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Stimulus Responsive Cross-linked AIE-active polymeric Nanoprobes:

Fabrication and Biological Imaging Application
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The combination of functional polymers and hydrophobic AIE dyes to prepare luminescent organic
nanoparticles (LONs) with strong fluorescence, great water dispersibility and desirable biocompatibility
have received numerous attentions for their potential applications in cell imaging and theranostics.
Although great effort has been devoted to preparing AIE dye based LONs through both covalent and
noncovalent strategies, the fabrication of cross-linked AIE dye based LONs with stimulus responsive
behavior has not been reported previously. In this work, the AIE dye based LONs were constructed via
cross-linking aldehyde-containing polymers and AIE dye (2,2’-diaminotetraphenyl ethylene) with two
amino groups through formation of Schiff base, which is a well known dynamic bond with pH
responsiveness. After successful incorporation of the hydrophobic AIE dye into the copolymers, cross-
linked core-shell lunminescent nanoparticles can be formed. The obtained AIE dye based LONs exhibited
strong fluorescence and high water dispersiblity because the AIE dye was aggregated in the core and the
hydrophilic polymers were covered on the shell. Biological evaluation results demonstrated that the AIE
dye based LONs exhibited excllent biocompatibility and biological imaging properties. More importantly,
these AIE dye based LONSs exhibited desirable pH responsiveness, implied that these polymeric LONs are
potentially utilized for pH sensor and controlled drug delivery. Combination of the dynamic crosslinking
and pH responsiveness, the obtained AIE dye based LONs should be of great significance for biomedical
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application.

1. Introduction

Fluorescent polymers, that can self assemble into luminescent
organic nanoparticles (LONs) have been extensively investigated
in the past few decades for biomedical applications because of
their well designability, excellent biocompatibility, biodegradable
and multifunctional potential.'® These luminescent polymers
have demonstrated to possess some obvious advantages as
compared with the fluorescent inorganic nanoparticles (FINs) and
fluorescent proteins.”'* The LONs can effectively overcome the
toxicity and nonbiodegradability of FINs, and the high cost and
photobleahcing of fluorescent proteins.'" **° The basic principle
for fabrication of LONS is relied on the formation of amphiphilic
dyes contained micelles, which could passively accumulate in the
tumor sites.”'> After self assembly, the hydrophobic dyes were
encapsulated in the core of micelles, while the hydrophilic
segments of the LONs were extended in water as the shell, which
could render the excellent water dispersibility and
biocompatibility of LONs.>* ** However, fabrication of LONs
with desirable fluorescent properties using conventional organic
dyes is still challenging due to the aggregation of dyes in the core
of LONs, which will obviously decrease the fluorescence of
LON:Ss. It is also known as aggregation caused quenching (ACQ)
effect.
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Aggregation induced emission (AIE) materials were first
reported by Tang and co-workers in 2001.%° In contrast with the
conventional organic dyes, the AIE active dyes can emit much
strong fluorescence in high concentration and solid state. The
unique AIE feature provided an elegant route to overcome the
notorious ACQ effect?’” 27 Since the first report of AIE
phenomenon by Tang’s group, a number of novel dyes with
typical ~ AIE  characterization  such  as  siloles, !
triphenylethene, > cyano-substituted diarylethene,
distyrylanthracene derivatives,”” * and phenothiazine*" *?
synthesized. And different fabrication strategies such as
noncovalent self assembly, covalent conjugation and
polymerization have been established to fabricate of AIE active
polymeric nanoprobes.*”> *** On the one hand, these polymeric
AIE active nanoprobes could effectively overcome the poor water
dispersibility of AIE dyes. On the other hand, many other
functional groups can be integrated into these polymeric
nanoprobes, which can extend largely their applicability for
biological sensor and therapeutics.”*>* %> % For example, Li and
co-workers have developed a novel method for the fabrication of

