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The use of vertical nanowires in biosensing application is limited by the extend of how efficient nanowires can reach
the intracellular domains. Studies have found nanowire insertion to be successful through single nanowire experiments
with high force pr. nanowire, using AFM. This is inadequate for producing high throughput analysis of several cells
with multiple nanowires inserting in each cell. Here, we present a model for prediction of the nanowire insertion rates,
when centrifugating cell samples down onto arrays of vertical indium arsenide nanowires, with a diameter of 100 nm,
height of 3 µm and spacing of 3-5 µm. The model utilizes sedimentation rate of cells in conjunction with the centrifugal
force field applied to objects subjected to centrifugation. Various conditions tested with the model, including lowering the
temperature of the experiment from room temperature to 4 °C, show that cell viability is not negatively affected by any of
the conditions. The insertion rate has been shown to be largely affected by the density of the nanowire array substrate, with
a lower density resulting in a higher NW insertion rate, as the model predicts. The percentage of cells with at least one
successful nanowire insertion is, however, oppositely affected by density, as a higher density results in larger percentage
of cells with successful insertions.

1 Introduction

Many scientific applications require entry into the inside
of a living cell, with regards to detections of biochemi-
cal composition or delivery of larger molecules1,2. Ver-
tical nanowires (NWs) are emerging as promising can-
didates for this task, with the addition of allowing high
throughput methods by arranging NWs in highly ordered
arrays. NWs have small enough dimensions to penetrate
the plasma membrane without causing significant damage
to the membrane or the cell3,4. Different NWs are cur-
rently being used in the field, in many different ways to
access the intracellular parts, with varying lengths, diam-
eters, geometric patterns, surface coatings etc. to try to
approach the problem in as many ways as possible2,5–7.
Examples utilizing NWs to study live cells include using a
NW on an AFM tip to punch, into the surface of the mem-
brane, gentle seeding of cells on NWs, a NW-based cell
endoscope, and electroporation1,8–14. In addition to sin-
gle NW experiments, highly ordered arrays of NWs have
been developed, which allows for deeper understanding of
cell/NW interaction. Calculations on cell/NW array inter-
action have shown that indentation can be predicted, since
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the difference between cell suspension and NWs inden-
tation depends on whether the energetically gain of cell-
surface contact with NWs and substrate can outweigh the
cost of a NW invagination15. Arrays of NWs have also
been used to co-deliver multiple different molecules and
proteins into cells simultaneously by co-positioning them
on the same NW array2. When arrays of NWs are utilized
for insertion, as opposed to a single NW, the cell some-
times experience suspension on the NW arrays like tiny
fakirs, while the viability of the cells remain unchanged in
either condition15. Cells cultured on NW arrays of various
diameter have shown to survive and proliferate for sev-
eral days after seeding, though the highest viability rates
result from the smallest NW diameter12. Furthermore,
studies observing cellular health as affected by interac-
tion of different types of NW arrays, show that membrane
integrity, enzymatic activity, and other cellular functions
have been maintained during NW array exposure, includ-
ing on Indium Arsenide (InAs) NW arrays, that are used
in these experiments5. Some publications on experiments
of NW arrays as intracellular delivery methods have sug-
gested that there are other factors, than the lipid bilayer,
that plays a role in NW insertion, which has lead to the
exploration of the cytoskeleton as a factor for penetra-
tion6,12,14,16. Studies have shown that the elasticity of the
membrane, more specifically the actin filaments and mi-
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crotubules, has a great influence on how successful inser-
tion of a NW is8. The cytoskeleton protein mesh creates a
structure which hardens the membrane and, depending on
the cell type, requires a stronger force to indent it; prevent-
ing insertion from easily happening11. The presence of the
cytoskeleton is, however, crucial for successful penetration
of the plasma membrane, as studies on liposomes as well
as many different cell types with cytoskeletons show that
membranes consisting of pure lipid bilayer can not be rup-
tured by a nanoneedle(NW with a larger diameter)8.

The fraction of cells having at least one NW inserted
have shown to reach almost 100%, when using a high
enough density of NWs, but the fraction of NWs that are
inserted remain very low in publications where gravita-
tional force alone acts to insert the NWs13. A mechani-
cal model has established that insertion exclusively from
gravitational pull only happens in very rare cases, and pri-
marily in setups where the NW diameter is less than 10
nm17. Rare cases like this is not adequate for the develop-
ment of a model for insertion rates, and thus the centrifuge
is utilized to increase the force application during interfac-
ing on NW arrays, with the hope that the additional force
can lead to better insertion rates.

The theoretical force calculations are based on a model
from a previously developed interfacing setup, in the re-
search group, where cells were centrifuged directly down
onto a NW array through a swing bucket centrifuge. This
allow readily calculating force application on the cells, and
adjusting the model in accord with the discoveries. The
purpose of this study is to theoretically simulate the cen-
trifugation of cells onto a substrate, and improve the ex-
perimental centrifugation based interfacing method. The
method uses the consistent force of a centrifuge to force
the array of InAs NWs through the cell membrane, as they
sediment, and then allow determining viability and inser-
tion in the cells afterwards through fluorescent confocal
microscopy and widefield microscopy.

