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ABSTRACT: Photodynamic therapy (PDT) based on supramolecular R
assembly has been receiving wide attention due to its great potential T~ Yo ‘fo\{j ‘2w G - s
application in clinical treatment. Herein, we report a supramolecular 7 "¢/ tostswstmonsion 7 =off  Secondar sasamty »
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photoelectron “reservoir” (SPR) constructed by tetracationic boron %

dipyrromethene (BODIPY)-based macrocycle (BBox*4Cl), doxorubicin
(Dox), and tumor-targeted f-cyclodextrin-grafted hyaluronic acid
(HACD). Upon irradiation, BBox*4Cl can in situ catalyze nicotinamide SN
adenine dinucleotide (NADH) to continuously generate electrons to e,
inject into SPR, which further transfers electrons to oxygen, inducing
highly eflicient hydroxyl radical generation even under hypoxia. 0, oH ausigeneration
Synergistically, Dox in SPR as “pump” can be encapsulated by BBox-
4Cl and transport photoelectrons between two BODIPY units, while & naok consumption and disturbed recox baiance
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HACD as “sponge” can enrich BBox*4Cl by the electrostatic interaction

to concentrate them closer in space, which facilitates intramolecular and intermolecular photoelectron transfer, respectively, and
significantly enhances the generation of hydroxyl radicals. Meanwhile, electron replenishment in SPR causes NADH depletion and
redox dysfunction, thereby accelerating the apoptosis and achieving highly effective synergistic tumor therapy.

B INTRODUCTION

Multivalent supramolecular assembly based on macrocycles
such as (:yclodextrin,l_4 cucurbituril,”™” calixarene,*® and
pillararene, "' has aroused wide attention, and many efforts
have contributed to dru% delivery,'>™'® controllable re-
lease,'”™"” bioimaging,”*~*® photodynamic therapy
(PDT),**"*° as well as numerous synergistic therapies”’ "
for diagnosis and treatment. Among them, macrocycle
confined supramolecular assembly has emerged as a control-
lable modulation of photosensitizers to achieve precise and
long-lasting PDT.”" The capsulation of photosensitizers within
macrocycles was found to not only improve the generation
efficiency of reactive oxygen species (ROS) by increasing
cellular uptake of drugs as well as regulating the intersystem
crossing behavior of photosensitizers but also isolate the toxic
components, reducing the side effects in PDT.”™** For
example, Ikeda et al. found that the capsulation of aniline- or
phenol-substituted porphyrins with trimethyl-3-cyclodextrin
could significantly improve the photodynamic activity due to
the efficient intracellular uptake.”> Zhang et al. reported that
cucurbit[7]uril could prolong the lifetime of the boron
dipyrromethene (BODIPY)-based photosensitizer by host—
guest interaction, which facilitated the energy transfer or
electron transfer from photosensitizer to oxygen and improved
ROS generation efficiency. Meanwhile, the obtained supra-
molecular photosensitizer avoided possible side effects due to
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photoinduced degradation after treatment.*° Our group
reported a polypeptide-involved supramolecular photodynamic
system, which was constructed by host—guest interaction
between cell-penetrating polypeptide-modified porphyrin and
antimitotic polypeptide-modified permethyl p-cyclodextrin,
respectively, could effectively achieve tubulin aggregates and
improve the efficiency of singlet oxygen molecule ('O,)
generation for PDT.?” Recently, macrocycle-confined supra-
molecular assembly has also been found to be an effective
strategy for the construction of type-I photosensitizers due to
the electron transport facilitated by multivalent interaction.”**”
In contrast to the ROS generated from most of the
photosensitization system that underwent type-II PDT process
and were represented by 'O, involving triplet to singlet energy
transfer, the generation of hydroxyl radicals (*OH) or
superoxide radical anions (O,°”) with less oxygen dependence
by the process of type-I PDT was able to overcome the
unsatisfactory outcomes from hypoxia in PDT.**~* In this
regard, Yang et al. reported a host—guest complex constructed

Received: January 11, 202$
Revised: ~ February 13, 2025
Accepted: February 19, 2025

https://doi.org/10.1021/acs.jmedchem.5c00094
J. Med. Chem. XXXX, XXX, XXX—XXX


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhuo+Lei"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ya-Hui+Song"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuan-Li+Leng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yi-Jun+Gu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Miao+Yu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yong+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qilin+Yu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yu+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jmedchem.5c00094&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.5c00094?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.5c00094?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.5c00094?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.5c00094?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.5c00094?fig=tgr1&ref=pdf
pubs.acs.org/jmc?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jmedchem.5c00094?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/jmc?ref=pdf
https://pubs.acs.org/jmc?ref=pdf

Journal of Medicinal Chemistry

pubs.acs.org/jmc

Scheme 1. Schematic Illustration of the NADH-Activated Supramolecular Photoelectron “Reservoir” (SPR) for Chemo-

Photodynamic Synergistic Tumor Therapy.”
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“(A) Ternary spherical nanoparticles Dox C BBox-4CI@HACD as SPR was constructed by BBox*4Cl, Dox, and HACD. (B) The chemical formula
of BBox-4Cl, Dox, and HACD. (C) Antitumor drug Dox and tumor-targeted HACD in SPR was employed as “pump” and “sponge” for effective
photoelectron transfer. (D) Dox C BBox-4CI@HACD as SPR was applied for synergistic tumor therapy in vivo.

by an electron-rich pillar[S]arene and an electron-deficient
iodide BODIPY, which could shorten the intermolecular
distance between donor and acceptor sites, effectively
converting type-II to type-I PDT for hypoxic tumor tissues.’
As can be seen from the above research, although macrocycle
binding photosensitizers have achieved many contributions in
the PDT, NADH in situ tumor continuously produces
electrons by photo-oxidation to pump into the photosensitized
macrocyclic supramolecular assembly and then transports
electrons to generate *OH for type-I PDT, which is rarely
reported to the best of our knowledge.

Herein, we report that a novel tetracationic macrocycle
possessing a BODIPY skeleton encapsulates doxorubicin
(Dox) as an antitumor drug to form the host—guest complex
(Dox C BBox*4Cl) and further secondary assembles with

tumor-targeted f-cyclodextrin grafted-hyaluronic acid
(HACD) into spherical nanoparticles (Dox C BBox-4Cl@
HACD) as supramolecular photoelectron “reservoir” (SPR),
which can continuously grasp electrons from nicotinamide
adenine dinucleotide (NADH) by catalytic oxidation and
transfers them to oxygen, thus effectively generating *OH for
type-1/1I combined synergistic tumor therapy (Scheme 1). The
selective binding of Dox into the cavity of BBox*4Cl is
favorable with a high binding constant of up to 8.05 X 10°
M™", while the ternary supramolecular assembly Dox C BBox
4CI@HACD not only can produce 'O, with a high quantum
yield of 185%, but more intriguingly, as SPR generates *OH by
transferring electrons from NADH to oxygen. In particular,
Dox in SPR acts as a “pump” to transport the electrons
between two BODIPY units, leading to a favorable
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Figure 1. Synthesis and X-ray structure of BBox** (CCDC: 2367093). (A) Synthesis route of reference compound 5-2Cl and BODIPY-based
molecular macrocycle BBox+4Cl. (B) Disordered forms of BODIPY fragments after fixing the position of the hexafluorophosphate ions. (C) Top-
down and (D) side-on view of a single molecule. Ilustration of the packing of BBox** along (E) b-axis and (F) c-axis.

disproportionation reaction to generate radical intermediates
for the oxidization of NADH, which promotes the intra-
molecular photoelectron transfer. HACD in SPR is employed
as a “sponge” to enrich Dox C BBox*4Cl by the multivalent
interaction and thus concentrates them closer together in
space, which facilitates the intermolecular photoelectron
transfer. Meanwhile, intracellular NADH is depleted as a
sacrificial agent to replenish photoelectrons for SPR, which
disturbs the intracellular redox balance and accelerates the
apoptosis. As expected, Dox C BBox4CI@HACD as SPR
exhibits remarkable therapeutic efficiency for tumor treatment
in vitro and in vivo.

B RESULTS AND DISCUSSION

Synthesis and Characterization. As shown in Figure 1A,
the synthesis of BBox*4Cl was performed in 17% yield by a
one-step Sy2 reaction of intermediate 4:2PF¢ and 4-pyridyl
substituted BODIPY (3) in the presence of pyrene and

tetrabutylammonium iodide (TABI) as the template and
catalyst, respectively. The intermediate 4-2PF¢ and the
reference compound 5+2Cl were obtained by the Sy2 reactions
of 3 with either a,a’-dibromo-para-xylene or benzyl bromide
(BnBr) in 73% and 63% vyield after counterion exchange,
respectively (Figures S1—S6). The successful synthesis of
BBox*4Cl was confirmed by 'H NMR and *C NMR
spectroscopy (Figures S7 and S8), while its high-resolution
mass spectrometry (HRMS) detected the characteristic peak of
[M—=3CI]** at m/z = 399.8413, belonging to the typical
isotopic distribution of trivalent ions (Figure S9).

