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Aggregation-induced emission (AIE) based fluorophores (AlEgens) have attracted increasing attention for
biomedical applications due to their unique optical properties. Here we report an AIE photosensitizer
functionalized CB[7], namely AIECBI7], which could spontaneously self-assemble into nanoaggregates in
aqueous solutions. Interestingly, the carbonyl-lace of CB[7] may potentially act as a proton acceptor in
an acidic environment to fine-tune the fluorescence and singlet oxygen generation of AIECB[7]
nanoaggregates by regulating the inner stacking of AlEgens. Additionally, benefiting from the guest-
binding properties of CB[7], oxaliplatin was included into AIECB[7] nanoaggregates for combined
photodynamic therapy and supramolecular chemotherapy. To show the modular versatility of this
supramolecular system, a hypoxia-activatable prodrug banoxantrone (AQ4N) was loaded into AIECB[7]
nanoaggregates, which exhibited synergistic antitumor effects on a multicellular tumor spheroid model
(MCTS). This work not only provides AIECBI7] for versatile theranostic applications, but also offers
important new insights into the design and development of macrocycle-conjugated AIE materials for
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Introduction

In recent years, aggregation induced emission fluorophores
(AIEgens) have aroused great interest in biomedical applica-
tions due to their unique fluorescence properties.' Compared
with traditional fluorophores that often suffer from
aggregation-caused quenching (ACQ) in an aggregation state,
AlEgens exhibit higher photobleaching resistance and superior
high-concentration applicability as bioprobes, and more effi-
cient photosensitizing properties as photosensitizers for
imaging guided photodynamic therapy (PDT)."* Through deli-
cate design, covalent or noncovalent conjugation of AIEgens
with other functional motifs often yields multifunctional
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AlEgen-based hybrid materials with improved and tunable AIE
properties for various biomedical applications.*® In particular,
the integration of host-guest properties with AIEgens may
provide a facile strategy to modulate their photophysical and
photochemical properties via direct host-guest complexa-
tion.>*” Recently, Ding et al. reported the inhibition of the
intersystem crossing and thermal deactivation dissipation
pathways of AIEgens upon host-guest complexation with cal-
ixarene, which minimized their phototoxicity and maximized
the conversion of excitation energy to fluorescence emission
during bioimaging.®* Huang et al. developed adaptive AIEgen
photosensitizers via host-guest complexation of AIEgens with
pillararenes, to realize site-specific activation in an acidic tumor
environment.® Moreover, Cao et al. fabricated supramolecular
organic frameworks (SOFs) with a controllable shape and
tunable luminescence through cucurbit[8Juril-mediated homo/
hetero-host-guest complexation of AlEgen derivatives for
cellular imaging.'>"" Despite these successes where the prop-
erties of AlEgens are controlled via direct host-guest interac-
tions, no additional guest drugs can be loaded into these
systems for imaging-guided synergistic therapy. The covalent
conjugation of AlEgens with macrocycles to integrate the
AlEgen-based bioimaging guided photodynamic therapy with
supramolecular chemotherapy mediated by host-guest
complexation of drug molecules has never been reported.
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Cucurbit[n]urils (CB[n]s, n = 5-8, 10, 14) are a unique family
of pumpkin-shaped macrocyclic host molecules that have been
well demonstrated as a superior “intermediary” for both bio-
imaging and chemotherapy.”*** Zhang et al developed
macrocycle-based supramolecular chemotherapy strategies
through the inclusion of chemotherapeutic drugs to realize
selective damage to tumor cells. CB[7]'s encapsulation reduced
guest drug's toxicity towards normal cells, and the cytotoxicity
towards cancer cells was recovered via competitive displace-
ment of guest drugs with overexpressed spermine inside cancer
cells.*>*® Via the covalent conjugation of CB[7] with biotin, tar-
geted delivery of oxaliplatin to cancer cells was achieved, and
thus supramolecular chemotherapy efficiency can be further
boosted.'” Moreover, Wang et al. reported guest recognition of
chemotherapeutic drugs by unoccupied CB[7] that was cova-
lently conjugated onto the surface of Fe;O, and gold nano-
materials, to realize magnetic resonance imaging-guided
chemotherapy and computerized tomography-guided syner-
gistic photothermal chemotherapy, respectively.’®** Kim et al.
synthesized Cy3-conjugated CB[7] and investigated its supra-
molecular latching with adamantane-conjugated Cy5/BDP630/
650 and adamantane-labeled protein inside live organisms for
the direct observation of dynamic organelle fusion processes, in
vitro cellular protein and in vivo site-specific imaging.”*>* In
addition, live cell imaging was also demonstrated by Urbach
et al* and Kim et al>* through direct endocytosis of dye-
conjugated CB[7] (Rhodamine and Cy3). However, these tradi-
tional dyes harnessed on CB[7] may suffer from severe
aggregation-caused quenching (ACQ) in an aqueous environ-
ment, which hampered their high-concentration usage, thus
impairing the sensitivity for cellular imaging.
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Herein we designed an AIEgen functionalized CB[7] (AIECB
[7]) via a facile “click” reaction between mono-propargyloxy-CB
[7] and an azide AIEgen photosensitizer (Scheme S17), in which
the cavity of CB[7] was kept intact. To the best of our knowledge,
the covalent conjugation of an AIEgen with CB[7] has never
been reported. Through rational selection of the AIEgen, AIECB
[7] was endowed with excellent optical properties, such as red-
shifted fluorescence and singlet oxygen generation. AIECB[7]
may spontaneously form nanoaggregates in an aqueous envi-
ronment due to its amphiphilicity. Additionally, as CB[7]'s
cavity was unoccupied, drug molecules such as oxaliplatin and
banoxantrone (AQ4N)'®* can be loaded through host-guest
recognition of CB[7], to realize imaging-guided synergistic
photodynamic therapy and chemotherapy (Scheme 1).

