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Photophysical properties, aggregation-induced
fluorescence in nanoaggregates and cell imaging of
2,5-bisaryl 1,3,4-oxadiazoles

Yongchang Jin, Ying Qian"

Dye-loaded nanoparticles encapsulating four different aggregation-induced emission (AIE) and
intramolecular charge transfer (ICT) active chromophores, which had different numbers of
carbazole-containing triphenylamine moieties as donors and one 1,3,4-oxadiazole moiety as
acceptor, were reported and investigated. Dye-doped amino-group-functionalized silica
nanoparticles (Si-NPs), with diameter ~30 nm, maintained the AIE characterized phtophysical
properties of the chromophores with high quantum yield up to 0.35 for Oxa-(BCPA),-doped Si-
NPs and the fluorescence emission peaks ranged from 476 nm to 513 nm for the four
nanoparticles. Meanwhile, dye-doped Si-NPs had successfully overcome the challenges of poor
biocompatibility of AIE materials and could be well dispersed in water, providing an important
opportunity to further explore their bioapplications by conjugating the NPs with various
biomolecues. The dye-loaded BSA-nanoparticles (BSA-NPs) were applied to cell imaging and
showed a better uptake by HeLa cells compared to pure dye NPs, which indicating a promising

application for biosensors such as cancer cell detecting.

Introduction

The advanced development of multifunctional nanoparticles
provides an exciting opportunity for potential bioapplications
such as cell imaging, ' biosensors, > gene delivery,® drug
carriers * and thus has attracted great research attention
worldwide in the past few decades. Dye-dopped silica
nanoparticles, especially, are one of the most vigorous research
fields due to several important merits such as almost precisely
controllable size with good monodispersity, simple surface
functionalization to meet the specific application requirements,
excellent compatibility that could encapsulate different
materials in one single particle to realize multifunctional
applications, superior optical properties against photobleaching
and most importantly, great biocompatibility which will make it
possible to explore potential use for dyes with good
photophysical properties but incompatible with biosystem.
Meanwhile, dyes which could be encapsulated inside
nanoparticles should have some advantageous features over
traditional aggregation-caused quenching (ACQ) materials
because they are wusually in aggregated state inside
nanoparticles. Aggregation-induced emission (AIE) materials
are one of the choices which are widely investigated due to
their properties as called. After the AIE phenomena was found,’
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great progress has been made such as using AIE materials to
monitor the process proceeding in drug delivery systems® or to
realize fluorescent cellular tracing’ and even new fluorescence
turn-on mechanism ® was discovered in addition to AIE.
Combination of the development in AIE materials with the
nanotechnique will absolutely provide a promising potential in
their bioapplications.

Tian ° synthesised a 9,10-distyrylanthracene-doped folate-
functionalized silica nanoparticles with a high fluorescence
quantum yield up to 0.20 and showing specific targeting ability
to cancer cells over normal cells because the folic acid
decorated on the surface of the nanoparticles showed a high
binding affinity to the folate receptors overexpressed by many
cancer cells. Jung Aa Ko'’ reported metal/dye-doped core-shell
silica nanoparticles with diameter of 60 nm containing metal
salts and dyes inside one nanoparticle, of which the movement
could be easily monitored during the treatment process and thus
to realize multiplex detection such as to monitor DNA cleavage.
Stefania Biffi'' developed silica nanoparticles encapsulating
two dyes acting as donor—acceptor couple to tune the emission
intensity profile into the NIR spectrum by changing the doping
ratio of the donor—acceptor couple and could be used for both
flow cytometry and in vivo imaging. Gao '> applied a
fluorescence resonance energy transfer system containing
oligonucleotide-modified fluorescein isothiocyanate-doped
nanoparticles as donors and oligonucleotide-modified gold
nanoparticles as acceptors to detect the DNA hybridization with
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a detection limit of 3 picomole. Dye-doped nanoparticles have
shown great potential in bioapplications, but dyes which not
only have excellent photophysical properties, but could also be
easily encapsulated inside nanoparticles without any chemical
pretreatment are still highly needed."

In this paper, we have reported four different AIE-ICT active
chromophores Oxa-(CPA);, Oxa-(CPA),, Oxa-(BCPA); and
Oxa-(BCPA),, which are fabricated in a D-A or D-A-D manner
with one or two carbazole-containing triphenylamine building-
blocks as donors while 1,3,4-oxadiazole as the acceptor.'* Tert-
butyl were introduced to the 3,6-positions of carbazole in some
cases to improve the solubility of the compounds and enhance
the electron-donation.'® The structures of these compounds are
given in scheme 1. CPA/BCPA represents the two important
intermediates with or without tert-butyl, respectively. Oxa-
(CPA); and Oxa-(BCPA); are of one-donor-containing
structure while Oxa-(CPA), and Oxa-(BCPA), are of two-
donor-containing  structure, respectively.  Photophysical
properties of the chromophores in different solvents and
aggregated states were investigated. Indeed, both positive
solvatochromism and excellent performance in solid state
characterized by AIE effect were observed. Amino-group-
functionalized silica nanoparticles (Si-NPs) encapsulating the
aggregated chromophores and dye-loaded BSA nanoparticles
were prepared to explore potential bioapplications.
Photophysical properties of Si-NPs are discussed and dye-
loaded BSA nanoparticles were successfully applied to cell

imaging.

