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ABSTRACT: Synergistic phototherapy provides a promising strategy to
conquer the hypoxia and heterogeneity of tumors and realize a better
therapeutic effect than monomodal photodynamic therapy (PDT) or
photothermal therapy (PTT). The development of efficient multifunctional
organic phototheranostic systems still remains a challenging task. Herein,
9,10-phenanthrenequinone (PQ) with strong electron-withdrawing ability is
conjugated with the rotor-type electron-donating triphenylamine derivatives
to create a series of tailor-made photosensitizers. The highly efficient Type I
reactive oxygen species generation and outstanding photothermal conversion
capacity are tactfully integrated into these PQ-cored photosensitizers. The
underlying photophysical and photochemical mechanisms of the combined
photothermal and Type I photodynamic effects are deciphered by
experimental and theoretical methods and are closely associated with the
active intramolecular bond stretching vibration, facilitated intersystem
crossing, and specific redox cycling activity of the PQ core. Both in vitro and in vivo evaluations demonstrate that the
nanoagents fabricated by these PQ-based photosensitizers are excellent candidates for Type I photodynamic and photothermal
combined antitumor therapy. This study thus broadens the horizon for the development of high-performance PTT/Type I
PDT nanoagents for synergistic phototheranostic treatments.

KEYWORDS: 9,10-phenanthrenequinone, Type I reactive oxygen species, photothermal conversion, intersystem crossing,
redox cycling activity, bond stretching vibration, synergistic therapy

INTRODUCTION tumor death by causing irreversible oxidative damage to
biological macromolecules (DNA, proteins, lipids, etc.) and
cell metabolic disorders.'”~"* Generally, a high oxygen (O,)
concentration level is the prerequisite to ensure a therapeutic
effect of clinical PDT based on the Type II pathway."
However, the extremely hypoxia nature of tumor tissues is a
common hallmark due to insufficient blood supply, and what is
more, the O, consumption during PDT would further
aggravate tumor hypoxia. "> To overcome the Achilles’ heel

Phototheranostics, as a noninvasive precision medicine
technology, provides great potential to realize real-time
diagnosis and concurrent in situ treatment, and thus, it has
recently attracted considerable attention in clinical malignant
tumor elimination research.'™ Significant progress has been
made in the development of phototheranostic systems
nowadays, mainly including photothermal therapy (PTT)
and photodynamic therapy (PDT).*”® Thereinto, PTT refers
to the conversion of absorbed photonic energy into thermal
energy, causing local high temperature to ultimately kill tumor Received:  September 3, 2021
cells with the advantages of high specificity, precise Accepted:  November 24, 2021
controllability, and minimal damage to normal tissues.” ™’

PDT, as another method of treating tumor disease, mainly

utilizes photosensitizers to generate high levels of cytotoxic

reactive oxygen species (ROS), which can lead to malignant
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Figure 1. Redox cycling of PQ, schematic illustration of molecular structures, nanofabrication, and the synergistic PTT/Type I PDT tumor

theranostics.

of traditional PDT, several O,-replenishing strategies have
been proposed, but often with complex therapy methods and
severe side effects.'®'” By contrast, the hypoxia-tolerant Type I
PDT provides a straightforward way to improve tumor
treatment efficacy, which can produce highly cytotoxic free
radicals and thus perform well even under low O,
conditions."®™*° In addition, some studies confirmed that
PTT could not only enhance vascular saturated O,
concentration by increasing blood flow rate but also result in
higher uptake of PDT agents by tumor cells, which are
conducive to improving overall treatment efficacy.”"** But this
desired therapeutic effect by the synergistic therapy can be
hardly achieved by a monotherapy method. Therefore, the
combination of Type I PDT and PTT is considered as a more
feasible strategy to conquer the hypoxia and heterogeneity of
tumors and realize a better antitumor therapy effect.
Phototherapy agents account for an essential component in
phototheranostic applications. To date, most reported photo-
therapy agents applied in synergistic therapy are inorganic

materials with various components, and only a few of them
exhibit Type I PDT.>*"° Their complicated composition, slow
metabolism, and low reproducibility inevitably result in a
limitation for practical clinical applications. In comparison with
inorganic nanoagents, organic small molecules hold more
advantages of simple composition, definite structure, out-
standing biocompatibility, and adjustable functionality.”*™>*
Aiming to achieve the purpose of highly efficient combination
therapy, the ingenious construction of multifunctional organic
small molecules with excellent Type I ROS generation and
high photothermal conversion efficiency by balancing multiple
competitive excited-state relaxation processes is of significant
importance but will be a challenging task.

The Type I PDT mechanism is demonstrated to involve an
electron transfer process between the photosensitizers at the
triplet state and the substrate molecules to generate free radical
ROS (Scheme S1), which means efficient intersystem crossing
(ISC) and intramolecular charge transfer (ICT) of the
photosensitizers upon photoexcitation play key roles.””™>"

https://doi.org/10.1021/acsnano.1c07730
ACS Nano XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c07730/suppl_file/nn1c07730_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c07730?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c07730?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c07730?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c07730?fig=fig1&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.1c07730?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano WWWw.acsnano.org

20
—PQ-TPA 807 ¢ —s—PQ-TPA
ﬂ —— PQ-TPAOCH :I —e— PQ-TPAQC1
164 —— PQ-TPAOC4 704 —a— PQ-TPAOC4
<Dy> =107 nm —— PQ-TPAOCS = —v— PQ-TPAQOCS8
PDI=0.102 5 o > HpO
£ 12 % s 60
> Q =
3 £ B
c a & 50
g 8] 5 -3
£ @ £
Qo @
< = 404
44
304
0
10 1000 10000 400 500 600 700 800 0 100 200 300 400 500 600
Size (nm) Wavelength (nm) Time (s)
100 —
D] w00 [E] £l
—=— PQ-TPA 100+
—e— PQ-TPAO1
—— PQ-TPAO4
—_ 300 80 -
g —~ e
"
s §° 2] PQ-TPA ™
= ] < e PO -
g 200 = —o— PQ-TPAO1 "
g 40] —e—PQ-TPAO4
© —a— PQ-TPAOS8
a 100 - —+—RB
201 —e— ABDA
T T T T 0 0 T T T T T
0 500 1000 1500 2000 2500 0 50 100 150 200 250 300 0 80 120 180 240 300
Time (s) Time (s) Time (s)
& 30 hout white ligh
] —— without white light
|
EI L w ‘J —— 100 mW/em? white light
i 25 PQ-TPA + BMPO
6 A o sbran M
—=—PQ-TPA @
20 - v
- e PQ-TPAOT g PQ-TPAOC1 + BMPO
1 4] —»—PQ-TPA & —+—PQ-TPAD4 S [zt {U v Byrorrmssintarsted
= —e— PQ-TPAO1 -~ 157 —+—PQ-TPAOB E PQ-TPAOC4 + BMPO)
= —+— PO-TPAO4 = ——CV x HMWWMJQMWWW
—4—PQ-TPACS 10 —+—HEF: &
1 L PQ-TPAOGCS + BMPO
2 +~—RB ¥ e
—e— S0SG i il A T e
23 BMPO
05 —t—t A S = = = |
0 50 100 150 200 250 300 0 100 200 300 400 500 600 3420 3470 3520 3570
Time (s) Time (s) Magnetic field. G

