










generating diagnostic devices because of its disposable

reaction chamber.27,35

4. Current challenges and perspectives

of microscale electroporation

In this section, we provide a broad overview of the latest

achievements of microscale electroporation and its remaining

challenges for widespread clinical use. Microchannel electro-

poration shows great promise for on-chip integration

and visualization of cell electroporation at the single-cell

level.9,10,12,51 However, it has difficulties in manipulating the

transfected cells from the channels and in delivering those cells

into post-electroporation steps. On the other hand, micro-

capillary electroporation can be used to address those

problems and to integrate its platform with a user-friendly

pipette. But, it has difficulties in combining its function with

other techniques for direct visualization of its mechanism.

Therefore, these two approaches can be complementarily used

to promote cell electroporation.

Microchannel electroporation can become more powerful

when combined with the other techniques. Nevertheless, this

technology can be hardly used in a channel format for clinical

applications because it requires special technical backgrounds

for microfluidic setup and operation. Therefore, the ability to

automate the operation with the feedback control is beneficial

for enhancing its use in clinical applications (Fig. 2A). Micro-

channel electroporation can also be useful for studying the

electroporation mechanism in vitro. To widen its use for

clinical applications, however, this technology may require a

user-friendly platform that can enhance both transfection

efficiency and ease-of-use for clinical standards and applica-

tions. Currently, microscale electroporation has different

platforms, so it is difficult to bring their biological results into

clinical standards and protocols. Those methods may also

require standardization for clinical and biological applica-

tions. To establish clinical standards or protocols, in parti-

cular, the ability to transfect cells more reliably is desired. For

example, a microcapillary electroporation device can be com-

bined with a user-friendly pipette. In addition, this device also

Fig. 2 Schematic illustration for electroporation and representative examples for recent advances for microscale electroporation. (A) Schematic

of cuvette-type macroscale electroporation (left) and microchannel and microcapillary electroporation (right). Note dC is the distance of chamber

effectively exposed to electric field, and dE is the distance between electrodes. (For more detailed geometry of microchannel electroporation, please

see ref. 55) (B) Microchannel electroporation of an array of HeLa cells trapped at the single-cell level by using a feedback-controlled microfluidic

system (overlay of bright field and FITC). Reprinted by permission (ref. 11) (C) Results for microcapillary electroporation of different cell types

with pEGFP by using a capillary and wire-electrode system (fluorescent images), and (D) Summary of cell transfection efficiency (dark gray) and

cell viability (light gray) obtained by microcapillary electroporation. Reprinted by permission (ref. 12).
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enabled us to improve the established protocols with higher

cell transfection efficiency and viability (Fig. 2B and C).

This has led to a wide variety of clinical and biological

advances.27–50

To address both efficiency and ease-of-use for microscale

electroporation for clinical applications, here we focus on the

latest achievements of microcapillary electroporation rather

than microchannel electroporation. Specifically, we discuss

future perspective for microscale electroporation by specifying

emerging examples for clinical and biological applications in:

(i) HIV, (ii) stem cells and tissue regeneration, (iii) cancer, and

(iv) other disease studies.

4.1 HIV studies

HIV infection affects more than 33 million people worldwide.73

The HIV virus affects CD8+ and CD4+ T-cell function, which

results in loss of host’s immunity.74 Preclinical and clinical

studies have used DNA delivery by needle for such HIV

infection and vaccine studies, however, these have resulted in

weak antibody and T-cell responses. Since the safe and

effective delivery of DNA vaccines is still challenging, more

efficient techniques are required.75 Electroporation is a poten-

tially promising approach for the development of DNA

vaccines. Even though this technology has higher transfection

efficiency, it still requires better cell viability after electro-

poration. Microcapillary electroporation is one potential

approach to achieve desired gene delivery for such an applica-

tion. For example, to develop an effective HIV vaccine, this

approach was used for studying efficient stimulation and

transmission of HIV-1-specific T cells.35 More recently, this

technology was used for finding a route for HIV transmission

mechanism.27 Throughout those studies, this technology

proved to be effective in conducting HIV studies for DNA

vaccine development. In addition, this can be useful for

providing a disposable reaction chamber for HIV samples

and delivering the electroporated cells faster.12 Furthermore,

this technology can be potentially beneficial for addressing

both issues of safety and efficiency in future HIV research and

its vaccine development.

4.2 Stem cell and tissue regeneration studies

Stem cell differentiation is a promising approach for generating

a cell source for regenerative medicine. In some cases, it may

be desired to deliver RNA or DNA into the cells to direct their

behavior. However, stem cells and primary cells are sensitive

to environmental changes induced by electroporation such as

electrical and physiological factors. (Table 1).