R=H, Oxa-(CPA)¢

R=t-Bu, Oxa-(BCPA);

R R = H, Oxa{(BCPA), R
R =t-Bu, Oxa-(BCPA),

R R=H, CPA
R=t-Bu, BCPA

Scheme 1 Chemical structures of chromophores Oxa-(CPA),,
Oxa-(BCPA)n (n=1,2) and CPA/BCPA. When n=I1, the
chromophores have an asymmetric structure with only one
building block of CPA/BCPA and while n=2, a symmetrical
structure is obtained. CPA/BCPA represents the important
intermediates or building blocks in different cases.

Experimental

2| J. Name., 2012, 00, 1-3

General

N,N-di(4-iodophenyl) amino benzaldehyde, [[4-[5-(4-tert-
butylphenyl)-1,3,4-oxadiazol-2-yl]phenyl|methyl]
2,5-bis(4-methylphenyl)-
1,3,4-oxadiazole triphenylphosphonium bromide, 3,6-Di-tert-

triphenylphosphonium bromide ,

butyl-9H-carbazole were synthesised by our laboratory using
the known literature procedure'® and identified by 'H NMR
and melting point analysis. Solvents were purified and dried
using standard protocols. All other chemical reagents were
obtained commercially and were used as received without
further purification. 3-aminopropyltriethoxysilane (APTES,
Sinopharm Chemical Reagent Co., Ltd, Shanghai, China),
Aerosol OT (AOT, Aladdin Industrial Co., Shanghai, China),
triethoxyvinylsilane (VTES, Aladdin Industrial Co., Shanghai,
China).

Chemical structures were confirmed by NMR analysis. 'H
NMR measurements were determined with a Bruker 500 MHz
spectrometer or Bruker 300 MHz spectrometer, with TMS
“C NMR
measurements were determined with a Bruker 300 MHz

(tetramethyl silane) as the internal standard.
spectrometer.

UV-visible absorption spectra were determined on a
Shimadu UV-3600 spectrophotometer. Fluorescence spectra
were measured on an HORIBA FL-4 max spectrometer. The
melting points were measured on a Microscopic
Melting Point Meter X-4. The cell imaging equipment used in
our experiment were Upright Fluorescence Microscope (Imager

A1) provide by ZEISS, Germany.

Synthesis

4-N,N-Bis[4-(3,-6-di-tert-butylcarbazol-9-yl)phenyl]-amino-

benzaldehyde (BCPA). Yellow solid. Yield 80%. m.p. >300°C.
A mixture of N,N-di(4-iodophenyl) amino benzaldehyde (5.0
g, 9.5 mmol), 3,6-Di-tert-butyl-9H-carbazole (5.8 g, 20.9
mmol), Cul (0.72 g, 3.78 mmol), 1,10-phenanthroline (1.5 g,
8.3 mmol), and K,CO; (3.5 g, 20.9 mmol) in DMF (50 mL)
was heated to 160 ‘C under nitrogen for 24 h. After cooling to
room temperature, the reaction mixture was poured into water
(100 mL). The precipitate was filtered and dried. Further
purification was performed by column chromatography to
afford the pure product. "H NMR (300 MHz, CDCl5) 8: 9.93 (s,
1H), 8.18 (s, 4H), 7.87 (d, J=8.52 Hz, 2H), 7.63 (d, J=8.49 Hz,
4H), 7.54-7.45 (m, 12H), 7.31(d, J=8.19 Hz, 2H), 1.50 (s, 36H).

4-N,N-Bis[4-(carbazol-9-yl)phenyl]-amino-benzaldehyde
(CPA). Yellow solid. Yield 89%. m.p. 287-289 ‘C . The
synthetic procedure of CPA was similar to that of BCPA. 'H
NMR (300 MHz, CDCI13) &: 9.91 (s, 1H), 8.17 (d, J=7.74 Hz,
4H), 7.86 (d, J=8.64 Hz, 2H), 7.62 (d, J=8.67 Hz, 4H), 7.52—
7.42 (m, 12H), 7.33-7.28 (m, 6H).

