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Type | photodynamic therapy (PDT) is attracting increasing interest as an effective solution to the poor
prognosis of patients with hypoxic tumors. The development of functional type | photosensitizers is
lack of feasible strategies to systematically modulate electron transfer (ET) in
the preparation of

limited by a
photosensitization. Herein, we present an easily accessible approach for
nanophotosensitizers with self-assembly-integrated tumor-targeting and ET programming towards
boosting tumor type | PDT. Specifically, a dual functional amphiphile PS-02 was designed with a ligand
(6-NS) that had the ability to not only target tumor cell marker carbonic anhydrase IX (CAIX) but also
regulate the ET process for type | PDT. The amphiphile PS-02 tended to self-assemble into PS-02
nanoparticles (NPs), which exhibited a local "ET-cage effect” due to the electron-deficient nature of 6-
NS. It is noteworthy that when PS-02 NPs selectively targeted the tumor cells, the CAIX binding enabled
the uncaging of the inhibited ET process owing to the electron-rich characteristic of CAIX. Therefore,
PS-02 NPs integrated tumor targeting and CAIX activation towards boosting type | PDT. As a proof of
concept, the improved PDT performance of PS-02 NPs was demonstrated with tumor cells under

hypoxic conditions and solid tumor tissue in mouse in vivo experiments. This work provides a practical
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Introduction

Photodynamic therapy (PDT) for tumor treatment has drawn
considerable attention for its merits of non-invasiveness, high
cure rate, and minimal side effects compared to chemotherapy,
surgery, and radiotherapy.”* Although tumor PDT has made lots
of progress in clinical trials and application,®>™* the full promise
of PDT in these merits has not yet been realized in practice. It is
revealed that the complex tumor biological environment, for
example, abnormal vasculature and tumor heterogeneity,
compromises PDT efficiency.”® These unfavorable factors in
tumors not only create barriers to the effective delivery of
photosensitizer (PS) reagents but also cause the hypoxic envi-
ronment in tumors.”* In terms of tumor PDT, the effective
tumor enrichment of PSs is the first prerequisite,* because
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increasing tumor PS enrichment can reduce the toxic side
effects on normal tissues by cutting down the amounts of PSs
injected or the intake of normal tissues.'>'® Besides, it is well
known that the hypoxic environment of the tumor directly
limits the efficacy of PDT.»*"*° This is because most of the
photosensitizers (PSs) proved in clinical trials are based on the
type II PDT mechanism by sensitizing O, to produce singlet
oxygen ('0,). And type II PSs are severely dependent on the O,
supplement. In order to achieve the desired therapeutic
outcomes, advanced PDT treatment protocols call for a combi-
nation of tumor targeting and circumvention hypoxic treatment
modalities.

Further studies have found that type I PDT, in which PSs
could sensitize O, to mainly produce the superoxide anion
(0,7), was less oxygen-dependent. It was praised for perform-
ing well in the treatment of hypoxic tumors.**** So far, several
organic PSs, for example, triarylmethanes,*® benzophenothia-
zine derivatives,* 1,8-naphthalimide-dialkyl-triphenylamine®”**
and aggregation-induced emission luminogens,**** have been
reported to follow the type I PDT mechanism. However, the
rational molecular design of novel type I PSs is still in its
infancy.*?** Considering electron transfer (ET) as the core
photophysical process of type I photosensitization, it is believed
that the electronrich environment around PSs could
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Scheme 1 A brief illustration of the scheme of chemically modifying the structure of amphiphiles’ functional molecules and the related self-

assembly for nanoparticles.

