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    Chapter 11   

 Electroporation Loading and Dye Transfer: A Safe 
and Robust Method to Probe Gap Junctional Coupling                     

     Elke     Decrock    ,     Marijke     De Bock    ,     Diego     De     Baere    , 
    Delphine     Hoorelbeke    ,     Nan     Wang    , and     Luc     Leybaert      

  Abstract 

   Intercellular communication occurring via gap junction channels is considered a key mechanism for synchro-
nizing physiological functions of cells and for the maintenance of tissue homeostasis. Gap junction channels 
are protein channels that are situated between neighboring cells and that provide a direct, yet selective route 
for the passage of small hydrophilic biomolecules and ions. Here, an electroporation method is described to 
load a localized area within an adherent cell monolayer with a gap junction-permeable fl uorescent reporter 
dye. The technique results in a rapid and effi cient labeling of a small patch of cells within the cell culture, 
without affecting cellular viability. Dynamic and quantitative information on gap junctional communication 
can subsequently be extracted by tracing the intercellular movement of the dye via time-lapse microscopy.  

  Key words     Intercellular communication  ,   Connexin  ,   Gap junction  ,   Electroporation  ,   Dye transfer  , 
  Time-lapse imaging  

1      Introduction 

  In a  multicellular   organism, cells do not function on their own, but 
they highly interact with each other to provide a coordinated 
response to certain intracellular and extracellular conditions [ 1 ]. 
The interaction can exist of merely adhesive capacity, but it can also 
mediate the actual exchange of signaling molecules between neigh-
boring cells via specialized contacts consisting of vast arrays of 
plasma membrane channels, called gap junction channels (GJCs) 
(Fig.  1 ) [ 2 ,  3 ]. These channels connect the cytoplasm of adjacent 
cells and arise from the head-to-head interaction of two hemichannels, 
being hexamers composed of connexin (Cx) subunits. The latter 
are tetraspan membrane proteins of which 21 human species 
have been identifi ed and named according to their molecular 
weight (MW). They are present in most organs and display a tissue 
and cellular specifi city with Cx43 being the most abundant and 
widespread Cx in mammals [ 4 ,  5 ].
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   Most cells of normal tissue, except for differentiated skeletal 
muscle cells, and freely circulating cells including erythrocytes and 
circulating lymphocytes, communicate through GJCs [ 6 ]. Gap 
junctional  intercellular communication   (GJIC) is driven by the 
passive diffusion of small (i.e., <1–1.5 kDa) hydrophilic molecules, 
such as glucose, glutamate, glutathione, cyclic adenosine mono-
phosphate, adenosine 5′-triphosphate, inositol 1,4,5- trisphosphate, 
and ions, including Ca 2+ , K + , Na + , and Cl - . Although GJCs appear 
to be a rather general route for the exchange of these molecules as 
well as other substances such as fl uorescent dyes, their biophysical 
permeation properties actually depend on the nature of the Cx 
species that form the channel [ 7 – 12 ]. There is furthermore a tre-
mendous diversity in the assembly of GJCs, as they can be com-
posed of either homogeneous or heterogeneous subunits resulting 
in variations in pore sizes [ 3 ]. Not only the size, but also the charge 
of the permeating molecule as well as the presence of high affi nity 
binding sites for specifi c transjunctional metabolites within the 
channel pore are suggested to underlie these differences in perm-
selectivity [ 13 – 15 ]. The Cx-subtype furthermore dictates the spe-
cifi c regulatory properties of these channels, such as by  membrane   
voltage, the intracellular environment (i.e., cytoplasmic Ca 2+  and 
pH), interaction with proteins,  posttranslational modifi cations  , 
and pharmacological agents [ 3 ,  16 ]. 

