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Microfluidic approaches for gene delivery and gene therapy
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Recent advances in microfluidics have created new and exciting prospects for gene delivery and therapy.

The micro-scaled environment within microfluidic systems enables precise control and optimization of

multiple processes and techniques used in gene transfection and the production of gene and drug

transporters. Traditional non-viral gene transfection methods, such as electroporation, microinjection

and optical gene transfection, are improved from the use of innovative microfluidic systems.

Additionally, microfluidic systems have also made the production of many viral and non-viral vectors

controlled, automated, and reproducible. In summary, the development and application of microfluidic

systems are producing increased efficiency in gene delivery and promise improved gene therapy results.
Introduction

Many diseases are caused by mutated or missing genes, resulting

in the production of abnormal proteins that adversely affect

cellular function. Gene therapy involves the insertion of genetic

materials into cells with genetic defects to correct genetic

abnormalities. Gene therapy requires the delivery of foreign

genetic materials through the cell membrane without causing cell

lysis. The genetic materials must be integrated into the innate

genome of the cell and be properly expressed. Successful delivery

of exogenous genetic materials across the cell membrane is

a major hurdle in gene therapy. Thus, a number of methods have

been developed for gene delivery.

Viruses are effective vehicles for delivering genetic materials

into cells. The viral genome can be readily edited so that genetic

sequences of interest can be coded within the genome without

detriment to the viral activity.1 Because of the diversity of cell

types, different types of viral vectors such as adenovirus, retro-

virus, lentivirus, and herpes virus have been used for gene

delivery.1–3 Viral vector systems, however, can cause frame-shift

mutations by random insertion of target genes into the host

genome and inflammatory responses from immune reaction

caused by viral components.4 Other concerns include nonspecific

targeting of genes by the infection of multiple cells and compli-

cated procedure for viral vector production.5 These shortcom-

ings have fueled the development of non-viral vectors that

imitate gene delivery functions of viruses and possess larger gene

carrying capacity while avoiding adverse immune response and

mutagenesis. The two most popular non-viral vectors are
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cationic liposomes (lipoplexes) and cationic polymers

(polyplexes).6

To transport the target gene into cells, physical techniques

such as electroporation and sonoporation have been used to

create temporary pores in the cell membrane. Electroporation

uses electric pulses to enable nucleic acids to pass through the

pores. It has become a popular gene transfection method because

of its high-throughput and high efficiency.7,8 Under proper

conditions, electroporation was shown to produce transfection

rates on par with viral vectors.7 While electroporation uses

electric pulses, sonoporation uses ultrasound to disrupt the cell

membrane through acoustic cavitations.9 The selection of

intensity and frequency can be customized for different tissues.10

The efficacy of the sonoporation technique increases when

combined with microbubbles.11,12 Microbubbles cavitate when

they absorb ultrasound waves, thus release local shockwaves and

increase pore formation in cell membranes.9 Since genes can

attach to microbubbles, upon cavitation the attached genes are

released and absorbed by target cells.10 Sonoporation is safe and

non-invasive, allowing for possible use in internal organs without

the need for surgical procedures.9,10

Gene transfection in conventional bench-top systems requires

complicated operation procedures, lacks accuracy/specificity,

and has low cell viability and low transfection efficiency. Rapid

advances in microfluidics have created new and exciting pros-

pects for gene delivery and therapy. The microfluidic environ-

ment offers increased precision and control for gene delivery and

enables controllable and efficient production of vectors and other

materials used in gene therapy. In this review, recent progress in

microfluidics-based gene delivery and gene carrier fabrication

techniques is discussed.

