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Photodynamic immunotherapy (PDI) is an innovative approach to cancer treatment that utilizes
photodynamic therapy (PDT) and photosensitizers (PSs) to induce immunogenic cell death (ICD).
However, currently most commonly used PSs have restricted capabilities to generate reactive oxygen
species (ROS) via a type-Il mechanism under hypoxic environments, which limits their effectiveness in
PDI. To overcome this, we propose a novel approach for constructing oxygen independent PSs based on
stable organic free-radical molecules. By fine-tuning the characteristics of tris(2,4,6-trichlorophenyl)-
methyl (TTM) radicals through the incorporation of electron-donating moieties, we successfully found
that TTMIndoOMe could produce substantial amounts of ROS even in hypoxic environments. In vitro

experiments showed that TTMIndoOMe could effectively produce O, ", kill tumor cells and trigger ICD.
Received 19th December 2023 M in vi iments also demonstrated that TTMIndoOMe could further tr ti-t
Accepted 21st March 2024 oreover, in vivo experiments also demonstrate a ndoOMe could further trigger anti-tumor

immune response and exhibit a superior therapeutic effect compared with PDT alone. Our study offers

DOI: 10.1039/d35c06826a a promising approach towards the development of next-generation PSs functioning efficiently even
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Introduction

Photodynamic immunotherapy (PDI) has emerged as a prom-
ising therapeutic approach for combating cancer, which utilizes
photodynamic therapy (PDT) to induce cancer cell death,
thereby triggering innate and adaptive immune responses
against the tumor.""® Photosensitizers (PSs) utilized in PDI
generate reactive oxygen species (ROS) upon irradiation, which
damages subcellular components, plasma membranes, and
biomolecules, leading to oxidative stress-based cell death.'**
Nevertheless, the efficacy of PDI is influenced by various factors,
including the immunosuppressive tumor microenvironment,
hypoxia-induced ROS resistance, and the limited availability of
efficient PSs.”® Therefore, developing novel PSs with superior
ROS-releasing efficacy, efficient induction of immunogenic cell
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under hypoxic conditions and also paves the way for the creation of more effective PSs for PDI.

death (ICD), and simple chemical structures is an urgent need
for achieving effective PDI.

The two mechanisms in PDT, type I and type II, refer to
different ROS generation pathways.**** Specifically, type I PDT
has an advantage over conventional type II PDT in the tumor
microenvironment (TME) due to its lower oxygen dependence.
In type I PDT, the PS is excited from the ground singlet state (S,)
to the excited singlet state (S,), and then to the excited triplet
state (T,) through intersystem crossing (ISC) upon photo-
activation. The excited triplet excitons generate PS free radicals
by exchanging electrons with triplet oxygen or biological
substrates in the environment, which produce reactive oxygen
radicals like superoxide anions (O,"") and hydroxyl radicals
("OH) that kill tumor cells. The PS free radicals are crucial to the
generation of ROS in PDT under hypoxia (Scheme 1a).>**
However, most type I PSs are inorganic nanomaterials and
heavy metal chelates that often exhibit high cytotoxicity without
light irradiation. Moreover, they have low biocompatibility and
are also non-biodegradable and expensive. Therefore, devel-
oping novel organic type I PSs for PDI would be highly
beneficial.

Developing hypoxia-tolerant PSs for effective PDI in the
hypoxic TME remains a significant and unresolved challenge.
Stable organic radical molecules, characterized by their
possession of unpaired electrons, exhibit remarkable photo-
physical properties that have found diverse applications in
functional materials and photocatalysis.>*** These molecules
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Scheme 1 (a) The mechanism for the generation of oxidizing species.
(b) The chemical structures of the TTMIndo derivatives. (c) Schematic
mechanism of TTMIndoOMe for photodynamic immunotherapy of
a B16 tumor-bearing C57BL/6 model in vivo.

possess the unique ability to adopt doublet excited states upon
irradiation.**** The unpaired electron narrows the energy gaps
of the radicals, allowing red-shift for the absorption. The excited
unpaired electron is able to react with O, to produce ROS (O,™~
and ‘OH) efficiently via an electron transfer mechanism,
reducing dependence on oxygen during treatment.?**¢*
Nevertheless, despite their inherent advantages, the utilization
of organic radical PSs in PDI has yet to be explored. Herein, we
present a pioneering molecular design strategy wherein stable
organic free radicals are employed as substitutes for conven-
tional free radical intermediates ["PS*)/['PS™] typically gener-
ated during the photochemical process. Our organic radical PS
exhibited highly promising advantages, including (1) superior
ROS generation under hypoxic environments triggered by white
light, (2) effective induction of ICD in B16 tumor cells, (3) effi-
cient improvement of proliferation and differentiation of CD8"
T cells and differentiation of T memory cells, and (4) efficient
PDI in mice tumor models. This development opens new
opportunities for future PDT and PDI research against cancer in
the TME. To our knowledge, organic radical PSs for PDI have
not been reported.

