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Abstract

Effective intracellular delivery is a significant impediment to research and therapeutic applications 

at all processing scales. Physical delivery methods have long demonstrated the ability to deliver 

cargo molecules directly to the cytoplasm or nucleus, and the mechanisms underlying the most 

common approaches (microinjection, electroporation, and sonoporation) have been extensively 

investigated. In this review, we discuss established approaches, as well as emerging techniques 

(magnetofection, optoinjection, and combined modalities). In addition to operating principles and 

implementation strategies, we address applicability and limitations of various in vitro, ex vivo, and 

in vivo platforms. Importantly, we perform critical assessments regarding (1) treatment efficacy 

with diverse cell types and delivered cargo molecules, (2) suitability to different processing scales 

(from single cell to large populations), (3) suitability for automation/integration with existing 

workflows, and (4) multiplexing potential and flexibility/adaptability to enable rapid changeover 

between treatments of varied cell types. Existing techniques typically fall short in one or more of 

these criteria; however, introduction of micro-/nanotechnology concepts, as well as synergistic 

coupling of complementary method(s), can improve performance and applicability of a particular 

approach, overcoming barriers to practical implementation. For this reason, we emphasize these 

strategies in examining recent advances in development of delivery systems.
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Introduction

Delivery of small and macromolecules—including DNA, drug molecules, imaging agents, 

peptides, antibodies, and enzymes—into cells is a major hurdle to realizing their full 

potential in a range of research and therapeutic applications, from experimental, bench-scale 

scientific discovery to clinical use and industrial bioproduction. Uniform treatment of a cell 

population (or tissue) on an individual cell basis is necessary to achieve effective delivery; 

however, scalability and exquisite control of treatment parameters (in time and space) are 

conflicting requirements. This is especially true for biological systems with significant 

inherent heterogeneity. Approaches to intracellular delivery are generally separated into two 

categories: (1) those that use biological (viral) vectors and (2) those that rely on nonviral 

chemical vectors or physical techniques to access the cell interior or specific organelles 

(including the nucleus).

To achieve a desired outcome, a vector must mediate delivery of cargo molecules to a 

specific intracellular target (e.g., the nuclear or mitochondrial genomes for gene therapy). 

Figure 1 illustrates the primary barriers to intracellular delivery and insertion of genes into 

the nucleus, as well as various viral and nonviral approaches that are used to overcome these 

barriers. In this case, an effective vector must (1) protect plasmid DNA from degradation in 

the extracellular matrix (if present), (2) provide a means of bypassing or disrupting the cell 

membrane, (3) transit the DNA through the cytoplasm to the nucleus while limiting 

degradation by intracellular nucleases, and (4) insert the DNA into the nucleus, across or 

through the nuclear envelope.1–5 Lechardeur et al.6,7 and Belting et al.8 provide detailed 

descriptions of the specific challenges associated with each process along the nuclear 

delivery pathway (including mechanisms exploited by biological vectors in nature).

With regard to in vivo gene transfer, viral vectors are the favored delivery method, having 

been used in the vast majority of gene therapy preclinical and clinical trials.9 Their 

exceptional gene delivery efficiency (and further, the ability to induce permanent 

transduction of target cells and tissues) reflects a natural evolutionary development for that 

specific purpose. A number of in-depth reviews covering engineering of viral vectors and 

their application to gene therapy are found in the literature.9–12 Although viral delivery has 

proven very effective, the same characteristics that mediate infection of target cells for 

insertion of therapeutic genes may have adverse consequences. Adenoviral vectors have 

induced inflammatory immune responses and toxicity leading to patient death.13 Retroviral 

vectors carry the risks of transmission of replication-competent virus14 and, more 

importantly, of insertional mutagenesis leading to malignant transformation (e.g., patients 

developing cancer following treatment for genetic disease).15–17 Aside from biosafety 

concerns, viral vectors also possess a limited packaging capacity for incorporation of 

exogenous DNA.11

Chemical vectors provide some of the benefits of viral vectors without provoking a similar 

immune response. Unfortunately, efficiency and targeting can be inadequate, particularly in 

so-called difficult-to-transfect primary, progenitor, and stem cells. Unlike viral vectors, 

which are inherently able to achieve nuclear import, chemical vectors must overcome all 

biological barriers to delivery of cargo into the nucleus or other organelles (see Fig. 1). 

Meacham et al. Page 2

J Lab Autom. Author manuscript; available in PMC 2015 May 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Regardless of these shortcomings, the use of cationic lipids and cationic polymers as 

nonviral vectors for gene transfer is well established, with numerous reviews discussing the 

many aspects of this approach.18–20 Strategies to improve chemical delivery focus on 

endosomal escape (to avoid degradation of cargo in lysosomes) or modification by cell-

penetrating peptides or proteins (CPP) to deliver cargo molecules directly into the 

cytoplasm.20 Significant challenges remain and must be addressed for chemical vectors to 

gain acceptance as a viable in vitro and in vivo intracellular delivery technique for difficult-

to-transfect cells and tissues.

