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Abstract Highly fluorescent CdTe quantum dots (QDs)
stabilized by thioglycolic acid (TGA) were prepared by an
aqueous solution approach and used as fluorescent labels in
detecting yeast cells. Sugars (mannose, galactose or glucose)
were adsorbed on CdTe@TGA QDs and the interaction of
these nanoparticles with yeast cells was studied by
fluorescence microscopy. Results obtained demonstrate that
galactose and mannose functionalized QDs associate respec-
tively with Kluyveromyces bulgaricus and Saccharomyces
cerevisiae yeast strains due to saccharide/lectin specific
recognition. Glucose-functionalized CdTe QDs, which are
not recognized by cell lectins, preferentially localize in the
bud scars of S. cerevisiae.
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Introduction

Semiconductor nanocrystal quantum dots (QDs) can be
advantageously used as nanoemitters for biological labelling
over conventional organic fluorophores [1-6]. Indeed, QDs
exhibit robust photochemical stability, high quantum yields,
and excellent resistance to chemical and photochemical
degradation, as well as size-tunable photoluminescence that
ranges from visible to near-IR with sharp spectral bands
[7-9]. Moreover, QDs with different emission colors can
be simultaneously excited with a single light source,
with minimal spectral overlap, thus providing significant
advantages for multiplexed detection of molecular targets
[10-12].

In recent years, surface-functionalized QDs containing
biomolecules such as DNA, proteins, and small molecules
have demonstrated a great number of applications in cellular
imaging, drug delivery, and as nanosensors [10, 13—15].
Among these biomolecules and due to their important roles
in cell growth and development, immune recognition/
response, signal transduction, cell-cell communication, ...,
carbohydrates have been widely associated to QDs for
imaging [16-21], targeting [22, 23], and sensing [24-26].

Lectins are proteins or glycoproteins of non-immune
origin that bind to mono/oligosaccharides with a high
degree of stercospecifity. Lectins have been evidenced not
only in plants and animals but also in microorganisms such
as bacteria and yeast. The functions of yeast lectins and
their ability to recognize a specific saccharide has been well
documented [27-29].

Yeasts as many other cells can aggregate, a phenomenon
that is known as self-flocculation. The self-flocculation was
explained by a lectinic mechanism. A glycoprotein, the lectin,
recognizes another specific glycoprotein, the phosphopepti-
domannan bore on the adjacent cell [30]. This lectinic
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mechanism is favoured by the action of divalent cation [31]
and can be inhibited by supplementation of specific
carbohydrates. Indeed, mannose and mannose derivatives
can inhibit the flocculation of the yeast Saccharomyces
cerevisiae bearing a mannose specific lectin on its cell
wall [32, 33], whereas galactose and galactose derivatives
can inhibit the flocculation of the yeast Kluyveromyces
bulgaricus bearing a galactose specific lectin on its cell
wall [34]. This carbohydrate specificity favoured the
emergence of new glycoconjugate products, synthesized
to identify lectinic receptors [35].

A panel of QDs associated to sugar capable of specifically
labelling yeasts according to strain, metabolism, surrounding
conditions would be extremely useful for a wide range of
applications like the study of complex microbial populations
called biofilms. In the current study, we report a cheap
and straightforward method for the selective detection of
K. bulgaricus and S. cerevisiae cells using water-soluble
CdTe-core QDs associated with galactose and mannose,
respectively.

Experimental

Preparation of thioglycolic acid-capped CdTe
quantum dots

The chemicals used in the experiments included CdCl,
2.5H,0 (99%), thioglycolic acid (TGA, 99+%), sodium
borohydride (96%), tellurium powder (99.9%), and iso-
propanol (i-PrOH, HPLC grade). All chemicals were used
without further purification.

