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Herein, we studied localized electroporation and gene transfection
of mammalian cells using a metallodielectric hybrid micromotor that
is magnetically and electrically powered. Much like nanochannel-
based, local electroporation of single cells, the presented micromo-
tor was expected to increase reversible electroporation yield, rela-
tive to standard electroporation, as only a small portion of the cell’s
membrane (in contact with the micromotor) is affected. In contrast
to methods in which the entire membrane of all cells within the
sample are electroporated, the presented micromotor can perform,
via magnetic steering, localized, spatially precise electroporation of
the target cells that it traps and transports. In order to minimize
nonselective electrical lysis of all cells within the chamber, resulting
from extended exposure to an electrical field, magnetic propulsion
was used to approach the immediate vicinity of the targeted cell,
after which short-duration, electric-driven propulsion was activated
to enable contact with the cell, followed by electroporation. In ad-
dition to local injection of fluorescent dye molecules, we demon-
strated that the micromotor can enhance the introduction of
plasmids into the suspension cells because of the dielectrophoretic
accumulation of the plasmids in between the Janus particle and the
attached cell prior to the electroporation step. Here, we chose a
different strategy involving the simultaneous operation of many
micromotors that are self-propelling, without external steering,
and pair with cells in an autonomic manner. The locally electropo-
rated suspension cells that are considered to be very difficult to
transfect were shown to express the transfected gene, which is of
significant importance for molecular biology research.
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Delivery of molecules, such as plasmids, RNA molecules,
proteins, probes, and drugs, across the cell membrane and
into the cytoplasm of mammalian cells is critical for studying and
manipulating gene expression, protein function, and cell activity.
Many methods have been developed to overcome the physical
barrier posed by the cell membrane, including chemical-based
methods, such as calcium phosphate and liposome-mediated
transfection; nonchemical methods, such as electroporation (1,
2) and cell squeezing (3); and viral methods, which uses viruses
as gene vectors. Viral vectors are, by far, the most effective ap-
proach for gene transfection but are limited by labor-intensive
processes and the risk of cytopathic effects. Synthetic lipoplexes
are effective in transporting both genes and other molecules
across the cell membrane. However, lipids, particularly cationic
lipids, are associated with significant toxicity (4). Compared to
adherent cells, cells in suspension have been shown to be more
resistant to both liposome-mediated transfection and viral vector
infection, largely due to a reduced attachment of the transfection
reagent to the surface of the cells (5). Bulk electroporation has
been used for DNA transfection in suspension cells (6) but re-
quires strong electric fields [e.g., 8 kV/cm and 5 ps (7)], which
leads to relatively low-viability rates (8).

Applying physical forces to create transient openings on the
cell membrane for transmembrane delivery has shown promising
potential. Dedicated microfluidic channels, developed to squeeze
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cells when they pass through a constrained channel, were shown to
create temporary membrane openings (9, 10). A laser-assisted,
microfluidic electroporation system was shown to induce pores on
cell membranes by generating microcavitation bubbles that ex-
plode with the laser pulsing (11). Nanostraws (12, 13), integrated
in the fluidic system, pierced the cell membrane and pumped the
reagent directly into cytoplasm. Localized electroporation of a sin-
gle cell can be achieved by local intensification of the electric field
via nanostructures (14) or nanochannels (15-17), enabling the ap-
plication of a small voltage drop. However, these fluidic systems
lack the ability to target the electroporation to a specific cell.

An externally controlled manipulator can be applied to target
a single cell. For example, solid carbon fiber microelectrodes
(18), mounted on a micromanipulator, can be used to selectively
trap and electroporate single cells. More recently, a nanotweezer
(19), which consists of two closely spaced electrodes with gaps as
small as 10 to 20 nm, was used to extract single molecules/or-
ganelles from living cells. However, the complexity of fabrication
of electrodes with a nanometer-scale gap and the need for high-
precision micromanipulators with free access from the outside to
the sample, necessitating the use of an open chamber, poses
significant limitations in its practical implementation, as well as
when working with sterile systems.

Micromotors, also termed active or self-propelling particles,
have been widely studied in drug delivery (20), detoxification
(21), environmental remediation (22), immunosensing, and more
(23, 24). They are actuated by either a uniform field [e.g., electric
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field (25), magnetic field (26-30), ultrasound (31), hybrid (32, under uniform ambient conditions. Micromotor-based systems
33)], by fuel (34) [e.g., a catalytic (35), or chemical reaction (36)].  provide a simple means of targeting a single cell within closed
The inherent asymmetry of micromotors asymmetrically harvests ~ microchambers, as they can be both propelled in a controlled
and consumes energy, which creates a net propulsive force, even = manner and navigated to desired locations.

