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ABSTRACT: Hypoxia is a significant feature in most of solid tumors and developing hypoxia-responsive phototheranostic system
is still a challenge. In this contribution, a supramolecular assembly strategy based on sulfonate-functionalized azocalix[4]arene
(SAC4A) and cationic aggregation-induced emission photosensitizer (namely TPA-H) was proposed for hypoxia-responsive
bioimaging and photodynamic therapy (PDT). Upon supramolecular complexation of TPA-H and SAC4A through electrostatic
interaction, the fluorescence and reactive oxygen species (ROS) generation of TPA-H were largely inhibited. In hypoxic tumors,
the azo group of SAC4A can be reduced to aniline derivative and release the included TPA-H to recover its pristine fluorescence
and ROS. Interestingly, the free TPA-H undergoes cell membrane-to-mitochondria translocation during cell imaging, achieving a
real-time self-reporting PDT system. In vivo tumor imaging and therapy reveal that this as-prepared supramolecular complexes
have good biosafety and efficient antitumor activity under hypoxia. Such hypoxia-responsive supramolecular photosensitizer
system will enrich image-guided PDT.

INTRODUCTION
Photodynamic therapy (PDT) as a burgeoning non-

invasive therapeutic method has been utilized in preclinical
treatment thanks to its easy accessibility, low toxicity, high
spatiotemporal precision, and less incidence to evolve drug
resistance.1-5 Photosensitizer (PS) is the primary element of
PDT, which can generate two kinds of reactive oxygen species
(ROS) upon photoexcitation to ablate cancer cells.6-8 One is
type I ROS depending less on oxygen, such as hydroxyl
radical (OH•), superoxide radical (O2•−) and hydrogen peroxide
(H2O2), which shows great potential for antitumor treatment
under hypoxia.9,10 The other is type II ROS including singlet
oxygen (1O2). Besides the efficient therapy capability,
fluorescence photosensitizers can visualize the tumor locations
and image organelles in cancer cells as well. Thus, image-
guided PDT is a versatile theranostic technique. While, the
“always on” mode of photosensitizers contributes to a low
target-to-background ratio on account of a high background
interference.11,12 Therefore, development of “off-on”
photosensitizer system with high sensitivity to tumor
microenvironment change is extremely desirable to detect
cancer in the initial phase.

Hypoxia is a significant feature of most solid tumors,
which is stemmed from the imbalance between the enhanced

oxygen depletion caused by the fast proliferation of tumor
cells and an insufficient oxygen supply arisen arising from
limited neovascularization.13-20 Hypoxia is also associated with
tumor invasion, metastasis, increased resistance to
radiotherapy and chemotherapy.21,22 Moreover, hypoxic
tumors generally display much stronger reducibility than those
normoxic cells due to the overexpression of reductases, such
as nitro-reductase, azo-reductase, glutathione, NAD(P)H:
quinone oxidoreductase 1 and so on.23-27 By virtue of the
intense reductive ability, numerous hypoxia responsive probes
have been created.28-30 Among these, azobenzene derivatives
are a kind of classical hypoxia-sensitive probes, which can be
reduced to amine derivatives by breaking the azo group using
azo-reductase in hypoxic microenvironment.31-35 Usually, azo-
based luminophores emit weak fluorescence upon excitation
owing to the excited energy consumption by rapid
intramolecular rotation around the N=N double bond.36-38
After reduction of the azo group, intense fluorescence is
attained that is the design principle for hypoxia-responsive
probes. To now, many hypoxia-sensitive probes have been
constructed by azo reduction strategy through using a single
molecule system. For example, Nagano and co-workers
reported a series of azo-containing probes composed of a NIR
cyanine fluorophore and a fluorescence quencher moiety at
two ends of azo group showing high sensitivity to hypoxia.33,39
However, these traditional fluorescence probes after
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dissociation always encounter aggregation-caused quenching
(ACQ) effect in the aggregated state or physiological
environment, which largely reduces the ROS generation
efficiency and fluorescence quantum yield (QY).40 Moreover,
the direct covalent linking strategy also confronts complicated
synthesis and limited activity adjustment.

