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Single-cell experiments represent the next frontier for biochemical and gene expression research.
Although bulk-scale methods averaging populations of cells have been traditionally used to investigate
cellular behavior, they mask individual cell features and can lead to misleading or insufficient biological
results. We report on a single-cell electroporation microarray enabling the transfection of pre-selected
individual cells at different sites within the same culture (space-resolved), at arbitrarily chosen time
points and even sequentially to the same cells (time-resolved). Delivery of impermeant molecules by
single-cell electroporation was first proven to be finely tunable by acting on the electroporation protocol
and then optimized for transfection of nucleic acids into Chinese Hamster Ovary (CHO-K1) cells. We
focused on DNA oligonucleotides (ODNs), short interfering RNAs (siRNAs), and DNA plasmid vectors,
thus providing a versatile and easy-to-use platform for time-resolved gene expression experiments in

single mammalian cells.

Introduction

A major challenge of modern genetic research is to decipher how
genes and their control elements within the mammalian genome
operate together to perform physiological, developmental, and
pathological responses in the living cell. Single-cell experiments
represent a valuable work-bench to address the issue. Although
many advances have been achieved in the past decades investi-
gating cell populations as a whole by molecular biology techni-
ques, one major new paradigm in gene expression is that it varies
stochastically among different individual cells, thus implying
that population analysis may be misleading [1-3]. In fact,
DNA, many mRNA molecules and some enzymes exist in low
copy numbers and participate in stochastic reaction events that
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are often at non-equilibrium steady state, thus causing gene
expression to vary from cell to cell even within very homogenous
populations [4-6]. Furthermore, when dealing with intact tissues
or primary cultures from animals, cells of different type or differ-
entiation stage coexist and interact within the same experimental
sample. A textbook example is represented by neurons where gene
expression events are related to the individual cell type and
depend on complex signaling within neuronal networks [7].
On this basis, it is clear that a thorough understanding of gene
expression mechanisms and cell behavior requires efficient meth-
ods for the investigation of molecular processes in single cells
rather than in a population where averaging hides stochasticity
and individual cell properties.

A comprehensive single-cell experimental approach should
combine the possibility to both detect and manipulate genetic
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events in the target cell. Many recent studies have been focused on
the development of new techniques for monitoring gene expres-
sion. Part of them draw upon the unique capabilities of molecular
probes to track the fate of mRNAs and proteins in time-lapse
fluorescence microscopy experiments [8-12], thus offering the
possibility to investigate the dynamics of gene expression down
to a single molecule resolution. Other approaches rely, instead, on
the application to single cells of molecular biology and biochem-
ical techniques such as the reverse transcription-polymerase chain
reaction (RT-PCR) [6,13], DNA-microarray analysis [14], and elec-
trophoresis-based molecules separation [15]. On the contrary, the
molecular tools to manipulate gene expression in living cells are in
continuous development: DNA plasmid vectors to express exo-
genous genes; antisense molecules, such as oligodeoxyribonucleo-
tides (ODNs), ribozymes, DNAzymes, and, most recently,
interfering RNAs and peptide nucleic acids (PNAs), to knockdown
gene expression [33]; decoy ODNS, to control nuclear transcription
factors [16]; zinc finger nucleases (ZFNs) [17,18,19] or specifically
engineered ODNs with locked nucleic acids [48], for site directed
mutagenesis, and gene editing. Despite the availability of this rich
molecular toolbox to monitor and manipulate gene expression in
the living cell, single-cell delivery remains a major problem to
tackle. Traditional delivery techniques, such as chemical or viral
transfection, suffer, in this respect, major constraints: (i) they act
on entire cell populations and not on individual cells; (ii) they
work only with certain cell types and molecules. An alternative is
represented by electroporation: the application of large voltages to
the cells generates transient pores in the plasma membrane,
thereby allowing the permeation of a large variety of molecules,
from small ions to genetic constructs and proteins, to a broad
range of cells, from cell lines to primary cells [20]. Although the
method has the advantage to operate with different molecules and
cell types, it is traditionally applied only to populations of cells. In
fact, electroporation is usually carried out in cuvettes, thus sharing
with other bulk-scale methods the averaging limitation and
requiring cell harvesting and re-suspension for cells that are grow-
ing in adhesion, which destroys original cell-cell connections.
Even in the case of ‘in situ’ electroporation, an advanced imple-
mentation where adherent cells are electroporated on millimeter-
scale indium-tin-oxide (ITO)-coated glass slides [21], only large cell
populations can be addressed. The development of new versatile
single-cell molecular delivery approaches represents, therefore, a
very useful and fundamental challenge.

Efficient single-cell delivery was achieved by using carbon fiber
microelectrodes or glass micropipettes capable to produce mem-
brane electroporation [22]. Such devices, however, are difficult to
handle and can be hardly implemented into large-scale systems.
To overcome these limitations, silicon microchips for single-cell
electroporation have been recently developed, for example using a
sort of miniaturized electroporation chamber or a microfluidic
channel [22], thus paving the way to large-scale integration. In
turn, these systems rely on a rather complex fabrication process
and are working only on cells in suspension, which is a serious
drawback for the treatment of most mammalian cells in culture
that are typically growing in adhesion on a solid substrate.

