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Viscosity-aided electromechanical poration of cells for transfecting
molecules

Wenjing Huang, @ Shinya Sakuma, 2 Naotomo Tottori, 2 Shigeo S. Sugano *? and Yoko Yamanishi *2

Cell poration technologies offer opportunities not only to understand the activities of biological molecules but also to
investigate genetic manipulation possibilities. Unfortunately, transferring large molecules that can carry huge genomic
information is challenging. Here, we demonstrate electromechanical poration using a core-shell-structured microbubble
generator, consisting of a fine microelectrode covered with dielectric material. By introducing a microcavity at its tip, we
could concentrate electrical field with the application of electric pulses and generate microbubbles for electromechanical
stimulation of cells. Specifically, the technology enables transfection with molecules that are thousands of kDa even into
osteoblasts and Chlamydomonas, which are generally considered to be difficult to inject. Notably, we found that the
transfection efficiency can be enhanced by adjusting the viscosity of the cell suspension, which was presumably achieved by
remodeling of the membrane cytoskeleton. The applicability of the approach to a variety of cell types opens up numerous
emerging gene engineering applications.

Introduction

technologies

26 thearbitrary target region of the genome inside the cell can
27 be manipulated, with the components generally encoding
Cell poration technologies—methods of perforating cell 28 large extra-chromosomal expression VeCtOttS (>19 kbp) by
. 29 Cas endonucleases 15 16, Thus, transfecting with large
membranes—offer opportunities not only to understand . .
. . . 13 30 molecules accelerates gene manipulation, and leads to
the functions of biological molecules but also to . . ) ) . o
. . . . . 47 . 31 biological discoveries and their application.
investigate genetic manipulation . Electroporation . " o )
. 32 One of the critical concerns in cell poration is which
enable transcellular delivery of . i
. . e . . . 33 method to use for transferring molecules into cells. We
biological/artificial materials such as proteins, nucleic . N )
34 therefore focus on the physical methods that utilize field

acids, their vectors, and sensor particles, for genetic
modulation and intercellular sensing 812, Additionally,
artificially mass-produced synthetic antibodies, enzymes,

replication oriP 13,

35
36

energies such as electroporation using electrical fields and
sonoporation using pressure fields 1718, In these methods,

. e . 37 it is thought that cell membranes are perforated by the
and cloned vectors have become available by utilizing live . :

. . 13 38 physical energy and molecules are transferred into the cell
cell functions of the introduced materials 3. For example, 39 A ) ;
Bouvette et al. developed a method to purify 4-9 mg of t.Jy @ffuspn, electrophoresis, and pressure transpo.rtat!on

. . . . 40 like injection through the perforated holes 1921, While viral
human Dicer in a single day by transfection of human a1 . ; o
HEK293-EBNA1 cells with a pTT5 expression vector carrying or chemmal mlethods. of transfeft|c4>n haYe limited drug

. . . 42 carrying capacity owing to the limited size of the viral
a CMV promoter and the Epstein-Barr virus origin of 43 g o S,
These delivered materials were P cap5|4d, toxicity, aer .ceII‘-type dependent upta?ke -
categorized into several types by Stewart et al.; small physical methods intrinsically enab!e transfection with
. 45 large molecules 2529, Although physical methods enable
drugs, molecular probes, cryoprotectants, proteins and ) ; ) . A )
. . . . . 46 transfection with molecules without chemical/biological
peptides, nucleic acids, and synthetic nanomaterials and ] )
. 12 . 47 side effects, there are challenges related to transferring
devices '*. Among these materials, large molecules have 48 . o )
recently attracted significant attention owing to their large mo.lecules carrying huge gene.t|c |.nfot4'mat|on. Amor?g
. . .. . . 49 the physical methods, electroporation is widely adopted in
capacity for high-volume genomic information to replicate 50 ] ) ) ) S )
complex proteins. By combining with the CRISPR-Cas various fields owing tO.IFS applicability to a.varlety of cell
- 51 types and culture conditions °. When electrical pulses are
system—one of the most powerful tools for gene editing— ; )
52 applied to a cell suspension, the trans-membrane voltage
53 of the single cells increases, which attracts positive ions
o.Department of Mechanical Engineering, Kyushu University, Fukuoka 819-0395, 54 from the surrounding environment. If the increase of
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resulting in pore formation 39 31, Using electroporation,
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2.9-12.6-kbp plasmid DNAs, were delivered into Bacillus
subtilis ISW1214 with the same efficiency with varied
electric fields with strength up to 28 kV/cm and pulse
duration of 500 ps 32. In addition, it has been reported that
the waveforms of the voltage pulse affect the charged
groups of the membrane (e.g., phosphate head groups of
lipid molecules), and open holes in the cell membrane 33.
Notably, electrical pulses can produce membrane pores in
the range 1-100 nm using this method 34. Although
electroporation is applicable for varied cell types, it is still
challenging to transfecting large molecules with high-
volume genomic information. Therefore, a physical
method applicable to a variety of cell types such as
osteoblasts and microalgae is highly desired.

In this study, we demonstrate unprecedented
electromechanical poration using a core-shell-structured
microbubble generator, comprising a fine microelectrode
covered with dielectric material. By introducing a
microcavity at its tip, we concentrated the electrical field
with respect to the applied repetitive electric pulses and
generated microbubbles. The microbubble generator
offers two important contributions. One is the electrical
stimulus. The electric field was calculated to be several
MV/m at the tip of the bubble generator, comparable to
the level of electric field used in the electroporation
method 3>37. As shown in Fig. S1, for a bubble generator
made from a tungsten wire and a Teflon tube, the electric
field was concentrated at the tip. Cell suspension at the
position 100 um from the tip might be exposed to an
electric field of 1 MV/m. The electric field decreased
drastically as the distance from the tip increased. We
anticipate similar mechanisms to electroporation, where
the positive electric field excess within the cell membrane
is induced by the concentrated electrical field, and results
in poration. The other is the mechanical stimulus, which is
a unique feature of our method. The repetitively generated
microbubbles apply different degrees of mechanical
stimulation in the cell suspension owing to their behavior,
including  fluidic  oscillation caused by  their
expansion/contraction and shock waves caused by their
collapse. Moreover, the behavior can be controlled not
only by changing the strength and frequency of the applied
electrical pulses but also by changing the viscosity of the
cell suspension. We experimentally optimize the electrical
pulses and viscosity using the transfection efficiency and
show the transfection of large molecules (thousands of
kDa) into osteoblast-like cells and Chlamydomonas, which
are generally considered to be difficult to inject. Notably,
we find that the transfection efficiency can be enhanced by
increasing the viscosity, though the details of the
underlying intracellular delivery mechanism are currently
unclear. The applicability of the technology to a variety of
cell types opens up numerous bioengineering applications.

