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ABSTRACT: A series of BODIPY derivatives with tetraphe-
nylethene (TPE) moieties were designed and synthesized. The
effect of positions and numbers of substitution groups on the
fluorescence of the BODIPYs was investigated. Theoretical
calculation and single crystal structures proved that the TPE
substitution groups on the 8-position of BODIPY contributed
little to the conjugation, but benefited the aggregated state
emission. On the other hand, the substitutions on the 3- or 5-

position of BODIPY through vinyl bridges increased the conjugation length, and generated big coplanar 7-conjugated structures
with poor aggregated state emission. The compound with bright aggregated state emission has been further fabricated into
biocompatible fluorescent nanoparticles and used as effective fluorescent contrast agents for intracellular imaging.
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B INTRODUCTION

The development of red or NIR emitters is in urgent demand
because of the deep penetration depth and low autofluor-
escence from biosubstrates in the red or NIR region.l’2 Among
numerous organic fluorescent dyes, borondipyrromethene
(BODIPY) derivatives have received much research interest
due to abundant advantages such as narrow emission spectra,
high fluorescence quantum yields, large absorption coefficients
and two-photon cross sections, excellent photo/chemo-
stability, easy modification, and structural varieties.> They
have been reported to serve as fluorescent probes, sensors, and
switches, as well as light harvesting antennas and solar cell
sensitizers.* " In particular, they are widely used in biological
sensing and imaging for mitochondrial copper detection, DNA
labeling, live cell glucagon imaging, or polymerase chain
reaction.”® Extensive reviews have described their synthesis,
properties, and applications.”'® However, BODIPY dyes and
their derivatives also have obvious disadvantages, such as
aggregation-caused quenching (ACQ) effect and small Stokes
shift, which have limited their further development.“’12

To solve the notorious ACQ_problem of many widely used
fluorescent dyes, an aggregation-induced emission (AIE)
phenomenon was reported in a series of propeller-shaped
molecules such as tetraphenylethene (TPE)."*™'¢ AIE com-
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pounds normally show no obvious emission in solution, but
emit intensely in aggregated states.'” Mechanistic studies
suggested that the restriction of intramolecular motions,
including rotation and vibration, in the aggregated or other
condensed state was the main reason for AIE effect.'® The
attachment of AIE moieties to traditional ACQ_dyes can also
successfully transform them into AIE compounds with desirable
aggregated state emission."®

A few works have been reported marrying BODIPY and AIE
moieties in a single molecule to generate AIE-active BODIPYs
with large Stokes shifts. For example, BODIPYs carrying
triphenylamine units show both twisted intramolecular charge
transfer (TICT) and AIE characteristics. In polar solvents, the
luminogens turn from the locally excited (LE) state to the
TICT state through intramolecular rotation, bringing about a
TICT emission peak at longer wavelength compared with the
LE emission, and result in large Stokes shift. This TICT peak is
further enhanced in the aggregated state, demonstrating AIE
effect.”® Three TPE-BODIPY hybrids with C—C (TPB), C=
C (TPVB), and C=C bonds (TPEB) connecting TPE and
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Chart 1. Chemical Structures of Compounds 1-5
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BODIPY units were synthesized to study the conjugation effect
on the aggregated state emission. TPB only has an ACQ-active
LE emission peak, and TPVB with best conjugation has an AIE-
active TICT peak, while TPEB possesses the combination of
both ACQ-active LE peak and AlE-active TICT peak.”' The
effect of AIE substitution positions on BODIPY cores has also
been studied. Introduction of bulky TPE groups at the 2,6-
positions on the BODIPY core can efficiently inhibit the

intermolecular 7—7 interaction, and the BODIPY derivatives
show emission in the solid state.”**

To study how the substitution position and number affect
the photophysical properties of BODIPYs, especially the
aggregated state emission, we designed and synthesized five
BODIPYs by incorporating TPE substituent at 8-, 3-, and S-
positions of the BODIPY core (Chart 1). The effect of their
subtle structural variations on the emission behaviors in
solvents and aqueous suspensions was studied. The optimized

