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ABSTRACT: Cyano-substituted diarylethlene derivatives R-
OMe (-H, -CF,;) with different peripheral substituted groups
were synthesized in high yield. Water-soluble red fluorescent
organic nanoparticles (FONs) could be facilely prepared from
them via hydrophobic interaction with polyoxyethylene—-
polyoxypropylene—polyoxyethylene triblock copolymer (Plur-
onic F127). The optical properties and surface morphology of
the synthesized FONs were characterized, and their bio-
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compatibilities as well as their applications in cell imaging were further investigated. We demonstrate that such red FONs exhibit
antiaggregation-caused quenching properties, broad excitation wavelengths, excellent water dispersibilities, and biocompatibilities,

making them promising for cell imaging.

KEYWORDS: cyano-substituted diarylethlene derivatives, red fluorescent organic nanoparticles, antiaggregation-caused quenching,

broad excitation wavelength, cell imaging

1. INTRODUCTION

The development of optical probes for bioimaging and
biomedical applications has attracted considerable research
interest over the past few decades.' Red/near-infrared (R/NIR,
> 600 nm) emission of optical cellular probes is highly desirable
for biological applications thanks to their particular advantages
of low optical absorption and autofluorescence in biological
media.>® So far, a diversity of fluorescent materials, including
fluorescent inorganic nanoparticles (FINS),4’5 fluorescent
proteins,® and organic dyes,” has been used as R/NIR
bioprobes. However, most of them often suffer from notorious
disadvantages, which severely limits their practical biomedical
applications. For example, the usage of fluorescent proteins is
often restricted because of the high cost, low molar absorptivity,
and low photobleaching thresholds.® The vast majority of
organic dyes are intrinsicly hydrophobic and unstable in
biological media.” Quantum dots and FINs are often toxic to
living organisms due to their heavy metal toxicity and
nonbiodegradable feature.'® Compared with the currently
used optical bioprobes, fluorescent organic nanoparticles
(FONs) have recently received increasing attention owing to
their biodegradation potential and flexible synthetic approaches
of these small organic molecules."'™"* Various FONs including
polydopamine nanoparticles, fluorescent conjugated 5poly-
mers,"* " self-assembled fluorescent nanoparticles,”> > and
aggregation-induced-emission (AIE) or aggregation induced
emission enhancement (AIEE) materials have been successfully
prepared in recent years.”*">* It is worth noting that AIE or
AIEE based FONs have extraordinary antiaggregation-caused
quenching (anti-ACQ) effect compared to the traditional
organic dyes. A wide variety of AIE or AIEE units such as
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siloles,* cyano-substituted diarylethylene,*®*” tetraphenyle-

3741 triphenylethene,*** and distyrylanthracene deriv-
conjugated molecules has been utilized for chemo-
sensors and bioimaging applications.

In the previous report, we have demonstrated that mixing
AIE dyes with a commercial surfactant (Pluronic F127) could
facilely encapsulate the hydrophobic AIE dye to form
hydrophilic FONs.* The obtained FONs are promising for
cell imaging and have excellent biocompatibility. However, the
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maximum emission wavelength of these FONSs is less than 540
nm, which is not long enough to avoid interference of the body
optical absorption, light scattering, and autofluorescence of
biological media, thus limiting their practical bioimaging
applications. Therefore, preparation of R/NIR FONs in a
facile way is still highly demanded.

In this work, three cyano-substituted diarylethlene derivatives
R-OMe (-H, -CF;) with different peripheral substituted groups
were synthesized in high yield and then facilely prepared as red
FON:ss via hydrophobic—hydrophilic interactions with Pluronic
F127 (Scheme 1). The surface morphologies, water solubilities,
and optical properties of these FONs were characterized, which
showed good water dispersibilities and anti-ACQ_properties.
The biocompatibilities and cell uptake behavior of such red
FONs were further examined to investigate the potential
biomedical applications.
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Scheme 1. Schematic Illustration of the R-OMe (-H, -CF;)
FONSs Preparation Procedure and Their Utilization for Cell
Imaging
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2. EXPERIMENTAL SECTION

