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Herein, we have designed and synthesized a novel type-l photosen-
sitizer (PhPA) via Rh-catalyzed oxidative cyclization of diacetoxyter-
ephthalamide with alkynes. The photoelectric properties,
photosensitivity and photodegradation process of PhPA have been
systematically investigated. The remarkable fluorescence quenching
effect (®p. < 0.01) of PhPA suggests that the intersystem crossing from
the singlet excited state to the reactive triplet state is enhanced by the
enlarged conjugated backbone. Additionally, the ability of superoxide
radical (O, ) generation was confirmed by electron paramagnetic
resonance spectroscopy. Finally, the mechanism of PhPA photo-
oxidative degradation via the structure of two metabolites is proposed.

Photodynamic therapy (PDT), emerging as a minimally invasive,
highly efficient and noninvasive option for cancer treatment,
has proven to be one of the most promising ways for cancer
treatment in recent years."' In PDT treatment, reactive oxygen
species (ROS) including singlet oxygen (*0,), superoxide radical
(0y77), hydroxyl radical ("OH), and hydrogen peroxide (H,0,),
are generated by photosensitizers (PSs) with irradiation.” There
are mainly two types of PSs, based on ROS generation mecha-
nisms. The majority of PSs (called type-II PSs) generate 'O, by
directly transferring energy to molecules, and have high oxygen
dependence and involve high oxygen consumption. But the
tumor microenvironment (TME) is always hypoxic, which
results from rapid proliferation and high oxygen consumption
of tumor cells.® In type-I PSs, oxygen can be reacted to generate
ROS (0O, °, "OH) efficiently via electron transfer mechanisms
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and be supplemented through the subsequent reaction process,
thus being suited to the tumor hypoxic environment.>*

Ideal type-I PSs should exhibit biological window absorption,
good amphilicity, satisfactory biosafety and high ROS photo-
generation.> To date, a number of type-I macromolecule PSs
have been reported, but there are still some shortcomings, like
worrisome biosafety, need for high dosage, poor reproduc-
ibility, and complex pharmacokinetics.” Unlike macromole-
cules with complex components, organic molecules stand out
as a promising option for practical bioapplications with their
distinct advantages of favorable biocompatibility, satisfactory
metabolism, facile processability, excellent reproducibility and
structural diversity.® Therefore, it is crucial to exploit novel and
superior type-I organic PSs with good biosafety, structural
diversity and flexible preparation characteristics. Recently, a few
type-1 organic PSs, which include the sulfur substitution of
carbonyl compounds,” compounds with a “D-1t-A” (electron
donor-m—-electron acceptor) structure,® and compounds with
aggregation-induced emission characteristics,*® have been re-
ported. On analyzing these varied structures, we find there are
no general rules regarding how to design a specific type-I PS.

Besides, many PSs or potential PSs including indocyanine
green, methylene blue, and Rose Bengal (RB) with excellent
photophysical properties are limited in application due to their
poor stability.**® There is no doubt that exploring the degra-
dation mechanisms of PSs during use is one of the important
ways for us to design new PSs. However, the corresponding
literature revealing the degradation mechanisms is scarce.

Herein, we report a potential heavy-atom-free organic type-1
PS, named PhPA, with easy modifiable structure, facile
synthesis and high ROS generation ability under white light
irradiation. Furthermore, density functional theory (DFT) was
employed to support the experimental results. Additionally, the
ability to generate ROS was investigated. In order to solve the
water solubility problem of PhPA, the FDA-approved Pluronic
F127 was used to encapsulate PhPA, yielding nanoparticles
(PhPA@F127NPs). We further explored the structure of its
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metabolites with single-crystal X-ray diffraction to gain more
insight into the photodegradation mechanism of PhPA.