The method for the preparation of CdTe@TGA QDs was
adapted from [36, 37] with slight modifications. Briefly,
0.071 mg of CdCl,-2.5 H,O (0.31 mmol) was dissolved in
250 mL of Milli-Q water deareated with N,, and 104puL
(1.5 mmol) of TGA was added. Dropwise addition of 1 N
NaOH was then used to adjust the pH to 8.2 under vigorous
stirring. The solution was then placed in a 500 mL four-
neck flask with rubber septa, a thermometer, a condenser,
and a stirbar. Deareation was further performed under a
robust flow of N, for 30 min. An oxygen-free aqueous
solution of NaHTe (0.310uL), freshly prepared by reaction

Fig. 1 Molecular structure of
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of NaBH, (13.2 mmol) with tellurium powder (5 mmol) in
10 mL water, was then added to the mixture. The molar
ratio of Cd**/HTe /TGA was fixed at 1/0.5/2.4. CdTe nano-
particles began to growth during the refluxing and was
monitored by UV-vis absorption. After cooling to room
temperature, the crude CdTe@TGA solution was concen-
trated about two-fold using a rotary evaporator. CdTe@TGA
QDs were isolated from non-reacted precursors by precip-
itation using a bad solvent, i-PrOH, to narrow the particle
size distribution (slow addition of i-PrOH until the solution
became turbid followed by centrifugation, 4,000 rpm for
15 min.). Five fractions were isolated and dried in vacuo at
room temperature.

The core diameter of CdTe@TGA QDs fraction used in
this work was ca. 2.5 nm (estimated by transmission
electron and atomic force microscopies) with a fluorescence
emission peak at 602 nm.

Surface functionalization of CdTe@TGA QDs
with saccharides

Galactose (Gal), mannose (Man) or glucose (Glu) (Fig. 1)
were adsorbed at the surface of QDs by incubation of a
0.01 M solution of the desired saccharide with a 500 nM
aqueous solution of CdTe@TGA QDs at room temperature
for 15 min. Two saccharide/QDs molar ratio (1/5 and 1/1)
were used in our experiments.

Yeast strains

Kluyveromyces bulgaricus and Saccharomyces cerevisiae
were grown in Sabouraud liquid culture medium containing
1% Primatone (Sigma) and 2% glucose. The cultures were
achieved aerobically at 25 °C in 100 mL flasks.

Materials characterization

All the optical measurements were performed at room
temperature (20+2 °C) under ambient conditions. Absorp-
tion spectra were recorded on a Perkin-Elmer Lambda 2
UV-visible spectrophotometer. Fluorescence spectra were
recorded on a F222 Jobin Yvon Fluorolog-3 spectrofluo-
rimeter equipped with a thermostated cell compartment

OH HO
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(25 °C), using a 450 W Xenon source. The quantum yields
(QYs) were determined by the equation:

QY(SamPle) = (Fsample/Frqf) (Aref/Asumple) (nsample2 /nrefz) QY(re/')

where F, A and n are the measured fluorescence (area under
the emission peak), the absorbance at the excitation wave-
length and the refractive index of the solvent, respectively.
Photoluminescence (PL) spectra were spectrally corrected
and quantum yields were determined relative to Rhodamine
6G in ethanol (QY=94%) [38].

To determine the morphology and the diameters of the
nanoparticles, the samples were analyzed ex situ by Atomic
Force Microscopy (AFM) and by Transmission Electron
Microscopy (TEM). AFM characterization was carried out
using a Digital Instruments Nanoscope III. AFM measure-
ments of the surface topology were carried out in taping
mode using a SizN4 tip with resonance frequency and
spring constant being 100 kHz and 0.6 N.m'. TEM images
were taken by placing a drop of the particles in water onto a
carbon film supported copper grid. Samples were studied
using a Philips CM20 instrument with LaBg cathode
operating at 200 kV. X-ray powder diffraction (XRD)
spectra were taken on a Rotaflex RU-200B, RIGAKU
generator and CPS 120 INEL detector, transmission
assembly, Cu Ko radiation (A=1.5418A).