Microfluidic approaches for gene transfection

Using microfluidics approaches, three gene transfection tech-

niques have been explored, including the use of electric pulse,
Lab Chip, 2011, 11, 3941–3948 | 3941
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hydrodynamic force, and optical energy. These techniques were

conventionally studied with various genes in bulk solution. The

microfluidic implementation of these techniques demonstrated

higher precision, higher transfection efficiency, and higher cell

viability.
Electrotransfection

Electrotransfection is a method for delivering genes into cells by

applying an external electric field. Microfluidics-based electro-

poration systems employ electric pulses to attract plasmids to the

anode and use an electroporation pulse to deliver genes into cells

(Fig. 1A–D). Compared to conventional electroporation, micro-

fluidic electroporation requires much lower voltages for gene

transfection, resulting in higher cell viability rates. Most of the

microfluidic electrotransfection systems consist of metal elec-

trodes on a substrate integratedwithmicrofluidic channels used to

localize cells. To enhance transfection capabilities, various chip

designs using different materials, electrodes, pulse signal condi-

tions, and microfluidic channel networks have been investigated.

To provide high ionic conductivity, Chung et al. demonstrated

a microfluidic electroporation system incorporated with poly-

electrolytic gel electrodes.13 By applying low DC voltage (5 to 17

V), 60% transfection efficiency and 80% viability of human

chronic leukemia cells (K562) were achieved. A similar approach

was reported by Lee and colleagues14 using a serpentine channel

made of aluminum on a plastic chip. In this device, the metallic

channel acts as an electrode that performs electroporation as the

cells flow through it. This method, entitled as semi-continuous

flow electroporation, provided better transgene expression

(10–15%) and higher cell viability (>50%). Recently, an enhanced

system was developed, where DNA was encapsulated in nano-

metre-sized lipoplexes with targeting ligands and mixed with cells

before electroporation. The enhanced system was able to achieve

60% delivery efficiency and 75% cell viability.15

Electroporation conditions were studies by varying electrode

gap, DNA concentration, pulse voltage, and pulse number.16 The
Fig. 1 Microfluidic electrotransfection. (A) By controlling microfluidic

channel width, electric field is concentrated on designed spots for elec-

troporation. (B) Cells are trapped on the membrane embedded in

a microfluidic device. Genes are delivered into cells when an electric field

is applied. (C) Microdroplet encapsulating a cell and gene is generated on

chip. Electric field is localized on microdroplet to transfer the gene into

cell. (D) Hydrodynamic cell trap in a microfluidic device for subsequent

electroporation.

3942 | Lab Chip, 2011, 11, 3941–3948
condition of 50 mm electrode gap, 20 mg mL�1 plasmid concen-

tration, 6 V and two pulses was shown to be highly effective. In

another study, an electric field gradient with a multi-channel

microfluidic system was employed for culturing mammalian cell

lines and transfecting the cells with enhanced green fluorescence

protein (EGFP) plasmids.17 Transfection rates and cell viability

rates were quantified under different electric fields, duration and

number of pulses.

Lu and co-workers18 incorporated a microfluidic valve with an

electroporation system to generate electric pulses with fast

response. Using a microfluidic valve, ionic buffer flow was

switched rapidly in the microchannel, and electric pulses of

milliseconds were able to generate actuation pressure and

voltage. As an example, electro-permeabilization of suspended

and adherent Chinese Hamster Ovary (CHO) cells was demon-

strated with 300 mm wide channels, 40 psi pressure, 30 ms pulse,

and 209 V cm�1 pulse intensity. Furthermore, they also demon-

strated the capability to generate electric pulses either for drug or

gene delivery.19,20 Small molecules and GFP plasmids were

transfected into CHO cells with a viability rate up to 75%.20

Gene transfection at a single cell level is one of the rapidly

emerging topics in neuroscience and stem cell research. The most

relevant microfluidic technique employs a hydrodynamic or

optical cell trap and a microdroplet to control a single cell. The

microfluidic device, reported by van den Berg et al.21 has parallel

microfluidic channels with micro-holes for trapping single cells.