By slow evaporation of diisopropyl ether into an acetonitrile
solution of BBox*4PF¢ at room temperature for 7 days, its
single crystal was obtained. The solid-state X-ray structure of
BBox* shows two kinds of disordered forms of BODIPY
fragments (Figure 1B) due to the different relative positions of
the hexafluorophosphate ions in the crystal. However, there is
no difference in the orientation and stacking pattern in these
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Figure 2. Optoelectronic properties of BBox** and reference compound 5**. (A) UV—vis spectra of BBox-4PF4 (10 uM in CH;CN), 5-2PF (20
UM in CH;CN), BBox-4Cl (10 #M in H,0), and 5-2CI (20 M in H,0). (B) Fluorescence excitation and emission spectra of BBox-4Cl (10 uM)
in H,0. (C) Voltammogram (scan rate: 200 mV/s) of 5-2PF, and BBox-4PF in acetonitrile solution at the concentration of 0.1 mM for BODIPY
units. (D) Normalized degradation percentages of ABDA at 375 nm in the presence of BBoxe4Cl (10 £M), 5-2CI (20 M), and Rose Bengal (RB,
10 uM) after white light irradiation (220 mW/cm?) for different time intervals using ABDA (50 #M) as the 'O, indicator.

two forms. BBox*" has extended 7-conjugated planes, where
the two BODIPY units are stacked antiparallel and at a 63.4-
degree angle with the plane of BODIPY. The cavity is like an
opened envelope with the length and height of 18.438 and
11.908 A, respectively, and its pyridinium units are bent inward
or outward of the macrocycle, resulting in the division of the
cavity into two chambers with larger and smaller widths of
8.164 and 5.793 A (Figure 1C,D). The packing of BBox**
displays fence-like tubular superstructures in the b-axis,
indicating the s-stacking interactions among neighboring
BODIPY planes with a distance of 4.099 A (Figure 1E). In
the c-axis, adjacent layers of BBox*" are joined together via C—
H---7 interactions in a herringbone packing mode to form an
expanded supramolecular structure (Figure 1F). Obviously,
envelop-like conformation, a large 7-conjugated plane, and the
topological structure driven by multiple noncovalent inter-
actions without interpenetrating behaviors favor the BBox*" to
encapsulate the size-matched guest molecules and exhibit
special photophysical behaviors.

Optoelectronic Properties. The photoluminescence
behaviors of BODIPY-based macrocycle BBox* and its
reference compound § were investigated in water and organic
solvent. As shown in Figure 2A, all compounds exhibited
similar UV—vis spectra with a main absorption band ranging
from 420 to 650 nm, where 5-2Cl showed a narrower
absorption peak at 517 nm while BBox'4Cl gave a
hypsochromic shift to 511 nm, and a shoulder peak appeared
at 496 nm in water. On account of the spatial proximity of the
chromophores,” BBox*" in forms of both chloride salt and
hexafluorophosphate showed a significant decrease in

absorption compared to its reference compound $ despite
controlling the consistent concentration of chromophores. The
excitation and emission spectra of BBox*" and compound 5 in
the forms of chloride salt and hexafluorophosphate were then
conducted in water and acetonitrile, respectively (Figures 2B,
S10, and S11). All species showed narrow-band emission (full
width at half maxima below 37 nm) in the wavelength range of
500—700 nm, with maximum emission peaks of 541—547 nm.
In addition, the quantum yields of 5:2PF4 and BBox*4PF, were
obtained as 82.98% and 34.15% in acetonitrile, respectively
(Figure S12). However, the quantum yields of $-2Cl and
BBox*4Cl were determined as 80.34% and 5.34% in water
(Figure S13), respectively. This remarkable decrease in
quantum yields for BBox*4Cl in water may be attributed to
the enhanced self-assembly driven by z-stacking interactions,
which was further confirmed by the '"H NMR spectra of 5+2Cl
and BBox-4Cl at low (1 mM for BODIPY units) and high (10
mM for BODIPY units) concentrations. As shown in Figures
S14 and S1S5, when the concentration of BBox4Cl was
increased from 0.5 to S mM, which corresponded to the
concentration of 1 and 10 mM for BODIPY units, the signals
of all protons (¢, d, e, f, g) of BODIPY fragments and b-H on
the B-position of pyridinium all went significant upshifting. In
contrast, for 5:2Cl, increasing the concentration from 1 to 10
mM failed to cause apparent shifting of the signals of protons,
indicating that the BODIPY units of BBox*4Cl formed more
stable 7-stacking complexes in water than 5-2Cl. In order to
investigate the electrochemical properties of the BODIPY-
based macrocycle, cyclic voltammetry was employed in
acetonitrile solutions containing 0.1 M tetrabutylammonium
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Figure 3. Host—guest behaviors between BBox*" and Dox. (A) Chemical structures of BBox-4Cl, Dox, and MTX. (B) UV—vis spectra of the
solution of BBox*4Cl (10 uM) in H,0 with the addition of Dox (0—15 uM). (C) Fitting curve for binding Dox with BBox*4Cl. (D) '"H NMR
spectra of Dox, BBox*4Cl, and host—guest mixture of Dox C BBox*4Cl at the ratio of 1:1 (400 MHz, D,0, 298 K).

hexafluorophosphate as the supporting electrolyte (Figure 2C).
The voltammogram of BBox*4PF, exhibited two reduction
waves (—0.67 and —1.50 V vs Ag/AgCl), which could be
assigned to the stepwise reduction of the two pyridyl BODIPY
units, where the pyridinium radical species were generated
from pyridinium cations by potentiostatic electrolysis. On the
other hand, the voltammogram of 5:2PF4 showed a lower first
reduction potential (—1.02 V vs Ag/AgCl), indicating that
BBox*4PF4 with a structure of macrocycle accepted electrons
more readily than its reference compound 5-2PF.
Considering that BBox4Cl had a strong absorption
centered at 510 nm in the visible range from 420 to 650 nm
and that its radiative excursion was suppressed to quench the
fluorescence, the singlet oxygen ('O,) generation efficiency
was determined by 9,10-anthracenediyl-bis(methylene)-
dimalonic acid (ABDA) used as an indicator for 'O, and the
change of UV—vis absorbance at 375 nm plotted against time
(Figure S16). ABDA was stable even when it was exposed to
light irradiation for 10 min (Figure S17). As shown in Figure
2D, the photodegradation of ABDA in the presence of BBox
4Cl tended to be complete within 7 s, and the 'O, generation
rate of BBox*4Cl was significantly higher than the standard RB
and its reference molecule 5:2Cl. The 'O, quantum yield of
BBox*4Cl was determined as 160%, which was a 2.1 and 17.8-
fold increase compared to that of the standard RB (75%) and
5-2Cl (9%), respectively (Table S1). These results were
consistent with the reduced fluorescence intensity of BBox*4Cl
and further confirmed that the stacking pattern of BBox*4Cl in
water facilitated the intersystem crossing of the photosensitizer

in the excited singlet state to the triplet state and suppressed
energy loss due to the radiative transition.

Supramolecular Cascade Assembly. Possessing enve-
lope-like cavities with large z-conjugate planes, BBox*4Cl can
effectively hinder the escape of guest molecules. Given its
excellent ability to generate 'O, in the visible light region, the
host—guest binding behaviors of BBox*4Cl with two neutral
antitumor drugs, doxorubicin (Dox), and methotrexate (MTX)
were explored by UV—vis and NMR spectroscopy (Figure 3A).
A significant decrease in absorption centered at 510 nm was
observed as the concentration of Dox or MTX in the host—
guest mixture solution gradually increased. Once the
concentration of Dox or MTX was equal to or exceeded that
of BBox*4Cl, the characteristic absorption band slowly
decreased and tended to be stable (Figures 3B and S18a).
Remarkably, the addition of Dox induced a significant
bathochromic shift (~5 nm) in the UV—vis absorption peak
of BBox*4Cl. These observations indicated that Dox and MTX
were encapsulated within the cavity of BBox-4Cl. The 1:1
stoichiometric binding ratio between BBox*4Cl and either Dox
or MTX was confirmed through Job’s plot experiments, based
on the maximum absorbance change at a molar fraction of 0.5
(Figure S19). Furthermore, UV titration experiments were
performed, yielding an association constant (K) of 8.05 X 10°
M~ and 8.54 X 10° M for the host—guest complexes, Dox C
BBox*4Cl and MTX C BBox4Cl, respectively, calculated by a
nonlinear least-squares formula (Figures 3C and S18b). 'H
NMR spectroscopy was then employed to identify the binding
sites between BBox*4Cl and Dox or MTX. As shown in Figure

