
Send Orders for Reprints to reprints@benthamscience.ae 

 Current Pharmaceutical Design, 2015, 21, 6081-6088  6081 

 

Micro-/Nano-Electroporation for Active Gene Delivery 

Zhaogang Yang
1#

, Lingqian Chang
1,2#

, Chi-ling Chiang
1,3

 and L. James Lee
1,2*

 

1
NSF Nanoscale Science and Engineering Center (NSEC), The Ohio State University, Columbus, OH, USA; 

2
Department of Biomedical Engineering, The Ohio State University, Columbus, OH, USA; 

3
Division of Hematol-

ogy, Comprehensive Cancer Center, The Ohio State University, Columbus, OH, USA  

Abstract: Gene delivery, a process of introducing foreign functional nucleic acids into target cells, has proven to 

be a very promising tool for inducing specific gene expression in host cells. Many different technologies have been 
developed for efficient gene delivery. Among them, electroporation has been adopted in gene delivery for decades, 

and it is currently widely used for transfection of different types of cells. Despite of the success achieved by bulk 
electroporation (BEP) for gene delivery in vitro and in vivo, it has significant drawbacks such as unstable transfec-

tion efficacy and low cell viability. In recent years, there is an emerging interest in understanding how individual 
cell accepts and responds to exogenous gene materials using single cell based micro-/nano-electroporation 

(MEP/NEP) technologies. In this review, the authors provide an overview of the recent development of MEP/NEP 
and their advantages in gene delivery. Additionally, the future perspectives of gene delivery with the application of electroporation are 

discussed. 
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1. INTRODUCTION 

 Gene delivery, a process of introducing target cells with foreign 
functional nucleic acids, including plasmid DNAs (pDNAs), small 
interfering RNAs (siRNAs), antisense oligonucleotides (ASOs), 
messenger RNAs (mRNAs) and microRNAs (miRNAs), has proven 
to be a promising tool for regulating specific gene expression in 
host cells [1]. Various techniques have been developed for the de-
livery of gene materials in different types of cells, from bacterial to 
mammalian cells [2-5]. In 1990, the world first FDA-approved gene 
therapy was performed in a severe immune system deficient boy, 
and achieved temporary but successful result. Since then, a variety 
of gene delivery trials have been performed in vivo for the treatment 
of different diseases such as cancer, amyloidosis, and hypercholes-
terolemia [6-8].  

 In spite of the great promise of gene delivery, great gaps still 
remain in applying such technologies in broad clinic use due to 
their poor pharmacological performance. One of the major hurdles 
is the lack of highly efficient and safe gene delivery methods. Cur-
rent gene delivery methods may be divided into viral and non-viral 
approaches. Viral gene delivery uses certain viruses or viral func-
tional domains as the carrier to transfer the gene material into the 
target cells. Commonly used virus includes adenovirus, adeno-
associated virus, retrovirus, and herpes simplex virus [9-12]. 
Though it has achieved high transfection efficiency in many stud-
ies, its application in human is limited due to its safety issues [9]. 
The non-viral approach for gene delivery includes chemical meth-
ods and physical methods. In chemical methods, gene materials are 
packaged into particles, such as liposomes and nanoparticles [3, 
10]. Physical methods for gene delivery include electroporation, 
gene gun, sonoporation, laser ablation, and microinjection [15-18]. 
These methods utilize either physical or mechanical forces to tran-
siently penetrate the cell membrane to introduce the gene materials.  

 Among these physical methods, electroporation has been 
adopted into gene delivery for decades, and it is currently widely 
used for transfection in different types of cells [11-13]. Electropora- 
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tion, also termed as electro-permeabilization, is a physical method 
where cell membrane permeability is transiently compromised with 
the application of an electrical field to the cells, thus allowing the 
perfusion or injection of impermeable cargo into the cells. Gener-
ally, the commercialized electroporation system (i.e. bulk electro-
poration, BEP) is consisted of two parts: one narrow cuvette, and a 
pair of planner electrodes which are usually parallel, as shown in 
Fig. 1. With the application of the electric pulse to the electrodes, 
the cells between the two electrodes are exposed to the strong elec-
tric field. This strong electric pulse induces the sudden change in 
the cell transmembrane potential, resulting in the formation of 
many hydrophilic pores on the cell membrane. Thus, the cell mem-
brane permeability to otherwise low or non-permeable molecules, 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (1). The basic setup of bulk electroporation systems (BEP), which is 

consisted of a narrow-shaped cuvette made of plastics or glass, a couple of 

electrodes connecting with cell buffers, and a high-voltage power supply. 

