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A generalized platform for introducing a diverse range of bio-
molecules into living cells in high-throughput could transform
how complex cellular processes are probed and analyzed. Here, we
demonstrate spatially localized, efficient, and universal delivery of
biomolecules into immortalized and primary mammalian cells
using surface-modified vertical silicon nanowires. The method re-
lies on the ability of the silicon nanowires to penetrate a cell’s
membrane and subsequently release surface-bound molecules di-
rectly into the cell’s cytosol, thus allowing highly efficient delivery
of biomolecules without chemical modification or viral packaging.
This modality enables one to assess the phenotypic consequences
of introducing a broad range of biological effectors (DNAs, RNAs,
peptides, proteins, and small molecules) into almost any cell type.
We show that this platform can be used to guide neuronal progeni-
tor growth with small molecules, knock down transcript levels by
delivering siRNAs, inhibit apoptosis using peptides, and introduce
targeted proteins to specific organelles. We further demonstrate
codelivery of siRNAs and proteins on a single substrate in a micro-
array format, highlighting this technology’s potential as a robust,
monolithic platform for high-throughput, miniaturized bioassays.
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At the heart of all investigations into cellular function lies the
need to induce specific and controlled perturbations to cells.

An assortment of tools is now available to accomplish this in a
rational and directed fashion by delivering various biological ef-
fectors (small molecules, DNAs, RNAs, peptides, and proteins)
(1–7). These options, however, are often limited to either parti-
cular molecules or certain cell types due to the lack of a general
strategy for transporting polar or charged molecules across the
plasma membrane. With the increasing availability and di-
versity of biological effectors, methods to effectively introduce
multiple types of reagents into virtually any cell type in high-
throughput have the potential to transform the study of cellular
function and ultimately enable precise control over cell fate (8).

To date, microarray-based methods have been used to deliver
nucleic acids into cells (9, 10) and to perturb cells with extracel-
lular factors (11–13). The direct introduction of peptides, native
proteins, and cell-impermeable small molecules into live cells in a
microarray format has yet to be accomplished (14). An ideal
method for administering biological reagents into cells should:
(i) minimally disrupt cell survival and function; (ii) deliver any
type of biomolecule with high efficiency; (iii) work across a wide
range of cell types; (iv) be compatible with a diverse set of bio-
logically informative assays; and (v) lend itself to high-throughput
investigations. In addition, for those cell types that are only avail-
able in limited amounts (e.g., stem cells), compatibility with assay
miniaturization is essential.

Vertical nanowire (NW) substrates can satisfy these stringent
requirements because the NWs enable direct physical access
to the cells’ interiors (15–19). Here, we report an experi-
mental platform based on vertical silicon (Si) NWs that can

deliver virtually any type of molecule into a wide variety of cells
in a format compatible with microarray technology and live-cell
imaging. Building on the previous observation that vertically
grown NWs can support cell culture (15–19), we show that ver-
tical NW substrates can serve as a universal, scalable, and highly
efficient modality for introducing DNAs, RNAs, peptides, pro-
teins, and small molecules into both immortalized and primary
cell types, without chemical modification or viral packaging. This
simplicity and generality, which stem from the direct physical ac-
cess to the cell’s interior afforded by NW penetration (15–19),
make NW-based delivery distinct from chemical and viral meth-
ods that are widely employed (1–6). Furthermore, this NW-based
system is fully compatible with standard microarray printing tech-
niques, allowing large collections of biomolecules to be delivered,
or even codelivered, into live cells in a parallel and miniaturized
fashion.

Results and Discussion
Vertical Si NWs, Regardless of Surface Coating, Penetrate into Cells in
a Minimally Invasive Fashion. The operational principle of the ver-
tical NW delivery platform is illustrated in Fig. 1. Si NW sub-
strates can be prepared by either growing the NWs epitaxially
from a silicon wafer using chemical vapor deposition (CVD)
(Fig. 1A and Fig. S1A and B) (20) or etching them from a wafer
using standard semiconductor techniques (21) (Fig. 1B and
Fig. S1C). The densities, diameters, and heights of the NWs can
be precisely controlled by varying the processing parameters. In
addition, by altering the NW surface chemistry using a variety of
alkoxysilane treatments (22), different tethering chemistries can
be achieved. Specifically, in the experiments described below,
NWs were coated with a short aminosilane, leading to noncova-
lent (electrostatic and/or van der Waals), nonspecific binding of
molecules. In culture media, molecules are released slowly from
the NWs. While more controlled binding and release can be
achieved via other surface treatments, the chosen nonspecific
binding mechanism endows a single platform with the versatility
to deliver and codeliver diverse biomolecules.

