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Photodynamic therapy (PDT) synergized photothermal therapy (PTT)
shows superior clinical application prospects than single PDT or PTT.
On the other hand, multimodal imaging can delineate comprehensive
information about the lesion site and thus help to improve therapy
accuracy. However, integrating all these functions into one single
molecule is challenging, let alone balancing and maximizing the
efficacy of each function. Herein, a near-infrared (NIR) small molecule
(ETTC) with an “acceptor—donor—acceptor” structure was designed
and synthesized by coupling rigity and flexibility to simultaneously
achieve NIR-Il fluorescence imaging (NIR-1l FLI), photoacoustic
imaging, PTT and PDT. The efficacy of each functionality was well
balanced and optimized (NIR-1l quantum yield: 3.0%; reactive oxygen
species generation: 3.2-fold higher than ICG; photothermal conver-
sion efficiency: 52.8%), which may be attributed to the coupling of the
rigid and flexible structures in ETTC to tactically manipulate the
energy dissipation paths (non-radiative against radiative decay). As a
proof-of-concept, under the effective guidance of local-tumor
imaging by PA and whole-body imaging by NIR-II FL, complete tumor
eradication was achieved via PDT and PTT combinational therapy. This
work provides a novel perspective into conceiving and developing
single molecule for efficient versatile biomedical applications.

Introduction

Complete cancer eradication is especially important for mitigating
patients’ pain and extending their lifespan.'™ Phototherapy, as a
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New concepts

Multi-mode imaging-guided therapy has been extensively researched and
explored to enhance the imaging quality and improve therapy effect.
Currently, multifunctional nanomedicines are mostly obtained by putting
multiple components with different functions into one entity. However,
this often leads to a compromised reproducibility, difficult operation, and
indefinite pharmacokinetics. Thus, achieving a single molecule
integrated with multifunction is highly desirable, but challenging. To
overcome these challenges, in this work, a small molecule (ETTC) coupled
with appropriate rigidity and softness was designed. Taking advantage of
the coupled rigid and soft structures, ETTC can tactically regulate
nonradiative and radiative decay. Nanoparticles of ETTC demonstrate
dual-mode imaging guided photodynamic and photothermal synergistic
therapy with well-balanced performance for the four functions in vitro
and in vivo. This work provides a single molecule-based high-
performance multifunctional nanotherapeutic for precise medicine,
which should motivate researchers to design and explore more novel
small molecules coupling optimized toughness with softness for efficient
versatile nanomedicines.

promising cancer therapy modality, in which photoenergy is
exploited to generate toxic reactive oxygen species (ROS) for photo-
dynamic therapy (PDT) or hyperthermia for photothermal therapy
(PTT), has become quite preferred thanks to its attractive advan-
tages, including non-invasiveness, reduced side effects, and good
specificity.*>* Although great progress has already been made,
single-mode PDT or PTT still faces major challenges from
intrinsic physiologic barriers, including respective tumor hypoxia or
heat resistance,”>>° which compromises their own therapy effects.
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This has prompted researchers to explore synergistic therapy
combining PDT and PTT.*®?°>* The PDT/PTT combinational
therapy is especially attractive because these not only provide
complementary therapeutic modes for covering each other’s
weakness,>>***! the PTT heating can also accelerate blood flow,
which can increase oxygen level at tumors to overcome hypoxia.”>*’
While PDT and PTT have enjoyed much initial success, their wide
applications are often limited by the poor tissue penetration depth
of visible light. For this reason, extensive efforts have been put into
developing PDT and PTT agents that can be activated by near-
infrared (NIR) radiation, which have a much longer penetration
depth into biological tissues.”***"*” However, to date, efficient PDT
agents with good performance upon NIR excitation are still rare.

