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ABSTRACT Nanowire (NW) arrays offer opportunities for parallel, non-
destructive intracellular access for biomolecule delivery, intracellular record-
ing, and sensing. Spontaneous cell membrane penetration by vertical
nanowires is essential for these applications, yet the time- and geometry-
dependent penetration process is still poorly understood. In this work, the
dynamic NW—cell interface during cell spreading was examined through
experimental cell penetration measurements combined with two mechanical
models based on substrate adhesion force or cell traction forces. Penetration
was determined by comparing the induced tension at a series of given

membrane configurations to the critical membrane failure tension. The
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adhesion model predicts that penetration occurs within a finite window

shortly after initial cell contact and adhesion, while the traction model predicts increasing penetration over a longer period. NW penetration rates

determined from a cobalt ion delivery assay are compared to the predicted results from the two models. In addition, the effects of NW geometry and cell

properties are systematically evaluated to identify the key factors for penetration.

KEYWORDS: nanowire array - cell membrane penetration - cell adhesion - traction force - nanowire delivery

ecent advances in nanotechnology

have stimulated development of no-

vel nanomaterial platforms for biome-
dical applications by leveraging nanometer
length scale fabrication to interface with
subcellular features."™"" In particular, nano-
scale structures such as nanotubes and nano-
wires (NWs) appear to penetrate cell mem-
branes under certain conditions by creating
localized stresses owing to their sharp fea-
tures, which open up new opportunities to
access the intracellular environment and
manipulate living cells.’”>"'® Compared to
single-probe or single-cell platforms, seeding
cells on top of NW arrays provides high-
throughput delivery,’~2' which has pro-
vided a powerful new modality for massively
parallel biomolecule delivery,?~% intracellu-
lar electrical recording,?® 3 and intracellular
enzymatic activity probing.”

Cell membrane penetration by vertically
aligned NWs is the critical step for these
important applications, yet the dynamic
penetration process is poorly understood,
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and the experimental evidence for sponta-
neous penetration is still controversial. NW
penetration into cells is indirectly supported
by several delivery experiments 22262831
For example, Shalek et al. delivered bio-
molecules into a broad range of cell types,
including primary neurons and immune
cells, which are difficult to deliver with other
traditional techniques.?>~2* Chiappini et al.
developed Si nanoneedle arrays that can
provide access to cell cytosol and co-deliver
DNA and siRNA>' However, other studies
were unable to observe cell membrane pen-
etration using microscopy techniques.3?3*
Although there are resolution limitations with
these microscopy techniques, they are sup-
ported by electrical measurements, such as
those by Xie et al,”® which showed that
~150 nm diameter NW electrodes were con-
sistently extracellular, requiring an electro-
poration pulse to gain access through the
cell membrane. In addition, experimental
evidence that cell morphology and division
were perturbed by NWs over short time
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scales but returned to normal within a couple of
hours?? and that the membrane resealed after electro-
poration?®3® suggests that the cell membranes can
“heal” after the initial penetration events. This greatly
complicates the visualization of penetration and
makes the question of “when penetration occurs”
significant in optimizing delivery strategies. Rational
design of NW arrays for effective penetration thus
requires understanding the dynamic penetration
process and the governing factors of NW geometry
and cell properties that determine membrane pene-
tration.

Previous theoretical results examined the likelihood
of cell penetration through a gravity-driven impaling
mechanism or through adhesion forces.3” However,
these calculations were based on a static model that
assumes the cell membrane adopts the minimum
energy profile at infinite time. In reality, cell morphol-
ogy is changing during dynamic spreading, motility,
and adhesion,*®~** during which the membrane un-
dergoes viscous relaxation,”’**~* and continuously
rearranges itself by active processes.***° The cell
membrane can adopt diverse profiles while interfacing
with NWs during different cell adhesion and motility
activities, in which case the penetration behavior may
vary substantially. Therefore, the static model based on
limited membrane profiles represents only one possi-
ble scenario of when penetration could occur and may
miss dynamic processes.

In order to better understand the dynamic nature of
cell penetration, we performed three studies. First,
examples of typical cell morphologies on nanowire
arrays were observed by focused ion beam milling and
scanning electron microscopy (SEM) of cells cultured
onto a nanowire array for different periods of time.
This provides snapshots, albeit limited, of possible cell
membrane shapes around the nanowires as they land
and deform around the nanowires. Second, the num-
ber of cell penetration events was measured as a func-
tion of cell adhesion time using a Co®>" quenching
assay. This provides direct experimental evidence for
the time scale and number of penetration events per
cell. Finally, two analytical mechanical failure models
were developed based on the observed geometries
and penetration results.

