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The prospect of being able to efficiently inject large plasmids in insulin-producing beta cells is very attractive

for diabetes research. However, conventional transfection methods suffer from high cytotoxicity or low

transfection efficiency, which negatively affect their outcome. In contrast, nanostraw electroporation is

a gentle method that can provide a high transfection efficiency while maintaining high cell viability. While

nanostraw electroporation has gone through some method optimization in the past, such as tuning the

pulse frequency, amplitude, and duration, the effect of other parameters has not been thoroughly

investigated. Here, we demonstrate efficient transfection of clonal beta cells and investigate the effect of

voltage at a fixed inter-electrode distance, cell density, and cargo solution conductivity on transfection

efficiency. We used GFP-encoding DNA plasmids stained with an intercalating dye to enable immediate

analysis and assessment of the electrophoretic transport of cargo. Moreover, we ran simulations to

assess how cargo buffer conductivity impacts the transfection efficiency by affecting the voltage drop on

the nanostraws and cell membrane during electroporation. Both experiments and simulations show that

MilliQ water as the cargo buffer yields the best transfection efficiency. We also show that the cell density

should be adjusted to maximize the number of cells interfacing the nanostraws and avoid cell stacking.

Finally, we compared the transfection efficiency when using nanostraws and nanopores. Whereas the

amount of GFP plasmids injected using nanostraws is larger than for nanopores, the outcome in terms of

GFP fluorescence 48 h after transfection was worse than for nanopores. Moreover, when using

nanostraws, fewer cells were found on the substrate 48 h after transfection compared to when using

nanopores. This suggests that injecting substantial amounts of plasmids in cells can affect their

proliferation and/or viability, and that nanopore electroporation, as a simpler method, is an interesting

alternative to nanostraws in achieving efficient and gentle clonal beta cell transfection.
Introduction

Enabling the transfection of beta cells with high efficiency
would open the possibility for genetic and epigenetic correc-
tions and possibly new therapeutic avenues in diabetes
research. For instance, one could specically induce or correct
previously identied unfavorable genetic or epigenetic traits to
either mimic or correct disease characteristics, such as insulin
production or secretion, in beta cells. Conventional transfection
methods such as viruses and lipofection suffer from problems
such as mutagenesis1 and endosomal entrapment,2
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respectively. Nanostraw electroporation (NS-EP) is another
method increasingly used to transfect cells. It has been used on
a variety of cell types, and the advantage of this method lies in
its superior transfection efficiency and high cell viability.3–6 For
instance, comparing two independent studies using lip-
ofection7 and NS-EP8 to transfect GFP plasmids in HeLa cells
reveals that NS-EP resulted in three-fold higher transfection
efficiency than when using lipofection, with similar cell
viability. Moreover, several studies show that sublethal damage,
such as effects on cell proliferation and gene expression, is
minimal when using NS-EP.6,9

The NS-EP method consists of seeding or spinning down
cells on a nanostraw substrate with cargo in solution (such as
DNA,10 RNA,11 proteins,12 or nanoparticles13) on the other side of
the substrate. The cargo injection is achieved via the application
of electrical pulses across the nanostraw substrate, which (i)
locally opens the cell membrane on top of the nanostraws,14 and
(ii) drives the cargo through the nanostraws to the cytosol using
electrophoresis.4
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Scanning electron microscope (SEM) images of nanostraws,
with a height of 1 mm and outer diameter of 160 nm. In-lens detector,
30° tilt.
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Whereas the general principles of the method NS-EP are well
understood, the method optimization was undertaken only
recently, with investigations of the effect of pulse amplitude,
duration, and repetition frequency on viability and efficiency.9,12

Although these studies are valuable, the role of various
parameters on transfection efficiency is still not fully under-
stood. For instance, some studies vary the voltage applied
between electrodes without mentioning the distance between
electrodes, which prevents the evaluation of the electric eld
strengths and the comparison of results between studies.
Regarding cargo choice, propidium iodide (PI) has oen been
used as model cargo as it cannot cross an intact cell
membrane.15 Therefore, the presence of PI in the cytosol aer
NS-EP was interpreted as the signature of a successful
nanostraw-induced cargo injection. However, PI is a small
molecule with rapid diffusion kinetics. It can readily diffuse
across the nanostraws within z1 s and enter cells even in the
absence of electrophoretic forces. Moreover, small molecules
have been reported to enter cells spontaneously because of
membrane curvature and membrane stress.16 As a result,
assessing the electrophoretic transport efficiency in studies
using PI is not straightforward, and distinguishing diffusion
from electrophoretic transport can be challenging. Using large
molecules with slow diffusion kinetics (within the experimental
time frame), such as large DNA plasmids coding for uorescent
proteins, ensures that electrophoresis is the primary cargo
transport mechanism across the nanostraw substrate and,
therefore, the main contributor to the transfection efficiency
aer cell membrane electroporation.17 However, using these
plasmids requires waiting 24 hours before assessing the trans-
fection success, which can then be affected by cell division.

Another issue is that most studies use uorescence micros-
copy to evaluate NS-EP efficiency. This requires an area selec-
tion andmakes it difficult to assess all cells on the substrate.15,18

Using ow cytometry instead, all cells on the nanostraw
substrate, irrespective of their position on the substrate, can be
included in the assessment of transfection efficiency. To obtain
reliable results from ow cytometry, a high cell count is needed.
This depends on the cell density on the nanostraw substrate,
which is an important factor that can possibly affect the
transfection efficiency. When this was investigated on HeLa
cells,12 no clear effect was identied for densities up to 2200
cells per mm2. However, higher cell densities were not
investigated.

