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Abstract This paper describes the development of a
simplified and rapid method for the aqueous synthesis of
quantum dots (QDs) with CdTe cores and gradient CdS
external shells (CdTe/CdS QDs) aided by microwave
irradiation. Several synthesis parameters, such as molar
ratio of reagents, pH, reaction temperature, and reaction
time, were studied in details. Under the optimized con-
ditions, highly effective CdTe/CdS QDs could be synthe-
sized in aqueous phase in only 15 min. In order to improve
the biocompatibility of the CdTe/CdS QDs, these QDs were
then interacted with carboxymethyl chitosan (CMC) so as
they could be used as fluorescent probes in the aqueous
phase. With the incorporation of CMC, the stability of
modified QDs was found to have improved significantly
(from 4 months to more than 10 months at room
temperature). The photoluminescence quantum yield
(PLQY) of the modified QDs could reach 75%, other
parameters include a full width at half maximum of the
emission (FWHM) spectrum as 40~60 nm, and an average
size, estimated from electron microscopic images, as
3.5 nm. As fluorescent probes, these modified QDs were
successfully used for imaging live Madin—Darby canine
kidney (MDCK) cells, in which the preliminary results
indicated that these modified QDs demonstrated good
biocompatibility and showed promising applications for
bio-labeling and imaging.
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Introduction

High-quality colloidal semiconductor nanocrystals (also
referred to as quantum dots, QDs) have drawn significant
attention due to their size-dependent properties and flexible
processing chemistry over the past decade. A large number
of high-quality QDs, such as CdSe, CdTe, and some alloy
nanocrystals, were successfully synthesized by organome-
tallic approach and the aqueous approach, respectively, with
emission wavelengths ranging from visible to near-infrared.
Several QDs were prepared in these ways, including CdS
[1], CdSe [2] and CdTe [3, 4]. Compared to many organic
solvents to be used as reaction media, water is inexpensive,
nontoxic, nonflammable, and readily available. Consider-
able amount of research has been conducted on the use of
water as a solvent for QDs synthesis [4—6]. Furthermore,
the products from aqueous synthesis afford excellent water-
solubility, stability, and biological compatibility [6]. How-
ever, QDs prepared in aqueous phase in general possess low
quantum yields and broad full width at half maximum
(FWHM) [7, 8] in emission spectrum. Additionally, the
procedures in aqueous phase require very long reaction
time ranging from several hours to several days [6]. In
order to overcome these shortcomings in aqueous synthesis
of QDs, some studies have utilized microwave irradiation in
aqueous synthesis of QDs and have found that it provided a
faster, simpler, and more energy efficient procedure com-
pared to conventional hydrothermal synthesis [9-11].
Microwaves are electromagnetic waves and thus contain
electric and magnetic fields, which produce a force on
charged particles and cause them to move (or rotate) or to
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further polarize [12]. The rapid change of the force
direction creates friction and collisions of the molecules.
Water molecule is a good media for microwave heating,
because of its large dipole moment. Comparing to conven-
tional hydrothermal synthesis techniques, synthesis of QDs
by microwave irradiation was generally faster, simpler, and
much more energy efficient [13—15].

At the present, the most promising application of QDs is
their usage as fluorescent markers in the field of biology
and medicine [16—19], hence the safety of their use is an
important issue. The potential toxicity of QDs’ has been
subjected to close scrutiny. Most studies suggested that the
physicochemical properties of surface coatings applied to
the QDs were the dominant factors to affect QDs toxicity
[20, 21]. In order to reduce QDs’ cytotoxicity, surface
modification is very important.

Chitosan is a cationic biopolymer prepared from alkaline
N-deacetylation of natural chitin. Chitosan has been
considered as a biodegradable, non-toxic, biocompatible,
and environmental friendly material with many superior
properties [22-25]. However, the poor solubility of Chitosan
in water or common organic solvents limits its application.
Carboxymethylation is an efficient means to convert chitosan
into a water-soluble material. Carboxymethyl chitosan
(CMC) has many unique chemical, physical, and biological
properties such as low toxicity, excellent biocompatibility,
and good ability to form films, fibers, and hydrogels [26]. It
is an ideal material for QDs’ surface modification.