Dynamic light scattering (DLS) was performed at room
temperature using a Malvern zetasizer HsA instrument with
an He-Ne laser (4 10 >W) at a wavelength of 633 nm. The
QDs aqueous solutions were filtered through Millipore
membranes (0.2 um pore size). The data were analyzed by
the CONTIN method to obtain the hydrodynamic diameter
(dy) and the size distribution in each aqueous dispersion of
nanoparticles.

Fluorescent microscopic observations were performed
using a Zeiss Axioscope 50 microscope equipped with a

Counts
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Fig. 2 XRD pattern of CdTe@TGA QDs synthesized at 100 °C. The

standard diffraction lines of cubic CdTe and cubic CdS are also shown
at the bottom
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Fig. 3 Absorption and emission spectra of the CdTe@TGA QDs
fraction isolated after size-selective precipitation with i-PrOH

Zeiss MC 80 camera. An excitation filter at 360 nm and an
emission filter at 576 nm were used to observe probes
bound on the cells.

Results and discussion

Characterization of unfunctionalized
and of saccharides-functionalized CdTe@TGA QDs

A typical XRD pattern of the TGA-coated CdTe nano-
crystals is shown on Fig. 2. The lattice parameters derived
from XRD results demonstrate that the nanocrystals belong
to the cubic zinc blende structure. The XRD peak positions
are located between those of a pure cubic CdTe crystal and
a pure CdS crystal. This result indicates a decomposition of
the TGA surface ligand in the course of the growth of the
QDs at 100 °C and the incorporation of the sulfur released
into the nanocrystals leading to core/shell CdTe/CdS QDs
[39, 40].

Figure 3 shows the absorption and fluorescence spectra
of CdTe@TGA QDs prepared by the aqueous synthetic
approach. The starting particle sample used the current
investigations exhibits a symmetrical emission centered at
602 nm, which gives rise to an orange fluorescence color
upon excitation at 400 nm. Its photoluminescence quantum
yield (PL QY) was 31% using Rhodamine 6G as
fluorescence standard. The average diameter of nano-
particles determined by Transmission Electron Microscopy
(TEM) and Atomic Force Microscopy (AFM) (Fig. 4) are
2.9+0.7 nm and 2.5+0.5 nm, respectively. These values are
in good accordance with the value calculated using the
published curve and the size-dependent molar extinction
coefficient at the first absorption peak (1,,;=504 nm, =
67,157 cm '.mol ', 2.45 nm) [41]. The diameter deter-
mined using TEM is slightly enhanced compared to that
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Fig. 4 TEM a and AFM

b images of CdTe@TGA QDs
after size-selective precipitation.
The average diameters
calculated (ca. 100 particles
counted) are 3.4+0.7 and
2.8+0.5 nm, respectively

determined using AFM heights as AFM sizing of nano-
particles in air is very sensitive to attractive forces between
the tip and the sample [42, 43]. The QDs were also
investigated by dynamic light scattering (DLS). Figure 5
shows the number size distribution of starting CdTe@TGA
QDs. The hydrodynamic diameter dy of these nanoparticles
is 8.5 nm with a narrow size distribution. The average
diameter obtained via DLS is larger than the inorganic
CdTe core as expected because DLS gives the diameter of
the core, of the surface TGA ligands and of the associated
hydration shell. The size distributions of Man-and Gal-
functionalized CdTe@TGA QDs are similar to that of
original QDs (data not shown), which confirms that surface
functionalization has no influence on the physical state of
the QDs.

It is generally considered that quantum yields are related to
traps on the surface of CdTe QDs that mainly originate from
Te atoms with dangling bonds [44]. The traps could be
occupied by saccharides that can adhere to the surface of the
QDs by electrostatic forces during the 15 min incubation. For
this reason, a covalent anchorage of saccharides mediated by
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydro-

25
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Fig. 5 Intensity-hydrodynamic size distribution graph of CdTe@TGA
QDs in water at 25 °C
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chloride (EDC) and N-hydroxysuccinimide (NHS) was not
followed. After the non-covalent conjugation of Glu, Man
and Gal, the absorption maximum position at the first
exciton peak (1,,s=504 nm) remained constant. No fluores-
cence shift (A.,,=602 nm) was observed (Fig. 6). A weak
increase of PL QYs (38, 37 and 34% for CdTe@TGA QDs
modified with Glu, Man and Gal, respectively) was noticed
compared to starting nanoparticles (PL QY=31%), thus
confirming the bonding of saccharides onto the nanocrystals
surface and the passivation of traps.