Results

Proposed mechanism of electromechanical poration

2 | Lab Chip, 2021, 00, 1-3
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Fig. 1 shows a proposed mechanism of the
electromechanical poration method based on the core-
shell-structured microbubble generator. The generator
comprises a microcavity at the tip of the generator, which
is configured between the fine core of the active electrode
and outer dielectric shell (Fig. S2). The bubble generator
and an opposing electrode are introduced into a cell
suspension containing target molecules. When electrical
pulse signals are applied between the electrodes, an
electrical field is finely concentrated at the tip of the
injector3®> 3%, which results in the rapid generation of
microbubbles in the suspension. The suspension viscosity
is artificially tuned to control the mechanical stimuli, which
trigger the remodeling of the cell membrane. Fig. 1la
depicts what happens in electromechanical poration with
respect to the viscosity of the cell suspension. When the
microbubbles are electrically generated, the cell
suspension surrounding the generator tip behaves in one
of two ways depending on the viscosity of the cell
suspension, and the fluidic behaviour cause different
degrees of mechanical stimulation of the cells in
(Fig. 1b). In the case of low-viscosity
suspensions, the generated bubbles are sequentially
released owing to the jet flow induced by bubble
expansion. As a result, the cell suspension circulates in the
culture container. Because cells, therefore, move as part of
the circulating flow, they are mainly exposed to the
relatively small mechanical stimulus of fluidic shear force in
terms of the microscopic perspective. In the case of high-
viscosity suspensions, the jet flow does not result from the
bubbles generated by the electrical pluses. In this case, the
bubbles expand and contract repeatedly at the tip of the
injector. Stagnant bubbles occur. The reason is supposed
to be that as the viscosity increases, the drag force induces
by samples becomes higher, which hinders the release of
microbubbles. To instinctively demonstrate how sample
viscosity leads to stagnant bubbles at generator tip, we
conducted experiments using samples with 0 to 25% (v/v)
thickener (long cellulose nanofiber fibers (LCNF)). The
viscosity increased as the thickener concentration
increased 38, As shown in Movies S1 to S4, the bubbles were
released from the tip of the bubble generator in samples
with 0, 5, 10 and 15% LCNF. As the viscosity further
increased, oscillating (stagnant) bubbles were observed in
samples with 20% or 25% LCNF (Movies S5 to S6). In this
study, we propose that high sample viscosity can be
achieved by increasing cell or thickener concentration (Fig.
1b). In such high-viscosity suspensions, the fluidic
oscillation is transmitted through the suspension, and the
cells are exposed to the relatively large mechanical
stimulus caused by the pressure oscillation.

Notably, we found that the mechanical stimuli caused by

suspension

the pressure oscillation trigger remodeling of the membrane
cytoskeleton is key to the proposed mechanism underlying the

intracellular  delivery of the target molecule in
electromechanical poration. We hypothesized that the
exposure to a mechanical stimulus caused by the

This journal is © The Royal Society of Chemistry 20xx
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electromechanical poration softens cells in suspension. Fig. 2
shows an example of the morphological changes of cellular
actin fibers in NIH/3T3 cells following our poration method,
where the viscosity was adjusted using the cell concentration.
Before exposure to the pressure oscillation, a dense actin
cortical layer was observed below the plasma membrane of
cells at low (Fig. 2a) or high (Fig. 2b) concentration. After
exposure, the actin layer under the cell membrane was
unchanged for the low-viscosity (low-concentration)
suspension (3.6x10* cells/uL). In contrast, the cortical actin
structure largely disappeared for the high-viscosity (high-
concentration) suspension (2.1x10° cells/uL). In addition, actin
stress fibers were observed again following 24 h of culture, post
exposure. To confirm that the membrane actin cortex
disassembled immediately after 12-W bubble exposure at high
viscosity (high concentration), we quantified the distribution of
fluorescently labelled F-actin in single cells from the cell
periphery to the cell center (areas Al to A5 in Fig. 2d). We
supposed that F-actin disassembly results in re-distribution of
stress fibers in single cells. The quantification data (Fig. 2d)
suggests that there were no significant differences between
untreated cells and cells exposed to 12-W bubbles in low-
concentration samples. On the other hand, F-actin signals at cell
periphery decreased significantly in high-concentrated cell
samples compared to that of the untreated samples. These
results indicate that the actin organization of the high-viscosity
(high-concentration) suspension was markedly influenced by
electromechanical poration, and transfected cells regenerated
actin stress fibers after culture. Because the disappearance of
actin networks in suspended cells correlated with cell softening
39 this result suggests that exposure to electromechanical
microbubbles resulted in the enhancement of cell mechanical
properties,
electroporation. In short, we propose that the mechanical

which  improved the effectiveness of
stimulation in the case of high viscosities, regulates the cell
polarity and the trans-membrane voltage %°, which weakens the
cellmembrane %1, supporting the pore formation induced by the
electric fields (electroporation) between the microbubble

generator and the negative electrode.

