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/Abstract: A tetraphenylethene (TPE) derivative modified
with the strong electron acceptor 2-dicyano-methylene-3-
cyano-4,5,5-trimethyl-2,5-dihydrofuran (TCF) was obtained in
high yield by a simple two-step reaction. The resultant TPE-
TCF showed evident aggregation-induced emission (AIE) fea-
tures and pronounced solvatochromic behavior. Changing
the solvent from apolar cyclohexane to highly polar acetoni-
trile, the emission peak shifted from 560 to 680 nm (120 nm
redshift). In an acetonitrile solution and in the solid powder,
the Stokes shifts are as large as 230 and 190 nm, respective-
ly. The solid film emits red to near-IR (red-NIR) fluorescence
with an emission peak at 670 nm and a quantum efficiency

of 24.8%. Taking the advantages of red-NIR emission and\
high efficiency, nanoparticles (NPs) of TPE-TCF were fabricat-
ed by using tat-modified 1,2-distearoylsn-glycero-3-phos-
phor-ethanol-amine-N-[methoxy-(polyethyl-eneglycol)-2000]
as the encapsulation matrix. The obtained NPs showed per-
fect membrane penetrability and high fluorescent imaging
quality of cell cytoplasm. Upon co-incubation with 4,6-diami-
dino-2-phenylindole (DAPI) in the presence of tritons, the
capsulated TPE-TCF nanoparticles could enter into the nu-
cleus and displayed similar staining properties to those of
DAPI.

/

Introduction

The development of fluorogens with red and/or near-IR (NIR)
emission is nowadays one of the hottest topics of investigation
in the field of bio/chemosensors and bioimaging." Due to
their long emission wavelengths and large Stokes shifts, these
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kinds of fluorogens allow the excitation and emission wave-
lengths to penetrate deeper into tissues, cause less damage to
living cells than UV and visible wavelengths, and do not suffer
from the autofluorescence of biomolecules in the short wave-
length region.” Up to now, only a few such kinds of fluoro-
gens, including boron-dipyrromethene (BODIPY),® rhoda-
mine,” and squaraine®™ have been developed for biological ap-
plications. However, the development of efficient luminescent
materials with red to NIR emission and large Stokes shifts is
still challenging because most dyes are highly emissive in
dilute solution but become weakly luminescent or even none-
missive in the condensed phase; this can be attributed to the
formation of detrimental excimers and exciplexes. This so-
called aggregation-caused quenching (ACQ) problem must be
overcome because in some applications, it is necessary to use
fluorescent dyes in high concentration or in the solid state.

Recently, new types of fluorogens showing the aggregation-
induced emission (AIE) effect, which is the exact opposite of
the ACQ effect, have received much research attention be-
cause of their unique optical properties and extensive applica-
tions.” Since the first AlE-active dye was observed in 2001,"”
more and more molecules with AIE properties have been de-
signed and prepared. Among them, the derivatives with red
emission have been successfully applied in the fields of
chemo- and biosensors and cell imaging.”! For example, by
modifying the tetraphenylethene (TPE) core, one of the typical
AIE-gens, with perylene bisimide® and diphenylaminofumaro-
nitrile groups,® the obtained TPE derivatives were tested in
tumor targeting and noninvasive long-term cell-imaging stud-
ies.

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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It is necessary for more AlE-active molecules with long
emission wavelengths to be developed to meet application
needs, not only for bioimaging and highly sensitive chemosen-
sors, but also for the fabrication of full-color organic light-emit-
ting diodes. Unfortunately, reports of such AIE molecules, espe-
cially those containing TPE moieties, displaying both AIE and
large Stokes shift are still quite limited,¥ mainly due to the
difficulty in their design and synthesis.