A vector DNA encoding extracellular signal-regulated kinase

(ERK1) protein, known for transducing signals from the cell’s

environment to the cell nucleus, was transfused into human

mesenchymal stem cells (hMSC). To verify gene transfection

results, the electroporated cells were activated with fibroblast

growth factor (FGF-2), and the expression of ERK1 was quan-

tified after FGF-2 stimulation. Combining an electroporation

system with a microfluidic droplet generator was also demon-

strated for gene transfection of single cells.22 The microfluidic

device continuously generated micro-droplets containing a single

CHO cell and EGFP plasmids. The micro-droplets were then

passed through the surface of microelectrodes for electro-

poration. The electroporated cells were cultured and expressed

GFP.

Porous membrane and microwells incorporated with electro-

poration system have been explored. The design employed a well-

defined micro-nozzle array fabricated using femtosecond laser

processing. The membrane sandwich electroporation (MSE)

device showed more targeted potential distribution and required

lower electric voltage. NIH3T3 fibroblast cells were transfected

on the device that yielded high and uniform gene transfection

rates and excellent cell viability.23 Jain et al. created microwell

arrays on indium-tin oxide (ITO) coated glass slides.24 The

microwells confine cells and exogenous molecules (e.g., cDNAs

and siRNAs) and achieved highly efficient parallel transfection

of human cell lines and primary mouse macrophages. The optical

transparence of ITO electrodes also facilitated imaging and

phenotype analysis.

In addition, microfluidic devices were demonstrated for

observing neuronal behavior in response to various input, such

as chemicals,25,26 mechanical damages,25 and electric pulses.27 In

electroporating neuronal cells, electric pulses, if not spatially

controlled, can cause unwanted stimulation of nearby neuronal
This journal is ª The Royal Society of Chemistry 2011
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cells. Correspondingly, a microfluidic device was reported to

stimulate a targeted axon of individual neurons, yielding local-

ized electroporation of plasmids.27

In summary, microelectrodes incorporated with microfluidic

systems provide an excellent platform for transfecting exogenous

molecules into single cells as well as a controlled number of cells.

These devices can also be utilized for other applications, for

instance, for releasing small molecules selectively28 and for

eliminating circulating tumor cells from whole blood.29 Valley

et al. developed optoelectronic tweezers for parallel manipula-

tion of single cells and electroporation of molecules through the

cell membrane.30 They generated virtual electrodes using

a photoconductive surface and patterned light that concentrated

the electric field across the cell, resulting in electroporation. An

AC bias is applied across the two ITO layers between which a cell

is located (Fig. 2A). When a cell is illuminated, the cell experi-

ences a concentrated electrical field for exogenous molecules to

permeate into the cell.
Hydrodynamically enhanced gene transfer

Hydrodynamic focusing, originally developed for flow cytometry

to enhance the accuracy of volume calculation and particle
Fig. 2 Hydrodynamic and optical approaches for introducing exogenous mo

and electroporation.30 (B) Schematic of the electroporation chip with hydro

a local electric charge of high density.31 (C) The LFE system composed of th

troporation, and collection segment. Note the additional sheath flow that isol

more uniform and larger surface on a cell to contact transfection genes, resul

microfluidic environment does not induce such enhancement (b). (E) Femto

device.51 Reproduced by permission of the Royal Society of Chemistry.

This journal is ª The Royal Society of Chemistry 2011
counting, is widely used in microfluidics. Recently, Zhu et al.

introduced an electroporation system based on hydrodynamic

focusing of microfluidic flow with low dc voltage (Fig. 2B).31 By

supplying highly conductive KCl solution as sheath flow, a high

electric charge density was generated in the hydrodynamic

focusing area. As yeast cells pass through the focused thin layer,

they experience a short electric pulse and thereby, electro-

poration occurs with 70% yield. An advanced approach,

exploiting laminar flow electroporation (LFE) via hydrodynamic

focusing, has been also reported (Fig. 2C).32 In this system, an

additional layer from laminar flow was implemented to isolate

electrodes from cell suspension flow in order to minimize

inherent damaging effects from electrochemical reactions on

electrodes,. Using the device, the delivery of DNA and siRNA

into several hard-to-transfect cell lines, including Neuro-2A,

PC12, and C2C12 cells, was significantly enhanced to produce up

to 85% transfection efficiency and 75% viability.