  Fig. 1     Schematic diagram of gap junctions and their subunits.  A set of 6 Cx proteins arrange themselves into 
a  hemichannel   confi guration after which they are inserted in the cellular membrane. Two  hemichannels   that 
are located at a cell–cell contact region align to form a GJC. Multiple GJCs concentrate at so-called gap junc-
tion plaques, where they allow the bidirectional diffusion-driven transport of ions and small hydrophilic mole-
cules (i.e., <1.5 kDa) between neighboring cells. This process, denoted by gap junctional  intercellular 
communication  , allows for a coordinated response of cells to certain stimuli and is a prerequisite for normal 
tissue homeostasis       
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 Several methods are currently available for investigating GJIC, 
all with their advantages and limitations [ 1 ,  17 ,  18 ]. The most 
simple, widely applicable, and also best-known approach consists 
of the introduction of a small dye into living cells and microscopi-
cally tracking its intercellular diffusion to neighboring cells. Several 
hydrophilic molecules covering a broad range of sizes (i.e., below 
1 kDa) and charges can be used [ 8 ,  12 ]. In order to visualize sub-
sequent dye spread in function of time, the reporter  dye   should 
fulfi ll several characteristics, namely: (1) it should be visible by 
transmitted light or fl uorescence microscopy, (2) the fl uorescence 
intensity should remain stable during recording, (3) the dye has to 
be GJC permeable, but also plasma membrane impermeable in 
order to avoid transfer through the extracellular space, (4) the 
choice of a specifi c GJC reporter  dye   should refl ect the Cx under 
study as outlined earlier, (5) the dye should be able to freely diffuse 
throughout the cytoplasm, and (6) it cannot be toxic to the cells or 
change intracellular properties of the cells that can infl uence GJIC, 
such as modifying the intracellular Ca 2+  concentration or 
pH. Frequently used fl uorescent dyes for evaluating GJIC are 
 Lucifer Yellow   (MW 457 Da, charge -2), 6-carboxyfl uorescein 
(6-CF; MW 376 Da, charge -2),  calcein   (MW 623 Da, -4), or 
Alexa Fluor dyes (available in the 350–760 Da MW range). Small 
nonfl uorescent molecules, such as neurobiotin, are also frequently 
applied as  tracers   to probe GJIC. However,  time-lapse imaging   of 
dye transfer of these molecules is not possible, since the samples 
have to undergo additional fi xation and staining procedures to 
visualize them. Of note, although channels composed of different 
Cx species display distinct permeability characteristics, most Cx 
channels are permeable to several  tracers  . Unfortunately, there are 
currently no dyes available that are specifi c for a channel composed 
of certain Cx subunits. 

 In principle, dye introduction can be achieved by several 
approaches, for example, by impaling cells with sharp pipettes for 
 microinjection   or by making a scrape in a cell  monolayer   using a 
blade or needle [ 19 ,  20 ]. However, these methods do not only 
damage cells but also modify or even washout certain intracellular 
components that are required for normal physiological signaling. 
Ideally, the loading technique should be minimally invasive and 
able to provide dynamic and quantitative information of dye transfer. 
Here, an  electroporation   technique is described that grants the 
loading of a spatially restricted area within  an   adherent cell popula-
tion  in vitro   with a fl uorescent GJC-permeable reporter  dye  . 
Subsequent time-lapse monitoring of dye diffusion throughout the 
cell population allows for the visualization of cells that are con-
nected to each other through GJCs, a technique further denoted 
by  electroporation   loading and dye transfer (ELDT). 
 Electroporation   designates the application of high voltage pulses 
to create transient nanometer-scale pores into the plasma 
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membrane via which extracellularly applied plasma membrane- 
impermeable molecules, such as nucleic acids, drugs, antibodies, 
proteins/peptides, radio tracers  , and reporter  dyes  , can enter the 
cell [ 21 – 25 ]. Pore formation happens on a time scale of microsec-
onds while closure occurs within seconds. By comparing  electro-
poration   with other dye loading techniques, such as  microinjection   
and  scrape loading  , we conclude that it offers at least 4 advantages: 
(1) when optimized, it is a safe and superior method to evaluate 
GJIC as it is does not negatively affect the cellular physiology and 
viability [ 26 – 28 ]. The latter can have adverse effects on GJIC, e.g. 
via a perturbation of the cellular Ca 2+  homeostasis. (2) It is a highly 
versatile technique that allows the labeling of small or large areas 
within a  cell culture   with virtually any compound with responses 
subsequently being monitored in adjacent nonloaded areas. We 
have successfully applied the technique for the loading of fl uores-
cent  dyes, caged   compounds, molecules/peptides interfering with 
signaling pathways, and even recombinantly expressed and purifi ed 
enzymes, and this in the context of Ca 2+  signaling and cell death 
studies, and for measuring GJIC as outlined later [ 26 ,  28 – 38 ]. (3) 
The technique is not restricted to specifi c cell types [ 26 ,  28 – 39 ]. 
(4) Only minimal quantities of the electroporated compound are 
required for an effi cient loading as outlined in the protocol later. 

