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One of the most promising new chemotherapeutic strategies is the RNA interference
(RNAi)-based approach, wherein small double-stranded RNA molecules can sequence-
specifically inhibit the expression of targeted oncogenes.[1] In principle, this method has
high specificity and broad applicability for chemotherapy. For example, the small interfering
RNA (siRNA) strategy enables manipulation of key oncogenes that modulate signaling
pathways and thereby regulate the behavior of malignant tumor cells. To harness the full
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potential of this approach, the prime requirements are to deliver the siRNA molecules with
high selectivity and efficiency into tumor cells and to monitor both siRNA delivery and the
resulting knock-down effects at the single cell level. Although several approaches such as
polymer- and nanomaterial-based methods[2] have been attempted, limited success has been
achieved for delivering siRNA into the target tumor cells. Moreover, these types of
approaches mainly focus on the enhancement of transfection efficiency, knock-down of non-
oncogenes (e.g. green fluorescent protein (GFP)), and the use of different nanomaterials
such as quantum dots (QDs), iron oxide nanoparticles, and gold nanoparticles.[3,4]
Therefore, to narrow the gap between current nanomaterial-based siRNA delivery and
chemotherapies, there is a clear need to develop methods for target-oriented delivery of
siRNA [5], for further monitoring the effects of siRNA-mediated target gene silencing via
molecular imaging probes[4], and for investigating the corresponding up/down regulation of
signaling cascades.[6] Perhaps most importantly, to begin the development of the necessary
treatment modalities, the nanomaterial-based siRNA delivery strategies must be
demonstrated on oncogenes involved in cancer pathogenesis.

Herein, we describe the synthesis and target-specific delivery of multifunctional siRNA-QD
constructs for selectively inhibiting the expression of epidermal growth factor receptor
variant III (EGFRvIII) in target human U87 glioblastoma cells, and subsequently monitoring
the resulting down-regulated signaling pathway with high efficiency.[7]

Glioblastoma multiforme (GBM) is the most malignant, invasive, and difficult-to-treat
primary brain tumor. Successful treatment of GBM is rare with a mean survival of only 10–
12 months.[8] EGFRvIII, the key growth factor receptor triggering cancer cell proliferation
in many cancer diseases such as brain tumors and breast cancer, is a constitutively active
mutant of EGFR which is expressed in only human GBM and several other malignant
cancers, but not in normal healthy cells (Figure 1A).[9] We targeted EGFRvIII, since it has
been known that knock-down of this gene is one of the most effective ways to down-
regulate the PI3K/Akt signaling pathway, a key signal cascade for cancer cell proliferation
and apoptosis. [6,10] Hence by targeting EGFRvIII, our multi-functional nanoparticle-based
siRNA delivery strategy could potentially minimize the side effects caused by conventional
chemotherapies, specifically immune suppression, while significantly improving the
efficacy of chemotherapy against GBM.