Although viral and nonviral chemical methods maintain dominant positions in clinical and 

laboratory research applications, respectively, almost all physical approaches to intracellular 

delivery have seen significant advancement during the past decade, especially in 

applications involving nongene cargo molecules.21,22 An improved ability to predict and 

consistently realize desired treatment outcomes is attributed to a more thorough 

understanding of the phenomena underlying each method, as well as introduction of 

innovative implementation strategies. For example, detailed investigations into the 

relationships between treatment parameters and induced bioeffects have led to increased 

sonoporation efficacy without a corresponding increase in posttreatment mortality.23–25 

Further, physical methods have shown more promise in treatment of difficult-to-transfect 

cells (primary, progenitor, and stem cells). The introduction of microfabrication and 

microfluidics concepts may enable use of long-established techniques such as microinjection 

and electroporation in emerging high-throughput applications.26–28 As performance 

concerns and practical deficiencies are addressed, physical delivery methods will experience 

increased acceptance and adoption in life sciences and biomedical research at all scales.

Physical methods are able to address the many challenges that are fundamental to delivery 

by chemical methods (see Fig. 1) while also minimizing or completely avoiding the side 

effects associated with viral vectors. Although these attributes contribute to the 

attractiveness of any physical approach to intracellular delivery, not all physical methods are 

equally suited to specific delivery applications. Indeed, direct comparison in terms of 

performance (e.g., transfection efficiency and cell viability) is difficult because specific 

techniques are often selected based on tissue or cell type, the nature of the cargo molecule to 

be delivered, desired treatment outcome, and even the skill of the researcher performing the 

experiment.29 In this review, we subdivide physical delivery methods into two categories: 

(1) methods that insert cargo molecules directly into the cytoplasm or nucleus and (2) 

methods that use a physical field to disrupt the cell membrane (electrical, mechanical, or 

thermal). Because magnetofection uses a magnetic field to drive carrier particles to cells 

(and not to achieve membrane permeabilization), this method is categorized as direct 

insertion. Operating principles and implementation strategies in various in vitro, ex vivo, 

and in vivo platforms are included for each method, as well as recent advances motivated by 

the introduction of micro-/nanotechnology approaches. Finally, we perform a critical 

assessment of each delivery method with regard to (1) treatment efficacy with diverse cell 

types and delivered cargo molecules, (2) suitability to different processing scales (from 

single cell to large populations), (3) suitability for automation/integration with existing 

workflows, and (4) multiplexing potential and flexibility/adaptability to enable rapid 

changeover between treatment of varied cell types, sizes, and morphologies.
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Direct Insertion

Direct insertion methods bypass almost all biological barriers to delivery through an ability 

to control localization of delivered cargo within the cell (and nucleus). Unlike in field-

induced membrane poration methods, the plasma membrane is not targeted for disruption in 

a systematic way (e.g., by forming pores prior to delivery); instead, each unit of cargo is 

transported across the cell membrane by a carrier liquid (e.g., microinjection) or particle 

(e.g., particle bombardment) as an integral part of the delivery process. Purely in vivo 

insertion techniques (hydrodynamic injection, conventional jet injection, and methods based 

on arrays of functionalized microneedles) are not discussed in this review, as these methods 

are tissue or organism based and do not achieve localization at the single-cell level. Reviews 

of these methods as applied to gene transfer may be found elsewhere.21,29,30

Microneedle and Jet Injection

Direct injection into the cytoplasm or nucleus is conceptually the most straightforward 

physical delivery method. In conventional microinjection, a solution of macromolecules is 

forced under pressure through a glass micropipette to a precise location within a single 

immobilized cell.31–33 An operator uses micromanipulators to control the movement and 

position of the small-diameter (0.1 to 5 μm) micropipette tip while observing the process 

under a microscope. Capecchi31 was first to demonstrate DNA microinjection into both the 

cytoplasm and nucleus of cultured mammalian cells. Intranuclear microinjection resulted in 

substantial gene expression; however, injection into the cytoplasm yielded no detectable 

activity, suggesting that plasmid DNA was either rapidly degraded or unable to gain access 

to the nucleus.

Although microinjection possesses the unique capability to directly access the nucleus (and 

other subcellular structures) on a consistent basis, its practical application is laborious and 

costly. In particular, the slow rate of delivery (injection of one cell at a time) has limited the 

adoption of microinjection techniques to low-throughput niche processes such as in vitro 

fertilization and production of transgenic animals.34 An experienced operator can inject up 

to 100 cells per hour. Efforts to improve the rate of delivery have focused on the 

development of expensive and sophisticated semi- or fully-automated systems incorporating 

either manual marking and automatic injection or full computer control of cell sorting, 

positioning/immobilization, injection, and collection.35,36 The use of automated systems has 

increased injection throughput significantly (up to 1500 cells per hour)35; however, 

throughput still lags behind that of alternative physical techniques.

Recent microfluidic approaches to microinjection promise to expand the range of 

applications for which this technique is viable. Both Adamo and Jensen37 and Zhang et al.26 

reversed the typical microinjection strategy by moving cells onto stationary microneedles 

instead of positioning needles into immobilized cells. Adamo and Jensen37 used a 

microchannel to align and transport cells toward a single glass microcapillary loaded with a 

fluorescent marker compound (see Fig. 2a). Two valves controlled cell capture and release 

of cells to a collection reservoir. The authors estimate that a single-needle system could 

inject up to 3600 cells per hour. The possibility to control cell motion and/or microneedle 

actuation in individual treatment elements within an array suggests a route to multiplexing, 
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although scale up to many thousands of samples may be difficult. Further, a simple design 

and fabrication using inexpensive and disposable parts are attractive features, resulting in 

potentially low cost implementation. Zhang et al.26 proposed an ultra-high-throughput 

microinjection platform comprising an array of capture sites with silicon penetrators (hollow 

or solid) for insertion of macromolecules into cells (see Fig. 2b–c).