2-(4-tert-butylphenyl)-5-{4-[2-[4-N,N-bis-(4-carbazol-9-yl-
phenyl)-amino-phenyl]vinyl]phenyl}-1,3,4-oxadizole [Oxa-
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(CPA),]. Yellow solid. Yield 66%. m.p. 293-295°C. [[4-[5-(4-
tert-butylphenyl)-1,3,4-oxadiazol-2-yl]phenyl|methyl]
triphenylphosphonium bromide (1 g, 1.58 mmol) was dissolved
in 20 mL THF at 0°C. A solution of sodium hydride (0.06 g,
2.68 mmol) in 5 mL THF was added under nitrogen. After the
mixture was stirred for 1 h, 4-N,N-Bis[4-(carbazol-9-
yl)phenyl]-amino-benzaldehyde (1.05 g, 1.74 mmol) in 20 mL
THF was added dropwise to the reaction mixture for 0.5 h.
Then the mixture was stirred at 80°C for 2 h. After cooling to
room temperature, the reaction was quenched with 100 mL
water. The mixture was filtered and dried. The crude product
was purified by column chromatography on silica gel to afford
the pure product. 'H NMR (500 MHz, CDCI3) &: 8.18 (d,
J=7.70 Hz, 4H), 8.15 (d, J=7.35 Hz, 2H), 8.09 (d, J=7.00 Hz,
2H),7.69 (d, J=7.25 Hz, 2H), 7.59-7.56 (m, 4H), 7.55-7.53 (m,
4H), 7.51 (d, J=8.05 Hz, 4H), 7.47-7.44 (m, 8H), 7.30-7.33 (m,
6H), 7.27 (d, J=15.05 Hz, 1H), 7.14 (d, J=15.95 Hz, 1H), 1.39
(s, 9H). '*C NMR (300 MHz, CDCl;) 8: 167.20, 166.90, 157.95,
149.88, 148.89, 143.58, 143.37, 135.32, 134.72, 132.79, 130.75,
130.70, 129.89, 129.48, 129.40, 129.13, 128.67, 128.53, 127.88,
127.07, 125.95, 125.21, 123.75, 122.95, 122.53, 112.39, 37.70,
33.74.

2,5-di-{4-[2-[4-N,N-bis-(4-carbazol-9-yl-phenyl)-amino-
phenyl]vinyl]phenyl}-1,3,4-oxadizole [Oxa-(CPA),]. Yellow
solid. Yield 54%. m.p. 262-264°C. The synthetic procedure of
Chromophore Oxa-(CPA), was similar to that of Chromophore
Oxa-(CPA);. 1H NMR (500 MHz, CDCl;) 6: 8.17-8.14 (m,
12H), 7.68 (d, J=8.30 Hz, 4H),7.58 (d, J=8.50 Hz, 4H),7.54 (d,
J=8.65 Hz, 8H),7.50 (d, J=8.15 Hz, 8H),7.46-7.43 (m,
16H),7.33-7.29 (m, 12H),7.27 (d, J=16.30 Hz, 2H),7.14 (d,
J=16.25 Hz, 2H). *C NMR (300 MHz, CDCl;) &: 164.45,
147.33, 146.31, 140.99, 132.75, 132.10, 130.28, 128.17, 128.12,
127.34, 126.92, 126.51, 125.94, 125.31, 124.47, 123.37, 122.53,
120.37, 119.95, 114.61, 109.80.

2-(4-tert-butylphenyl)-5-{4-[2-[4-N,N-bis-[4-(3,6-di-tert-
butylcarbazol-9-yl)phenyl]-amino-phenyl]vinyl|phenyl}-
1,3,4-oxadizole [Oxa-(BCPA),]. Yellow solid. Yield 50%. m.p.
264-266°C. The synthetic procedure of Chromophore Oxa-
(BCPA), was similar to that of Chromophore Oxa-(CPA);. 'H
NMR (300 MHz, CDCI3) &: 8.20 (s, 4H), 8.19 (d, J=9.43 Hz,
2H), 8.14 (d, J=8.37 Hz, 2H), 7.72 (d, J=8.25 Hz, 2H), 7.61-
7.58 (m, 4H), 7.58-7.55 (m, 4H), 7.55-7.53 (m, 4H),7.49-7.44
(m, 8H), 7.36 (d, J=8.34 Hz, 2H),7.32 (d, J=12.42 Hz, 1H),7.17
(d, J=16.20 Hz, 1H), 1.53 (s, 36H), 1.42 (s, 9H). '*C NMR (300
MHz, CDCl;y) 6: 167.19, 166.93, 157.93, 150.05, 148.49,
145.45, 143.44, 141.96, 135.92, 134.42, 132.87, 130.65, 130.34,
129.88, 129.46, 129.41, 128.95, 128.67, 127.93, 126.78, 126.20,
125.95, 125.17, 123.79, 118.88, 111.85, 37.71, 37.36, 34.65,
33.75.

