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An Acceptor—-Donor—Acceptor Structured Small Molecule
for Effective NIR Triggered Dual Phototherapy of Cancer

Zheng He, Linlin Zhao, Qiang Zhang, Meijia Chang, Chenxi Li, Hesheng Zhang,

Yan Lu,* and Yongsheng Chen*

Dual phototherapy, including photodynamic therapy (PDT) and
photothermal therapy (PTT), is regarded as a more effective method for
cancer treatment than single PDT or PTT. However, development of single
component and near-infrared (NIR) triggered agents for efficient dual
phototherapy remains a challenge. Herein, a simple strategy to develop
dual-functional small-molecules-based photosensitizers for combined
PDT and PTT treatment is proposed through: 1) finely modulating
HOMO-LUMO energy levels to regulate the intersystem crossing (ISC)
process for effective singlet oxygen ('0,) generation for PDT; 2) effectively
inhibiting fluorescence via strong intramolecular charge transfer (ICT) to
maximize the conversion of photo energy to heat for PTT or ISC process
for PDT. An acceptor—donor—acceptor (A-D-A) structured small molecule
(CPDT) is designed and synthesized. The biocompatible nanopatrticles,
FA-CNPs, prepared by encapsulating CPDT directly with a folate
functionalized amphipathic copolymer, present strong NIR absorption,
robust photostability, cancer cell targeting, high photothermal conversion
efficiency as well as efficient 'O, generation under single 808 nm laser
irradiation. Furthermore, synergistic PDT and PTT effects of FA-CNPs

in vivo are demonstrated by significant inhibition of tumor growth. The
proposed strategy may provide a new approach to reasonably design and
develop safe and efficient photosensitizers for dual phototherapy against
cancer.

(NIR) light (650-1700 nm), which
can minimize light attenuation in
tissues, and thus achieving larger penetra-
tion depths.>* The sensitizers for photo-
therapy are administrated to absorb light
energy to produce hyperthermia for PTT
or excessive reactive oxygen species (ROS)
such as singlet oxygen (10,), hydroxyl
radical (-OH), superoxide anion radical
(O57), hydrogen peroxide (H,0,), etc.
for PDT, resulting in the death of cancer
cells.l23] 1t is well known that several PDT
photosensitizers (PSs) have approved by
the US Food and Drug Administration
(FDA) as clinical drugs for some specific
indications.B’! However, the efficacy of PDT
is often plagued by hypoxia feature of the
tumor microenvironment.>>] While PTT
requires high laser powers, which prob-
ably leads to other normal tissue damage
beyond tumor sites. Therefore, dual photo-
therapy, that is PDT and PTT combination
therapy, is regarded as a safer and more
effective method for cancer treatment than
single PDT or PTT.

To date, considerable efforts have
been devoted to devise multifunctional
sensitizing agents for effective single
NIR-triggered PDT and PTT combina-

1. Introduction

Phototherapy, which mainly involves photodynamic therapy
(PDT) and photothermal therapy (PTT), has emerged
as a minimally invasive, localizing method for efficient
cancer therapy.!? Both PDT and PTT combine usually
a nontoxic sensitizing agent with harmless near-infrared

tion therapy.[*?’] A number of porphyrins and phthalocyanine
derivatives-based drugs have been utilized in clinical PDT
therapy. Not surprisingly, thus, many efforts are being made
to develop new dual phototherapy agents based on these mate-
rials.*% But, their absorption maxima are generally located
in visible region, which greatly limits their applications in
deep tumor treatment. Besides, deficient photostability and
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low photothermal conversion efficiency (PCE) further hinder
their clinical translation. Other studies have focused on
seeking PDT activity using PTT agents. Thanks to good bio-
compatibility, easy metabolism, and high structural diversity,
many small organic dyes such as cyanines, diketopyrrolopyr-
role, boron dipyrromethene, and so on, have been extensively
investigated as potential alternative PTT agents.'*12 Some of
them have exhibited dual PDT and PTT activities with greatly
improved efficacy in cancer treatment.*?’l Most of them,
however, face some unavoidable problems of poor solubility,
inferior photostability, short wavelength absorption, low PCE,
and tumor targeting ability. So, it is still highly desirable to
develop other kinds of sensitizing agents, achieving efficient,
and synergistic PDT and PTT therapy under single NIR
irradiation.

As shown in Scheme 1A, in order to produce efficiently
singlet oxygen ('O,) for PDT and heat for PTT, an ideal
photosensitizer (PS) should possess the following merits
from the perspective of energy conversion: 1) absorbing NIR
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light effectively; 2) displaying low fluorescence quantum
yield; 3) suitable HOMO-LUMO distribution for sufficient
intersystem crossing (ISC) to translate ground-state oxygen
(0,) to singlet oxygen (10,).2%?7] Previous studies have
demonstrated that the lower energy gap (AEgy) between the
lowest excited singlet state (S;) state and the lowest triplet
state (T,) state, the higher efficiency of ISC.[?82°1 AE¢; can be
finely modulated by manipulating HOMO and LUMO energy
levels.?”l Recently, remarkable progress has been made in
the applications of near-infrared photoactivatable semicon-
ducting materials for cancer therapy.?°2 In our efforts to
develop nonfullerene organic semiconducting materials with
an acceptor—donor—acceptor (A-D-A) structure for high-per-
formance organic solar cells,?*-3¢ we found that this kind of
A-D-A type molecules could fulfill the critical requirements
for synergistic PDT and PTT. Benefiting from the strong
intramolecular charge transfer (ICT), the A-D-A architecture
usually exhibits both broad absorption that can extend to NIR
region and effectively suppressed fluorescence. Their HOMO
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Scheme 1. Design A-D-A structured molecules for PDT and PTT combination treatment. A) Chemical structure of CPDT and working principle of
an ideal photosensitizer for single NIR laser triggered dual phototherapy using a modified Jablonski diagram. B) Schematic illustration of FA-CNPs
preparation. C) Schematic illustration of single NIR laser triggered dual phototherapy of tumor based on FA-CNPs.
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and LUMO energy levels can be facilely tuned through deli-
cate molecule design.?*=3% In addition, most recently, A-D-A
structured molecule (ITIC)-based nanoparticles have been
proven to have PTT effect with high PCE in vitro (=41.6%)
under 660 nm laser irradiation.’”) With this, we believe that
it is possible to realize both effective 'O, generation for PDT
and high PCE for PTT through elaborate design of A-D-A
molecules.