35-38

cross-linked AIE active polymeric nanoprobes through
combination of living radical copolymerization of 2-
isocyanatoethyl ~methacrylate and poly(ethylene glycol)
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monomethyl ether methacylate. And then the obtained
copolymers were subsquently cross-linked by AIE dyes with two
amino groups.”’ More recently, our group has fabricated cross-
linked PEGylated AIE active nanoprobes take advantage of the
different reaction activity between anhydride and chloride of
Trimellitic anhydride chloride, which was served as the linker
between the amino-terminated AIE dye and the hydroxyl group
of PEG.>® However, there are still some problems existed in these
polymeric nanosystems, which included poor solution stability at
low concentration and lack of responsiveness. Therefore, the
fabrication of cross-linked stimulus responsive AIE active
polymeric nanosystems is expected to overcome of these
drawbacks. However, to the best of our knowledge, such cross-
linked AIE active polymeric nanoprobes with
responsiveness have not been fabricated thus far.

In this contribution, novel cross-linked AIE active polymeric
LONs (DATPE-poly(PEGMA-co-HEA) LONs) with pH
responsiveness have been facilely fabricated for the first time
through formation of Schiff base. As shown in Scheme 1, the
aldehyde-containing polymers AD-poly(PEGMA-co-HEA) were
synthesized via conjugation of benzaldehyde with poly(PEGMA-
co-HEA), which were obtained by living radical polymerization
(LRP) wusing poly(ethylene glycol) methyl methacrylate
(PEGMA) and hydroxyl-contained monomer 2-Hydroxyethyl
acrylate (HEA) as the monomers and 2,2’-azobisisobutyronitrile
(AIBN) as initiator. The successful formation of these AIE-active
polymeric nanoprobes was confirmed by various characterization
techniques. Our results suggested that these AIE active LONs
emit strong fluorescence and excellent water dispersibility in pure
aqueous solution for the AIE feature of TPE dyes and the
amphiphilic properties of these obtained polymers. More
importantly, due to formation of Schiff base, the fluorescence
emission of the obtained polymeric LONs was obvious red shift
as compared with the DATPE and showed pH responsiveness.
Furthermore, cell experimental results suggested that DATPE-
poly(PEGMA-co-HEA) LONSs are well biocompatible with cells
and can be utilized for cell imaging applications. Given their
good water dispersibility, desirable biocompatibility and pH
responsiveness, DATPE-poly(PEGMA-co-HEA) LONs should
be promising candidates for biological imaging and controlled
drug delivery.

stimulus
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Scheme 1. The schematic showing the synthesis of hydrophilic functional
polymers (AD-poly(PEGMA-co-HEA)), AIE dye (DATPE) and pH
responsive cross-linked AIE active DATPE-poly(PEGMA-co-HEA)
LONS.

2. Experiments

2.1 Materials and Characterization
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All chemicals were of analytical grade and were used as received
without any further purification. The other experimental chemical
substances such as Zinc powders, titanium tetrachloride, 2-
Aminobenzophenone (MW:197.23, 99.0%) and anhydrous THF
were provided from Heowns (Tianjin, China), ammonium
chloride and ethyl acetate solution were supplied from Sinopharm
Chemical reagents Co., Ltd. (Shanghai, China). The monomer
poly(ethylene glycol) methyl methacrylate (MW: 950, 98%) and
2-Hydroxyethyl acrylate (MW: 116.12, 96%) were used to
synthesize hydroxyl-contained copolymer (poly(PEGMA-co-
HEA)), which were supplied from Aladdin company (Shanghai
China). N,N’-Dicyclohexylcarbodiimide (DCC, MW:206.33,
99.0%), 4-Dimethylaminopyridine (DMAP, MW: 122.17, 99.0%)
and 4-Carboxybenzaldehyde (MW:150.13, 99.8%) were also
purchased from Aladdin company. DATPE was synthesized
using the method as described in our previous report.*®

'H NMR spectra were recorded on Bruker Avance-400
spectrometer with D,0O and CDCl; as the solvents. The
synthesized polymers and materials were characterized by
Fourier transform infrared spectroscopy (FT-IR) using KBr
pellets, The FT-IR spectra were supplied from Nicolet5700
(Thermo Nicolet corporation). The transmission electron
microscopy (TEM) specimens were got by putting a drop of the
nanoparticle ethanol suspension on a carbon-coated copper grid.
TEM images were recorded on a Hitachi 7650B microscope
operated at 80 kV. The fluorescence data were obtained from the
Fluorescence spectrophotometer (FSP, model: C11367-11),
which was purchased from Hamamatsu (Japanese).