2.1. Materials and Measurements. Thiophene, 3-
(bromomethyl)heptane, thiophene-2-carboxylic acid, thionyl chloride,
dimethylamine, n-butyllithium, stannic chloride, 2-(4-methoxyphenyl)-
acetonitrile, 2-phenylacetonitrile, 2-(4-(trifluoromethyl)phenyl)-
acetonitrile, and tetrabutyl ammonium hydroxide (0.8 M in methanol)
were purchased from Alfa Aesar company and used as received. All
other agents and solvents were purchased from Aladdin Industrial
Corporation and used without further purification. Tetrahydrofuran
(THF) was distilled from sodium/benzophenone. Ultrapure water was
used in the experiments. Intermediates 1, 2, and 3 (Scheme 2) were
prepared according to the literature methods.*”*°

Scheme 2. Synthetic Route of the Cyano-Substituted
Diarylethlene Derivatives R-OMe (-H, -CF;)
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"H NMR and *C NMR spectra were measured on a JEOL 400
MHz spectrometer [CDCI, as solvent and tetramethylsilane (TMS) as
the internal standard]. Standard MS was obtained on ZAB-HS mass
spectrometry or BRUKER micrOTOF-Q_II high resolution mass
spectrometry. The Fourier transform infrared (FT-IR) spectra were
obtained in a transmission mode on a Perkin-Elmer Spectrum 100
spectrometer (Waltham, MA, USA). Typically, 4 scans at a resolution
of 1 em™ were accumulated to obtain one spectrum. UV—visible
absorption spectra were recorded on a UV/vis/NIR Perkin-Elmer
lambda750 spectrometer (Waltham, MA, USA) using quartz cuvettes
of 1 cm path length. Fluorescence spectra were measured on a PE LS-
55 spectrometer with a slit width of 3 nm for both excitation and
emission. The fluorescence quantum yield values (®p) of the FONs
were estimated using quinine sulfate in 0.1 N H,SO, (®p = 54.6%) as
standard. Transmission electron microscopy (TEM) images were
recorded on a JEM-1200EX microscope operated at 100 kV; the TEM
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specimens were made by placing a drop of the FONs suspension (100
ug mL™") on a carbon-coated copper grid. The size distributions
measurement of the FONs in phosphate buffer solution (PBS) were
determined using a zeta Plus apparatus (ZetaPlus, Brookhaven
Instruments, Holtsville, NY).

2.2. Synthesis of 4. 3 (458 mg, 0.79 mmol) was dissolved in
anhydrous THF (40 mL) under Ar atmosphere; then, the solution was
cooled to —78 °C, and 0.79 mL of n-BuLi (2.5 mol/L in THF) was
added, allowing the mixture to react for 1 h with the temperature being
raised to room temperature. Then, the mixture was cooled to —78 °C
again. Hereafter, 0.3 mL of DMF was added dropwise to the solution
for 0.5 h. The solution was stirred at room temperature for 3 h; then,
water was added to quench the reaction. The resulting mixture was
extracted by dichloromethane. Purification was carried out by column
chromatography on silica gel using petroleum ether—dichloromethane
(2:1, V/V) as eluent to obtain 4 as orange-red solid (0.35 g, yield
70%). "H NMR (400 MHz, CDCl,) & (ppm): 0.89—1.00 (m, 12H,
—CH;), 1.29-1.49 (m, 16H, —CH,-), 1.62—1.78 (m, 2H,
(methylene),C—H), 2.89 (d, 4H, ] = 6.8 Hz, thienyl-CH,—), 6.95
(d, 2H, J = 3.6 Hz, thienyl-H), 7.34 (d, 2H, J = 3.6 Hz, thienyl-H),
8.36 (s, 2H, thienyl-H), 10.10 (s, 2H, —CHO); *C NMR (100 MHz,
CDCl;) & (ppm): 184.8, 147.6, 145.3, 1414, 138.0, 135.0, 134.2,
128.8, 127.8, 126.0, 41.5, 34.3, 32.6, 29.0, 25.8, 23.1, 142, 10.9; IR
(em™): 2959, 2925, 2859, 1655, 1533, 1486, 1458, 1378, 1326, 1264,
1233, 1137, 1072, 1013, 861, 811; MS (FAB) calcd. for C3H,,0,S,
634, found 634.

