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NIR-absorbing superoxide radical and hyperthermia
photogenerator via twisted donor-acceptor-donor
molecular rotation for hypoxic tumor eradication

Yucheng Zhu'', Qinghua Wu’', Chao Chen', Guoliang Yang', Hongliang Cao', Yun Gao',

Lijuan Jiao” Erhong Hao” and Weian Zhangl*

ABSTRACT Hypoxia severely impedes the therapeutic effi-
cacies of tumor chemotherapy, radiotherapy and conventional
photodynamic therapy (type II PDT). Herein, we proposed a
nonplanar near-infrared (NIR)-absorbing hyperthermia and
superoxide radical (O, ) photogenerator (TB) against hypoxic
tumors. TB particularly possessed a favorable O, " generation
capability under 808 nm laser irradiation with the donor-
acceptor-donor (D-A-D) molecular structure. Moreover, ow-
ing to molecular rotation, potent hyperthermia was realized
under continuous laser irradiation. For the usage of hypoxic
tumor treatment, TB was encapsulated by a block copolymer,
poly(ethylene glycol)-b-poly(latic acid) (PEGy-b-PLA,,), to
fabricate phototheranostic nanoparticles (TB NPs). Due to the
twisted molecular structure and the shielding effect of long
alkyl chains, the 7t-rt stacking-induced quenching of O, " could
be reduced after the fabrication of nano-assemblies. Sig-
nificantly, TB NPs exhibited satisfactory O, ' generation for
type I PDT and a simultaneously distinct photothermal con-
version efficiency (PCE, 62%) for photothermal therapy (PTT)
to combat hypoxic tumor cells. Moreover, the high PCE en-
dowed TB NPs with high-performance photoacoustic (PA)
and photothermal imaging capability. In vivo experiments
demonstrated that TB NPs possessed an outstanding photo-
therapeutic efficacy for eradicating hypoxic tumors. This
study established a novel approach for constructing oxygen-
independent phototherapeutic reagent against hypoxic tu-

mors.

Keywords: tumor hypoxia, superoxide radical, hyperthermia, D-
A-D structure, molecular rotation

INTRODUCTION

Hypoxia, a remarkable feature in tumor microenviron-
ments, is one of the major factors limiting the therapeutic
efficacies of tumor chemotherapy, radiotherapy and
conventional photodynamic therapy (type II PDT) [1-6].
To eliminate the negative influence of hypoxia during
treatment, some innovative measures have been adopted,
such as hyperbaric oxygen therapy, the introduction of
external-oxygen carriers (e.g., perfluorocarbon and he-
moglobin), in situ O,-generated catalysts (e.g., photo-
synthetic bacteria and catalase) and/or O, suppliers (e.g.,
Ca0,) [7-19]. Although these approaches have made
significant progress, they often need the introduction of
new O, enrichment materials or complicated processes.
Thus, it is promising to develop oxygen-independent
therapeutics.

Superoxide radical (O, *) has been recognized as one of
the main oxidants for cancer therapeutics because of its
ability to arouse DNA chain breakage, membrane injury
and mitochondrial oxidative phosphorylation [20-24].
For example, excessive mitochondrial O, * could trigger
autophagy-induced cell apoptosis [25,26]. Additionally,
under the intracellular superoxide dismutase (SOD)-
mediated disproportionation reactions, O, * could further
convert downstream into highly toxic hydroxyl radical
(-OH) to aggravate the anticancer efficacy [27-29]. In the
previous research, O, ~ could be produced for cancer
therapies by some inorganic or organic reagents under
light irradiation, and thus this O, "-based PDT (type I
PDT) is a potential cancer treatment for merits of non-
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invasiveness, low systemic-toxicity and high selectivity. In
comparison with inorganic O, ~ generators (e.g., metal-
oxide nanoparticles (NPs) and metal-organic frame-
works) [30-33], organic O, = photogenerators have at-
tracted extensive attention due to their biodegradability
and reduced pharmacokinetic complexity. Despite the
tremendous advances, there is remarkable scope to im-
prove the performance of organic O, ~ photogenerators.
For example, the inherent defects of most O, ~ photo-
generators, such as short maximum absorption wave-
length (less than 750 nm) and poor photo/chemical
stability, would limit the therapeutic efficacy against deep
tumors [34,35]. Moreover, normal nonplanar O, * pho-
togenerators tend to aggregate in physiological environ-
ments which might induce the quenching of O, * [36,37].
Based on the above considerations, it is highly desired to
fabricate a nonplanar near-infrared (NIR)-absorbing O,
photogenerator.