To achieve effective precision phototherapy, high-quality
imaging technologies are indispensable. Fluorescence imaging
in the second near-infrared window (NIR-II FLI) has demon-
strated its advantages over imaging in the visible and NIR-I
regions in terms of tissue penetration depth, signal to noise
ratio and biocompatibility.**>® On the other hand, photo-
acoustic (PA) imaging provides an alternative technique that
utilizes NIR light to trigger ultrasound signals, affording deep
penetration and a high temporal-spatial resolution.’®>'>'77
Impressively, as a tomography technique, PA imaging (PAI) can
provide more in-depth information with precise depth
measurements.”®>® Thus, the combined employment of NIR-II
and PA imaging can accomplish comprehensive diagnosis with
high precision and depth, thus benefiting the subsequent
therapy and monitoring. However, as the energy required for
achieving PDT, PTT/PAI and NIR-II FLI is competitive, it is
difficult to develop a nanotherapeutic to achieve and boost
every function efficiency simultaneously.

To address these issues, many efforts have been devoted to
designing and developing such multifunctional nanoplatforms.
The most employed strategy is to combine many components
into one entity to exert their respective functions, and thus to
realize multifunctional phototheranostics. Despite its effectiveness,
this approach is often associated with poor reproducibility and
indefinite pharmacokinetics, severely hindering the progress of
clinic translation.>**>*-°" Moreover, as the doped components
have different optical properties, they often require different
excitations from more than one laser, which not only increases
the complexity of operation, but also causes treatment
delay.>>°%°* Of note, as 808 nm photosensitizers are rare, thus
most versatile nanotherapeutics involving the PDT process can
only focus on the NIR region before 808 nm. On the other hand,
the reported agents with multimode imaging and therapy
performances still have room to be improved for achieving
favorable efficiency simultaneously or individually.>®*"®* There-
fore, the development of an 808 nm responsive molecule with
intrinsic multifunctionality appears particularly important.

In this work, we developed an ‘‘acceptor-donor-acceptor’’-
structured small molecule (ETTC) with strong NIR absorption.
Taking advantages of a coupled hardness with softness structure,
the small molecule-based nanotheranostics (ETTC NPs) showed
intrinsic multifunctionality, just involving one conjugated
oligomer to achieve tetraplex-functional cancer theranostics
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Scheme 1 (a) Preparation of ETTC NPs via a nanoprecipitation method.
(b) Mechanism of ETTC NPs-based NIR-II FLI, PAl, PTT and PDT.
(c) Schematic illustration of ETTC NPs for versatile cancer theranostics.

(NIR-II FLI, PAI, PDT and PTT) (Scheme 1), which success-
fully addressed the problems induced by the multicomponent
construction. Furthermore, the effect of every function was well
optimized, realizing an excellent photothermal conversion ability
(photothermal conversion efficiency: 52.8%), outstanding singlet
oxygen generation performance (3.2-fold higher than ICG) under
808 nm laser illumination, and high NIR-II fluorescence quan-
tum yield (3.0%), surpassing most reported NIR-II fluorophores
(Table S1, ESIT). ETTC NPs also possess strong photostability and
good biocompatibility. Notably, in vivo experiments realized total
tumor ablation through a synergistic combination of PTT and
PDT under the guidance of dual-mode NIR-II/PA imaging, further
confirming the superiority of the ETTC NPs. Therefore, this work
provides a new insight for the design and exploration of single
molecule-based nanotherapeutics for efficient multifunctional
cancer nanomedicines.

Materials and methods
Materials

The raw materials for ETTC synthesis were purchased from
SunaTech, Inc. 1,3-Diphenylisobenzofuran (DPBF) and MTT
was acquired from Sigma-Aldrich. DSPE-PEG,q0 Was obtained
from Avanti Polar Lipids. Hoechst 33342, 2’,7'-dichloro-
dihydrofluorescein diacetate (DCFH-DA) and all the cell super-
natants (DMEM, fetal bovine serum, trypsin buffer, phosphate
buffered saline, and antibiotic agents penicillin-streptomycin)
were purchased from Thermo Fisher Scientific.