We prepared two types of siRNA-QD conjugates, one for siRNA delivery and the other for
siRNA tracking (Figure 1B and C). Core-shell CdSe/CdS/ZnS QDs with a 7 nm diameter
were synthesized.[11] The QDs were coated with trioctyl-phosphine oxide (TOPO) or
hexadecylamine (HDA). In order to make the QD constructs water-soluble and suitable for
conjugating with siRNA, we displaced these hydrophobic ligands with a dihydrolipoic acid
(DHLA) derivatized with an amine terminated poly [ethylene glycol] (PEG) spacer. The
expectation was that the dithiol moiety would provide strong coordination to the QD surface
and increase stability in aqueous media, the PEG spacer would increase water solubility and
reduce non-specific binding, and the amine group would enable conjugation to the siRNA
element.[12] Two bifunctional linkers were synthesized and evaluated for siRNA
conjugation. Linker C1, PTPPf [3-(2-pyridyl)-dithiopropionic acid pentafluorophenyl ester],
was designed to release siRNA upon cellular entry through cleavage of the disulfide linkage,
through enzymatic reduction or ligand-exchange (e.g. glutathione).[13] Linker C2, MPPF
(3-maleimidopropionic acid pentafluorophenyl ester), was designed to be more robust,
thereby enabling evaluation of cellular uptake and localization of the siRNA construct
within the cellular compartments.[14] [See supporting information for details of synthesis,
characterization and conjugation protocols]
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The final design component was to functionalize the construct for tumor cell-selective
transfection. For this purpose two functional peptides, thiol-modified RGD peptide and
thiol-modified HIV-Tat derived peptide, were attached to the siRNA-QDs via the
conjugation methods described above. Brain tumor cells (U87 and U87-EGFRvIII)
overexpress the integrin receptor protein αvβ3, which strongly binds to the RGD binding
domain.[15] RGD functionalized siRNA-QDs selectively accumulate in brain tumor cells in
vitro, and can be tracked by fluorescence microscopy.[16] In addition, the HIV-Tat peptide
enables efficient transfection of siRNA-QDs in cells when directly attached to the QD
surface.[17] The density of siRNA on the QDs and the ratio between siRNA strands and
peptides were optimized for gene knockdown. It was found that the density of 10 siRNAs/
per nanoparticle and the ratio of 1:10 (siRNA: each peptide) was in close agreement with
literature values[4], and was optimal for knocking down the target genes (EGFP and
EGFRvIII) overexpressed in our U87 cell lines. To optimize gene silencing with our siRNA-
QD constructs and to assess the transfection efficiency and RNA interference (RNAi)
activity, we examined the suppression of EGFP expressed in U87 cell lines that were
genetically modified to express EGFP. Cytotoxicity of the constructs was tested by serial
dilution studies. The range of concentration causing minimal/negligible cytotoxicity was
identified and the subsequent experiments employed the concentrations within this range
(See Supporting information, Figure S1).[18] Importantly, the EGFP cell line has been
widely used to investigate siRNA-based silencing of EGFP, since the suppression of EGFP
expression does not compromise cell viability. The transfection efficiency of three different
kinds of constructs were evaluated; constructs modified with the RGD peptide only, those
modified with the HIV Tat peptide only, and those with both HIV-Tat and RGD peptide.
Although the siRNA-QDs modified with only RGD showed considerable selective
internalization within U87-EGFP cells, siRNA-QDs modified with a combination of RGD
and HIV-tat peptides (the ratio of siRNA: RGD: HIV-Tat being 1:10:10 per QD) showed
maximum internalization within U87-EGFP cells, in close agreement with previous studies.
[4] This optimal condition was used for subsequent siRNA-QD experiments.

The U87-EGFP cell line was then treated with siRNA-QDs (siRNA:QDs = 0.12 µM:0.011
µM), modified with HIV-Tat [~1.2 µM] and RGD [~1.2 µM], and simultaneously imaged
using fluorescence microscopy (Figure 2). Cationic lipids (X-tremeGENE, Roche) were
used to further enhance cellular uptake and prevent degradation of the siRNA within the
endosomal compartment of the cells. The siRNA-QDs showed significant internalization
into the cells. Knockdown of the EGFP signal was observed after 48–72 hrs (Figure 2B).
Fluorescence intensity was influenced by other factors such as exposure time, media
condition, and cell shrinkage. To minimize the influence from these external factors, the
control U87-EGFP cells (without siRNA) were trypsinized and co-cultured with U87-EGFP
cells transfected with siRNA-QDs in the same well. The U87 cells containing siRNA-QDs
were easily distinguishable from the control cells due to the bright fluorescent property of
the QDs (Figure 2C2). Cells with internalized siRNA-QDs showed considerable knockdown
of the EGFP protein when compared with the surrounding control U87-EGFP cells (Figure
2C).

To further demonstrate the target-specific delivery of the siRNA-QDs, we incubated the
siRNA-QDs modified with Tat and RGD against EGFP in co-cultures of the U87-EGFP cell
line with other less-tumorigenic cell lines, such as PC-12 and SK-N-BE(2)C (See Supporting
information, Figure S2), having a considerably small number of integrin receptors.[19] The
presence of RGD tripeptide molecules on the surface of the siRNA-QDs led to specific
binding with integrin receptors overexpressed in the U87 cells, resulting in higher cellular
uptake by the malignant U87 cells as compared to the less tumorigenic PC-12 cells as seen
by the selective accumulation of the QDs within the U87-EGFP cells (Figure 2D). These
results confirmed our hypothesis that the target-specific delivery of the siRNA-QDs into

Jung et al. Page 3

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2011 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



brain cancer cells can be significantly enhanced by functionalizing the QDs with targeting
moieties like RGD tripeptide.