Effect of varying suspension viscosity using cell concentration

To increase the viscosity of cell suspensions we generally
have two choices: increasing the cell concentration and
adding thickener. Here, we evaluate the contribution of the
cell suspension viscosity, which was controlled by changing
the cell concentration. First, we optimized the output
powers and cell concentrations to demonstrate the
effectiveness of the developed transfection system. We
compared the electromechanical poration by varying the
output power from 4 to 15 W using cell suspensions
containing 2.1x10° cells/uL. The GFP expression plasmid
(PEGFP-N1, 4.7 kbp) was used as the target molecule so
that the transfected cells could be visualized. From Fig. 3,

This journal is © The Royal Society of Chemistry 20xx
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we can see that the number of transfected cells increased
when the output power was increased to 12 W. When the
output power was further increased to 15 W, the number
of transfected cells decreased. A previous study showed that
when using the electroporation method, as the field strength
increased (0 — 3 kV/cm), cell viability decreased from 100% to
approximately 25% “2. Faurie et al. showed that the transfection
efficiency of CHO cells reached a peak at 0.4 kV/cm using
electroporation method, but the efficiency decreased
significantly from 0.6 to 1 kV/cm. The reason was concluded to
be a marked loss in cell viability 3. To confirm the reason in our
study, we measured cell viability under the control condition
and at 12 and 15 W (Fig. 3c). The calculation method of cell
viability was adapted from a previous study on the
electroporation of suspended cells . Briefly, we normalized the
cell number of the treated sample to that of the untreated
(control) (details are shown in Figs. 3c, S3 and Materials and
Methods). The cell viability was approximately 60% at 12 W. On
the other hand, the cell viability decreased to approximately
25% at 15 W. Therefore, although more cells may be porated at
15 W compared to 12 W, most of the porated cells may die
because of the permanent poration. These results indicated
that electromechanical poration involved a trade-off
between transfection efficiency and cell viability—similar
to that for electroporation—and, of the tested conditions,
an output power of 12 W was the most effective for cell
injection.

Next, we conducted experiments to determine whether
the high-viscosity conditions benefit stress exposure. We
evaluated the viscosities of samples with different cell
concentrations; 3.6x10% 1.1x10° 2.1x10° and 4.3x10°
cells/uL using a rheometer (Fig. 4a). The shear viscosity
increased with the cell concentration. Note that the shear
viscosities of the samples with 2.1x10° and 4.3x10° cells/uL
were higher than that of the control containing only Opti-
MEM and plasmids. We observed fluidic behavior caused
by microbubble generation. Supplementary Movies S7 and
S8 show the typical results for low- and high-viscosity
suspensions whose cell concentrations were 3.6x10* and
2.1x10° cells/uL, respectively. Note that the output power
was 12 W in both cases. At low cell concentration, the
bubble generator induced free circulating flow (Movie S7).
In contrast, at high cell concentration, the microbubbles
oscillated intensely, and free circulating flow including cells
was restricted (Movie S8). These results demonstrate the
effect of viscosity on bubble behavior and indicate that
experimental conditions can be optimized to tune
mechanical stimuli for molecular transfection. We
conducted transfection experiments using pEGFP-N1
plasmid with different concentrations of NIH/3T3 cells
(Figs. 4b and 4c). Figs. 4b and 4c show that numerous
NIH/3T3 cells were transfected with plasmid pEGFP-N1 at
high-viscosity for the cell concentrations 2.1x10° and
4.3x10° cells/uL, in contrast to at low-viscosities with
3.6x10* and 1.1x10° cells/uL. These results indicate the
effects of cell concentration on transfection efficiency, and

Lab Chip, 2021, 00, 1-3 | 3
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demonstrate our concept for a high-efficiency cell
transfection method.

Viscosity-aided cell transformation using thickener

On the basis of the described results, which indicated that
the shear velocity of cell suspensions correlated with the
transfection efficiency, we evaluated the other method for
increasing the viscosity of cell suspensions; adding
thickener, which has the advantage of allowing a low
concentration cell suspension, extending the potential
applications. We investigated molecule transfection to a
low cell concentration suspension by adding thickener to a
low-viscosity suspension (3.6x10* cells/uL) to reconstruct a
highly viscous environment. The considerable range of
thickeners includes glycerol, cellulose nanofibers (CNFs) 4>,
and carboxymethyl cellulose (CMC) “6. We chose to
evaluate CNFs and CMC. Adding a small volume of CNFs to
the cell suspension gives viscous suspensions because of
their high aspect ratio and interfibrillar hydrogen bonds. In
addition, CNFs are derived from wood fibers, and therefore
have high biocompatibility and biodegradability. CMC is a
well-established low-cost material that is chemically
synthesized from cellulose that has even higher
biocompatibility than CNFs. Although CMC has a lower
thickening effect than CNFs, it is already used as a food
additive. We evaluated the effect of nanofibers in
thickener using two CNFs and a CMC. We used AFo-10002
(short CNF, SCNF) and BMa-10002 (long CNF, LCNF) as
different aspect ratio CNFs, and TFo-10002 (fiber-type CMC
with 10 um cross-sectional diameter) as the CMC (see
Materials & Methods).

First, we assessed the viscosity changes induced
by adding the thickeners (Fig. 5a). As anticipated, the
viscosity of the cell suspension increased in each case.
Additionally, the thickening effects on the shear viscosity
for the high aspect ratio was greater than that of the
shorter CNFs. Note that the viscosity of CMC (no CNFs) with
a concentration of 45% (CMC-45%) was comparable to that
of BMA/-10002 cellulose long with a concentration of 7%
(LCNF-7%) (Fig. 5b). In addition, the transfection efficiency
improved up to approximately 16.8%, 36.1%, and 9.1% for
SCNF-21%, LCNF-21%, and CMC-45%, respectively (Fig. 5c).
The transfection efficiency improved in each case, and
higher viscosities gave higher transfection efficiency. In
addition, prominent morphological change of NIH/3T3 cells
was not observed (Fig. S4a). The cell viability of samples
with the addition of 21% LCNF was not changed
significantly compared with the control samples (Figs. 5c
and S5). The thickener, therefore, might have
biocompatibility. After transfection using the
electromechanical poration method at 12 W, the cell viability of
samples with 21% LCNF was in the range of 50% to 80% when
the transfection efficiency was approximately 30% (Fig. 5c).
These results imply that the sample viscosity is a key factor
in promoting cell transfection through microbubbles.