Synthesis of ETTC

The m-conjugated oligomer (ETTC) was synthesized via a
Knoevenagel condensation.®®® Specifically, 6,6,12,12-tetrakis
(4-hexylphenyl)-6,12-dihydro-thieno[2”,3":4’,5 |thieno[3’,2":4, 5]
cyclopenta[1,2-b]thieno[2"’,3"':4” 5" |thieno[2",3":3’,4 |cyclopenta
[1',2":4,5]-2,8-dicarboxaldehyde (CAS No. 2243047-94-9, 57 mg,
0.05 mmol) and 2-(6-oxo-5,6-dihydro-4H-cyclopenta[c|thiophen-4-
ylidene)malononitrile (CAS No. 2099010-83-8, 20 mg, 0.1 mmol)
were dropped into a 50 mL two-neck flask and then the dry
chloroform (CHCl;, 20 mL) was added as a solvent. Then,
pyridine (0.5 mL) was added into the above flask and flushed
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with nitrogen. After nitrogen protection, the above mixture was
reacted at 65 °C for 24 h. The reaction liquid was cooled to room
temperature and then the product was precipitated using 100 mL
methanol. Further purification was carried out by column chro-
matography on silica gel. The product was obtained as a brown
solid (32.3 mg, 42%).

Characterization of ETTC

A Bruker Ultra Shield Plus NMR instrument (400 MHz) was
used to obtain the 'H NMR spectra of ETTC, respectively.
'H NMR (CDCl;, ppm) &: 8.76 (s, 2H), 8.33 (d, 2H), 8.06
(s, 2H), 7.91 (d, 2H), 7.20-7.14 (m, 16H), 2.56 (t, 8H), 1.63—
1.56 (m, 8H), 1.38-1.21 (m, 24H), 0.85 (t, 12H). *C NMR (CDCl,,
ppm) o: 181.37, 155.89, 152.73, 149.57, 148.36, 147.59, 143.06,
142.78, 142.49, 142.17, 139.74, 139.07, 138.99, 137.93, 136.78,
129.23, 128.07, 127.79, 127.28, 125.21, 115.23, 114.40, 67.06,
62.49, 35.63, 31.69, 31.23, 29.17, 22.58, 14.08. MALDI-TOF
MASS (m/z): 1501.276 ([M + HJ, calculated 1501.370).

Preparation of the ETTC NPs

ETTC itself is not soluble in water, which limits its direct
biomedical application as a free molecule. This issue is
addressed by packaging the ETTC molecules into water-
dispersible nanoparticles. ETTC NPs were prepared via a typical
nanoprecipitation method. Specifically, 1 mL ETTC solution
(1 mg mL ", dissolved in THF) was homogeneously mixed with
2 mL DSPE-PEG,, solution (5 mg mL™", dissolved in THF).
Then, the mixture was rapidly dropped into 27 mL DI water
under vigorous stirring. After leaving overnight, the prepared
ETTC NPs were ultrafiltered with 100 kDa millipore and washed
three times with PBS. Then, the ETTC NPs were stored at 4 °C in
a refrigerator.

Characterization of the ETTC NPs

The loading efficiency is calculated according to the following
equation:

Weight of ETTC in nanoparticles

- - x 100%
Weight of the nanoparticles ’

Loading efficiency =

A Malvem Zetasizer Nano ZS instrument and Philips Technai
12 instrument were employed to obtain the DLS and TEM
data of the ETTC NPs. A Shimadzu 1700 Spectrophotometer
was utilized to get the absorption spectra. A Fluorolog 3
NIR-II system was utilized to acquire the NIR-II emission
spectra.

Singlet oxygen generation of the ETTC molecules

ETTC molecules (3 mL, dissolved in THF) containing DPBF
were bubbled with oxygen for 8 min, in which the absorption of
ETTC at 808 nm and that of DPBF at 415 nm were set to about
0.16 and 1, respectively. The solution was then illuminated
using a laser (808 nm, 100 mW cm 2), and its absorption
spectra (300-550 nm) were recorded at different post-
irradiation times (0, 30, 60, 90, 120, 150, 180, and 210 s).
Similar operations were performed on the reference molecules,
ICG (3 mL, dissolved in DMSO).

