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Abstract: Gene silencing using short interfering RNA (siRNA) is becoming an attractive
approach for probing gene function in mammalian cells. This study evaluated the specific-
ity and efficiency of quantum dots (QDs) as non-viral gene vectors for delivery of survivin
siRNA and downregulation of survivin gene expression in oral squamous cell carcinoma
Tca8113 cells. Water-dispersible cationically-modified QDs were electrostatically attached to
anionic siRNA molecules and complexed with siRNA for downregulating expression of the
survivin gene. Cellular uptake and allocation of QD—siRNA complexes in Tca8113 cells were
monitored using confocal laser scanning microscopy. Real-time polymerase chain reaction
(PCR) was used to quantify survivin messenger RNA (mRNA) levels. CdSe QDs were observed
with high intensity fluorescence under confocal laser scanning microscopy. Tca8113 cells were
successfully transfected by QDs with survivin siRNA, and the red fluorescence from CdSe QDs
and green fluorescein amidite fluorescence from siRNA could both be easily observed after
6 hours of incubation. The release of siRNA into the cytoplasm was verified through real-time
PCR quantification that showed reduced survivin mRNA levels. In this study, survivin siRNA
successfully complexed with water-soluble CdSe QDs and exhibited excellent fluorescent prop-
erties and downregulated the expression of the survivin gene in oral squamous cell carcinoma
Tca8113 cells. QDs are a novel non-viral gene delivery vector.

Keywords: quantum dots, survivin, siRNA delivery, transfection, Tca8113, tongue
cancer cells

Introduction

Human tumor occurrence and development is due to genetic abnormalities and then
induced apoptosis. Survivin, a new member of the inhibitor of apoptosis protein family,
is a protein that inhibits caspases and blocks cellular apoptosis. Survivin is prefer-
entially and highly expressed in cancer cells, with little expression in most normal,
non-dividing adult tissues.! Apoptosis and proliferation are adjustable biochemical
processes; research shows that transfection of survivin short interfering RNA (siRNA)
to cells can inhibit the expression of survivin, and then significantly increase the rate
of apoptosis. Survivin’s differential expression in cancer cells as compared to normal
tissue and its integral role in cancer cell division and survival make it a highly flexible
therapeutic target to inhibit cancer cell growth.?

RNA interference (RNA1) is a powerful gene silencing mechanism whereby short
stretches (less than 30 nucleotides) of double-stranded RNA with complementary gene
sequences suppress the activity of the gene by degrading the corresponding messen-
ger RNA (mRNA), thus blocking the translation of mRNA into proteins.> RNAi is a

submit your manuscript
Dove

http:

OncoTargets and Therapy 2013:6 303-309 303
© 2013 Zhao et al, publisher and licensee Dove Medical Press Ltd. This is an Open Access article
which permits unrestricted noncommercial use, provided the original work is properly cited.


mailto:zjj2521@sina.com
www.dovepress.com
www.dovepress.com
www.dovepress.com
http://dx.doi.org/10.2147/OTT.S38453

Zhao et al

Dove

post-transcriptional gene silencing mechanism for regulating
gene expression during development.* Lentiviruses, adeno-
associated viruses, and retroviruses have all been used suc-
cessfully as delivery vehicles of siRNA into cells. Although
they are effective, there are safety and toxicity concerns
associated with using viral vectors that prevent use in humans
in vivo. Non-viral methods of delivering siRNA, including
lipid-based vectors such as liposomes, peptides, cationic
polymers, and nanoparticles, have also been investigated.>

Although there has been some success in the delivery
of siRNA using various methods, tracking delivery and
monitoring transfection efficiency is difficult without a
suitable tracking agent. The dyes commonly used to label
siRNA lose over half the fluorescent signal intensity 5 to
10 seconds after transfection.” Therefore, it is a challenge to
design both an efficient and self-tracking transfection agent
for RNA interference.

