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Photodynamic therapy (PDT) has been gaining popularity in both scientific research and clinic applica-
tions due to its non-invasiveness and spatiotemporal targeting properties. Nevertheless, the local hypoxic
microenvironment in tumor tissue impedes PDT universality. To overcome this drawback, a 2-pyridone-
bearing BODIPY photosensitizer was synthesized rationally and introduced to polyethyleneglycol-b-
poly(aspartic acid) to form a photosensitizer-'0, generation, storage/release agent dual-loading system
(PEG-b-PAsp-BODIPY). The investigation of the PDT effect at different illumination conditions in vitro and
in vivo revealed that the system tremendously inhibited tumor proliferation, indicating that this new
PEG-b-PAsp-BODIPY could act as a potentially effective photo therapeutic system for cancer therapeutics.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Photodynamic therapy (PDT) has attracted more and more at-
tention due to its non-invasion and less drug resistance and high
spatiotemporal precision versatile in cancer therapeutics [1-5].
PDT requires three elements, including photosensitizer, light and
oxygen. The mechanism of PDT refers to the generation of reac-
tive oxygen species (ROS, such as singlet oxygen '0,), by photo-
sensitizer irradiation, resulting in tumor cells damage, apoptosis or
even necrosis. However, the aggressive proliferation of tumor cells
and the huge consumption of O, in PDT process aggravate tumor
hypoxic microenvironments, which significantly limits the effect of
PDT. Thus, the hypoxia of the tumor microenvironment (TME) is
traditionally considered as the “Achilles heel” of PDT [6-11].

Various innovative strategies have been utilized to relieve the
hypoxia in TME and boost the therapeutic effect of PDT. For ex-
amples, oxygen sufficient materials [12-14] and nanozymes [15-
17] have been developed to generate oxygen in the TME. Recently,
the 2-pyridone group has been attracted a considerable atten-
tion in photosensitizer modification, because it can react with 10,
to form 2-pyridone endoperoxides under light irradiation [18-24].
The endoperoxides formed can effectively release singlet oxygen
by thermal cycloreversion in vivo under dark. Therefore, the fab-
rication of photosensitizers modified by the 2-pyridone group has
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a promising application for enhanced photodynamic therapy. Al-
though inorganic nanomaterials have been widely used in photo-
dynamic therapy, the metal ions of nanoparticles may cause acute
toxicity and oxidative damage to main organs [20]. In contrast, or-
ganic polymer nanoparticles have advantages in structural stabil-
ity and biocompatibility, at the same time, polymer nanoparticles
could also prolong the blood circulation time, increase the cellular
uptake and augment the therapeutic effect in intracellular level.

Herein, a new near-infrared photosensitizer BODIPY which
bears a 2-pyridone group was synthesized. Considering the poor
solubility of the photosensitizer in aqueous solution, we prepared
a BODIPY-modified polymeric micelle complex from polyethylene
glycol-b-poly(aspartic acid) and BODIPY via ester bond linkages,
which was expected to improve the temporal and spatial regula-
tion of photosensitizer bioavailability in the body. The polymer acts
as a 10, generation, storage and release unit that makes the sys-
tem achieve efficient PDT with or without light irradiation.

The synthetic route of PEG-b-PAsp-BODIPY is shown in
Scheme 1. All the compounds were characterized by nuclear mag-
netic resonance and electrospray ionization-mass spectrometry,
which are provided in supporting information. BODIPY that bears
two 2-pyridone groups, was chosen as the photosensitizer and
10, storage/release agent. Polyethyleneglycol-b-poly(aspartic acid)
(PEG-b-PAsp, DP ~ 80, My ~ 15,000), which was reported as
pH responsive amphiphilic polymer [25,26], was introduced to in-
crease water solubility, biocompatibility and EPR effect. Meanwhile,
the BODIPY unit was bound to the PEG-b-PAsp by ester bonds to
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Scheme 1. (a) The synthetic route of PEG-b-PAsp-BODIPY. (b) Schematic illustration
of PEG-b-PAsp-BODIPY for sustaining efficient PDT.

Fig. 1. (a) Hydrodynamic diameter distribution of PEG-b-PAsp-BODIPY (0.2 mg/mL)
by DLS at pH 7.4 (inset: tyndall phenomenon of nano micelles in aqueous solution
under laser irradiation). (b) TEM image of PEG-b-PAsp-BODIPY. Scale bar = 200 nm.

form the PEG-b-PAsp-BODIPY (45% m/m based on the BODIPY unit
that was calculated by 'H NMR, M,y ~ 21,750), which was ex-
pected to improve the stability of drugs during transportation.