This journal is © The Royal Society of Chemistry 2021
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ROS generation of the ETTC NPs

DCFH was used to detect the ROS generated by the ETTC NPs
under laser irradiation. In detail, ETTC NPs were diluted with
DCFH until the OD value of the NPs reached about 0.2. Then,
the ETTC NPs (700 pL) were illuminated using an 808 nm laser
(100 mW cm™?), and the fluorescence of DCFH was monitored
at different post-irradiation times (0, 1, 2, 3, 4, and 5 min).
Similar operations were performed on the reference molecules,
ICG water solution.

Photothermal properties tests

ETTC NPs were diluted to different concentrations and then
exposed to laser irradiation (808 nm, 1 W cm ™ ?) for 8 min.
ETTC NPs (25 ug mL ™) were subjected to different laser powers
for 8 min. The temperature profile of the ETTC NPs water
dispersions were recorded with a Fluke Ti400 Infrared Camera.

Intracellular ROS detection

DCFH-DA was selected to detect the intracellular reactive oxygen
species (ROS) generation ability of the ETTC NPs. Specifically,
the same density of A549 cells was cultured in five confocal
dishes overnight. Then the culture medium was replaced with
five different concentrations of ETTC NPs diluted with DMEM
(0, 3.125, 6.25, 12.5, and 25 pg mL~"). After 4 h post-incubation,
Hoechst 33342 (16 uM) and DCFH-DA (20 uM) were added to the
culture medium at the same time. Then, 30 min later, the cells
were washed three times with PBS, and the fresh DMEM was
added to the dishes. Then the cells were exposed to an 808 nm
laser (1 W cm ?) for 5 min. Finally, CLSM (Leica SPE) was
employed to detect the ROS generation ability of the ETTC NPs
with different concentrations.

MTT assay

The MTT assay was employed to quantitively assess the bio-
compatibility and killing ability of the ETTC NPs against A549
cancer cells. For the biocompatibility test, a 96-well plate was
seeded with A549 cells (5000/2500 cells per well) and left
overnight. Then the cells were incubated with ETTC NPs with
different concentrations for 24 h or 48 h, followed by the
determination of the cell viabilities by MTT assay. For the
killing ability evaluation, a 96-well plate was seeded with
A549 cells and left overnight. Then the cells were incubated
with different concentrations of ETTC NPs for 4 h when the
cells were adherent. Subsequently, the cells were subjected to
808 nm laser irradiation for 5 min. Then 24 h later, the killing
ability of the ETTC NPs to A549 cells was determined by
MTT assay.

Live/dead staining

Live/dead staining was used to visualize the toxicity of the ETTC
NPs to A549 cells. A549 cells with the same density were
cultured in four confocal dishes overnight, followed by four
different treatment methods: treated with PBS only (control),
treated with PBS + laser (808 nm, 1 W c¢cm %, 5 min, with
no NPs), treated with ETTC NPs (25 pg mL™~ ") only, or treated
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with ETTC NPs (25 ug mL™") + laser (1 W cm™2, 5 min). Then
24 h later, the cells were stained with AM/PI according to the
standard protocol. After 30 min, the cells were washed with PBS
three times, then the fresh medium was added to the dishes
for the subsequent fluorescence imaging by a confocal laser
scanning microscope (CLSM, Leica SP5 with IR laser).

Animal model

The nude mice bearing A549 tumor xenograft model was
employed for the in vivo experiments. To construct the model,
3 x 10° A549 cells (100 uL) were injected into the right flank of
the mice via the tail vein (BALB/c, female, 5-6 weeks). In vivo
experiments were conducted when the volume of the A549
tumors grew to about 100 mm?®. The mice for NIR-II imaging
were purchased from Jiangsu KeyGEN BioTECH Corp., Ltd, and all
related animal experiments were performed according to guide-
lines approved by the Jiangsu Administration of Experimental
Animals. The mice for photoacoustic imaging and cancer
therapy were obtained from Beijing Vital River Laboratory
Animal Technology Co. Ltd, and all relevant in vivo experiments
were carried out in accordance with guidelines approved by the
ethics committee of Beijing Institute of Technology.