One promising strategy for in vivo delivery of siRNAs
into cells is based on luminescent semiconductor quantum
dots (QDs), which allow for tracking the transfection and
allocation of QD—siRNA complexes in the cytoplasm.® QDs
are versatile photostable probes that offer an added dimension
to improve the power of RNAI as an experimental tool. QDs
as luminescent probes for numerous biological and biomedi-
cal applications have become an area of intense research over
the last decade. For RNAi-mediated silencing of the survivin
gene in Tca8113 cells, biocompatible luminescent QDs were
developed to serve as self-tracking transfection tools for sur-
vivin siRNA. The surface of the QDs can be easily functional-
ized to incorporate biologicals such as siRNAs.? Furthermore,
the size of these nano-bioconjugates under physiological
conditions are typically less than 50 nm, making QD-based
nanoparticles ideal candidates for in vitro and in vivo studies
and applications. With a core size of 6 nm when measured by
transmission electron microscopy, QDs have hydrodynamic
diameters of 17 nm after siRNA binding.'

Recently, surface modification on QDs has led to the
development of a new generation of probes with integrated
functionalities such as labeling and drug/gene delivery.!!
Nanoparticles have been proposed to act as non-viral gene
delivery vectors and have great potential for therapeutic
applications in several disease states.

In this study, we demonstrate a novel means of monitor-
ing nucleic acid delivery using standard transfection tech-
niques to co-deliver semiconductor QDs complexed with
siRNA. QDs are bright, photostable CdSe/ZnS fluorescent
nanocrystals that exhibit tunable emission properties for a
wide range of color possibilities.

Materials and methods

Materials and chemicals

Penicillin-streptomycin solution, phosphate buffered saline,
trypsin/ethylenediaminetetraacetic acid, Dulbecco’s modified
Eagle’s medium, fetal bovine serum, and L-glutamine were
purchased from HyClone (Waltham, MA, USA). Lipo-
fectamine 2000 and Opti-MEMI were purchased from Invit-
rogen (Life Technologies, Carlsbad, CA, USA), and human
tongue carcinoma Tca8113 cell lines were purchased from
the China Centre for Type Culture Collection, Wuhan Univer-
sity (Wuchang, People’s Republic of China). Laser confocal
microscopy (Leica TCS SP2; Leica Microsystems, Wetzlar,
Germany) was performed in the laboratory at the School of
Basic Medicine at the Southern Medical University.

QDs

CdSe core, ZnS shell QDs (red, 605 nm emission maxima)
were purchased from Wuhan Jiayuan Quantum Dots Co, Ltd
(Hongshan, People’s Republic of China). The QD nanocrys-
tals were water- solubilized and surface-modified by reacting
with PEG. QDs were used at a concentration of 4 umol/L
and have a diameter of 23 nm.

Survivin siRNA: Gene ID 001168

siRNAM sense (GGACCACCGCAUCUCUACAAGAC)
and survivin siRNA antisense (dCdGCCUGGUGGCUAGA-
GAUGU) were purchased from Guangzhou RiboBio Co, Ltd
(Guangzhou, People’s Republic of China). Survivin siRNA
was designed with a FAM fluorescein molecule on the 5" end
of the sense strand. The fluorescently labeled siRNA marker
was designed for monitoring the uptake of siRNA by fluo-
rescence microscopy or other fluorescence based techniques.
siRNA was used at a concentration of 20 umol/L.

Cell culture

Tca8113 human tongue cancer cells were cultured at 37°C,
in 5% CO, in Dulbecco’s modified Eagle’s medium with
low glucose, 10% fetal bovine serum, and 1% penicillin—
streptomycin. The culture medium was changed every 2 days,
and 0.25% trypsin was used to digest and subculture the cells
after 2-3 days.

QD-siRNA complexes

Twenty nanomoles of siRNA were dispersed in 1 mL
nuclease-free water (20 umol/L). QDs were used at a con-
centration of 4 pumol/L. For electrostatic complexation with
anionic siRNA molecules, cationically-modified QDs were
fabricated by coating a layer of the amine functionalized
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polymer (PEG) on the surface of carboxyl-terminated
QDs. Optimal conditions for the formation of QD—siRNA
nanoplexes were determined. Twelve and a half microliters
of the QD solution (4 umol/L) was mixed gently with 5 uL.
survivin siRNA (20 pumol/L) diluted in 500 uL Opti-MEMI
media (Invitrogen) in each well (2 mL/well) and incubated
for 20 minutes at room temperature to allow complexes to
form. The water-dispersible cationically-modified QDs were
electrostatically attached to the anionic siRNA molecules.'?
The resultant nanoplexes (QD—siRNA) were prepared before
the start of each experiment.