Figure 2. (A) Dynamic light scattering (DLS) profile of PQ-TPAOC1 NPs. Inset: the average hydrodynamic diameter (D},) and PDI of PQ-
TPAOC1 NPs measured by DLS; photograph of PQ-TPAOC1 NPs taken under room light and TEM image of PQ-TPAOCI1 NPs (scale bar:
200 nm). (B) UV—vis absorption spectra of these NPs in water. (C) Photothermal curves of these NPs in aqueous solution (150 #M) and
pure water upon 660 nm laser irradiation (800 mW cm™2) for 300 s, and cooled for 300 s without irradiation. (D) Photothermal curves of
PQ-TPAOC1 NPs subjected to four 660 nm laser irradiation on/off cycles at 800 mW cm ™. Plots of (E) relative PL intensity (I/I, — 1) of
DCFH (1 uM), (F) relative decomposition rates (A/A,) of ABDA (30 uM), (G) relative PL intensity of SOSG (5 pM), and (H) HPF (S uM)
in the presence of 1 uM PQ-TPA NPs, PQ-TPAOC1 NPs, PQ-TPAOC4 NPs, PQ-TPAOC8 NPs, RB NPs, and/or CV NPs in PBS, upon
white light irradiation with 50 mW cm™ for different times. (I) ESR signals of BMPO (25 mM) in the presence 10 uM PQ-TPA, PQ-
TPAOCI1, PQ-TPAOC4, and PQ-TPAOCS in PBS with 1 vol % DMSO, with/without white light irradiation (100 mW cm™2) for § min. I,
and I are the PL intensities of the indicator before and after irradiation, respectively. A; and A are the absorbances of ABDA before and after
irradiation, respectively.

On the other hand, the active intramolecular motions mainly because they can occur in a confined space and can hardly be
including rotations and vibrations are in favor of nonradiative restricted by external environmental factors.””**
energy dissipation, namely heat generation.32 Thus, the Based on the above considerations, the molecular design
introduction of sufficient molecular rotors and/or vibrators is strategy of creating organic molecules with electron donor—
very helpful for PTT. Especially, the high-frequency intra- acceptor (D—A) interaction by choosing 9,10-phenanthrene-
molecular bond stretching vibrations exhibit a more prominent quinone (PQ) that bears two carbonyl groups comes into
advantage in boosting heat generation in the aggregated state, being. The strong electron-withdrawing ability and special
C https://doi.org/10.1021/acsnano.1c07730
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n—7* transition feature of PQ can promote the ICT and ISC
processes of the molecules.”>*® And the active C=0 double
bond stretching vibration in PQ can also contribute
significantly to nonradiative relaxation of the excited state.
More importantly, PQ_possesses active redox cycling activity,
as shown in Figure 1. The semiquinone anion radical (PQ®")
can be easily formed by photoinduced self-electron transfer
between the triplet PQ and adjacent substrates,”” which
undergoes electron transfer with O, to produce superoxide
anion radical (O,*”). The O,*~ further reacts with superoxide
dismutase (SOD) inside tumor cells to form hydrogen
peroxide (H,0,), which is subseguently converted to highly
toxic hydroxyl radical (HO®).***" By two-electron reduction
of PQ in the presence of NAD(P)H quinone oxidoreductase
(NQO1) or aldo-keto reductase (AKR) isozymes, 9,10-
phenanthrene hydroquinone (PQH,) is attained, which can
also interact with PQ_through a disproportionation reaction to
yield PQ®". Additionally, PQH, can be oxidized back to PQ*~
with the production of H,O,, thus forming a redox cycle that
renders superb generation of Type I ROS.""!

Therefore, a series of PQ-cored molecules with a symmetric
D—A-D molecular architecture are designed and synthesized
(Figure 1). The rotor-type triphenylamine (TPA) derivatives
are conjugated with the PQ vibrator to ensure active
intramolecular motions even in the aggregated state for
efficient heat generation under photon excitation. The n—n*
transition of carbonyl groups and strong ICT between
electron-withdrawing PQ_and electron-donating TPA deriva-
tives are conducive to facilitating an ISC process. In addition,
the introduction of methoxy or longer alkoxy chains into TPA
can further regulate the strength of the ICT effect and the
intermolecular spatial distance for simultaneously realizing
high Type I ROS generation capacity and photothermal
conversation efficiency in the aggregated state. To enhance the
biocompatibility and dispersibility in aqueous solutions of
these multifunctional organic molecules, water-soluble nano-
particles (NPs) are fabricated by encapsulating them within a
polymeric matrix via a simple nanoprecipitation method. These
NPs exhibit excellent performances of Type I ROS generation
and photothermal conversation, and the underlying mecha-
nisms are investigated in detail by combining the photo-
physical measurements and theoretical calculations. Finally, in
vitro and in vivo experiments demonstrate that the synergistic
PTT/Type I PDT treatment based on the NPs can achieve
outstanding antitumor efficacy, validating the great potentials
of these PQ-cored molecules in biomedical applications.

RESULTS AND DISCUSSION

Synthesis and Characterization. Four PQ-cored mole-
cules, PQ-TPA, PQ-TPAOCI1, PQ-TPAOC4, and PQ-
TPAOCS, are facilely obtained through one-step Suzuki—
Miyaura coupling reactions with satisfactory yields. Their
chemical structures are confirmed by nuclear magnetic
resonance spectroscopy and high-resolution mass spectrometry
(Figures S1—S8). Single crystals of PQ-TPA are obtained from
a dichloromethane (DCM)/ethanol mixture by slow solvent
evaporation, and the X-ray crystallographic result further
validates the molecular structure. The detailed synthetic
procedures and corresponding characterization data are
presented in the Supporting Information.