Unlike in conventional macroscale systems, hydrodynamic

effects are governed by mechanical and geometrical variations

around fluid in microfluidic devices. While hydrodynamic effects

can produce desirable outcomes, it is challenging to precisely

control the volume and speed of fluid that flows through

a microchannel by pressure-driven flow. A PDMS microinjector
lecules into cells. (A) Single cell tranfection by integrating optical tweezers

dynamic focusing. Cells passing through the focusing region experience

ree functional segments of the microfluidic channel; concentration, elec-

ates electrode from cellular stream line.32 (D) Microfluidic vortex enables

ting in enhanced transfection efficiency.36 (a), whereas non-vortex flow in

second laser beam integrated with hydrodynamic focusing microfluidic

Lab Chip, 2011, 11, 3941–3948 | 3943
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was developed using electroosmotic flow (EOF) for precise

dosage control of exogenous material.33 The precision originates

from the unique flow profile of EOF. Unlike pressure-driven

hydrodynamic lamina flow, which has a parabolic flow profile,

EOF has planar flow profile that reduces band broadening. The

microinjector combines a mechanical setup for needle move-

ment, two microvalves for single cell trap, and an electrochemical

setup for precise EOF control through the needle for gene

delivery.34

Hydrodynamic effects in microfluidics can generate inertial

vortices along curved paths.35 This secondary flow, also known

as Dean flow, is caused by a mismatch of velocity in the down-

stream direction between fluid in the central region and lateral

region, yielding improved mixing of traveling fluid. For

improving their previous electroporation technique,20 Lu et al.

harnessed the inertial vortices in their electroporator to effec-

tively mix cells and exogenous DNA (Fig. 2D).36 Cells in such

a flow field are exposed to a complex combination of transverse

advection and rotation. As a result, a larger cell surface area

contacts the exogenous DNA and electric field, resulting in more

uniform permeabilization. When compared with a straight

microchannel under the same flow conditions without vortices,

the vortex-assisted electroporation produced a two-fold increase

in transfection efficiency (�30%) while cell viability was similar

(�90%).

As geometrical dimensions are reduced, fluids flowing through

microfluidic channels experiences high pressure. This in turn

gives rise to shear stress to the residing cells within the channel.

Since cells can uptake exogenous materials at a different rate

under stresses, it was shown that the transfection yield on

primary neurons exposed to lipoplex of DNA and liposome was

enhanced by hydrodynamic shear stress.37 The shear stress effect,

however, should be applied with considerations of cell types and

exogenous molecules, as in some cases the transfection efficiency

was shown to decrease at certain stress levels.38,39
Fig. 3 (A) Microfluidic microdroplet/bubble generator. (B) Microfluidic

continuous flow used to make well-controlled gene carrier for gene

transfection.
Optical gene delivery

Light is an electromagnetic wave that can be synchronized,

focused, and amplified to give rise to lasers whose level of energy

can be manipulated. Thus, stress applied to cells by optical

energy can be harnessed for delivering genetic materials into

living cells, which is called ‘optical transfection’.40 Optical

transfection has been conducted using various laser sources, such

as continuous wave lasers and pulsed lasers. Continuous wave

lasers and nanosecond pulsed lasers rely on localized heating to

induce the transient formation of cavities in cell’s plasma

membrane. These lasers also generate bubbles and thermoelastic

stresses. The generation of bubbles can be utilized to disrupt the

cellular membrane for subsequent microinjection of cargo

without needing a micropipette to penetrate the cell.41 However,

bubbles and thermoelastic stresses are generally undesirable,

often resulting in low transfection efficiency.42,43 In contrast,

near-infrared femtosecond pulsed lasers that exert multi-photon

effects and high repetition rates produce less stress to open

a single pore in cell membrane through which genetic substances

pass, allowing high efficiency and cell viability.44–47 Additionally,

not only could the optical energy be used as a source of stress that

disturbs cell membranes, it could also act as tweezers that
3944 | Lab Chip, 2011, 11, 3941–3948
transfer macromolecules,48 nanoparticles,49 and microspheres50

into living cells. In these cases, the particles are loaded with

genetic materials that can be released within cells since single-cell

transfection using lasers is a serial process. Dholakia et al.