2.3. Synthesis of R-OMe. A solution of 4 (0.12 g, 0.19 mmol) and
2-(4-methoxyphenyl) acetonitrile (0.063 g, 0.43 mmol) in ethanol (10
mL) was stirred at room temperature; then, terabutyl ammonium
hydroxide solution (0.8 M, S drops) was added to the mixture and
heated to reflux temperature for 2 h, resulting a dark red precipitate.
The reaction mixture was cooled to room temperature, and the
precipitate was filtered and washed with ethanol for several times to
obtain a dark red solid R-OMe (0.12 g, yield 71%). 'H NMR (400
MHz, CDCL) § (ppm): 0.89—1.00 (m, 12H, —CHj,), 1.32—1.51 (m,
16H, —CH,—), 1.64—1.77 (m, 2H, (methylene);C—H), 2.88 (d, 4H, J
= 6.8 Hz, thienyl-CH,—), 3.82 (s, 6H, —OCHj,), 6.89—6.97 (m, 6H,
thienyl-H, phenyl-H), 7.35 (d, 2H, J = 3.2 Hz, thienyl-H), 7.54 (s, 2H,
phenyl-H), 7.56—7.61 (m, 4H, phenyl-H, =CH-), 8.00 (s, 2H,
thienyl-H); *C NMR (100 MHz, CDCl;) § (ppm): 160.7, 146.7,
139.7, 137.0, 135.9, 132.5, 129.8, 127.4, 126.4, 125.9, 124.7, 117.7,
1147, 1108, 55.5, 41.5, 34.4, 32.6, 29.0, 25.8, 23.1, 14.3, 11.0; IR
(em™): 2958, 2926, 2857, 2212, 1606, 1508, 1462, 1380, 1300, 1256,
1234, 1181, 1160, 1030, 881, 824, 804; HRMS calcd. for
CyHeoN,0,S,, [M+Nal*: 915.3117, found 915.3117.

The syntheses of R-H and R-CF; were similar to R-OMe and were
shown in the Supporting Information.

2.4. Preparation of R-OMe (-H, -CF;)-F127 FONs. The
preparation of R-OMe (-H, -CF;)-F127 FONs was carried out as
follows.>" 20 mg of synthesized dyes (R-OMe (-H, -CF;)) was
dissolved in 20 mL of THF and then added dropwise under sonication
into the solution of Pluronic F127 (50 mg in 20 mL of H,O in a 100
mL vial) at room temperature. Then, the mixture was evaporated to
remove THF completely on a rotary evaporator at 40 °C. The
resulting mixture was cooled to room temperature. To remove the
excess Pluronic F127, the R-OMe (-H, -CF,)-F127 water dispersion
was treated by the repeated centrifugal washing process thrice. The
concentration of F127 in the analyzed systems is 0.2 mM, which is less
than the critical micelle concentration (CMC) of F127 (0.555 mM) at
room temperature.’> The excess F127 can be separated by
centrifugation.

2.5. Cytotoxicity of R-OMe (-H, -CF;)-F127 FONs. The effect of
R-OMe (-H, -CF;)-F127 FONSs to A549 cells was determined via cell
morphology observation. In short, cells were seeded in 6-well
microplates at a density of 1 X 10° cells mL™" in 2 mL of respective
media containing 10% FBS. Plates were washed with PBS after cell
attachment, and the cells were treated with complete cell culture
medium or different concentrations of R-OMe (-H, -CF;)-F127
FONs prepared in the media containing 10% FBS for 24 h. Then, all
samples were washed with PBS thrice to remove the uninternalized
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FONs. The morphology of cells was observed by an optical
microscopy (Leica, Germany), and the overall magnification was
100X.