Cells and cargos are concentrated in the cuvette chamber. High-voltage 

pulses are applied between the two electrodes where cells undergo random 

and harsh shock. 
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such as DNA and large size drugs, is dramatically increased, allow-
ing the perfusion of such molecules into the cells through these 
pores. Though the bulk electroporation has been widely used for 
gene delivery for many years, there are several drawbacks that limit 
its applications in clinic. First, the low transfection quality, either 
the transfection efficiency or the transfection uniformity, remains 
an important unsolved problem in bulk electroporation. Due to the 
non-uniform electric field created by electrodes, bulk electropora-
tion can only transfect part of cells in the cuvette with low effi-
ciency. Furthermore, the serious cell damage caused by electric 
shock leads to the low cell viability after transfection, particularly 
for primary cells with low cell population. The transfected dose 
significantly varies between cells, which is regarded as a key down-
side of this technique for applications of cell reprogramming and 
adoptive immunotherapy where the cellular transfection quality is 
extremely important. Therefore, new electroporation methods with 
excellent transfection efficiency, uniform dose control, and high 
cell viability are needed. These new methods would not only bene-
fit basic scientific research, but also bring the gene delivery from 
bench to bedside. 

 Attempts have been made to address these practical issues for 
long term. While some of them focus on optimization the elements 
in BEP [14-16], such as pH value, ion composition and concentra-
tion in BEP buffers, the applied voltage, etc., many others paid 
attention on miniaturizing the cellular environment to micro-scale 
where a single cell could be safely and efficiently porated by a 
strengthen electric field, namely micro-electroporation. The imple-
mentation of these devices is mainly based on the fast development 
of micro-fabrication. Particularly, there is an emerging interest in 
understanding how individual cell accepts and responds to exoge-
nous gene materials by using single cell based nanoscale electropo-
ration technologies recently [17-19]. Many excellent review works 
have been published to notice these events. Early on 2006, S. Me-
hier-Humbert and R.H. Guy compared the current available physi-
cal approaches for gene delivery and have recognized electropora-
tion would be one of the best techniques with high potential of op-
timization between transfection efficiency and cell viability [20]. T. 
Geng and C. Lu contributed a broad but deep summary of recent 
progress on microfluidic platforms for electroporation scenario 
[21]. The basics of electroporation, including the transmembrane 
potential in correspondence to the applied electric field, as well as 
the pores formation on cell membrane were analyzed. Various 
strategies on microfluidic electroporation were presented and dis-
cussed. S. Wang focused on micro-/nano-fluidic based single-cell 
electroporation, while taking the major effort on introducing the 
advantages of these designs over the conventional bulk electropora-
tion [22]. Chen showed a broad picture on the status of both chemi-
cal and physical based methods for intracellular delivery. Some of 
micro-/nano-techniques with their applications for gene delivery 
were briefly introduced [23]. In this review, we focused on the re-
cent development of MEP / NEP. The characteristics of representa-
tive MEP devices, as well as their advantages in gene delivery were 
presented. The rationale of miniaturizing the size of electroporation 
environment from MEP to NEP was discussed. Several special NEP 
devices, based on various fabrication and designs, were mainly 
focused, while their advantages and disadvantages were analyzed 
with regards to the transfection efficacy and cell damage. Finally, 
the future perspectives of gene delivery with the application of 
electroporation were discussed. 

2. MICRO-ELECTROPORATION 

 In terms of the scale of the physical environment where cells 
are electroporated, current electroporation devices can be divided 
into three categories: bulk electroporation (BEP), micro-
electroporation (MEP), and nano-electroporation (NEP). The com-
mon definition of BEP, MEP and NEP is based on the local electric 
field under a micro-/nano-engineered environment where a single-
cell is electroporated, which is relevant to the size of the elements 

(such as, electrodes, channels, pores, etc.) involved in electropora-
tion in comparison with the size of the cell (typically in the range of 
1 �m to 100 �m) [22, 24]. For example, when a cell is aligned to a 
microchannel with ~ 5 �m in diameters, the area of cell membrane 
that have the chance of successful permeabilization is of �m

2
. As 

compared to the BEP where millions of cells are placed under a 
large electrode with the dimensions of mm