Similar to needle injection, jet injection employs a carrier fluid. High-velocity, ultrafine 

streams of a macromolecule solution are used to penetrate cells or target tissue. Unlike 

microinjection, which is a purely in vitro technique, jet injection is typically performed ex 

vivo or in vivo and has been most successful in transfection of muscle, skin, and 

tumors.39–41 Introduction of microfluidics, which demonstrate single-cell scale control 

without sacrificing throughput, may allow jet injection to become commonplace in vitro. 

Adamo et al.38 presented a prototype microfluidics-based jet injection system with the 

potential to treat 500 to 1000 cells per minute continuously (see Fig. 2d). Although these 

recent advances are substantial, there seems to be a fundamental limit to the number of 

samples that can be simultaneously microinjected in parallel due to external fluidic 

infrastructure constraints on sample delivery to multiple treatment channels and the rate at 

which jets containing cargo molecules can be actuated.

Particle-Mediated Delivery

In contrast with needle and jet injections, which use a carrier fluid, particle-mediated 

delivery transports macromolecules into target cells on an accelerated particle carrier. 

Particle bombardment (the biolistic method or gene gun) was originally used to deliver 

nucleic acids into intact plant cells.42 Having achieved effective insertion of DNA directly 

into inherently difficult-to-transform plant cells and tissues, the method was refined for use 

with smaller targets including mammalian cells.43 In brief, (1) heavy metal particles 

(typically gold or tungsten, diameter 1–1.5 μm) are coated with the macromolecule of 

interest and placed in solution on the face of a projectile, (2) the projectile is rapidly 

accelerated by a gas shock (e.g., from a chemical explosion, high-voltage [HV] electric 

spark, or helium discharge), and (3) the projectile is halted suddenly (e.g., by a mesh) 

releasing the microparticles at high velocity toward the target cells or tissue. Sanford et al.44 

provided detailed strategies for optimization of the biolistic method. Commercial handheld 

and bench-top systems are available (Helios gene gun and PDS-1000/He; Bio-Rad 

Laboratories, Hercules, CA).

Although particle bombardment continues to be used predominantly for plant 

transformation, it has gained acceptance as an effective method of in vitro and in vivo 

nucleic acid delivery into mammalian cells and tissues, particularly for application to gene 

therapy and genetic immunization, where the target tissue is the skin.45 The shallow depth of 

penetration renders particle bombardment most effective for single-cell layers in vitro or 

superficial tissues (e.g., skin and mucosa) in vivo45,46; however, in vivo gene transfer into 

muscle and liver tissue has also been demonstrated.47,48 Like microinjection, the biolistic 

method can deliver DNA directly to the nucleus; for example, Shestopalov et al49 found that 

each green fluorescent protein (GFP)–expressing fiber cell of an intact lens contained a gold 

particle in its nucleus. Unfortunately, the range of outcomes within a field of treatment is 
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unpredictable because of limited control over the distribution and penetration velocity of the 

microparticles. Cells containing no microparticles will exhibit no effect, whereas cells that 

are penetrated by a large number of particles are significantly damaged. The resultant 

correspondence between gene delivery and toxicity is not unique to particle bombardment 

among physical methods (see the Field-Induced Membrane Poration section), but an 

inability to consistently predict treatment outcomes based on the large number of 

experimental parameters is a disadvantage.44 Modifications to the conventional gene gun 

design have been proposed to enhance accuracy and gain access to deeper tissues. 

Specifically, O’Brien et al.50 redesigned the accelerator channel to generate a more tightly 

focused shot of gold particles, even at reduced gas pressure. Dileo et al.51 presented an 

entirely new gene gun using DNA-coated gold beads suspended in a liquid as the carrier. 

Although interesting, these improvements represent small evolutionary changes in operation 

and applicability and have had little influence on wider adoption.

In the strictest sense, magnetofection is not a direct insertion method as defined previously 

but a technique that enhances introduction of viral and nonviral gene vectors into cells.52,53 

Particles are prepared by associating conventional gene vectors with magnetic nanoparticles 

(typically iron oxide coated with a polyelectrolyte). An external magnetic gradient field then 

pulls the magnetic particle-vector complexes toward the cells to be transfected (see Fig. 3a). 