The type I mechanism of PDT was known for its inefficiency,
primarily due to the limited formation of [PS')/[PS7]
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intermediates resulting from restricted collisions between PSs
and electron-rich substrates.”*** In our study, we proposed
a novel approach to address this limitation and enhance the
generation of ROS under hypoxic conditions by substituting the
['PS']/[ PS”] intermediates with doublet w-radicals (Scheme 1a).
We hypothesized that upon light irradiation, these doublet -
radicals could efficiently transfer electrons to O,, resulting in
the production of O, . To validate our concept, we designed
and synthesized a series of tris(2,4,6-trichlorophenyl)methyl
(TTM) m-radicals using methods previously reported in the
literature.*>** TTM consists of three aryl groups surrounding the
central methyl radical. The TTM radicals exhibit ambipolar
properties due to their unique unpaired electron structures,
enabling them to easily accept or release electrons. To our
knowledge, stable organic free radicals have received limited
attention as PSs in prior studies,* and their potential applica-
tion in PDI remains unexplored. Specifically, we employed TTM
m-radicals as the core structure and incorporated the indole
bulky 7-group to bolster stability.**** Furthermore, we fine-
tuned their ability to react with oxygen or biological
substrates in the tumor microenvironment under irradiation by
utilizing substituent groups with varying push-pull electron
effects in the indole moiety. Scheme 1b illustrates the chemical
structures of TTMIndo derivative compounds synthesized with
ease on a milligram scale via nucleophilic reaction and oxida-
tion. Detailed information regarding the synthetic procedure
and structure characterization can be found in the ESLft
Notably, TTMIndoOMe exhibited substantial ROS generation
upon irradiation under normoxic and hypoxic environments in
HepG2 cells. Furthermore, TTMIndoOMe effectively induced
ICD in B16 cells by triggering the release of damage-associated
molecular pattern molecules (DAMPs), adenosine triphosphate
(ATP), high mobility group box 1 (HMGB1), and calreticulin
(CRT), thereby activating the immune system, promoting the
secretion of pro-inflammatory cytokines, and specifically acti-
vating dendritic cells (DCs) (Scheme 1c). In vivo experiments
further demonstrated that TTMIndoOMe induced ICD in the
TME upon irradiation, enhanced the proliferation and differ-
entiation of CD8" T cells, and promoted the differentiation of T
memory cells to inhibit tumor growth in a C57BL/6 mice tumor
model. More importantly, TTMIndoOMe could induce the
differentiation of T memory cells, which shows great potential
in inhibiting tumor growth over a long period and thus opens
new opportunities for future PDT and PDI research against
cancer in the TME.

Results and discussion

Photophysical properties and theoretical study of TTM -
radical PSs

Firstly, we investigated the photophysical properties of the
TTMIndo derivative compounds. The UV-Vis absorption spectra
of these compounds in chloroform, PBS and water displayed
two distinctive bands: a strong peak at 376 nm attributed to the
localized transition from TTM and a weak absorption band
around 610 nm (¢ = 5000 L mol ' cm™ ') designated as the
charge-transfer transition, both of which are indicative of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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radical absorption features (Fig. 1a and S1t). Next, we
confirmed the presence of an unpaired electron in the radicals
through electron paramagnetic resonance (EPR) measure-
ments. The EPR spectra of the TTMIndo derivative compounds
were examined in toluene, and the resulting spectra, double
integrals, and spins of EPR signals (Fig. 1b and S2, Table S1})
provided clear evidence of the existence of an unpaired electron
in the TTMIndo derivative compounds. These compounds
exhibited EPR signals with a g factor (theoretical g = 2.0023 for
a free electron) that was attributed to the TTM group, indicating
the intrinsic presence of an unpaired electron in the molecule.

The energy levels of the frontier molecular orbitals (singly
occupied molecular orbital (SOMO) and singly unoccupied
molecular orbital (SUMO)) were determined through density
functional theory (DFT) calculations using the Gaussian 16
program (Fig. 1c and S3t). The absorption spectra of TTMIndo
derivative compounds exhibited a weak absorption band centred
at approximately 610 nm, corresponding to an energy gap of
2.06 eV, which was assigned to the electronic transition from
SOMO to SUMO. The strong, shorter-wavelength band in the
absorption spectra was attributed to transitions from SOMO/
HOMO to higher-energy orbitals. Additionally, energy level anal-
ysis showed that there was an intramolecular charge transfer (ICT)
between the TTM radical and indole groups, corresponding to the
weak absorption band in the absorption spectra of TTMIndo
derivative compounds. Moreover, the calculated spin densities
and Miilliken spin densities of the TTMIndo derivative
compounds demonstrated a significant dependence on the
substituent groups in the indole groups with different push-pull
electron effects (Fig. 1d and S47). There was a substantial increase
in spin densities in the C1 of TTMIndo derivative compounds
ascribed to the enhancement of the electron-withdrawing effect of
the substituent groups in the indole group. The lower spin
densities in C1 of TTMIndoNHMe, TTMIndoMe, and TTMIn-
doOMe indicated that the unpaired electron had a more
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Fig.1 (a) The absorption spectrum of TTMIndoOMe in CHClz (10 uM).
(b) The electron paramagnetic resonance spectrum of TTMIndoOMe
in toluene (4 mM) at room temperature. (c) The frontier orbitals and
energy gap of TTMIndoOMe calculated using DFT methods (B3LYP/6-
31G(d)). (d) The Mulliken spin density distribution in Cl1 of
TTMIndoOMe.
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delocalized m-system compared to TTMIndo derivative
compounds with electron-withdrawing substituent groups in
indole groups. The simulated calculations indicate enhanced
stability of TTMIndo derivatives with electron-donating substit-
uent groups due to a more delocalized 7t-system. This stability in
a physiological system suggests their potential for bio-
applications.

