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ategy for converting the
photodynamic agents from a singlet oxygen
generator to a superoxide radical generator†

Kun-Xu Teng, Li-Ya Niu and Qing-Zheng Yang *

Type-I photosensitizers (PSs) generate cytotoxic oxygen radicals by electron transfer even in a hypoxic

environment. Nevertheless, the preparation of type-I PSs remains a challenge due to the competition of

triplet–triplet energy transfer with O2 (type-II process). In this work, we report an effective strategy for

converting the conventional type-II PS to a type-I PS by host–guest complexation. Electron-rich pillar[5]

arenes are used as an electron donor and macrocyclic host to produce a host–guest complex with the

traditional electron-deficient type-II PS, an iodide BODIPY-based guest. The host–guest complexation

promotes intermolecular electron transfer from the pillar[5]arene moiety to BODIPY and then to O2 by

the type-I process upon light-irradiation, leading to efficient generation of the superoxide radical (O2
�c).

The results of anti-tumor studies indicate that this supramolecular PS demonstrates high photodynamic

therapy efficacy even under hypoxic conditions. This work provides an efficient method to prepare type-

I PSs from existing type-II PSs by using a supramolecular strategy.
Introduction

Photodynamic therapy (PDT) is a promising approach for
cancer therapy that utilizes photosensitizers (PSs) in conjunc-
tion with molecular oxygen under light-irradiation to generate
cytotoxic reactive oxygen species (ROS).1–4 So far, most PSs
produce singlet oxygen (1O2) through the type-II process by
direct excitation energy transfer (EET) between the excited
triplet state of the PS (3PS*) and O2.5–9 Unfortunately, PDT based
on type-II PSs is highly O2-dependent, thus the hypoxia of solid
tumors would severely reduce the therapeutic efficacy in
clinics.10–12 In contrast, type-I PSs generate cytotoxic radicals
through a cascade electron transfer (ET) reaction among 3PS*,
adjacent substrates and molecular oxygen.13–15 Type-I PSs can
lower the O2 dependence and overcome the tumor hypoxia,
thereby attracting increasing attention in recent years.16–20

However, the available type-I PSs are rarely reported and the
design of type-I PSs remains a challenge.21–24 The main reason
for this is that the inefficient cascade ET reaction is always
tough to compete with EET of 3PS* with oxygen (Fig. 1a).25–28

Recently, our group has proposed that the EET process could be
inhibited by decreasing the energy of 3PS* to below the
requirement for sensitizing 1O2, resulting in the blockage of the
type-II process (Fig. 1b).29 Although this strategy allows PSs to
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exclusively generate ROS by the type-I process, it is hardly
employed as universal guidance to prepare type-I PSs because of
unpredictable triplet energy levels. Alternatively, another
possible strategy to enhance the competitiveness of the type-I
pathway is to increase the photoinduced electron transfer effi-
ciency of PSs with substrates and oxygen (Fig. 1b).30 Generally,
in the type-I process, the PS rst obtains an electron from
nearby substrates (such as liposomes, NADH or amino acid)
under light-irradiation to generate the anion radical (PS�c),
Fig. 1 (a) The competition between excitation energy transfer and
electron transfer in PDT. (b) The strategies for the design of type-I PSs:
reported strategy (left) and proposed strategy in this work (right).
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which further transfer the electron to molecular oxygen to
produce O2

�c.6 However, such cascade ET reactions are nor-
mally inefficient because PSs cannot effectively collide with
nearby substrates.31–33 Therefore, we anticipate that if we
introduce electron-rich substrates into the current type-II PS
and shorten the distance between the substrates and the PS, the
ET efficiency would be enhanced to promote the type-I process.

Herein, we report a supramolecular strategy to efficiently
convert the conventional type-II PS to a type-I PS by the host–
guest interaction. The distance between the PS and the electron
donor is shortened through the host–guest interaction, which
promotes the electron transfer from the electron-rich host to the
electron-decient guest. As a proof-of-concept, iodide BODIPY
(G), an electron-decient and classic type-II PS with high effi-
ciency of 1O2 production, is used as a guest molecule and the
electron-rich bispillar[5]arene (BP5A) is chosen as an electron
donor and macrocyclic host (Fig. 2). The host–guest interactions
between BP5A and G enable an effective electron transfer from
BP5A to G by enhancing the electron cloud overlap between the
electron-rich substrates and the PSs. Supramolecular polymers
(HG) efficiently generate O2

�c upon light irradiation, realizing the
conversion of the type-II PS into a type-I PS. HG exhibits superior
PDT performance even in a hypoxic environment of tumor cells.

