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ABSTRACT: Nanomaterials are promising candidates to im-
prove the delivery efficiency and control of active agents such
as DNA or drugs directly into cells. Here we demonstrate cell-
culture platforms of nanotemplated “nanostraws” that pierce
the cell membrane, providing a permanent fluidic pipeline into
the cell for direct cytosolic access. Conventional polymeric
track-etch cell culture membranes are alumina coated and
etched to produce fields of nanostraws with controllable diam-
eter, thickness, and height. Small molecules and ions were
successfully transported into the cytosol with 40 and 70%
efficiency, respectively, while GFP plasmids were successfully delivered and expressed. These platforms open the way for active,
reproducible delivery of a wide variety of species into cells without endocytosis.
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Methods for cytosolic delivery of biomolecules are essen-
tial for a broad range of modern biological and bio-

medical techniques, including siRNA knockouts, cell reprogram-
ming, intracellular imaging, and pharmaceutical therapeutics.1−5

Biological processes are often harnessed to transfer reagents
across the cell membrane barrier, such as viral vectors for gene
delivery1,6 and endocytotic uptake of cargo, using carriers such
as lipofectamine.3−5,7 However, these methods are hampered
by lysosomal degradation, cell-type specificity, low efficiency,
expense, or toxicity concerns.8,9 This has led to more physical
approaches to directly breach the cell membrane. Techniques
such as electroporation or micropipetting can be highly
efficient, yet these suffer from their own drawbacks including
low cell viability and low throughput, respectively.10,11

Recently, nanomaterial platforms have been used to improve
intracellular delivery. While two-dimensional surface patterning
and texturing have long been used to influence cell behavior,12−14

high-aspect ratio nanowires have opened an entirely new avenue
for cellular interaction due to their potential for direct membrane
penetration.15−18 By functionalizing nanowires with bioactive
molecules, intracellular delivery has been demonstrated19,20

while maintaining cell viability and behavior.21 These exciting
new methods are very promising, yet are restricted to molecules
that can be linked or otherwise bound to the nanowires and
offer little temporal or concentration control. Alternatively,
functionalized scanning probes or pipettes can be used to inject
selected cells,22−24 but these serial processes are cumbersome
for large numbers of cells.
Biological systems have developed blueprints for stable con-

duits through the cell wall. These include gap junction proteins
that facilitate intercellular diffusion of chemical species between
eukaryotic cells,25,26 and ∼100 nm diameter hollow lipid nanotubes
between bacteria, which transmit proteins and confer antibiotic
resistance to neighboring bacteria.27 These nanoscale intercellular

junctions provide fluidic access and promote molecular
exchange, yet are small enough to avoid cell toxicity.
Inspired by this design, we report a simple biomimetic

“nanostraw” platform that establishes continuous fluidic access
into the cell interior for the delivery of small molecules, proteins,
and genetic material (Figure 1a). Cells cultured on nanostraws
of sufficiently small diameter (∼100 nm) are spontaneously
penetrated, creating externally controlled fluidic conduits into
the cell that are stable over days. Time-resolved, sequential
deliveries can be carried out without the need to continually
rupture the cell membrane. Intracellular delivery of molecules
ranging from ions to 5000 base pair DNA constructs is
possible with subminute temporal resolution within a simple-
to-use sample well platform. The stability, versatility, and non-
perturbative nature of the nanostraws provide a uniquely
powerful, yet subtle tool to access the inner clockwork of
the cell.
Nanostraws were fabricated starting with track-etched poly-

carbonate membranes,28 widely used for cell-culture and water
purification,29,30 as a template. These membranes are com-
mercially available (AR Brown-US, Long Beach, CA) in a range
of pore sizes (∼20 nm to 10 μm) and pore densities. In this
study, devices were fabricated with membrane pore diameters
ranging from 100 to 750 nm and pore densities of 106, 107, and
108 pores/cm2 (Figure 1b). First, an alumina coating was
deposited on all nanoporous membrane surfaces (top, bottom,
and inside the pores) with atomic layer deposition (ALD),31

