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It was demonstrated that oligonucleotides, independent of their base sequence and length, could
effectively induce the cellular uptake of mercapto acid-capped CdTe QDs after the oligonucleotides were
covalently attached on the surface of the QDs. Following these experimental observations, a conjugate
composed of covalently linked anti-survivin antisense oligonucleotides (ASON) and CdTe QDs was
designed and synthesized. Then, the survivin mRNA down-regulation and the apoptosis of Hela cells
induced by ASON were studied. Systematic experimental results revealed that CdTe-ASON could effec-
tively induce the apoptosis of Hela cells, while CdTe QDs offered the possibility to visualize the specific
intracellular localization of the CdTe-ASON probes strongly associated with their biological functions.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Quantum dots (QDs) are now considered as a new class of
fluorescent probes both in biology and in biomedicine [1—10]. As
the fluorescence of QDs - in comparison with that of conventional
dyes - is characterized by narrow, symmetric, and particle size-
dependent features, as well as a broad excitation range and excel-
lent robustness against photobleaching, they are greatly desirable
for multiplex immunoassays [4—8], cellular fluorescence imaging
[2,3,5,6], and in vivo fluorescence imaging [5,9]. Recently they have
also been found to be potentially useful in visually tracking
biomolecules inside living cells to elucidate some biological
processes at the cellular level [10].

QDs have even been used in recent gene studies [11—21]. For
example, in one of the earlier investigations, QDs were used to
detect a gene silencing effect after being co-transfected with small
interfering RNA (siRNA) using cationic liposomes, upon an
assumption that the fluorescence intensity of QDs loaded by cells is
directly correlated with the biological effects of siRNA [11]. By
attaching plasmid DNA on QDs via a specific interaction between
PNA (peptide nucleic acids) on QDs and plasmid DNA, Burgess and
co-workers [12] developed a fluorescent probe for intracellular
tracking of the plasmid DNA after the probe was delivered using
cationic liposomes. Enlightened by the success of using cationic

* Corresponding author. Tel./fax: +86 10 82613214.
E-mail address: gaomy@iccas.ac.cn (M. Gao).

0142-9612/$ — see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.biomaterials.2010.11.024

liposomes in gene delivery, various types of cationic lipids [22,23],
polymers such as chitosan [14,24], amphipol [ 16], polyethylenimine
[20,25—28], polyphosphoramidate [21], dendrimers [29] and
peptides [19,20] were further employed to modify the inorganic
nanoparticles so as to enable them as gene vectors. Such cationic
surface modification for nanomaterials greatly facilitates both the
loading of genes by forming electrostatic complexes and the
subsequent release of genes within the cytoplasm, apart from
increasing the stability of genes against nuclease degradation
[16,30]. Thus, QD-based gene vectors realized by cationic surface
modification were successfully developed for monitoring the
cellular uptake of foreign genes.

The cellular uptake is undoubtedly one of the most important
steps for gene transfection. However, the following endosomal
escape, cytoplasmic mobility, and nuclear entry of foreign genes are
also very important for in vitro gene transfection with respect to
nonviral gene transfection systems [31]. Therefore, to visually track
and identify the intracellular localization of a foreign gene would be
greatly helpful for revealing the intracellular target sites of the
transfected genes, elucidating the biological actions and processes
exerted or caused by the transfected genes, and thereby probing the
mechanisms of the transfected genes at the cellular level.