Results and Discussion

The synthetic route to the TPE-TCF conjugate is shown in
Scheme 1. The detailed synthetic procedures and data of the
structure characterization are described in the Experimental
Section and Supporting Information (Scheme S1). The precur-
sor, the aldehyde-functionalized TPE derivative (TPE-CHO), was
prepared according to our previously published papers,"” and
TCF was easily obtained by a simple route (Scheme 1 and
Scheme S1 in the Supporting Information). The target com-
pound TPE-TCF was derived from a condensation reaction be-
tween the aldehyde group of TPE-CHO and the activated
methyl of TCF, which proceeded smoothly and efficiently
under mild conditions. The synthetic route to TPE-TCF is short
and it contains only two facile steps. As a result, the overall
yield of TPE-TCF was up to 72%, which is much higher than
other reported red-emissive AIE fluorogens, such as TPE-modi-
fied perylenebisimide,® " diphenylaminofumaronitrile,"" and
BODIPY units.” The structural characterization data of the
product by spectroscopic methods are given in the Experimen-
tal Section. The purity of the resultant products and intermedi-
ates has been confirmed by elemental analysis, 'H NMR,
3C NMR, and high-resolution mass (MALDI-TOF) spectroscopic
techniques (see Figures S1-S3, Supporting Information).

With the aim of obtaining the expected fluorogens, a novel
TPE derivative TPE-TCF has been designed and synthesized
(see Scheme 1). Our strategy is based on the following design
principles: Firstly, TPE is a typical AIE-gen that is widely used in
designing AIE derivatives."" It was therefore highly likely to
provide TPE-TCF with AIE properties. Secondly, the red-NIR
emissive fluorogens should have a large conjugated system.
The modifier of (2-(3-cyano-4,5,5-trimethylfuran-2(5H)-ylidene)-
malononitrile) (TCF) is a fully conjugated system and linking it
to the TPE core with a C=C double bond will extend the conju-
gation and lead to a redshifted emission. Thirdly, the TPE unit
is an electron donor (D) and the TCF group with three cyano
groups is a strong electron acceptor (A) thereby it can further
redshift the emission spectrum by D-A interaction. Such D-A
fluorophores often show the photophysical phenomenon
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known as twisted intramolecular charge transfer, which fea-
tures a redshifted emission color and a decreased emission in-
tensity with an increase in the polarity of the solvent.*&d |
addition, the highly efficient combination of the aldehyde
group and the activated methyl group provides a convenient
method for the synthesis of TPE-TCF.

The thermal properties of TPE-TCF were investigated by TGA
and differential scanning calorimetry (DSC) (see Figures S4 and
S5, Supporting Information). The results show that TPE-TCF
possesses high thermal stability with a decomposition temper-
ature (T,) of 358°C. The theoretical calculation result of TPE-
TCF is provided in the Supporting Information. As shown in
Figure S6, Supporting Information, the TPE-TCF molecule
mainly takes the HOMO and LUMO orbitals from the HOMO of
TPE and LUMO of TCF units, respectively. This indicates that
this molecule has pronounced D-A structure and the energy
gap between the HOMO and LUMO orbitals is as narrow as
2.50 eV (see Table S1, Supporting Information). This was corro-
borated by the results of cyclic voltammetry (CV) measure-
ments (Figure S7, Supporting Information).

According to our design rationale, integrating an electron
donor (D, TPE moiety) and an acceptor (A, TCF moiety) into
the same fluorophore should endow it with large dipole. Thus,
its photophysical properties correlate to the polarity of the mi-
croenvironment. Solvatochromism is a representative of photo-
physical properties, in which the emission color of the mole-
cule in solution depends on the solvent polarity."” We exam-
ined the effects of solvent polarity on the absorption and emis-
sion spectra of TPE-TCF and the results are displayed in Fig-
ure 1A and B, respectively. The absorption spectra of TPE-TCF
display next to no obvious changes upon changing the solvent
polarity. From the apolar solvent cyclohexane to highly polar
solvent acetonitrile, the absorption maxima only gave a small
shift.

On the contrary, under the same measurement conditions as
the absorption spectra, the recorded fluorescence (FL) spectra
of TPE-TCF display evident polarity dependence (Figure 1B). By
changing the solvent from apolar cyclohexane to highly polar
acetonitrile, the emission peak of TPE-TCF goes through an evi-
dent redshift of 1., from 560 to 680 nm, corresponding to
a redshift of 120 nm. Meanwhile, the emission intensity is dis-
tinctly decreased in ethanol and acetonitrile. The visual obser-
vations are displayed by the photographs in Figure 1D. These
behaviors clearly indicate a solvatochromic effect.