The emerging aggregation-induced emission luminogens
(AIEgens) with high QY, good photostability and efficient
ROS generation in the aggregated state are ideal candidates to
construct chemo/bioprobes.41-49 While, AIEgens emitting
bright fluorescence upon aggregation can cause large
background noise during bio-imaging. To fulfill the whole
potential of AIE photosensitizers and smartly tune their
photophysical properties, a noncovalent strategy based on the
host–guest interaction is proposed. In contrast to single
molecule systems, supramolecular interactions can be facilely
operated and extensively used for high throughput
screening.50-52 Organic macrocycles as the main host
compounds are essential ingredients in supramolecular
assembly, which can selectively include guest molecules in
their inherent cavities to form complexes.53-55 Among them,
calixarene affording a cone conformation is well-known for
easy alteration, good compatibility, and multiple responses to
stimuli.56,57 Now, calixarene derivatives have been widely
utilized for biomedical materials in bio-imaging, drug delivery,
and therapeutic agents.58-61 For example, Guo reported several

calixarene-based supramolecular fluorescence probes for
hypoxia imaging but without deeply exploring their antitumor
capability.62,63

Herein, we develop a supramolecular assembly strategy
based on sulfonate-functionalized azocalix[4]arene (SAC4A)
and red-emitting AIEgen for hypoxia-responsive bioimaging
and photodynamic therapy. In this system, cationic AIEgen
composed of triphenylamine and quaternary ammonium salt
(namely TPA-H) can be encapsulated in the cavity of
azocalix[4]arene through electrostatic interaction (Scheme 1A).
The as-prepared supramolecular complexes result in a
quenched fluorescence. When exposing the complexes under
hypoxia, the azo group is reduced to aniline derivative and
released the included AIEgen, recovering its pristine
fluorescence for cell imaging. Interestingly, the dissociative
TPA-H undergoes cell membrane-to-mitochondria
translocation during fluorescence imaging, constructing a real-
time self-reporting system to monitor the PDT process in situ
(Scheme 1B). Moreover, TPA-H can generate efficient singlet
oxygen (1O2) and superoxide radical anions (O2•−) under light
excitation for PDT with good performance. In vivo hypoxia-
responsive tumor imaging and therapy manifest that our
supramolecular complexes have good biosafety and efficient
antitumor efficacy. It is predicted that such host−guest strategy
avoids complicated molecular synthesis and paves a way for
efficient image-guided PDT.

Scheme 1. (A) Schematic illustration of hypoxia-responsive supramolecular assembly strategy, in which the fluorescence of TPA-H is
quenched by complexation with SAC4A in aqueous solution but restored by the breaking of azo bonds in a hypoxic environment. (B)
Graphical diagram of cell imaging and photodynamic therapy of TPA-H⊂SAC4A complexes under hypoxia.

RESULTS AND DISCUSSION
During supramolecular assembly, the positive photosensitizer
should be pre-included in the cavity of SAC4A through
charge-aided hydrogen-bonding interaction. Then, upon

encountering hypoxic microenvironment, the as-obtained
supramolecular complexes dissociated by reduction of azo
group are essential to release the photosensitizer. Negative
sulfonate groups decorated at the para-position of azobenzene
are aimed to give a water-soluble calixarene and provide
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electrostatic interaction with positive AIEgen. The cone-
shaped SAC4A has a big 3D cavity that is large enough to
encapsulate TPA-H. Therefore, our hypoxia-responsive host-
guest assembly strategy is feasible theoretically. The detailed
synthetic routes of TPA-H and SAC4A are presented in
Scheme S1-S2. Their molecular structures were characterized
by 1H and 13C NMR and high-resolution mass spectrometry
(HRMS) (Figure S1-S8, Supporting Information).