It is possible that the magnetic sedimentation effect pulls the particles through the cell 

membrane52; however, it is more likely that in delivering the gene vectors directly to the cell 

surface, the opportunity for delivery via the endo-/lysosomal pathway is greatly 

increased.52–54

Regardless of the specific delivery mechanism, magnetofection has demonstrated improved 

gene transfer kinetics even at low dosage and the ability to localize delivery to a specific 

area under the influence of a magnetic field. These attributes have led to rapid growth in the 

number of studies involving magnetic field–mediated gene transfer both in vitro and in 

vivo.55 Scherer et al.53 report high-efficiency nonviral gene transfer and adenoviral 

magnetofection in vitro in cell lines (mouse fibroblast NIH3T3 and human erythroleukemia 

K562) and primary human peripheral blood lymphocytes that produce little or no Coxsackie 

and adenovirus receptor (i.e., cells that typically resist transduction by adenovirus). This 

result indicates that magnetic nanoparticles can mediate binding and internalization in cells 

that are otherwise resistant to a specific gene vector. High transduction efficiency was also 

observed in vivo with local transfection in the gastrointestinal tract and in blood vessels.53 

Del Pino et al.56 used magnetic acoustically active lipospheres (MAALs) tagged with small 

interfering RNA (siRNA) to demonstrate the targeting abilities of magnetofection in fluidic 

conditions mimicking the bloodstream. Although application of ultrasound did not result in 

significant improvement in efficiency, further investigation is warranted as MAALs offer 

the ability to magnetically target specific tissues for sonoporation.55,56 Sanchez-Antequera 

et al.57 proposed a technique termed magselectofection that may enable a larger-scale 

implementation of the magnetofection process in an automated cell separation device (see 

Fig. 3b). In brief, (1) a commercially available magnetic-activated cell sorting column was 

first loaded with magnetic transfection/transduction complexes and (2) magnetically-labeled 

cells (T lymphocyte Jurkat, K562, and hematopoietic stem cells) were then associated with 
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these immobilized magnetic vectors under a high-gradient magnetic field. Enhanced contact 

and internalization of the magnetic vectors in the cells resulted in high transfection/

transduction efficiency.55,57 This technique is particularly appealing as it allows for cost-

effective separation and genetic modification of cells in a single system with a minimum 

number of handling steps and low vector consumption. More generally, a primary advantage 

of magnetofection is its amenability to integration with other methods (whether as a 

complementary technique for enhancement of transfection outcomes or for simplification of 

an existing multistep process, e.g., magselectofection). In most cases, limitations on 

multiplexing, throughput, and changeover rate would be associated with the companion 

method. Plank et al.55 provided an extensive summary of magnetofection progress during its 

initial decade of existence, as well as prospects for adoption to various application areas.

Field-Induced Membrane Poration

While direct insertion methods seek to deliver exogenous molecules directly into the cell 

cytoplasm or nucleus, field-induced membrane poration techniques act to transiently disrupt 

the plasma membrane by creating pores through which molecules can enter cells (either 

actively or passively). Electroporation and sonoporation represent the most widely used 

nonviral physical transfection methods for effective treatment of mammalian cells both in 

vitro and in vivo; however, as with each of the other methods discussed in this review, there 

remain important obstacles to their adoption as viable replacements for chemical-mediated 

and viral methods. Here, advantages and limitations of each of these methods are presented, 

as well as strategies to address current deficiencies. Optical injection (or optical transfection 

if used for delivery of nucleic acids), which uses thermal or laser-induced cavitation-

mediated mechanical fields to disrupt the cell membrane, is also briefly discussed.

Electroporation

Electric field–mediated permeabilization (electropermeabilization, electroporation, or 

electrotransfer) exposes cells to short HV pulses to achieve transient and reversible 

destabilization of the cell membrane. While in the permeabilized state, a variety of different 

molecules are able to enter the cells, either by diffusion (small molecules) or through an 

electrophoretically driven process (macromolecules including DNA). Although the 

technique was introduced by Neumann et al.58 as a method to transfect murine (mouse) 

lyoma cells, it proved early on to be better suited for DNA transfer to bacteria, an 

application that places less importance on viability after electroporation. As additional 

studies on the use of electroporation in mammalian cells were completed, protocol 

optimization led to improved treatment outcomes in vitro.59 In vivo gene transfer has been 

ongoing since the early 1990s, with demonstrated success in skin, skeletal muscle, liver, and 

solid tumor tissues.21,34,60 Wide adoption as a laboratory research tool has been motivated 

by refinement and to some extent standardization of commercially available electroporation 

systems (Bio-Rad Gene Pulser, Lonza Nucleofector, Invitrogen Neon, and BTX-Harvard 

Apparatus ECM systems, among others).

Although electropermeabilization is well established as an effective and broadly applicable 

gene transfer method, the mechanisms underlying pore formation and molecular delivery 

have been the subject of much debate. Detailed theoretical treatments are discussed in a 
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number of reviews, including those by Gehl,59 Golzio et al.,61 and Escoffre et al.,62 and 

there is now a high degree of consensus regarding the first stage of electrotransfer, 

permeabilization of the plasma membrane by application of an electric field. Electroporation 

is achieved when the transmembrane potential induced in a cell by an external field exceeds 

a threshold value. Although the threshold for destabilization of the cell membrane is similar 

for various cell types, it generally increases with decreasing cell radius. Thus, 

electroporation of bacterial cells requires greater electric field strength than that required to 

permeabilize mammalian cells. Because of the negative resting potential of the cell, initial 

pore development occurs on the side of the cell facing the positive electrode (anode), 

followed by permeabilization of the side facing the negative electrode (cathode).63 

Investigating electric field–mediated uptake of two fluorescent dyes, Gabriel and Teissie63 

found that field strength dictated the area over which permeabilization was observed and 

that the degree of permeabilization was controlled by the duration and number of applied 

electric pulses. Importantly, both experimental observation and mathematical models 

suggest that the cell pole facing the anode exhibits a greater extent of permeabilization (i.e., 

poration occurs over a larger area), whereas the cell pole facing the cathode is porated to a 

larger degree (i.e., more pores per unit area).59,64 Membrane poration takes just a few 

microseconds; however, recovery and resealing occur on the order of minutes. Persistent 

destabilization cannot be exploited for large-molecule uptake, as Krassowska and Filev64 

report that only small (<1 nm diameter) pores remain open beyond the application of the 

electric field.