In this work, we report on a new single-cell delivery technology
based on a silicon chip featuring an array of cell-sized planar
microelectrodes. The cells, growing in adhesion on the chip sur-

face as on a conventional glass coverslip, were individually elec-
troporated by imposing on the single microelectrodes appropriate
voltage transients. In this way, impermeant molecules present in
the extracellular medium were delivered to pre-selected target
cells. Coupled to a PC driven control system capable to arbitrarily
design the voltage protocols and to address independently the
single electrodes, the chip was allowing a tunable delivery of
molecules to individual cells with a fine control over the cell
membrane permeability to the different compounds. Moreover,
molecules could be delivered to cells located at different sites
within the same culture (space-resolved), at arbitrarily chosen
time points (time-resolved), and even sequentially to the same
cell (serial delivery). The technique was successfully tested for
delivery to CHO-K1 cells of several nucleic acids, ranging from
ODN s to siRNAs and DNA plasmid vectors, thereby achieving the
single-cell expression and silencing of fluorescent reporters. Thus,
the approach is proposed as a new easy-to-use platform to perform
space and time-resolved gene expression experiments in single
cultured mammalian cells.

Materials and methods

Single-cell electroporation array and control system

Figure la shows schematically the building blocks of the experi-
mental setup. The key element of the system was a chip featuring
an array of 60 cell-sized microelectrodes enabling single-cell elec-
troporation. This silicon microchip was fabricated following a
custom design and using the adaptation of the backend of a CMOS
(complementary metal-oxide-semiconductor) process by ITC-irst,
Povo-Trento, Italy. The array of 60 circular microelectrodes was
integrated on the die. The metal lines connecting the electrodes to
the external circuitry and the free silicon surface were insulated
from the extracellular electrolyte by deposition of a layer (200 nm)
of amorphous silicon nitride (SizNy4). The active area of the elec-
trodes was realized with a gold layer and its diameter, which was
identical among electrodes of the same chip, ranged between 15
and 50 wum to match different sizes of different cell types. The
distance between the electrodes was either 150 or 300 pm depend-
ing on chip design. To build a complete BioChip, one silicon chip
was encased in a custom package for connection to the control
system (see below), and included a plastic culture chamber (4 mm
inner diameter) attached to the chip surface in order to contain the
medium for cell culture and the electroporation buffer (minimum
volume 50 pl, maximum volume 1 ml).

The microelectrodes array was addressed by using a custom-
made switching system, and voltages were applied by a commer-
cial function generator (Agilent 33220A, Agilent Technologies
Inc., Palo Alto, CA, U.S.A.). The whole system was controlled by
a personal computer running a LabVIEW-based software (National
Instruments Corporation, Austin, TX, U.S.A.). In this way, each
single microelectrode was independently addressed, thus allowing
for the arbitrary choice of different combinations of electrodes
and, for each electrode, the timing of electroporation.

Figure 1b represents the schematic of the equivalent electric
circuit of a single cell on a microelectrode [23]. Here, only passive
components of the cell membrane were considered and voltage-
dependent channels were omitted since their contribution to the
current flow through the membrane when compared to capacitive
currents was negligible in our experimental conditions.
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Chip and control system. (a) Schematics of a BioChip featuring the single-cell electroporation microarray and its control system driven by a personal computer. The
control system allows, through a waveform generator and a switching system, to arbitrarily design voltage transients and to address independently each of the 60
microelectrodes of the array for single-cell electroporation. On the right side: micrograph of a culture of CHO-K1 cells on chip (right bottom). Right-top:
magnification of a single cell growing in adhesion on one of the cell-sized electrodes (electrode diameter 15 um. (b) Cross section of a cell growing in adhesion on
a microelectrode and equivalent electrical model describing the coupling between cell and chip (not to scale). The circuit impedance depends on the electrode
impedance (i.e. R, Cc), the resistance between the electrode and the bulk extracellular solution due to the thin layer of electrolyte (layer thickness d) separating the
cell and the solid substrate (Rse,), the membrane capacitance (c,,) and the membrane resistance (r.,). Note that r,, is only a “passive” resistance considering that
ion channels in CHO-K1 cells are nearly absent. The circuit accounts for the large capacitive current flowing through the cell membrane when fast voltage
transients (V) are applied to the microelectrode, thus resulting in large voltage transients across the cell membrane and electroporation. The opening of pores
temporarily shunts the cell interior to the zero potential of the grounded electrolyte.

Cell culture on chip

Chips were wiped carefully and rinsed with deionized water and
sterilized with U.V. light or ethanol at 70 °C before each cell
culture. Chinese hamster ovary cells K1 subclone (CHO-K1),
wild-type or stably transfected with the ECFP reporter gene, were
routinely maintained in Nutrient Mixture F-12 HAM (Sigma-
Aldrich, St. Louis, MO, U.S.A.) supplemented with 10% heat-
inactivated fetal bovine serum (FBS) (Sigma-Aldrich), 100 U/ml
penicillin and 100 ng/ml streptomycin (Sigma-Aldrich) at 37 °Cin
a humidified atmosphere with 5% CO,. Cells were trypsinized and
replated on non-coated chips at a density of 80 x 10 cells/cm?.

Nucleic acids

Fluorescent single-stranded ODNs (24 nt) were purchased from
Sigma-Aldrich (Sigma-Genosys) (F indicates a 5’ end-conjugated
Fluorescein: 5'-FCGCCGCGCGAATTCTGTCGGGGCG-3/, 5-CG-

CCCCGACAGAATTCGCGCGGCG-3'). A double-stranded fluores-
cein labeled oligonucleotide (24 bp) was prepared by annealing the
two complementary sequences and the formation of the double
stranded ODN was checked by subsequent gel electrophoresis. The
24 bp double-stranded siRNA for ECFP silencing was purchased by
Ambion, Austin, TX, U.S.A. (sense: 5-GCAAGCUGACCCUGAA-
GUUCAUU-3' antisense: 5'-GAACUUCAGGGUCAGCUUGCC-
GUU-3'). Its silencing effect on the EGFP gene in mammalian cell
lines was previously reported [24]; in control experiments, we
checked for ECFP silencing in populations of stably transfected
CHO-K1 cells by using the Metafectene transfection reagent (Bion-
tex Laboratories GmbH, Muenchen, Germany) for siRNA delivery
according to manufacturer’s instructions.