significantly enhance the ET-based type I process. Following
this idea, some traditional type II PSs could transform into
dominant type I processes in the electron-rich substrate
environment.**?¢ Despite these exciting advances, the thera-
peutic performance of these type I PDT processes still needed to
be improved. For example, these previously reported type I
nanophotosensitizers mainly relied on the passive targeting of
nanoparticles (enhanced permeability and retention (EPR)
effect). The enrichment of the drug in the tumor area remained
unsatisfactory. To enable a better PS delivery, tumor-selective
antibody or ligand modification and tumor-associated factor
activation functionalization have been proposed.’”** But until
now, these active targeting techniques were rarely fully
employed in these previous type I nanophotosensitizers. It is
desirable to design versatile PSs which integrate the enhance-
ment of type I PDT with the endowment of tumor targeting.
Recently, amphiphilic molecule self-assembly has drawn
great interest in nanomedicine preparation because it provides
a facile and “bottom-up” method to manipulate therapeutic
building blocks at a molecular level.**** In this work, by ratio-
nally tailoring amphiphilic small molecules, self-assembly was
leveraged to the bespoke production of nanophotosensitizers
with both tumor cell targeting and type I PDT enhancement
(Scheme 1). In detail, we have designed and synthesized two
amphiphilic small molecules PS-01 and PS-02 from a thermally
activated delayed fluorescence (TADF) characteristic photosen-
sitizer molecule PS developed earlier in our laboratory.*>*! In
the aqueous environment, PS, PS-01, and PS-02 could self-
assemble into nanoparticles PS NPs, PS-01 NPs, and PS-02
NPs, respectively. In PS-01, the piperazine unit was covalently
attached to the PS as an electron donor group to provide the
local “electron-rich environments” in self-assembled nano-
particles for boosting the type I process. In PS-02, a tumor
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biomarker carbonic anhydrase IX (CAIX)-targeting ligand
saccharin derivative (6-NS) was further modified to the pipera-
zine unit for two purposes. First, by targeting CAIX, PS-02 NPs
can achieve tumor-targeting recognition and enrichment.*>*
CAIX is known to be an overexpressed membrane protein in
most aggressive forms of cancer such as in cancer stem cells.*
And the CAIX-targeting approach could improve and advance
the tumor therapeutic treatments.*>™*” Second, we assumed that
the electron-deficient nature of 6-NS enabled the weakening of
the electron donor effect provided by piperazine and turned off
the “electron-rich environments” unit by forming an “electron
transfer cage” in PS-02 NPs. When PS-02 NPs were targeted to
tumors, electron-rich CAIX could uncage the electron transfer
for the type I process. Therefore, PS-02 NPs could achieve the
integration functions of tumor targeting and type I photosen-
sitization enhancement. As a proof of concept, we have proved
the feasibility of this design by photosensitization in solution
and detected by nanosecond transient absorption that the ET
process occurred in the excited state of PS-01 NPs but not in PS
NPs and PS-02 NPs. Meaningfully, PS-02 NPs were devised to
effectively cure tumor cells in vitro under hypoxia and tumor
tissues in mice in vivo. This strategy of self-assembly-integrated
tumor targeting and electron transfer programming should
become a universal protocol towards boosting tumor type I PDT.

Results and discussion
Molecular synthesis and self-assembly

PS-01 and PS-02 were synthesized by two steps of substitution
reaction (Scheme S1t). First, PS and 1,3-dibromopropane were
connected by nucleophilic substitution reaction to produce the
intermediate PS-Br. Then, PS-Br underwent a second substitu-
tion reaction with N-methyl piperazine or the saccharin

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 The basic steady-state spectral properties and self-assembly evaluation in aqueous solutions. (a) The UV-Vis absorption spectra of PS, PS-
01, PS-02, and PS-02/CAIX (10 uM) in agueous solution. (b) The fluorescence emission spectra of PS, PS-01, PS-02, and PS-02/CAIX (10 uM) in
aqueous solution. (c) The PS, PS-01, PS-02, and PS-02/CAIX (10 uM) hydrodynamic particle size measured by DLS in aqueous solution. (d)

AUTODOCK simulations of binding sites of PS-02/CAIX (PDB code: 3IAl).

derivatives (6-NS) to obtain the product PS-01 or PS-02, respec-
tively. The specific synthesis process and molecular structure
characterization are documented in the ESL}