Fig. 1. Active particle system for selection and local electroporation of single-mammalian cells. (A) Schematics of JPs of varying sizes, used to select and
locally electroporate suspension mammalian cells. Side- (B) and bottom-view (C) of a 5-pm diameter JP (yellow dashed line) attached at the upper portion of
its metal-coated surface to a mammalian cell (K562). (Upper) Three-dimensional (3D) images constructed from z-scan images obtained with a confocal mi-
croscope. (Lower) Schematic presentation. (D) Numerical simulation of a JP (diameter: 5 um) attached to a mammalian cell. Color plot indicates the electric
field magnitude normalized by its value away from the JP. Side- (E) and bottom-view (F) of a 27-pm diameter JP (yellow dashed line) attached at the lower
portion of its metal-coated surface to a mammalian cell (K562). (Upper) 3D image constructed from z-scan images obtained with a confocal microscope.
(Lower) Schematic presentation. (G) Numerical simulation of a JP (diameter: 27 um) attached to a mammalian cell. (Scale bar, 10 pm.)
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Different strategies of drug delivery into cells using micromotors
have been demonstrated (37). For example, membranes of targeted
single cells were successfully photomechanically perforated by an
ultrasound-driven, gold nanoshell-functionalized, and tubular
polymer nanoswimmer (31). Microneedles (26) have also been used
to perforate single cellular membranes either to mechanically lyse
cells or load drugs. Lipoplexes (38, 39), complexed with DNA and
proteins and then physically adsorbed onto the surface of magnet-
ically driven helical nanomotors, were proven effective in single-cell
gene delivery. However, all the above-mentioned methods require
separate and decoupled techniques for motor actuation, drug
loading and transport, and drug delivery across the cell membrane.

Here, we demonstrate the ability to selectively electroporate a
single-suspension mammalian cell using our reported electrically
powered micromotor system, made of metallodielectric Janus par-
ticle (JP), that unifies (40) micromotor propulsion, cell contacting/
trapping, and electroporation operations (Fig. 14). Similar to other
external fields, electric-based self-propulsion is a fuel-free approach
and avoids issues of finite life (36) and/or nonbiocompatibility of
commonly used fuels (35, 41). In order to minimize nonselective
electroporation, far-field micromotor propulsion is obtained using
magnetic rolling, while near-field self-propulsion is realized using
an externally applied electric field driving via either induced
charge electrophoresis (42, 43) (1 to ~10 kHz in 3 pS/cm medium)
or self-dielectrophoresis (SDEP) (44) (~10 kHz to 2 MHz in
3 pS/cm medium). The interaction between the uniformly applied
electric field and the JP results in a locally intensified electric
field and gradients at the JP level, which, because of attractive
positive dielectrophoresis (pDEP) forces, enable JP attachment
to the cell. This field intensification also enables electroporation
of the target cell. In contrast to the selected bacteria cell electro-
poration method described in our recent publication (40, 45), wherein
the entire membrane of the bacteria trapped by a much larger JP is
electroporated, the drug/biomolecule delivery described here involves
its injection into the mammalian cell only at the point of contact be-
tween the JP (5 and 27 pm) and the cell membrane, instead of
through transient pores distributed throughout the entire membrane,
which minimizes damage to the cell (46) and offers spatial precision, as
well as control over the timing of delivery and dose of the delivered
agents (12). Moreover, by exploiting dielectrophoretic forces (47) in-
duced by the same applied electric field, the micromotor system can
load cargo in a tunable and label-free manner into the targeted cell.
Demonstrated herein is the first targeted, single mammalian cell
transfection system using a micromotor for local electroporation.

Results

Directed Motion-Based Approach to and Contact of a Selected Mammalian
Cell by a JP. The ability of JPs of varying diameters (5, 10, and 27 pm)
to advance toward and contact a mammalian cell (K562) was studied
within an experimental setup consisting of conductive indium tin
oxide (ITO)-coated top and bottom glass slides (SI Appendix, Fig.
S1). Since live K562 cells exhibit a pDEP response within sucrose
media (conductivity: 3 pS/cm), at a frequency range of 1 kHz to 2
MHz, only high—electric field regions on the JP surface enabled it to
advance toward and contact/trap the cell, while low-electric field
regions repelled it. Only the upper portion of the metallic coating
(Fig. 1 B and C and Video S1) of 5-um diameter JPs, which exhibited
a local high—electric field region (Fig. 1D), contacted the K562 cell.
In contrast, 27-um diameter JPs contacted the K562 cell via the
lower portion of the metallic coating (Fig. 1 E and F and Video S2),
where the local electric field was high (Fig. 1G). Because of the
comparable size of 10-um diameter JPs and the cells (17 pm), at high
frequencies corresponding to SDEP motion, the JP approached the
cell with its metal-coated hemisphere forward and its equator
exhibiting an electric field minimum. The resulting DEP repulsion
resulted in failed contact with the K562 cell (Video S3).
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To avoid unnecessary and nonselective exposure of all K562
cells within the chamber to the applied electric fields, the JP was
first driven to the targeted cell via a rolling magnetic field,
without applying an electric field (Fig. 2 A-C). After the JP
reached the vicinity of the targeted cell, the electric field was
turned on for JP propulsion, while the magnetic field was si-
multaneously used to steer the JP to the cell (Fig. 2 D and E).
Thus, the exposure time of all K562 cells to electric fields during
JP propulsion was <10 s (Fig. 2 F and G).

