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A series of thionated perylenediimides with modulating phototheranos-
tic modalities have been synthesized by a one-pot method for multiple
anti-cancer applications. Compared to the initial and 4-tert-butyl
phenol-substituted fluorescent perylenediimide, the obtained mono-
thionated perylenediimide became photodynamic. With the increase
of thionation degree, tetrathionated perylenediimide changed into an
optimal photothermal agent.

Phototheranostics, including fluorescence/photoacoustics imaging
and photodynamic/photothermal therapy (PDT/PTT),"* have shown
great potential in fighting tumors. For example, perylenediimides
(PDIs) with excellent photostability and variable photophysical
properties have been applied in multifunctional phototheranostics
of tumors.>” Typically, heavy atoms, metal atoms or amino groups
should be introduced and conjugated to PDIs to enhance their
photodynamic or photothermal ability through the enhancing of
nonradiative decays.®° However, their on-demand applications are
still limited because of their nonadjustable and uncontrollable
phototheranostics and complex syntheses."' ™ Therefore, in order
to have PDIs with controllable phototheranostics, it is essential to
have a precise method to systematically manipulate their fluores-
cent, photoacoustic, photodynamic and photothermal properties.
Currently, heavy-atom-free modification of PDIs has
received much attention in the construction of photosensitizers
(PSs) as antitumor medicines."*"® For example, the substitu-
tion of carbonyl groups with sulfur atoms could increase the
electron affinity, rapid triplet formation or thermal deactivation
pathway of the PDI chromophore.'*>> However, the relation-
ship between the degree of thionation and photophysical
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properties of substituted PDIs has not been reported and needs
further investigation.

Herein, 4-tert-butyl phenol-substituted PDI (PDI-O) was cho-
sen as the initial compound because of its four carbonyl sites to
easily regulate the degree of thionation. We successfully synthe-
sized a series of sulfur atom substituted PDIs with a one-pot
method as potential phototheranostics having different thiona-
tion degrees. The relationship between the phototheranostic
ability and the thionation degree showed that the monothio-
nated PDI (PDI-1S) became photodynamic from the original
fluorescent PDI-O. With the increase of thionation degree, their
'0, quantum yields were gradually reduced while their photo-
thermal conversion efficiencies were gradually increased. The
tetrathionated PDI (PDI-4S) also became an optimal photother-
mal agent. Therefore, excitation energy dissipation pathways of
PDIs in the phototheranostics of tumors could be manipulated
through only one-step sulfur substitution (Scheme 1).

According to the reported method,*® the thionated PDI
derivatives (PDI-15-4S) were synthesized from a one-pot micro-
wave reaction between the parent PDI-O and commercial Law-
esson’s reagent within 20 min (Fig. S1, ESIt). These compounds
were further systematically characterized by "H and "*C NMR
spectroscopy and mass spectroscopy (Fig. S2-S14, ESIt).

As listed in Table 1, the increase of sulfur atoms in PDI-O-4S
caused gradient red shifts of the absorption peak from 575 nm
to 769 nm, which was in agreement with that from theoretical
calculations (Fig. 1a and Table 1). The maximum absorption
redshift was 194 nm approximately due to the effective decrease
of the energy gap between the HOMO and LUMO (Table 1 and
Fig. 15, ESI{).>* The redshift in absorption could deepen the
tissue penetration® and increase the maximum permissible
exposure (MPE) to skin, which led to an improved photother-
anostic effect.”® Furthermore, although PDI-O had an excellent
fluorescence emission (Fig. 1b), PDI-1S-4S were almost non-
fluorescent (@p;, ~ 0.00) (Table 1).

According to the fluorescence quenching, other energy
relaxation pathways, intersystem crossing or thermal deactiva-
tion, might exist.>’>° Subsequently, 1,3-diphenylisobenzofuran
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Scheme 1 (a) Chemical structures of thionated PDls, and (b) schematic illustration of manipulating phototheranostic effects through the controlling of
thionation degree (A: absorption, FL: fluorescence, TR: thermal radiation, ISC: intersystem crossing, PA: photoacoustic).

Table 1 Photophysical and photosensitizing properties of thionated
PDI compounds

PDIs Jabs?/NM - D /% ESev R (x10°)°
o 575 0.92 1.0 2.31 0.13
1S 623 f 95.6 2.13 8571.67
28 666 s 45.8 1.99 2639.46
38 719 f 11.1 1.81 2271.76
4s 769 f 0.5 1.68 126.32

 Measured in dichloromethane (DCM). ? Fluorescence quantum yield

in DCM e Slnglet oxygen quantum yield (¢ ) determined according to

B (¢4 = 57% in DCM).*® 4 calculated from Eg = 1240/Japs (Eg is

the energy difference between the HOMO and LUMO level).
¢ R = [(S|Hso| T)/AEsr]*. ¥ Not observed.