In vivo NIR-1I fluorescence imaging

First, 200 pL ETTC NPs (1 mg mL™ ') were administrated into
the mice via the tail vein. Then, NIR-II FLI was performed at
specific time points after injection of the ETTC NPs by using a
small animal imaging system (Ex: 808 nm laser, filter: 1000-
1100 nm).

In vivo photoacoustic imaging

Here, 200 pL. ETTC NPs (1 mg mL™') were intravenously
administrated into the mice. After administration, photoacoustic
imaging was conducted at specific time points by using a
photoacoustic computerized tomography scanner (Endra Nexus
128, Endra Life Sciences, USA).

In vivo photodynamic and photothermal synergistic cancer
therapy

The A549 tumor-bearing mice were randomly divided into four
groups (6 mice per group) and received four different kinds of
treatment: PBS, laser, NPs and NPs + laser. Three mice in every
group were sacrificed to dissect tumors after different treat-
ments for hematoxylin and eosin (H&E) staining on the 2nd day
after treatment, and the remaining three mice in every group
were used to evaluate the therapy effect. An infrared camera
(Ti400) was employed to record the tumor temperature. At the
14th day post-treatment, the tumors in every group were excised
to weigh.

In vivo ROS evaluation

The A549 tumor-bearing mice were injected with PBS (200 pL)
or ETTC NPs (200 pL). Before laser irradiation, the mice were
intratumorally injected with 10 pL DCFH-DA solution (10 mM).
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After laser irradiation, the mice were sacrificed, and the tumor
tissues were collected to assess the ROS level by a research slide
scanner (VS200, Olympus).

Biosafety evaluation

At the 14th day after treatments, the main organs of the mice in
every groups were exercised for H&E staining. Blood samples of
the mice were collected for blood biochemical analysis. Six
hematological indexes of the mice, including alanine aminotrans-
ferase (ALT), blood urea nitrogen (BUN), lactate dehydrogenase
(LDH), aspartate transaminase (AST) and alkaline phosphatase
(ALP), were analyzed using a Chemray 800 Automated Chemistry
Analyzer (Shenzhen Rayto Life and Analytical Sciences).

Results and discussion

Design, synthesis, and characterization of the ETTC and ETTC
NPs

To simultaneously obtain good photoacoustic, NIR-II fluorescence,
photodynamic, and photothermal properties, the molecule should
possess: (1) a narrow energy gap (E,) to facilitate effective NIR
absorption; and (2) a small energy offset (AEsy) between singlet and
triplet excited states to enable efficient intersystem crossing
(ISC).**%® To further balance and optimize the efficacy of each
function, the molecule should have a coupled flexibility and rigidity
structure. A flexible molecular structure on the one hand can
promote heat generation,” while on the other hand it would also
hinder intermolecular aggregation minimizing fluorescence
quenching.”” A rigid structure as a motionless part prevents
excessive heat dissipation and enables fluorescence intensity
enhancement. Thus, a molecule coupled with an appropriate
structure of flexibility and rigidity would endow the system with a
balanced heat and fluorescence generation via tactically modulat-
ing the energy flow directions. With these considerations, we
introduced a strong electron acceptor (A) and an effective donor
(D) to construct a “A-D-A” structured small molecule (ETTC)
(Fig. S1, ESIt). The identity of the ETTC was confirmed with
'H NMR, “C NMR, and mass spectra (Fig. S2-S4, ESIt). The
molecule has a small energy gap of 1.83 eV, enabling absorption
over the NIR region. Meanwhile, the AEsr was calculated to be
0.65 eV using density functional theory (DFT). Such a small AEgy
can promote the ISC process, which is beneficial for ROS
generation.® In ETTC, both the D and A moieties are of high
rigidity and they are linked via two C-C bonds, which allow the two
A moieties to freely rotate with respect to the central D backbone.
The dihedral angle between the donor and acceptor plane is only 1°
(Fig. S5, ESIt), indicating a very small steric hindrance, which is
favorable to the relative rotation.