Electrochemical Behaviors. The redox properties of
these PQ-cored molecules are investigated by cyclic
voltammetry in N,N-dimethylformamide (DMF). As shown

in Figure S9, PQ-TPA, PQ-TPAOCI1, PQ-TPAOC4, and PQ-
TPAOCS8 undergo two successive one-electron reduction
steps, generating two separated cathodic waves with the
formation of the corresponding semiquinone anion radical and
dianion. According to the first electron transfer process, the
electrochemical parameters such as half-wave potentials (E; /),
cathodic and anodic peak potentials (E,, E,,), and cathodic
and anodic peak current values (I, I,,) are obtained (Table
S1). Taking PQ-TPAOCI as an example, the values of the
peak potentials (AE,) and E,. — E,, are calculated to be 75
and —37 mV, respectively, which are approximate to the
theoretical one-electron reversible reduction (57 and —28.5
mV).*>* Likewise, the ratio of the peak currents (Io/Io) s
close to unity (0.95), indicating the production of relatively
stable reduction intermediates.””** Apparently, the quinone/
semiquinone redox couple is reversible for these PQ-cored
molecules. The reductively activated anion radicals have great
potential to undergo redox cycling, which can promote the
electron transfer process with O, to generate Type I ROS. "%

Optical Properties. For the biological application, the
water solubility of the agents is of high importance. To fulfill
the application requirement in aqueous media, these PQ-cored
molecules are fabricated into NPs using the amphiphilic
polymer 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy-(polyethylene glycol)-2000] (DSPE-mPEG2000)
as the encapsulation matrix by the nanoprecipitation method.
The encapsulation efficiency of PQ-TPAOCI1 NPs can be up
to 94% with a well-dispersible spherical morphology, as
displayed in the transmission electron microscopy (TEM)
image. And the average hydrodynamic diameter of the NPs is
about 107 nm, measured by dynamic light scattering (DLS)
(Figure 2A), similar to the mean particle size of 81 nm
observed from the TEM image (Figure S10), which is
conducive to the accumulation of NPs in tumor tissues via
the enhanced permeability and retention (EPR) effect.*”**
The NPs of the other three molecules have similar hydro-
dynamic diameters in the range of 126—154 nm (Figure S11).

As illustrated in Figure 2B, these NPs in water show ICT
broad absorption bands extending to 800 nm, which is helpful
for biological applications in vivo. The introduction of the
electron-rich oxygen atoms and alkyl chain improves the
electron-donating ability of TPA, resulting in a stronger ICT
effect. Thus, the maximum absorption peaks of PQ-TPAOC4
NPs and PQ-TPAOC8 NPs (~588 nm) exhibit a more
obvious bathochromic shift (76 nm) than that of PQ-TPA
NPs, which is consistent with the trend of the molecular
absorption spectra in tetrahydrofuran (THF) solutions (Figure
S12). The excellent light-harvesting abilities of these NPs are
favorable in making the best use of excited-state energy for
multimodal synergistic therapy. Moreover, the absorption
spectra of these NPs in aqueous solutions remain almost
unchanged upon continuous white light and/or laser
irradiation for S min (Figure S13), suggesting high photo-
stability. Especially for PQ-TPAOC1 NPs, the absorption
spectrum and DLS analysis results show negligible changes
after a 90-day storage at 4 °C (Figure S14), indicative of the
excellent colloidal stability of NPs.

The NPs of these PQ-cored molecules show extremely weak
photoluminescence (PL) that can hardly be detected, and their
PL quantum yields (®p’s) are as low as ~0.3% (Table S2),
revealing nonradiative decay is dominant in the excited
relaxation process. The dilute THF solutions of these
molecules barely fluoresce either, but the PL intensities are
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Figure 3. (A) Calculated energy gaps (AE) and related spin—orbit coupling constants (€) of PQ-TPA, PQ-TPAOCI, PQ-TPAOC4, and PQ-
TPAOCS based on S, structures at the level of PBE0/def2-TZVP. (B) Natural transition orbitals, eigenvalues of natural transition orbital
pairs, transition characters, and spin density distributions of the T, states of PQ-TPAOCI.

enhanced in nonpolar toluene solutions accompanied by
obvious blue shifts in the PL peaks, validating the ICT
characteristics. The strong ICT effect derived from the D—A
structures of these PQ-cored molecules as well as the active
C=0 bond stretching vibration in PQ_should be responsible
for the severe nonradiative decay in NPs, which conversely
implies the good PDT and PTT performances.
Photothermal Performance. The photothermal perform-
ances of these NPs are subsequently assessed. As shown in
Figures 2C and S15, the temperatures of all the NP solutions
rise apparently upon 660 nm laser irradiation (800 mW cm™2)
for 300 s, with the plateau temperatures of 44.7, 79.0, 73.2, and
77.3 °C for PQ-TPA NPs, PQ-TPAOC1 NPs, PQ-TPAOC4
NPs, and PQ-TPAOCS8 NPs, respectively, while the temper-
ature of pure water exhibits negligible change, validating the
photothermal effects. Based on the photothermal curves and
interrelated time constants (Figure S16), the corresponding
photothermal conversion efficiencies are calculated to be
21.8%, 37.1%, 27.5%, and 35.7% for PQ-TPA NPs, PQ-
TPAOCI1 NPs, PQ-TPAOC4 NPs, and PQ-TPAOC8 NPs,
respectively.””*" Clearly, PQ-TPAOC1 NPs, PQ-TPAOC4
NPs, and PQ-TPAOCS8 NPs exhibit higher plateau temper-
atures and better photothermal conversion efficiencies than
PQ-TPA NPs, disclosing the presence of alkoxy chains is
beneficial to photothermal performance. This is probably due
to the fact that these alkoxy chains can cause loose molecular
packing, which is favored for intramolecular motion. It is worth
noting that these NPs also possess superior photothermal
stability with steady-state temperature variation during four

laser irradiation on/off cycles (Figures 2D and S17). In
addition, the influence of the light source on the photothermal
effect of PQ-TPAOCI NPs is also explored. The infrared
thermal images and heating—cooling curves (Figure S18)
reveal that the 660 nm laser (800 mW cm ™) is a suitable light
source to achieve satisfactory photothermal performance, while
the white light plays an insignificant role.