As another oxygen-independent phototherapy, photo-
thermal therapy (PTT) via laser-triggered photothermal
reagents has been intensively explored in defeating hy-
poxic tumors [38]. For PTT, a vital factor is the photo-
thermal conversion efficiency (PCE) which primarily
depends on the internal conversion of photothermal re-
agents [39]. The commonly used strategies for enhancing
PCE of photothermal reagents are the m-m stacking of
planar molecules and the conjugation of small molecules
[40-44]. To design photothermal photogenerators with
higher PCE, it is favorable to introduce a molecular rotor
to luminogens, in which the molecular motion in their
aggregates could be greatly boosted, resulting in distinct
PCE [45-50]. Nevertheless, rare efforts have been dedi-
cated on developing highly photostable photothermal
reagents with high PCE and large molar extinction
coefficient at long irradiation wavelengths (e.g., 808 nm).
Additionally, high cancer therapeutic efficacies could be
achieved by the synergistic treatment of PTT with other
therapeutic modalities [51-55]. In particular, several
studies revealed that PTT showed an enhancement to the
PDT efficacy for its ability to increase the blood flow rate
[56-58]. Toward this end, it is desirable to integrate hy-
perthermia into a robust O, ~ photogenerator so as to
develop a powerful oxygen-independent photo-
therapeutic reagent against hypoxic tumors.

Herein, we developed an ideal O, ~ and hyperthermia
photogenerator (TB) to fill the gap through engineering
the twisted donor-acceptor-donor (D-A-D) conjugated
structure against hypoxic tumors (Scheme 1). Specifically,
by the introduction of long alkyl chains-substituted tet-
raphenylethene unit (C,,H,;OTPE, as a molecular rotor

3102

© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2021

and electron donor) to dimer BODIPY core, TB pos-
sessed the following advantageous characteristics: (i)
maximum absorption at 802 nm and the extremely huge
peak mass extinction coefficient (286.57 L g ' cm ') could
efficiently help TB trap NIR photons; (ii) ultra-stable
photostability made TB a suitable phototheranostic re-
agent under continuous irradiation; (iii) the twisted D-A-
D molecular structure not only facilitated electron
transfer but also prevented the intermolecular m-n
stacking, which enhanced the O, * generation under ir-
radiation; (iv) molecular rotation between the C;,H,;
OTPE unit and dimer BODIPY core endowed TB with
ultrahigh photothermal conversion (Scheme 1a). The
detailed generation mechanism of O, ~ and hyperthermia
was fully revealed by theoretical calculation. This is the
first time for designing such a delicate unimolecular O,
plus hyperthermia photogenerator with such a long ab-
sorption wavelength. Furthermore, for hypoxic tumor
treatment, TB NPs were fabricated via the encapsulation
of TB with a block copolymer, poly(ethylene glycol)-b-
poly(latic acid) (PEG,s-b-PLA,,) [59]. Owing to the su-
perior photophysical properties of TB, in vivo experi-
ments have disclosed that TB NPs possessed an
outstanding type I PDT efficacy for tumor suppression.
Completely hypoxic tumor eradication was observed for
TB NPs under synergistic type I PDT/PTT treatment
(Scheme 1b).

EXPERIMENTAL SECTION

Materials

Reagents and solvents were purchased from Energy
Chemicals except 9,10-anthracenediyl-bis(methylene)-
dimalonic acid (ABDA), 5,5-dimethyl-1-pyrroline-1-
oxide (DMPO), singlet oxygen sensor green (SOSG), di-
hydroethidium (DHE), hydroxyphenyl fluorescein (HPEF),
annexin V-fluorescein isothiocyanate (FITC) and propi-
dium iodide (PI) purchased from Beyotime Institute of
Biotechnology.

Synthesis and characterization of TB

The synthesis of TB is depicted in the Supplementary
information. 'H nuclear magnetic resonance (NMR), °C
NMR and matrix-assisted laser desorption/ionization-
time of flight (MALDI-TOF) were used for the char-
acterization of TB. "H NMR (400 MHz, CDCl;): 6§ 7.85 (d,
J = 8.2 Hz, 1H), 7.20-7.05 (m, 3H), 7.03-6.92 (m, 2H),
6.65 (m, ] = 8.6, 7.5 Hz, 2H), 6.60 (d, ] = 4.3 Hz, 1H), 6.57
(d, J=4.5Hz, 1H), 3.88 (m, J = 15.3, 6.6 Hz, 1H), 2.40 (s,
1H), 2.16 (s, 2H), 1.72 (m, ] = 21.4, 14.7, 6.8 Hz, 1H),
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Adjacent Substrates

PEG,-b-PLA,,

Scheme 1

808 nm Hypoxic Tumor Cell

(a) Chemical structure of the probable mechanism of O, * and hyperthermia generation for TB under 808 nm laser illumination (Sy:

ground state; S;: singlet excited state; CSS: charge-separated state; D: electron donor). (b) Scheme illustration of the fabricated TB NPs against hypoxic

tumor cells.