On basis of our previous studies about A-D-A type
molecules,33¢ a new organic semiconducting material
(CPDT) was designed and synthesized as a proof-of-concept
example considering that its unique optical properties per-
fectly meet the key requirements of dual-functional sensi-
tizing agents for synergistic PDT and PTT (Scheme 1). To
ensure complete fluorescence quenching, good biocom-
patibility, and effective tumor accumulation, CPDT was
directly encapsulated into a folate functionalized amphiph-
ilic copolymer (FA-PEG-PBLA) through nanoprecipitation
method, yielding nanoparticles FA-CNPs (Scheme 1B). In
this nanoplatform, the folate functionalized FA-PEG-PBLA
endows the resulting FA-CNPs with active targeting ability
toward cancer cells.’®3° FA-CNPs displayed robust photo-
stability, enhanced tumor accumulation ability, high PCE
(36.5%), and capacity of '0, generation with the quantum
yield of about 18.6% using indocyanine green (ICG) as
a standard under 808 nm laser irradiation. The results in
vivo demonstrated that FA-CNPs possessed excellent anti-
cancer efficacy without distinct damage to the normal tissue
(Scheme 1C).

2. Results and Discussion

2.1. Molecular Design and DFT Calculation of AEg;

The alkyl-chain-grafted 2,2"-bi(cyclopenta[1,2-b:5,4-b"|dithiophene)
segment as an electron donor and two electron-withdrawing end
units 2-(3-oxo-2,3-dihydroinden-1-dlidene)malononitrile (INCN)
as electron acceptors were employed to synthesize CPDT. CPDT
in CHCl; shows a clear absorption peak centered at around
750 nm with a high molar extinction coefficient (€ = 2.4 x
10* M~' cm™) (Figure 1A). By contrast, its thin film exhibits strong
and broad absorption in 500-900 nm regions, implying the
potential of CPDT as sensitizer for NIR-triggered phototherapy.
Owing to efficient ICT from donor units to acceptor units in the
excited state, CPDT in CHCl; displays a weak red fluorescence
with a low fluorescence quantum yield (@ = 1.7%) using rhoda-
mine B as a reference (® = 0.73 in ethanol) (Figure 1B). This is
favored for dual phototherapy since the absorbed photo energy
should have higher portion to generate more heat for PTT and
10, for PDT. The energies of the HOMO, LUMO, and AFEgr
of CPDT are —5.41, —3.50, and 0.96 eV, respectively, obtained
from DFT calculations (Figure 1C,D). Its narrow bandgap (Eg =
1.91 eV) is beneficial for NIR light-absorbing capability.

2.2. FA-CNPs Nanoparticles Formation

To improve biocompatibility and water-solubility of CPDT to
realize biological applications, hydrophobic CPDT was directly
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Figure 1. A) UV-vis absorption spectra of CPDT in CHCl; (30 ug mL™"), CPDT thin film (spin-cast from chloroform solution), and FA-CNPs dispersed
in PBS (0.01 m, pH 7.4) ([FA-CNPs] =180 ug mL™", 30 ug mL~" based on CPDT). B) Fluorescence spectra of CPDT in CHCl; (30 ug mL™") and FA-CNPs
dispersed in PBS (0.01 m, pH 7.4) ([FA-CNPs] =180 ug mL™"). C,D) Calculated HOMO, LUMO, and triplet state (T;) energy levels of CPDT using the
DFT B3LYP/6-31G(d) method, E; = Eiymo—Erowmo- E) DLS data and TEM image (inset) of FA-CNPs nanoparticles. F) Changes of hydrodynamic diam-
eters of FA-CNPs in PBS and Dulbecco’s modified Eagle’s medium (DMEM) with time, [FA-CNPs] = 300 ug mL™".
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encapsulated into a folate functionalized amphiphilic block copol-
ymer (FA-PEG-PBLA) thorough a nanoprecipitation process to
afford composite nanoparticles FA-CNPs with active targeting
ability to cancer cells (Scheme 1B).*) The representative trans-
mission electron microscopy (TEM) (inset, Figure 1E) reveals that
the as-prepared FA-CNPs have uniform spherical morphology
with about 134 + 9.7 nm in diameter. They can be dispersed well
in phosphate buffered saline (PBS) with a hydrodynamic diam-
eter of =190 nm determined by dynamic light scattering (DLS)
(Figure 1E), indicating possibly additional passive targeting ability
to tumor by permeation and retention (EPR) effect. Moreover, the
size of FA-CNPs in PBS and Dulbecco's modified Eagle’s medium
(DMEM) (which is the most widely used media for cell and tissue
culture) remains almost the same within 30 days, suggesting
excellent stability of FA-CNPs nanoparticles (Figure 1F). FA-CNPs
in PBS display broad and strong absorption over 750-870 nm,
which enables deep penetration into tissue and have potential to
achieve effective phototherapy for deep tumor (Figure 1A). Owing
to synergic ICT and aggregation-induced quenching, FA-CNPs
exhibits negligible fluorescence with a very low fluorescence
quantum yield (® = 0.002%) using rhodamine B as a reference
(@ =0.73 in ethanol), which will greatly benefit the adsorbed pho-
tons to dissipate energy in other ways such as heat or ISC process.