RESULTS AND DISCUSSION

Typical interface structures between cells and
100 nm diameter hollow NWs as a function of time
after deposition were observed with the SEM. Hollow
Al,03 NWs were fabricated via a nanoporous template-
based technique (Figure 1a, Supporting Information
Figure $1.1).""?° Figure 1b—e shows SEM images of the
cell-NW interface for Chinese hamster ovary cell
spreading on an array of NWs. The 100 nm diameter,
1.5 um high NWs with a density of 3 x 107 NW/cm?
were coated with poly-p-lysine or fibronectin to
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promote adhesion. The initially spherical cell settles
onto the NW array (0—5 min, Figure 1b), then gradually
makes contact with the substrate and continues to
adhere (~5—30 min, Figure 1c). After the initial sub-
strate contact, the cell continues to spread and in-
crease its substrate contact area, corresponding to an
intermediate phase of cell spreading (~0.5—3 h,
Figure 1d). During this period multiple cell extensions
attached to the NWs are observed, and NWs are
engulfed by the cell body. After several hours the cell
reaches a late phase of mature adhesion (3—12 h,
Figure 1e). Note that the exact timing of this pro-
cess varied from cell to cell; thus the temporal range
is fairly broad. The NW—cell interface cross sections
were imaged using focus ion beam (FIB) milling
(Figure 1f—j, Supporting Information Figure S1.2a
and b). As shown in Figure 1g, cells with a 5 min culture
time settled onto the NWs, but did not contact the
substrate (indicated with black arrow). After 30 min,
cell membrane developed focal adhesions to the sub-
strate (Figure 1h), and the bottom of the cell mem-
brane developed attachment to the substrate. NWs
are observed to be in contact with the membrane, and
the membrane is often slightly distorted around the
NW, yet full engulfment is less common. After cultur-
ing for 3 h (Figure 1i), cells were in contact with the
substrate and closely wrapped around the NWs.
With 24 h culturing (Figure 1j), the cell interfaces were
found to be similar to those observed at 3 h, but with
cell spreading over a larger area. On fully spread cells
(Figure 1k), the cell membrane often forms a “tent”-like
structure above the NWs (red arrows), while the cell
membrane near the cell periphery grasps onto the
NWs (blue arrows). The general shape and temporal
progression of the cell-NW interfaces was consistent
over multiple experiments, yet it is important to note
that some cell damage does occur during the fixation,
drying, and ion milling; thus detailed analysis of the
nanoscale membrane structure should not be made
based on these experiments alone (Supporting Infor-
mation Figure S1.2). These results are also consistent
with several other microscopy observations that the
cell membrane often completely deforms around the
NWs after an extended culture period.3%3337:5

The number of NWs that actually penetrate the cell
membrane (rather than cell engulfment) was deter-
mined by a recently developed cobalt ion (Co*™)
delivery assay.>’ In this technique, the hollow NWs
are used to deliver Co>" to CHO cells expressing green
fluorescent protein (GFP). If the NWs penetrate the cell
membrane, cobalt ions diffuse into the cytosol and
quench the intracellular GFP fluorescence, forming
distinct quenching spots (Figure 2a). Each spot corre-
sponds to a penetration event, which can be readily
quantified using fluorescence microscopy. The num-
ber of penetrating events can be converted to the
percentage of NWs based on the known number of
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Figure 1. (a) SEM image of hollow alumina NWs. Scale bar: 400 nm. (b—e) SEM images showing CHO cell spreading on NWs
(b) 5 min, (c) 30 min, (d) 3 h, and (e) 24 h after cell plating. Scale bar: 5 um. (f) lllustration and (g—j) SEM images of NW—cell
interfaces further revealed with FIB milling. Scale bar: 2 um. (k) The cell membrane appears to form a tent structure above the
NWs (indicated with red arrows) or grasping onto NWs near the cell periphery (indicated with blue arrows). Scale bar: 2 um.
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Figure 2. (a) lllustration of hollow NW-mediated Co>" delivery assay. If the hollow NWs penetrate the cell membrane,
Co?" would diffuse into the cytosol and quench the intracellular GFP fluorescence, forming distinct quenching spots.
(b) Fluorescence image showing quenching spots observed distinctly in a spread cell when Co?* pulses were added at 30 min
after cell plating. Each cell was identified with an index number. (c) Analysis of the penetration state and adhesion state of
each cell shown in (b). Distinct step function in penetration occurs after 5 min. (d) Quenching spot density and NW penetration
yield at different cell culture time points (30 min, 12 h, and 24 h, 50 cells were counted for each group) were analyzed based on
aCo?" delivery assay. * indicates statistical significance at the level of p < 0.005 using Student's test. Noted that the quenching

spots appear on both the cell's central area (red arrows) and the cell peripheral area (blue arrows).