yielding a uniform coating, typically chosen to be 10−30 nm
thick (Figure 1c). The deposited alumina creates the nanostraw
bodies within the nanopore interiors and defines the nanostraw
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wall thickness. Next, the alumina on the top surface was
removed with a directional reactive ion etch (RIE) to expose
the bare polymer layer underneath (Figure 1d). Finally, an
oxygen RIE was used to expose the nanostraws by selectively
etching the polymer until the desired nanostraw height was
obtained, typically 1−2 μm (Figure 1e). The oxygen RIE is
highly selective for polycarbonate membrane, ensuring that the
alumina comprising the nanostraws is not degraded as the
straws are created.
The nanostraw dimensions are independently controllable

though adjustments to the track-etched membrane properties
(straw diameter and density), ALD alumina thickness (straw
wall thickness), and etch time (nanostraw height). These micro-
fabrication processing steps can easily create large area, 100 mm
Petri-dish size sheets of nanostraws. Scanning electron
microscopy (SEM) confirmed that the process yields well-
defined nanostraws on the top side of the membranes for all
membranes tested (Figure 1f,g and Supporting Information
Figure S1). The nanostraw height, wall thickness, and inner
diameter were highly uniform with less than 5% variation as
measured from scanning electron microscope images on sample

areas spaced over 1 cm apart. Nanostraws with aspect ratios as
high as 10:1 were created with essentially quantitative yields.
The dimensions of the smallest nanostraw diameters (100 nm)
are comparable to those of nanowires previously used for direct
delivery,20 while the largest diameters (750 nm) resemble
structures used for neural interfacing.32 The oxygen etch leaves
a slightly textured polycarbonate surface (Figure 1f), however
this did not adversely affect cell culture.
The track-etched nanoporous membrane template is

advantageous for several reasons. First, it is commonly available
and commercially sold as a cell culture substrate. Second, the
nanopores are available in a wide range of relatively mono-
disperse diameters and pore densities, though the actual position
of the straws relative to each other is stochastic. Controlling straw
density is important, as cells appear to remain suspended on the
top of high-density arrays of nanotubes (>109) and are not pene-
trated.33 Finally, the “self-aligned” fabrication process ensures
that each nanostraw is fluidically connected to the bottom of
the membrane without the need for top-down nanostraw-pore
alignment. Further fabrication steps can also introduce different
material layers within the nanostraws, or surface-modify the
alumina as desired.
Reagent delivery through the nanostraws and into penetrated

cells is regulated by controlling the solution composition under-
neath the polymer/nanostraw membrane. This could be as
simple as suspending the membrane over a small dish with the
desired solution (Figure 2a) or integrating the membrane on

top of a microfluidic channel for rapid solution exchange or spatial
concentration gradients (Figure 1a). In this study, the nanostraw
membrane is placed on top of two different fluidic devices
depending on the number of cells required. For spatially selec-
tive delivery, the membrane is suspended over a microfluidic
channel 0.25−1 mm wide, ∼100 μm deep, and ∼1 cm long. For
large cell cultures, the nanostraw membrane is supported over a
single fluidic chamber approximately 1 cm × 1 cm × 0.1 cm in

Figure 1. Nanostraw−cell interfacing strategy and fabrication. (a)
Schematic of cell cultured on nanostraw membrane with microfluidic
channel access. (b−e) Straw fabrication process flow begins with a
nanoporous polycarbonate membrane (b), proceeds with conformal
alumina atomic layer deposition (c), then an alumina specific
directional reactive ion etch (d), and concludes with a polycarbonate
specific directional reactive ion etch (e). (f,g) Scanning electron
micrographs of nanostraw membranes.