Quantifying JP-Based Electroporation of Targeted Cells under Continuous
AC Field. As the electric field is enhanced at the upper (45) or lower
(40) portions of the JP, cells in contact with a smaller (5 pm) or
larger (27 pm) JP, respectively, experience high localized electric
fields. This results in the more rapid electroporation of attached
cells, as compared to nonattached cells. Fig. 34 shows that a K562
cell in contact with a 5-pm JP began to uptake propidium iodide (PI)
after contact with a JP (20 kHz, 10 V, and 47 s), while the other cells
showed no uptake. Fig. 3B shows that a K562 cell in contact with a
27-um JP (white dashed line) began to uptake PI after contact with a
JP (20 kHz, 10 V, and 15 s), while the other cells showed no PI signal
(blue dashed line). All K562 cells in contact with 27-um JPs began
to uptake PI within less than 50 s, while 50% of cells in contact with
5-pm JPs began to uptake PI within less than 50 s, and only 14% of
the noncontacted K562 cells began to uptake PI within the same
time frame (Fig. 3C). This observation indicates the increased
electroporation efficiency of the 27-um JP, relative to that of the
5-pm JP (Fig. 3D). The electroporated K562 cells remained viable for
at least 60 s, as demonstrated by the maintained 6-carboxyfluorescein
diacetate (CFDA) fluorescence intensity, in all cells.

Visualizing the Local Injection of Molecules into Cells Following
Localized Electroporation. Because of the pDEP response of the
cells, their point of contact with the JP corresponds to the lo-
cations on the JP surface wherein the electric field is intensified
and where the cell membrane is subsequently electroporated.
Fig. 44 shows sequential microscope images of PI staining of a
K562 cell, following injection of the dye through the point of
contact with a 5-pm JP. The PI staining propagated from the
region near the point of contact with the JP to more distal re-
gions (Fig. 4 A and B). In contrast, when the normalized fluo-
rescence intensity reached 42% of its maximal value obtained for
a cell attached with 5-um JP at 100 seconds under 20 kHz and
10 V (see Materials and Methods for details on the normalization
procedure), the central part of the cell displayed the highest
fluorescence intensity, which may have been due to preferential
PI binding to DNA in the nucleus of the cell. Similar PI uptake
kinetics were found in cells bound to 27-um JPs (Fig. 5).
Average staining time, defined as the time between reaching
10 to 15% and 42% intensity, was shorter in cells bound to 27-pm
JPs as compared to those attached to 5-pm JPs (Fig. 5C). The
enhanced uptake may have partially resulted from the induced
electroosmotic flow around the JP (48), which pumps the fluo-
rescent dye into the cell. Thus, the larger the JP, the higher the
electroosmotic flow. PI staining from 10 to 42% of nonattached
K562 cells required significantly longer durations of time (47 +
26 s), as compared to those bound to 27- or 5-pm JPs (P = 0.033
and 0.1504, respectively) (Fig. 5C). Besides electroporation of
cells that are located beneath the 27-um JP (see Fig. 1 E and F),
cells that are adjacent to the JP could also be electroporated by
contacting its metallodielectric interface (SI Appendix, Fig. S2).

Controlling Molecule Delivery into Living Cells Using a JP and an AC
Pulse. When using a train of two AC pulses (10 kHz and 20 V) for
JP-assisted, reversible electroporation (Fig. 64), pulse widths of
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Fig. 2. Methodology of propelling and steering a JP particle to a mammalian cell (K562). (A) Magnetization of the JP. (B) Schematic side view and (C) inverted
microscopy view of a rolling JP, induced by a rotating magnetic field, without application of an electric field. (D) Schematic side view and (E) inverted microscopy
view of a JP approaching a mammalian cell by electric propulsion and magnetic steering. (F) Sequential images of a 5-um JP approaching and contacting a K562
cell, under 100 kHz and 7 V. (G) Sequential images of a 27-um JP approaching and contacting a K562 cell, under 20 kHz and 10 V. (Scale bar, 10 pm.)

25, 37.5, and 50 ms resulted in maximum PI signals of 2.85, 3.67,
and 15.78% of the signal intensity obtained for a pulse width of
62.5 ms and 20 V at 360 s (see Materials and Methods for nor-
malization procedure), respectively (Fig. 6 B and C and Video
S8). At the same time, the CFDA intensity was >20% of its
initial value. In contrast, at a pulse width of 62.5 ms, the PI signal
continued to increase within the examined time window. At
pulse widths exceeding 62.5 ms, the cell bound to the JP was
electrically lysed and ruptured (Video S9). The amount of
molecules introduced into the targeted living cell using the 27-
pm JP was controlled (Fig. 6 B-D) and was significantly higher
than the amounts of PI delivered into cells not bound to 27-pm
JPs (P = 0.028, 0.01, 0.078, and 0.015 for 25, 37.5, 50, and 62.5
ms, respectively). Taken together, the amount of injected mol-
ecules (PI) can be controlled by varying the pulse duration.

To demonstrate the applicability of our system to adherent
cells of irregular shape, we examined the local electroporation of
a neuron cell. As seen in Fig. 7 (Video S8), a JP (27 pm) first
approached a targeted neuron cell using rotating magnetic field
followed by electrical propulsion to contact the cell at the desired
location with its metallic-coated side and then to locally elec-
troporate and inject PI into the cell. The rotating magnetic field
was turned on between 4 and 30 s. From 30 to 95 s, an electric
field of 100 kHz and 10 V was turned on for JP propulsion and
contacting of the neuron cell at the desired location. At 120 s,
the AC pulse was turned on (2 AC pulses, 10 kHz, and 20 V;
pulse width: 10 ms). In between these two pulses, 1 MHz and
10 V was applied to maintain contact, via DEP force, between
the cell and the JPs’ metallic side. Fluorescent intensity of the
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injected PI was clearly seen at 156 s below the metallic side of JP.
At 180 s, a clear staining of the nucleus PI was observed. A
similar approach of a neurite (PC-12) by JP (27 pm) was dem-
onstrated in SI Appendix, Fig. S3.

