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Abstract: In this work, we aim to develop cancer cell-tar-
geting AIE dots based on a polyyne-bridged red-emissive
AlEgen, 2TPE-4E, through the combination of metabolic
engineering and bio-orthogonal reactions. Azide groups
on a tumor were efficiently produced by intravenous in-
jection of Ac4ManNAz and glycol-metabolic engineering.
These bio-orthogonal azide groups could facilitate the
specific targeting of DBCO-AIE dots to the tumor cells un-
dergoing metal-free click reaction in vivo. The efficiency of
this targeting strategy could be further improved with the
development of new bio-orthogonal chemical groups
with higher reactivity and a large amount of AlEgens

could be delivered to the tumor for diagnosis.
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Cancer is one of the major diseases threatening human health.
The implementation of sensitive and specific imaging modali-
ties for timely cancer diagnosis and progression monitoring is
of great scientific and clinical significance."” Targeting against
the receptors of cell surface has been a big issue for tumor-
specific imaging especially. Generally, the endogenous recep-
tors on the membrane of living cells could be visualized fluo-
rescently by different ligands labeled with fluorophores such
as aptamers, peptides, antibodies, and so on.” However, these
active targeting strategies suffered from rather low delivery ef-
ficiency less than 0.3% because of the insufficient receptors on
cell membrane, which severely impacted the performance of
fluorescent probes for in vivo imaging. Therefore, it could be
highly demanded to produce adequate receptors on cancerous
cells homogeneously for specific targeting in tumor.”

To get a high targeting efficiency, the binding properties de-
pendent on the optimization of the preparation and the stabil-
ity of the binding motif play a crucial roles.”! Bio-orthogonal
reaction that refers to those chemical conjugation that can be
performed in complicated biological microenvironments with
negligible perturbation to normal biological processes and ex-
quisite selectivity and reliability, has been proven to be particu-
larly beneficial to biological studies. Compared to non-covalent
binding-based methods, bio-orthogonal reaction relies on the
highly-specific and covalent conjugation of a fluorophore to
the biological molecule of interest. Therefore, bio-orthogonal
reaction enables a general and valuable toolbox to improve
tumor targeting ability.”! Besides, insufficient endogenous re-
ceptors on cancerous cell membrane directly lead to the low
selectivity.® To solve this problem, an alternative strategy is to
manually and homogeneously paste huge receptors on tumor
cells surface by metabolic glycol-engineering, which refers to a
synthetic biological approach to modify the glycans and intro-
duce various functional units, exhibiting great potential.”’ Ad-
ditionally, it is evidenced that excess nutrient such as glucose
is consumed by the tumor cells, resulting in a higher concen-
tration of sialic acid on the cancerous cell surface. Thus, the
tumor can be specially labeled functional groups through met-
abolic glycol-engineering.® Therefore, accurate tumor-target-
ing imaging can realize by the combination of metabolic
glycol-engineering and bio-orthogonal chemistry.”!

Fluorescence nanoparticle-based bioimaging systems, bene-
fiting from non-invasive, highly-resolved and real-time fluores-
cence technology, have attracted much attention for tumor di-
agnosis."” Due to the potential toxicity of inorganic nanoparti-
cles such as quantum dots (QDs), organic fluorophore-doped
nanoparticles are promising alternates for clinical biomedical
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imaging, because of their facile preparation, good biocompati-
bility, long-circulation time, and high resistance to photo-
bleaching in physiological surrounding."” However, traditional
organic fluorophores seriously suffered from the detrimental
aggregation-caused quenching (ACQ), due to their tendency
to aggregate in the nanoparticles when increasing the doping
amount. On the contrary, luminogens with aggregation-in-
duced emission characteristic (AlEgens) could be emissive
highly in aggregation state based on the restriction of the in-
tramolecular motions (RIM), which hold great potential for fab-
rication of AIE dots with low cytotoxicity and high brightness
for cell imaging and tumor diagnosis."? In addition, these AIE
NPs are fairly photostable under laser excitation, enabling relia-
ble long-term tracking of dynamic biological processes.