The optical absorption of ETTC in tetrahydrofuran (THF)
was measured with a UV-vis-NIR spectrometer, showing
an absorption peak at 750 nm with a high mass extinction
coefficient of 130.3 L g ' em ™! (Fig. S6, ESI{), which is much
higher than that of the reported agents.>*?””*"7® ETTC mole-
cules were then assembled into water-dispersible nanoparticles
(ETTC NPs) with an amphiphilic polymer DSPE-PEG;00
(Scheme 1a). The loading efficiency was determined to be 6.2%.

This journal is © The Royal Society of Chemistry 2021
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Dynamic light scattering (DLS) and transmission electron
microscopy (TEM) were employed to measure the size and
morphology of the ETTC NPs. As shown in Fig. 1a and b, the
NPs had a spherical shape and an average hydrodynamic
diameter of 59.3 nm. The zeta potential of the ETTC NPs was
measured to be —23.1 eV (Fig. S7, ESIt). Compared with the
molecules dissolved in THF (Fig. S6, ESIf), the NPs aqueous
dispersion showed a broadened and red-shifted absorption
(Fig. 1c, left). The ETTC NPs exhibited strong fluorescence from
900 to 1200 nm under 808 nm laser excitation (Fig. 1c, right).
According to the reported protocol, the NIR-II quantum yield
(NIR-II QY) of ETTC NPs was determined to be 3.0% (Fig. S8,
ESIt), which is higher than those of most reported NIR-II FL
nanoagents (Table S1, ESIt).”* These attractive properties make the
ETTC NPs promising for biomedical applications.

ROS generation of the ETTC and ETTC NPs

We first investigated the ROS generation ability of the ETTC
molecules and ETTC NPs under 808 nm laser irradiation
(100 mW cm2). Singlet oxygen generation by the ETTC molecules
dissolved in THF was detected with 1,3-diphenylisobenzofuran
(DPBF), where the absorption at 415 nm can be quenched upon
reaction with singlet oxygen. ICG was used as a comparison
standard. Fig. 1d and e, respectively, show the absorption spectra
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Fig. 1 (a) DLS analysis; and (b) TEM image of the ETTC NPs. (c) Absorption
and emission spectra of the ETTC NPs in water. Absorption decrease of
DPBF upon irradiation with an 808 nm laser (100 mW cm™2) in the
presence of (d) ICG; and (e) ETTC molecules. (f) Absorption decrease of
DPBF at 415 nm with increasing irradiation time. Fluorescence intensity
increase of DCFH upon irradiation with an 808 nm laser (100 mW cm~2) in
the presence of (g) ICG; and (h) ETTC NPs. (i) Fluorescence intensity
increase of DCFH at 525 nm with increasing irradiation time. (j)
Temperature-elevating curves of aqueous dispersions of ETTC NPs with
different concentrations and DI water under 808 nm laser illumination
(1 W cm™2). (k) Corresponding photothermal images of the ETTC NPs aqueous
dispersions after 5 min of laser irradiation. () Temperature-increasing/
decreasing curve, and cooling time vs. —In(0) plot (0: temperature driving force).
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of DPBF after 808 nm irradiation for different durations with ICG
and ETTC. It can be seen that ETTC showed a much faster
generation rate of singlet oxygen (~7.5 times of ICG, Fig. 1f),
while DPBF alone (control) could not generate singlet oxygen
(Fig. S9, ESIt). Dichlorodihydrofluorescein (DCFH) was selected as
the probe to evaluate the ROS production ability of the ETTC NPs
in water. It can be seen that the fluorescence intensity of DCFH
containing ICG solution (Fig. 1g) or ETTC NPs aqueous dispersion
(Fig. 1h) increased with duration of irradiation, while that of the
DCFH alone (control) showed a negligible increase (Fig. S10,
ESIt). These data are summarized in Fig. 1i which shows that
the ROS generation rate of ETTC NPs was ~ 3.2 times that of ICG.
These suggest that the ETTC NPs have a remarkable capability for
ROS generation and thus good potential for PDT applications.

