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RNA interference (RNAi) for controlling gene expression levels using siRNA or miRNA is emerging as an
important tool in stem cell biology. However, the conventional methods used to deliver siRNA into stem
cells result in significant cytotoxicity and undesirable side-effects. To this end, we have developed a
nanotopography-mediated reverse uptake (NanoRU) delivery platform to demonstrate a simple and
efficient technique for delivering siRNA into neural stem cells (NSCs). NanoRU consists of a self-assembled
silica nanoparticle monolayer coated with extracellular matrix proteins and the desired siRNA. We use this
technique to efficiently deliver siRNA against the transcription factor SOX9, which acts as a switch between
neuronal and glial fate of NSCs. The knockdown of SOX9 enhanced the neuronal differentiation and
decreased the glial differentiation of the NSCs. Our NanoRU platform demonstrates a novel application and
the importance of nanotopography-mediated siRNA delivery into stem cells as an effective method for
genetic manipulation.

O

ne of the critical barriers to harnessing the full therapeutic potential of stem cells is the development of an
easy, effective, and non-toxic methodology to control differentiation into specific cell lineages. Stem cell
differentiation can be controlled by modulating key gene expression levels or signaling pathways within
the cell, which has been achieved by several conventional gene delivery methods1–5. For example, RNA interference (RNAi) for controlling gene expression levels using siRNA or miRNA is emerging as an important tool in
stem cell biology6–8. For the successful genetic manipulation of stem cells, the cells must typically maintain their
viability for an extended period of time after single or multiple siRNA transfections, without affecting the intrinsic
cellular functions. However, many of the conventional methods used to deliver siRNA into stem cells, including
lipid-based transfections, cationic polyplexes, viral vectors and electroporation techniques, result in significant
cytotoxicity and undesirable side-effects9–12. This presents a considerable challenge for achieving robust and
reliable siRNA delivery into stem cells to control their differentiation into the desired cell lineages.
One of the most common methods to deliver siRNA into stem cells is solution-mediated delivery (or forward
transfection), wherein the siRNA is added directly to the culture media above the seeded cells. In this approach,
exogenous chemical materials are generally used to enhance cellular internalization of the siRNA. The most
widely used exogenous materials include non-viral cationic lipids (such as Lipofectamine2000)13,14 and cationic
polymers (such as PEI)4,5,12,15, which tend to condense the negatively charged siRNA to form complexes that can
be readily taken up by the cell. While this approach has been found to facilitate siRNA delivery into a variety of cell
types including stem cells, these exogenous materials tend to be cytotoxic and thereby need to be removed after a
certain incubation period. Moreover, global gene expression studies using cDNA microarray technologies have
even revealed inadvertent, nonspecific changes in gene expression within the target cells after treatment with
cationic lipid and polymer-based gene delivery systems16–18. Such undesired side-effects can greatly exacerbate,
attenuate or even mask the desired genetic change, while also compromising the ability of stem cells to proliferate,
migrate and differentiate19–22. Therefore, there are several limitations associated with the solution-mediated
delivery methods for manipulating gene expression within stem cells23.
In an effort to address these limitations, herein we demonstrate a nanotopography-mediated reverse uptake
(NanoRU) platform for delivering siRNA into neural stem cells (NSCs) in a non-toxic and highly effective
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manner. The importance of nanotopography in modulating cell
behavior (including adhesion, morphology, proliferation and differentiation) has become increasingly evident in recent years24,25. Yet,
there are limited studies which report on the influence of nanotopography in facilitating cellular endocytosis, and in turn non-viral
transfection26,27. In one such study, fibroblast and mesenchymal stem
cells grown on nanotopographical patterned surfaces were shown to
have enhanced endocytosis of gene plasmids, compared to unpatterned surfaces27. Nevertheless, while the cells were grown on the
nanotopography, the gene vectors were still delivered through solution-mediated approaches (i.e. complexing with cationic polymers/
lipids). Given that NSCs are known to be highly sensitive to nanotopographical and physical cues28–30, we believe nanotopography can
play a critical role in modulating siRNA uptake via substratemediated delivery. Our NanoRU platform was fabricated by assembling monodisperse nanoparticles on a glass substrate, which served
to generate the desired nanotopographical features in the cellular
microenvironment (Fig. 1). As a proof-of-concept, we studied the
interaction of NSCs with different sizes of nanoparticles and identified an optimal nanoparticle size that facilitated the highest uptake
of siRNA by the NSCs. To accomplish this, we assessed the efficiency
of RNAi by examining the suppression of green fluorescent protein
(GFP) in NSCs that were genetically modified to express GFP. Based
on the GFP knockdown, we then utilized the optimized NanoRU to
specifically knockdown the expression of a neural switch gene, SOX9,
which resulted in significantly enhanced neuronal differentiation of
NSCs. Thus, NanoRU relies upon the nanotopographical features of
the extracellular microenvironment to deliver siRNA into NSCs,
without using exogenous delivery vehicles. In particular, this novel
siRNA delivery approach does not require the use of cationic transfection agents, which are generally cytotoxic to stem cells. In addition
to stem cells, we further demonstrate that NanoRU can be successfully applied to deliver siRNA into various other cell lines. However,
we utilize NSCs as a model cell line in order to establish NanoRU as a
simple, biocompatible and efficient platform for stem cells, which are
known to be much more sensitive and prone to cytotoxicity by the
conventional non-viral systems used for the delivery of genetic

