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Dyes exhibiting aggregation-induced emission (AIE) are attractive building blocks for preparation of bright fluorescent
nanomaterials. AIEgens are especially efficient in pure dye aggregates, whereas they are much less explored as dopants in
NPs build of hydrophobic polymers. Here, we describe an approach that combines cationic AIEgens with bulky hydrophobic
counterions (fluorinated tetraphenylborates), that enables preparation of small and bright AIEgen-loaded polymeric NPs. To
this end, we synthesised a cationic tetraphenylethylene (TPE) derivative and studied its salts with counterions of different
size and hydrophobicity. In organic solvent/water mixtures all these salts exhibited typical AIE behaviour, whereas only salts
with bulky hydrophobic counterions exhibited strongly redshifted emission in the near-infrared (NIR) region. Encapsulation
of these salts into poly(methyl methacrylate-co-methacrylic acid) (PMMA-MA) NPs revealed that bulky counterions ensure
(i) formation of small (~50 nm) AIEgen-loaded polymeric NPs; (ii) good fluorescence quantum yield (up to 30%); and (iii) NIR
emission reaching 700 nm. By contrast, AIEgens with small inorganic anions (perchlorate and hexafluorophosphate) blended
with PMMA-MA produced large aggregates with emission in the far-red region. Single-particle microscopy revealed that our
50-nm AIEgen-loaded PMMA-MA NPs were 6-fold brighter than the NIR emitting quantum dots (QD705). These NPs feature
low cytotoxicity and compatibility with live cell imaging, in contrast to large aggregates of AIEgens with small inorganic
counterions that failed to internalize into the cells. The present work shows that combination of cationic AIEgens with bulky
counterions opens new routes for preparation of bright polymer-based nanomaterials.

Introduction
Fluorescent nanoparticles (NPs) play a crucial role in biological
and biomedical research, since they have the potential to
overcome the limitations of common fluorescent dyes, such as
brightness and photostability.1-6 Their use in the field of
bioimaging requires the optimal size, biocompatibility, and their
surface chemistry.7-9 The extensively explored direction in
fluorescent NPs field is inorganic NPs such as quantum dots
(QDs)10,11 metal clusters12,13, dye-doped silica NPs14-16, and
upconverting NPs.17-20 However, they lack flexibility for
encapsulation of active molecules and to make them
biocompatible, they should be coated with an organic shell.21-23
In addition, these nanoparticles always raised concerns for their
long term toxicity and lack of biodegradability.24-28 Therefore,
last decade have seen a dramatic growth of research on fully
organic NPs based on dye molecules and their encapsulation
into organic nanomaterials.29-33 The most representative
examples are conjugated polymer NPs,34-37 dye-loaded lipid38,39
and polymer31,32 NPs, as well as NPs formed purely from organic
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dyes,33,40,41 especially aggregation-induced emission (AIE)
dyes.31,42,43
The dye-loaded polymeric NPs gained popularity over recent
years31,32 due to their exceptional brightness,44,45 capacity to
encapsulate different dyes,46,47 tuneable size48,49 and available
surface chemistry.50 The major challenge in conventional dye
loaded nanoparticle is the aggregation-caused quenching (ACQ)
observed when a large number of dyes aggregated in a small
and confined volume.32,51-55 Several solutions were proposed in
literature to prevent the self-quenching through an appropriate
fluorophore design.32 One of them is to tailor bulky groups to
the fluorophore, so that it can prevent the aggregation.56-59
However, tedious molecular design and synthesis is required to
retain the properties of the fluorophores after modification.
Another important approach to resolve the problem of ACQ
is the aggregation induced emission (AIE) introduced by Tang
and co-workers.60 The reason behind the AIE phenomenon was
identified to be a specific dye packing and the restriction of
intramolecular motion (RIM) of the molecules.42,43
Development of AIE luminogens (AIEgens) with twisted
conformation attracted immense attention due to their ability
to prevent the traditional ACQ process and for their higher
brightness and increased photostability.61-65 Tetraphenylethene
(TPE), a propeller-shaped conjugated molecule, is one of the
most efficient AIE luminogens which is facile for the chemical
modifications,
while
preserving
their
photophysical
properties.66-69 To make these dyes compatible in biological
media, AIEgens were either polymerized in the form of NPs or
coated with different stabilizing agents based on amphiphilic