Figure 2. Device schematic overview. (a) A cross section of a typical
device used to deliver biomolecules into cells via nanostraw-mediated
delivery. (b,c) SEM images of critical point dried (CPD) cells cultured
on nanostraw membranes (false colored green) with 100 nm diameter
straws at a density of 108 straws/cm2.
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size with an external access tube. A second PDMS layer with a
cut-out area defining the cell culture region (sized slightly
smaller than the nanostraw membrane) is then bonded on top.
Solutions introduced into the fluidic channel beneath the mem-
brane diffusively travel through the nanostraws, either into a
cell or the cell culture area. A similar platform for extracellular
chemical delivery without the nanostraws was recently reported
and it was found that molecular delivery rates agreed with
analytical diffusion models.34 Simple one-dimensional diffu-
sion calculations estimate that small molecules such as ions
(D ∼ 100 μm2/s) should diffuse through the 10 μm thick poly-
mer membrane and straws in ∼50 s, while larger proteins
(D ∼ 10 μm2/s) may take up to 10 min.
After microfluidic integration, the device is flushed with

bovine serum albumin (BSA) to minimize reagent adhesion to
the walls, and cells are plated onto the nanostraws. Note that
cells may simply be added on top of the nanostraw membrane,
avoiding complications of injection or encapsulation in micro-
fluidic chambers. Both HeLa and CHO cells cultured in 10%
serum spread normally on the nanostraws compared with con-
trol samples without nanostraws, even proliferating and dividing
at longer time scales (Figure 2b,c and Supporting Information
Figures S2, S3). Cells grew equally well on nanostraw membranes
supported on PDMS and suspended over fluid.
We demonstrate direct fluidic access to the cytosol through

the nanostraws by the delivery of membrane-impermeable fluo-
rescent dyes, ions, and green fluorescent protein (GFP) plasmid,
which would normally be blocked by the cell membrane. These
molecules, along with RNA, large proteins, and many other
biomolecular tools used in cell studies, are generally unable to
enter the cytosol without a transport agent.35 Figure 3a shows cells
dyed with Alexa-Fluor 488-hydrazide, a membrane-impermeant
dye. Cells were allowed to adhere for one hour on a large-area cell
culture device before the dye was introduced into the underlying
fluidic chamber for a fixed period. Dye delivery was maintained
over 4 and 24 h for nanostraw platforms with 108 and 107 straws/
cm2, respectively. The culture media was periodically replaced to
suppress nonspecific dye uptake. At the end of the delivery period,
cells were trypsinized, replated, and imaged, as in situ imaging was
hampered by the background fluorescence of dye adsorbed to
device walls. Cells cultured on large (250 and 750 nm) diameter
straws were exposed to higher dye concentrations than cells
cultured on 100 nm diameter nanostraws due to higher molecular
flux through the nanostraws. However, cells cultured on these
large straws did not show dye uptake, while cells on 100 nm straws
showed significant fluorescence (Figure 3a). This fluorescence
increase indicates that 100 nm diameter straws penetrate the
cell membranes, while larger straws do not. This result agrees
with previously reported work, where ∼100 nm diameter
nanowires were used to successfully deliver biomolecules into
cells.20 Increasing the straw density from 107 to 108 straws per
cm2 decreased the time required for delivery, although more
frequent media replacement was also necessary. Control
experiments on polymer membranes without nanostraws were
marked by very weak fluorescent staining, consistent with low-
level endocytotic uptake (Figure 3b). Nanostraw-mediated
delivery was also not limited to one cell type, as both HeLa and
CHO cells were successfully dyed.
Since cell membranes are highly dynamic and can self-heal

transient membrane pores,36 whether the nanostraw-cytosol
connection remains open after the initial penetration event is
an important question. A stable fluidic interface is highly
preferable for temporal control of chemical delivery and could

even enable extraction and external detection of cytosolic pro-
teins. We tested the stability of the nanostraw fluidic interface
by delivering two different membrane-impermeable dyes at