material31. In turn, we used NanoRU not only to deliver siRNA into
NSCs, but also to ensure the long-term survival and differentiation of
the transfected NSCs.

Results
Nanotopographical features determine siRNA-based gene
knockdown in NSCs. To study the effect of nanotopographical
features on the efficiency of siRNA transfection and gene knockdown in the GFP-labeled NSCs, NanoRUs were fabricated by
assembling monolayers of silica nanoparticles (SiNPs) ranging
from 100 nm to 700 nm in diameter on bare glass substrates. The
nanoparticles were assembled on the surface by centrifuging the glass
substrates in a solution of positively-charged SiNPs32. This sizedependent study is critical because the nanotopographical features
of the extracellular microenvironment have been shown to affect
the adhesion and growth of stem cells, which in turn can influence
the substrate-mediated delivery of genetic materials into stem
cells25,26,33,34. For our initial studies, siRNA targeting GFP was selected to assess the efficiency of siRNA delivery and GFP knockdown
in the NSCs. After nanoparticle assembly, the NanoRUs were coated
with a solution of laminin (10 mg/mL) and siRNA molecules (1 mM)
against GFP. Laminin is a well-established extracellular matrix
(ECM) protein that binds to the integrin receptors on the surface
of the NSCs, and is an essential ECM component for the adhesion,
growth, and differentiation of NSCs35,36. Negatively-charged siRNA
molecules and laminin condensed together on the positively-charged
SiNPs. After 4 h, the solution was removed and NSCs were then
seeded on these NanoRUs (Fig. 2a). After 72 h, the NanoRUs were
imaged using a fluorescence microscope and the knockdown of GFP
in the NSCs was quantified. Interestingly, we observed a sizedependent knockdown of GFP in the NSCs, wherein the 100 nm
SiNPs showed the highest knockdown and the 700 nm particles
showed the lowest knockdown (Fig. 2b). These results were normalized with the fluorescence from NSCs on control substrates having
no SiNPs (i.e. absence of nanotopography). The control substrates (without the SiNP monolayer) had a positively-charged
surface, which was prepared by functionalizing glass substrates with

Figure 1 | Schematic diagram depicting the application of NanoRU. (a) The cellular uptake of siRNA into NSCs from NanoRU coated with ECM
protein and siRNA molecules. (b) The delivery of siRNA against the SOX9 transcription factor using NanoRU to promote neuronal differentiation of
NSCs.
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Figure 2 | Characterizing cellular uptake of siRNA from NanoRU. (a) Scanning electron microscopy (SEM) image of NSCs on NanoRU. The NSCs
(orange) and the NanoRU (blue) in the SEM image have been pseudocolored to enhance the contrast. Scale bar: 10 mm. Inset: Magnified view. Scale bar:
500 nm. (b) Quantitative comparison of the percentage of GFP knockdown in NSCs on NanoRU containing nanoparticles ranging in size from
100–700 nm. Analysis of variance (ANOVA) was used for evaluating the statistical significance of GFP knockdown (* 5 P , 0.05). (c) Phase and
fluorescence images of NSCs on NanoRU with and without GFP siRNA. Scale bars: 20 mm. (d) Left column: Phase contrast and fluorescence image of
NSCs grown on NanoRU coated with SilencerH Cy3-labeled control siRNA, and then reseeded in a 24-well plate. Right column: Phase image and
fluorescence image of NSCs grown on a control substrate (bare glass surface without nanofeatures) coated with SilencerH Cy3-labeled control siRNA, and
then re-seeded into a 24-well plate. Scale bars: 20 mm.