lipids (e.g. DSPE-PEG) or polymers.70-73 On the other hand,
encapsulation of AIEgens into solid matrixes of common
biocompatible/biodegradable polymers, such as poly(lactic-coclycolic acid (PLGA) or poly(methyl methacrylate-co-methacrylic
acid (PMMA), requires controlled excentric loading of
fluorogen, because their homogeneously dispersed state (as
individual molecules) in the matrix is less emissive than in the
aggregated state.74
Recently, we proposed to use bulky hydrophobic
counterions to ensure efficient encapsulation of cationic dyes
with minimized self-quenching.75 These bulky counterions
function as spacers between the individual cationic dye
molecules inside the nanoparticle matrices. Using bulky
fluorinated tetraphenylborates, we previously succeed to
synthesize the dye-loaded polymeric NPs with excellent
brightness, biocompatibility and biodegradability, which
surpassed many-fold the QDs of respective size.44-48 The
counterion approach was found to be compatible with both
rhodamines75 and cyanine47 and it works in different polymeric
matrices.45 Moreover, the approach was extended to different
classes of counterions: fluorinated tetraphenylborates and
aluminates76 as well as bulky borohydrides.77 The counterion
also ensures close proximity of dyes in the polymer matrix,
which favors dye-dye communication.75 The latter enables
preparation of giant light-harvesting nanoantennas, in which
thousands of donor molecules efficiently transfer the excitation
energy to a single cyanine molecule inside the particle and thus
amplify their emission to ca. >1000-fold.44 The latter
phenomenon has already been applied for biosensing, where

DNA-functionalized nanoantennas, 100-fold brighter than
corresponding QDs, enabled amplified detection of nucleic
acids.50
We hypothesized that the counterion approach can be
combined with AIEgens in order to prepare bright dye-loaded
polymer NPs. Recent work in Tang’s group showed an example
of cationic NIR emitting TPE-based AIEgen, which required
special surfactant bearing aromatic coronene residue as
protective shell in order to exhibit good fluorescence quantum
yield and stability in biological media.78 In the present work, we
designed an analogous cationic AIEgen and studied the capacity
of bulky counterions to improve its emission properties in
aqueous media and inside polymeric NPs. In organic
solvent/water mixtures all studied salts showed typical AIE
behaviour, whereas their blended NPs with hydrophobic
poly(methyl methacrylate-co-methacrylic acid) (PMMA-MA)
revealed dramatic role of the counterion. Indeed, it was found
that bulky hydrophobic counterions (fluorinatedtetraphenyl
borates) are essential to obtain small (~50 nm) AIEgen-loaded
NPs results with good fluorescence quantum yield and nearinfrared emission. Single-particle microscopy showed that these
particles are highly photostable and 6-fold brighter than
corresponding NIR QDs (QD705). NPs loaded with AIEgen/bulky
counterion were low-toxic and compatible with cellular imaging
applications, which was not the case of large aggregates formed
by AIEgens with small inorganic anions. In short, by
incorporating bulky counterions to an AIE active TPE
chromophore, we developed a unique strategy to prepare
bright polymeric NPs for biological applications.
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Fig. 1. A) Synthetic route for TPE dye TPE-DPA-Py and different counterions used for the formulation of NPs. B) Size distribution of TPE NPs formed by ion association with different
counterions through dynamic light scattering (DLS) measurements. C) Absorption spectra of TPE NPs (1 µM) formed with different counterions. D) Fluorescence spectra of TPE NPs
(1 µM) formed with different counterions. The spectra were normalized to the same absorbance at the excitation wavelength (450 nm).

Result and Discussion
Synthesis and characterization of TPE derivatives.
By following the report of Tang and co-workers78 to extend
the emission spectrum of TPE derivatives to NIR range, we
designed an analogous AIEgen, TPE-DPA-Py, bearing two
electron-donating diphenylamine groups and one electronwithdrawing 1-octylpyridinium. Frist, TPE-DPA-Py iodide was
synthesized in three steps starting from 4-benzoyl pyridine (Fig.
1A). BP-Br was obtained in ca. 60% yield by the reaction
between 4-benzoyl pyridine with carbon tetrabromide and
triphenyl phosphine, which was subsequently reacted with (4(diphenylamino)phenyl)boronic acid to yield the parent TPEDPA-Py derivative in ca. 60% yield. Alkylation of TPE-DPA-Py
with 1-octyliodide yields the target TPE-DPA-Py iodide in 80%
yield (Fig. 1A). Anion exchange reaction with corresponding
potassium or sodium salts (hexafluorophosphate (PF6),
perchlorate (ClO4), tetrakis(pentafluorophenyl)borate ethyl
etherate (F5-TPB) and tetrakis[3,5-bis-(1,1,1,3,3,3-hexafluoro2-methoxy-2-propyl) phenyl]borate (F12-TPB)) gave with
quantitative yield the corresponding TPE-DPA-Py salts with
different counterions, named respectively TPE-ClO4, TPE-PF6,
TPE-F5 and TPE-F12. All intermediates and products were
unambiguously characterized by NMR and mass spectroscopy
(see Experimental section).

Fig. 2. AIE characteristics of TPE-F12. A) Absorption and B) Fluorescence spectra of TPEF12 in CH3CN-H2O mixtures with different water fractions (fw). C) Plot of the relative
fluorescence intensity (I/I0) at 710 nm versus fw of the CH3CN-H2O mixture of TPE-F12.
Excitation wavelength: 450 nm. D) Absorption spectra of TPE-F12 in solvents having
different polarities, showing negative solvatochromism.

