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An aluminium-based fluorinated counterion for
enhanced encapsulation and emission of dyes in
biodegradable polymer nanoparticlesy

b
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Andrey S. Klymchenko (2 *@

Dye-loaded polymer nanoparticles, due to their high brightness and potential biodegradability, emerge as a
powerful alternative to quantum dots in bioimaging applications. To minimize aggregation-caused quenching
of the loaded dyes, we have recently proposed the use of cationic dyes with bulky hydrophobic counterions
(also known as weakly coordinating anions), which serve as spacers preventing dye pi-stacking inside
nanoparticles. However, so far this approach of counterion-enhanced emission inside polymer NPs has been
limited to one fluorinated tetraphenylborate (tetrakis(pentafluorophenyl)borate, F5-TPB). Herein, we show that
the counterion-enhanced emission approach is not limited to tetraphenylborates and can be extended to
other types of anions, such as the aluminium-based anion, AUOC(CF3)sls~ (F9-Al, which is much easier to
scale up, compared to F5-TPB. It is found that F9-Al strongly improves the encapsulation efficiency of the
octadecyl rhodamine B dye compared to the perchlorate counterion (97 + 2 vs. 51 & 2%), being slightly better
than F5-TPB (92 + 4%). Similarly to F5-TPB, F9-Al can effectively prevent aggregation-caused quenching of
rhodamine inside NPs made of the biodegradable polymer, poly(lactide-co-glycolide) (PLGA), even at 50 mM
dye loading. According to single-particle microscopy, the obtained NPs are 33-fold brighter than commercial
quantum dots QD585 at 532 nm excitation and exhibit complete ON/OFF switching (blinking), as was
originally observed for NPs based on F5-TPB. Importantly, NPs loaded with the rhodamine/F9-Al ion pair
entered the cells by endocytosis, showing no signs of dye leaching, in contrast to rhodamine perchlorate,
which exhibited severe leakage from NPs with characteristic accumulation inside mitochondria. Moreover,
F9-Al surpassed the F5-TPB anion in stability of dye-loaded NPs against leaching, which can be attributed to
the higher hydrophobicity of the former. Overall, this work shows that counterion-enhanced encapsulation
and emission of cationic dyes inside polymer NPs is a general approach for the preparation of stable and
highly fluorescent nanomaterials for bioimaging applications.

dye-based NPs, notably using aggregation-induced emission
(AIE) dyes.”® Dye-loaded polymer NPs present several key

Fluorescent nanoparticles (NPs) attract great attention in bio-
logical and biomedical research, as they are much brighter than
organic dyes and can serve as multifunctional platforms for
theranostics. The interest in fluorescent nanoparticles has
grown rapidly." The most representative are quantum dots,’
dye-doped silica NPs,* carbon nanostructures* and NPs based
on organic materials. Fluorescent organic NPs are an emerging
class of functional nanomaterials, which includes conjugated
polymer NPs,” dye-loaded polymer®” and lipid® NPs as well as
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features, attractive for biological applications.® Their polymer
matrix can be biodegradable and can be employed for encap-
sulating other contrast agents and drugs. The rich variety of
available organic dyes makes it possible to prepare dye-loaded
NPs of almost any desired spectroscopic characteristics.'®™*
However, two key challenges remain in the field of dye-loaded
NPs. First, at high loading dyes tend to self-quench, which
results in poor particle brightness.® Second, dye encapsulation
can be inefficient and the dye may simply adsorb onto the
surface of NPs. The latter leads to dye leaching (also called
leakage) in biological medium, which is detrimental to the
signal-to-noise ratio in fluorescence microscopy imaging.'*"*
Several approaches were developed to solve these two problems.
The use of long hydrocarbon chains in the case of cyanine dyes
allowed their efficient encapsulation into polymer NPs and
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minimal leaching inside cells, although relatively high self-
quenching was observed at high dye loading."® The use of
bulky side groups can significantly decrease self-quenching,
as exemplified in the case of BODIPY'® and perylenediimide'*"”
derivatives. Aggregation-induced emission has become a highly
popular approach,” which has led to the development of a variety
of organic dye loaded NPs in recent years.”'®'* In this case, the
dyes are often not dispersed inside the polymer matrix, but form
a core, built from pure dyes or their polymerized monomers
which is further stabilized by polymeric amphiphiles.”'®
A relatively recent approach to prevent aggregation-caused
quenching has been to use bulky hydrophobic counterions.*'
Many of them belong to the class of weakly coordinating (also
called non-coordinating) anions** because of their large radius
and charge delocalization. Typical examples are derivatives of
tetraphenylborate (TPB), tetraalkoxyaluminates, bis(alkylsulfonyl)-
imides, etc. Weakly coordinating anions have been successfully
used in catalysis,?" electrochemistry,>* stabilization of reactive
cations,” as components of ionic liquids,** microporous
materials,?® lithium batteries,?® ion-selective electrodes,?” ion
sensors,”® solar cells*® and organic light-emitting diodes.*°
Recently, they were proposed for assembly of cationic dyes into
fluorescent nanoparticles* * and ultra-small fluorescent micelles.>*