4 | Lab Chip, 2021, 00, 1-3
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Applicability to a variety of cell types

The proposed electromechanical poration method offers a
wide range of opportunities for transfecting cells with
molecules resulting in high viability as it softens the target
cell using convenient mechanical stimuli. In this study, we
demonstrate two examples of molecule transfection. First,
we conducted experiments using a rat osteosarcoma cell
line, UMR-106 cells, at different concentrations or with the
addition of CNFs. UMR-106 is used as a model of bone-
forming and bone-remolding cells, which recapitulate bone
regeneration and vitamin D signaling. pEGFP-N1 was the
target molecule for transfection. In this study, high cell
concentration was determined based on the viscosity, at a level
of which oscillating bubbles occurred at the tip of the bubble
generator. Therefore, we investigated the viscosity of cell
samples. As shown in Fig. 63, the viscosity of UMR-106 cells with
a concentration of 2.1x10° cells/uL was higher than that of
low-concentration sample (3.6x10* cells/uL). The viscosity
level was as low as 103 Pa's (the viscosity level of OPTI-
MEM or water). In addition, we observed oscillating bubbles in
the high-concentration sample of UMR-106 cells (Movie S9).
Therefore, we used two high-viscosity suspensions achieved
through high cell concentration (2.1x10° cells/uL) and by
adding thickener (LCNF-21%). Note that a low-viscosity
suspension with 3.6x10% cells/uL was used as a control
suspension. The transfection efficiency was approximately
45% in the case of the high-concentration suspension (Fig.
6b), which was higher than that of the low-concentration
suspension. The transfection efficiency was also up-
regulated to approximately 36% for the sample with
thickening agent (Fig. 6b). Further, it seems that there were
no prominent morphological changes of UMR-106 cells
after the addition of 21% LCNF (Fig. S4b). Addition of 21%
LCNF only did not result in significant decrease of cell viability
(95 ~ 100% cell viability with the addition of 21% LCNF, Figs. 6¢
and S6). These results indicate that LCNF might have
biocompatibility. After transfection using the electromechanical
poration method at 12 W, the cell viability of the 21%-LCNF
sample was in the range of 50% to 80% when the transfection
efficiency was approximately 50%. The results indicate that
electromechanical poration has the potential to be used for
transfection of various cell types. Next, we conducted
experiments on Chlamydomonas reinhardtii to further
demonstrate the versatility of electromechanical poration.
Although Chlamydomonas is a microalga that has been
suggested as a future source of renewable biofuel %7, it is
difficult to manipulate genes in Chlamydomonas because
of its rigid cell wall %8, Similarly, we also investigated the
low-/high-
concentration samples. The viscosity of low-concentration

viscosity of samples to determine the
(3x10° cells/uL) Chlamydomonas was comparable to that of
low-concentration UMR-106. Further, the viscosity of high-
concentration (7.5x10° cells/uL) sample was slightly larger than
that of high-concentration UMR-106. Cells with no green
fluorescence were observed in samples under static
conditions. 2000-kDa FITC-dextran (estimated

This journal is © The Royal Society of Chemistry 20xx

Page 4 of 23



Page 5 of 23

cwooONOOTULTPE,WNE

[
B WN R

15
16

17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54

hydrodynamic diameter: 54.4 nm) 4° was delivered into
only a few cells in a cell suspension with 3x10° cells/pL. At
7.5x10° cells/uL, the transfection efficiency of FITC-dextran
was increased to more than 40% (Fig. 6d). The cell viability
of Chlamydomonas was in the range of 60% to 80% after
24-h incubation (12-W bubble treatment). Thus, the
system is applicable to the delivery of macromolecules to
cells with cell walls, and the sample viscosity is a crucial
parameter for transfection even in plant cells. Because
FITC-dextran has been used to evaluate the membrane
permeability of cell membranes for transfection °°, the
results directly demonstrate that the developed
electromechanical method induced pore formation after
microbubble exposure.

Delivery of plasmids with different size

We evaluated the possibility of delivering large plasmids.
Plasmids of different sizes up to 15 kbp were successfully
transfected into UMR-106 cells, as large cargo models
containing high-volume genomic information (Fig. 7b). The
transfection efficiency of 11 kbp plasmid to UMR-106 cells
was approximately 8% using the electromechanical
poration system (Fig. 7c). This result suggests that the
transfection efficiency of large molecules into cells
depends on the molecular size.

The adhered cells decreased as the size of plasmid increased
(Fig. 7c). The reason might be that large-size plasmid is toxic
to cells when exposed to physical stimulation °. To test
whether cells subjected to oscillating microbubbles can
proliferate, we conducted cell selection experiments
following the delivery of plasmids using the vector
harboring both GFP and RFP-2A-PURO expressing cassettes
(the plasmid pCDH-GFP-RFP-PURO with a size of 8.3 kbp used
in Fig. 7c). After transfection using the electromechanical
poration method, cells with both GFP and RFP expression
were observed at 24 h (Fig. 8). Note that we used
lipofection, which is widely used for transfecting cells with
molecules, to evaluate the effectiveness of the proposed
method. UMR-106 cells grew to confluence after gene
delivery using either lipofection or electromechanical
poration. The number of GFP- or RFP-expressing cells
increased after treatment with puromycin for 48 h, which
suggests that the transfected cells proliferated and their
descendants also expressed the PURO gene (Fig. 8). In
contrast, non-transfected cells were killed by the
puromycin treatment. At 48 h after puromycin treatment,
GFP was expressed in approximately 99% of both samples,
transfected using lipofectamine or the electromechanical
poration method (Fig. 8). Notably, the transfection
efficiency of UMR-106 using the electromechanical
poration method was higher than that of the lipofection
method, as shown in Fig. 9. These results confirmed that
the cells transfected with the antibiotic-resistant cassette
using electromechanical poration, exhibited similar

This journal is © The Royal Society of Chemistry 20xx
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proliferation status in response to antibiotics to those
transfected using the conventional method.