Previous studies have shown that vertical NWs spontaneously
penetrate cells’ membranes when cells are placed on top of
the NWs (15–19). To visualize this penetration process, DiD-
membrane-labeled HeLa cells (Magenta) were seeded on a
bed of Si NWs whose gold tips had been prelabeled with
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cystamine and Alexa Fluor 488 SE (Green). At 15 min after plat-
ing, most of the cells were resting on top of the Si NWs (Fig. 1C
and E). By 1 h after plating, however, most of those cells were
impaled by the NWs, as indicated by a group of green-labeled
wire tips encircled by the magenta ring of the DiD-labeled mem-
brane (Fig. 1D and F). A detailed kinetic study based on sequen-
tial confocal imaging revealed that NW penetration was complete
in greater than 95% of the cells after an hour, regardless of the
NW density or identity of the molecule attached to the NW sur-
face (Fig. S2).

Despite being impaled, cells cultured on vertical Si NWs grow
and divide over a period of weeks, consistent with previous studies
of cell growth on surface-delimited nanostructures (15–19),
(23–25). The scanning electronmicroscope image inFig. 1G shows
primary rat hippocampal neurons growing unhindered and begin-
ning to make synaptic connections despite Si NWpenetration. Up
to two weeks after plating, these cells fire action potentials upon
current injection (see, for example, Fig. S3G) and show typical
spontaneous activity. The cells’ ability to maintain the distinct in-
tracellular ionic concentrations necessary for action potential fir-
ing indicates that the integrity of the cellular membrane is
preserved despite its penetration by Si NWs.

Some cell functions are initially perturbed by NW impalement.
As reported previously (18), HeLa cells growmore slowly onNWs
than on glass coverslips. Confocal microscopy reveals that when
HeLa cells are seeded on CVD-grown Si NWs, they temporarily
develop irregular contours, suggesting that the NWs physically
impede the interaction between the cell membrane and the solid
substratum required for cell attachment and spreading. An analy-
sis of Annexin V binding (26) suggests that NW penetration also
induces lipid scrambling, which is then actively reversed in healthy
cells (Fig. S4A to C). Cell morphology returns to normal within a
few hours, however. Significantly, quantitative real-time polymer-
ase chain reaction (Q-PCR) analyses of HeLa S3 cells and human
fibroblasts cultured on etched Si NWs show that the transcript
levels of five common housekeeping genes are similar to those in
cells cultured on either blank silicon or uncoated multiwell plates
(Fig. S4D). In addition, cells cultured on NWs can be detached
from the surface using trypsin and cultured further on glass cover-
slips or in multiwell plates. Thus, it appears that NW-induced per-
turbations are minimal, although the details of their effects on cell
physiology should be investigated further.

Si NWs Can Deliver and Codeliver a Wide Variety of Molecules into a
Broad Range of Cell Types. Direct access to the cells’ interiors
enables NWs to efficiently deliver a broad range of exogenous
materials into multiple cell types, without the need for chemical
or viral packaging protocols required by other methods. Fluores-
cence images in Fig. 2A to D show immortalized (HeLa) and pri-
mary cells (human fibroblasts, rat neural progenitor cells (NPCs),
and rat hippocampal neurons) expressing fluorescent proteins
encoded by plasmid DNAs that were administered using Si NWs,
whereas Fig. 2E toH demonstrates the delivery of various biomo-
lecules (siRNAs, peptides,DNAs, andproteins).Moreover, differ-
ent types of biomolecules can be introduced into the same cell
simultaneously by simply codepositing them onto theNWs, as illu-
strated in Fig. 2I toL. The fluorescence images in Fig. 2E toLwere
obtained by culturing human fibroblasts on Si NWs to which di-
verse fluorescently labeled molecules were attached (Fig. S5
and SI Text). After a 24-h incubation, we removed the cells from
the Si NW substrates with trypsin, replated them on glass cover
slips, and then imaged them using a fluorescence microscope. In
every case, the fluorescently labeled biomolecules were observed
in over 95% of the cells, regardless of the type of molecule being
delivered (Fig. 2E toH). Additionally, we performed experiments
where the molecules of interest were added either with the cells at
the time of plating or to the culture media 45 min later. As com-
pared to surface-based presentation of the molecules, solution-
based introduction, concurrent or delayed, resulted in a significant
reduction of the fluorescence intensity within the cells (Fig. S6).
While some of the molecules might also be delivered via diffusion
through pores briefly opened during the penetration process, the
data indicate that NW penetration and the subsequent release of
molecules is the dominant means of molecule delivery.