ROS Generation. On account of the redox cycling
behaviors of the PQ-cored molecules, the toxic ROS
generation capacities are evaluated by the fluorescence probing
method. First, a commercial indicator, 2,7-dichlorodihydro-
fluorescein (DCFH), is selected to detect the total ROS
involving the energy or electron transfer processes with O,
(Figures 2E and S19).>" When the mixtures of various NPs and
DCFH are exposed to white light irradiation (50 mW cm™2),
the fluorescence intensities are rapidly boosted as the
irradiation duration increases. In the presence of PQ-TPA
NPs, PQ-TPAOCI1 NPs, or PQ-TPAOC4 NPs, the emission
intensities of DCFH reach nearly 400-fold enhancement after a
S min irradiation, and their ROS generation capacities are
much superior to those of commercial photosensitizers, such as
crystal violet (CV) and rose bengal (RB),*>** under the same
conditions. However, the ROS generation efficiency of PQ-
TPAOCS8 NPs is relatively low, probably due to the longer
alkoxy chain that influences molecular aggregation; namely, the
conjugated backbones of the molecules align loosely with
relatively large intermolecular distances. In consequence, the
ISC rate may decrease, resulting in a low concentration of
triplet excitons.”*>° Additionally, the impact of the light
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source on ROS generation is further estimated based on PQ-
TPAOCI NPs that have the best comprehensive performance
(Figure S20). The results indicate the combination of 660 nm
laser and white light will be more effective in phototherapeutic
applications.

Then, singlet oxygen ('O,) indicators, 9,10-anthracenediyl-
bis(methylene) dimalonic acid (ABDA), singlet oxygen sensor
green (SOSG), and HOe indicator hydroxyphenyl fluorescein
(HPF) are utilized to verify the nature of the ROS generated
from the NPs.>"*” CV and RB are selected as the Type I
reference and Type II reference, respectively. As illustrated in
Figures 2F and G and S21 and S22, the absorbance of ABDA
and the emission intensity of SOSG remain intact with these
NPs under white light irradiation (50 mW cm™), which is
different from the significant variation in the presence of RB
NPs. These results show that these NPs can hardly generate
'O, but can yield HO® instead, as evidenced by the gradually
enhanced emission intensity of HPF along with the increase of
irradiation time. The capacities of HOe® generation of these
NPs are similar to or even better than those of CV NPs
(Figures 2H and $23). Furthermore, electron spin resonance
(ESR) spectroscopy using S-tert-butoxycarbonyl-S-methyl-1-
pyrroline-N-oxide (BMPO) as the spin-trap agent is adopted
to monitor the generation of free radical ROS.***? As shown in
Figure 21, no visible ESR signals of oxygenous radical adducts
formed with BMPO can be observed in the absence of NPs or
without white light irradiation. However, when the mixtures of
NPs and BMPO are exposed to white light (100 mW cm ™) for
S min, obvious ESR signals can be detected. The above results
unveil that the efficient ROS generation of these NPs is mainly

through the Type I photochemical pathway upon light
irradiation.

Photophysical and Photochemical Mechanisms. To
gain an in-depth insight into the photodynamic and photo-
thermal behaviors of these NPs, density functional theory
(DFT) and time-dependent density functional theory (TD-
DFT) are carried out to visualize the geometrical character and
the transition properties of the PQ-cored molecules. The
electronic structures of PQ-TPA, PQ-TPAOCI1, PQ-TPAOCH4,
and PQ-TPAOCS in the ground state (S,) are investigated at
the level of PBE0/6-31G(d,p), and the corresponding frontier
molecular orbital (FMO) distributions are shown in Figure
S24. The highest occupied molecular orbitals (HOMOs) are
predominantly localized on the electron-donating TPA
moieties, while the lowest unoccupied molecular orbitals
(LUMOs) distribute mainly on the electron-withdrawing PQ
core, confirming their inherent ICT effects. The full separation
of FMOs gives rise to small singlet—triplet energy splittin%
(AEgr) due to the decreased electron exchange energy,6
which allows an efficient ISC process.

The subsequent TD-DFT investigations are performed on
these molecules in both singlet and triplet excited states at the
PBE0/def2-TZVP level to explore the essence of ROS
generation. As depicted in Figure 3A, there are multiple
energy transition channels from the lowest singlet excited (S;)
state to triplet states for these molecules, with a relatively small
energy gap of 0.16 eV. Besides, effective spin—orbit coupling
(SOC) also plays an important role in facilitating the spin-flip
between singlet and triplet states. The calculated SOC values
of PQ-TPA, PQ-TPAOC1, PQ-TPAOC4, and PQ-TPAOCS
between S; and the lowest triplet excited (T,) states are 4.77,
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Figure S. (A) ROS detection in 4T1 tumor cells under normoxia and hypoxia conditions using DCFH-DA and DHE as general ROS and
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426, 3.89, and 3.71 cm™!, respectively, larger than that governed by the Dexter energy transfer mechanism,®* can be

between S; and the high-lying triplet (T, or T;) states.
According to the natural transition orbital (NTO) analyses
(Figures 3B and S25), the enhanced SOC value can be
attributed to the effective mixing of the wave functions
between the lowest singlet charge transfer ('CT) state and the
locally triplet excited (°LE) state, obeying the El-Sayed rule.’!
The dense energy-level distributions with large SOC values are
highly beneficial for the efficient production of a triplet state
via the ISC process. Moreover, the spin density distributions of
the T, states (TSDD) of all the molecules are concentrated on
the PQ_core and are almost absent on the TPA moieties. Thus,
the self-annihilation of the long-lived triplet excited states,

suppressed by the peripheral aromatic rotors or alkoxy chains
to a large degree, thereby ensuring efficient an electron transfer
process with O, to generate Type I ROS.