Initially, we examined the ability of the apolar cationic TPEDPA-Py to form NPs with different counterions (Fig. 1A) by ionassociation.79-85 For this, we mixed TPE-DPA-Py iodide (2 μM)
with a 10-fold molar excess of the corresponding counterions in
water. Dynamic light scattering (DLS) measurements showed
that TPE-DPA-Py iodide in the presence of counterions forms
relatively small particles ranging from ca. 6-30 nm, dependent

on the size of the counterions (Fig. 1B). In the presence of the
bulky fluorinated TPB counterion (F5-TPB and F12-TPB), we
observed ca. 60-80 nm red shift in absorption with ~3-fold
enhanced fluorescence compared to the NPs formed with
smaller counterions such as PF6 and ClO4 (Fig. 1C and 1D).
These results show that counterions can tune aggregation
behaviour of TPE-DPA-Py, and the bulky ones can improve
optical properties of these aggregates.
AIE behaviour of TPE-DPA-Py with different counterions
Aggregation behaviour of TPE-F5 and TPE-F12 was further
studied in different water-acetonitrile mixtures. These dyes are
soluble in neat acetonitrile, whereas addition of water to
acetonitrile resulted in the formation of dye aggregates,
observed as large particles (>100 nm) by DLS (Table S1). Both
dye salts showed an absorption maximum at 440 nm in neat
acetonitrile and negligible fluorescence due to the strong
intramolecular rotation of the aryl rings (Fig. 2A-B and S1). Upon
increasing the water fraction in acetonitrile (fW) from 0 to 95%,
the absorption spectra shifted towards longer wavelength
region by ca. 60 nm. The red shift in the absorption spectra of
TPE-DPA-Py can be attributed to the strong negative
solvatochromism exhibited by the dye (Fig. 2D). Indeed,
aggregation of F12-TPB or F5-TPB in water should lead to drop
of environment polarity of the dye within the aggregate, which
in turn shifts its absorption to the red. The fluorescence
intensity remained low up to 50% of water fraction, whereas
further increase in water fraction led to ca. 180-fold
enhancement in the emission of the dye salt (Fig. 2C, S1). Thus,
both TPE-F5 and TPE-F12 exhibited typical AIE behaviour, in line
with other AIEgens reported earlier.43,78, 82 Remarkably, the
emission maximum of TPE-F5 and TPE-F12 in water reached NIR
region ~700 nm. On the other hand, the AIE experiments using
dye salts with smaller counterions (TPE-PF6 and TPE-ClO4) also
showed AIE behaviour, and their fluorescence quantum yields
at 80% water were even higher than those with bulky anions.
The latter can be explained by probably tighter packing of the
AIEgen in the aggregates, thus minimizing the non-radiative
deactivation due to the intramolecular rotation. However,
above 80% of water the fluorescence intensity decreased
significantly (Fig. S2,S3). The latter is observed in some AIEgens,
which is probably related to a TICT-based quenching at high
water concentrations.43,78,86 Moreover, the emission maxima of
TPE-PF6 and TPE-ClO4 were centred in the far-red region
around 650 nm, in contrast to NIR emitting salts with bulky
counterions. The observed 50 nm red shift for AIEgen with bulky
counterions is probably related to much larger dimeter of TPEF5 and TPE-F12, 1.16 and 1.60 nm, respectively, in comparison
to PF6 and ClO4, 0.33 and 0.35 nm, respectively, which can
induce larger dye-dye distance in case of bulky counterions. It
should be noted that the dye salts with these counterions are
amorphous materials, sometimes called as frozen ionic
liquids,80,83,84 which do not allow X-ray crystallography.
Therefore, better understanding of the counterion effect will
require a dedicated theoretical study.

Fig. 3. Photophysical characterization of TPE-loaded PMMA-MA NPs. A) Schematic presentation of TPE-loaded PMMA-MA NPs. B) Plot showing the size by volume (dynamic light
scattering) of polymeric NPs loaded with salts of AIEgen with different counterions at varied concentration with respect to the polymer. C) TEM images of the different TPE polymeric
NPs (PMMA-MA, 350 mM, pH 7.4, counter stained with uranyl acetate). Scale bar: 100 nm. D) Fluorescence spectra of PMMA-MA NPs loaded with different AIEgen-counterion salts
at the highest concentration (350 mM). Excitation wavelength: 450 nm. E) Dependence of fluorescence quantum yield with regard to the loading of different TPE-couterion salts in
polymeric NPs.