NW-Mediated Delivery of Biological Effectors Induce Cellular
Responses That Can Be Assayed Directly on Top of NW Substrates.
Because the vertical NW platform is compatible with live-cell

Fig. 1. Si NWs as a generalized platform for delivering a wide range of bio-
logical effectors. (A) and (B) Scanning electron micrographs of vertical Si NWs
fabricated via CVD and reactive ion etching, respectively. Scale bar in A and B,
1 μm. (C) and (D) Schematic renderings of cells (Pink) on Si NWs (Green) at
early and late stages of penetration, respectively. Molecules of interest (X
& Y) are nonspecifically tethered to the Si NW surface via alkoxysilane treat-
ment. Upon penetration and delivery, those molecules can alter the cell’s be-
havior. (E) and (F) Confocal microscope sections (corresponding to the dashed
boxes in C and D) of a HeLa cell in the process of being penetrated. Scale bar
in E and F, 10 μm. (E) After 15 minutes, the cell membrane, labeled with DiD,
sits atop the tips of the wires that are coated with cystamine and Alexa Fluor
488 SE (as shown in C). (F) Within one hour, the same plane shows a magenta
circle, the cell’s circumference, surrounding green-labeled wires, indicating
NW penetration into the cell (as shown in D). Regardless of the molecular
coating, the majority of cells are penetrated within one hour (Fig. S2C).
(G) Scanning electron micrograph of rat hippocampal neurons (false colored
Yellow) atop a bed of etched Si NWs (false colored Blue), showing character-
istic morphology (taken one day after plating). Scale bar, 10 μm.
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cultures and common imaging protocols, phenotypic responses to
exogenous biological effectors can be assayed directly using stan-
dard microscopy techniques. Specifically, Fig. 3 illustrates that
the growth of NPCs, also referred to as neurospheres, is
affected by the delivery of a surface-tethered antimitotic agent,
Cytarabine (Ara-C) (27). When a solution of Ara-C was applied
to line-patterned Si NW substrates (Fig. S1A), glial-like cells pro-
liferated and achieved confluence only in the areas between the
NW strips, indicating that Ara-C-coated Si NWs inhibit cell divi-
sion (Fig. 3 and Fig. S7). In cases where neurospheres were not
fully triturated down to individual cells, we observed inhibition of

glial-like cell growth in regions containing Ara-C coated NWs
(Fig. S7); without Ara-C, the same spheres grew isotropically.
It should be noted that glial-like cell growth was not inhibited
in the regions devoid of NWs (Fig. 3 and Fig. S7), indicating that
the effects of Ara-C were isolated to those cells that were pene-
trated by the Si NWs. This observation demonstrates that small,
bioactive molecules can be effectively delivered into living cells
using NWs. Moreover, the same observation shows that the
effects of dissociated molecules in solution are minimal.