DOI: 10.1021/acsami.5b05033
ACS Appl. Mater. Interfaces 2015, 7, 15168—15176


http://dx.doi.org/10.1021/acsami.5b05033

ACS Applied Materials & Interfaces

Research Article

10

(<2} ©
1 1

£(10* L.mol™.cm™)
N

Y
Y

(‘n-e) Ayisuajuil pazijewtoN

300 400 500 600 700
Wavelength (nm)

500 570 640 710 780 850
Wavelength (nm)

Figure 1. (A) Absorption and (B) photoluminescence (PL) spectra of 1—5 in THF solutions. Solution concentration: 1 X 10~ M. Excitation
wavelength: 586 nm (1), 666 nm (2), 511 nm (3), 587 nm (4), and 666 nm (5).

Table 1. Photophysical Properties of Compounds 1-5“

compd Agp (nm) Aem (nm) Stokes shift (nm) £ (L mol™! cm™) T (0S) Toiq (1S) D, (%) D, q (%)
1 58S 610 25 103 000 543 0.35 74.6 1.7
2 665 690 25 80 100 3.98 0.71 42.0 1.3
3b 511/520 530/620 100 61900 1.13 3.21 3.8 48.9
4 587 612 25 56 600 3.50 0.54 61.9 1.5
R 666 685 19 39300 3.89 0.75 50.3 0.7

“Abbreviation: 4,, = absorption maximum of THF solution, 4, = emission maximum of THF/water mixture with 90 vol % water content, Stokes
shift = A.,—A,p, € = molar absorptivity, 7, = lifetime of THF solution, 7,4 = lifetime of solid powder, @, = fluorescence quantum yield in THF
solution, @ ;4 = fluorescent quantum yield of the solid powder measured by a calibrated integrating sphere. “The absorption and emission maxima
for compound 3 are measured in THF solution and THF /water mixture with 90 vol % water content, respectively. Concentration: 10 M. Excitation
wavelengths: 586 nm (1), 666 nm (2), S11 nm (3), 587 nm (4), 666 nm (S).

compound with high solid state quantum efficiency was further
fabricated into stable fluorescent nanoparticles and used for
intracellular imaging. The aim of this study was to shed light on
the effect of the subtle structural variations on the photo-
physical properties as well as AIE feature of the BODIPYs, from
which the future design of bright red/near IR emitters in the
aggregated state can be guided.

B RESULTS AND DISCUSSION

Synthesis. The TPE-BODIPY derivatives were prepared
through straightforward synthetic routes. BODIPY-containing
precursors 6 and 8 and TPE-containing precursors 7 and 9
were prepared according to our previous publications.”*™>” The
Knoevenagel condensation of 6 and 7 with different equivalents
of 7 afforded compounds 1 and 2, respectively (Scheme 1).
Compound 3 was synthesized via a modified Liebeskind—Srogl
cross-coupling reaction between methylthiolated BODIPY 8
and TPE-containing boronic acid 9. Compounds 4 and § were
then prepared through the Knoevenagel condensation of 3 and
7 with different equivalents of 7, respectively. Through such
synthetic routes, the TPE substituents are directed linked to
BODIPY core on 8-position, while they are linked through a
vinyl bridge on 3- or S-positions of the BODIPY core.

Characterization. Compounds 1—5 were characterized by
standard spectroscopic methods, including IR (Supporting
Information Figure S1), 'H NMR (Supporting Information
Figure S2), and *C NMR spectra (Supporting Information
Figure S3), which revealed their right structures with high
purity. For 'H NMR spectra of 3 and §, for example, the peak
at 2.63 ppm was associated with the resonances of the methyl
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groups of 3 on the 3, S-position of BODIPY core, and the peaks
at 6.63 and 6.25 ppm were associated with the resonances of
the protons on BODIPY core. After Knoevenagel condensation
reaction, the methyl groups were consumed, and the
corresponding peak disappeared in the spectrum of S.
Meanwhile, two new peaks representing the newly formed
C=C bonds appeared at 7.65 and 7.35 ppm, and the BODIPY
protons shifted to 6.82 and 6.67 ppm. The '"H NMR spectrum
of 4 combined the characteristic peaks from spectra of 3 and 5.
Similar representative peaks were observed in the 'H NMR
spectra of 1 and 2. Moreover, the high resolution mass spectra
(HR-MS) of 1—5 gave M* peaks at m/z 638.2712 (caled for 1,
638.2705), 980.4130 (caled for 2, 980.4113), 550.2393 (caled
for 3, 550.2392), 892.3799 (caled for 4, 892.3800), and
1234.5228 (caled for S, 1234.5209), respectively (Supporting
Information Figure S4—S8), confirming the expected struc-
tures.