Preconcentration and Targeted Transfection of Plasmids by the JP.
The JP can increase transfection efficiency by trapping and ac-
cumulating plasmids while locally electroporating the cell
(Fig. 84). The active particle (i.e., JP) traps and accumulates the
plasmids (FUGWm) onto its surface due to the pDEP response
of the plasmids (49). In general, smaller cargos are trapped be-
tween the metallic surface of the JP and the ITO substrate,
where electric fields are locally intensified. Fig. 8B and Video S7
show the time lapse of navigation and trapping of plasmids
(FUGWm) using a mobile 27-um JP, under 100 kHz and 5 V
within a 300 mM sucrose medium, conditions under which the
plasmids exhibit a pDEP response (Video S7). Cargo can then be
released by simply turning off the electric field.

The electroporation process consisted of two steps: 1) driving
of the JP at 100 kHz and 10 V for 1 to 2 min to trap the plasmids
and pair the JP with a K562 cell (see Fig. 84 and Video S7). In
this step, the collected green fluorescence protein (GFP)-
encoding plasmids were either trapped in between the K562 cell
under the JP (Fig. 8C) or brought into close vicinity of the K562
cell, which was in contact with the polystyrene (PS) side of the JP
or with its metallodielectric interface. 2) Electroporating the
paired cell using a single DC pulse of 5 V of 0.5 ms duration.
Successful electroporation of K562 cells was demonstrated by
GFP expression after an incubation time of 18 h (Fig. 8D).
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Fig. 3. JP-driven, directed K562 cell electroporation under a continuous AC field (20 kHz and 10 V) and maintained cell viability. Confocal microscopy view of
a JP [diameter: 5 pm (A) (Video S4) and diameter: 27 pm (B) (Video S5)] attached (white circle) versus nonattached to a K562 cell (blue circle), with Pl (red
fluorescence) and CFDA (green fluorescence) channels superimposed at various times of electric field operation. (C) The percentage of Pl-stained cells at various
time points of field operation, in the presence and absence of JPs. Of note, a Pl intensity increase of ~10 to 15% is considered a stained cell. (D) Normalized Pl and
CFDA intensity in cells attached versus nonattached to JPs (see Materials and Methods for details on the normalization procedure). (Scale bar, 10 pm.)

Fig. 8E shows that the chamber with JPs had a higher transfec-
tion rate (8.77%) than the chamber without JPs (1.03%). The
viability of our system was found to be above 95% (SI Appendix,
Table S1 and Fig. S4).

To summarize, JPs increased transfection rates by their dual
effect of bringing more plasmids into close proximity with the cell
and locally increasing the electric field intensity. In the experi-
ments detailed in the Visualizing the Local Injection of Molecules
into Cells Following Localized Electroporation section, 27-pm JPs
locally intensified the electric field at the point of contact with the
K562 cell (Fig. 54), which resulted in the injection of PI into the cell.
Together, with the JP-driven increase in plasmid concentrations
near the electroporated cell (e.g., Fig. 8C), the presented
micromotor system brought to enhanced transfection rates.

Discussion

This work demonstrated the ability to inject molecules (e.g., PI)
into a targeted mammalian cell through the contact point be-
tween a JP and an attached cell, thereby achieving spatially
controlled delivery at a single-cell level. This was achieved by
applying either a continuous AC electric field or a train of AC
pulses. Finally, the active particle system efficiently introduced
DNA molecules into targeted K562 cells upon the application of
a DC pulse, without impacting cell viability.

The relatively low transfection efficiency (8.8%) seems to be
related to the low percentage of cells that were paired (i.e., in
contact) with JPs (maximum of 19.3%; SI Appendix, Fig. S5). The
low number of JP—cell pairs was because of several reasons. First,
only cells that are smaller in diameter (<15 pm) than the JP (27 pm)
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could be trapped between the ITO substrate and the metallic
surface of the JP. Larger cells (15 to 20 pm), comparable in size to
the JP, were repelled by the metallic-coated side of the JP, in which
a local electric field minimum exists because of the negative
dielectrophoretic (nDEP) forces. This can be improved by using a JP
larger than 27-um. Second, increasing the concentration of the JPs
can increase the pairing percentage until its saturation (~19.3%)
due to interactions between the JPs forming clusters/chains. Im-
proving the mobility of the electrically propelled JPs while reducing
their adsorption on the substrate will increase their chances to pair
to a cell, which, in turn, can increase the pairing percentage.

According to the literature, using low-conductivity electro-
poration medium increases the cell viability (50) and transfection
effectiveness (51-54) under electroporation operation. G. Pucihar
(50) showed that the increased cell viability in low-conductivity
solution is due to decreased heating. Without an applied electric
field, the sucrose buffer (300 mM sucrose) used in this study is not
affecting the cell viability. The buffer used in our study is able to
maintain 87% cell viability within 1 h (SI Appendix, Fig. S6). All
the experimental processes, including exchanging buffer of cells,
loading into the chamber, and electroporation tests, were com-
pleted within 1 h.