The cell viability of AS49 cells incubated with R-OMe (-H, -CF;)-
F127 FONs was evaluated by the cell counting kit-8 (CCK-8) assay
based on the previous reports.*® In short, cells were seeded in 96-well
microplates at a density of 5 X 10* cells mL™" in 160 uL of respective
media containing 10% FBS. After cell attachment for 24 h, the cells
were incubated with 10, 20, 40, 80, and 120 ug mL™" of R-OMe (-H,
-CF;)-F127 FONs for 8 and 24 h. Then, the FONs were removed,
and cells were washed with PBS thrice. Ten yL of CCK-8 dye and 100
uL of DMEM cell culture medium were added to each well and
allowed to incubate for 2 h at 37 °C. Plates were then analyzed by a
microplate reader (VictorIll, Perkin-Elmer). Absorption of formazan
dye was determined 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 the controls (cells
not stained with R-OMe (-H, -CF,)-F127 FONs), which represented
100% CCK-8 reduction. Three replicate wells were applied per
microplate, and the experiment was studied thrice. The expression of
cell survival was utilizing absorbance relative to that of untreated
controls. Results are presented as mean + standard deviation.

2.6. Confocal Microscopic Imaging of Cells Using R-OMe (-H,
-CF3)-F127 FONs. The confocal microscopic imaging was determined
according to the previous reports.*® In brief, on the day prior to
treatment, cells were seeded in a glass bottom dish with a density of 1
X 10° cells per dish. On the day of treatment, the cells were incubated
with R-OMe (-H, -CF;)-F127 FONSs at a unified concentration of 100
ug mL™" for 3 h at 37 °C. Afterward, the cells were washed three times
with PBS to remove the FONs and then fixed with 4%
paraformaldehyde for 10 min at room temperature. Cell images
were taken under a Laser Scanning Confocal Microscope (LSCM)
Zeiss 710 3-channel (Zeiss, Germany) with the excitation wavelengths
of 543 nm.

3. RESULTS AND DISCUSSION

3.1. Charcterization of the Cyano-Substituted Diaryl-
ethylene Derivatives. The fluorogens R-OMe (-H, -CF;)
were prepared following the synthetic route shown in Scheme
1. Their structures were characterized and confirmed via
nuclear magnetic resonance, infrared spectroscopy, and high
resolution mass spectrometry. The final step yields ranged from
71% to 82%. The obtained fluorescent dyes R-OMe (-H, -CF;)
were hydrophobic and emitted strong crimson fluorescence in
solid state, while their fluorescent wavelength in THF
decreased, which showed yellow or orange (Figures 14, S1A,
and S2A, Supporting Information). The AIEE characteristic of
R-OMe was shown in Figure S3, Supporting Information,
which indicated an obvious AIEE effect. The same AIEE effect
was observed for R-CF; (Figure SS, Supporting Information).
However, R-H did not show AIEE effect (Figure S$4,
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Figure 1. (A) Fluorescence spectra of R-OMe in THF and R-OMe-
F127 dispersed in water at room temperature; concentration = 107
M. Inset: fluorescent image of R-OMe in THF and R-OMe-F127 in
water taken at 365 nm UV light. (B) TEM image of R-OMe-F127
FONs (100 pug mL™") dispersed in water; scale bar = 200 nm.
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Supporting Information). Meanwhile, the PL spectra of R-
OMe (-H, CF;) in THF with different concentrations were
determined and shown in Figures S6—8, Supporting
Information, which demonstrated that the concentration effect
could not give rise to AIEE effect. After hydrophobic
interaction with surfactant Pluronic F127, the dyes could be
dispersed well in water and the fluorogens aggregate into cores
to form FONs. Such R-OMe-F127 FONs emitted strong red
fluorescence in water with a 14% proportionate increase of
fluorescent intensity than R-OMe in a pure THF solution
(Figure 1A). The fluorescence quantum yield of the R-OMe-
F127 FONs was as high as 20% using quinine sulfate as a
reference dye. R-H-F127 and R-CF;-F127 FONs also emitted
strong red fluorescence in water with almost the same
fluorescent intensity as R-H and R-CF; in THF (Figures S1A
and S2A, Supporting Information), and their quantum yields
were determined as 12% and 25% respectively, confirming the
obvious anti-ACQ_features.