 The loading method necessitates an electrical drive circuit pro-
viding an  electroporation   signal and an electrode to apply the signal 
to a localized zone in a cell  monolayer   [ 26 ,  40 ]. Ideally, the  electro-
poration   protocol should combine a good loading effi ciency, while 
having only a minimal impact on cell viability in order to allow sub-
sequent functional studies. Both the loading effi ciency and the cell 
viability primarily depend on the applied electric pulse parameters 
[ 26 ,  41 ,  42 ]. The latter can be controlled in such a way that the 
pores have suffi cient large radii to allow the entrance of extracellular 
molecules to the cells’ interior and reclose rapidly without causing a 
disturbance in cellular physiology. We recently optimized an  electro-
poration   protocol to load a narrow strip of adherent  cells   with a 
GJC-permeable fl uorescent reporter  dye  . We demonstrated that the 
application of a high- frequency   (i.e., 50 kHz) electrical signal oscil-
lating around the zero potential as a bipolar alternating current (AC) 
is preferred over a high amplitude direct current (DC) protocol to 
load the cells with the dye and to evaluate subsequent dye spread 
[ 26 ]. The main reason is that the absence of a DC component in 
the electrical drive signal preserves cell viability. The AC-coupled 
stimulation can be practically achieved by using an amplifi er with a 
transformer to isolate the output of the signal-generating device 
[ 26 ,  27 ]. The 50 kHz  voltage oscillations are applied in a pulsed and 
repeated manner with the oscillatory signal being switched-on ten 
times per s for 2 ms, forming a pulse train that is repeated 15 times 
with 0.5 s pauses (Fig.  2a ).
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  Fig. 2     Overview of the    electroporation     setup used for the generation and registration of bipolar pulses.  ( a ) The 
computer generates a TTL pulse that serves as input for the  electroporation   driver circuit and as a trigger for 
the oscilloscope. The TTL pulse is converted by the  electroporation   driver circuit to a 50 kHz oscillating signal 
that alternates between positive and negative voltages, and that is sent to the electrode and is monitored by 
the oscilloscope. This oscillating signal is applied in 15 series of 1 s duration, each consisting of 10 repetitions 
of 2 ms duration. A schematic overview of the driver circuit has been published previously [ 26 ,  27 ] and a 
detailed diagram of the generator and amplifi er setup is also available on request. ( b ) Picture of the micro-
scope stage and the electrode. Note the two parallel Pt/Ir wires that are protruding out of the tip of the theta 
glass capillary. The exposed ends are about 300 μm in length (i.e., higher magnifi cation in Fig.  2c ). During the 
experimental procedure, the electrode is positioned above the cells using the micromanipulator. ( c ) Phase 
contrast/fl uorescence overlay images taken before (i.e., without ( a ) and with ( b ) the electrode positioned on top 
of the cells) and directly after  electroporation   loading (i.e., after removal of the remaining extracellular dye 
solution) ( c – d ). Cell morphology and viability are well preserved after  electroporation  . Note that in ( b ) and ( c ) 
the electrode is positioned 100 μm above the cell layer. The objective is positioned in the focal plane of the 
electrode and 100 μm higher relative to the focal plane of the cell layer. The scale bar measures 100 μm       
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   Loading of a restricted area can be achieved by applying the 
bipolar voltage pulses to a 2-wire electrode that is positioned in close 
proximity to the target cells. The area of electroporated cells depends 
on the electrode dimensions. In previous studies, we used an elec-
trode consisting of 2 parallel Pt/Ir wires with a diameter of 120 μm, 
8 mm long and separated by 500 μm. When placed about 400 μm 
above the cells and applying a peak-to-peak oscillation voltage of 100 
V, this results in a longitudinal electroporated zone of about 300 μm 
wide and 8 mm long (i.e., surface area about 2.4 mm 2 ) [ 26 – 28 ,  34 ]. 
The actual size of the electrode can be modifi ed according to specifi c 
needs. In a fi rst section of this chapter, we describe the assembly of a 
2-wire fork-shaped electrode instead of the previously strip-shaped, 
using 50 μm diameter Pt/Ir wire which results in the  electroporation   
of a smaller patch of cells with an average surface area of about 
0.07 mm 2  (Fig.  2b, c ). In a second section, a detailed procedure for 
the time-lapse microscopy imaging as well as the analysis of dye 
spread to neighboring nonloaded cells is provided.  