However, in biological media these nanomaterials tend to
disassemble,’® which is a strong limitation for their bioimaging
applications. Encapsulation of ion pairs of cationic dyes with
such counterions inside a polymer matrix ensures both efficient
fluorescence and high stability against dye leaching."® Indeed,
we recently showed that fluorinated derivatives of tetraphenyl-
borate, due to their high hydrophobicity, ensured efficient
encapsulation of the cationic dye, octadecyl rhodamine B
(R18), inside polymer NPs.'*> Remarkably, only a perfluorinated
analogue of TPB, tetrakis(pentafluorophenyl)borate (F5-TPB),
could efficiently prevent dye self-quenching inside polymer NPs,
which allowed preparation of 40-nm NPs that were ~ 6-fold
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brighter than quantum dots (QD605) and showed an excellent
signal-to-noise ratio after entering living cells. Moreover, the
obtained NPs showed unprecedented ON/OFF switching (blinking)
due to the collective behaviour of the dyes, assembled with F5-TPB
inside the polymer matrix.'® This collective behaviour enabled
controlled photoswitching of the dye-loaded NPs.>® However, at
the moment the approach of counterion-enhanced encapsulation
and emission of dyes inside polymer NPs is still in its infancy, and
it relies exclusively on one counterion, F5-TPB. It appears that
fluorination in TPB ions is essential for preventing self-quenching
of cationic dyes.>"** So, the key question is whether it is possible to
extend this unique approach to other anions. The key to broad
applications is an easy scale up of the counterion through a
straightforward synthesis from inexpensive materials, which is
not the case for F5-TPB. Finally, it is also important to replace
the aromatic pentafluorophenyl groups of F5-TPB with aliphatic
perfluorinated groups in order to understand whether the aromatic
residues are absolutely required to achieve efficient encapsulation
and prevent self-quenching of dyes inside NPs.

Herein, we explored an Al-based anion, tetrakis[perfluoro-
tert-butoxy]aluminate (denoted as F9-Al), as a potential replace-
ment for F5-TPB. In this anion, four perfluorinated tert-butylate
groups are coordinated to the central aluminium ion (Fig. 1).
This anion was described in the literature as a weakly coordi-
nating anion,*” similarly to F5-TPB.*° Importantly, this anion can
be synthesized in large quantities in one step from inexpensive
materials, namely LiAlH, and perfluorinated tert-butyl alcohol.*®
Our results show that F9-Al perfectly replaces F5-TPB. It ensures
more effective encapsulation of rhodamine dyes inside polymer
NPs and prevents their self-quenching, especially in comparison
with perchlorate, a small inorganic counterion. The obtained NPs
are much brighter than reference quantum dots of the same
emission colour. Moreover, cellular studies revealed that at high
dye loading the Al-based counterion prevents dye leakage better
than F5-TPB, indicating that it encapsulates dyes more efficiently.
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(A) Chemical structures and molecular models of counterions used in this study to encapsulate R18 inside polymer nanoparticles. (B) Thin layer

chromatography of R18 dye salts with different counterions: F5-TPB (F5), perchlorate (Cl) and F9-Al (Al). The eluent was dichloromethane/methanol, 95/5.
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Finally, the obtained fluorescent NPs showed minimal cyto-
toxicity for both F9-Al and F5-TPB counterions. The obtained
results propose an easy to scale-up aluminium-based weakly
coordinating anion as a highly efficient agent for preparation
of bright dye-loaded polymer NPs exhibiting minimized dye
self-quenching and leaching.