Results and discussion

As shown in Scheme 2, the functionalization of CB[7] started
from mono-hydroxylation of CB[7] by following reported
procedures,*® and then mono-hydroxylated CB[7] (CB[7]-OH,
Fig. S11) was transformed into mono-propargyloxy CB[7] (CB
[7]-alkyne, Fig. S2-S41) through a nucleophilic substitution
reaction.”” AIECB[7] was synthesized via a CuAAC-catalyzed
“click” reaction between CB[7]-alkyne and an azido functional-
ized fluorescence AIEgen photosensitizer (TPEPy-N;, Fig. S5-
S11}).?® The reaction solution containing AIECB[7] was dialyzed
against Milli-Q water to remove Cu residue from the catalyst
(<1 mol%, Fig. S121). The structure of AIECB[7] was fully char-
acterized by '"H NMR (Fig. S131), 'H-"*C 2D HSQC NMR
(Fig. S141), ESI-MS (high-resolution, Fig. S15f) and FTIR
(Fig. S161). In the "H NMR spectrum (Fig. $131), both the

AIECB[7]

Scheme 1 Schematic illustration of the design of AIECBI[7] and its application for imaging-guided, synergistic PDT and supramolecular

chemotherapy.
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Scheme 2 The Synthetic route for AIECB[7]. Reagents and conditions: (I) TiCls, Zn dust, anhydrous THF, —78 °C, and 24 h; (ll) 4-pyridinylboronic

acid, Pd(PPhs)
ascorbate, DMSO, 80 °C, and 24 h.

resonance signals corresponding to CB[7] (5.78-5.50 ppm, 5.49-
5.20 ppm and 4.25-4.00 ppm) and the aryl groups of the AIEgen
(8.33 to 6.74 ppm) were observed, indicating the successful
conjugation of the AIEgen with CB[7]. In the FTIR spectrum of
AIECB[7] (Fig. S167), the signals at 2102 cm™* corresponding to
the azide group disappeared, indicating the complete
consumption of TPEPy-N; (AlEgen) with the alkynyl group of CB
[7]-alkyne. Additionally, ESI-MS (high-resolution) further veri-
fied the covalent connection of AIE with CB[7] (m/z: [AIECB[7] +
1-adamantanamine hydrochloride]*", caled for (Co;Hs,N330;5),
960.8792; found, 960.8704).

