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ABSTRACT: Temperature-sensitive organic nanoparticles with
AIE effect were assembled in water from tetraphenylethene-
based poly(N-isopropylacrylamide) (TPE-PNIPAM), which was
synthesized by ATRP using TPE derivative as initiator. The size
and fluorescence of TPE-PNIPAM nanoparticles can be tuned
by varying the temperature. These nanoparticles can be
internalized readily by HeLa cells and can be used as long-
term tracer in live cells to be retained for as long as seven

passages.
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1. INTRODUCTION

Compared with other bioimaging techniques, fluorescent
imaging displayed more advantages of high sensitivity, easy
operation, and cost-effectiveness. Using fluorescent imaging
techniques to trace cellular processes over a long period of time
is significant for biological or medical researchers because they
provide some important information about cell transplantation,
migration, division, fusion, and 1ysis.4_8 So, development of
long-term cellular tracers has attracted great effort in recent
years and resulted in different fluorescent probes. For example,
quantum dots (QDs), one kind of inorganic nanoparticle, have
been used as cellular tracer to stay in cytoplasm for about six
generations with high emission and good photostability.”
However, their heavy metal constituents with potential
cytotoxicity limited their application in vivo.'® In comparison
to inorganic QDs, fluorescent organic nanoparticles should be
important alternatives because of their ready availability, easy
functionality and good biocompatibility.'' ™" However, the
fluorescence of organic nanoparticles functionalized from
conventional organic fluorophores or conjugated polymers is
often weakened or annihilated in the aggregated state because
of the aggregation-caused quenching (ACQ) effect."® Fortu-
nately, Tang et al. discovered a novel kind of fluorophores with
aggregation-induced emission (AIE) properties."” > These
AIE fluorogens are nonfluoresent in solutions but become
highly fluorescent in aggregation state. So far, different AIE-
based organic nanoparticles for application of long-term cellular
tracing have been developed by coassembly of AIE molecules
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with surfactants by multistep procedures. Recently, tetraphe-
nylethene (TPE)**™>" attached onto chitosan (CS) resulted in
TPE-CS bioconjugates, which spontaneously cluster into
microparticles inside live cells as long-term cellular tracer.**
Using different polymers by different synthetic methods to
develop novel AIE-based organic nanoparticles undoubtedly
afford new opportunities to hunt novel long-term cellular
tracers. However, such reports are scattered.**>*

Poly(N-isopropylacrylamide) (PNIPAM),***¢ a temper-
ature-sensitive synthetic polymer, undergoes a transition from
hydrated coil to dehydrated granule in water at its lower critical
solution temperature (LCST) about 32 °C. With the
temperature-sensitivity and good biocompatibility, PNIPAMs
have been utilized widely in biotechnology, especially in drug
delivery systems, temperature-targeted therapy materials, tissue-
engineering materials, and so on>"™%° Recently, we utilized
PNIPAM to construct a series of novel drug delivery systems
and imaging contrast agent with the temperature-sensitive
properties.**~**

Herein, we utilized TPE derivative as initiator to synthesize
PNIPAM by atom transfer radical polymerization (ATRP). The
obtained TPE-PNIPAM (Figure 1) displayed AIE properties
and assembled into nanoparticles in water. The size and
fluorescence of these TPE-PNIPAM nanoparticles are temper-
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Figure 1. Schematic representation of the formation of nanopaticles from TPE-PNIPAM.

ature-sensitive. Moreover, these TPE-PNIPAM nanoparticles
can be readily internalized by HeLa cells and trace the living
cells for as long as seven passages.

2. EXPERIMENTAL SECTION

2.1. General Information. Materials obtained commercially were
used without further purification. '"H NMR spectra were recorded on a
DMX600 NMR. UV spectra were recorded on SHIMADZU UV-
2041PC spectrometer. Emission spectra were obtained on HITACHI
F-4500 spectrometer. TEM studies were conducted on a Tecnai G220
electron microscope.