2 Materials and methods

Force calculations. Cell sedimentation speed (Vs) was
calculated based on distance from cell to centrifuge (r),
density of the cell (D), viscosity of the medium(η), cen-
trifugal acceleration (ω)(Eppendorf 5810R), medium den-
sity (ρ), cell radius (R), and build up speed of rotor (Ep-
pendorf A-4-81). The velocity was evaluated for each 0.01
second to be recalculated based on the new distance to the
centrifuge center and new rotor speed. The calculations
were made through scripting in Python 2.7, as were the
graphics depicting the results.
Cell culture and preparation. Mammalian Flp-in™ T-
REx™ Human embryonic kidney 293 (HEK293) cells
were used as the staple cell line for the experiments, with

a SNAP-TAC domain inserted at the Flp-in site in the
plasmid. The SNAP-TAC was expressed upon addition
of tetracycline to the media, as the tetracycline acted as
a regulator of the active tet repressor homo-dimer, by
unblocking the transcription of the Flp-in site. For all
centrifugation experiments, a special Hyper-DMEM (420
mOsm/L) buffer was used (500 mL Dulbecco’s Modified
Eagle Medium (DMEM, Gibco), 7.2 g glucose (Sigma)
and 10 mM MgCl2 (Fluka), pH 7.4) to increase the osmo-
larity of the surrounding medium, in order to reduce the
cytoplasmic volume of the cells, leaving the cells with sur-
plus membrane. Prior experiments in the research group
(unpublished data) have shown that using Hyper-DMEM
promotes NW insertion further, compared to using regu-
lar buffer. Hyper-DMEM was only used during the ex-
periments and not as growth medium. The mammalian
cells were grown in a T25 culture flasks (Cellstar) in 4 mL
10% Fetal Bovine Serum (FBS, Gibco) in DMEM (growth
medium) and split in order to monitor the confluency level.
Prior to each centrifugation experiment, and always every
3-4th day, 4 mL of mammalian cell culture was split, by
addition of first 2 mL 5 mM EGTA (Invitrogen)(for ex-
periment) or Trypsin-EDTA (Gibco)(for normal splitting)
in Phosphate-Buffered Saline (PBS, Gibco) at 37°C for 2
minutes, followed by addition of 2 mL growth medium
and subsequent harvesting at 1200 rpm (Eppendorf 5702,
Eppendorf A-4-38) for 2 minutes. The cell pellet was re-
suspended in either 1 mL (for experiments) or 2 mL (for
normal splitting) DMEM. For experiments, the cells were
counted to ensure a concentration of approx. 350,000
cells pr 50-100 µL. For normal cell splitting, 500 µL of
resuspended cell pellet was transferred to a new culture
flask with 3.5 mL 10% FBS in DMEM, 1.5 µM Blasti-
cidin(Gibco), 2 µM Hygromycin B(Gibco), and left in in-
cubator at 37°C, 5% CO2 and >95% humidity. The mam-
malian cells were split in order to prevent too high con-
fluency. Cells were split no later than two days before an
experiment, in order to ensure a better separation of living
and dead cells, by allowing the live cells time to adhere to
the surface of the culture flask.
Interfacing by centrifugation. Initial experiments were
carried out on glass slides to find suitable conditions for
later testing on NWs. A 15 mL falcon tube was filled
with 13 mL Hyper-DMEM buffer and adjusted to the cor-
rect temperature for the experiment. A glass slide and a
fitting polystyrene adapter(custom made at on-site work-
shop) were washed in 70% EtOH and MQ H2O. The glass
slide was then inserted into the adapter, to create a flat sur-
face for the cell to hit during experiments, and slowly low-
ered into the test tube, while keeping the slide in place. The
addition of the adapter to the tube brought the combined
volum of the contents to the 15 mL mark, and ensured that
the cells would travel exactly 8 cm in the test tube, before
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reaching the bottom. Approximately 350,000 cells were
extracted from the cell culture, equivalent to 50-100 µL
depending on the cell growth, and gently pipetted onto the
meniscus, followed by immediate centrifugation of the test
tube, in order to limit possible premature sedimentation.
After centrifugation the adapter, including the glass slide,
was gently lifted out of the tube, and the glass slide was
placed in a 25 mm petri dish (VWR) with 2 mL Hyper-
DMEM and left to rest in at 37 °C for 4 hours. The part
of the experiments regarding interfacing was exactly iden-
tical for glass slides and NW arrays, with the exception of
which substrate was placed in the polystyrene adapter.
Viability assay. After 4 hours, three fluorophores were
added to the petri dish to allow differentiation between
living, dead and total cell count. For mammalian cells
centrifuged onto glass slides, the SNAP-TAC was not ex-
pressed, instead the cells were dyed with 3 µM Calcein
AM (Invitrogen, peak excitation: 495 nm and emission:
515 nm18), 6 µM Ethidium homodimer-1 (EthD-1, In-
votrogen, peak excitation: 528 nm and emission: 617
nm19), and 5 µM DRAQ5 (Biostatus, peak excitation: 600
nm and emission: 697 nm20). After staining, the cells
were visualized using a wide field microscope (Leica DM
5500, upright fluorescent wide field) with the following
filter cubes: GFP (excitation: 470 nm ±40, nm emission:
525 nm ±25 nm) to identify signals from Calcein, Cy3
(excitation: 531 nm ±40 nm, emission: 593 nm ±40 nm)
for signals from EthD-1, and Cy5 (excitation: 620 nm ±60
nm, emission: 700 nm ±75 nm) for signals from DRAQ5.
Image analysis was conducted using ImageJ freeware.
Nanowire penetration assay. For experiments with NW
arrays, 20 µL tetracycline (0.5% volume)(Sigma) was
added to the 4 mL cell culture, to initiate the expression of
the SNAP-TAC, approximately 24 hours before use. Dur-
ing the resting period after centrifugation, an additional 10
µL tetracycline was added to the 2 mL Hyper-DMEM to
keep the expression of the SNAP-TAC at a high level. Af-
ter 5 hours of resting time, the NW chip was moved from
the petri dish to an 8-well µ-slide chamber (Ibidi) contain-
ing 300 µL Hyper-DMEM and 5 µM SNAP-Surface 649
dye (New England Biolabs, excitation: 655 nm, emission:
676 nm21), in order to attach the dye to the SNAP-tag,
and left at 37 °C. After 30 minutes, the NW array chip
was washed twice with Hyper-DMEM, and transferred to
a microscope chamber pre washed with 70% EtOH and
MQ H2O, containing 300 µL Hyper-DMEM, 3 µM cal-
cein AM and 6 µM EthD-1. The microscope chamber was
rested for 5 minutes in darkness, to shield the fluorophores
and to let the dyes bind, before visualization on the wide
field microscope, for viability images, and inverted con-
focal microscope (Leica TCS SP5), for NW insertion de-
tection. The settings for the confocal microscope were: 8
bit, 400 Hz, bidirectional scan, zoom 5, z-step 0.17 µm,

