (+ ), DEB/TQR@PMP (—)
and DEB/TQR@PMP (+) micelles, with light irradiation (+) or without light irradiation (—) (white light, 100 mW/cm?, 3 min). Scale bar = 20 um. (B) Confocal
fluorescence images of SKOV-3/MDR cells stained by DEB@QPMP, DEB/TQR@PMP micelles. The nuclei are stained by Hoechst 33258. Scale bar = 20 ym. (C)
Detection of microtubules by a-Tubulin-FITC in SKOV-3/MDR cells after incubated with PM, TQR/PM, PMP and TQR/PMP micelles, respectively. Scale bar = 20 um.

greatly enhance drug delivery into SKOV-3/MDR cells and, at the same
time, significantly improve the accumulation of PTX by inhibiting the
expression of P-gp in SKOV-3/MDR cells.

To investigate the cell inhibitory effect and the reversal of drug
resistance by different micelles, the cytotoxicity of micelles is evaluated
by CCK-8 assay using SKOV-3 cells, drug resistant SKOV-3/MDR cells.
With light irradiation, PM micelles and TQR against SKOV-3 and SKOV-
3/MDR cells are first tested, and no apparent cytotoxicity is found (Fig.
S23). As shown in Fig. 5A and B, these drug-loaded micelles except
DEB/TQR@PMP (+) micelles exhibit lower cytotoxicity than free PTX
with an increasing PTX concentration ranging from 0.23 to 30.0 ug/mL
against SKOV-3 cells. The half-maximal inhibitory concentration (ICsq)
values of free PTX (—), PMP (—), DEB@PMP (—), DEB@PMP (+),
TQR@PMP (—) and DEB/TQR@PMP (+) micelles are measured to be
~0.53, ~5.92, ~6.17, ~3.13, ~3.53 and ~0.22 pg/mL, respectively. It
is found that DEB/TQR@PMP (+) micelles give an enhanced cell-
growth inhibition at a low concentration of PTX by the combination of
PDT and CT. For SKOV-3/MDR cells, after being treated with a high
concentration of free PTX (100 pg/mL), no apparent cytotoxicity is
observed (Fig. 5A). It is reasonable because of the low intracellular
accumulation of free PTX drug. The ICsq values of PMP (—), DEB@PMP

(-), DEB@PMP (+), TQR@PMP (—) and DEB/TQR@PMP (+) mi-
celles are ~25.06, ~25.35, ~12.13, ~7.19 and ~3.35 pg/mL, respec-
tively. As compared with PMP (—), TQR@PMP (—) micelles exhibit a
significantly improved inhibition efficacy, probably owing to the ad-
dition of P-gp inhibitor TQR that can enhance the cytotoxicity of PTX to
SKOV-3/MDR via the inhibition of P-gp-mediated drug efflux. In ad-
dition, DEB@PMP (+) has an enhanced cell-growth inhibition com-
pared to PMP (—) and DEB@PMP (—), demonstrating the improved
therapeutic effect of combination therapy. Moreover, it is noteworthy
that the antitumor activity of DEB/TQR@PMP (+) micelles is much
higher than that of TQR@PMP (—) and DEB@PMP (+ ) micelles. Taken
together, DEB/TQR@PMP (+) micelles have the best ability to inhibit
the proliferation of SKOV-3/MDR cells, and hold great potential for
multidrug delivery to overcome drug resistance in tumor treatments. In
addition, the cell viability of DEB@PMP micelles toward L929 cells
(normal cells) with or without irradiation is investigated. As shown in
Fig. S24, the cytotoxicity of DEB@PMP (—) towards L929 cells is weak.
The cell viability remains almost 80% even at a high PTX concentration
of 7.50 ug/mL for DEB@PMP (—).

As we known, the hemolysis ratio of materials is supposed to be
below 5% if they can be applied to intravenous injection [43]. As shown
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Fig. 5. (A) Viabilities of SKOV-3 cells and SKOV-3/MDR cells after incubation with different concentrations of PTX. CCK-8 assay of free PTX (—), PMP (—), DEB@
PMP (—), DEB@PMP (+), TQR@PMP (—) and DEB/TQR@PMP (+) micelles in (B) SKOV-3 cells and (C) SKOV-3/MDR cells after incubation with different
concentrations of PTX, with or without light irradiation. (D) Optical imaging of SKOV-3/MDR tumor-bearing mice after the intravenous injection of DEB/TQR@PMP
micelles at different time. (E) Fluorescence images of the major organs and tumor and (F) relative emission intensity of the DEB/TQR@PMP micelles treated mice at
24 h post-injection. (G) Relative tumor volume, (H) tumor weight, and (I) body weight in the SKOV-3/MDR tumor-bearing mice after the intravenous of different
samples: PBS (—), PMP (—), TQR@PMP (—) and DEB/TQR@PMP (+) micelles, with or without light irradiation.
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in Fig. S25, the hemolysis rations of PMP, DEB@PMP, TQR@PMP and
DEB/TQR@PMP micelles are all below 4% even the concentration is as
high as 200 ug/mL, indicating the micelles are suitable for intravenous
injection. Further, the EPR effect-mediated accumulation process of
DEB/TQR@PMP micelles in the tumor tissue is studied by using SKOV-
3/MDR bearing mouse animal mode. The emission of DEB is utilized to
trace the bio-distribution of DEB/TQR@PMP micelles. As shown in
Fig. 5D, DEB/TQR@PMP micelles are gradually accumulated in tumor
site and reach a maximum at about 12h after administration. And
negligible fluorescence signal is observed in heart, spleen, lung, and
kidney, but strong fluorescence signals are found in tumor tissue and
liver after injection of 24 h (Fig. 5E and F and S26). These results in-
dicate that DEB/TQR@PMP micelles can selectively accumulate in
tumor tissue.