2.2. Synthesis of 1. Under argon atmosphere, dihydroxytetraphe-
nylethylene (365 mg, 1 mmol) 1, 4-dibromobutane (648 mg, 3 mmol),
and K,CO; (445 mg, 3 mmol) were combined in a 100 mL flask.
Acetone (20 mL) was added by syringe. The reaction mixture was
refluxed for 10 h and then cooled and partitioned between CH,Cl, (50
mL) and H,0 (40 mL). The resulting mixture was separated, and the
aqueous layer was extracted twice with CH,Cl, (20 mL). The
combined organics were dried over anhydrous Na,SO,, filtered, and
concentrated in vacuo. The residue was purified by column
chromatography (petroleum ether/CH,Cl,, 3/1) to afford 1 as
white solid (250 mg, 39.4%). 'H NMR (600 MHz, CDCL): &
7.06—7.11 (m, 6H), 7.02 (d, ] = 6 Hz, 4H), 6.92 (d, J = 12 Hz, 4H),
6.61 (d, ] = 12 Hz, 4H), 391 (d, ] = 12 Hz, 4H), 3.47 (d, ] = 12 Hg,
4H), 2.04 (m, 4H), 1.90 (m, 4H). EI-MS: m/z 634 (M"). Anal. calcd
for CigHyo: C, 64.37; H, 5.40. Found: C, 64.52; H, 5.26.

2.3. Synthesis of TPE-PNIPAM. Compound 1 (32 mg, 0.0S
mmol), N-isopropylacrylamide (1.13 g, 10 mmol), DMSO 4 mL and
isopropanol (4 mL) were added in a Schlenk tube with a stirrer. The
Schlenk tube was frozen with liquid nitrogen for S min and degassed
via standard freeze—pump—thaw cycles three times. In the thawed
state, Me,TREN (S0 uL) was added below the liquid level, the tube
was frozen with liquid nitrogen for S min, and CuCl (20 mg) was
added. The tube was capped, evacuated for 2 min, and backfilled with
nitrogen for S min. The reaction mixture was stirred at 20 °C for 24 h,
dialyzed for 3 days, and then freeze-dried 3 days to give the product
(300 mg).

2.4. Cell Culture. Cells of the human cervical carcinoma cell line
HeLa were purchased from Type Culture Collection of the Chinese
Academy of Sciences (Shanghai, China). The cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM; Hyclone, Logan, UT)
containing 10% fetal bovine serum (FBS, Gibco, Grand Island, NY),
penicillin (100 U/mL) and streptomycin (100 pg/mL) at 37 °C in 5%
CO, in a humidified atmosphere.

2.5. Cytotoxicity Study. HeLa cells were seeded in 96-well plates
at a density of 6000 cells/well. After incubation overnight, cells were
treated with different concentrations of TPE-PNIPAM for different
time courses. The cells were washed with PBS, and then MTT solution
(5 mg/mL, 20 uL) was added to the cells in each well. Plates were
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incubated for an additional 4 h at 37 °C. The medium containing
MTT was removed, and dimethyl sulfoxide (DMSO; 150 uL) was
added to dissolve the formazan crystals formed by living cells.
Absorbance was measured at 488 nm using a Labsystems iEMS
microplate reader (Helsinki, Finland).

2.6. Long-Term Cellular Imaging. HeLa cells were seeded in 35
mm cell-culture dishes and incubated overnight. The cells were treated
with 100 ug/mL TPE-PNIPAM, washed with phosphate buffered
saline (PBS) twice and the image was then taken after 24 h incubation
(referred to as the first passage) using Olympus FV1000 confocal
microscope (Olympus, Tokyo, Japan) with excitation at 405 nma and
emission at 460—480 nm. After that, the cells were collected, and 25%
of the cells were transferred to a new dish with fresh cell culture
medium. Another image was taken after 48 h incubation (referred to as
the second passage). The process was repeated every 2 days and for as
long as 7 passages. For quantitative analysis of the intracellular
concentration of TPE-PNIPAM, the cells at different passages were
harvested and subjected to flow cytometric analysis (FCS00, Beckman
Coulter, Fullerton, CA).

