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Nonperturbing and simple transfection methods are important for modern techniques used in
biotechnology. Recently, we reported that electrospraying can be applied to DNA transfection in cell lines,
bacteria, and chicken embryos. However, the transfection efficiency was only about 2%. To improve the
transfection rate, physical properties of the sprayed droplets were studied in different variations of the
method. We describe a highly efficient technique (30–93%) for introduction of materials such as DNA and
protein into living cells by electrospraying droplets of a high conductivity liquid onto cells incubated with
the material for transfection. Electric conductivity has a sizable influence on the success of transfection. In
contrast, molecular weight of the transfected material, types of ions in the electrospray solution, and the
osmotic pressure do not influence transfection efficiency. The physical analysis revealed that collision of
cells with millimetre-sized droplets activates intracellular uptake.

S
imple DNA transfection methods that are effective in living cells are fundamentally important in modern
biotechnological research. For many scientific questions, transfection has been the experimental basis for
important studies on gene function. Most commonly used transfection methods require the use of tech-

nologies smaller than the cells themselves, in which artificial nanometre-scale materials and technologies (known
as nanotechnologies) are employed. Examples are cationic polymers1, liposomes2, gold particles used with gene
guns3, and lasers4. In a typical technique, a chemical carrier component forms molecular complexes or particles
with DNA, which are then transported into cells by endocytosis. A problem with such techniques is that they can
induce marked changes in cells and may be cytotoxic. In addition, although these methods increase energy in only
a limited part of the cell, the stimulation is too strong and thus the energy output is high.

Electrospray ionization (ESI) is frequently used in analysis by mass spectrometry (MS)5,6, and it has many
industrial applications in the manufacture of small materials7,8. In a previous study, we reported that a mixture of
cells and DNA that had been electrosprayed could have applications as a technique for minimally destructive
transfection of cell lines, bacteria, and chicken embryos9. However, despite the remarkable advantages of trans-
fection with electrospray, including simplicity of the electrospray device, no requirement for a cytotoxic carrier
reagent, and simple protocol, improvements are needed to address the limitations in transfection efficiency
(approximately 2% in cultured cells). The underlying mechanism of this method was considered to be that small
droplets acted in a similar manner to a gene gun or desorption electrospray ionization (DESI). Our method does
not spray a solution of DNA; rather, cells preincubated with DNA are electrosprayed with a liquid free from DNA.
In this study, we have examined the potential of various electrospray solutions and conditions for improving the
transfection efficiency, and we have further studied the mechanism.

Results
Electrospray Device. Electrospray is performed by applying a high voltage to a metal nozzle through which a
medium is propelled. A charged drop at the tip of the nozzle splits the stream into small droplets, and charged
aerosol is accelerated by a high voltage electric field. For transfection, the liquid droplets are sprayed onto a
preincubated mixture of cells and plasmid DNA. The nozzle is moved in order to spray the entire surface of the
dish. An electrolyte that is nontoxic for the cells is suitable for spraying. However, it has been reported that a
highly conductive solution is not suitable for electrospray ionization because any substance with conductivity
greater than 1023 S/cm cannot be dispersed10,11.

It is assumed that the electrical discharge from the flowing liquid and metal nozzle diminishes the electric field
intensity. Moreover, it was found that the metallic nozzle used for electrospraying, either with or without a liquid
medium, generated an electric current (60 mA, 215 kv) that flowed as a discharge, and this discharge was causing
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damage to plasmid DNA. The damage of supercoiled plasmid was
the same as that reported for ESI-MS of DNA12. To overcome this
problem, we employed an insulated nozzle that separates the droplet
from the edge of the electrode, which prevents electrostatic break-
down. The insulated nozzle did not cause DNA damage, and the
electric current of its discharge dropped by half. In addition, it is
thought that the lower discharge would be better for cell viability.
This device enables electrospraying with a high concentration of
electrolyte (over 100 mS/cm). The relationships between conduc-
tivity of electrolyte (spraying medium), size of droplets, and effi-
ciency of transfection are shown graphically in Figure 1, as well as
fluorescent micrographs of cells expressing GFP.