AIEgen-loaded polymeric nanoparticles
Following the encouraging results on AIEgen salts with bulky
counterions, we further studied their encapsulation into NPs
formed by a biocompatible polymer PMMA-MA (Fig. 3A). We
used our recently developed protocol of charge-controlled
nanoprecipitation,48 wherein the acetonitrile solution of
PMMA-MA and a dye salt dissolved in organic solvent
(acetonitrile) were rapidly added into aqueous medium (pH
7.4). We have formulated the polymeric NPs at different dye
concentrations with respect to the polymer (35 mM, 150 mM
and 350 mM) for the TPE dye with different counterions (TPEClO4, TPE-PF6, TPE-F5 and TPE-F12). DLS measurements
suggested that the dyes, TPE-F5 and TPE-F12 formed small NPs
(ca. 45-60 nm) even at very high loadings indicating minimal
influence of the dye salt on the particle size. By contrast,
encapsulation of the TPE derivatives with smaller counterions
such as TPE-ClO4 and TPE-PF6 led to a large increase in the NP
size with the increase in the dye loading (Fig. 3B). Transmission
Emission Microscopy (TEM) measurements supported DLS data,
showing uniform spherical particles of 48-50 nm size for TPE-F5
and TPE-F12 at 350 mM dye loading, but large aggregates for
TPE-ClO4 and TPE-PF6 (Table 1). These results indicate the
importance of the bulky counterions for the preparation of
small monodisperse polymeric NPs (Fig. 3C). According to our
earlier studies75-77, bulky counterions render dye salt highly
stable and hydrophobic, preventing ion exchange with the

aqueous medium and the negatively charged carboxylates of a
polymer, which ensures dye encapsulation inside the
hydrophobic core of NPs without their adsorption to the NP
surface. On the other hand, cationic AIEgens with small
hydrophilic counterions probably dissociates in water and then
adsorb at the negatively charged NPs surface leading to the
observed particle aggregation (Fig. 3C).
NPs loaded with TPE-F5 and TPE-F12 salts exhibited higher
fluorescence quantum yields and red shifted emission
compared to the salts with small counterions (Fig. 3D,E). These
results are in line with the data for NPs prepared by the ionassociation method (Fig. 1). For all AIEgen dye salts, increase in
the dye loading 10-fold (from 35 till 350 mM) decreased the
fluorescence quantum yield by 2-2.5 fold, probably because of
some ACQ effect. The presence of bulky counterions decreased
this ACQ effect, showing that these type of counterion can
minimize ACQ of AIEgens in polymer NPs. Moreover, we should
stress that the bulky counterions shifted emission of the NPs to
NIR region (~700 nm). As a result, TPE-F12 and TPE-F5 NPs
showed a stock shift of ca. 250 nm, which is much larger than
the conventional NIR fluorophores (e.g. 30-40 nm for cyanine
5.5 and 7.5).38 The large Stokes shift is important for minimizing
auto-fluorescence and light-scattering in bioimaging
applications. To our knowledge, this is the first report showing
that the counterions can control brightness and emission colour
of NPs formed by typical AIEgens.

A)

B)

C)

Fig. 4. Single-particle fluorescence of TPE-loaded polymeric NPs under wide field fluorescence microscopy. Single-particle fluorescence images (top) and the corresponding 3D
representation (bottom) of A) TPE-F12 NPs; B) TPE-F5 NPs and C) QD705 after immobilizing the particles on glass plates.

Table 1. Summarized properties TPE dye salts in solutions and in form of NPs a

Dye Salts
In
ACN

λabs, nm
Bare
PMMA
NPsb
NPsc

λflu, nm
Bare
PMMA
NPsb
NPsc

Q. Y.
Bare
PMMA
NPsb
NPsc

TPE-F12

445

510

480

700

685

0.09
±0.01

TPE-F5

445

515

472

716

690

TPE-PF6

448

430

450

638

TPE-ClO4

445

450

440

630

Size
DLS

TEM
NPsc

Dyes/
NPc

Brightnessc
Theore
Expe
tical
rime
ntal

Bare
NPsb

PDI

PMMA
NPsc

PDI

0.12
±0.02

168
±2

0.10

53±2

0.12

48±2

12219

2.05
X107

1.76
X107

0.07
±0.02

0.11±
0.01

175
±2

0.08

67±3

0.10

50±2

13497

2.67
X107

2.52
X107

670

0.22
±0.03

0.05±
0.02

600
±100

0.95

1500±
150

0.42

d

d

d

d

645

0.24
±0.02

0.09±
0.02

500
±75

0.34

2200±
200

0.38

d

d

d

d

a

Errors are standard deviation of the means (n =3 ). bNPs formed without PMMA-MA. cPMMA-MA NPs loaded with 350 mM of corresponding TPE-counterion salts. dNot
determined due to the formation of large aggregates.