To visually track the intracellular behavior of the foreign genes, we
prepared a covalent conjugate of anti-survivin antisense oligonucle-
otide (ASON) and CdTe QDs stabilized by thioglycolic acid (TGA) via
an amide bond, based on the experimental observation that
oligonucleotides covalently conjugated to CdTe QDs could effectively
induce the cellular uptake of the resultant CdTe-oligonucleotide
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conjugates. The use of covalent bonds for constructing the trans-
fection system was expected to be helpful for visually tracking the
anti-survivin ASON within cells. Survivin is a member of the inhibitor
of apoptosis family of proteins, which can inhibit apoptosis, enhance
cell proliferation, and promote angiogenesis. Although it is up-regu-
lated in most cancers, survivin is rarely expressed in normal differ-
entiated tissues, which thus endows survivin with potentials as target
for anti-cancer gene therapy [32]. Anti-survivin ASON is a 20-mer
single-stranded DNA molecule. Once internalized into cells, anti-
survivin ASON is able to complementarily combine with survivin
mRNA, and inhibit its expression and ultimately induce the apoptosis
of tumor cells [33]. To suppress the influences of CdTe QDs on the
biological functions of ASON, an Ag tether pre-modified at the 5’ end of
the ASON was used as a linker between CdTe QDs and ASON, ending
up with a 29-mer oligonucleotide (ASON29). In a similar way,
conjugates of CdTe QDs and various non-complementary oligonu-
cleotides to survivin mRNA were also synthesized and used as control
probes. Then, the endocytic mechanism for CdTe-oligonucleotide
probes was investigated by employing various types of endocytosis
inhibition reagents. Moreover, the intracellular localization of CdTe-
ASON29 was visually tracked by confocal fluorescence microscope.
Additionally, the effects of the CdTe-ASON29 conjugates on the down-
regulation of survivin mRNA and the apoptosis of Hela cells were
investigated so as to correlate the intracellular localization of CdTe-
ASON29 with the biological functions of ASON.

2. Experimental section
2.1. Chemicals

1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC)
(97.0%+, product 39391), N-hydroxysulfosuccinimide sodium salt
(sulfo-NHS) (98.5%+, product 56485) and chlorpromazine hydro-
chloride (98%+, product C8138) were all purchased from Sigma—
Aldrich. Agarose (Biowest Agarose, product 101710) was purchased
from Gene Tech. Co., Ltd., Shanghai, China. Tris(hydroxymethyl)
aminomethane (Tris) (Amresco, 99.9%, code 0497), 3-(4,5-dime-
thylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT)
(Amresco, 98%+, code 0793), dimethyl sulfoxide (DMSO) (Amresco,
code 0231) and trypsin (Amresco 1:250, code 0458) were distrib-
uted by Biodee Biotechnology Co., Ltd., Beijing, China. Eagle’s
minimum essential medium (EMEM) (cat. no. 41500-034), TRIzol
reagent (cat. no. 15596-026), M-MLYV reverse transcriptase (200 U/
ul, cat. no. S28025-011), 5-(N-ethyl-N-isopropyl)amiloride hydro-
chloride (cat.no. E-3111) and cytochalasin D (cyto D) (cat.no.
PHZ1063) were purchased from Invitrogen. Methyl-B-cyclodextrin
(MBCD) (98%, product 1090769) and genistein (98%+, product
1109860) were purchased from Aladdin Reagent Database Inc.,
Shanghai, China. Fetal bovine serum (FBS) (part SH3007003) was
purchased from Thermo Fisher Scientific Inc. ANTP mixture (10 mm
each, code D4030RA), oligo d(T);g primers (14 nmol, code D511),
cloned ribonuclease inhibitor (40 U/uL, code D2313A) were
purchased from TaKaRa Biotechnology Co., Ltd., Dalian, China.
Other chemicals were all purchased from Beijing Chemical Factory,
Beijing, China. All chemicals mentioned above were used as
received.

2.2. Preparation of CdTe-oligonucleotide conjugates

CdTe QDs stabilized by TGA were synthesized according to the
method reported previously [34,35], and the as-prepared CdTe QDs
with the emission wavelength at 610 nm was used in current
investigations. All 5" amine-terminated oligonucleotides used in this
research were provided by Sangon Biological Engineering Tech-
nology and Services, Shanghai, China. The base sequence of