Solvent effect in electrospray transfection. Standard experimental
conditions were used to study the effects of different spraying solu-
tions on transfection efficiency. Chinese hamster ovary (CHO) cells
preincubated with plasmid pEGFP-N1 were electrosprayed with the
solution by moving the nozzle at 5 mm/s and under 6-mm intervals
scanning, at a liquid flow rate of 6 mL/h.

a) The effect on transfection efficiency of various spray media,
such as water, nutrient media, normal and high-concentration phos-
phate-buffered saline (PBS), dissolved sugar, and solutions of specific
electrolytes, such as organic cations, salt, and phosphates, was exam-
ined by electrospray at 212 kV . The results of this examination are
shown in Table 1. The transfection efficiency was checked by cal-
culating the number of GFP-positive cells per total cells. This effi-
ciency for our technique was found to be 105 cells transfected per
microgram of plasmid DNA.

Nonionic 20% (w/w) sucrose resulted in an efficiency of 1%;
monosaccharides (glucose and fructose), sugar alcohols (sorbitol
and xylitol), and organic solvents (DMSO, methoxyethanol, and
propyleneglycol) gave similar results. An amino sugar electrolyte
solution of 5% (w/w) glucosamine and alpha-MEM resulted in an
efficiency of 25%. In contrast, high concentrations of sodium chlor-
ide and phosphate yielded an efficiency of .60% (Figure 2). We
compared it with the efficiency of other transfection methods.

Transfection efficiency was 0.2% for the calcium phosphate
method and 11.4% for the liposome method (lipofectamine, invi-
trogen). The electrospray method had a better efficiency (25–69%)
than that obtained using other gene introduction reagents under
the same conditions. The high efficiency was not restricted to CHO
cells, as Jurkat cells were also transfected at a relatively high efficiency
(45%) by electrospraying 53 PBS at 212 kV (Figure 2). Jurkat cells
normally grow in unattached culture medium; however, for this
experiment, the cells were attached via polyethylenimine coating to
the surface of the culture dishes. It was found that unattached and
floating cells were not transfected by the electrospray method.

We were also able to demonstrate high efficiency transfection with
protein. Approximately 50% of the cells preincubated with FITC-IgG
antibody (150 mg/mL) and 93% preincubated with FITC-insulin
(2.5 mg/mL) were detectable by fluorescence microscopy after elec-
trospraying 33 PBS at 212 kV (Supplementary Figure S1). Ap-
parently, proteins such as insulin (6 kDa) and IgG (15 kDa), which
are both around 2 orders of magnitude smaller than the test plasmid
DNA (2.8 MDa), could also be transported relatively efficiently into
cells by the electrospray method (Supplementary Figure S1).

We introduced a bacterial cell into a eukaryotic cell to demonstrate
that transfection is possible even with a relatively very large particle.
CHO cells preincubated with E. coli that contained the plasmid
pEGFP-N1 were electrosprayed at 212 kV, and, although the effi-
ciency of this transfection was very low (0.003%), we did observe
a GFP-positive CHO cell (Supplementary Figure S2). However,
we conclude that introducing such large particles into cells is very
difficult.

Other transfection methods. A fragrance atomizer and free-falling
droplets can also induce transfection, and there is no charge on those
droplets (Table 2). The method works using gas rather than liquid
as the spray ‘‘medium’’. We tested air, carbon dioxide, and dime-
thylether with our device (Supplementary Figure S3). In these con-
ditions, the gas velocity (100–400 m/s) is higher than that of the
droplets because gas has low density and a high compression rate.

Discussion
Apparently, ionic solutes in the electrospray medium favour higher
transfection efficiency than nonionic ones. We therefore focused on
conductivity as the primary electrophysical factor that is associated
with ionic material. The relationship between electric conductivity
and gene transfection efficiency is displayed graphically in Figure 2.
The results showed that the water level was low (0.8%). The trans-
fection efficiency increased dramatically to higher than 60%, with
maximum efficiency obtained between 40–80 mS/cm conductivity.
On the other hand, 103 PBS, which had the highest conductivity
(132 mS/cm), caused an unstable spray by spark discharge. The
unstable spray resulted in low transfection efficiency. In contrast to
the sizable influence of electric conductivity on the success of trans-
fection, we were able to identify factors that do not appreciably

Figure 1 | (a) Scanning electrospray device. The insulator (PEEK) nozzle

(calibre: 0.25 mm, length: 20 mm) was used to spray the 35-mm dish.