Figure 3. Epifluorescence images of molecular delivery into cells.
Epifluorescence micrographs of replated cells after 24 h delivery of Alexa-
Fluor 488-hydrazide membrane impermeant dye (a) with a nanostraw
membrane and (b) with a nanostraw free membrane. After dye delivery
through nanostraws, the cells demonstrate various levels of cell penetra-
tion and cytosolic fluorescence. An epifluorescence micrograph of (c)
Alexa-Fluor 488-hydrazide dye delivered for 24 h, (d) Alexa-Fluor 568-
hydrazide dye sequentially delivered 12 h after Alexa-Fluor 488-hydrazide
dye, and (e) a composite image demonstrating colocalization of dyes. (f)
A comparison between the fluorescence intensity in GFP expressing cells
on and off the flow channel during delivery of a CoCl2 quenching agent,
and then an EDTA dequencher. Points are fluorescence intensity
averages of eight successful cells normalized to the intensity at t = 0.
Error bars indicate ±1 SD. (g) Nanostraw-mediated GFP transfection of
CHO cells cultured over a microfluidic channel (defined by dashed lines)
72 h after plasmid delivery.
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prescribed time intervals (Figure 3c−e). In this experiment, if
cells that accept the first dye (Alexa-Fluor 488-hydrazide,
green) do not accept the second (Alexa-Fluor 568-hydrazide,
red), then the interface sealed over the time period between
deliveries and is therefore not stable. We tested this hypothesis
by delivering the second dye either 2 or 12 h after the first dye,
again for devices with straw densities of 108 and 107 straws/cm2,
respectively. As shown in Figure 3c−e, the dyes colocalized
in >99% of cells, demonstrating that the fluidic interface
remains open and stable over extended periods. Interest-
ingly, the stained cells displayed several different fluores-
cence intensities, suggesting that the number of penetrat-
ing straws per cell may vary. The cell intensities generally
followed an exponential or Poisson distribution, implying
that cell membrane penetration is a stochastic process that
we estimate to be roughly 1−10% efficient per nanostraw.
However, as there are tens to hundreds of nanostraws
underneath a typical 10 μm × 10 μm adherent cell at straw
densities of 107−108, overall delivery success per cell can be
over 70%.
A high degree of spatial and temporal control over chemical

delivery is made possible by using microfluidic technology to
control the solution composition beneath the nanostraws.37

Time-resolved delivery is valuable as it allows for more flex-
ibility in experimental design, greater control over the cellular
environment, and finer resolution for investigating cellular
response to a signal. Temporal control of nanostraw mediated
delivery was investigated through fluorescence quenching and
recovery observed in situ. Constitutively GFP-expressing CHO
cells were plated in serum onto nanostraws to establish fluidic
access and then exposed to pulses of CoCl2 and ethylene-
diamine-tetra-acetic acid (EDTA) to quench and dequench
GFP fluorescence. Co2+ quenches fluorescence38 but must be
delivered directly to the cytosol due to low trans-membrane
permeability. Subsequent introduction of EDTA into the cells
complexes free Co2+39 and results in partial fluorescence
recovery. Fluorescence imaging before, during, and after
quenching demonstrated that only cells positioned over the
microfluidic channel were affected (Supporting Information
Figure S4). This spatial selectivity confirms that extracellular
CoCl2 in the cell culture solution (present due to diffusion
through nanostraws not penetrating cells) was insufficient for
fluorescence quenching and that direct nanostraw delivery of
Co2+ into cells was responsible. These cells were marked by
significant reductions in fluorescence within one minute of
Co2+ introduction in the microfluidic channel (Figure 3f).
Subsequent delivery of EDTA allowed 75% of quenched cells
to regain fluorescence over roughly four minutes. This fluores-
cent “blinking” demonstrates direct external manipulation of
intracellular content using nanostraws on the time scale of tens
of seconds.
We used the delivery of GFP plasmid as a functional assay