In this paper, we describe a method that we have
developed, in which alloyed QDs with CdTe cores and
gradient CdS external shells are synthesized in aqueous
phase with microwave irradiation under controlled temper-
atures in 15 min. Fluorescence probes with different colors
were assembled by mixing CMC with CdTe/CdS core/shell
quantum dots in the aqueous phase to form CMC-coated
CdTe/CdS QDs (CMC-QDs). The colors of the probes as
the final products depend upon the size of the original
CdTe/CdS QDs. The fluorescent probes thus prepared have
good optical properties, with photoluminescence quantum
yields (PLQY) up to 75%. The FWHM of the emission
spectrum was about 40~60 nm. The fluorescent probe with
good dispersibility can remain stable for more than
10 months at room temperature. To test the suitability of
this product as fluorescent probes for live cell imaging, we
used them to incubate MDCK cells and analyzed the
images to assess their optical properties demonstrated in
this application.

Materials and Methods

Synthesis of CdTe/CdS QDs by Microwave Irradiation CdTe
precursors were prepared by way of the reaction between
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Cd*" and potassium hydride tellurium (KHTe) solution
following the previously reported procedure [27]. KHTe
solution was produced by reacting potassium borohydride
(KBHy) with tellurium powder at 0 °C or below. Then,
0.15 mmol Thioglycolic Acid (TGA) was injected into
nitrogen-saturated 1.25 mM CdCl, aqueous solution
(100 ml), as a stabilizer. The pH value of the CdTe
precursors with a concentration of 1.25 mM (referring to
Cd>" from here on) was adjusted to 11.4 using 1 M KOH.
At this point no fluorescence was observed when the
precursors were excited by UV light. Finally, the resulting
CdTe precursors were transferred to a Teflon inner vessel
placed inside a Milestone microwave digestion/extraction
system, and heated by microwave irradiation. With irradi-
ation of microwave, TGA gradually released sulfide ions in
aqueous solution, which in turn resulted in the formation of
an alloyed structure.

Preparation of CMC-QDs Fluorescent Probe Different
amounts of the CMC solution (5 g/L) and the CdTe/CdS
QDs solution (1.25 mM) were mixed and constantly stirred
for 30 min at room temperature. CMC-QDs fluorescent
probes were generated by chelation between amido and
carboxyl groups in CMC with QDs.

MDCK Cells Labeling with CMC-QDs MDCK cells were
plated in a 35 mm glass-bottomed Petri dish at a density of
5x10* cells/dish and grown in Dulbecco’s Modified Eagle’s
Medium (DMEM) overnight at 37 °C in 5% humidified
CO,. The cells were labeled with 0.2 ml of CMC-QDs
solution (1 mM) and 1.8 ml DMEM (final CMC-QDs’
concentration 0.1 mM) at 37 °C in 5% CO, for 24 h and
then rinsed with PBS twice before being imaged with a
fluorescence microscope(Nikon 80i, Japan). Then the cells
were trypsinized and suspended in PBS and analyzed with a
flow cytometer(Becton, Dickinson and Company, USA).

Results and Discussion

The molar ratio of precursor solution was a key factor in the
synthesis of QDs. To get an optimal molar ratio of Cd*": TGA:
KHTe, we investigated fluorescence intensities of various
molar ratios with the same heating time. To find the optimal
portion for KHTe, different molalities of KHTe were tested
for four selected Cd**/TGA ratios. The reaction temperature
was 100 °C. As shown in Fig. 1, the optimal molar ratio of
Cd*": TGA: KHTe, which yielded the strongest fluorescence
intensity of QDs, was 2.5:3:1. From here on, we fixed this as
the optimal molar ratio of Cd*": TGA: KHTe.

Dissociation of H" in TGA and stability of CdTe surface
complexes were directly related to precursor’s pH value.
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Fig. 1 Effect of precursor’s molar ratios on CdTe/CdS QDs
fluorescence intensity. Cd>":TGA=0.00125 M:0.001 M=2.5:2(a);
Cd*":TGA=0.00125 M:0.00125 M=1:1(b); Cd*":TGA=
0.00125 M:0.0015 M=2.5:3(c); Cd*":TGA=0.00125 M:0.00175 M=
2.5:3.5(d)

TGA served as a stabilizer in the synthesis of QDs. At near
neutral pHs, the solubility of TGA was very low. Obviously
it could not work as a stabilizer ligand when insoluble. In
our microwave synthesis, the favorable pH value of
precursor solutions was found to range between 11.0 and
11.6, which was in keeping with those found in the
conventional aqueous method [4]. Figure 2 demonstrates
that the TGA-stabilized QDs showed pH-dependent photo-
luminescence, which is consistent with the previous reports
[3, 4]. Specifically, the fluorescence intensity was gradually
enhanced when pH of precursor solutions elevated from 9.5
to 11.0 and peaked between 11.0 and 11.6. Further incre-
ments of the pH led to a decrease in the luminescence of
QDs. The reason for this behavior could be that along with
increasing pH, more -SR ions were released from TGA
molecules. An excessive number of stabilizer molecules
might distort the surface, and consequently, the rough
surface might give rise to new non-radiative defects [28].
Figure 3 shows that the reaction temperature plays an
important role in determining the photoluminescence
properties of CdTe QDs thus generated. With the micro-
wave heating time set at 15 min, the colors of QDs