As the main skeleton of AIE is highly hydrophobic and CB[7]
is generally hydrophilic, AIECB[7] spontaneously self-
assembled in aqueous solution without organic solvent assis-
tance, forming a clear and transparent colloidal solution. The
AIECB[7] assemblies exhibited good water stability at room
temperature, and 60 pM AIECB[7] was found to remain stable
for at least 3 days, determined by DLS measurement (Fig. S177).
The absorption of AIECB[7] exhibited a good linear relationship
with concentrations below 60 uM, which obeys the Lambert-
Beer law (Fig. S181). Additionally, little differences were
observed in the sizes of AIECB[7] nanoaggregates at concen-
trations of 10, 20, 40 and 60 uM, based on the DLS results
(Fig. S19At). Both the particle sizes (Fig. S19Bt) and PL inten-
sities (Fig. S20f) of AIECB[7] nanoaggregates also showed
negligible differences in several biologically relevant media
(water, PBS, 0.1x PBS, and saline). As shown in Fig. 1A and

© 2021 The Author(s). Published by the Royal Society of Chemistry

4. TBAB, 2M K,COs (aq), THF, 80 °C, and 5 h; (Ill) 1-azido-3-bromopropane, DMF, 100 °C, and 12 h; (IV) KPFg; (V) CuSOy,, sodium

S21,t the UV-vis spectrum of AIECB[7] nanoaggregates was
similar to that of the AIEgen (TPEPy-N;), with an identical
absorbance profile in the 350-500 nm range. The fluorescence
of AIECB[7] was blue-shifted compared with that of the AIEgen
(Fig. 1B and S217), presumably due to the lowered positive
charge density on the backbone of the AIEgen,*?° resulting
from the ion-dipole interaction between the pyridinium cation
of the AlEgen and the highly negative carbonyl portals of CB
[7]-3"* At the same time, the fluorescence intensity of AIECB[7]
was also modestly compromised, because the bulky CB[7]
macrocycle may loosen the tight stacking of AIEgens. Interest-
ingly, in an acidic solution, the fluorescence intensity of AIECB
[7] was found to be much higher than that in a neutral solution
(Fig. 1B and S22At), likely due to the weakened interactions
between the carbonyl portals of CB[7] and pyridinium cation of
the AlEgen by the interruption of H' in an acidic environment,
leading to the tighter stacking of AIECB[7] assemblies. In
contrast, the AIEgen alone was not sensitive to the pH change
(from 7.0 to 1.0, Fig. $22B7). The singlet oxygen (*0,) generation
of AIECB[7] assemblies was investigated by employing
anthracenediyl-bis(methylene)dimalonic acid (ABDA) as the 'O,
trapper. As shown in Fig. $231 and 1C, the 'O, generation effi-
ciency of AIECB|[7] was much lower in a neutral environment
than that in weakly acidic solution that simulates the cancer
tissue's microenvironment, exhibiting a similar manner to that
of fluorescence intensity. In reference experiments, the CB[7]
mixed with the AlEgen and the AlEgen alone did not show

Chem. Sci., 2021,12, 7727-7734 | 7729
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Fig.1 UV-vis absorbance (A) and fluorescence spectra (B) of AIECB[7] assemblies. The inset images were taken under white light (A) and 365 nm
UV light (B), respectively. (C) Singlet oxygen (*O,) generation of AIECBI[7] determined by measuring the absorbance changes of ABDA at 378 nm.

respectively. Scale bars: 500 nm.

considerable differences with pH changes (Fig. S247), unlike the
AIECB[7] nanoaggregates. The relatively lower photo-toxicity in
a neutral environment and enhanced photo-toxicity in acidic
environments will indeed lead to specific cytotoxicity against

Fig. 2
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Typical TEM images and postulated configurations of AIECB[7] assemblies in aqueous solutions at pH = 7 (D and E) and pH = 5 (F and G),

cancer cells and tissues during the PDT process.** Transmission
electron microscopy (TEM) was introduced to investigate the
mechanism of the inner aggregation of AIECB[7] nano-
aggregates. As shown in Fig. 1D and F, the assemblies of AIECB
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(A) Cellular internalization of AIECB[7]. The cell nucleus was stained with DAPI. (B) Subcellular localization and overlap coefficiency of

AIECBI7] and LysoTracker Green in A549 cells. AIECB[7], Exi: 488 nm, and Emi: 565-660 nm; LysoTracker Green, Exi: 488 nm, and Emi: 495-
550 nm. Scale bars: 20 um. The cellular experiments were performed three independent times.

7730 | Chem. Sci,, 2021,12, 7727-7734

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1sc01139a

Open Access Article. Published on 21 aprill 2021. Downloaded on 31.01.2026 1:08:19.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercia 3.0 Unported Licence.

(cc)

Edge Article

[7] in an acidic environment were relatively larger and more
compact than those in neutral environments, where AIECB[7]
nanoaggregates are loosely packed resulting in the presence of
many small particles. The hydrodynamic radius of AIECB[7]
assemblies from DLS results was also in line with TEM char-
acterization (Fig. S251), suggesting the possibly different
packing configurations of AIECB[7] in neutral and acidic solu-
tions, where acidic conditions may protonate the carbonyl
portals of CB[7] and improve the packing of AlEgens (Fig. 1E
and G).