The synthesis route and the structures of target compounds
PA and PhPA are shown in Scheme 1. Intermediate PA was
facilely obtained in a yield of 75% by Rh-catalyzed cyclization
coupling using N',N*-diacetoxyterephthalamide (DAPA) and 1,2-
bis(4-(tert-butyl)phenyl)ethyne as starting materials. The target
compound PhPA was produced by Rh-catalyzed oxidative cycli-
zation using PA and relevant alkyne with a yield of 58%. The
structures of all obtained compounds were confirmed by
nuclear magnetic resonance spectroscopy and mass spectrom-
etry, and their corresponding spectra are also shown in Fig. S2—
S8+ in the ESIL.{ Moreover, the structure of PhPA was charac-
terized by single crystal X-ray diffraction.

To examine the optical properties of compounds PA and
PhPA, UV-visible absorption and fluorescence spectroscopies
were employed. The UV-visible absorption spectra show that PA
has a broad absorption from 300 to 500 nm, while the broad
absorption peaks of PhPA are redshifted almost 100 nm (400 to
600 nm) through the enlarged molecular backbone, qualifying
their potential as an ideal PS for white-light harvesting. The
enlarged molecular backbone in PhPA is expected to redshift
the absorption spectra to the near biological window through
effective  HOMO destabilization and LUMO stabilization
(Fig. 1a). Additionally, the emission spectrum shows that the
emission maximum of PA is at 481 nm. The maximum emission
peak of PhPA is at 583 nm (Fig. 1b). It also shows that the
conjugated length increasing from compound PA to PhPA has
a substantial effect upon their photophysical properties. PA
exhibits intense fluorescence with good quantum yields (®p;, =
0.16). In sharp contrast, PhPA exhibits low luminescence effi-
ciencies (®py, < 0.01). The fluorescence quenching suggests that
the intersystem crossing (ISC) process from the singlet excited
state to the triplet excited state was enhanced.

To gain more insight into the electronic properties and the
mechanism of triplet state formation of these compounds,
frontier molecular orbitals were calculated with the Gaussian 09
program using DFT and time-dependent DFT calculations at the
B3LYP/6-31G** level. As depicted graphically in Fig. 2a, the

alkyne,[Rh],Ag;CO3

o
N'°7( alkyne,[Rh],CsOAc
ACN,115°C,12h
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Scheme 1 Synthetic route to and degradation of PhPA, and the single
crystal structures of two metabolites (M1 and M2).
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Fig. 1 (a) Absorption spectra of PA and PhPA in DCM (concentration:
10 uM). (b) PL spectra of PA and PhPA in DCM (concentration: 10 uM;
Jex = 360 and 483 nm, respectively).

target products have well delocalized electron distributions in
their LUMOs and HOMOs. The simulation results reveal that
the HOMO-LUMO electron distribution presented a centro-
symmetric arrangement, the LUMO orbitals possessed delo-
calized electron distribution covering the conjugated skeleton,
and are not limited to the electron-withdrawing part. Moreover,
the enlarged molecular backbone has an obvious effect on
electron distributions, the HOMO electron distribution being
delocalized with molecular backbone enlarging, while it is not
observed in LUMOs. It is universally acknowledged that kisc is
negatively correlated with the singlet-triplet energy gap (AEsry).
Indeed, AEgr decreases with an enlarged molecular backbone,
resulting in a tremendous enhancement in the ISC rate
constant (kisc), for PhPA, and the ISC from the S, state to the T,
state may be the dominant contributor to the formation of the
triplet state (ESI, Fig. S227). To gain an in-depth understanding
of the electronic behavior of PhPA, cyclic voltammetry (CV) and
differential pulse voltammetry (DPV) experiments were con-
ducted at room temperature, using 0.1 M tetrabutylammonium
perchlorate as the supporting electrolyte, and the CV curves are
shown in Fig. 2b. Two reversible redox peaks are observed in the
CV curves. The first oxidation potentials were 0.77 and 0.32 V
(relative to ferrocene), respectively. With the conjugation length
increasing from PA to PhPA, the first oxidation wave potential
decreased. Based on the first oxidation wave, the HOMO energy
levels were calculated to be —5.47 and —5.02 eV, respectively.
These results agree well with the trends derived from the DFT
calculations.
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Fig. 2 (a) Frontier molecular orbital diagram of the target products in