The accepted explanations of the pore formation and delivery processes, as well as 

experimental observations, suggest that small molecules are taken up by diffusion alone; 

however, the process by which DNA is delivered into the cell (and nucleus) is less well 

understood. An electrophoretic effect has long been implicated as the driver of the 

negatively charged DNA molecules across the permeabilized membrane and toward the cell 

interior.65,66 Further, experimental observations indicate that DNA enters only the more 

destabilized side of the cell facing the cathode.67 Thus, the surface area over which 

interactions between DNA and the plasma membrane occur can be increased by changing 

the polarity and orientation of the electric field, resulting in significant increases in gene 

expression.67 It is unclear whether another mechanism (DNA/membrane interaction, 

plasmid translocation, and finally diffusion in the cytosol) is necessary for insertion of 

DNA.62 The utility of electrophoresis for in vivo DNA transport into cells remains a point of 

contention.68–70

A thorough understanding of the electropermeabilization and molecular delivery processes 

is important to protocol development and optimization of treatment parameters for 

electroporation and electric field–mediated transfection in particular. The exponentially 

decaying pulses generated by early electroporators can be decomposed into a high-

amplitude, short-duration (microsecond) pulse followed by a smaller-amplitude, long-

duration (milliseconds) tail. This pulse shape is well suited to membrane poration followed 

by DNA electrophoresis to and into cells, which accounts for its continued use to this day. 

Recent introduction of square wave pulse generators provides additional flexibility in 

optimization of treatment outcomes. Various combinations of low-voltage (LV; ~50–100 

V/cm) and HV (~0.7–1.5 kV/cm) pulses have been investigated in vitro and in vivo.70–72 
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Optimal transfection was observed for short 100 to 200 μs HV followed by longer (up to 

hundreds of milliseconds) LV pulses. Larger interelectrode distances and a greater need to 

avoid collateral damage are additional considerations for in vivo electrotransfer that limit 

field strengths to low hundreds of volts per centimeter.73 Further enhancement of electric 

field–mediated gene transfer has been achieved through exposure to additional electric fields 

at larger time intervals (up to 30 min). Ultrashort (nanosecond) pulsed electric fields of up to 

300 kV/cm are found to interact with subcellular structures (including the nucleus) without 

affecting the plasma membrane.74 Schoenbach et al.74 observed GFP expression in 

essentially all cells (human promyelocytic leukemia HL-60) exposed to a conventional 

(long) electroporation pulse followed 30 min later by a short (nanosecond) pulse. GFP 

expression was seen in only a third of cells exposed to the conventional pulse alone. 

Although the technique is relatively new, this result suggests that nanosecond-pulsed electric 

fields enable the nuclear membrane barrier to be overcome.

Most commercial pulse generators are designed for use with cuvettes incorporating parallel 

plate electrodes separated by a fixed gap width (1, 2, or 4 mm) or multiwell plates with 

incorporated electrodes. Although some manufacturers limit protocols to those that they 

recommend for various cell types, most allow the user a level of direct control over signal 

parameters (e.g., exponential decay or square wave, time constant or pulse duration, pulse 

count, etc.). Manufacturers also offer a range of additional needle and plate electrode 

configurations for electroporation of tissues (in vitro or in vivo) and adherent cells in 

culture. In vitro transfection results are highly dependent on the electroporation buffer, with 

each manufacturer also supplying proprietary, typically low-conductivity buffer systems to 

allow for optimal field generation. Further, buffers may include additives (e.g., peptides or 

proteins bound to nuclear localizing sequences), which complex with plasmid DNA to 

facilitate intracellular transport to and into the nucleus after electropermeabilization and 

uptake into the cell interior.

Microfluidic electropermeabilization approaches provide two benefits over conventional 

cuvette-based and multiwell plate systems: (1) a drastically reduced interelectrode distance 

eliminating the need for HV sources to generate sufficient electric field strength and (2) a 

fairly broad range of throughput capability (from down to single cell up to tens of millions 

of cells per minute) with exquisite environmental control. Fundamentally, the upper limit on 

throughput is set by the minimum residence time required for electroporation to take place 

and the ability to pump fluid through microchannels at desired volumetric flow rates. At 

single-cell and small population levels, microfluidics-based electroporation can be used to 

study the fundamental mechanisms underlying various cellular processes (e.g., by 

monitoring electroporation dynamics and intracellular transport).75–80 Single cells are 

typically trapped during analysis, whereas small-volume samples can be manipulated (e.g., 

to induce cell lysis) under flow conditions so that intracellular contents are released for 

further analysis downstream.76,77,81 For example, Henslee et al.77 determined the minimum 

applied electric field required for permeabilization of cells (K562, NIH3T3, and mouse 

embryonic stem cells) in suspension by first trapping single cells using optical tweezers. 