https://doi.org/10.1021/acs.jmedchem.5c00094
J. Med. Chem. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.5c00094/suppl_file/jm5c00094_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.5c00094/suppl_file/jm5c00094_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.5c00094/suppl_file/jm5c00094_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.5c00094/suppl_file/jm5c00094_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.5c00094/suppl_file/jm5c00094_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.5c00094/suppl_file/jm5c00094_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.5c00094?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.5c00094?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.5c00094?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.5c00094?fig=fig3&ref=pdf
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.5c00094?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Medicinal Chemistry

pubs.acs.org/jmc

A2 B11 DoxcBBox-4C
BBox-4Cl u -
\1 0 equiv. Dox
Dox=BBox-4Cl
0.9 \ 1.5 equiv. HACD 1.04 a
Dox=BBox-4CI@HACD I Tu-n
c
o [ ]
@ = \
©
g 0.6 4 = 0.9 4
7]
fe)
<
0.3 0.8
BBox-4C| DoxcBBox-4Cl -
DoxcBBox-4CI@HACD
0.0 T T T T T 0.7 T T T T T T
350 400 450 500 550 600 650 0 05 10 10 15 20 2
Wavelength (nm) Adding Dox (©) Adding HACD
D [ DoxcBBox-4CI@HACD E F
801 oq - 101 100+ i v v v
488.55 nm 6.51 S S e G —v— Dox (pH 7.4)
404 DoxcBBox-4Cl
— 0.169 HACD  @HACD — 80+
> 0 X
0 (S BBox-4Cl  Dox DoxcBBox-4Cl S
[] DoxcBBox-4Cl = [0}
%‘ 80 T 8 60 - aa—a a—"
2 119.01 nm g -104 o A/"‘ —A—pH55
2 40 3 [3) rd o
£ e o 401 oo
0 £ 204 3 /‘/ o —o—pH6.5
BBox-4Cl -20.7
80 [ N O 5 [4¢
60.69 nm ./
-304 -u-g—8—8—H" M
404 -= —a—
0 pH 7.4
-33.5
0 T T T T T T
10 100 1000 0 15 30 45 60 75

Diameter (nm)

Time (h)

Figure 4. Characterization of the cascade assembly process. (A) UV—vis spectra and (B) changes in absorbance at 510 nm of BBox-4Cl (10 M)
with the sequential addition of Dox (0—10 yM) and HACD (0—24 uM). Insert: the Tyndall effects in the solution of Dox C BBox-4Cl (I), HACD
(1), and Dox C BBox*4CI@HACD (III). (C) TEM images, (D) DLS analysis, and (E) zeta potentials of BBox-4Cl (10 uM), Dox C BBox-4Cl
(10 uM), and Dox C BBox4CI@HACD (10 uM). (F) Dialysis of the Dox C BBox*4CI@HACD solution (1 mM, 2 mL) to buffer solution (30

mL) at 37 °C (molecular weight cutoff: 1000 Da).

3D, the signals of c- and g-H of BBox*4Cl underwent
significant upshifting and 1—5 H of Dox broadened and then
disappeared, while the signals of b and h—H of BBox4Cl
shifted downfield, indicating that the anthracycline units of
Dox entered the cavity of BBox*4Cl and stacked with the inner
BODIPY units. Similarly, for MTX (Figure S20), upfield shifts
were observed for the 1’-H of the pterin moiety, 4',5"-H of the
benzene ring, and the 2,3’-H of the aminomethyl linker,
indicating that the pterin and benzene units were confined
within the BBox*4Cl cavity. These findings demonstrated that
the appropriate size, m-conjugated cavity, and envelope-like
structure of BBox*4Cl make it a promising candidate for drug
delivery.

Although BBox*4Cl had a high affinity for both Dox and
MTX, Dox C BBox'4Cl was selected for further study of the
BBox*'-mediated drug loading system and therapeutic capacity
due to higher water solubility. In pursuit, S-CD-grafted
hyaluronic acid (HACD) with abundant negative charge was
utilized for the secondary encapsulation of Dox C BBox*4Cl
through electrostatic interaction, forming three-component
nanoparticles capable of targeting overexpressed receptors such
as cluster determinant 44 (CD44) and HA-mediated motility
receptor (RHAMM) on the surfaces of various tumor
cells.**™*° The substitution degree of the f-cyclodextrin (f-
CD) was determined as 10% by comparing the integral area of
1 H (1.97 ppm) and 2 H (5.04 ppm), corresponding to the
characteristic signals of the HA moiety and S-CD moiety,
respectively (Figure S21). The secondary assembly process of
Dox C BBox'4Cl with HACD was investigated by UV—vis
(Figure 4A,B) and fluorescence spectroscopy (Figure S22).

For BBox*4Cl, the absorbance at 510 nm and fluorescence
intensity at 545 nm were decreased with the stepwise addition
of Dox and reached equilibrium at a 1:1 stoichiometry.
Continuing to add HACD to the 1:1 mixture of BBox*4Cl and
Dox, further significant decreases in absorbance and
fluorescence intensity were observed, and it was almost in
equilibrium when increasing the amount of HACD to 1.5 equiv
(calculated by S-CD units). Meanwhile, a significant Tyndall
effect could also be observed in the Dox C BBox*4CI@HACD
solution (Figure 4B, inset), indicating the formation of
supramolecular nanoassemblies. Subsequently, transmission
electron microscopy (TEM), field emission scanning electron
microscope (FE-SEM), dynamic light scattering (DLS), and
zeta potential experiments were employed to characterize the
morphology of Dox C BBox*4CI@HACD. The TEM images
of BBox*4Cl and Dox C BBox*4Cl showed near-spherical
nanoparticles with average sizes of 58.20 and 136.26 nm,
respectively, while Dox C BBox4CI@HACD presented
spherical nanoparticles with varying sizes of 315—600 nm
(Figure 4C). Remarkably, the enlarged TEM image of Dox C
BBox*4CI@HACD showed the process of self-assembly,
suggesting that the reason for the different sizes of Dox C
BBox*4CI@HACD may be that the larger assemblies were
further assembled from the smaller ones, as well as Dox C
BBox*4CI@HACD was assembled from HA with different
lengths or molecular weights. Similarly, the FE-SEM image
further revealed that Dox C BBox*4CI@HACD was a spherical
nanoparticle (Figure S23). DLS measurements also demon-
strated that the effective hydrodynamic diameters of BBox*4Cl,
Dox C BBox*4Cl, and Dox C BBox*4CI@HACD were 60.69,
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Figure S. Evaluation of the supramolecular assembly photodynamic effect. (A) Normalized degradation percentages of ABDA at 375 nm in the
presence of BBox-4Cl (10 uM), Dox C BBox*4Cl (10 uM), and Dox C BBox-4CI@HACD (10 uM) after white light irradiation (220 mW/cm?)
for different time intervals using ABDA (50 uM) as the 'O, indicator. (B) Absorbance of oxidized TMB at 652 nm in the mixture of Dox C BBox'
4CI@HACD (10 M) and different ROS quenchers after white light irradiation (220 mW/cm?) for different time intervals using TMB (100 uM)
as the ROS indicator. (C) Fitted apparent first-order kinetic constants for the oxidation of TMB in the presence of different ROS quenchers. EPR
spectra to detect 'O, (D) and *OH (E) generated by BBox** species (0.1 mM) under white light irradiation (220 mW/cm?, 30 s), using TMEP
(0.3 M) and DMPO (45 mM) as a spin-trap agent. (F) Representative photocurrent responses of BBox-4Cl and Dox C BBox*4CI@HACD on the
ITO plate electrode with the interval of 30 s. (G) Schematic illustration of photocatalytic oxidation of NADH by Dox C BBox-4CI@HACD. (H)
UV—vis spectra of NADH (100 zM) in the presence of Dox C BBox*4CI@HACD (10 uM) and (I) plots of In(A/A,) of NADH at 339 nm after
white light irradiation (220 mW/cm?) for different time intervals. (J) Mechanism of the photoinduced *OH generation in type-I PDT.

119.01, and 488.55 nm, respectively, which matched well with
the TEM results (Figure 4D). In addition, as depicted in
Figures 4E and S24, the tetracationic BBox*4Cl exhibited a
zeta potential of 6.51 mV, which decreased slightly to 5.21 mV
after assembly with Dox (0.169 mV). The zeta potential of
Dox C BBox*4CI@HACD was converted to —20.7 mV upon
further assembly with HACD (—33.5 mV). All of the

experimental results indicated that the binary complex Dox
C BBox*4Cl could undergo secondary assembly with HACD
by the electrostatic interaction to form negatively charged
spherical nanoparticles.

Subsequently, dialysis experiments were conducted at
different pH values to explore the deconstruction of nano-
particles and the release of Dox under various complex
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physiological conditions. As shown in Figure 4F, Dox C BBox*
4Cl@HACD allowed for less than 10% of Dox released into
the external solution after 72 h at the normal physiological pH
of 7.4, suggesting that the nanoparticles could undergo
circulation in normal blood plasma. However, when nano-
particles were exposed to weakly acidic tumor tissue (pH =
6.5) as well as more acidic endosomal or lysosomal
compartments (pH = S.5), the release rate of Dox reached
42% and 60% after 72 h, respectively. All the results showed
that Dox C BBox*4CI@HACD allowed for the release of Dox
at the specific tumor sites with an acidic environment, which
might be attributed to the loss of negative charge density in
HACD, accompanied by the partial disassembly of the
nanoparticles.