The cellular internalization of AIECB[7] was subsequently
studied in A549 cells by taking advantage of its inherent fluo-
rescence. As shown in Fig. 2A and S26,} AIECB[7] was efficiently
taken up by A549 cells after incubation at 37 °C for 8 h, and it
mainly localized in the lysosome. In particular, AIECB[7] dis-
played enhanced fluorescence specifically in the lysosome
(acidic environment, pH = 4.5-5.5)** stained with the
commercial LysoTracker-Green dye (Fig. 2B). Due to the use of
an AlEgen that is resistant to ACQ and resistant to photo-
bleaching, AIECB[7] is expected to exhibit superior subcellular
imaging properties than a previous reported CB[7]-dye
conjugate.”®**

Singlet oxygen ('0,) is highly cytotoxic to cells and respon-
sible for the PDT mediated cellular apoptosis. As shown in
Fig. S27,1 the irradiation of A549 cells treated with AIECB[7]
with 450 nm light at 100 mW c¢m > for 1 min led to significant
intracellular 'O, (stained with DCFH_DA). Interestingly, by
prolonging the time of irradiation to 3 min, the cell membrane
of A549 cells started to bud and then evolved into membrane
vesicles (Fig. S281). Meanwhile, the cytoskeletons also gradually
collapsed, suggesting that an aggressive cell apoptosis process
was taking place. As shown in Fig. 3, upon staining with
Annexin-V FITC/PI, intense fluorescence of FITC and PI was
observed in AIECB[7] treated cells that were irradiated with

FITC+PI
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Fig. 4 (A) The cell viabilities of A549 incubated with AIECBI[7] upon
450 nm light irradiation and in the dark. (B) The cell viabilities of LO2
and A549 incubated with AIECB[7] + oxaliplatin and oxaliplatin alone,
respectively. All the measurements were performed three indepen-
dent times. *P < 0.05 compared to AIECB[7] in the dark group obtained
by using Student’s t-test.

450 nm light (150 mW c¢m > for 4 min), indicating PDT induced
cellular apoptosis. In contrast, negligible fluorescent signals
were observed in the control groups of cells. Meanwhile, when
AIECB[7] treated A549 cells were co-incubated with reductive -
ascorbic acid sodium salt (NAC), the cell apoptosis process was
effectively inhibited (Fig. 3, last column), implying that the cell
apoptosis process was induced by 'O, mediated PDT.

Next, the biocompatibility and therapeutic efficacy of AIECB
[7] were assessed in vitro via MTT assays. A549 cells were incu-
bated with AIECB[7] (2.5 to 40 pM) and were subsequently
treated with and without 450 nm light irradiation (150 mW
cm~?) for 4 min, respectively. As shown in Fig. 4A, AIECB[7]
showed negligible cytotoxicity in the absence of light irradiation
even at a concentration of 40 pM, suggesting the high
biocompatibility of this material. However, the IC5, of AIECB[7]
against A549 cells was determined to be ca. 10 uM when irra-
diated with 450 nm light, indicative of effective PDT of AIECB

Fig. 3 CLSM images of Annexin V-FITC/PI stained A549 cells with various treatments. Scale bars: 50 um. The cellular experiments were per-

formed three independent times.
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Fig. 5 2D Images (A) and Z-stack scanning images (3D version, B) of
A549 tumor spheroids treated with AIECB[7] + AQ4N and stained with
DAPI to detect the penetration of AQ4N. Scale bars: 200 um. The
cellular experiments were performed three independent times.

[7], attributed to efficient cellular internalization and high
singlet oxygen generation efficiency.