Results and discussion

Synthesis of dye salts

Basic optimization of the geometry of F9-Al showed that this
anion is close in effective diameter to F5-TPB (1.04 vs. 1.13 nm).
However, F9-Al contains 36 fluorine atoms vs. 20 in the case of
F5-TPB, which leads to their higher density at the surface of
F9-Al (Fig. 1A). Li[F9-Al] was synthesized similarly to previously
described protocols, which consist of reacting LiAlH, and
perfluorinated tert-butyl alcohol.*®*° The procedure required a
gradual increase in temperature to ensure a controlled reaction
without rapid evaporation of perfluorinated tert-butyl alcohol. The
reaction was accompanied by a shift of the perfluorinated tert-
butyl alcohol signal in '’F NMR in DMSO-ds from —73.88 to
—75.10 after the aluminium alcoholate formation. Then, the ion
pair of rhodamine B octadecyl ester (R18) with F9-Al was prepared
similarly to that of F5-TPB: R18 perchlorate (R18/ClO,) was mixed
with the lithium salt of F9-Al in dichloromethane and the product
of ion exchange was purified by column chromatography. It
should be noted that upon performing thin layer chromatography
the ion pair R18/F9-Al showed a much higher Rf compared to the
parent R18/ClO,, but nearly the same Rf as R18/F5-TPB (Fig. 1B).
According to these results, F9-Al formed a stable and highly apolar
ion pair with R18 in organic solvents, similarly to F5-TPB.

Research Article

Preparation and characterization of NPs

The three different R18 salts with ClO,, F5-TPB and F9-Al anions
were encapsulated into PLGA NPs. To this end, acetonitrile
solutions of PLGA and R18 salts were nanoprecipitated in
phosphate buffer (pH 7.4). According to our earlier studies,
nanoprecipitation of PLGA at neutral pH should result in small
NPs, stabilized by negative charges of deprotonated carboxylate
groups of PLGA at the NP’s surface.'®* Indeed, as expected, at
low dye loading (5 mM of dye salt with respect to the polymer),
small NPs with hydrodynamic diameters of around 40 nm and
low polydispersity (~0.1) were obtained according to dynamic
light scattering (DLS) for all three dye salts (Fig. 2A and Fig. S5,
Table S1 in the ESIt). Nevertheless, R18/ClO, NPs were slightly
larger. A further increase in R18/ClO, dye loading significantly
increased the size of NPs, reaching ~ 300 nm at 50 mM loading.
The colloidal stability of these NPs was poor, as they precipitated
overnight. This is in line with our earlier studies, which suggested
that R18 salts with small inorganic counterions, being of amphi-
philic nature, tend to accumulate at the NP surface, where
cationic R18 neutralizes negative charges of PLGA carboxylates,
thus resulting in NP aggregation. In sharp contrast, NPs loaded
with R18/F5-TPB and R18/F9-Al ion pairs were small, indepen-
dently of dye loading (Fig. 2A), showing no signs of precipitation
over weeks. Transmission electron microscopy (TEM) confirmed
the DLS data: at 50 mM loading of R18/F5-TPB (Fig. 2H) and
R18/F9-Al (Fig. 2I), small particles were observed with average
sizes of 38 + 7 and 35 £ 5 nm, respectively, whereas R18/ClO,
loading resulted in large irregular aggregates (Fig. 2G). Zeta
potential also showed relatively stable negative values for all
dye loadings with both F9-Al and F5-TPB anions (Table S1 in
the ESIY), indicating that in these cases dye encapsulation did
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Fig. 2 Characterization of PLGA NPs loaded with R18 and different counterions. Hydrodynamic diameter (A), fluorescence quantum yield (B),
fluorescence anisotropy (C) and encapsulation efficiency (D) of NPs. (E and F) Absorption and fluorescence spectra of NPs at 5 (E) and 50 mM (F) dye
loading. (G-1) TEM images of R18/ClO4 (G), R18/F5-TPB (H) and R18/F9-Al (I) NPs at 50 mM dye loading.
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not influence the particle surface properties. These results
suggest that, similarly to F5-TPB, the aluminium-based anion
F9-Al is capable of encapsulating dyes without interference with
the nanoprecipitation process.