Photophysical Properties. The photophysical properties
of the five compounds were investigated and compared. In
THEF solution, compound 3 with TPE substituent only on the
8-position, possesses an absorption maximum at 511 nm
(Figure 1A, Supporting Information Figure S9, and Table 1),
similar to that of parent BODIPY.”® Compounds 1 and 4 with
TPE-containing vinyl groups on the 3-position of the BODIPY
core possess absorption maxima both at about 585 nm, which
are red-shifted by 74 nm as compared with that of 3.
Compounds 2 and 5 with two TPE-containing vinyl groups
on both 3- and S-positions of the BODIPY core share similar
absorption spectra in THF solutions with the absorption
maxima located at about 665 nm, showing a 154 nm
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bathochromic shift compared with that of 3. The absorption
maximum of BODIPY derivative TPVB with vinyl bridged TPE
substituted at 8-position was reported to be 502 nm,” similar
to that of 3, suggesting that the TPE substituent on 8-position
of BODIPY does not show an obvious effect on their
conjugations, while the substitution groups on 3- and S-
positions of BODIPY core have evidently increased the
effective conjugation. All five compounds enjoy high molar
absorptivities of up to 103 000 L mol™" cm™. The PL spectra
of THF solutions of 1—5 upon irradiation with corresponding
excitation wavelengths were shown in Figure 1B. In THEF,
compound 3 emits at 530 nm. The emission maxima of both 1
and 4 are located at about 610 nm, while those for 2 and § are
located at about 690 nm.

Their PL behaviors in the aggregated states were then
studied in aqueous mixtures. The appearances of the THF/
water mixtures of 1—5 with water volume fractions ranging
from 0% to 90% under daylight were shown in Supporting
Information Figure S10. In THF solutions, both 1 and 4 show a
magenta color. When a large amount of water is added, the
appearance of the solutions changes to purple and then to blue.
Compounds 2 and $ are green solutions in THF, and the
solution color does not change much upon addition of water.
The color of THF solution of 3 is yellow, which changes to
orange when water is added. Under UV irradiation, the
corresponding emission images of the same batch of solutions/
aggregates are shown in Figure 2. The THF solutions of 1, 2, 4,
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Figure 2. Fluorescence photographs of (A) 1, (B) 2, (C) 3, (D) 4, and
(E) 5 in THF/water mixtures with different water fractions (f,,/vol %)
taken under UV illumination.

and $ all emit bright red fluorescence. When a certain amount
of water, a poor solvent, is added to induce aggregation, the
emission intensity is turned off. By contrast, the THF solution
of 3 emits green light which changes to bright orange/red when
80 vol % or more water is added.

The PL behavior of THF/water mixtures of 1—5 was then
studied quantitatively by a fluorescent photometry instead of
direct observation by naked eyes (Figure 3 and Supporting
Information Figures S11—12). The typical LE emission peak of
BODIPY core was observed at 530 nm in the PL spectrum of
THEF solution of 3. The emission intensity of this peak was
decreased when less than 70 vol % water was added into the
THE solution, while keeping the same spectra profile. The
polarity of the solvent increased with the addition of water,
which results in intramolecular charge transfer and decreases
the emission intensity. A new TICT peak appeared at 616 nm
with more water added. The molecules start to aggregate, and