oligonucleotides is shown below. The underlined nucleotides are
phosphorothioate-modified. 5’ amine-terminated anti-survivin
antisense oligonucleotides(ASON29): 5'-NH,-AAA AAA AAA CCC
AGC CTT CCA GCT CCT TG; survivin sense oligonucleotides(SON29):
5'-NH2-AAA AAA AAA CAA GGA GCT GGA AGG CTG GG; A5: 5'-NH;-
AAA AA; A29: 5'-NH-AAA AAA AAA AAA AAA AAA AAA AAA AAA
AA; A40: 5'-NH2-AAA AAA AAA AAA AAA AAA AAA AAA AAA AAA
AAA AAA AAA A. For the preparation of CdTe-oligonucleotide
conjugates, the CdTe QDs were activated in 1xPBS containing EDC
and sulfo-NHS (CdTe QDs:EDC:sulfo-NHS = 1:1000:2500) for 15 min
under gentle stirring. Then 5’ amine-terminated oligonucleotide was
introduced (CdTe QDs:oligonucleotide = 1:25) under gentle mixing
for 4 h in 1xPBS. The final CdTe-oligonucleotide conjugates were
characterized using 3% agarose gel electrophoresis and then stored at
4 °C for 24 h before used.

For calculating the conjugation efficiency, the CdTe-ASON29
were purified by 10KD and 30KD centrifugal filters (Millipore) to
remove the excess EDC/sulfo-NHS and ASON29, respectively. After
the concentration of CdTe QDs were normalized, the absorbance
at 260 nm of the purified CdTe-ASON29 by 10KD (Aze0a) and
30KD (Aze0,8) centrifugal filter were measured, respectively. By
a similar method, the absorbance at 260 nm of EDC/sulfo-NHS-
activated CdTe QDs as a control was measured and denoted as
Azeoc. The conjugation efficiency was defined as (Axeo05—A260,c)/
(A260,A—A260,C)-

2.3. Transfection of cells by CdTe-oligonucleotide conjugates

HelLa cells were obtained from the Cell Resource Center, IBMS,
CAMS/PUMC, Beijing, China, and were cultured in EMEM supple-
mented with 10% (v/v) FBS at 37 °C in an atmosphere containing 5%
CO,. One day before transfection, HeLa cells were trypsinized with
0.25% (w/v) trypsin-0.53 mm EDTA solution and plated into 6-, 96-
well cell culture plates, 96-well cell assay plates (Corning Incor-
porated) or glass-bottom tissue culture plates (MatTek) overnight
to achieve 60—80% confluence. For transfection, cultured cells were
firstly washed with 1xPBS and then incubated with CdTe QDs or
CdTe-oligonucleotide conjugates for different periods of time at
37 °C in a CO; incubator.
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Fig. 1. Determination of the conjugate of CdTe QDs and ASON29. (a) 3% agarose gel
electrophoresis of EDC/sulfo-NHS-activated CdTe QDs (Lane 1), CdTe QDs (Lane 2) and
CdTe-ASON29 (Lane 3), the fluorescence image of the gel was captured under UV
irradiation. (b) Absorption spectra of the CdTe-ASON29 before ultrafiltration (A), after
ultrafiltration to remove unreacted EDC/sulfo-NHS (B) and ASON29 (C), EDC/sulfo-
NHS-activated CdTe QDs after ultrafiltration (D) and the filtrate (E).
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Fig. 2. Cellular uptake of CdTe QDs and CdTe-ASON29 (a), as well as other CdTe-
oligonucleotide conjugates (b). All measurements were performed on one microplate,
and the error bars represent means + SD (n = 3).

2.4. Cellular uptake of CdTe-oligonucleotide conjugates

For quantitatively determining the cellular uptake of CdTe-
oligonucleotide conjugates, HeLa cells were plated into 96-well cell
assay plates and then transfected with CdTe QDs or CdTe-oligonu-
cleotide conjugates for 60 min at 37 °C. After that, the transfected
cells were washed twice with 1xPBS and subsequently subjected to
fluorescence measurements by SpectraMax M5 microplate reader
(Molecular Devices, Inc.). The excitation and emission detection
wavelengths were set to 405 nm and 620 nm, respectively. To
investigate the effects of temperature on the cellular uptake of CdTe-
oligonucleotide conjugates, the HeLa cells were incubated with