To quantitatively evaluate the efficiency of dye encapsulation
into NPs, we developed a protocol to distinguish between
encapsulated and adsorbed dyes. In this protocol, the dye-
loaded NPs were dialyzed using a solution of B-cyclodextrin as
a recipient medium. As R18 is a hydrophobic molecule, poorly
soluble in water, B-cyclodextrin, which is known to solubilize
hydrophobic molecules,*® was essential to ensure transfer
of poorly encapsulated dyes (i.e. those adsorbed onto the NP
surface) to the aqueous phase during dialysis. Absorption spectro-
scopy confirmed that 1 mM B-cyclodextrin can effectively solubilize
R18/ClO, in water at micromolar concentration, as the initially
broadened absorption band of aggregates of the free dye in water
was converted into a narrow band similar to that in organic
solvents (Fig. S6 in the ESIf). The dialysis membrane was
chosen to be permeable for small molecules, like R18 and
B-cyclodextrin, but impermeable for our NPs (MWCO 14000).
Then, using absorption measurements of R18 after 24 h of
dialysis (see Materials and methods for details), we found that
both R18/F5-TPB and R18/F9-Al were encapsulated almost
quantitatively for the highest (50 mM) loading, with slightly
higher efficiency for F9-Al, whereas R18/ClO, was encapsulated
at only about 50% (Fig. 2D and Table S2 in the ESI). This result
is in good agreement with observations on the NP size, con-
firming that a large part of R18/ClO, is simply adsorbed on the
particle surface. In a control experiment, we used R18/ClO,
without the polymer, and only 13% of the remaining dye was
observed using the same dialysis protocol (Fig. 2D and Fig. S7
in the ESIt). To understand the role of the counterion hydro-
phobicity in the encapsulation of dyes, we studied their parti-
tion behaviour in a two-phase system formed with a heptane/
acetonitrile/water mixture. In this case heptane and water form,
respectively, highly apolar and polar phases, whereas acetoni-
trile was used to improve the solubility of the dye salts in water.
The obtained partitioning constant values for R18/Al-F9, R18/
F5-TPB and R18/ClO, in this ternary solvent mixture (log Puwa)
were 1.43, 0.74 and —2.74, respectively. These differences in
hydrophobicity of dye salts correlate well with their encapsulation
efficiency, where the most hydrophobic salt R18/Al-F9 shows the
most efficient encapsulation. Thus, the encapsulation efficiency of
dyes is directly linked to the counterion hydrophobicity.