Fig. 4 shows a phenotypic response to NW-assisted delivery of
another biomolecule: siRNA administered to rat hippocampal
neurons.Here,we chose an siRNAthat targets fast, inward sodium
channels, including NaV1.1 (Scn1a), NaV1.2 (Scn2a1), NaV1.3
(Scn3a), and NaV1.9 (Scn9a) (28); an siRNA directed against
the Drosophila melanogaster GNU gene was used as a negative
control. When we measured ion currents in hippocampal neurons
using awhole-cell patch clamp 8 d after plating, we found that neu-
rons transfected withNaV1.X channel-targeting siRNAs exhibited
substantially reduced sodium currents in response to depolarizing
voltage steps (Fig. 4B and D). In contrast, GNU-transfected cells
showednormal inward sodiumcurrents (Fig. 4B andC). Immunos-
taining for the alpha subunit of NaV1.1 confirmed that substantial
knockdownhadbeenachieved (Fig. 4EandF). Similar resultswere
obtained using plasmids that coexpressed EGFPand short hairpin
RNAs directed at the NaV1.X transcripts (Fig. S3 and SI Text). In
these cells, we were not able to observe either spontaneous or
evoked action potentials, as expected for high levels of sodium
channel knockdown (Fig. S3 and SI Text).

Fig. 5 shows that peptides delivered using the NW platform
can induce a phenotypic response in live cells. While DNAs and
RNAs are commonly employed to perturb cellular function, pep-
tides and proteins are rarely used (3). To a large extent, this pau-
city stems from a lack of efficient delivery methods, although low
intracellular stability of peptides is also a factor. In cases where
it is desirable to avoid the use of genetic material, however, pep-
tide- and protein-based reagents can provide a powerful alter-
native (29). To demonstrate NW-based delivery of bioactive
peptides, we coated amine-functionalized Si NWs with Ac-
DEVD-CHO, an aldehyde-terminated tetrapeptide that prevents
apoptosis by selectively inhibiting caspase-3/7 (30). When we in-
troduced the apoptosis-inducing agents TNF-α and actinomycin-
D to the culture media, HeLa cells on untreated Si NWs under-
went rapid apoptosis (as determined by a TUNEL assay (SI Text),
Fig. 5E and H). In contrast, HeLa cells cultured on Ac-DEVD-
CHO-coated Si NWs did not (Fig. 5F and I). Moreover, HeLa
cells plated on untreated NW substrates that were coincubated
with Ac-DEVE-CHO-coated wires did undergo apoptosis, indi-
cating that penetration by the treated wires is necessary for rea-
lizing the inhibitory effect.

Site-Specific, Biologically Effective Molecule Delivery Can Be Achieved
by Arraying Molecules on Top of the Si NW Platform. The NW-based

Fig. 2. Si NWs can deliver and codeliver diverse biomolecular species to a
broad range of cell types. (A)–(D) Various immortalized and primary cell types
expressing fluorescent proteins after being transfected with plasmid DNA via
the Si NWs: (A) HeLa S3 cells (pCMV-TurboRFP), (B) human fibroblasts (pCMV-
TurboRFP), (C) NPCs (pCMV-mCherry), and (D) primary rat hippocampal
neurons (pCMV-dTomato). Scale bar in A–D, 25 μm. (E)–(H) Human fibroblasts
transfected with a variety of biochemicals. To verify intracellular delivery,
following a 24-h incubation on coated Si NWs, cells were replated on glass
coverslips for imaging. Epifluorescence images show >95% of the cells re-
ceive: (E) siRNA (Alexa Fluor 546 labeled AllStar Negative Control siRNA),
(F) peptides (rhodamine labeled 9-mer), (G) plasmid DNA (labeled with La-
bel-IT Cy5), and (H) proteins (recombinant TurboRFP-mito). Scale bars in E–
H, 50 μm. (I)–(L) Fluorescence images of human fibroblasts cotransfected with
two different molecules using Si NWs: (I) two different siRNAs (Alexa 546 la-
beled siRNA—yellow &Alexa 647 labeled siRNA—magenta), (J) a peptide and
an siRNA (rhodamine labeled peptide—yellow & Alexa 647 labeled siRNA—
magenta), (K) plasmid DNA and an siRNA (Cy5-labeled TagBFP plasmid DNA
—yellow & Alexa 546 labeled siRNA—magenta), and (L) a recombinant pro-
tein and an siRNA (recombinant TurboRFP-mito—yellow & Alexa 647 labeled
siRNA—magenta). In E to L, to facilitate identification, cell membranes were
labeled with fluorescein (Gray). Scale bars in I–L, 25 μm.

