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ABSTRACT: Semiconductor nanowire (NW) devices that can address intracellular
electrophysiological events with high sensitivity and spatial resolution are emerging as
key tools in nanobioelectronics. Intracellular delivery of NWs without compromising
cellular integrity and metabolic activity has, however, proven difficult without external
mechanical forces or electrical pulses. Here, we introduce a biomimetic approach in
which a cell penetrating peptide, the trans-activating transcriptional activator (TAT)
from human immunodeficiency virus 1, is linked to the surface of Si NWs to facilitate
spontaneous internalization of NWs into primary neuronal cells. Confocal microscopy
imaging studies at fixed time points demonstrate that TAT-conjugated NWs (TAT-
NWs) are fully internalized into mouse hippocampal neurons, and quantitative image
analyses reveal an ca. 15% internalization efficiency. In addition, live cell dynamic
imaging of NW internalization shows that NW penetration begins within 10−20 min
after binding to the membrane and that NWs become fully internalized within 30−40
min. The generality of cell penetrating peptide modification method is further
demonstrated by internalization of TAT-NWs into primary dorsal root ganglion (DRG) neurons.
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The application of nanomaterials in bioelectronics,1

including ultrasensitive sensing,2−6 single-cell electro-
physiological probes,7−12 flexible, stretchable, and/or degrad-
able electronics,13−15 and macroporous three-dimensional
electronics16,17 have enabled research ranging from disease
marker detection5 to cell electrophysiology11 and brain
mapping.18 Surface modification of nanodevices is well-
established in the area of sensing where linkage of receptors
is crucial for selective detection,5 but also represents a critical
challenge for creating bio−nano interfaces that are stable at the
cellular level. For example, internalization of Si NW devices
across the cell membrane in cardiac cells has demonstrated the
capability for nanoscale sensing elements to record intracellular
action potentials without compromising cell viability.7−9 Similar
results have been difficult to achieve in neuronal systems, where
the capability to detect stable full-amplitude intracellular action
potentials without interference from the cell membrane, could
open up unique research opportunities.
To date, the use of NWs for interrogating the intracellular

environment of neurons has been limited by challenges in
achieving stable internalization of the highly anisotropic NW
devices. A limited number of approaches have been reported
for the internalization of highly anisotropic NWs in neurons,
with an emphasis on physical methods.10,19−23 Specifically,
neurons were cultured on substrates with vertical NW arrays,
which delivered biomolecules to the cytoplasm as a result of
gravity and/or adhesive force driven internalization,19 and

electroporation was used to achieve transient access to
intracellular action potentials.10 Concurrently, these same
physical strategies have been used in a variety of other cell
types to demonstrate internalization of vertical NW8,24,25/
nanotube arrays26−29 or single NWs30 into the cells.
In another approach, chemically based alteration of the cell

membrane and subsequent NW internalization has been
achieved by treating Chinese hamster ovary cells with the
polar organic solvent dimethyl sulfoxide (DMSO).31 Given that
the typical size of NWs used in electronic devices is comparable
to large macromolecules, viruses, and nanoparticles, it is
reasonable to ask whether a biomimetic strategy used for
targeted delivery of these structures might be developed for
driving internalization of NWs. Indeed, surface modification of
Si NW devices with cell membrane-like phospholipids has been
shown to be effective in inducing internalization of the NWs
into cardiac cells and enabling intracellular recording of stable
action potentials.7,9 However, successful application of this
biomimetic approach has not yet been reported for the
internalization of NWs into neurons.
Here, we demonstrate a new strategy for complete

internalization of NWs into neurons using cell penetrating
peptides (CPPs). CPPs are short peptides capable of delivering
cargo into cells.32 TAT peptide is a well-known CPP derived
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from HIV-133 and is effective at delivering materials of various
sizes including small molecules (Å),34 nucleic acids (nm),35,36