To describe the influences of solvent polarity on the emis-
sion behavior quantitatively, the Lippert-Mataga equation,"*”
which directly expresses the relationship between the Stokes
shift and the solvent polarity parameter (Af) was used. The

| . _ NaOH
o CN ethanol
O O CN
CHO TCF
TPE-CHO TPE-TCF cN
Scheme 1. Synthetic route to the target compound TPE-TCF.
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Figure 1. A) Normalized UV/Vis and B) fluorescence (FL) spectra of TPE-TCF in different solvents. The absorption maximum of each solution was chosen as its
excitation wavelength. C) Plot of Stokes shift of TPE-TCF in each solvent versus Af of the respective solvent. D) FL images of TPE-TCF solutions in different sol-
vents taken under UV light. Concentration: 10 pum; solvents: cyclohexane, toluene, 1,4-dioxane, chloroform, ethyl acetate (EA), THF, ethanol, and acetonitrile.

normalized line is given in Figure 1C. On one hand, the Stokes
shift is quite large: In acetonitrile, the shift is larger than
220 nm and in a less polar solvent, the Stokes shift is still over
150 nm. On the other hand, the data reveal an increasing ten-
dency of the Stokes shifts with the increase of the solvent po-
larity and the slope of the fitted line is 319.7, which indicates
a strong solvatochromic effect.

One of the photophysical properties that we are most inter-
ested in is whether the obtained TPE-TCF possess the inherent
AIE properties from the TPE moiety or not. We checked the AIE
character of TPE-TCF in THF/water mixtures, in which THF and
water are the solvent and nonsolvent for TPE-TCF, respectively.
It is a common procedure to verify AIE behavior in solvent/
nonsolvent mixtures, because aggregates can gradually form
when a suitable amount of nonsolvent is introduced into the
solution. The obtained experimental results are shown in
Figure 2. The absorption features of TPE-TCF show two trends
with the variation of the water fraction (f,, by volume%). As
shown in Figure 2A, the absorption maximum shows a small
redshift from 460 to 475 nm when f,, increases from 0 to 90 %.
Meanwhile, the absorbance remains unchanged when f,, is
lower than 60%; but it decreases gradually when f,, is over
70%. The decrease of absorption intensity can be explained by
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the formation of aggregates in THF/water mixtures. The aggre-
gates scatter the incident light and also reduce the number of
the molecules available for light absorption.

In THF solution, TPE-TCF emits red fluorescence with an
emission maximum at 630 nm (Figure 2B). This is quite satis-
factory to us because we attempted to derive red-NIR-emitting
fluorogens by using the strategy of introducing D and A moi-
eties into the same fluorogen. The fluorescent quantum effi-
ciency (@) of TPE-TCF in THF solution was measured to be
9.6%. When f,<70%, the emission of the TPE-TCF in THF/
water mixtures dramatically weakened and the emission spec-
trum redshifted (Figure 2B and C). When f,, was 70%, the fluo-
rescence of the system was merely negligible and its @; drop-
ped to lower than 1%. The decrease of the fluorescence inten-
sity can be ascribed to the twisted intramolecular charge-trans-
fer process, which prescribes the low emission efficiency of
a fluorogen with D-A structure in a highly polar solvent. The
redshift of the emission spectrum is ascribed to the solvato-
chromic effect. When f,, is over 70%, the fluorescence of the
system was intensified. The @; rises to 8.9% and the peak
emission wavelength shifts to 655 nm when f, is up to 90%.
The blue line in Figure 2C clearly shows this sharp transition.
This observation can be attributed to the aggregate formation.

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. A) UV/Vis and B) fluorescence (FL) spectra of TPE-TCF in the THF/water mixtures with different water fractions (fy). C) Plot of the changes of the
peak FL intensity (blue) and peak wavelength (4., black) of TPE-TCF with variation of f,,. D) Variation of @; of TPE-TCF with f,,. Concentration: 10 pM.A,:
460 nm. Inset of D): FL images for TPE-TCF in the THF/water mixtures taken under a UV lamp (4.,: 365 nm).

In solid film, the @, of TPE-TCF is 24.8% and the emission
peak appears at 670 nm (Figure S8, Supporting Information).
For solid-state data of red to NIR emitting organic dyes, this ef-
ficiency is quite high and satisfactory for applications in cell
staining and bioimaging.

