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nanowires
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A recent publication by Kim et al. on penetrating both
human embryonic kidney cells and mouse embryonic
stem cells with Si nanowires highlights the increasing
interest in using proven semiconductor materials not
only to detect specific biomolecules in solutions but also
to deliver genetic material or potentially screen for the
presence of particular molecules at the cell level. Many
semiconductors are biocompatible and this recent work
has shown that penetrating cells with large diameters
compared with those of the semiconductor nanowire is
not fatal to the cell and that the cells remain functional
for a few days.
That’s got to hurt!
Everyone is familiar with the success of modern
microelectronic devices that have brought us the infor-
mation age, starting with the invention of the Si transistor
60 years ago. The success of these devices relies on the
growth of thin films of the particular semiconductor. Much
less utility has been made of so-called one-dimensional
semiconductor structures called nanowires or nanorods.
One can make small transistors and lasers and so on
readily with these structures, however, a drawback occurs
in how to interface them together in the kinds of numbers
used in conventional integrated circuits, in which tens of
millions of devices are harnessed together to provide the
data-processing or storage functionality. There has been
published recently an intriguing report of culturing mam-
malian cells on Si nanowire arrays, which penetrate the
living cells (but do not kill them if the diameter of the
nanowires is small comparedwith the diameter of the cells)
[1]. Note that the cell is not anchored by the nanowires but
attaches to the underlying Si substrate as it settles and
engulfs the nanowires. The vast majority of mammalian
cells inside the body require adhesion to a solid substratum
for survival. Exciting new strategies have emerged
recently to control mammalian cell behavior by engineer-
ing the nanoscale properties of the cell substratum. In the
report from Kim et al. [1], the Si nanowires were first
prepared on a standard Si substrate with a density such
that there were 20–30 nanowires within the diameter of a
typical cell. The vertically aligned Si nanowires were
approximately 6 mm long with a diameter of 90 nm. Mouse
embryonic stem cells were cultured on these substrates
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and were penetrated by the Si nanowires within
approximately 1 hour as they settled on to the substrate
without the application of external force. The cells survived
this process provided the Si nanowire diameter was small
compared with the cell size. Figure 1 shows both a confocal
microscope image (Figure 1a) and scanning-electronmicro-
scope image (Figure 1b) of the mouse embryonic stem cells
penetrated by the Si nanowires. By first depositing DNA
onto the wires, the researchers were also able to transfer
the genetic material into human embryonic kidney cells.
The teammembers expect that the delivery efficiency could
be improved by adjusting the surface chemistry of the
nanowires. The nanowire arrays could be used for drug-
delivery applications or for electrical stimulation and
detection in cells. Perhaps the most interesting finding
of this study is the fact that cells on sparse Si nanowires get
impaled by the nanowires and yet remain intact over
several days of culture, even enabling the differentiation
of mesenchymal stem cells into cardiac myocytes. When
the nanowires were functionalized with DNA, the DNA
could be delivered into the cell successfully. Interestingly,
cell-survival increased as the diameter of the nanorod was
reduced from 400 to 30 nm. These findings provide a novel
way of introducing foreign material into the cell by engin-
eering the cell substratum. Although such methods are
complementary to other techniques that involve delivery
through nanoparticles [2], the advantage is that the deliv-
ery technique is integrated with the cell substratum.

What else can nanostructures contribute?
Fundamental cell behaviors, such as motility, adhesion,
proliferation and differentiation, can be exquisitely sensi-
tive to nanoscale adhesive ligand clustering [3,4] and
nanoscale topography [5–7]. Such approaches find poten-
tial applications in the design of orthopedic implants or
vascular stents [8,9]. There has been great interest in the
use of nanostructured materials for both tissue engineer-
ing and drug delivery [10]. This recent study has shown a
new potential application for nanotopography of the cell
substratum: delivery of reagents into the cell [1].

Recent work has also appeared using a related
technique called nanotube spearing, which drives drugs
into the cell. The transfection efficiencies are relatively
high [11]. However, the disadvantage is that they need an
oscillating magnetic field followed by a static field to first
spear and then drive the nanotubes inside. The nanotubes
are not integrated with the substrate itself, as is the case
with the Si nanowire approach. One exciting area for
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Figure 1. (a) Confocal microscope image and (b) SEM image of mouse embryonic

stem cells penetrated by Si nanowires on a Si substrate. The dark spots within the

cells are nanowires and the cells are stably expressing GFP. Reprinted from Kim

et al. [1] and with permission from the American Chemical Society. The scale bar

represents 10 mm.
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future study is the potential use of nanowires as
intracellular sensors. Carbon nanotubes have already been
used as intracellular glucose sensors [12]. Similarly, if
intracellular nanowire sensors integrated with substrate
are developed and functionalized to detect intracellular
signaling, they can be used for developing novel high
throughput platforms for small-molecule drug screening.
Important advances can be expected when the probing
wires become functional electrically [13]. There is clearly
increasing interest in the use of nanowires as penetrating
agents and this is gaining acceptance. The concepts sur-
rounding this approach have been developed in recent
years by several other groups [14–17].
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Important questions remain: first, the mechanism
underlying cellular engulfment of the nanorods remains
to be explored. The engulfment could potentially use the
endocytic pathway under some conditions. Second, the
range of molecules (proteins, RNA, plasmid DNA) that
can be delivered with this technique needs to be estab-
lished. Third, it is unclear if the source of DNA that
entered the cell is from the nanowires or the substrate
itself. Either case is potentially feasible given the rela-
tively low (<1%) transfection efficiencies observed. But
this paper has succeeded in a new approach to introducing
foreign molecules inside cells and is generating consider-
able excitement.
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