The EGFP, EYFP and ECFP cDNAs were independently cloned
into the pcDNA3.1(-) vector (Invitrogen, Carlsbad, CA, U.S.A.)
downstream to the CMV promoter for experiments of transient
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transfection of cells. The concentration of the different nucleic
acids was determined by ultraviolet (UV) absorption spectroscopy
using a DU Series 500 spectrophotometer (Beckman Coulter Inc.,
Fullerton, CA, U.S.A.). Control experiments of transfection of cell
populations with EGFP were performed using the Metafectene
transfection reagent (Biontex Laboratories GmbH) according to
the manufacturer’s instructions.

Electrophysiology

Patch clamp pipettes were pulled from borosilicate glass capillaries
(GB150T-10, Science Products GMBH, Hofheim, Germany) using a
three stages puller (P-97, Sutter Instrument Co., Novato, CA,
U.S.A.), fire-polished and coated with Sylgard (Sylgard, Dow Corn-
ing Co., Midland, MI, U.S.A.). Pipettes resistances in the recording
solution were 1-3 MQ and, after entering whole-cell configura-
tion, only experiments with access resistance below 20 M() were
considered. The pipette filling solution was in mM: 140 KCI, 1
CaCl,, 2 MgCl,, 10 EGTA, 5 HEPES, adjusted to pH 7.3 with KOH
IN. The extracellular recording solution was: 135 NaCl, 5.4 KCI,
1.8 CaCl,, 1 MgCl;, 10 p-glucose, 5 mM HEPES, adjusted to pH 7.4
with NaOH 1IN. A Ag/AgCl reference electrode was used. Record-
ings of intracellular voltages were performed in whole-cell con-
figuration and current-clamp mode using a single-electrode
amplifier (SEC-10L, npi electronic GMBH, Tamm, Germany) con-
trolled by a computer running a homemade data acquisition
program based on a LabVIEW software (National Instruments
Corporation).

Single-cell electroporation and delivery of molecules

Before electroporation, cells on the biochip were rinsed with PBS
(inmM: 137 NaCl, 2.7 KCl, 10 Na,HPOy, 2 KH,PO4; pH 7.4) or with
a high ionic strength buffer (buffer 1); then, the inner part of the
culture chamber was filled with 25-50 pl of the electroporation
solution that was kept to ground potential by reference electrodes
integrated in the chip. For molecular delivery experiments, the
electroporation solution was obtained by solubilization of the
molecules to be delivered in PBS or buffer 1 at the following
concentrations: Lucifer Yellow (LY) (Sigma-Aldrich), 1 mM; Try-
pan Blue (TB) (Sigma-Aldrich), 1 mM; Fluorescein labeled ODNs
(Sigma-Aldrich), 100 nM-5 pm; control fluorescent siRNA
(Ambion), 100 nM; ECFP-siRNA (Ambion), 50 nM; pcDNA3.1-
EGFP (-EYFP, -ECFP), 1 pgin 25 pl of PBS or electroporation buffer

1. After electroporation and incubation for 1-10 min at room
temperature, cells were washed with PBS prior observation. In
the case of viability, gene expression, silencing and serial transfec-
tion experiments, 800 pl of culture medium pre-warmed to 37 °C
were added to the culture chamber, the biochip placed into a petri
dish and then kept at 37 °C in a humidified atmosphere with 5%
CO,. Before microscopy, the cells were rinsed twice with PBS.

Efficiency of delivery (E) was computed according to the follow-
ing equation: E=N"/(N~ + N*) x 100 where N* was the number of
cell-microelectrode sites positive for molecular uptake while N~
was the number of negative sites. Accordingly, N= N* + N~ was the
total number of individual microelectrodes addressed on the
single-cell electroporation array. Cell viability for a given voltage
protocol was tested at 12-24 h by incubation for 1 min with a
1 mg/ml Trypan Blue solution in PBS in order to check for mem-
brane integrity. Following the nomenclature used for the effi-
ciency estimate the percentage of cell viability (V) was
computed as following: V=N /(N~ + N*) x 100 (where N~ and
N* indicate the number of sites negative and positive for TB
uptake, respectively).

The non-specific uptake index (NS) was obtained from the ratio
of positive cells located off-site and the positive cell-microelec-
trodes sites: NS = (N°/N*) x 100, where N° indicates the number of
positive non-specific cells. For the determination of N©, cells were
counted around each stimulated electrode within one inter-elec-
trodes distance (i.e. 150 or 300 pm).

For statistical evaluation on molecular delivery (see Results,
Figure 4 and Table 1), several experimental trials (n) of N =100
cell-microelectrode sites each were performed. To obtain a total
number of 100 sites per trial, 5-8 chips were used in sequence for
single-cell electroporation and delivery as described above. Com-
plete trials were lasting 1-2 h, including microscopy and image
capturing.

