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A cross-linkable aggregation induced emission (AIE) dye (named as
R-E) with two vinyl end groups was facilely incorporated into poly-
mer nanoparticles through reversible addition—fragmentation chain
transfer polymerization. Thus obtained polymeric nanoparticles
showed uniform size, high water dispersibility, strong red fluores-
cence and excellent biocompatibility, making them promising for cell
imaging applications.

Since the first reported aggregation induced emission (AIE)
phenomenon by Tang et al in 2001," a variety of AIE dyes
including tetraphenylethene,>® siloles,”® cyano-substituted
diarylethene,” triphenylethene,*** and distyrylanthracene'"”
derivatives have been synthesized and extensively investigated
for potential applications in fields ranging from bio/chem
sensors, optoelectronic devices and bioimaging.'**” In partic-
ular, the fabrication of AIE dye based bioprobes and their
biomedical applications have recently attracted increasing
interest because of their attractive AIE characteristics, biode-
gradability and biocompatibility.>**® Many strategies for fabri-
cation of AIE based fluorescent organic nanoparticles (FONs)
have been developed. For example, Tang and Liu have
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their cell imaging applications¥

Xigi Zhang,1*® Meiying Liu,° Bin Yang,? Xiaoyong Zhang,? Zhenguo Chi,c Siwei Liu,°

demonstrated that hydrophobic AIE dyes could be facilely
incorporated into a biocompatible biomolecule (bovine serum
albumin), and thus obtained AIE based FONs showed high
water stability and good biocompatibility, and have been
successfully utilized for bioimaging applications in vitro and
in vivo.*” Furthermore, the encapsulation of AIE dye (An18) into
commercial surfactants (F127), synthetic copolymers and inor-
ganic nanoparticles has also been reported and extensively
explored for biomedical applications.’®*** Despite many
impressive advances, the design and synthesis of novel AIE
based FONs, which possess high water dispersibility, good
controllability, remarkable optical properties, excellent
biocompatibility and biodegradability, are still highly desirable.

Polymerization is an important method which has been
previously used for fabrication of FONs via controllable incor-
poration of polymerizable organic dyes into polymers. A series
of FONs based on polymerizable organic dyes have been
reported and showed high potential in a variety of fields.** The
general force for formation of these FONs can be ascribed to the
self-assembly of these amphiphilic copolymers in aqueous
solution. During the self-assembly procedure, hydrophobic
segments including organic dyes are encapsulated in the core,
while the hydrophilic segments are covered on the hydrophobic
core as the shell, which can be extended into water with high
water dispersibility. However, the fluorescent intensity of thus
obtained FONs will be significantly weakened in aqueous
solution because of the notorious aggregation-caused quench-
ing (ACQ) effect.*® On the other hand, FONs prepared via self-
assembly are often unstable in physiological solution due to the
weak interactions among these amphiphilic fluorescent mole-
cules.*® To this end, the incorporation of cross-linkable AIE dyes
into copolymers via controlled polymerization is expected to
simultaneously overcome both the problems described above.
Polyethylene glycol (PEG) is a commercial available amphiphilic
polymer which has been approved by the U.S. Food and Drug
Administration (FDA) to supplement for many biomedical
applications a long time ago. Because of its high water solu-
bility, non-immunogenicity, bioinertness and biocompatibility,
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PEG has been widely utilized for surface modification of inor-
ganic and organic nanoparticles to render them better perfor-
mance. It has been demonstrated that PEGylated nanoparticles
are expected to exhibit improved water dispersibility,
enhancement of biocompatibility and long circulation time.*>*¢

In this work, a novel strategy for fabrication of AIE based
FONs was developed for the first time, based on the cross-
linkable AIE dye (named as R-E) and a water soluble monomer
poly(ethylene glycol) monomethyl ether methacrylate (PEGMA,
M, = 950 Da) using reversible addition-fragmentation chain
transfer polymerization (RAFT). Thus obtained FONs were
cross-linked by R-E due to its two inherent polymerizable C=C
bonds. Finally, the biocompatibility and cell uptake behavior of
thus obtained FONs were further determined to evaluate their
potential for cell imaging applications (Scheme 1).

The AIE fluorogen R-E was prepared following the synthetic
route as described in the ESI (Scheme S1%). Its structure was
characterized and confirmed by standard spectroscopic
methods (in ESIt), which suggested that R-E was successfully
synthesized. The AIE characteristics of R-E are shown in
Fig. S1.1 To prepare R-PEG FONSs, the hydrophobic AIE dye (R-E)
was copolymerized with an amphiphilic monomer PEGMA
through RAFT polymerization (Scheme 2). Based on the feed
molar ratio, the designed degrees of polymerization (DP) for
copolymers are 20 and 40, and the ratio of monomer PEGMA to
R-E is 10 : 1. Based on the designed DP, these copolymers were
named as R-PEG-20 (DP = 20) and R-PEG-40 (DP = 40). The
number average molecular weights (M,s) of these copolymers
were determined by gel permeation chromatography (GPC).
Results showed that the M,s for R-PEG-20 and R-PEG-40 are
29 016 and 35 673 Da respectively with a narrow polydispersity
index (1.17 for R-PEG-20 and 1.25 for R-PEG-40). Due to the
hydrophobic feature of R-E, such obtained copolymers showed
amphiphilic properties. When they were dispersed in aqueous
solution, these copolymers tended to self-assemble into nano-
particles, the cores of which were the aggregates of R-E and
surfaces were covered with PEGMA. Therefore, thus obtained
nanoparticles are expected to exhibit strong fluorescence and
high dispersibility in aqueous solution.