2.3. PDT and PTT Effects of FA-CNPs

PTT activity of FA-CNPs was first assessed. As expected, the
temperature of FA-CNPs in PBS was effectively and quickly

www.afm-journal.de

elevated in concentration-dependent manner under 808 nm
laser irradiation at 0.7 W cm™ (Figure 2A). Infrared (IR)
thermal images at given irradiation time were also provided in
Figure 2B. As shown in Figure 2A,B, when the concentration
of FA-CNPs increased to 250 ug mL™}, the temperature of solu-
tion rose rapidly to 72.2 °C (AT = 49.2 °C) under 808 nm laser
irradiation at 0.7 W cm2 for 12 min. It was noted that FA-CNPs
as low as 90 pg mL™! (15 ug mL™! based on CPDT) also exhib-
ited effective hyperthermia (47.9 °C) under the same condi-
tions, which is sufficient to induce apoptosis or necrosis of
cancer cells.*'=l By contrast, only slight temperature increase
by =0.4 °C was observed for the control PBS, indicating excel-
lent PTT capacity of FA-CNPs. Further, influence of laser power
density on the temperature changes of FA-CNPs in PBS was
estimated (Figure 2C,D). From Figure 2C,D, it was clearly seen
that the temperature of FA-CNPs solutions elevated quickly
with increasing the power density of laser, suggesting that the
temperature changes are linearly correlated with the power
density of laser.

The PCE of FA-CNPs was measured to be about 36.5% based
on a cycle of heat-cooling according to the reported method
(Figure S5 of the Supporting Information for the details).[*
PCE of FA-CNPs is =12-fold higher than that of ICG (=3.1%)!!?]
(ICG is an FDA-approved NIR contrast agent and is compa-
rable to previously reported PTT agents such as cyanine dyes
(=26.6%) and gold nanorods (=21.0%).14-47]

Subsequently, the ability of '0, generation of FA-CNPs
under 808 nm laser irradiation was checked by using 1,3-diphe-
nylisobenzofuran (DPBF) as a probe, since absorption of DPBF
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Figure 2. A) Photothermal conversion behavior and B) IR thermal images of FA-CNPs in PBS (0.01 m, pH 7.4) at different concentrations (0-250 ig mL™")
under 808 nm irradiation at 0.7 W cm~2. C) Photothermal conversion behavior and D) IR thermal images of FA-CNPs in PBS (0.01 m, pH 7.4) ([FA-CNPs]
=180 pug mL™") at different laser power (0.3-2.0 W cm~2) under 808 nm irradiation. E) Changes of absorbance at 417 nm of DPBF in presence of dif-
ferent concentrations of FA-CNPs (0-180 ug mL™") under 808 nm laser irradiation at 0.7 W cm~2 with time. F) ESR spectra of FA-CNPs in PBS (0.01 m,
pH 7.4) (180 ug mL™") using TEMP as spin-trapping adduct under 808 nm irradiation at 0.7 W cm~2 for different time.
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will be quickly weaken upon irreversible reaction with '0,.[8l

The absorbance of DPBF at 417 nm in presence of FA-CNPs
reduced sharply with the increase of FA-CNPs concentrations
from 0 to 180 ug mL™! (Figure 2E; Figure S6, Supporting Infor-
mation). The absorption intensity decreased about 69% within
10 min at [FA-CNPs] = 120 ug mL™! under 808 nm laser irra-
diation at 0.7 W cm™2, suggesting that 'O, could be efficiently
generated in this case. The 10, quantum yield (®) of FA-CNPs
was also determined to be about 18.6% using DPBF and ICG
as probe and reference, respectively (Figure S7, Supporting
Information).*”! Moreover, electron spin resonance (ESR) tech-
nique was utilized to verify 'O, generation using 2,2,6,6-tetra-
methylpiperidine (TEMP) as a spin-trapping agent. As shown
in Figure 2F, after 808 nm laser irradiation for 2 min, the char-
acteristic 1:1:1 multiplicity from TEMP-1-oxyl was observed in
the ESR spectra, demonstrating the presence of '0,, which was
captured by TEMP.* With the increase of irradiation time, the
ESR signal enhanced gradually, indicating more 'O, generation.

To further confirm that the PTT and PDT activity of FA-CNPs
comes from the effective component CPDT, photothermal con-
version behavior and 'O, generation of free CPDT in THF were
also tested as shown in Figure S8 of the Supporting Informa-
tion. The solution temperature rapidly increases to about 60 °C
(AT = 37 °C) under 808 nm laser irradiation at 0.7 W cm™ for
4 min (Figure S8A, Supporting Information). In addition, quick
and effective !0, generation could be observed in the case of
free CPDT under irradiation (Figure S8B, Supporting Informa-
tion). All studies above on photothermal and photodynamic
properties of FA-CNPs suggested that FA-CNPs can act as a
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promising candidate for PTT and PDT combination therapy
under a single NIR 808 nm laser irradiation.