The PEG-b-PAsp-BODIPY formed into nano micelles in aqueous
solution by self-assemble and a distinct Tyndall Phenomenon was
observed with a red laser beam through the solution (Fig. 1). The
average hydrodynamic diameter of PEG-b-PAsp-BODIPY was about
120.3 nm that measured by dynamic light scattering (DLS). It could
be observed that the PEG-b-PAsp-BODIPY exhibit a uniform spher-
ical morphology with a diameter around 110 nm that was almost
consistent with the diameter observed by DLS. Hydrodynamic sta-
bility of PEG-b-PAsp-BODIPY was also evaluated by diameter and
PDI changes in 48 h after preparation (Fig. S10 in Supporting infor-
mation), the results indicated the micelles could be stable in wa-
ter. After laser irradiation with the diodelaser at 660 nm (Fig. S11
in Supporting information), the DLS result of PEG-b-PAsp-BODIPY
that loading with '0, was almost the same as before, demonstrat-
ing that loading with 0, did not change the dispersity of the mi-
celles in aqueous solution.
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Fig. 2. (a) UV-vis absorption spectra of DPBF in water with PEG-b-PAsp-BODIPY
(0.2 mg/mL) under 660 nm irradiation variation with time. (b) UV-vis absorption
changes of DPBF at 418 nm. Cell viability of (c) B16-F10 and (d) A549 cells by CCK-8
assay after treated with different concentrations of PEG-b-PAsp-BODIPY at different
conditions.

The photophysical properties of PEG-b-PAsp-BODIPY were in-
vestigated by UV-vis absorption and photoluminescence spectra.
As exhibited in Fig. S12 (Supporting information), the absorption
peaks of PEG-b-PAsp-BODIPY were located at 286 nm, 602 nm and
708 nm in water, which were consistent with the absorption of the
samples that after 660 nm laser light irradiation. It meant that the
material was negligibly affected by the 10, loading. The maximum
emission wavelength of BODIPY monomer centered at 720 nm (Fig.
S$13 in Supporting information), while PEG-b-PAsp-BODIPY in wa-
ter exhibited no fluorescence which might be attributed to the
aggregation-caused quenching [27,28].

To investigate the reliability of the continuous release of
10, of PEG-b-PAsp-BODIPY, commercial singlet oxygen probe 1,3-
diphenylisobenzofuran (DPBF) was employed as the probe [29,30].
As shown in Figs. 2a and b, the absorption at 418 nm decreased
significantly as time went by, illustrating the oxidation of DBPF by
the produced 10, of this system.

The CCK-8 assay was measured to evaluate the inhibit activ-
ity of PEG-b-PAsp-BODIPY towards B16-F10 and A549 cells. Figs. 2¢
and d showed the cell viability at different concentrations of PEG-
b-PAsp-BODIPY under light and dark conditions. It was evident
that both the B16-F10 and A549 cells maintained a survival rate
of more than 80% after 24 h of incubation with different doses of
PEG-b-PAsp-BODIPY under dark condition, indicating that PEG-b-
PAsp-BODIPY had good cytocompatibility. Under illumination con-
ditions (660 nm, 0.2 W/cm?), the cell survival rate obviously de-
creasesd with the increasing concentration of PEG-b-PAsp-BODIPY
for both the B16-F10 and A549 cells. The half-maximal inhibitory
concentration (ICsg) was calculated to be about 2.85 ng/mL (BOD-
IPY = 1.3 pg/mL) for B16-F10, while the IC5q for A549 was about
29.88 pg/mL (BODIPY = 13.7 pg/mL). Furthermore, the PEG-b-PAsp-
BODIPY was firstly under red light irradiation (660 nm) for 10 min,
then incubated with the B16-F10 or A549 cells under dark con-
dition, the cells also displayed relatively lower cell viability (ICsq
according to BODIPY unit was 4.8 png/mL for B16-F10 cells, while
31.1 pg/mL for A549 cells). All these results indicated that the PEG-
b-PAsp-BODIPY could remarkably improve inhibitory efficacy for
the proliferation of the tumor cells under illumination and dark
condition.