2,5-di-{4-[2-[4-N,N-bis-[4-(3,6-di-tert-butylcarbazol-9-
yDphenyl]-amino-phenyl]vinyl]phenyl}-1,3,4-0xadizole
[Oxa-(BCPA)2]. Yellow solid. Yield 53%. m.p. 291-293°C.
The synthetic procedure of Oxa-(BCPA), was similar to that of

This journal is © The Royal Society of Chemistry 2012
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Chromophore Oxa-(CPA),. '"H NMR (300 MHz, CDCI3) §:
8.20-8.17 (m, 12H), 7.72 (d, J=8.22 Hz, 4H),7.61 (d, J=11.28
Hz, 4H),7.57 (d, J=7.44 Hz, 8H), 7.54-7.52 (m, 8H),7.48-7.44
(m, 16H), 7.35 (d, J=8.52 Hz, 4H),7.32 (d, J=14.34 Hz,
2H),7.17 (d, J=16.20 Hz, 2H), 1.52 (s, 72H). *C NMR (300
MHz, CDCly) 8: 167.04, 150.07, 148.48, 145.46, 143.54,
141.96, 135.93, 134.39, 132.94, 130.65, 130.34, 129.93, 129.49,
128.92, 127.95, 126.76, 126.20, 125.95, 125.06, 118.88, 111.85,
37.35, 34.65.

Preparation of dye-encapsulated amine-functionalized silica
nanoparticles

To a clear solution of surfactant AOT (0.44 g) dissolved in
deionized water (20 mL) was added 0.8 mL cosurfactant 1-
butanol under sonication at 0 C to form oil-in-water
microemulsion system. DMF (60 pL) solution containing Oxa-
(CPA), or Oxa-(BCPA), (10 mM) was dropped into the
mixture. After sonicating for 3 min, 0.2 mL VTES was added
and the reaction mixture was stirred for 8 h. APTES (20 uL)
was added and the mixture was further stirred at room
temperature for 24 h. After the formation of nanoparticles, the
unreacted starting materials were removed by dialyzing the
solution against deionized water in a 8-14 KDa cutoff cellulose
membrane for 72 h. The dialyzed solution was then stored at
5 °C for later use.

Preparation of dye-loaded BSA nanoparticles

BSA (0.1300 g) was dissolved in deionized water (50 mL) and
a solution of THF (80 mL) containing 0.0013 g dye was added
100 pL glutaraldehyde
solution (25%) was added at room temperature and the mixture

dropwise under sonication. Then

was stirred for 4 h. The THF was removed by rotary
evaporation and stored at 5 ‘C for later use.

Cell culture

HeLa cells (human cancer cell lines) were grown in Dulbecco
minimum essential media (DMEM) with 10% fetal bovine
serum (FBS), 1% penicillin, and 1% amphotericin B. Before the
treatment, the cell were plated in 24-well plates and incubated
for 24 h. Then different nanoparticles were added at a
concentration equal to 1.3 X 10 g/L of pure dyes and incubated
for 4 hours at 37 “C with 5% CQO,. Then the cells were washed
twice with PBS and imaged with a Fluorescence Microscopy.

Cytotoxicity of dye-loaded BSA-NPs

The cytotoxicity of the BSA-NPs against HeLa cells was
assessed by MTT assay using the known literature procedure. '’

Results and discussion

Synthesis of the chromophores with different number of
building blocks

J. Name., 2012, 00, 1-3 | 3
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All the four final compounds, Oxa-(CPA),, Oxa-(BCPA)n
(n=1,2), were synthesised through two main reactions after
obtaining of the important intermediates, which were N,N-di(4-
iodophenyl)  amino  benzaldehyde, 3,6-Di-tert-butyl-9H-
carbazole, [[4-[5-(4-tert-butylphenyl)-1,3,4-oxadiazol-2-yl]
phenyl]methyl]triphenylphosphonium bromide and 2,5-bis(4-
methylphenyl)-1,3,4-oxadiazole triphenylphosphonium
bromide. Ullmann reaction connected the carbazol-9-yl (with or
without tert-butyl substitution at 3,6-positions) to N,N-di(4-
iodophenyl) amino benzaldehyde at the sites of iodine atoms
to generate CPA/BCPA with good yield (>80%). Then
CPA/BCPA reacted with one/two-branched compounds: [[4-[5-
(4-tert-butylphenyl)-1,3,4-oxadiazol-2-yl|phenyl]methyl]
triphenylphosphonium bromide or 2,5-bis(4-methylphenyl)-
1,3,4-oxadiazole triphenylphosphonium bromide by Wittig
reaction and the final chromophores were obtained with a
middle yield (>50%). All of the final compounds were
confirmed by '"H NMR and '*C NMR. The synthetic routes of
the chromophores are shown in Scheme 2, taking Oxa-(BCPA),
as an example and the rest synthetic routes are provided in the

supplementary information.
iﬁ I \f M Z? g
P A/L l\/L

N/
\/\
| Cul, K,CO;, DMF J\j

S 1,10-phenanthroline
L 160 °C 24 h, yield 80% m
o Ullmann Reaction S
L BCPA
o
O = N\ 2
PhsPg T Dl
M LA FE
N-N
S EEE—— Oxa-(BCPA),