Supramolecular Assembly Photodynamic Effect. After
examination of the binary complex Dox C BBox*4Cl and the
three-component assembly Dox C BBox4CI@HACD, their
'0, quantum yields were determined through the photo-
degradation of ABDA (Figures SA, S25 and Table S2). The
results suggested that both assemblies retained their robust 'O,
generation capability. Excitingly, Dox C BBox4CI@HACD
was also found to produce *OH through a hypoxia-tolerant
electron transfer mechanism, enabling PDT to function
effectively in oxygen-deficient tumor tissue. The generation
of *OH was monitored by the control experiments in the
presence of 3,3,5',5'-tetramethylbenzidine (TMB), which
could be oxidized by ROS"" generated from Dox C BBox*
4CI@HACD under irradiation with the enhanced absorption
at 652 nm (Figure $26). A series of ROS quenchers, including
L-tryptophan (for '0,), p-mannitol (for *OH), catalase (for
H,0,), and superoxide dismutase (SOD, for superoxide), were
then added to the mixture of Dox C BBox-4CI@HACD and
TMB to inhibit the oxidation of TMB. As depicted in Figures
§27-831, both L-tryptophan and D-mannitol were able to
partially quench the absorption of oxidized TMB, leading to
the decrease of fitted apparent first-order kinetic constants
(K,ps) from 0.064 min™" to 0.025 and 0.02 min™~’, respectively.
When both quenchers were added together, TMB oxidation
was nearly completely inhibited with K, as low as 0.008
min~! (Figure 5B,C). These results confirmed that both 'O,
and *OH were generated in the Dox C BBox4CI@HACD
solution upon irradiation. The electron paramagnetic reso-
nance (EPR) further validated the generation of both 'O, and
*OH in the photodynamic system. Using 2,2,6,6-tetramethyl-4-
piperidinone (TEMP) as the spin-trap agent, characteristic
signals of the TEMP-'O, adduct were observed in irradiated
solutions of BBox*4Cl, Dox C BBox*4Cl, and Dox C BBox*
4CI@HACD, with comparable amplitudes (Figure SD), which
matched well with the results of the photodegradation
experiments. Likewise, 5,5-dimethyl-1-pyrroline N-oxide
(DMPO) was selected as the spin-trap agent for *OH and
the characteristic signals of the DMPO-*OH adduct were
observed after irradiation, in which the amplitudes increased
gradually with the addition of Dox and HACD (Figure SE),
indicating the cascaded assembly eftectively enhanced the *OH
generating capacity of BBox*4Cl and promoted the type-I
photodynamic process. In addition, as expected, Dox C BBox*
4CI@HACD also exhibited a significantly enhanced photo-
current intensity as compared to BBox*4Cl and Dox C BBox-
4Cl (Figure SF), which further illustrated that Dox and
HACD, participating in nanosupramolecular assembly as
antitumor drug and targeting agent, respectively, showed

additional contributions to the electron transfer and the
generation of *OH for BBox*4Cl.

NADH, as a coenzyme playing a vital role in maintaining the
intracellular redox balance™ by the interconversion with
NADY, was considered as a sacrificial agent in the process of
electron transfer and facilitated the electron recycling in type-I
PDT. In order to confirm this mechanism, the consumption of
NADH was monitored by UV—vis spectroscopy (Figures
SGH). Upon irradiating the solution of NADH containing
Dox C BBox4CI@HACD, the characteristic absorption of
NADH at 339 nm decreased significantly, and the rate
constant (k.,,) of NADH oxidation was calculated to be 0.187
min~'(Figure SI). Further verification of NADH oxidation was
performed using '"H NMR spectroscopy, where the character-
istic signals of NAD" intensified, and those of NADH
diminished within 20 min in the presence of Dox C BBox"
4CI@HACD as the catalyst (Figure S32). In the absence of
Dox C BBox4CI@HACD, no significant changes were
observed (Figure S33). These findings indicated that Dox C
BBox*4CI@HACD could effectively catalyze NADH oxidation
and facilitate the continuous electron flow from NADH during
irradiation.

As shown in Figure SJ and Figure S34, the photoinduced
generation of 'O, and *OH involved an energy transfer and
electron transfer process, respectively. The triplet excited
photosensitizer’ (BBox)* formed by the intersystem crossing
from the excited singlet state has a longer lifetime and
facilitates the occurrence of energy transfer and electron
transfer with oxygen. On the one hand,’(BBox)* directly
undergoes energy transfer with oxygen to generate 'O,, which
remains unaffected by host—guest interaction or secondary
assembly, ensuring a stable type-II photodynamic effect. On
the other hand, rapid electron transfer occurs in two opposing
BODIPY units of *(BBox)*, and a pair of free radical ions,
(BODIPY)** and (BODIPY)*", are generated through a
photoinduced intramolecular or intermolecular disproportio-
nation reaction.”” The radical anion (BODIPY)®~ transfers an
electron to dissolved oxygen, producing *OH, while the radical
cation (BODIPY)** accepts electrons from NADH. More
importantly, as demonstrated above, NADH was successfully
converted to NAD" by catalytic oxidation, and Dox C BBox"
4CI@HACD can be considered a photoelectron “reservoir” in
this photoredox system. In detail, this photoelectron
“reservoir” constructed by the supramolecular cascade
assembly can continuously grasp electrons from NADH as
the sacrificial agent by catalytic oxidation, store electrons as
radical forms, and further pump them to oxygen, thereby
realizing the harvest of *OH and the conversion of the type-II
PDT into type-I PDT. In addition, the contribution of the two
components of photocatalyst, Dox and HACD, to photo-
electron transfer and *OH generation discussed above can be
visualized by the concepts of “pump” and “sponge” to reflect
their roles played in “reservoir”. On the one hand, Dox is
encapsulated by BBox*4Cl and is exactly located in the cavity
formed by the opposing BODIPY units, which can help to
pump electrons between two sides of BODIPY units to
mediate intramolecular electron transfer in BBox*4Cl. On the
other hand, HACD can enrich and spatially align Dox C BBox-
4Cl to facilitate the intermolecular electron transfer in BBox*
4Cl. This synergistic interaction significantly enhances the
electron recycling efficiency, boosting the *OH generation
capacity of Dox C BBox*4CI@HACD.
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Figure 6. PDT in vitro after treatment with Dox C BBox-4CI@HACD. (A) Detection of intracellular total levels of 'O, and *OH in A549 cells and
293T cells with Dox C BBox*4CI@HACD (0.5 4uM) and DCFH-DA (10 uM) after different treatment. (B) Flow cytometry profile for A5S49 cells
treated with Dox C BBox"4CI@HACD (2 uM) for different time intervals. (C) Detection of intracellular NADH level with the addition of Dox C
BBox-4CI@HACD (0—6 M) under dark and white light irradiation (220 mW/cm? 10 min) by NAD*/NADH assay kit. (D) Confocal
microscopy images of LysoTracker Red or MitoTracker Red stained AS49 cells in the presence of Dox C BBox"4CI@HACD (2 uM) under dark
and white light irradiation (220 mW/cm? 10 min). (E) Confocal microscopy images of calcein/CoCl,-stained A549 cells in the presence of Dox C
BBox4CI@HACD (0.5 uM) under dark and white light irradiation (220 mW/cm? 10 min). (F) Confocal microscopy images of JC-1-stained
A549 cells in the presence of Dox C BBox*4CI@HACD (0.5 uM) under dark and white light irradiation (220 mW/cm? 10 min). (G) Cell viability
of AS49 cells treated with Dox C BBox*4CI@HACD (0—8 xM) under normoxia and hypoxia in the absence/presence of white light irradiation
(220 mW/cm?, 10 min). Data presented were the means + standard error of the mean. **p < 0.01, ***p < 0.001, and ****p < 0.0001.