proteins (a few to tens of nanometers)37,38 and submicron
particles39 into primary cells (e.g., neurons) and immortalized
cell lines. Freestanding Si NWs conjugated with TAT CPPs
show complete internalization into mouse hippocampal
neurons with a yield of ∼15%. Confocal microscopy revealed
that the internalization is spontaneous, without additional
mechanical force or electroporation. Studies of the internal-
ization process by live cell confocal microscopy imaging
demonstrate that the NWs are completely internalized within
30−40 min after initial attachment to the cell membrane. In
addition, our studies show that TAT-NWs can also be
internalized into DRG cells, a peripheral neuron type,
suggesting the generality of our TAT CPP approach for driving
NW internalization into primary neurons.
An overview of our strategy is shown in Figure 1a. TAT-

modified Si NWs are delivered to a culture of neuronal cells;
the NW-cell mixture is incubated for a fixed time, and then
confocal microscopy is used to analyze the positions of NWs
with respect to the cell membrane. At the chosen time points,
confocal microscopy images are recorded at different distances
relative to the substrate surface with distinct fluorescent labels
for the NWs, cell membranes, and cell nuclei, and then NW
positions are analyzed relative to the membrane surface in
either a 3D top- or cross-sectional views (see Supporting
Information for details).
TAT modification of Si NWs was achieved by the strategy

outlined in Figure 1b (see Supporting Information for details).
First, Si NWs (n-doped, 80 nm in diameter and ca. 10 μm in
length) were synthesized by the gold nanocluster catalyzed
vapor−liquid−solid method.40 Second, the NWs on the growth
substrate were modified with (3-aminopropyl)-triethoxysilane
(APTES) to yield a primary amine-terminated monolayer.41

Third, Alexa Fluor 555 labeled streptavidin (STV) was
cova lent ly coupled to NWs us ing 1-ethy l -3-(3-
(dimethylamino)propyl) carbodiimide (EDC). Fourth, the
STV-modified NW (STV-NW) substrate was incubated in
biotin-TAT solution for binding. The resulting TAT-
conjugated Si NWs (TAT-NWs) were detached from the
substrate by brief sonication before use. A representative

fluorescence microscopy image of TAT-NWs dispersed on a
glass substrate (Figure 1c) exhibits constant fluorescence along
the NW long axes consistent with uniform STV (TAT)
modification.
Schematics of NW interface with neuronal membrane are

shown in Figure 2a, where TAT peptides on the NW interact

with the membrane and facilitate spontaneous NW internal-
ization (Figure 2a,i) while STV-NW, which does not have
CPPs, remains on the membrane outer surface (Figure 2a,ii).
Initial trials of cell internalization were carried out by dispersing
TAT-NWs (5 μg) onto mouse hippocampal neurons, and
incubating for 20 h at 37 °C; prior to the TAT-NW addition,
the neurons were cultured for 2 weeks. As a control, STV-NWs
without TAT conjugation were dispersed in a similar manner
on a separate neuron culture and incubated for 20 h. After

Figure 1. (a) Schematic of internalization of TAT peptide modified Si NW into neuron. (b) Conjugation scheme of TAT to the surface of Si NW.
Streptavidin (STV) is first covalently attached via EDC coupling reaction. Biotin-TAT peptide is then conjugated onto the STV. (c) Fluorescence
microscope image of TAT-NWs labeled with STV-Alexa Fluor 555 conjugate.

Figure 2. (a) Schematics of (i) TAT-NW and (ii) STV-NW
interacting with the cell membrane. (b) Confocal microscope z-stack
images of (i) TAT-NWs and (ii) STV-NWs dispersed onto
hippocampal neurons. Each image consists of a stack of 29 0.5 μm
thick confocal images. (c) Z-section images along the white dashed
lines in (b). Red: cell membrane (WGA-Alexa 597); green: NWs
(Alexa 555); blue: nucleus (Hoechst 33258).
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fixation, the cells were labeled with WGA-Alexa Fluor 594 for
membrane staining and Hoechst 33258 for nuclei staining, and
the samples were imaged by confocal microscopy (see
Supporting Information for details). Representative z-stack
confocal microscopy images of these two distinct sample types
(Figure 2b) resolve clearly labeled NWs (green), neuron cell
membranes (red) and nuclei (blue). To determine unambig-
uously the positions of NWs in these z-stacks, we analyzed
cross sections taken along the NW long axes. Representative
cross sections (Figure 2c) along NWs marked by the white
dashed lines in Figure 2b show unambiguously that the TAT-
NW was fully internalized without affecting neuronal
membrane integrity (Figure 2c,i), while the STV-NW was
not internalized (Figure 2c,ii).
The positions of individual NWs can be well-determined by