As shown in the inset of Figure 1A, after hydrophobic—
hydrophilic interaction with Pluronic F127, the surfactant
modified R-OMe-F127 FONs were readily dispersed in water,
suggesting the successful formation of hydrophilic red FONs
with excellent water dispersibility. FT-IR spectra showed that a
peak centered at 1110 cm™’, which is corresponding to the
stretch vibration of C—O bond, was significantly enhanced in
R-OMe-F127 FONs, demonstrating the successful formation
of the complex combining Pluronic F127 with R-OMe dyes
(Figure S9, Supporting Information). The C—O stretch
vibration was also observed significantly enhanced in the FT-
IR spectra of R-H-F127 and R-CF;-F127 (Figures S10 and
S11, Supporting Information), also confirming the successful
encapsulation. The TEM images further confirmed the
formation of the FONs. Some small organic spheres with
diameters ranging from 60 to 100 nm were observed, which
represented the assembly of R-OMe (-H, -CF;) and Pluronic
F127 (Figures 1B, S1B, and S2B, Supporting Information). The
dynamic light scattering (DLS) experiment has been carried out
to determine the size distribution of R-OMe-F127 FONs in
PBS. The results showed the size distribution was 166.0 + 8.8
nm, with a polydispersity index (PDI) of 0.226. Meanwhile, the
size distributions of R-H-F127 and R-CF;-F127 FONs were
also determined as 198.7 + 10.9 and 187.3 + 4.1 nm, with PDIs
of 0.184 and 0.201, respectively. The sizes characterized by
TEM were somewhat smaller than those measured by the zeta
Plus particle size analyzer, which was likely due to the shrinkage
of micelle during the drying process. The formation of such
nanoaggregates was probably due to the strong interaction
between the hydrophobic segments of F127 and the alkyl chain
of R-OMe (-H, -CF;); further, the hydrophilic segments of
Pluronic F127 covered the surface to create a water-soluble
periphery.

When the nanoparticles formed, the fluorescent emission
wavelength of the FONs emerged a 26, 41, and 23 nm red-shift
for R-OMe-F127, R-H-F127, and R-CF;-F127, respectively,
compared with R-OMe (-H, -CF;) in THF. The red-shift
phenomenon also could be observed in the THF—water
mixtures at high water fraction, which might represent the
formation of aggregates (Figures S3—S, Supporting Informa-
tion). The above observed spectra shifts are presumably
attributed to the torsion-locking planarization of the distorted
solution geometry of the synthesized compounds by
aggregation, which narrows the optical bandgap by increasing
the effective 7-electron conjugation. The appearance of a
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longer-wavelength emission also suggests that close stacking of
the planarized molecules is possibly accompanied with
enhanced fluorescence of J-type m-aggregation, which often
occurrs in cyano-substituted diarylethlene derivatives.”®> To
better understand the different red-shift values for the above
three compounds, we performed quantum mechanical
computations with a Gaussian 03 software.”* On the basis of
the density functional method at the B3LYP/6-31G level after
optimizing the structure, the lowest energy spatial conforma-
tion of these compounds were obtained. As shown in Figure 2,

Figure 2. Schematic diagram for the optimization geometries of the
compounds (X represents the -OMe, -H, or -CF; group).

all the compounds show twist configurations. Dihedral angles
between two aryl rings (A, B, or C) as defined in Figure 2 were
calculated, A—B for these three compounds were all 55°.
However, the dihedral angles for A—C exhibit divergences,
which were 28° 36° and 28° for R-OMe, R-H, and R-CF;,
respectively. These results are well consistent with the different
red-shift values of these compounds and thus also verify the
above assumption of planarization. It was also suggested by
some previous references that the differences of the peripheral
substituted groups in the compounds caused the different
twisted spatial conformation due to the steric effect and
ultimately resulted in the different shifts of the emission
wavelength.55’56

UV absorption and PL excitation spectra were recorded to
investigate the optical properties of these compounds and their
resulting FONs. Figure 3A shows that the UV absorption of
compound R-OMe had multiple peaks, which represented the
different conjugated chromophore groups. The highest
absorption wavelength was located at 486 nm, indicating a
completely conjugated system. Meanwhile, the UV absorption
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Figure 3. (A) Normalized UV absorption and (B) normalized PL
excitation of R-OMe (in THF, 100 ug mL™") and R-OMe-F127 (in
water, 100 ug mL™") at room temperature.
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of R-OMe-F127 FONs also had similar multiple peaks,
although overall red-shifts simultaneously appeared. The
highest absorption moved to 542 nm with a red-shift of 56
nm. A similar phenomenon appeared in the R-H-F127 and R-
CF;-F127 FONs with a red-shift of 72 and 62 nm, respectively
(Figures SI2A and S13A, Supporting Information). The red-
shift difference of these three composites may be due to the
different twisted spatial conformations of the compounds. UV
spectra of R-OMe (-H, -CF;)-F127 FONs in water with
different concentrations were determined, indicating that the
highest absorption wavelength did not change at different
concentrations (Figures S14—16, Supporting Information). In
other words, the highest absorption wavelengths of the FONs
were not significantly affected by the scattering effect.

