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This communication reported a hypoxia-responsive fluorescent
probe based on the in situ concept, which combines a water-
soluble azobenzene containing copolymer with a carbamate
linkage and an anionic water-soluble aggregation-induced emis-
sion fluorogen (AlEgen) tetraphenylethene (TPE). The water-
soluble copolymer can be transformed into a protonated primary
amine containing polymer by the reduction of the azo bond and
through a 1,6-self elimination cascade reaction under hypoxic
conditions. The transition of anionic TPE from the molecular dis-
persed state to the aggregation state induced by self-assembly
with the cationic polymer would lead to an obvious increase in flu-
orescence according to the AIE characteristics.

In recent years, fluorescence imaging has attracted scientific
interest and has been extensively investigated for potential
applications in the detection of cancer, due to its superior
resolution and sensitivity for the imaging of small tumor
nodules.'™ Excellent selective fluorescent probes should be
designed according to the characteristic traits of tumors. A
variety of stimuli-responsive fluorescent probes used for tumor
imaging have been explored, such as pH, redox and enzyme.*®
Most of these probes are small fluorescent molecules.
Although they have the characteristics of small size and rela-
tively good membrane permeability, the solubility and biocom-
patibility in vivo are still the tough issues under normal
circumstances.”® Despite exploring some biocompatible nano-
sized fluorescent probes to overcome the disadvantages of
small molecular fluorescent probes which may also accumu-
late at the tumor sites due to the enhanced permeability and
retention (EPR) effect and the long retention time at tumor
sites, they are unlikely to penetrate deeply into the solid tumor
due to the difficulty in controlling the size of nanoparticles.”™?
To solve this dilemma, a desirable strategy of in situ self-
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assembly has been proposed in recent years. As per this
concept, water-soluble small molecules can penetrate into
tumor tissues and self-assemble into nanoparticles due to the
structural change induced by a tumor microenvironment at
the tumor sites, and may possess the advantage of both better
permeability and a longer retention time at tumor sites."*™?
To date, a number of fluorescent probes with various respon-
siveness according to the characteristics of the tumor sites
have been explored by taking advantage of the in situ self-
assembly concept.'®° For instance, Xu and co-workers
explored a fluorescent probe of p-peptide derivatives, which
can self-assemble into fluorescent nanofibrils for alkaline
phosphatase (ALP) detection by the action of phosphatases at
tumor sites.”* Wang et al. designed a probe of cyanine contain-
ing peptide-based molecule, which can be activated by fibro-
blast activation protein-o to form fluorescence-enhanced nano-
fibers on the surface of a cancer associated fibroblast.>* Ye
et al. prepared a fluorescence and magnetic resonance
bimodal probe with a phosphate group modified merocyanine,
paramagnetic DOTA-Gd chelate and hydrophobic dipeptide
Phe-Phe linker, which can be activated by ALP to self-assemble
in situ at tumor sites.”?

Hypoxia is one of the most important features of the tumor.
As the tumor grows in an exaggerated way, the interior cells of
the tumor will rapidly outgrow their blood supply, leading to a
much lower oxygen concentration in the intratumor microenvi-
ronment than in healthy tissues.>*® However, to the best of
our knowledge, hypoxia responsive fluorescent probes based
on the in situ self-assembly concept have not been reported.
The azobenzene moiety can be reduced efficiently by azoreduc-
tase overexpressed in a hypoxic microenvironment, and has
been used as a marker for the construction of hypoxia respon-
sive fluorescent probes for tumor hypoxia detection.>” >
Furthermore, the reduction reaction of azobenzene can induce
an efficient self-elimination reaction of carbamate linkage,
which contributes to the formation of a protonated primary
amine.*” Inspired by the above reactions, we considered using
the negatively charged fluorescent molecules that can self-
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assemble in situ with such azo polymers by the action of azore-
ductase under hypoxic conditions to generate fluorescence
and form nanoaggregates at tumor sites for hypoxia detection.
Conventional fluorescent molecules show strong fluorescence
in solution while their aggregation will decrease fluorescence
or even cause quenching (ACQ) of fluorescence,*® and so they
cannot be used in our system. In contrast to the ACQ phenom-
enon, aggregation-induced emission fluorogens can show
strong fluorescence in the aggregation state due to the restric-
tion of intramolecular motions, but exhibit unobvious fluo-
rescence in the molecular dispersed state.***® Therefore, the
negatively charged water-soluble AlEgens have the potential
for in situ self-assembling into nanoparticles for tumor
hypoxia imaging when used with the carbamate linkage modi-
fied azo polymer in a hypoxic microenvironment, which may
achieve the “turn on” function of the probe.