As a proof of the concept, in our work, we aim to develop
cancer-targeting AIE dots through the combination of meta-
bolic glycol-engineering and bio-orthogonal reaction. The
DBCO-PEG-lipids was chosen as the coating materials to fabri-
cate bio-orthogonal AIE dots based on the polyyne bridged
red-emissive AlEgens, 2TPE-4E."¥ According to the previous re-
sults, 2TPE-4E featured with two tetraphenylethylene deriva-
tives located on the terminals of polyyne holds p-rt-A struc-
ture. Different from the other D-A systems, the polyyne bridge
in 2TPE-4E could not only guarantee the conjugation of the
whole m-system to endow long absorption and emission wave-
lengths but also avoid emission quenching caused by m-m
stacking. Firstly, azide-modified sialic acids are artificially pro-
duced on cancer cell membrane by an intravenous injection of
tetra-acetylated N-azidoacetyl-d-mannosamine (Ac4ManNAz) in
vivo. Secondly, bio-orthogonal AIE dots (DBCO-AIE dots) are in-
travenously injected into the tumor-bearing mice, then these
dots will recognize the azide-modified azide sialic acids on the
surface of cancer cells and label the sialic acids by metal-free
click reaction in situ. This strategy is expected to generate re-
ceptor-like chemical azide groups on the targeted cancer cell
surface dynamically and bio-orthogonally, controlling the
cancer cell-targeting ability of AIE dots.

The AIE dots were prepared by nanoprecipitation method
using DSPE-PEG with (DBCO-AIE dots) and without DBCO func-
tional group modifications as encapsulation materials (Fig-
ure 1A). Because of the hydrophilic and hydrophobic interac-
tions, AlE-active 2TPE-4E was embedded into the hydrophobic
core formed by DSPE, while DBCO groups were on the surface
of the outer layer fabricated by the hydrophilic PEG segment.
To target azide-labelled sialic acids with bio-orthogonal
manner, DBCO was chosen as a functional group due to its se-
lective reactivity to azide groups in mild biological media. As
shown in Figure 1B,C, the absorption and emission properties
of as-prepared AIE dots were then investigated in PBS buffer.
The absorption maximum of as-prepared AIE dots was about
520 nm, associating with the fluorescence emission peak at
630 nm, which holds particular advantages of low excitation
energy and background auto-fluorescence in complicated bio-
logical environment. The DBCO-AIE dots exhibited a large
Stokes shift with the value of 110 nm, which minimized the
self-absorption largely in contrast to conventional organic fluo-
rophores. Figure 1D showed the hydrodynamic diameter of as-
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Figure 1. (A) Schematic illustration of bio-orthogonal AIE dots (DBCO-AIE
dots) preparation by nanoprecipitation approach. The DBCO group on the
AIE dots was used for further click chemistry reaction with azide group. Nor-
malized absorbance (B) fluorescence spectra (C) and of DBCO-AIE dots in
PBS buffer. Dynamic light scattering (DLS) diameter (D) and TEM image (E)
of DBCO-AIE dots. Scale bar: 100 nm.

prepared DBCO-AIE dots, which was measured by dynamic
light scattering (DLS). The results indicated the average hydro-
dynamic diameters of about 60 nm. Further, transmission elec-
tron microscopy (TEM) was used to study the morphology of
as-prepared DBCO-AIE dots, also indicating the diameter of
about 60 nm for the spherical AIE dots (Figure 1E), which was
accessible for in vivo blood circulation. The zeta potential mea-
surement showed that DBCO-AIE dots were negatively
charged, which was ascribed to the phosphate group on
DSPE-PEG (Figure S1).