Evaluation of ROS generation capability of TTM w-radical PSs

To evaluate the potential of TTMIndo derivatives as PSs for PDT,
we investigated their ability to generate ROS in PBS upon 20 mW
ecm ? white light LED irradiation, using a dichlorodihydro-
fluorescein (DCFH) probe which shows green emission in the
presence of ROS. As depicted in Fig. 2a, S6, and S9a,f TTMIndo
derivatives featuring electron-donating substituents within the
indole groups, TTMIndoOMe and TTMIndoNHMe, demonstrated
significant ROS generation, which is higher than that of
TTMIndo. This was evidenced by a significant increase in the
fluorescence emission intensity of DCFH at around 525 nm with
increasing irradiation time. In contrast, TTMIndo derivatives with
electron-withdrawing substituents, TTMIndoBr, TTMIndoN, and
TTMIndoNO,, exhibited only modest ROS generation capabilities
(Fig. S6 and S9at). Surprisingly, TTMIndoMe exhibited no
detectable ROS generation, potentially attributable to its low
water solubility causing the aggregation-caused quenching (ACQ)
effect (Fig. S5T). Among them, TTMIndoOMe demonstrated an
approximately 2.08-fold higher ROS generation efficiency than the
commercial PSs Chlorin e6 (Ce6) and 1.26-fold higher than Rose
Bengal (RB) (Fig. 2d and S10a-ct). To further elucidate the nature
of the ROS generated by TTMIndo derivatives, the probes 9,10-
anthracenediyl-bis(methylene)dimalonic acid (ABDA) and dihy-
droethidium (DHE) were utilized to detect 'O, and O, respec-
tively. Under normoxic conditions, we hypothesized that radicals
would not trigger 'O, generation upon irradiation because energy
could not transfer to ambient triplet oxygen molecules. To
confirm this and investigate 'O, generation by TTMIndo deriva-
tives, we measured the absorption decrease at 380 nm in the
presence of 'O, using the ABDA probe and found a negligible
generation of 'O, by the TTMIndo derivatives under irradiation
(Fig. 2c, S7 and S9ct). In contrast, we observed significant
generation of O,"” by the TTMIndo m-radicals with electron-
donating substituents, as indicated by the increased fluores-
cence emission intensity of DHE at around 625 nm (Fig. 2b, S8
and S9bt). The TTMIndoOMe compound showed approximately
2.00-fold higher O, generation efficiency than the commercial
PSs Ce6 and 3.29-fold higher than RB, indicating its potential as
an effective PS for type I PDT (Fig. 2e and S10d-f¥). In addition, we
compared the ROS and O, generation efficiency of TTMIn-
doOMe with that of Methylene Blue (MB), a well-known type I and
I photosensitizer. The comparisons of ROS and O,"~ generation
abilities of TTMIndoOMe and MB were conducted under both
hypoxic (0,% = 2%) and ambient conditions. The results depic-
ted in Fig. 2f-i demonstrate that TTMIndoOMe's ROS and O, ™
generation were 1.39-fold and 2.47-fold higher than that of MB
under hypoxic (0,% = 2%) conditions and 1.20-fold and 1.56-fold
higher than that of MB under ambient conditions (Fig. S11 and

Chem. Sci., 2024, 15, 6421-6431 | 6423
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Fig.2 ROS (a) and O,"~ (b) generation of TTMIndoOMe, and 2% DMSO as co-solvent in water upon irradiation with a white light source. (c) 'O,
generation of TTMIndoOMe in water upon irradiation with a white light source. ROS (d) and O,"~ (e) generation of TTMIndoOMe, and
commercial PSs Ce6 and RB in PBS upon irradiation with a white light source. ROS (f) and O, ™ (g) generation of TTMIndoOMe, and commercial
PS methylene blue (MB) in PBS upon irradiation with a white light source under hypoxic (O,% = 2%) conditions. ROS (h) and O, " (i) generation of
TTMIndoOMe, and commercial PS MB in PBS upon irradiation with a white light source under ambient conditions. DCFH as a ROS probe (40 uM,
Aex = 480 NM, and Aem = 525 nm), DHE as an O, ~ probe (20 uM, Aoy = 525 nm, and Aem = 625 nm), ABDA as an *O, probe (50 pM), and irradiation

with a white LED light source (20 mW cm™3).

$12+) due to the 'O, generation for MB as a type II photosensitizer
under ambient conditions. These results indicate that TTMIn-
doOMe exhibits superior type I photosensitizing capabilities for
PDT against hypoxia. The proposed mechanism of TTMIndo -
radicals as a PS involves the excitation of the doublet ground state
(Do) to its doublet excited state (D;) under irradiation, followed by
electron exchange with triplet oxygen or biological substrates to
produce O, via the type I PDT mechanism (Fig. S131). Our
results demonstrated that the introduction of substituents with
push-pull electron effects in the radical compounds of TTMIndo
derivatives allowed for precise modulation of the equilibrium
between stability and the ability to generate ROS.

In vitro evaluation of ROS generation capability and
photocytotoxicity of TTM t-radical PSs

Given TTMIndoOMe's superior ROS generation capability, we
investigated its photostability and stability in cell lysates. The
absorption bands at ~610 nm of TTMIndoOMe remained
unchanged, indicating its good photostability (Fig. S10t). For
stability evaluation, HPLC analysis was conducted on the lysates

6424 | Chem. Sci, 2024, 15, 6421-643]

of different cells after incubation with TTMIndoOMe for various
durations (Fig. S14-S177). Notably, TTMIndoOMe exhibited
excellent stability in B16, A549, and HepG2 tumor cells.
Therefore, we selected TTMIndoOMe as a potential photosen-
sitizer and investigated its anticancer effect on HepG2, A549,
and B16 cells using an MTS assay. As depicted in Fig. 3 and
S18,7 TTMIndoOMe exhibited a dose-dependent inhibition of
cell proliferation under light irradiation, while showing negli-
gible cytotoxicity to HepG2, A549, and B16 cells in the dark. To
explore the phototherapeutic potential of TTMIndoOMe in
treating hypoxic tumors, we examined its PDT effect on HepG2
cells in a hypoxic environment (0,% = 2%). Encouragingly,
upon light irradiation, TTMIndoOMe demonstrated a dose-
dependent inhibition of cell proliferation, indicating its
potential as an effective phototherapeutic agent (Fig. 3a).
Inspired by the promising photocytotoxicity of TTMIn-
doOMe against cancer cells, even under hypoxic conditions, we
further investigated its effectiveness via confocal fluorescence
imaging under normoxia and hypoxia (0,% = 2%), using an all-
cell/dead-cell co-staining viability assay with Hoechst 33324/

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) HepG2 cell cytotoxicity of TTMIndoOMe in the dark (red) and upon white light irradiation (20 mW cm™2, 10 minutes) (blue) under
normoxic (left) and hypoxic (O,% = 2%) (right) conditions; data are given as the mean + SD (n = 3). (b) Confocal fluorescence images of dead
HepG2 cells stained under normoxic conditions (Pl, dead cell marker, Aex = 488 nm, and A¢y, = 600-650 nm). Scale bar: 25 pm. Confocal
fluorescence images of intracellular ROS (c) and O,"~ (d) in HepG2 cells under normoxic conditions (DCFH, ROS generation marker, green, Aex =
488 nm, and Aem = 495-550 nm) and (DHE, O," ™ generation marker, red, Aex = 535 nm, and A¢, = 600-650 nm). Scale bar: 25 pm. (e) Schematic
illustration of the in vivo experimental procedures. (f) The tumor growth curves in all groups. (g) The relative tumor growth curves in all groups. (h)
The tumor weight from all groups on the 18" day post treatment. (i) The mice body weight curves in all groups. For the TTMIndoOMe plus light
treatment group in the in vivo experiment, the dose of TTMIndoOMe was 100 pL PBS, 20 mg kg™ by subcutaneous injections, and irradiated with
white LED light (20 mW cm™2, 15 minutes). Data are given as the mean + SEM (n = 6) in vivo.