Since it is insoluble in water, TPE-TCF cannot be directly em-
ployed as a fluorescent probe for cell staining. To solve this
problem we fabricated nanoparticles (NPs) by a modified
nanoprecipitation method™ using 1,2-distearoylsn-glycero-3-
phosphoethanolamine-N-[methoxy(poly-ethyleneglycol)-2000]

Tyr-Gly-Arg-Lys-Lys-Arg-Arg-GIn-Arg-Arg-Arg-Cys  TPE-TCF NP
C-term Cys modified HIV-1 tat protein(47-57)
3 ~
ANAAAANAANAANA, P
MW AN I R Y

DSPE-PEG 59-MI
Figure 3. An illustration of the fabrication of NPs loaded with TPE-TCF.
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(DSPE-PEG2000) modified with an HIV-1 tat protein (47-57) as
the encapsulation matrix to yield NPs with good biocompati-
bilities (Figure 3)." TPE-TCF NPs represent TPE-TCF-based NPs
that are formulated with polymers containing DSPE-PEG2000-
tat in the polymer matrix. During the NP formation, the hydro-
phobic DSPE segments tend to be embedded into the hydro-
phobic core while the hydrophilic PEG2000-tat chains extend
into the aqueous phase. Thus, TPE-TCF NPs have perfect water
solubility, which enables the possibility for them to be used in
bioimaging. Meanwhile, as the tat protein decorating the hy-
drophilic parts of the NPs is a widely used cell-penetrating
peptide, it can greatly enhance the membrane penetrability of
the NP-based materials.!"”

Laser light scattering was used to measure the diameter of
the synthesized TPE-TCF NPs (Figure 4A). The results suggest
that the NP sample has a narrow size distribution and the aver-
age hydrodynamic diameter is around 99 nm. The morphology
of the TPE-TCF NPs was studied by HR-TEM. The spherical
shape of TPE-TCF NPs can be clearly distinguished from the
black dots due to the high electron density of the TPE-TCF
molecules. The particle size is approximately 95-100 nm (inset
of Figure 4A and Figure S9, Supporting Information). The ab-
sorption and emission spectra of the TPE-TCF NPs in water are
depicted in Figure 4B . Both of the absorption and emission

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. A) Particle-size distribution of TPE-TCF NPs in water studied via
laser-light scattering. Inset: HR-TEM image of TPE-TCF NPs. B) Normalized UV
and FL spectra of TPE-TCF NPs in water.

spectral shapes are similar to those of the nanoaggregates
formed in the THF/water mixture with f,=90%, with the ab-
sorption and emission maxima of the former redshifted to 470
and 660 nm, respectively. As shown in Figure 4B, due to the
large Stokes shift, there is just a very small spectral overlap be-
tween the absorption and emission spectra of TPE-TCF NPs in
water. In addition, @; of TPE-TCF NPs is as high as 13.5%.
These properties are beneficial to bioimaging.

The in vitro cytotoxicity of the obtained TPE-TCF NPs has
been estimated against Hela cells using a Cell Counting Kit
(CCK8) cell-viability assay. The histogram shown in Figure S10,
Supporting Information, proves the low cytotoxicity of the AIE-
active TPE-TCF NPs. Based on these results, the effect of the
NPs’ cell imaging has been studied by confocal laser scanning
microscopy (CLSM). The details are provided in the Experimen-
tal Section. Figures 5 and 6 show the recorded images of Hela
cells after incubation with TPE-TCF NP suspensions in a culture
medium with and without 4,6-diamidino-2-phenylindole (DAPI)
for 2 h, respectively. All of the images were taken upon excita-
tion at 405 nm. As control experiments, we have done compa-
rative cell stain experiments under the same conditions and it

Chem. Eur. J. 2016, 22, 9784 -9791 www.chemeurj.org
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Figure 5. A) Confocal images of Hela cells incubated for 2 h at 37 °C without
TPE-TCF NPs.B) Confocal images of the cells after incubation with TPE-TCF
NPs for 2 h at 37 °C. The FL of TPE-TCF NPs was recorded at 600-700 nm
with excitation at 405 nm. Concentration of TPE-TCF NPs: 2 um.