The fluorescence quantum yield (QY), which is the key para-
meter of NP brightness, was then evaluated for the obtained
NPs (Fig. 2B and Table S3 in the ESIt). As expected, NPs loaded
with R18/ClO, displayed a drop in quantum yield from 0.8 to
0.07 with an increase in the dye loading from 5 to 50 mM,
demonstrating the classical phenomenon of aggregation-
caused quenching of rhodamine dyes.'® This conclusion is also
supported by the red-shifted absorption and fluorescence spectra,
observed for R18/ClO, NPs at 50 mM loading compared to NPs at
low loading and the dye in methanol (Fig. 2E, F and Fig. S8 in the
ESIT). In sharp contrast, the dye salts R18/F5-TPB and R18/F9-Al
displayed significantly lower self-quenching behaviour. Indeed, at
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the highest dye loading (50 mM) the QY value was 0.55 for both
salts. Moreover, the absorption and emission spectra of these
NPs were almost the same, and the positions of their maxima
were close to those of R18/ClO, in methanol (Fig. 2E). These
results suggest that the Al-based counterion F9-Al effectively
prevents aggregation-caused quenching of R18, similarly to the
boron-based anion F5-TPB. We can conclude that, being close in
size to F5-TPB and having even higher fluorination, F9-Al can
also serve as a spacer between the cationic rhodamine dyes,
thus preventing their n-stacking. It should be noted that so far
only aromatic F5-TPB has been reported to prevent dye self-
quenching in polymer NPs."*> The present result shows that the
phenomenon of counterion-enhanced emission in polymer NPs
is more general and can be extended to perfluorinated aliphatic
Al-based ions. Taking into account the quantum yield of NPs, the
extinction coefficient of R18 (125000 M ™" cm™ ') and the calcu-
lated number of R18 dyes per NP (680-870 for NPs of 35-38 nm
diameter), we can estimate the brightness of R18/F5-TPB and
R18/F9-Al NPs at 50 mM loading to be 4.7-6.0 x 10’ M * ecm .
The other important point is that at high loading dyes may
start communicating through excitation energy transfer (EET)."*>°
The diffusion of energy within randomly oriented fluorophores
leads to a loss of fluorescence anisotropy. Earlier, we showed that
R18/F5-TPB inside PLGA NPs displayed very low anisotropy even
for relatively low dye loading, which suggested that F5-TPB brings
dyes in close proximity within the PLGA matrix and thus ensures
fast EET.'® At low dye loading (0.5 mM), NPs based on all three
counterions displayed similarly high values of fluorescence aniso-
tropy (0.22-0.23, Table S4 in the ESIY), indicating that dyes were
well immobilized inside the polymer matrix of NPs. The aniso-
tropy values for R18/F9-Al NPs decreased with dye loading simi-
larly to those for R18/F5-TPB NPs, whereas for R18/ClO, NPs these
values were systematically much higher (Fig. 2C and Table S4 in
the ESIT). Thus, the Al-based anion also brings dyes in close
proximity within the polymer matrix, which ensures fast EET.

Single-particle fluorescence

PLGA NPs with the highest tested loading were then deposited
on a glass surface and further characterized by wide-field
fluorescence microscopy. NPs loaded with R18/F5-TPB and
R18/F9-Al appeared as dots and their intensities were similar
(Fig. 3A and B). NPs loaded with R18/ClO, were not tested
because of their poor colloidal stability. Remarkably, the mean
intensities of R18/F9-Al NPs and R18/F5-TPB NPs were, respec-
tively, 33-fold and 34-fold higher than those of commercial
quantum dots QD585 (Fig. 3A and B). Thus, the F9-Al counterion
also enables preparation of NPs that are much brighter than QDs
of comparable size, which is an attractive property for bioimaging
applications. A remarkable feature of polymer NPs, loaded with
R18/F5-TPB, is the ON/OFF switching of the whole particle, caused
by the collective behaviour of the encapsulated dyes.’® In the
present work, we confirmed the previous data for R18/F5-TPB
NPs, as can be seen from the intensity traces of individual
particles (Fig. 3C and Fig. S9 in the ESIt). Importantly, very
similar ON/OFF switching was also observed for F9-Al NPs
(Fig. 3D and Fig. S9 in the ESI}). Together with the low

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2017
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Fig. 3 Single-particle fluorescence properties of dye-loaded PLGA NPs.
(A and B) Wide-field fluorescence images of different NPs in the form of 2D
(A) and 3D (B) graphs. In the case of the 2D image of quantum dots, the
intensity was multiplied 10-fold to make the signal visible. All imaging
conditions were identical for dye-loaded NPs and QDs. The excitation
power density at 532 nm was 0.6 W cm™~2. (C and D) Representative single-
particle traces of NPs loaded with R18/F5-TPB (C) and R18/F9-Al (D),
recorded under a wide-field microscope. The excitation power density at
532 nm was 0.6 W cm™2.

anisotropy values, observed for this counterion at high dye
loading, the switching behaviour of the NPs suggests that F9-Al
also induces collective behaviour of hundreds of dyes coupled
by EET. In this case, a single dark species among encapsulated
dyes (e.g. their triplet or radical state) in the NP can quench all
encapsulated dyes of the particle.