In conventional electroporation, different electric field strength
and electroporation medium generate different transfection effi-
ciency, which varies from 5 (55) to 40% (56) (SI Appendix, Table
S2). The viability also varies from 10 (55) to 80% (57). Several
recent literatures on microfluidics-based electroporation for K562
are also listed in SI Appendix, Table S2. The transfection efficiency
varies from 13 (58) to 76.2% (57). The viability is higher than the
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Fig. 4. Localized, reversible, and JP-induced electroporation under continuous AC field (20 kHz and 10 V), as observed through the injection of Pl into a K562
cell at its point of contact with a 5-um JP. Confocal microscopy image of PI (red), CFDA (green), and PI/CFDA channels (A) (Video S6) and corresponding
fluorescence intensity profiles (B), along the direction of injection normal to the JP—cell contact interface, at different time points of the injection process.
Stages 1, 2, 3, and 4 correspond to 0, 10, 60, and 100 s from the time of electric field application. Stage 4 also corresponds to the normalized intensity reaching
42%. The regions of interest (white ellipses) for the measured intensity are marked in A. (Scale bar, 5 pm.)

conventional electroporation method [from 65 (59) to 80% (57)].
Although our JP system did not increase the transfection effi-
ciency, compared with most of the conventional and microfluidic
electroporation system, the viability was increased. The viability of
the JP-based system was similar to Lentivirus-based transfection
(98.9%). It is important to reemphasize the unique advantage of
our JP system over these other electroporation systems in its
ability to work not only as a swarm of JPs, interacting with many
cells, but also as a single or few JPs that are able to target specific
cells and locally electroporate the cells in any desired location
along the cell body, as described in the Controlling Molecule
Delivery into Living Cells Using a JP and an AC Pulse section and
Fig. 7 for neuron cells.

One of the advantages of the use of active particles in this
context lies in their ability to induce localized electroporation without
the need to fabricate micro/nanogap electrodes or structures. As
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reported in the literature, electrode gaps, which are smaller than
the cell size, retain cell viability (46), since the high electric fields
are localized. As a result, a lower uniformly applied voltage dif-
ference across the chamber is sufficient for cell permeabilization.
In the presented active particle system, the localized electric field
is generated by the metallodielectric JP, which does not require
a complex fabrication process as compared with micro/nanogap
electrodes.

Another advantage of the active particle system is the ability to
spatially control electric field intensification on a single-cell level
and to target a specific cell in vitro while navigating toward it.
These features can enable drug introduction to a specific loca-
tion along a single cell of irregular shape, such as neurons. For
example, Alzheimer’s disease is caused by abnormal levels of a
protein, which aggregates to form plaques on the axon (60) of a
neuron; Parkinson’s disease is caused by aggregates of a-synuclein,
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Fig. 5. Localized, reversible, and JP-induced electroporation under continuous AC field (20 kHz and 10 V), as observed through the injection of Pl into the
K562 cell from its point of contact with the 27 pm JP. Confocal microscopy view of PI, CFDA, and PI/CFDA channels (A) (Video S7) and corresponding PI
fluorescence intensity profiles (B) along the direction of injection normal to the JP—cell contact interface for different time stages of the injection process. The
regions of interest for the measured intensity are marked in A. Stages 1, 2, 3, and 4 correspond to 0, 10, 20, and 40 s from the time of electric field application.
Stage 4 also corresponds to the normalized intensity reaching 42%. (C) The average staining time (the time of Pl increases from 10 to 42%) for cells with/
without contacting JPs. The number of cells that were stained versus the total number of cells in the experiments is marked above the bars. (Scale bar, 5 pm.)
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Fig. 6. JP-driven, reversible electroporation, under varying electric pulse widths, for precise control of the amount of injected PI. (A) Fluorescence micro-
graphs of a cell bound to a 27-um JP (Scale Bar, 30 pm) at different times after the application of the two AC pulses (10 kHz, 20 V, 2 pulses, and 50 ms).
Normalized fluorescence intensity of Pl (B) and CFDA (C) in K562 cells electroporated by 27 pm JPs subjected to two AC pulses of various durations (25 to 62.5
ms). The AC pulse train was applied at time 0. (D) Fluorescence intensity (PI) of cells bound/nonbound to a 27-um JP, 360 s following the application of an AC
pulse train (10 kHz, 20 V, and 2 pulses) of varying durations. The inset images show the corresponding micrographs of the cell in the Pl channel taken 360 s
after the pulse. (Scale bar, 15 pm.) (Inset) Enlarged view of the normalized PI intensity following short pulse durations (25 and 32.5 ms) in cells bound/
nonbound to a JP. The time interval between the two pulses was 1 s, and these were modulated onto a continuously applied 1-MHz and 5-V field.