between stacks. The specific laser settings for the different
inspections were as follows: For surface and NW: HeNe
633 nm at 3%, reflection 623-643 nm, variable gain. For
Calcein: Argon (0%) 488 nm at 3%, emission 508-540
nm, variable gain. For SNAP-Surface 649: HeNe 633 nm
at 20%, emission 653-750 nm, gain 1000 V, line average
4. Image analysis was conducted using ImageJ freeware.

3 Results

The experimental results were obtained by centrifugation
cells onto a flat glass slide through 8 cm of buffer in a
test tube (Figure 1). After centrifugation the glass slide
was incubated at 37 °C for 4-5 hours followed by staining
and counted to test viability. Following the data analysis
the experiment conditions were optimized and conducted
using nanowire (NW) arrays, instead of glass slides, to test
for insertion efficiency.

Fig. 1 The physical setup of the test tube with a chip of
NW arrays resting in a narrow slit in a polystyrene adapter.
The tube was filled with ~13 ml Hyper-DMEM buffer and
upon addition of the adapter, the meniscus reached 15 ml -
equivalent to 8 cm from chip to top. The adapter could be
inserted/removed from the test tube by holding the long
metal hoop extending beyond the buffer solution.
Immediately before centrifugation the cells were added to
the top of the buffer.)

Calculations of force application

In order to achieve the best possible insertion rate of NWs
into the cells, the force applied onto the cells have to be
maximized as (Berthing et al, 2012)22 showed that gravita-
tional force application alone is insufficient when it comes
to penetration of the cell surface. As such, increasing the
force between NW and cell surface was suspected to re-
duce the majority of failed membrane and cytoskeleton
penetrations. The insertion rate was tested theoretically in
two phases: first by calculating the velocity of cells during
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centrifugation in the setup available and second by calcu-
lating how the parameters of the centrifuge available af-
fects the total centrifugation time.