CdTe-oligonucleotide conjugates at 4 °C and 37 °C, for 30 min. The
fluorescence imaging of the resultant cells was then performed on
the FV 1000 confocal laser scanning microscope (OLYMPUS, Tokyo,
Japan) using 488 nm laser excitation, and 100 x objective (UPLSAPO/
N.A. = 1.40). To study the effects of various endocytosis inhibition
reagents on the uptake of CdTe-oligonucleotide conjugates, the HeLa
cells were treated with chlorpromazine (20 pg/mL for 1 h), MBCD
(16 mm for 35 min), genistein (100 pg/mL for 30 min), amiloride
(2.5 mwm for 35 min) and cyto D (6 pum for 30 min), following which the
cells were washed with 1xPBS and incubated with CdTe-oligonu-
cleotide conjugates for 30 min before fluorescence imaging.

2.5. Down-regulation of survivin mRNA by CdTe-ASON29

Real-time PCR was used to investigate the effect of CdTe-ASON29
on the down-regulation of survivin mRNA. Typically, the HeLa cells
were firstly transfected for 1 h with CdTe QDs, CdTe-SON29 and
CdTe-ASON29, respectively, and then cultured for 24 h at 37 °C. After
that, the cells were harvested, and the total RNA was extracted from
the cells using TRIzol reagent according to the manufacturer’s
protocol. The extracted RNA (1 pg) was then reverse transcribed to
cDNA using reverse transcription reagents: dNTP (500 pm each),
Oligo d(T)1s (2.5 um), M-MLV reverse transcriptase (200 U) and
ribonuclease inhibitor (20 U). The transcribed cDNA was used as
a template to amplify survivin cDNA using Tagman gene expression
assays (Applied Biosystems, assay ID Hs00153353_mL) and Tagman
universal PCR master mix (Applied Biosystems, part 4440049) on
StepOnePlus real-time PCR system (Applied Biosystems). The rela-
tive quantification of survivin expression was performed using actin
as an internal standard. Briefly, the amount of each survivin cDNA
was normalized to that of actin cDNA and then compared with
untreated cells to determine the expression level.

2.6. Measurement of cell viability

The colorimetric MTT assay was performed to determine the
viability of HeLa cells. Briefly, HeLa cells were transfected for 1 h

Fig. 3. Dark (left row) and merged field images (right row) of HeLa cells incubated with CdTe-ASON29 at 37 °C (a) and 4 °C (b), respectively. The scale bar in micrograph corresponds

to 10 pm.
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with CdTe QDs, CdTe-SON29 and CdTe-ASON29, respectively, and
then cultured for 72 h at 37 °C. Subsequently, the cells were washed
twice with 1xPBS, and 20 pL of MTT (5 mg/mL) were then added
and allowed to react with the cells for 4 h before the addition of
150 puL DMSO for dissolution of the precipitation. Finally, the
absorption of each solution was measured at 490 nm on Spec-
traMax M5 microplate reader.

2.7. Time-lapse fluorescence imaging of CdTe-oligonucleotide
conjugates

For time-lapse fluorescence imaging, the HeLa cells were
cultured in glass-bottom tissue culture plates. On the day of
experiments, the cultured cells were incubated with CdTe-ASON29
or CdTe-SON29, for 20 min, 40 min and 60 min. At each given time
point, one plate of cells was washed twice with 1xPBS, and then
imaged on FV 1000 confocal laser scanning microscope using
a 488 nm laser as excitation light source. At different time points,

fresh cell samples were used to minimize the interference from
previous measurements.