Also not fully understood is the effect of the cargo-solution
ionic strength on NS-EP. Previous studies have used different
ionic strength buffers as cargo solutions (ranging from deion-
ized water4 to physiological condition buffers12), however, the
rationale behind these choices is unclear. The effect of various
parameters, such as membrane tension, molecular diffusion,
and electric eld, have been investigated by simulations.9,10,19,20

However, so far, variations related to buffer conductivity have
not been studied. Finally, the effect of straw length has been
explored to some extent.6 There are also a few promising studies
where nanopores (straw length 0 mm) have been used to trans-
fect cells,8,21 which are easier to fabricate and a cheaper alter-
native to nanostraws.
© 2024 The Author(s). Published by the Royal Society of Chemistry
Here, we demonstrate efficient transfection of clonal beta
cells using NS-EP. We used simulations in parallel with exper-
iments to shed light on how varying the electrode voltage, cell
density, cargo-solution ionic strength, and nanostraw length
affect the transfection efficiency for a xed electrode distance.
We used GFP-encoded DNA plasmids uorescently labeled with
an intercalating dye as a cargo, which enabled us to assess
membrane electroporation, cargo electrophoresis, and the
resulting transfection efficiency, immediately aer transfection.
We used ow cytometry as a read-out method, ensuring that
every cell on the nanostraw substrate was included in the assay.
Finally, we provide a comprehensive understanding of the effect
of the cargo solution's ionic strength on membrane electro-
poration and cargo electrophoresis.

Experimental
Nanostraw/nanopore substrate fabrication

Nanostraw substrates were made from track-etched poly-
carbonate (PC) membranes, with a thickness of 25 mm, pore
density of 2 × 107 cm−2, and nominal pore diameter of 200 nm
(it4ip, Belgium). The PC membranes were coated with z12 nm
of alumina, using atomic layer deposition (ALD, Savannah,
Cambridge Nanotech) at 90 °C with alternating pulses of tri-
methylaluminum and H2O (130 cycles of 0.15 s long pulses with
30 s inter-pulse pumping time). The coated membranes were
then xed on a 400 silicon wafer using an anti-static gun (Zero-
stat, VWR) to allow sufficient heat transfer during etching.
Inductively coupled plasma and reactive ion etching (ICP-RIE,
APEX SLR Advanced Vacuum Systems AB) was subsequently
performed in two steps; (1) ICP-RIE using argon at 40 sccm for
2.5 minutes, with RIE set to 60 W and ICP to 400 W, resulting in
the removal of alumina from the horizontal surfaces of the PC
membrane, (2) ICP-RIE using SF6 at ve sccm and O2 at 45 sccm
for z1.5 minutes, with RIE and ICP set to 50 W and 400 W,
respectively, resulting in the removal of#1 mmof PC. Both steps
had helium cooling with a ow of 5 sccm. The whole process
resulted in alumina nanostraws protruding from the PC
membrane (0.5–1 mm in height and 160 ± 10 nm in outer
diameter). Aer fabrication, each nanostraw substrate was
imaged using a scanning electron microscope (SEM, LEO
Gemini 1560, LEO Electron Microscopy, Inc.), see Fig. 1. Before
SEM imaging, a piece of the nanostraw substrate was xed on
RSC Adv., 2024, 14, 22244–22252 | 22245
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an SEM stud using carbon tape and subsequently sputter coated
with 5–10 nm of Pt : Pd (80 : 20) or Ir (Q150T ES sputter coater,
Quorum Technologies).

Nanopore substrates were prepared in the exact same way as
the nanostraw substrates, however without the etching steps.

Cell culture

The cell type used for all experiments in this paper was clonal
beta cells (832/13 INS-1 rat insulinoma cells)22 with a population
doubling number 24-60. Beta cells are insulin-producing cells;
the prospective of being able to inject large plasmids in these
cells is very attractive for diabetes research, justifying this
choice of cells for maximizing nanostraw transfection. For
culturing, RPMI-1640 culture medium (SH30027.01, Cytiva,
HyClone) was supplemented with 10% heat-inactivated fetal
bovine serum (FBS, qualied, Brazil origin, Gibco), 1% peni-
cillin-streptomycin (Sigma Aldrich), and 2.2% supplement (50%
glutamine solution 200 mM (Gibco), 50% sodium pyruvate
solution 100 mM (Gibco), 176 ppm 2-mercaptoethanol), here-
aer called full medium. Cells were cultured at 37 °C under
a 5% CO2 atmosphere and split when reaching z80–100%
conuency. For passaging, cells were rinsed with 1× Dulbecco's
phosphate-buffered saline (DPBS, SH30028.FS, Thermo Fisher)
before incubation with trypsin-EDTA (Gibco) for 3 minutes.
Trypsinization was interrupted by adding full medium, and the
cells were then centrifuged at 700g for 3 minutes before
removing the supernatant and resuspending the pellet in fresh
full medium. Subsequently, about 25% of the cell suspension
was seeded in a new culture ask.