The photophysical properties of TPA-H and its
supramolecular assemblies were first evaluated by ultraviolet–
visible (UV–vis) absorption and photoluminescence (PL)
spectra. As illustrated in Figure 1A, a main absorption profile
of TPA-H is observed at 465 nm and its maximum PL band
centers at 654 nm in pure dimethylsulfoxide (DMSO) solution.
AIE behaviors of TPA-H were investigated in DMSO and
dichloromethane (DCM) mixtures. TPA-H emitted weak red
fluorescence in DMSO. When adding poor solvent DCM to
the solution gradually, increased fluorescence was observed
accompanied by some hypsochromic shift in PL spectra due to
twisted intramolecular charge transfer (Figure S9). Above
results demonstrated TPA-H is AIE-active. Then, theoretical
calculations were carried out to optimize its molecular
structure and orbital by using density functional theory (DFT)
methods (Figure 1B). The whole molecule adopted a twisted
conformation due to introduction of triphenylamine unit,
which is favorable for efficient emission in the aggregated
state. The highest occupied molecular orbital (HOMO) of
TPA-H mainly located on the triphenylamine moiety, while
the lowest unoccupied molecular orbital (LUMO)
concentrated on the diazosulfide and phenyl rings. The energy
gap was computed to be 1.90 eV. In addition, the lowest
energy gap of singlet and triplet states (ΔES1-T2) of TPE-H was
computed to be 0.06 eV, which is favorable to promote

intersystem crossing (ISC) to triplet state. TPA-H fluoresced
brightly with a QY of 9.0% in aqueous medium. Upon
addition of 2.0 equivalents (eq.) of SAC4A, the fluorescence
intensity dramatically decreased with a QY of 0.85%,
implying strong electrostatic interactions (Figure 1C).
Therefore, it is anticipated that TPA-H and SAC4A formed
supramolecular complexes (TPA-H⊂SAC4A). PL titration
was carried out to further verify the host-guest assembly. With
enhancing the concentration of SAC4A, the fluorescence
intensity of TPA-H gradually reduced and achieved
equilibrium until 2.0 equivalents of SAC4A was added (Figure
S10). After supramolecular assembly of SAC4A and TPA-H,
the zeta potential of the resultant nanoparticles changed from
∼15.0 mV for TPA-H to ∼−26.4 mV for TPA-H⊂SAC4A
due to the negative charges of sulfonate motif in SAC4A
(Figure 1D). Additionally, the time-resolved fluorescence
decay curves of TPA-H and its supramolecular complexes
were tested. TPA-H showed a lifetime of 1.78 and 1.90 ns in
DMSO solution and powders, respectively. After self-
assembly with SAC4A in aqueous solution, the lifetime of
TPA-H⊂SAC4A decreased to 1.22 ns (Figure 1E and 1F).
Dynamic light scattering (DLS) data showed that TPA-H
formed micro-assemblies with a mean diameter of about 1554
nm in water solution (Figure 1G). After complexation with
SAC4A, the aggregate size decreased to 243 nm owing to
dissolution enhancement by water soluble of SAC4A (Figure
1F). Then, the photostability of supramolecular nanomaterials
was evaluated under different times, different pH values and
various species like HPO4-, CO3-, Mg2+, Na+, Cu2+, K+, Ca2+,
they all showed little influence on their PL properties (Figure
S11).