Discussion

The results described demonstrate the effectiveness of our
system for delivering cargos. In this section, we discuss the
mechanisms underlying its delivery of large molecules into
cells. Based on previous studies, the mechanisms
underlying cell transfection by electroporation are as
follows 526, 1) An electric field using high intensity
electrical pulses is applied to cells. 2) The trans-membrane
voltage increases rapidly, attracting small conducting ions
(e.g Na+ and Cl-) from the surrounding medium 5253, . The
cell membrane transits from an insulating state and
becomes conductive 3. When the capacitance of the
membrane is exceeded, the lipid-bilayer rearranges and
pores are formed in the cell membrane. 3) The changes in
mechanical force within the membrane lead to an
expansion of membrane pores for the cellular uptake of
biological molecules. The pore formation has a time range
of ns to us 3. In addition to the described poration
mechanism, we observed changes in the structure under
the cell membrane after exposure to electrically induced
microbubbles using our system (Fig. 2). Although the electric
field at the tip of the microbubble generator might be involved
in decreased cell viability (Fig. S1), we noticed that exposure to
12-W power did not result in prominent cell transfection in low-
concentration cell suspension, which demonstrated that the
electric field without oscillating microbubble could not increase
cell transfection. Based on these observations, our proposed
mechanism for electromechanical poration is that fluidic
oscillation caused by the microbubbles enhances the
effectiveness of electroporation by changing the
mechanical characteristics of the cell membrane. Although
it remains difficult to distinguish the effects of
microbubbles and electrical discharge on cell membranes
as both are caused by electrical pulses at almost the same
time point, our proposed mechanism is based on the
underlying electroporation methods and the possible
behaviour of microbubbles with the aid of viscosity. The
question remains, how does increasing the viscosity
enhance cell transfection?

Briefly, because the cell membrane is regarded as a
mechano-sensing structure for cells %7, viscosity was used
as a key property of the microenvironment to control the
mechanical forces related to fluid flow 8 59, and therefore
cell responses. When using electromechanical poration,
adjusting the sample viscosity regulated the level of shear
stress exerted on suspended cells, and the oscillation of
microbubbles in the viscous cell suspension weakened the
cell membrane for effective electroporation. In a low-
viscosity liquid, a convection flow of the thin liquid was
observed when the sample was exposed to microbubbles
at 12 W. Because the bubbles were ejected from the tip of
the generator, the mechanical forces were transiently
dissipated into a wide area (Movies S1-S4 or Movie S7) 6%
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63, The suspended cells flowed with the fluid without strong
resistance % % Therefore, the shear stress exerted on cells
was extremely low because of mechanical dissipation and
low resistance, which can be ignored from a microscopic
perspective. In contrast, in a high-viscosity liquid, the
viscous drag hinders the ejection of the microbubbles like
a damper and the microbubbles cyclically vibrate at the
initial position (the tip of the bubble generator). The free
movement of cells is also restricted by the viscous
microenvironment. The cyclic bubble deformation results
in fluid shear stress, which may induce deformation of the
cell membrane. Therefore, with the aid of viscosity, the
oscillation but not the collapse of microbubbles was
applied effectively for membrane deformation here. The
effectiveness of oscillating bubbles on cell poration was
also confirmed by using bubbles (diameter: ~ 20 um) driven
by acoustic fields . Previous studies reported that the
periodic succession of attractive and repulsive forces
induced by an oscillating air microbubble adsorbed on the
wall of a cuvette ¢ 8 resulted in the deformation or
disruption of giant unilamellar lipid vesicles approaching
the bubble 6 69,

In this study, the induced strong mechanical stimuli may
promote the delivery of large molecules into cells by
overcoming the cell membrane barrier. Differences in the
mechanical properties of the cell membrane—such as
reduced thickness and changes in the
conformation/bending stiffness—after mechanical stimuli,
were demonstrated in previous studies 47971 Actin forms
one of the cell cytoskeletons that regulate cell mechanics.
A previous study showed that the morphology of the
cortical actin structure underneath the plasma membrane
of suspended cells is related to the mechanics (stiffness) of
the suspended 3T3 cells 3% 72, The reduction in actin
structures underneath the cell membrane was related to
lower cell stiffness 3° Furthermore, we showed that
NIH/3T3 cells responded rapidly to microbubble exposure
by remodeling the actin structure below the cell
membrane (Fig. 2). The results for the delivery of 2000-kDa
FITC-dextran into Chlamydomonas suggested the high
permeability of the cell membrane resulted from the
electromechanical poration (Fig. 6d). Therefore, it is
reasonable to suppose that the electromechanical poration
method effectively changes the physical properties of the
cell and leads to pore formation for the delivery of large
molecules. The effectiveness of our electromechanical
poration could be dependent on other system parameters
or cell type. For example, we found that transfection
efficiency in UMR-106 cells was higher than that in NIH/3T3
cells (Figs. 3a and 9), whereas NIH/3T3 cells are known to
be one of the easiest-to-transfect cell lines and UMR-106 is
not. For the transfection of NIH/3T3 cells, there are parameters
to be optimized such as the relationship between the size of the
bubble generator and the volume of the cell suspension, the
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number of cycles of bubble exposure and the position of the
Meanwhile, we note that UMR-106
continuously secretes a large number of glycoproteins, a

bubble generator.

type of protein with high intrinsic viscosity, to form bone
extracellular matrix 73. In terms of the principle of
electromechanical poration, the amount of extracellular
matrix, which potentially inhibits cell movement inside the
in transfection

reactor, would be a possible factor

efficiency.