To leverage the guest-binding properties of CB[7] from
AIECB][7] for potential supramolecular chemotherapy on the top
of PDT, oxaliplatin was loaded into AIECB[7] via CB[7]-
oxaliplatin host-guest interactions.*® The loading efficiency of
oxaliplatin was assessed to be ca. 96.3% in molar percentage of
CB[7], determined by ICP-MS analysis. As shown in Fig. 4B,
AIECB[7] + oxaliplatin exhibited negligible toxicity to LO2
(human hepatic cell) cells at concentrations from 2.5 to 40 uM
in the dark, as the oxaliplatin was encapsulated by CB[7] and
could not be released efficiently."> Conversely, AIECB[7] + oxa-
liplatin killed about 65% of A549 cells at a concentration of 40
uM, due to the release of oxaliplatin in A549 cells via competi-
tive replacement by spermine that is overexpressed in this cell
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line.** Additionally, AIECB[7] + oxaliplatin showed a compa-
rable, or even moderately better, antitumor efficacy than free
oxaliplatin (p value of 0.63), likely due to the improved cellular
uptake by the nanocarrier.'**” As expected, AIECB[7] alone in
the dark or light did not lead to obvious apoptosis, confirming
the high biocompatibility of AIECB[7] and safe power density of
the applied light, as shown in Fig. S29.7 In contrast, remarkable
cellular apoptosis was observed in the PDT treated group by
AIECB[7] under light irradiation or in the chemotherapy group
by oxaliplatin. Significantly, an extraordinarily higher anti-
cancer activity was observed in the group treated with AIECB[7]
+ oxaliplatin upon light irradiation, when compared respec-
tively to the PDT and chemotherapy groups, due to the syner-
gistic effects from PDT and chemotherapy.

Inspired by the synergistic effects of PDT chemotherapy,
a hypoxia-activatable prodrug, banoxantrone (AQ4N), was
employed to cooperate with the O,-depleting PDT process.*®**
An A549 multicellular tumor spheroid (MCTS) model was
established to mimic the hypoxic solid tumors, which is widely
used as a high throughput screening platform for anticancer
drug discovery and development.*>** After 24 h, AQ4N in the
form of AIECB[7] + AQ4N fully penetrated into the tumor
spheroid as shown in Fig. 5 and Fig. S30,T suggesting that the
nanoaggregates may deliver AQ4N into the deep tumor spheroid
region. Subsequently, the in vitro anti-tumor efficacy of AIECB
[7] + AQ4AN, AIECB[7] and free AQ4N was respectively investi-
gated using these MCTS models. As shown in Fig. 6A and
Fig. S31,} thorough apoptosis was observed in the core of MCTS
treated by AIECB[7] + AQ4N, indicating that the intratumoral
hypoxic environment successfully activated the cytotoxicity of
AQA4N. Furthermore, with the extension of treatment time,
a heavier damage to the MCTS was observed (Fig. S327). In
contrast, many cancer cells survived in the MCTS treated with
only the AIECB[7] group via the PDT approach (Fig. 6A),

B

Bright Pl CalceinAM Merged

e &
~

) v
% ot

Without Light

Fig.6 Cellviabilities of A549 tumor spheroids after being treated with AIECB[7] + AQ4N, AIECB[7] and AQ4N respectively with (A) and without (B)
light irradiation. Scale bars: 200 um. The green fluorescence of Calcein AM and red fluorescence of Pl indicate living cells and dead cells,
respectively. The cellular experiments were performed three independent times.
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indicating that PDT alone could not effectively kill tumor cells
inside hypoxic tumor tissue due to the lack of sufficient oxygen
for singlet oxygen generation. Meanwhile, free AQ4N alone
exhibited very modest cytotoxicity in the presence (Fig. 6A) or
absence (Fig. 6B) of light irradiation in the MCTS model, due to
its poor tissue penetration. Taken together, AQ4N loaded AIECB
[7] exhibited synergistic anti-tumor activities in vitro, as
a consequence of PDT and hypoxia-activated supramolecular
chemotherapy.

Conclusions

In summary, we synthesized a fluorescent AIE-photosensitizer
functionalized CB[7] derivative, namely AIECB[7], which could
spontaneously self-assemble into nanoaggregates in an
aqueous solution for bioimaging and photodynamic therapy.
Interestingly, in response to weakly acidic conditions, the
intramolecular stacking of AIECB[7] was regulated into a more
compact form, leading to enhanced fluorescence emission and
singlet oxygen generation. In addition, AIECB[7] nano-
aggregates specifically lit up lysosomes and exhibited enhanced
photodynamic cytotoxicity against cancer cells in vitro. Thanks
to the presence of CB[7], chemotherapeutic drugs (e.g. oxali-
platin and AQ4N) were respectively loaded into CB[7] of AIECB
[7] nanoaggregates via host-guest interactions to realize syner-
gistic chemo-photodynamic therapy. This work not only
provides unprecedented AIECB[7] for versatile theranostic
applications, but also offers important new insights into the
design and development of macrocycle-conjugated AIE mate-
rials that allow for modular modification for diverse biomedical
applications.
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