Interestingly, the minimum field required to permeabilize cells of the same cell line was 

found not to depend on cell size, but instead, the permeabilization threshold was cell-line 

specific. These results suggest that further investigations of accepted mechanisms 
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underlying cell electropermeabilization in the context of microfluidic single-cell analysis are 

warranted and may provide a path to higher efficiency and broader applicability of 

electroporation.

High-throughput microfluidic electrotransfer technologies take one of two forms: (1) 

parallel arrays of individual treatment elements or (2) continuous flow-through systems. 

Many single-cell trapping and analysis solutions have been expanded to include multiple 

trapping sites (see, for example, Ionescu-Zanetti et al.82). Arrays of electroporation elements 

have also been designed to interface with the 96-well plate format. Guignet and Meyer83 

demonstrated parallel delivery of siRNA and cDNA into various difficult-to-transfect cells 

(e.g., primary neurons and differentiated neutrophils) using a device consisting of 96 

suspended electrode pairs. In this approach, (1) electrode pairs were top loaded with small 

volumes of sample containing cells and macromolecules, (2) surface tension held the 

samples in place during electroporation, and (3) samples were displaced into a 96-well plate 

by addition of cell culture medium. Reported results (e.g., up to 45% eGFP cDNA 

transfection efficiency in differentiated HL-60 cells) are impressive considering the 

difficulty associated with transfecting these cells by nonviral conventional methods.

Microfluidic continuous flow electroporation systems have also been developed for high-

throughput delivery and transfection. Wang and Lu28,84 exposed Chinese hamster ovary 

(CHO) cells to a high local field (~400 V/cm) by applying a constant direct current (DC) 

electric bias to a microfluidic channel with geometric variation. Electropermeabilization 

parameters were dictated by the sample flow rate and the length of a constriction in the 

channel, which defined the field exposure time as well as the constriction width and voltage 

amplitude, which defined the local field strength.84 The same concept was used to simulate 

application of single or multiple pulses by flowing cells through channels with several 

constrictions in series (see Fig. 4a). Devices with multiple constrictions (pulses) achieved 

better efficiency than those with a single narrow section after optimization of treatment 

parameters (residence time and field intensity in the constrictions).28 Zhan et al.85 extended 

this concept further by applying a low-frequency (10 Hz–10 kHz) alternating current (AC) 

signal to CHO cells in a flow-through device with four 35 μm wide, 150 μm long 

constrictions. The observed transfection efficiency (up to ~71%) was comparable to that of 

DC electroporation in similar devices. Adamo et al.86 used a comb-type electrode pattern 

and AC signal to achieve a similar effect (i.e., as a cell traveled along a microchannel, it 

experienced both a field variation because of the externally imposed AC voltage and due to 

the electrode spacing along the channel). Wang et al.87,88 incorporated a spiral 

electroporation section into a microfluidic device to establish a transverse vortex flow 

superimposed over the axially directed pressure-driven flow. Cells were subjected to the 

combined flow field during transit along the spiral section, experiencing changes in 

orientation with respect to the electric field, which caused a much larger fraction of the total 

cell surface to become permeabilized. Electroporation of CHO cells in a curved spiral-

shaped geometry yielded a twofold increase in transfection efficiency compared with 

electroporation in a straight microchannel of identical length.

Other approaches to microfluidic flow-through electroporation incorporate hydrodynamic 

focusing to isolate the electrodes from the cell solution (see Fig. 4b), avoiding many 
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unfavorable effects associated with electrode reactions (e.g., water electrolysis leading to 

bubble formation, electric field distortion, and Joule heating).89,90 Wei et al.89 reported 

significantly improved transfection efficacy (both efficiency and viability) for laminar flow 

electroporation (with hydrodynamic focusing) versus conventional flow electroporation 

(sample directly exposed to electrodes) under similar flow electroporation conditions. 

Selmeczi et al.27 presented a high-throughput system for continuous electroporation of 

human dendritic cells in suspension. Figure 4c illustrates the device, which comprises two 

electrode meshes with microscopic holes (~70 μm hydraulic diameter) arranged 

perpendicular to the flow at a mesh-to-mesh distance of 400 μm. The mesh arrangement 

generates a homogeneous flow field for uniform and effective (comparable to cuvette-based 

systems) treatment of cells at a rate of 4 million cells/min. Further, treatment of hundreds 

(and potentially thousands) of millions of cells—a level of throughput that is extremely 

difficult to meet by other methods—is achievable.

