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Abstract: In order to promote the development of photo-
dynamic therapy (PDT), undesired side effects like low tumor
specificity and the “always-on” phenomenon should be
avoided. An effective solution is to construct an adaptive
photosensitizer that can be activated to generate reactive
oxygen species (ROS) in the tumor microenvironment.
Herein, we design and synthesize a supramolecular switch
based on a host-guest complex containing a water-soluble
pillar[5]arene (WP5) and an AIEgen photosensitizer (G). The
formation of the host-guest complex WP52>G quenches the
fluorescence and inhibits ROS generation of G. Benefitting
from the pH-responsiveness of WP5, the binding site between
G and WP5 changes in an acidic environment through a shuttle
movement. Consequently, fluorescence and ROS generation of
the host-guest complex can be switched on at pH 5.0. This
work offers a new paradigm for the construction of adaptive
photosensitizers by using a supramolecular method.

P hotodynamic therapy (PDT), which relies on photosensi-
tizers and light for the generation of reactive oxygen species
(ROS) to kill cancer cells or bacteria, has attracted much
attention not only in fundamental research but also in clinical
treatments.'!. Compared with other traditional treatments,
PDT possesses some unique advantages, such as spatiotem-
poral selectivity, high efficiency, no drug resistance, non-
invasiveness and so on.”” In spite of these advantages, PDT
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also shows some inevitable drawbacks hindering its develop-
ment in preclinical and clinical investigations. For example,
most photosensitizers possess some unwanted properties like
dark toxicity, low water-solubility and photobleaching
effects.”) Moreover, other undesired side effects of traditional
PDT include the “always-on” model and low tumor specific-
ity, which require patients to remain in the dark for a long
period (usually a few weeks) following treatments.*! To
overcome these disadvantages, developing adaptive photo-
sensitizers with switchable photosensitizing effects is urgently
required.

A general strategy to construct adaptive photosensitizers
is to add quenchers or energy acceptors to the adjacent
photosensitizers covalently, or accumulate a high number of
photosensitizers in one polymeric backbone to induce self-
quenching at a suitable density, which can be triggered in
response to various stimuli at tumor sites.”! Although the
direct covalent decoration has been proven to be an efficient
and achievable method, it is impeded by the complicated
molecular design, time-consuming synthesis, high cost and
unwanted toxicity.) Herein, we report a new strategy to
construct adaptive photosensitizers via supramolecular modi-
fication based on pillararene host-guest interactions.” Very
specifically, we design and synthesize a supramolecular ROS
switch based on a host—guest complex between an anionic
water-soluble pillar[S]arene (WPS5) host and a tetraphenyle-
thene containing photosensitizer (G) guest (Scheme 1). This
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Scheme 1. Chemical structures and cartoon representations of WP5,
P5 and G.
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switch generates negligible fluorescence and ROS in neutral ()
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environments, but under acidic conditions, it displays bright
red fluorescence and strong ROS generation ability. Consid-
ering that the tumors are acidic, the supramolecular ROS
switch has potential as precision medicine for cancer treat-
ment.

In order to construct supramolecular photosensitizers
with switchable photosensitizing, a photosensitizer unit with
good ROS generation ability was required. Herein, an
AlEgen-based photosensitizer G was synthesized. As shown
in Scheme 2, G is composed of three parts: a propeller-shaped
tetraphenylethene (TPE) fluorogen, an electron deficient
pyridinium unit, and a hexyl chain with another pyridinium
unit at the end. The TPE part not only endows G with
aggregation-induced emission (AIE) properties but also
serves as an electron donor. By combining the TPE electron
donor with the pyridinium electron acceptor, the HOMO and
LUMO distributions of G can be separated and the energy
gap (AE,) between the §; and T, state will be reduced
(Scheme 2).®) As predicted by time-dependent density func-
tional theory (TD-DFT), G has a small overlap between
HOMO and LUMO with a low AE, value of 0.2¢eV,
indicating a high intersystem crossing (ISC) rate for efficient
ROS generation.®™*! Besides, the hexyl chain with two
pyridinium units at the end promotes the water solubility of
G and also affords a binding site for WPS5 to form host—guest
complex WP5OG.