3. RESULTS AND DISCUSSION

The synthesis of TPE-PNIPAM was depicted as shown in
Scheme S1 (Supporting Information). The starting TPE
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Figure 2. '"H NMR spectrum of TPE- PNIPAM in d,-MeOH; signals
are ascribed to (a) the aromatic protons of the benzyl group, § =
6.67—8.03 ppm; (b) the methine proton in the isopropyl group, § =
4.01 ppm; (c) the methylene protons in the backbone, § = 1.62—2.12
ppm; and (d) the protons of the methyl groups, § = 1.19 ppm. The
solvent and water peaks are noted with asterisks (*).

derivative 1 was synthesized by the reaction of dihydroxyte-
traphenylethylene 2*' with 1,4-dibromobutane. This initiator
contains two arms for the construction of macromolecule TPE-
PNIPAM by ATRP under the catalyst system of CuCl/
Me(TREN in solution of DMSO/i-PrOH at room temperature
for 24 h. The resultant TPE-PNIPAM was purified by dialysis
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Figure 3. (a) Fluorescent spectra of TPE-PNIPAM in THF/water system with different water contents (320 nm, [TPE-PNIPAM] = 0.5 mg/mL).
(b) Change of fluorescent intensity of TPE-PNIPAM in THF/water system at 480 nm. (c) Photographs of TPE-PNIPAM solutions under UV light
(365 nm).
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Figure 4. (a) Photographs of TPE-PNIPAM solutions in THF or water under irradiation of laser point. (b) Hydrodynamic size with concentration
of 0.5 mg/mL. (c) TEM image of TPE-PNIPAM nanoparticles. Scale bar: 1 ym.
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Figure 5. (a) Photographs of TPE-PNIPAM solutions in water at (left) 20 °C and (right) SO °C. (b, red line) Tansmittance and (blue line)
hydrodynamic size vs temperature for TPE-PNIPAM in water (0.5 mg/mL).

in deionized water and characterized by standard spectroscopic The GPC data indicated that the molecular weight (M,) of
methods. TPE- PNIPAM was 32 kDa with polydispersity index (PDI) of
3422 DOI: 10.1021/am509161y
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Figure 6. (a) Cell viabilities of HeLa cells treated with different
concentrations of TPE-PNIPAM for 48 h by MTT assay. (b) Confocal
microscope images of HeLa cells stained with TPE-PNIPAM (100 ug/
mL) at different passages. The scale bar is 25 ym. (c) The fluorescence
intensity of TPE in HeLa cells stained with TPE-PNIPAM (100 ug/
mL) at different passages by flow cytometry. Data as mean values +
SD (n = 3).

1.9. '"H NMR spectrum of TPE-PNIPAM in d4-MeOH is
shown in Figure 2. The signals at 6 = 6.67—8.03, 4.01, 1.62—
2.12, and 1.19 ppm are ascribed to the aromatic protons of the
benzyl group, the methine proton in the isopropyl group, the
methylene protons in the backbone, and the protons of the
methyl groups, respectively. From FT-IR spectrum of the
obtained TPE-PNIPAM, we can clearly observe the amide
carbonyl stretching band and N—H bending vibration at 1650
and 1548 cm™, respectively. Combining these results with the
results of GPC, 'H NMR, and FT-IR, we can conclude that the
formation of TPE-PNIPAM via ATRP is successful.

The AIE properties of TPE-PNIPAM were investigated in
THEF/water system. As shown in Figure 3, the TPE-PNIPAM
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was nonemissive at 480 nm when dissolved in THF. When
water, the poor solvent for TPE, was added to 90%, the
emission became visible. Especially, the fluorescence spectrum
displayed a significant enhancement when TPE-PNIPAM was
dispersed in pure water. Moreover, the TPE-PNIPAM
displayed remarkable photostability, and no obvious fluorescent
blenching was observed after irradiated under UV lamp (365
nm) for 0.5 h.