Fig. 1A and B show the representative transmission electron
microscopy (TEM) images of R-PEG FONs. Many spherical
nanoparticles with diameters of a few hundred nanometers
can be clearly identified. The TEM images give direct evidence
that copolymers self-assembled into nanoparticles in aqueous
solution. Although the properties of copolymers could be
well adjusted through RAFT polymerization, the size and

R-E PEGMA R-PEG FONs Cell imaging

Scheme 1 Schematic showing the preparation of R-PEG FONs through revers-
ible addition-fragmentation chain transfer (RAFT) polymerization and cell
imaging applications of thus obtained R-PEG FONs.
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Scheme 2  Synthetic routes to R-PEG-20 and R-PEG-40 via reversible addition—
fragmentation chain transfer (RAFT) polymerization using R-E and PEGMA as the
monomers.

morphology of R-PEG FONs are difficult to control due to the
complexity of the self-assembly procedure. As compared with
Fig. 1A and B, no significant differences were found between
the sizes of R-PEG-20 and R-PEG-40. On the other hand, the
hydrodynamic size distributions of R-PEG-20 and R-PEG-40 in
water and phosphate buffer solution (PBS) were also deter-
mined. Results showed that the size distributions of R-PEG-20
and R-PEG-40 in pure water were 283.8 + 12.4 nm and 117.2 +
5.7 nm, respectively, while their size distributions in PBS
increased to 293.4 & 2.6 and 152.4 £ 3.9 nm for R-PEG-20 and
R-PEG-40, respectively. The disparity of size distributions of
R-PEG-20 and R-PEG-40 may be due to the different molecular
aggregation states caused by the various crosslinking degrees of
the polymer. The stability of the FONs was characterized by zeta
potential measurements using ZetaPlus apparatus (Brookhaven
Instruments, Holtsville, NY). The results showed zeta-potentials
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Fig. 1 Characterization of R-E and R-PEG FONSs. (A and B) TEM images of R-PEG-
20 (A) and R-PEG-40 (B) FONs; images show that the diameters of R-PEG FONs
are about a few hundred nanometers, (C) normalized IR spectra of R-E and R-PEG
FONSs, a strong stretching vibration band of C=0 which is located at 1732 cm ™'
and a C-O stretching vibration band which is located at 1108 cm~' were
observed for the sample of R-PEG FONs, suggesting that R-PEG FONs were
formed. (D) PL spectra of R-PEG FONs (in methanol and water), the excitation
wavelength is 365 nm. Insets show fluorescent images of R-PEG FONs (left bottle
(in methanol), right bottle (in water)) under a UV lamp (2 = 365 nm).
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of —29.2 + 1.6 mV and —31.3 £ 1.1 mV for R-PEG-20 and R-PEG-
40 in PBS respectively, which demonstrated the stability of the
R-PEG FONSs. The successful synthesis of R-PEG copolymers was
also confirmed by Fourier transform infrared spectroscopy
(FT-IR). As shown in Fig. 1C, a characteristic peak located at
1672 cm~ ' was observed in the sample of R-E, evidencing that
the stretching vibration band of C=C existed in R-E. Further-
more, a series of peaks distributed between 1450 and 1600 cm ™"
ascribed to the stretching vibration of polycyclic aromatic rings
was also identified in the sample of R-E. After polymerization, a
strong stretching vibration band of C=0 located at 1732 cm™*
was observed in R-PEG FONSs. On the other hand, a character-
istic peak centered at 1108 cm™ " was also observed in copoly-
mers, evidencing that C-O was introduced into the copolymers.
More importantly, the stretching vibration band of C=C
located at 1672 cm ™' disappeared after polymerization, further
confirming the successful formation of copolymers. Due to the
amphiphilic properties of R-PEG copolymers, they tended to
self-assemble into nanoparticles. The hydrophobic AIE dyes
(R-E) were expected to be encapsulated in the core of nano-
particles while the hydrophilic monomers (PEGMA) covered the
hydrophobic core thus giving them high water dispersibility
(Fig. S271). Due to the aggregation of R-E in their core, R-PEG
FONs showed strong fluorescence in pure water (right bottle of
insets in Fig. 1D). The PL spectra of R-PEG-20 in methanol and
pure water are shown in Fig. 1D. As compared with the FONs in
methanol, the wavelength of R-PEG-20 in water red-shifted from
591 to 612 nm (Fig. 1D and insets of Fig. 1D). This red-shifted
phenomenon is mainly caused by the increased solvent polarity.
To find the evidence of the relationship between red-shift and
solvent polarity, the emission spectra of R-PEG-20 were recor-
ded in solvents with different polarities (Fig. S31). The results
demonstrated that when the polarity of the solvent was
increased, the emission wavelength of the R-PEG-20 red-shifted.
Similar results were found for R-PEG-40 (Fig. S4 and S57). The
PL intensity of R-PEG-20 in MeOH and water showed different
trends from that of R-PEG-40, this may be due to the different
effects of solvent polarity and the molecular aggregation.