According to the mechanism of the Type I ROS, these
molecules at the triplet state should have effectively
participated in the electron transfer process to react directly
with adjacent substrates to produce radical anions, which is
closely related to the high electrophilicity of the PQ_core. To
confirm this, the electrostatic potentials (ESPs) of these PQ-
cored molecules are calculated to visually reflect the charge
density distribution to speculate the reactive sites.”’”*
According to the results of ESP mapping (Figures 4A and
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$26), the positively charged local maxima are centered on the
C—C single bond between the two carbonyl groups of PQ,
while the negatively charged area is mainly localized on the
oxygen atoms of the carbonyl groups due to the excess lone
pair electrons, which are considered as the highly reactive sites.
When the PQ-cored molecule receives an external electron, the
C=O0O double bond will be destroyed, thereby producing
radical anions. And the two benzene rings attached to the
quinone unit in PQ can readily stabilize the radical by forming
resonance structures, providing potential Type I ROS
generation ability based on the photochemical reactions.

In addition, the ESP distribution is further analyzed to
predict the intermolecular interactions.”* Obviously, the
regions on both sides of the PQ_core in PQ-TPA have nearly
neutral potentials, which leads to the formation of relatively
weak face-to-face packing in crystals (Figure S27). And the
intermolecular van der Waals interactions are further visualized
by the independent gradient model (IGM) analysis."*®’
However, for PQ-TPAOC1, PQ-TPAOC4, and PQ-
TPAOCS, the same regions are all colored light blue in ESP
maps, which can bring forth electrostatic repulsion to hamper
the occurrence of strong intermolecular 7—rz stacking.
Compared with PQ-TPA, the presence of alkoxy chain-
substituted TPA in PQ-TPAOCI1, PQ-TPAOC4, and PQ-
TPAOCS that has stronger electron-donating ability can
facilitate the spatial isolation of molecules and also enhance
the ICT effect to finally contribute to the nonradiative
relaxation of the excited state, thus favoring heat production
within NPs.

Furthermore, the single-molecule reorganization energies
(4) versus vibration modes are analyzed to evaluate the
nonradiative decay process, and the corresponding data are
shown in Figures 4 and S28 and Table S3. The total A values of
PQ-TPAOCI, PQ-TPAOC4, and PQ-TPAOCS (over 4000
cm™") are higher than that of PQ-TPA (2099.4 cm™"), which is
mainly associated with the active rotation of the phenyl rings
and the out-of-plane wagging vibration of the alkoxy chains.
Moreover, for PQ-TPAOCI1, PQ-TPAOC4, and PQ-
TPAOCS, the stretching vibrations of the carbonyl groups in
the high-frequency regions also play a key role in the
nonradiative decay process, and about 40% of 1 is contributed
by bond length variation. Such kind of short-range and high-
frequency bond stretching motion of the PQ core is less
susceptive to the external environmental constraints and thus
beneficial to achieve high photothermal conversion capacity in
the aggregated state.

Synergistic PTT/Type | PDT In Vitro. Benefiting from the
more efficient Type I ROS generation and high photothermal
conversion capacity, PQ-TPAOCI1 NPs are employed for in
vitro synergistic PDT/PTT applications against mouse breast
cancer 4T1 cells. The cytotoxicity of PQ-TPAOC1 NPs is
quantitatively estimated by the standard cell counting kit-8
(CCKS8) assay. As shown in Figure S29, the viability of 4T1
cells remains over 90% at PQ-TPAOC1 NP concentrations
<40 pug mL™! under dark conditions, revealing excellent
biocompatibility at the cellular level. Upon white light or 660
nm laser irradiation, the cells incubated with PQ-TPAOCI1
NPs exhibit “turn-on” green fluorescence by using 2,7-
dichlorodihydrofluorescein diacetate (DCFH-DA) as the
total ROS indictor (Figure SA). A brighter green fluorescence
signal can be observed by using both white light and 660 nm
laser as the illumination source, indicating the dual light
sources can furnish better PDT efficacy. Meanwhile, the

selective fluorescent probe dihydroethidium (DHE) for free
radical ROS indicates an apparent increase of signal intensity in
the simultaneous presence of PQ-TPAOCI NPs and light
irradiation, demonstrating the intracellular Type I ROS
production, which is in good agreement with the results in
aqueous media discussed above.”*®” In addition, the two
fluorescence probes are further used to monitor the intra-
cellular ROS generation of PQ-TPAOC1 NPs under hypoxia
condition with both white light and 660 nm laser irradiation.
The PQ-TPAOCI NPs can still achieve an excellent PDT
effect even under hypoxia condition (Figure SA), indicating
the Type I ROS produced by PQ-TPAOC1 NPs will be
advantageous against tumor hypoxia. The results are in
accordance with the flow cytometric analysis, which displays
nearly overlapped fluorescence intensity curves of hypoxia cells
and normoxia cells (Figure SC). Moreover, the PTT efficacy in
vitro of PQ-TPAOC1 NPs is further evaluated. As displayed in
Figure SD and E, after a 12 h incubation of 4T1 cells with PQ-
TPAOCI NPs, the intracellular temperature rises rapidly upon
660 nm laser irradiation (800 mW cm™?), reaching a plateau at
512 °C for 5 min. The results reveal the outstanding
synergistic PTT/Type I PDT efficacy of PQ-TPAOC1 NPs
in vitro. To further detect the comprehensive phototherapeutic
performance of PQ-TPAOC1 NPs intuitively, the S§-
chloromethylfluorescein diacetate/propidium iodide
(CMFDA/PI) staining strategy is utilized to distinguish the
living and dead cancer cells (Figure SB). As expected, almost
all the 4T1 cells present the death state with brighter red
fluorescence signals in the presence of PQ-TPAOCI NPs upon
660 nm laser irradiation with/without white light, in
comparison with the single PDT pathway under white light
irradiation (200 mW cm™2). Therefore, the highly efficient
PTT/Type I PDT combination can indeed significantly
improve the phototherapeutic eflicacy.

Synergistic PTT/Type | PDT In Vivo. The in vivo
synergistic PTT/Type I PDT of PQ-TPAOC1 NPs is then
investigated by employing the subcutaneous xenograft 4T1
breast tumor-bearing mouse model. Hemolysis tests are carried
out to assess the hemocompatibility of PQ-TPAOC1 NPs
(Figure S30). Negligible hemolysis occurs in the PQ-TPAOCI
NPs group as well as PBS and DSPE-mPEG2000, disclosing
that PQ-TPAOC1 NPs are appropriate for intravenous
injection. To monitor the in vivo distribution and tumor
accumulation of nanoparticles, the TB/PQ-TPAOC1@DSPE-
mPEG2000 NPs containing red fluorescent TB’® with
aggregation-induced emission property for fluorescence
imaging are further prepared. As shown in Figure S31, the
fluorescence intensity in the tumor site reaches the maximum
level after intravenous injection of NPs for 24 h. And the
tumor tissues exhibit a significantly stronger fluorescence signal
than any other organs, indicating the effectively preferential
accumulation of NPs in tumors with reduced side effects.
Subsequently, the in vivo phototherapeutic study of PQ-
TPAOCI1 NPs is conducted.