their ground state (Sg). (b) CV curves of target products in CH,Cl, and
0.1 M BusNPFg on a Pt electrode at a scan rate of 50 mV s+ vs. Ag/AgCl
wire.
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Inspired by the remarkable fluorescence quenching upon
conversion of PA and PhPA, we then evaluated their ROS
generation efficiency to elucidate the triplet state formation. As
is known, the 1,3-diphenylisobenzofuran (DPBF) probe can be
easily oxidized by reactive oxygen radical, which results in the
absorption intensity decreasing at 410 nm."* The ROS genera-
tion of PSs was further assessed in DCM using DPBF as a ROS
probe with white light irradiation. Meanwhile, RB, a commer-
cial PS, was employed as a reference. As illustrated in Fig. 3a, we
found that the absorption of DPBF treated with PhPA and RB at
410 nm shows obvious attenuation with irradiation time. PhPA
exhibits moderate ROS yield, and the ROS signal was not
detected for PA under identical conditions. Then, we evaluated
the 'O, generation capability of PhPA by using 9,10-anthrace-
nediylbis (methylene)dimalonic acid (ABDA) as a 'O, indicator,
under white light irradiation.”” In the presence of singlet
oxygen, ABDA will be irreversibly oxidized, and its characteristic
absorption peak will be significantly reduced. The yield of
singlet oxygen will be specifically evaluated by the change of
absorption of ABDA at 400 nm. As shown in Fig. 3b, unexpect-
edly, the 'O, signal was not detected for PhPA. Meanwhile,
characteristic absorption peaks (340 and 483 nm) of PhPA
continuously decreased under white light irradiation. Based on
the previous results, we speculate that PhPA might be a new
type-1 PS. Electron paramagnetic resonance (EPR) experiments
were carried out to examine the active species of oxygen. 5,5-
Dimethyl-1-pyrroline-N-oxide (DMPO) was employed to trap the
active species of O,  "."* As expected, no EPR signal was observed
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Nanoscale Advances

in PhPA solution in the dark, but a characteristic paramagnetic
DMPO-OOH signal attributed to the addition of DMPO and
O, " emerged under irradiation with a xenon lamp with a 400-
700 nm light filter for 3 minutes (ESI, Fig. S13t). Furthermore,
we encapsulated PhPA into NPs using Pluronic F127 as the
encapsulation matrix. The obtained PhPA@F127 NPs were
characterized by dynamic light scattering. The average hydro-
dynamic size (D) was measured to be 114.8 nm (Fig. S177).
Then, we detected the formation of O, ° in water with DHE.
These results show that the addition of compound PhPA can
distinctly increase the fluorescence intensity of DHE with irra-
diation during 20 s (Fig. 3d). Considering these results, we can
reasonably speculate that PhPA predominately underwent
electron transfer in a PDT process. In addition, as shown in
Fig. 3b and ¢, continuous decomposition of PhPA was observed
with sustained irradiation. This is the reason why the increasing
fluorescence intensity rate of DHE becomes slower.

Considering the degradation of PhPA, the photostabilities of
PA and PhPA were investigated by UV-visible absorption and
fluorescence spectroscopy in dichloromethane. In this process,
we found the photostability of PA to be average, while PhPA is
very sensitive to irradiation. According to the results and
previous considerations, the reason why PhPA is unstable is
that PhPA can be easily oxidized by O, *. High ROS generation
efficiency induces a high degradation rate of PhPA. These
results agree well with the trends derived from photosensitivity
experiments.

o
~

0.0

0.4

-0.8

—=— DPBF+light
—e— PA+DPBF-+light
—a— PhPA+DPBF+light
—v— RB+DPBF+light

Aborsbance of DPBF(A-A,)

PhPA+ABDA+light
0 min

—— 1 min
2 min
~———3 min

|
|
——4min

l

|

|

{

\

———5min

e
~
L

<
a8
M
<
3
S 0.8
<@
=
<
=
2
2
=
<

T T T T T T

0 2 4 6 8 10
Irradiation time (s)

600

C)200

—=— PhPA@F127NPs+DHE+light
—e— PhPA@F127NPs+light
—4—DHE+light

160

u.)