Microcapillary electroporation provides a controlled

reaction chamber with enhanced transfection efficiency and

viability for stem cells and primary cells. Microcapillary

electroporation was used to study bone disease by transfecting

bone marrow-derived mesenchymal stem cells (bmMSCs) with

small interfering RNA (siRNA) that could then regulate

matrix metalloproteinase (MMPs) activity.28 This technology

can also be useful for assessing the differentiation of neuronal

stem cells into murine astrocytes by transfecting wild-

type astrocytes with plasmid.29 This study showed that Pax6

is an important transcription factor for neurogenesis and

gliogenesis. Similarly, this method was used to transfect

siRNAs for studying immune homeostasis and inflammation50

and liver function.39

Induced pluripotent stem (iPS) cells also have an enormous

potential for production of patient-specific stem cells.76 Those

cells can be derived by retroviral gene transfection into non-

pluripotent cells. However, this technology has a number of

major limitations due to the use of potentially harmful

genome-integrating viruses.77 More recently, studies on

generation of mouse iPS cells without viral vectors were

reported.77–79 This indicates that retroviral integration in iPS

cell generation may not be necessary. Thus, further studies to

increase the efficiency of virus-free iPS cells may be of benefit

in this area. Therefore, microscale electroporation can become

a powerful tool for future applications that involve the

derivation and differentiation of iPS cells.

4.3 Cancer studies

Microscale electroporation may also be used to address

potential problems in cancer treatments. A successful DNA

vaccine candidate for human cancer therapy must have a

high efficacy without a large dose. More recently, this effort

has led to the use of an adaptive constant-current electro-

poration (CCE) technique for clinical cancer vaccination.80

The ability to lower the dose and frequency of vaccina-

tions enables this technique to be both more cost-effective

and safer by using much less vaccine for clinical treatment

of human patients. Since microscale electroporation can

improve transfection efficiency and viability, it may help to

further develop the CCE technique for clinical applications.

In addition, microscale electroporation uses less toxic mate-

rials, generates more uniform electric fields, and leads to

less sample contamination for developing future cancer

vaccinations.

Microscale electroporation can also be useful for advanced

genetic manipulation associated with cancer treatments. For

example, it was used to enhance luciferase reporter gene

assay by determining the 3D structure and residues of

tumor suppressive activity through its interaction with

ataxia-telangiectasia mutated (ATM), a serine-specific protein

kinase associated with DNA double-strand breaks.30 This

technology can also be used to transfect siRNAs into cancer

cells. For example, the induction of hepatocyte growth factor

activator (HGFA) gene expression under hypoxia was exam-

ined in aggressive invasion of pancreatic cancer.32 Similarly,

microcapillary electroporation can help to study the other

cancer cell studies such as human cancer invasion, migration

and metastasis,37 tumor progression,38 oncogenic regulation,36

gastric cancer,33 colorectal cancers,41 and colon cancer.49

Another electroporation approach for cancer treatment is

an irreversible electroporation (IRE) technique. Generally,

this technique provides an irreversible opening for the cell

membrane during electroporation. The IRE technique can be

useful for clinical applications such as cancer treatment and

surgery in medicine.81–85 Similarly, the use of microscale

electroporation at the single-cell level may be of benefit for

developing future IRE applications of cancer cell treatment
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without damaging healthy tissues or leaving malignant cells in

a controlled manner.

4.4 Other disease studies

To obtain higher transfection efficiency and viability, micro-

capillary electroporation can be useful for other disease

studies. In particular, more stable and efficient gene delivery

into living organisms can be used to understand complex

pathways of delivery to the nucleus. For example, this method

was used for efficient electroporation of primary sensory

neurons to study the role of up-regulation of intracellular

GTP in persistent sodium currents.34 This approach was also

used to study insulin-dependent gene transduction into

3T3-L1 adipocytes to study the chromatin remodeling

complex for mediating insulin-dependent regulation of gene

expression.40

Furthermore, microscale electroporation was used to study

efficient intracellular gene delivery and its interaction mechanisms

such as PERK-dependent compartmentalization of endoplasmic

reticulum (ER) associated degradation during ER stress42 and

statin-mediated cytoprotection of human vascular endothelial

cells.43 Similarly, it can also help to examine complex genetic

mechanism by its higher transfection efficiency and cell viability.

For example, it was used to perform other disease studies such as

glial cell death,44 infected human fibroblasts,45 infected human

T cells,46 aspirin hypersensitivity,47 and autoimmune disease.48

6. Conclusions

Integrating microscale engineering with biology is potentially

beneficial for practical applications in life sciences and bio-

technology. In the past few years, various approaches have

been developed to advance this field in a synergistic manner. In

this review, we focus on recent advances of microscale electro-

poration and its biological applications. Specifically, we also

discuss current challenges and perspectives of microscale

electroporation for clinical applications. This technology is

divided into two main categories: microchannel and micro-

capillary electroporation. Specifically, this approach has

strong advantages in comparison to its macroscale counter-

part which include: (i) in situ visualization of molecular

uptake, (ii) real-time monitoring of intracellular responses,

(iii) formation of uniform or symmetrical electric fields, (iv)

generation of a controlled reaction chamber, and (v) rapid

optimization of transfection protocols. In addition, it can also

be combined with the other techniques such as electrophoresis,

dielectrophoresis, and electrochemical impedance spectro-

metry, especially within physically modified geometries. This

can be useful for conducting single cell electroporation as well

as a number of cells electroporation in a controlled and high-

throughput manner. These efforts have successfully led to

widespread applications for studying hard-to-cure diseases

(HIV and cancer), regenerative medicine (stem cells regeneration),

and other diseases-related cells. To promote a wider use of

microscale electroporation in clinical fields, however, it may be

required to enhance the efficiency as well as increase the ease of

use. Furthermore, this approach will help researchers to

promote a comprehensively integrative approach to advanced

genetic and cellular research in life sciences.
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