Microscopy

Cell uptake of dyes, fluorescent labeled nucleic acids, EGFP, EYFP,
ECFP expression and ECFP silencing were observed using a micro-
scope with epi-illumination for Brightfield and epi-fluorescence
microscopy DM LB2, Leica Microsystems, Wetzlar, Germany (objec-
tives: N PLAN 5X/0.12 and HCX PL APO L 20X/0.50 W U-V-I D3.5;
filters sets: GFP and H3) or an Axioskope 40, Carl Zeiss AG, Germany
(objectives: A-plan 5x/0.12 and Achroplan 20x/0.45 Ph2; filters

TABLE 1
Evaluation of non-specific uptake

LY TB ODN

N* N~ N° E NS N* N- N° E NS N* N- N° E NS
Experiment 1 100 0 25 100 25.0 94 6 6 94 6.4 80 20 16 80 20.0
Experiment 2 93 7 14 93 15.1 100 0 8 100 8.0 81 19 15 81 18.5
Experiment 3 100 0 13 100 13.0 88 12 12 88 13.6 85 15 15 85 17.6
Experiment 4 82 18 6 82 73 77 23 12 77 15.6 72 28 10 72 139
Mean 93.8 6.3 14.5 93.8 15.1 89.8 10.3 9.5 89.8 10.9 79.5 20.5 14.0 79.5 17.5
S.D. 8.5 8.5 7.9 8.5 74 9.8 9.8 3.0 9.8 44 54 54 2.7 54 26

The table reports the values of positive cell-microelectrode sites, N*, negative cell-microelectrode sites, N, positive off-site cells, N°, efficiency, £, and non-specific uptake index, NS (see
Material and Methods for exact definition and calculation), obtained with the three probe compounds LY, TB and ODN. Different rows report the results of four experimental trials
(Experiments 1-4), each with 100 cell-microelectrode sites (N = 100). Arithmetical mean (n = 4) and standard deviation are reported for each parameter in the last two rows.
Electroporation voltage protocol: 3 trains of 5, 10 ms wide, voltage pulses spaced by 100 ms (1.68 V amplitude).
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sets: 06 and 34) or a BX51WI microscope, Olympus, Japan, (objec-
tives: LumPlanFl water immersion 40x NA =0.8 and LumPlanFl
water immersion 10x NA = 0.3; filter sets for ECFP, EYFP and TRITC)
while images were acquired by a DS-5MC (Nikon, Tokyo, Japan) or a
DFC350FX (Leica Microsystems, Wetzlar, Germany) digital camera
and stored on a PC.

Results

Single-cell electroporation on cell-sized microelectrode

A single-cell growing in adhesion on a cell-sized microelectrode
represents a well-defined system where voltages applied to the
microelectrode and their transfer to the cell membrane can be
precisely controlled. The tight adhesion contact between a cell
and a solid semiconductor substrate, with a distance that is
typically in the order of a few tens of nanometers, ensures a strong
electrical coupling between the single cell and the microelectrode
[25]. As ‘proof of principle’, we investigated whether a single
CHO-K1 cell growing in adhesion on a cell-sized planar micro-
electrode could be individually electroporated. In order to care-
fully analyse the membrane permeabilization process, the issue
was first addressed by electrophysiological means with the cell
that was contacted by a patch-clamp pipette in whole-cell con-
figuration for intracellular potential recording. Upon application
of a train of 10 ms wide voltage pulses to the microelectrode, the
intracellular potential recorded by the patch-clamp pipette was
undergoing a sudden transition, from a resting value of about
—70 mV to O (Figure 2a). These changes of intracellular potential
can be explained on the basis of a simple equivalent electrical
model describing the coupling of the cell to the electrode and to
the extracellular solution (Figure 1b). The thin layer of electrolyte
separating the cell and the adhesion substrate represents an
electrical resistance (several M()) that ‘seals’ the cleft from the
grounded electrolyte [25]. Owing to the seal resistance, the appli-
cation of fast voltage transients to the microelectrode caused the
development of fast and large voltage transients in the cell mem-
brane and the consequent opening of pores by an electroporation
process. Pores opening temporarily shunted the intracellular
potential to the grounded potential of the extracellular solution,
thus causing the transition from —70 mV to 0. Shortly after (about
1.5 min), pores resealing allowed the smooth recovery of the cell
to its resting potential (Figure 2b). Notably, the amplitude of the
voltage applied to the microelectrode (1.3 V) was rather small
when compared with traditional electroporation protocols for a
population of cells in a cuvette, where hundreds or even thou-
sands of volts are customarily used [20]. This was in agreement
with the tight electrical coupling existing between the single cell
and the microelectrode and in line both with previous impedance
measurements [26] and with electroporation experiments per-
formed on populations of cells adhering to large electrodes [27].
We verified the formation of membrane pores by observing the
cell uptake of Lucifer Yellow, a low molecular weight (457 Da)
fluorescent probe impermeable to the plasma membrane. Figure 3
shows a culture of CHO-K1 cells on a chip where a single cell in
contact with a microelectrode was stimulated in the presence of
LY in the extracellular solution. After washing, only the target cell
was stained, thus demonstrating the opening of membrane pores
and the possibility to deliver a compound into a pre-selected
single-cell within a population.
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FIGURE 2

Intracellular potential of a CHO-K1 cell during electroporation. (a) Upon
application to the microelectrode of a train of 10 ms wide pulses (1.3 V
amplitude), large potential transients developed in the cell (arrow) (cut off at
4100 mV), thus causing the opening of membrane pores by electroporation.
Pores opening shunted the intracellular potential (initially at a resting value of
about —70 mV) to the zero potential of the grounded electrolyte. (b) Serial
electroporation. Where indicated by arrows, voltage transients were applied
to the microelectrode as in (a), thereby inducing a repetitive electroporation
of the single cell. At each electroporation event, the intracellular potential
shifted from the resting potential (—70 mV) to a higher potential. This was
zero for the first two electroporations and was followed by recovery to resting
potential within about 1-1.5 min. With the third electroporation, the
potential transition was less pronounced (to only about —30 to —40 mV) and
the recovery to the resting potential was slower as possible consequences of
partial cell detachment from the substrate and membrane damage.