The amphiphilic molecular structure of PS, PS-01, and PS-02
could endow them with the ability to self-assemble into nano-
particles in the aqueous environment.*® The UV-Vis absorption
spectra of the amphiphiles in an aqueous solution showed no
obvious characteristic peak compared with those in an organic
solvent (Fig. 1a and S11). This indicated that self-assembly may
occur in the aqueous solution.*>*° At the same time, the fluo-
rescence intensity of these amphiphiles in the aqueous solution
was significantly different (Fig. 1b). PS-01 decreased to 43% of
PS in relative fluorescence quantum efficiency, which was
consistent with the electron transfer quenching process from
the electron donor piperazine (Table S1t). In contrast, PS-02

comparable to that of PS. From the molecular design, the
electron-deficient ligand 6-NS was expected to work as an “ET
cage” to weaken the electron-donor effect of piperazine. So, the
electron transfer process of piperazine in PS-02 should be
inhibited to some extent. Furthermore, when CAIX was added,
the fluorescence intensity of PS-02 decreased again. This may be
explained by the fact that the electron-rich characteristics of
CAIX could uncage the “electron transfer cage” by forming the
PS-02/CAIX complex. The transmission electron microscope
(TEM) and dynamic light scattering (DLS) experiments were
conducted to prove the formation of nanoparticles by self-
assembly. PS NPs, PS-01 NPs, and PS-02 NPs had a spherical
structure with an average hydrodynamic size of around 150 nm
(Fig. 1c and S21). Moreover, from the hydrodynamic size change
of PS-02 NPs after adding CAIX, we inferred that it should

exhibited a restored fluorescence quantum efficiency effectively disassemble in the presence of CAIX. To verify this,
a b c
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Fig.2 The photosensitization evaluation in agueous solutions. General ROS detection by using DCFH (5 pM) for PS-01 NPs (a), PS-02 NPs (b) and
PS-02 NPs/CAIX (10 uM) (c). (d) The histogram of relative fluorescence intensity of DCFH of PS NPs (I), PS-01 NPs (I1), PS-02 NPs (Ill), and PS-02
NPs/CAIX (IV) separately after 60 s of irradiation (white light, 2 mW cm™2). (e) The histogram of the normalized relative integration fluorescence
intensity ratio of DCFH in the presence of different ROS scavengers for PS-02 NPs/CAIX. (f) The curve graph of relative fluorescence intensity of
DHR 123in PS NPs, PS-01 NPs, PS-02 NPs and PS-02 NPs/CAIX aqueous solution after light irradiation. (g) The histogram of relative fluorescence
intensity of DHR 123 of PS NPs (1), PS-01 NPs (I), PS-02 NPs (I1l), and PS-02 NPs/CAIX (IV) separately after irradiation (white light, 2 mW cm™).
Statistical significance was analyzed by the Student's t-test. ****p < 0.0001; **p < 0.01.
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Fig. 3 The transient species and kinetic characterization by nanosecond transient absorption spectroscopy. Time-resolved transient absorption
spectra of PS NPs (a), PS-02 NPs (b), and PS-02 NPs (c) (10 uM) in anaerobic aqueous solutions by nitrogen bubbling. The decay curve at the
absorption wavelength of 640 nm of PS NPs (d), PS-02 NPs (e), and PS-02 NPs (f) (10 uM) in anaerobic aqueous solutions by nitrogen bubbling.
The decay curve at the absorption wavelength of 420 nm of PS NPs (g), PS-01 NPs (h), and PS-02 NPs (i) (10 uM) in anaerobic aqueous solutions
by nitrogen bubbling. All samples were excited with a nanosecond pulsed laser, A¢x = 532 nm.

we performed molecular docking simulation calculations. It can
be seen that the 6-NS ligand group part of PS-02 could enter into
the pocket of CAIX and bring about a tight binding effect with
a free energy of binding of —4.35 kcal mol ™" (Fig. 1d). These
results indicate that these amphiphiles could self-assemble into
functional NPs.