Figure 1. (A) Normalized absorption spectra and PL spectra of TPA-H in DMSO solution. [TPA-H] = [SAC4A] =10 µM. (B) Molecular
orbital and geometry optimizations of TPA-H. (C) PL titration of TPA-H in the presence of 0 and 2.0 equivalents of SAC4A in aqueous
medium. Inset: Images of TPA-H and TPA-H⊂SAC4A taken under 365 nm UV irradiation in aqueous medium. Excitation wavelength:

480 nm. [TPA-H] =10 µM. (D) The zeta potential of TPA-H and TPA-H⊂SAC4A in water. [TPA-H] = [SAC4A] =10 µM. (E) Time-
resolved fluorescence decay curves of TPA-H in DMSO solution and powders. [TPA-H] =10 µM. (F) Time-resolved fluorescence decay
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curves of TPA-H and TPA-H⊂SAC4A in water. [TPA-H] = [SAC4A] =10 µM. Dynamic light scattering diagram of TPA-H (G) and

TPA-H⊂SAC4A (H) in aqueous medium. [TPA-H] = [SAC4A] =10 µM.

To explore the potential self-assembly mechanism, 2D
COSY NMR, 1H NMR titrations, and 2D NOESY NMR of
TPA-H with SAC4A were implemented in d6-DMSO.
Through analysis of 2D COSY NMR, their specific protons
are clearly characterized (Figure S12-S14). When adding 0 to
2.0 equivalents of SAC4A to TPA-H, the signal of the methyl
proton (Ha), phenyl ring protons (Hb and Hc) and vinyl
double bonds (Hd and He) of TPE-H presented evident
upfield-shifts by � −0.036, −0.035, −0.031, −0.019 and −0.018
ppm (Figure S15 and Table S1) showing effective shielding
effect by the aromatic rings of SAC4A. It was properly
inferred that the quaternary ammonium moiety was inserted in
the cavity of SAC4A. The protons of triphenylamine and
diazosulfide unit showed minor change, implying these
segments kept away from the cavity. Due to the inclusion of
TPA-H, the phenyl ring proton Hf and Hg of SAC4A gave an
obvious downfield shift by � 0.015 and 0.011 ppm (Figure
S16). The 2D NOESY spectrum of mixture of TPA-H and
SAC4A showed an obvious NOE signal between vinyl proton
(He) of TPA-H and phenyl proton (Hf) of SAC4A, indicating
that TPA-H is partially inserted in the cavity of SAC4A
(Figure S17). Sodium dithionite (Na2S2O4) as a reducing
reagent was selected to verify the reduction of azo group in

SAC4A by using HRMS spectroscopy. Upon addition of
Na2S2O4 to SAC4A solution, the N=N double bond rapidly
decomposed to form p-aminocalix[4]arene (Figure 2A and 2B).
Then, the reaction between TPA-H⊂SAC4A and sodium
dithionite was studied by using UV and PL spectroscopy. As
shown in Figure 2C, the UV intensity was evidently increased
after complexation with SAC4A in aqueous medium. When
sodium dithionite was added in the complex of TPA-
H⊂SAC4A, the absorption band of the mixture showed a
similar profile with TPA-H. Meanwhile, the red fluorescence
at 654 nm was turned on gradually over time (Figure 2D).
Above data supported our hypothesis that azo group of
SAC4A was broken to release the included TPA-H and emit
bright fluorescence, which further stimulates us to study their
hypoxia-responsive bioimaging. The HeLa cells were
incubated in normoxic (20% O2) and hypoxic (less than 0.1%
O2) conditions with the same concentration of TPA-
H⊂SAC4A nanomaterials. Figure 2E and Figure S18 revealed
that the fluorescence intensity enhanced more than 2-fold in
hypoxia than that in normal oxygen concentration. This
indicated that SAC4A is decomposed in hypoxic
microenvironment and released TPA-H from its cavity.