2    Materials 

       1.    Borosilicate theta capillary glass (OD/ID 2/1.4 mm, length 
10 cm; Harvard apparatus, USA).   

   2.    Pt/Ir wire 90:10, diameter 50 μm (Advent Research Materials 
Ltd, England).   

   3.    Microelectrode puller (Model P-97, Sutter Instrument, USA).   
   4.    Micromanipulator (PatchMan NP2, Eppendorf, Belgium).      

       1.    Adherent confl uent  monolayer   culture ( see   Note    1  ) seeded on 
polystyrene dishes or glass bottom dishes (CELLview TM  Dish, 
Greiner Bio One, Belgium).   

   2.     Electroporation   buffer: 300 mM sorbitol, 4.02 mM KH 2 PO 4 , 
10.8 mM K 2 HPO 4 , 1.0 mM MgCl 2 , and 2.0 mM 
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES). 
Adjust to pH 7 and store at 4–8 °C.   

   3.     Electroporation   solution: 1 mM 6-CF (Life Technologies, 
Belgium) and 1 mM 10 kDa Dextran Rhodamine (DR) (Life 
Technologies, Belgium) in  electroporation   buffer ( see   Notes  
  2  –  4  ). Aliquots can be stored at −20 °C and should be thawed 
in the absence of light. Repetitive thawing should be avoided. 
The solution should be at room temperature  prior  to use.   

   4.    Hanks Balanced Salt Solution (HBSS-HEPES): 0.81 mM 
MgSO 4 ⋅7H 2 O, 0.95 mM CaCl 2 ⋅2H 2 O, 137 mM NaCl, 0.18 mM 
Na 2 HPO 4 ⋅2H 2 O, 5.36 mM KCl, 0.44 mM KH 2 PO 4 , 5.55 
mM  d -glucose, and 25 mM HEPES. Adjust to pH 7.4 and 
store at 4–8 °C.   

2.1  Assembly 
of a Parallel 2-Wire 
Fork- Shaped Pt/Ir 
Electrode

2.2   Electroporation   
Loading and  Time-
Lapse Imaging   of Dye 
Transfer
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   5.    10 μL microloader pipette tips.   
   6.     Electroporation   driver circuit ( see   Note    5  ).   
   7.    Oscilloscope for inspection of peak-to-peak  electroporation   

voltage (ISO-TECH IDS 6072A-U, RS Components, 
Belgium).   

   8.    Computer to generate Transistor–Transistor Logic (TTL) pulses.   
   9.    Nikon Eclipse TE300 inverted epifl uorescence microscope 

(Nikon Belux, Belgium) positioned on an antivibration table 
and supplied with an EM-CCD camera (QuantEM™ 512SC 
CCD camera, Photometrics, USA), a Lambda DG-4 fi lterswitch 
(Sutter Instrument Company, Novato, Canada), a multiband 
dichroic mirror and emitter fi lter set (XF2050 and XF3063, 
respectively, Omega Optical, USA),  and a 10× objective (Plan 
APO, NA 0.45—Nikon). The microscopic stage is equally 
equipped with the  electroporation   electrode mounted on a 
micromanipulator and suction and perfusion tubes, positioned 
in 3-axis course manipulators and connected, respectively, to a 
suction device and perfusion system (Fig.  2b ) ( see   Note    6  ).   