In this communication, we explored a hypoxia-responsive
probe of a water-soluble azobenzene containing copolymer
(WS-AC) combined with a carbamate linkage and sulfonic acid
group modified anionic water-soluble tetraphenylethene
(AWS-TPE), which can be used for in situ tumor hypoxia
imaging. Both WS-AC and AWS-TPE have good solubility in an
aqueous solution. As AWS-TPE was in the molecular dispersed
state in water, it could not show fluorescence due to the AIE
characteristics. When the azobenzene moiety was cleaved by
the azoreductase overexpressed in a hypoxic microenvi-
ronment, the 1,6-self-elimination cascade reaction occurred,
contributing to the transition of the precursor polymer WS-AC
from a chemically neutral state to a cationic state. Then the
positively charged polymer chain which is the reduction
product could form assemblies with the negatively charged
AWS-TPE in situ owing to the electrostatic interaction. The
aggregation of AWS-TPE resulted in an apparent increase of
fluorescence.

Inspired by the hypoxia responsive properties of the pre-
viously studied azo copolymer,**?*” we synthesized a carbamate
linkage containing an azobenzene methacrylate monomer (azo
monomer) with good water solubility. The precursor polymer
WS-AC with excellent water solubility was synthesized via copo-
lymerization of the azo monomer and the hydrophilic
monomer poly(ethylene glycol) methyl ether methacrylate
(OEGMA), which is shown in Scheme 1. Subsequently,
AWS-TPE was obtained via the McMurry cross-coupling reac-
tion of 4,4'-dihydroxybenzophenone followed by sulfonic acid
group modification. The synthesis details of WS-AC and
AWS-TPE are shown in the ESI (Fig. S11). The "H NMR spectra
of the azo monomer, WS-AC and AWS-TPE are shown in
Fig. S2.1 The characteristic peaks of WS-AC in DMSO-ds (and
D,0) corresponding to the protons of the azobenzene moiety
(7.04-7.90 ppm in DMSO-ds and 6.66-7.98 ppm in D,0) and
oligoethylene glycol moiety (3.30-3.70 ppm in DMSO-ds and
3.33-3.87 ppm in D,0) indicate the successful construction of
the hydrophilic polymer WS-AC. According to the integral area,
it can be found that the ratio of the azo monomer to OEGMA
is about 1:7. In addition, the characteristic peaks of AWS-TPE
in DMSO-d, indicate that the successful construction of this
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Scheme 1 Fabrication of activatable polymeric AIE aggregates via self-
assembly in an aqueous solution.

sulfonic acid group modified TPE as well. The number-average
molecular weight of the polymer WS-AC estimated from the
result of the polystyrene sample is 28 000 with a polydispersity
index of 1.3. Fig. S31 reveals the UV-visible absorption spec-
trum of WS-AC. The AIE properties of AWS-TPE were character-
ized by using a fluorescence spectrophotometer in H,O/
acetone mixtures with different acetone fractions (Fig. S47).
Overall, these results proved the successful construction of
WS-AC and AWS-TPE.

According to the previous research, the azo bond (-N=N-)
can be cleaved efficiently by azoreductase overexpressed in a
hypoxic tumor microenvironment.””*'*®* Enzyme treatment
(NQO 1, rat liver microsomes) and chemical reagent treatment
(sodium dithionite, hydrazine) are proved to be efficient ways
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for the reduction of the -N=N- bond.***° To confirm the
hypoxia responsive properties of WS-AC, the UV-visible spectra
of WS-AC were recorded before and after the treatment of rat
liver microsomes with p-nicotinamide adenine dinucleotide
phosphate reduced tetra(cyclohexylammonium) salt (NADPH)
as the coenzyme in phosphate buffer (PBS) under hypoxic con-
ditions. As shown in Fig. 1, the typical absorption of azo-
benzene at around 365 nm disappeared after the reduction
reaction, confirming the destruction of the azobenzene
moiety. An obvious color change from yellow to colorless could
be observed with the naked eye, and is shown in the inset of
Fig. 1. Then, the cleavage of the -N=N- bond induced an
efficient self-elimination of carbamate linkage, which led to
the formation of a stable protonated primary amine. The "H
NMR spectrum was used to confirm the product after the
reduction reaction. As shown in Fig. S5, the characteristic
peaks corresponding to the protons of the azobenzene moiety
disappeared after the reduction reaction, indicating the
destruction of the azobenzene moiety. Besides, a typical broad
signal at around 7.85 ppm was attributed to the ammonium
groups, confirming the coincidence of the elimination process
of carbamate linkage and the transition of WS-AC from a
chemically neutral state to a cationic state. These results
proved the hypoxia responsiveness of the hydrophilic copoly-
mer and the potential of the copolymer WS-AC for assembling
in situ with sulfonic acid modified AWS-TPE through electro-
static interaction in an aqueous system.