The intracellular delivery of the siRNA-QDs within the U87-EGFP cells was also confirmed
by transmission electron microscopy (TEM), which clearly shows the presence of QDs in
the cytoplasm of the cells (Figure 3A). The knockdown efficiency of the siRNA-QDs was
similar to or slightly better than that of the positive control consisting of U87-EGFP cells
transfected with only siRNA using X-tremeGENE (See Supporting information, Figure S3).
This high transfection efficiency appears to be due to synergistic effects of the two
transfection peptides. Decrease in fluorescence intensities (EGFP signal, green fluorescence)
within cells treated with the above mentioned systems were then compared with the intensity
of U87-EGFP without siRNA. As shown in (Figure 3B), the decrease in fluorescence
intensity of U87-EGFP incubated with siRNA-QDs and siRNA alone was comparable, but
drastically lower than that observed for the control without siRNA. Cells with internalized
siRNA-QDs show decreased green fluorescence (EGFP signal) when compared with the
control. This data strongly suggests that siRNA-QDs can be simultaneously used as delivery
and imaging probes.

Having demonstrated the selective manipulation of the U87-EGFP cell line, we then focused
on the knockdown of EGFRvIII with our siRNA-QD constructs. U87-EGFRvIII cells were
genetically modified to overexpress EGFRvIII, a mutant-type epidermal growth factor
receptor (EGFR) only expressed within cancer cells.[20] This cell type was incubated with
our siRNA-QDs modified with Tat and RGD peptides and armed with EGFRvIII-targeting
siRNA. The cells were simultaneously imaged for the internalization of siRNA-QDs using
fluorescence microscopy. Significant cell death was observed in the wells loaded with
siRNA-QDs against EGFRvIII after 48h (Figure 4A.) Quantitative analysis revealed that the
number of viable U87-EGFRvIII cells, as observed via fluorescence microscopy, decreased
with increased incubation time. When compared with the control (U87-EGFRvIII without
siRNA-QDs), there was a significant decrease in the number of viable cells, thus
demonstrating the effectiveness of our nanoparticle-based siRNA delivery to knock-down
the oncogene. The result was confirmed using the MTT assay which showed a decrease in
the number of viable cells in the well incubated with siRNA-QDs against EGFRvIII (Figure
4B). This assay further confirmed that the QDs themselves were noncytotoxic when used
alone as they did not result in any appreciable cell death (See Supporting information,
Figure S1). The knockdown of EGFRvIII and the inhibition of the downstream proteins in
the PI3K signaling pathway were confirmed using Western Immunoblotting. The results
(Figure 4C) confirm a considerable decrease in the expression of EGFRvIII, and down-
regulation of phospho-Akt and phospho-S6 as compared to the control. Thus, these results
demonstrate the specificity of the siRNA against EGFRvIII, the inherent noncytotoxicity of
the QDs, and the facile evaluation and manipulation of cancer cell proliferation with
multifunctional-QD constructs.