   10.    Quantem Frames imaging software (custom developed in 
Microsoft Visual C ++  6.0).      

   FluoFrames analysis software (custom developed in Microsoft 
Visual C ++  6.0) ( see   Note    7  ).   

3    Methods 

   Parallel bipolar microelectrodes are commercially available, e.g. at 
FHC (Canada). Alternatively, the electrode can be fabricated 
according to the procedure described as follows.

    1.    Pull glass pipettes and break the tip to obtain a tip size of 
approximately 150 μm outer diameter (Fig.  2b ).   

   2.    Insert a 5 cm long Pt/Ir wire into each lumen of the theta 
glass pipette ( see   Note    8  ). Using a blade, shorten the protrud-
ing wires at the tip of the pipette under microscopy observa-
tion such that the exposed ends are about 300 μm in length 
(Fig.  2c ).   

   3.    Fix the wires into the glass pipette by applying a small amount 
of cyanoacrylate glue to the tip of the capillary to seal around 
each wire.   

   4.    Solder each Pt/Ir wire at the other end to an electric wire for 
connection to the driver box.   

   5.    Attach the pipette to a rod for subsequent mounting on a 
micromanipulator and connection to the driver circuit.      

2.3  Analysis 
of Dye Spread

3.1  Assembly 
of a Parallel 2-Wire 
Fork- Shaped Electrode
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       1.    Preheat the HBSS-HEPES and the low-conductivity  electro-
poration   buffer to 37 °C to avoid a sudden temperature drop 
upon medium change.   

   2.    Prepare the  electroporation   buffer solution containing the 
desired compounds.   

   3.    Remove the  cell culture   dish from the incubator and place it 
on the stage of the microscope.   

   4.    Rinse the cells three times with HBSS-HEPES, followed by 
two times with the low-conductivity  electroporation   buffer 
solution ( see   Note    9  ) using the suction/perfusion system.   

   5.    Completely remove the  electroporation   buffer solution 
( see   Note    10  ).   

   6.    Visualize and focus to the cells using transmitted light microscopy 
and subsequently move the objective 100 μm higher relative to 
the focal plane of the cell layer via the calibrated micrometer 
dial on the focus knob.   

   7.    Under transmitted light microscopy observation and using the 
micromanipulator, guide the electrode toward the area of 
interest until the wires are in perfect focus at the edges.   

   8.    Administer 10 μL of the  electroporation   solution at the tip of 
the electrode with a microloader tip and apply the AC-coupled 
 electroporation   drive signal to the electrode ( see   Note    11  ).   

   9.    Rinse the cells with HBSS-HEPES using the suction/perfusion 
system.   

   10.    Start imaging. Images are recorded at room temperature and in 
the absence of light at a 5 min time interval, and this for a 25 min 
period post- electroporation  . The cells are kept in HBSS-HEPES 
during the whole imaging period. Simultaneous imaging of 6-CF 
and 10 kDa DR is carried out by exciting the dyes using 482 and 
568 nm light, respectively, that is obtained from a Xenon light 
source and a Lambda DG-4 fi lterswitch. Emission passes through 
a multiband dichroic mirror and emitter fi lter set.      

   Intercellular dye spread can be quantifi ed by counting the number 
of cells that received the GJC-permeable dye from the initially 
loaded cells. An alternative approach consists of calculating the 
surface area of dye spread and the half-maximal dye transfer index 
as outlined as follows.

    1.    Apply a threshold to all images. The threshold is derived from 
the histogram of the pixel intensity distribution of the image 
taken immediately after  electroporation   (0′ time point in 
Figs.  3  and  4 ) and corresponds to the upper level of the back-
ground noise. The latter typically generates a large peak at 
lower intensity values. We set the threshold at the right fl ank of 
the peak at half-maximal pixel intensity.