self-assembled monolayers (SAMs) of 3-Aminopropyltrimethoxy
silane (APTES) and subsequently coating them with the same
concentrations of siRNA and laminin. To further substantiate that
the siRNA uptake and gene knockdown was due to the differences in
the nanopotographical features and not due to the differences in the
amount of siRNA bound, we performed the PicogreenH assay to
quantify the amount of siRNA bound to NanoRUs. From the
PicogreenH assay, we confirmed that the amount of siRNA bound
to all the NanoRUs (100–700 nm and control substrates) was around
30%, thus confirming that the siRNA uptake and gene knockdown
was indeed due to the nanotopographical features on the NanoRUs.
Given that the NanoRU fabricated using 100 nm SiNPs resulted in
maximum GFP knockdown, all of the subsequent experiments were
carried out using NanoRU with 100 nm SiNPs.
NanoRU delivers only siRNA into NSCs and not SiNPs. Another
important aspect that needed to be investigated was whether
the SiNPs were being taken up along with the siRNA. To this end,
we used SiNPs labeled with Alexa-FluorH 594 dye to generate
nanotopographical features on glass substrates. We then deposited
SCIENTIFIC REPORTS | 3 : 1553 | DOI: 10.1038/srep01553

siRNA against GFP on the dye-labeled NanoRUs. After 36 h of
incubation, the NSCs were detached gently from the NanoRU
using the enzyme AccutaseH, and regrown in a 24-well plate. We
did not observe any fluorescence (from the dye-labeled SiNPs)
within the transfected NSCs. However, we observed a clear GFP
knockdown due to the siRNA delivered into the NSCs (Fig. 2c).
We further used transmission electron microscopy (TEM) to
confirm that the SiNPs are not taken up by the NSCs (Fig. S1). We
then confirmed the uptake and localization of siRNA from NanoRU
using the SilencerH Cy3-labeled negative control siRNA (Ambion),
which showed remarkably higher fluorescence compared to the
control substrates (Fig. 2d). This experimental data clearly indicates that the stem cells take up only siRNAs, and not SiNPs. We
believe that this unique feature, where only the siRNA is taken up by
the NSCs, makes NanoRU particularly advantageous over conventional transfection methods for stem cell research.
We further sought to investigate the mechanism involved in
the uptake of siRNA from NanoRU. ECM proteins such as laminin, fibronectin and collagen pre-adsorbed on surfaces have
been previously implicated in enhancing gene delivery through
3
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endocytosis33,37,38. Gene delivery in such systems depended primarily
upon caveolae- than clathrin-mediated endocytosis37. Caveolaemediated endocytosis is known to be more efficient as it is able to
circumvent the degradative lysosomal pathway39. To confirm if the
dominant endocytic pathway involved in the uptake of siRNA by the
NSCs cultured on NanoRU was indeed caveolae-mediated endocytosis, we treated the NSCs with 100 mM of indomethacin (10 min), a
specific inhibitor of caveolae-mediated endocytosis. We also treated
the NSCs with a mixture of 10 mM sodium azide and 5 mM 2Deoxy-D-glucose (10 min) as this mixture inhibits all endocytotic
pathways within the NSCs. After 72 h, we observed a 13% knockdown of GFP in NSCs treated with Indomethacin and a 7% knockdown in NSCs treated with the mixture of sodium azide and
2-Deoxy-D-glucose, which was significantly lower than the 40%
knockdown observed in untreated NSCs (Fig. S2). Collectively, our
results imply that the uptake of siRNA using NanoRU relies mainly
on the caveolae-mediated endocytosis. However, there may be multiple pathways involved in the uptake of siRNA from NanoRU, which
are currently under investigation in our lab.
Controlling neuronal differentiation of NSCs using NanoRU.
Having demonstrated the efficiency of NanoRU by delivering
siRNA against GFP, we focused on using NanoRU to enhance the
neuronal differentiation of NSCs by suppressing the expression of a
specific protein or gene. We used NanoRU to deliver siRNA against
SOX9 (siSOX9), a well-established transcription factor which acts as