Sono-/Mechanoporation

Ultrasound-mediated membrane poration (or sonoporation) has proven to be an effective 

method for molecular delivery and transfection. Whether due to the perception that 

sonoporation is less violent than electroporation or due to the level of comfort and 

familiarity with ultrasound use in clinical settings, sonoporation is the preferred physical 

delivery method for in vivo applications. A relatively young technology, in vitro gene 

transfer into mammalian cells by sonoporation was first reported in the mid-1990s.91 The 

addition of echocontrast microbubbles (e.g., Albumex) was found to greatly enhance 

transfection efficiency, suggesting that acoustic cavitation was the most likely mechanism 

underlying the sonoporation process.92,93 The relationships between various ultrasound 

signal parameters and treatment outcomes were also investigated at an early stage. Using ~1 

MHz ultrasound without contrast agents, Tata et al.94 found that transfection efficiency was 

strongly dependent on ultrasound tone-burst repetition frequency between 10 Hz and 10 

kHz. Regardless of the specific ultrasound conditions used, almost all early researchers 

observed a correlation between cell viability and expression levels after treatment (i.e., 

higher transfection efficiency was associated with increased levels of cell death).

Similar to electroporation, the exact mechanisms by which ultrasound mediates delivery and 

transfection are not fully understood. Experimental and theoretical analyses have implicated 

cavitation as the primary driver of membrane destabilization and permeabilization during 

sonoporation.95–97 Stable (periodic oscillation of gas bubbles) and transient (violent growth 

and collapse of gas bubbles) cavitation may induce reversible poration, but the rapid bubble 

expansion, collapse, and subsequent shock wave formation characteristic of transient 

cavitation are found to be more effective for delivery of exogenous molecules.97 A 

theoretical treatment of the role of transient cavitation in membrane permeabilization at low 

frequencies (20–100 kHz) was performed by Sundaram et al.97 Membrane disruption was 

attributed to both shock wave formation and shear stresses induced by oscillating bubble-

induced fluid motion during transient cavitation. Schlicher et al.25 suggested that unlike 

electroporation, which generates a large number of subnanometer pores, sonoporation more 

closely resembles a wounding process. Evaluation of cavitation-induced morphologic 

changes using electron and confocal microscopy indicated outcomes ranging from formation 
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of blebs to nonlytic necrotic death to nuclear ejection and instant cell lysis.25 A strong 

correlation between bubble destruction and transfection efficiency also exists for 

sonoporation at higher frequencies (~1–2.5 MHz) in the presence of echocontrast agents, 

although microscopic imaging suggests that damage regimes are different.23,98 Inclusion of 

contrast agents results in a significant increase in pitting of the cell membrane just after 

treatment, possibly explaining observed improvements in treatment efficacy (1.5 to 3-fold 

increase in expression).23 Investigation of ultrasound-mediated permeabilization in the 

presence of small fluorescent molecules has indicated that delivery is heterogeneous, 

inducing minimal, low, or high levels of uptake among cells in a treated population.99 The 

observed lack of uniformity, which is not seen following electroporation, is likely due to the 

temporal and spatial heterogeneity of the cavitation process itself, especially when 

performed in a bulk environment.

The kinetics of pore formation and resealing have also been studied extensively. Although 

estimates of membrane recovery time generally range from a few seconds to minutes, 

Duvshani-Eshet et al.23 found that plasmid added to cells up to 5 h after ultrasound 

treatment was able to enter a small percentage of the cell population. Even so, plasmid 

uptake dropped significantly (from 63% to 13%) when added immediately after versus just 

prior to ultrasound application.23 Sonoporation tends to produce larger pores than 

electroporation, with size estimates of 20 to 500 nm based on the physical diameter of 

successfully delivered markers, as well as electron microscopy images of cells exposed to 

ultrasound.100 The degree of membrane permeabilization is most sensitive to pulse 

repetition frequency and ultrasound intensity.95 Whether ultrasound can play a role in 

delivery of DNA to and across the nuclear membrane is the subject of some debate. 

Zarnitsyn and Prausnitz101 observed DNA expression in less than one-fourth of cells with 

DNA plasmid uptake, attributing this outcome to poor intracellular trafficking; however, the 

kinetics of protein expression is significantly faster for ultrasound-mediated DNA delivery 

(~3–5 h) than for Lipofectamine-mediated delivery (~20 h), suggesting that sonoporation 

can bypass certain barriers associated with chemical methods (e.g., the endo-/lysosomal 

pathway).23

Most in vitro studies involving ultrasound-mediated membrane poration have been 

performed using custom experimental setups comprising commercial electronics, 

commercial or custom ultrasound transducers, custom sample chambers, and 

micropositioning systems.24,25,98–100,102 Other implementations have used commercial 

therapeutic ultrasound probes immersed directly into cells cultured in multiwell plates.23,97 

Although treatment outcomes are dependent on a large number of parameters, optimization 

strategies have been developed. Zarnitsyn and Prausnitz101 performed optimization of DNA 

uptake and transfection in human prostate cancer cell line DU145 while varying the acoustic 

energy density (10–30 J/cm2), cell concentration (106–108 cells/mL), and temperature (21 to 

37 °C), as well as with (at 500 kHz) and without (at 24 kHz) the contrast agent Optison. 

Maximum efficiency was found at a cell concentration of 107 cells/mL, a temperature of 37 

°C, and an ultrasound frequency of 500 kHz. In addition, both uptake and mortality were 

correlated with increasing energy exposure. Karshafian et al.24 were able to achieve up to 

32% uptake of fluorescent FITC-dextran with 96% viability in murine fibrosarcoma cell line 

KHT-C at 500 kHz in the presence of Definity microbubbles. Again, efficacy and mortality 
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were found to increase with acoustic energy exposure (as calculated from peak negative 

pressure, pulse repetition frequency, pulse duration, and total treatment time). Newman and 

Bettinger95 provided a detailed summary of in vivo ultrasound-enhanced gene transfer in 

various tissues (skeletal muscle, cardiac muscle, and kidney) including ultrasound 

conditions and optimal treatment outcomes.