Velocity of cells during centrifugation

In order to produce a sensible model for NW insertion into
cells, calculations on the cell sedimentation rate, and its
dependencies, was performed by following (Katkov et al,
1999)23, using the function for calculating sedimentation
velocity of a cell:

vs =
2R2 · (D−ρ) ·ω2 · r

9η
(1)

where vs is the velocity of the cell, R is the radius of the
cell, D is the density of the cell, ρ is the density of the
medium, ω is the angular velocity of the rotor, r is the dis-
tance from the cell to the center of the rotor, and η is the
viscosity of the medium (DMEM)(Bacabac et al, 2005)24.
The angular velocity is a function of time and can be cal-
culated as ω(t) = t

34 ·ωmax, as the centrifuge takes 34 sec-
onds to reach max speed of ~440 radians/second(3000 G).
The distance travelled by the cells is calculated after each
0.01 second, based on the velocity of the cells and the ve-
locity of the rotor as it builds up its speed. A graph depict-
ing the velocity of the cell sample during centrifugation
as a function of time was made by simulations in Python
shown in Figure 2. From the data points of the graph, the
time of impact at tR=0.15m, can be calculated as the sum
of the velocity vs times 0.01 second per iteration n until
the sum = 0.08 m. This will show at which iteration the
cells have travelled the 8 cm in the test tube, and be at the
15 cm mark, as they start 7 cm from the center of the ro-
tor. The procedure is similar to integrating the function of
the curve, but in this case more precise since a regression
function would be needed. The calculations show impact
time to be 23.43 seconds or about 2/3 of the time the cen-
trifuge takes to reach max velocity (ω), meaning that the
cells reach the bottom even before the centrifuge is at full
speed.

The model shown in Figure 2 assumes no sedimentation
prior to centrifugation initiation, a practically impossible
scenario, and the sedimentation time is therefore likely to
be affected and thereby slightly lower.

The centrifuge parameters tested for effects on the final
centrifugation time were the maximum angular velocity of
the centrifuge, the maximum distance from the center of
the rotor that the cells can reach, and the build up speed of
the centrifuge.

Plotting time needed to reach the bottom as a function
of two of the three parameters with the remaining being
at the default setup, shows how each parameter influences
the time in the setup (Figure 3). Faster centrifugation time
results in most cases, in higher velocity and greater force

Fig. 2 The graph depicts the velocity of cells vs time. The
blue line represents the segment of the speed reached by
the cells in the possible setup with the centrifuge, which
means a max final distance of 15 cm. The red line
represents the theoretical propagation assuming an
infinitely deep tube. The graph is made using Python 2.7.
y-axis: velocity (m/s); x-axis: time (s))

exerted on the cells, with the exception of near-zero re-
sults where the short centrifugation time is more likely at-
tributed to the miniscule travel distance. As seen in Figure
3A the change in either final distance travelled or angular
velocity does not appear to significantly affect the time re-
quired in the regime of the default setup. Figure 3B does
however indicate that build up time of the centrifuge low-
ers the time spend from ~20 seconds to <10 seconds at 0
seconds build up. For both Figure 3A+B the time scale is
significantly larger than the time scale for Figure 3C due
to the major impact from the angular velocity of the rotor
in the low regime <150 radians/second. The build up time
parameter is seen as having the greatest impact on cen-
trifugation time and thus cell velocity at impact, as can be
seen in Figure 3C. Going from 34 seconds in the default
setup to optimally 0 seconds decreases the time spend by
more than a factor 5, and with an almost linear effect on
the time, a relative change to the default setup would bring
the greatest impact to time spent.

From the above calculations, it appears that the cells can
reach the bottom of the test tube significantly faster than
previous experiments conducted in the research group as-
sumes(unpublished data), where a 120 second centrifuga-
tion time was employed. To test if centrifugation time has
any influence, and how great it possibly is, a setup with
a glass slide was tested to see the effect on viability. In
case this showed a constant amount of cells, the calcula-
tions on sedimentation time would be confirmed. A set of
values was determined to be used in the following experi-
ments, where one or two were varied at a time. They will
subsequently be referred to as the default parameters (end
distance from rotor = 15 cm, angular velocity of the rotor
= 2*π*70 or approximately 440 radians/second (3000 G),
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Fig. 3 3D plots of the time required to centrifuge a cell to the bottom, by changing two conditions at a time and leaving the third
by default. The teal point marked on each graph indicate the default settings. A: Changes of the travel distance inside the tube (r)
and the angular velocity of the rotor (ω). B: changing the build up speed of the centrifuge and the angular velocity of the rotor
(ω). C: changing the travel distance inside the tube (r) and the build up speed of the centrifuge. The default parameters are
r=0.15 m, ω=2*π*70 radians/second, build up speed of the centrifuge = 34 second. The graphs are made with Python 2.7.

build up speed = 34 seconds and centrifugation time = 60
seconds). After analyzing the effects, if any, centrifugation
time has on cell viability and availability at the bottom, the
best parameters were chosen for NW array insertion exper-
iments, where the parameters were evaluated to optimize
insertion efficiency.