and a demonstration that a relatively large molecular weight
species (∼5000 bp construct) can be delivered with nanostraws
(Figure 3g). GFP plasmid delivery was performed similarly to
small molecule delivery by introducing 0.37 μg/μL plasmid in
PBS into the microfluidic channel and allowing 24 h for cell
uptake and expression. At the end of this period cells were
imaged in a fluorescent microscope without replating. Since
GFP-plasmid is not fluorescent, cells could be imaged directly
on the nanostraw substrates. Figure 3g shows that ∼5−10% of
cells located over the microfluidic channel are successfully
transfected, while 0% of cells off the channel are transfected.

The spatial confinement confirms that nanostraws are necessary
as membrane-penetrating conduits for intracellular delivery.
The efficiency of nanostraw-mediated delivery varies across

different experiments and molecules. Low molecular weight
species, such as ions, are expected to be highly effective as they
are small, have high diffusivity, and do not greatly adsorb to
channel or straw sidewalls. Delivery of Co2+ ions in in situ tests
of GFP quenching was found to be 70.3% efficient (n = 108),
indicating a majority of cells are penetrated by one or more
nanostraws. For long-term molecular deliveries, lower yields of
20−40% were observed for ex situ replated cells. In situ
observation of GFP transfection resulted in yields of 5−10%.
The efficiency of GFP expression relative to Co2+ ion delivery is
attributed to GFP plasmids having high surface affinity, lower
diffusivity, and the additional biochemical translation and expres-
sion steps necessary. Delivery efficiency was also dependent on
nanostraw density with maximum delivery observed at straw
concentrations between 107−108/cm2. The ideal straw density
is a compromise between two competing effects, as lower straw
concentrations result in lower total molecular flux through the
membrane, while very high nanostraw densities result in less
frequent cell penetration, as cells rest on top of the dense
nanostraw forest with a bed-of-nails effect.33

We compared nanostraw-mediated dye delivery to dye uptake
though other possible pathways to verify the role of nanostraws
as membrane-spanning conduits. One concern is that nanostraws
not penetrating into cells deliver molecules into the upper cell
culture solution. Cells are well-known to uptake molecules
from solution through endocytosis,8,40−42 which can be diffi-
cult to distinguish from direct delivery (Figure 4a). However,
endocytotic dye uptake of membrane impermeable dyes is
characterized by spatially confined points of fluorescence within
the cell where dye is enclosed in discrete endocytotic vesicles,
as opposed to uniform cytosolic distribution expected from
direct delivery.43 To confirm that nanostraw-mediated dye
delivery was not endocytotic, cells were imaged using confocal
microscopy to determine the dye distribution (Figure 4b−e).
Alexa-Fluor 488-hydrazide dye (green) was delivered through
the nanostraws, resulting in homogeneous cell-body fluores-
cence in selected cells (Figure 4b). Simultaneous addition of
Alexa-Fluor 568-hydrazide (red) into the upper culture well
resulted in punctate vesicular fluorescence of red dye in all cells
(Figure 4b). These contrasting patterns of continuous and
punctate fluorescence, as well as the difference in cell-to-cell
staining (stochastic for nanostraws, consistent for endocytosis),
highlight that extracellular dye uptake and nanostraw dye
delivery operate on different principles. These delivery patterns
were also preserved when nanostraw-mediated dye delivery
and endocytotic uptake of dye were observed independently
(Figure 4c,d). Confocal image slices showed uniform dye
distribution throughout the entire cell bodies in the z-direction
with nanostraw-mediated delivery, again in contrast to punctate
fluorescence observed in cells cultured with dye-supplemented
media. When dye was delivered to cells through track-etched
membranes without straws, the observed fluorescence pattern in
confocal microscopy was also punctate (Supporting Information
Figure S5), highlighting once more that nanostraws are needed to
form direct conduits to the cellular interior.
The possibility that nanostraws puncture the cell membrane