Cargos

In NS-EP, the cargo is transported into the cells by an interplay
of diffusion and electrophoretic forces. To easily assess the
extent of electrophoretic transport in an electroporation exper-
iment, the diffusive transport during the experimental time
frame must be minimized, which calls for using large cargo
molecules. PI has a radius of approximately 5 Å (ref. 23) and
therefore diffuses across the nanostraw substrate (25 mm, which
is the initial thickness of the PC membrane) in z0.7 s (see ESI
2† for details). In contrast, the pMAX GFP plasmid (3.5 kpb) has
been reported to have a radius larger than 50 nm 24 and should
not massively diffuse to the cytosol without the help of elec-
trophoresis (t = 71 s for a 50 nm radius object to diffuse 25 mm).
Therefore, for electrophoresis assessment, we used pMAX
plasmid as cargo (prepared by the Cell & Gene Therapy Core at
Lund Stem Cell Center). The choice of a large molecule also
eliminates the contribution from spontaneous transfection
seen for small molecules.16

If not stated otherwise, 0.2 mg ml−1 of plasmid in 0.1× DPBS
was used as the cargo solution. The plasmids were labeled with
the intercalating dye YOYO-1 iodide (1 mM solution, Thermo
Fisher), which uoresces 1000-fold more when bound to DNA.
YOYO-1 was diluted to 100 mM in MilliQ (MQ) water and mixed
by vortexing or pipetting, then added to the plasmid solution to
a nal concentration of one YOYO-1 molecule per 250 base
pairs. The suspension was kept at 50 °C for 2 hours to ensure
22246 | RSC Adv., 2024, 14, 22244–22252
uniform staining of the plasmid. The transfection efficiency was
assessed using ow cytometry, detecting green uorescence in
cells immediately aer transfection using YOYO-1-stained
plasmids. Controls, i.e., cells injected with only YOYO-1,
showed no uorescence.
Device assembly

The nanostraw substrate was attached to a plastic cylinder
(4 mm in diameter and 1 cm in height) that functions as a cell
reservoir, using double-sided adhesive tape (3M 8153LE
(300LSE) double-lined Adhesive Transfer Tape), with the nano-
straws facing the cylinder. The tape was pre-cut to a circular ring
matching the cylinder cross section using a laser cutter (Epilog
Laser Fusion M2). The excess nanostraw substrate outside the
cylinder was trimmed away, and the devices were then sterilized
with UV ozone for 2 minutes.
NS-EP for cell transfection

Cells were suspended in full medium according to the protocol
described in Section 2.3, diluted ten times in DPBS, and then
counted using ow cytometry (see gating in ESI 1†). The fraction
of dead cells was measured using DAPI (Roche, Basel, Switzer-
land), a membrane-impermeable dye that binds to DNA. The
nanostraw cylinders were placed in a 24-well plate with culture
medium around them to keep the backside of the membrane
wet. Each cylinder was lled with a specic number of cells
(5000 for achieving a cell density of 385 cells per mm2, 20 000
cells for a cell density of 1540 cells per mm2, 35 000 cells for
2690 cells per mm2, 67 000 cells for 5150 cells per mm2, and 100
000 cells for 7690 cells per mm2) and topped up with medium to
a total volume of 100 ml. The cylinders were then centrifuged at
200g for 1 min to spin down the cells on the nanostraws. Before
electroporation, 70 ml of culture medium was removed from the
cylinders to minimize the contact area between the cell medium
and the top electrode. This step improved the control over the
electrical pulses and the reproducibility of the results. The
backside of the substrate was dried off, and the cylinder was
placed on the bottom electrode, a gold-coated glass slide
(100 nm Au thickness, Platypus Technologies), on top of 15 ml of
the cargo solution. The top electrode was dipped into the cell
medium, in the center of the cylinder at an inter-electrode
distance of 0.5 mm (Fig. 2). A pulse generator (TGP110, Aim
and Thurlby Thandar Instruments, Huntingdon, UK) and an
amplier (WMA-300, Falco Systems BV, Katwijk aan Zee, Neth-
erlands) controlled the electrical pulses, while an oscilloscope
was used for monitoring. The NS-EP was performed by applying
two series of 40 s long pulse trains (frequency of 40 Hz, pulse
width of 200 ms), liing the cylinder in between. Aer electro-
poration, the nanostraw device was dried on the backside with
a tissue and placed back in culture medium.

In the case where nanopores were used (Fig. 7), the same
electroporation protocol was used as for nanostraws. For
simplicity, we use the same term NS-EP for the electroporation
process taking place using nanopores. Each experiment also
contained a triplicate of control samples, where the same
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Schematics of the NS-EP method. Left: cell reservoir consisting
of a cylinder with a nanostrawmembrane at the bottom. Cells are spun
down on the nanostraw membrane, which is placed on top of the
cargo solution on a Au-electrode. A Pt-wire is inserted in the cell
medium. Right: close-up showing cargo in solution underneath the
nanostrawmembrane and the direct cellular access obtained with NS-
EP.
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number of cells as for the NS-EP samples were analyzed but
without being in contact with the nanostraw substrate.
Flow cytometry

For ow cytometry measurements, a MACSQuant Analyzer 16
ow cytometer (Miltenity Biotech, Bergisch Gladbach, Ger-
many) was used together with MACSQuant running buffer,
storage solution, and washing solution. For assessing cell
concentration and viability before seeding the cells, the cell
suspension was diluted ten times in DPBS containing DAPI (1 :
100 in volume of 10 mg ml−1 DAPI stock solution in MQ water)
and analyzed using ow cytometry.