In summary, this work is a demonstration of the multi-functional siRNA-QD strategy
focusing on targeted delivery, high transfection efficiency, and multi-modal imaging/
tracking. Our siRNA-QDs could be used for the development of novel chemotherapies and
diagnostics relevant to brain cancer research. These novel methods and applications
complement recent advances in nanomaterial-based siRNA delivery, nanomaterial-based
molecular imaging, as well as siRNA-based chemotherapeutic strategies reported recently.
While the ability to functionalize as well as control the surface of quantum dots with specific
linkers and multi-functional molecules (siRNA and peptides) is critical for nanoparticle-
based drug delivery, this method could also provide highly useful information regarding bio-
surface chemistry of nanomaterials. In addition, the application of multi-functional siRNA-
QDs to modulate the key cancer signaling pathways is important not only for selective
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chemotherapeutic strategy but also for dissecting signaling cascades triggered by inhibiting
specific proteins. Collectively, our multi-functional QD-based siRNA delivery strategy has
significant potential for simultaneous prognosis, diagnosis, and therapy.
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Figure 1.
(A): Quantum dots as a multi-functional nanoplatform to deliver siRNA and to elucidate of
EGFRvIII- knockdown effect of PI3K signaling pathway in U87-EGFRvIII (B): Detailed
structural information of multifunctional siRNA-QDs (C): Two different strategies for the
siRNA-QD conjugate. (C1) Linker for attaching siRNA to QDs through a disulfide linkage
which was easily reduced within the cells to release the siRNA. (C2) Linker for covalently
conjugating siRNA to QDs which enabled tracking of siRNA-QDs within the cells.
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Figure 2.
Knockdown of EGFP in U87 cells using siRNA-QD modified with RGD and HIV-Tat
peptides (note that yellow arrows represent U87- EGFP cells transfected with the siRNA-
QDs and the blue arrows indicate PC-12 cells) (A): Control U87-EGFP cells without
siRNA-QDs; (A1) represents the phase contrast image and (A2) is the corresponding
fluorescence image. (B): EGFP knockdown using multifunctional siRNA-QDs; (B1) Phase
contrast image showing that the morphology of U87-EGFP cells has not changed as
compared to the control cells in (A). (B2) Fluorescence image clearly shows the knockdown
of EGFP in cells (marked by yellow arrows) which have internalized the siRNA-QDs (red)
after 48 hrs. (C): Co-cultures of U87-EGFP control cells (without siRNA-QDs) and U87-
EGFP cells transfected with siRNA-QDs so as to investigate them under the same
conditions; (C1) Phase contrast image clearly shows no difference in the morphology of the
U87-EGFP control cells and the siRNA-QDs transfected cells. (C2) Fluorescence image
clearly shows the decrease in the EGFP signal in the U87-EGFP cells transfected with
siRNA-QD as compared to the surrounding U87-EGFP control cells. (D): Phase contrast
image showing the target-oriented delivery of siRNA-QDs in co-cultures of the malignant
U87-EGFP cells, overexpressing the αvβ3 integrin receptors, and the less tumorigenic PC-12
cells(blue arrows) incubated with the siRNA-QDs. It can be clearly seen that most of the
siRNA-QDs, due to the presence of RGD and HIV-tat peptides, were taken up by the U87-
EGFP cells and not by the PC-12 cells. (Scale bar: 100 µm)
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Figure 3.
Knockdown efficiency of EGFP within U87-EGFP cells and internalization of
multifunctional siRNA-QDs. (A): TEM analysis of the internalization of the
multifunctional siRNA-QDs into the U87-EGFP cells; (A1) Presence of multi-functional
siRNA-QDs (yellow arrows) within the cytoplasm and the endosome (Scale bar: 5 µm).
(A2) Zoomed-in image showing individual siRNA-QDs within the cytoplasm (Scale bar: 2.5
µm). (B): The bar graph represents the knockdown of EGFP over 24h, 48h, and 96h in U87-
EGFP cells treated with siRNA [0.12µM] only (dark grey), and siRNA-QD [siRNA:QD =
0.12µM:0.011µM] (light grey). The EGFP knockdown data was normalized with the
expression levels of EGFP in the control U87-EGFP cells (black).
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Figure 4.
Knockdown of EGFRvIII in U87 EGFRvIII using multifunctional siRNA-QDs (A):
Phase contrast images showing the internalization of siRNA-QDs into the U87-EGFRvIII
cells. (A1) Morphology of U87-EGFRvIII cells before incubation with siRNA-QDs on Day
0. (A2) U87-EGFRvIII cells after incubation with siRNA-QDs (red) on Day 0. (A3)
Morphology of U87-EGFRvIII 48hrs after incubation with siRNA-QDs. Note that effect of
the EGFRvIII knockdown by the siRNA-QDs can be clearly seen as they have clearly
shrunk (yellow arrows) and look collapsed as compared to Day 0, marking the onset of
apoptosis (Scale bar = 100 µm). (B): Cell viability assay using MTT assay. (B1) Optical
image of cell viability (MTT) assay in a well plate. Dark blue color represents high number
of viable cells and pale blue indicates low viable cell population. (B2) MTT assayed wells
were quantified with UV absorbance and converted to cell viability. Untreated control C1
and C2 represent control cell population and viable cell population in presence of a cationic
lipid based transfection reagent respectively. siRNA-QD transfected cells in experiment (E1)
and siRNA treated cells in E2 show low numbers of the viable cells due to knockdown of
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EGFRvIII gene (C) Western Immunoblotting to show silencing effect of EGFRvIII gene.
Protein expression level of EGFRvIII is dramatically decreased, and phosphorylation levels
of key proteins in PI3K signaling pathway are reduced significantly. The upstream protein
(AKT) and the downstream protein (S6), which play an important role in cell proliferation
are selected to investigate the gene-knockdown effect on the PI3K signaling pathway.
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