Next, the ROS generation ability of G was investigated
by using 9,10-anthracenediyl-bis(methylene)dimalonic acid
(ABDA) as ROS indicator. The higher ABDA consumption
means stronger ROS productivity and most likely higher
photodynamic therapy efficacy. As expected, G has a strong
ROS productivity, even higher than commercially used
photosensitizer Ce6. As shown in Figure 1a and S4 in the
Supporting Information, the consumption of ABDA was
calculated to be 4.5nmol in the presence of G upon
irradiation for 140 s, while that of Ce6 was 1.7 nmol in 300 s
(Figure 1a and S5). Furthermore, the light cytotoxicity of G
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Scheme 2. Energy diagram of conventional photosensitizers, the pro-
posed strategy for improving 'O, generation, chemical structure and
HOMO-LUMO distributions of G. The HOMO-LUMO distributions of
G were calculated by TD-DFT (Gaussian 09/B3LYP/6-31G(g)d).
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Figure 1. a) Consumption of ABDA (5.0 nmol) in the presence of G
(30 um), Ce6 (30 um), WP5 (30 um) and G (30 pm), and WP5 (30 pm)
and G (30 um) at pH 5.0 under light irradiation (deducting the
photobleaching of ABDA). Cell viability assay: b) G treated HelLa and
3T3 cells in dark and with the white light irradiation at a power density
of 66 mWcm™2 for 10 min; c) WP5 and G treated Hela and 3T3 cells
in dark and with the white light irradiation at a power density of

66 mWcm™2 for 10 min; WPS and G treated Hela cells in PBS buffer
at d) pH 7.4 and e) pH 6.0 in dark and with the white light irradiation
at a power density of 66 mWcm™2 for 10 min.

was evaluated wusing 3-(4,5'-dimethylthiazol-2'-yl)-2,5-
diphenyl tetrazolium bromide (MTT) assay under light
irradiation. As shown in Figure 1b, the viability of HeLa
and 3T3 cells was measured to be about 21 % and 18 % after
incubation with 40 um of G upon irradiation at a power
density of 66 mWcm™ for 10 min, indicating that G itself
shows high light-toxicity to cancer cells. Notably, G also
exhibited obvious cytotoxicity in the dark. As shown in
Figure 1b, the cell viability decreased to be about 48% for
HelLa cells and 40 % against 3T3 normal cells at a concen-
tration of 40 um. The dark cytotoxicity may arise from the two
pyridinium cations.

Interestingly we found that the complexation of G by
WPS can efficiently inhibit the dark cytotoxicity. As shown in
Figure 1c, the dark cytotoxicity of G decreased obviously
after complexing with WPS. The cell viability retained about
80% for HeLa and 75 % for 3T3 cells even under incubation
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at a concentration of 40 um WP5 and 40 um G for 24 hours.
Moreover, compared with that of individual G, the ROS
generation ability of WP5DOG in aqueous media was very
weak. As shown in Figure 1a and S6, it was calculated that
about 0.4 nmol ABDA was consumed under the white-light
irradiation for 5 min. The light cytotoxicity of G in the
presence of WP5 was also determined. As shown in Figure 1c,
the cell viability was still above 70 % for both HeLa and 3T3
cells after incubating with 40 pm WPS and 40 um G upon
irradiation at a power density of 66 mWcm™ for 10 min.
Considering that both the dark and light cytotoxicity
decreased, this system potentially overcomes the “always
on” phenomenon and reduces the damage to normal tissue.
Thus, an ROS switch with an “off” state was constructed.