propidium iodide (PI), as illustrated in Fig. 3b and S15.f tumor-bearing immunocompetent nude mice model. The mice
Intracellular ROS production was also confirmed using DCFH- were randomly divided into four groups (six mice per group):
DA/DHE, with green/bright red fluorescence assigned to the PBS only (group I), light only (group II), TTMIndoOMe only
generation of total ROS/O,'~ (Fig. 3¢, d and S19-S21%). These (group III), and TTMIndoOMe with light irradiation (group IV).
observations were consistent with the results discussed above. =~ Tumor volumes were recorded every 2 days for each group

(Fig. 3e and S227). The results indicated that TTMIndoOMe with
PDT efficacy of TTMIndoOMe in immunocompetent nude light irradiation partially suppressed tumor growth, whereas no
mice models with HepG2 tumors tumor suppression was observed in the groups treated with
groups I-III (Fig. 3f-h and j). Moreover, the body weight of the

After demonstrating the PDT efficacy of TTMIndoOMe in vitro, .o . .
mice in each group showed no differences during treatment

we proceeded to investigate its efficacy in vivo using a HepG2

© 2024 The Author(s). Published by the Royal Society of Chemistry Chem. Sci,, 2024, 15, 6421-6431 | 6425
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(Fig. 3i), indicating no side effects of TTMIndoOMe on the mice.
These results demonstrate the in vivo PDT efficacy of TTMIn-
doOMe in the tumor microenvironment and its good biocom-
patibility, suggesting the potential for future PDT radical PS
design.

Induction of ICD by TTMIndoOMe on B16, A549 and HepG2
cells

The above study demonstrated that TTMIndoOMe can cause
cancer cell death by necrosis and/or apoptosis, and we further
investigated the PDI effect of TTMIndoOMe on B16, A549 and
HepG2 cells. The tumor cells treated with TTMIndoOMe plus
light irradiation exhibited significantly elevated levels of ATP
(Fig. 4a, S23a and cf) and extracellular HMGB1 compared to
those treated with TTMIndoOMe or light irradiation alone
(Fig. 4b, S23b and df). Moreover, immunofluorescence staining
revealed CRT expression on the membrane of B16, A549 and
HepG2 cells treated with TTMIndoOMe plus light irradiation
(Fig. 4c and S24-S261). These findings suggest that the
combined treatment of TTMIndoOMe and light irradiation
induces a more profound ICD effect on tumor cells compared to
individual treatments.

Subsequently, we assessed the ICD on the maturation of DCs
in vitro. Flow cytometric analysis revealed that B16 cells treated
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Fig.4 Characterization of TTMIndoOMe plus light-treated B16 tumor
cells in vitro. ATP secretion (nM) (a) and HMGBL release (pg mL™Y) (b)
from B16 cells upon indicated treatments (n = 6). (c) FL intensity of
CRT exposure on the membrane of B16 cells upon indicated treatment
capture using a confocal fluorescence microscope (n = 3). (d) Flow
cytometric examination of CD11c*CD86" DC population (%) and (e)
CD11c*MHCII* DC population (%) stimulated by B16 cells after indi-
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Data are given as the mean + SD (n = 6).
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with TTMIndoOMe (5 pM) plus light irradiation exhibited
enhanced DC maturation, as indicated by increased expression
of CD11¢'CD86" (30.48 + 3.50%) and CD11¢"MHCII", (33.03 +
2.15%) compared to the control group (CD11¢'CD86", 26.18 +
0.32%; CD11c'MHCII', 22.00 + 3.36%) (Fig. 4d and e).
Consistent with these findings, the combined treatment of
TTMIndoOMe and light irradiation induced the highest secre-
tion of immune-related cytokines (TNF-o, IL-6, IFN-y, and IL-
12p70) compared to individual treatments (Fig. 4f-i). These
results demonstrate the ability of TTMIndoOMe, in combina-
tion with light irradiation, to effectively penetrate B16 cells and
enhance intracellular ROS generation. This ultimately resulted
in direct cytotoxicity towards B16 cells and ICD responses.
Consequently, TTMIndoOMe holds promising potential as
a photodynamic immunotherapeutic agent against B16
tumor cells.

Evaluation of the immunotherapy efficacy of TTMIndoOMe
against B16 tumors in vivo

Having demonstrated the ICD effect of TTMIndoOMe plus light-
treated B16 tumor cells in vitro, we next evaluated the thera-
peutic efficacy of TTMIndoOMe against B16 tumors in C57BL/6
mice. Once the tumor size reached ~100 mm?®, the mice were
randomly divided into different treatment groups: PBS only
(group I), light alone (group II), TTMIndoOMe alone (group III),
TTMIndoOMe plus light (group IV), and blank control (group V)
(Fig. 5a). 30 min after subcutaneous injection of PBS or
TTMIndoOMe (15 mg kg™ in PBS, 100 pL), the tumors were
either subjected to irradiation (groups II and IV) or left non-
irradiated (groups I, III and V). The body weight and tumor
volume of each mouse were monitored every 2 days.

Notably, compared to the PBS-treated group (group I),
significant retardation in tumor growth was observed in mice
receiving TTMIndoOMe plus light treatment (group IV) (Fig. 5b
and c). After PDI treatment, the tumor growth inhibition of
group IV was nearly 80%, exhibiting its efficient PDI therapeutic
efficiency (Fig. 5d). Importantly, no significant changes in the
body weight were observed following different treatments
(Fig. 5e), and routine blood tests revealed no apparent alter-
ations caused by TTMIndoOMe administration (Fig. S277).
Consistently, the tumor weight in the TTMIndoOMe plus light
treatment group (group IV) was significantly decreased on day
14 compared to the PBS-treated group (group I) (Fig. 5f).
Histological examination of tumor tissue slices using hema-
toxylin and eosin (H&E) staining and terminal deoxynucleotidyl
transferase dUTP nick end labelling (TUNEL) staining
confirmed that TTMIndoOMe plus light treatment induced
greater tumor cell death (Fig. 5¢ and h). These findings affirm
TTMIndoOMe's favourable safety profile in mice, highlighting
its potential as a low-toxicity therapeutic agent.