1.50-1.16 (m, 12H), 0.90 (q, J = 6.9 Hz, 2H). °C NMR
(101 MHz, CDCl;) 6 157.99, 157.77, 146.12, 144.10,
141.43, 140.26, 138.49, 137.98, 137.22, 136.89, 136.11,
13591, 132.67, 131.65, 131.49, 130.29, 129.64, 129.17,
128.92, 128.16, 127.76, 126.16, 113.67, 113.49, 77.33,
77.01, 76.70, 67.83, 31.92, 31.91, 29.67, 29.64, 29.63, 29.60,
29.59, 29.58, 29.56, 29.43, 29.35, 29.34, 29.31, 29.29, 26.07,
26.04, 22.70, 22.69, 21.16, 20.08, 14.13. High-resolution
mass spectrometer (HRMS) (MALDI-TOF) m/z: IM]"
calculated for C,;sH¢B,FsN,O, 2042.3080,
2042.3083.

found

Preparation of TB NPs and ICG-labelled TB NPs
Preparation of TB NPs: TB (1 mg) and PEG,s-b-PLA,,
(15 mg) were first dissolved in 1 mL tetrahydrofuran
(THF), and then the solution was slowly added into 4 mL
phosphate buffer saline (PBS, pH 7.4) under intense
stirring. Afterwards, the solution was stirred for 2 h and
dialyzed for further usage.

Preparation of indocyanine green (ICG)-labelled TB
NPs: Briefly, 1 mg ICG, 1 mg TB and 15 mg PEG,;-b-
PLA,, were dissolved in 1 mL THF, and the solution was
then added dropwise into 4 mL PBS (pH 7.4). The solu-
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tion was dialyzed against ultrapure water in a dialysis bag
(molecular weight cut-off 3500) for three days at room
temperature. ICG-labelled TB NPs were then obtained
after dialysis.

Cell viability for TB NPs

For in vitro phototoxicity, 4T1 and MCF-7 cells
(25,000 cells mL ", 200 uL) were cultivated into 96-well
plates for 24 h. Then the culture medium was replaced by
new culture medium containing TB NPs. After the cells
were cultured for another 24 h, they were irradiated for
5min (0.25W cm ) and incubated for another 8 h.
Thereafter, the fresh culture medium with 20 pL methyl
thiazolyl-tetrazolium (MTT) (5 mg mL ") was used to
replace the original culture medium for a further in-
cubation of 4 h. Finally, the culture medium was removed
and 150 pL dimethyl sulfoxide (DMSO) was added into
each well, followed by measuring the absorbance at
492 nm on a spectrophotometric microplate reader. To
evaluate the cell cytotoxicity under hypoxia, the 4T1 cells
were firstly cultured in a 96-well cell plate in the 21% O,
atmosphere for 24 h, and further cultured in a 2% O,
atmosphere for another 8 h. Then, the following proce-
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dure was similar to that in normoxia except the cultiva-
tion conditions.

Animal experiments

All animal procedures were performed in accordance
with the Chinese legislation on the Use and Care of Re-
search Animals (Document No. 55, 2001), and institu-
tional guidelines for the Care and Use of laboratory
animals established by the East China University of Sci-
ence and Technology Animal Studies Committee, and
this committee approved the experiments.

Female nude mice (4 to 6 weeks old) were placed in the
pathogen-free environment (24°C). The mice were in-
jected with 100 uL cell suspension containing 5 x 10° 4T1
cells. Then the mice were randomized into five groups,
which were referred to as the saline group, L group, TB
NPs group, TB NPs + L(PDT) group (administered by
TB NPs with laser illumination every interval of 30 s) and
TB NPs + L group. Specially, the TB NPs + L(PDT)
group was harnessed to measure the type I PDT efficacy.
The total irradiation time for mice in L group, TB NPs +
L(PDT) group and TB NPs + L group was 7 min
(0.5W cm ) after 8h intravenous post-injection, re-
spectively. When the tumors were about 100 mm’, TB
NPs (125 uL) or saline (400 umol L") were intravenously
injected into each mouse, respectively. The length and
width of tumors and body weight of each mouse were
recorded every two days in two weeks. The mice were
sacrificed after treatment and the tumors and main or-
gans were collected.