To further confirm whether this concept can be used for
hypoxia responsive in situ fluorescence imaging, the fluo-
rescence spectra of WS-AC and AWS-TPE in PBS were recorded
before and after enzymatic treatment with NADPH under
hypoxic conditions. As shown in Fig. 2, the fluorescence spec-
trum of the mixed solution of WS-AC and AWS-TPE showed no
obvious emission under 365 nm excitation before the
reduction reaction, indicating that AWS-TPE was in the mole-
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Fig. 1 UV-visible absorption spectra of the polymer WS-AC (0.1 mg

mL™) in an aqueous solution before and after the enzymatic reduction
reaction.
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Fig. 2 Fluorescence spectra of WS-AC (0.1 mg mL™) and AWS-TPE
(0.05 mg mL™) in a PBS solution before and after the enzymatic
reduction reaction under hypoxic conditions.

cular dispersed state due to its good water solubility. An
obvious increase in fluorescence at around 473 nm could be
observed after the reduction reaction, confirming the
reduction of the azobenzene moiety. This result proved that
WS-AC/AWS-TPE has the potential for in situ tumor hypoxia
imaging.

The obtained polymer WS-AC was completely soluble in an
aqueous system and cannot form obvious aggregates according
to the dynamic light scattering (DLS) measurement (orange
dash line in Fig. S61). To confirm the in situ self-assembling
process, TEM imaging and DLS measurement were carried out
to find whether there existed newly-formed nanoaggregates
after the reduction reaction. The TEM image of the self-
assembled nanoaggregates after the reduction reaction is
shown in Fig. 3. Uniform nanoaggregates with a mean dia-
meter of around 50 nm were observed (estimated statistically
from the TEM image), which is consistent with the DLS
measurement result (blue solid line in Fig. S67).

Fig. 3 Typical TEM image of the self-assembled nanoparticles with the
reduction product of WS-AC (0.1 mg mL™) and AWS-TPE (0.05 mg
mL™Y) in an aqueous solution after the reduction reaction.
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Fig. 4 Fluorescence microscopy images of Hela multicellular tumor
spheroids (MCTS) incubated with AWS-TPE only and with WS-AC/
AWS-TPE after 72 h under hypoxic conditions.

All of the above results indicate that WS-AC can be reduced
to a hydrophilic cationic polymer by enzyme treatment via the
cleavage of the -N=N- bond and the subsequent 1,6-self-
elimination process of carbamate linkage. This structural tran-
sition from a chemically neutral state to a cationic state can
activate the fluorescence of molecularly-dispersed AWS-TPE
through an electrostatic attraction induced aggregation
process under hypoxic conditions to form polyion complexes
in situ. Meanwhile, the results demonstrate that WS-AC and
AWS-TPE could be used as “turn-on” in situ fluorescent probes
triggered by azoreductase under hypoxic conditions as well.

It has been reported that azoreductase was overexpressed at
hypoxic tumor sites.*"*> To further investigate whether WS-AC
and AWS-TPE can be used for in situ fluorescence imaging, we
used the multicellular tumor spheroid (MCTS) model to
mimic in vivo tumor growth.”>** The MCTSs of HeLa cells
were incubated with a mixture of AWS-TPE only and with
WS-AC/AWS-TPE respectively for 72 h under hypoxic conditions
to confirm whether this concept can be used for in situ tumor
hypoxia imaging in vitro. The fluorescence microscopy images
of HeLa MCTS treated with AWS-TPE only (Fig. 4(a)) and with
WS-AC/AWS-TPE (Fig. 4(b)) are shown in Fig. 4. It can be
observed from Fig. 4(a) that the MCTS incubated with
AWS-TPE only shows very weak fluorescence, indicating that
AWS-TPE was in the molecular dispersed state, whereas the
HeLa MCTS treated with WS-AC/AWS-TPE (Fig. 4(b)) shows
obviously much higher fluorescence emission than the HeLa
MCTS treated with AWS-TPE only, indicating the aggregation
of anionic AWS-TPE with the cationic reduction product of
WS-AC. Moreover, the intensity of fluorescence from the MCTS
incubated with WS-AC/AWS-TPE was significantly enhanced
after 24 hours and gradually increased with the prolonged
incubation time up to 96 hours (Fig. S77). These results proved
that WS-AC/AWS-TPE can be used as a fluorescent probe for
in situ tumor hypoxia detection.
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Conclusions

In summary, we have reported a novel strategy for the construc-
tion of an azobenzene based hypoxia-responsive fluorescent
probe of the WS-AC/AWS-TPE complex for in situ tumor
hypoxia imaging. Both WS-AC and AWS-TPE have excellent
solubility in water. The in situ self-assembling process can be
triggered by the reduction of the azobenzene moiety by the
action of azoreductase overexpressed in a hypoxic microenvi-
ronment. The reduction of the azobenzene moiety can lead to
the self-elimination process of carbamate linkage, which con-
tributes to the structural transition of WS-AC from a chemi-
cally neutral state to a cationic state. Thus, the transition of
AWS-TPE from the molecular dispersed state to the aggrega-
tion state was induced by self-assembly with a protonated
primary amine containing polymer, which would lead to an
obvious fluorescence increase. This in situ self-assembly
process to construct the fluorescent probe has also been
proved by in vitro experiment.
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