2
, the electric field 

strength of MEP will be increased with several orders of magnitude, 
which allows a low-voltage (e.g. less than 10 V applied over the 
microchannel-cell) to sufficiently porate the cell for the diffusion of 
cargos considering the transmembrane potential of cells, with the 
typical value in the range of 200 mV to 1 V [25]. In a previous 
work, 1.5 V has shown successful electroporation in a MEP system 
with microchannels of 2 �m in dimension. However, the intracellu-
lar delivery is mainly dependent on diffusion because the low-
voltage cannot supply significant momentum to the cargo with sur-
face charges. Increasing the system voltage may cause irreversible 
damage to the cell membrane since most parts of the potential drop 
were applied over the cell due to the relatively low resistance of the 
microchannel. Therefore, MEP offers the advantage of strengthen 
electric field which leads to safe electroporation at single-cell level 
over BEP systems, though both of them depend on the diffusion for 
gene delivery. In contrast, when the cell is positioned against a 
nanochannel with 100 nm in diameter, most part of potential (high 
than 99%) will drop across the nanochannel with a high resistance, 
which promises a safe cell poration even under a high voltage [26]. 
For example, when a high voltage (e.g. 100 V) is applied over the 
nanochannel and the cell, 99V will be distributed across the nano-
channel, while a safe and enough biased voltage, 1V, will be loaded 
on the cell for electroporation. Meanwhile, the electric field applied 
over the nanochannel will accelerate the cargos with surface 
charges within nanochannel, and thus propelling the cargos into the 
cells upon electroporation. Obviously, the behavior of gene delivery 
in NEP is significantly different from that in either BEP or MEP. 
‘Deterministic injection’ could be achieved in NEP devices.  

 While classic BEP is based on a large randomly distributed cell 
population, i.e. millions of cells suspended in a chamber, an emerg-
ing interest of electroporation focuses on understanding how indi-
vidual cell accepts and responds to exogenous gene materials, and 
the single cell based micro-/nanoscale electroporation technologies 
have gained attention rapidly in the area of gene delivery. Micro-
electroporation (MEP), an advanced technique developed by sev-
eral research labs, is able to provide single cell based transfection 
by introducing gene material into the cell via micron-sized channels 
[27]. Compared to the BEP which is a stochastic process due to the 
random distribution of cells in a non-uniform electric field between 
the electrodes, MEP enables the implementation of single-cell elec-
troporation to study the heterogeneity of cells. According to their 
special configuration and approach, they are further classified into 
following groups: microfluidics with electrodes and microchannel 
electroporation. 

2.1. Microfluidics Based MEP 

 In the microfluidics based MEP approach, the electrodes used 
are in parallel, similar to those in the commercialized BEP system. 
The major difference is that the large cuvette chamber is replaced 
by a long microscale flow channel. The cells inside the electropora-
tion solution are forced to flow through the microchannel sequen-
tially, instead of being suspended in the cuvette chamber. Under 
such a microfluidics design, individual cells "sandwiched" by two 
parallel electrodes on the inner surface of the microchannel are 
electroporated under a uniformly distributed electric field. 

 In 2001, Lin et al. first used a poly(methyl methacrylate) 
(PMMA) microchip system for continuous gene transfection [28]. 
In this type of microfluidic electroporation system, the two parallel 
gold electrode plates were placed on the top and bottom of a 
straight microchannel, as shown in Fig. 2A. The cell suspension 
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with the exogenous gene material flowed through the microchannel 
continuously subjected to electrical pulses delivered by the elec-
trodes at a relatively low voltage. This microchip electroporation 
system can achieve continuous gene transfection with high effi-
ciency and cell viability. Since then, several other groups also in-
troduced various microfluidics electroporation concepts into gene 
transfection. For example, Zhan et al. [29] designed a simple micro-
fluidic device for the flow-throw electroporation using Chinese 
hamster ovary (CHO) cells as the model. The suspension solution 
containing the individual cells and gene was continuously passed 
through the electrode zone inside the microchannel. The electropo-
ration process was triggered with a transit time of 1.8 ms under the 
voltage of 5 V. A layer-by-layer method and micro-spiked elec-
trodes were used for nucleotide delivery including plasmid and 
siRNA [30, 31]. The application of this microchip electroporation 
was also extended to the transfection of zebrafish embryo using 
quantum dots and green fluorescence protein gene [26, 27]. Re-
cently, using the 96-well plate based array electroporation as the 
platform, Xu et al. [32] introduced printed circuit board (PCB) 
technique into electroporation. In their design, an array of 96 
through-holes were fixed on the printed circuit board, and in each 
through-hole, two electrodes were located on the wall. The cell and 
gene material suspension was loaded on top, got transfected when 
passing through the hole, and was collected under the PCB. In this 
way, it achieved high throughput while maintained high transfec-
tion efficiency and cell viability for gene delivery. 

 In all these cases, the parallel plate electrodes design in con-
junction with either microfluidics or microelectrodes electropora-
tion could provide a uniform electric field inside the microfluidic 
channel for continuous cell transfection. Further structure modifica-
tion on the electrodes, i.e. incorporation of silicon nanowires or 
nanoribbons on the two electrodes, could focus the condensed elec-
tric field on target cells, thus achieving the enhanced gene transfec-
tion efficiency in a single cell level [33]. 

