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We report a facile and effective way to prepare cell labelling quantum dots (QDs)
using cetyltrimethylammonium bromide (CTAB) and to enhance biocompat-
ibility of the QD labels. There are several reports on the use of this ligand to
encapsulate nanoparticles including QDs. However, due to its high cellular
toxicity, CTAB has still not been employed to prepare QDs for cellular labelling.
After removing the free ligand by dialysis, we could successfully use CdSe/CdS/
ZnS (core/shell/shell) QDs for cellular labelling. In addition, we found that the
simple introduction of a sonication step to cause the emulsion of the QDs in the
aqueous surfactant solution could lead to a five-times higher encapsulation of the
QDs as compared to other methods. Fluorescent microscopy images of HeLa cells
revealed that the QDs were evenly dispersed inside them. Furthermore,
fluorescent morphological images of the QD labelled cells were more distinct
than bright field images.

Keywords: quantum dot; cellular labelling; cellular morphology; cancer;
surfactant

1. Introduction

During recent decades, new biological and medical applications of quantum dots (QDs)
have been explored because of their superior photostability, multiplexing feasibility and
high emission cross section in the near infrared region [1-3]. Tracking the development
of frog embryo cells and cancer metastasis or guiding the surgical resection of deep
lymphatic nodes represent unique applications of the inorganic fluorescent labels [4—6].
The success of such studies significantly relies on appropriate surface treatment of
the QDs to meet criteria such as stable suspension, biocompatibility and sustained
optical properties in biological environments. The use of cationic lipids or ligands is
one of the most effective ways to prepare cellular labelling QDs because of the
persistent quantum yields and no additional steps required for conjugation
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with peptides or antibodies [5,7,8]. In spite of the successful fluorescent cellular
labelling achieved with those ligands, there are still some limitations, such as indistinct
cellular morphology on fluorescent images, the small exclusion size for encapsulating
the QDs and the relatively complex composition of the system [5,7,8]. However, for
a practical and favourable use of the nanocrystals in biological or medical applications,
an easy and high yield way to produce QD labels is needed. There have been several
reports on the size independence of nanoparticles including QDs, gold nanoparticles
and nanorods using cetyltrimethylammonium bromide (CTAB) micelles [7,9,10]. Due to
the high solubility and the simple and fast steps involved in preparing water soluble
nanoparticles using CTAB, encapsulation of QDs by CTAB is expected to be an
adaptable way to produce highly concentrated QDs in an aqueous buffer. However,
until now, there has been no report of CTAB-micelle QDs (CTAB QDs) as
intracellular labels because of the cytotoxicity of CTAB. Therefore, herein we show
a way to prepare CTAB QDs as fluorescent cellular labels by effectively removing the
free CTAB. By introducing a short sonication step, we were able to achieve a yield of
about 90% from highly concentrated QDs within 20 min. The formation of CTAB QDs
was independent of the size of the QDs and did not alter their optical properties.

2. Materials and methods
2.1. Preparation of cellular labelling QDs

The CdSe/CdS/ZnS (core/shell/shell) QDs were synthesised following the procedures
reported previously [11]. Before mixing them with CTAB solution, QDs were first
precipitated three times with methanol to remove any free octadecylamine present in
the solution and then redispersed in chloroform. The CTAB solution was prepared by
dissolving 0.4g of CTAB (Fluka, USA) in 10ml of Millipore water. The solution
containing CTAB and the QDs in chloroform (10:1 v/v) was then mixed vigorously
until an emulsion was formed. Sonication of the emulsion was carried out in an
ultrasonic cleaner (Branson, Model 3510-DTH, USA). Then, the emulsion was heated
at 80°C for 10min (until complete evaporation of chloroform). The CTAB QD
suspension was filtrated through a 0.2um pore regenerated cellulose membrane
(Millipore, USA). Unincorporated free CTAB was removed by cooling the CTAB QD
suspension at 4°C and dialysing it with Amicon ultra centrifugal filter units (molecular
weight cut off =30kD, Millipore, USA) against water. Dynamic light scattering data
was obtained for estimating hydrodynamic size of CTAB QDs by Zetasizer Nano
(Malven Instruments Ltd., England). Absorbance and emission spectra of the CTAB
QDs were obtained using Agilent 8453 (Agilent, USA) and FL-1039 (Jobin Yvon Inc.,
USA), respectively.