2.2 Synthesis of
poly(PEGMA-co-HEA)

poly(PEGMA-co-HEA) and AD-

The hydrophilic copolymers (poly(PEGMA-co-HEA)) were
prepared using poly(ethylene glycol) methyl methacrylate
(PEGMA) and 2-Hydroxyethyl acrylate (HEA) as monomers via
LRP. The procedure could be clearly described as follows: the
moisture of PEGMA was removed by using toluene as water-
carrying solvent by rotary evaporation method before reaction.
The mixture of PEGMA (3.04 g, 3.2 mM) and HEA (46 mg, 0.4
mM) were dissolved in dry ethyl acetate (20 mL) and put into
polymerization bottle under N, atmosphere. After acutely stirring
at 60 °C for 10 min, the AIBN powders (50 mg) were dissolved
in anhydrous ethyl acetate (1 mL) and injected into reactive
system. After 24 h, the white solid copolymer (poly(PEGMA-co-
HEA)) could be obtained after reactive mixture cooled at room
temperature and participated using cooled anhydrous diethyl
ether. The white solid powders were dried at vacuum for further
characterization and reaction. The aldehyde-functional
poly(PEGMA-co-HEA) copolymers were also prepared for
further fabrication of hydrophilic LONs based on unique AIE
dyes. Using synthesized poly(PEGMA-co-HEA) and purchased
4-Carboxybenzaldehyde as reaction substrates, the AD-
poly(PEGMA-co-HEA) could be facilely prepared by

o0 dehydration procedure based on DCC/DMAP system at room

temperature for 18 h. Poly(PEGMA-co-HEA) (500 mg), 4-
Carboxybenzaldehyde (500 mg) and DMAP (50 mg) were
dissolved in dry THF solution, followed by the addition of DCC
(800 mg) under N, atmosphere. After reaction completing, the
resulting AD-poly(PEGMA-co-HEA) products would be received
when the mixture were precipitated with cool dry diethyl ether
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and suction filtration. Thus obtained crude products were purified
with repeatedly dissolved in THF and precipitated in dry diethyl
ether for three times for further characterization and application.

2.3 The fabrication of DATPE-poly(PEGMA-co-HEA) LONs

The design of uniform morphology and controlled size at
nanoscale is special important for various applications of
fluorescent AIE active polymeric materials such as bioimaging
and drug delivery. The cross-linked AIE active LONs with pH
responsiveness were prepared via formation of Schiff base. In
brief, AD-poly(PEGMA-co-HEA) (300 mg) in distilled water (10
mL) and DATPE (60 mg) in THF (20 mL) were mixed and added
5 drops of trimethylamine (TEA), stirring at room temperature for
8 h. Following by the removal of THF and water by rotary
evaporation. The crude products were washed with dry THF to
remove residual DATPE. Thus obtained DATPE-poly(PEGMA-
co-HEA) copolymers were dialyzed with pure water for 24 h and
soaked in ethanol for 8 h using 3500 Da Mw cutoff dialysis tubes.
The resulting products were dried at vacuum for further
characterization and applications.