(DPBF) was employed as a probe to measure the 'O, generation.
Compared with the photosensitizer methylene blue (MB) as the
standard, the evaluated singlet oxygen quantum yields (®,) of
PDI-O-S4 showed that &, was gradually decreased with the
increase of thionation degree (Table 1), in which PDI-1S had the
maximum singlet oxygen signal with @, ~ 0.96 (Fig. 1c), while
PDIS4 had the lowest with @, ~ 0.005 under the same condi-
tions (Fig. S16, ESIf). In order to further understand the
mechanism, theoretical calculations were carried out on the
optimized structures of PDI-O-4S to study the formation energy
from the single state to triplet state. The formation of 'O, was
found to be directly proportional to the ISC rate constant
(kisc),®® and ks was related to the singlet-triplet energy gap
(AEsr) (Table S1, ESIt) and the spin-orbit coupling (SOC)
constants (Table S2, ESIt), which could be described with the
relevant equation.*’ The value representing the overall ISC
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Fig. 1 (a) Vis-NIR absorption spectra of thionated PDlIs, (b) fluorescent
spectra of PDI-O (in dichloromethane (DCM), Jex at the 535 nm), (c)
photochemical oxidation of 1,3-diphenylisobenzofuran (DPBF) with O,
generated from PDI-1S in DCM (650 nm red light irradiation, 5 mW cm™~3),
and (d) photothermal heating curves of PDI-4S NP solutions at different
concentrations (2, 5, 10, 20 and 50 uM) under 808 nm laser irradiation at a
power of 1 W cm™2.

process of PDI-1S was the largest, which was consistent with the
measured singlet oxygen quantum yield (Table S3, ESIt). Mono-
thionated PDIs had the prominent 'O, quantum yield due to their
rapid triplet formation. However, it was found that the rate of
intersystem crossing was negatively related to the degree of
thionation, and the photophysical properties of compounds with
higher thionation degree should be further investigated. Because
the organic optical agents with red-shifted absorption usually
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3233 redder-

favored nonradiative thermal deactivation pathways,
absorbing agents with more sulfur atom replacement should have
improved photothermal properties.

In order to confirm the photothermal generation, water-
soluble nanoparticles (PDI-O-4S NPs) were prepared under the
same conditions with the commercial amphiphilic triblock copo-
lymer F127 as the coating agent in the nano-coprecipitation
method. The formed spherical PDI-O-4S NPs had average dia-
meters of 138.21 & 1.86 nm, 134.01 + 1.27 nm, 127.66 + 1.66 nm,
157.46 + 0.73 nm and 126.62 + 0.27 nm, respectively (Fig. S17
and S18, ESIt). As the result of the same F127 coating, the zeta
potentials of PDI-O-4S NPs are similar, which are —13.66 £ 0.51
mvV, —13.22 + 2.39 mV, —12.15 + 1.73 mV, —10.96+ 0.99 mV and
—12.13 £ 1.04 mV, respectively (Fig. S19, ESIt). Additionally, these
nanoparticles could be stable with unchanged diameters in
phosphate buffer solutions (PBS) and cell culture medium
(DMEM) for two weeks at 4 °C, which was needed for long-term
circulation in vivo (Fig. S20, ESIt). The as-prepared PDI-O-4S NPs
displayed a red shift of 22-34 nm in the absorption spectrum
compared with that of PDI-O-4S in organic solvent, which bene-
fited a deeper penetration (Table S4 and Fig. S21, ESIt).