Viability tests on glass slides

The viability tests were made by centrifugation of a droplet
of cells onto a glass slide resting as a flat surface on
the adapter inside the test tube (Figure 1). The cell line
employed was a Flp-in T-REx HEK293 stable cell line,
which was dyed using calcein AM and ethidium homod-
imer 1 (EthD-1) and DRAQ5. The images were produced
with a wide field microscope, using GFP, Cy3 and Cy5
(data not shown) filter cubes. All assays using the glass
slide substrate were tested using the default parameters,
but with varying centrifugation time. The experiments on
glass slides were carried out at two different centrifugation
times, one at 120 seconds as a reference point and upper
margin, as this was the centrifugation time at which all
previous experiments in the research group had been con-
ducted at, and one 60 seconds to see whether it could lead
to any significant differences (Figure 4A+B). An increase
in cell viability at 60 seconds compared to 120 seconds
(77.77% survival for 60 seconds vs 69.32% survival for
120 seconds) was observed (Table 1). Because of this an-
other experiment with 30 seconds of centrifugation time
was conducted to investigate whether this tendency would
continue even at shorter centrifugation times. The cells
were also centrifuged for 60 seconds as a control in this
experiment, to be able to directly compare the state of the
cells relative to the previous experiment. Even though cell
viability after 60 seconds of centrifugation time decreased
in the second experiment, compared to the first experi-
ment, the relative cell viability after 30 seconds of centrifu-

gation was still higher (Figure 4C+D, 75.12% survival for
30 seconds vs 71.81% survival for 60 seconds). Assum-
ing the average cell viability for 60 second centrifugation
time lying somewhere in between the two measurements,
and the cell viability at 30 and 120 seconds are adjusted
accordingly, there is clearly a change between 30, 60 and
120 seconds of centrifugation time. The viability tests

Table 1 The viability of the cells from two individual
experiments, the first conducted at 60 and 120 seconds, and the
second conducted at 30 and 60 seconds. The cells were
centrifuged onto glass slides, using the default parameters with
varying centrifugation time, to test the effect of centrifugation
time as well as impact force on the viability of the cells.

Experiment/ 30 60 120
centrifugation time (sec)
1 77.77% 69.32%
2 75.12% 71.82%

of glass slides show that centrifugation time has some in-
fluence on the viability of the cells, but is most likely not
the difference between the results as seen and a 100% sur-
vival rate, since changing from 120 seconds to 30 seconds
only resulted in ~10% more surviving cells. This suggests
that, of the two conditions tested, initial impact is probably
the greater contributor towards cell death rather than pro-
longed exposure to centrifugation. From the images of the
viability experiments it appears that the shorter centrifuga-
tion times (Figure 4C+D) effects to total amount of cells
reaching the bottom. For each experiment eight wide field
microscope images were taken at various locations on the
glass slide, to provide an average result of the cell density
and viability. For the first experiment, the average amount
of cells that reached the bottom, that is the total cell count
on each image, for the 60 second and 120 second tests
had less than 1% variation between them (data not shown).
For the second experiment, with centrifugation times of 30
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Fig. 4 Viability tests of cells centrifuged onto glass slides using the default conditions and varying centrifugation time. The
green channel show the living cells dyed with 3 µM Calcein AM, and the magenta channel show dead cells dyed with 6 µM
EthD-1. The nuclei of the cells were also colored using DRAQ5 (data not shown), to ensure that the total cell count was within a
reasonable margin of the living and dead combined. (A) experiment 1 at 60 seconds; (B) experiment 1 at 120 seconds; (C)
experiment 2 at 30 seconds; (D) experiment 2 at 60 seconds. Images were obtained with wide field microscopy, using GFP and
Cy3 filter cubes. In all four images it is clear that the amount of living cells outnumber the dead by a large ratio.

seconds and 60 seconds, the variation was 18% (data not
shown). The difference in average cell count between the
two sets of experiments is however a factor 5-7. This sug-
gests, that even though there is a significant change in the
total amount of cells at 30 seconds and 120 seconds, and
the two 60 second experiments, the difference originates
not from centrifugation time but rather from the amount of
cells used in the two experiments. Therefore cell death is
most likely caused by multiple factors, including some that
are not directly related to these experiments. Dead cells
were only removed from the cell culture before splitting
when all living cells adhered to the surface, and thus any
treatment thereafter producing dead cells was unavoidable,
such as the slower centrifugation at 1200 rmp (~20 radi-
ans/second) during harvest of the cells for the experiment.
Based on the initial calculations and the viability tests on
the glass slides, the centrifugation time for the NW arrays
was set to 60 seconds, as 120 seconds would increase the
risk of cell death and 30 seconds might be too short if the
effect of continuous exposure had any influence on the in-
sertion rate.