Host–guest complexation of chromophore with macrocyclic
host is a powerful method to modulate the properties of the
guest.34,35 The exploration of such systems through non-covalent
synthesis is gathering tremendous interest due to its low cost
and convenient construction manner beyond the molecular
level.36–39 Host–guest interactions have been employed to
improve the uorescence quantum yield of dyes,40–45 inhibit
aggregation-caused quenching,46,47 design the supramolecular
uorescent probe,48–50 and to enhance the generation capacity of
1O2 for PDT.51–53 However, converting type-II PSs to type-I PSs by
the host–guest interaction has not been reported. To the best of
our knowledge, the host–guest interaction is taken advantage of
for the rst time to successfully switch the sensitizing mecha-
nism from the type-II to type-I reaction.
Results and discussion

We synthesized a classic type-II PS (G) as a guest molecule and
a bispillar[5]arene as a host. The cyanoalkyl triazole moieties of
Fig. 2 The fabrication of HG and photo-induced generation of ROS.

5952 | Chem. Sci., 2022, 13, 5951–5956
G have a strong affinity towards pillar[5]arenes.54 The formation
of a host–guest system is conrmed by 1H NMR and 2D NOESY
spectroscopy. 1H NMR spectra of a mixture of BP5A and G
suggested the formation of a supramolecular host–guest system
(G3 BP5A), as evidenced by upeld shis of methylene protons
(Dda ¼ �3.06 ppm, Ddb ¼ �3.38 ppm, Ddc ¼ �2.92 ppm, and
Ddd ¼ �2.14 ppm, Fig. S1 and S2†). The proton signals were
assigned on the basis of the 1H–1H COSY spectrum (Fig. S3†).
The 2D NOESY spectrum showed clear correlations between
methylene protons of G and aromatic and methyl protons of
BP5A, further conrming the formation of this inclusion
complex (Fig. S4†). In addition, the diffusion coefficients
decreased from 8.461 � 10�10 to 1.810 � 10�10 m2 s�1 as the
concentration of BP5A and G increased from 5 mM to 50 mM,
suggesting the formation of supramolecular polymers
(Fig. S5†). We prepared the supramolecular PS of HG from BP5A
and G by a microemulsion method (Fig. S6†). Scanning electron
microscopy (SEM) revealed that nanoparticles were uniformly
distributed with well-dened shape and size (Fig. 3a). The
average hydrodynamic diameter of HG estimated by dynamic
light scattering was 59.3� 3.3 nm (Fig. 3b and S7†). HG absorbs
at 665 nm and emits at 720 nm in water, which is slightly
redshied compared to G in DMF (Fig. 3c and S10†). HG has
excellent stability and the supramolecular polymer based on the
host–guest interaction is crucial for the preparation of its
nanoparticles with a well-dened size and morphology (Fig. S8
and S9†).
Fig. 3 (a) SEM image and (b) DLS of HG. (c) The absorption and
fluorescence spectra of HG (10 mM) dispersed in water. (d) Plots of
DAbs (A0–A) for ABDA at 378 nm upon light irradiation (660 nm, 20
mW cm�2) for different time intervals in the presence of G or HG. (e)
Plots of DFl. (F–F0) for DHE at 580 nm upon light irradiation (660 nm,
20 mW cm�2) for different time intervals in the presence of G, HG or
MB. (f) ESR spectra to detect O2

�c generated by G (0.5 mM) and HG
(0.5 mM) under illumination, using BMPO (25 mM) as a spin trap.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Cyclic voltammogram of (a) G and (b) BP5A in DCM with 0.1 M
(n-Bu)4N

+PF6
� as the supporting electrolyte, Ag/Ag+ as the reference

electrode, a glassy-carbon electrode as the working electrode and a Pt
wire as the counter electrode; scan rate, 100 mV s�1; Fc/Fc+ was used
as an external reference. (c) Schematic diagramof the electron transfer
process between G and BP5A through HOMO and LUMO energy
levels. (d) The emission spectra of G (1.0 � 10�5 M) at 25 �C in
acetonitrile with increasing amounts of BP5A (0–50 mM) under exci-
tation at 650 nm. (e) The Stern–Volmer plots for the fluorescence
quenching of G by BP5A in acetonitrile at 25 �C (I0 is the fluorescence
intensity of G in the absence of BP5A and I is the fluorescence intensity
in the presence of BP5A at the different concentrations ranging from
8 mM to 50 mM).
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To verify our anticipation, the ROS generation abilities of G
and HG are investigated. Dihydroethidium (DHE) and 9,10-
anthracenediyl-bis(methylene)dimalonic acid (ABDA) are
employed as the specic O2