To analyze the transfection efficiency immediately aer NS-
EP, cells were resuspended by pipetting up and down immedi-
ately aer NS-EP. Cells in each cylinder were analyzed separately
in the ow cytometer aer staining with DAPI (1 : 100 in volume,
as described above).
Evaluation of GFP expression and cell count 48 h aer NS-EP

Aer NS-EP, cells were detached from the substrate by pipetting
them up and down. One-third of the total volume was measured
using ow cytometry, from which the cell concentration and the
total amount of detached cells was estimated. We have veried
that the number of detached cells immediately aer NS-EP
corresponds to the number of seeded cells (data not shown).
From the measured cell concentration in each sample, 10 000
cells were re-seeded into a 48-well plate and cultured for 48
hours. Aer 48 hours, the cells were detached from the
substrate using trypsin (rinsing cells with DPBS and adding 50
ml trypsin for 3 min) and re-suspended in 300 ml cell medium.
Subsequently, 150 ml of each sample was analyzed using ow
cytometry, yielding cell count, GFP uorescence, and cell death
(using DAPI as described above). The cell count was multiplied
by 2 to estimate the total amount of cells present aer 48 hours.
Control and mock experiments were performed. The control
cells were seeded in 48-well plates with no contact with the
nanostraw/nanopore substrate prior to ow cytometry analysis.
© 2024 The Author(s). Published by the Royal Society of Chemistry
The mock samples were subjected to NS-EP treatment using
nanopores, without plasmids, that is, injection of MQ only.

Simulations

The electrostatic simulation of the nanostraw membrane was
done in COMSOL Multiphysics V6.0 using the electric current
(EC) module. The simulation parameters and the model were
adjusted to reect the experimental conditions as much as
possible. The cell membrane-nanostraw interaction is very
complex and heterogeneous. To reduce complexity, we consid-
ered the cell as an oval cap sitting at on top of 1 mm long
nanostraws. The simulations were performed on a thin cross-
sectional cell slice to lower the computational burden. The
slice-thickness was taken as half the calculated nanostraw
pitch, assuming a square array of nanostraws. As a nanostraw
device is placed on the droplet of cargo solution, there will be
some mixing between the cell medium, which is present on the
top and in the straws, and the cargo solution. We assumed that
the cargo solution was uniformly mixed with the cell medium in
the nanostraws and approximated the conductivity of the
mixture to the volume-weighted average of the two solutions'
conductivity (see ESI 3†).

Statistics

To investigate the effects of applied voltage, cell density, and
nanostraw vs. nanopore, at least three independent experiments
(n $ 3), each in triplicates, were performed for each sample
condition, and the mean for each experiment was calculated.
For the conductivity experiments, at least three independent
experiments (n $ 3) were performed, however, not always in
triplicates. In that case, themean value of each single/duplicate/
triplicate experiment was rst calculated. For the bar plots, the
mean values were averaged and the standard error was calcu-
lated. A one-way ANOVA with a Tukey Post Hoc test was per-
formed on all data sets with *p < 0.05, **p < 0.01, and ***p <
0.001, except for transfection and intensity of the nanostraw/
nanopore experiments where a t-test was performed instead.

Results and discussion
Effect of voltage on transfection efficiency

In the rst set of experiments, we transfected cells with the
pMAX GFP plasmid in 0.1× DPBS, stained with the YOYO-1
uorescent intercalating dye (see methods for detailed
protocol). The cell density for these experiments was 5150 cells
per mm2. We applied two square electrical pulse trains of
various amplitudes (from 14 V to 36 V) of pulse width 200 ms,
applied at 40 Hz for 40 s across the nanostraw substrate. The
cells were then pipetted off the substrate, labeled with the
uorescent dye DAPI (indicating dead cells), and analyzed using
ow cytometry. Cells positive for DAPI and YOYO-1 uorescence
correspond to dead and transfected cells, respectively.

Cell transfection efficiency is reected in the combined
assessment of the percentage of cells transfected, the
percentage of live cells, and the YOYO-1-uorescence intensity
of the transfected cells.
RSC Adv., 2024, 14, 22244–22252 | 22247
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Increasing the voltage from 14 V to 28 V resulted in an
increased proportion of transfected cells and higher uores-
cence intensities (Fig. 3). However, increasing the voltage
further, from 28 V to 33 V, resulted in higher cell death without
any signicant increase in the proportion of transfected cells
nor in intensity. At 36 V, the transfection efficiency decreased
while the proportion of dead cells increased further. Therefore,
we chose 28 V as the electrical pulse amplitude in further
experiments.
Fig. 4 Effect of cell density on NS-EP transfection efficiency. (a)
Proportion of transfected cells (mean % of cells and standard error). (b)
Mean plasmid fluorescence intensity of transfected cells for the tested
cell densities (mean value and standard error). The transfection effi-
ciency increased with decreasing cell density and reached a plateau at
2690 cells per mm2. The fact that the percentage of transfected cells
did not increase at higher cell densities was attributed to cell stacking,
as can be seen in (e) (n = 3, ANOVA and Tukey Post Hoc test, *p <
0.05). No significant difference in intensity between the different
densities could be identified. (n = 3, ANOVA and Tukey Post Hoc test).
(c)–(e) Bright-field images of cells on nanostraw substrates, seeded at
a cell density of 385, 2690, and 7690 cells per mm2, respectively. In (e),
cells are stacked on top of each other in certain areas, while in (c) and
(d), all cells are interfacing the nanostraws.
Effect of cell density

Another parameter possibly inuencing the transfection effi-
ciency is the cell density on the nanostraw substrate. Therefore,
we have assessed pMAX transfection using a 0.5 mm inter-
electrode distance and applying 28 V for cell densities varying
from 385 cells per mm2 to 7690 cells per mm2 (Fig. 4).