Figure 6. Confocal images of the cells after incubation in the presence of
TPE-TCF NPs for 2 h at 37 °C recorded in the range of A) 450-490 nm and

B) 600-700 nm at an excitation wavelength of 405 nm. C) Confocal image of
Hela cells incubation for 2 h at 37 °C without TPE-TCF NPs. D) Overlapped
image of A and B. Concentration of TPE-TCF NPs: 2 um. The scale bar is the
same for all images.

was found that without tat-protein modification, the DSPE-
PEG2000-capsulated NPs could not enter into living cells, thus
both the cell-staining and fluorescent imaging failed (Fig-
ure S11, Supporting Information) These results indicated that
tat had been successfully modified onto the TPE-TCF NPs.

It is notable that no auto FL from the cell itself can be de-
tected under the same experimental conditions (Figure 5A).
After incubation with TPE-TCF NPs for 2 h, bright fluorescence
can be observed in the cell cytoplasm, which indicates that the
TPE-TCF NPs can go through the cell membrane smoothly.
Meanwhile, no FL can be detected in the cell nucleus, which
means that the NPs could not pass the nuclear membrane
(Figure 5B). The photograph also shows that the fluorescence
is quite bright and it covers almost all the cytoplasm part of

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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the cell. This observation demonstrates that TPE-TCF NPs
evenly distribute themselves within the cytoplasm.

To confirm that TPE-TCF NPs have not entered into the cell
nucleus, DAPI, a typical fluorescent dye for nuclear staining,
was used as a calibration to stain the cell nucleus. As shown
by the FL images in Figure 6A and B, bright blue (FL from
DAPI received at 450-490 nm) and red fluorescence (FL from
TPE-TCF NPs received at 600-700 nm) could be recorded in the
cell nucleus and partly observed in the cell cytoplasm when
TPE-TCF NPs and DAPI molecules were concomitantly used in
the cell staining process. Figure 6D displays the merged
images of Figure 6 and B, which indicates very good overlap-
ping. This result seems to be incompatible with that observed
in Figure 5. In fact, the treatment procedures in the two cases
are different. To let DAPI molecules penetrate into the nucleus
of the living cells, triton has to be added into the incubation
media to enlarge the size of the nuclear pore. Meanwhile, on
the surface of the NPs, each tat has six Arg residues. These
plentiful Arg residues make the TPE-TCF NPs positively charged
in aqueous media, which may be advantageous to the attrac-
tive interaction between TPE-TCF NPs and negatively charged
cell nucleus. However, without DAPI concomitantly existing in
the cell staining process, the control experiment suggested
that overlapping of the fluorescent and optical images for the
nucleus of the living cells is found only in rare cases (Fig-
ure S12, Supporting Information). Comparing the images in
Figure 6 with those demonstrated in Figure 5 and Figure S12,
in the presence of DAPI and triton, it can be seen that DAPI
plays a helpful role for the interaction between TPE-TCF NPs
and the cell nucleus. This interesting research topic is undergo-
ing further investigation.

Conclusion

In summary, an AlE-active fluorescent dye, TPE-TCF, has been
prepared. Its emission spectrum covers the red and partial NIR
region and the emission maximum shifts from 630 to 670 nm
from when in a THF solution to the solid film. The quantum ef-
ficiency of the solid film is as high as 24.8%. In comparison
with previously reported AlE-active red-NIR emission dyes, the
synthetic route to TPE-TCF is short, containing only two simple
steps. Thus, the total yield is as high as 72%. TPE-TCF exhibits
an intramolecular charge-transfer from the TPE core to the TCF
unit, which leads to a pronounced solvatochromic effect and
a 120 nm redshifted emission from apolar to highly polar sol-
vents has been recorded. Taking the advantage of the red-NIR
emission and high quantum yield, TPE-TCF was tested in cell-
imaging studies. By loading the dye molecules into the mi-
celles built from the amphiphilic copolymer DSPE-PEG2000-tat,
TPE-TCF NPs have been fabricated. The NPs are spherical in
shape with a diameter of about 100 nm and a narrow particle-
size distribution. They are red fluorescent with an emission
peak at around 660 nm and a Stokes shift as large as 190 nm.
After incubation with Hela cells for 2 h, the confocal images
show that TPE-TCF NPs are evenly internalized in the cell cyto-
plasm. Upon co-incubation with DAPI (an organic dye that is
typically used for staining cell nuclei), TPE-TCF NPs demonstrat-
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ed a trend to concentrate in the nuclear region. Reasonably,
we can expect that this can be applied in more bioimaging sit-
uations when the NPs are decorated with different modifiers
besides the tat peptide.