We further investigated the in vivo ICD effect and immune
response induced by TTMIndoOMe. The CRT exposure in B16
tumors treated with TTMIndoOMe + light (group IV) was
significantly higher compared to tumors treated with light
(group II) or TTMIndoOMe alone (group III). Flow cytometric
analysis of DC maturation in the draining lymph nodes (LNs) at

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Evaluation of TTMIndoOMe plus light for photodynamic immunotherapy of B16 tumor in mice. (a) Schematic illustration of the exper-
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15 days post-treatment showed a higher proportion of mature
DCs in group IV (CD11¢'CD86", 14.17 & 1.15%; CD11¢ 'MHCIT',
17.84 + 1.24%; CD86'MHCII', 42.13 + 2.33%) compared to
PBS-treated mice (group I, CD11¢'CD86", 9.62 + 0.47%;
CD11¢"MHCII', 11.39 =+ 0.64%; CD86 ' MHCII', 29.00 + 1.08%)
(Fig. 6a—c and S28a-ct). This indicates that the induction of ICD
by TTMIndoOMe plus light promotes DC maturation in the LNs
(Fig. 6a—c). Immunofluorescence staining of IFN-y and CD8" T

© 2024 The Author(s). Published by the Royal Society of Chemistry

cells in the tumor tissues confirmed increased secretion of IFN-
v and CD8" T cells in group IV compared to the other groups
(Fig. 6g and S297), indicating a prominent proinflammatory
response elicited by TTMIndoOMe plus light. The measurement
of T lymphocytes in the spleen and tumors revealed a signifi-
cantly higher percentage of CD3'CD8" T cells in group IV (15.08
+ 0.77%) compared to group I, group II, and group III (Fig. 6d
and $28dt). In the B16 tumor mouse model, TTMIndoOMe plus
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http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sc06826a

Open Access Article. Published on 03 April 2024. Downloaded on 12/3/2025 4:33:49 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Chemical Science Edge Article
Group IV
Group | Group |l Group Il o
~— PBS Model ~ light — TTMIndoOMe ;Ii';mmeOMe + Control
(a) (b) (c)

o e
g2 == s 30b "= < 60 P—===1
15 I = : =
g i 2 2
2107 = . = . \ s
(2} +o 10 . tD
= 5 < ﬁ - ® |u ﬁ 8
0 o .

(&) 0 %) 0 (&)
(d) (e)
p < 0.0001 - < 0.0001 p < 0.0001
2 p<0. =
=0.0188 < —_— = = 0.0001
20p /i w *o 8 o X 301 P===
= 5 2 - < < 0.0001
< 45 X613 ¥ | =21 ol
o v Jre & 20
% i () it 10
o e o
oo o 0
0 3}
(9) IFN-y:green; CD8* T Cells: red; Nucleus: blue
Group | Group Il Group Il Group IV

IFN-y

CD8 * T Cells

100 pm
—

Fig. 6 TTMIndoOMe plus light treatment elicits strong anti-tumor immunity. Flow cytometric analysis of DC maturation of CD11c*CD86" (a),
CD11c*MHCII* (b) and CD86"MHCII* (c) in draining lymph nodes (dLNs). (d) Flow cytometric analysis of CD3*CD8* T cells in tumor bearing mice
after indicated treatments. (e) Flow cytometric analysis of the Tregs (CD4*CD25*Foxp3* T cells) in tumor bearing mice. (f) Flow cytometric
analysis of CD44"CD62L" T cells in the spleen of tumor bearing mice after indicated treatments. Blue: model + PBS; red: model + light; green:
model + TTMIndoOMe; purple: model + TTMIndoOMe + light; orange: control. (g) Immunofluorescence staining of IFN-y and CD8™ T cells in
the tumor tissues after indicated treatments. Scale bars: 100 um. Data are given as the mean + SEM (n = 6) in vivo.

light treatment markedly suppressed the percentage of Tregs
(CD4"CD25'Foxp3”™ T cells) in group IV (2.42 + 0.11%)
compared to the PBS-treated group (group I, 5.85 + 0.19%)
(Fig. 6e and S28et). Consequently, the CD8" T cells to Tregs
ratio (CD8" T cells/Tregs) in group IV (6.30 £ 1.00%) was the
highest among all the groups (group I: 1.69 £ 0.24%; group II:
2.23 £ 0.38%; group III: 1.69 + 0.36%; group V: 8.86 £ 3.18%)
and corresponded to the strongest inhibition of tumor growth
observed in group IV (Fig. 6d, e and S28d, et). Furthermore, the
evaluation of immune memory effects in B16 tumor-bearing
C57BL/6 mice demonstrated a significant increase in the pop-
ulation of memory T lymphocytes (Tem: CD44'CD62L") from
12.43 £ 0.45% in PBS-treated mice to 20.56 + 0.82% in mice

6428 | Chem. Sci,, 2024, 15, 6421-643]

treated with TTMIndoOMe plus light (group IV) on day 10 post-
treatment (Fig. 6f and S28ff). Immunofluorescence staining of
CD8" T cells and IFN-y further supported that TTMIndoOMe
plus light treatment effectively promoted the recruitment of
effector T cells within the tumor tissues (Fig. 6g). This suggests
a more profound systemic immune response induced by
TTMIndoOMe plus light, contributing to tumor growth
prevention. Our experiments collectively demonstrated that
TTMIndoOMe, upon with light irradiation, elicited potent ICD
responses, enhanced DC maturation, recruited effector T cells
while suppressing Tregs, and modulated memory T cells to
activate a robust systemic immune response. These effects
significantly inhibited the growth of B16 tumors, highlighting

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the potential of TTMIndoOMe and light as an effective strategy
for cancer treatment.