RESULTS AND DISCUSSION

Characterization of TB

TB was first synthesized from an ethene-bridged BODI-
PY dimer via a palladium catalyzed C-H arylation with
C,,H,;OTPE-Br (Schemes S1 and S2).

The molecular structure of TB was fully confirmed by
'H NMR, C NMR and MALDI-TOF MS (Figs S1-S6).
The photophysical properties of TB were examined in
various solvents and data are summarized in Table S1. As
shown in Fig. la, the maximum absorption of TB was at
802 nm in toluene. The mass extinction coefficient of TB
at 802 nm is 286.56 L g ' cm ', which is much larger than
that of most reported phototheranostic reagents, such as
graphene oxide (3.6Lg 'cm ') and black phosphorus
quantum dots (148Lg 'cm ') [60,61], suggesting the
extremely strong NIR light-harvesting ability of TB. As a
crucial element for phototheranostics, the photostability
of TB was evaluated. From Fig. 1b, the maximum ab-
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sorption of TB in N,N-dimethylformamide (DMF) de-
creased by less than 2% after 25min continuous
irradiation. As a striking contrast, the clinically photo-
theranostic reagent ICG was quickly degraded only after
3 min illumination (0.5 W cm >, Fig. S7). Moreover, the
absorption spectrum of TB shows negligible change even
when exposed to indoor light for one month (Fig. S8),
which demonstrates the ultrahigh photostability of TB for
further phototheranostic process. The fluorescence
emission of TB was then characterized (Fig. 1c). TB
displayed a deep NIR emission with the maximal peak at
851 nm and shoulder peak at 949 nm in toluene, 855 and
944 nm in dichloromethane (DCM), and 881 and 981 nm
in acetonitrile (MeCN), respectively. Inspired by the
specific molecular structure, TB was speculated to possess
an outstanding ability to generate heat and reactive oxy-
gen species (ROS) under irradiation. A continuous tem-
perature rise was detected by using an IR thermal camera
when TB was exposed to laser irradiation. Astoundingly,
Fig. 1d reveals that the photoinitiated hyperthermia even
when TB (50 umol L) in boiled DMF was continuously
exposed to 808 nm illumination (1W cm %), demon-
strating the great potential of TB for further PTT against
tumor. Then, the 'O, trap probe ABDA and the O, " trap
probe DHE were initially harnessed to explore the ROS
type that TB generated under laser irradiation. Surpris-
ingly, there was almost no degradation of ABDA in TB
solution, confirming that TB could not produce 'O,
(Fig. S9). However, the DHE fluorescence displayed a
rapid increase under irradiation when the concentration
of TB was only 10 umol L' (Fig. le), amply verifying the
strong O, ~ generation capability. Furthermore, electron
spin resonance (ESR) spectroscopy was carried out to
confirm this hypothesis. It was clear that no ESR signals
of 'O, could be found for TB solution after 10 min ir-
radiation. However, after light irradiation, four char-
acteristic peaks of O, (peak a, Fig. 1f) were clearly
detected by using DMPO in ESR spectroscopy, further
confirming that TB could effectively produce O, " rather
than 'O, under irradiation. It should be noted that due to
the thermo-sensitivity of DMPO, three peaks represent-
ing the breakage of DMPO (peak b, Fig. 1f) in ESR
spectroscopy were found for TB in both H,0 and DMSO
solutions when exposed to laser illumination, verifying
the strong hyperthermia generation capability of TB.

Theoretical calculation

Furthermore, density functional theory (DFT) and time
dependent DFT (TDDFT) were carried out using the
B3LYP functional and a 6-31G(d) basis set to understand
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Figure 1 (a) Absorption spectra of TB in different solutions. (b) The photostability of TB under continuous 808 nm laser illumination (0.5 W cm D).
(c) Normalized fluorescence emission spectra of TB in different solutions. (d) The raised temperature of TB under laser illumination (808 nm,
1 W cm ). (e) Fluorescence intensity change of O, " probe triggered by TB under irradiation. (f) The ESR signals for O, " and 'O, characterization
(a: the characteristic peaks of O, '; b: the characteristic peaks of the breakage for DMPO caused by hyperthermia under irradiation). (g) The frontier
MOs of the ground-state geometry for TB. (h) Calculated ultraviolet-visible (UV-vis) absorption of TB. The unit for molar absorption coefficient is
10° L mol ' cm™". The mesitylene units and the long alkyl chains in the structure were omitted for clarity. (i) The dihedral angles of TB. (j) The energy
levels of the S, (black) and S, (red) states of TB around the C-C bond with various dihedral angles ¢2. (k) The energy gap between the S, and S, states

of TB around the C-C bond with various dihedral angles ¢2.