demonstrated a microfluidic system51 that used hydrodynamic

focusing to align single cells with a focused laser beam (Fig. 2E).

The microfluidic system successfully delivered propidium iodide

into HEK293 with an efficiency of �28% and demonstrated the

possibility for continuous, high-throughput operation.
Production of gene carriers

Conventional approaches to producing viral and non-viral gene

carriers are labor intensive and time consuming. Besides the

amenability to automated operation, microfluidics provides

excellent platforms that are also able to control the shape, size

and composition of non-viral carriers (Fig. 3) and the culture

condition of viral carriers. A microfluidic system was developed

to improve the production of retroviral vectors.52 Viral vectors

using PT67–GFP packaging cells were produced in microfluidic

devices (Fig. 4A). PDMS channel walls were coated with bovine

serum albumin (BSA) to increase the virus production rate.

As a non-viral carrier, a multi-functional envelope-type nano-

device consisting of a DNA, RNA, or protein core condensed by

polycation and lipid bilayer shell was developed.53 Because of the

complex fabrication process and the amount of waste produced,

it was not suitable for customized gene carrier fabrication. These

limitations were improved by implementing the microscale

biosynthesis reactor using a microfluidic system. The DNA-

polycation complex (DPC) was synthesized from plasmid DNA,

water, and poly-L-lysine (PLL) in a microfluidic system that

consisted of three inlets, a mixing chamber, and one outlet. DPC

and lipid solutions reacted within the mixing and reaction zone in

the microfluidic system. Through optimizing flow rate and initial

concentration of each solution, the polyplex size and uniformity
This journal is ª The Royal Society of Chemistry 2011
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Fig. 4 Microfluidic gene carrier production. (A) Multiple compartment and fluidic channel for viral gene carrier production.52 Reproduced by

permission of the Royal Society of Chemistry. (B) Generation of lipoplex with a microdroplet system.54 Reproduced by permission of the Royal Society

of Chemistry. (C) PEI/DNA complex generation using microfluidic continuous-flow regime.55 Reprinted with permission from ref. 55. Copyright 2009

American Chemical Society.

Table 1 Summary of microfluidic gene transfection techniques

Gene transfection technique Cell type Delivered gene
Efficiency
(%)

Viability
(%) Selectivity Ref

Electroporation pDADMAC Salt bridge K562 (human leukemia cell) EGFP plasmid 60 80 Low 13
Single cell trap Mouse myoblastic

C2C12 cells and hMSC
Encoding ERK1 protein 75 100 High 21

Microdroplet mediated CHO cell EGFP plasmid 11 68 High 22
Enhanced semi-continuous
flow

K562 Liposome nanoparticles
conjugated with G3139
(anti-sense ODN)

60 75 Low 15

Membrane NIH 3T3 fibroblasts cell EGFP and secreted alkaline
phosphatase plasmind

40 90 Low 23

Geometry modification CHO cell EGFP plasmid 40–75 60–90 Low 20

Hydrodynamic
force

Hydrodynamic focusing Yeast Fluoresceina 40–95 70 Low 31
Hydrodynamic focusing HEK293, Hela,

Neuro-2A, C2C12, PC12
EGFP plasmid siRNA 70–90 55–75 Low 32

Microinjection Zebrafish embryo Methylene bluea 100 100 High 33
Hela Cell Fluoresceina N/A 98 High 34

Hydrodynamic vortex CHO cell EGFP plasmid 30 90 Low 36
Hydrodynamic shear stress Neuroal cell

line (NIE-115)
GFP plasmid with
lipoplex carrier

45 N/A Low 37

Optical energy Femtosecond laser CHO cell EGFP plasmid �100 �100 High 47
Femtosecond laser under
hydrodynamically focused
channel

HEK293 Propidium iodidea 28 67 High 51

a Included as virtual genetic materials.