3.2   Electroporation   
Loading and  Time-
Lapse Imaging   of Dye 
Transfer

3.3  Quantifi cation 
of Dye Spread
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        2.    Subtract the fi rst image, recorded immediately after  electro-
poration   (0′ time point in Figs.  3  and  4 ) on a pixel-to-pixel 
basis from all subsequent images.   

   3.    Calculate the area of above threshold pixels and convert to a 
μm 2  scale. The surface area can be represented as a function of 
time from which the half-maximal dye transfer rate index can 
be determined (Figs.  3  and  4 ).       

  Fig. 3     Dye transfer experiment in C6 glioma cells stably transfected with Cx43.  C6 glioma cells were electro-
porated with a solution containing the GJC-permeable 6-CF and the high molecular weight dye 10 kDa 
DR. Images were taken at several time points after  electroporation  , were thresholded, and were subsequently 
subtracted by the image taken immediately after electroporation (i.e., 0′ time point). The resulting image dis-
plays the dye transfer area that contains cells (in  white ) that received dye from the electroporated area. 
Quantitative information is presented in Fig.  4 . The scale bar measures 100 μm       
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  Fig. 4     Dye transfer experiment in C6 glioma cells stably transfected with Cx43 in the presence of the Cx channel 
blocker carbenoxolone (Cbx).  Similar experiment as in Fig.  3 , but now 25 μM Cbx was added to the supernatant 
15 min before electroporation and also during the 25 min imaging period. The graph represents the dye transfer 
area in function of time after electroporation. In the absence of Cbx, the surface area of the 6-CF dye expanded 
over time, whereas the 10 kDa DR did not spread to neighboring cells, but remained locally in the electroporated 
area. The presence of Cbx strongly decreased the spread of 6-CF to neighboring cells. The half-maximal dye 
 transfer   rate index (i.e., the ratio of the half-maximal surface area to the corresponding time) for 6-CF can be 
derived from the graph ( black dot ) and is equal to 59.5 μm 2  per s. The scale bar measures 100 μm       
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4              Notes 

     1.    We have used the  electroporation   method to load various 
substances in different cell types including C6 glioma cells, 
 endothelial cell   lines (RBE4 and bEND.3), epithelial cell lines 
(MDCK, ECV304 and HeLa cells), fi broblast cell lines (MEF 
and HEK), and primary cortical astrocytes [ 26 ,  28 – 39 ].   

   2.    Figures  3  and  4  demonstrate the transfer of the GJC- permeable 
dye 6-CF through GJCs composed of Cx43 in a C6 glioma 
culture stably transfected with Cx43 in the absence or presence 
of the Cx channel blocker carbenoxolone (Cbx). However, as 
outlined, the permeability of GJCs for specifi c dyes is related to 
the Cx subunit composition. The choice of the GJC reporter 
 dye   thus depends on the Cx under study.   

   3.    A second high MW dye can be co-electroporated to test for dye 
transfer not mediated by GJCs. Obviously, the excitation/
emission of this reporter  dye   may not coincide with the excita-
tion/emission spectrum of the GJIC indicator. Commonly 
applied GJ-impermeable fl uorescent reporter markers include 
10 kDa DR or 10 kDa FITC-dextran.   

   4.    Caution should be taken when loading agents that are dissolved 
in DMSO concentrations above 0.2 %. Although it has been 
described that DMSO (i.e., 1.25 %) stabilizes the plasma mem-
brane during  electroporation   loading and improves loading 
effi ciency [ 43 ,  44 ], it might affect GJIC [ 45 ]. It is also recom-
mended to fi lter the  electroporation   solution in order to remove 
any particulates.   

   5.    The device to generate a 50 kHz AC-coupled pulsed  electro-
poration   signal is nonstandard equipment and is not commer-
cially available. A schematic overview of the driver circuit has 
been published previously [ 26 ,  27 ] and a detailed diagram of 
the generator and amplifi er setup is also available on request.   