The results show a lower proportion of transfected cells at
high cell densities. One explanation could be the frequent
occurrence of cell stacking at these densities, resulting in many
cells not interfacing any nanostraws. This is supported by the
microscopy images of the cells on the nanostraw substrate at
high cell density, clearly showing stacked cells in multiple
locations on the substrate (Fig. 4e). The uorescence intensity
of transfected cells did not vary signicantly for different cell
densities (Fig. 4b), which suggests that, on average, cells are
transfected to the same extent, independently of the cell
density, as long as they can interface the nanostraw substrate.
This implies that the electrophoretic forces responsible for
transporting the cargo are not affected by the cell density. To
maximize the transfection efficiency and scalability of the
method, we decided to work with a cell density of 2690 cells per
mm2.
Fig. 3 NS-EP transfection efficiency and cell viability as a function of
applied voltage. (a) Proportion of transfected cells (i.e. cells positive for
YOYO-1 fluorescence, mean percentage, and standard error, green)
and proportion of dead cells (i.e. cells positive for DAPI fluorescence, %
and standard error, gray). (b) Fluorescence intensity of transfected cells
(mean value and standard error). The percentage of transfected cells
was calculated relative to the population of live cells, see ESI 1† for
gating strategy. The proportion of transfected cells and their fluores-
cence intensity increased with increasing the voltage, up to 28–33 V,
and decreased for 36 V. The proportion of dead cells was low (<5%) for
applied voltages between 14 and 28 V and increased slightly for an
applied voltage of 33 V. At 36 V applied voltage, the number of dead
cells increased to >14%. The cell density was 5150 cells per mm2. The
difference between data labeled A and B is significant, with p < 0.05. (n
= 3, the statistics were calculated with ANOVA and Tukey Post Hoc
test: ***p < 0.001, **p < 0.01, *p < 0.05).

22248 | RSC Adv., 2024, 14, 22244–22252
Effect of the cargo solution conductivity

We used COMSOL simulation to theoretically evaluate the effect
of cargo solution conductivity on the NS-EP performance. The
simulation parameters and assumptions can be found in ESI 3.†
The results are summarized in Table 1, presented as the voltage
drop across the cell membrane positioned directly on the
nanostraw before pore opening and the voltage drop across the
nanostraw aer NS-EP.

For the transfection to be successful, one needs to open the
cell membrane and drive the plasmid across the nanostraw
substrate to the cytosol using electrophoresis. Membrane
poration happens when a voltage drop on the order of 1 V
occurs across the cell membrane.25 For an applied voltage of
28 V, the simulations show that this happens in all tested
congurations (Table 1).

Fig. 5 shows an example, for a cargo solution conductivity of
0.054 mS cm−1, where Fig. 5a and b depict the voltage drop
across the device before and aer pore formation in the cell
membrane, respectively. In Fig. 5a, the voltage drop occurs
mainly on the cell membrane (see Fig. 5a-iii), while aer the
pores have opened (Fig. 5b), the voltage drop occurs primarily
across the nanostraw substrate (see Fig. 5b-i).

Parameter optimization should aim to achieve efficient
electrophoretic transport of cargo to the cytosol, therefore
maximizing the voltage drop along the nanostraws aer cell
membrane pore formation, without detrimental effects on the
cell viability. The simulations show that MQ water would result
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 COMSOL simulation results for the voltage drop across the cell membrane before forming pores in the cell membrane and the voltage
drop across the nanostraw substrate after membrane pore formation for an applied voltage of 28 V (0.5 mm interelectrode distance) and
different cargo solution conductivities (which were measured experimentally)

Cargo solution
Conductivity
s [mS cm−1]

Voltage drop across
the cell membrane before pore
formation

Voltage drop across nanostraw
substrate aer cell membrane pore
formation

10× DPBS 78.000 23.46 1.48
DPBS 13.200 26.84 7.58
Cell medium 11.800 26.92 8.22
0.1× DPBS 1.690 27.32 20.48
0.01× DPBS 0.175 25.37 26.19
0.0025× DPBS 0.054 22.24 26.79
MQ water 0.001 14.49 27.06

Fig. 5 Voltage drop in the nanostraw device interfacing a cell
(pictured as half an oval cap here) in the case where 0.025× DPBS is
used as cargo solution, (a) before and (b) after pores have formed in the
cell membrane. The cell sits flat on top of 1 mm high nanostraws and is
shown at three different magnifications: (i) cell and nanostraw
substrate, (ii) close-up view of the cell and nanostraws right under, (iii)
close-up view of the nanostraw-cell membrane interface with only
one nanostraw visible. The images show a side view of the 3D simu-
lation of a thin slice.

Fig. 6 The effect of cargo solution conductivity on (a) the proportion
of transfected cells and the proportion of dead cells (mean % and
standard error) and (b) the intensity of transfected cells (mean value
and standard error). The highest transfection efficiency was achieved
for MQ water. In contrast, 10× DPBS yielded significantly worse
transfection efficiency than all other buffers tested (p < 0.001). (n $ 3,
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in the highest voltage drop across the nanostraws. We per-
formed experiments to measure the electrophoretic transport of
pMAX plasmids while simultaneously measuring the cell
viability for various cargo solution conductivities. The experi-
ments included buffer conductivities ranging from 0.001
mS cm−1, corresponding to MQ water, to 78 mS cm−1, equiva-
lent to 10× concentrated DPBS. A commercial electroporation
buffer (BTXPress, Fisher) was also included in the test. Other
experimental parameters were chosen according to the
optimum values presented above, i.e. optimum cell density
(2690 cells per mm2) and applied voltage (28 V, except for 10×
DPBS, where it was set to 20 V as the amplier could not
maintain 28 V due to the high conductivity). The maximum
percentage of cells transfected occurred for MQ water, which
also corresponds to the highest average YOYO-1 intensity in
cells (Fig. 6), indicating a greater amount of cargo in the positive
cells in comparison to other buffer conductivities. In contrast,
using 10×DPBS resulted in the lowest proportion of transfected
cells and lowest intensity, with close to 0% transfected cells.
This can be explained by both the lower applied voltage (20 V
instead of 28 V) and the lower voltage drop across the nanostraw
© 2024 The Author(s). Published by the Royal Society of Chemistry
substrate aer cell membrane pore formation for these high
conductivities (see Table 1). However, according to Fig. 3, at
similar voltages, 0.1× DPBS cargo solution results in signicant
transfection efficiency (13% and 48% for 17 V and 23 V,
respectively). Therefore, we can conclude that the main contri-
bution to the low efficiency reported for 10× DPBS is the low
voltage drop across the substrate, which hinders the electro-
phoretic transport of the plasmid. The cell viability remained
high (>90%) for all cargo solution conductivities.
Nanostraws compared to nanopores