We further tested whether the ROS productivity could be
recovered with specific stimuli. It is well-known that percar-
boxylate pillar[5]arenes possess pH-responsiveness because
the carboxylate group can be protonated in an acidic
environment, resulting in the change of water solubility."”
Based on this, the ROS generation ability of WP5 and G at
pH 5.0 was measured under the same conditions mentioned
before. We found that the ROS generation of WPS5 and G at
pH 5.0 was much higher compared with that in a neutral
environment. The consumption of ABDA was calculated to
be 2.2 nmol in 300 s (Figure 1a and S7), even higher than that
of Ce6. From this, we can conclude that the ROS switch was
turned on at pH5.0. The cytotoxicity of WP5DG under
different pH was evaluated to check whether this switch
would work in vitro or not. HeLa cells were incubated in
acidic PBS buffer to simulate the tumor site. It is notable that
the pH of acidic PBS buffer was adjusted to 6.0 rather than
5.0, as the cells will be inactivated at pH 5.0. As shown in
Figure 1d and le, dark cytotoxicity of WPS and G toward
HeLa cells incubated in PBS buffer with different pH values
was not very high even if the concentration reached 20 pum.
Interestingly, remarkable light cytotoxicity of WPS and G
toward HeL a cells was observed at 20 um in PBS buffer with
a pH value of 6.0. The viability of HeLa cells was measured to
be about 26 % at pH 6.0, much lower than that at pH 7.4
(~89%). That is, the “on” switch-state with high potential for
photodynamic therapy was obtained in the acidic environ-
ment.

More interestingly, the fluorescence of WP5>G was also
pH responsive. As shown in Figure 2a, the AIE molecule G
itself showed very weak fluorescence in aqueous solution
because of its good water-solubility. Negligible change in
fluorescence was observed after addition of WP5 to the
solution of G or acidification of the aqueous solution of G
itself to pH 5.0. If the solution of WPS and G was adjusted to
the acidic environment (pH S5.0), the fluorescence was
increased remarkably, as shown in Figure 2b. The pH-
titration experiment (pH ranging from 7.8 to 5.0) revealed
that the fluorescence was increased rapidly when the pH was
below 6.0 (Figures 2b and S8), and it kept increasing until the
solution-pH reached 5.0. As the tumor tissue is relatively
acidic, this phenomenon is very exciting because the acid-
triggered switch can potentially light up the tumor site."

Furthermore, we tested whether the fluorescence of this
ROS switch was preserved in cells and retained its pH-
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Figure 2. a) Fluorescence spectra of G (30 um), WP5 (30 um) and G

(30 um), G (30 um) at pH 5.0, and WP5 (30 um) and G (30 um) at

pH 5.0. b) Solution pH dependence of the fluorescence intensity of

WP5 and G in aqueous solution at 620 nm. Inset: Photograph of the

mixture solutions of WP5 (30 um) and G (30 um) in different pH

conditions under a UV-lamp (365 nm).

responsiveness. Considering that lysosome has an acidic
environment (at a pH about 5.0), WP5DG should accumulate
in lysosome and emit red fluorescence after endocytosis.
Confocal laser scanning microscopy experiments were con-
ducted to verify this hypothesis. HeLa cells were incubated
with WPS5 and G for 3 hours, and then Lyso-Tracker Green
DND-26 was used to label the lysosomes. As expected, the
fluorescence of WP5DOG overlaps well with the fluorescence
from Lyso-Tracker (Figure 3a—c). The cell imaging experi-
ments in buffer solutions with pH values of 7.4, 6.0 and 5.0
were also conducted (Figure S9), which indicated that the
host-guest complex was stable in cells and retains its pH-
responsiveness.