Epifluorescence microscopy experiments

Since nonspecific interactions of QDs with microorganisms
have already been observed [45], the behavior of CdTe@
TGA QDs towards yeast cells was examined first before
further experiments. In a typical test, CdTe@TGA QDs were
incubated with K. bulgaricus and S. cerevisiae cells for
15 min at room temperature. It was found out that both
yeasts were only weakly stained by CdTe QDs (data not
shown), indicating that CdTe@TGA QDs without surface
bioconjugation have difficulty adhering to cells through
nonspecific interactions.

(Glu)CdTe@TGA, PL QY =38 %

1 (Gal)CdTe@TGA, PL QY =37 %
(Man)CdTe@TGA, PL QY = 34 %
] CdTe@TGA, PL QY =31 %
3 |
&
c 4
0o
[7]
Q7
£
=
T L} T T T T T T T T T 1
450 500 550 600 650 700 750

Wavelength (nm)

Fig. 6 PL spectra of CdTe@TGA QDs before and after absorption of
Glu, Gal and Man (a saccharide/QDs molar ratio of 1/5 was used in
the experiment)
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Fig. 7 Living yeasts labelled
with sugar-functionalized
CdTe@TGA nanocrystals.

S. cerevisiae interaction with
(Man)CdTe@TGA QDs,

a light field image, and b the
corresponding photolumines-
cence image. K. bulgaricus
interaction with (Gal)
CdTe@TGA QDs, c light field
image, and d the corresponding
photoluminescence image. The
saccharide/QDs molar ratio was
1/5 in all experiments

In further experiments, sugar-conjugated QDs were
incubated 15 min with yeast cells before pelleting at
14,000 rpm in a microcentrifuge and washing in 1% saline
to eliminate medium fluorescence and unbound QDs. It is
worthy to note that incubation times higher than 15 min did
not modify the yeast cells-QDs association process. The
suspension obtained after centrifugation was then analyzed
by fluorescence microscopy to identify the success or the
failure of the labelling and to get a rough estimate of the
cellular localization of the fluorescence. Cells were examined
live under a coverslip. Figure 7 shows that CdTe@TGA QDs
associated to Man and Gal (referred to as (Man)CdTe@
TGA and (Gal)CdTe@TGA) adhere to S. cerevisiae and K.
bulgaricus, respectively. No differences were observed in
labelling experiments using saccharide/QDs molar ratios of
1 to 5 or 1 to 1. Both sugar-conjugated QDs were homoge-
nously distributed around the cell wall of yeasts. Sugar/
lectin specificity was preserved with both (Man)CdTe@
TGA and (Gal)CdTe@TGA QDs. When S. cerevisiae and
K. bulgaricus cells incubated respectively with (Gal)
CdTe@TGA and (Man)CdTe@TGA QDs were pelleted,

Fig. 8 S. cerevisiae interaction
with (Glu)CdTe@TGA QDs,

a light field image, and

b the corresponding
photoluminescence image

most QDs remained in the supernatant. Optical microscopy
showed that cells exhibited only weak fluorescence all
around their outer surfaces (data not shown). Similar results
were obtained with (Glu)CdTe@TGA QDs which neither is
recognized by lectins and that preferentially localizes in the
bud scars of S. cerevisiae (Fig. 8).

Conclusions

We have designed and prepared sugar-modified CdTe QDs
that allowed to selectively label S. cerevisiae and K.
bulgaricus yeast cells. The ease and rapidity of processing
and the fair photoluminescence of the CdTe-sugar conju-
gated QDs provide a practical and economical approach for
single-target-imaging applications and promise to be a
versatile tool for fluorescence probing in complex biological
systems.
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