Cellular data

The obtained NPs at the lowest and highest dye loading were
incubated with HeLa cells for 3 h. NPs loaded with 5 mM
R18/ClO, showed continuous fluorescent structures inside the
cells, delimited by the membrane marker (WGA-Alexa488 in
green, Fig. 4). Very similar images were observed earlier with
HeLa cells, stained with the free R18 dye, where this cationic
dye accumulated inside mitochondria.*® Thus, without bulky
hydrophobic counterions, the dye is not well-encapsulated
inside NPs, and therefore upon coming into contact with the
cells it is readily released into the cytoplasm. This result is in
agreement with our dialysis data, which shows that only 50% of
the dye is efficiently encapsulated. In sharp contrast, PLGA NPs,
containing 5 mM of R18/F5-TPB or R18/F9-Al, appeared in the
form of bright dots, located inside the cells (Fig. 4). This result
is in agreement with our previous work, where PLGA NPs
containing 1 wt% R18/F5-TPB (6.3 mM) exhibited minimal
dye leakage after entering cells by endocytosis.’® The present
data suggest that R18/F9-Al also prevents dyes from leaking into
the biological medium. Importantly, high dye loading (50 mM)
revealed additional differences among the counterions used.
While R18/ClO, NPs again showed strong dye leaching, observed
as continuous intracellular fluorescence, for R18/F5-TPB NPs both

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2017
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particles and continuous extended fluorescent structures were
observed (Fig. 4E). This result suggested that at the highest dye
loading encapsulation is not complete for the R18/F5-TPB ion pair
and even a tiny fraction of dye that is adsorbed onto the NP
surface can lead to significant amounts of nonencapsulated dyes
entering the cells. The probable reason here is contact-mediated
dye transfer from the NP surface to the cell membrane, which
occurs more effectively than endocytosis of NPs."* Remarkably,
despite high loading, R18/F9-Al NPs displayed exclusively dotted
fluorescence of endocytosed NPs without signs of continuous
extended structures. Thus, F9-Al is advantageous over F5-TPB in
terms of the stability of dye loading against leaching inside the
cells, which corroborates with the encapsulation efficiency studies
based on dialysis. This property could be attributed to the higher
hydrophobicity of the R18/F9-Al dye salt vs. R18/F5-TPB, which
was confirmed in our two-phase partition experiments in the
ternary mixture of solvents (see above). It can be explained by
higher level of fluorination of F9-Al vs. F5-TPB with the “Teflon-
coated”, extremely hydrophobic surface of the former.?”*!

Cytotoxicity

Finally, we verified the cytotoxicity of our dye-loaded NPs. As
R18/ClO, NPs were not suitable for bioimaging because of the
strong leakage, we did not study them further. All dye-loaded
NPs at the highest dye loading showed the same low cytotoxicity
as the blank NPs without the dye (Fig. 5). Importantly, low
values of cytotoxicity were observed even for 0.05 mg ml~" of
polymer, which is 25-fold higher than the concentration used
for cell imaging experiments. Increased cytotoxicity of the
highest concentration of polymer (0.084 mg ml~") for both
blank and dye-loaded particles could be explained by a signi-
ficant increase in the concentration of low-salt phosphate
buffer (used for NP preparation) in the growth medium, as
compared to cases with lower concentration (0.0005-0.05 mg ml ™)
(see Materials and methods for the protocol).

Materials and methods

PLGA (lactide 50 mole%, glycolide 50 mole%, M,, 24 000; PDI 1.7),
rhodamine B octadecyl ester perchlorate, and lithium aluminium
hydride solution (1.0 M in diethyl ether) were purchased from
Sigma-Aldrich and used as received. Lithium Tetrakis(penta-
fluorophenyl)borate-ethyl ether complex (Li/F5-TPB) was purchased
from TCI and used as received. Perfluoro-tert-butanol was
purchased from Fluorochem and used as received. Toluene
was purchased from Alfa Aesar. 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. MilliQ-water (Millipore) was used in all
experiments.