The mechanism of the changes in ROS generation and the
pH-responsive fluorescence were further investigated. The
overall features of G, WP55G and WP5OG (pH 5.0) are
shown in Scheme 3. First, the complexation between WP5
and G was studied by "H NMR spectroscopy. The signals from
G were identified clearly based on its 2D 'H-'H COSY NMR
spectrum (Figure S10). The proton signals of the alkyl chain
and pyridinium parts on G shifted upfield significantly after
addition of WP5 (Figure S11b). NOE signals between protons
on the alkyl chain part of G and WPS were observed
(Figure S12), indicating that the alkyl chain was threaded into
the cavity of WPS. Electrostatic interactions existed between
the carboxylic anions on both the rims of WPS and the
pyridinium cations on G, resulting in a [2]pseudorotaxane
structure (Scheme 3). Photoinduced electron transfer (PET)

Lysotracker Green WP5 and G

C)] | (b)

Merge

Figure 3. Colocalization of WP5 and G with Lyso-Tracker Green DND-
26 that labels lysosomes in Hela cells: a) confocal image of 100 nm
Lyso-Tracker Green (4,,: 500 nm/A,: 510-600 nm); b) confocal image
of 10 pm WP5 and 10 uM G (A,: 405 nm/A,,,: 570-700 nm); c) the
overlay image of (a) and (b).
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Scheme 3. Complex models under different pH values and table of the
dark toxicity, ROS generation and fluorescence of G, WP5DG and
WP5DG (pH 5.0). “+"” means the high level; “—" means the low
level; “/” means not being measured.

occurred between WPS and G, resulting in the annihilating of
ROS generation (Figure S13). After adjusting the solution
to pH 5.0, WP5 was protonated to the neutral PS in acidic
solution. As reported before, PS was expected to slip out of
the alkyl chain part of G and precipitate, leaving individual G
dissolved in solution.? However, the proton signals from G
cannot be detected in the NMR spectrum at pH 5.0 (Fig-
ure S11d). We speculated that neutral P5 moved to the
endmost pyridinium unit and complexed with it through
cation-m interactions, as previously observed in the crystal
structure of a similar system (Figure S14).% This speculation
was supported by the 2D NOESY NMR spectrum of P5 and
G: only NOE signals between protons H,, ,, on the endmost
pyridinium unit of G and proton H;, on PS5 were observed
(Figure S15), verifying that PS5 was moved to the endmost
pyridinium unit after the pH decrease. Since the hydrophilic
pyridinium group on G was enshrouded by hydrophobic PS,
G and PS5 coprecipitated. The aggregated state of G will
further arouse its AIE properties, resulting in the dramatical
increase of the fluorescence. Moreover, the PS ring in this
state was turned away from the TPE core, so that G was
returned to the original state, leading to the recovery of the
ROS generation. Moreover, the association constants of
WP5/PS5 and G were also measured using isothermal titration
calorimetry (Figure S16,17), which were high enough to form
stable host—guest complexes. TEM images were acquired to
observe the microscopic morphologies of G, WP5OG and
WP5DG (pH 5.0). As shown in Figure S18, G self-assembled
to vesicles in water. After the addition of WPS5, the
morphology was transformed to tiny nanoparticles. After
adjusting the pH of the WPS and G solution to 5.0, the self-
assembly products changed to large aggregates, which is in
good agreement with the results discussed above.

In conclusion, a supramolecular switch was constructed
based on the host-guest complexation between an AIE
photosensitizer and a water soluble pillar[5]arene. Fluores-
cence spectroscopy, confocal microscopy and MTT experi-
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ments were utilized to prove the switch on—off processes. The
results demonstrate that this switch does not show fluores-
cence and ROS generation ability in its off-state under neutral
conditions, but it shows bright red fluorescence and high ROS
generation ability in the on-state in acidic environments.
Moreover, this switch can selectively light up lysosomes,
demonstrating that it can stably exist after endocytosis. As
tumors are acidic, this switch, with good pH-responsiveness
and stability, can potentially be applied in cancer imaging and
therapy. We hope this work will inspire the further construc-
tion of supramolecular materials in the field including active
targeting, controlled release, smart switches and so on.
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