Figure 2. HRMS spectra of SAC4A before (A) and after (B) the incubation with Na2S2O4. (C) Absorption spectra of TPA-H reacting with
Na2S2O4 and SAC4A in aqueous medium, [TPA-H] = [SAC4A] =20 µM, [Na2S2O4] = 100 mM. Inset: Fluorescence images of TPA-H (a),
TPA-H⊂SAC4A (b) and TPA-H⊂SAC4A + Na2S2O4 (c) taken under 365 nm UV irradiation in aqueous medium. (D) PL spectra of TPA-

H and TPA-H⊂SAC4A with Na2S2O4 at different reacting time in aqueous medium. Excitation wavelength: 480 nm. [TPA-H] = [SAC4A]

=10 µM, [Na2S2O4] = 50 mM. (E) Confocal laser scanning microscopy images of HeLa cells incubated with TPA-H⊂SAC4A under
hypoxic (less than 0.1% O2) or normoxic (20% O2) conditions for 12 h. [TPA-H] = [SAC4A] = 10 µM, Ex = 561 nm, Em = 600–700 nm.
Scale bar = 20 µm.
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ROS generation efficiency is a key factor to evaluate the
PDT ability. The whole ROS capability was assessed by
indicator 2,7-dichlorodihydrofluorescein (DCFH-DA) under
white light. DCFH-DA was weakly emissive under light
irradiation (Figure 3A and Figure S19). While, its fluorescence
intensity was drastically increased with a 54-fold enhancement
after illuminating for 6 s, proving a rapid and high ROS
generation efficiency. After complexation with SAC4A, the
ROS generation efficiency was largely suppressed. To
determine the species of ROS, 9,10-anthracenediyl-
bis(methylene)-dimalonic acid (ABDA) was utilized to detect
type II ROS 1O2 through using absorption spectra. As shown
in Figure 3B and Figure S20, ABDA was almost no change
upon exposure to white light. While, upon addition of TPA-H,
a large decrease in the absorption profile was observed with a
91% of ABDA consumption. Interestingly, the supramolecular
complexes TPA-H⊂SAC4A totally inhibited the 1O2

generation. Then, we verified that if TPA-H can produce type
I ROS, dihydrorhodamine 123 (DHR123) was first selected as
radical ROS indicator to monitor O2•−. From the PL spectra we
can see that DHR123 was almost unchanged under
illumination (Figure 3C and Figure S21). However, the
mixture of DHR123 and TPA-H showed a sharp enhancement
in PL intensity. After host-guest interaction with SAC4A, the

O2•− generation efficiency largely decreased. In addition, type
I ROS species were also explored by electron spin resonance
(ESR) spectra using 4-amino-2,2,6,6-tetramethylpiperidine
(TEMP) and 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) as
spin-trap probes for 1O2 and free radicals, respectively.
Compared with the dark state, TPA-H presented strong 1O2
generation (Figure 3D), and no ESR signals were attained in
TPA-H⊂SAC4A system, which is coincident with absorption
data. Moreover, TPA-H and its supramolecular assemblies
showed evident O2•− signals after interaction with DMPO in
methanol (Figure 3E) and no obvious OH• radical response
was observed in water (Figure 3F). Thus, such results
indicated that TPE-H can efficiently generate 1O2 and O2•−

ROS. While, SAC4A can largely restrain 1O2 generation after
interaction with TPA-H. Then, DCFH-DA was used to detect
intracellular ROS generation (Figure S22). After treating with
DCFH-DA and TPA-H, bright green fluorescence was
observed in HeLa cells under light excitation, while no
fluorescence was detected in the dark state and DCFH-DA
group, implying that TPA-H can produce ROS under light
illumination in living cells.

Figure 3. (A) Relative changes in fluorescence intensity (I/I0−1) at 525 nm of DCFH-DA and mixtures of DCFH-DA with TPA-H and
TPA-H⊂SAC4A in PBS under white light with different irradiation time. (B) Relative changes in absorbance of ABDA in the presence of