2.4. Photostability of FA-CNPs

The stability against photobleaching was first assessed by
continuous irradiation of FA-CNPs in PBS (180 ug mL7,
30 ug mL™! based on CPDT) for 30 min using 808 nm laser at
0.7 W cm™2. As shown in Figure 3A, slight decrease in absorp-
tion intensity of FA-CNPs solution was observed, accompanied
by no obvious solution color change. While the controlled ICG
in PBS (30 ug mL™) exhibited significant changes in both UV-
absorption spectra and solution color even after shorter irradia-
tion time (15 min). These results demonstrated that FA-CNPs
have much more stability against photobleaching than ICG.
Furthermore, its ability to maintain the photothermal effect
was checked (Figure 3B,C). In this study, FA-CNPs in PBS
(180 ug mL™Y) suffered from five successive irradiation—cooling
cycles. From Figure 3B,C, it can be obviously seen that the
highest temperatures were above 60 °C for all 5 cycles under
808 nm irradiation at 0.7 W cm™2 for 5 min, and their differ-
ence is only less than 4%. These results verify that FA-CNPs
can remain excellent PTT activity for at least five times. Besides,
influence of repeated irradiations with 808 nm laser on 'O,
generation capability of FA-CNPs was evaluated using DPBF as
a probe. In this study, four samples of FA-CNPs in PBS with a
concentration of 180 pug mL™! were first irradiated by 808 nm
laser at 0.7 W cm™ for different time such as 0, 5, 10, 15 min.
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Figure 3. A) UV-vis absorption spectra and photographs of FA-CNPs in PBS and ICG in PBS ([FA-CNPs] = 180 ug mL™", 30 ug mL™" based on
CPDT;[ICG] = 30 ug mL™") before and after continuous irradiation with 808 nm laser at 0.7 W cm~2 for 30 and 15 min, respectively. B) Temperature
elevation and C) IR thermal images of FA-CNPs in PBS (180 ug mL™") under 5 irradiation/cooling cycles (808 nm laser, 0.7 W cm™2, 5 min). D) Changes
of absorption intensity at 417 nm of DPBF in presence of 180 g mL™" of FA-CNPs with reirradiation time (808 nm laser, 0.7 W cm~?).
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After this, DPBF was added the above four samples in the dark.
These mixed samples were subsequently re-exposed to 808 nm
laser at 0.7 W cm™ for 10 min. During irradiation, UV-vis
absorption spectra of probe molecule DPBF were recorded at
an interval of 1 min (Figure S9, Supporting Information). The
changes of absorbance of DPBF at 417 nm with irradiation
time was plotted in Figure 3D. From Figure 3D, it can be clearly
seen that the absorption intensity of four samples decreased
gradually and the variation trend of absorbance was almost the
same. These results suggested that FA-CNPs can still steadily
and continuously generate 0, under repeated irradiation.

2.5. Dark Toxicity and Phototoxicity of FA-CNPs

In order to inspect dark toxicity and phototoxicity of FA-CNPs,
the internalization behavior of FA-CNPs by tumor cells was first
studied. As shown in Figure 4A, cellular uptake of FA-CNPs is
linearly dependent on incubation time and the longer incuba-
tion time, the higher cellular uptake. After 48 h incubation,

A B 120 HeLa cell

FA-CNPs presented a remarkable cellular uptake. In compar-
ison, CPDT itself only showed insignificant cell internaliza-
tion probably due to its poor water-solubility. Clearly, FA-CNPs
can be preferably internalized by tumor cells. Subsequently,
dark toxicity of FA-CNPs was examined with a standard MTT
assay. As shown in Figure 4B, viability of HelLa cells was well
maintained after incubation with FA-CNPs with different con-
centrations from 0 to 250 ug mL™l. More than 85% of cell
viability was observed even at FA-CNPs concentration as high
as 250 pg mL™!. These results convincingly revealed the out-
standing biocompatibility of FA-CNPs, which is favored for
various biomedical applications.

In vitro phototoxicity of FA-CNPs against Hela cells was
then assessed. From Figure 4C, after 808 nm laser irradiation
at 0.7 W cm™ for 5 min, more cell apoptosis was found with
the increase of FA-CNPs concentrations. More importantly, in
the presence of 1-ascorbic acid (Vc), FA-CNPs showed slight
reduced phototoxicity against HeLa cells because the produced
10, can be scavenged by Vc. By contrast, the coating polymer
FA-PEG-PBLA with different concentrations only showed
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Figure 4. A) Internalized amount of FA-CNPs and CPDT in Hela cells after 6, 24, and 48 h incubation, respectively. B) Effect of FA-CNPs concentra-
tions on cell viability. C) In vitro phototoxicity against Hela cells under 808 nm irradiation at 0.7 W cm~2 for 5 min. [FA-CNPs] = [FA-PEG-PBLA] =
0-250 pug mL™", [Vc] = 0.1 x 107% m. D-G) PTT effect at the cellular level under the same conditions as in (C). H,l) Intracellular 'O, monitor of Hela

cells treated with different conditions.

Adv. Funct. Mater. 2020, 1910301

1910301 (6 of 12)

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

negligible phototoxicity both in the absence or the presence of
Vc. All observations from MTT assays distinctly demonstrated
that FA-CNPs have both low dark toxicity and high phototox-
icity, and could serve as a promising nanoagent for dual photo-
therapy of cancer.

Furthermore, the PTT and PDT activities of FA-CNPs in
Hela cells were also verified as shown in Figure 4D-I. Sig-
nificant temperature elevations in concentration-dependent
manner were observed for FA-CNPs-contained groups in the
absence or the presence of Vc (Figure 4D,E), while there was
no clear temperature change under all tested conditions for
the control groups (Figure 4F,G). These results indicated there
was the PTT activity of FA-CNPs in living cells. In addition,
the intracellular 'O, generation was evaluated by taking advan-
tage of 2’,7’-dichlorofluorescein diacetate (DCFH-DA) as an
indicator. Nonfluorescent DCFH-DA can be rapidly converted
to green fluorescent product (2’,7’-dichlorofluorescein, DCF) in
the presence of 10,.2% As displayed in Figure 4H, Hela cells
incubated with FA-CNPs and DCFHDA exhibited bright green
fluorescence upon 808 nm laser irradiation. But no obvious
fluorescence was observed in nonirradiated controlled experi-
ment and the case of addition of Vc in above system (Figure 41).
These results indicated that 'O, can be efficiently generated
in live cells. Therefore, high phototoxicity of FA-CNPs against
Hela cells should be attributed to synergetic PTT and PDT
effect in living cells.