NaH, THF, 80 °C,
2 h, yield 53%

Wittig Reaction
Scheme 2 Synthetic routes of target chromophores Oxa-
(BCPA),

Photophysical properties of 2,5-bisaryl-1,3,4-oxadiazoles

The CPA/BCPA and four 2,5-bisaryl-1,3,4-oxadiazoles can
be devided into two groups by structures without (group 1:
CPA, Oxa-(CPA), and Oxa-(CPA),) or with (group 2: BCPA,
Oxa-(BCPA), and Oxa-(BCPA),) tert-butyls on the 3,6-
positions of carbazoles. The normalized fluorescence spectra
of the four 2,5-bisaryl-1,3,4-oxadiazoles in solid state was
shown in Fig. la. The maximum emission peaks of the four
chromophores were from 494 nm to 523 nm (Tablel) .
Obvious bathochromic shift was observed when the one-
donor-containing compounds changed into two-donor-
containing compounds, for example, 494 nm for Oxa-(CPA),
and 523 nm for Oxa-(CPA),. The fluorescence pictures of
solid powder excited at 365 nm are also presented in the inset.
The CIE chromaticity coordinate of the four chromophores
was depicted in Fig. 1b. The CIE chromaticity coordinate
values of Oxa-(CPA);, Oxa-(CPA),, Oxa-(BCPA); and Oxa-
(BCPA), were calculated to be (0.21, 0.49), (0.32, 0.62), (0.18,
0.51) and (0.25, 0.61), respectively. An obvious change from
green to yellowish green is observed when the one-donor-
containing compounds changed into two-donor-containing
compounds.

4| J. Name., 2012, 00, 1-3
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Fig. 1 The normalized fluorescence spectra of the 2,5-bisaryl-
1,3,4-oxadiazoles in solid state excited at 400 nm (a) and the
inset presented the fluorescence pictures of solid powder
excited at 365 nm; the CIE chromaticity coordinate of the four
chromophores(b).

All the two groups of compounds are soluble in common
organic solvents such as CH,Cl,, THF and DMF. Fig. 2 (a, b)
shows the absorption and emission spectra of them in THF
solution. Two major absorption bands located at 300-350 and
350-475 nm are observed. The former is ascribed to localized
n-m* transition of aromatic moieties in the molecular while the
latter is of ICT character.'® In changing from CPA, Oxa-(CPA),
to Oxa-(CPA), (Group 1, Fig. 2a), the maximum absorption
peaks within 300-350 nm almost remain unchanged but an
obvious bathochromic shift from 365 nm, 396 nm to 407 nm is
spotted for the ICT band within 350-475 nm. The ratio of molar
extinction coefficient g,,, [Oxa-(CPA);]:€m. [Oxa-(CPA)]
calculated from the ICT band is 10.1:1.0. Excited at the
absorption maximum, CPA, Oxa-(CPA), and Oxa-(CPA), have
single emission peaks locating at 498 nm, 504 nm and 508 nm,
respectively, and the fluorescence intensity is increased from
CPA, Oxa-(CPA), to Oxa-(CPA), by a ratio of 1.0:4.1:7.8. The
same trend is spotted in group 2 (Fig. 2b), with bathochromic
shifts in fluorescence spectra (=10 nm) compared to group 1,
which is resulted from the electron-donating ability of tert-butyl.
The data is provided in Table 1. It is obvious that the additional
carbazole-containing triphenylamine chromophore moiety has
largely affected the optical property of the 2,5-bisaryl-1,3,4-
oxadiazoles, showing increased molar extinction coefficient
and fluorescence intensity.

This journal is © The Royal Society of Chemistry 2012
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Fig. 2 Absorption and emission spectra of CPA, Oxa-(CPA),,

Oxa-(CPA), (a) and BCPA, Oxa-(BCPA),, Oxa-(BCPA), (b) in

THF with a concentration of 107 M.

The solvatochromism behaviour of the 2,5-bisaryl-1,3,4-
oxadiazoles was investigated. As seen in Fig. 3, taking Oxa-
(CPA), as an example, the emission spectra of the chromophore
undergo changes induced by the solvents owing varying
polarities. In stark contrast to a slightly positive
solvatochromism effect in the absorption properties, a
remarkable change in the emission maximums (Fig. 3a) ranging
from 497 nm (CCl;) to 546 nm (DMF) indicates that ICT
transitions are facilitated in more polar solvents such as DMF
and ICT process probably occurs in the excited state of the
molecule. Meanwhile, a decreasing in fluorescence intensity is
also observed in highly polar solvents , with a ratio of
3.8(CCl;):1(DMF) for example, due to the fast interconversion
from the high emissive local excited (LE) state to the low
emissive ICT state reported by many groups.'®

7000

a b
. Acetone
3 Oxa-(CPA)1
. — o - 6000

g

2

=
-vel em

5
5000 |- %

Fluorescence Intensity / a.u.
Pl
I
B

4000

New Journal of Chemistry

Fig. 3 The emission (a) spectra of Oxa-(CPA); in different
solvents at the concentration of 10° M and the linear plots of
the Lippert’s equation (b), Bakshiev’s equation (c) and
Kawski—Chamma—Viallet’s equation (d) for Oxa-(CPA); and
Oxa-(CPA),, the calculation processes and definition of the
functions are performed according to the literature. '’