Single-particle brightness
The single-particle brightness of the TPE NPs was
determined using wide-field fluorescence microscopy. For this,
the diluted (2000-fold) polymeric TPE NPs were immobilized on
a glass surface and imaged under microscope upon excitation at
470 nm and emission collected at 670-740 nm. TPE-F5 and TPEF12 NPs appeared as bright fluorescent spots, whereas with
TPE-ClO4 and TPE-PF6, large aggregates were observed (Fig.
S4). Interestingly, the brightness of TPE-F5 was found to be 6fold higher compared to the QDs of similar emission wavelength
(QD705) (Fig. 4). The theoretical brightness, expressed as
N(number of dyes) x ε(molar absorptivity) x ɸ(quantum yield),
for TPE-F5 NPs was calculated to be 2.7 x 107 M-1cm-1, whereas
for QD705 at 470 nm it was found to be 4.2 × 106 M−1cm−1
(determined from absorption spectra and the available data
from the provider, ThermoFisher Scientific). Thus, the
theoretical difference in the single-particle brightness between
TPE-F5 NPs and DQ705 (6.4-fold) is in close agreement with the

experimental values. Video-rate imaging of TPE NPs under the
continuous irradiation with a strong excitation power (7.6 W
cm-2) revealed their good photostability and absence of blinking
(Fig. S5, ESI). The latter is in contrast to QDs (see Supporting
video for QD705)10,11 and polymeric NPs loaded with salts of a
rhodamine dye and a bulky counterion,75 which typically show
whole-particle blinking.
Cellular imaging applications
First, we verified stability of our NPs in biological media. The
fluorescence spectra of polymeric NPs encapsulated with TPEF5 and TPE-F12 before and after incubation with 10% Foetal
Bovine Serum (FBS) in pH 7.4 buffer for 1 h remains the same
with negligible changes in the intensity, which indicates good
stability of these NPs in the biological medium (Fig. S6, ESI).
Further we examined the potential of our polymeric TPE NPs in
cellular imaging applications. For this, we incubated the
brightest polymeric NPs based on TPE-F5 and TPE-F12 (350 mM

loading) with HeLa cells for 3 h and imaged the cells using
fluorescence microscopy. As a control we also studied the
polymeric NPs loaded with TPE-PF6. The cells were co-stained
with a blue membrane marker (F2N12SM)87 for the clear
visualization of the cell contour. After 3 h of incubation, the TPEF5 and TPE-F12 NPs showed efficient internalization and strong
intracellular fluorescence in form of dots (Fig. 5) According to
the previous studies this dotted emission corresponds to
nanoparticles that entered the cells by endocytosis. 75 By
contrast, PMMA NPs loaded with TPE-PF6 appeared in form
heterogeneous large fluorescent aggregates randomly
distributed within the sample without any clear localization in
cells. We have also incubated TPE-PF6 AIEgen NPs without
polymer at similar concentrations. Again, large fluorescent
aggregates without clear cellular localization were observed, as
in the case of polymer NPs doped with TPE-PF6 (Fig. S7, ESI). This
result suggests that ionic AIEgens with small counterions form
particles that readily aggregate in physiological conditions. The
problem remains even when these salts are blended with

PMMA NPs, probably due to the poor encapsulation into
polymer NPs, as it was shown in case of cationic dye based on
rhodamine B.75 Then, we verified photostability of our NPs
directly in cells by their continuous illumination in the wide-field
microscope (Fig. S8). At the excitation power density 2.5 W cm2, the signal in the fluorescence images for all the three studied
NPs did not show significant changes for at least 2 min
(corresponding to 600 recorded image frames), indicating their
good photostability. Finally, we checked cytotoxicity of the NPs
using MTT assay (Fig. S9). Importantly, at the dye concentration
used for imaging (210 nM), TPE-F5 and TPE-F12 NPs showed
almost negligible cytotoxicity (91±10 and 90±10% cell viability,
respectively), whereas TE-PF6 NPs were already cytotoxic
(58±8% cell viability). We can speculate that the lower
cytotoxicity of NPs with bulky counterions is related to better
encapsulation of their AIEgen salts, as discussed above. Thus,
we showed that combination of an AIEgen with bulky
hydrophobic counterions enables preparation of dye-loaded
polymer NPs compatible with live cell imaging.

Fig. 5. Fluorescence imaging of TPE-loaded polymeric NPs in HeLa cells. The images correspond to NPs loaded with A) TPE-F5, B) TPE-F12 and C) TPE-PF6, which were incubated with
HeLa cell lines for 3 h at 37 °C. The panels in green present images of co-staining with a membrane marker F2N12SM using an excitation at 405 nm and a detection range of 450–
500 nm, while panels in red present images of TPE polymeric NPs with an excitation at 488 nm and a detection range of 670-750 nm.