3. Results and discussion
3.1. Conjugate of CdTe QDs and ASON29

The absorption and fluorescence spectra of the as-prepared
CdTe QDs used in the current investigations are presented in
Supplemental Figure S1. The diameter of the CdTe QDs was esti-
mated to be 3.5 nm, and the room temperature fluorescence
quantum yield was estimated to be ~61% according to literature
methods [36,37]. For preparing the mRNA probes, ASON29 (5'-NH,-
AAA AAA AAA CCC AGC CTT CCA GCT CCT TG, the underlined
nucleotides are phosphorothioate-modified) were covalently
conjugated with the carboxylate group of TGA on the surface of
CdTe QDs, using EDC/sulfo-NHS-mediated amidation reaction. 3%
agarose gel electrophoresis was used to evaluate the effectiveness

Fig. 4. Comparison of the cellular uptake of CdTe-ASON29 by HelLa cells treated with different types of endocytosis inhibition reagents: chlorpromazine (a), MBCD (b), genistein

(c), amiloride (d) and cyto D (e). The scale bar in micrograph corresponds to 10 pum.
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of the coupling reaction. A group of typical experimental results
obtained under optimized conditions are shown in Fig. 1a. The EDC/
sulfo-NHS-activated CdTe QDs (Lane 1) migrate obviously slower
than the original CdTe QDs (Lane 2), which suggests that the CdTe
QDs surface carboxylate groups were effectively activated by EDC
and sulfo-NHS. Also, upon addition of amine-terminated ASON29,
the mobility of activated CdTe QDs was increased but still slower
than the original CdTe QDs (Lane 3) which implies that ASON29 was
successfully coupled to CdTe QDs. Fig. 1b shows the absorption
spectra of the EDC/sulfo-NHS-activated CdTe QDs and CdTe-
ASON29 before and after ultrafiltration. Based on the change of
absorbance at 260 nm, the conjugation efficiency of CdTe-ASON29
is calculated to be about 74%, and the number of ASON29 per CdTe
QDs is about 18. These results further support the successful
conjugation between CdTe QDs and ASON29. By a similar method,
a conjugate of CdTe QDs and SON29 (5'-NH,-AAA AAA AAA CAA
GGA GCT GGA AGG CTG GG) was prepared as a control for CdTe-
ASONZ29 and denoted as CdTe-SON29.

3.2. Cellular uptake and endocytic mechanism of CdTe-ASON29
conjugates

As an effective cellular uptake is of utmost importance for mRNA
probes, fluorescence microplate reading method was used to eval-
uate the cellular uptake of the probes mentioned above by assuming
that the fluorescence intensity of cells is proportional to the amount
of the probes being uptaken. The results shown in Fig. 2a suggest
that surface modification of oligonucleotides greatly increases the
uptake of the CdTe-ASON29 by HeLa cells. To further illustrate the
effects of the base sequence and length of oligonucleotides on the
cellular uptake of the resultant probes, the following series of model
probes, i.e., CdTe-A5, CdTe-A29, and CdTe-A40, were prepared
accordingly and used together with CdTe-SON29 as controls for
CdTe-ASON29. The results provided in Fig. 2b further reveal that the
cellular uptake of the oligonucleotide-modified CdTe QDs is rela-
tively independent of the base sequence and the length of oligo-
nucleotides attached. On an average, the cellular uptake efficiency
for CdTe-oligonucleotide conjugates is increased by a factor of four
in comparison with the non-modified CdTe QDs. Positively charged
gene vectors have widely been used in gene transfection. However,
an effective cellular uptake of 13 nm negatively charged Au nano-
particles modified with ASON has also been observed [30,38—43].
Therefore, it is interesting to know the mechanism leading to the
enhanced cellular uptake efficiencies of negatively charged nano-
particles modified by oligonucleotides.

To demonstrate the nature of the cellular uptake of the CdTe-
oligonucleotides probes shown in Fig. 2, a set of comparable exper-
iments were performed by incubating CdTe-ASON29 with HeLa cells
at 4 °C and 37 °C, respectively. The results shown in Fig. 3 clearly
reveal that the cellular uptake of CdTe-ASON29 is significantly
decreased at 4 °C, which implies that cellular uptake of CdTe-ASON29
is through an energy-dependent endocytosis [17].