Agarose gel electrophoresis

To optimize the QD/siRNA correlative effect, we varied the
ratio of QDs with a fixed dose of 120 pmol siRNA in the fol-
lowing order: lane 1 100pmol free siRNA; lane 2 30pmol QDs;
lane 3 50QD + 100siRNA; lane 4 10QD + 100siRNA; lane
530QD + 100siRNA. QD-siRNA complexes were prepared
by mixing in nuclease-free water and were electrophoresed
on 4% agarose gel for 20 minutes at 100 V. siRNA and QDs
were visualized by ethidium bromide staining. Electrophoresis
images of free siRNA and QDs were taken using the GelDoc
2000 imager system (Tanon 1600; Tanon Science and Tech-
nology Co, Ltd, Shanghai, People’s Republic or China), as
shown in Figure 1.

Confocal laser scanning microscopy

Tca8113 cells were seeded, and the digested cells were
inoculated onto a confocal-dedicated utensil at densities of
approximately 6 x 10* cells per utensil. After being cultured
in an incubator containing a 5% volume fraction of CO,

 eas e o o

QD 4 umol/L

siRNA 20 pmol/L

100 pmol free siRNA
30 pmol QDs

50 QD + 100 siRNA

10 QD + 100 siRNA

30 QD + 100 siRNA

Figure | Electrophoresis images of free siRNA and QDs.

Notes: Unbound negatively charged siRNA (lane I) and free positively charged
QDs (lane 2) migrated towards the anode and cathode, respectively. The quantity
of siRNA remaining at the slot (QD-siRNA nanoplex, lanes 3-5) indicates effective
binding of siRNA to QDs. We can see that the optimal QD/siRNA correlative effect
occurred in lane 3: the QD—siRNA™" nanoplex (50 pmol:100 pmol).
Abbreviations: siRNA, short interfering RNA; QDs, quantum dots; siRNA™",
siRNA with fluorescein amidite.

at 37°C with saturated humidity for 3—4 days, cells were
80% confluent and incubated with QD—siRNA complexes
(50 pmol/100 pmol) in 2 mL cell culture medium. Live cells
were imaged using confocal laser scanning microscopy
15 minutes and 6 hours later.

Two-dimensional confocal fluorescence microscopy was
used to document cellular uptake of QDs (60 X oil-immersion
objective lenses). Images were created in the single optical
section mode using 488 nm excitation and the appropriate
filter, as shown in Figure 2.

Real-time PCR analysis
Tca8113 cells were transfected with QD—siRNAsvv¥in or
Lip02000—siRNAs ¥ for 48 hours. Negative control
Tca8113 cells were not transfected (no QDs/Lipo2000 and
siRNA). Total RNA was extracted from Tca8113 cells using
aTrizol reagent (Invitrogen) according to the manufacturer’s
protocol and stored at —80°C until use. Q-PCR was used
to quantitate survivin expression in Tca8113 cell cultures.
Approximately 1 x 10°Tca8113 cells were harvested 48 hours
post-transfection, and RNA was extracted. The RNA was
reverse transcribed to complementary DNA using a reverse
transcriptase kit (Takara Biotechnology (Dalian) Co, Ltd,
Dalian, People’s Republic of China). Melting curve analysis
was carried out for each amplified DNA product. PCR prod-
ucts were further analyzed by agarose gel electrophoresis and
sequenced to confirm the identity of the PCR products and to
exclude the possibility of chromosomal DNA artifacts. The
level of survivin mRNA in each sample was used for normal-
ized real-time Q-PCR using specific primers (gh-survivin-
F1: 5 AAATGACTTGGCTCGATGCT, gh-survivin-R1: 5
TCCATCATCTTACGCCAGACT).

Reference knockdown experiments were performed using
Lipofectamine 2000 as a transfection tool for survivin siRNA,
as shown in Figure 3.