Tunable delivery by single-cell electroporation: from small polar
molecules to nucleic acids

We assessed the possibility to finely tune the delivery of polar
molecules to single CHO-K1 cells, from small probe compounds to
nucleic acids. As probe compounds, in addition to LY, we chose the
larger chromophore Trypan Blue (TB) (MW 892 Da) and a single-
stranded fluorescein labeled 24 nt ODN. We used a voltage pro-
tocol composed by three trains of five 10 ms wide pulses (trains
spaced by 100 ms). We observed the efficiency of delivery of the
three different compounds for pulse amplitudes of 0.9, 1.3 and
1.7 V. Each voltage was tested and the efficiency estimated in four
independent experimental trials (n = 4) of 100 cell-microelectrode
contact sites each (N = 100). Interestingly, by simply varying the
amplitude of the applied voltage pulses, we were able to tune the
membrane permeability to the different compounds (Figure 4).
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FIGURE 3

Delivery of LY to CHO-K1 cell by single-cell electroporation. Brightfield (a) and fluorescence micrograph (b) of a single cell-on-microelectrode demonstrating the
uptake of the dye LY after electroporation. After selecting the corresponding electrode through the control system (electrodes 7 and 8 were not selected), the cell
was electroporated in the presence of LY in the extracellular solution (1 mM). After 1 min incubation and washing with PBS, only the electroporated cell was
stained, thus demonstrating the permeabilization of the membrane due to the opening of transient pores. (c) Merged image of (a) and (b). Electroporation voltage
protocol: 3 trains of 5, 10 ms wide, voltage pulses spaced by 100 ms (1.6 V amplitude). Scale bar in a: 15 um (a—c).

Below 0.9 V, no uptake occurred for any of the compounds. Above
0.9V, increasing the voltage amplitude led to an increase in
transfection efficiency for LY and TB, although the membrane
remained impermeable to the ODN up to 1.3 V. Above the 1.3V
threshold, a new permeability transition occurred with the uptake
efficiency of ODN that was reaching 80% at 1.7 V. At this voltage,
the efficiency of delivery for LY and TB was 100%. These results can
be probably interpreted considering the effect of increasing the
voltage on pores number and/or diameter [28,29]: the higher the
voltage, the larger was the number and/or diameter of the pores in
the cell membrane, thereby increasing the efficiency of delivery for
the molecules with higher molecular weight.

Cell viability with different voltage protocols was also investi-
gated to check the effect of increasing the voltage amplitude on
cell survival. As reported in Figure 4, cell viability at 24 h decreased
at higher voltages, although the percentage of viable cells was very
satisfactory when compared to conventional electroporation
methods on cell populations in cuvettes. Noteworthy, we simply
acted in these experiments only on the pulse amplitude and used a
conventional PBS buffer. Several other electroporation parameters
are suitable for custom adjustments, such as the shape of voltage
transients [30] or the osmolarity of the bath solution [31] and its
ionic composition [20]. Careful optimization of all these para-
meters can be used to further improve the single-cell electropora-
tion array capabilities to tune molecular delivery for a variety of
compounds and to different cell types.

Space-resolved single-cell delivery

One major feature of the single-cell electroporation array is that
electroporation can be easily performed at different sites in the
same culture by pre-selecting the single cells via the computer
driven control system (space-resolved electroporation). As a proof
of principle experiment, we activated nine different electrodes in
contact with CHO-K1 cells and performed a spatially resolved
delivery of TB to draw a triangle with the electroporated cells
(Figure 5). Upon electroporation, incubation with TB and washing,
cells in contact with the electrodes were stained. Only a few cells
randomly distributed over the large inter-electrodes area showed
off-site uptake, thus demonstrating a high specificity of space
resolved electroporation. A larger space-resolved experiment
where a single-stranded fluorescent ODN was delivered is shown
in Figure 6. The experiments demonstrated that delivery of small
drug-like molecules and nucleic acids could be effectively achieved
at different sites of the same culture, and we confirmed these
results with different arbitrarily chosen combinations of electrodes
(not shown). The possibility that off-site non-specific uptake was
induced by the single-cell electroporation process was excluded by
statistical analysis of different delivery experiments with the three
probe compounds: LY, TB and ODN (Table 1). The non-specific
uptake index, NS, representing the ratio of off-site and site-specific
cell staining as described in the Material and Methods, was deter-
mined for four experimental trials of 100 cell-microelectrode sites
for each compound. From Table 1, it is clear that, on average, only
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FIGURE 4

Effect of pulse amplitude on the efficiency of delivery. (Top) Efficiency of
delivery to CHO-K1 cells for three different probe compounds, LY, TB and 24 nt
fluorescein labeled ODN and for three different pulse amplitudes. Efficiency,
which is expressed as percentage in the diagram, was computed for four
different experimental trials, each of 100 cell-microelectrode sites, as
described in the Materials and Methods. Electroporation protocol: 3 trains of
5,10 ms wide, voltage pulses spaced by 100 ms. With pulse amplitudes up to
0.9V, none of the probe molecules was delivered. By increasing the voltage
above this threshold, the membrane was made progressively more
permeable to LY and TB, but not to ODN, until a new threshold was reached
(1.3 V). Further increasing the pulse amplitude, induced a corresponding
increase of membrane permeability particularly with respect to ODN, with
delivery efficiency reaching about 80% at 1.7 V. (Bottom) Cell viability was
tested by TB assay at 24 h. A simple PBS solution was used in order to prevent
cytotoxic effects of the probe compounds from affecting the viability
estimate. All data represent mean + S.D. (n = 4). P < 0.01, P < 0.001, not
indicated where P < 0.001.