Nanostraws were compared to nanopores with respect to
transfection efficiency and cell viability. The nanopores were
made by coating the PC membrane with the same thickness of
alumina as the nanostraws using ALD and not processing them
further. For these experiments, the transfection efficiency and
cell death were rst assessed immediately aer NS-EP by
measuring the YOYO-1 uorescence and 48 h aer NS-EP by
evaluating the GFP uorescence.

The results can be seen in Fig. 7. There is no signicant
difference in the percentage of transfected cells immediately
aer NS-EP between nanopores and nanostraws (Fig. 7a, YOYO-
1). However, for the cells successfully transfected, the YOYO-1
ANOVA and Tukey Post Hoc test: ***p < 0.001, **p < 0.01, *p < 0.05).
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Fig. 7 Effect of using nanostraws versus nanopores on transfection efficiency and viability, immediately- and 48 h after NS-EP. (a) Percentage of
transfected cells immediately after EP (YOYO-1) and GFP expression after 48 hours (GFP), and cell viability at both time points. (b) Mean fluo-
rescence intensity of the transfected cells shown in panel a. Note that the flow cytometry gains used for the mean intensity measurements are
different for YOYO-1 and GFP since GFP has a much stronger fluorescence than YOYO-1. Therefore, the intensity values of YOYO-1 and GFP
cannot be compared. The non-zero intensity in mock and control is due to auto-fluorescence and to a few cells appearing above the gating
threshold (see ESI 1†). (c) Cell count for all conditions 48 hours after NS-EP. To assess the cell count after 48 h, 10 000 cells (black horizontal line)
were seeded in a 48-well plate immediately after NS-EP, cultured for 48 h, and then counted. For all panels, controls denote cells cultured in
a 48-well plate, without being in contact with nanostraws or nanopores. “Mock” are cells that are subjected to NS-EP but injected with only MQ
water without cargo molecules. (n $ 3, MQ was used as buffer, error bars indicate standard error. (a) and (b) t-Test, (c) ANOVA and Tukey Post
Hoc test: ***p < 0.001, **p < 0.01, *p < 0.05).
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uorescence intensity was higher for nanostraws than nano-
pores. This suggests a higher amount of plasmids being trans-
ported to the cytosol using nanostraws. This is in discrepancy
with the signicantly lower percentage of GFP-expressing cells
observed using nanostraws 48 h aer NS-EP (Fig. 7b, GFP).
There are two possible explanations for this. The rst one is that
cells transfected by nanostraws die to a larger extent. Indeed,
even though there is no signicant difference in the percentage
of dead cells measured with ow cytometry between nanotraws
and nanopores at the different time points (Fig. 7a), cells could
detach from the substrate before the 48 h time point, which
would make them invisible to ow cytometry dead cell count.
The hypothetically larger amount of dead cells when using
nanostraws could be due to the larger amount of plasmids
transported to the cytosol. Cell death could be induced by the
plasmids themselves as they have been shown to be cytotoxic,20

but also by the resulting higher number of GFP expressed in
a cell as there are also indications that GFP is cytotoxic.26 The
second possible explanation is that cells proliferate less aer
NS-EP using nanostraws compared to nanopores. Indeed,
a recent study has shown that plasmids enter the nucleus
mainly during the telophase.27 A lower rate of cell proliferation
would, therefore, result in fewer plasmids entering the nucleus
and lower GFP expression. Both possible explanations are
supported by the signicantly lower cell count obtained 48 h
aer NS-EP was performed using nanotraws compared to
nanopores (Fig. 7c). However, with our experimental setup, it is
not possible to assign the lower cell count to either proliferation
issues or increased cell death. It is important to note that in
comparison to the control, all NS-EP conditions (even the mock
condition, where only buffer is transported to the cytosol)
resulted in a lower cell count aer 48 h. This effect is lower for
22250 | RSC Adv., 2024, 14, 22244–22252
nanopores than for nanostraws, which suggests that under the
same electroporation conditions, nanopores are milder to cells
than nanostraws.