the excellent photophysical propoties of TB and calcula-
tion results are summarized in Fig. 1g, Fig. S10 and
Table S2. The calculated highest occupied molecular or-
bitals (HOMO) energy levels were increased from —5.97
to —4.98 eV for TB when compared with the BODIPY
core, while the lowest unoccupied molecular orbitals
(LUMO) energy levels decreased from —2.84 to —3.21 eV.
The TDDFT calculated parameter (Table S2) of TB shows
the S, — S, transition with an excitation energy at
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823.56 nm. This excited state might contribute to the
observed absorption of TB in the experiment. The
TDDFT calculation in Fig. 1h also indicates that the ab-
sorption of TB corresponds to the S, — S, transition
which originated from HOMO to LUMO with the largest
mass extinction coefficient, exhibiting a typical m-m*
characteristics.

As shown in Fig. 1c, a larger bathochromic shift and
dramatically decreased fluorescence (fluorescent quan-
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tum yields from 0.1 to 0.01 in toluene and MeCN, re-
spectively) were observed when the solvent polarity was
increased (Table S1), which was highly in accordance
with the typical intramolecular electron transfer process.
The frontier molecule orbitals of the DFT calculations for
TB in Fig. 1g also indicate the distinct electron donating
from C,,H,;OTPE units to dimer BODIPY core. Con-
sidering both theoretical and experimental results, it was
concluded that the strong O, ~ generation of TB was at-
tributed to the D-A-D molecular structure. Moreover, the
dihedral angles for ¢1, ¢2 and ¢3 (Fig. 1i) in the opti-
mized ground states were 179.02°, 143.62° and 166.88°,
respectively, which firmly confirmed that TB owned a
twisted molecular structure. In addition, due to the
shielding effect of long alkyl chains in the C,H,;OTPE
unit, the intermolecular aggregation-caused O, "
quenching could be greatly reduced when TB was en-
capsulated into nano-assemblies.

Moreover, we speculated that the introduction of the
C,H,;OTPE unit to dimer BODIPY core might greatly
endow TB with a superb photoinduced heat generation,
since the TPE unit could be considered as the molecular
rotor. Then, potential energy curves at both S, and S,
states of TB at different dihedral angles were investigated.
By comparing the potential energy curves of TB with
different @1, ¢2 and ¢3 (Fig. 1j and Fig. S11), the non-
radiative deactivation within rotations around ¢2 pos-
sessed the smallest E,,, in both ground state and first
excited state, indicating that the rotation of the C;,H,;s-
OTPE around the dimer BODIPY core was dominant in
TB. However, it was noted that the energy barrier of TB
in ¢2 for S, was 3.13 kcal mol ', which was larger than
that of S, (1.95 kcal mol ') (Fig. 1j), suggesting that the
rotation tended to occur at the excited state. The excited
rotation and small E,,, (shown in Fig. 1k) highly disclosed
that the introduction of C,,H,;OTPE unit endowed TB
with the excellent photothermal conversion property.

Characterization of TB NPs

To further enhance the solubility of TB in aqueous media,
TB was then encapsulated by the block copolymer PEG,s-
b-PLA,, to fabricate TB NPs. In order to characterize the
morphology of TB NPs, transmission electron micro-
scopy (TEM) was first used. From Fig. 2a, it was noted
that TB NPs were dispersed well to form well-defined
spherical self-assemblies with the average size around
90 nm. And the dynamic light scattering (DLS) result for
size distribution in Fig. 2b was consistent with the TEM
image, implying the potential of TB NPs for tumor ac-
cumulation. The photophysical properties of TB NPs
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were further explored. It was noted that the maximum
absorption of TB NPs was around 810 nm which is very
suitable for 808 nm light absorbing (Fig. 2c). TB NPs still
possessed ultra-stable photostability, which was con-
vinced by the faint change of absorption spectrum for TB
NPs under 60 min laser irradiation (Fig. S12). Moreover,
the fluorescence emission of TB NPs was evaluated. A
deep NIR emission around 880 nm was observed and the
relative fluorescence quantum yield of TB NPs was cal-
culated as 0.77% (Fig. S13). Under 808 nm laser irradia-
tion, TB NPs still possessed an O, * generated capability
with time elapsing (Fig. 2d, e), demonstrating that TB
NPs has the potential to act as an O, ~ photogenerator
under the aqueous media in tumor. Moreover, since TB
could efficiently raise the temperature in DMF, we sup-
posed that TB NPs possessed an ultrahigh PCE under
laser illumination as well. Then the increased temperature
of TB NPs versus sample concentration (from 20 to
50 umol L") was examined under 0.5 W cm * laser power
density (Fig. 2f). The increased temperature was about
60°C even at a concentration of TB NPs as low as only
20 umol L™, indicating the strong photothermal effect of
TB NPs for further usage to induce tumor cell ablation.
In addition, when the laser power density changed to
1Wcm >, the solution temperature of TB NPs
(50 yumol L") raised up to 100°C after only 1.5 min ir-
radiation (Fig. 2g), suggesting the strong photothermal
conversion behavior of TB NPs. From Fig. 2h and
Fig. S14, the PCE of TB NPs was 62%. In addition, re-
peated cycles of heating and cooling were carried out for
TB NPs at the concentration of 50 umol L™ under laser
irradiation (0.3 W cm °) to evaluate their photothermal
stability. From Fig. 2h, it was noticed that the temperature
elevation of the 4™ cycle was remained almost the same
level of the first cycle. Thus, the negligible attenuation of
PCE demonstrated that TB NPs could bear repeated laser
illumination. Photoacoustic (PA) performance of TB NPs
was studied at different concentrations from 10 to
50 pmol L. As shown in Fig. 2i, PA signals of TB NPs
show a linear enhancement with the increased con-
centration, which is in agreement with the photothermal
results. The above characteristics, including NIR-ab-
sorption, super photostability, superb O, * generation and
ultrahigh PCE, clearly demonstrate that TB NPs could act
as an ideal phototherapeutic reagent for defeating tumor.