Three equations, Lippert’s equation, Bakshiev’s equation,
Kawski-Chamma—Viallet’s equation are often used to estimate
the dipole moment change of the molecular when excited.?’ The
linear plots of the three equations are given in Fig. 3 (b, c, d),
from good to excellent R? value can be observed and the
detailed information is listed in Table 1. From the calculation
results, large dipole moment difference Ap ranging from 9.38 D
to 13.25 D are obtained, indicating a strong ICT effect occurs
during the excitation and emission process and the excited state
of the molecule possess an increased dipole moment compared
than that of the ground state (Table 1). The electron distribution
in the molecular were simulated and the results are provide in
Fig. 4a, the electron densities are largely located on the donor
in HOMO while in LUMO the electron densities mostly located
on the acceptor through the n-bridge. From comparing the
electron distribution condition in the HOMO and LUMO levels,
an obvious ICT process is observed from the electron-rich
region (donor) to the electron-poor region (acceptor) as
depicted in Fig. 4b.

@

@

3, LUMO  -125ev

? HOMO

-8.00 eV

Acceptor

Fig. 4 Frontier molecular orbitals of Oxa-(BCPA), (a) and
model picture of ICT process from the electron-rich region
(donor) to the electron-poor region(acceptor) (b).

Table 1 Photophysical properties of the four chromophores

450 500 550 600 650 700 750
Wavelength / nm
7000 46000
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Oxa-(CPA)2
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Oxa-(CPA)n and Oxa-(BCPA), (n=1,2)
Oxa-(CPA)2 A. em A. abs Enax A. em Stoke’s A"’
(mm) (nm) M'ecm?') (nm) shifts (D)
(Solid) (THF) (ruF)  (taF) (cm™)
. (THF)
e Oxa-(CPA), 494 396 1.98X10* 504 5547  9.38
] Oxa-(CPA), 523 407 2.00X10° 508 4885 11.73
3 oaicran Oxa-(BCPA), 498 398 487x10* 517 5696 11.10
Oxa-(BCPA), 515 410 1.14X10° 518 5032 13.25

A s UV absorption maximum; A ., fluorescence emission
maximum; &., maximum molar extinction coefficient; Ap =pi.-
Ue, Mo dipole moment of excited state, p, dipole moment of
ground state.
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From the discussion above, the two groups of chromophores
indicated structure-related emission in solid states, showing an
obvious change from green to yellowish green when the one-
donor-containing compounds changed into two-donor-
containing compounds. Solvatochromism effect, a sign of ICT,
was also observed due to the D-A configuration of the
chromophores. Thus it is necessary to further investigate the
photophysical properties of the chromophores in different
aggregated states to explore the potential bioapplications.

Aggregation-induced fluorescence in
aggregates and cell imaging

nano-

All the chromophores are insoluble in water and the
dispersion system of nano-aggregates was obtained by gradual
addition of water into THF with different ratios. As seen in Fig.
5a, when the water fraction fy < 60% for Oxa-(CPA),, the
absorption peaks almost remain unchanged. However, with
more water added, remarkable changes were observed which
can be attributed to the aggregation of the chromophore
molecules. In spite of this, the water/THF system remain
homogenous without obvious precipitates, indicating that
aggregates are probably at nanoscale sizes which can also be
proved by the level-off tail stretched into the longer wavelength
region in absorption spectra.?' The emission spectra were
presented in Fig. 5 (b, ¢). The V-profiled fluorescence intensity
plots (Fig. 5c¢) obviously indicated a synergic effect of two
different mechanisms, ICT and AIE effect. When the water
fraction increased from 0 to 50%, the emission peaks
bathochromic shifted from 501 nm to 533 nm and the
fluorescence intensity decreased dramatically from quantum
yield (®g) up to 0.55 in THF and to a very low value at the
water fraction of 50%. This can be attributed to an enhanced
extent of ICT process when the more polar solvent water was
added. In a less polar system (THF), the emission mostly comes
from local excited (LE) state which is high in fluorescence
intensity and short in emission peak, while with the polarity of
the system increasing, ICT process is facilitated and LE state is
substituted by ICT state and bathochromic-shifted emission
accompanied by decreasing in emission intensity occurs.”? But
with the more water added (fw > 50%), the solubility of the
mixture solvent decreased and nano-aggregates started to form,
ICT was eliminated and AIE effect became a dominated
factor.”® Thus a blue-shifted wavelength (from 533 nm to 504
nm) and increased fluorescence intensity (®;=0.28, fw = 80%)
were observed due to a decreasing in the polarity of local
environment and the restricted intramolecular torsion in
aggregated state. The detailed quantum yield in mixed solvent
of water and THF system are presented in Table 2. Fig. 6 shows
the fluorescence pictures of Oxa-(BCPA); (a) and Oxa-
(BCPA), (b) in mixed solvent of water and THF system with
different water fractions at concentrations of 10° M excited at
365 nm.