Nanowire insertion assay using arrays of equally
spaced nanowires

For the NW insertion assay, the HEK 293 cell line had
their SNAP-TAC expressed, to allow binding of the SNAP-
Surface 649 dye used. The dye tag, is attached to the TAC
part, which has a transmembrane helix anchoring the com-
plex in the membrane. The expression of SNAP-TAC is
initiated upon addition of tetracycline, which binds a tet re-
pressor homodimer upstream of the flp-in site causing the
repressor to disengage and allow for transcription of the
gene, ~24 hours before use. The SNAP-tag binds SNAP-
Surface 649 dye which labels the membrane and the cy-
tosol is stained with calcein AM. The calcein AM enters
viable cells due to the hydrophobicity of the AM deriva-
tive, then once inside the cytosol, intracellular esterases
cleave the AM groups off of the non-fluorescent calcein
AM, leaving fluorescent calcein inside. Only viable cells
have active esterases and thus dead cell will not produce
the fluorescence. The resulting images were produced on
an inverted confocal microscope as a series of Z-stack im-
ages made on various locations of the chip. Along lines of
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NWs under the cells, the Z-stacks were inspected orthogo-
nally to see the effect of NWs in the cell. The arrays used
consisted of NWs arranged in an isometric pattern with ei-
ther 3 µm or 5 µm between each NW. These will hereafter
be referred to as 3 µm and 5 µm density. All array chips
originated from the same batch and all of its NWs were 3
µm high with a diameter of 100 nm. Figure 5 show the an-
ticipated effect of NW insertion in a cell through detection
of calcein (Figure 5A) and SNAP-Surface 649 dye (Figure
5B). The calcein dye only functions in live cells, and is
not visible when a NW is taking up space as it eliminates
the fluorescent signal. As such all NWs should, however
indirectly, be visible as a shadow against the signal, and
this is used a reference to verify whether a NW is present
or not. The SNAP-Surface 649 dye binds to the surface
of the SNAP-TAC on the membrane and should show the
perimeter of the cell as well as any NWs that deform the
surface to wrap around it, however the signal is not visi-
ble if the NWs penetrate the plasma membrane. Figure 5C
show the expected composite image, where the shadows in
the calcein signal verify the presence of a NW inside the
cytosol, and the SNAP-Surface 649 signal show NWs that
have indented but not penetrated the surface. According to

321
DC

BA

Fig. 5 Simplified illustration of a cell covering three NWs,
where two are indenting the cell plasma membrane and
one is penetrating it. (A+B) The circular shape is a slice of
a cell as seen from above, and the dots are NWs
underneath. The bars below are expected orthogonal view
of Z-stacks along a line of NWs, where black is a shadow
cast by the NWs, red is the cell plasma membrane at the
perimeter of the cell and where indentation is observed,
and green is cytosol. (C) expected composite image of two
orthogonal views of A and B. (D) side view of a cell with
a fully inserted NW (1), partially inserted (2) and
completely indenting NW (3).

(Xie et al, 2013)17 the force required for successful inser-
tion is ~1.78 nN for a single nanostructure (with a diameter
of 50 nm) on an AFM-tip, indicating that a denser array of
NWs would lead to less successful insertion rate, as the
force is distributed onto several NWs. The force exerted

onto the cells was calculated with conditions at the time
of impact with the default setup, and under the assumption
that the cell has a spherical volume. The centrifugal net
force on the cell is given by:

F = m∗ω(t)2 ∗ r (2)

where F is force, m is mass of the cell, ω(t) is the angular
velocity of the rotor at impact time t, and r is the distance
from impact point to the center of the rotor. Here F is cal-
culated to be 16.9 nN or approximately a factor 10 larger
than the documented requirement for a single penetration,
meaning that cells covering just 10 NWs or more are likely
to have high rates of penetration failure.

A

B
C

Fig. 6 (A) confocal slice through several cells as they
appear after centrifugation on a NW array with 3 µm
between each NW, at 60 seconds with default setup. Red is
the SNAP-Surface 649 dye binding to the SNAP-tag on
the outside of the membrane. The yellow line indicates the
location of the orthogonal view. (B-C) orthogonal view of
Z-stack showing the cytosol (green) dyed with calcein and
the membrane (red) dyed with SNAP-Surface 649. Black
shadows in the cytosol represent vertical NWs eliminating
the signal. Red vertical lines represent membrane bending
around the NWs as they indent the membrane. A shadow
in the green channel without a corresponding red vertical
line shows a NW that has successfully penetrated the
membrane. The perimeters of the focal plane were set to
the apical side of the cell and at the surface of the
substrate.

Figure 6A shows a visual cut-through of a cell that cov-
ers more than 30 NWs but still has some NWs that are
successfully inserted into the cell. Figure 6B-C shows the
orthogonal view through the z-axis at the position indi-
cated with the yellow line, and the green calcein signal
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Table 2 Counted data from two experiments (RT, 60 seconds and 4 °C, 60 seconds) as well as data from a previous unpublished
experiment from the research group (RT, 120 seconds). The counts represent a sum of 6-10 images of cells and account for the amount
of NWs covered by each viable cell in the images as well as the amount of NWs that have successfully or partially inserted into the
cell. Each row show a different condition with the corresponding insertion efficiency, how many cells had at least one NW inserted
and how many NWs were covered by a cell on average.