8000 L
6000 %
4000

2000 -

Flourescence intensity (a.u)

0{ =

95 100 105 110 115 120
pH

Fig. 2 Fluorescence intensity of as-prepared CdTe/CdS QDs versus
different pH values of initial precursor solutions
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Fig. 3 QDs fluorescence spectra under different microwave irradia-
tion temperatures. Insert is the image of corresponding QDs observed
under ultraviolet light

gradually changed from blue to red along with the
increasing temperature. This indicated that the size of the
quantum dots gradually increased. But meanwhile the
fluorescence intensity of the quantum dots underwent a
course of gradual increasing to a rapid diminishing. It has
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Fig. 4 a Temporal fluorescence intensity of QDs during their growth
at 100 °C. For all samples [Cd**]: [TGA]: [KHTe]=2.5: 3: 1, [Cd*']=
1.25 mM, and pH=11.4. b Corresponding fluorescence spectra at
different heating time. From left to right, heating time is 5, 15, 25, 35,
45, 55, 65, 75 min
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Fig. 5 Fluorescence intensity evolution of QDs and CMC-QDs at
room tempurature

been demonstrated in previous work that temperature has a
significant influence on the attaching/detaching rate of
ligands from the QDs surface [29, 30]. When the
temperature exceeded 110 °C, the equilibrium of the
attaching/detaching of the monomer was destroyed. Exces-
sive temperatures caused detachment of the ligands from
the surface of the QDs and an increase in rate of complex
formation, which resulted in a large amount of surface
defects and thus a significant decline of fluorescence
intensity. In addition, within a colloidal solution, the
structure of colloidal nanocrystals would be destroyed
when the irradiation temperature was too high. Precipitation
would be formed and the fluorescence intensity would be
adversely reduced.

As already known, the size of QDs is temperature
dependent under fixed pH values and fixed ratio(s) of
ligand and monome. Figure 4a shows the fluorescence
intensity of QDs at different heating time. Varying the
heating time at the optimal temperature(100 °C) can lead to
production of different sizes of CdTe/CdS QDs. The
evolutional emission peak position of CdTe/CdS QDs
synthesized at 100 °C is shown in Fig. 4b. As clearly
displayed in the graph (Figs. 4a and b), the fluorescence
intensity of QDs declined when heating times extended
beyond 25 min. The emission peak moved to longer
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Fig. 6 UV-VIS absorption spectra (a) and photoluminescence spectra
(b) of CMC-QDs fluorescent probe
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Fig. 7 Electron microscope image of CMC-QDs

wavelength as the heating time prolonged. The maximum
emission wavelength shifted from 531 nm to 578 nm, and
the emission color of QDs changed from green to yellow.

It is commonly known that the QDs with the same size
and same photoluminescent properties display the same
emission wavelengths. Therefore, by comparing the fluo-
rescence spectra of QDs synthesized by changing the
reaction temperature and the heating time, we can conclude
that a more efficient way to get larger QDs with the optimal
fluorescence intensity will be by way of changing the
reaction temperature, rather than prolonging the heating
time. The optimum temperature and heating time observed
in our investigations were 100 °C, 15 min, respectively.
Under this set of conditions, the fluorescence intensity of
CdTe QDs was found to be the strongest.

The QD and CMC-QD solutions of the same molar
concentration(l mM) were placed in reagent bottles and
stored at room temperature. The fluorescence intensities of
both solutions were measured periodically and plotted
again the time spans. Figure 5 shows the evolution of
fluorescence intensity of QDs and CMC-QDs solutions
illuminated by ambient light at room temperature. The
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Fig. 8 EPMA X-Ray spectrum of CMC-QDs
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Table 1 Relationship between the average cell fluorescence intensity and concentration of fluorescent probe

concentration of CMC-QDs(mM) 0 0.025 0.05 0.10 0.25 0.5
Average fluorescent intensity (a.u.) 45.38 50.07 53.94 284.37 3468.63 5132.98