In general, the endocytosis of gene vectors may follow different
endocytic pathways, e.g., clathrin-dependent endocytosis, caveolae-
dependent endocytosis, macropinocytosis or other clathrin/cav-
eolae-independent endocytosis [44]. Experimentally, the endocytic
pathways are differentiated by using various types of inhibition
agents, which were also adopted in the current investigations. In
general, the Hela cells largely change their shapes after being
treated with chlorpromazine (Fig. 4a), MBCD (Fig. 4b), genistein
(Fig. 4c), amiloride (Fig. 4d), and cyto D (Fig. 4e). Nonetheless, the
variations in cellular uptake of the CdTe-ASON29 probes can be
identified by confocal fluorescence microscope. It is quite obvious
that chlorpromazine is hardly effective in suppressing the uptake
of CdTe-ASON29, suggesting that clathrin-mediated endocytosis is
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Fig. 5. The concentration-dependent growth-inhibition of HeLa cells by CdTe QDs (a),
together with the effects of CdTe QDs, CdTe-SON29 and CdTe-ASON29 on the
expression of survivin mRNA (b), and viability of HeLa cells (c) at given concentrations.
Error bars represent means + SD (n = 3).

not a dominant procedure involved, as chlorpromazine is known for
suppressing clathrin-mediated endocytosis [45]. In contrast, the
lipid rafts inhibition reagent MBCD can greatly inhibit the uptake of
CdTe-ASON29, implying that the endocytosis of CdTe-ASON29 is
lipid rafts-dependent [46]. Lipid rafts are the specialized membrane
microdomains enriched in phospholipids, cholesterol, glyco-
sphingolipids, and certain proteins [46], which are considered to be
associated with caveolae-mediated endocytosis. Nevertheless, the
results shown in Fig. 4c reveal that the endocytosis of CdTe-ASON29
can hardly be inhibited by genistein which is typically used for
inhibiting the caveolae-mediated endocytosis [46], implying that
the endocytosis of CdTe-ASON29 is through macropinocytosis that
is recently demonstrated to involve lipid rafts as well [47]. The
results shown in Fig. 4d and e obtained in the presence of amiloride
and cyto D, respectively, obviously support the macropinocytosis
mechanism. Further experiments based on CdTe-SON29, CdTe-A5,
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CdTe-A29 and CdTe-A40 (Supplemental Figures S2—S9) suggest that
macropincytosis is a general endocytic mechanism for the CdTe-
oligonucleotide probes, relatively independent of the length and
base sequence of the oligonucleotides modified on CdTe QDs.

As a matter of fact, the aforementioned endocytic mechanisms
are more often used to interpret the cellular uptake of cationic gene
vectors. However, the results shown in Fig. 4 and Supplemental
Figures S2—S9 strongly support that the anionic CdTe-oligonucle-
otide conjugates also follow certain endocytic pathways, which
may be because that the nanoscale protrusion and depressions
of membrane with radii smaller than that of the nanoparticles
are helpful for minimizing the repulsive interaction between
negatively charged nanoparticles and cellular membrane, and
enhancing the subsequent uptake of the anionic nanoprobes as
well [44,48].

3.3. Down-regulation of survivin mRNA and apoptosis of HeLa cells
induced by CdTe-ASON29

For an effective gene transfection, the transfected genes should
be able to exert their biological functions after cellular uptake.
Therefore, the effectiveness of CdTe-ASON29 on the down-regula-
tion of survivin mRNA and apoptosis of HeLa cells were further
investigated. As a gene transfection vector, CdTe QDs should exhibit
as small as possible an impact on the cellular viability. Therefore,
the effect of the concentration of CdTe QDs on cellular viability was
firstly optimized using an MTT assay. As expected, the degree of
cellular inhibition increases with the concentration of CdTe QDs, as
shown in Fig. 5a. The ICs5q (50% inhibitory concentration) value was
estimated to be around 275.9 + 61.0 nm by theoretically fitting the
inhibition results. Then, two concentrations of CdTe QDs below the
ICs value, 10 nm and 50 nM at which the cellular viability remained
at 84.4 + 13.6% and 76.0 + 12.3%, respectively, were chosen for
further gene transfection experiments.