2.2. Measuring cellular toxicity of CTAB QDs

The CTAB QD cytotoxicity effects were evaluated using the standard 3-(4,
S-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assays. Briefly, HelLa
cells (10* cells/ml) were treated with the QDs (1 M—100 nM) for 4 h before adding the MTT
solution. After an incubation period of 4 h, the UV-Vis absorption spectrum was measured
at 550 nm with 670 nm as the reference wavelength.
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2.3. Cell labelling

The HeLa cells (ATCC number: CCL-2) were cultured in Opti-MEM (Gibco, Invitrogen,
USA) supplemented with 10% fetal calf serum in a humidified 5% CO, atmosphere
at 37°C. Twenty-four hours after seeding, the cells (10*cells/ml) were rinsed with
the medium and the CTAB QD solution (1 nM-50nM) was added. All fluorescence
images were recorded using a Zeiss LSM 510 confocal microscope (Carl Zeiss
AG, Germany) with an excitation wavelength of 488 nm and an emission wavelength
of >505nm.

3. Results and discussion
3.1. Effect of sonication on preparation of the CTAB QDs

Stable CTAB QD aqueous suspension is believed to form through the transfer of QDs
from the chloroform in the water emulsion to the water phase during evaporation of
the organic solvent [5]. Hydrophobic interdigitation between the primary alkane of the
stabilising ligands of the QDs and the secondary alkane of the surfactant is the driving
force of this transfer. Therefore, a finer size of the emulsion could facilitate formation
of a more stable aqueous suspension of QDs. In general, sonication is used to prepare
finer emulsion droplets or micelles in the development of drug-delivering polymeric
microspheres [12,13]. Likewise, we achieved a significant difference in the optical
density of the final CTAB QD suspension depending on whether sonication was
performed (Figure 1(a)). No changes in profiles of the absorption and emission spectra
were observed (Figure 1(a) and (b)). When a 10-min sonication power was provided to
the emulsion, most of CTAB QD suspension was recovered after filtration through
a 0.2-um pore membrane filter (Figure 1(a)). However, without the sonication, the
optical density of the QD suspension was only 25% that of the initial QD in
chloroform at the first excitonic absorbance peak. The optical photograph in
Figure 1(c) clearly shows the dramatic effect of the sonication step on the production
yield of the CTAB QD suspension. It is worth noting that the CTAB QD suspension
can be obtained from a dilute solution of QDs in the organic solvent without
sonication (data not shown). However, sonication is necessary to stimulate the
emulsion formation from a CTAB solution with higher concentrations of QDs. Further
preparation of CTAB QDs from more concentrated QD organic suspensions
(Figure 1(d)) and their size analysis (Table 1) support the above postulation regarding
the effect of finer emulsions on the formation of the CTAB QD suspension. The size of
the particles in a micelle-QD suspension sonicated for 3min was about two times that
of the original QDs in the organic solvent, whereas there was no significant size
increase in the case of the sample sonicated for 10min. The quantum yield of the
CTAB QDs was nearly 90% of the original one. Another remark is that the size of the
QDs in the CTAB micelles was about 10 nm, which is approximately twice the size of
lipid bilayer QD hybrids. The larger size of our encapsulated CTAB QDs highlights
their potential use as multicolour cellular labels [8]. Compared to other encapsulating
cationic ligands (Table 2), the sonication assisted encapsulation of QDs inside CTAB
micelles is the most practical way to produce cellular labelling QDs (with a processing
time at least six-times faster and a five-fold higher quantity of QDs).
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Figure 1. (a) Absorption and (b) emission spectra of a QD solution (870 nM) in chloroform (blue)
and of a CTAB QD suspension with (green) and without (red) sonication. (¢) Optical photograph
of filtrated CTAB QDs with (left) and without (right) sonication. (d) Optical photograph
of a suspension of CTAB QDs (2.6 uM) without sonication (left) as well as with 3- (middle) and
10-min (right) of sonication.

Table 1. Hydrodynamic sizes of CTAB QDs depending on the sonication time.

Sample Size (nm) Quantum yield (%)*
QD in CHCl; 9.9+3.1 100

CTAB QD w/o sonication - -

CTAB QD w/3-min sonication 23.54+8.3 90

CTAB QD w/10-min sonication 10.1+£2.4 91

Note: *The quantum yields of the samples were estimated relative to that of QDs in chloroform.
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Table 2. Conditions for producing cellular labelling QDs.