CAIX-activated photosensitization for boosted O, ™~
generation

Next, we investigated whether the binding effect between CAIX
and PS-02 could regulate the type I photosensitization process.
We tested the photosensitization ability of PS NPs, PS-01 NPs,
and PS-02 NPs in aqueous solutions. The results indicated that
PS-01 NPs had 18.0 times larger ROS amounts than PS NPs
(Fig. 2a and d). Meanwhile, compared with PS-01 NPs, PS-02
NPs showed significantly reduced ROS amounts which were
20% that of PS-01 NPs (Fig. 2b and d). Importantly, when CAIX
was added, it could recover the ability of ROS generation (Fig. 2¢
and d). In order to make clear the CAIX effect in ROS generation
capacity, we analyzed the ROS components by a single ROS
species quenching experiment using specific ROS scavengers
NaN; (for *0,),* vitamin C (for O,"~)** and isopropyl alcohol (for
OH')** (Fig. 2e). This suggests that O,"~ dominated the ROS
generated in the PS-02 NPs/CAIX system. This explained that
CAIX mainly affects the type I photosensitization process. To
confirm this result, another indicator, dihydrorhodamine 123
(DHR 123), was used for confirming O, generation. As can be
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seen from Fig. 2f and g, the O,"~ generation capacity of PS-01
NPs has been increased by 16.1 times compared to that of PS
NPs. This favors the design purpose that electron donor piper-
azine's effect as an electron-rich environment inclined to the
occurrence of ET of the type I process in PS-01 NPs. However, for
PS-02 NPs, the O,"~ generation amounts decreased a lot to only
0.1 compared to that of PS-01 NPs, which was consistent with
the proposed “ET cage” to turn off the type I process. So, when
CAIX was added, the boosted O,"~ generation recovered (10.7
times that of PS NPs), which meant that the “ET cage” built by
the ligand 6-NS was uncaged by CAIX. These results confirmed
that the strategy of ET programming through the modification
of functionalized groups enabled the regulation of the type I
process. In order to identify these different ET processes in PS-
01 NPs and PS-02 NPs, the long-lived excited state properties of
the PS NPs, PS-01 NPs and PS-02 NPs were studied by transient
absorption spectroscopy (Fig. 3). PS NPs, PS-01 NPs, and PS-02
NPs showed a similar triplet excited state absorption at the
640 nm and 400 nm peaks and ground state depletion at the
565 nm and 465 nm peaks (Fig. 3a—c). The differences mainly lie
in the kinetic decay process of the triple excited state of *(PS-
01)* that a new rapid decay process with a fitted lifetime t; =
35.05 ns appeared compared with PS NPs and PS-02 NPs
(Fig. 2d-f). It should be assigned to the ET quenching process
derived from the modified electron piperazine in PS-01.
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Correspondingly, we did detect the single-electron reduction
excited state species (PS-01)" at 420 nm only in PS-01 NPs but
not in PS NPs and PS-02 NPs (Fig. 3g-i).**** This long-lived
radical anion species (1, = 43.96 ps) determined the effective
O, to O,"~ photosensitization. Furthermore, this disappeared
ET quenching process in PS-02 NPs meant the ET from piper-
azine was inhibited. And the absence of the intermediate
photosensitizer free radical anion resulted in the off state of the
type I process in PS-02 NPs, which was consistent with the
significant drop in O,’~ generation. We speculate that in PS-02
NPs the ligand 6-NS should form a local cage to block the ET
process.