a switch between neuronal and glial differentiation40. When the
SOX9 gene is ‘‘turned on,’’ a higher percentage of NSCs differentiate into astrocytes (glial cells), and when ‘‘turned off,’’ a higher
percentage of NSCs differentiate into neurons40–42. To this end, we
used NanoRU for the delivery of siRNA to ‘‘turn off’’ SOX9, wherein
we coated NanoRU with laminin and siSOX9 following the
experimental protocols we had established for knocking down
GFP. The NSCs were then cultured on NanoRU. After 72 h, the
knockdown of SOX9 was analyzed using RT-PCR and a significant
decrease in the mRNA levels of SOX9 was observed (Fig. 3a). The
NSCs were grown and differentiated on the NanoRU coated with the
siSOX9 for 7 days. We then used RT-PCR to examine the expression
levels of key neural markers (Fig. 3a). A remarkable decrease in the
expression of the glial marker, glial fibrillary acidic protein (GFAP),
and an increase in the expression of the neuronal marker, b-III
tubulin (TuJ1), was observed. No significant change was found in
the expression of the oligodendrocyte marker, myelin-binding
protein (MBP). We further confirmed and quantified our results
by immunostaining for neuronal and astrocyte markers (Fig. 3b
and 3c). Compared to control substrates (substrates having no
SiNPs), a remarkably higher percentage of NSCs differentiated into
neurons on NanoRU coated with siSOX9 (Figure 3b). As expected,
the number of astrocytes considerably decreased when SOX9 was
knocked down. Neuronal differentiation was further confirmed by
studying the co-localization of two different neuronal markers, TuJ1
and microtubule-associated protein 2 (MAP2) (Fig. S3).

Figure 3 | NSC differentiation on NanoRU coated with SOX9 siRNA (siSOX9). (a) RT-PCR analysis reveals differences in transcript levels for SOX9 and
differentiation markers for neurons (TuJ1), astrocytes (GFAP) and oligodendrocytes (MBP) in the presence or absence of siSOX9 and/or NanoRU.
(b) Quantitative comparison of the percentage of cells expressing TuJ1 and GFAP. Student’s unpaired t-test was used for evaluating the statistical
significance for cells stained for TuJ1, compared to the siSOX9 on NanoRU condition (** 5 P , 0.001). (c) Fluorescence images of cells stained for the
nucleus (blue), the neuronal marker TuJ1 (red, left column), the astrocyte marker GFAP (green, middle column) and merged (last column) show the
extent of differentiation of NSCs grown on: no NanoRU nor siSOX9 coating (top row), NanoRU without siSOX9 coating (middle row), and NanoRU
with siSOX9 coating (bottom row). Scale bars: 50 mm.
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NanoRU for delivering siRNA into other mammalian cells and
miRNA into NSCs. After successfully demonstrating the proficiency
of NanoRU for delivering siRNA into stem cells, we sought to explore
the potential of using NanoRU as a platform for delivering siRNA
into other mammalian cell lines. To this end, NanoRU was used to
deliver SilencerH Cy3-labeled negative control siRNA into other
mammalian cells such as astrocytes, brain cancer cells (U87-VIII),
and breast cancer cells (SUM159). The cells were detached from
NanoRU after 36 h, replated in 24 well plates, and then imaged for
siRNA uptake (Fig. 4a and S4). All of the cell lines showed the uptake
of the dye-labeled siRNA from NanoRU, indicating that our
technique is efficient and applicable to normal cells, cancer cells, as
well as stem cells. Additionally, NanoRU can be easily extended to
deliver miRNA, consisting of a larger number of nucleotide base
pairs. We successfully delivered the Cy3-dye labeled Pre-miRH
negative control (Ambion) using the same protocol that we used
for delivering siRNA. The NSCs cultured on NanoRU coated with
laminin and miRNA took up the miRNA in a highly efficient manner
(Fig. S5).
NanoRU does not damage cell membranes and is non-toxic. One
of the biggest advantages of NanoRU is its biocompatibility and the
fact that the transfection begins as soon as the cells are cultured on
NanoRU, with the highest transfection observed at 36 h (Fig. S6). On
the other hand, most standard solution-mediated transfection
protocols using cationic lipids and polymers require a wait period
of at least 12–24 h before the cells can be transfected in order to
minimize their toxicity. In addition, the serum proteins in the
culture media are known to decrease the transfection efficiency
due to the non-specific interaction of serum proteins with the
delivery constructs43. We compared the cytotoxicity of NanoRU
with a well-established lipid-based cationic transfection agent,
Lipofectamine 2000H (Life Technologies) using the negative