2.6. In Vivo Biodistribution and Photothermal Properties

The accumulation of photosensitizers in malignant tissues
would greatly enhance the therapeutic efficiency and reduce
damage to normal tissues.*”) Since folic acid, which is a
universal targeting group for folate receptors overexpressed
on the surface of tumor cells, has been introduced to con-
struct FA-CNPs, its efficient distribution in tumor tissues
was expected. We intravenously injected FA-CNPs in PBS
(180 ug mL™) into the SK-OV-3 tumors-bearing mice at the
dose of 4 mg kg™!, and the bio distributions of efficient com-
ponent CPDT were measured at 6, 12, 24, and 48 h postin-
jection by removal of main organs followed by subsequent
extraction of CPDT from these tissues using chloroform.
Extracted CPDT was then quantified by UV-vis analysis.*’] As
shown in Figure 5A, FA-CNPs exhibited gradually increased
accumulation in the tumors site within 6-24 h postinjection
and obvious reduced accumulation at 48 h postinjection prob-
ably due to the metabolic effect of mice. Relatively high accu-
mulated concentration at lung tissue was also observed, which
should be probably attributed to the filtration effect of the lung
capillary bed.%! In addition, it was noted that FA unconju-
gated controlled sample (CH;-CNPs) exhibited obviously lower
accumulate concentration in tumor at the same postinjection
time than that in the case of FA-CNPs (Figure S10, Supporting
Information), indicating that FA groups endows FA-CNPs
with active targeting ability to cancer cells as demonstrated by
other related research.l>?

To verify the ability of FA-CNPs to generate hyperthermia
in vivo, FA-CNPs in PBS (180 ug mL™) were injected into
the SK-OV-3 tumor-bearing mice through the tail vein at
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different doses (0-12 mg kg™!). After 24 h postinjection, these
mice were exposed to 808 nm laser irradiation at 1.0 W cm™
for 5 min. Changes of tumor surface temperature were moni-
tored by infrared thermograph during irradiation. As shown in
Figure 5B, the temperature elevation is directly proportional to
the doses of FA-CNPs. The dose as low as 4 mg can still trigger
the tumor surface temperature rise to 50.5 °C under 808 nm
laser irradiation for 5 min, affording adequate hyperthermia for
killing cancer cells.[*1=*]

2.7. In Vivo PDT and PTT Combination Therapy

To evaluate actual therapeutic effect of FA-CNPs in vivo,
SK-OV-3 tumor-bearing mice were stochastically divided
into five groups for separate treatments as follows:
1) PBS, 2) PBS+laser, 3) FA-CNPs, 4) FA-CNPs+laser, and
5) FA-CNPs+Vc+laser. After 24 h postinjection, the tumor
sites of the mice were exposed to 808 nm laser at 1.0 W cm™2
for 5 min. The tumor sizes were carefully monitored during
18 days after irradiation to qualitatively assess therapeutic
effect of each group (Figure 5C). Similar to control groups,
the tumor volumes of mice injected with FA-CNPs but
without laser irradiation grew steadily, indicating low anti-
cancer efficacy of FA-CNPs in this case. For the treatment
group of FA-CNPs+laser, tumor growth was gradually and
greatly suppressed during 18 days, although tumor size could
not be immediately diminished in the early stage (5-6 days).
10,-scavenger Vc was intratumorally injected into the tumors
at 30 min before irradiation for evaluating the contribution
of PDT to overall efficacy. As displayed in Figure 5C, this
treatment was also effective in suppressing tumor growth,
but exhibited only slightly less therapeutic effect than FA-
CNPs+laser group. This should be probably attributed to rela-
tively low 'O, yield of FA-CNPs under irradiation. Besides, no
significant body weight loss or difference was found for all the
tested groups (Figure 5D), suggesting the lesser side effects
of FA-CNPs in vivo, if any. Remarkable cell apoptosis and
necrosis was clearly seen in these tumors treated with both
FA-CNPs and laser, demonstrating the potent ability of FA-
CNPs to damage tumor cells under irradiation via synergistic
hyperthermia and 'O, (Figure 5E).

Further, biosafety and side effects of the FA-CNPs in vivo
were checked. The major organs of mice including heart,
liver, spleen, lung, and kidney were harvested and analyzed by
hematoxylin and eosin (H&E) staining after therapy. As shown
in Figure 6, no distinct lesion and side effect were observed
in these tested organs, indicating little harm of FA-CNPs to
normal tissues. It revealed the safety of current treatments for
living organisms.

3. Conclusions

In summary, a new NIR-absorbing A-D-A type small molecule-
based sensitizing agent was developed for PDT and PTT com-
bination therapy based on a simple yet general strategy. The
encapsulation of CPDT into a folate functionalized polymer
FA-PEG-PBLA yields FA-CNPs nanoparticles with good
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Figure 5. A) Ex vivo biodistribution of CPDT in various tissues of the mice treated with FA-CNPs at the dose of 4.0 mg kg™
postinjection, respectively. B) IR thermal images of the SK-OV-3 tumor-bearing mice treated with FA-CNPs at various doses under 808 nm irradia-
tion at 1.0 W cm™2 for 5 min. C) Tumor growth profile of SK-OV-3 tumor-bearing mice after treatment with PBS, PBS+laser, FA-CNPs, FA-CNPs+laser,
and FA-CNPs+VcHaser, respectively. Irradiation conditions: 808 nm laser, 1.0 W cm™2, 5 min. D) Body weight changes of mice in different treatment
groups. E) Tumor images and H&E stained images of different groups of SK-OV-3 tumor-bearing mice after 18-day treatment, Scale bars: 20 um. Cell
apoptosis and necrosis are marked by blue circles.

biocompatibility, strong resistance to photobleaching, high
PCE, and efficient '0, generation. FA-CNPs displayed strong
absorption in NIR light region (750-870 nm), which would be
good for light source selection and deep tissue penetration in
phototherapy. Thanks to folate conjugation, cellular uptake,
phototoxicity, and accumulation in tumor sites were obviously
enhanced. In vivo test, FA-CNPs exhibited excellent tumor sup-
pression under irradiation due to the possible PDT and PTT
combination therapy. These results suggest that the A-D-A
structured small molecule has great potential to develop single
component sensitizing agents for NIR-triggered dual photo-
therapy of tumor, since their chemical structures can be facilely
tuned to change HOMO and LUMO energy levels, further reg-
ulating photo energy dissipation pathway to meet the require-
ments of biomedicine applications.
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at 6, 12, 24, and 48 h