PDT In Vitro. Given that the BBox*" species were capable
of simultaneous photoinduced energy transfer and electron
transfer, we focused on the PDT process of the preferred
photosensitizer Dox C BBox*4CI@HACD in vitro. First, flow
cytometry was employed to evaluate the cell uptake of Dox C
BBox4CI@HACD, and the results showed that it was
effectively internalized by A549 human lung adenocarcinoma
cells, approached the peak at around 12 h, and was retained in
cells for at least another 12 h (Figures 6B and S35). After
confirmation that Dox C BBox*4CI@HACD could effectively
be taken up by cells, the generation of 'O, and *OH and the
involvement of NADH in the photodynamic system were
further validated at the cellular level. The commercially
available probe 6-carboxyl-2’,7'-dichlorodihydrofluorescein
diacetate (DCFH-DA) was internalized into AS549 cells and
293T human embryonic kidney cells to investigate the
intracellular total levels of 'O, and *OH under light irradiation.
As discerned from Figure 6A, the AS49 cells manifested bright
green fluorescence in both normoxia and hypoxia after
irradiation, whereas the control group without irradiation
showed only weak green fluorescence, indicating the intra-

cellular 'O, and *OH generation upon irradiation. Meanwhile,
due to the lack of HA-mediated endocytosis, the 293T cells
failed to display obvious fluorescence signals. The NADH
depletion in AS49 cells was assessed by the NAD*/NADH
assay kit with WST-8. As shown in Figure 6C, the effect of
light irradiation on the levels of NADH was negligible in the
absence of Dox C BBox*4CI@HACD. Intracellular levels of
NADH decreased with the increasing concentrations of Dox C
BBox*4CI@HACD under light irradiation, whereas NADH
was virtually unaffected in the absence of light irradiation,
suggesting that NADH as the sacrificial agent was consumed
for the replenishment of photoelectron in SPR.

Subsequently, the distribution of Dox C BBox*4Cl@HACD
in the organelles of AS549 cells was observed by laser scanning
confocal microscopy (LSCM) (Figure 6D). The green
fluorescence of Dox C BBox*4CI@HACD overlapped well
with the red signal of LysoTracker Red after 12 h incubation,
and the Pearson correlation coefficient was accordingly
calculated as 0.91 (Figure S36). However, Dox C BBox
4CI@HACD underwent migration from lysosomes to
mitochondria, and the Pearson correlation coefficient for
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Figure 7. PDT in vivo and biosafety evaluation after treatment with Dox C BBox-4CI@HACD. (A) Schematic illustration of the in vivo PDT
process with the tumor-bearing mice model. (B) In vivo fluorescence images of mice treated with Dox C BBox*4CI@HACD. (C) Body weights,
(D) tumor volumes, (E) average tumor weights, and (F) representative photographs of tumors of the mice in different groups in 14 days after
treatment. (G) H&E staining images of tumor tissues from different samples of tumor-bearing mice. (H) Hemolytic activity of rabbit erythrocyte
and (I) activated partial thromboplastin time (aPTT) assays in rabbit plasma for the clotting time vary with the amount of Dox C BBox-4Cl@
HACD. (J) Concentration of blood urea nitrogen (BUN) and creatinine (Cr) of fresh extracted plasma after mice treated with PBS and Dox C
BBox-4CI@HACD. (I) PBS, (II) Dox, (III) BBox-4Cl + light, (IV) Dox C BBox4Cl + light, (V) Dox C BBox-4CI@HACD, and (VI) Dox C
BBox4CI@HACD + light. Data presented were the means + SEM *#*p < 0.001, ****p < 0.0001, n.s. was represented for nonsignificant.

mitochondria was determined as 0.73 after white light
irradiation (Figure S37). In order to investigate the mechanism
of migration, the mitochondrial membrane potential assay kit
with JC-1 and the mitochondrial permeability transition pore
(MPTP) assay kit with calcein/CoCl, were both employed to
assess the effect of Dox C BBox*4CI@HACD on mitochon-
drial morphology. Taking advantage of the properties of JC-1
in the forms of aggregates with red fluorescence and monomers
with green fluorescence at high and low mitochondrial
potentials, respectively, the changes of mitochondrial poten-
tials can be detected to reflect the degree of mitochondrial
depolarization. As shown in Figure 6F, the green fluorescence
representing JC-1 monomers was significantly enhanced in
AS49 cells ingesting Dox C BBox*4CI@HACD after light
irradiation, illustrating the decrease of the degree of
mitochondrial depolarization. Furthermore, calcein with
green fluorescence can accumulate in cytosolic compartments,
including mitochondria, while CoCl, can selectively quench
the cytosolic fluorescence except in the mitochondria due to
the close of MPTP in normal. As depicted in Figure 6E, after
AS549 cells administrated Dox C BBox*4CI@HACD were
treated with calcian and CoCl, sequentially, the green
fluorescence of calcein in mitochondria was maintained but
completely disappeared upon irradiation, demonstrating that

the generation of ROS stimulated the opening of MPTP,
thereby permitting CoCl, to cross the mitochondrial
membrane to quench its internal fluorescence. These results
suggested that Dox C BBox'4CI@HACD entered the
lysosomes first, and subsequent migration was attributed to
the positive regulatory effect of mitochondrial permeability
transition in the initial stages of treatment, and then Dox C
BBox*4CI@HACD consumed NADH in mitochondria, which
disturbed the redox balance and triggered the further
apoptosis.

Encouraged by the result that Dox C BBox*4Cl@HACD
could generate oxygen-independent *OH through cascade-
activated electron transfer, the antitumor activity of Dox C
BBox*4CI@HACD was investigated under normoxia and
hypoxia in AS49 cells, and the cell viability was evaluated by
the CCK-8 assay kit (Figure 6G). Dox C BBox4CI@HACD
without light irradiation showed only the toxicity of Dox itself
with a half-maximal inhibitory concentration (ICs,) of 2.49
#M under normoxia and 2.37 yM under hypoxia, which was
close to the IC;, of Dox alone (Figure S38, 2.01 uM).
However, the cytotoxicity of Dox C BBox4CI@HACD was
significantly increased after light irradiation with ICs, as low as
0.46 M under normoxia and 0.85 yM under hypoxia, which
were 5.41-fold and 2.79-fold decreases, respectively, compared
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to those without light treatment. These results reflected that
Dox C BBox*4CI@HACD achieved hypoxia-tolerant type-1/I1I
combined PDT in vitro. The cytotoxicity of BBox*4Cl alone
was also investigated to explore the synergistic antitumor effect
between PDT and chemotherapy with Dox. As shown in
Figure S39, in the absence of light irradiation, BBox*4Cl had
no cytotoxicity to A549 cells in all of the above therapeutic
concentrations, while the toxicity of BBox*4Cl increased
dramatically after light treatment, with the values of ICs
reaching 2.26 and 5.31 yM under normoxic and hypoxic
conditions, respectively. Accordingly, the combination indexes
(CI) between Dox and photosensitizer BBox*4Cl under
normoxia and hypoxia were calculated to be 0.43 and 0.58,
respectively, indicating the high synergistic effect (0.4 < CI <
0.6) between chemotherapy and PDT in this system.
Compared with other BODIPY-based photosensitizers
(Table S3), this highly synergistic tumor treatment system
was not only distinctively designed as a macrocyclic BODIPY-
based container for targeted drug delivery but also enabled
special supramolecular cascade assembly-activated *OH
generation with considerable therapeutic efficiency.

PDT In Vivo. Considering that Dox C BBox*4CI@HACD
exhibited excellent antitumor activity driven by multiple
apoptotic mechanisms at the cellular level, the PDT efficiency
was investigated with a subcutaneous tumor model of A549
cells in BALB/c nude mice (Figure 7A). Dox C BBox*4Cl@
HACD (1.7 mM, 100 puL) or its reference drugs, including
Dox, BBox*4Cl, and binary complex Dox C BBox*4Cl were
administered to the mice by tail vein injection, and the tumor
sites were irradiated by white light (220 mW/cm?) after 24 h
of incubation in the dark. As expected, the enrichment of Dox
C BBox*4CI@HACD in tumor tissue could be observed in an
in vivo image due to the tumor-targeted capacity of HACD
(Figure 7B). The body weights and tumor volumes of the mice
were monitored for 14 days (Figure 7C,D). All experimental
groups had a slight decline in body weights within 1-2 days
after administration, followed by a steady weight increase
during the subsequent 12 days, indicating the negligible
systemic cytotoxicity of Dox C BBox*4CI@HACD and its
reference drugs at the therapeutic concentrations. Compared
with the phosphate buffered saline (PBS) group, all treated
groups showed significant tumor suppression (Figure 7D—F).
Among them, the tumor growth inhibition (TGI) value of the
group treated with Dox C BBox4CI@HACD and light
reached 95%, which was much higher than the control groups,
including Dox (36%) or BBox*4Cl (45%) alone, dark (68%),
and nontargeted (77%). All the above results suggested that
Dox C BBox*4CI@HACD has potent antitumor activity with
negligible systemic cytotoxicity, which benefits from the highly
efficient generation of 'O, and *OH, synergistic therapy, and
tumor targeting.

Biocompatibility and Safety Evaluation. When the in
vivo experiment was terminated, the tumor-bearing mice were
sacrificed, and the hematoxylin and eosin (H&E) staining of
major organs and tumor tissues was performed. As depicted in
Figure 7G, there was no obvious tissue damage or pathological
variation in all treatment groups, demonstrating the high
biocompatibility and safety of drugs, including Dox C BBox*
4ClI@HACD. Meanwhile, hemolysis and aPTT assays (Figure
7H,I) in vitro showed no significant risk of hemolysis or
interference with coagulation mechanisms even at 8 times the
maximum administrated dose of Dox C BBox*4CI@HACD. In
addition, both blood urea nitrogen and creatinine assays

revealed that the renal function was normal in the treatment
group (Figure 7J). All of the results above further confirmed
that Dox C BBox*4CI@HACD has superior biocompatibility
and safety for practical tumor treatment.