Results

Agarose gel electrophoresis

To examine the binding efficiency of nanoplexes, we per-
formed agarose gel electrophoresis using siRNA complexed
with the three formulations of QDs. As shown in Figure 1,
free siRNA appeared in the gel, indicating that all the siRNA
migrated into the gel (lane 1). For the QD only band, all the
fluorescence was observed in the well, indicating that the QDs
did not migrate into the gel. However, upon comparing the
bands from three formulations of QDs and siRNA, varying
amounts of siRNA are shown in the gel, implying that the
siRNA was partially or completely complexed with the QDs.
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Figure 2 Laser confocal images of Tca81 |3 cells showing specific targeting of survivin siRNA-QD and time lapse fluorescence imaging of QD—siRNA complexes and their
transport in living cells. (A) QDs (red) adsorbed onto the cell surface immediately after being added into the cell culture, shown as red fluorescence, at the cell membrane; but
siRNAPM (green) could not be observed. This means that fluorescence from FAM is weaker than from QDs. (B) Fluorescence after |5 minutes. Red fluorescence remained
mainly in the cell membrane, did not enter the cytoplasm, and was more intense. We can observe little green fluorescence in the cell membrane. (C) Fluorescence after
| hour. Red fluorescence and a lesser amount of green fluorescence distributed around the cell membrane. (D) Fluorescence after 2 hours. QD—siRNA complex entered
cells after less than 2 hours of incubation; some red fluorescence and a lesser amount of green fluorescence appeared in the cytoplasm. (E) Fluorescence after 6 hours.
QD-siRNA complex fully accessed the cells.

Notes: QDs mainly distributed in the cytoplasm, while siRNA distributed in the cytoplasm and the nucleus, indicating that the survivin siRNA targeted the survivin gene of
the whole Tca81 13 cells. Magnification: 60x.

Abbreviations: siRNA, short interfering RNA; QDs, quantum dots; siRNA™", siRNA with fluorescein amidite; FAM, fluorescein amidite.

Electrophoresis with 4% agarose gel showed that experimental
group 2 (QDs labeled with survivin siRNA of human tongue
cancer Tca8113 cells by electrostatic attraction) had the best
ratio of 12.5 uL QD to 5 puL siRNA (QD 50 pmol:siRNA
100 pmol, that is 1:2). In the case of the 2 mL of culture
medium per well, the final concentration of 50 pmol QD was
25 nmol/L, which is in the safe range (30 nmol/L).

Confocal laser scanning microscopy
Real-time monitoring by laser scanning confocal microscopy
over 6 hours showed that the QDs successfully transfected
survivin siRNA into human Tca8113 cells.

QD-siRNA complexes were added to the cell culture
dish; laser scanning confocal microscopy showed the fol-
lowing results.
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After 15 minutes (Figure 2A), only a small amount
of red fluorescence from QDs on the cell membrane
without green fluorescence from siRNA with fluorescein
amidite (siRNA™M) was visible. This result means that the
QD-siRNA complexes began adsorption to the cell mem-
brane, which can be detected just by QDs.

After 30 minutes (Figure 2B), more red fluorescence
was detected on the cell membrane with a small amount of
green fluorescence.

After 1 hour (Figure 2C), red fluorescence and green
fluorescence were denser and the former was stronger than
the latter, but both were still distributed around the cell
membrane.

After 2 hours (Figure 2D), fluorescence started to pen-
etrate slowly through the membrane to the cytoplasm. Both
fluorescences were weak, with the red being a little stronger
than the green.

After 6 hours (Figure 2E), the QD—siRNA complex
fully accessed the cells. QDs were mainly distributed in the
cytoplasm, while the siRNA was distributed in the cytoplasm
and the nucleus, indicating that the survivin siRNA targeted
the survivin gene of the whole Tca8113 human tongue
cancer cells.

In comparison of the two fluorescences, it is obvious that
the red fluorescence from the QDs is more intensive than
the green fluorescence from the siRNA™M. Thus, QDs are
more suitable for dynamic observation of cells relative to the
fluorescein amidite (FAM) organic fluorescence.

Real-time polymerase

chain reaction (PCR)

After confirming the efficiency of QD-mediated cellular
delivery of the marker siRNA™M (Figure 2) and absence of
cytotoxicity, the efficiency of gene silencing was determined
by measuring the percentage inhibition of the expression of
the survivin gene using quantitative real-time PCR (Q-PCR).