4. Experimental Section

Materials: 6-bromo-4,4-dioctyl-4H-cyclopenta[1,2-b:5,4-b"|
dithiophene-2-carbaldehyde ~ and  2-(3-oxo-2,3-dihydro-1H-inden-1-
ylidene)malononitrile were provided by Saipu Chemical products Co.
(Henan, China). FA, B-benzyl-L-aspartate (BLA), PEG-bis(amine) (M, =
3.350 kDa), PBS (0.01 m, pH 7.4), and 3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyl-2-H-tetrazolium bromide (MTT) were bought from Sigma
Chemical Co. (St. Louis, MO, USA). Methoxypoly (ethylene glycol)
amine (Me-PEG-NH;) (M,, = 5.0 kDa), ethylene glycol, TEMP, ICG,
and L-ascorbic acid (Vc) were obtained from Alfa Aesar (Shanghai,
China). Triphosgene was provided by Aldrich Chemical Co. (Milwaukee,
WI, USA). N,N’-dicyclohexylcarbodiimide and N-hydroxysuccinimide
were purchased from Fluka (Buchs, Switzerland). DMEM, fetal bovine
serum (FBS), penicillin, and streptomycin were provided by GibcoBRL
(Invitrogen Corp., CA, USA). All other chemicals were obtained from
local suppliers and used as received.
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Figure 6. H&E-stained major organs after 18-day treatment. Scale bars: 20 um.

Instruments: "TH NMR and 3C NMR spectra were recorded on a
Bruker AVANCE 11l HD spectrometer (400 MHz, Fallanden, Switzerland)
using CDCl; and DMSO-d¢ as the solvent and TMS as internal
standard, respectively. The matrix-assisted laser desorption ionization
(MALDI-TOF) mass spectra were measured on a Bruker Autoflexlll
LRF200-CID instrument (Bruker, Rheinstetten, Germany). UV-vis spectra
were obtained on a Shimadzu UV-2550 (Shimadzu, Tokyo, Japan).
Fluorescence spectra were collected on a Hitachi F-4600 (Hitachi,
Tokyo, Japan) fluorescence spectrophotometer equipped with a xenon
lamp excitation source. DLS were carried out on a Zetasizer Nano ZS90
(Malvern Instruments Co., UK). TEM was obtained using FEI Tecnai G2
Spirit TWIN at 120 kV (Hillsboro, FL, USA). IR thermal images were
collected using IR thermal camera (TiS65, Fluke, Everett, WA, USA).
EPR spectra were carried out on a Bruker EMXplus-6/1 spectrometer
(Rheinstetten, Germany). H&E stained images were viewed by Nikon
Eclipse Ti-U microscope (Tokyo, Japan). The NIR laser (808 nm) was
purchased from Beijing Laserwave Optoelectronics Technology Co., Ltd.
(LWIRL808-20W-F, Laserwave, Beijing, China).

Synthesis of CPDT: CPDT was synthesized according to the route
shown in Scheme S1 of the Supporting Information. 6-bromo-4,4-bis-
(2-ethyl-hexyl)-4H-cyclopenta([2,1-b:3,4-b’|dithiophene-2-carbaldehyde
(1, 0.2 g, 0.39 mmol), bis(pinacolato)diboron (0.12 g, 0.47 mmol),
KOAc (1.154 g, 11.76 mmol), and DMSO (4 mL) were added into a
two-necked round bottom flask. After purging with nitrogen for 0.5 h,
Pd(dppf)Cl, (9.6 mg, 0.012 mmol) was subsequently added into the
above mixed solution under N,. The resulting mixture was heated
to 80 °C and stirred for 8 h. The reaction mixture was then cooled
down to room temperature, followed by being poured into 100 mL
of deionized water. The mixture was extracted with chloroform three
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times. The CHCl; layer was washed with brine and dried with anhydrous
Na,SO,. After concentration, the crude product was purified by column
chromatography (silica gel, petroleum ether/dichloromethane = 6:1, v/v)
to afford 2 as a dark-red solid (0.17 g, 85% yield). 2 (0.3 g, 0.349 mmol)
and 2-(3-oxo0-2,3-dihydro-1H-inden-1-ylidene)-malononitrile (3) (0.407 g,
2.1 mmol) were dissolved in 45 mL of dry CHCl;. 2.4 mL of pyridine
was then added the solution under stirring. The mixed solution was
refluxed for 15 h under nitrogen. The reaction mixture was cooled down
to room temperature. The solution was concentrated and subsequently
precipitated in excess CH;OH. The crude product was collected by
filtration and further purified by column chromatography (silica gel,
petroleum ether/dichloromethane = 1:2, v/v) to yield CPDT as a deep-
blue solid (0.28 g, 66.7% yield). "H NMR (400 MHz, CDCl3): & 8.86 (s,
2H), 8.62 (d, J = 7.2 Hz, 2H), 7.85 (d, J = 6.5 Hz, 2H), 7.81-7.46 (m,
6H), 7.17 (d, J = 15.7 Hz, T0H), 1.92 (s, 9H), 1.38 (dd, | = 4.9, 40.5 Hz,
9H), 1.22 (d, ) = 31.7 Hz, 23H), 1.17 = 1.09 (m, 7H), 0.95 (t, J = 31.1 Hz,
35H), 0.81 (s, 4H), 0.75 (tt, ] = 22.0, 13.9 Hz, 61H), 0.75 (tt, J = 22.0,
13.9 Hz, 69H), 0.68 (d, J = 3.2 Hz, 14H), 0.58 (t, J = 7.0 Hz, 11H).13C
NMR (101 MHz, CDCl;): 5 188.65 (s), 165.80 (s), 160.57 (s), 156.62 (s),
144.31 (s), 139.99 (s), 139.38 (s), 138.01 (d, J = 8.7 Hz), 137.68 (s),
136.85 (s), 134.88 (), 134.17 (s), 125.16 (s), 123.49 (s), 120.62 (s),
119.48 (s), 115.04 (s), 77.28 (d, J = 11.5 Hz), 77.02 (s), 76.70 (s), 67.81
(s), 54.16 (s), 43.18 (s), 35.47 (d, J = 5.2 Hz), 34.06 (d, J = 24.0 Hz),
29.70 (s), 28.47 (s), 27.58 (s), 27.41 (d, J = 30.0 Hz), 22.78 (s), 14.07
(d, ) =2.7 Hz), 10.60 (d, J = 6.1 Hz). MS (MALDI-TOF): M* 1211.
Synthesis of FA-PEG-PBLA and Me-PEG-PBLA: The amphiphilic block
copolymer FA-PEG-PBLA was prepared by ring-opening polymerization as
reported in the previous work (Scheme S2, Supporting Information).53
Its structure was determined using "H NMR spectra (400 MHz, DMSO)
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68.23 (d, / = 28.5 Hz, 1H), 8.16-7.82 (m, 1H), 7.40-7.20 (m, 12H), 6.80
(d, J = 117.0 Hz, TH), 6.03-4.95 (m, 5H), 6.03-4.64 (m, 6H), 6.03-4.85
(m, 5H), 6.03-4.43 (m, 8H), 6.03-4.39 (m, 8H), 6.03-4.31 (m, 8H), 6.03-
4.25 (m, 8H), 6.03-4.19 (m, 8H), 6.03-3.89 (m, 10H), 6.03-3.56 (m, 12H),
6.03-3.43 (m, 85H), 3.43-3.17 (m, 3H), 2.89 (dd, J = 47.1, 29.6 Hz,
3H), 3.03-2.59 (m, 5H), 2.50 (s, 5H). The control copolymer Me-PEG-
PBLA was synthesized according to the similar procedure to that of
FA-PEG-PBLA (Scheme S2, Supporting Information). The degree of
polymerization of PBLA segment in FA-PEG-PBLA was estimated by the
integral area ratio of the proton peak (a) at 7.30 ppm corresponding to
benzene ring to the proton peak (b) at 3.51 ppm assigning to methylene
in ethylene glycol unit (Figure S4, Supporting Information).