The effects of CdTe-ASON29 on the down-regulation of survivin
mRNA were investigated using real-time PCR using CdTe QDs and
CdTe-SON29 as negative controls. As shown in Fig. 5b, although
50 nm CdTe QDs inhibit the expression of survivin mRNA to some
extent, the modification of nonfunctional SON29 on the surface of
CdTe QDs can effectively suppress the inhibition effects of CdTe QDs
on survivin mRNA expression with a relative survivin mRNA
expression level reaching 92.6 + 5.3%. In contrast, both 10 nm and

20 min

40 min

CdTe-ASON29

50 nm CdTe-ASON29 can effectively inhibit the expression of sur-
vivin mRNA. Especially, when the concentration of CdTe-ASON29 is
50 nm, the relative survivin mRNA expression level reaches
28.2 4+ 6.8%, much lower than that from the control groups, which
demonstrates that CdTe-ASON29 can specifically down-regulate
the survivin mRNA expression.

Earlier investigations have demonstrated that the down-regula-
tion of survivin mRNA by ASON can inhibit survivin translation,
which then decreases the negative regulation of survivin to cas-
pases-3 and -7 that act as common downstream parts of the two
major apoptosis pathways, and consequently the apoptosis occurs
[33]. To further reveal the overall effects of CdTe-ASON29 on
apoptosis of Hela cells, an MTT assay was performed again using
CdTe QDs and CdTe-SON29 as negative controls. The results obtained
are shown in Fig. 5¢c. Well in consistence with the mRNA expression
experiments, the surface modification of SON29 can effectively
decrease the cellular growth-inhibition of CdTe QDs, which makes
the inhibition effects of CdTe-ASON probes at given probe concen-
trations even more pronounced. Therefore, it can be concluded that
CdTe-ASON29 contributes largely to the inhibition of the cell viability
by down-regulating survivin mRNA and consequently enhancing the
apoptosis effects on Hela cells. In addition, the results shown in
Fig. 5b and c also suggest that oligonucleotides can generally be used
as an inert material to suppress the cytotoxicity of QDs, which might
pave a new route for further developing various QD-based probes for
biology and biomedicine investigations.

3.4. Visually tracking the intracellular localization of CdTe-ASON29

On the basis of the aforementioned investigations on cellular
uptake and biological functions of the CdTe-ASON29 probes, the
intracellular localization of CdTe-ASON29 was visually tracked
under a confocal fluorescence microscope so as to further correlate
the biological functions of CdTe-ASON29 and its intracellular
localization.

As CdTe-ASON29 can clearly induce the down-regulation of
survivin mRNA and the following apoptosis of HeLa cells at 50 nm, in
the following experiments the concentrations of both CdTe-ASON29
and its control CdTe-SON29 were set to 50 nm to obtain bright
enough fluorescence image. Time-lapse imaging results presented
in Fig. 6 reveal that within 20 min both CdTe-ASON29 and CdTe-
SON29 are mainly found on both the plasma membrane and

CdTe-SON29

Fig. 6. Dark and merged field images of HeLa cells incubated with CdTe-ASON29 or CdTe-SON29 for different periods of time. The scale bar in micrograph corresponds to 10 pm.
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Fig. 7. Dark and merged field images of HeLa cells obtained after incubation for 60 min with CdTe-A5 (a), CdTe-A29 (b), and CdTe-A40 (c), respectively. The scale bar in micrograph

corresponds to 10 pum.