which accumulate in presynaptic terminals of a neuron (61); and
Huntington’s disease is associated with mutant huntingtin (HTT)
proteins found in various locations in the neuron (62). The de-
livery of drugs or compounds developed to target these proteins
[e.g., HTT-LC3 linker compounds reduce mutant HTT protein
levels (63)] can be targeted to these specific sites of accumulation.
Such an ability to approach specific parts of the neuron cell and
perform local electroporation was demonstrated for both the
neuron cell (Fig. 7) and even its neurite (SI Appendix, Fig. S3).
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The ability to both trap and release gene-bearing plasmids is
another advantage provided by the presented active particle-
based system. While gene delivery by micromotors and nano-
motors has been demonstrated before (38, 39, 64, 65), in these
studies, the plasmids were permanently attached to the micro-
motors, rendering it impossible to release them. Furthermore, to
deliver the gene, the micromotor had to be injected into the
target cell (38), which required the micromotor to be of nano-
meter scale and to be comprised of biocompatible material or to
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Fig. 7. Sequential approach of a JP (27 pm) toward a targeted neuron cell (U87) by rotating the magnetic field followed by an electrical propulsion to contact
the cell at the desired location and then to locally electroporate and inject Pl into the cell.

have a sharp tip (<50 nm) (65) to enable the penetration of the
cell membrane. Our active particle-based, and localized electro-
poration system concentrates the plasmids by dielectrophoresis
and electroporates the cell membrane by the application of a lo-
cally intensified electric field, thereby enhancing the transfection
probability, as the plasmids are accumulated exactly where the
membrane is prorated. Dielectrophoresis has been found to be an
efficient way to collect (66, 67) and separate (68) DNA molecules,
which can then be released by simply turning the field off or, if
possible, to rely on the nDEP response of the cargo. Our active
particle-based system is a demonstration of a unified approach,
wherein plasmid trapping and release, and its introduction into the
target cell is singularly controlled by a single electric field. The
platform is expected to open up possibilities for drug delivery and
transfection into individual targeted cells at unprecedented spatial
precision and increased efficiency and selectivity.

Materials and Methods

Magnetic JP Fabrication. PS particles (diameter: 10 pm) (Sigma-Aldrich) in
isopropanol were pipetted onto a glass microscope slide, to form a mono-
layer of particles upon solvent evaporation. The glass slide was coated with
15 nm Cr, followed by 50 nm Ni and 15 nm Au, as described in the protocol
outlined by Pethig (69) and Wu et al. (70). To magnetize the JPs, the sub-
strates were placed in between two neodymium magnetic blocks (14 x 12 x
19 mm in size), with opposite dipoles facing each other. Next, the substrate
was sonicated in deionized (DI) water with 2% (volume/volume) Tween 20
(Sigma-Aldrich) to release the JPs. The JPs were washed three times in DI
water with 300 mM sucrose before the experiment.

Magnetic Steering of Janus Particles. JPs were guided by placing a neodymium
magnet block (14 x 12 x 19 mm in size) at a specific orientation close to the
microchamber (S/ Appendix, Fig. S1C). The magnet was maintained at a hor-
izontal distance of 3 cm from the focus of the objective and at the same height
as the microchamber. In this setup, the magnet produced a 125 Gauss field.

Cell Culture and Preparation. Human myelogenous leukemia cell line K562
was grown at 37 °C, 5% volume/volume CO, and passaged every 3 d. The
culture medium consisted of RPMI 1640 (Biological Industries), supplemented
with 10% volume/volume heat-inactivated fetal bovine serum (FBS), 1% vol-
ume/volume penicillin-streptomycin (Biological Industries), and 2% volume/
volume L-glutamine (Biological Industries). Before the experiment, the cells
were incubated with 0.15 mg/mL CFDA (Sigma-Aldrich) in culture medium (37
°C, 10 min). Then, they were washed three times with 300 mM sucrose. Pl
(Sigma-Aldrich) was added to the cells to a final concentration of 100 pg/mL.
To test the cell viability in sucrose medium and phosphate-buffered saline
(PBS, 1x), K562 cells were cultured in 300 mM sucrose and PBS for 5, 10, 30,
and 60 min. The cell viability was detected by a Vi-CELL XR Cell Viability An-
alyzer (Beckman Coulter) based on a trypan blue dye exclusion method. In
each condition and time point, 50 images were captured and a total number
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of more than 2,500 cells were analyzed. Cell viability was calculated auto-
matically by the Vi-CELL XR 2.04 software.

Rat neuronal cell line PC-12 was purchased from American Type Culture
Collection, and the human neuronal cell line U-87 were supplied by Prof. Ben
Maoz in Tel Aviv University (TAU), Israel. PC-12 cells were cultured in RPMI
1640 medium containing 10% volume/volume heat-inactivated horse serum,
5% volumeivolume heat-inactivated FBS, 1% volume/volume penicillin-streptomycin
(Biological Industries), and 2% volume/volume L-glutamine (Biological Indus-
tries). U-87 cells were cultured in Dulbecco’s modified eagle medium (Biological
Industries), supplemented with 10% volume/volume heat-inactivated FBS, 1%
volume/volume penicillin-streptomycin (Biological Industries), and 2% volume/
volume L-glutamine (Biological Industries). Both cell lines were grown at 37 °C,
5% volume/volume CO, and passaged every 3 d. PC-12 cells were infected with
an FUGWm lentiviral vector to express GFP fluorescence. The cells were seeded
into the electroporation chamber 7 d before the experiment. To stimulate the
neurite outgrowth, the culture medium was replaced with a complete medium
containing 200 ng/mL recombinant human neuron growth factor (Sigma).