�c and 1O2 indicator, respectively. G
exhibits strong 1O2 productivity but no O2

�c generation, con-
rming that G is a typical type-II PS (Fig. 3d and e). By contrast,
as shown in Fig. 3d, the 1O2 generation rate of HG is markedly
reduced compared with that of G (Fig. S11†), suggesting that the
excitation energy transfer between excited G and molecular
oxygen is supressed. More importantly, upon light-irradiation,
the uorescence of the DHE solution in the presence of HG
increases signicantly, indicating that HG generates O2

�c effi-
ciently (Fig. 3e and S12†). As shown in Fig. 3e, the rate of O2

�c
generated by the irradiation of HG is 1.8-fold that of methylene
blue (MB) under the identical conditions. The total ROS
generation of HG and G was further evaluated by using 20,70-
dichlorodihydrouorescein (DCFH), a uorescent probe to
detect overall ROS, including 1O2 and O2

�c. As can be seen in
Fig. S13,† HG generates ROS faster than G, indicating that the
total ROS generation capacity of HG is enhanced. Furthermore,
the photodegradation experiment of rhodamine B (RhB) was
employed to study the ROS generation of HG. It is known that
RhB can be degraded by both O2

�c and 1O2.55 As shown in
Fig. S14,† the absorption of RhB in the presence of HG signi-
cantly reduced at 550 nm upon light-irradiation, suggesting that
HG efficiently generated ROS and led to the photodegradation
of RhB. Then, ROS quenchers were used to explore what type
ROS is generated by HG. With the addition of 1,4-benzoqui-
none, a specic O2

�c quencher, the absorption of RhB remains
almost unchanged upon irradiation under the identical condi-
tions, suggesting that HG primarily generated O2

�c. By contrast,
the photodegradation rate of RhB only decreases a little in the
presence of NaN3, a selective 1O2 scavenger, further conrming
that HG generated much less 1O2 than O2

�c. The above results
demonstrate that the traditional type-II PS is effectively trans-
formed into a type-I PS through the supramolecular host–guest
strategy.

Electron spin resonance (ESR) spectroscopy is further
employed to conrm the O2

�c generation by sensitization of HG
with BMPO as a spin-trap agent for O2

�c (Fig. 3f). Upon light-
irradiation of HG and BMPO in aqueous solution, a character-
istic paramagnetic adduct is observed and well matched with
the O2

�c signal, conrming the generation of O2
�c. No ESR

signals are observed for G and BMPO in DMSO under the
identical conditions. And we also encapsulated G within Plur-
onic F127 to form G aggregates as a control to rule out aggre-
gation of G as the cause of this conversion from type-II to type-I.
Negligible ROS is produced for the G aggregates, indicating that
aggregation of G quenches the excited state rather than
switching it to type-I mechanisms (Fig. S15†).

We speculate that the efficient photoinduced electron
transfer from BP5A to G facilitated by the host–guest interaction
played a vital role in generating O2

�c. To conrm the intermo-
lecular electron transfer enhanced by the host–guest interac-
tion, cyclic voltammetry is conducted to determine the
oxidation potential (Eox) of G and BP5A. As shown in Fig. 4a and
b, Eox of G and BP5A is +0.387 V and +0.273 (vs. Fc/Fc+),
© 2022 The Author(s). Published by the Royal Society of Chemistry
respectively. The highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO) energy levels
of G and BP5A are estimated through Eox and the UV-vis
absorption spectrum (Table 1 and Fig. S16†). As shown in
Fig. 4c, BP5A serves as an electron donor to transfer an electron
to excited G to generate G�c, which further transfers an electron
to molecular oxygen and produces O2

�c. To further conrm the
occurrence of photoinduced electron transfer, we study the
Stern–Volmer quenching of the emission of G with the electron-
rich host BP5A. As shown in Fig. 4d, the emission of G is
gradually quenched with the addition of BP5A. The Stern–
Volmer plots (Fig. 4e) show a linear correlation between the
amounts of BP5A and the (I0–I)/I ratio, indicating that the host
BP5A quenches the excited state of G by electron transfer. The
Stern–Volmer quenching constant, Ksv, is 33.2 M�1.