Density (µm), temperature NW covered NW inserted % NW insertion % cells inserted wires/cell (avg.)
and time (seconds)
3, RT, 60 223 25 10.00% 56.25% 15.5
5, RT, 60 82 11 11.83% 31.25% 2.90
3, 4°C, 60 107 5 4.46% 30.77% 8.86
5, 4°C, 60 7 1 12.50% 16.67% 1.14
3, RT, 120 8.15% (SE= 1.35) 62.28% (SE= 8.45)
5, RT, 120 13.81% (SE= 5.00) 57.98% (SE= 6.84)

with shadows cast by the NWs as expected. The red mem-
brane signal however shows that insertion has failed for the
majority of the NWs, in accordance with the expectations.
Cells on the 3 µm spacing arrays cover anywhere from 10
to +30 NWs with an average of 13.75 NWs, whereas the
5 µm spacing arrays only has cells covering less than 10
NWs with an averaging of 3.36 NWs. Both 3 µm (Figure
6A) and 5 µm (data not shown) density show cells with
NWs inserted, with a larger fraction inserted with the 5
µm spacing (Table 2), as expected from the calculations.
However, the difference in total amount of NWs inserted
could also originate from a difference in the amount of
NWs present under the cells. An increase in sheer num-
bers would potentially increase the number of insertions,
until a certain density is reached at which point the NWs
act as a flat surface to the membrane, or the force is diluted
too much by the distribution on a denser NW array. The
percentage of cells with at least one NW inserted is signif-
icantly higher for 3 µm density compared to 5 µm density
arrays and the total amount of successful insertions follow
the same trend. This suggests that the density of successful
insertions are equally spread on the available cells in both
5 µm density and 3 µm density NW arrays. This means
that the rate of cells with successful insertion is governed
by the amount of NWs and not the density of the NW ar-
rays.

Nanowire assay at 4 °C

According to (Kawamura et al, 2016)10, lowering the tem-
perature to 4 °C should increase the insertion rate, by rigid-
ifying the membrane. Therefore, an experiment was set up,
with the temperature of the cells and the medium reduced
to 4 °C prior to centrifugation, to see if this would create
a more stiff membrane, allowing for higher rates of inser-
tion. Figure 7 shows three cells where the orthogonal view
is taken from the yellow line, and shows that the NWs are
all deforming the membrane and failing to insert into the
cells. At 4 °C, the 3 µm density has an insertion rate that

is approximately half of that of the RT (room temperature
~25°C) experiment, which could be influenced by the re-
duced number of NWs, as the amount of NWs covered by
each cell is also approximately half of that for the RT ex-
periment. Subsequent investigations of the chips showed
that, especially on the 5 µm density arrays, several NWs
were missing so that no cells were found to cover more
than one NW, thus de facto mimicking an infinitely low
density. The same issue was also partially observed for the
3 µm density arrays, where the fraction of missing NWs
only affected the density in certain areas below the cells
as the cells spanned a much higher number of NWs. For
the two 5 µm arrays, the average number of NWs cov-
ered by each cell is less than half at 4 °C but unlike the
3 µm arrays, the % NW insertion rate is slightly higher
(Table 2), probably due to the low availability of NWs in
the 5 µm array, leading to statistical anomalies. Ideally,
the insertion rate would be higher when the array density
get smaller, as the force is distributed on only one wire in-
stead of many. The NW arrays were also observed in the
fluorosence widefield microscope to see if the presence of
the NWs would change the death rate of the cells. Both
experiments (Table 3) show a survival rate of ~75-80%, at
RT and 4 °C, indicating that neither the NW nor the colder
environment had any significant influence on the viability
of the cells during centrifugation as compared to the glass
slides experiments at 60 seconds(Table 1). From table 4

Table 3 The viability rates of cells from the experiments on the
3 µm density NW arrays. Both experiments were centrifuged
for 60 seconds.

NW array, RT 79.10%
NW array, 4°C 77.73%

it can be seen that across all results from the 60 second
experiments, a tendency towards single NW penetration
is evident. The lack of statistical variation in the number
of NWs inserted in each cell is clearly expressed, as the
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Fig. 7 (A) confocal slice through several cells as they
appear after centrifugation on a NW array with 3 µm
between each NW, at 60 seconds, 4 °C, with default setup.
Red is the SNAP-Surface 649 dye binding to the
SNAP-tag on the outside of the membrane. The yellow
line indicates the location of the orthogonal view. (B-C)
orthogonal view of Z-stack showing the cytosol (green)
dyed with calcein and the membrane (red) dyed with
SNAP-Surface 649. Black shadows in the cytosol
represent vertical NWs eliminating the signal. Red vertical
lines represent membrane bending around the NWs as they
indent the membrane. A shadow in the green channel
without a corresponding red vertical line shows a NW that
has successfully penetrated the membrane. The perimeters
of the focal plane were set to the apical side of the cell and
at the surface of the substrate.

number of cells with NWs inserted for each condition only
includes 5-11 cells. For the 4 °C experiment, just one ad-
ditional cell with two or three NWs inserted would change
the percentage of both cells that have NWs inserted, and
the rate of NWs inserted, by quite a bit. As such the dis-
tribution of inserted NWs on different cells are quite dif-
ferent from the 120 second setup because of the relatively
few data points.