Overexpression of GFP in PC-12 and K562 Cells by Lentivirus Transduction. A
GFP gene was introduced into PC-12 and K562 cells through lentivirus
transduction. Briefly, a GFP-expressing FUGWm vector was cotransfected
with ANRP and VSVG plasmids into the human embryonic kidney 293FT cells
using the Calfectin reagent to produce lentivirus particles. After 48 h,
supernatants containing lentivirus particles were collected and filtered with
0.45-um filters. In each well of 6-well plate, 1 mL lentivirus supernatant and
1 mL fresh medium containing 10 pg/mL polybrene were added. After
overnight incubation, cells were replaced with fresh medium. A stable cell
line PC-12-GFP was generated for the following studies.

Experimental Setup. The experimental chamber consisted of a 120-um high,
silicone reservoir (Grace-Bio), sandwiched between an ITO-coated, 1-mm
glass slide (Delta Technologies) and an ITO-coated coverslip (SPI Systems), as
illustrated in Boymelgreen et al. (44) (S/ Appendix, Fig. S1). Two inlet holes
(~1 mm in diameter) were drilled through the top 1-mm thick ITO slide,
forming a microchamber surrounded by a silicone reservoir (2 mm in height
and 9 mm in diameter) filled with solution to ensure the chamber remained
wet and to enable the addition of the solution with the JPs, bacteria,
fluorescent dyes, and tracer particles into the channel via manual pump-
ing. An AC electrical field was applied using a signal generator (Agilent
33250A) and monitored by an oscilloscope (Tektronix-TPS-2024). An AC
pulse signal was applied using a signal generator (TTi TGA 12104 series)
with multiple channels. A home-made switch (Solid State Relays [AQV252G]
controlled by Arduino Nano) was used to control the duration and timing of
AC pulses.

Experimental Setup for Transfection. The electroporation chamber was the
same as described in the Experimental Setup section. The electroporation
chamber contained 200 to 300 K562 cells, 2-pL plasmid (FUGWm, 600 ng/uL),
and 8 uL 300 mM sucrose medium and, in relevant samples, was supplemented
with at least 100 JP of 27 um diameter. Electroporation was achieved by
driving the JP at 100 kHz and 10 V (peak to peak), for 1 min, to trap the
plasmids and approach K562 cells. Thereafter, a single 0.5 ms and 5V DC pulse
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Fig. 8. Transfection of plasmid into a K562 cell by a 27-ym JP using a single 0.5-ms and 5-V pulse. (A) Schematics of active particles that accumulate GFP-
encoding FUGWm plasmids, while locally electroporating mammalian cells at different contact points (i.e., at the top of the cell and under the metallic
coating), with the PS side or with the metallo—-dielectric interface contacting the cell. (B) Sequential plasmid trapping by the moving JP (27 pm). (C) Confocal
microscopy view at an optical sectioning plane B-B with a JP with/without plasmids (1 MHz and 10 V), located on top of a K562 cell. The trapped plasmids are
marked by a white arrow. (D) GFP expression measured in K562 cells 18 h after electroporation with/without JPs. (E) The average transfection rate of plasmids
in an electroporation chamber with/without JPs, as measured in three independent experiments.

was applied. Following electroporation, the sample was taken out of the
chamber, placed into a culture dish with culture medium, and incubated for
18 h before transfection rate was assessed.

Selective Attachment of a Janus Particle to a Mammalian Cell and Its Local
Electroporation. JPs were attached to target mammalian cells in the ITO
chamber (100 kHz and 10 V), after which the electrical field parameters for
electroporation were changed to either a continuous field of 20 kHz and 10 V
or to AC pulses of 10 kHz and 20 V of varying durations (Fig. 6). These
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electrical signals were modulated onto a continuously applied AC signal with
frequency of 1 M Hz and 5 V for trapping purposes.

Microscopy and Image Analysis. Trapped and untrapped cells were observed
using a Nikon Eclipse Ti-E inverted microscope equipped with a Yokagawa
CSU-X1 spinning disk confocal scanner and Andor iXon-897 EMCCD camera.
The chamber was placed with the coverslip side down, and images were
taken using a x20 lens. CFDA and PI fluorescent dyes were observed with
lasers of wavelength 488 and 561 nm, respectively.
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Table 1. Parameters used for the calculation of K562 transmembrane potential under various conditions

Continuous AC
electroporation

Continuous AC field for
approaching and
contacting cells using 5 pm

Pulsed AC
electroporation

Continuous AC
trapping without

Parameter Meaning (20 kHz, 10 V) motion (1 MHz, 5 V) JP (100 kHz, 10 V) (10 kHz, 20 V)
E.ppl (Vicm) Applied field strength 833.3 416.65 833.3 1,666.6

f (Hz) Frequency 20 x 103 1x 108 1x10° 10 x 103

o (rad/s) 2xf 1.26 x 10° 6.28 x 108 6.28 x 10° 6.28 x 10*
a (cm) Radius of the cell 1% 1074 1x 1074 1x 1074 1x 1074
Crnembr (F/cm?) (71)  Capacitance of the membrane 0.9 x 1078 0.9 x 1078 0.9 x 10°° 0.9 x 107°°
Pint (Q cm) Resistivity of the internal fluid 454.55 454.55 454,55 454.55
Pext (Q cm) Resistivity of external medium 1.38 x 10° 1.38 x 10° 1.38 x 10° 1.38 x 10°