TPA-H and TPA-H⊂SAC4A upon white light irradiation for different time, where A0 and A are the absorbance of ABDA at 378 nm
before and after irradiation. (C) Relative change in fluorescence intensity (I/I0−1) at 526 nm of DHR123, mixtures of DHR123 with TPA-
H and TPA-H⊂SAC4A in PBS upon white light irradiation for different time. [DCFH-DA] = 5 µM, [ABDA] = 50 µM, [TPA-H] =
[SAC4A] = [DCFH-DA] = [DHR-123] = 10 µM. Light power: 100 mW cm−2. (D–F) ESR signals of DMPO and TEMP for
characterization of 1O2, O2•− and OH• in the presence of TPA-H (1 μM) and TPA-H⊂SAC4A (1 μM) upon white light irradiation. TPA-H
exhibited remarkable 1O2 radical signals after interaction with TEMP in water (D), exhibits a small amount of O2•− radical signaling after
interaction with DMPO in methanol (E) and no OH• radical signaling after interaction with DMPO in water (F). TPA-H⊂SAC4A exhibits
obvious O2•− radical signaling (E) after interaction with DMPO in methanol and no 1O2 (D) and OH• (F) radical response in water. Light
power: 100 mW cm−2.
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Then, the cytotoxicity of TPA-H was assessed by CCK-8
assay in HeLa cells. As illustrated in Figure 4A, the viability of
HeLa cells is higher than 80% after incubation in 10 μM of TPA-
H for 24 h under dark state, implying their good biocompatibility.
Upon the white light illuminating for 10 min, only 8.6% of cell
viability remained in the presence of 10 μM of TPA-H. The
photostability of TPA-H and Mito-Tracker Green were evaluated
in HeLa cells (Figures 4B and Figure S23). Through continuous
laser irradiation, the PL intensity of the HeLa cells stained by
TPA-H presented minor change under confocal microscope after
illuminating for 3 min, revealing the good photostabilities. As a
control, the PL intensity of Mito-Tracker Green distinctly reduced
under the same condition (Figure S23). As depicted in Figure 4C,
TPA-H was used to stain HeLa cells under different incubation
time. After staining with TPA-H (2 μM) for 10 min, bright red
fluorescence (λem = 600-700 nm) was observed on cell membrane.
Surprisingly, when extending the illumination time, TPA-H
gradually migrated to other organelle in cell (Figure S24). To
confirm the specific location, co-localization experiments were

conducted with TPA-H and commercial Mito-tracker green
(mitochondria staining dye). The red fluorescence of TPA-H was
mainly located on cell membrane at the initial stage with a low
Pearson's correlation coefficient (PC). Upon prolonging the
incubation time to 2, 6 and 9 h, the co-localization with Mito-
tracker green has an increased PC from 0.31 to 0.52 to 0.74 to
0.86, demonstrating TPA-H gradually translocated from cell
membrane to mitochondria. This in situ real-time visualizing
fluorescence migration in cells is beneficial to understand PDT
process. Moreover, the live/dead cell co-staining assay further
supported the PDT properties of TPA-H in the presence of
Calcein-AM and propidium iodide (PI). Calcein-AM emits green
fluorescence for live cells detection and PI shows red fluorescence
in dead cells. When the HeLa cells were incubated with 2.5 µM of
TPA-H, bright green fluorescence and slight red emission was
were observed under light irradiation (Figure S25). Upon
increasing the concentration to 10 µM, the green fluorescence
totally disappeared and all cells exhibited strong red fluorescence,
indicating the high PDT activity of TPA-H.

Figure 4. (A) CCK-8 assays of HeLa cells treated with various concentrations of TPA-H under dark and white light irradiation. (B) The
photostability of HeLa cells treated with Mito-Tracker Green and TPA-H under continuous laser irradiation. (C) Confocal fluorescence
images of HeLa cells incubated with TPA-H for various times, followed by costaining with Mito-Tracker Green for 30 min. [TPA-H] =
2 µM, Ex = 561 nm, Em = 600–700 nm; [Mito-tracker green] = 200 nM, Ex = 488 nm, Em = 500–530 nm. Scale bar = 20 µm.