NWs per unit area. Cell penetration at the various cell
culture time points was assessed using this technique.
Cells in suspension were deposited onto the NW array,
and the time at which each cell landed upon the NW
array was recorded (Figure 2b and c). A Co®" pulse
(500 mM) was applied underneath the NW substrate at
30 min, and successful penetration was determined by
observation of at least one quenching spot within a cell
(Supporting Information Figure S1.3). As an example,
Figure 2b shows 11 such cells (more analysis on 70 cells
can be found in Supporting Information S1.4), each
identified by a unique index number. The time that
each cell landed on the substrate and the total cell
culture time on the NW array before the Co®" injection
were recorded for each cell (Figure 2c). Cells that had
been in contact with the substrate for the longest (cells
#9, #10, and #11) spread over the largest area, while
cells that only recently landed on the substrate were
less well spread (cells #1, #2, #3, and #4). Quenching
spots were observed most commonly in those cells
that had adhered the longest (adhesion time >18 min,
cells #8, #9, #10, and #11), while cells that most recently
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landed on the substrate (adhesion time <5 min, cells
#1, #2, and #3) show no quenching spots. A step
function in penetration occurs at roughly 5 min, coin-
ciding with cell contact to substrate and spreading
from the SEM study (Figure 2c). The percentage of NWs
penetrating cells was estimated based on the mea-
sured number of spots per area and the known number
of NWs per area. When the data are compiled from all
the cells in the sample, the total number of penetration
events per cell over time is roughly sigmoidal, with the
percentage increasing rapidly from 5 to 30 min, then
slightly increasing from 30 min [0.012 % 0.009 spots/um?
or ~(4.2 £ 2.9)% NWs] to 12 h [0.017 & 0.005 spots/um?
or ~(58 + 1.8)% NWs], finally reaching a plateau
between 12 and 24 h [0.019 £ 0.005 spots/um? or
~(6.2 £ 1.8)% NWs] (n = 50 for each sample). Penetra-
tion was observed on both the cell's central region (red
arrows) and cell periphery (blue arrows). While repre-
sentative areas of cells were chosen for these figures,
the statistical information was derived from a much
larger population of cells and is consistent with the
results shown (Supporting Information S1.5).
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Inspired by these experimental observations, we
constructed two mechanical models to understand
the NW cell penetration process during cell spreading.
In the first model, the cell membrane is assumed to
form a symmetric tent configuration around the NWs,
where penetration occurs due to cell—substrate adhe-
sion forces, noted as the “adhesion model”, represen-
tative of NWs located under the cell body. The second
model assumes the cell membrane asymmetrically
grasps onto NWs, where penetration occurs under
cellular traction force, noted as the “traction model”.
These two cases were the most common features
observed when the initial penetration events occurred,
thus are considered likely candidates for penetration
geometries. The mechanical difference between the
two is the degree to which the nanowire is engulfed
and the directionality of the force. The cell membrane
is treated as an isotropic elastic sheet, which encom-
passes mechanical properties of both the lipid bilayer
and the basal cytoskeleton3’°>7>> An intermediate
value for the membrane Young's modulus (E) of 48 MPa
is chosen,?” although values ranging from 10 to 200 MPa
have been reported for different cell types.>>**~>8 Cell
membrane rupture is determined based on activation
energy theory, where penetration is defined to occur
once the membrane tension reaches critical tension
T* = 56 mN/m (Supporting Information 52).3” Experi-
mentally this value is in the range 1—10 mN/m, depen-
dent on the membrane strength. The effect of this choice
is evaluated later in our analysis.>®%°

In the adhesion model, the cell lands on a single NW
under gravity, and the cell membrane periphery makes
contact with the substrate at an assumed position L, at
the initial time point t, to establish the initial adhesion.
After this adhesive contact, the cell—substrate adhesion
force encourages additional membrane—substrate con-
tact, which leads to evolution of cell membrane deforma-
tion until it eventually reaches the NW surface (Figure 3a).
To model this scenario, penetration was determined at a
series of snapshots of a given membrane configuration,
in order to evaluate membrane penetration at each
membrane contact position. At each moment the mem-
brane profile and force distribution are evaluated inde-
pendently from the previous moment.