Cellular uptake and O, generation of TB NPs

In vitro cellular uptake of TB NPs was investigated via
confocal laser scanning microscope (CLSM) after in-
cubation of 4T1 murine breast cancer cells with TB NPs

December 2021 | Vol.64 No.12



SCIENCE CHINA Materials

ARTICLES

a b ] S
- —TB (DMF)
. ——TB NPs (PBS)
=4 8
& €09
N é
0.6
[ 7]
3 2 Q
E <03
il i
ol 0.0
10 100 1000 10000 400 600 800 1000
Size (nm) Wavelength (nm)
2600 3000 80
d i —0s & f —=— 20 pmol L
10 pmol L Y = 23.49X +683.68 a
3000 — 158 25004 R —e— 35 pumol L
- . =0.9946 601 _a_ 50 umol L
= 2400 2 -
8 % 2000 o
[} e ~ 40
= o g 1500 P
= b= 1
1200
s I 20
600 10004
0 T 5 500 T T T T 0 T T T T T T
560 600 640 680 0 30 60 90 0 60 120 180 240 300
Wavelength (nm) Time (s) Time (s)
g % h * = 50.0k
E 1
—~+—03W —4—04W ——05W —=—1W —50 pmol L™, 0.30 W —as.0k] Y=575.87x+14456.45
8] A ] 2 R'=0.993
60 i \ i S .40.0k 4
= 274 [ | i \ 2
~ \ \ £ 35,
Q o / i’ | 2 35.0k
~ g |
~ 184 | | @ 30.0k
< 30 =2 ]! | ! | €
i { | i = 25.0k4
91 | i | g
I ‘ , 20.0k1
0 04 , . : 15.0k L . x . T
0 60 120 180 240 300 0 950 1900 2850 3800 10 20 30 40 50

Time (s)

Time (s)

Concentration (umol L")

Figure 2 (a) TEM image of TB NPs. Scale bar: 100 nm. (b) Size distribution of TB NPs. (c) The absorption spectra of TB NPs after assembly.
(d) Time-dependent fluorescence intensity changes of DHE for TB NPs (10 pmol L") under laser illumination. (e) Plots of the fluorescence intensity
change of DHE for TB NPs under irradiation. (f) Temperature changes of TB NPs at various concentrations (0.5 W cmfz). (g) The raised temperature
for TB NPs (50 umol L") under irradiation with different power densities. (h) Photothermal stability of TB NPs (50 umol L") during four cycles
0.3W cmfz). (i) PA signal intensities of TB NPs at different concentrations.