2.4 Cytotoxicity evaluation of DATPE-poly(PEGMA-co-
HEA) LONs

The cell viability of DATPE-poly(PEGMA-co-HEA) LONs
based on the DATPE dyes for HeLa cells was evaluated by cell
counting kit-8 (CCK-8) assay.>  Briefly, cells were put into 96-
well microplates at a density of 5x10* cells mL™ in 160 pL of
respective media containing 10% fetal bovine serum (FBS).
After 24 h of cell attachment, the cells were incubated with 20-
100 pg mL™" LONs for 12 and 24 h. Then nanoparticles were
removed and cells were washed with PBS three times. 10 pL of
CCK-8 dye and 100 pL. of DMEM cell culture medium were
added to each well and incubated for 2 h at 37 °C. Afterward,
plates were analyzed using a microplate reader (Victorlll, Perkin-
Elmer). Measurements of formazan dye absorbance were carried
out at 450 nm, with the reference wavelength at 620 nm. The
values were proportional to the number of live cells. The percent
reduction of CCK-8 dye was compared to controls (cells not be
exposured to hydrophilic LONs), which represented 100% CCK-
8 reduction. Three replicate wells were used per microplate, and
the experiment was operated for three times. Cell survival was
expressed as absorbance relative to that of untreated controls.
Results are presented as mean + standard deviation (SD)

2.5 Cell imaging application of DATPE-poly(PEGMA-co-
HEA) LONs

HeLa cells were facilely bred in Dulbecco’s modified eagle
medium (DMEM), which was supplied with 10% heat-inactivated
FBS, 2 mM glutamine, 100 U mL™" penicillin, and 100 pg mL™"
of streptomycin. Before proceeding experiment of cell imaging,
the cell culture should be controlled at 37 °C in a similar human
environment of 95% air and 5% CO, in culture medium. In order
to maintain the exponential growth of the cells, the culture
medium should be updated every three days. Before treatment,
cells were seeded in a glass bottom dish with a density of 1x10°
cells per dish. On the day of treatment, the cells were incubated
with DATPE-poly(PEGMA-co-HEA) dispersion liquid at a final
concentration of 20 ug mL™" for 3 h at 37 °C. Afterward, the cells
were washed three times with PBS to remove the DATPE-

poly(PEGMA-co-HEA) LONs and then fixed with 4%
paraformaldehyde for 10 min at room temperature. Cell images
were obtained using a confocal laser scanning microscope

60 (CLSM) Zesis 710 3-channel (Zesis, Germany) with the
excitation wavelength of 405 nm.

3. Results and discussion

The fabrication of water soluble, biocompatible LONs with
outstand optical properties has attracting great attention recently.

s AlE-active dyes have been considered as the most promising
candidates for fabrication of such LONs for their unique AIE
feature, which could elegantly overcome the ACQ effect of
conventional organic dyes. Although a number of strategies have
been developed for fabrication of AIE-active LONs previously.

70 The cross-linked AIE-active LONs with pH responsiveness have
not reported before. In this work, synthesized functional polymers
(AD-poly(PEGMA-co-HEA)) with pendant aldehyde groups
were synthesized by combination of LRP and esterification
reaction, and then the amino-contained AIE dye (DA-TPE) was

ss served as the cross-linker to react with AD-poly(PEGMA-co-
HEA) through formation of Schiff base.

poly(PEGMA-co-HEA)
——— AD-poly(PEGMA-co-HEA)
~— DATPE- poly(PEGMA-co-HEA)

&5 80 5 60

75 70§
Ghemical stif (ppm)

R
)
12 10 8 6 4 2 0
Chemical shift (ppm)
Fig. 1 The 'H NMR spectra of poly(PEGMA-co-HEA), AD-

80 poly(PEGMA-co-HEA) and DATPE- poly(PEGMA-co-HEA). It can be
seen that the multiplet of signal at 4.65 ppm corresponding to the
hydroxyl groups was disapeared after the esterification reaction. On the
other hand, the signal with chemical shift at 10.12 ppm was emerged in
AD-poly(PEGMA-co-HEA). These results demonstrated that the

ss aldehyde contained polymers have been successfully synthesized.
Moreover, the peaks between 6.0 and 8.5 ppm was found in the sample
DATPE-poly(PEGMA-co-HEA). These 'H NMR peaks can be attributed
to the aromatic ring of DATPE. Therefore, the 'H NMR spectra
confirmed that DATPE has successfully reacted with AD-poly(PEGMA-

90 co-HEA) through formation of Schiff base.