b Water Fraction
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B
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e
@
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3
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Fig. 5 Absorption (a) and fluorescence spectra (b) of 10° M
Oxa-(CPA); in the mixed solvent of water and THF system
with different water fractions and corresponding changes in PL
peak intensities(I/I, [y= PL intensity in pure THF solution) (c).

water fraction —
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0°/ 50%. 60%. ‘

water fraction —
0% [l 10%  20% L30%JL40% [ 50%}1 60% ' 70%

m—:s b—-lt—“—

Fig. 6 The fluorescence pictures of Oxa-(BCPA); (a) and Oxa-
(BCPA), (b) in mixed solvent of water and THF system with
different water fractions at concentrations of 10 M excited at
365 nm.

From the discussion above, it can be concluded that all the
four chromophores are AIE-ICT active with good
photophysical properties in aggregated state with quantum yield
even up to 53% for Oxa-(BCPA), in mixed solvent of water
and THF system with water fraction of 90%. Thus it is
necessary to further explored for potential bioapplications.

The main obstacle is that they are incompatible to aqueous
biological systems because of poor solubility in water,** which
is a common problem that largely limits their bioapplications.
To overcome these limitations, we have synthesised two kinds
of nanoparticles with different structural features aiming at
various functions such as cell imaging, biosensor, gene delivery
and drug carriers. Amino-group-functionalized Si-NPs were
synthesized as the first step towards the promising applications
in cell imaging or bioprobes because that amino groups can be
easily modified in the next step by biomolecules which would
be able to, for instance, target specifically the cancer cells or
detect DNA hybridization.?

The model structure of the Si-NPs is presented in Fig. 7(left).
It is consisted by two parts: (1) the core made of aggregatied
chromophore molecules and (2) the silica shell whose internal
surface was modified by vinyl that would create a non-polar
environment for organic chromophores while the outside
surface was decarated with amino groups which would provide
bonding sites for biomolecules. TEM image of the dye-doped
Si-NPs is shown in Fig.6(right). The average particle size of the
Si-NPs indicated by the TEM image is 30 nm.

80%. 90%
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v . A RN
———i 100 nm

Fig. 7 Model structure (left) and TEM picture (right) of Oxa-
(BCPA), doped and amino-group-functionalized nanoparticles
with average diameter of 30 nm.

The absorbance and fluorescence spectra of the dye-doped
Si-NPs were investigated to assess the photophysical properties
of the chromophores when encapsulated in nanoparticles. All
the four Si-NPs can be well dispersed in water while the good
inherent photophysical properties of the pure dyes were
maintained as presented in Fig. 8 and Table 2. The absorption
peaks of dye-doped Si-NPs were at 411, 414, 419, 420 nm
while the emission peaks were at 500, 507, 476, 513 nm,
showing a Stoke’s shifts of 89, 93, 57, 93 nm respectively for
Oxa-(CPA);, Oxa-(CPA),, Oxa-(BCPA), and Oxa-(BCPA),.
Taking Oxa-(BCPA), as an example to compare the emission
behavior of the chromophores in different states, the emission
peaks of which located at 518 nm in pure THF, 542 nm in
mixed solvent of water and THF system with water fraction of
20%, 518 nm when the water fraction is 50%, 509 nm when the
water fraction is 90% and 513 nm if Oxa-(BCPA), was
encapsulated in Si-NPs dispersed in water. It was obvious that
the emission peaks of dyes encapsulated inside the silica shell
were similar to that of which was in low polar solvent THF or
aggregated particles dispersed in higher water fraction and
different from in mix-solvents with lower water fractions such
as 20%. Meanwhile, the quantum yield of Oxa-(BCPA); is up
to 35% and Oxa-(BCPA), is up to 23%, respectively. Thus it
could be concluded that the excellent photophysical properties
of the chromophores in solid states were maintained in the Si-
NPs while the potential bioapplications based on the Si-NPs
could be further explored.”®
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Fig. 8 Absorption and fluorescence spectra of SiO,-NPs of
Oxa-(BCPA), (a) and Oxa-(BCPA), (b) in water(10°® M); the
insets are fluorescence pictures of NPs in water excited at 365
nm.

Table 2 Photophysical properties of the four chromophores
Oxa-(CPA)n and Oxa-(BCPA), (n=1,2) in different
aggregated states

Fw=80% Fw=90% Si-NPs?