Fig. 3. Mitotic inhibition via patterned Si NW delivery of Ara-C. Here,
dissociated NPCs have been plated on a line-patterned Si NW substrate that
was blanket coated with the small molecule mitotic inhibitor Ara-C. (A) NPCs
plated on a line-patterned Si NW substrate in the absence of Ara-C divide out
isotropically from their point of plating. (B) Cell division is selectively stopped
as cells enter or cross regions where the Si NWs deliver Ara-C (dashed
squares). Scale bars, 100 μm.

1872 ∣ www.pnas.org/cgi/doi/10.1073/pnas.0909350107 Shalek et al.

http://www.pnas.org/cgi/data/0909350107/DCSupplemental/Supplemental_PDF#nameddest=SF1
http://www.pnas.org/cgi/data/0909350107/DCSupplemental/Supplemental_PDF#nameddest=SF1
http://www.pnas.org/cgi/data/0909350107/DCSupplemental/Supplemental_PDF#nameddest=SF7
http://www.pnas.org/cgi/data/0909350107/DCSupplemental/Supplemental_PDF#nameddest=SF7
http://www.pnas.org/cgi/data/0909350107/DCSupplemental/Supplemental_PDF#nameddest=SF7
http://www.pnas.org/cgi/data/0909350107/DCSupplemental/Supplemental_PDF#nameddest=SF3
http://www.pnas.org/cgi/data/0909350107/DCSupplemental/Supplemental_PDF#nameddest=SF3
http://www.pnas.org/cgi/data/0909350107/DCSupplemental/Supplemental_PDF#nameddest=STXT
http://www.pnas.org/cgi/data/0909350107/DCSupplemental/Supplemental_PDF#nameddest=SF3
http://www.pnas.org/cgi/data/0909350107/DCSupplemental/Supplemental_PDF#nameddest=STXT
http://www.pnas.org/cgi/data/0909350107/DCSupplemental/Supplemental_PDF#nameddest=STXT


transfection platform is directly compatible with microarray
technology because the delivery of biomolecules is mediated by
the surfaces of the Si NWs themselves. Massively parallel, live-
cell screening of diverse biological effectors is thus possible by
arraying these molecules on a NW surface. As a proof-of-concept,
we printed a 400 − μm pitch checkerboard pattern of Alexa Fluor
488 labeled histone H1 and Alexa Fluor 546 labeled siRNA tar-
geting the intermediate filament vimentin onto Si NW surfaces.
We then seeded the arrays with HeLa S3 cells and imaged those
cells using fluorescence microscopy (Fig. 6). As anticipated, sub-
stantial knockdown of vimentin was observed in the majority of
HeLa S3 cells sitting atop the siRNA sites (Fig. 6C and
Fig. S8). Meanwhile, the labeled histones were delivered and ac-
tively transported to the nuclei of the HeLa S3 cells sitting atop
the histone microarray spots (Fig. 6D). Similar results were
obtained using a variety of other targeted proteins and peptides
(Fig. S9).

Prospects. The results presented here establish vertical Si NW
arrays as a robust, monolithic platform for introducing various
bioactive molecules into a broad range of cell types in high-
throughput. This delivery method is highly efficient, even with pri-
mary cells that are notoriously difficult to transfect or transduce
using conventional methods (1–6). Additionally, this platform re-
quires neither viral packaging nor chemical modification of the
molecules to be delivered, thus significantly reducing the efforts
required for typical bioassays. Fabrication of the NW substrates is

straightforward using standard silicon processes and can be scaled
to provide the quantity and consistency needed to support wide-
spread adoption of this technique (Fig. S1C). Finally, this method

Fig. 4. Gene knockdown via NW-mediated siRNA delivery. (A) Fluorescence
image showing patch clamping of a typical rat hippocampal neuron (E18) on
Si NWs (8 d after plating). (B) Applied hyper- and depolarizing voltage steps.
(C) and (D) Current responses of a neuron transfected with a control siRNA
(GNU) and siRNA targeted against sodium channels (Nav1.X), respectively.
Panel C displays fast inward sodium currents and outward delayed-rectifier
potassium currents while D only shows the latter. (E) and (F) Immunofluores-
cence images of rat hippocampal neurons on Si NWs transfected with siRNA
for GNU and Nav1.X respectively. Cells were stained for voltage-gated sodium
channel type 1 alpha (Scn1a, Pink) and beta-III-tubulin (Green). (F) shows
several cells (dashed circles) with significantly reduced expression of sodium
channels compared to E.