The shape of the membrane around the NW is
calculated for a sequential series of deformations after
initial contact using the mathematical formalism of
clamped membrane indentation under the loading of
a net vertical force (Supporting Information 53).3”6" On
the basis of an axisymmetric solution of the meridian
and circumferential displacements, the membrane
profiles are numerically computed by minimizing
strain energy under the boundary condition of zero
displacement at substrate contact points, in which the
membrane's strain energy is described by a Mooney
strain-energy function assuming the cell membrane is
isotropic and incompressible.>*** The initial contact
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profiles are determined by calculating the shape of the
membrane when it settles on the substrate assuming a
typical 10 pN buoyancy force on the cell (Supporting
Information S4).3

At each time t(i) (or equivalently the cell periphery's
position L()), the membrane—substrate interaction
creates a vertical adhesion force that leads to tension
on the membrane, which can cause penetration when
the tension at a given point in the membrane exceeds
the threshold failure value of 5.6 mN/m. The compo-
nent of the adhesion force in the normal direction (F,,)
is calculated by integrating the adhesion tension along
the contact circumference (Figure 3b):’

Fn(i) = 27L(i) x y X sin[O(/)] (M

where y is the membrane—substrate adhesion surface
tension in proportion to the adhesion energy density
(W), which is assumed to be a constant and distributed
uniformly around the contact circumference.t%3
Cell adhesion energy density (W,) is normally on the
order of (1—-10) x 107> J/m?3#%3 and is assumed to be
3 x 107° J/m? here, corresponding to an adhesion
tension of 0.5 mN/m (Supporting Information 52).4'¢*
The contact angle 0 is formed between the membrane
and substrate, the contact length L is the distance
between the membrane—substrate contact points
and the NW, and the NW spacing D is defined to be
the shortest distance between two neighbor NWs. The
maximum value of L is assumed to be one-half of the
NW spacing (Supporting Information S5).

To illustrate the penetration process as a cell adheres
to an NW array, we considered a cell deforming around
asingle NW (R=50nm, H=1.5um, and Dis infinite fora
single NW). As shown in Figure 3¢, upon landing on the
NW, the cell deforms around the NW with a contact
length Lo = 2.9 um (blue) at t = t,. Following this initial
contact phase, the cell generates adhesive contacts to
the surface, creating an adhesion tension of y, causing
the cell membrane to spread on the substrate and
deform toward the NW. After the initial contact at
position Lo, the vertical adhesion force (F,) decreases
with time (0—2.5 nN, as shown with a red curve in
Figure 3d). This is because the decreasing contact
length (L) gives a smaller circumference of membrane—
substrate contact to generate vertical adhesion force,
although this is slightly offset by the increasing contact
angle.Once Lis less than L* = 0.9 um (corresponding to
a critical time point t = ty + t¥), the adhesion force
becomes insufficient to induce penetration. Therefore,
the range between L, and L* (or ty and to + t*) defines
the penetration regime (yellow, Figure 3c and d). This
result suggests why the observed penetration events
plateau after an extended period of time; once the cell
closely engulfs the NW, it no longer creates the stress
necessary to cause membrane failure.

The width of the penetration regime Ly, — L* (or t¥) is
thus a strong indicator of the penetration likelihood.
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Figure 3. (a—d) Adhesion model. (a) The scenario of the adhesion model. The cell membrane subsequently deforms around
NWs under cell—substrate adhesive interactions. The membrane periphery initially contacts the substrate at a position L, and
starting time point t,. The cell membrane then gradually deforms until completely engulfing the NW. (b) Schematic of the
calculation of vertical adhesion force, which is dependent on membrane—substrate contact and cell adhesion. (c) Results
of the penetration regime (yellow regime) and (d) corresponding force analysis when the cell deforms around a single NW
(R =50 nm, H= 1.5 um) based on the adhesion model. (e—h) Traction model. (e) Schematic of the traction model and force
analysis. (f) The range of traction forces were analyzed based on previously reported nanopillar-deflection experiments.
The analysis is discussed in Supporting Information Figure S6.1. (g) Schematics of the evaluation of the optimal and average
solutions for membrane penetration as a function of applied force. (h) Result showing the penetration regimes based on the
traction model, calculated with both optimal (red) and average (blue) solutions.

For a narrow regime, cell penetration is likely to occur
only within a short period after contact, and further
penetration becomes difficult once the cell membrane
begins to deform closer to the NW. In addition, if the
penetrated membrane is able to reseal, as observed
in electroporation experiments,®® penetration would
rarely occur a second time because the plasma mem-
brane may have already wrapped around the NW and
reduced the membrane tension such that it cannot
induce a new penetration.

While the adhesion model treated the case of the
cell isotropically “tenting” around the nanowire, an-
other likely penetration scenario is during cell traction
and moatility. In the traction model a cell section such as
a lamellipodia grasps the NWs and exerts an anisotro-
pic traction force that induces tension on the cell
membrane. This could also occur if the stress is aniso-
tropically distributed under the cell body. The leading
edge of cell extension is assumed to wrap around the
NW, as observed from the electron microscopy images,
and produces a unidirectional force (Figure 3e). This
directional force causes the cell to deform into an
asymmetric cap geometry (highlighted with darker
blue), where the contact boundary is assumed to be
in a plane perpendicular to the force along the cell
section surface. The cell section pulls against the NW,
making an angle /3 between the substrate and the NW
contacts, where /3 can vary from 90° for a purely vertical
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force to 0° for a completely lateral force. Traction force
(Fy) in the cell section is directed along the cell mem-
brane between the substrate and NW tip.