 While the two-dimensional plate electrodes are widely used in 
microfluidics based electroporation due to their simple and reliable 
design, they suffer several drawbacks. First, the distance between 
the two parallel electrodes, typically in the range of several hundred 
micrometers, is much larger than the cell size which is usually 
around 10-20 micrometers. The position of the cell inside the elec-
tric field during electroporation process may greatly determine the 
transfection efficiency, leading to the non-uniformity of electropo-
ration effect among different cells [34]. In addition, the transfection 
uniformity of each cell is further affected by the synchronization of 
cell position and electroporation pulse duration. Thus a precise cell 
flow rate control is necessary. For cell suspension, the non-
homogenous distribution of the cells in the suspension must be 
taken into consideration. Another practical problem is the unstable 
characteristics of the thin metal layer used as electrodes. The con-
tinuous water electrolysis during the electroporation process would 
result in fast erosion of the electrodes, which could reduce the 
transfection uniformity. Furthermore, the considerable bubble for-
mation and Joule heating produced in the microchannel may lead to 
severe cell damage. Therefore, alternative 3D electrode designs and 
platform structure that can precisely control the cell position during 
electroporation is under intensive investigation, though there are 
some practical issues due to the complexity in microfabrication [35-
37]. 

2.2. Microchannel Based MEP  

 The microchannel based electroporation approach utilizes the 
microscale device design for cell localization and electroporation. 
In microchannel based MEP, the cells are trapped into a restricted 
structure such as a microchannel array before electroporation (see 
Fig. 2B and C). Because a high electric field could be generated in 
the microchannel, a very low voltage (1-5 volts) is sufficient for 
cell poration [38]. Consequently, the cell viability is significantly 

improved compared to BEP. In BEP, a voltage in the range of 1, 
000 volts is applied to the whole system. The strong Joule heating, 
water electrolysis and bubble formation caused by the very high 
electric field would result in poor cell viability after electroporation. 
More than half of the cells are often killed by such lethal effects. 
The non-uniform electrical field distribution among cells also 
would lead to severe cell apoptosis [39]. In contrast, these negative 
effects are largely reduced in microchannel based electroporation. 
In most cases, microchannel based MEP is capable of achieving 
both high transfection efficiency and high cell viability in gene 
delivery. 

 Microchannel based electroporation has been widely used for 
single cell or multiple-cell gene delivery. In 2001, Huang et al. [40] 
first reported a microfabricated electroporation chip for single cell 
transfection (Fig. 2B). Two small chambers are connected with 
each other by a microhole with a diameter of 2-4 micrometer. The 
pressure gradient between these two chambers can automatically 
push the suspended cells into the microhole. Once trapped in the 
microhole, the cells can easily get permeabilized at a very low volt-
age and then the cargos are diffused into the cells. A systematic 
platform with an array design can treat numerous cells simultane-
ously for gene delivery. By using a 96 well formatted microfluidic 
device, Khine et al. [41] demonstrated that a microchannel array 
based electroporation system could achieve a real-time feedback at 
the "array" level. This device provided an affordable and practical 
platform for electroporation array. Instead of using photolithogra-
phy based microfabrication to make MEP chips, Fei et al. devel-
oped a membrane sandwich electroporation (MSE) method [42, 
43]. As shown in Fig. 2C, this MSE design provides a sandwich 
microenvironment with an enhanced electric field which can facili-
tate better gene delivery into the cells. Compared with devices 
without such modification, MSE can achieve a higher transfection 
efficiency with a comparable cell viability. However, in spite of the 
high transfection efficiency obtained in gene delivery, these devices 
are not able to achieve dosage control at the single cell level.  

3. NANO-ELECTROPORATION 

 Nanotechnology has been extensively used in gene delivery and 
it has shown great promise for improving the efficacy of exogenous 
gene transfection in different studies [37, 44-46]. It not only fun-
damentally changed the pharmacokinetics of gene materials, but 
also altered its pharmacodynamics and extended its application in 
clinic [47]. For example, with the recently fast development in 
nanotechnology, various types of nanoscale materials, such as 
liposomes, polymer nanoparticles, and micelles, are widely used for 
targeted gene delivery [48, 49]. As a powerful physical method for 
gene delivery, electroporation technology has been dramatically 
improved with the introduction of nanotechnology in recent years. 
Compared with traditional BEP and MEP, the nanoscale electropo-
ration can achieve better performance in gene delivery such as en-
hanced gene delivery efficiency, precise dosage control, high trans-
fection uniformity, and excellent cell viability. 

 In this part, we will discuss four types of representative 
nanoscale electroporation devices that are developed in recent years 
for gene delivery. The characteristics of these devices, including 
fabrication techniques and nano-structure for electroporation are 
highlighted. Their advantages and limitations for cell transfection 
and gene delivery are also briefly discussed.  