filopodia. The latter is known to be involved in virus transport from
infected cells to healthy ones [49,50]. Although it is still unclear
whether filopodia is involved in nanoparticle endocytosis with
respect to the current probes, the attachment of Tat peptide-
conjugated QDs on filopodia was also observed while the intracel-
lular uptake occurred [51]. Therefore, it can be speculated that the
filopodia may also play arole in the endocytosis of QDs. In addition to
the surface attachment, both CdTe-ASON29 and CdTe-SON29 also
start to appear inside the cells at 20 min, mainly in the vicinity of the
cell peripheries with a little amount of the probes being around the
nucleus. No apparent difference in the intracellular locations is
presented between CdTe-ASON29 and CdTe-SON29. However,
differences in intracellular distribution of the probes start to appear
at 40 min. With respect to CdTe-ASON29, the probes mainly localize
in the cytoplasm but showing a tendency of being accumulated
around the nucleus, which can better be seen at 60 min. In contrast,
some of the CdTe-SON29 probes start to enter the nucleus at 40 min,
and eventually most of the probes accumulate in the nucleolus at
60 min with the rest being arbitrarily distributed within the cells.
To further discover whether the distinct localization of CdTe-
ASON29 is associated with the biological functions of ASON29,
CdTe-A5, CdTe-A29 and CdTe-A40 were used as negative controls
for revealing the probes distribution at 60 min. In general, as shown
in Fig. 7, the intracellular distributions of the CdTe-A5, CdTe-A29
and CdTe-A40 follow the behavior of CdTe-SON29. Therefore, it is
reasonable to conclude that the specific perinuclear localization of
CdTe-ASON29 is directly correlated to the biological functions of
ASON for survivin mRNA down-regulation and apoptosis induction.
The correlation between specific localization of anti-survivin
ASON and its biological functions is essential for understanding the
associated mechanisms. Down-regulation of survivin mRNA by
anti-survivin ASON is mainly attributed to the activation of various
mechanisms after its binding to survivin mRNA. The best under-
stood mechanism is that endogenous RNase H recognizes and
cleaves the mRNA/oligonucleotides duplex at the same location. As
the RNase H is a family of enzymes expressed ubiquitously in cells,

the cleavage of mRNA therefore may occur either in cytoplasm or in
nucleus [52]. However, the current results on visually tracking the
CdTe-ASON29 probes suggest that ASON quite probably takes effect
in cytoplasm and in perinuclear regions, supported by the fact that
the control probes can readily enter the nucleolus over the same
period of time. A similar localization of siRNA in perinuclear region
was also observed in RNAi (RNA-mediated interference), which
was demonstrated to be associated with the gene down-regulation
efficiency of siRNA [53]. In fact, both ASON and siRNA follow similar
antisense mechanisms by inducing cleavage of target mRNA
after specific binding [54]. Therefore, it can be deduced that the
perinuclear region is the location where the antisense regulation
process occurs. In addition, because the down-regulation of survi-
vin mRNA by ASON29 ultimately leads to the apoptosis of HelLa
cells, the accumulation of the CdTe-ASON29 probes in the peri-
nuclear region - visualized through fluorescence - can specifically
be correlated to the apoptosis of the HeLa cells, which may provide
an alternative strategy for analyzing the early stages of apoptosis
induced by survivin deficiency.

4. Conclusions

In summary, by covalently conjugating anti-survivin ASON to
TGA-capped CdTe QDs, a fluorescent system for gene transfection
and intracellular visualization of transfected genes has been ach-
ieved. Systematic investigations reveal that the cellular uptake of
the negatively charged CdTe-oligonucleotide conjugates is through
the macropinocytosis pathway. Further real-time PCR and MTT
experimental results demonstrate that the ASON attached on the
surface of the QDs can specifically induce the down-regulation of
the survivin mRNA and ultimately induce the apoptosis of HelLa
cells. Benefiting from the fluorescence of CdTe QDs, the visualization
of the intracellular localization of the CdTe-ASON probes is conse-
quently allowed. Systematic results suggest that the perinuclear
region is the location where the antisense regulation process occurs.
In addition, the current investigations also reveal that the surface
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modification of oligonucleotide can effectively suppress the cyto-
toxicity of the CdTe QDs, which may expand the applications of QDs
in cell biology investigations after further improvement. In conclu-
sion, the current investigations reveal that CdTe QDs can not only be
used as gene vectors but also offer the possibility of visually tracking
the intracellular localization of a given oligonucleotide, thereby
providing the possibilities to correlate the gene functions with their
specific intracellular localization.
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