Conclusions

In summary, we proposed a novel and effective strategy for
designing PS based on organic free radicals to enhance PDI
under hypoxic conditions. By incorporating aromatic indole
structures into the TTM core, we obtained a series of stable 7t-
radicals. Through modulation of the push-pull electron effects
of the substituents, we discovered that incorporating electron-
donating groups into TTM radicals enhanced the ROS genera-
tion upon irradiation. By investigating the type of ROS gener-
ated, we revealed that the organic m-radical TTMIndoOMe
generated O, through electron transfer. Notably, TTMIn-
doOMe demonstrated remarkable ICD induction and facilitated
the maturation of DCs, enabling efficient presentation of
tumor-specific antigens to naive T cells and triggering a robust
anti-tumor immune response. Our strategy effectively enhanced
ROS generation and induced ICD in cancer cells by utilizing
doublet m-radicals. These findings will open new avenues for
the development of next-generation PSs and the design of
innovative PDT/PDI strategies targeting hypoxic tumors. More-
over, these discoveries also offer new possibilities for the design
of controlled-release PS complexes, further enhancing the effi-
cacy and precision of cancer treatments.

Ethical statement

All animal experiments were approved by the Animal Care and
Use Committee of the Institute of Materia Medica, Chinese
Academy of Medical College (Approval No. 00003996 and
00004181).

Data availability

ESI} is available and includes the synthesis and characteriza-
tions of compounds, the detections of cellular ROS levels, cell
cytotoxicity, immunogenic cell death upon white LED light
irradiation, the in vivo experiments of photodynamic immuno-
therapy efficacy and antitumor immune response.

Author contributions

H.-Y. H,, C.-F. C. and T. Z. conceived the research, designed the
research approach, and supervised the study; X. W. and G. S.
designed and performed the experiments and conducted the
data analysis with the help of R. W., L. M. and Q. Z.; X. W., G. S.,
T.Z., C.-F. C. and H.-Y. H. wrote the manuscript with input from
all the authors. All authors have given approval to the final
version of the manuscript.

Conflicts of interest

There are no conflicts to declare.

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

Acknowledgements

This work was supported by the National Key R&D Program of
China (2023YFC3404103), National Natural Science Foundation
of China (NSFC) projects (22122705, 22077139, and 82293684
(82293680)), and CAMS Innovation Fund for Medical Sciences
(CIFMS) (2021-12M-1-054 and 2022-12M-1-013).

Notes and references

1 B.Ji, M. Wei and B. Yang, Recent advances in nanomedicines
for = photodynamic  therapy  (PDT)-driven  cancer
immunotherapy, Theranostics, 2022, 12, 434-458.

2 Y. Zhang, S. Tian, L. Huang, Y. Li, Y. Lu, H. Li, G. Chen,
F. Meng, G. Liu, X. Yang, J. Sun, C. Tu and L. Luo, Reactive
oxygen species-responsive and Raman-traceable hydrogel
combining photodynamic and immune therapy for
postsurgical cancer treatment, Nat. Commun., 2022,13, 4553.

3 Z. Liu, Z. Xie, W. Li, X. Wu, X. Jiang, G. Li, L. Cao, D. Zhang,
Q. Wang, P. Xue and H. Zhang, Photodynamic
immunotherapy of cancers based on nanotechnology:
recent advances and future challenges, J. Nanobiotechnol.,
2021, 19, 160.

4 S.Zhou, R. Li, Y. Li, Y. Wang and L. Feng, A tailored and red-
emissive type I photosensitizer to potentiate photodynamic
immunotherapy, J. Mater. Chem. B, 2022, 10, 8003-8012.

5 X. Wei, M. Song, G. Jiang, M. Liang, C. Chen, Z. Yang and
L. Zou, Progress in advanced nanotherapeutics for
enhanced photodynamic immunotherapy of tumor,
Theranostics, 2022, 12(12), 5272-5298.

6 X. Li, J. F. Lovell, J. Yoon and X. Chen, Clinical development
and potential of photothermal and photodynamic therapies
for cancer, Nat. Rev. Clin. Oncol., 2020, 17, 657-674.

7 M. Zha, G. Yang, Y. Li, C. Zhang, B. Li and K. Li, Recent
Advances in AlEgen-Based Photodynamic Therapy and
Immunotherapy, Adv. Healthcare Mater., 2021, 10, 2101066.

8 L. Liu, J. Zhang, R. An, Q. Xue, X. Cheng, Y. Hu, Z. Huang,
L. Wu, W. Zen, Y. Miao, J. Li, Y. Zhou, H. Y. Chen, H. Liu
and D. Ye, Smart Nanosensitizers for Activatable Sono-
Photodynamic Immunotherapy of Tumors by Redox-
Controlled Disassembly, Angew. Chem., Int. Ed., 2023, 62,
€202217055.

9 R. An, X. Cheng, S. Wei, Y. Hu, Y. Sun, Z. Huang, H. Y. Chen
and D. Ye, Smart Magnetic and Fluorogenic Photosensitizer
Nanoassemblies Enable Redox-Driven Disassembly for
Photodynamic Therapy, Angew. Chem., Int. Ed., 2020, 59,
20636-20644.

10 S. He, J. Liu, C. Zhang, ]J. Wang and K. Pu, Semiconducting
Polymer Nano-regulators with Cascading Activation for
Photodynamic Cancer Immunotherapy, Angew. Chem., Int.
Ed., 2022, 61, 202116669.

11 J. P. Celli, B. Q. Spring, I. Rizvi, C. L. Evans, K. S. Samkoe,
S. Verma, B. W. Pogue and T. Hasan, Imaging and
Photodynamic Therapy: Mechanisms, Monitoring, and
Optimization, Chem. Rev., 2010, 110, 2795-2838.

12 T. C. Pham, V. Nguyen, Y. Choi, S. Lee and J. Yoon, Recent
Strategies to Develop Innovative Photosensitizers for

Chem. Sci., 2024, 15, 6421-6431 | 6429


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sc06826a

Open Access Article. Published on 03 April 2024. Downloaded on 12/3/2025 4:33:49 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

Enhanced Photodynamic Therapy, Chem. Rev., 2021, 121,
13454-13619.