Our and other's results suggest that using nanostraws and
nanopores for cell transfection results in high efficiency and low
toxicity. Whereas the cost of fabrication of nanostraws/pores
can be signicant, it can be minimized by using large PC
membranes, thereby reducing the nanofabrication cost per
area. Another advantage of using nanostraws/pores is the low
amount of reagents necessary for transfection and the fact that
the process does not require biosafety 2 laboratories, as
opposed to when viral vectors are used. Therefore, depending
on the application, it can be advantageous, not only from
a scientic point of view but also for cost-effectiveness
purposes, to use nanostraws and nanopores for cell
transfection.
Conclusions

In this work, we demonstrate the efficient transfection of clonal
beta cells using NS-EP. We investigated the effects of EP voltage,
cell density, cargo conductivity, and nanostraws vs. nanopores
on the NS-EP transfection efficiency to further optimize the
method. In terms of voltage effects, for a xed inter-electrode
distance, the transfection efficiency increased with voltage up
to 28 V, while for higher voltages, the cell viability decreased.
Regarding cell density, the transfection efficiency was constant
at low cell densities, while for higher cell densities, it decreased
with increasing density. This was attributed to cell stacking,
which led to a subset of cells not interfacing with the nano-
straws. Both simulations and experiments showed that MQ
water is the best cargo solution for high viability and
© 2024 The Author(s). Published by the Royal Society of Chemistry
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transfection efficiency. Simulations showed that, whereas all
tested buffers yielded enough voltage drop over the cell
membrane to open pores in the cell membrane at 28 V, MQ
water led to the largest voltage drop across the nanostraw
substrate aer pore formation, thereby indicating a more
effective electrophoretic transport through the nanostraws.
Lastly, nanopores and nanostraws were compared, with cell
viability and transfection efficiency evaluated both immediately
and 48 hours aer NS-EP. The results showed that although
nanostraws provide a higher initial transfection efficiency, there
were fewer cells and a lower percentage of GFP-expressing cells
aer 48 hours compared to when using nanopores. This could
be attributed to either higher cell death, possibly caused by
plasmid and/or GFP-toxicity, or a lower cell division rate aer
being interfaced with nanostraws, resulting in plasmids not
entering the nucleus, preventing transcription. Since nanopores
require less processing, it is also a more cost-efficient alterna-
tive to nanostraws. Together, these ndings add to the under-
standing of NS-EP and contribute to increasing the usability of
the method to beta cells, with a plethora of applications in
diabetes research.
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D. Yudovich, S. Soboleva, R. Galeev, C. N. Prinz, J. Larsson
and M. Hjort, Efficient and Nontoxic Biomolecule Delivery
to Primary Human Hematopoietic Stem Cells Using
Nanostraws, Proc. Natl. Acad. Sci. U. S. A., 2020, 117, 21267.

7 R. Lehner, X. Wang and P. Hunziker, Plasmid linearization
changes shape and efficiency of transfection complexes,
Eur. J. Nanomed., 2013, 5, 205.

8 Y. Cao, E. Ma, S. Cestellos-Blanco, B. Zhang, R. Qiu, Y. Su,
J. A. Doudna and P. Yang, Nontoxic Nanopore
Electroporation for Effective Intracellular Delivery of
Biological Macromolecules, Proc. Natl. Acad. Sci. U. S. A.,
2019, 116, 7899.

9 A. Zhang, J. Fang, J. Wang, X. Xie, H.-J. Chen and G. He,
Interrogation on the Cellular Nano-Interface and Biosafety
of Repeated Nano-Electroporation by Nanostraw System,
Biosensors, 2022, 12, 522.

10 G. He, J. Feng, A. Zhang, L. Zhou, R. Wen, J. Wu, C. Yang,
J. Yang, C. Li, D. Chen, et al., Multifunctional Branched
Nanostraw-Electroporation Platform for Intracellular
Regulation and Monitoring of Circulating Tumor Cells,
Nano Lett., 2019, 19, 7201.

11 M. A. Pop and B. D. Almquist, Controlled Delivery of
MicroRNAs into Primary Cells Using Nanostraw
Technology, Adv. NanoBiomed Res., 2021, 1, 2000061.

12 Y. Cao, H. Chen, R. Qiu, M. Hanna, E. Ma, M. Hjort,
A. Zhang, R. Lewis, J. Wu and N. Melosh, Universal
Intracellular Biomolecule Delivery with Precise Dosage
Control, Sci. Adv., 2018, 4, eaat8131.

13 J.-A. Huang, V. Caprettini, Y. Zhao, G. Melle, N. Maccaferri,
L. Deleye, X. Zambrana-Puyalto, M. Ardini, F. Tantussi,
M. Dipalo, et al., On-Demand Intracellular Delivery of
Single Particles in Single Cells by 3D Hollow
Nanoelectrodes, Nano Lett., 2019, 19, 722.

14 E. Hebisch, M. Hjort, D. Volpati and C. N. Prinz, Nanostraw-
Assisted Cellular Injection of Fluorescent Nanodiamonds via
Direct Membrane Opening, Small, 2021, 17, 2006421.

15 J. Fang, J. Xu, Y. Xiang, H. Li, D. Xu, X. Xie and N. Hu,
Accurate and Efficient Intracellular Delivery Biosensing
System by Nanostrawed Electroporation Array, Biosens.
Bioelectron., 2021, 194, 113583.

16 S. R. Tabaei, M. Rabe, V. P. Zhdanov, N.-J. Cho and F. Höök,
Single Vesicle Analysis Reveals Nanoscale Membrane
Curvature Selective Pore Formation in Lipid Membranes by
an Antiviral a-Helical Peptide, Nano Lett., 2012, 12, 5719.

17 G. He, H.-J. Chen, D. Liu, Y. Feng, C. Yang, T. Hang, J. Wu,
Y. Cao and X. Xie, Fabrication of Various Structures of
Nanostraw Arrays and Their Applications in Gene Delivery,
Adv. Mater. Interfaces, 2018, 5, 1701535.
RSC Adv., 2024, 14, 22244–22252 | 22251

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ra02791d


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
Ju

ly
 2

02
4.

 D
ow

nl
oa

de
d 

on
 4

/2
/2

02
6 

11
:3

9:
57

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
18 R. Elnathan, M. G. Barbato, X. Guo, A. Mariano, Z. Wang,
F. Santoro, P. Shi, N. H. Voelcker, X. Xie, J. L. Young, et al.,
Biointerface Design for Vertical Nanoprobes, Nat. Rev.
Mater., 2022, 7, 953.