10.9-17.5 off-site non-specifically stained cells were found for
every 100 on-site cells with specific uptake. Considering that
the inter-electrodes area where off-site cells were counted was
much larger than the area of the microelectrodes, this number
demonstrates the high specificity of space resolved single-cell
electroporation. Similar numbers of cells with off-site uptake were

FIGURE 5

Space resolved delivery of TB. Space-resolved delivery of TB was used to draw
a triangle with the target cells. Nine electrodes of the microarray were
selected through the PC driven control system to draw a triangle (dashed
line). After electroporation in the presence of TB, incubation for 1 min and
washing, the cells growing on pre-selected electrodes were stained. Only rare
randomly distributed cells showed off-site uptake, probably because of
spontaneous cell death or duplication. Electroporation voltage protocol as in
Figure 3. Scale bar 100 um.

obtained from non-electroporated cultures on chip (not shown),
thus showing that non-specific uptake is due to normal death or
duplication processes that are randomly occurring within the cell
population in culture. Space-resolved single-cell delivery is parti-
cularly intriguing for its screening perspectives: using the single
target cells on a chip as individual ‘test tubes’, it becomes possible
to assess different molecules by parallel single-cell experiments
under the same culture conditions. In complex cultures, where
cells of different type are communicating by cell-cell signaling
events, space-resolved cell targeting will enable to investigate cell—
cell signaling with unprecedented resolution as, for example, in
primary cultures of neurons.

Time-resolved and serial delivery

Delivery of molecules could be easily operated in a time-resolved
manner: since the different target cells were independently
addressed, molecules could be delivered at arbitrarily chosen time
points. One major advantage of time-resolved delivery is the
possibility to sequentially introduce molecules into the same cell
(serial delivery). First, serial electroporation was investigated both
electrophysiologically and by the uptake of probe compounds.
While monitoring the intracellular potential with a patch-clamp
pipette, we could induce membrane electroporation several times,
followed by pores resealing and recovery of the cell potential
(Figure 2b). Using appropriate electroporation protocols and pro-
vided that an interval of at least ten minutes was left between
successive electroporations, we did not observe any electrophy-
siological sign of cell damage. When this interval was shortened
below the ten minutes, the cell potential was more slowly, and
often not completely, recovering after the second or third electro-
poration (Figure 2b), suggesting that at least ten minutes are
required for pores resealing and full cell recovery. We checked
for serial transfection of CHO-K1 cells using the single-stranded
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FIGURE 6

Space-resolved delivery of ODN. Space-resolved delivery of a 24 nt fluorescein labeled single stranded ODN. (a) Brightfield and (b) fluorescence micrographs. (c)
Merged (a) and (b) image. Nine different electrodes (19, 21, 27, 28, 29, 30, 37, 44, 45) covered by CHO-K1 cells were selected for electroporation in order to draw a
geometrical pattern (dashed line). After 10 min incubation and washing, all of them except electrode 45 showed ODN internalization, thus demonstrating the
possibility to deliver these nucleic acids to arbitrarily pre-selected cells within the same culture and with high efficiency. Particularly in the merged image, it is
recognizable the tendency of the ODN to accumulate in the cell nucleus. Voltage protocol as in Figure 3. Scale bar in a: 100 wm (a—c).

fluorescein labeled ODN as probe nucleic acid (Figure 7). The figure
shows that three hours after the first delivery, the nuclear fluor-
escence due to the ODN uptake had vanished. A second incubation
with ODN not coupled to electroporation demonstrated that the
resealing of pores had occurred and, with a second electropora-
tion, the ODN could be delivered again to the same cell. Thus,
according to our experiments, serial delivery of nucleic acids can

be achieved with a time resolution of only a few minutes, thereby
opening the possibility to finely control the dynamics of gene
expression events with exogenous molecular tools in high-resolu-
tion time-resolved experiments. Notable was the nuclear localiza-
tion of the ODN after single-cell electroporation that was also
confirmed for a 24 bp fluorescein labeled double-stranded ODN
(not shown). In fact, frequently ODNs need to reach the nucleus to

FIGURE 7

Serial transfection with ODN. Serial transfection of a target cell with the fluorescein labeled 24 nt ODN. From left to right: (a) the first transfection by single-cell
electroporation induced the nuclear uptake of the ODN (white arrow indicating the cell nucleus). (b) Three hours later, the fluorescence had vanished. Following a
second incubation with the ODN no uptake was observed, thus demonstrating that membrane pores had resealed. By a second electroporation (c), the ODN was
delivered again to the same cell. Note that large 50 pm electrodes were used in this experiment and that more than one cell on the target electrode was displaying
ODN uptake after the second electroporation. Voltage protocol: 3 trains of 5, 10 ms wide pulses spaced by 100 ms. Pulse amplitudes: 1.7 and 1.5 V for the first and

the second electroporation, respectively. Scale bar in c: 50 pm (a—c).
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exert their action as, for example, double-stranded decoy ODNs,
which is not easily achievable by usual chemical transfection
methods due to compartmentalization of the nucleic acids within
the cell cytosol [16]. Our observation is consistent with the nuclear
localization of ODNs that was previously reported by using a
standard electroporation approach [32].

Single-cell space and time-resolved gene expression and
silencing

We tested the technique for single-cell gene expression experi-
ments in CHO-K1 cells by delivering a plasmid vector, for gene
expression, and a siRNA, for gene silencing. Figure 8 shows the
result of single-cell transfection of CHO-K1 cells with a plasmid
encoding EGFP. To this purpose, we used a short-pulse (100 s
wide) based voltage protocol, which was inspired to a protocol for
plasmid transfection by conventional electroporation [20]. We
achieved, so far, a transfection efficiency of 46% (N = 61), although
further optimization of the voltage protocols, buffer solutions and
other electroporation parameters will probably lead to further
improvement.