An important parameter for the likelihood of pene-
tration is the magnitude of the cell traction forces
along these extensions. Cell pulling forces have been
reported in the range 0.1—10 nN,%°~%8 yet the force
distribution can vary between different measurement
techniques and experimental conditions. The exact
force magnitudes when cells pulled against the NWs
in our system are still lacking. Here we choose repre-
sentative cell traction forces measured from cell trac-
tion force studies based on micropillar or nanowire
displacement.5”%® The distribution of the traction
forces observed from these experiments is plotted in
Figure 3f (Supporting Information Figure S6.1). The
majority of the traction forces are less than 1 nN; however
forces as large as 5 nN were also observed, although not
in great number (<10%). Given that only ~6% of the NWs
in our experiments are observed to penetrate the cell
membrane, we conservatively take the upper ~10% tail
of forces (between 1 and 5 nN) as the cell's pulling force
acting on the NWs that induce penetration.

It is important to note that any model of a system as
diverse and complicated as a cell extension wrapping
around a post is going to be an oversimplification of
the actual geometry. In order to combat against bias
due to selection of a particular geometry, we analyze
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two extreme cases for the force loading conditions.
In one case (the “optimal” case) that force is loaded
uniformly around the NW, allowing maximum stress
concentration at the tip. This results in the lowest
stresses required to rupture the membrane (Figure 39g).

In this scenario, all the applied force contributes to
the tension at the tip apex, which has a very small
surface area and thus maximal stress concentration.
This was calculated by the hemispherical tip-indenta-
tion model, which reduces to the same “tent” scenario
used for the adhesion model. As opposed to the tip-
concentration model, we assume there is no stress
concentration at all in the “force-averaged” solution,
and instead the stress is averaged over the entire
membrane—NW contact area, with the sum of the
forces equal to total applied force (Supporting Informa-
tion Figure S6.3). In this case the stress is inherently less
than any models with stress concentration, thus least
likely to induce penetration. While it is possible to find
systems with even lower stress on the NW (e.g., a stress
fiber running parallel to the NW), these are not treated,
as the required forces rapidly become quite large and
do not agree with experimental observations.

Here we compare our calculation results with repre-
sentative cell traction forces measured from several
works that studied a cell's pulling force on nanowires or
micropillars. Figure 3h shows the estimated penetra-
tion regime (colored) for cell geometries with different
contact distances (or angle 3) from the NW (R =50 nm,
H = 1.5 um), calculated with both the optimal and
average solutions. In the optimal solution (red regime),
penetration is estimated to occur around 1.5 nN and
largely independent of contact distance in the range
0—5 um. For the average solution (blue regime), the
necessary penetration forces are higher (1.7 nN at 90°
contact angle) and highly dependent on traction angle.
For cell sections with very high attachment angles
(~90°), the two solutions are similar. However, for
lower contact angles the required force rapidly in-
creases. The required traction force for penetration is
estimated in the range of 1.5—6 nN over the angle
range of 17°—90°. Comparing this to the observed
traction forces in Figure 3f, roughly 6, 8, 21, or 38% (in
varying measurements) of the cell's traction force would
fall within this range. These results suggest that cell
penetration under traction force is likely for the ob-
served upper range of traction forces, but is quite rare
for lower forces. Note that these results predict penetra-
tion due to cell traction is favorable for longer cell
adhesion times and thus more vertical N\W—membrane
contact angles, opposite from the tent-adhesion model.

Based on the above results, a schematic of a hy-
pothetical penetration process combining adhesion
model and traction model is described in Figure 4.
From t = 0 to ty, the cell lands on the NW array under
gravity, making initial contact with the substrate. This
period is the early phase of spreading, which generally
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takes ~0—10 min based on experimental observations.
Little penetration would occur during this period since
the cellular gravity and nonspecific cellular forces are
generally too weak to induce cell membrane rupture.®”
After the establishment of initial adhesion, the cell
membrane continues to deform around the NW, in-
creasing its substrate contact area. From ¢, to to + t*,
corresponding to the intermediate spreading phase
shortly after initial adhesion formation, penetration is
most likely to occur based on the adhesion model (dark
yellow color). This prediction is consistent with experi-
mental evidence that cell penetration is normally ob-
served to occur in the early cell culture period (~0.5 h)
after plating.?*** At the same time the cell membrane
keeps deforming and wrapping around the NW, weak-
ening the potential of NW penetration under adhesion
force. After ty + t*, the NWs are closely engulfed by the
cell membrane, and new penetration is unlikely to
occur by cell adhesion. In the meantime, cell traction
forces during cell spreading may also introduce some
penetration over a longer culture period, increasing
the total penetration yield. The adhesion model pre-
dicts a limited time window for penetration during
initial cell spreading, while the traction model suggests
penetration is more likely to occur after longer contact
time when the cell membrane subsequently advances
near the NWs, making a higher angle j3. Since very little
new penetration is observed after the first several hours,
while cell extension and protrusions are still observed
over the entire period, it appears that the tent-adhesion
mechanism may be the most likely candidate.