CAIX-integrated tumor cell targeting and type I PDT boosting
in vitro

In the above, we have confirmed that the functional nano-
particle NP-02 NPs possessed the ability for CAIX-activation for
boosted O," "~ generation in solution. Next, we evaluated the type
I PDT performance afforded by this merit in living tumor cells.
First, the targeting capability of PS-02 NPs oriented by CAIX was
verified by confocal laser scanning microscopy (CLSM) imaging.
In the CAIX high-expressive human breast cancer cell of MDA-
MB-231, the distribution of PS-02 NPs in the cell membrane
was observed. And it was further checked by a colocalization
experiment with a commercial membrane dye DiO (Fig. 4a). In
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Fig.5 The ROS amount detection and tumor cell PDT experiment in vitro. (@) The ROS production of PS NPs, PS-01 NPs, and PS-02 NPs (5 uM) in
MDA-MB-231 cells under light treatment and detection by DCFH (1 uM). Excitation light source 488 nm, detection channel wavelength = 530 +
20 nm, scale bar = 50 um. (b) The histogram of fluorescence intensity of DCFH in (a). (c) The O,"~ production of PS NPs, PS-01 NPs, and PS-02
NPs (5 uM) under light treatment and detection by DHR 123 (10 uM). Excitation light source 488 nm, detection channel wavelength 530 + 20 nm,
scale bar =50 pm. (d) The histogram of fluorescence intensity of DHR 123 in (c). (e) CLSM imaging of live and dead cells treated with PS-02 NPs (5
uM) under light treatment by calcein AM (2 uM)/propidium iodide (PI) (4 uM) staining. After the cells were once stained by PS-02 NPs, the same
light treatment was conducted at 0 h, 12 h, and 24 h, respectively. (Calcein AM: excitation light source 488 nm, detection channel wavelength =
530 + 20 nm; PI: excitation light source 559 nm, detection channel wavelength = 650 + 50 nm), scale bar = 300 pm. (f) Relative viabilities of
MDA-MB-231 cells treated with different concentrations of PS NPs, PS-01 NPs and PS-02 NPs under light treatment under normoxic conditions.
(9) Relative viabilities of MDA-MB-231 cells treated with different concentrations of PS NPs, PS-01 NPs, and PS-02 NPs under light treatment
under hypoxic conditions (light treatment conditions: irradiation by white light, 20 mW cm™2, 0.5 h). All data in (b), (d) (f) and (g) are presented as
mean + SD. Statistical significance was analyzed by the Student’s t-test. ****p < 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05.
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contrast, under the same conditions, PS NPs and PS-01 NPs with
no target ligand modification showed little accumulation in
MDA-MB-231 (Fig. S37). As expected, the accumulation of PS-02
NPs in the CAIX low-expression one such as breast cancer cells
of MCF-7 or normal breast cells COS-7 was rather low (Fig. 4b).
Meanwhile, PS-02 NPs could be anchored in MDA-MB-231 cells
for as long as 48 h (Fig. 4c). These results supported that the
tight CAIX-anchoring features enabled PS-02 NPs to target
tumor cells selectively. After confirming the CAIX-mediated
tumor cell target function in PS-02 NPs, it is time to check
whether CAIX could still boost type I photosensitization in
living cells. We chose MDA-MB-231 tumor cells treated with PS-
02 NPs as the experiment group and those treated with PS NPs
and PS-01 NPs as control groups, separately. The total ROS
generation amounts were captured and analyzed with an ROS
indicator (DCFH-DA) in CLSM imaging. As shown in Fig. 5a and
b, the experimental groups treated by PS-02 NPs maintained the
highest ROS generation amounts compared to PS NPs and PS-01
NPs under both normoxic and hypoxic conditions. Then, the
boosted O," producing ability was evaluated again by using the
O, indicator (DHR 123) (Fig. 5c and d). The fluorescence
imaging indicated that PS-02 NPs had the best performance of
the type I process in the living cells. And the significantly
enhanced O,"~ on tumor cells' killing effect was further evalu-
ated by the live/dead cell co-staining assay (Fig. 5e). Obviously,
PS-02 NPs showed pronounced phototoxicity to tumor cells.
Owing to the firm anchoring effect of CAIX, PS-02 NPs main-
tained an excellent tumor cell killing effect even at 24 h after
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once staining compared with those of PS NPs and PS-01 NPs
(Fig. S41). In order to further elucidate the detailed CAIX-
assisted PDT process induced by PS-02 NPs, the time series cell
membrane morphology change was monitored by CLSM
imaging (Fig. S5t). After light irradiation, lots of bubbles
appeared around the plasma membrane and gradually grew out
largely into rupture only in 8 min. Next, the phototoxicity of PS-
02 NPs to tumor cells was quantitatively evaluated by the MTT
assay. As shown in Fig. 5f and g, PS-02 NPs exhibited the best
tumor cell killing effect compared to PS NPs and PS-01 NPs, and
the half maximal inhibitory concentration (ICs,) of PS-02 NPs
was as low as 0.34 £ 0.05 uM under normoxic PDT conditions.
Under hypoxic PDT conditions, PS-02 NPs still had a much
lower ICs, of 0.52 + 0.15 uM. At the same time, the almost no
obvious cell viability change under dark conditions demon-
strated all of the three nanoparticles were low biologically toxic
(Fig. S67). All the cellular experiments proved that PS-02 NPs
could not only realize the tumor cell targeting but exert signif-
icantly boosted type I PDT even under hypoxia.