B CONCLUSIONS

In summary, a supramolecular photoelectron “reservoir” (SPR)
was designed, utilizing a BODIPY-based tetracationic macro-
cycle (BBox*4Cl) as the photosensitizer, doxorubicin (Dox) as
a guest drug molecule, and tumor-targeted HACD for efficient
and hypoxia-tolerant type-I/II combined PDT with cascade-
activated *OH generation capacity. BBox*4Cl in SPR, not only
captured electrons from NADH through catalytic oxidation
and transferred these electrons to oxygen for *OH generation,
but also utilized Dox and HACD as a “pump” and “sponge”,
respectively, to enhance both intramolecular and intermolec-
ular photoelectron transfer, thereby facilitating the photo-
electron recycling in SPR to boost the generation of *OH.
Meanwhile, NADH in situ within the tumor acted as a
sacrificial agent to replenish photoelectrons in SPR, thereby
disrupting the normal redox balance and inducing apoptosis.
Driven by various apoptotic mechanisms, Dox C BBox*4Cl@
HACD as SPR demonstrated excellent antitumor activity, with
an ICs, as low as 0.46 uM under normoxia and 0.85 M under
hypoxia in vitro, along with tumor growth inhibition up to 95%
in vivo. This work shows a facile strategy for supramolecular
cascade-activated photoelectron transfer to boost the type-I
PDT process and paves the way for the exploration of in situ
biological substrate-driven photoelectron recycling to achieve
multiple apoptotic mechanism-triggered synergistic tumor
therapy.

B EXPERIMENTAL SECTION

General Procedures. 'H and '*C NMR spectra were recorded
through a Bruker AV400 instrument in the indicated solvents at 25
°C. Chemical shifts were referenced to the residual solvent peaks.
HRMS (HR-MS) was recorded on a Q-TOF LC—MS in an
electrospray ionization source. The high-performance liquid chroma-
tography (HPLC) trace of BBox*4Cl was recorded by an Agilent 1260
Infinity II using an InfinityLab Poroshell 120 SB-C18 column (4.6 X
150 mm, 2.7 ym). HPLC chromatography was performed at 40 °C
with a flow rate of 0.1 mL-min~". The solvent system used was
distilled water containing formic acid (0.1%) and HPLC-grade
acetonitrile with a gradient of 65%. UV—vis data were collected on a
Shimadzu UV-3600 spectrophotometer. The fluorescence spectra
were collected on a JASCO FP-750 spectrometer. The excitation and
emission spectra were recorded by Edinburgh Instrument FSS, and
the quantum yields were measured with a 150 mm integrating ball.
The TEM experiments were carried out on FEI Tecnai G2 F20 under
200 kV. Field emission scanning electron microscopy (FE-SEM) was
recorded on FEI Apreo S LoVac working at an accelerating voltage of
200 eV ~ 30 keV. The cyclic voltammetry was carried out with the
BASi Epsilon electrochemical workstation. DLS investigations were
recorded with a DynaPro NanoStar DLS detector. The Zeta
potentials were examined on a Brookhaven ZETAPALS/BI-200SM
at 298 K. The EPR experiments were employed with Bruker E580-10/
12. Flow cytometry was employed with a Mindray BriCyte E6. LSCM
and in vivo imaging were carried on Olympus FV1000 and CRi
Maestro, respectively.

Materials. All solvents and chemicals were used as purchased
without further purification. Doxorubicin (Dox) in the form of
hydrochloride salt was purchased from Bidepharm Co., Ltd.
(Shanghai, China). The purity of the final compound, BBox*4Cl,
which was used for in vitro and in vivo assays, was determined to be
>95% by an HPLC analysis (Figure $40). Compounds 1,°° 2,°" and
3" were prepared according to reported methods with 2,4-
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dimethylpyrrole and benzoyl chloride as the starting material. HACD
was synthesized by the amide condensation reaction between sodium
hyaluronate (M, = 5000) and mono-6-deoxy-6 ethylenediamino-f3-
CD based on our previous work.”* Catalase, superoxide dismutase,
and aPTT assay kit were obtained from yuanye Bio-Technology Co.,
Ltd. (Shanghai, China). The NAD*/NADH assay kit with the WST-8,
ROS assay kit, Mito-Tracker Red CMXRos, Lyso-Tracker Red,
mitochondrial membrane potential assay kit with JC-1, and MPTP
assay kit with calcein/CoCl, were purchased from Beyotime
Biotechnology Co., Ltd. (Shanghai, China). 2% rabbit red blood
cells (RBC) in Alserver’s solution were provided by SenBeiJia
Biological Technology Co., Ltd. (Nanjing, China). Rabbit plasma was
purchased from Hongquan Biological Science and Technology Co.,
Ltd. (Guangzhou, China). The blood urea nitrogen assay kit was
purchased from Sangon Biotech Co. Ltd. (Shanghai, China).
Creatinine assay kits were obtained from Nanjing Jiancheng
Bioengineering Institute (Nanjing, China). The AS49 and 293T
cells were purchased from the Cell Resource Center, China Academy
of Medical Science (Beijing, China).

Animals and Ethical Statement. BALB/c nude mice for tumor
suppression assessment in vivo were purchased from Beijing FHK
Bioscience Co. Ltd. All the animals were acclimated under standard
laboratory conditions, including a ventilated room, a suitable
temperature (25 + 1 °C), controlled humidity (60 + 5%), and a
12 h light/dark cycle. All procedures were conducted in accordance
with the “Guiding Principles in the Care and Use of Animals” (China)
and also assessed by the Animal Experimentation Ethics Committee
of Nankai University, and the assigned approval number is 2021-
SYDELL-000448.

Compound 4. a,a’-Dibromo-p-xylene (0.44 g, 1.7 mmol) was
added to dry acetonitrile (25 mL) in a 100 mL round-bottomed
three-neck flask, and the oil bath was raised to 90 °C until all of the
solid was dissolved. Compound 3 dissolved in dry CH,Cl, (15 mL)
was added dropwise into the system in 1 h. After refluxing for 48 h,
the reaction mixture was cooled to room temperature, and the solvent
was removed by evaporation. The orange residues were washed with
ethyl acetate (S0 mL) and were dissolved in methanol (10 mL), A
saturated solution of ammonium hexafluorophosphate in water was
added dropwise and the precipitate formed was filtered, washed with
water (20 mL X 3), and dried to afford compound 4 (0.14 g, 73%) as
an orange solid. '"H NMR (400 MHz, DMSO-d): 6 9.17 (d, ] = 7.1
Hz, 4H), 8.13 (d, J = 7.0 Hz, 4H), 7.66 (d, ] = 7.0 Hz, 2H), 7.62—
7.51 (m, 8H), 7.50—7.46 (m, 2H), 7.43 (s, 1H), 5.81 (s, 4H), 4.71 (s,
4H), 2.62 (s, 6H), 1.42 (s, 6H). >*C NMR (101 MHz, DMSO-d): &
13C NMR (101 MHz, DMSO-dg): 6 155.25, 149.74, 145.06, 144.32,
141.97, 139.31, 138.90, 134.18, 133.29, 131.34, 130.08, 129.79,
129.66, 129.28, 128.60, 128.41, 127.60, 62.28, 45.45, 33.58, 13.50,
12.78. HRMS (ESI): caled for C,H, N,BBr,F, [M—2PF(]*":
399.8402; found, 399.8413.

BBox-4Cl. Compound 3 (84 mg,0.18 mmol) was dissolved in dry
acetonitrile (200 mL) by sonication. Subsequently, compound 4 (200
mg, 0.18 mmol), TBAI (20 mg, 0.05S mmol), and pyrene (178 mg,
0.90 mmol) were added into the system, and the mixture was stirred
at 50 °C for 7 days under a nitrogen atmosphere. Saturated (t-
Bu),NCI (5 mL) was added, and the dark orange precipitate was
filtered, washed with acetonitrile (SO mL), and then subjected to
column chromatography on silica gel (CH;OH/H,O/saturated
NH,CI = 6:3:1, Ry = 0.4). The crude product was then dissolved in
water (20 mL), and NH,PF, was added until no new precipitate was
produced. The precipitate formed was washed with H,O (50 mL),
dried, and redissolved in acetonitrile (20 mL). Saturated (¢-Bu),NCl
was added dropwise until no new precipitate was produced. The
precipitate that formed was washed with acetonitrile (50 mL) and
dried to afford BBox-4Cl (39 mg, 17%) as a red powder. 'H NMR
(400 MHz, D,0): & 8.83 (d, J = 6.4 Hz, 8H), 7.69 (d, ] = 6.5 Hz,
8H), 7.66 (s, 8H), 7.58 (s, 6H), 7.36 (s, 4H), 5.75 (s, 8H), 2.29 (s,
12H), 1.34 (s, 12H). *C NMR (101 MHz, D,0): § 155.25, 150.98,
146,11, 143.30, 143.09, 13639, 133.24, 132.09, 13030, 130.03,
129.82, 128.76, 128.09, 127.48, 64.16, 12.70, 12.42. HRMS (ESI):
caled for C,,HgNgB,F,Cl [M—3CI]**: 399.8402; found, 399.8413.