Photothermal properties of the ETTC NPs

The photothermal performance of the ETTC NPs was then
studied. Temperature-rising curves of the ETTC NPs aqueous
dispersions of different concentrations and DI water were
recorded under 808 nm laser irradiation. The ETTC NPs
showed efficient photothermal conversion, and the heating
effect increased with the rising concentration (Fig. 1j) and laser
power (Fig. S11, ESIf). Photothermal imaging further con-
firmed the excellent thermal-generation capacity of the ETTC
NPs (Fig. 1k). The photothermal conversion efficiency (PCE) of
the ETTC NPs was determined to be 52.8% (Fig. 11). We also
evaluated the photostability of the ETTC NPs. After laser
irradiation, the absorption curve was measured and it showed
no observable difference to that before laser irradiation
(Fig. S12, ESIt). In addition, no declining trend in the
temperature-climbing ability of the ETTC NPs was observed
even after five heating/cooling cycles (Fig. S13, ESIt). These
results demonstrate the outstanding photothermal conversion
efficiency and good photostability of the ETTC NPs for potential
PTT applications.

Intracellular ROS generation and cytotoxicity evaluation

Cell experiments were further conducted to validate the ROS
generation ability of ETTC NPs. 2’,7'-Dichlorodihydro-
fluorescein diacetate (DCFH-DA) was used as an intracellular
ROS detection probe. Here, DCFH-DA will first be hydrolyzed
into DCFH by intracellular esterases after internalizing into
cells. Upon oxidization by ROS, DCF with a fluorescent peak at
525 nm would be formed. Fig. 2a show that with no NPs, green
fluorescence from DCF could not be detected in A549 cells.
As the concentration of the ETTC NPs increased, the green
fluorescence from DCF increased. It is interesting that even
with a very low ETTC NPs concentration of 3.125 pug mL ™",
intracellular ROS generation could be clearly observed, demon-
strating the good ROS production performance. Moreover,
quantification analysis of the green fluorescence intensity from
DCF indicated a concentration-dependent ROS generation in
the range from 0 to 25 pug mL~* (Fig. 2b). Endowed with an
excellent photothermal conversion and ROS generation ability,
cytotoxicity experiments were subsequently performed using
A549 cell lines with the standard MTT assay. As exhibited in
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50

Fig. 2¢c, the ETTC NPs in the dark showed little cytotoxicity, but
upon laser irradiation, a high cell-fatality rate of over 95% was
observed. To vividly depict the cancer cell-killing ability of the
ETTC NPs, we utilized AM/PI staining to visualize the cell-death
phenomenon. The results showed that the laser itself (without
NPs) had a negligible effect on A549 cell viability, while the
ETTC NPs showed increasing toxicity to A549 cells with their
increasing concentration under laser irradiation for 5 min.
Notably, A549 cells were almost completely annihilated with
an ETTC NPs concentration of 25 pug mL ™' (Fig. 2d). These
results revealed that the ETTC NPs have good biocompatibility
and cancer cell-eradication capability.

In vivo NIR-II FL and photoacoustic imaging

High-quality and complementary imaging technologies are
indispensable for precise and effective cancer therapy, and
can function as a ‘“navigator” in the therapy process. Here,
we employed two imaging modalities, NIR-II and PA imaging,
for tumor diagnosis. Fig. 3a shows that the fluorescent inten-
sities of the 1000-1100 nm emission were directly proportional
to the concentration of the ETTC NPs in aqueous dispersion.
This proportional relationship is particularly convenient for
quantitative image analysis. It is particularly impressive that a
zero fluorescent signal was obtained when there were no NPs
present. This will ensure high contrast images with no back-
ground noise for bioimaging (Fig. 3b). Fig. 3¢ shows that the PA
signal intensity increased linearly with the NPs concentration.
The inset shows the corresponding PA images. Subsequently,
an A549 tumor xenograft nude mice model was employed for
in vivo imaging. As expected, NIR-II FL and PA imaging showed
similar signal-evolution trends at the tumor site after intrave-
nous injection of the ETTC NPs. The signal intensity gradually
increased in the first 12 h followed by a signal decrease in the
following time points (Fig. 3d and e). Thus, 12 h post-injection
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of the ETTC NPs was selected as the optimal treatment time
point. Moreover, the main organs and tumor of the mice were
dissected to examine the distribution of ETTC NPs via NIR-II FL
imaging. The results showed that most of the nanoparticles
entered into the liver, spleen, and tumor (Fig. 3f and g). Such an
effective accumulation of nanoparticles at the tumor location is
advantageous for cancer therapy.