This journal is ª The Royal Society of Chemistry 2011 Lab Chip, 2011, 11, 3941–3948 | 3945
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was characterized, and the non-viral carrier proved to increase

the efficiency of gene delivery.

A microfluidic droplet generator was used for the production

of lipoplex that is a well known non-viral gene delivery tool.54

The size of lipoplex is a critical parameter for delivering genes

consistently into target cells. Variables, such as the component of

cationic lipids, the order and rate of mixing of vectors, and the

incubation time of the mixture, must be well controlled for

achieving uniformity in size. The microfluidic droplet generation

system precisely controlled these variables and efficiently created

uniform lipoplexes (Fig. 4B). As a demonstration, lipoplex

containing EGFP plasmids was produced. The carriers were

transfected into U2OS cells, and EGFP was expressed with high

reproducibility.

Polyethylenimine (PEI) and plasmid DNA complexes are

commonly used for non-viral gene delivery. Well controlled

N/P ratio (the molar ratio of nitrogen in PEI to phosphate in

DNA) is a key factor for effective gene transfection. A micro-

fluidic device was developed to precisely control the N/P ratio.55

PEI/DNA complexes were created by both bulk mixing

methods and the microfluidic setup (Fig. 4C). These complexes

were transfected into mouse embryonic stem cells and NIH3T3

cells, and the gene transfection efficiency and cell viability were

compared. The complexes created by the microfluidic device

had �10% improvement in cell viability with the N/P ratio 3.3

and 6.7. Gene expression was also �2 fold at 2 and 4 days post

transfection. Using a similar approach, lipoplex nanoparticles

containing antisense oligonucleotide (ODN) were used to

down-regulate anti-apoptotic protein encoded by a Bcl-2 gene

in K562 leukemia cell. The oligonucleotide carriers, fabricated

using bulk mixing method and the microfluidic method, were

transfected into cells. The carriers produced from both methods

showed a decrease in the anti-apoptotic protein expression

level; however, the microfluidic system showed a lower

expression level by �20%.56 Microfluidic devices permit high

uniformity and controllability of size and ratio, leading to lower

toxicity and higher exogenous gene expression in transfected

cells.
Conclusion and prospects

In this review, we discussed several microfluidic techniques for

gene transfection. Conventional methods produce �10% trans-

fection efficiency and �50% cell viability.57,58 In contrast,

microfluidic approaches have achieved higher transfection effi-

ciency and cell viability. The microfluidic environment allows for

increased spatiotemporal control of the target cell, the exogenous

genetic material, the transfection stimulus (E-field, photons,

etc.), and the environment in which all three of these factors

interact. Microfluidics eliminates the randomness involved in

traditional transfection methods. One can be more certain of the

extent to which a cell is exposed to the exogenous genetic

material, and have better control over the strength and duration

of the transfection stimulus experienced by a particular cell.

These abilities could permit the creation of optimal or close-to

optimal transfection conditions, leading to increased transfection

efficiencies. Such conditions can also lead to higher cell viability,

as no cell is exposed to detrimental transfection stimuli beyond

the minimum necessary to achieve transfection.
3946 | Lab Chip, 2011, 11, 3941–3948
Table 1 summarizes microfluidics-mediated gene tranfection

methods. Several microfluidic devices performing electro-

poration and optical transfection produced transfection effi-

ciency over 50% and cell viability above 90%. Additionally,

incorporating an electrotransfection system with an automated

microfluidic network59,60 would make it feasible to inject multiple

plasmids simultaneously into target cells. The hydrodynamic

technique’s transfection efficiency (30%) was lower compared to

electroporation; however, it has a high cell viability rate (90%)

and has a higher throughput due to its high flow rate. Optical

gene tranfection has shown almost 100% transfection efficiency

and viability;47 however, throughput demands improvement.