A’abs A’em A’abs A’em A’abs A’cm

(nm) (nm) (nm) (nm) (nm) (nm)

| @4 | @4 | @

Oxa-(CPA); 421 508 405 501 411 500
/0.28 /0.24 /0.13

Oxa-(CPA), 428 509 430 506 414 507
/0.08 /0.07 /0.07

Oxa-(BCPA), 417 515 412 510 419 476
/-- /0.53 /0.35

Oxa-(BCPA), 434 515 439 509 420 513
/-- /0.24 /0.23

* fw water fraction of THF and water system; * Si-NPs
dispersed in water; A ,,; UV  absorption maximum; A .
fluorescence emission maximum; @; fluorescence quantum
yield

Cell imaging

Dye-loaded BSA-NPs'” were synthesized and investigated
and the preparation process was presented in Fig. 9. With the
THF solution of chromophores gradually added into the
aqueous solution of BSA, the dye molecules aggregated
because of its poor solubility in water and the aggregated
molecules entangled with BSA chain. When the addition
process finished, the mixture would be a mixed solvent of water
and THF system of 38% (V/V) water fraction. Then
glutaraldehyde (GA) was added to knit together the BSA matrix.
After the reaction finished, the THF was removed and the
mixture returned into aqueous system but BSA matrix would
not be dissolved back into water because of the GA-knitted

structure.
THF solution of OXA-(CPA),
A

- o 38 GA ~
+ _— _—
aggregation cross-linking

aqueous solution of BSA
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Fig. 9 The preparation process and model structure of dye-
loaded BSA nanoparticles.

TEM image of the dye-loaded BSA-NPs are shown in Fig.
10. It indicates that the dye-loaded BSA-NPs have a spherical
shape and a smooth surface.

Fig. 10 TEM pictures of Oxa-(BCPA),.

Similar to the dye-doped Si-NPs, the chromophore molecules
in the dye-loaded BSA-NPs were in aggregated states and thus
the photophysical properties were kept due to AIE effect. BSA
matrix was introduced to improve the bio-compatibility of the
nanoparticles and to enhance the permeability and retention
effect of the chromophores.

The dye-loaded BSA-NPs were incubated with HeLa cells
for 4 hours at 37 °‘C and fixed for cell imaging and the result
was presented in Fig. 11. From the imaging bright green
fluorescence emitted from the chromophores could be clearly
seen, which covered the cells very well. Compared with bare
chromophore NPs, which were failed to be uptaken by HeLa
cells in the same incubation conditions, dye-loaded BSA-NPs

showed an excellent intracellular uptake and a high
fluorescence contrast, which suggested dye-loaded BSA-NPs
could be potential cancer cell biosensors with good

biocompatibility and photostability. The cytotoxicity of the
dye-loaded BSA-NPs against HeLa cells was investigated using
a MTT cell-viability assay according to the known literature
procedure.!” High cell viabilities of more than 92% were

observed, indicating low cytotoxicity of the dye-loaded BSA-
NPs (Fig. S2).

Fig. 11 Fluorescence imaging pictures of HeLa cells treated
with dye-loaded BSA nanoparticles containing Oxa-(BCPA),
and Oxa-(BCPA),.

In this part, based on the excellent AIE properties and high
quantum yield of the chromophores, the photophysical
properties of dye-doped Si-NPs were investigated and high
quantum up to 35% for Oxa-(BCPA), and good dispersing

8 | J. Name., 2012, 00, 1-3

ability in water for all the chromophores were observed. Dye-
loaded BSA-NPs were also successfully applied to cell imaging.

Conclusions

With combination of carbazole-containing triphenylamine
with 1,3,4-oxadiazole by conjugated m-bridge, two groups of
aggregation-induced emission and intramolecular charge
transfer active chromophores were synthesized. Strong
structure-related emissions of the chromophores in solid states
with peaks ranging from 494 nm to 523 nm were observed,
showing an obvious change from green to yellowish green
when the one-donor-containing compounds changed into two-
donor-containing compounds. Remarkable solvatochromism
effect was found and the emission peaks for Oxa-(CPA),
ranged from 498 nm in chloroform to 545 nm in DMF for
instance.

Aggregation-induced emission and intramolecular charge
transfer effect was also found in mixed solvent of water and
THF system. Obvious bathochromic shifts was observed with
the increase of the water fraction and the quantum yield in THF
was up to 0.54 for Oxa-(BCPA),, for instance, while in mixed
solvent of water and THF system with water fraction of 90%,
the quantum yield was 0.53.

Based on the excellent performances of the chromophores in
aggregated states, dye-loaded nanoparticles were prepared and
tested. The dye-doped silica nanoparticles indicated that besides
the greatly enhanced bio-compatibility, the inherent advantages
of the pure dyes were also maintained and the quantum yield of
Oxa-(BCPA),-doped silica nanoparticles was even up to 35%.
Most importantly, it provided a promising approach in
exploring applications in bioprobes by decorating the surface of
the silica nanoparticles with different functional components.
The dye-loaded BSA-nanoparticles were applied to cell
imaging and showed a better uptake by HeLa cells compared to
pure dye nanoparticles, which indicating dye-loaded BSA-
nanoparticles could be significant biosensors in cancer cell
detecting. The detailed bioapplications of these materials are
underway.
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