The '"H NMR spectra gave the clear evidence that successful
preparation of poly(PEGMA-co-HEA), AD-poly(PEGMA-co-
HEA) and DATPE-poly(PEGMA-co-HEA). As shown in Fig. 1,
among the samples of poly(PEGMA-co-HEA) and AD-
poly(PEGMA-co-HEA), the disappearance of multiplet at 4.65
ppm (-OH) of poly(PEGMA-co-HEA) and appearance of single
peak at 10.12 ppm (-CHO) of AD-poly(PEGMA-co-HEA)
suggested the successful conjugation of 4-Carboxybenzaldehyde
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with poly(PEGMA-co-HEA). Furthermore, a series of peaks
located between 7.0 and 8.5 ppm were firstly appeared, which
indicated the introduction of benzene rings, providing powerful
evidence that successful preparation of AD-poly(PEGMA-co-
HEA) through esterification reaction. Furthermore, the chemical
shift at 10.12 ppm was vanished in the '"H NMR spectrum of
DATPE-poly(PEGMA-co-HEA). The disappearance of aldehyde
signal clearly demonstrated the successful formation of Schiff
base between AIE dyes and AD-poly(PEGMA-co-HEA). More
importantly, the intensity of peaks between 6.0 and 8.5 ppm are
obviously enhanced in the sample of DATPE-poly(PEGMA-co-
HEA) as compared with AD-poly(PEGMA-co-HEA). It implied
that more benzene rings have been contained in DATPE-
poly(PEGMA-co-HEA). Therefore, it can be concluded that
successful fabrication of DATPE-poly(PEGMA-co-HEA) LONs
based on 'H NMR spectra.

poly(PEGMA-Co-HEA)
——— AD-poly(PEGMA-Co-HEA)
-DATPE- poly(PEGMA-Co-HEA)

Transmittance

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm'1)

Fig. 2 FT-IR spectra of poly(PEGMA-co-HEA), AD-poly(PEGMA-co-
HEA) and DATPE-poly(PEGMA-co-HEA). The characteristic peaks at
20 1108, 1732, 2840, 3620 cm” were found in poly(PEGMA-co-HEA),
implied that the successful preparation of polymers with C-O, C=0, -CHj3
and —OH. After formation of AD-poly(PEGMA-co-HEA) and DATPE-
poly(PEGMA-co-HEA), the intensity of peak at 1732 cm™' was obviously
enhanced, suggesting that the 4-Carboxybenzaldehyde and DATPE have
conjugated with poly(PEGMA-co-HEA).

The FT-IR spectra of poly(PEGMA-co-HEA), AD-
poly(PEGMA-co-HEA) and DATPE-poly(PEGMA-co-HEA)
were displayed in Fig. 2. As compared with poly(PEGMA-co-
HEA), the signal of peak at 1732 cm™ (attributed to the stretching
vibration of C=0) was enhanced, which could be explained the
introduction of more ester bonds via esterification reaction
between poly(PEGMA-co-HEA) and 4-Carboxybenzaldehyde.
On the other hand, a weak peak at 1580 cm’! attributed to the
stretching vibration of -CHO was observed, further suggesting
the successful preparation of AD-poly(PEGMA-co-HEA).
Futhermore, the weak peak at 3340 assigned to the stretching
vibration of N-H were found in the sample DATPE-
poly(PEGMA-co-HEA). Furthermore, these are some tanglesome
peaks appeared at ranging 500 to 1000 cm’, which can be
defined as fingerprint region of benzene rings. These results
proved that DATPE was conjugated with AD-poly(PEGMA-co-
HEA) via typical Schiff base reaction. Due to the hydrophilicity
of PEGMA and the hydrophobicity of DATPE, thus obtained
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copolymers should be amphiphilic, whihc are prone to self