the TICT peak kept on rising until the maximum was reached
in 90 vol % aqueous mixtures. The PL spectrum of the single
crystal of 3 was also measured with its emission maximum
located at 627 nm, slightly bathochromically shifted compared
with that of the nanoaggregates (Supporting Information
Figure S13). The photograph of the crystal of 3 taken under
UV irradiation is shown in the inset, Figure 3A. The emission of
the other four compounds was quenched in the aggregated
states. When a small amount of water was added to the THF
solution of 1, the emission peak at 610 nm gradually decreased
without significant change in the emission maximum and PL
profile. The emission intensity markedly decreased when >70
vol % water was added. Compound 4 shows similar PL
behavior as that of 1. For compounds 2 and 5 with better
conjugation, the emission was quenched when 60 vol % water
was added. The effect of water content on the emission
intensity was summarized in Figure 3B. Compounds 1, 2, 4,
and § all indicate ACQ_effect in THF/water mixtures, while
compound 3 possesses an ACQ peak at 530 nm and an AIE
peak at 620 nm. Particle size of the aqueous mixture of 3 with
70 vol % and 90 vol % water content was measured
(Supporting Information Figure S14) to be about 150 and
100 nm, respectively, proving the existence of the nanoparticles
in the aqueous mixtures.

The temperature effect on the emission of 3 in THF solution
was then studied as shown in Supporting Information Figure
$15. When the THF solution of 3 was cooled to 77 K, emission
peak at 535 nm was observed. When the temperature was
gradually increased to 323 K, the emission intensity was
dramatically decreased, while keeping the emission profile
almost unchanged. Such a temperature effect is commonly
observed in typical AIE systems.”’ The effect of solvent polarity
on the emission behavior of 3 was also studied (Supporting
Information Figure S16). In nonpolar solvent such as hexane, a
single and sharp emission peak is observed at 527 nm. The
emission intensity is quite sensitive to solvent polarity, while
the emission maximum does not show an obvious shift. In polar
solvent such as acetonitrile, the emission intensity dropped to
15% of that of the hexane solution. Such temperature and
solvent polarity effect suggested the coexistence of AIE and
TICT property of compound 3.

The fluorescence quantum yields of THF solutions and
amorphous powders of 1—5 were measured using a calibrated
integrating sphere. The THF solutions of 1, 2, 4, and § enjoy
high fluorescence quantum yields of up to 74.6%, while their
amorphous powders were quenched to less than 1.7% (Table
1). Different from the other compounds, the solid powder of 3
possesses bright red emission with a fluorescence quantum
yield of 48.9%, which is increased about 13-fold compared with
its solution quantum yield, indicating its AIE nature. The
emission difference between compound 3 and 1, 2, 4, § also
brings about different decay dynamics. The emission lifetimes
of 1-5 have been studied in THF solutions and in the solid
states, respectively (Supporting Information Figures $17—18).
For compound 3, the lifetime of THF solution is 1.13 ns, while
that of the nanoaggregated states and solid powder is 5.33 and
3.21 ns, respectively. Opposite to 3, for compounds 1, 2, 4, and
S, the lifetimes for the excited state of THF solution are
generally longer than that of their amorphous powders. The
longer lifetime for the excited states account for the higher
emission efficiency, which is in accordance with the quantum
yield results.
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Figure 3. (A) Emission spectra of 3 in THF /water mixtures with different water volume fractions (f,,). Inset: photograph of crystal of 3 taken under
UV irradiation. (B) Plots of emission intensities of 1—5 versus the compositions of aqueous mixtures. Solution concentration: 1 X 107> M. Excitation

wavelength: 511 nm.

Compounds 1, 2, 4, and 5 possess large conjugation. Even
with excited state energy consuming through the free rotation
of TPE moieties, high emission efficiencies are still observed in
the solution state. However, their aggregated state emission was
quenched due to the intermolecular interactions. In contrast,
compound 3 is faintly emissive in the solution state, owing to
the phenyl ring rotation of the TPE moiety, which is hindered
in the aggregated state and thus results in strong emission.