NMR spectra were recorded at 20 °C on Bruker Avance III
400 MHz and Bruker Avance III 500 MHz spectrometers. Mass
spectra were obtained using an Agilent Q-TOF 6520 mass
spectrometer.

For details of chemical synthesis, see the ESI.¥}
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Fig. 4 Laser scanning confocal images of Hela cells incubated for 3 h with dye-loaded PLGA NPs. NPs were loaded with R18/ClO,4, R18/F5-TPB and
R18/Al-F9 at 5 and 50 mM concentrations. The excitation wavelength was 561 nm, while the emission was collected from 570 to 650 nm. The image size

was 116.8 x 116.8 um.
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Fig. 5 Viability of HelLa cells incubated with blank and dye-loaded NPs for

48 h according to the MTT assay. The dye/counterion pairs were loaded at
50 mM concentration.

Preparation of fluorescent NPs

PLGA was dissolved at a concentration of 2 mg ml ™' in
acetonitrile containing different concentrations of dyes. The
solutions were rapidly added with a micropipette to a ninefold
volume excess of 20 mM phosphate buffer at pH 7.4 and under

2314 | Mater. Chem. Front., 2017, 1, 2309-2316

stirring. The obtained suspension of NPs was then quickly
diluted fivefold with the same buffer.

Characterization of NPs

DLS measurements were performed on a Zetasizer Nano series DTS
1060 (Malvern Instruments S.A.). Electron microscopy was per-
formed on a Philips CM120 transmission electron microscope.
The particle size was obtained as mean value + standard deviation
for >120 NPs. Absorption and emission spectra were recorded on a
Cary 400 Scan ultraviolet-visible spectrophotometer (Varian) and a
FluoroMax-4 spectrofluorometer (Horiba Jobin Yvon) equipped with
a thermostated cell compartment, respectively. QYs were calculated
using rthodamine B in methanol (QY = 0.7)** as a reference.

The encapsulation efficiency of dyes inside NPs was mea-
sured as the ratio of dye quantity (in moles) in the sample after
and before dialysis (MEMBRA-CEL MD34 14 x 100 membrane,
MWCO 14000) in 1 mM beta-cyclodextrin solution according to
the following protocol. 450 pl of freshly prepared NP solution
was added to 550 pl of 1 mM beta-cyclodextrin solution, and
the resulting mixture was dialysed for 24 hours with 1 mM
beta-cyclodextrin solution as a recipient medium. The mole
quantities of the dye inside NPs before and after dialysis were
measured using absorption spectroscopy taking into account
the volume change during the dialysis.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2017
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For control experiment, 20 pl of acetonitrile solution of
the R18/ClO, dye were added to 1 ml of 1 mM solution of
beta-cyclodextrin in 20 mM phosphate buffer (pH 7.4), and this
sample was treated according to the protocol above, showing
that 87% of the dye got washed out after 24 h dialysis, and the
rest contained probably too large aggregates of the dye to pass
through the membrane (see Fig. S7, ESIT).

Determination of the partitioning coefficient

To compare hydrophobicities of the ion pairs, a characteristic,
similar to conventional log P (which is applied for octanol/water
partition), was introduced. It is a logarithm of the partition of a
substance between two phases, heptane as the non-aqueous
phase and water/acetonitrile 50/50 as the aqueous phase. It was
called log Puywa. In this method, mutually presaturated phases
A (heptane), 1 ml, and B (water/acetonitrile 50/50), 1 ml, were
placed in an Eppendorf tube, and 10-25 pl of acetonitrile
solution of a R18-counterion ion pair was added to the mixture.
The mixture was vigorously vortexed and then centrifuged to
ensure complete phase partition. Then 50 pl of each phase was
added to 1 ml of ethanol and concentrations of the R18 dye in
the resulting solutions were measured. In the case of R18/ClO,,
which showed very poor partition into the heptane phase,
the absorbance of the heptane phase was measured without
dilution. log Piwa was calculated as the logarithm of the ratio of
dye concentration in phase A to dye concentration in phase B.