(b) Stability of plasmid in nozzle material. Plasmid DNA (super coil type,

90% including) based yield. Water (100 mL) was sprayed on 3.5-cm

polystyrene dish including pEGFP-N1(100 mg/300 mL water) from 2 cm

height for 1 min. After spray, the sample was electrophoresed. No spray

(NS) was strong damage to DNA by discharge.

Table 1 | Transfection efficiency by liquid electrospraying at 212 kV

Efficiency
(%)

1 Water 100% H2O 0.8
2 20% sucrose 1.3
3 a-MEM (major components 0.68% NaCl, 0.1% Glucose) 25
4 5% glucosamine HCl 25
5 PBS (0.9% NaCl, 0.0144% KH2PO4, 0.0795% Na2HPO4) 48
6 2.5% NaH2PO4 1 2.5% Na2HPO4 61
7 4.5% NaCl 67
8 3X PBS (PBS of the 3 times concentration) 68
9 5X PBS (PBS of the 5 times concentration) 69

10 10X PBS (PBS of the 10 times concentration) 42
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influence transfection. Among these are molecular weight, type of
cations and anions in the spray solution, and osmotic pressure.

Next, the diameter of the droplet was measured microscopically
for study of the relationship between increasing conductivity and
efficiency. The average diameter of droplets rapidly increases (more
than 0.5 mm) until a conductivity of 15 mS/cm is reached, after
which it tends to reach plateau (Figure 2).

The diameter of all liquid droplets was 5 mm at 0 V (data not
shown). Subsequently, the droplet charged by the application of high
voltage was dispersed by surface electrostatic force, but the high
conductivity liquid was difficult to charge and converted into large
droplets. The graph pertaining to efficiency and diameter shows that
gene introduction depended on the size of the droplet (Figure 2), and
70% of the cells were transfected when the droplet diameter was 0.5–
1.2 mm. These results indicate that the actual diameter of the drop-
lets was larger than that of the cells, and larger droplets were assoc-
iated with relatively higher transfection efficiencies.

Furthermore, we performed a detailed analysis of applied voltage,
droplet size, and transfection efficiency in varying ionic electrospray
solutions. Water and solutions containing high concentrations of
PBS (Hi-PBS) were compared. The transfection efficiency of most
liquids depends on the applied voltage. The relationship between ap-
plied voltage and the droplet size was small between 28 and 212 kV

in Hi-PBS (data not shown). In solutions with high electric conduc-
tivity, such as 53 and 103 PBS, efficiency is higher at low voltage
because the droplet sizes are larger (Figure 3).

We measured the average velocity of the electrosprayed droplets
by high-speed photography. From those data, we calculate the mean
to be approximately 2 m/s lower than that that seen reported in DESI
and ESI-MS (0.1 km/s)13,14 (data not shown). Our methods cannot be
used for measurements of the individual size and velocity of droplets.
However, it is thought that the mean values reflect individual velocity
and size because the typical size distribution curve of the electro-
sprayed droplets is very sharp.

In the distribution of droplet diameter at 212 kV, the effective size
is 0.1–1 mm, and gene introduction is difficult with droplets smaller
than this size (Figure 3). Before beginning the analysis of electro-
spraying transfection, we speculated that electrosprayed droplets
would be very small compared with the size of a cell, and that the
micro-droplets would perforate the cell membrane by causing mech-
anical damage. However, the actual diameter of the droplets is about
102 times larger than that of the cells.

The finding that larger droplets result in higher transfection effi-
ciency leads to the hypothesis that the most critical parameter for
transfection is the impact energy generated by the collision of large
droplets. Possibly related to this observation is the fact that a large
projectile is effective at ionization in secondary ion mass spectro-
metry15,16. The total energy density associated with spraying cells is
calculated from the spray volume and droplet velocity. Water and
103 PBS have the same energy density at 212 kV (Figure 3). How-
ever, it is not the resulting total energy that is important, but rather
the energy of each droplet. We think that contact time, i.e. the time
required for transfer of the collision energy, is an important factor for
the simple mechanism of energy transfer. The contact time that
delivers a good transfection rate is between 1025 and 1026 s, depend-
ing on the diameter of the droplet. Our current interpretation would
be that small droplets are not capable of delivering sufficient transfer
energy for efficient transfection of DNA, but rather large droplets
are effective conduits for energy transfer once they have contacted
cells.