After establishing the penetration process, the mod-
el is applied to predict design rules for penetration by
considering varied NW geometry or cell properties
(Figure 5a): NW radius (R), NW height (H), NW array
spacing (D), cell adhesion (W), cell stiffness (E), and the
criteria for membrane rupture (T*, inversely related to
membrane strength). Since the adhesion model and
the optimal solution of the traction model both reduce
to the hemispherical membrane cap model, here we
evaluate the design rules based on the adhesion
model. To elucidate the design rules, the maximum
NW radius for penetration (defined as the critical
radius) was plotted as a function of the other NW
properties or cell properties, where a larger NW radius
indicates lower penetration capability. The colored
regimes in Figure 5b—g indicate the feasible condi-
tions to achieve penetration, with the NW radius ran-
ging from 10 to 200 nm (Supporting Information S8).

First the effects of NW spacing in an array are
evaluated. As shown in Figure 5b, for three typical
NW heights (0.5, 1.5, and 2.5 um), the critical radius to
induce penetration initially increases with increasing
NW spacing. This is expected since reduced spacing
limits the cell—substrate contact, thus providing less
vertical adhesion force for penetration, while increased
spacing releases this contact limitation. As NW spacing
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Figure 4. lllustration of the penetration process. The NW radius is 50 nm and the heightis 1.5 um. From t = 0 to t,, the cell lands
on the NW under gravity, making initial contact with the substrate, followed by initial adhesion formation at t,. From t, to
to + t* (dark yellow), penetration is mostly likely to occur based on the adhesion model. In the mean time, cell traction force
may still introduce some penetration over a longer culture period.
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Figure 5. (a) lllustration of the six factors considered in the design rule on NW penetration. (b—g) Effects of (b) NW spacing (D),
(c) NW height (H), (d) cell stiffness (E), (e) cell adhesion (W), (f) cell types, and (g) membrane failure tension (T*) on penetration.
The colored regimes indicate the feasible NW radius (in the range 10—200 nm) to induce penetration.

increases further, the effect of NW spacing reaches a
maximum plateau. This transition occurs because the
cell—substrate contact is also limited by the initial
contact distance (Lo) when the cell membrane initially
makes contact with the substrate at t = t, (Supporting
Information S5). The cell—substrate contact saturates
to this limit as NW spacing increases beyond the critical
distance. The position of the plateau depends on the NW
height, with the plateau appearing earlier with shorter
NWs than longer NWs. These results suggest that larger
NW spacing is favorable for the penetration of individual
NWs into cells. However, for certain applications, the
total number of NWs that penetrate into a cell is the
important criterion, which implies that increasing the NW
density is desirable. From this perspective, the selection
of NW spacing should be ideally near the inflection points
of the plateaus shown in Figure 5b.