P <0.01
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0 Experiment group  Positive control  Negative control
Figure 3 Real-time PCR analysis of survivin mRNA levels from Tca8113 cells
transfected with the following methods: siRNA delivery by QD vehicle (Ist bar),
siRNA using Lipofectamine 2000 (2nd bar), and negative control (3rd bar).

Notes: n = 4; P < 0.01 (between Ist bar and 3rd bar); P < 0.0l (between the
2nd bar and 3rd bar).

Abbreviations: PCR, polymerase chain reaction; mRNA, messenger RNA; siRNA,
short interfering RNA; QD, quantum dot.

A fixed concentration of siRNA survivin (100 pmol) was
complexed to QDs (50 pmol). The results (Figure 3) show
that the decrease in survivin expression from Tca8113 cells
treated with QD—siRNA survivin nanoplexes was 74%
when compared to the negative control. The positive control
(Lipofectamine 2000 [ 100 pmol]-siRNA survivin [100 pmol]
complex) showed 90% inhibition of survivin gene expression.
The ratio of Lipofectamine 2000 and siRNA was 1:1, which
is common. Although the amount of QDs used was half that
of Lipofectamine 2000, the rate of survivin gene silencing
when using QDs was greater than when using Lipofectamine
2000. Statistical analysis showed that the experimental group
and the control group as compared with the blank group
were significantly different (P < 0.05), indicating that QDs
and Lipofectamine 2000 transfected survivin siRNA to
Tca8113 cells for 48 hours and that the transcription levels
of survivin mRNA can effectively decrease.

Discussion

Electrophoresis with 4% agarose gel showed that experi-
mental group 2 (lane 3) QDs with survivin siRNA labeled
human tongue cancer Tca8113 cells by electrostatic attrac-
tion, and the best ratio was QD 12.5 uL:siRNA 5 uL (QD
50 pmol:siRNA 100 pmol, that is 1:2). In lane 3, a faint band
of siRNA was still looming, indicating that the combination
of siRNA and QD was almost entirely at the well, and thus,
we have to consider the possibility of a further increase in the
amount of QDs. QDs should be used in the safe concentra-
tion, so as not to be toxic to the cells.

In lane 3, the amount of QDs was 50 pmol/well. In the
case of the 2 mL of culture medium per well, the final con-
centration of 50 pmol QDs was 25 nmol/L, this concentra-
tion of QDs is the highest concentration of the safe range
(30 nmol / L). In this concentration, QDs not only combine
the maximum amount of siRNA, but also do not affect the
cell activity.

Then, QDs successfully transfected survivin siRNA to
Tca8113 tongue cancer cells, which was observed by confo-
cal laser scanning microscopy for 6 hours. QD—siRNA com-
plexes were added to the cell culture dish, from 15 minutes,
which began adsorption to the cell membrane and started to
penetrate slowly through the membrane to the cytoplasm,
until 6 hours, after which the QD—siRNA complexes fully
accessed the cells. The QDs were mainly distributed in the
cytoplasm, while the siRNA was distributed in the cytoplasm
and the nucleus, indicating that the survivin siRNA targeted
the survivin gene of the whole Tca8113 human tongue cancer
cells, since the survivin gene expresses in both the cytoplasm
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and nucleus, which both control cell survival and regulate
cell division. This indicated that the survivin siRNA released
from QD-siRNA complexes and targeted the survivin gene
of the cytoplasm and nucleus after transfection.

In comparison of the two fluorescences, it is obvious
that the red fluorescence from QDs is more intensive than
the green fluorescence from siRNA™M. Thus, QDs are more
suitable for dynamic observation of cells relative to the FAM
organic fluorescence.

Tertiary amines provide a positive charge for electro-
static siRNA binding and for protecting nucleic acids from
enzymatic degradation.!* QD surface coatings with positive
charges can enter mammalian cells via macropinocytosis,'*
a fluid-phase endocytosis process that is initiated by QDs
binding to the cell surface. Duan et al showed that QDs coated
with a proton sponge layer [polyethylene glycol (PEG)-
modified polyethylene imines] are able to penetrate cells and
escape from intracellular organelles.!! With a QD core size of
6 nm as measured by transmission electron microscopy, the
proton sponge dots have hydrodynamic diameters of 13 nm
before siRNA binding and 17 nm after siRNA binding.'°

Neutral liposomes have been used as an alternative vector
by encapsulating siRNA in the inner aqueous phase to reduce
toxicity and non-specific binding with non-target cells.'
However, the encapsulation efficiency for neutral carriers
is limited, and cationic vectors still dominate the siRNA
delivery field. The most common approach employs cationic
vectors complexed with siRNA for enhanced incorporation
followed by coating with an inert hydrophilic polymer for
charge shielding to avoid non-specific binding.