Delivery of siRNA was first proven to work with high efficiency
(about 80% as in the case of the 24 nt single-stranded ODN) using
control fluorescent siRNA (not shown). Thus, we performed silen-
cing experiments on CHO-K1 cells stably transfected with the
ECFP gene using a specific siRNA [24]. After delivering the siRNA
by single-cell electroporation, we expected to observe a decrease
of fluorescence in the target cells due to the silencing of the ECFP

FIGURE 8

gene. Control experiments with a standard bulk-scale method
(Metafectene transfection reagent) for siRNA delivery, confirmed
the capability of the siRNA to silence the ECFP gene inducing a
randomly distributed but significant (40-100%) decrease of fluor-
escence within the cell population after 24-48 h (not shown). A
target site on the single-cell electroporation array 48 h after siRNA
transfection is visible in Figure 9. By comparing the brightfield
and fluorescence images, it is clear that two cells, one covering the
microelectrode and the other one in its immediate proximity
(white arrows), showed a dramatic decrease of fluorescence inten-
sity. The result can be explained considering that the two cells
were probably deriving from duplication of the target siRNA-
transfected cell and that the site-specific delivery of siRNA
induced ECFP silencing. The efficiency of ECFP silencing was
quite low so far (8%; N =100). This was somehow in contrast
with the high efficiency of transfection obtained both with ODNs
and fluorescent control siRNA (80%) and with the good ECFP
silencing efficiency (>40%) achieved using the Metafectene
transfection reagent in control experiments on populations of
cells. We may argue that, owing to the high efficiency of delivery
by single-cell electroporation, the intracellular concentration
reached by the siRNA in the target cells was too high, thus causing
cytotoxic side effects [33]. An alternative hypothesis is that siRNA
accumulation in the nucleus was lowering the siRNA concentra-
tion in the cytoplasm below the working level. It is reasonable to
assume that the silencing efficiency will be improved by carefully
tuning the electroporation protocol and the siRNA extracellular

(b)

Space-resolved gene expression. Brightfield (a) and fluorescence (b) micrographs showing the space-resolved transfection of CHO-K1 cells with a plasmid

encoding for EGFP. (c) Merged image of a and b. Cells were observed 24 h after transfection by single-cell electroporation (pre-selected electrodes: 8, 12,13, 14, 19,
21,27, 28, 29). Visible is the typical EGFP fluorescence of a single transfected cell (electrode 21) or of a few cells (electrodes 14 and 19) originating from replication
of single target cells. Voltage protocol: first short 100 ws pulse of 4 V followed by a decreasing pulsed ramp, 100 ms long, starting from 1 V. Scale bar in a: 100 pm

(a—c).
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FIGURE 9

4

siRNA mediated gene silencing. Brightfield (a) and fluorescence (b) micrographs showing ECFP silencing 48 h after siRNA delivery by single cell electroporation.
CHO-K1 cells stably transfected with the ECFP gene were used. Cells covering the electrode and in its immediate proximity (arrows) were showing ECFP silencing.
The cells were deriving from the replication of one target cell transfected with siRNA. It is clear the disappearance of the ECFP fluorescence in the cytoplasm, which
is conserved by all the other non-electroporated cells in culture. Scale bar in a: 15 pm (a-b).

concentration in order to reach the appropriate siRNA level in the
cell cytoplasm.

We assessed the new technique for the serial expression of two
reporter genes in a single CHO-K1 cell. Figure 10 shows the result
of a serial expression first of EYFP and then of ECFP. At 24 h from
the first transfection with the EYFP plasmid, the target cell showed
the typical cytoplasmic fluorescence. The cell was then transfected
a second time with ECFP. After 24 h (48 h from the first transfec-
tion with EYFP) cell replication had occurred and double expres-
sion of EYFP and ECFP was visible in the daughter cells. We
reached an efficiency of serial transfection with two reporter genes
of 45% (N = 141), which is reasonable considering that some cells
were moving out of the electrode area after the first transfection
and could not be electroporated twice.

Discussion

We have developed a new on-chip single-cell electroporation
technology enabling the delivery of impermeant compounds to
pre-selected individual mammalian cells in culture. Controlled by
an easy-to-use PC driven control system, a single-cell electropora-
tion array based on cell-sized planar microelectrodes was used to
perform a tunable, space- and time-resolved transfection of indi-
vidual CHO-K1 cells. Target cells were directly addressed while
growing in adhesion on the solid substrate of the chip, thus
avoiding harmful detachment and re-suspension treatments.
The method was proved to be tunable: by simply acting on the
amplitude of the voltage transients applied to the microelectrodes,
the efficiency of delivery was modulated for molecules with dif-
ferent molecular weight, from small dyes to antisense-like ODNs.
Space and time-resolved delivery of molecules were implemented.
Pre-selected individual cells were transfected at different sites of
the same culture (space-resolved) and at arbitrarily chosen time
points (time-resolved). Time-resolved electroporation of the cell
membrane was investigated by an electrophysiological approach.
It was proven that the same cell can be repeatedly electroporated
within a time-scale of a few minutes and that oligonucleotides and
plasmid vectors can be delivered to the same cell at different time
points (serial delivery). The applicability of the approach to the
investigation of gene expression events in cultured mammalian
cells was demonstrated through proof-of-principle experiments

with fluorescent reporter genes. The silencing of a fluorescent
protein gene by delivery of siRNA was achieved in target cells as
well as its expression by a DNA plasmid vector. The serial transfec-
tion of the same cell with two different fluorescent proteins was
also obtained. Thanks to the on-chip implementation and to the
PC driven control system, single-cell space and time-resolved
delivery experiments could be performed extremely easily and
without the need of special skills.