Preparation of FA-CNPs Nanoparticles: FA-CNPs nanoparticles were
prepared by nanoprecipitation method, followed by subsequent dialysis.
In detail, 5 mg of CPDT was dissolved in 1 mL of CHCl;. The as-prepared
CPDT solution was dropwise added into to 50 mL of FA-PEG-PBLA in
DMSO (0.5 mg mL™"). The CHCl; was removed from the mixed solution
under a stream of nitrogen gas. After complete removal of CHCl;, the
mixture was transfer to dialysis tubs (cut-off 3.5 K Mw) to dialyze two
days, followed by freeze drying. 28.5 mg of FA-CNPs nanoparticles
was obtained as a blue powder (95% yield). The FA unconjugated
nanoparticles (named as Me-CNPs) were prepared as the control sample
by the same process except replacing FA-PEG-PBLA with Me-PEG-PBLA.

Fluorescence Quantum Yield: Fluorescent quantum yields (®) of
CPDT and FA-CNPs were determined using rhodamine B as reference
(® = 0.73 in ethanol), whose maximal emission was around 540 nm
under 500 nm excitation. Rhodamine B in ethanol, CPDT in CHCl;,
and FA-CNPs in PBS buffer with the similar maximum absorbance
(<0.05) were excited under 540, 746, and 750 nm, respectively, and the
corresponding fluorescence spectra were collected. The fluorescence
quantum yields (®) were estimated by integration analysis of emission
intensity of their corresponding fluorescent spectra according to the
following equation

D) = Dg X (Absg X Fy X Aexg X T)/(Absy X Fg X Aexy X 11g) M
where @ is the fluorescent quantum yield, the subscripts 1 and B
represent the objects to be measured and the reference standard
(rhodamine B), respectively. Abs is absorption value at the excitation
wavelength, F is fluorescence integral area, and 1 is refractive index of
the solvent.

PTT Effect and PCE: Temperature changes of FA-CNPs in PBS with
various concentrations (0, 30, 90, 120, 180, and 250 pug mL™") under
808 laser irradiation at 0.7 W cm~2 were monitored using an IR image
camera (TiS65, Fluke). Besides, 180 g mL™" of FA-CNPs in PBS under
808 nm laser irradiation at various power densities (0.3, 0.5, 0.8, 1.2,
1.5, and 2.0 W cm™2) were also carefully studied. PCE of was measured
according to the following process. FA-CNPs in PBS (180 pug mL™") were
exposed to 808 nm irradiation at 0.7 W cm™2 for 5 min. Subsequently,
the laser was removed and the solution was cooled down to room
temperature. During this process, the solution temperatures were
continuously recorded by an IR image camera (TiS65, Fluke). PCE was
then calculated based on the reported method in the literature.>l

Singlet Oxygen Detection and Singlet Oxygen Quantum Yield: DPBF was
utilized as a probe to detect 'O, generation. In this experiment, 1 mL
of FA-CNPs in PBS with different concentrations such as 0, 30, 60, 120,
and 180 ug mL™" was separately mixed with 2.23 mL of DPBF in DMSO
(0.1 x 1073 m) in a dark under continuous stirring. UV-vis spectra of the
mixed solutions were measured at an interval of 1 min under 808 nm laser
irradiation at 0.7 W cm™2. The absorption intensity of DPBF at 417 nm
was collected and plotted as a curve of absorption intensities over time.
To measure singlet oxygen quantum yield (®) of FA-CNPs, DPBF and
ICG were used as probe and reference (®,cg = 0.14),[*4] respectively. Two
mixed PBS solutions (180 g mL™" of FA-CNPs+0.1 x 10~ m of DPBF
as well as 30 pg mL™" of ICG+0.1 x 1073 m of DPBF) were irradiated
by 808 nm laser at 0.7 W cm™2. During irradiation, the absorbance of
DPBF at 417 nm was recorded at an interval of 30 s. ® of FA-CNP was
calculated based on the following formula
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D= Do X (51/5|cc) X (FICG/F1)

where the subscripts 1 and ICG represent FA-CNPs and ICG,
respectively. S; and Sicc are the photobleaching rates of DPBF in the
presence of FA-CNPs and ICG, respectively. F is absorption correction
factor, which can be calculated from F=1-10"CP (OD is the absorbance
of the FA-CNPs and ICG at 808 nm).