Fig. 6. The NW-delivery platform can be combined with microarray printing
to deliver bioactive molecules in a site-specific fashion. (A) Epifluores-
cence image (4x) of HeLa S3 cells grown on top of a two-molecule microarray
(4 d after plating). The array, printed on the NW substrate with a 400 − μm
pitch, consists of siRNAs targeted against the intermediate filament vimentin
(labeled with Alexa Fluor 546, Pink) and a nuclear histone H1 protein (labeled
with Alexa Fluor 488, Green). (B) Confocal image (625 μm × 625 μm) showing
the subcellular localization of the siRNAs and histones in the cells. (C) and (D)
Confocal zoom-ins of individual spots where siRNAs and histones have been
delivered, respectively. (C) Immunostaining for vimentin (Green) and nuclei
(Blue) shows that a group of cells receiving siRNAs (Red), outlined in the
dotted square, display knocked-down vimentin expression. (D) Cells in the
dotted square show histones (Green) intracellularly delivered and subse-
quently targeted to the cells’ nuclei (Blue). Scale bar in A and B (C and D),
100 (50) μm.

Fig. 5. Apoptosis inhibition by Si NW delivered peptides. (A)–(C) Schematics
of apoptosis inhibition via peptide delivery: (A) control culture of HeLa cells
on Si NWs, (B) bath application of apoptosis-inducing agents Act-D and TNF-α
(Red Squares), and (C) bath application of Act-D and TNF-α with wires coated
in the apoptosis-inhibiting peptide Ac-DEVD-CHO (Blue Triangles). (D)–(F)
TUNEL assay of HeLa cells on Si NWs. (D)–(F) Dead nuclei (Pink), for the ex-
periments depicted in A–C respectively. (G)–(I) fluorescence images showing
the labeled cell membranes (Green) of all cells assayed in D–F respectively.
(E) shows bath application of Act-D and TNF-α induced apoptosis (as com-
pared to the control D), while NW-mediated delivery of Ac-DEVD-CHO effec-
tively inhibits the induced apoptosis (F).
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is fully compatible with multiplexing and microarray tech-
nology. The microarray density shown in Fig. 6A and B is
∼250 per square cm, but could easily be increased to
∼1; 000 per square cm → using smaller pins. In principle, this
could enable ∼20; 000 peptides or proteins, or multicomponent
combinations thereof (Fig. 2I to L), to be screened on a single
microscope slide, or a genome-wideRNAi screen to be performed
using rare cell types (e.g., stem cells). We anticipate that this plat-
form will impact a broad range of high-throughput discovery ef-
forts, with applications in the areas of cell and systems biology,
drug discovery, and cellular reprogramming.

Experimental Procedures
Preparation of Si NWs via CVD. Si NWs were grown on Si (111)
wafers from immobilized gold nanoparticles as previously de-
scribed (20, 31–33) (Fig. 1A). Patterning was achieved by either
flowing a solution of gold nanoparticles through polydimethysi-
loxane microfluidic channels or selectively stamping it using pat-
terned PDMS (20, 31–33) (Fig. S1A and B).

Preparation of Si NWs by Etching. Si NWs were formed by dry-
etching Si wafers coated with 200 nanometer (nm) of thermally
grown silicon oxide. For the generation of regularly spaced arrays
(Fig. 1B), a gold nanoparticle template was prepared by micro-
sphere lithography with close-packed 1 μm diameter polystyrene
spheres (34). To fabricate NWs over larger areas, concentrated
colloidal gold nanoparticles were resuspended in a resist, spun
coat on a Si wafer, and then used to pattern that wafer’s thermal
oxide (Fig. 1G and Fig. S1C and Fig. S5).

Scanning Electron Microscope Analyses. Cells were fixed in a solu-
tion of 4% glutaraldehyde in 0.1 M sodium cacodylate (2 h),
rinsed, and fixed again in a 1% solution of osmium tetroxide
in 0.1 M sodium cacodylate (2 h). The samples were then dehy-
drated in gradually increasing concentrations of ethanol (from
50–100%) in water, dried in a critical point dryer, and sputter-
coated with a few nanometers of platinum/palladium (Fig. 1G
and Fig. S5).