After injecting PQ-TPAOCI NPs or PBS into the 4T1
tumor-bearing mice via the tail vein, the tumor region
temperature is recorded with/without 660 nm laser irradiation.
The infrared thermal images and photothermal curves display
that the temperature at the tumor site increases with the
extension of laser irradiation time in the PQ-TPAOC1 NP-
treated group and can facilely reach 54.9 °C after a 660 nm
laser irradiation (800 W cm™2) for 5 min (Figures 6A and
S$32). This is mainly attributed to the targeting accumulation in
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tumors and the outstanding photothermal performance of PQ-
TPAOC1 NPs. To further comprehensively evaluate the
combination antitumor efficacy of PQ-TPAOCI NPs over a
19-day follow-up period, the tumor-bearing mice are randomly
divided into the following treatment groups (n = 6): (I) PBS;
(II) PQ-TPAOC1 NPs; (III) PQ-TPAOC1 NPs + white light;
(IV) PQ-TPAOC1 NPs + 660 nm laser; and (V) PQ-
TPAOCI NPs + 660 nm laser + white light. The tumor
volumes are respectively recorded during the 19-day treatment
period (Figure 6B and C). In groups I and II, the tumor
volumes increase rapidly without light irradiation. The similar
tumor growth kinetics indicate that PQ-TPAOCI1 NPs
themselves have a negligible antitumor effect. By contrast,
the PQ-TPAOC1 NP-treated group inhibits tumor growth
appropriately in the presence of white light irradiation with a
tumor inhibition rate of 31.9%, which only involves the PDT
pathway. A better therapeutic efficacy in group IV can be
observed for the smaller tumor growth with only about 3.7-fold
enhancement in volume on day 19, leading to a higher tumor
inhibition rate of 80.4%. Notably, the “PQ-TPAOC1 NPs +
660 nm laser + white light” treatment holds the best antitumor
effect with the highest tumor inhibition rate of 93.7% and the
tumors in some mice are even completely ablated after a 19-
day PTT/Type I PDT synergistic treatment.

The antitumor effect of each treatment group is further
assessed by histological and immunohistochemical analyses. As
presented in Figure 6E, the hematoxylin and eosin (H&E)
staining of tumor slices clearly reveals the extensive destruction
of tumor tissues after synergistic treatment of PQ-TPAOCI1
NPs and light irradiation, whereas the tumor cells arrange
densely with normal morphology in the control group.
Moreover, the excellent antitumor efficacy of PQ-TPAOCI1
NP-mediated PTT/Type I PDT is further validated by the
terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) staining, and the density of positive cells (green
fluorescence) is noticeably highest in group V. The findings
from TUNEL assay are well consistent with cell apoptosis
levels as indicated by the high expression of apoptosis
executioner cleaved-caspase3 (C-caspase3) gene. The prolifer-
ation marker, Ki-67, also proves that the treatment of “PQ-
TPAOCI NPs + 660 nm laser + white light” is the most
efficacious way to induce the apoptosis and suppress the
proliferation activity of tumor cells. Additionally, the side toxic
effects in all treatments are also evaluated by monitoring the
body weights of mice and histological analysis of the major
organs. As shown in Figure 6D, the body weights of mice from
these five groups enhance slowly during treatment, suggesting
the negligible acute toxicity in in vivo applications. The H&E-
stained slices of the major organs (lung, liver, spleen, kidney,
and heart) of the treated mice after 19 days indicate that there
are no noticeable tissue damage and inflammatory lesions
toward these organs (Figure S33), further demonstrating the
excellent biological safety of PQ-TPAOCI NP-mediated
synergistic PTT/Type I PDT in vivo.

CONCLUSION

In summary, a series of phototheranostic agents consisting of
an electron-withdrawing PQ core and electron-donating TPA
derivatives are designed and synthesized. Based on the PQ core
and subtle structural tuning, highly efficient Type I ROS
generation and outstanding photothermal conversion capacity
can be simultaneously achieved in the NPs fabricated by these
PQ-cored molecules. The experimental and theoretical studies

disclose that the specific redox cycling behavior, facilitated ISC
process, and active intramolecular bond stretching vibration of
the PQ_core collectively lead to the outstanding synergistic
Type 1 photodynamic and photothermal effects of the NPs.
Both the in vitro and in vivo experiments further confirm that
PQ-TPAOC1 NPs with excellent biocompatibility hold
impressive antitumor therapy efficacy upon white light and
660 nm laser irradiation, and the combination therapy indeed
can significantly induce the apoptosis and inhibit the
proliferation of tumor cells. However, the penetration depth
still remains limited at present. The development of high-
performance near-infrared PTT/Type I PDT nanoagents to
augment the treatment efficacy of deep-seated tumors could be
an important direction in the future.

EXPERIMENTAL SECTION

Preparation of Nanoparticles. Two milliliters of THF solution
containing 2 mg of PQ-TPA, PQ-TPAOCI1, PQ-TPAOC4, PQ-
TPAOCS, CV, or RB and 4 mg of DSPE-mPEG2000 was poured into
10 mL of deionized water, followed by sonication for 20 min. The
residue THF solvent was evaporated by violently stirring the
suspension in a fume hood for 24 h, and a colloidal solution was
obtained. The TB/PQ-TPAOC1@DSPE-mPEG2000 NPs containing
PQ-TPAOCI (1 mg), TB (1 mg), and amphiphilic DSPE-mPEG2000
(4 mg) were prepared by the same nanoprecipitation method. The
resulting nanoparticle suspension was filtered with a 0.2 ym syringe-
driven filter for in vitro and in vivo experiments (Millipore). The
encapsulation efficiency of PQ-TPAOC1 NPs is further calculated.
First, lyophilized PQ-TPAOC1 NPs were dissolved in THF to extract
PQ-TPAOCI into THF. Subsequently, the obtained solution was
analyzed by a UV—vis spectrophotometer at 545 nm, and the PQ-
TPAOCI-encapsulation content was determined using a calibration
curve. Finally, the encapsulation efficiency (EE) was calculated using
the following equations: EE (%) = [B/A] X 100%, in which A is the
total weight of PQ-TPAOCI1 used, and B is the weight of PQ-
TPAOCI1 found in the particles.