3.1. Nanoporous and Nanostraw Electroporation 

 Surface patterning and texturing, such as nano-materials modi-
fied membrane, has been widely adopted in a wide variety of fields 
[50, 51], especially for the exploration of cell behavior including 
cell proliferation, signaling pathways, and apoptosis. In nanoscale 
electroporation, nano-porous membranes, such as track-etched 
films, have been used as a user-friendly and affordable device for 
gene delivery [43]. This electroporation method provides improved 
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transgenic expression compared to other techniques. As illustrated 
in Fig. 3(A), when cells are loaded on the membrane in the top 
chamber, some of them have the chance to be positioned in the 
vicinity of nanopores. Gene materials to be electroporated are lo-
cated in the bottom chamber. For example, Z. Fei et al. [42] suc-
cessfully used track-etched poly-ethylene terephthalate membrane 
sandwich for the gene transfection in NIH 3T3 fibroblasts cell 
model. With such nanopore devices, a much lower voltage is re-
quired to "penetrate" the cell membrane for the gene delivery com-
pared to traditional BEP, which ultimately results in high cell vi-
ability after transfection. By confocal microscopy, it was shown 
that the negative charged nucleic acid molecules were driven to-
wards the cell membrane by the electric field during electropora-
tion, which may further promote the entry of cargo across the nega-
tive charged cell membrane. As evidenced from the results showing 
successful delivery of large molecular weight cargos, such as gWiz 
GFP (5.7 kbp), the reported device has demonstrated the usefulness 
for genetic modification of genome in the nucleus. 

 Based on this concept, Xie et al. [44] designed a nanostraw 
electroporation system for the intracellular gene delivery. The sys-
tem schematic is shown in Fig. 3(B). Using the alumina atomic 
layer deposition (ALD) and directional reactive ion etch (RIE) 
technique, the alumina nanostraws were fabricated on the track-
etched polycarbonate surface. The diameter of the nanostraw was 
determined by the nanopores of the membrane, and the length of 
the nanostraw was controlled by etching duration. The primary 
difference between this nanostraw design and other nanoporous 
devices lies in that it can penetrate and deliver the cargo into the 
cells through the nanostraw without any electric field. The nanos-
traw was directly inserted into the cells under the non-
electroporation condition due to the tight contact to the cell mem-

brane. Study showed that the nanostraws could automatically de-
liver the fluorescence dyes into the cells, though with low effi-
ciency, when it was in close contact with the cells [42]. With the 
application of a low electric field (<20V), the gene materials could 
be easily delivered into the cells with high transfection efficiency 
through these nanostraws. For example, the transfection efficiency 
was dramatically increased from 20% to around 71% when the 
electric field was applied in plasmid electroporation. Besides of the 
high transfection efficiency, other advantages of this nanostraw 
electroporation method include the relatively high cell viability and 
basic dosage control. On the other hand, this method is dampened 
by the following drawbacks. Since the nanostraws are randomly 
distributed, it is impossible to locate individual cells to the same 
number of nanostraws, leading to the non-uniform transfection 
among cells. Moreover, it is difficult to manipulate suspended cells 
for transfection because the cells can not be attached to the nanos-
traws when they are moving in the solution. 

3.2. Nanopillar Electroporation 

 Recently, Xie et al. [52] reported a nanopillar electroporation 
method which is able to detect the subtle changes in action poten-
tials by electroporation-based drug delivery. For the fabrication of 
the nanopillar device, they passivated the Si wafer substrate surface 
with a 350 nm Si3N4/SiO2 layer deposited by plasma-enhanced 
chemical vapor deposition. The nanoscale holes were created by a 
focused gallium ion beam through the insulation layer. The vertical 
nanopillar electrodes were grown inside these nano-scale holes 
from the bottom which is an FIB-assisted platinum. The HL-1 cells, 
a mouse cardiac muscle cell line, were cultured on the nanopillar 
electrodes with spontaneous beating, suggesting the good biocom-
patibility of the electrodes. Because of the tiny tip of the electrodes 

 

 

 

 

 

 

Fig. (2). Schematics of microelectrodes, membrane sandwich, and microfluidics electroporation. (A) Cell suspension is aligned and passed through the region 

between microelectrodes where the electroporation occurred. (B) The target cell is brought to the 4 �m trapping gap where an added electric field was applied 

to deliver the gene materials. (C) The membrane sandwich structure holds cells and locally delivers the gene materials through the attachment of trapping 

membrane and plasma membrane. 