45 assemble into core-shell polymeric nanoparticles in pure aqueous

solution. In the nanoparticles, the hydrophobic AIE dye (DATPE)
will be encapsulated in the core, while the hydrophilic PEG will
be extended into water and served as the shell. It is therefore, the
polymeric nanoparticles are expected to emit strong fluorescence
and show well water dispersibility due to the aggregation of AIE
dye. As shown in the inset of Fig. 3, uniform water suspension
can be obtained through direct dispersion of DATPE-
poly(PEGMA-co-HEA) in pure water. Strong green fluorescence
can be observed after DATPE-poly(PEGMA-co-HEA) water
suspension was irradiated by UV lamp at 365 nm. These results
further evidenced the successful formation of DATPE-
poly(PEGMA-co-HEA) LONSs through Schiff base reaction.

The optical properties of DATPE-poly(PEGMA-co-HEA)
LONs were investigated by UV-Vis spectroscopy and fluorescent
spectroscopy. As shown in Fig. S1, two major absorption peaks
at 333 nm and 386 nm were found in UV-Vis spectrum. Among
them, the adsorption peak at 386 nm can be ascribed to the n-n*
transitions. While the peak at 333 nm should be attributed to a
singlet—singlet m—n* transition. Furthermore, the absorption peak
of polymeric nanoparticles at 386 nm was almost closed to
excitation wavelength (408 nm), suggesting that fluorescent
cross-linked nanoparticles between hydrophilic polymers and
hydrophobic AIE dye could disperse uniformly in aqueous
solution. Well consistent with the optical images in Fig. 3, the
max emission peak of DATPE-poly(PEGMA-co-HEA) LONs
was at the position of 496 nm when they were excitated with
wavelength at 365 nm. While the optimal fluorescent excitation
wavelength was located at 408 nm using the 496 nm as the
emission peak. As compared with the fluorescent spectra of TPE-
excitation and emission peaks of DATPE-
poly(PEGMA-co-HEA) LONs were obvious red shift. The red
shift of excitation and emission peaks is likely due to the
formation of Schiff base, which could increase the conjugation
plane of DA-TPE. On the other hand, DATPE-poly(PEGMA-co-
HEA) LONSs exhibited excellent photostability. After irradiated
by UV lamp at 365 nm for 30 min, the fluorescent intensity of
DATPE-poly(PEGMA-co-HEA) LONs showed almost no
difference (Fig. S2). The excellent photostability is very useful
for biological imaging especially for long-term imaging or two-
photon biological imaging because of the photobleaching of small
organic dye. The fluroescent quantum yield (QY) is another
important parameter, which is critical for the biological imaging
application. In this work, we have examined the QY using
quinine sulfate as the reference dye. Our results suggested that
the QY of DATPE-poly(PEGMA-co-HEA) LONSs is as high as
19.3%. These remarkable fluorescent properties of DATPE-
poly(PEGMA-co-HEA) LONs make them be promising
candidates for biological applications.
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Fig. 3 The fluorescent excitation and emission spectra of DATPE-
poly(PEGMA-co-HEA) dispersed in water. The inset at the left is
DATPE-poly(PEGMA-co-HEA) directly dispersed in pure water
(regarding “star” as background to show great dispersibility of LONs in
water ), the right inset with strong green fluorescence of LONs in water
when they were irradiated by UV lamp at 365 nm. The fluorescent spectra
of DATPE-poly(PEGMA-co-HEA) LONs are well consistent with the
optical images. It can be seen that the maxmium emission peak of
DATPE-poly(PEGMA-co-HEA) LONSs is located at 496 nm when they
were excitated at the wavelength of 365 nm.