Previously, it has been found that azide-modified p-mannos-
amines could be delivered into the cells and efficiently metab-
olized by the promiscuous sialic acid biosynthetic pathway,
being incorporated into cell surface.”™ Thus, Ac4AManNAz, gen-
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erating the artificial “receptor-like” azide group was chosen as
the precursor. Moreover, previous work has shown Ac4ManNAz
is very easy to enter into cells because of its four hydrophobic
acyl groups, which could generate a large amount of azide
groups on the surface of cells. The azido sialic acid on the sur-
face of cell membrane were then reacted with bio-orthogonal
DBCO group of AIE dots through metal-free click reaction. To
investigate the cell labeling and bio-orthogonal ability of the
unnatural monosaccharides and AIE dots, the human breast
cancer cell lines (MCF-7) were chosen for in vitro study. For the
Ac4ManNAz-treated group, the conjugation of DBCO-AIE dots
to the MCF-7 cancer cells was clearly visualized by the fluores-
cence of 2TPE-4E under confocal lasing scanning microscope
(CLSM). The results indicated that there was red fluorescence
with strong intensity in MCF-7 cells incubated with Ac4Man-
NAz, suggesting the successful metabolization of azide sialic
acid. However, there were negligible fluorescence signals on
the surface of the control group treated with medium without
Ac4ManNAz and further addition of DBCO-AIE dots (Figure 2).
Collectively, abovementioned evidently demonstrated that the
azide groups could be metabolically labeled on MCF-7 cancer
cells membrane by using azide-terminal tetra-acetylated
acetyl-d-mannosamine in vitro. Figure 3A showed that the
fluorescence of the cells enhanced with the increase of Ac4-
ManNAz, which indicated the number of AIE dots on the cell
could be artificially controlled by variation of the amount of
Ac4ManNAz in a dose-dependent manner. As shown in Fig-
ure 3B, the fluorescence also enhanced with the increase of
pre-incubation time of Ac4ManNAz with MCF-7, indicating that
the amount of AIE dots on MCF-7 cells could also be tuned
through the time-dependent manner.

After demonstrating that azide group could be labelled on
MCF-7 cells through Ac4ManNAz mediated metabolic ap-
proach and further conjugated with DBCO-AIE dots in vitro,
then we investigated whether Ac4ManNAz could also label
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Figure 2. Metabolic labeling of MCF-7 cells in vitro with metal-free click reac-
tion after pre-treatment of Ac4ManNAz. Confocal lasing scanning micro-
scope (CLSM) images of MCF-7 cells upon treatment with Ac4ManNAz or
PBS for three days and further incubation with DBCO-AIE dots for 30 min.
Cell nuclei were stained with DAPI (blue). Scale bar: 50 um.
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MCF-7 cancer cells in vivo and enhance the tumor accumula-
tion of AIE dots (Figure 4A). The in vivo breast cancer model
was established on athymic nude mice by subcutaneous injec-
tion of cancer cells in the right flank. When the size of the
tumors reached ~49 mm? Ac4ManNAz was intravenously in-
jected into the mice. with once-daily manner for 4 days. 4 days
later, DBCO-AIE dots were put into the mice with the manner
of intravenous injection. A whole-body small-animal imaging
system was utilized to image and evaluate the in vivo target-
ing ability of the metabolic labeling approach and in vivo dis-
tribution of DBCO-terminal AIE dots in nude mice. As displayed
in Figure 4B, after injection for 6 h, the fluorescence from the
Ac4ManNAz-treated group was mainly observed in the tumor
area. After 12 h post-injection, the fluorescence signal became
brighter. The results suggested that the fluorescence signals
were only detected in the liver after injection for 0.5 h. By con-
trast, for mouse without injection of Ac4ManNAz, although
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Figure 3. (A) Optimization the concentration of Ac4ManNAz for In vitro metabolic labeling of the MCF-7 cells. CLSM images of MCF-7 cells after treatment
with different amount of AcAManNAz for three days and further incubation with DBCO-AIE dots for 30 min. (B) Optimization the incubation time of Ac4Man-
NAz for in vitro metabolic labeling of the MCF-7 cells. CLSM images of MCF-7 cells after treatment with Ac4AManNAz for different time and further incubation
with DBCO-AIE dots for 30 min. Cell nuclei were stained with DAPI (blue). Scale bar: 50 um.
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Figure 4. (A) Schematic picture of in vivo bio-orthogonal metabolic labeling
of tumor by using AlE-dots. (B) In vivo imaging of metabolically labelled
tumor-beard mouse after intravenously injection of DBCO-AIE dots. The
mouse without Ac4ManNAz injection was imaged as control. In vivo imaging
results were taken at 0, 3, 6, 12, 24 h time point.

there was fluorescence signal all around the body and a little
signal from the tumor area. However, there was little change
along with the time increased to 24 h. In the end, the results
showed more accumulation of AIE dots in tumor area for
mouse with injection of Ac4ManNAz compared to the saline-
treated group after further injection of DBCO-AIE dots.