Experimental Section
Materials

4-Bromobenzophonene and diphenylmethane were purchased
from Alfa Aesar. nBuli, N-formylpiperdine, malononitrile, magnesi-
um ethoxide, and 3-hydroxy-3-methylbutan-2-one were purchased
from J&K. 1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-N-
[maleimide(poly- ethylene glycol)-2000] (DSPE-PEG2000-Maleimide)
was purchased from Avanti, HIV-1 tat protein(47-57)-Cys (Tyr-Gly-
Arg-Lys-Lys-Arg-Arg-GIn-Arg-Arg-Arg-Cys), DAPI and Cell-culture
products were purchased from Invitrogen Gibco. Other reagents
including p-toluene-sulfonic acid (TsOH), magnesium sulfate, am-
monium chloride, toluene, ethanol, ethyl acetate (EA), petroleum
ether (PE), and dichloromethane (DCM) were purchased from Sino-
pharm Chemical Reagent Co., Ltd. THF was distilled under normal
pressure from sodium benzophenone ketyl under nitrogen imme-
diately prior to use.

Instrumentation

'H and "“CNMR spectra were measured on a Mercury plus
400 MHz NMR spectrometer in CDCl; with tetramethylsilane (TMS;
0=0ppm) as the internal standard. Elemental analysis was per-
formed on a ThermoFinnigan Flash EA1112 apparatus. UV absorp-
tion spectra were taken on a Varian CARY 100 Biospectrophotome-
ter. PL spectra were recorded on a spectrofluorophotometer (RF-
5301PC, SHIMADZU, Japan). SEM images were taken on a JSM-
5510 (JEOL, Japan) scanning electron microscope. Fluorescent
images were taken with a Zeiss Axiovert 200 inverted microscope
equipped with a 100xo0il immersion objective with a numerical
aperture of 1.4 and an Ebqg 100 Isolated electronic ballast for mer-
cury vapour compressed-arc lamps. TGA spectra were recorded on
a DSCQ 1000 (TA, USA) calorimeter. The morphology of the NPs
was studied by using a HR-TEM (JEM-2010F, JEOL, Japan). The aver-
age particle size and size distribution of the NPs were determined
by laser light scattering with particle-size analyzer (90 Plus, Broo-
khaven Instruments Co. USA) at a fixed angle of 90° at room tem-
perature. The cell images were taken on an upright Olympus laser
scanning confocal microscope (FV1000).

Synthesis of 2-(3-cyano-4,5,5-trimethylfuran-2(5H)ylidene)-
malononitrile (TCF)

Malononitrile (5.9 g, 90 mmol) and magnesium ethoxide (3.8 g,
34 mmol) were added into a 100 mL two-necked round-bottomed
flask under nitrogen. 3-Hydroxy-3- methylbutan-2-one (3.2 mL,
30 mmol) and then 30 mL of ethanol were injected into the flask
and the temperature was increased to 60 °C. After stirring at 60°C
for 8 h, the mixture was cooled to room temperature and then
evaporated. After that, 100 mL of DCM was added into the system
and the mixture was filtered. The filtrate was washed with brine
and dried over anhydrous magnesium sulfate. After filtration and
solvent evaporation, the residue was purified by silica gel column
chromatography, using DCM as the eluent and was then recrystal-
lized from ethanol. TCF (8.2 g) was obtained as a yellow crystal in
68.0% yield. '"HNMR (400 MHz, CDCly): =237 (s, 3H, CH,),
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1.63 ppm (s, 6H, CH;); CNMR (100 MHz, CDCl): 6=182.69,
175.25, 111.06, 110.45, 109.00, 104.78, 99.83, 24.38, 14.24 ppm.