control siRNA in three different cell lines: SUM159, U87VIII and
NSCs. The cytotoxic results were analyzed using a standard cell
proliferation assay (MTS assay). Interestingly, we found that
Lipofectamine 2000H, while less toxic towards cancer cells, was
extremely cytotoxic (using manufacturer’s recommended transfection condition) towards NSCs, which led to 95% cell death
within 48 h of being transfected with the negative control siRNA
(Fig. 4b). NanoRU, on the other hand, was seen to be biocompatible with a minimal decrease in cell viability for all the cell lines
tested. Moreover, we believe NanoRU does not cause any physical
damage to the cell membranes as the NSCs showed high cellular
viability and enhanced neuronal differentiation on NanoRU after
an extensive period of 7 days. Hence, NanoRU can be especially
useful for controlling NSC differentiation, a process which requires
the NSCs to survive for more than seven days in vitro.

Discussion
While most studies have aimed to improve the efficiency of siRNA
delivery by trying to improve the delivery vehicle, modulating the
cellular microenvironment is an attractive means to achieve superior
transfection efficiency. In turn, increasing attention has been given to
substrate-mediated delivery (or reverse transfection), wherein the
cells directly uptake the gene vector from the underlying substrate44–47. This approach has been found to result in greater internalization and functional expression of the gene vectors (i.e. DNA
plasmids) compared to forward transfection45. However, up to now,
these approaches have relied on using cationic lipids or polymers
to complex the gene vector prior to immobilizing on the substrate,
in turn suffering from issues with cytotoxicity and nonspecific
changes in gene expression. Substrate-mediated methods which do
not utilize cationic materials have also been successful at delivering biomolecules into cells48–51. However, the cell survival on such
substrates for extended periods, which is especially important for

Figure 4 | Cellular uptake of siRNA and cellular viability in different cell types. (a) Fluorescence (left column) and merged phase images (right column)
of the SilencerH Cy3-labeled negative control siRNA from NanoRU in three cell lines: SUM159 (breast cancer cells), U87vIII (brain cancer cells) and rat
NSCs (neural stem cells). Scale bars: 20 mm. (b) MTS cellular viability of SUM159, U87vIII and NSCs grown on NanoRU.
SCIENTIFIC REPORTS | 3 : 1553 | DOI: 10.1038/srep01553
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Table 1 | Primers used in PCR analysis
Gene
GAPDH
GFAP
MBP
SOX9
TUJ1

F Primer
59-ATGACTCTACCCACGGCAAG-39
59-GAGAGAGATTCGCACTCAGTA-39
59-CACAAGAACTACCCACTACGG-39
59-AGGAAGCTGGCAGACCAGTACC-39
59-ACTTTATCTTCGGTCAGAGTG-39

advancing stem cell therapies, is critically important and less
explored. Our approach addresses the necessity to develop a nontoxic and efficient strategy for delivering siRNA into stem cells to
control gene expression levels, such that we can maintain the biological functions of stem cells for extended periods of time and efficiently control their differentiation into specific cell types.
We have developed a novel nanotopography-mediated reverse
uptake (NanoRU) platform, for the genetic manipulation of NSCs
in a highly effective manner. This platform was employed to control
the neuronal differentiation of stem cells by using nanotopographical
features to deliver siRNAs inside cells. We believe NanoRU and its
application can significantly complement recent advances in
research efforts to control stem cell differentiation based on physical
cues such as patterns and bioactive scaffolds of ECM materials. Even
though we have only explored proof-of-concept experiments involving genetic manipulation and differentiation of NSCs, we expect
that NanoRU can be extended, with straightforward modifications of
the aforementioned protocols, to a wide range of nanomaterials and
biomolecules (e.g. miRNA, proteins, and small molecules). Finally,
we believe NanoRU is a valuable platform which will complement
conventional genetic manipulation tools in cell biology. For example,
one of the key aspects behind stem cell-based therapies for many
devastating diseases is to transplant stem cells or differentiated stem
cells at the site of injury, after genetically manipulating them. The
exogenous delivery vehicles used for siRNA delivery would be present within the stem cells and could trigger a strong immune response or tumor formation after stem cell transplantation. Therefore,
our NanoRU-based siRNA delivery can potentially help overcome
one of the critical barriers in stem cell-based tissue engineering.