Figure 2 | Electrospray transfection by conductive liquids. (a) Microphotograph of GFP expression in CHO cells induced by electrospraying (53 PBS,

212 kV). (b) Microphotograph of GFP expression in Jurkat cells induced by electrospraying (53 PBS, 212 kV). The cells were attached to the

polyethyleneimine coating dish. (c) Transfection efficiency in CHO cells electrosprayed at 212 kV depends on conductivity. (d) Averaged diameter of

droplets at 212 kV vs. conductivity of electrospray liquids. (e) Transfection efficiency vs. diameter of droplet.

Table 2 | Comparison of transfection performed using electro-
spray, atomizer, free-falling, and gas flow

Electrospray Atomizer Free-falling Gas Flow

Size (mm)a 0.1–1.2 0.12 5.0 -
Volumeb 30 uL 50–60 uL 300 uL 0.4 L
Velocity (ms21) 1.8–2.1 5–8 1.5 m height 136–380
Efficiencyc (CHO) 40–80 % 1.80 % 0.30 % 8.1%
Charge Yes No No No
aDroplet diameter.
bTotal spray volume.
cTransfection efficiency: GFP positive cells per total cells.
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Furthermore, the function of the droplets was examined with a
fluorescent dye (FITC-glucosamine), which does not pass through a
cell membrane. We compared electrospraying the dye vs. simply
incubating cells in it, with 33 PBS as solute. Although strong cellular
fluorescence was seen with the electrosprayed dye, only slight fluor-
escence was seen with cells incubated in dye (Supplementary Figure
S4). We conclude that the droplets generated by electrospray greatly
enhanced the uptake of the dye.

The collision of a droplet with a cell indirectly makes the cell
permeable; therefore, the droplet promotes cellular uptake of DNA.
Electrospraying with a gene gun has been reported17, but this method
has a different mechanism than described here. The pressure accom-
panying droplet impact is around 103–104 Pa; however, this is too
low to induce gene transfection. We postulate that vertical collision
induces a change of the cell’s shape, and this somehow raises the
permeability for gene transport. The electric charge per volume is
small in large droplets. Similar characteristics can easily be produced
by other spraying methods. Hence, we conclude that electrical charge
on a droplet is not important for transfection by this method in
mammalian cells.

As an interesting side observation, the velocity and diameter of the
droplets are similar to those of rain droplets (terminal velocity of 0.7–
4 m/s; diameter from 0.2–1 mm14), and thunder clouds can impart
an electrical charge to the rain droplets18. From the results of our
electrospray experiments, one could even speculate that thunder-
showers may be involved in some way with horizontal gene transfer
in nature19.

The electrospray method described here is very different from
other techniques of gene delivery. It is very surprising that cellular
DNA or protein uptake would be facilitated by a macroscale event,
i.e. collision with a droplet much larger than the cell target. This
macroscale method for transfection may offer a much more efficient,
simpler, and more rapid technique for many types of cells.

In summary, we have achieved very high transfection efficiencies
for genes and proteins by an electrospray method. Both a normal

liquid spray and gas flow successfully induced transfection of cells.
We obtained surprising results showing that oversized droplets,
around 100-times larger than cells, gave the highest transfection
activity. This method is enhanced by increasing the size of droplets
and raising the applied voltage, and it does not require any special
reagents. In addition, the underlying mechanisms may have some
relevance for horizontal gene transfer during evolution.