Conversely, the effects of NW height at different NW
spacing (D =1, 3, and 5 um, Figure 5c) are evaluated.
The critical NW radius to induce penetration at
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different NW spacing (D = 1, 3, and 5 um, Figure 5c)
increases quickly with increasing NW height initially in
the short NW range (<1 um), followed by a slower rate
of increase in the intermediate to long NW range (>1 um).
For example, in a 3 um spacing NW array, short NWs
with H < 0.5 um limit penetration greatly, as only NWs
with a radius of less than 27 nm can achieve effective
penetration for this range of heights. As the height
increases to 1.5 um, the critical NW radius threshold
increases to R = 67 nm, but a further increase of height
to 5 um improves this R threshold only to 107 nm. In
addition, the critical radius to induce penetration
increases with increasing NW spacing from 1 to 5 um.
Overall, the longer NWs are desirable for penetration
purposes. However, it should be noted that in reality
very long NWs may prevent cells from even making
contact with the substrate especially for stiff cells. In
this case the penetration mechanism may occur
through a gravity-driven impaling mechanism,>” which
is discussed by the previous theoretical model.
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After evaluating the effects of NW geometry on
penetration, the influence of cell stiffness on penetra-
tion is investigated in Figure 5d. As a trend, the critical
radius increases as cell stiffness increases and then
reaches a maximum plateau. For example, in an array
with H=1.5 um and D = 3 um, the critical Rrises from 11
to 77 nm with stiffness increasing from 10 to 35 MPa
and reaches a plateau atR=77 nmas E > 35 MPa. This is
because the softer cells would have already heavily
engulfed NWs even before making initial contact with
the substrate, in which case the penetration potential is
low. As cell stiffness increases, the membrane deforms
with the initial contact points further from the NW,
increasing the contact circumference and generating
stronger adhesion force, which explains the enhanced
penetration on stiffer cells. However, the membrane—
substrate initial contact is also limited by the NW spac-
ing, illustrated by D = 3 um in Figure 5d (Supporting
Information S5). In the case of H = 1.5 um, as stiffness
reaches 35 MPa, the initial contact reaches the limit set
by the spacing D = 3 um; hence the critical NW radius
reaches a plateau. In addition to the discussion in
Figure 5d, there are three points that should be noted
on the effect of cell stiffness. First, here it is assumed
that the cells can actively reorganize and relax their
cytoskeleton and membrane, allowing the membrane
to eventually contact the substrate, regardless of the
NW height or cell stiffness. In reality, this process is
likely to be different for different stiffness cells, with
highly rigid cells taking a much longer period for the
membrane to relax and make substrate contact. Effec-
tively this can be modeled by changing the starting
time point of the intermediate spreading phase tyto a
later time for stiff cells compared to soft cells. On the
other hand, it might be expected that as cell stiffness
reaches a certain level, the stiff cells may only sit on top
of the NWs without contacting the substrate for an
infinite time,?” in which case no adhesion-mediated
penetration would actually occur. Second, many stiff
cells have very weak adhesion properties,®® while here
it is simply assumed that these cells have the same
adhesion properties as the softer ones. Note that here
the cell membrane penetration criterion is derived
from the failure of the lipid bilayer and is assumed to
be the same for different cell types. In reality, additional
effects such as the cytoskeleton of different cell types
may complicate the failure conditions.”®

The effects of the strength of cell adhesion are
evaluated in Figure 5e for a typical NW array with 3 um
spacing. The critical NW radius increases in a near-
linear manner with the enhancement of adhesion
strength from W = 0 to 100 uJ/m? This suggests the
important role of substrate adhesion on penetration,
consistent with recent experimental results that pene-
tration efficiency can be greatly increased by employ-
ing adhesion-promoting molecules to enhance cell
adhesion.” The use of thin NWs or low NW density
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can improve penetration yet presents a trade-off in real
applications because these strategies achieve effective
penetration by sacrificing the size and scale of NWs. On
the other hand, cell adhesion properties can be altered
by modifying the substrate surface coating with poly-
lysine, fibronectin, laminin, and other adhesion-pro-
moting molecules without limiting the geometry of
NWs,>" which provides a promising way to enhance
penetration without significantly altering the NWs.

The penetration behavior of several specific cell types
was evaluated by studying representative cell models
with different cell stiffness and cell adhesion (Figure 5f,
Supporting Information Figure S8): a soft cell (E = E,/3 =
16 MPa and W = W,/2 = 20 uJ/m?), a cell with inter-
mediate stiffness (E, = 48 MPa and W, =30 ﬂJ/mz), and a
stiff cell (E=E, x 3=144MPaand W =2W,/3 =10 uJ/m?).
It was found that the cells that possess intermediate
levels of membrane stiffness and adhesion are readily
penetrated by a typical NW array with 50 nm NW radius
and 3 um NW spacing. On the other hand, softer cells
and stiffer cells with weaker adhesion have less overlap
with the penetration regimes, indicating limited pene-
tration likelihood. These results suggest a large variation
of penetration yield for different cell types.

Finally we evaluate how the choice of critical mem-
brane failure tension (T*) affects the penetration
prediction.”® From Figure 5g, in the regime of higher
membrane strength (T* > 15 mN/m), penetrations
require the use of very thin NWs, e.g., R < 22 nm, for
NW height = 1.5 um and spacing = 3 um. This may
model the condition of a cell type with high lipid
membrane strength or of a cell where the basal cyto-
skeleton complicates the insertion of NW tips through
the plasma membrane.>® On the other hand, in the
regime of lower membrane strength (T* < 2 mN/m),
the NW radius can take a very wide range of values
(R > 150 nm), implying that the NW geometry is less
critical. This may mimic conditions where some exter-
nal poration techniques (e.g., electroporation, chemical
poration, external force, or NW surface functionalization)
are applied to lower the membrane failure threshold.®®
By using these techniques, penetrations can be more
easily achieved, yet there is concern over cell viability
due to the invasive nature of these techniques.'"?’