T (ps) Relaxation time of membrane 10.6 10.6 10.6 10.6

Ay membr(V) Transmembrane potential 0.159 0.0016 0.0478 0.472

Normalization. The PI fluorescence intensity level in Fig. 3D was normalized
according to (I+—By) / (Iso—Bo) x 100, wherein I, and B, are the average PI
fluorescent intensity of the cell at time t and that of the background at time
t = 0, respectively, while lgp stands for the maximum average intensity
achieved for the cells that were attached to a 27-um JP at 60 s under 20 kHz
and 10 V. In the CFDA channel, the fluorescence intensity was normalized
according to (It—Bg) / (Ic—Byg) X 100, wherein I, and By are the average CFDA
fluorescent intensity of the cell at time t and that of the background at time
t = 0, respectively, while Iy stands for the initial t = 0 s of the CFDA average
intensity of the cell under measurement.

In Figs. 4B and 5B, the fluorescence intensity was normalized according to
(15-Bo") / (lo.s*~Bo") x 100, wherein I and B,' are the average PI fluorescent
intensity of location i (0, 0.5, or 1) within the electroporated cell at stage s
and location 0 at stage 1, respectively, while lps* stands for the maximum
average intensity achieved within location 0.5 at stage 4.

In Fig. 6, the PI fluorescence signal was normalized according to (I;—Bo) /
(1360—Bo) x 100, wherein I, and B, are the average PI fluorescent intensity of
the cell at time t and that of the background at time t = 0, respectively,
while Iz60 stands for the maximum average intensity achieved for cells that
were attached to a 27-pm JP at 360 s under pulse width of 62.5 ms and 20 V.
In the CFDA channel, the fluorescence intensity was normalized according to
(1t—Bo) / (Io—Bo) x 100, wherein I, and By are the areal average CFDA fluo-
rescent intensity of the cell at time t and background at time t = 0, re-
spectively, while Iy stands for the initial t = 0 of the CFDA average intensity
of the cell under measurement.

Numerical Simulations. The numerical simulation used to qualitatively verify
the presence of asymmetric electric field gradients, arising from the proximity
of a JP to a conducting wall, was performed in COMSOL 5.3. A simple two-
dimensional geometry, consisting of a rectangular channel (50 pm height and
100 pm width), with a 10-um diameter circle placed 300 nm above the sub-
strate, was used to model the experimental setup. Since the electric double
layers (EDLs) (1) are thin, relative to the radius (a) of the particle (1/a < 1), the
Laplace equation can be solved for the electric potential, ¢, in conjunction
with the following boundary condition at the metallic side of the JP:

o .
O'a% = ’(UCDL(dJ - Vfloa(ing): [1]
which describes the oscillatory Ohmic charging of the induced EDL, wherein
Viioating is the floating potential of the metallic hemisphere of the JP, n is the

1. M. Golzio, J. Teissié, M.-P. Rols, Direct visualization at the single-cell level of
electrically mediated gene delivery. Proc. Natl. Acad. Sci. U.S.A. 99, 1292-1297
(2002).

2. S. 1. Sukharev, V. A. Klenchin, S. M. Serov, L. V. Chernomordik, C. YuA, Electroporation
and electrophoretic DNA transfer into cells. The effect of DNA interaction with
electropores. Biophys. J. 63, 1320-1327 (1992).

3. T. DiTommaso et al., Cell engineering with microfluidic squeezing preserves func-
tionality of primary immune cells in vivo. Proc. Natl. Acad. Sci. U.S.A. 115,
E10907-E10914 (2018).

4. M. Emerson et al., Transfection efficiency and toxicity following delivery of naked
plasmid DNA and cationic lipid-DNA complexes to ovine lung segments. Mol. Ther. 8,
646-653 (2003).

5. S. Basiouni, H. Fuhrmann, J. Schumann, High-efficiency transfection of suspension cell
lines. Biotechniques 53, 1-4 (2012).

Wu et al.

Micromotor-based. localized' electroporation and gene transfection of mammalian cells

coordinate in the direction normal to the JP surface, and Cp, represents the
capacitance per unit area of the EDL and can be estimated from the
Debye-Huckel theory, as Cp. = &/A. In addition, a floating boundary condi-
tion (43) was applied on the metallic hemisphere so as to obey total zero
charge. An insulation boundary condition was applied on the dielectric
hemisphere of the JP, a voltage of 6.25 V was applied at the lower substrate
(y = 0), while the upper wall was grounded, and the edges of the channel
were assigned an insulating boundary condition.

Calculation of the Transmembrane Potential. The Schwan'’s equation (71) was
used to approximate the transmembrane potential of the K562 cell:

12
Mmempr = 1.58E 501 COS 0 / [1 n (wr)z] , 2]

T= acmembr(ﬂint +/%)l [3]
where 6 is the angle between the electric field direction and the normal to
the cell membrane, E, g, is the applied field strength, fis the frequency, w =
2xf is the angular frequency, a is the radius of the cell, Cnembr (F/cm?) is the
capacitance of the membrane, pjn. is the resistivity of the internal fluid, pext is
the resistivity of external medium, and 7 is the membrane relaxation time.
The transmembrane potential for K562 under various conditions is listed in
Table 1.

Data Availability. All study data are included in the article and/or S/ Appendix.
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