Methods
Cells and culture conditions. Cell lines were maintained in culture medium
supplemented with 10% foetal bovine serum (FBS) and antibiotics in a 5% CO2
atmosphere at 37uC. Minimum essential medium (alpha-MEM) was used for Chinese
hamster ovary (CHO) cells, and RPMI1640 medium was used for Jurkat cells. For
transfection experiments, cells were plated in poly-L-lysine-coated 35-mm culture
dishes at a density of 10,000 cells/dish. GFP cellular fluorescence was visualized by
fluorescence microscopy, and transfection efficiency is expressed as the proportion of
GFP-positive cells per total cells in the confluent monolayer.

Insulin- and IgG-FITC conjugation. Fifty mg of bovine insulin was diluted with
0.5 mL of a buffered solution containing 2.8% NaHCO3 and 1.7% Na2CO3 (w/v).
Then FITC (11 mg) was added to the insulin solution and incubated at room
temperature for 1 d. The mixed insulin FITC solution was dialyzed for 1 wk with a
thermo slide lyzer Mz3000 and then lyophilized. The dried insulin-FITC conjugated
proteins were redissolved in water at a concentration of 2.5 mg/mL. Similarly, IgG
(H1L) VEC b1-1488 was conjugated with FITC and redissolved at a concentration of
150 mg/mL.

Electrospray transfection. The insulator (PEEK) nozzle (0.25-mm calibre and length
of 20 mm) was connected to a metal tube, to which high voltage was applied. The cells
and GFP plasmid (10 mg in 100 mL of water) in a poly-L-lysin coating 35-mm
polystyrene dish were connected to a ground potential plate by a metal ribbon. After
5 min, the whole area of the dish was sprayed by the moving nozzle (moving speed of
5 mm/s). Scanning conditions included a 40-mm line with 6-mm intervals at a liquid
flow rate of 6 mL/h. Fresh culture medium was added immediately after
electrospraying, and the cultures were examined by fluorescence microscopy after 1
day of incubation following transfection.

Atomizer and free-falling transfection. An everyday household atomizer (3 mL in
volume) was purchased and was determined to release a volume of 50–60 mL with
each spray. After removing culture medium from a 35-mm dish containing CHO
cells, the cells and GFP plasmid (10 mg in 100 mL of water) were preincubated for

Figure 3 | Droplet analysis and transfection mechanism. (a) Transfection efficiency in CHO cells depends on the average diameter of droplets at 212 kV

and the concentration PBS (Hi-PBS) and water. Transfection efficiency is high at 211 and 212 kV in Hi-PBS, and a maximum efficiency of 0.8% is

attained at 212 kV in water. (b) Calculated energy density of total electrospray at 212 kV. Energy density of total spray to cells is calculated by the

following equation: E 5 (1/2*aLv2)/D, a: liquid gravity, L: spray volume, v: droplet velocity, D: dish area. (c) Number distribution of droplet diameter at

212 kV, water is under 0.05 mm and 3X PBS is 0.1–1 mm, and higher conductivity is shifted to a larger size. d) Scheme: Transfection mechanism of

droplets strike.
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5 min. A solution of 13 PBS was then sprayed from the atomizer from a height of
5 cm above the cell monolayer, after which fresh culture medium was added. For the
free-falling transfection method, the PEEK nozzle was used. After removal of the
culture medium, CHO cells and GFP plasmid were preincubated as just described,
after which droplets of 13 PBS were dropped from the tip of the nozzle at a height of
1.5 or 0.75 m using a pump. After a sufficient number of droplets to cover the whole
area of the dish had fallen onto the monolayer, fresh medium was added.

Gas flow transfection. The electrospray device was modified by replacement of the
liquid line with a gas line and was used to direct a stream of air and carbon dioxide
(CO2) onto cell monolayers. The gas flowed over a monolayer of CHO cells and DNA
(as described for the other methods above), directed from a height of 1 cm by the
0.25-mm calibre nozzle moving at 5 mm/s. Scanning conditions included a
40-mm line with 3-mm intervals at each gas flow speed that was tested. To test
dimethylether (9:1 mix with freon) as the gas sprayed over the monolayers, an air
duster can was used.

Measurement of the velocity and size of droplets. The velocity of the droplets was
measured visually using a high-speed camera (Casio FH-20). The droplets were
electrosprayed on an indium tin oxide/polyethylene terephthalate film. Immediately
after spray, droplets were mixed with silicone oil and observed with a microscope.
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