Materials and Methods

Core-shell-structured microbubble generator and
experimental system configuration

The core-shell-structured bubble generator was fabricated
using a tungsten wire with 100-um cross-section, a Teflon
tube (inner diameter 100 um, outer diameter 300 um), an
intravenous (1V) indwelling catheter, and an electrode. The
tungsten wire was approximately 5 mm longer than the
Teflon tube. After insertion into the Teflon tube, the end of
the tungsten wire was inserted into the tip of the
indwelling catheter (a slender stainless steel tube) to form
an electrode. The detailed fabrication process is shown in
Fig. S2. When a single pulse with a peak voltage of 500 V
was applied to the generator and the negative electrode,
the microbubbles grew to a maximum size (sub-millimeter)
within 5 us (Fig. 10 and Movie S10). The system used for
transfection consisted of a power source (Hyfrecator 2000,
ConMed Corporation, USA), two micro-manipulators (QP-
2RLH-PC, Micro Support Co., Ltd., Japan) and a bubble
injector (Fig. 10). The Bipolar (Bl) mode was used, and the
power could be adjusted from 0 to 35 W. A signal from the
PC was used to trigger the power source through a digital
1/0 unit. 600 pulses were generated in approximately 0.018
s at each trigger when the power source was externally
triggered once 74. Each power unit was triggered 30 times.
An oscilloscope was used to monitor the voltage and
current during the experiments. The injection position was
changed randomly within 500 um in the x—y plane by the
micromanipulator after each trigger signal, and the time
interval between signals was 2 s.

Cell culture and application of FITC-dextran and plasmids

NIH/3T3 (CRL-1658) and UMR-106 (CRL-1661) were
obtained from the American Type Culture Collection
(ATCC) (Manassas, Va., USA). Chlamydomonas reinhardtii
CC-125 wild type mt+ 137c was used for transformation.
NIH/3T3 and UMR-106 were cultured in high-glucose
Dulbecco’s Modified Eagle’s Medium (DMEM) (ATCC 30-
2002, Manassas, Va., USA) containing 10% heat-inactivated
fetal bovine serum (Austral Biologicals, USA), and 1%
penicillin and streptomycin (Invitrogen). The cell lines were
maintained at 37°C under 5% CO2 in a humidified
atmosphere and grown to confluence. Wild-type
Chlamydomonas was grown on a tris-acetate-phosphate

This journal is © The Royal Society of Chemistry 20xx
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(TAP) solid medium containing 1% agar in a 100-mm dish.
Chlamydomonas was cultured under
illumination (82 umol photons/m2s) at 22°C.

We used 2000-kDa fluorescein dextran to evaluate the
effectiveness of the electromechanical poration to deliver
large molecules into Chlamydomonas 7>. The volume of the
cell suspension for transfection was 7 puL. The final
concentration of the fluorescein dextran was
approximately 85 pg/uL. We used plasmids in the
experiments transfecting NIH/3T3, UMR-106, and MSC.
The pEGFP-N1 plasmid DNA (4.7 kbp) (Chlontech, #6085-
1), pCDH-GFP-RFP-PURO (8.3 kbp) 76, MS2-P65-HSF1 (11
kbp) (Addgene, #61423), and pHRdSV40-NLS-dCas9-
24xGCN4-NLS-P2A-BFP-dWPRE (15  kbp)  (Addgene,
#60910) were also prepared using a plasmid Giga prep kit
(QIAGEN). Plasmid concentrations of 3—10 pg/uL were
used. In the preliminary experiments, cell samples (uL)
were transfected with 3.8 (0.54 pg/pL) or 0.9-ug (0.13
ug/uL) plasmid (Fig. S7). We added 15 pg of plasmid to each
sample based on the maximum transfection efficiency
obtained from experiments using plasmids at different
levels (Fig. S7). Exposure to the microbubbles and electric
field for 30 triggers did not result in plasmid damage at 12
W (Supplementary method 1 and Fig. S8).

continuous

Sample preparation and viscosity measurement

Cell suspension samples formed on the bottom of 1.5-mL
microtubes were prepared by centrifugation
(Supplemental method 2). Thickening agents BiNFi-s used
were purchased from SUGINO MACHINE LIMITED (Toyama,
Japan). Thickening agents with cellulose nanofibers (CNFs)
or carboxymethyl cellulose (CMC) were used. BiNFi-s
cellulose long (LCNFs, BMa-10002) and BiNFi-s cellulose
short (SCNFs, AFo-10002) were used. The thickening agent
CMC (TFo-10002) was also used. After cells were
centrifuged, the supernatant was discarded. Thickening
agent with the desired volume was added to cells. Then,
Opti-MEM was added to adjust the total volume to 7 puL.
The fluid mechanics were investigated using a parallel-
plate rheometer Physica MCR 301 (Anton Paar, Australia),
which was also used to measure the dynamic viscoelastic
properties of the samples with a high cell concentration.
We used a CP25-0.5 measuring plate because it only
required a small volume of cell suspension (~50 pL). A
constant-temperature water bath with a circulating flow of
water was used to maintain the temperature at 25°C.

Evaluation of cell viability and cell transfection

Cell (NIH/3T3 or UMR-106) viability was calculated using
a protocol adapted from Haberl et al. Briefly, first, the
bubble-treated cell suspension was cultured in cell culture
dish for 24 h. Then the cells were washed with PBS (-) to
remove the floating dead cells. Next, phase-contrast
images were collected from 5 random locations using 10x
objective (Figs. 3c, S3, S5 and S6). The cell number in the 5
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images was counted and normalized to that of the control
sample as the relative cell viability of the sample 4.

Cells transfected with plasmid DNA were observed using
a fluorescence microscope (Eclipse Ti, Nikon Corporation,
Japan) after transfection for 48 h. Images were collected
using a 20x magpnification lens (L Plan, SLWD 20x/0.35,
OFN25, WD 24, Nikon, Tokyo, Japan). The exposure time
was 600 ms based on the saturation of the images on day
2. The transfection efficiency was measured using a
Countess Il FL automatic cell (Invitrogen,
Massachusetts, USA).