Methods
NanoRU preparation. Cover glass (Number 1, 22 mm 3 22 mm; VWR) was cut
equally into smaller pieces (18 mm 3 6 mm) and sonicated in Nanopure water
(18.2 mOhm) for 10 mins and then cleaned in piranha solution (a 351 mixture of
sulphuric acid and hydrogen peroxide) for 10 min (Caution: Piranha solution is
extremely corrosive). The glass coverslips were then washed again in Nanopure water
(18.2 Mohm) and dried under a stream of pure nitrogen. To generate films of
nanotopographical features, positively-charged (amine-terminated) silicon oxide
nanoparticles (SiNPs, Corpuscular Inc) of different sizes were utilized. The washed
cover slips were centrifuged at 2000 RPM for 2 min in a 2 mL eppendorf tube
containing 25 mg/mL of the SiNP solution. The sizes used were 50 nm, 100 nm,
300 nm, 500 nm and 700 nm. The substrates were then washed with Nanopure water
and dried under a stream of pure nitrogen. For functionalization with
(3-aminopropyl)triethoxysilane (APTES), the washed glass cover slips were left in a
beaker containing 1% APTES solution in pure ethanol for 2 h. The cover slips were
then rinsed thoroughly with ethanol and dried under nitrogen. They were then baked
at 100uC in an oven for 10 min.
Coating NanoRU with laminin and siRNA. The NanoRUs were then coated with
siRNA and laminin, both of which are negatively charged at in phosphate buffer saline
(PBS, pH 7.4; Life Technologies). In a culture hood, NanoRUs were coated with a
10 mg/mL solution of laminin containing 100 pmoles of the desired siRNA (against
GFP or SOX9). The GFP siRNA sequence was: Antisense – 59-CCAACGACAUCA
GCGACUAUU-39, Sense – 39-UUGGUUGCUGUAGUCGCUGAU-59. The SOX9
siRNA sequence was Antisense – 59-AACGAGAGCGAGAAGAGACCC-39,
Sense – 39-TTGCUCUCGCUCUUCUCUGGG-59. The solution was left on top of the
NanoRUs for 3 h, and then simply removed by dipping the films once in sterile PBS.
The negatively charged laminin and siRNA molecules simply condense on the
positively charged NanoRU. The coated NanoRUs were then put into 12 well plates
and 1 mL suspensions of NSCs were seeded with density of 1.25 3 105 NSCs/ml of
Millitrace media (Millipore) in the absence of growth factors such as basic fibroblast
growth factor (bFGF). The NSCs were maintained in a humidified atmosphere at
37uC and 5% CO2. After 12 h, the films were transferred to new well plates to prevent
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R Primer
59-GGAAGATGGTGATGGGTTTC-39
59-TGAGGTCTGCAAACTTGGAC-39
59-GGGTGTACGAGGTGTCACAA-39
59-TCTCTTCTCGCTCTCGTTCA-39
59-CTCACGACATCCAGGACTGA-39