A Dbuilt-in mechanism for efficient siRNA escape from
intracellular organelles is essential to the success of QDs and
other synthetic nanoparticles.!® In 1998, Chan et al demon-
strated that QDs conjugated to a membrane-translocating
protein, transferrin, could cause endocytosis of QDs by living
cancer cells in culture.!” QDs retained their bright fluores-
cence in vivo and were not noticeably toxic, thus revealing
that QDs could be used as intracellular labels for living
cell studies. Chen et al demonstrated that QDs can monitor
RNAI delivery and improve gene silencing.'® Semiconductor
QDs have attracted tremendous interest in biolabeling and
bioimaging applications due to their considerable advantages
over conventional organic dyes, such as high quantum yield,
size-tunable emission, photostability, and improved signal
brightness.!!

Gao et al®® reported a novel CdSe QD-amphipol nano-
complex that successfully delivered siRNA into cancer cells
with significantly reduced cytotoxicity and offered real-time

imaging of siRNA delivery in live cells. 2-vinylpyridine
functionalized silicon QDs,* and QD-peptide conjugates?!
were also reportedly developed for siRNA transfection and
therapeutic imaging. These water-soluble QDs were able to
complex with siRNA via electrostatic interaction, and the
QD-siRNA complexes formed were found to be disrupted
by intracellular glutathione, allowing for controllable
release of siRNA and gene expression in Tca8113 cells in
visible mode.

Delivery strategies using nonviral vectors generally
include two different methods: chemical modification and
nanoparticle formulation.?? Nanoparticle formulation was
used in this experiment. QDs offer several advantages over
organic dyes, including increased brightness, stability against
photobleaching, broad absorption spectra, and a tunable
and narrow emission spectrum. This and other studies have
shown that QDs can be non-cytotoxic.?* Combining QDs
with siRNA for RNAI tracking requires neither chemical
labeling of siRNA, which is costly and can potentially deter
complexing with an RNA-induced silencing complex (RISC),
nor the expression of reporter plasmids. QDs are also 10-fold
brighter than most conventional fluorescent dyes.** Owing to
their optical, chemical, and biofunctional properties, semi-
conductor QD probes are promising tools for monitoring
cellular events.”

In this study, we present a novel class of transfection
tools that are based on biocompatible water-soluble lumi-
nescent QDs. The internalization of QDs by Tca8113 cells
observed by confocal laser scanning microscopy occurs via
endocytosis. Experiments using agarose gel electrophoresis
revealed that QDs are positively charged in aqueous solutions
and that QD—siRNA complexes are formed through electro-
static interactions. As indirectly shown by real-time PCR and
transcellular transport studies, functionalized QDs achieve
high gene transfection efficiency for delivery of survivin
siRNA toTca8113 cells. Release and incorporation of siRNA
into the RISC were tracked by detection of reduced survivin
mRNA levels. In this study, we preliminarily explored the
possibility of QDs as the new siRNA transfection carrier
by the view of the imaging. If this experiment had detected
survivin protein levels by a Western blot assay, the results
would be more convincing. However, due to experimental
conditions and limited budgets, a Western blot assay was
not conducted.

Survivin siRNA was successfully complexed with
water-soluble CdSe QDs and exhibited excellent fluorescent
properties. These results show that QD nanoplexes are supe-
rior to traditional transfection agents in terms of increased
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transfection efficiency. QDs are a highly effective and specific
nonviral vector in gene transfection.

In summary, QDs can not only be vectors to transfect
survivin siRNA into Tca8113 human tongue cancer cells,
and then effectively inhibit the transcription level of survivin
mRNA of Tca8113 cells, but also can be used as a marker to
observe the distribution of siRNA in cells in real-time trac-
ing and showed good optical properties. QDs can be used in
tumor imaging as well as cancer treatment, providing new
possibilities for cancer clinical treatment models.
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