5-2Cl. Compound 3 (0.1 g, 0.21 mmol) and benzyl bromide (248
uL, 2.1 mmol) were dissolved in dry acetonitrile (40 mL) and
refluxed for 24 h. The reaction mixture was cool to room temperature,
and the solvent was removed by evaporation. The residues were
washed with diethyl ether (20 mL) and dried to afford crude red solid.
The crude product was then dissolved in water (20 mL), and NH,PFq
was added until no new precipitate was produced. The precipitate
formed was washed with H,O (50 mL), dried, and redissolved in
acetone (20 mL). Saturated (+-Bu),NCl was added dropwise until no
new precipitate was produced. The precipitate that formed was
washed with acetone (S0 mL) and dried to afford 5-2Cl (96 mg,
63%). "H NMR (400 MHz, D,0): § 8.88 (d, J = 6.8 Hz, 2H), 7.91 (d,
J = 6.5 Hz, 3H), 7.63 (s, 2H), 7.52 (s, SH), 7.42 (s, 2H), 5.81 (s, 3H),
2.61 (s, 4H), 1.47 (s, 3H). 3C NMR (101 MHz, D,0): § 155.24,
151.17, 146.01, 143.75, 143.30, 133.37, 132.88, 132.06, 129.90,
129.83, 129.58, 128.94, 128.67, 128.36, 127.52, 63.97, 12.84, 12.53.
HRMS (ESI): caled for C,3H3oN,BF, [M—2Cl]**": 330.1613; found,
330.1619.

Crystal. The single crystal of BBox** was obtained by the slow
evaporation of diisopropyl ether into the acetonitrile solution of
BBox*4PF at room temperature for 7 days. Crystal data and the X-ray
crystal structure with their CCDC numbers are provided in Table S4.
CIF is available as a separate file as Supporting Information.

Preparation of Dox C BBox-4Cl and Dox C BBox-4Cl@HACD.
BBox-4Cl (13.1 mg, 0.01 mmol) and doxorubicin (Dox) hydro-
chloride (5.8 mg, 0.01 mmol) were dissolved in distilled water (S
mL), and the solution was sonicated for 10 min. For Dox C BBox-
4CI@HACD, an additional HACD (75 mg, 0.015 mmol) were
required to be added to the solution of Dox C BBox*4Cl. The
obtained 2 mM Dox C BBox*4Cl or Dox C BBox*4CI@HACD stock
solution could be used directly for experiments or lyophilized as
needed.

Detection of '0, Production with ABDA. 9,10-Anthracenediyl-
bis(methylene)dimalonic acid (ABDA) was employed as a specific
!0, probe to detect the generation of 'O, in solution (Scheme S1).
When 'O, was generated after irradiation, ABDA could be oxidized
with an increase in absorption at 375 nm. Specifically, 10 uM BBox**
species or its reference compound 5-2Cl containing 50 uM ABDA
were placed in a cuvette and irradiated with a white light (4 > 420 nm,
220 mW/cmz). The absorption band centered at 375 nm of the
samples was then detected by the UV—vis spectroscopy. RB was used
as a standard for evaluating the 'O, quantum yield of photosensitizers
(®pg), which could be calculated by the following equation®®

Dpg = Dp bro/ bap

Aps/Arp
where kpg and kgg represent the decomposition rate constants of
ABDA with photosensitizers (PS) and RB, respectively. Apg and Agy
represent the integration areas of PS and RB under the absorption
band in the wavelength range above 420 nm. ®yj is a known constant
with a value of 75%.

Cyclic Voltammetry Measurement for 5-2PF, and BBox:
4PF,. Cyclic voltammogram experiments were conducted by using a
three-electrode system. A glassy carbon electrode was used as the
working electrode, and the platinum chip electrode and the Ag/AgCl
electrode were used as the counter electrode and reference electrode,
respectively. The measurement was conducted in acetonitrile
containing 0.1 M tetrabutylammonium hexafluorophosphate with a
scan rate of 200 mV/s.

Detection of the Dox Release from Nanoparticles. Dialysis
bag (molecular weight cutoff: 1000 Da) containing Dox alone or Dox
C BBox*4CI@HACD (2 mL, 1 mM) solution was settled in the
NaH,PO,/Na,HPO, buffer solution (30 mL, pH = 7.4, 6.5, or S.5)
and dialyzed on a shaker at 37 °C. An aliquot (0.1 mL) was taken
from the dialysate, and the absorption values (A,) were read by a
microplate reader at a wavelength of 480 nm. The percentage of Dox
release was calculated by the following equation
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AS - An
Dox release = —— X 100%
A A

P n

where Ay A,, and A, represent the absorbances at 480 nm of the
sample, positive control (complete release), and negative control (no
release), respectively.

Identification of ROS with TMB in Solution. 3,3',5,5'-
Tetramethylbenzidine (TMB) was used to trap ROS in solution to
generate oxidized TMB with a characteristic absorption at 652 nm
(Scheme S2). To a 3.0 mL Dox C BBox4CI@HACD (10 uM)
solution was added 80 uL of TMB stock solution (3.9 mM in
DMSO). Different ROS quenchers, including i-tryptophan, b-
mannitol, catalase, and superoxide dismutase (SOD), if needed,
were subsequently added into the system ([L-tryptophan] = [p-
mannitol] = 8 mM, [catalase] = [SOD] = 0.5 mg/mL). Samples were
irradiated with a white light (1 > 420 nm, 220 mW/cm?), and the
absorption band centered at 652 nm was then detected by UV—vis
spectroscopy.

Detection of '0, and "OH Production with EPR Spectros-
copy. 2,2,6,6-Tetramethyl-4-piperidinone (TEMP) or S,5-dimethyl-
1-pyrroline N-oxide (DMPO) as spin-trap agents were employed to
confirm the generation of 'O, and *OH, respectively. EPR signals of
the following six groups were collected: (1) TMEP (0.3 M) or
DMPO (45 mM) with white light irradiation (4 > 420 nm, 220 mW/
cm?); (2) BBox-4Cl (0.1 mM) containing TMEP (0.3 M) or DMPO
(45 mM) with white light irradiation (4 > 420 nm, 220 mW/cm?);
(3) Dox C BBox*4Cl (0.1 mM) containing TMEP (0.3 M) or DMPO
(45 mM) with white light irradiation (4 > 420 nm, 220 mW/cm?);
(4) Dox C BBox*4CI@HACD (0.1 mM) containing TMEP (0.3 M)
or DMPO (45 mM) without irradiation; (5) Dox C BBox*4Cl@
HACD (0.1 mM) containing TMEP (0.3 M) or DMPO (45 mM)
with a white light irradiation (4 > 420 nm, 220 mW/cm?). (6) The
mixture of TEMP (0.3 M) or DMPO (45 mM), Dox (0.1 mM), and
HACD (0.15 mM) with a white light irradiation (4 > 420 nm, 220
mW/ cmz).

Photocurrent Measurement. A CS310H electrochemical work-
station with a standard three-electrode system was used for
photoelectrochemical measurements. Five mg of photosensitizer was
dispersed in a mixed solution (10 yL of 5% Nafion and 2 mL of
ethanol) with ultrasound. Then, 100 L suspension was dropped onto
the ITO plate with 1 cm® and dried to be the working electrode. The
counter electrode and the reference electrode were a Pt plate and Ag/
AgCl. The electrolyte was a 0.1 M Na,SO, solution. The
photocurrent test and photovoltage were measured under a 300 W
Xe lamp with an interval of 30 s.

Flow Cytometry. A549 cells were seeded onto six-well plates and
incubated in F12 medium containing 10% FBS and 1% penicillin—
streptomycin solution for 12 h until the cell density reached 1 X 10°.
Fresh F12 medium containing Dox C BBox-4CI@HACD (2 uM, 2
mL) was replaced and incubated for different time intervals (6, 12, 18,
and 24 h). Negative control (0 h) was only replaced with blank fresh
F12 medium without drug. Cells were washed three times with PBS,
digested with trypsin, centrifuged at 900 r for 2 min, dispersed with 2
mL PBS, and measured by Mindray BriCyte E6. The excitation filter
was 488 nm, and the signals of the green channel were received.