Experimental
Potassium tetrakis(pentafluorophenyl)borate ethyl etherate,
tetrakis[3,5-bis-(1,1,1,3,3,3-hexafluoro-2-methoxy-2propyl)phenyl]borate (≥99.5%), acetonitrile, were purchased
from Sigma-Aldrich and used as receive Milli-Q water (Millipore)
was used in all experiments. Sodium phosphate monobasic
(99.0%, Sigma-Aldrich) and sodium phosphate dibasic dihydrate
(99.0%, Sigma-Aldrich) were used to prepare 20 mM phosphate
buffer solutions at pH 7.4. Modified Eagle’s Medium (MEM),
Dulbeco’s Modified Eagle’s Medium (DMEM), reduced serum
medium (optiMEM), fetal bovine serum (FBS), phosphate
buffered saline (PBS), L-Glutamine (100x), Penicillin and
Streptomycin (10000 U/mL were purchased from Fisher
Scientific. NMR spectra of the synthesized TPE derivatives and
intermediate products were recorded at 20 oC on Bruker Avance
III 500 MHz spectrometer. Mass spectra were obtained using an
Agilent Q-TOF 6520 mass spectrometer (Spectra are given in the
ESI).
Synthesis of TPE dyes
Synthesis of 4-(2,2-dibromo-1-phenylvinyl)pyridine (BP-Br2). 4‐
Benzoylpyridine (182 mg, 1.00 mmol) was dissolved in
chlorobenzene (50 mL). Carbon tetrabromide (662 mg, 2.00
mmol) and PPh3 (1.05 g, 4.00 mmol) were added and the
reaction mixture was heated to reflux and maintained for 3 d.
After this time the reaction mixture was allowed to cool to rt
and insoluble material was removed by filtration. The filtrate
was treated with 50 mL of 1 M aq. HCl. The aqueous layer was
separated and basified with 1 M aq. NaOH until pH 12. The
aqueous phase was extracted with CH 2Cl2 (2 × 30 mL), and the
combined organic fractions were dried over anhydrous Na2SO4,
filtered, and concentrated under reduced pressure. The crude
product was purified by flash column chromatography using
ethyl acetate/heptane as eluent to yield BP-Br2 (60%) as a buff
solid. 1H NMR (400 MHz, CDCl3)  8.52 (d, 2H, J = 4.5 Hz), 7.297.24 (m, 3H), 7.19 (dd, 2H, J = 8 Hz), 7.15 (dd, 2H, J = 4.5 Hz); 13C
NMR (100 MHz, CDCl3)  150.6, 148.2, 146.4, 140.5, 130.1,
129.6, 124.6, 90.2; HRMS (ESI): calcd for C13H9Br2N [M+H]+,
337.9180; found, 337.9212.
Synthesis
of
4,4'-(2-phenyl-2-(pyridin-4-yl)ethene-1,1diyl)bis(N,N-diphenylaniline) (TPE). BP-Br2 (200 mg, 0.60
mmol) was dissolved in 40 mL of dioxane:water (4:1). The flask
was charged with Na2CO3 (320 mg, 3.00 mmol), Pd(OAc)2 (18
mg, 0.08 mmol), PPh3 (80 mg, 0.30 mmol), and 4(diphenylamino)phenylboronic acid (867 mg, 3.00 mmol). The
reaction mixture was heated to reflux for 12 h. After cooling to
RT, the reaction mixture was extracted with ethyl acetate (3 ×
50 mL) and the combined organic fractions were dried over
anhydrous Na2SO4, filtered, and concentrated under reduced
pressure. The crude product was purified by flash column
chromatography using ethyl acetate/heptane as eluent to yield
the targeted TPE as a yellow solid (50%). 1H NMR (400 MHz,
CDCl3)  8.29 (dd, 2H, J = 4.5 Hz), 7.19-7.13 (m, 8H), 7.08 (d, 3H,
J = 1.6 Hz), 6.99‐6.90 (m, 14H), 6.88 (dd, 2H, J = 2.1 Hz), 6.856.80 (m, 4H), 6.76-6.70 (m, 4H); 13C NMR (100 MHz, CDCl3)