It is important to note that several other factors may
come into play during the dynamic spreading process
that could alter the results. In these models the dy-
namic penetration process was calculated based on a
series of membrane profile snapshots, and the cell
properties were assumed to be constant during the
active cell adhesion and spreading process. However,
cell adhesion involves a series of active cellular biolo-
gical events; the focal adhesion formation is dynamic
and cell properties may vary significantly during dif-
ferent adhesion states, and the role of the cytoskeleton
is still not understood. These factors may further
complicate the effectiveness of forces acting on the
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cell membrane. In addition, this work is based on a
continuum elastic membrane model that assumes the
load-bearing elements are infinitesimally small. In rea-
lity the cellular forces are transmitted by the discrete
elements of the cytoskeleton, and the continuum me-
chanical model becomes suspect as the nanowire di-
ameter approaches the mesh size of the cytoskeleton.
However, AFM measurements of cell penetration force
by Angle et al.”® comparing very sharp, 10 nm diameter
tips and 200 nm diameter tips found differences between
the two as would be expected based on the effective
contact area, yet there was not a step-function-like
change that would imply a transition to a submesh size
regime. This suggests that the homogeneous treat-
ment of the membrane used here is not unreasonable
for typical NW diameters in the 50—250 nm range.

CONCLUSION

In summary, in this work the dynamic interfaces and
penetration as cells adhere on a vertical NW array were
studied with the electronic microscope, Co®" delivery

METHODS

Nanowire Array Fabrication'?>, As illustrated in Supporting
Information Figure S1.1, track-etched polycarbonate membranes
(Maine Manufacturing, pore density 2 x 107 pores/cmz, pores
size 100 nm) were uniformly coated with 20 nm thick aluminum
oxide by atomic layer deposition (ALD, AlMe; (TMA), H,0, Cam-
bridge Nanotech). A 200 total of pulse cycles (alternating AlMe3
and H,0 pulses) of 0.015 s (precursor exposure time), 60 s
(waiting time), and 60 s (purge time) were used to coat the high
aspect ratio nanopores with conformal alumina coverage. In the
second step, alumina on the top surface of the polycarbonate
membrane was selectively etched by a dry ion etcher (Pquest),
using 30 sccm BCls, 40 sccm Cly, and 5 sccm Ar at ECR 300 W and
RF 60 W. In the third step, the polycarbonate membrane was
selectively etched in a dry ion etcher (Pquest) again to expose
the resultant nanowires, using 30 sccm O, at ECR 200 W and
RF 60 W.

Cell Culture. The NW arrays were cleaned with O, plasma,
then incubated with poly-p-lysine or fibronectin solution for 4 h.
After rinsing with deionized water three times and cell medium
one time, Chinese hamster ovary (CHO-K1) cells were plated
onto the NW array and incubated at 37 °C and 5% CO,. Cell
medium consists of 90% DMEM supplemented with 9% fetal
bovine serum and 1% antibiotics (penicillin—streptomycin).

SEM Imaging. Cells were cultured on NW arrays for 5 min,
30 min, 3 h, and 24 h. Then the cell samples were fixed with 2%
glutaraldehyde solution for 10 min, followed by washing 3x in
cacodylate buffer at pH 7.4. The cell samples were then stained
with osmium tetroxide to improve contrast. The cell samples
were gradually dehydrated with increasing concentrations
of ethanol (0%, 30%, 50%, 70%, 90%, and 100%) and finally
prepared by a critical point drying process. Samples were
sputter-coated with gold—palladium and imaged in a SEM
(Sirion). The cell-NW interface was further revealed with fo-
cused ion milling in a focused ion beam microscope (Helios FIB).

Delivery Assay. The as-fabricated hollow NW array was inte-
grated with a microfluidic device that was prepared by assem-
bling the NW array with a PDMS layer containing a microfluidic
channel. The PDMS layers were prepared with PDMS elasto-
mer and cross-linker (Sylgaard 184, Dow Corning), and the
microfluidic channel was defined using a mold made with
SU-8 photoresist. For delivery experiments, a Co>" solution
(500 mM) was pumped at 0.1 mL/h using a syringe pump.

assay. Inspired by these experimental observations,
two continuum mechanical models were developed
to explore possible cell penetration processes. The
adhesion model implies that spontaneous cell pene-
tration by nanowires is possible, but should be ob-
served only over a limited time window. The traction
model suggests cell penetration occurs more often at
greater NW engulfment, but only a few percentage of
traction forces are sufficiently high to induce penetra-
tion. These results suggest that NW cell penetration is
possible, yet limited in scope, time scale, and cell types.
Aside from cell adhesion and traction forces, additional
external forces or poration techniques may further
enhance penetration for delivery applications. We
believe this increased understanding of the dynamic
cell penetration process, as well as the nanomaterial
characteristics and cell properties that influence cell
penetration, will be of significant importance toward
the success of designing a new class of cell-interfacing
tools to manipulate and measure intracellular acti-
vities.

Calculations Methods of Adhesion Model and Traction Model. The
calculation methods are described in Supporting Information
S3-57.
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