19 P. Mukherjee, S. S. P. Nathamgari, J. A. Kessler and
H. D. Espinosa, Combined Numerical and Experimental
Investigation of Localized Electroporation-Based Cell
Transfection and Sampling, ACS Nano, 2018, 12, 12118.

20 L. Chang, P. Bertani, D. Gallego-Perez, Z. Yang, F. Chen,
C. Chiang, V. Malkoc, T. Kuang, K. Gao, L. J. Lee, et al., 3D
Nanochannel Electroporation for High-Throughput Cell
Transfection with High Uniformity and Dosage Control,
Nanoscale, 2016, 8, 243.

21 H. E. Hohmeier, H. Mulder, G. Chen, R. Henkel-Rieger,
M. Prentki and C. B. Newgard, Isolation of INS-1-derived
Cell Lines with Robust ATP-sensitive K+ Channel-
Dependent and -Independent Glucose-Stimulated Insulin
Secretion, Diabetes, 2000, 49, 424.

22 L. E. Prevette, D. G. Mullen and M. M. Banaszak Holl,
Polycation-Induced Cell Membrane Permeability Does Not
Enhance Cellular Uptake or Expression Efficiency of
Delivered DNA, Mol. Pharm., 2010, 7, 870.
22252 | RSC Adv., 2024, 14, 22244–22252
23 A.-R. Shokouhi, Y. Chen, H. Z. Yoh, T. Murayama, K. Suu,
Y. Morikawa, J. Brenker, T. Alan, N. H. Voelcker and
R. Elnathan, Electroactive nanoinjection platform for
intracellular delivery and gene silencing, J. Nanobiotechnol.,
2023, 21, 273.

24 J. M. Meacham, K. Durvasula, F. L. Degertekin and
A. G. Fedorov, Enhanced Intracellular Delivery via
Coordinated Acoustically Driven Shear Mechanoporation
and Electrophoretic Insertion, Sci. Rep., 2018, 8, 3727.

25 P. E. Boukany, A. Morss, W.-c. Liao, B. Henslee, H. Jung,
X. Zhang, B. Yu, X. Wang, Y. Wu, L. Li, et al., Nanochannel
Electroporation Delivers Precise Amounts of Biomolecules
into Living Cells, Nat. Nanotechnol., 2011, 6, 747.

26 A. M. Ansari, A. K. Ahmed, A. E. Matsangos, F. Lay, L. J. Born,
G. Marti, J. W. Harmon and Z. Sun, Cellular GFP toxicity and
immunogenicity: potential confounders in in vivo cell
tracking experiments, Stem Cell Rev. Rep., 2016, 12, 553.

27 T. Haraguchi, T. Koujin, T. Shindo, S. Bilir, H. Osakada,
K. Nishimura, Y. Hirano, H. Asakawa, C. Mori,
S. Kobayashi, et al., Transfected plasmid DNA is
incorporated into the nucleus via nuclear envelope
reformation at telophase, Commun. Biol., 2022, 5, 78.
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ra02791d

	Achieving efficient clonal beta cells transfection using nanostraw/nanopore-assisted electroporationElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra02791d
	Achieving efficient clonal beta cells transfection using nanostraw/nanopore-assisted electroporationElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra02791d
	Achieving efficient clonal beta cells transfection using nanostraw/nanopore-assisted electroporationElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra02791d
	Achieving efficient clonal beta cells transfection using nanostraw/nanopore-assisted electroporationElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra02791d
	Achieving efficient clonal beta cells transfection using nanostraw/nanopore-assisted electroporationElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra02791d
	Achieving efficient clonal beta cells transfection using nanostraw/nanopore-assisted electroporationElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra02791d
	Achieving efficient clonal beta cells transfection using nanostraw/nanopore-assisted electroporationElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra02791d
	Achieving efficient clonal beta cells transfection using nanostraw/nanopore-assisted electroporationElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra02791d
	Achieving efficient clonal beta cells transfection using nanostraw/nanopore-assisted electroporationElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra02791d
	Achieving efficient clonal beta cells transfection using nanostraw/nanopore-assisted electroporationElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra02791d
	Achieving efficient clonal beta cells transfection using nanostraw/nanopore-assisted electroporationElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra02791d
	Achieving efficient clonal beta cells transfection using nanostraw/nanopore-assisted electroporationElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra02791d

	Achieving efficient clonal beta cells transfection using nanostraw/nanopore-assisted electroporationElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra02791d
	Achieving efficient clonal beta cells transfection using nanostraw/nanopore-assisted electroporationElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra02791d
	Achieving efficient clonal beta cells transfection using nanostraw/nanopore-assisted electroporationElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra02791d
	Achieving efficient clonal beta cells transfection using nanostraw/nanopore-assisted electroporationElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra02791d
	Achieving efficient clonal beta cells transfection using nanostraw/nanopore-assisted electroporationElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra02791d

	Achieving efficient clonal beta cells transfection using nanostraw/nanopore-assisted electroporationElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra02791d
	Achieving efficient clonal beta cells transfection using nanostraw/nanopore-assisted electroporationElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra02791d
	Achieving efficient clonal beta cells transfection using nanostraw/nanopore-assisted electroporationElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra02791d
	Achieving efficient clonal beta cells transfection using nanostraw/nanopore-assisted electroporationElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra02791d