300 350 600

It is well known that the Schiff base can be responsed to the
pH.%" % As the pH decreased to a critical value, the Schiff base
will be degraded into amino and aldehyde groups. Over the past
few decades, the pH responsiveness of Schiff base has attracted
great research attention and widely explored for fabrication of
responsive materials for different biomedical applications, e.g.
pH responsive drug delivery carriers.’ To the best of our
knowledge, the pH responsive AIE active polymeric nanoprobes
has not fully investigated. Herein, pH responsiveness of DATPE-
poly(PEGMA-co-HEA) LONs was detailedly investigated using
fluorescent spectroscopy. As shown in Fig. 4, the maximum
emission peak of DATPE-poly(PEGMA-co-HEA) LONs was
located at 496 nm when the pH values of solutions are 9.4 and 7.4,
and the fluorescent intensity of DATPE-poly(PEGMA-co-HEA)
LONs showed only little difference. However, when the pH value
of solution decreased to 5.0, the emission peak was shifted to 481
nm, indicating that Schiff base in DATPE-poly(PEGMA-co-
HEA) LONs was destroyed in acid environment. When the pH
value was further decreased to 3.2, the emission peak was located
at 472 nm. Moreover, the fluorescent intensity of DATPE-
poly(PEGMA-co-HEA) LONs was significantly decreased. These
results suggested that AIE dye was completely detached from the
polymers, which resulted in the qucik precipitation of AIE dye
(Fig. S3). All of the above results clearly demonstrated that the
DATPE-poly(PEGMA-co-HEA) LONs possess desirable pH
responsiveness, which should be useful for design pH sensor and
drug delivery systems.

Due to their amphiphilic properties of DATPE-poly(PEGMA-
co-HEA), these copolymers are tended to self assemble into
nanoparticles, in which the hydrophobic AIE active dye was
encapsulated in their core, while the hydrophilic PEGMA was
covered on the shell. It is therefore DATPE-poly(PEGMA-co-

HEA) LONs showed strong flurorescence and high water
45 dispersibility due to their self assembly. The size and morphology
of DATPE-poly(PEGMA-co-HEA) LONs were characterized by
TEM. It can be seen that uniform spherical nanoparticles with
size ranged from 100-300 nm can be observed (Fig. S4). The size
distribution of DATPE-poly(PEGMA-co-HEA) LONs based on
so TEM images was calculated to be 223 + 31 nm. Furthermore, the
hydrodynamic size distribution of DATPE-poly(PEGMA-co-
HEA) LONs was determined by dynamic light scattering (DLS)
measurement. Our results suggested that the size of DATPE-
poly(PEGMA-co-HEA) LONSs in deionized water and phosphate
ss buffer solution (PBS) is 385.3 + 35.2 and 426.4 + 45.6 nm,
respectively. As compared with the TEM characterization, the
size distribution of DATPE-poly(PEGMA-co-HEA) LONs
determined by DLS is relativly large, which should be attributed

to the shrinkage of polymeric nanoparticles for TEM
60 characterization.
496 nm
—— pH=3.2
—— pH=5.0
——— pH=7.4
——pH=9.4

FL intensity / a.u.

L) !
500 550
Wavelength / nm
Fig. 4 The FL spectra of DATPE- poly(PEGMA-co-HEA) cross-linked
materials were respectively dispersed in aqueous solution with different
pH system, which was used to verify that successful formation of Schiff
65 base bond.

400 450 600

As a promising biomaterial, the excellent biocompatibility is
one of the most important requirement.”* * In this work, the
preliminary biocompatibility of DATPE-poly(PEGMA-co-HEA)
LONs with living cells was examined by the cell counting kit-8

70 (CCK-8) assay. As shown in Fig. S5, cell viability values don’t
significantly decreased after HeLa cells were incubated with
different concentrations of polymeric LONs (20-100 ug mL™") for
12 and 24 h. Furthermore, when the incubated concentration of
LONSs arrived to the 100 pg mL™, the cell viability was still more