We next demonstrated the PDT ability of TPA-
H⊂SAC4A nanoparticles in hypoxic microenvironment.
SAC4A showed good biocompatibility no matter in hypoxia or
normoxia condition with/without light illumination (Figure
5A). The supramolecular assemblies also afforded high cell
viability in the dark state with or without oxygen supply
(Figure 5B), meaning no PDT was triggered off. When TPA-
H⊂SAC4A nanoparticles were incubated in HeLa cells with
normal O2 condition under light irradiation, obvious cell
killing was obtained with increasing the nanoparticle
concentrations. As above-mentioned, TPA-H⊂SAC4A
assemblies can drastically inhibit 1O2 generation, but still
produce a small quantity of O2•−. Therefore, it can kill HeLa
cells through PDT. In contrast, when they were incubated in
hypoxia under illumination, the cell viability largely decreased,

indicating TPA-H can be released from the cavity by
decomposition of SAC4A to generate efficient ROS to ablate
HeLa cells. Moreover, the live/dead cell co-staining assay was
carried out to explore the PDT properties of TPA-H⊂SAC4A
under hypoxia or normoxia in the presence of Calcein-AM and
PI. As depicted in Figure 5C, when HeLa cells were incubated
with TPA-H⊂SAC4A in normoxia condition, bright green
fluorescence and small red emission were observed under light
irradiation. Upon reducing O2 concentration to 0.1%, strong
red fluorescence was attained, indicating many cells were
killed by PDT of TPA-H. Thus, we successfully constructed a
hypoxia-responsive supramolecular phototheranostic system.
In consideration of the efficient cell killing effect of TPA-H,
we further explored whether TPA-H treatment will destroy the
cell cycle. In this experiment, HeLa cells were treated with
TPA-H for 30 min under light irradiation and then determined
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by flow cytometry. It was worth noting that there occurred S
phase accumulation with the increasing concentration of TPA-
H (Figure 5D). In addition, CDK-2, Cyclin A2, P21 and P53
are important modulators for the cell cycle S phase. Western
blot analysis manifested that TPA-H treatment resulted in
CDK-2 and Cyclin A2 protein downregulation, while P21 and

P53 expressions were significantly improved (Figure 5E). Of
note, P21 is cyclin-dependent kinase inhibitor and P53 is
tumor suppressor protein. Above results demonstrated that
TPA-H may prevent HeLa cell propagation arising from cell
cycle S arrest.

Figure 5. (A) Cell viabilities of HeLa cells treated with different concentrations of SAC4A under normoxic or hypoxic conditions without
or with light. (B) Cell viabilities of HeLa cells treated with different concentrations of TPA-H⊂SAC4A under normoxic or hypoxic
conditions without or with light. (C) Live/dead HeLa cell costaining assays using Calcein-AM and PI as fluorescence probes for TPA-
H⊂SAC4A under different O2 concentration with light irradiation. [TPA-H] = [SAC4A] = 40 µM. Calcein-AM: Ex = 488 nm, Em = 500–
540 nm; PI: Ex = 561 nm, Em = 600–650 nm. (D) HeLa cells were treated with different concentrations (0, 5, 10 μM) of TPA-H, which
were irradiated by white light for 30 min. The cell cycle was analyzed by flow cytometry. (E) HeLa cells were treated with different
concentrations (0, 2.5, 5 μM) of TPA-H, which were irradiated by white light for 30 min. CDK-2, Cyclin A2, P21 and P53 protein
expressions were detected by Western blot.

The good performance of TPA-H and TPA-H⊂SAC4A
nanoparticles in cell experiments motivated us to further study
in vivo hypoxia-responsive behaviors involving HeLa tumor-
bearing BALB/c nude mice model. After intratumoral
injection of TPA-H (100 μL, 1 mg mL−1), the tumor site can
be evidently observed strong fluorescence signals at 1 to 48 h,
demonstrating its excellent tumor retention property (Figure
6A). In contrast, no fluorescence signals were detected at the
initial stage after injection of TPA-H⊂SAC4A nanoparticles
(Figure 6B). When prolonging the time to 12 h, obvious
fluorescence was observed in the tumor site. This is because
SAC4A was gradually decomposed in hypoxic tumors and