As shown in Figure 3B, multiple peaks were also observed in
the PL excitation spectrum of R-OMe with a valley at 440 nm.
When the wavelength reached 515 nm, the excitation began to
decline. However, the excitation spectrum of R-OMe-F127 in
water was very different compared to that of R-OMe in THF.
The excitation intensity of R-OMe-F127 continued to rise even
when the wavelength exceeded 515 nm and maintained high
excitation intensity until 565 nm, indicating broad excitation
wavelength. This long-wave excitation feature is greatly
beneficial for its cell imaging application, which can reduce
the damage to the organism. R-H-F127 and R-CF;-F127
FONs also exhibited similar broad excitation wavelength,
providing them superiority for application in the bioimaging
field (Figures S12B and S13B, Supporting Information).

The absorption and PL excitation spectra in Figure 3 also
showed a lot of scattering, suggesting that larger aggregates
were formed. This was also confirmed by the TEM and zeta
Plus particle size analyzer results. In other words, the small
spheres particle was believed to be part of the aggregates. When
we compared the UV absorption spectra with PL emission
spectra of these synthesized compounds, we noticed that their
highest absorption wavelength were very close to each other,
which were 486, 484, and 488 nm for R-OMe, R-H, and R-CF;,
respectively. However, their PL emission wavelengths exhibit
large Stokes shift. In order to understand the reason of the
differences between UV absorption and PL emission spectra,
we utilized a Gaussian 03 software to perform quantum
mechanical computations of the compounds. The highest
occupied molecular orbitals (HOMOs) and the lowest
unoccupied molecular orbitals (LUMOs) of these compounds
were calculated according to the density functional method at
the54B3LYP/6-31G level after structural optimization (Figure
4).

The HOMOs of R-OMe showed dispersed electron cloud
distributions on the entire thiophene and benzene conjugated
groups, whereas the electron cloud of the LUMOs showed
reduced distribution on the thiophene groups and increased
distribution on the cyano groups. The HOMOs of R-H
exhibited dispersed electron cloud distributions on the whole
thiophene groups and partial benzene groups, whereas the
electron cloud of the LUMOs showed decreased distribution
on the thiophene groups and increased distribution on the
cyano and benzene groups, indicating more electron cloud flow
from HOMOs to LUMOs than that of R-OMe. However, the
HOMO:s of R-CF; observed no electron cloud distribution on
the peripheral phenyl groups. As shown in the LUMOs, the
electron cloud flowed from the direction of thiophene groups
to the peripheral phenyl and cyano groups, confirming that
most electron clouds flow from HOMOs to LUMOs. This
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Figure 4. Calculated spatial electron distributions of LUMOs and
HOMOs of the compounds.

result might provide an explanation of the different Stokes shift
of three compounds.

3.2. Biocompatibility. To test the potential of R-OMe
(-H, -CF;)-F127 FONs for biomedical applications, their
biocompatibilities with AS49 cells were subsequently inves-
tigated. Figure SA—C represented the microscopy images of

0 10 20 40 80
Concentrations (ug mL")

120

Figure 5. Biocompatibility evaluations of R-OMe-F127 FONs. (A—C)
optical microscopy images of AS49 cells incubated with different
concentrations of R-OMe-F127 FONSs for 24 h: (A) control cells, (B)
40 pug mL™', (C) 120 ug mL™'; (D) cell viability of R-OMe-F127
FONs with AS49 cells for 8 and 24 h, respectively. Cell viability was
determined by the WST assay.