   6.    In order to perform  time-lapse imaging   of the gap junctional 
dye spread, it is imperative to have the microscope used for 
positioning the electrode equipped with a light source and 
fi lters to excite the fl uorescent dyes as well as a suction/
perfusion device to remove residual dye after  electroporation  . 
Since the  electroporation   procedure has to take place in the 
absence of any vibrations, it is convenient to have the micro-
scope positioned on an antivibration table. Finally, dye trans-
fer to neighboring cells can be observed, provided that the 
level of illumination is kept low. In order to avoid cellular 
damage from illumination, it is advised to use a sensitive high-
quality CCD camera. Here, imaging is carried out using an 
electron multiplying QuantEM™ 512SC CCD camera from 
Photometrics (USA).   

Electroporation Loading and Dye Transfer



166

   7.    The analysis can also be performed with Adobe Photoshop 
software (Adobe Systems, USA) or Image J software (  http://
imagej.nih.gov/ij/    ).   

   8.    A theta glass pipette is used to protect and separate the thin 
wires of the bipolar electrode.   

   9.    This low conductivity buffer is specifi cally formulated to mini-
mize current fl ow during the  electroporation   procedure, thus 
preventing any signifi cant damage to the cells.   

   10.    From this stage on, the cells only contain some solution that is 
kept there by capillary forces (i.e., clefts between cells) and 
attraction by osmotic forces. The next steps (i.e., 6–9) need to 
be performed as rapidly as possible.   

   11.    The  electroporation   protocol consists of 15 pulse trains, each 
containing 10 pulses (i.e., 2 ms in duration) per second of a 
50 kHz electrical signal and separated by 0.5 s breaks (Fig.  2a ). 
Important to note is that (1) the concentration that a com-
pound reaches within the cell after  electroporation   loading is 
lower to that within the  electroporation   solution and (2) the 
loading effi ciency decreases with higher MW. A loading effi -
ciency of about 40 % can be obtained with a 50 V peak-to- peak 
voltage applied to electrode wires separated by 150 μm 
(i.e., electrical fi eld strength ~3300 V/cm) for molecules with 
a MW of 0.4–10 kDa [ 26 ]. In addition, with these settings, 
cell death in the electroporated area is not different from spon-
taneous cell death in nonelectroporated zones of the  cell cul-
tures   as measured by uptake of the cell impermeable and DNA 
integrating dye propidium iodide (i.e., 30 μm, 15 min 
 incubation at room temperature) at 5 min post electroporation   
(i.e., 0.56 % ±0.15 in the electroporated area versus 0.47 % 
±0.21, respectively, in surrounding nonelectroporated cells 
( n  = 3)) [ 26 ,  28 ]. However, a careful and thorough optimiza-
tion of the  electroporation   parameters is required for each cell 
type used as the effi ciency and safety (i.e., cell death) of a given 
fi eld strength and electrode morphology critically depends on 
the geometry of the cells [ 46 ]. Optimization is done by vary-
ing the distance of the electrode from the cells and the voltage 
applied to the electrode until optimal loading effi ciency and 
minimal cell death is achieved. An electrode that is positioned 
too close to the cells or a too high voltage will result in increased 
cell death counts. In contrast, an electrode that is positioned 
too far from the cells or a too low voltage will provide a low 
loading effi ciency and thus less dye in the cell’s interior to be 
spread to neighboring cells via GJCs. The loading effi ciency 
can be estimated by calculating the ratio of the fl uorescence 
intensity of the reporter  dye   in the  electroporation   zone to 
the fl uorescence intensity of a thin layer of the same marker, 
sandwiched between two glass coverslips. The thickness of this 
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layer should approximate the thickness of the  monolayer   of the 
cells used which can be estimated by recording  Z -stacks of con-
focal laser scanning images of cells loaded with a fl uorescent 
indicator dye. We refer the reader to our previous papers 
[ 27 ,  40 ] for a detailed protocol. Finally, in order to maintain a 
consistent loading effi ciency, it is important to clean the elec-
trode on a frequent basis with deionized water and from time 
to time with 1 mM NaOH.         
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