Tip Functionalization of Si NWs. CVD-grown Si NWs were plasma-
treated and immersed in an ethanolic solution of 15mM cysta-
mine (RT, 3 h). After rinsing, they were treated overnight in
1∶3 Alexa Fluor 488 SE in anhydrous DMSO (5 mg∕mL) to
sodium tetraborate, pH 8.5.

Cell Membrane-Labeling. Harvested HeLa cells were resuspended
in 4mL of premixed membrane-labeling solution (4 μL Vibrant
1'-dioctadecyl-3,3,3',3'-tetramethylindodicarbocyanine (DiD) per
1mL of Eagle’s Minimum Essential Medium), incubated for
8 min at 37 °C, and washed twice before use.

Confocal Imaging of NW Penetration Kinetics. DiD-labeled HeLa
cells were plated on CVD-grown NWs whose gold tips had been
labeled with Alexa Fluor 488. After incubating for 10 min at 37 °
C, the samples were transferred to prewarmed OptiMEM and
imaged. Penetration was quantitatively analyzed every 10 min
by obtaining cross-sectional confocal fluorescence images at the
focal plane defined by the tips of the NWs and then scoring cells
upon penetration. (Fig. S2)

Surface Functionalization of Si NWs. Si NWs were incubated in 1%
(v/v) 3-aminopropyltrimethoxysilane (APTMS) in toluene for 1 h
under nitrogen at RT. The substrates were then place in tris-
buffered saline for 1 h, rinsed, and dried. For some experiments,
Si NWs were incubated in 10% APTMS in toluene for 3 h and
then rinsed and dried.

Noncovalent, Nonspecific Binding of Molecules to Si NWs. Substrates
were incubated in PBS with various fluorescent molecules (RT,
1 h) and then rinsed. Alternatively, they were coated by dispens-
ing a small volume of solution (2–8 μL∕cm2, concentration:
0.1–1 μg∕μL) atop a substrate. After the solvent evaporated,
the samples were used without further washing.

Culture of Immortal Cells on Si NWs. 1 × 104 trypsin harvested cells
in 10 μL media were plated atop a 3 mm × 6 mm sample. After a
15-45 min incubation, additional media was added.

Culture of Neural and Neural Precursor Cells on Si NWs. Dissociated
E18 embryonic hippocampal neurons (35) or passaged neuro-
spheres (36) were plated on Si NW substrates as small drops
so as to yield a final density of ∼5 × 104 cells∕cm2. After a
15 min incubation, the relevant culturing media was added; for
selection of neurons alone, a Neurobasal/B27 media was used
(35), whereas for the concurrent generation of glia, a BME/
FBS based media was selected (37). A 50% media swap was per-
formed on the fourth, seventh, and eleventh days.

RNA Extraction and Q-PCR Analysis.Total cellular RNA was isolated
and quantitative mRNA analysis of five housekeeping genes and
vimentin was performed (38) (Fig. S4D and Fig. S8). (SI Text).

Delivery of Exogenous Biomolecules into Cells. Si NW samples were
precoated with various fluorescent molecules (5 μL at 1 μg∕uL):
plasmid DNA prelabeled with Label-IT Cy3 or Cy5, siRNA
labeled with Alexa Fluor 546 and Alexa Fluor 647, IgGs labeled
with Alexa Fluor 488 and Qdot 585, Qdots 525 and 585, rhoda-
mine labeled peptides, and recombinant fluorescent proteins
(SI Text). Human fibroblasts were then plated on the samples
as described above. After 24 h, the cells were removed with tryp-
sin, replated on glass coverslips, and placed back into the incu-
bator. Three hours later, the settled cells were imaged (Olympus,
EXFO, Chroma). To aid in identifying cells, the samples were in-
cubated in 10 μg∕mL fluorescein diacetate in PBS for 1 min to
label cells’ membranes (Fig. 2E to L). Control experiments, in
which fluorescent biomolecules were added to the culture simul-
taneously, 45 min, or 3 h after plating, demonstrated that Si NW
penetration dominates molecular delivery (Fig. S6) (SI Text).

Electrophysiological Recording. Whole-cell patch clamp recordings
were made from rat hippocampal neurons cultured on Si NWs as
previously described (39) (SI Text).