Reactive Oxygen Species (ROS) Detection. General ROS
Detection. The fluorescent probe 2,7-dichlorodihydrofluorescein
(DCFH) was applied as the indicator to detect the general ROS
generation, which was converted from DCFH-DA (0.5 mL, 1 mM in
ethanol) reacting with an aqueous solution of NaOH (2 mL, 10 mM)
for 30 min at room temperature. The hydrolysate was then
neutralized with 10 mL of PBS buffer solution to get the stock
solution with a concentration of 40 uM. PBS buffer solution
containing 1 uM DCFH was mixed separately with different samples
(PQ-TPA NPs, PQ-TPAOCI NPs, PQ-TPAOC4 NPs, PQ-TPAOCS
NPs, CV NPs, and RB NPs), and the final concentrations were 1 zM.
Then the mixture was irradiated with white light (50 mW cm™2 or 200
mW cm™?) and/or 660 nm laser irradiation (800 mW cm™2). The
fluorescence intensity at 522 nm was recorded (excitation wavelength
is 488 nm).

Singlet Oxygen ('0,) Detection. Singlet Oxygen Sensor Green
(SOSG) and 9,10-anthracenediyl-bis(methylene) dimalonic acid
(ABDA) were applied as the indicators to detect the 'O, generation.
PBS buffer solution containing S uM SOSG (stock solution: S mM in
DMSO) was mixed separately with different samples (PQ-TPA NPs,
PQ-TPAOC1 NPs, PQ-TPAOC4 NPs, PQ-TPAOC8 NPs, and RB
NPs), and the final concentrations were 1 M. Then the fluorescence
intensity at $30 nm was recorded (excitation wavelength was 480 nm)
after the mixture was irradiated with white light (50 mW cm™2). PBS
buffer solution containing 30 uM ABDA (stock solution: 30 mM in
DMSO) was mixed separately with different samples (PQ-TPA NPs,
PQ-TPAOC1 NPs, PQ-TPAOC4 NPs, PQ-TPAOC8 NPs, and RB
NPs), and the final concentrations were 1 M. Then the absorbance
of ABDA at 380 nm was recorded after the mixture was irradiated
with white light (50 mW cm™).

Hydroxyl Radical (HOe) Detection. The fluorescent probe
hydroxyphenyl fluorescein (HPF) was applied as the indicator to
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detect the HOe generation. PBS buffer solution containing S uM
HPF (stock solution: S mM in DMF) was mixed separately with
different samples (PQ-TPA NPs, PQ-TPAOC1 NPs, PQ-TPAOC4
NPs, PQ-TPAOCS NPs, and CV NPs), and the final concentrations
were 1 M. Then the fluorescence intensity at 514 nm was recorded
(excitation wavelength is 480 nm) after the mixture was irradiated
with white light (50 mW cm™).

Type | ROS Detection by ESR Spectroscopy. S-tert-Butoxycarbon-
yl-S-methyl-1-pyrroline-N-oxide (BMPO) was employed as spin-
trapping agent to detect the generation of Type I ROS. PBS buffer
solution containing 25 mM BMPO was mixed separately with 10 uM
PQ-TPA, PQ-TPAOCI, PQ-TPAOC4, and PQ-TPAOCS. The ESR
spectra were recorded after the mixture was irradiated with white light
(100 mW cm™) for § min. And the mixture without white light
irradiation and pure BMPO solution were tested as controls.

Photothermal Performance. The aqueous solutions of PQ-TPA
NPs, PQ-TPAOC4 NPs, and PQ-TPAOCS NPs (100 L, 150 sM)
were continuously exposed to 660 nm laser irradiation with the power
density of 800 mW cm™ for 5 min. And the PQ-TPAOC1 NP
aqueous solutions were treated with 660 nm laser irradiation (800
mW cm™) and/or white light (200 mW cm™2). At the same time, the
temperature changes of the solutions were monitored. The
corresponding IR thermal images of the sample tubes were also
recorded using a FLIR E6 camera and quantified by FLIR Examiner
software. To further evaluate the photothermal stability, the PQ-TPA
NPs, PQ-TPAOC1 NPs, PQ-TPAOC4 NPs, and PQ-TPAOCS8 NPs
were treated with 660 nm laser irradiation (800 mW cm™2) for 300 s;
then the laser was removed to cool for 300 s, and the irradiation on—
off cycles were repeated four times. In addition, the photothermal
conversion efficiency (17) of NPs was calculated according to the
equation from the previous report.*>°

hS(Tmax - ’Eurr) - Qdis

a 1(1 — 107%)
T—T m,C
9= — s dt = _2ZimiGCyi do
Tmux - ’I;urr hs 9
Z. mC,;
t=-—"—*"9
hs

where hs can be obtained by using the linear time data of the cooling
period vs — In 6. T, is the temperature change of the aqueous
solution of NPs at the maximum steady-state temperature, and Ty, is
the ambient temperature of the surroundings. I is the laser power used
for the photothermal experiment, and A; is the absorbance of NPs at
the wavelength of the laser. Qg expresses the heat associated with the
light absorption by solvent, and m and C, are the mass and heat
capacity of water used as solvent. Thus, the photothermal conversion
efficiency (PCE, 17) of NPs can be calculated.

Photostability. The aqueous solutions of PQ-TPA NPs, PQ-
TPAOC1 NPs, PQ-TPAOC4 NPs, and PQ-TPAOC8 NPs (0.1 mg
mL™") were irradiated by 660 nm laser irradiation (800 mW cm™2)
and/or white light (200 mW cm™) for 0, 1, 2, 3, 4, and S min,
respectively, and the PQ-TPAOCI NPs were also stored at 4 °C for
90 days. The corresponding UV—vis absorption spectra and average
diameters of NPs in different states were measured.