Detection of ROS in Living Cells. The ROS assay kit was
employed to detect the ROS in living cells. 2,7- Dichlorodihydro-
fluorescein diacetate (DCFH-DA) can freely cross the cell membrane
and be hydrolyzed by esterase to DCFH, which cannot cross the cell
membrane, and the latter can be oxidized by ROS to green
fluorescence emissive DCF. Specifically, A549 cells and 293T cells
were incubated at 37 °C for 12 h in F12 or DMEM medium
containing 10% FBS and 1% penicillin—streptomycin solution. After
incubated with Dox C BBox*4CI@HACD (0.5 uM) for another 12 h,
the cells were washed twice with filtered PBS, replaced the medium
containing DCFH-DA (10 uM), and incubated for 20 min to let
DCFH-DA cross the membrane. After washing twice with 1X PBS
and replacing with normal medium, cells were irradiated with a white
light (4 > 420 nm, 220 mW/cm?) for 10 min, and then the medium

was replaced with PBS. The green fluorescence was observed by
LSCM with a 488 nm laser.

Detection NADH Consumption In Vitro. The NAD*/NADH
assay kit with WST-8 was used for monitoring NADH in A549 cells
treated with different concentrations of Dox C BBox*4CI@HACD.
AS49 cells were seeded on six-well plates and incubated for 24 h to
ensure that the cell count reached 10°. Fresh F12 medium containing
different concentrations of Dox C BBox-4CI@HACD was replaced
and incubated for 12 h. Then, the cells were irradiated with a white
light (A > 420 nm, 220 mW/cm?) for 10 min if needed, and the
concentration of NADH was measured by the NAD*/NADH assay
kit.

Tumor Cells Inhibition In Vitro. AS49 cells were seeded onto
96-well plates at a density of 5000 and incubated in F12 medium
containing 10% FBS and 1% penicillin—streptomycin solution for 12
h under normoxic (21% O,) and hypoxic (1.1% O,) conditions,
respectively. A fresh F12 medium containing various concentrations
of drugs administrated was added to replace the previous medium,
and cells were incubated for another 12 h. Then, cells were irradiated
by a white light (4 > 420 nm, 220 mW/cm?) for 10 min and
incubated for 2 h. The cell growth was examined with a CCK-8 assay
kit. The ICy, was calculated by the software IBM SPSS Statistic 26
and the combination index (CI) between drug A and drug B was
calculated by the following equation®

_ ICu[A] | ICq[BI
IC,A  ICy,B

CI

where ICs,[A] and IC4[B] represent the concentrations of drug A
and drug B, respectively, at which 50% inhibition is achieved when
drug A and drug B are combined. IC,A and IC;(B represent the
concentrations at which drug A and drug B alone achieve 50%
inhibition, respectively. According to Soriano’s judgment method,””
0.9 < CI < 1.1 is superposition, 0.8 < CI < 0.9 is low synergism, 0.6
< CI < 0.8 is moderate synergism, 0.4 < CI < 0.6 is high synergism,
and 0.2 < CI < 0.4 is strong synergism.

Organelle Colocalization. A549 cells were seeded onto a laser
confocal Petri dish and incubated for 12 h. Then, fresh F12 medium
containing Dox C BBox"4CI@HACD (2 yM) was added to the dish
and incubated for another 12 h. Cells were irradiated by white light (4
> 420 nm, 220 mW/cm?) for 10 min if needed. Subsequently, Mito-
Tracker Red CMXRos, Lysotracker Red, and Hoechst33342 were
added to stain the mitochondria, lysosome, and nucleus, as required at
37 °C, respectively. Cells were then washed with PBS and observed by
the LSCM. For Mito-Tracker Red CMXRos and Lysotracker Red, the
excitation filter was 559 nm, and the emission was 600—700 nm; for
Dox C BBox*4CI@HACD, the excitation filter was 488 nm, and the
emission was 510—550 nm; For Hoechst 33342, the excitation filter
was 405 nm, and the emission was 420—450 nm.

Detection of the Mitochondrial Membrane Potential. AS49
cells were seeded onto a laser confocal Petri dish and incubated for 12
h. Then, fresh F12 medium containing Dox C BBox*4CI@HACD
(0.5 uM) was replaced and incubated for another 12 h. Cells were
irradiated by a white light (1 > 420 nm, 220 mW/cm?) for 10 min if
needed. JC-1 was sonicated in buffer for 5 min and mixed with fresh
F12 medium 1:1 by volume. The obtained JC-1 working fluid was
added to stain cells for 20 min. Cells were then washed with buffer
and measured by LSCM immediately.

Detection of Mitochondrial Permeability Transition. A549
cells were seeded onto a laser confocal Petri dish and incubated for 12
h. Then, fresh F12 medium containing Dox C BBox*4CI@HACD
(0.5 uM) was replaced and incubated for another 12 h. Cells were
irradiated by a white light (1 > 420 nm, 220 mW/cm?) for 10 min if
needed. Fresh serum-free F12 medium containing calcein acetox-
ymethyl ester (calcein AM) was added, and the mixture was incubated
for 30 min. Fresh F12 medium was replaced and incubated for
another 30 min to ensure the formation of green-fluorescent calcein
by hydrolysis. Fresh F12 medium containing CoCl, was replaced and
incubated for 20 min if needed. Cells were then washed with PBS and
observed by LSCM immediately.
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Tumor Inhibition In Vivo. 4 week old BALB/c nude mice were
obtained from Beijing FHK Bioscience Co. Ltd. The A549 tumor
model was generated by subcutaneous inoculation on the armpit of
mice (1 X 107 A549 cells in PBS, 100 uL). After 6 days after tumor
implantation, the mice were randomly divided into six groups (four
mice per group) for different treatment: (1) PBS (100 uL), (2) Dox
(1.7 mM, 100 uL), (3) BBox-4Cl (1.7 mM, 100 L) with white light
irradiation (1 > 420 nm, 220 mW/cm?), (4) Dox C BBox-4Cl (1.7
mM, 100 uL) with white light irradiation (1 > 420 nm, 220 mW/
cm?), (5) Dox C BBox*4Cl @HACD (1.7 mM, 100 uL) without
irradiation, and (6) Dox C BBox*4CI@HACD (1.7 mM, 100 uL)
with white light irradiation (4 > 420 nm, 220 mW/cm?). Mice in six
groups were intravenously injected with drugs administrated, and
irradiated with white light (1 > 420 nm, 220 mW/cm?) for 600 s the
next day if needed. The tumor volume and body weight of the mice
were monitored for 14 days. The method for tumor volume (V)
calculation was by the following equation

2
V= Ligngh X Liiaen/2

After 14 days, mice were sacrificed, and the Tumor Growth
Inhibition (TGI) value was calculated according to the following
equation

TGI = (G, — G1)/G,

where G, and Gy represent the weight of the tumor in the PBS group
and treatment groups, respectively.

Hemolysis Assay. 2% rabbit RBC in Alserver’s solution were
centrifuged at 3000 rpm for 10 min and washed with saline until the
Alserver’s solution was clear. Saline then was added to the erythrocyte
pellets to achieve the final concentration of 5%. A series of 700 uL
samples were made by mixing 5% RBC (140 L) and saline (490 uL)
with escalating concentrations of Dox C BBox-4CI@HACD (70 uL)
in saline. Different concentrations made by the halved dilution
method with the concentration of Dox C BBox*4CI@HACD to be
from 0 to 64 uM were incubated for one h under 37 °C. After that, all
the tubes were centrifuged at 3000 rpm for 10 min, and then the 100
HL supernatant was transferred to the 96-well plate to estimate the
free hemoglobin at $70 nm by the microplate reader. Saline and
deionized water were treated as the negative and positive controls,
respectively. The hemolysis ratio was calculated by the following
equation®®

A, - A,
=0 % 100%
A — A

P n

hemolysis ratio =

where A, A,, and A, represent the absorbances at 570 nm of the
testing sample and positive and negative controls, respectively.

Activated Partial Thromboplastin Time Assay. The samples
consisted of different concentrations of Dox C BBox*4CI@HACD
(20 pL) and rabbit plasma (180 uL), which were incubated at 37 °C
for 1 min. Subsequently, 200 uL of preheated aPTT reagent was
added and incubated for another 2 min. Finally, 200 L of 0.025 mol/
L preheated CaCl, solution was added, and the clotting time was
recorded.

Blood Urea Nitrogen and Creatinine Assays. BALB/c nude
mice were intravenously injected with PBS (100 yL) or Dox C BBox-
4Cl @HACD (1.7 mM, 100 L) and incubated for 24 h. Mice were
sacrificed, and the blood was collected from the heart, mixed with
sodium citrate (109 mM) at a ratio of 9:1, and centrifuged at 3000
rpm for 10 min. The concentrations of blood urea nitrogen and
creatinine of fresh extracted plasma were evaluated by blood urea
nitrogen and creatinine assay kits, respectively.

Statistical Analysis. Statistical analysis of the data was carried out
by an unpaired two-tailed t-test (IBM SPSS Statistics 22 software),
and results were presented as either means + SD or means + SEM. P
values < 0.05 were considered significant, *p < 0.0, ***p < 0.001,
*HA%p < 0.0001, and ns represents “no significant difference”.
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