Amount of
Encapsulating ligand Reaction volume encapsulated QDs Reaction time
PEG-PEI* N/A 0.5nmol 2h
Lipid by layer® 110 ul 50 pmol 4h
Lipofectamine™ © 14 ul 10 pmol 4h
CTAB 2ml 2.6 nmol 20 min

Notes: “[16].

®Composed of 1,2-dimyristoyl-Sn-glycero-3-phosphatidylcholine, 1,2-dioleoyl-3-trimethylammo-
nium propane chloride salt, 1,2-dipalmitoyl-Sn-glycero-3-phosphatidylethanolamine-N-[methoxy
(polyethylene glycol 2000) (DPPEPEG2000)][8].
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Figure 2. Cell viability data of CTAB QDs obtained from cultured HeLa cells using the standard
MTT colorimetric assay.

3.2. Cytotoxicity of the CTAB QDs

The toxic effect of the CTAB QD suspension on cells was evaluated using the MTT assay
(Figure 2). As shown in Figure 2, there was a noticeable difference in the cellular toxicity
of the CTAB QDs depending on whether the free CTAB removal step was applied.
Without this step, only 1nM CTAB QD suspension resulted in a 15% decrease in cell
viability. After removing the free CTAB from the CTAB QD solution by dialysis, the cell
viability increased two-fold. The biocompatibility of the thus obtained CTAB QDs is
comparable to, or even better than that of poly(ethylene glycol)-grafted poly(ethylene
imine) (PEG-g-PEI) coated QDs [14]. There was about 10% reduction in the cell viability
1 nM PEG-g-PEI QDs, while 10nM CTAB QDs showed the same reduction, one order of
magnitude less cytotoxicity than that of PEG-g-PEI QDs.
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Figure 3. Microscopic images of cultured HeLa cells with (a) 1 nM, (b) 10 nM and (¢) 50nM CTAB
QDs as well as with (d) 100nM of Lipofectamine™™-treated QDs. (1) Confocal fluorescence
microscopy, (2) bright-field microscopy and (3) overlay (the scale bar is 20 um).

3.3. Cellular labelling efficiency of CTAB QDs

To evaluate the CTAB QD suspension as an effective intracellular fluorescent label, we
compared the uptake of the hybrid with Lipofectamine™-treated QDs in cultured HeLa
cells. As shown in Figure 3, uniform accumulation of QDs inside the cells was observed.
The fluorescent intensity of the images was proportional to the amount of CTAB QDs.
The well dispersed fluorescence inside the cells is a distinctive feature of the CTAB QD
suspension, whereas the Lipofectamine'™-treated QDs sporadically accumulate in an
uneven way (Figure 3(d)). Also, the fluorescence intensity of cultured cells treated with
10nM CTAB QDs is almost equal to that of cells treated with 100 nM Lipofectamine™.
Another remark is that the morphological fluorescence images of HeLa cells cultured with
10 and 50nM CTAB QD suspension are sharper than the bright field microscopy images
of the same cell cultures. It has been reported that cationic liposomes may enhance the
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DNA transfection efficiency because disruption of endosome by the cationic liposomes
leads to a release of DNA into cytoplasm [14,15]. The uniform accumulation of CTAB
QDs can be compared with this cationic effect to destabilise endosomes. The cell staining
properties of the CTAB QDs are basically similar to those described in other reports
for systems where cationic ligand coated QDs are used [5,7,8,16]. Among those reports,
the morphological distinction obtained herein is comparable to that of lipid bilayer
incorporated QDs even using a five-fold reduced amount of QDs and superior to that of
LipofectamineTM-treated QDs [5,8].

4. Conclusions

We have showed a way for high-yield production of optically clear, highly concentrated
CTAB QD suspensions by simply introducing an additional sonication step to the
conventional procedure, and a potential of CTAB QDs as effective cellular fluorescent
labels by effectively removing the free CTAB from CTAB QD. This is the first
demonstration of the feasibility of using CTAB QDs for cellular staining, in particular
by showing the morphological distinction of the cultured cells. No cytotoxicity was
observed even at a concentration of the CTAB gold nanoparticles as high as | uM after
removing the free CTAB from the suspension by centrifugation [9,10]. Therefore, there
is still room for improving the biocompatibility of the CTAB QD suspension at higher
concentrations. We expect that this first-time application of CTAB QDs to fluorescent
cellular labelling could lead to further applications of these QDs as fluorescent
labels, particularly for cellular morphological imaging.
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