The efficacy of DEB/TQR@PMP (+ ) micelles is evaluated by using
SKOV-3 and SKOV-3/MDR bearing mouse animal mode, and PBS (—),
PMP (—) and TQR@PMP (—) micelles are used as controls. Light ir-
radiation is performed after 12 h injection in order that micelles can be
absorbed effectively by tumor tissue without apparent drug metabo-
lism. PMP (—) exhibits certain therapy efficacy to SKOV-3 and SKOV-3/
MDR bearing tumor tissues (Figs. 5G, 5H, 51 and S26A, B, C). For TQR@
PMP (—) micelles, they show enhanced therapy efficacy compared with
PMP (—) to SKOV-3 and SKOV-3/MDR bearing tumor tissues, but still
not good enough to effectively treat drug-resistant tumor models
(Figs. 5G and S27A). It is gratifying that the DEB/TQR@PMP (+) can
successfully reverse the multidrug resistance of tumors, and realize
tumor inhibition by PTX, TQR and DEB loaded micelles upon light ir-
radiation.

In addition, the mice body weight shows no obvious changes during
the therapy in each group (Figs. 5H and S27C), while the tumor weights
display notable differences between the mice treated with DEB/TQR@
PMP micelles and other groups (Figs. 5I and S27B), indicating the en-
hanced therapeutic effect of combinational image-guided PDT and CT
in vivo. Hematoxylin and eosin staining tumor tissues treated with PBS
(—) are compact with few apoptotic or necrotic, while those incubated
with PMP (—), TQR@PMP (—) and DEB/TQR@PMP (+) micelles are
sparse, especially for tumor treated with DEB/TQR@PMP micelles,
indicating they are more seriously apoptotic or necrotic in combina-
tional therapy group (Figs. S28 and S27D). There is no obvious phy-
siological morphology abnormality in heart, liver, spleen, lung, and
kidney, confirming the low systemic toxicity for these samples.

3. Conclusions

In summary, a serious of new efficient NIR fluorophores containing
a BDTO core are synthesized and fully characterized by crystallography,
spectroscopy, theory calculation, and electrochemistry. They exhibit
strong NIR emission, good two-photon absorption property, high pho-
tostability, low dark cytotoxicity and excellent ROS generation ability.
Particularly, DMA-BDTO acquires a high @ of 12.9% at 739 nm in solid
state, which is higher than most reported organic NIR fluorophores. A
reduction-sensitive drug co-delivery system (DEB/TQR@PMP) com-
prised of a photosensitizer DEA-BDTO (DEB), a P-pg inhibitor TQR and
a polymeric prodrug (PTX) is created for the combination therapy of
image-guided PDT and CT. DEB/TQR@PMP micelles have strong NIR
emission (690 nm), suitable particle size, excellent water stability and
photostability, and can generate ROS efficiently in living cells. They
exhibit synergistic enhancement effect of PDT and CT upon light irra-
diation to HeLa cells, SKOV-3cells and SKOV-3/MDR cells. In the
tumor-bearing mouse model, the DEB/TQR@PMP micelles can pre-
ferentially accumulate in the tumor tissue after intravenous injection
and display enhanced inhibition of the tumor growth for overcome
MDR by combing image-guided PDT and CT. In view of the good two-
photon absorption ability, these new NIR fluorophores could have great
potential to achieve image-guided combinational therapy with two-
photon excitation technique.
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4. Experimental
4.1. Synthesis