 

 

 

 

 

 

Fig. (3). Cross-section schematics of (A) nanoporous electroporation and (B) nanostraw electroporation. Both concepts are realized on commercial track-

etched membrane with randomly distributed pores, while the nanostraw promotes the contact between the nanochannel and cell membrane by protruding for 

nanopore formation. 
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and its close contact with the cell membrane, a small voltage was 
good enough to produce a strong electric field near the electrode-
cell connection, thus increased the cell membrane permeability to 
the gene materials. It was confirmed when they successfully deliv-
ered the membrane-impermeable calcein dye into the cells. Com-
pared with other nanoscale electroporation methods, the nanopillar 
method provides a high throughput with minimal invasiveness for 
biomolecular delivery. Combined with its long-term measurement, 
high sensitivity, and array character, it would be of great help for 
drug screening.  

 Later on, based on the similar concept, the same group reported 
a nanosponge electroporation device to achieve high efficiency and 
affordable water disinfection [53]. The nanosponge was made of 
polyurethane sponge coated with carbon nanotube and silver 
nanowire. The electroporation magnitude was 2-3 orders lower than 
the BEP while the transfection efficiency was much higher in nano-
sponge electroporation. In their experiment, PI dye was efficient 
targeted into four different bacteria. This nanosponge electropora-
tion system shares the similar performance to nanopillar electropo-
ration in that it is still limited to the single cell level electroporation 
for certain adhesive cells. More powerful and efficient cell loading 
techniques are required for positioning more cells onto pillars.  

3.3. Nanofountain Probe Electroporation 

 Almost all the micro-/nano-electroporation systems need to 
position the cells precisely inside the electric field before electropo-
ration. During the cell positioning process, the microenvironment 
around the cells would be affected. For MEP, the electroporation 
solution with cells is injected into microchannels, and the cells in-
side are located into the microchamber by either a flow force or 
other cell manipulation techniques [54]. In nanostraw and nanopil-
lar electroporation, the adherent cells have to be trypsinized from 
their original culture environment. Few studies have evaluated the 
effect of sudden change in the extracellular environment on cellular 
behavior, which may eventually affect the outcome of transfection 
[55]. Espinosa et al. [56] designed a new tool for single cell tran-
sfection using nanofountain probe electroporation (NFP-E). As 
shown in Fig. 4, a cantilevered probe, which was connected to a 
micro-reservoir full of gene materials to be delivered, was used as 
the tip for local electroporation. While the hollow atomic force 
microscope (AFM) tip is usually equipped in dip-pen nanolithogra-
phy for patterning proteins and other materials with submicron 
resolution, it was controlled by a micromanipulator or by the AFM 
stage to localize the cell in this NFP-E device. With the application 
of a voltage between the tip and the cell, the cell close to the tip was 
permeabilized by the electric field, and the cargo inside the tip was 
delivered into the cell. The size range of the cargo delivered by this 
method was broad, ranging from the GAPDH molecular beacon 
which is only 30 base pairs to GFP pDNA which is around 5 kbp. 
The ability of precise and close positioning of the tip to the cell 

Fig. (4). The simplified schematics of nanofountain probe electroporation. 

In principle, a hollow micro-tip with a nanoscale mouth is moved by AFM 

stage. By directly contacting single cell, cargos filled up in the microchannel 

inside the tip can be delivered into the cell through the tip-electroporation 

pathway. 

resulted in a low input voltage needed for cell transfection. Mean-
while, the constant microenvironment around the cell was not af-
fected during the electroporation process. Compared to the variable 
efficiency and low cell viability achieved by BEP/MEP, NFP-E 
could offer high transfection efficiency and cell viability (>95% 
and >92%, respectively). Moreover, it also allowed sing cell selec-
tivity and qualitative dosage control for gene delivery. However, 
there are some drawbacks compared to nanopillar or nanostraw 
electroporation methods. The major concern is that it is only suit-
able for adhesive cell transfection where the cells are not moving. 
This greatly limits its application in suspension cells. Secondly, it is 
currently incapable of handling multiple cells at the same time. 
Gaps still remain before its application into practical use. 

3.4. Nanochannel Electroporation 

 As been discussed above, the micro-electroporation typically 
positions and handles single cell within microenvironment in the 
microscale. It offers a satisfied balance between transfection effi-
ciency and cell viability by confining the electric field to the small 
micro-chamber/channel while the total voltage applied to the sys-
tem is dramatically reduced (usually less than 10 V compared to ~1, 
000 V in BEP). However, similar to BEP, MEP is difficult to 
achieve high uniformity and efficiency due to its channel size 
which is comparable to the cell size. For large molecules, such as 
plasmids with molecular weight greater than 7-8 kbp, their delivery 
into the target cells by low-voltage electroporation would be inef-
fective. Because the delivery is based on molecular diffusion, nei-
ther BEP nor MEP can achieve the precise dose control, which may 
be critical for the application of gene delivery in clinic uses. 