Ex vivo imaging analysis of the main organs confirmed the
excellent cancer-targeting ability of as-prepared bio-orthogo-
nal AIE dots through the metal-free click reaction in vivo (Fig-
ure 4B). At the time point of 24 hours after injection, the main
organs and tumors were dissected, and each sample was
imaged by using the Maestro in vivo system. For tumor-beard
mouse, DBCO-AIE dots displayed higher fluorescent signal ac-
cumulation in tumor tissue compared to that of surrounding
normal tissue due to the synergistic effect of the highly meta-
bolic activity of tumor and the EPR (enhanced permeability
and retention) effect of nanoparticles. Besides, there were also
strong signal in liver and kidney as they were mainly contribut-
ed for clearance of nanomaterials. Unnatural derivatives of
monosaccharides, such as the sialic acid analogue N-glycolyl-
neuraminic acid, could be taken up by tissues and cells, which
could be further recognized by the immune system. This kind
of monosaccharide was present in all kinds of mammals and
could be delivered to the cells through the digestion of dairy
food supply, such as meat. It was taken up by all kinds of cells
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and could be detected almost exclusively in the metabolically
more active cancer cells. As a result, the signal from the tumor
of the Ac4ManNAz-treated mouse is much higher than that of
the mouse without treatment. All these results evidently dem-
onstrated these AIE dots exhibited high efficiency of cancer
targeting.

To study whether as-prepared bio-orthogonal DBCO-AIE
dots cause in vivo side toxicity, the major organs of mice in
each treatment group, such as hearts, livers, spleens, lungs and
kidneys, were further excised and sectioned for the H&E stain-
ing experiment. Figure 5 suggested that almost no hydropic

Liver Spleen Lung Kidney

DBCO-
AIE-dots

PBS

¢
Y
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Figure 5. Representative H&E stained images of major organs including
heart, liver, spleen, lung and kidney collected from the control untreated
mice and DBCO-AIE-dots injected mice after 24 h injection. Almost no organ
damage or lesion was detected for DBCO-AIE dots. Mice were treated with
DBCO-AIE dots with dose of 5 mgkg™".

damages and lesions were detected according to these H&E
stained slices after intravenously injection of DBCO-AIE dots.

In summary, we developed bio-orthogonal AIE dots based
on a polyyne-bridged AlEgen with red emission. Furthermore,
based on these bio-orthogonal AIE dots and a metabolic
glycol-engineering technique, we developed an in vivo meta-
bolic labeling strategy for tumor-specific delivery of AIE dots
and targeting imaging. The two-step signal amplification ap-
proach was performed by continuous intravenous injection of
Ac4ManNAz to produce a huge amount of azide groups on
the cancer cell surface to enhance the tumor-targeting ability.
Secondly, DBCO-functionalized AIE-dots were put into the
body through an intravenous injection of AIE dots to bio-or-
thogonally find and bind to the cancer cells with highly meta-
bolic activity. Thus, various kinds of hydrophobic AlEgens
could be delivered by this two-step in vivo metabolic en-
hanced labeling strategy. Bio-orthogonal chemistry is a power-
ful tool for bioprobes to be applied in labeling biological sub-
strates. The efficiency of this technique could be further im-
proved through developing novel bio-orthogonal reactions
and functional groups with higher activity. In addition, such a
bio-orthogonal metabolic enhanced approach opens a new
avenue for the facile application of AlEgens to metabolic dis-
ease diagnosis and therapy. We believe these general bio-or-
thogonal labeling approaches based on the metabolic glycol-
engineering technique provide excellent opportunities for the
applications of AlE-based materials in the field of synthetic
biology and hold great potential for further biomedical appli-
cations.
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