and allow extracellular molecules to diffuse into the cytosol
must also be considered, as nonspecific leakage could provide
an alternative pathway into the cell.44 Leakage could occur at
the nanostraw−cell interface, where the membrane must form a
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seal around the piercing nanostraw. This pathway is less likely
due to the very significant differences in delivery efficiency
between cells located over the fluidic channel and those over
PDMS, even though they both share the same culture solution.
This effect should have been especially dramatic for molecular
ions due to their small size and high diffusion constants,
however, GFP quenching by Co2+ ions was strictly confined to
cells directly over the channel, casting further doubt on this
mechanism.
Cells cultured on nanostraw platforms remained viable and

proliferated based on optical microscopy and live/dead staining
(Supporting Information Figure S2). More subtle changes in
cellular behavior were probed by mRNA expression analysis.45

Gene chip analyses were compared between cells grown on
nanostraw membranes and nanostraw-free membranes at time
points of 2 h, 3 days, and 5 days. Several cell functions were
considered prime targets for genetic up-regulation among cells
grown on nanostraws, including indicators of cell stress, endo-
cytosis, and ion channel regulation. Cell stress is a common result
of unusual culture conditions, including surface modification;46 up-
regulated endocytosis is a proposed mechanism for impalefection
via high-aspect nanowires;8 and increased ion channel activity may
be necessary to maintain the cell membrane potential if nanowire

penetration results in ionic leakage.47 However, examination of
genes associated with these cell functions48 reveals no expres-
sion changes greater than 1.21-fold (Figure 5a−c), considered

statistically equivalent. This observation corroborates prior ob-
servations that high-aspect ratio nanostructure-cell interactions
result in minimal cell perturbation.20 Additionally, a Pearson
correlation analysis of all 28 869 genes examined showed that in
every instance, the differences between how long the cells were
in culture was the most influential factor in mRNA expression
variation, rather than the presence or absence of nanostraws
(Supporting Information Figure S6). These data suggest that
nanostraws, which are present at relatively low densities in
comparison to nanostructures used in other recent studies,21,45

exert relatively minor pressure on gene expression levels.20

The nanostraw platform leverages nanofabrication for in
vitro biological studies by delivering membrane-impermeable
species directly into the cell cytosol with minimal perturbation.
Unlike traditional delivery methods, nanostraw platforms com-
bine long-term access, temporal control, low cellular disruption,
and ready integration into microfluidic systems into a single
device. These are important steps toward complete regulation
and monitoring of internal cell dynamics. A wide range of cur-
rent cell culture platforms can be powerfully augmented using
nanostraw membranes, allowing biomolecule delivery in a mas-
sively parallel fashion over large areas. By nondestructively
bypassing the cell’s membrane barrier, nanostraw platforms
may be able to alter the intracellular environment with the same
degree of control that we currently exert over the extracellular
solution, unlocking the full potential of engineered inorganic-
cell communication.

Figure 4. Nanostraw-mediated and nonspecific endocytotic dye
delivery result in different localization patterns within cells. Endocytotic
uptake results in localized points of fluorescence as dye is confined in
vesicles, which is in contrast to diffuse nanostraw-mediated delivery (a).
Confocal microscopy shows that all cells exhibit vesicular fluorescence
while a subset of cells exhibit cytosolic fluorescence (b). When uptake
methods are observed independently, cells still exhibit cytosolic
fluorescence (c) after nanostraw-mediated delivery, and vesicular
fluorescence (d) when cultured in dye-supplemented media. Z-slices
of a characteristic cell show that this difference in dye distribution is
observed throughout the entire cell body for nanostraw-mediated
delivery (e, dashed box in c), and endocytosis from dye-supplemented
media (f, dashed box in d).

Figure 5. Cells cultured on membranes with and without nanostraws
shows minimal change in gene expression. Heat maps for genes
associated with (a) cell stress, (b) endocytosis, and (c) ion channels,
demonstrate negligible changes in expression.
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