Construction of siRNA. For vimentin knockdown experiments, two
siRNA solutions were used: the first consisted of Alexa Fluor 546
labeled Hs_VIM_11 HP Validated siRNA (sense strand: 5′-
GAUCCUGCUGGCCGAGCUCtt—Alexa Fluor 546-3′); and
the second consisted of an equal parts siRNA pool of Hs_VIM_11
HP Validated siRNA, Hs_VIM_4 HP Validated siRNA (sense
strand: 5′-GGCACGUCUUGACCUUGAAtt—Alexa Fluor
546-3′), and Hs_VIM_5 HP Validated siRNA (5′-GAAGAAUG-
GUACAAAUCCAtt—Alexa Fluor 546-3′). As a control, Alexa
Fluor 546 and Alexa Fluor 647 labeled AllStar Negative siRNAs
were used. All above-mentioned siRNAs were obtained from
Qiagen. For sodium channel knockdown experiments, custom
siRNAs were ordered fromQiagen. The 21-mers used were made
by targeting against 19-mer sense sequences chosen from prior
shRNA experiments (28) (SI Text). NaV1.X targeted siRNA sense
strand: 5′-UCGACCCUGACGCCACUtt—Alexa Fluor 546-3′;
GNU targeted siRNA sense sequence: 5′-ACUGAGAACUAA-
GAGAGtt—Alexa Fluor 546-3′.

siRNA Experiments. HeLa S3 cells were plated on anti-Vimentin
siRNA-coated Si NWs. At 2 d, a full media swap was per-
formed. Immunostained cells (SI Text) were visualized using both
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epifluorescence and confocal imaging (Olympus). Confocal laser
powers and gains were set using HeLa cells receiving control
AllStar Negative siRNA and three-dimensional image recon-
structions were made using BitPlane (Imaris). Substantial knock-
down was seen when the Si NWs were used to deliver individual
or pooled siRNAs against vimentin; no knockdown was seen
when either a control siRNA or no molecule was used (Fig. S8).
Sodium channel knockdowns were performed by plating E18 rat
hippocampal neurons on siRNA-coated, grown Si NWs as above.
Electrophysiological measurements were made at 8 d after plat-
ing (Fig. 4). Following patch clamp recordings, samples were
fixed, immunostained, and analyzed (Fig. 4). For both knock-
downs, as a control, a conventional siRNA delivery re-
agent, Hyperfect (Qiagen), was used according to the manufac-
turer’s recommendations. Results obtained from either NW- or
Hyperfect-based delivery were similar as determined by immuno-
fluorescence and Q-PCR (Fig. S8).

Apoptosis Experiments. Silanized SiNWswere treatedwith 100mM
Ac-DEVD-CHO in PBS (RT, 1 h). HeLa cells (5 × 104 cells∕mL)
in DMEMwere added onto the Si NWs, and incubated (2 h). The
samples were then transferred into fresh DMEM containing
actinomycin-D (1 μg∕mL) and incubated for 30 min, before the
addition of TNF-α (2 nanograms∕mL). After 7 h incubation,
the cells on the Si NWs were analyzed for apoptosis by either
theTerminalDeoxynucleotideTransferase dUTPNickEndLabel-
ing (TUNEL) assay or the Annexin V (26, 30). See Fig. 5, Fig. S4A
to C, and SI Text for more details.

Ara-C Delivery. Silanized Si NWs were coated with Ara-C
(Cytarabine) in BME, and passaged neurospheres were plated
on the substrates as described above. On the sixth day, the cells
were examined, immunostained (SI Text), and imaged. See Fig. 3
and Fig. S7.

Microarray Patterning. siRNA, purified recombinant proteins, and
labeled IgGs were printed on flat Si and NW substrates using a
Nanoprint contact array printer (Arrayit). The printer was
equipped with a flathead, square pin (NS6) of 150 μm width.
Single depositions of samples were printed as an array at a pitch
of 300 to 500 μm using samples ranging in concentrations from
200 to 400 μM. For arrays containing multiple sample types,
the second sample was printed offset from the first after the first
was fully arrayed (Fig. 6A and B). Additional images of site-
specific delivery can be seen in Fig. S9 online.
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