the above analysis of cross sections of the confocal z-stack
images (Figure 2c), although this method is inefficient for
statistical analyses such as the overall internalization yield. To
more efficiently determine whether or not NWs are internalized
across an entire sample image, we use the surface
reconstruction method illustrated in Figure 3a with key features
as follows. Z-stack confocal microscopy images are acquired
(Figure 3a,i), and then an image of the cell surface is
reconstructed (Figure 3a,ii), where NWs above the cell surface
are also visible. This image is then compared to the
corresponding NW fluorescence channel (Figure 3a,iii) to
unambiguously assign NWs internalized or external to the cells
in the image. For example, the surface reconstruction in Figure
3a shows only part of NW 2 (Figure 3a,ii), and thus we can
assign NWs 1 and 3 visible in the NW fluorescence channel
(Figure 3a,iii) as internalized.
A comparison between the reconstructed images (Figure 3b,

top row) and NW channels (Figure 3b, middle row) shows that
the NWs marked with white arrowheads were internalized. To
validate the assigned internalization of these NWs we also
carried out cross-section analyses (Figure 3b, bottom row),
which demonstrate clearly that the positions of the three NWs
were in the interior of the neuron soma. The advantage of
surface analysis is that one single wide field image is sufficient
to assess the positions of a large number of NWs (Supporting
Information, Figure S1). First, plots of the number of
cumulative internalized NWs for 50 randomly selected NWs
(Supporting Information, Figure S1d) show further that the
internalization numbers were consistent for both methods.
Second, large-area assessment of all of the TAT-NWs by the
surface reconstruction method (Figure 3c) show that after 20 h
of incubation 51/342 NWs were internalized, an internalization
yield of 14.9%. Further analysis of these data as a function of
NW length (Figure 3c) yields similar mean values for the
internalized and total NWs: 4.1 and 4.8 μm, respectively. Last,
similar measurements and analyses carried out for TAT-NW
incubation times of 6 and 32 h (Supporting Information, Figure
S2) resulted in internalization rates of 10.9 and 14.1%,
respectively. These results suggest that the majority of
internalization events occur within the first 6 h for the
hippocampal neurons.
To better understand the dynamics of TAT-NW internal-

ization process, we carried out in situ live cell confocal imaging.
The imaging chamber (Figure 4a; see Supporting Information
for details) was designed for an upright microscope and utilized
a hole in the top of a cell culture Petri dish to allow access of a
water immersion objective lens, with the chamber fixed on a
heating plate to maintain a constant temperature of 37 °C. The

chamber was kept in a cell culture incubator between every
imaging session, and the x−y location markers on the bottom
of the imaging chamber enabled the determination of the exact
position of a target cell for up to 10 time point measurements
without reducing cell viability (Figure 4b).42

Initial low-resolution experiments (20× objective) monitor-
ing of TAT-NW internalization were carried out with imaging
at hourly time points to determine the time scale regime of the
internalization dynamics. Significantly, the relative positions of
TAT-NWs determined from cross-section analyses (e.g.,
Supporting Information, Figure S3) showed that internalization
can occur during the first hour. More detailed high-resolution
(100× objective) imaging studies with a 10 min imaging
interval (Figure 4c and d) demonstrate several key points. First,
TAT-NWs begin to cross the neuronal cell membrane within
only 10−20 min after initial attachment. Second, internalization
is complete for the characterized NWs within 30−40 min.
Third, the STV-NWs maintain constant positions on the cell
membrane indicating that there is no internalization over this
same period of time. Last, following internalization we
monitored cell viability using calcein-AM (see Supporting