Theoretical Calculation and Single Crystal Structure.
To investigate the reasons that account for the difference in
optical properties of 1—5 in aggregated states, theoretical
calculation was conducted. Their molecular orbital amplitudes
suggested that the HOMOs are generally distributed on the
BODIPY core, the extended vinyl groups, as well as the
terminal TPE moieties, while the LUMOs distributed less on
the terminal TPE moieties and more on the phenyl rings on 8-
position of the BODIPY core (Figure 4). The energy gaps
between HOMO and LUMO are 2.35 (1), 2.06 (2), 2.93 (3),
2.35 (4), and 2.06 €V (5), respectively. The substituents on 8-
position of the BODIPY core contribute very little to the
conjugation, while the vinyl groups on the 3- or S-position
increased the conjugation significantly.

Single crystal structure of 3 was obtained, and its top/side
views of the crystal structure were shown in Figure SA. The two
planes connecting TPE unit and BODIPY units are highlighted
in green and red in the top/side views, respectively. In the
crystal structure of 3, the dihedral angle between the two planes
is 62°. In the theoretical calculated ground-state molecular
geometry of 4, the BODIPY core is well-conjugated with the
extended vinyl group and the benzene ring on the terminal
TPE. The three components are almost coplanar according to
the side view of the structure (Figure SB). The calculated
dihedral angle between the highlighted red and green planes
was 53°. The big coplanar structure should induce strong
intermolecular interaction with each other, which differentiates
it from 3. In 1, 2, 4, and 5 with coplanar structures, ACQ_is
dominant, owing to such strong intermolecular interactions.

Biological Application. Different from conventional
organic fluorogens which often result in weakened or almost
zero fluorescence when being encapsulated into nanoparticles
due to the ACQ effect, the largely intensified emission of AIE
compounds in aggregate states or nanoparticles makes them
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energy levels of 1-5 at the B3LYP/6-31G* level.

promising contrast reagents for biological imaging applica-
tions.””*” Compared with other fluorescent materials such as
quantum dots and traditional organic luminogens, the AIE
compound-based nanoparticles with amendable surface func-
tionalities show high emission efficiency, good photostability,
and excellent biocompatibility.’' To further demonstrate the
potential of AlIE-active BODIPY derivatives for bioimaging
applications, compound 3 was tested as a fluorescent reagent
for fabrication of AIE nanoparticles (NPs) for cellular imaging.
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Compound 3 loaded AIE NPs were synthesized through a
matrix-encapsulation method using 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[maleimide(polyethylene glycol)-
2000] (DSPE-PEGyy-Mal) as the encapsulation matrix.*>
The NPs are formed spontaneously upon diluting the mixture
of 3 and DSPE-PEG,;po-Mal from THF into water under
ultrasound sonication, as illustrated in Scheme 2. TPE-
containing BODIPY derivatives are hydrophobic which can
form nanoaggregates in aqueous mixtures, and the hydrophilic
DSPE-PEG segments can hence form protective layers outside

Scheme 2. Schematic Illustration of Preparation of BODIPY-
Containing Nanoparticles

44
4
NPs Surface
+ Formation Conjugation
ANN % ffe
43 "G §4% CRRRQRRKKR
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the nanoaggregates during the dots’ formation. Encapsulating
compound 3 by DSPE-PEG-Mal renders the resultant NPs with
high emission, good colloidal stability, good photostability, low
cytotoxicity, as well as amendable surface functional groups.**

The NPs show absorption maximum at 524 nm and emit red
fluorescence that peaked at 630 nm (Figure 6A) with a
fluorescence quantum yield of 11%, measured using 4-
(dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-4H-
pyran (DCM) in methanol as the standard (43%). Moreover,
laser light scattering (LLS) results revealed that the hydro-
dynamic diameter of the NPs is ~30 nm with high
monodispersibility (Figure 6B). High resolution transmission
electron microscopy (HR-TEM) was applied to study the
morphology of the NPs (Figure 6B, inset), which reveals that
black spherical dots are due to the high electron density of
BODIPY core. The obtained NP suspension showed excellent
colloidal stability where no obvious precipitation can be
observed after several months’ storage.