Size (bp)
87
89
103
96
97

non-specific attachment of the floating NSCs. The media was then changed every
other day until Day 7. On Day 7, the cells were either fixed for immunocytochemistry
or lysed for PCR analysis.
Rat neural stem cell (NSC) culture and differentiation. Rat neural stem cell line
(Millipore) were purchased and routinely expanded according to the manufacture’s
protocol. The NSCs were maintained in laminin (Sigma, 20 mg/ml) coated culture
dishes precoated with poly-L-lysine (10 mg/ml) in Millitrace media (Millipore)
supplemented with the antibiotics, penicillin and streptomycin (Life Technologies),
in the presence of basic fibroblast growth factor (bFGF-2, 20 ng/ml, Millipore). All of
the cells were maintained at 37uC in a humidified atmosphere of 5% CO2. For
consistency, the experiments were carried out on cells between passages 2 and 5.
Neural differentiation was initiated by changing the medium to basal medium
(without bFGF-2) on the NanoRUs coated with laminin and siRNA. The cells were
allowed to differentiate for 7 days with the basal medium in each being exchanged
every other day.
Culturing U87-EGFRvIII, SUM159, and astrocytes. For each of the three non-stem
cell lines, experiments were carried out on cells between passages 2 and 10. The
NanoRU, coated with Silencer Cy3-labeled negative control siRNA, were put into
wells of a 12-well plate and each well containing the substrate was seeded with 80,000
cells. After 24 h, the substrates were moved into a new 12 well plate. The media
components for U87-EGFRvIII cell line include DMEM (Dulbecco’s modified Eagle’s
medium) with high glucose (Invitrogen), 10% Fetal Bovine Serum (FBS), 1%
streptomycin-penicillin, 1% glutamax (Invitrogen), and the selection marker,
hygromycin B (30mg/ml). The media components for SUM159 cell line include
Ham’s F12 with insulin (5.0 mg/mL), hydrocortisone (1.0 mg/mL), 10 mM HEPES
buffer, 5% Fetal Bovine Serum (FBS), 1% streptomycin-penicillin. The media
components for the Astrocytes cell line DMEM with high glucose (Invitrogen), 10%
Fetal Bovine Serum (FBS), 1% streptomycin-penicillin, 1% glutamax (Invitrogen).
Cell viability assays. Cell viability of the above cell lines on NanoRU was compared
with Lipofectamine 2000H (Life Technologies) for delivering SilencerH negative
control siRNA (Ambion). The percentage of viable cells was determined by MTS
assay following standard protocols described by the manufacturer. All experiments
were conducted in triplicate and averaged. The quantification of cytotoxicity was
done using MTS assay after incubating cells in the presence of the manufacturer’s
recommended concentration of Lipofectamine 2000H. The data is represented as
formazan absorbance at 490 nm, considering the control (untreated) cells as 100%
viable.
Immunocytochemistry. To investigate the extent of neuronal differentiation, at Day
6, the basal medium was removed and the cells fixed for 15 minutes in Formalin
solution (Sigma) followed by two PBS washes. Cells were permeabilized with 0.1%
Triton X-100 in PBS for 10 minutes and non- specific binding was blocked with 5%
normal goat serum (NGS, Life Technologies) in PBS for 1 hour at room temperature.
To study the extent of neuronal differentiation the primary mouse antibody against
TuJ1 (15500, Covance) and primary rabbit antibody against MAP2 (15100, Cell
Signaling) was used and for glial differentiation the primary rabbit antibody against
GFAP (15300, Dako) was used. The fixed samples were incubated overnight at 4uC in
solutions of primary antibodies in PBS containing 10% NGS. After washing three
times with PBS, the samples were incubated for 1 h at room temperature in solution
of anti-mouse secondary antibody labeled with Alexa-FluorH 647 and anti-rabbit
secondary antibody labeled with Alexa-FluorH 546 (15200, Life Technologies),
Hoechst 33342(15500, Life Technologies) in PBS containing 10% NGS to observe
neuronal and glial differentiation. After washing the samples thrice with PBS, the
substrates were mounted on glass slides using ProLongH Gold antifade (Life
Technologies) to minimize quenching by gold. The mounted samples were imaged
using Nikon TE2000 Fluorescence Microscope. ImageJ (NIH) was used for
comparative analysis and quantifying the cells expression TuJ1 and GFAP.
PCR analysis. Total RNA was extracted using Trizol Reagent (Life Technologies) and
the mRNA expression level of GFAP, MBP, SOX9 and TUJ1 were analyzed using
Reverse Transcriptase PCR (RT-PCR) and quantitative PCR (qPCR). Specifically,
cDNA was generated from 1 mg of total RNA using the Superscript III First-Strand
Synthesis System (Life Technologies). Analysis of mRNA was then accomplished
using primers specific to each of the target mRNAs. RT-PCR reactions were
performed in a Mastercycler Ep gradient S (Eppendorf) and images were captured
using a Gel Logic 112 (Carestream) imaging system. qPCR reactions were performed
using SYBR Green PCR Master Mix (Applied Biosystems) in a StepOnePlus Real-
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Time PCR System (Applied Biosystems) and the resulting Ct values were normalized
to GAPDH. Standard cycling conditions were used for all reactions with a melting
temperature of 60uC. Primers are listed below (see Table 1).
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