For the measurement of cell viability of Chlamydomonas,
samples with a concentration of 7.5x10° cells/uL (high
concentration) were used. Cells were treated with 12-W
microbubbles. After 24-h incubation, Chlamydomonas were
staining with FDA (Dojindo), which shows live cells with green
fluorescence. For a sample, 5 images were collected at 5
random locations. Cell viability was equal to the percentage of
FDA-positive cells with respect to the total cell number in the 5
images.

After the Chlamydomonas suspensions with 2000-kDa FITC-
dextran were treated with 12-W bubbles, the cells were
centrifuged and washed three times using the TAP medium.
Then cells on the glass-bottom dish were imaged in
confocal mode using a TCS SP8 confocal laser microscope
(Leica) with a 60x/1.2 NA oil objective (Leica). Cells were
imaged from dish bottom to top with a step size of 0.3 um.
We counted the cells with FITC-dextran within the cell body
using the confocal images collected using the SP8 confocal
microscopy. Then the transfected cell number was divided by
the total cell number to obtain the value of transfection
efficiency of Chlamydomonas.

For cell selection experiments, we transfected UMR-106
cells with pCDH-GFP-RFP-PURO (8.3 kbp), which is a
plasmid with a gene for puromycin resistance. Puromycin
(InvivoGen, USA) was added to the culture medium of
UMR-106 at 24 h to give a final concentration of 20 pg/mL.
Following the addition of puromycin for 48 h, the samples
were observed and cells were collected using 0.25%
trypsin. The percentage of plasmid-expressing cells was
measured using Countess Il FL.

counter

Cell staining with phalloidin and image analysis

Actin of suspended cells was stained using a method
described in a previous study by Chan et al 72. Briefly, we
washed the suspended cells with prewarmed PBS (-) and
fixed the cells in the suspended state at room temperature
with 4% paraformaldehyde phosphate buffer solution for
20 min. Then, we incubated the suspended cells with 0.1%
Triton X-100 for 5 min. Subsequently, we stained the cells
by incubating the fixed cells with phalloidin-Alexa-Fluor
555 (Life Technologies) for 20 min in the dark. The sample
was then washed three times with PBS (-). Actin of cells
cultured for 24 h was stained using a similar protocol. Cells
stained for actin were imaged in confocal mode using a TCS
SP8 confocal laser microscope (Leica) with a 40x/1.2 NA oil

Lab Chip, 2021, 00, 1-3 | 7
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objective (Leica). Cells were imaged from bottom to top
with a step size of 0.35 um. Gain settings and exposure
times were kept the same for all samples. The intensity of
each cell in each image was calculated and the maximum
was regarded as the intensity of actin within a cell. We
quantified fluorescence intensity of F-actin using Image)
(NIH). As shown in Fig. 2d, we divided the cell area into five
areas with a width of R/5 (R was half of the width of a cell with
a round shape (i.e., the radius of the cell)). Then the gray value
of each donut-shaped area and the center area were
normalized to that of the whole cell area to remove the
influences of the background and cell individual differences.

Statistical analysis

from 3-6
Differences were examined using one-way

Results are independent experiments.
repeated
measures ANOVA based on the results of normality tests,
and a Tukey test was used as the post-hoc analysis method.
Results are graphically represented using box charts with
boxes determined by the 25th and 75th percentiles. A p
value of <0.05 was considered statistically significant.

Statistical analysis was conducted using OriginPro 2021.
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Fig. 1 Concept for cell transfection using bubble generator. The generator system consists of two
electrodes. The tips of the two electrodes are inserted into the cell suspension. When the power
source generates a voltage pulse, an electrical field forms between the two electrodes and
microbubbles are generated. (a) Expected working principles of cell transfection using the bubble
generator are as follows. Suspended cells with low or high concentration are simultaneously
exposed to both electric fields and shear stress induced by the bubble generator. Cells in a highly
concentrated suspension accumulate around the bubble and are exposed to pulsatile shear stress
because of the sustained oscillation of the microbubbles. The concentrated environment promotes
membrane poration. (b) Proposed methods for the regulation of sample viscosity and mechanical
stimuli on suspended cells. The sample viscosity was supposed to influence the mechanical
stimulus on suspended cells. Low viscosity is supposed to be related to small mechanical stimuli
on cells. On the other hand, high viscosity may result in large mechanical stimuli. There are two
possible ways to achieve high sample viscosity for enhanced mechanical stimulus and cell

1

Sustained
bubble oscillation

Large mechanical
stimuli on cells



Lab on a Chip

(a) Low cell concentration (b) High cell concentration (c) NIH/3T3 cells after 24-h incubation (high concentration)
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Fig. 2 Cellular response after microbubble exposure. (a) F-actin in cells in low-concentration
suspensions with or without the treatment of 12-W bubble. (b) F-actin in cells in high-
concentration suspensions with or without the treatment of 12-W bubble. (c) Actin stress fibers
in cells seeded onto dishes after microbubble exposure. The actin filament (F-Actin) was stained
with Rhodamine-Phalloidin. F-actin was observed in the microbubble-exposed cells after 24-h
culture. (d) The calculation results of F-actin distribution in cells at low/high concentrations. A
single cell area was divided into 4 donut shaped areas and a center area according to the width
of the round cell shape. The gray value of each area was calculated to show the intensity of F-
actin. Plasmid pEGFP N1 (47 kbp) was added to all samples in this experiments with a
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Fig. 3 Effect of output power on transfection efficiency. (a) Representative images of NIH/3T3
cells that were subjected to bubble injection with pEGFP-N1 plasmid at different output powers.
Each sample contained 1.5x106 cells in a 7-pL suspension (2.1x105 cells/uL). Two control
samples (plasmid (+), w/o bubble and w/o plasmid, 12-W bubble) were applied. No GFP-
expressing cells were observed in the sample without plasmids after bubble injection.
Furthermore, without injection, no GFP-positive cells were observed, although plasmids were
mixed with the cell suspension. (b) Transfection efficiency at different output powers (left). *: p
< 0.05 vs. microbubble exposure at 4, 6, 8, 10, or 15 W. The expected transfection events per
injection (right). #: p < 0.05 vs. microbubble exposure at 4 or 6 W. (c) Calculation of relative cell
viability. Cells exposed to microbubbles were incubated for 24 h. The floating dead cells were
washed out. Then images of cells were collected from 5 random locations using phase-contrast
microscope using 10x objective. The cell count from the 5 images were normalized to that of the
control as the relative cell viability 44. *: p < 0.05 vs. control. #: p <0.05 vs. control or 12 W. &:

p < 0.05 vs. control or 15 W. p values were calculated by using ANOVA in OriginLab 2021.
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Fig. 4 Effect of cell concentration on the transfection efficiency. (a) Representative images of cell
suspensions in microtubes from low to high concentration (left to right, respectively). The images
show the stocks of cell suspensions with different cell concentration (not the sample for
transfection). The samples for bubble exposure were adjusted to be the same as 7puL. Shear
viscosity measurements of samples with increased cell concentration (right). Because the
viscosities of the sample with 3.6x104 cells/uL and the control were lower than the capacity of
the measuring plate of the rheometer, the viscosity at shear velocities lower than 10! s—1 could
not be measured. Control indicates no cells added to the medium (OPTI-MEM only). (b) Typical
images of NIH/3T3 cells transfected at different cell concentrations. The samples were transfected
with plasmid (pEGFP-N1) and images were acquired 24 h after the transfection. (c) Transfection
efficiencies of NIH/3T3 cells at different cell concentrations. The electric output power was fixed
at 12 W. *: p < 0.05 vs. cell concentration at 3.6x10% cells/uL. p value was calculated using one-

way repeated measures ANOVA with a Tukey test as the post-hoc method.
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Fig. 5 Effect of thickeners (cellulose nanofibers (CNFs) and carboxymethyl cellulose (CMC)) on
the transfection of NIH/3T3 cells at 12 W. (a) Measurement of the shear viscosity of Opti-MEM
with CMC, long CNF (LCNF), and short CNF (SCNF) at different concentrations. (b) Typical images
of NIH/3T3 cells transfected in the presence of CNFs and CMC at different concentrations. Plasmid:
pEGFP-N1. Opti-MEM: 0.25x106 cells/7 pL with Opti-MEM but no CNFs. LCNF-2% (7%, 21%):
0.25x106 cells/7 pL with Opti-MEM and 2% (7%, 21%) long CNF. SCNF-2% (7%, 21%):
0.25%106 cells/7 pL with OPTI-MEM and 2% (7%, 21%) short CNF. CMC-45%: 0.25x 106 cells/7
puL with OPTI-MEM and 45% CMC. Static means no bubble injection. (c) Transfection efficiency
and relative cell viability in the presence of thickening agents. Control: plasmid (+), w/o
thickener/bubble. *: p < 0.05 vs. Opti-MEM, LCNF-7% (static), or LCNF-2%; #: p < 0.05 vs. all
other samples; &: p < 0.05 vs. Opti-MEM, SCNF-7% (static), or SCNF-2%. There is no significant
difference between LCNF-7% and CMC-45%. §, £: p < 0.05 vs. Control or LC (+). p values were
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Fig. 6 Effect of cell concentration or adding the thickener (LCNF-21%) on the transfection of

various cell types. (a) Measurement of sample viscosity of UMR-106 cells or Chlamydomonas.

Here, UMR-low/high is the sample with a concentration of 3.6 x 10%/2.1 x 10> cells/pL.

Chlamydomonas-low/high is the sample with a concentration of 3 x 103/7.5 x 10> cells/pL. (b)

Effect of cell concentration or LCNF on the transfection of UMR-106 cells. *: p < 0.05 vs. sample

with low cell concentration. (c) The relationship between UMR-106 cell viability and cell

transfection efficiency with the addition of 21% LCNF. #, &: p < 0.05 vs. Control or 21% LCNF.

(d) Transfection of Chlamydomonas at low/high cell concentration with 2000-kDa FITC-dextran.

§: p < 0.05 vs. Control or Low. £: p < 0.05 vs. Control (ANOVA using OriginLab 2021).
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Fig. 7 Assessment of large molecule delivery in UMR-106. (a) A control sample of UMR-106
without the 12-W bubble exposure. (b) Delivery of 15-kbp plasmid (pHRdSV40-NLS-dCas9-
24xGCN4-NLS-P2A-BFP-dWPRE) into UMR-106 cells. The cells transfected with plasmid show BFP
fluorescence. Images were collected at 24/48 h after transfection. (c) Delivery of plasmids of
different sizes (pEGFP-N1: 4.7 kbp; pCDH-GFP-RFP-PURO: 8.3 kbp; MS2-P65-HSF1-GFP: 11 kbp)
using microbubbles at 12 W. *: p < 0.05 vs. 4.7 kbp (ANOVA using OriginLab 2021).
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for 48 h. (c) Quantification of the ratio of GFP/RFP-expressing cells to non-fluorescent cells during
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Fig. 9 Comparison of transfection efficiency of UMR-106 cells at 24 h between the

Bright field )

electromechanical poration method and lipofectamine 3000 method. Samples were prepared
without thickeners. Plasmid pEGFP-N1 was used. Bubble (12 W): bubble exposure at 12 W.
Lipofection: lipofectamine 3000 treatment. *: p < 0.05 vs. samples transfected using

lipofectamine. p values were calculated using a two-sample t-Test in OriginLab2021.
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Fig. 10 Sample preparation, system configuration and device setup. (a) Sample preparation. Cells
were transferred to the microtube and centrifuged to obtain a cell pellet. Then, a small amount
of plasmid was added to re-suspend the cells for bubble exposure. (b) System configuration. The
red arrow points to an enlarged view of the cell transfection unit. The drawing at the bottom left

corner shows the detailed device configuration. (c) Bubble generation using the system.
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