1204

PL Intensity (a.
3
1

Irradiation times (s)

Fig. 3

PhPA+light
—— Omin
Imin
3min

——— Smin
——— 10min
~—20min

600
A (nm)

500

(a) Comparison of ROS generation of PA, PhPA and Rose Bengal at equal concentration (10 uM). (b) Time-dependent decrease of

absorbance of ABDA in the presence of PhPA in DCM (10 uM). (c) Comparison of O, " probe’s fluorescence intensity at 590 nm after irradiation
for different times detected by using dihydroethidium (DHE) as a probe (50 uM; Aex = 510 nm, Ay = 590 nm). (d) PL spectra of PhPA (25 puM; Aex =
312 nm) in DCM irradiated by white light for 0, 1, 3, 5, 10, and 20 min. All irradiation was by a white light (5 mW cm™2).
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To confirm the structure of metabolites and further elucidate
the mechanism of oxidative metabolic processes, we purified
the metabolites by a silica gel column to afford two compounds
which are M1 and M2. Compounds Mland M2 were investi-
gated by UV-visible absorption and fluorescence spectroscopies
in dichloromethane. On comparing the fluorescence emission
spectra of metabolites M1 (390 nm) and M2 (510 nm), we found
that the two emission peaks of metabolites correspond to M1
and M2, respectively (Fig. 3d). The structures of M1 and M2
were characterized by NMR and single crystal X-ray diffraction.

Lastly, the mechanism of photo-oxidative degradation via
superoxide radical produced by PhPA with irradiation is
proposed (Scheme 2). The oxidation mechanism of PhPA
involves the following steps. (1) Under irradiation, the ground-
state PhPA can convert to the excited singlet state, then can de-
excite into the long-lived triplet state through ISC. Triplet state
PS can form cation and anion radicals (PhPA™ and PhPA™"),
which can subsequently react with molecular oxygen to
generate O, "2 (2) PhPA"" was oxidized by O, which gave
1,2-dioxetane 1 by [2 + 2] cycloaddition. The metabolite M1 was
formed by facile homolytic cleavage of the O-O bond, radical
1,2-aryl migration and the process of typical addition-elimina-
tion. The starting molecule PhPA"" breaks into three fragments
due to another fragmentation pathway of 1,2-dioxetane 1. The
mechanism is suggested in that a double B-cleavage produces
two carbonyls that leads to the formation of compound 5 (ESI,
Fig. S331). The metabolite M2 is formed after hydrolysis by
compound 5.

In summary, we demonstrated a completely new, heavy-
atom-free and type-I PS with excellent potential, and
confirmed its great ability for ROS generation. Our findings
revealed that PhPA has very broad absorption from 400 to
600 nm, qualifying it as an ideal PS for white-light harvesting.
According to the theoretical calculations, AEsr decreases upon
enlarged molecular backbone. We analyzed and confirmed the
structures of metabolites M1 and M2 by NMR and single crystal

Scheme 2 Mechanism of PhPA photo-oxidative degradation.
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X-ray diffraction, then we supposed a mechanism of photo-
oxidative degradation via superoxide radical produced by
PhPA with irradiation. On changing ter¢t-butyl in eight aromatic
rings to other substituents with special functional groups, this
structure may take on some distinctive desired function. The
development of other derivatives based on this structure to
solve the problem of poor photostability is in progress.
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