Tumor-targeting type I PDT in vivo

Furthermore, the selective tumor therapeutic effect of PS-02 NPs
was evaluated in mouse subcutaneous tumor models. Tumor-
bearing BAL b/c mice were established and randomly divided
into five groups. The group treated with saline with irradiation,
PS-02 NPs without irradiation, PS NPs with irradiation, and PS-
01 NPs with irradiation were separately set as control groups,
and PS-02 NPs with irradiation were set as experiment groups.
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Fig. 6 The evaluation of PDT treatment in tumor-bearing mice. (a) Fluorescence imaging by PS-02 NPs in tumor tissue. (b) The photographs of
ex vivo tumors from tumor-bearing mice with different treatment groups. (c) The tumor volume growth curves from tumor-bearing mice with
different treatment groups (n = 3). (d) The body weight curves of the mice with different treatments (n = 3). (e) H&E-stained tumors from BAL b/c
mice after different treatments. Scale bar = 100 um. I: PBS + light, Il: PS-02 NPs, Ill: PS NPs + light, IV: PS-01 NPs + light and V: PS-02 NPs + light.
All data in (c) and (d) are presented as mean + SD. Statistical significance was analyzed by the Student's t-test. ***p < 0.001.
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First, the tumor-selective accumulation of PS-02 NPs in mice
was administrated by way of intravenous injection. From Fig. 6a
and S7,T PS-02 NPs were observed to realize efficient accumu-
lation in tumor areas for as long as 36 h, which provides
a suitable window time for tumor treatment. Following the
guidance of good tumor fluorescence imaging, we conducted
PDT experiments in the tumor region at 12 h and 36 h after drug
injection once. As can be seen from Fig. 6b and c, only the group
treated with PS-02 NPs + light exhibited a significant tumor-
suppressing efficacy, outperforming the other groups. During
this process, all mice did show no noticeable abnormal body
weight changes (Fig. 6d). Hematoxylin and eosin (H&E) histo-
logical analysis was applied to reveal the necrosis of tumor
tissue induced by the PDT of PS-02 NPs (Fig. 6e). These results
consistently suggested that PS-02 NPs can exert an excellent
tumor curative effect in mice. Moreover, no noticeable cell
necrosis and inflammation lesions including in the heart, liver,
spleen, lungs, and kidneys appeared in H&E staining imaging
(Fig. S87). Collectively, PS-02 NPs hold impressive therapeutic
potential for tumor PDT due to their excellent tumor inhibition
efficiency and biocompatibility.

Conclusions

This work introduced a novel and feasible integrated system for
the efficient treatment of hypoxic tumors by rationally
leveraging the self-assembly and electron transfer programming
strategy. In detail, we have developed two functional amphi-
phile PS-01 and PS-02 from TADF-type photosensitizer PS by
importing an electron-rich group and additionally modifying
tumor marker-targeting ligand 6-NS. These amphiphiles tend to
assemble into nanoparticles of PS NPs, PS-01 NPs, and PS-02
NPs. PS-01 NPs showed augmented type I photosensitization
(16.1 times O,"~ compared to that of PS NPs) owing to the local
electron-rich environment provided by the electron donor. PS-
02 NPs showed “off state” (0.1 times O,"~ compared to that of PS
NPs) type I photosensitization, and we inferred that the
electron-deficient ligand 6-NS would work as an “electron
transfer cage” to block the ET process in PS-02 NPs. Consis-
tently, when PS-02 NPs targeted and tightly bound to the tumor
marker CAIX, the electron-rich nature of CAIX afforded the
ability of uncaging the ET effect to boost type I photosensiti-
zation (10.7 times O,"~ compared to that of PS NPs). So, PS-02
NPs have integrated their tumor targeting ability with boosted
type I photosensitization. It is noteworthy that the significantly
improved therapeutic performance of PS-02 NPs was demon-
strated with hypoxic tumor cells and solid tumor tissue in mice.
We believe this accessible strategy would rejuvenate the devel-
opment of more functionalized PSs for practical tumor
treatments.

Data availability
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