13 M. Li, Y. Xu, X. Peng and J. S. Kim, From Low to No O,-
Dependent Hypoxia Photodynamic Therapy (hPDT): A New
Perspective, Acc. Chem. Res., 2022, 55, 3253-3264.

14 V. Nguyen, Y. Yan, J. Zhao and J. Yoon, Heavy-Atom-Free
Photosensitizers: From Molecular Design to Applications
in the Photodynamic Therapy of Cancer, Acc. Chem. Res.,
2021, 54, 207-220.

15 V. Nguyen, Z. Zhao, B. Z. Tang and ]J. Yoon, Organic
photosensitizers for antimicrobial phototherapy, Chem.
Soc. Rev., 2022, 51, 3324.

16 H. Li, Y. Kim, H. Jung, J. Y. Hyun and I. Shin, Near-infrared
(NIR) fluorescence-emitting small organic molecules for
cancer imaging and therapy, Chem. Soc. Rev., 2022, 51,
8957-9008.

17 X. Zhao, J. Liu, J. Fan, H. Chao and X. Peng, Recent progress
in photosensitizers for overcoming the challenges of
photodynamic therapy: from molecular design to
application, Chem. Soc. Rev., 2021, 50, 4185-4219.

18 M. Piksa, C. Lian, L. C. Samuel, K. J. Pawlik, I. D. W. Samuel
and K. Matczyszyn, The role of the light source in
antimicrobial photodynamic therapy, Chem. Soc. Rev.,
2023, 52, 1697-1722.

19 W. Fan, P. Huang and X. Chen, Overcoming the Achilles’
heel of photodynamic therapy, Chem. Soc. Rev., 2016, 45,
6488-6519.

20 S. Monro, K. L. Colon, H. Yin, J. Roque, P. Konda, S. Gujar,
R. P. Thummel, L. Lilge, C. G. Cameron and
S. A. McFarland, Transition Metal Complexes and
Photodynamic Therapy from a Tumor-Centered Approach:
Challenges, Opportunities, and Highlights from the
Development of TLD1433, Chem. Rev., 2019, 119, 797-828.

21 S.Liu, G. Feng, B. Z. Tang and B. Liu, Recent advances of AIE
light-up probes for photodynamic therapy, Chem. Sci., 2021,
12, 6488.

22 M. Kang, Z. Zhang, W. Xu, H. Wen, W. Zhu, Q. Wu, H. Wu,
J. Gong, Z. Wang, D. Wang and B. Z. Tang, Good Steel
Used in the Blade: Well-Tailored Type-I Photosensitizers
with Aggregation-Induced Emission Characteristics for
Precise Nuclear Targeting Photodynamic Therapy, Adv. Sci.,
2021, 8, 2100524.

23 K. X. Teng, W. K. Chen, L. Y. Niu, W. H. Fang, G. Cui and
Q. Z. Yang, BODIPY-Based Photodynamic Agents for
Exclusively Generating Superoxide Radical over Singlet
Oxygen, Angew. Chem., Int. Ed., 2021, 60, 19912-19920.

24 D. Chen, Q. Xu, W. Wang, J. Shao, W. Huang and X. Dong,
Type I Photosensitizers Revitalizing Photodynamic
Oncotherapy, Small, 2021, 17, 2006742.

25 L. Ji, J. Shi, J. Wei, T. Yu and W. Huang, Air-Stable Organic
Radicals:  New-Generation  Materials for  Flexible
Electronics?, Adv. Mater., 2020, 32, 1908015.

26 B. Tang, W. L. Li, Y. Chang, B. Yuan, Y. Wu, M. T. Zhang,
J. F. Xu, J. Li and X. Zhang, A Supramolecular Radical
Dimer: High-Efficiency NIR-II Photothermal Conversion
and Therapy, Angew. Chem., Int. Ed., 2019, 58, 15526-15531.

6430 | Chem. Sci,, 2024, 15, 6421-643]

View Article Online

Edge Article

27 B.Tang,]. Zhao, J. F. Xu and X. Zhang, Tuning the stability of
organic radicals: from covalent approaches to non-covalent
approaches, Chem. Sci., 2020, 11, 1192.

28 R. Matsuoka, A. Mizuno, T. Mibu and T. Kusamoto,
Luminescence of doublet molecular systems, Coord. Chem.
Rev., 2022, 467, 214616.

29 B. Tang, W. Xu, J. F. Xu and X. Zhang, Transforming
a Fluorochrome to an Efficient Photocatalyst for Oxidative
Hydroxylation: A Supramolecular Dimerization Strategy
Based on Host-Enhanced Charge Transfer, Angew. Chem.,
Int. Ed., 2021, 60, 9384-9388.

30 Z. Cui, A. Abdurahman, X. Ai and F. Li, Stable Luminescent
Radicals and Radical-Based LEDs with Doublet Emission,
CCS Chem., 2020, 2, 1129-1145.

31 A. Abdurahman, T. J. H. Hele, Q. Gu, J. Zhang, Q. Peng,
M. Zhang, R. H. Friend, F. Li and E. W. Evans,
Understanding the luminescent nature of organic radicals
for efficient doublet emitters and pure-red light-emitting
diodes, Nat. Mater., 2020, 19, 1224-1229.

32 X. Cui, G. Lu, S. Dong, S. Li, Y. Xiao, J. Zhang, Y. Liu,
X. Meng, F. Li and C. S. Lee, Stable w-radical nanoparticles
as versatile photosensitizers for effective hypoxia-
overcoming photodynamic therapy, Mater. Horiz., 2021, 8,
571-576.

33 Y. Hattori, T. Kusamoto and H. Nishihara, Luminescence,
Stability, and Proton Response of an Open-Shell (3,5-
Dichloro-4-pyridyl)bis(2,4,6-trichlorophenyl)methyl Radical,
Angew. Chem., Int. Ed., 2014, 53, 11845-11848.

34 K. Kato, S. Kimura, T. Kusamoto, H. Nishihara and Y. Teki,
Luminescent Radical-Excimer: Excited-State Dynamics of
Luminescent Radicals in Doped Host Crystals, Angew.
Chem., Int. Ed., 2019, 58, 2606-2611.