fluorescence intensities of both QDs increased by about
60% in the first 10 days, and remained stable throughout
approximately 30 days. This is in agreement with published
results that the illumination method played an essential role
both in enhancing the luminescent property and in
improving PLQY of QDs [31-33]. According to earlier
reports, the photoluminescence efficiency of QDs increased
at the initial stages of photooxidation, due to the etching of
tellurium trap states and an improvement of the CdS shell
[4]. Precipitation began to appear in QDs solution and the
fluorescence decayed away after 4 months. It could be due
to photocatalytic oxidation of thiol molecules on the surface
of CdTe/CdS QDs, as reported elsewhere for thiol-capped
CdSe nanocrystals [34]. The thiol ligands on the surface of
the QDs converted into disulfides under irradiation, leading to
precipitation of the QDs because of depletion of the thiol
source. However,CMC-QDs solution’s fluorescence intensity
remained largely unchanged and no coagulation was observed
after 10 months. A possible reason for this could be that CMC,
as a surface coating material, provided protection to maintain
the structure of QDs after incorporating into quantum dots.
This may be responsible for our observation that the stability
of CMC-QDs was better than that of QDs.

Figure 6 displays the UV-VIS absorption spectra (A) and
photoluminescence spectra (B) of the fluorescent probes. The
typical sample after heating to 100 °C for 15 min showed a
maximum absorption peak near 480 nm, and a strong narrow
peak of fluorescence emission at 530 nm. The FWHM of the
emission peak was 42 nm, which indicated a narrow size
distribution range of QDs. The quantum yield (QY) of the
fluorescent probes was measured using Rhodamine 6 G as a
standard [28, 35], and showed a high QY up to 75%.

The CMC-QDs fluorescent probes were directly imaged
by transmission electron microscope (Philips, CM12)
equipped with an Oxford EDX detector. The morphology
analysis showed that the fluorescent probes were spherical
and uniform in size (Fig. 7). The diameter of fluorescent
probes was about 3.5 nm.

Figure 8 shows the X-Ray spectrum of the electron
probe microanalysis (EPMA) of the CMC-QDs fluorescent
probes. The X-Ray spectrum reveals the existence of sulfur,
cadmium and tellurium in the fluorescent probe, implying
that the QDs had an alloy shell of CdTe(S). The arrows
indicated the location of characteristic peaks of sulfur,
cadmium and tellurium, respectively. It is clear that the
element sulfur as identified by X-ray in the shell is a
breakdown product of mercaptoacetic acid used as sulfur
source during microwave irradiation.

The MDCK cells were labeled with different concen-
trations of the CMC-QDs fluorescent probes. The average
fluorescent intensities of the MDCK cells were measured
with a FACSCalibur flow cytometer (Becton, Dickinson
and Company, USA). after being cultured under the same
conditions. The results are shown in Table 1. The average
fluorescent intensity of MDCK cells increases markedly as
the CMC-QDs incorporates into the cells. However the
growth of the cells can be affected adversely by this
incorporation process. When incubated with high concen-
trations (>0.25 mM) of CMC-QDs, some cells would not
attach to the dish or even broke off and ruptured. The
optimum concentration of CMC-QDs for MDCK cells was
found to be around 0.1 mM in our experiments. At this
concentration, the average fluorescence intensity of MDCK
cells was relatively high and the growth of cells was not

100u m

Fig. 9 Labeling of MDCK cells with green CMC-QDs (a: Fluores-
cence, b: bright field)
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significantly affected. When incubated with live MDCK
cells, CMC-QDs could be found inside the cells and
emitted strong fluorescence (Fig. 9).

Conclusion

A method for microwave-assisted aqueous synthesis of
CdTe/CdS QDs was optimized in this study. The QDs
interacted with the CMC and CMC-QDs were assembled
via chelation of amino and carboxyl groups in CMC with
QD. The CMC-QDs had good uniformity in size, excellent
fluorescence properties (FWHM=40-60 nm, quantum
yield >75%) and relatively long period of stability (over
10 months at room temperature), compared with the unmod-
ified CdTe/CdS QDs. With appropriate concentration (around
0.1 mM), the CMC-QDs labeled MDCK cells showed good
fluorescent intensity in the cytoplasm and the CMC-QDs did
not cause any visible damage to the cells or significantly
inhibited their growth. This suggests that the CMC-QDs have
good biocompatibility. With all these characteristics, CMC-
QDs can be expected to find broad applications in life
sciences, most noticeably in tracking the cells and their
intracellular activities.
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