released the included TPA-H to image the tumor tissues. Then,
tumors and heart, liver, spleen, lung, kidney were collected to
test their fluorescence intensities (Figure S26). Intense
fluorescence signals were detected in tumor site, but almost no
fluorescence signals were obtained in the main organs, which
validated the prominent specificity and sustained tumor
imaging ability.
The PDT treatment in vivo was carried out on 30 tumor-

bearing BALB/c mice, and divided into 6 groups: PBS + light,
SAC4A + light, TPA-H, TPA-H + light, TPA-H⊂SAC4A,

TPA-H⊂SAC4A + light groups. After intratumoral injection
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of PBS, TPA-H and TPA-H⊂SAC4A, the tumor sites of PBS

+ light, TPA-H + light, TPA-H⊂SAC4A + light groups were
exposed under white light for 30 min, and other groups
without light irradiation were served as a control. The tumor
size in volume and body weight were monitored every 2 days
during the treatment. As illustrated in Figure 6C and 6D, the
mice in the group PBS + light, SAC4A + light, TPA-H, TPA-
H⊂SAC4A, showed similar tumor growth trend, implying
that PBS and SAC4A with light irradiation, TPA-H and TPA-
H⊂SAC4A without light irradiation, had no antitumor
activity. However, the group of TPA-H + light showed
outstanding PDT efficacy. As a hypoxia-sensitive PDT model,
TPA-H⊂SAC4A + light group also afforded good antitumor

activity. The stable body weights of all mice indicated good
biocompatibility of TPA-H and TPA-H⊂SAC4A (Figure 6E).
Hematoxylin and eosin (H&E) staining of tumors and major
organs were conducted in each group to explore systemic
toxicity. As shown in Figure 6F, no obvious damage and
inflammatory lesion were obtained in the heart, liver, spleen,
lung and kidney, but TPA-H + light and TPA-H⊂SAC4A +
light groups showed remarkable necrosis of the cell nucleus.
Additionally, blood routine assays of above all groups were
implemented after 14 days’ treatment, and few variations of
the hematological indexes were detected in Table S2, further
illustrating excellent antitumor activity and low systematic
toxicity.
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Figure 6. (A) Time-dependent in vivo images of HeLa tumor-bearing BALB/c nude mice in situ injected with TPA-H (A) and
TPA-H⊂SAC4A (B). (C) The tumor volume changes during treatment process. (D) The corresponding tumor images in different
treatment groups. (E) The body weight changes of tumor-bearing mice during treatment process. (F) H&E stained sections of
various organs and tumor tissues. Scale bar = 100 nm.

CONCLUSION
In summary, a hypoxia-responsive supramolecular

photodynamic therapy system was constructed based on a
cationic AIEgen (TPA-H) and water-soluble azocalixarene
(SAC4A). Upon supramolecular assembly of TPA-H and

SAC4A through electrostatic interaction, the red fluorescence
of TPA-H was quenched and its ROS generation was largely
inhibited. In hypoxic tumors, the azo group of SAC4A can be
reduced to aniline derivative and released the included TPA-H
to recover pristine fluorescence and ROS. Cell imaging
revealed that free TPA-H translocated from cell membrane to
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mitochondria, achieving dual-organelle targeting and a real-
time self-reporting system to monitor dynamic molecule
migration in situ. In vivo hypoxia-responsive tumor imaging
and therapy were performed to find this supramolecular
complexes have good biosafety and efficient antitumor
activity. This work presented a promising platform for the
construction of hypoxia-responsive supramolecular
photosensitizer system and it will enrich the biomedical study
based on supramolecular strategy.
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SYNOPSIS TOC: A supramolecular assembly strategy based on sulfonate-functionalized azocalix[4]arene and cationic
aggregation-induced emission photosensitizer was proposed for hypoxia-responsive bioimaging and photodynamic therapy.
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