35 S. Kimura, T. Kusamoto, S. Kimura, K. Kato, Y. Teki and
H. Nishihara, Magnetoluminescence in a Photostable,
Brightly Luminescent Organic Radical in a Rigid
Environment, Angew. Chem., Int. Ed., 2018, 57, 12711-12715.

36 Z.X. Chen, Y. Li and F. Huang, Persistent and Stable Organic
Radicals: Design, Synthesis, and Applications, Chem, 2021,
7, 288-332.

37 Q. Sun, W. Song, Y. Gao, R. Ding, S. Shi, S. Han, G. Li, D. Pei,
A. Li and G. He, A telluroviologen-anchored
tetraphenylporphyrin as sonosensitizer for periodontitis
sonodynamic therapy, Biomaterials, 2014, 304, 122407.

38 Q. Sun, Q. Su, Y. Gao, K. Zhou, W. Song, P. Quan, X. Yang,
Z. Ge, Y. Zhang and G. He, Cationic telluroviologen
derivatives as type-I photosensitizers for
photodynamic theranostics, Aggregate, 2023, 4, €298.

39 K. Zhou, X. Qiu, L. Xu, G. Li, B. Rao, B. Guo, D. Pei, A. Li and
G. He, Poly(selenoviologen)-Assembled Upconversion
Nanoparticles for Low-Power Single-NIR Light-Triggered
Synergistic Photodynamic and Photothermal Antibacterial
Therapy, ACS Appl. Mater. Interfaces, 2020, 12, 26432-26443.

40 H. Huang, W. Xie, Q. Wan, L. Mao, D. Hu, H. Sun, X. Zhang
and Y. Wei, A Self-Degradable Conjugated Polymer for
Photodynamic Therapy with Reliable Postoperative Safety,
Adv. Sci., 2022, 9, 2104101.

tumor

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sc06826a

Open Access Article. Published on 03 April 2024. Downloaded on 12/3/2025 4:33:49 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

41 M. Guo, K. Zhou, R. Ding, X. Zhao, Y. Zhang, Z. Zhang and
G. He, Water-soluble thienoviologen derivatives for
imaging bacteria and antimicrobial photodynamic therapy,
J. Mater. Chem. B, 2022, 10, 3097-3103.

42 H. Ding, H. Yu, Y. Dong, R. Tian, G. Huang, D. A. Boothman,
B. D. Sumer and J. Gao, Photoactivation switch from type II
to type I reactions by electron-rich micelles for improved
photodynamic therapy of cancer cells under hypoxia, J.
Controlled Release, 2011, 156, 276-280.

43 K. X. Teng, L. Y. Niu, N. Xie and Q. Z. Yang, Supramolecular
photodynamic agents for simultaneous oxidation of NADH
and generation of superoxide radical, Nat. Commun., 2022,
13, 6179.

44 Q. Peng, A. Obolda, M. Zhang and F. Li, Organic Light-
Emitting Diodes Using a Neutral 7 Radical as Emitter: The
Emission from a Doublet, Angew. Chem., Int. Ed., 2015, 54,
7091-7095.

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

45 M. Lopez, D. Velasco, F. Lopez-Calahorra and L. Julia, Light-
emitting persistent radicals for efficient sensor devices of
solvent polarity, Tetrahedron Lett., 2008, 49, 5196-5199.

46 S. Castellanos, V. Gaidelis, V. Jankauskas, J. V. Grazulevicius,
E. Brillas, F. Lopez-Calahorra, L. Julia and D. Velasco, Stable
radical cores: a key for bipolar charge transport in glass
forming carbazole and indole derivatives, Chem. Commun.,
2010, 46, 5130-5132.

47 Y. Gao, A. Obolda, M. Zhang and F. Li, A pure red organic
light-emitting diode based on a luminescent derivative of
tris(2,4,6-trichlorotriphenyl)methyl radical, Dyes Pigm.,
2017, 139, 644-650.

48 C. Lu, E. Cho, Z. Cui, Y. Gao, W. Cao, ]. Brédas,
V. Coropceanu and F. Li, Towards Efficient and Stable
Donor-Acceptor Luminescent Radicals, Adv. Mater., 2022,
35(6), €2208190.

Chem. Sci., 2024, 15, 6421-6431 | 6431


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sc06826a

	Fine-tuning of stable organic free-radical photosensitizers for photodynamic immunotherapyElectronic supplementary information (ESI) available:...
	Fine-tuning of stable organic free-radical photosensitizers for photodynamic immunotherapyElectronic supplementary information (ESI) available:...
	Fine-tuning of stable organic free-radical photosensitizers for photodynamic immunotherapyElectronic supplementary information (ESI) available:...
	Fine-tuning of stable organic free-radical photosensitizers for photodynamic immunotherapyElectronic supplementary information (ESI) available:...
	Fine-tuning of stable organic free-radical photosensitizers for photodynamic immunotherapyElectronic supplementary information (ESI) available:...
	Fine-tuning of stable organic free-radical photosensitizers for photodynamic immunotherapyElectronic supplementary information (ESI) available:...
	Fine-tuning of stable organic free-radical photosensitizers for photodynamic immunotherapyElectronic supplementary information (ESI) available:...
	Fine-tuning of stable organic free-radical photosensitizers for photodynamic immunotherapyElectronic supplementary information (ESI) available:...
	Fine-tuning of stable organic free-radical photosensitizers for photodynamic immunotherapyElectronic supplementary information (ESI) available:...

	Fine-tuning of stable organic free-radical photosensitizers for photodynamic immunotherapyElectronic supplementary information (ESI) available:...
	Fine-tuning of stable organic free-radical photosensitizers for photodynamic immunotherapyElectronic supplementary information (ESI) available:...
	Fine-tuning of stable organic free-radical photosensitizers for photodynamic immunotherapyElectronic supplementary information (ESI) available:...
	Fine-tuning of stable organic free-radical photosensitizers for photodynamic immunotherapyElectronic supplementary information (ESI) available:...
	Fine-tuning of stable organic free-radical photosensitizers for photodynamic immunotherapyElectronic supplementary information (ESI) available:...
	Fine-tuning of stable organic free-radical photosensitizers for photodynamic immunotherapyElectronic supplementary information (ESI) available:...