Although PDI-O NPs had an excellent fluorescence emission
(Fig. S22, ESIT), PDI-1S-S4 NPs had no fluorescence emission in
aqueous solution. According to their 'O, generation and photo-
thermal performance of PDI-1S-S4 NPs in water, PDIS-1S NPs
maintained the best singlet oxygen quantum yield (58.5%)
(Fig. S23 and Table S4, ESIt), and the calculated photothermal
conversion efficiency (1) of PDI-1S-4S NPs were 27.2%, 30.1%,
32.3% and 46%, respectively (Fig. S24, ESIT). The # was calculated
by a steady-state heating and natural cooling curve. Based on the
quantification method developed by Roper,*® detailed calculation
of the 5 value was presented in the ESL{ With the increase of
thionation degree, there was a gradual upward trend of 7
(Table S4, ESIT). Because the photoacoustic (PA) signal usually
had a positive correlation with the photothermal ability,*”*® they
could be plotted in a normalized phantom mold. In this study,
PDI-4S NPs had the best PA signal intensity in aqueous solution
(Fig. S25, ESIt) due to their largest redshift in the absorption
spectrum and the best photothermal performance. Their specific
photothermal heating effect of PDI-4S NPs had a positive correla-
tion to their concentration and laser power (Fig. 1d and Fig. S26,
ESIt). As shown in Fig. 2a and b, the PA signal intensity of PDI-4S
NPs was increased with the increase of their concentration.
Furthermore, the results showed that PDI-4S NPs had excellent
and stable photothermal and PA performance in aqueous solution
without photobleaching after multiple laser irradiation (Fig. S27,
ESIt), which should lead them to an excellent theranostic effect
under complex physiological conditions.

The tested in vitro properties of PDI-O showed that it had the
best fluorescence performance and could be used as a fluores-
cence imaging probe. PDI-1S had the best photodynamic ability
due to its energy dissipation dominated by rapid ISC process,
and could be used in tumor phototherapy. PDI-4S, having the
most redshifted absorption, favored nonradiative thermal deac-
tivation, and could be used as a photothermal and PA agent in
tumor theranostics.
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Fig. 2 (a and b) Photoacoustic (PA) images and corresponding PA signal
intensity of PDI-4S NPs as a function of concentration, (c) fluorescence
images of 4T1 cells stained with PDI-O NPs (5 uM), and (d) 'O, generation
of 4T1 cells co-cultured with PDI-1S NPs (10 uM) with dichlorofluorescein
diacetate (DCF-DA) as a 'O, probe (error bars, mean =+ SD).

After the thionated PDIs were applied in tumor cells with a
Cell Counting Kit-8 (CCK-8) assay to examine their dark cyto-
toxicity, their negligible cytotoxicity was found even at concen-
trations of 100 uM (Fig. S28, ESIT), indicating that the thionated
PDI NPs had excellent biocompatibility with a great potential in
phototheranostic applications. After the co-culture of the mur-
ine breast cancer (4T1) cells with PDI-O NPs for 12 h, red
fluorescence was observed under the fluorescence microscope,
which proved that PDI-O NPs had excellent fluorescence ima-
ging capability in vitro (Fig. 2c and Fig. S29a, ESIt). Further-
more, after 4T1 cells were stained with 'O, probe and irradiated
with a NIR laser after the co-incubation with PDI-1S-4S NPs,
DCF (green) fluorescence appeared compared with other
groups, suggesting that 'O, was produced from PDI-1S NPs
in vitro after the laser irradiation (Fig. 2d and Fig, S29b, ESIt).

In order to verify the in vitro phototherapy efficacy of
PDI-1S-4S NPs, 4T1 cells were co-cultured with PDI-1S-4S NPs
having different concentrations for 12 h. After these co-cultured
cells were irradiated with a NIR laser, they were incubated for
another 6 h. According to the cell viability that was tested with
the CCK-8 assay, the cell survival rate significantly was
decreased with the increase of concentration of PDI-1S NPs or
PDI-4S NPs under laser irradiation (Fig. 3a, b and Fig, S30,
ESIT), which was also demonstrated through calcein AM/propi-
dium iodide (PI) cell dead and alive staining (Fig. S31, ESIT).
The superior PTT and PDT efficacies further proved that PDI-1S
and PDI-4S NPs could be used as significant phototherapeutic
agents.

In summary, a series of thionated PDIs were synthesized
through a simple one-pot microwave reaction. The remarkable
quenched fluorescence, rapid singlet oxygen generation, gra-
dually reduced singlet oxygen quantum yields and enhanced
photothermal conversion efficiencies of thionated PDIs were
achieved through the increase of sulfur-substituted degree that
adjusted their energy dissipation pathways. Furthermore, the
excellent fluorescence and PA imaging, photodynamic and
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Fig. 3 Relative viabilities of cells after the laser irradiation (660 nm or
808 nm, 0.75 W cm™2, 5 min) with different concentrations of PDI-1S NPs
and PDI-4S NPs.

photothermal therapy of representative thionated PDIs were
verified in vitro. Therefore, this study might open a facile
strategy to design theranostic agents with controllable photo-
theranostics in on-demand biomedical applications.
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