Synthesis of 2-(3-cyano-5,5-dimethyl-4-(4-(1,2,2-triphenylvi-
nyl)styryl)furan-2(5H)ylidene)malononitrile (TPE-TCF)

4-(1,2,2-Triphenylvinyl)benzaldehyde (TPE-CHO) was synthesized
according to our previously published paper."® A mixture of TPE-
CHO (0.74 g, 2.0 mmol), TCF (0.50 g, 2.5 mmol), and NaOH (4.2 mg)
were added into a 100 mL two-necked round-bottomed flask. The
flask was evacuated under vacuum and flushed with dry nitrogen
three times. Ethanol (25 mL) was injected into the flask and the
mixture was refluxed overnight. After the reaction had been com-
pleted, the mixture was extracted with DCM. The organic layer was
washed with brine and dried over anhydrous magnesium sulfate.
After filtration and solvent evaporation, the residue was purified by
silica gel column chromatography, using PE/DCM/EA (200:100:1 by
volume) as the eluent. TPE-TCF (0.78 g) was obtained as a bright-
red solid in 72% yield. "H NMR (400 MHz, CDCl,): 6 =7.56-7.52 (d,
1H, CH), 7.39-7.36 (d, 2H, Ar H), 7.16-7.00 (m, 17H, Ar H), 6.92—
6.97 (d, TH; CH), 1.77 ppm (s, 4H, CHs); *C NMR (100 MHz, CDCl,):
0=175.55, 174.10, 149.61, 147.31, 143.64, 143.32, 143.21, 143.08,
139.85, 132.77, 131.98, 131.57, 131.48, 128.79, 128.24, 128.22,
127.99, 127.43, 127.22, 114.63, 111.92, 111.15, 110.47, 99.80, 97.83,
26.74 ppm; HRMS (MALDI-TOF) m/z: [M]1*; elemental analysis calcd
(%) for CigH,,N;O: 541.2154; found: 541.2150 (see Figure S3, Sup-
porting Information); elemental analysis calcd (%) for C;gH,,N;0: C
84.26, H 5.02, N 7.76; found: C 84.02, H 4.90, N 7.71.

Synthesis of TPE-TCF NPs

A THF solution (1 mL) containing 1 mg of TPE-TCF and 2 mg of
DSPE-PEG2000-Maleimide was added into 9 mL of water drop by
drop at room temperature. This was followed by sonicating the
mixture for 60 s at 12 W output by using a microtip probe sonica-
tor (XL2000, Misonix Incorporated, NY). The obtained solution was
filtered over a 0.22 um syringe-driven filter and the filtrate was
stirred at room temperature for 12 h to evaporate the THF. Then,
2 mL of the emulsion was added into 8 mL of water that contained
0.7 mg of Tat-cys. The mixture was stirred at room temperature for
another 12 h and then dialyzed by a 3500 Mw dialysis tube for
2 days to get the products.

Cell culture and imaging

Hela cells (human cervical carcinoma cell lines) were cultivated in
Dulbecco minimum essential media (DMEM) with 10% fetal bovine
serum (FBS), 1% penicillin, and 1% amphotericin B. One day
before the treatment, the cells were seeded in 35 mm cultivation
dishes at a confluence of 70-80%. For cell imaging, a 200 uL aque-
ous solution of the TPE-TCF nanoparticles was added into the cell
plate with Hela cells and incubated for 2 h. After that, the cells
were gently washed thrice with phosphate-buffered saline (PBS,
pH 7.4, 10 mm) and fixed by paraformaldehyde for 15 min under
4°C. Then, triton was added in to the cell plate and it was kept at
4°C for 15 min to increase the permeability of the cell membrane.
Lastly, DAPI was added and the cell plate was kept in a dark place
for 10 min at room temperature. Then the cells were imaged with
FV1000.

Viability analysis

Hela cells were kept in Dulbecco’s modified eagle’s medium
(DMEM; Gibco) supplemented with 10% fetal bovine serum (FBS;
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Hyclone) at 37 °C and 5% CO,. The effect of TPE-TCF NPs on cell vi-
ability was determined using a WST-8 cell counting kit (CCK-8, Do-
jindo Laboratories in Japan). Briefly, cells were seeded in 96-well
plates at 2000 cell/per well. After incubation for 24 h, cells were
treated with TPE-TCF NPs and incubated for another 24 h. Lastly,
the cells were added to the CCK8 reagent with a measured optical
density (OD) of 450 nm to evaluate cell viability.
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