Cellular studies

Cell imaging. HeLa cells (ATCC CCL-2) were grown in DMEM
(Gibco-Invitrogen), supplemented with 10% fetal bovine serum
(Dominique Dutscher) and 1% antibiotic solution (penicillin-
streptomycin, Lonza) at 37 °C in a humidified atmosphere
containing 5% CO,. Cells were seeded onto an 8-chambered
LabTek slide at a density of 2 x 10 cells per well 24 h before the
microscopy measurement. For imaging the culture medium
was removed and the attached cells were washed with Opti-MEM
(Gibco-Invitrogen). Next, freshly prepared solutions of 5 and
50 mM loaded NPs of R18/F5-TPB, R18/F9-Al and R18/ClOy,
prepared as described above, were diluted 20 times in Opti-MEM,
added to the cells and incubated for 3 hours. Cell membrane
staining with wheat-germ agglutinin-Alexa488 was done for 5 min
at room temperature before the measurements.

Cytotoxicity. HeLa cells (ATCC CCL-2) were grown in DMEM
(Gibco-Invitrogen, without phenol red), supplemented with
10% fetal bovine serum (Lonza), r-glutamine (Gibco-Invitrogen),
and 1% antibiotic solution (penicillin-streptomycin, Gibco-
Invitrogen) at 37 °C in a humidified atmosphere containing 5%
CO,. For cytotoxicity studies, HeLa cells were seeded in 96-well
plates at a concentration of 2000 cells per well in 100 pl of the
DMEM growth medium and then incubated overnight. Solutions
of NPs for incubation were prepared as follows: NPs in phosphate
buffer were diluted to the desired concentrations with phosphate
buffer, and 20 pl of these solutions were added to 80 pl of
Opti-MEM in all cases except the one for the highest polymer
concentration (0.084 mg ml~ ). In that case 33 ul of NP solutions
in phosphate buffer were added to 67 ul of Opti-MEM. The NPs
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were then added by substituting the culture medium with 100 pl
of Opti-MEM containing the desired NP concentrations. After 3 h
of incubation 100 pl of the DMEM culture medium supple-
mented with 20% fetal bovine serum were added. The cells were
incubated for 48 h in total with the NP solutions. Then the
medium was removed and the adherent cell monolayers were
washed with PBS. The wells were then filled with cell culture
medium containing 1.2 mM MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide), incubated for 4 h at 37 °C, and
the formazan crystals formed were dissolved by removing 85 pl of
culture medium per well and adding 50 pl of dimethylsulfoxide,
followed by shaking for 15 min. The absorbance was then
measured at 540 nm and 570 nm with a microplate reader
(FLX-Xenius, Safas). Experiments were carried out in triplicate
and expressed as the percentage of viable cells compared with the
control group that was treated in the same way but not exposed
to NPs.

Conclusions

Recently we introduced a concept of counterion-enhanced
emission of dyes inside polymer nanoparticles using perfluori-
nated tetraphenylborate (F5-TPB), which enabled preparation
of ultrabright switchable fluorescent NPs. Here, we show that
this concept can be extended to another type of anion, based on
aluminate of an aliphatic fluorinated alcohol. In comparison
to F5-TPB, the Al-based counterion (F9-Al) is much easier to
prepare. Our results show that F9-Al can perfectly replace
F5-TPB for dye encapsulation, because it effectively prevents
aggregation-caused quenching, ensures high brightness of
NPs and favours collective behaviour of encapsulated dyes.
Importantly, F9-Al enhances encapsulation of rhodamine dyes
into PLGA NPs, as they did not show any sign of leakage after
entering living cells, in contrast to NPs loaded with the dye
perchlorate salt. Moreover, cellular imaging data suggested that
F9-Al encapsulates cationic rhodamine even more efficiently
than F5-TPB, which can be assigned to the higher hydrophobicity
of F9-Al compared to F5-TPB.

This work proposes an efficient methodology for preparation
of highly fluorescent nanomaterials and it opens an important
direction in the application of Al-based counterions. Moreover,
this work shows that counterion-enhanced encapsulation and
emission of cationic dyes inside polymer nanoparticles is a
universal approach, extendable to other families of counterions
beyond fluorinated tetraphenylborates.
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