 Recently, our group invented a novel nanochannel electropora-
tion (NCEP) device that is able to deliver the cargo (including 
pDNAs, siRNAs, and ODNs) into living cells with precise dose 
control [50]. Fig. 5 shows the basic phase contrast image of the 
NCEP chip (Fig. 5(A)) and an evidence of efficient and uniform 
transfection of individual cells with GFP plasmids via different 
nanochannels (Fig. 5(B)). The fabricated 2D NCEP device has a 
micro-nano-micro-channel configuration. It starts with the combing 
of a DNA nanowire over two micro-ridges, followed by contact 
imprinting. The last step for the fabrication is the connection of a 
nanochannel (~100 nm in diameter and 3-5 �m in length) to two 
microchannels (30 �m in height and 20-30 �m in width). Before 
electroporation, one single cell in the physiological medium is at-
tached against one side of the nanochannel by optical tweezers. The 
other side connected with this nanochannel is a microchannel that is 
loaded with cargo to be delivered into the cell. Due to the high re-
sistance of the nanochannel, a relatively high voltage pulse, typi-
cally a 100-250 V square pulse with several milliseconds dura- 

Fig. (5). Nanochannel electroporation for precise delivery of GFP into cells. 

(A) The phase contrast image shows the nanochannel electroporation with 

micro-nano-micro-channel design. Cells (labeled with white circle) were 

localized in the proximity of one end of nanochannels (labeled with red 

lines). GFP plasmids were placed at the other end. (B) Cells were success-

fully delivered with GFP 12 hours after NCEP, showing green fluorescence 

with uniform intensity. Scale bar: 25 �m.  
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tion, is required to generate strong enough electric field for electro-
poration. Compared to BEP or MEP where the cells are completely 
exposed to a strong electric field, only a very small area of the en-
tire cell surface is affected by the electric field in NCEP. The tiny 
pore on the cell membrane generated by the strong electric field 
allows the instantaneous injection of the gene material into the cells 
by electrophoresis during the electroporation process. Our data 
shows that the "active injection" process was completed during cell 
poration when we performed the NCEP in K562 cells using propid-
ium iodide as the model cargo. In contrast, we observed a gradual 
increase of fluorescence inside the cell over a 150 second period in 
both BEP and MEP experiments, suggesting the diffusion of the 
cargo into the cells in a long time duration after electroporation in 
the latter experiments.  

 The major advantage of NCEP is the capability for precise dos-
age control in gene delivery. Using Mcl-1 siRNA as the model 
cargo, a clear threshold of apoptosis by fluorescence staining was 
observed in K562 cells by NCEP while the pulse duration was in-
creasing from 220V/1ms to 220V/5ms. By changing the pulse dura-
tion, NCEP could deliver the exact amount of gene material into the 
target cells. This inspires the feasibility of employing the NCEP to 
manipulate the gene expression at the single cell level. Furthermore, 
the large size cargo, such as plasmids with molecular weight greater 
than 7-8 kbp, can also be easily delivered into the cells by NCEP. 
With NCEP, the OSKM plasmid, with a molecular size of 13 kbp, 
was successful delivered into mouse embryonic fibroblast cells for 
reprogramming the somatic cells into induced pluripotent stem cells 
(iPSCs) with minimal cell damage [57]. Uniformity study by fluo-
rescence intensity also showed that NCEP can provide quite homo-
geneous transfection efficiency for handling large size cargo. Over-
all, our NCEP technique provides a highly effective and cell benign 
platform over BEP or NCEP techniques for gene transfection with 
high efficiency.  

4. FUTURE PERSPECTIVES 

 The detailed Pros and Cons of different electroporation methods 
mentioned in this review are summarized in Table 1. One of the 

major difficulties encountered in applying micro-/nano-electro-
poration systems from bench to bedside lies in their inability to 
handle a large number of cells. While current commercialized BEP 
systems are able to transfect millions of cells at the same time, most 
micro-/nano-electroporation systems are limited to single cell to 
hundreds cells. For rare cells or highly proliferative cells such as 
circulating tumor cells, pluripotent stem cells and tumor cells, 
MEP/NEP for intracellular biomarker detection or gene therapy 
could be beneficial to reveal the fundamentals in lab, yet in most 
cases, a much larger cell population is needed for practical use. 
Hence, a high throughput MEP/NEP system is of great interest for 
future gene delivery. Comparing to viral transduction with potential 
bio-hazard, the combination of high throughput and transfection 
efficiency would make MEP/NEP ideal for gene therapy.  