Microfluidic electroporation devices were used to transfect

almost any type of cells, including adherent cells, non-adherent

cells, primary cells, and cell lines. Differently, the hydrodynamic

approach may not be suitable for transfecting primary cells due

to the long double time of primary cells. This technique is only

able to carry plasmids into the cytoplasm, not into the nucleus.

Only during cell division when the nuclear membrane is tran-

siently disintegrated can the plasmids enter the nucleus.

Compatibility of optical transfection with microfluidic set-ups is

a clear advantage.61 However, optical transfection requires

expensive laser and peripheral optical equipment to perform gene

transfection task, which can be mitigated by integrating inex-

pensive laser components on microfluidic chips. In terms of

selectivity, hydrodynamic single cell trap using electroporation,

microinjection, and optical methods present high selectivity, and

these methods demonstrated both high cell viability and high

efficiency. The microdroplet mediated method showed high

selectivity and multiplex transfection capability, although

viability and efficiency require improvement.

The integration of optical systems with microfluidics has been

evolving quickly and is highly relevant to gene delivery and cell

transfection. Optofluidic techniques enable increased precision

control, and microfluidic channels can be used as optical wave-

guides to localize strong optical energy on specific spots.62 To

take advantage of the ease and accuracy of optical methods for

cell transfection, researchers have found light-sensitive ion-

channel proteins and used them to control neuronal activi-

ties.63–65 Furthermore, the emerging technology optogenetics

relies on efficient viral transfection using specific promoters for

targeted expression.66 Once the gene transfers into cells and is

expressed, the gene product can be activated by light of a specific

wavelength.63,64 Consequently, among millions of neuronal cells,

only transfected ones respond. Such techniques can be trans-

ferred to microfluidic platforms to benefit studies of single

neurons or patterned neurons.67,68 Neuronal cell patterning on

microfluidic chips is an active research topic in neurophysiology

where high-resolution control over gene expression is of impor-

tance.25,26,69 One would envision a microfluidic system on which

neuronal cells are cultured and patterned, and optical trans-

fection would perform precise targeting and spatial control40,70

while optical activation would activate targeted neurons with

high specificity.

Besides gene transfection, microfluidic systems have also

demonstrated significant value for non-viral gene carrier fabri-

cation by flexibly controlling the size and compositions of

polymer-DNA complexes. For instance, changing the flow rate

alone, the ratio and composition of polymer-DNA complex can
This journal is ª The Royal Society of Chemistry 2011
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be readily and precisely altered. Thus, the near future would

witness the invention of automated microfluidic systems for gene

carrier production, which will significantly reduce time and cost

compared to conventional fabrication approaches.

Microfluidic techniques have demonstrated various utilities

for gene transfection and the production of gene carriers. On-

chip microelectrodes and the capability for producing homoge-

nous microbubble carriers and lipoplexes enable high efficiency

gene transfection at the single cell level. Moreover, it becomes

feasible to measure single-cell response from gene transfection

accurately. Improvement in precision control of microfluidic

conduits, throughput, cell survival and stability, and homoge-

neity of transfection will further enhance practical adoption of

microfluidic transfection technologies.

Finally, the generation of a stably transfected cell line is

significant for gene therapy. Establishing a stable cell line,

however, typically takes longer than three months via conven-

tional gene transfection. Conventional gene transfection71

involves selecting proper antibiotics, collecting homogeneous

colonies, and culturing and passaging cells for several genera-

tions. Microfluidics-assisted transfection systems have thus far

demonstrated high efficiency and cell viability. Further progress

would result in practical microfluidic systems for homogenous

transfection, long-term single cell culturing, and single cell sort-

ing to replace the laborious processes and reduce time involved in

conventional gene transfection processes.
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