The technique represents a clear advance with respect to other
state-of-the art cell microarrays [34-37]. First of all, it allows
delivery to single cells while conventional cell microarrays work
on cell populations. Then, it enables delivery to be performed at
arbitrarily chosen time-points and to be repeated to the same cells,
compared to the one-shot-only previous cell microarrays
approaches. Since the method is based on electroporation, which
is ‘per se’ a tunable way to regulate membrane permeability to
exogenous compounds, delivery of other impermeant molecules
in addition to nucleic acids can be obtained as we have demon-
strated by delivering of polar dyes. Also taking advantage from the
fine tuning at the single-cell level of the electroporation protocol,
itis likely that the method will be broadly applicable across a range
of molecules, from small dyes to proteins and nucleic acids, and
cell types, from cell lines to primary cultures. This idea is supported
by our own preliminary experimental tests (unpublished results)
and by previous results of ‘in situ’ electroporation [21].

With respect to other non-on-chip single-cell delivery methods
such as microinjection, carbon fibers or glass capillaries-mediated
electroporation [22] and photoporation [38], the technique is extre-
mely easy to use and, most importantly, it is suitable for future lab-
on-chip integration with other micro- and nano-scale cell analysis
techniques [39]. To this respect, it should be noted that cell-sized
planar metal electrodes have been used for many years for recording
and stimulation of the electrical activity of excitable cells in culture
[40]. The approach could be now coupled to molecular delivery and
genetic manipulation. As drawbacks, however, we must point out
that the density of the microelectrodes limits space resolution, that
the technique can be applied only to cultures and not to cells in a
tissue and that epi-illumination has to be used for cell observation
because the silicon substrate of the chip is not transparent. Com-
pared to manual microinjection, which is up to now the most
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(a)

FIGURE 10

Serial transfection of EYFP and ECFP. Panel a: 24 h after the first transfection with the EYFP plasmid the target cell shows the typical yellow fluorescence.

Fluorescence micrograph (top). Merged image of Brightfield and fluorescence micrographs (middle). Panel b: the same target cell was transfected a second time
with ECFP. 24 h after this second electroporation, two cells deriving from the duplication of the target cell were detected expressing both EYFP (top) and ECFP
(middle). Bottom: merged image of the Brightfield with the ECFP fluorescence micrographs. Voltage protocol: 50 ms wide sinusoid, 3 V amplitude. Scale bar:

15 um (panels a and b).

standardized and widespread method for single-cell delivery, the
new technique offers major advantages: (i) it does not require any
special operator skill, thus making the method easily adoptable by
any laboratory; (ii) it is much faster, thanks to the high time
resolution, allowing for molecular delivery in parallel or in sequence
to a number of single cells within a few minutes; (iii) it is tunable,
since by acting on the electroporation protocol the size of the
molecule to be delivered and the degree of membrane damage
can be finely regulated (iv) it enables serial delivery to the same
cell with a resolution limit of only about ten minutes, at least
according to our electrophysiology measurements; (iv) it is suitable

for high-throughput implementations, since the number of elec-
trodes can be largely increased by standard semiconductor technol-
ogy. To this respect, it should be pointed out that automated
microinjection systems have been developed where the injector
is driven to the cells by a robotic arm ([41]; www.fujitsu.com/
downloads/SOL/bsg/cellinjector.pdf). Considering that approach-
ingand perforating the cell is a complex and very delicate procedure,
we may expect our method to be more versatile and tunable for
different cell types, besides representing a low-cost alternative. As
drawbacks, at present, we should mention the impossibility of using
inverted microscopes and the low space resolution of the actual
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microelectrodes array (150-300 wm inter-electrodes distance). Both
aspects, however, are suitable for improvements as reported below.

Finally, in comparison to other previous attempts to implement
single-cell electroporation on-chip, our method allows for direct
electroporation of cells growing in adhesion and does not require
cell harvesting and positioning in microchambers or microfluidic
channels. In addition, it relies on a much simpler fabrication
technology, which represents a clear advantage for future lab-
on-chip integration with other techniques.

Overall, the method offers a variety of application perspectives
since the type of molecule, the timing of delivery and, perhaps,
even the intracellular concentration, become freely tunable para-
meters for a number of individual target cells within the same
culture. On its basis, new experimental paradigms relying on the
combination of molecular manipulation and analysis techniques
could be easily implemented at the single cell level in vitro.

Our results offer proof-of-principle evidence of these possibi-
lities, but optimizations are obviously required for the single
applications. A combination with surfection approaches [36]
can be foreseen. However, it should be noted that optimization
(and customization) might rely both on adjustments of electro-
poration conditions and on further chip developments. Electro-
poration can be set for efficient delivery of a large variety of
molecules and to very different cell types by acting on several
parameters, from the voltage shape and amplitude to the solution
composition [20]. On the chip side, by taking advantage of
semiconductor technology, the platform is suitable for many
improvements, as for example, by increasing the number and
density of the electroporation sites to facilitate serial delivery or
for high-throughput screening applications. The integration with
microfluidic channels [39] will allow for a customized perfusion
and analysis of compounds directly onto the target cells of the
array and the substitution of the bulk silicon with transparent
substrates will make the array compatible with the use of inverted
microscopes (possibly complemented by the use of transparent
microelectrodes). Notably, however, observation can be already
performed by epi-illumination and the method may be easily
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