152.3, 149.2, 147.5, 147.4, 146.9, 146.6, 143.3, 142.9, 136.6,
136.2, 132.2, 131.4, 129.3, 129.2, 127.9, 126.8, 126.1, 124.6,
124.5, 123.1, 122.9, 122.3; HRMS (ESI): calcd for C49H37N3
[M+H]+, 668.2987; found, 668.3060.
Synthesis
of
4-(2,2-bis(4-(diphenylamino)phenyl)-1phenylvinyl)-1-octylpyridin-1-ium iodide (TPE-I). The above
synthesized TPE (100 mg, 0.15 mmol) was dissolved in dry
acetonitrile (20 mL) and stirred at room temperature. 1iodooctane (70 mg, 0.30 mmol) was added slowly to the stirring
solution under nitrogen atmosphere. The reaction was then
allowed to reflux for 16 h to get the complete alkylation. The
solvent was evaporated under reduced pressure and the
residue was purified by flash column chromatography using
DCM-methanol as eluent to give TPE-I as orange solid (85%). 1H
NMR (400 MHz, CDCl3)  8.79 (d, 2H, J = 6.5 Hz), 7.35 (d, 2H, J =
6.8 Hz), 7.26 (t, 4H, J = 7.8 Hz), 7.17 (d, 6H, J = 7.4 Hz), 7.08 (d,
4H, J = 7.6 Hz), 7.03 (d, 2H, J = 7.28 Hz), 6.98-6.96 (m, 9H), 6.84
(d, 2H, J = 8.8 Hz), 6.78-6.75 (m, 4H), 6.68 (d, 2H, J = 8.8 Hz), 4.72
(t, 2H, J = 7.4 Hz), 1.91 (t, 2H, J = 6.9 Hz), 1.28-1.15 (m, 10H),
0.80-0.76 (t, 3H, J = 6.6 Hz); 13C NMR (100 MHz, CDCl3)  146.9,
146.6, 132.9, 132.7, 131.6, 129.6, 129.4, 129.2, 128.9, 127.9,
125.7, 125.2, 124.3, 123.8, 120.8, 31.7, 28.9, 25.9, 22.6, 14.1;
HRMS (ESI-positive mode): calcd for C57H54N3+ [M]+, 780.4317;
found, 780.4339.
General procedure for the exchange of counterions in TPE-I.
The synthesized TPE-I (20 mg, 0.025 mmol) and 1.5 equivalents
of
the
corresponding
salts
((potassium
tetrakis
(pentafluorophenyl) borate ethyl etherate (F5), tetrakis[3,5-bis(1,1,1,3,3,3-hexafluoro-2-methoxy-2-propyl)phenyl]borate
(F12), potassium hexafluorophosphate (PF6) and potassium
perchlorate (ClO4)) were mixed in 2 ml of dichloromethane and
stirred for 5-10 min until TLC showed complete conversion.
Product was purified by column chromatography using DCMmethanol as eluent. After evaporation of solvents, the pure
product with different counterions were obtained in
quantitative yields.
Preparation of fluorescent NPs. The TPE-I was dissolved at 1
mM in acetonitrile and used as stock solution. 10 μL from the
stock solution was added quickly under vigorous stirring to 1.9
mL of Milli-Q water (Millipore). Then to the obtained solution
10-fold excess of the corresponding salt solution (100 μL of 1
mM stock solution) of different counterions was added quickly
under stirring using a micropipette, the resultant NPs were
directly used for DLS and spectroscopic measurements.
For the polymeric NPs, stock solutions of the polymer
(PMMA-MA) in acetonitrile were prepared at a concentration of
1 mg/mL containing varying amounts of TPE-F12, TPE-F5, TPEPF6 and TPE-ClO4 depending on the amount of loading. Further,
50 μl of the polymer solutions were added quickly to 450 μl of
20 mM phosphate buffer using a micropipette and under
shaking (Thermomixer comfort, Eppendorf, 1,000 r.p.m.) at 21
°C. The obtained nanoparticles suspension was further diluted
five-fold with phosphate buffer 20 mM, pH 7.4, which were
used for the measurements.

TEM measurements. Carbon-coated copper-rhodium electron
microscopy grids with a 300 mesh (Euromedex) were surfacetreated with a glow discharge in amylamine atmosphere (0.45
mbar, 4–5 mA, 40 s) in an Elmo glow discharge system
(Cordouan Technologies). Then, 5 μ l of the TPE polymeric NPs
were deposited onto the grids and left for 1 min. The grids were
washed with milli Q water followed by stained with a 2% uranyl
acetate solution for 1 min. The measurements were taken on a
Philips CM120 transmission electron microscope equipped with
a LaB6 filament and operating at 100 kV. Areas of interest of all
the TPE polymeric NPs were recorded at different
magnifications on a Peltier cooled CCD camera (Model 794,
Gatan). The obtained raw images were analyzed using Fiji
software.
Single-particle fluorescence measurements. For single-particle
fluorescence microscopy measurements, the NPs were
immobilized on glass surfaces which are initially treated with
polyethylenimine (PEI), as described before.75 The solutions of
TPE polymeric NPs were diluted to 2000 times and 350 μl of the
same per cm2 were then brought into contact with the PEIcovered glass for 15 min. Appropriate quantum dots (QD705,
0.5 pM) were also introduced to the glass surfaces similarly as
control. The surfaces were rinsed extensively with water and
left in milli-Q water during microscopy experiments.
Single-particle measurements were performed in the widefield epi-fluorescence mode using Nikon Ti-E inverted
microscope with a 100x objective (Apo TIRF, oil, NA 1.49,
Nikon). The excitation was provided by light emitting diodes
(LED, SpectraX, Lumencor) at 470 nm (7.6 W cm-2 power
density). The presented images were an average of the first 20
frames (recorded at 200 ms integration time), whereas the time
lapse data were recorded for 10 s with 100 ms integration time.
The single-particle analysis was performed using Fiji software.
Cell culture and imaging. HeLa cells (ATCC® CCL-2™) were
grown in DMEM (without phenol red) at 37 °C under a
humidified atmosphere containing 5% CO2, supplemented with
10 % heat inactivated fetal bovine serum (FBS), L-Glutamine,
Penicillin and Streptomycin. Further, cells were seeded onto an
ibidi treated glass petridish and incubated for 24 hours. For
imaging, the culture medium was removed and the attached
cells were washed two times with PBS and one time with OptiMEM (Gibco-Invitrogen). Then, a freshly prepared solution of
TPE polymeric NPs (at 30-fold dilution of the original
formulation) in Opti-MEM was added to the cells and incubated
for 3 h. Cell membrane staining was carried out with F2N12SM87
(50 nM) for 10 min at RT before the microscopic measurements.
Fluorescence imaging was performed in the spinning disk mode
using X-Light CREST module in Nikon Ti-E inverted microscope
with a 60x objective, using 488 nm laser irradiation with a 670740 nm detection range for imaging TPE-NPs and 405 nm
excitation with a 450–500 nm emission range for imaging the
membrane
marker
F2N12SM.
The
photostability
measurements in cells were performed as in the case of single-