From the confocal microscopy images (Fig. 3), it showed
that the PEG-b-PAsp-BODIPY had excellent uptake and disper-
sity in B16-F10 and A549 cells. To investigate the ability of
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Fig. 3. Confocal microscopic images of intracellular ROS production. (a) A549 cells
(up) and (b) B16-F10 cells (down) after incubation with PEG-b-PAsp-BODIPY un-
der 660 nm irradiation at 37 °C. DCFH-DA was used as a ROS tracer probe, scale
bar = 50 pm.

Fig. 4. (a) Photograph of a tumor-burdened mice. (b) Body weight changes, (c) rel-
ative tumor sizes and (d) survial curve of C57BL/6] male mice with different treat-
ment. (e) H&E staining images of major organs (heart, liver, spleen, lung and kidney)
for light irradiation group after 20 days treatment. Scale bar = 250 um.

PEG-b-PAsp-BODIPY to generate singlet oxygen inside cell, 2/,7’-
dichlorodihydrofluorescein diacetate (DCFH-DA) was used as a 10,
indicator [31]. The DCFH-DA could react with 10, to transformed
into DCF, which with green luminescence. When the B16-F10 cells
were incubated with PEG-b-PAsp-BODIPY under red light irradi-
ation (660 nm, 0.2 W/cm?) for 10 min, there showed obviously
green luminescence of DCF, indicating the generation of intracel-
lular ROS of PEG-b-PAsp-BODIPY under illumination condition.
The photodynamic therapeutic effect of PEG-b-PAsp-BODIPY for
the growth of B16-F10 melanoma was investigated with C57BL/6 ]
male mice (Fig. 4a). All mice received care in compliance with the
guidelines outlined in the Guide for the Care and Use of Labora-
tory Animals. All procedures were approved by the Institutional
Animal Care and Use Committee of the Naval Medical University.
After the tumor tissues diameter increased around 0.4~0.6 cm, 24
mice were randomly separated into four groups. The mice were in-
jected with (1) saline, (2) PEG-b-PAsp-BODIPY without irradiation,
(3) PEG-b-PAsp-BODIPY loading with 10,, (4) PEG-b-PAsp-BODIPY
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and irradiation, respectively. The weight of the mice were recorded
during 20 days. From Fig. 4b, it did not show significant difference
in average body weight of all groups during the treatment period,
indicating excellent biocompatibility and low biotoxicity of PEG-
b-PAsp-BODIPY in vivo. As shown in Figs. 4c and d, in compari-
son with the control groups, the tumor volumes changed little and
the survival rate of mice extremely increased which treated with
PEG-b-PAsp-BODIPY under irradiation. Meanwhile, an obvious in-
hibition on tumor growth was also observed in mice treated with
PEG-b-PAsp-BODIPY under irradition and PEG-b-PAsp-BODIPY load-
ing with '0, under dark, indicating that the PEG-b-PAsp-BODIPY
could achieve enhanced PDT performance by continuous gener-
ated 10,. Furthermore, to explore the phototoxicity of PEG-b-PAsp-
BODIPY, the hematoxylin and eosin (H&E) analysis of the major
organs (heart, liver, spleen, lung and kidney) was investigated. As
shown in Fig. 4e, the PEG-b-PAsp-BODIPY exhibited no conspicu-
ous tissue damage during the light irradiation therapeutic process,
further confirming that the PEG-b-PAsp-BODIPY could be used as
an efficient photodynamic therapeutic agent for cancer treatment.

In summary, a BODIPY-modified polyethyleneglycol-b-poly-
(aspartic acid) system (PEG-b-PAsp-BODIPY) was successfully pre-
pared, which self-assembled into nano micelles in aqueous solu-
tion. The PEG-b-PAsp-BODIPY could act as a '0, generation, stor-
age and release phototherapeutic agent by introducing 2-pyridone
to the BODIPY unit. The in vitro and in vivo experiment results
demonstrated a good biocompatibility of PEG-b-PAsp-BODIPY, and
the PEG-b-PAsp-BODIPY present enhanced photodynamic therapy
effect and excellent tumor inhibition under illumination. Mean-
while, the polymer could persistently generate 10, even at dark
condition. Therefore, this work demonstrates the remarkable po-
tential of PEG-b-PAsp-BODIPY in sustainable cancer photodynamic
therapy in clinic. The fabrication and application of related pho-
tosensitive systems in tumor diagnosis and treatment will also be
investigated in the future.
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