Figure 3. Image analysis of TAT-NW internalization into mouse
hippocampal neurons. (a) Workflow of assessing NW internalization.
The cell surface is reconstructed from confocal z-stack images using
Volume Viewer in ImageJ, NIH, and is compared with NW
fluorescence channel. The sample image shows NW1 and 3 are
internalized, and NW2 is on the membrane surface. Green: cytosol
(calcein); red: NW (Alexa 555). (b) More neuron images with
internalized TAT-NWs (white arrowheads). Top: surface recon-
structed image; middle: NW fluorescence channel; bottom: confocal z-
section image on NW. (c) Histogram of total NWs and internalized
NWs vs NW length. Black lines correspond to normal distribution fits,
and the arrow heads indicate mean NW length values.
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Information for details) and found 97% fluorescence intensity
was retained after 3 h, thus indicating that NW internalization
has a minimal influence on cell activity/viability on this time
scale.
To test the generality of TAT-NW internalization in primary

neurons, the same internalization method was investigated for
DRG cells. The DRG cells were isolated from rat spinal cord
and kept at 4 °C for 2 days prior to the NW internalization
experiments (see Supporting Information for details). TAT-
NWs were dispersed onto the DRG culture, and the cells were
incubated for 20 h at 37 °C. Figure 5a shows a representative z-
stack confocal image of a fixed DRG cell where the labeled
TAT-NWs (red, i−v) are clearly resolved. Cross sections taken
along the long axes of NWs i−iii (Figure 5b) show
unambiguously that these NWs are fully internalized on the
20 h time scale of the incubation. To assess the internalization
dynamics, we further carried out live cell confocal microscopy
studies as described above for the hippocampal neurons. Cross-
section analyses of images recorded with a 10 min interval
(Figure 5c) reveal that the TAT-NW internalization initiated
ca. 10 min following NW binding to the membrane and was
completed within 30 min; these results are thus similar to our
observations for hippocampal neurons.
Together our imaging results show clearly that TAT-

modification of NWs leads to internalization in primary
neurons. In addition, these results indicate that the entry
angle of TAT-NWs into these cells was <10° and that
perpendicular entry was not observed. Our results are
consistent with the general mechanism for cell-penetrating
peptides such as TAT.43,44 Specifically, the mechanism of TAT-
mediated translocation is reported to be via penetration of cell
membrane by the TAT peptide,43,44 and thus the uniformly
modified TAT-NWs should not have a preference for entry
angle. Importantly, we suggest that these results for TAT-NWs
could be applied in future studies to internalization of TAT-

modified kinked-NW nanoelectronic probes7,9 to facilitate
intracellular recording from neurons.
In conclusion, we have introduced a biomimetic approach in

which the TAT CPP is linked to the surface of Si NWs to
facilitate spontaneous internalization of NWs into primary
neuronal cells. Confocal microscopy imaging studies at fixed
time points demonstrate that TAT-NWs fully internalize into
mouse hippocampal neurons, and quantitative image analyses
reveal an ca. 15% internalization efficiency. In addition, live cell
dynamic imaging of NW internalization process has shown that
NW penetration begins within 10−20 min after binding to the
membrane, and that NWs become fully internalized within 30−
40 min. The generality of CPP modification method was
further demonstrated by internalization of TAT-NWs into
primary DRG neurons. Significantly, this biomimetic internal-
ization approach is expected to be applicable to semiconductor
NW devices that are emerging as biosensors and powerful
cellular probes1−10 and thus should enable recording of
intracellular potentials and biochemical signals in a highly
localized and targeted manner in the future.
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ization process (PDF)

Figure 4. Real-time imaging of TAT-NW internalization. (a)
Schematic of imaging chamber used for live cell imaging. The
chamber has a marker region at the bottom for locating the cell of
interest. (b) Bright field images of neuron on markers with focal plane
on (i) the markers and (ii) the neuron. (c) Temporal cross-section
confocal images. Neuronal membrane is stained with WGA-Alexa 594
(red) and TAT-NW is stained with Alexa 555 (green). All images are
the same size, with scale bar as indicated in the 0 min image. (d)
Temporal changes of the relative positions of TAT-NWs and STV-
NWs (control); N = 5 for each NW type.

Figure 5. TAT-NW internalization into a DRG cell. (a) Confocal
microscope z-stack image (a stack of 48 0.5 μm thick confocal images)
of a DRG cell with TAT-NWs following 20 h incubation. Green:
cytosol (calcein), red: NW (Alexa 555). (b) Cross-section images of
NWs (i−iii) in (a) along the NW long axes. (c) Temporal cross-
section confocal images. Red: plasma membrane (WGA-Alexa 594),
Green: NW (Alexa 555). All images are the same size, with the scale
bar as indicated in the 0 min image.
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