 Over the past 10 years, numerous efforts have been made to 
achieve the high-throughput MEP/NEP for gene delivery, and most 
of which are based on following two prototypes: a) sequential flow-
through and b) synchronic 3D electroporation. Generally, the flow-
through devices for electroporation have microfluidic and planar 
microchannel patterns. A module for positioning the cells at precise 
regions, including magnetic tweezers [58], optical tweezers, 
mechanical/hydrodynamics [59], among many others, is required 
for the electroporation system [13, 47, 48]. Compared to the widely 
used BEP which can transfect about millions of cells by one shot, 
the MEP/NEP methods need the integration of each functional 
module. Different from flow-through concept which applies elec-
troporation sequentially, the synchronic 3D electroporation paral-
lelly transfect thousands of cells on the micro-/nano-porous chip. 
The key of achieving synchronic 3D electroporation, the fabrication 
of nanoporous membrane electroporation and nanostraw electropo-
ration, have been applied in gene delivery by several groups. How-
ever, there are some unsolved problems with current 3D electropo-
ration models. The primary challenge in applying the 3D models to 
electroporation is its relatively low transfection efficiency. The 
difficulty for fabricating well-distributed pores in nano scale on the 
membrane causes an inefficient and insufficient alignment of cells 
to the pores which highly decrease the transfection efficiency. This 

Table 1. The Pros and Cons of different electroporation method. 

Method Description  Pros Cons 

Bulk Electroporation A large number of cells were applied with 

high-voltage electric field causing cell 

membrane temporal leakage. 

Stochastic transfection 

Significant cell damage 

Stochastic transfection 

Significant cell damage 

MEP Electroporation Place each single-cell near to microchan-

nel, and add electric field across the cell 

and microchannel 

Focused electric field allowing 

membrane poration under a low-

voltage 

High cell viability 

Limited dosage control 

Low efficiency for delivering 

large weight molecules. 

Nanostraw Nanostraws directly contact cells. With 

electric field, gene materials are delivered 

into cytosol. 

High viability and basic dosage 

control 

Low sealing for suspension 

cells, non-uniformity due to 

random distribution 

Nanopillar A strong electric field near the electrode-

cell connection on nanopillar delivers 

gene materials. 

High viability, high throughput 

and measurement for cellular 

potential. 

Complicated fabrication. 

Nanofountain A hollow tip with a nanoscale opening 

touch to single cell and transfer the cargo 

into cell by electric field. 

High viability and high effi-

ciency. 

Low throughput, only suitable 

for adhesion cells.  

Nano Electropora-

tion 

Nanochannel By a high resistance of nanochannel 

connecting to cell, a strong electric field 

was applied directly for electroporation. 

High viability, dosage control 

and high efficiency. 

Limited throughput, and Com-

plicated fabrication. 
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also leads to the difficulty in precise dosage control for gene deliv-
ery. Thus, new cell manipulation technologies for large cell popula-
tion on 3D electroporation chips are essential.  

 Based on its excellent dosage control for gene delivery, scaling 
the current 2D NCEP up to 3D NCEP will be of great significance 
for high-throughput cell transfection [2, 59]. In addition to the cell 
loading issues, another major challenge is how to fabricate a large 
number of nanochannels with high quality and low-cost for precise 
dose control and clinical use. The application of MEP/NEP in gene 
delivery is also hindered due to the difficulty of gene drugs to reach 
the target at the cellular lever after electroporation. Upon entering 
into the cytosol after MEP/NEP, the gene materials must be further 
transported to specific targets. For example, only less than 1% of 
the pDNAs delivered into cytosol are further moved into nucleus 
while more than 99% are destroyed by enzymatic degradation in the 
cytosol. Even after its successful delivery to specific target, another 
problem is that how long and stable the delivered gene material 
could function in the target cells. Current gene delivery and expres-
sion by electroporation is transient, which only lasts for a short 
period of time and diminishes quickly during cell division. In com-
parison, gene delivery by viral transduction has a much longer dura-
tion due to its higher percentage of chromosomal insertion. It can 
largely bypass the latticework of the cytoskeleton and endoplasmic 
reticulum, and escape the enzymatic degradation in the cytosol. For 
example, adeno-associated viruses can produce moderate gene 
regulation in both non-dividing and dividing cells, and the retrovi-
rus-mediated gene transfection can produce long-lasting gene regu-
lation in dividing cells due to its strong incorporation ability into 
host cell genome [60, 61]. Moreover, gene delivery by lentivirus 
can insert its viral RNA into the host cell genome by reverse tran-
scription in both non-dividing and dividing cells [62]. Therefore, 
one of the future tasks for the MEP/NEP based gene therapy is to 
obtain highly stable nucleus targeting plasmid cargos with mini-
mum cytosol degradation, thus to result in a robust gene regulation 
effect. 

 In summary, non-viral transfection technologies such as MEP 
and NEP for gene delivery are developing rapidly. Further im-
provement of MEP/NEP methods for specific target transfection 
into cellular nucleus will not only benefit the stable clone generat-
ing, but also broad the application of MEP/NEP in gene therapy 
from bench to bedside. 
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