Different with in THF solution, the TPE-PNIPAM can be
assembled into nanoparticles in aqueous media with Tyndall
effect because of its amphiphilic properties, in which the
hydrophobic TPE aggregated in the core and the hydrophilic
PNIPAM extended into water at room temperature (Figure
4a). With concentration of 0.5 mg/mL, dynamic light scattering
displayed that the hydrodynamic size of these nanoparticles was
maintained at ~200 nm (Figure 4b). Transmission electron
microscopy (TEM) experiments displayed the TPE-PNIPAM
nanoparticles with a size distribution of 100—300 nm (Figure
4c).

PNIPAM is a well-known thermoresponsive polymer with
lower critical solution temperature (LCST) at 32 °C in aqueous
media. To investigate the LCST behavior of our TPE-
PNIPAM, an aqueous solution of this polymer was heated to
50 °C. Due to the transition from hydrated coil to dehydrated
granule of PNIPAM, the transparent solution at room
temperature underwent an abrupt change in turbidity when
the temperature reached the LCST (Figure Sa). From the
results of transmittance and the hydrodynamic size change with
temperature, a cloud point of 34 °C was observed, which is
consistent with LCST values of other PNIPAM derivatives
(~32 °C; Figure Sb).

The fluorescence change of TPE-PNIPAM with temperature
in water was shown in Figure S3 (Supporting Information).
The fluorescent intensity decreased with increasing temper-
ature, although a slope change is recorded at 34 °C. In the
aggregated nanoparticles of TPE-PNIPAM, increasing temper-
ature quickened the molecular motions and intramolecular
rotations and resulted in the continuous decrease in fluorescent
intensity, although hydrophobic globulation effects were
existent. These similar behaviors could be observed in Tang’s
P1b and Plc, the copolymers of TPE with NIPAM.*

For the biomedicine application, the cytotoxicity of TPE-
PNIPAM was evaluated by the 3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyltetrazolium bromide (MTT) assay in HeLa cells. As
shown in Figure 6a, no cytotoxicity was found even when HeLa
cells were treated with TPE-PNIPAM at the concentration of
200 pug/mL for 48 h. With the characteristic of AIE
fluorescence, the TPE-PNIPAM might be used as a fluorescent
agent for cellular imaging. As shown in Figure 6b, TPE could be
readily detected in HeLa cells after 24 h incubation (the first
passage). It was known that conventional fluorophores were
rarely retained in the live cells for a long time and extruded to
the culture media due to the reverse extra- and intracellular
concentration gradient during the passage processes, which
made them unsuitable for long-term cellular tracing. To
evaluate whether TPE-PNIPAM could be used as a probe to
trace the cells long-term, the cells treated with TPE-PNIPAM
were repeatedly passaged every 2 days, and the intracellular
fluorescence of TPE-PNIPAM in every passage was determined
by confocal microscope and flow cytometry. The results
showed that the stained cells can retain the strong fluorescence
intensities during a long period of 15 days. Over 40% of
fluorescence remained for as long as 7 passages (Figure 6c).
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These data suggested that TPE-PNIPAM nanoparticles might
be an ideal long-term fluorescent cellular tracer.

4. CONCLUSION

In summary, we have developed a novel method for synthesis
of TPE-based temperature-sensitive PNIPAM by ATRP. The
obtained TPE-PNIPAM can be assembled into fluorescent
organic nanoparticles with the size of about 200 nm and with
LCST of 34 °C in water. Moreover, the size and fluorescence of
the nanoparticles can be tuned by changing temperature. The
nanoparticles emitting strong blue-green fluorescence can be
readily internalized by HeLa cells with no cytotoxicity and
permit the stained cells to be traced for as long as 7 passages.
Further research on TPE-PNIPAM in the fields of bioimaging
and novel drug-delivery systems is underway.
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Scheme of synthesis of TPE-PNIPAM, 'H spectrum of 1, IR
spectrum of TPE-PNIPAM, and fluorescent spectra of TPE-
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