ESR: ESR technique can be applied to affirm the type of ROS. In
this test, TEMP was selected as the spin-trapping agent of '0,. 1 mL
of FA-CNPs in D,0 (200 pug mL™") was mixed with 10 uL of TEMP. The
mixture was then transfered into the capillary tube. The mixture was
then irradiated using 808 nm laser at 1.0 W cm™2 for 0, 2, 5, and 10 min,
respectively. After irradiation, ESR measurement was immediately
performed on a Bruker EMXplus-6/1 spectrometer.

Cellular Culture and Cell Uptake: 5 x 10* cells per well of Hela cells
were seeded onto 12-well plates and cultured in DMEM supplemented
with FBS (10%) and penicillin—streptomycin (1%) at 37 °C in a humid
air atmosphere containing 5% CO,. After 24 h, the culture media was
replaced with 1.5 mL of fresh one containing FA-CNPs (180 pg mL™,
30 ug mL™" based on CPDT) and the free CPDT (30 ug mL™") (0.5%
THF, V/V), respectively. After incubation for 6, 24, and 48 h, the cells
were washed with PBS and handled with 0.05% of trypsin-EDTA,
followed by cell counting and ultrasonication. The CPDT was extracted
from HelLa cells using chloroform. The uptake amount of CPDT by Hela
cells was determined by UV-vis analysis based on the standard curve.

Dark Toxicity and Phototoxicity of FA-CNPs: The dark toxicity of
FA-CNPs was evaluated as following: After cell attachment, the culture
media was replaced with 100 pL of fresh one containing different
concentrations of FA-CNPs such as 0, 30, 60, 90, 120, 180, and
250 g mL™, followed by incubation for another 24 h. The cell viability
was assessed by widely used MTT assay. All data are based on four
parallel experiments. The phototoxicity of FA-CNPs was evaluated
according to the similar procedure, but the culture media was replaced
with 100 pL of fresh one containing FA-CNPs, FA-CNPs+Vc (0.1 x
1073 m of Vc), FA-PEG-PBLA, and FA-PEG-PBLA+Vc (0.1 x 1073 m Vc)
with different concentrations of FA-CNPs and FA-PEG-PBLA from 0 to
250 ug mL™" ([FA-CNPs] = [FA-PEG-PBLA]), followed by incubation for
another 4 h. Subsequently, the cells were washed with PBS and replaced
with fresh culture media. The samples were exposed to 808 nm laser
irradiation at 0.7 W cm™2 for 5 min. Irradiated cells were then incubated
at 37 °C for another 24 h and cell viability was also evaluated using MTT
assay. All data are based on four parallel experiments.

Intracellular 'O, Generation Study: After Hela cell attachment,
the original culture media was replaced with 2 mL of fresh one with
and without FA-CNPs (180 pg mL™"), followed by 5 h of incubation.
2 uL of DCFH-DA in DMSO (1 x 1073 wm) (water-insoluble DCFH-DA
was dissolved in DMSO and then diluted by DMEM until the DMSO
concentration is lower than 0.1%) was added into the cells for another
1 h of incubation and subsequently the treated cells were irradiated
using 808 nm laser at 0.7 W cm~2 for 5 min. The fluorescence images
of cells were then acquired using a confocal laser scanning microscopy
(FV1000-1X81, Olympus) at 488 nm excitation.

Animal Tumor Model: All animal experiments were conducted in
accordance with relevant laws and agency guidelines. The about six weeks
old female BALB/c mice were provided by SPF (Beijing) Biotechnology
Co., Ltd. (Beijing, China). The about 2 mm?3 SK-OV-3 tumor tissue mass
was subcutaneously injected into the right auxiliary space of nude mice
to establish a model of SK-OV-3 tumor-bearing mice. The mice with
tumor volumes at about 100-120 mm? were subsequently used.

Tissue Biodistribution: FA-CNPs in PBS (180 g mL) were intravenously
injected into the SK-OV-3 tumor-bearing mice (=20 g) at the dose of
4 mg kg™!. Afterward, the tumor, heart, liver, spleen, lung, and kidney
were removed and weighed at 6, 12, 24, and 48 h postinjection,
respectively, followed by the extraction of CPDT from these tissues using
CHCl;. The amount of CPDT in tested tissues was measured using UV—
vis spectral analysis.

In Vivo Photothermal Effect: The mice bearing SK-OV-3 tumor were
injected with FA-CNPs at various doses including 0, 2, 4, 6, 8, and
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12 mg kg™ through the tail vein. After 24 h postinjection, IR camera was
used to monitor the temperatures on the surface of tumor site under
808 nm laser irradiation at 1.0 W cm™2.

Anticancer Efficacy: The mice bearing SK-OV-3 tumor were randomly
divided into five groups (n = 5 per group). They were named as
PBS, PBS+laser, FA-CNPs, FA-CNPs+laser, and FA-CNPs+Vc+laser,
respectively. For each group, FA-CNPs in PBS were injected through
the tail vein at the dose of 4.0 mg kg™'. Vc was directly injected into
the tumor site at the dose of 5 mg kg™' at 30 min before irradiation. At
24 h postinjection, the tumor sites were irradiated by 808 nm laser at
1.0 W cm™2 for 5 min. After laser treatment, the mouse body weights and
the tumor volumes were measured at different time within 18 days. The
tumor volume was calculated according to the equation as follows

Volume = Width? X Length/2 (3)

After 18 days, treated SK-OV-3 tumor-bearing mice were sacrificed.
Tumors and main organs such as heart, liver, spleen, lung, and kidney
were harvested for H&E staining. H&E stained images were viewed by
microscope (Eclipse Ti-U, Nikon).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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