Cell Culture and Cytotoxicity Assessment. 4T1 cells (mouse
breast cancer cells) were purchased from Procell (Wuhan, China),
and were cultured in Roswell Park Memorial Institute (RPMI) 1640
medium containing 10% fetal bovine serum and 1% 100 U/mL
antibiotics (penicillin, streptomycin). The culture condition was 37
°C, witih the cell culture incubator containing 5% CO, for culture.
Before experiments, the cells were precultured until the confluence
was reached. The CCK8 assay was used to assess the cytotoxicity of
PQ-TPAOCI NPs against 4T1 cancer cells. Briefly, the 4T1 cancer
cells were inoculated in a 96-well plate with a cell density of 5 X 10*
cells mL™". After 24 h of culture, the 4T1 cancer cells were exposed to
a series of different concentrations of PQ-TPAOCI NPs. At 24 h
postaddition of NPs, the cells were washed with 1X PBS buffer. Then

10 uL of newly prepared CCK8 solution was added to each well. After
incubation in the incubator for 2 h, the enzymatic standard reads the
absorbance value of cells at 450 nm.

In Vitro PDT Application. Cellular Uptake and Intracellular
ROS Detection. 4T1 cells (1,000) were incubated with PQ-TPAOC1
NPs (10 ug mL™") in a confocal dish for 12 h, and some 4T1 cells
were incubated under hypoxia conditions for 12 h. These samples
were further incubated with DCFH-DA (10 uM) or dihydroethidium
(DHE, 5 uM) for another 60 min and washed with PBS three times
(1 mL). They were irradiated by white light (200 mW cm™) and/or a
660 nm laser (800 mW cm™) for S min. As the control group, cells
were incubated with PBS in confocal dishes. Fluorescence images
were recorded on a confocal laser scanning microscope (CLSM)
(Zeiss LSM 880). The samples incubated with DCFH-DA under
irradiation were excited with a 488 nm laser, and the fluorescence was
collected from 520 to 560 nm. The samples incubated with DHE
under irradiation were excited with a 488 nm laser, and the
fluorescence was collected from 590 to 630 nm.

In Vitro PTT Application. 4T1 cells were incubated with PQ-
TPAOCI NPs (10 pg mL™") in a confocal dish for 12 h. The cells
were treated by trypsin elimination, and PQ-TPAOCI-treated 4T1
cells were obtained by centrifugation. The cell precipitate located at
the bottom of the EP tube receives laser irradiation (800 mW cm™2)
for S min while the IR thermal camera records the temperature
change at the bottom of the tube.

Live/Dead Cell Staining Assay. All treated cells were incubated
with CMFDA and PI to trace the living and dead cells. Briefly, 4T1
cells were first incubated with CMFDA (S pM) for 60 min. Then the
cells were washed with PBS 3 times and incubated with PI (2 uM) for
20 min. The cells were visualized under the CLSM (Zeiss LSM 880).

Flow Cytometric Analysis. After incubation of 4T1 cells with
nanoparticles for 12 h under normoxia or hypoxia conditions, the
supernatant was removed and washed 3 times with PBS.
Subsequently, the cells were incubated with ROS indicator (DCFH-
DA) for 30 min and illuminated with white light (200 mW cm™2)
and/or a 660 nm laser (800 mW cm™2). Immediately thereafter, the
cells were separated from the culture dish with trypsin, and then flow
cytometry was performed. The cells were resuspended in 100 yL of
FACS buffer and then analyzed by flow cytometry (Beckman, cytoflex
S).

Hemolysis Assay. The hemolytic activity of the nanoparticles was
assessed by spectrophotometry. 0.5 mL of erythrocyte suspension was
mixed with 0.5 mL of the substance under test, such as distilled water,
PBS, DSPE-mPEG2000, or PQ-TPAOC1 NPs. The two were mixed
and incubated at 37 °C for 3 h before centrifugation to remove the
erythrocytes. The absorbance of the supernatant was measured at 540
nm using a UV—vis spectrophotometer, and the hemolytic activity of
distilled water was defined as 100%.

Animal Models. All animal studies were approved by the Animal
Ethics Committee in Tongji Hospital, Tongji Medical College,
Huazhong University of Science and Technology. Six-week-old female
BALB/c mice were purchased from Beijing Vital River Laboratory
Animal Technology Co. Ltd. (Beijing, China). All mice were fed with
sufficient food and water in a room with 26 °C and 12—12 h of
darkness and daytime circulation. The tumor volume was measured
by caliper and calculated as follows: volume = (tumor length) X
(tumor width)?/2.

In Vivo Photothermal Imaging. 4T1 tumor-bearing mice were
used to confirm the photothermal effect of PQ-TPAOCI NPs. When
the tumor grew to ~300 mm?®, 200 uL of PQ-TPAOCI NPs (1 mg
mL™") was injected into the mice through the tail vein. After 24 h of
injection, the tumor was irradiated by a 660 nm laser (800 mW cm™2)
for S min. The changes of tumor temperature were recorded by an IR
thermal camera (Fluke Shanghai Inc.).

In Vivo Phototherapeutic Study. 4T1 tumor-bearing mice were
used to confirm the phototherapeutic effect of PQ-TPAOC1 NPs.
Briefly, the growth curve of the 4T1 tumor was recorded when it
reached 60 mm? and the treatment was started when the tumor
volume reached about 100 mm?. 200 L of PQ-TPAOC1 NPs (1 mg
mL™") was injected into the mice through the tail vein. After 24 h of
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injection, the tumor was irradiated by a 660 nm laser (800 mW cm™,
5 min) or white light (200 mW cm™, 10 min). For the PQ-TPAOCI
NPs + laser + WL group, in addition to receiving laser irradiation, and
after 24 h, it also needed to receive white light irradiation (200 mW
cm™?, 10 min). Tumor volumes of mice were monitored.

Histology Examination. Tumors and organs were harvested right
after mice were sacrificed, fixed in 10% neutral buffered formalin for
24 h, processed into paraffin, sectioned into slices, and stained with
hematoxylin and eosin (H&E) for examination by a digital
microscope.

TUNEL Staining. TUNEL staining was performed to detect
apoptotic cells using a TUNEL BrightGreen Apoptosis Detection
Kit (Vazyme) according to the manufacturer’s protocol.

Immunohistochemical Staining. Briefly, after slides were
dewaxed, hydrated, antigen repaired, and closed with BSA, etc,,
primary antibodies (Ki-67 and C-caspase3) were incubated overnight
at 4 °C. The following day, slides were washed in PBS for § min and
incubated with horseradish peroxidase-labeled secondary antibody in
37 °C. Finally, immunoreactivity was performed with 3,3'-
diaminobenzidine as a chromogenic agent and hematoxylin was
restained.
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