The PDT activity of HG in vitro is evaluated under both
normoxic and hypoxic conditions. The uorescence imaging
experiment indicates the uptake of HG by HeLa cells (Fig. S17†).
The ROS probe (DCFH-DA) and O2

�c probe (DHE) are respec-
tively employed to detect the cellular ROS generation during
Chem. Sci., 2022, 13, 5951–5956 | 5953
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Table 1 Electrochemical potentials and energy levels of G and BP5A

Compd Eoxa (V) Eg
b (eV) HOMOc (eV) LUMOd (eV)

G +0.387 1.81 �5.19 �3.38
BP5A +0.273 3.76 �5.07 �1.31

a Oxidation potentials measured by cyclic voltammetry with ferrocene as
the standard. b Band gap estimated from the UV-vis absorption
spectrum. c Calculated from the oxidation potentials. d Deduced from
the HOMO and Eg.
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PDT in normoxic (21% O2) and hypoxic environments (2% O2).
As shown in Fig. 5a, HeLa cells treated with HG and the probe
DCFH-DA or DHE manifest obvious uorescence signals of the
products produced by the reaction of the probe with ROS aer
illumination in both normoxic and hypoxic environments,
suggesting that the generation of ROS by HG is less dependent
on the oxygen concentration. The cell counting kit-8 (CCK-8)
assays are used to further evaluate the PDT effects of HG on
HeLa cells. HG shows almost no dark toxicity in both normoxic
and hypoxic environments (Fig. 5b). Under light-irradiation for
10 min, HG effectively kills HeLa cells even in a hypoxic envi-
ronment. IC50 is 4.7 mM under normoxia and 6.4 mM under
hypoxia (Fig. 5c). A calcein-AM/PI assay is used to investigate the
inhibition of tumor cells by HG (Fig. 5d). Viable cells were
stained by using calcein-AM to emit uorescence in the green
Fig. 5 (a) Detection of ROS andO2
�c in HeLa cells with DCFH-DA and DH

represents 50 mm. Cell viability of HeLa cells subjected to a range of HG
(660 nm, 50 mW cm�2) under normoxia or hypoxia conditions. (d) CLSM
200 mm. (e) Apoptosis analysis of HeLa cells treated with HG at various d
487 nm; red channel: 570–620 nm, excited at 562 nm; NIR channel: 66

5954 | Chem. Sci., 2022, 13, 5951–5956
channel and apoptotic cells were stained by using PI to emit
uorescence in the red channel. HeLa cells treated with 4 mM
HG show obvious uorescence in the green and red channels
aer 660 nm light-irradiation, indicating partial cell death.
When the HG concentration increases to 8 mM, all cells are
dead. By contrast, HeLa cells without illumination only exhibit
uorescence in the green channel under identical conditions,
indicating no cell death. Then, an annexin V-FITC/PI apoptosis
detection kit is used to investigate the apoptotic cells (Fig. 5e).
These results prove that HG effectively induces tumor cell
apoptosis. We further investigate the PDT activity of HG in
immunodecient mouse models by using the subcutaneous
tumor model of HeLa in the BALB/c mice. The uorescence
imaging experiment in mice indicates that HG can be enriched
in the tumor position (Fig. S18†). And HG shows effective tumor
inhibition with negligible systemic cytotoxicity (Fig. S19†).
Conclusions

In conclusion, we report for the rst time efficient conversion of
the traditional type-II PS to a type I PS using a supramolecular
strategy by host–guest complexation between the type-II PS and
pillar[5]arene. The host–guest interaction effectively shortens
the intermolecular distance between the PS guest (G) and the
electron donor (BP5A), which promotes the electron transfer
E under normoxia (21%O2) or hypoxia (2%O2) conditions. The scale bar
concentrations in the (b) absence and (c) presence of light-irradiation
images of calcein AM/PI-stained HeLa cells. The scale bar represents

oses (the parameter of CLSM: green channel: 500–550 nm, excited at
3–738 nm, excited at 638 nm).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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from the macrocyclic BP5A to electron-decient G. HG effi-
ciently produces O2

�c by the type-I process upon light irradia-
tion and exhibits excellent PDT performance even in a hypoxic
environment. This simple, efficient and versatile strategy for
converting the sensitizing mechanism from the type-II to type-I
reaction may inspire the development of new photosensitizers
for PDT of hypoxic solid tumors.
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