particle microscope in the wide-field mode using 470 nm LED
excitation at 2.5 W cm-2 power density.
Cytotoxicity. Cytotoxicity of the TPE NPs was quantified by the
MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) assay. The HeLa cells were seeded in a 96-well plate
at a density of 1000 cells per well and left to adhere for 24 h in
Dulbecco’s Modified Eagle Medium (Gibco LifetechnologiesDMEM) complemented with 10% fetal bovine serum, were
incubated in a 5% CO2 incubator at 37°C. After removal of the
medium, 100 μL DMEM containing 70 nM, 140 nM, 210 nM and
700 nM of TPE NPs (TPE-F12, TPE-F5 or TPE-PF6) was added to
the cells and incubated for 24 h at 37°C (5% CO2). As control,
for each 96-well plate, the cells were incubated with DMEM or
with triton X-100 (0.1%) as a positive control of cytotoxicity.
After 24h of the incubation, the medium was replaced by 100
μL of a mixture containing DMEM and MTT solution (diluted in
PBS) and the cells were incubated for 4 h at 37°C. Then, 75 μL of
the mixture was replaced by 50 μL of DMSO (100%) and the
plate was gently shaken for 15 min at rt in order to dissolve the
insoluble purple formazan. The absorbance at 540 nm was
measured (absorbance of the NPs at 540 nm was taken into
account). Each concentration of dye was tested in sextuplicate.

Conclusions
Aggregation-induced emission dyes have been successfully
applied for preparation fluorescent materials, but they have
been rarely used for encapsulation into nanoparticles build of
hydrophobic polymers, such as derivatives of poly(methyl
methacrylate) (e.g. PMMA-MA). Here, we combined AIE with
recently developed approach of bulky hydrophobic counterions
for preparation of bight dye-loaded polymeric nanoparticles. To
this end, we synthesized TPE-based cationic AIEgen and
investigated its AIE behaviour in solvents as a function of
counterion. Although all studied AIEgen salts showed AIE
behaviour in solvents, those containing bulky fluorinated
tetraphenyl borates produced ~50 nm red shift in absorption
and emission, the latter reaching NIR region. Moreover, only
dye salts with the bulky counterions (TPE-F5 and TPE-F12)
produced small dye-loaded polymeric NPs, around 50 nm
diameter, emitting in NIR region (~700 nm), while the salts with
small inorganic anions (TPE-ClO4 and TPE-PF6) results in large
aggregates with emission in far red (~650 nm). The singleparticle microscopy revealed that the brightness of the
obtained NPs was ~6-fold higher than that of quantum dots of
similar emission color and size (QD705 at 470 nm excitation).
These results were in agreement with the estimated brightness:
2.1-2.7 x 107 M-1cm-1 for our NPs vs 4.2 x 106 M-1cm-1 for QD705.
Cellular imaging studies suggested efficient internalization of
NPs by endocytosis, allowing high quality cellular imaging. By
contrast, AIEgens with small inorganic counterions with or
without PMMA-MA polymer showed irregular emission of large
fluorescent aggregates without clear cellular organization.
Finally, AIEgen-loaded polymeric NPs with bulky counterions

exhibited negligible cytotoxicity, in contrast to those with small
inorganic anions, probably due to better encapsulation of the
former in the hydrophobic polymer matrix. Thus, the
combination of AIEgens with fluorinated tetraphenylborate
counterions enables (i) formulation of small dye-loaded NPs
based on hydrophobic polymer; (ii) good fluorescence quantum
yield of encapsulated AIEgens; (iii) red shifted emission in the
NIR region; (iv) low cytotoxicity and compatibility with live-cell
imaging. Further work will be needed to address important
issues, such as optimizing structure of ionic AIEgen and the
counterion to improve fluorescence quantum yields in
polymeric NPs as well as better understanding the role of the
counterion in the dye organization and potential dye
clustering45 in the polymer NPs, which will be important for fine
tuning their optical properties. Moreover, we believe that our
approach of combining AIEgens and bulky counterions will
inspire preparation of small and ultrabgiht AIEgen-loaded
polymeric NPs for in vitro and in vivo imaging applications.
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