Synthesis of 2,6-bis(4-(dimethylamino)phenyD-4,8-bis(heptan-3-yloxy)
benzo[1,2-b:4,5-b']dithiophene 1,1,5,5-tetraoxide (DMA-BDTO): A mix-
ture of (4-(dimethylamino)phenyl)boronic acid (660 mg, 4 mmol), DBr-
BDTO (670mg, 1mmol), tetrakis(triphenylphosphine)palladium(0)
(58 mg, 0.05mmol) and potassium carbonate (553 mg, 4 mmol) was
added into a 250 mL two-neck flask under nitrogen atmosphere. Then, a
mixed solvent system of toluene, ethanol and water (v/v/v = 8:1:1)
(120 mL) was injected into the bottle, and the mixture was refluxed
over night. After cooling to room temperature, the mixture was poured
into water and extracted three times with dichloromethane. The com-
bined organic layers were washed successively with water, and then
dried with anhydrous magnesium sulfate. After filtration, the solvent
was evaporated under reduced pressure and the residue was purified by
silica-gel column chromatography. Blackish green solid of DMA-BDTO
was obtained in 60% yield. "H NMR (500 MHz, CDCl5), § (ppm): 7.71
(d, J = 8.95Hz, 4H), 7.14 (s, 2H), 6.79 (d, J = 8.35Hz, 4H), 4.38 (d,
J = 5.55 Hz, 4H), 3.05 (s, 12H), 1.86-1.83 (m, 2H), 1.64-1.54 (m, 8H),
1.40-1.37 (m, 8H), 1.03 (t, J = 7.45 Hz, 6H), 0.95 (t, J = 6.95 Hz, 6H).
13C NMR (125 MHz, CDCls) § 151.43, 144.77, 142.67, 135.17, 131.39,
127.90, 127.39, 112.51, 112.25, 78.95, 40.44, 40.14, 30.29, 29.09,
23.73, 23.09, 14.13, 11.21. HRMS (C4oH55N206S5): m/z 748.3543 (M ",
caled 748.3580).

2,6-Bis(4-(diethylamino)phenyl)-4,8-bis(heptan-3-yloxy)benzo[1,2-
b:4,5-b']dithiophene 1,1,5,5-tetraoxide (DEA-BDTO): The procedure was
analogous to that described for DMA-BDTO. Blackish green solid of
DEA-BDTO is obtained in 56% yield. 'H NMR (500 MHz, CDCly), §
(ppm): 7.68 (d, J = 9.01 Hz, 4H), 7.08 (s, 2H), 6.71 (d, J = 8.10 Hz,
4H), 4.37 (d, J = 5.55Hz, 4H), 3.41 (q, J = 7.05, 8H), 1.86-1.82 (m,
2H), 1.64-1.55 (m, 8H), 1.41-1.37 (m, 8H), 1.21-1.18 (m, 12H), 1.03
(t, J = 7.45Hz, 6H), 0.95 (t, J = 6.90 Hz, 6H). '*C NMR (125 MHz,
CDCl3) & 149.13, 144.74, 142.72, 131.36, 128.16, 127.39, 113.44,
111.75,111.68, 78.93, 44.54, 40.45, 30.30, 29.09, 23.74, 23.10, 14.13,
12.58, 11.22. HRMS (C44HgoN206S2): m/z 804.4188 (M™*, caled
804.4206).

4,8-Bis(heptan-3-yloxy)-2,6-bis(4-(4-methylpiperazin-1-yl )phenyl)
benzo[1,2-b:4,5-b']dithiophene 1,1,5,5-tetraoxide (MPPZ-BDTO): The
procedure is analogous to that described for DMA-BDTO. Green solid of
MPPZ-BDTO is obtained in 55% yield. 'H NMR (500 MHz, CDCls), §
(ppm): 7.71 (d, J = 9.01 Hz, 4H), 7.19 (s, 2H), 6.95 (d, J = 9.10 Hz,
4H), 4.38 (d, J = 5.50Hz, 4H), 3.36 (t, J = 4.75Hz, 8H), 2.57 (d,
J = 4.05 Hz, 8H), 2.36 (s, 6H), 1.55-1.39 (m, 2H), 1.39-1.38 (m, 8H),
1.38-1.37 (m, 8H), 1.37-1.36 (m, 12H), 0.99 (t, J = 7.45 Hz, 6H), 0.94
(t, J = 6.95Hz, 6H). '*C NMR (125MHz, CDCl;) § 152.29, 144.89,
142.43,131.38, 127.91, 127.44, 116.87, 115.12, 114.04, 79.00, 54.70,
47.57, 46.10, 40.43, 30.30, 29.07, 23.73, 23.08, 14.13, 11.20. HRMS
(C46He2N406S2): m/z 858.4439 (M ™, caled 858.4424).

4.2. Crystal data for DEA-BDTO (CCDC 1828883)

Ca6HgaN20gS2, M, = 805.11, Triclinic, P-1, a = 9.4758(8) A,
b=10.2553(11) A, ¢=11.5972(12) A, a=78.114(3)°,
B =87.040(3)°, vy =78.433(3)°, V =1080.36(19) A3 Z=1,
Dc=1.237gem™3, p=0.0.173mm~! (MoKa, A =0.71073), F
(000) = 434, T = 175(2) K, 260max = 25.242° (99.3%), 8862 measured
reflections, 3915 independent reflections (Rj, = 0.0859), GOF on
F? =1.044, R; = 0.1477, WR, = 0.1717 (all data), Ae 0.475 and
—0.312 A3,
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