for different time. As illustrated in Fig. 3a, 4T1 cells
treated with TB NPs displayed obviously red fluorescence
after 4 h incubation, confirming that TB NPs could be
efficiently internalized by 4T1 cells. The preferable en-
docytosis of TB NPs was highly favorable for causing
subsequent photocytotoxicity. Since TB NPs exhibited
remarkable O, * and hyperthermia generation efficiency,
a series of cell experiments were carried out to verify the
phototherapeutic efficacy of TB NPs in vitro. As shown in
Fig. 3b, flow cytometry analysis confirmed that TB NPs
could generate the most ROS in cells after irradiation.
CLSM images in Fig. S15 show the similar result as that in
flow cytometry analysis. Moreover, three different ROS
probes were harnessed to prove the O, generation
ability of TB NPs in tumor cells under different cultiva-
tion conditions. After irradiation, bright red fluorescence
of DHE assigned to O, ~ was observed in 4T1 cells by
CLSM under normoxia (Fig. 3¢), implying TB NPs might
show an efficient type I PDT efficacy against tumor cells.
However, no 'O,-related SOSG fluorescence was ob-
served for cells incubated with TB NPs after 10 min ir-
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radiation (Fig. 3d), which matched well with the above
results in Fig. S9 and Fig. 1f. Interestingly, green fluor-
escence of HPF representing the -OH generation was
detected for cells incubated with TB NPs under laser ir-
radiation, which was attributed to the conversion of O,
to -OH wunder the intracellular SOD-mediated dis-
proportionation reactions (Fig. 3e). Moreover, 4T1 cells
were also cultivated under hypoxic condition (2% O,).
The remarkable DHE fluorescence could still be detected
for cells in CLSM images after hypoxic treatment, im-
plying TB NPs still possessed an O, * generation perfor-
mance under hypoxia.

Cytotoxicity of TB NPs

To demonstrate the phototherapeutic effect of TB NPs,
MTT assays were employed. From Fig. 3f, there was
unobvious toxicity to 4T1 cells without irradiation, sug-
gesting the outstanding biosafety of TB NPs. To eliminate
the interference of heat generation for fully evaluating
PDT efficacy, cells incubated with TB NPs were exposed
to 808 nm laser (0.1 W cm ) for every interval of 30s,
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Figure 3 (a) Cell uptake of TB NPs. Scale bar: 50 um. (b) Flow cytometry analysis of ROS generation in 4T1 cells. Intracellular (c) O, *, (d) lO2 and
(e) -OH production of 4T1 cells under normoxia (21% O,) or hypoxia (2% O,). Scale bars: 50 um. (f) Cell viabilities of 4T1 cells under normoxia (21%
0,). () 4T1 cells treated with TB NPs under hypoxic condition (2% O,). (h) Quantification of annexin V-FITC and PI double-labeled hypoxic 4T1

cells under different treatment.

since the raised temperature for TB NPs (50 ymol L ')
was only 6°C after 30 s laser irradiation (0.3 W cm °). It
was found that the cell viabilities continuously decreased
with increased concentration of TB NPs under 808 nm
laser illumination. Interestingly, regardless of the cell
lines, when the cultivation concentration of TB NPs was
4 umol L', TB NPs showed high phototoxicities with the
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cell viabilities at 35.2% for 4T1 cells and 30.4% for MCF-7
cells (the total illumination time for both cell lines was
5 min), respectively. Notably, with continuous irradiation
for 5 min, the 4T1 cell viability was quickly dropped to
27.2% and the viability of MCF-7 cells was detected at
27.2% when the concentration of TB NPs was only
2umol L' (Fig. S16). Moreover, when the cells were
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cultivated under hypoxia, negligible difference of cell vi-
abilities was also observed (Fig. 3g), which indicated the
outstanding phototherapeutic efficacy of TB NPs to
combat hypoxic tumor cells. Furthermore, FITC and PI
were applied to explore the phototherapy efficacy of TB
NPs in hypoxia. Likewise, the significantly increased cells
in PI-positive region suggested that cell death was in-
duced by the incubation with TB NPs under laser irra-
diation (Fig. 3h). Much more cell apoptosis was observed
for TB NPs with continuous laser irradiation, which va-
lidated an excellent synergistic therapeutic efficiency of
TB NPs towards hypoxic tumor cells.

In vivo bioimaging of TB NPs
Inspired by the excellent results in vitro, in vivo evalua-
tion of phototherapy for TB NPs on 4T1 tumor-bearing