7s than 94%. These results confirmed that DATPE-poly(PEGMA-
co-HEA) LONs possess great cytocompatibility. Considered the
uniform  nanoscale size, intense fluorescence, great
biocompatibility and water dispersibility, the cell imaging
applications of DATPE-poly(PEGMA-co-HEA) LONs were
so further investigated using CLSM. As shown in Fig. 5, the HeLa
cell uptake behavior for these AIE active LONs was evaluated by
CLSM. It can be seen that cells still kept their normal
morphology after incubated with DATPE-poly(PEGMA-co-
HEA) LONs, further confirming the biocompatibility of these
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polymeric LONs. On the other hand, even the concentration of
DATPE-poly(PEGMA-co-HEA) LONs is 20 pg mL", the cell
uptake of these AIE active LONs can still be observed by CLSM.
This should be attributed to the AIE properties of DATPE, which
showed strong fluoresence in its aggregation state. Moveover,
some black areas were around by the areas with strong green
fluorescence. These black areas should be the locations of cell
nucleus. Because these AIE active LONs have not surface
modified with targeting agents, they should be uptaken by cells
through the direct endocytosis route, which has been
demonstrated to be the common way for cell uptake. This
procedure has been suggested that dependent on the incubation
temperature, structure characteristic of nanomaterials and the
surface chemistry of nanoparticles.’™ ® Therefore, we believe
that DATPE-poly(PEGMA-co-HEA) LONs were entered into
cells through endocytosis and mainly distributed in the
cytoplasma. The Schiff base is a well known dynamic bond,
which can be responsed to pH change. The Schiff base can
degrade in acid environment and therefore is very useful for
design biomaterials for controlled drug release applications.* In
this work, the DATPE with two amino groups was served as the
linker to fabricate cross-linked AIE active polymeric nanoprobes.
As compared with the noncrosslinked ones, the dynamic
crosslinked polymeric nanoprobes are expected to overcome the
critical micelle concentration (CMC) of noncrosslinked
nanoprobes. On the other hand, they also have some advantages
for responsive cell imaging and drug delivery due to the pH
responsiveness of Schiff base. Therefore, these dynamic
crosslinked polymeric nanoprobes should be novel and more
promising nanotheranostics for the AIE properties of dyes and pH
responsiveness of Schiff base.

g iy
(A

20 pm

Fig. 5 CLSM images of HeLa cells incubated with 20 ug mL" of
DATPE-poly(PEGMA-co-HEA) LONs for 3 h. (A) cells were excited
with a 405 nm laser, (B) Bright fields, (C) merged images of (A) and (B).
Scale bar =20 pm.

Conclusion

In summary, we have explored an interesting strategy for
fabrication of AIE active LONs with uniform size, strong
fluorescence, great water dispersibility and biocompatibility
based on novel AIE dyes and functional polymers. The
synthesized polymeric LONs were formed via self assemably of
DATPE-poly(PEGMA-co-HEA) copolymers in water. In which
the hydrophilic segments were extended into water as the shell
while hydrophobic AIE dyes were encapsulated in the core.
Beside the stong fluorescence and high water dispersibility, these
polymeric LONs could also possess excellent biocompatibility,
which make them highly potential for various biomedical
applications. As compared with previous strategies, the method
described in this work has some advantages. For example, the
AIE active polymeric nanoprobes should be more stable than the
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ones fabricated by noncovalent methods. On the other hand, the
pH responsiveness of Schiff base can be used for controlled drug
release and possesses better biodegradable potential as compared
with the covalent ones. Taken together, we have described a
neoteric strategy for fabrication of dynamic cross linked AIE
active polymeric nanoprobes, which not only exhibited desirable
luminescent properties and dispersibility, but also possessed good
biocompatibility and pH responsive properties. These novel AIE
active polymeric nanoprobes will provide platforms for
fabrication of multifunctional nanosystems with better
performance for biomedical applications.
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Stumuli responsive AlE-active polymeric luminescent nanoprobes have been fabricated through
formation of dynamic bonds using AIE dye as the linker