In vivo anti-tumor performance

In vivo cancer elimination experiments were carried out to
examine the therapeutic effect of the ETTC NPs. Mice bearing
the xenograft A549 tumor were randomly divided into four
groups (6 mice per group) and received four different kinds
of treatment when the tumor size reached ~100 mm?®. The first
group of mice were injected with only PBS (PBS), the second
group was injected with PBS and irradiated with 808 nm laser
for 10 min at 12 h post-injection (laser), the third group was
injected with only ETTC NPs (NPs), and the fourth group was
injected with ETTC NPs and irradiated with 808 nm (NPs +
laser). In particular, three mice in every group were monitored
for 14 days, while the remaining three mice in every group were
sacrificed for tumor hematoxylin and eosin (H&E) staining on
the 2nd day after treatment. An infrared camera was employed
to record the tumor temperature of the mice treated with the
laser or NPs + laser. Compared with the mice treated with the
laser, the tumor temperature of the mice treated with the NPs +
laser grew much more quickly (Fig. 4a and b), verifying the
good photothermal conversion ability of the ETTC NPs. After
treatment, only the tumors in the mice treated with NPs + laser
disappeared, while the tumors in the mice that received the

This journal is © The Royal Society of Chemistry 2021
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other three kinds of treatment grew very quickly (Fig. 4c-e).
This demonstrates the excellent tumor-killing ability of the
ETTC NPs under laser irradiation, and reveals the superiority
of combinational photodynamic and photothermal therapy. To
further study the in vivo ROS generation of the ETTC NPs,
tumor slice staining was conducted with the aforementioned
ROS detection probe, DCFH-DA. This indicated that the only
tumor slices from mice in the fourth group treated with NPs +
laser showed strong green fluorescence from DCF, which was
not observed in the other three groups (Fig. S14, ESIt), proving
the in vivo PDT. H&E staining (Fig. 4f) showed no observable
histopathological abnormalities in the tumors of mice treated
with PBS, laser, and ETTC NPs, while destructive injuries were
found in the tumor tissue of mice treated with NPs + laser.

Biosafety evaluation

The biosafety and biocompatibility of nanoagents are crucial
parameters in biomedical research. Thus, we also conducted
biosafety and biocompatibility evaluation for the ETTC NPs and
the applied laser. The body weight of the mice were monitored
after receiving different treatments every two days. During
14 days, the body weight of the mice in all the groups showed
no significant difference, initially affirming the biocompatibility
of the ETTC NPs and the applied laser (Fig. 4g). Furthermore, the
main organs (heart, liver, spleen, lung, and kidney) of every
group of mice were also collected at the 14th day after treatment
for H&E staining. No observable abnormalities and injuries were
noticed in any of organs in any group (Fig. 5a). Furthermore, we
performed blood biochemical analysis for the treated mice. As
indicated in Fig. 5b, there were no significant changes in the
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hematological indexes of the mice in the four groups. These
results all illustrated the good biosafety and biocompatibility of
the ETTC NPs and the applied laser.

Conclusions

We developed a coupled hardness with softness small molecule-
based nanotheranostics system, which not only integrated
photoacoustic and NIR-II fluorescence dual-modal imaging,
but also could achieve photodynamic and photothermal syner-
gistic cancer therapy upon 808 nm laser irradiation. This
nanotherapeutic overcomes many problems that current
multifunctional systems are confronted with, such as complex
components, multi-light source employment, and low efficiency,
which could be attributed to its simple construction and out-
standing optical properties. The ETTC NPs showed outstanding
light-harvesting ability, excellent photostability, and good bio-
compatibility. Most importantly, the ETTC NPs achieved a
complete elimination of cancer cells in vivo under laser irradia-
tion with the guidance of NIR-II and PA imaging. Therefore, this
work provides a new idea for the design and development of
versatile cancer nanomedicines by exploring single molecules.
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