10 pmol L sy T/min

mice was carried out. Considering that the relative
fluorescence quantum yield of TB NPs was only 0.77%,
4T1-tumor bearing mice were intravenously injected with
ICG-labeled TB NPs. The images were collected by a
fluorescence imaging system. A gradually enhanced
fluorescence signal in tumor was observed after 8 h in-
jection, demonstrating that TB NPs were able to be ef-
fectively accumulated at tumor sites (Fig. 4a). Moreover,
high PCE endowed TB NPs with strong photothermal
imaging and PA imaging capabilities in vivo. In order to
measure the in vivo photothermal imaging ability, mice
were intravenously injected with TB NPs at two con-
centrations (10 and 50 pmol L '), respectively. After 8 h
intravenous administration, mice were anesthetized and
then tumors were illuminated by an 808 nm laser
(05W cmfz). As expected, attributed to the ultrahigh
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Figure 4 (a) In vivo fluorescence images of ICG-labeled TB NPs in tumor-bearing mice. (b) Photothermal images of mice after 8 h injection with
TB NPs under laser illumination. (c) In vivo PA imaging of TB NPs. (d) The corresponding relative PA signal intensities of TB NPs versus different
time on tumor. (e) Photographs of excised tumors for different groups. (f) Relative 4T1 tumor volume for different groups during therapy. (g) Tumor
weight in different groups. (h) Body weight in different groups during phototherapy. (i) Hematoxylin-eosin (H&E) staining of tumors after different
treatments. Scale bar: 20 um. (j) Immunohistochemical analysis (cleaved Cas 3) in tumor after treatment. Scale bar: 50 um.
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PCE of TB NPs, the tumor temperature rapidly increased
to about 40°C with the concentration of TB NPs at
50 umol L' (Fig. 4b), implying the further PTT usage of
TB NPs in tumor. Furthermore, in vivo PA imaging of
TB NPs was evaluated by a noninvasive PA imaging
system. After intravenous injection with TB NPs (125 pL,
50 umol L"), the PA intensity at tumor was gradually
enhanced as well (Fig. 4c). As shown in Fig. 4d, the PA
intensity at 8 h was about 5-fold of the initial value, which
showed the similar trend to the fluorescence imaging
result. Consequently, TB NPs showed the capability to
accumulate in tumor within 8 h.

In vivo antitumor efficacy of TB NPs

To quantitatively assess the antitumor efficacy, mice
bearing 4T1 tumors were randomly assigned into five
groups. According to the corresponding digital pictures
(Fig. 4e), the average tumor volume in the saline group
showed more than 12-fold increase of initial tumor vo-
lume, indicating negligible anticancer efficacy for saline
to trigger tumor ablation (Fig. 4f). Moreover, the tumor
growth in TB NPs group was similarly to that in the
saline group, suggesting the negligible antitumor effi-
cacies for TB NPs without laser irradiation. Compara-
tively, in TB NPs + L(PDT) group, effective tumor
growth suppression was observed, which indicated the
satisfactory type I PDT efficacy of TB NPs. Importantly,
according to the changes of relative tumor volume over
time, TB NPs with continuous 808 nm illumination re-
sulted in completely tumor ablation and the tumor
elimination rate reached 100%, demonstrating the out-
standing synergistic type I PDT/PTT therapeutic efficacy
in defeating tumor. Moreover, the tumor-weight records
in Fig. 4g were highly consistent with the tumor volume
growth curves. In addition, all mice exhibited unobvious
body weight loss (Fig. 4h), implying that negligible side
effects of TB NPs throughout the whole treatment period.
Furthermore,  histological  analysis = and  im-
munohistochemical analysis were utilized to evaluate the
treatment effect. Fig. 4i shows that the nuclei of tumor
cells are almost unchanged in saline group, L group and
TB NPs group without irradiation, while parts of the
nuclei are distorted and even destroyed in the TB NPs + L
(PDT) group. Moreover, considering that the level of
cleaved Caspase 3 (Cas 3) is largely increased during cell
apoptosis, the Cas 3 expression was further testified in
different tested groups. In contrast to the low expression
of cleaved Cas 3 in saline group, Cas 3 expression was
significantly enhanced in TB NPs + L(PDT) group
(Fig. 4j). This result gave further evidence that TB NPs
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under irradiation could activate the cleaved Cas 3 ex-
pression during type I PDT period. The H&E staining of
main organs (hearts, spleens, livers, lungs and kidneys) in
Fig. S17 shows that TB NPs caused no damage to normal
tissues, indicating the outstanding phototoxicity and ex-
cellent biocompatibility of TB NPs.

CONCLUSIONS

In summary, we have developed a novel NIR-absorbing
(802 nm) unimolecular O, * and hyperthermia photo-
generator (TB) to defeat hypoxic tumors. According to
theoretical calculation, the twist D-A-D molecular struc-
ture and molecular rotation endowed TB with satisfac-
tory O, " and hyperthermia generation, respectively. The
prepared TB NPs were found to exhibit excellent pho-
tothermal and PA signals due to their high PCE. More-
over, in vivo experiments disclosed that TB NPs showed
outstanding phototherapeutic performances to induce
tumor elimination under continuous laser irradiation.
Therefore, this study would propose a new strategy for
developing oxygen-independent phototherapeutic re-
agents to fight against hypoxic tumors.
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