cells when incubated with different concentrations of R-OMe-
F127 FONSs for 24 h. No significant cell morphology changes
were observed. It seemed that cells still attached very well to
the cell plate even at high concentrations of R-OMe-F127
FONSs, which were up to 120 ug mL™". The optical microscopy
images implied good biocompatibility of R-OMe-F127 FONSs.
Cell viability of R-OMe-F127 FONs was further carried out to
quantitatively evaluate the biocompatibility of R-OMe-F127
FONs (Figure SD). The results showed that no obvious cell
viability decrease was found when cells were incubated with 80
ug mL™" of R-OMe-F127 FONS for 24 h, the cell viability even
unexpectedly reached up to 120% for 8 h. The cell viability
value for 24 h was about 95% and even the concentration
increased to 120 pg mL™', which further confirmed the
excellent biocompatibility of R-OMe-F127 FONs. The
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biocompatibility evaluations of R-H-F127 and R-CF;-F127
FONs were shown in Figures S17 and S18, Supporting
Information, which also demonstrated excellent biocompati-
bility, as the cell viability values for 24 h were >90% even when
the concentrations increased to 120 ug mL™". In the recent
report, targeted nanoparticles encapsulated with different drugs
and functionalized with various ligands that had high affinity
and specificity had been shown to efficiently accumulate in
specific tissues and dramatically increased the therapeutic
efficacy of long-circulating nanoparticle drug delivery sys-
tems.”"*” Furthermore, many other components including
therapeutic drugs and targeting agents, which contain a reactive
group like acyl chloride, acid anhydride, or carboxyl group,
could be further incorporated into these bright red FONs due
to the existing reactive hydroxyl groups derived from the end-
groups of F127. In addition to the biocompatibility of F127
funtionalized FONs, in vivo circulation, clearance, and
biodistribution of these FONs could be envisaged to construct
a multifunctional platform for drug vectorization applications.

3.3. Cell Imaging. The cell imaging applications of R-
OMe-F127 FONs were further investigated. The LSCM images
of cells incubated with 100 sg mL™" of R-OMe-F127 FONs for
3 h were shown in Figure 6. Bright field images indicated that

Figure 6. LSCM images of AS49 cells incubated with 100 pg mL™" of
R-OMe-F127 FONs for 3 h. (A) Bright field image, (B) fluorescent
image which was excited with a 543 nm laser, and (C) merged images.
Scale bar = 20 pm.

cells still maintained their normal morphology, which further
confirmed the good biocompatibility of R-OMe-F127 FONS.
When cells were excited with the 543 nm laser, the cell uptake
of R-OMe-F127 FONSs can be clearly distinguished from the
cell environment due to the successful staining of the R-OMe-
F127 FONs. Furthermore, many dark areas could also be found
in the cells from LSCM images, which were likely to be the
locations of the cell nucleus. The LSCM images of AS549 cells
incubated with R-H-F127 and R-CF;-F127 FONs also
demonstrated the good biocompatibilities (Figures S19 and
$20, Supporting Information). In a previous report,>®
amphiphilic block copolymers were employed to disperse
hydrophobic AIE dyes to form polymeric micelles; thus, FONs
were then used for intracellular imaging. Phagocytosis was
regarded as the possible mechanism for intracellular uptake by
the cell, while the micelles could remain intact in the cells. In
our work, phagocytosis might also be the possible mechanism
for intracellular uptake by A549 cells. Since the size of FONs
was bigger than that of the nucleus pore (9 X 15 nm), these
considered FONs could not directly enter the cell nucleus.
Therefore, we could expect that the prepared red FONs should
be promising candidates for various biomedical applications due
to the combined superiorities for bioapplications, such as
unique PL properties, good water solubility, excellent

biocompatibility, and biodegradable potential.
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4. CONCLUSIONS

In summary, three cyano-substituted diarylethlene derivatives
R-OMe (-H, -CF,;) with different peripherally substituted
groups were synthesized in high yield and facilely prepared as
red FONs via hydrophobic—hydrophilic interactions with
Pluronic F127. Such red FONs exhibited anti-ACQ_property
and broad excitation wavelength, and their PL properties could
be modulated by distinct substituted groups. Red FONs with
diameter from 60 to 100 nm could be easily obtained. Their
biocompatibilities and cell imaging applications were further
investigated. Our results demonstrate that such red FONs
possess excellent water solubilities and biocompatibilities,
which are promising for bioimaging applications.
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