4 Discussion

From the results it is observed that the centrifugation time
is determining the viability of the cells when centrifuged
on both glass slides and NW arrays. However, the time
merely changes the fraction of dead cells by a few percent
rather than produce an all or nothing scenario. The tests
on NW arrays show that at both RT and 4 °C are the NWs

Table 4 Calculated data from two produced experiments (RT, 60
seconds and 4 °C, 60 seconds) as well as data from a previous
unpublished experiments in the group (RT, 120 seconds). The
calculations show the distribution of inserted NWs inside cells
with at least one NW.

Density (µm), temperature 1 NW 2 NWs +3 NWs
and time(seconds)
3, RT, 60 73% 0% 27%
5, RT, 60 82% 18% 0%
3, 4°C, 60 40% 0% 60%
5, 4°C, 60 100% 0% 0%
3, RT, 120 32% 22% 46%
5, RT, 120 75% 14% 11%

inserted into the cells, though the primary data would sug-
gest that insertion at 4 °C is somewhat lower compared
to RT. The difference in insertion rate between 3 µm and
5 µm follows the hypothesis that a lower density leads to
larger force application per NW and thus a higher insertion
rate.

Comparison of insertion rate and cell penetration with
previous experiments from the research group, using the
same setup but with different centrifugation time shows
how this parameter affects the results(Table 2). NW inser-
tion rate for both 3 µm and 5 µm at 120 second centrifu-
gation time appear in the same range as the tested values,
except for the 4 °C 3 µm result which is off by about a fac-
tor 2, suggesting that prolonged centrifugation has a mild
or no effect on insertion when it comes to RT experiments.

Since the centrifugation time is observed to only slightly
affect the insertion rate, but to have a clear relation to cell
death, centrifugation time is thus a less important factor in
determining the optimal conditions. This means the data
supports the original hypothesis that the initial impact of
the cells is the primary cause for NW insertion. The vari-
ation however, in number of cells with at least one NW
inserted is significantly greater across all experiments with
the highest percentage for both 3 µm and 5 µm at the 120
second experiments. It can be deducted that even though
the same fractions of NWs are inserted into cells, the fact
that the actual successful insertions are spread out on many
cells, can hardly be attributed to the increased centrifuga-
tion time.

From the experiment conducted at 4 °C it is seen that
fewer cells have NWs inserted, and at least for 3 µm den-
sity, there is also a lower fraction of all NWs that are in-
serted. The low temperature has likely had the desired ef-
fect of making the cytoskeleton more rigid, but also the un-
desired effect of hardening the cell membrane as a whole,
which explains the low rate of cells with NWs inserted.
This could probably be countered by an increase in applied
force through speed up of the centrifuge. (Kawamura et al,
2016)10 found that cooling the cells would increase inser-
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tion rate when tested with AFM, but in their experiments,
they used a single tip along with a force of 40 nN to rupture
the plasma membrane at a single location, which is quite
far from anything that have been tested here; indeed the
closest setup is the 5 µm array that had an insertion rate of
12.5%, similar to the results from the RT tests. To provide
a definite conclusion on whether 4 °C has a positive ef-
fect on insertion, using our conditions, more independent
experiments would have to be conducted.

The results used from the 120 second setup are collected
based on a much larger data sets and therefore represent
a greater statistical confidence. This also becomes clear
from the arrangement of the NW insertion across the dif-
ferent cells.

(VanDersarl et al, 2012)5 found that the success rate
for nanostraw insertion through cell suspension was effec-
tively seen to be 1-10% per nanostraw, and even as their
setup had ~10-100 nanostraws of diameter >100 nm under
each cell, they recorded a success rate of cell penetrated to
be 40-70%. This could suggest that that a very high den-
sity array can still allow a high rate of cells with successful
insertions.

5 Conclusion

In summary, this paper uses theoretical force calculations
from a centrifuge acting on a cell sample, in conjunction
with methods from recent publications to predict the effect
of externally applied forces on cells as they sediment on
arrays of NWs. The calculations predict that lower array
densities will have greater chance of successfully penetrat-
ing the cell plasma membrane, as is indeed observed for
experiments conducted at both 4 °C and RT. The effect of
lowering the temperature of cells and medium to 4 °C does
however not appear to positively affect the rate of NW in-
sertion in general. Viability tests conducted at different
centrifugation times, and with both NW arrays and glass
slides as substrates show that cell viability is not affected
by the presence of a NW array compared to a glass slide.
It does however show that between prolonged centrifuga-
tion and initial impact the latter is the greater contributor
to cell death, since centrifugation only had a minor impact
of the viability. Based on the results showing that centrifu-
gation time only has minor influence on NW insertion, and
that initial impact seems to follow the theoretical model for
force application, it is safe to say that initial impact very
well could be the major cause for successful NW insertion,
as originally suggested.
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