Confocal laser scanning microscopy (CLSM) was used to
study the application of the NPs for cellular imaging. A cell
penetration peptide (CCP) with amino acid sequence of

DOI: 10.1021/acsami.5b05033
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Figure 7. (A) Confocal images of SKBR-3 breast cancer cells after incubation with 3-loaded-NPs for 2 h at 37 °C ([NP] = S ug/mL based on 3).
The fluorescence was recorded under excitation upon 488 nm with a 505 nm long-pass filter. (B) The corresponding phase contrast image of SKBR-

3 cells.

CRRRQRRKKR was attached to the NP surface to enhance the
cellular uptake.>® After 2 h incubation with CCP-modified NP
suspensions (S pg/mL based on 3) at 37 °C in culture medium,
CLSM was applied to image the SKBR-3 breast cancer cells
with 488 nm laser excitation and a 505 nm long-pass filter.
Strong homogeneous red fluorescence originated from AIE
NPs in the cytoplasm was observed (Figure 7A,B), suggesting
the CCP-modified NPs can efficiently internalize into cancer
cells. Moreover, the metabolic viability study revealed low
cytotoxicity of CCP-modified NPs toward SKBR-3 breast
cancer cells where high cell viability near 100% within 48 h at
the experimental conditions was observed (Supporting
Information Figure S19). These results demonstrate that 3-
loaded NPs are effective fluorescent imaging reagents for
cellular imaging with high biocompatibility.

B CONCLUSIONS

In this work, five TPE-containing BODIPY derivatives with
absorption and emission maxima of up to 666 and 690 nm,
respectively, were designed and synthesized. The introduction
of TPE substituent onto different positions of the BODIPY
core has resulted in distinct luminescence properties as well as
aggregated state emission behaviors, owing to their difference in
conjugation and coplanarity. TPE substitution group on the 8-
position of BODIPY core does not contribute much to the
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conjugation; however, AIE effect with red-shifted emission and
large Stokes shift of aggregated states is induced. When TPE
groups were linked on the 3- or S-position of BODIPY core
through a vinyl bridge, a big coplanar z-conjugated structure
was formed. The conjugation was significantly increased with
bathochromically shifted absorption and emission maxima, and
resulted in low emission efliciency in the aggregated or solid
states. Theoretical calculations as well as single crystal structure
analysis were carried out, from which a deeper insight into the
structure—property relationship of such BODIPY derivatives
can be obtained. The AlE-active BODIPY compound with
bright aggregated state emission can be fabricated into
biocompatible fluorescent nanoparticles as effective fluorescent
reagent for cellular imaging.

B EXPERIMENTAL SECTION

Materials and Instruments. Tetrahydrofuran (THF) and toluene
were distilled under normal pressure from sodium benzophenone ketyl
or calcium hydride under nitrogen immediately prior to use.
Pd(PPh;),Cl,, Pd,(dba),, triphenylphosphine, piperidine, CuCl,
Pd(PPh;),, K,CO;, acetic acid, and other chemicals and solvents
were purchased from Aldrich. They are used as received without
further purification. Compounds 6, 7, 8, and 9 were prepared
according to the reported procedures.** >’

'H and *C NMR spectra were measured on a Bruker ARX 400
NMR spectrometer using CDCI; as solvent and tetramethylsilane

DOI: 10.1021/acsami.5b05033
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(TMS) as internal reference. High resolution mass spectra were
obtained on a GCT Premier CAB 048 mass spectrometer operated in
MALDI-TOF mode. IR spectra were recorded on a PerkinElmer 16
PC FT-IR spectrophotometer. UV—vis absorption spectra were
measured on a Milton Roy Spectronic 3000 array spectrophotometer.
Photoluminescence spectra were recorded on a PerkinElmer LS SS
spectrofluorometer. Solution and solid state fluorescent quantum
efficiency was obtained on a Hamamatsu Quantaurus-QY absolute PL
quantum yield spectrometer. Time-resolved fluorescence spectra were
measured using a Hamamatsu Quantaurus-Tau compact fluorescence
lifetime spectrometer. Particle size measurement was conducted on a
Malvern Zetasizer Nano ZS90 spectrometer. All calculations were
performed using the D.01 version of Gaussian 09 package.** The
ground state geometries of 1—5 were optimized by density functional
theory (DFT). Becke’s three-parameter hybrid exchange function with
Lee—Yang—Parr gradient corrected correlation functional (B3LYP
functional) and the B3LYP/6-31G(d) basis set were employed
throughout the work.*>* Single crystal of 3 was grown from
dichloromethane and hexane. Single crystal X-ray diffraction intensity
data were collected on a Bruker-Nonices Smart Apex CCD
diffractometer with graphite monochromated Mo Ka radiation at
100 K and processed using the SAINT and SADABS routines. The
SHELTL suite of X-ray programs were used to conduct the structure
and refinement.