The biocompatibility was examined to evaluate the potential
biomedical applications of R-PEG FONs.**® First, the influ-
ences of R-PEG FONs to A549 cells were examined by optical
microscopy after cells were incubated with different concen-
trations of R-PEG FONs for 24 h. As shown in Fig. 2A-C, no
significant differences were found between the control cells
(Fig. 2A) and cells incubated with 40 (Fig. 2B) and 80 pg mL ™"
(Fig. 2C) of R-PEG FONSs. These results suggested that the FONs
are biocompatible with cells. To further confirm the cyto-
compatibility of R-PEG FONs, the cell viability of A549 cells
incubated with R-PEG FONs was determined by the cell count-
ing kit-8 (CCK-8) assay as described in our previous reports.>*’
As shown in Fig. 2D, no cell viability decrease was observed
when cells were incubated with 10-80 ug mL™~ " of R-PEG FONs.
The cell viability value is still greater than 90% even when the
concentration is up to 80 pg mL~". And no significant difference
was observed between R-PEG-20 and R-PEG-40. These results
suggested that these FONs have high potential for biomedical
applications. More importantly, the excellent biocompatibility
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Fig. 2 Biocompatibility evaluations of R-PEG FONs. (A-C) Optical microscopy
images of A549 cells incubated with different concentrations of R-PEG FONs for
24 h, (A) control cells, (B) 40 ng mL™", (C) 80 pg mL™", (D) cell viability of R-PEG-20
with A549 cells. The biocompatibility evaluation suggested that R-PEG FONs were
biocompatible enough for biomedical applications.

could be expected due to their surface covered with PEG, which
has been previously demonstrated to be biocompatible with
living organisms. In our previous reports, FONs based on AIE
dye (An18) and commercial surfactant (F127)/synthetic copoly-
mers have also been demonstrated.***® Compared with previous
reported molecules, the FONs fabricated by the method in this
work have some obvious advantages. First, the AIE dye (R-E) was
covalently incorporated into the copolymers for the formation
of a cross-linkable copolymer. It should be more stable than
that formed by self-assembly. On the other hand, many func-
tional groups could be facilely incorporated into AIE based
FONs via using different monomers. Therefore, many other
components including drugs, imaging agents and targeting
agents could be further integrated into the AIE based FONs.
Thus multifunctional imaging and therapy platform based on
R-PEG FONSs can be facilely fabricated via controlled polymeri-
zation of cross-linkable AIE dyes.

Based on the biocompatibility results, cell imaging applica-
tions of R-PEG FONs were further explored. The cell uptake
behavior of R-PEG FONs was evaluated by Confocal Laser
Scanning Microscopic (CLSM) observation.*®**® As shown in
Fig. 3 and S7,t strong fluorescence could be observed at the cell

Fig.3 CLSM images of A549 cells incubated with 10 pg mL~" of R-PEG-20 FONs
for 3 h. (A) Bright field, (B) excited with a 543 nm laser, (C) merge image of (A) and
(B). Scale bar = 20 um.
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location after they were incubated with 40 ug mL ™" of R-PEG
FONSs. Furthermore, the areas with relatively weak fluorescence
intensity are possibly the location of the cell nuclei (Fig. 3B).
These results suggested facile uptake of R-PEG FONs by cells
which are mainly located at the cytoplasm. As compared with
the size of FONs and nucleus pore, we believe that these FONs
could not enter the cell nucleus directly. More importantly, due
to the intense fluorescence of R-PEG FONs, strong signal could
be detected after cells were incubated with 40 ug mL™" of R-PEG
FONS s for 3 h, and the dosage can be further decreased if FONs
were conjugated with targeting molecules. Based on the cell
viability results, we believe that R-PEG FONs are biocompatible
enough for bioimaging applications. Taking advantage of the
merits of R-E and PEG, thus obtained R-PEG FONs described
in this work should be of great potential for biomedical
applications.

In summary, red R-PEG FONs were prepared via copoly-
merization of cross-linkable AIE dye (R-E) and PEGMA through
RAFT polymerization. Thus obtained copolymers with amphi-
philic properties tended to self-assemble into uniform FONs
with diameters of about a few hundred nanometers. Due to
their surfaces covered with PEGMA, R-PEG FONs showed high
dispersibility and strong fluorescence in the aqueous environ-
ment. Biocompatibility evaluation suggested that R-PEG FONs
were biocompatible enough for bioimaging applications. More
importantly, various AIE based FONs could be easily fabricated
via using different AIE dyes and monomers. And the FONs can
be further conjugated with other components such as drugs,
imaging agents and targeting agents, thus multifunctional
theranostic systems can be fabricated. Considering their excel-
lent properties, thus obtained FONs are expected to have high
potential for various biomedical applications.
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