Preparation of Aggregates. Stock THF solutions of 1—5 with a
concentration of 0.1 mM were prepared. After an aliquot (1 mL) of
these stock solutions was transferred to a 10 mL volumetric flask, an
appropriate amount of THF was added. Water was then added
dropwise under vigorous stirring to furnish 10 uM THF/water
mixtures with water fractions (f,’s) of 0—90 vol %. Photophysical
measurements of the samples were conducted immediately.

Synthesis of BODIPY NPs. The BODIPY NPs were prepared via
nanoprecipitation methods using DSPE-PEG as the encapsulation
matrix. For the AIE NPs, DSPE-PEG-Mal (2 mg) and BODIPY (1
mg) were fully dissolved in 1 mL of THF solution, which is then
added into Milli-Q water (10 mL). The mixture was then subjected to
ultrasound sonication for 90 s with a microtip probe sonicator
(X12000, Misonix Incorporated, NY). The NP suspension was then
placed in the dark in a fume hood under continuous stirring at 600
rpm for THF evaporation. The BODIPY NPs are obtained after the
filtration through syringe filter with 0.2 um pore size.

Surface Functionalization of BODIPY NPs. CCP was
conjugated to BODIPY NPs surface through the click reaction
between thiol and maleimide groups. A 6.4 uL portion of the CCP
stock solution (20 mM in DMSO) was added into BODIPY NP
suspension (4 mL). The reaction is conducted for 12 h at room
temperature. After conjugation, the excess CCP and DMSO were
removed by dialysis of the resultant NP suspension against Milli-Q
water using membrane with 6000—8000 kDa cutoff.

Cell Culture. The cell culture medium is prepared by mixing 445
mL of DMEM with 50 mL of fetal bovine serum and 5 mL of penicillin
streptomycin. The SKBR-3 breast cancer cells are cultured in a
humidified incubator with 5% CO, at 37 °C.

Cellular Imaging. Prior to imaging, SKBR-3 cancer cells were
seeded in an 8-well chamber at 37 °C at a density of 40000 cells/mL.
After overnight culturing, the old medium was replaced by 3-CCP NPs
(5 ug/mL) containing cell culture medium. After incubation with 3-
CCP NP:s for 2 h at 37 °C, 1X PBS buffer was applied to wash the cells
to remove unlabeled 3-CCP NPs. The SKBR-3 cells were imaged by
confocal microscope (Zeiss LSM 410, Jena, Germany) with imaging
software (Fluoview FV1000).

Cytotoxicity of BODIPY-CCP. Methylthiazolyldiphenyltetrazo-
lium bromide (MTT) assays was used for assessing the cell viability
of SKBR-3 breast cancer cells. Before experiment, SKBR-3 cells were
cultured in 96-well plates (Costa IL). After reaching 60% confluence,
cell culture media containing 3-CCP NPs at varied concentrations
were then added into these wells. After 24 or 48 h incubation at 37 °C,
the 3-CCP NP containing medium was replaced by freshly prepared
MTT solution (0.5 mg/mL, 100 uL/well). After 3 h incubation, the
MTT medium solution was removed. Filtered DMSO (100 uL/well)

was then added to dissolve the formed precipitation. Microplate reader
(Genios Tecan) was then applied to monitor the absorbance of MTT
at 570 nm. The viability of SKBR-3 cells was determined by the ratio
of MTT absorption in the cells treated with 3-CCP to that of the blank
cells without any treatment.
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