The wavelengths (~1–100 mm) associated with low-frequency (tens of kHz to 1 MHz) 

conventional ultrasound are incompatible with most microfluidic devices, which have 

characteristic length scales on the order of tens of micrometers. For this reason, microfluidic 

sonoporation devices typically exploit standing wave characteristics of acoustic fields with 

at least one physical dimension in the 0.3 to 1 mm range, which corresponds to resonances 

at high kilohertz to low megahertz frequencies. Under these conditions, biological cells 

focus at the nodal plane(s) of the acoustic pressure field due to acoustic radiation 

forces.103,104 Lee and Peng105 report improved transfection of K562 by cationic 

polyethyleneimine (PEI)/DNA complexes during exposure to a 1 MHz ultrasound standing 

wave field at conventional scales. Multiple focal planes separated by 750 μm were observed 

in the 13 mm diameter, 38 mm tall sample chamber. Because cells were focused at pressure 

nodes where the radiation force was a minimum, ultrasound-mediated membrane poration 

was dismissed (a transfection efficiency of only 5% was observed with naked DNA); 

instead, the increased probability of collision (due to higher local concentrations) between 

cells and nonviral vectors at the nodal planes was thought to enhance association of the cells 

and PEI/DNA complexes. This result is in conflict with observations of cell sonoporation by 

standing wave fields in two different microfluidic geometries.106,107 Rodamporn et al.107 

used a fixed sonoporation chamber (980 kHz resonance) to treat 20 μL suspensions of HeLa 

cells and DNA plasmid. Performance was assessed at various pressure amplitudes and total 

treatment times achieving GFP expression in up to 69% of cells with 80% viability. Carugo 

et al.106 performed continuous-flow sonoporation of H9c2 cardiomyoblast cells using a 

standing pressure wave (2.27 MHz resonance) to focus cells along the centerline of a 

microfluidic channel (see Fig. 5a). The exact mechanism of membrane permeabilization was 

not identified; however, based on uptake studies with molecules of varying molecular 

weight, there appeared to be a complex relationship between efficiency, pore size, and 

applied field strength (amplitude of voltage driving a piezoelectric transducer). Regardless 

of the delivery mechanism, high-efficiency (up to 100%) ultrasound-mediated delivery of 

large macromolecules without the use of contrast agents was achieved.106

In the absence of ultrasound, microfluidic devices can induce membrane permeabilization 

through exposure to mechanical stress fields (mechanoporation) under confined-flow 

conditions. Hallow et al.111 subjected DU145 cells to variable fluid shear stress by flowing 

cell suspensions under pressure through cylindrical (50–800 μm diameter) and conical (300 

μm inlet diameter and 50 μm outlet diameter) microchannels, which were laser cut through 

Mylar plastic sheets of varying thickness. Short-duration, high-shear-stress exposure at the 

tapered outlet of conical microchannels produced the best results (36% uptake and 80% 

viability). Zarnitsyn et al.108 used a micromachined ultrasonic atomizer (see Fig. 5b) to eject 

a suspension of human malignant glioma cells (LN443) and uptake molecules from an array 

of 400 cell-sized (36–50 μm hydraulic diameter) square orifices. Operating at a device 

resonance of ~1 MHz, a maximum uptake efficiency of 85% with 80% viability was 
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observed for ejection from 45 μm orifices. Ejection from smaller orifices resulted in 

significant (95%) cell mortality. Using a similar device, we have achieved transfection 

efficiency of ~45% in human embryonic kidney (HEK293) cells with similar viability 

(unpublished results). Lee et al.109 and Sharei et al.110 mechanically deformed cells in 

suspension by forcing them through a parallel array of microchannels with constrictions 

30% to 80% smaller than the cell diameter (see Fig. 5c). Mechanoporation and delivery of 

proteins, siRNA, and quantum dots into cells were enabled by controlled application of 

compression and shear forces as the cells passed through the constrictions. High levels of 

uptake (up to 60% depending on the cell type and macromolecule delivered) were observed 

in several difficult-to-transfect cells (primary fibroblasts and dendritic cells, as well as 

murine embryonic stem cells) without a significant loss of cell viability.110

Optoporation

Although laser-mediated membrane permeabilization (optoporation, optoinjection, optical 

transfection, or laserfection) can target specific cells (in a similar manner to micro-injection) 

to achieve high efficiency, delivery of cargo molecules is enabled through localized or 

systematic disruption of the cell membrane (for example, by a thermal or mechanical field) 

as with electroporation and sonoporation. Various laser-based membrane permeabilization 

mechanisms have been exploited.112,113 The earliest demonstrations of laser-mediated 

transfection used a focused nanosecond pulsed laser (neodymium-doped yttrium-aluminum 

garnet (Nd:YAG), third harmonic 355 nm wavelength) to puncture cells (via a heating 

effect) at a particular location.114–116 Kurata et al.114 found that transfection efficiency was 

significantly improved by focusing the laser slightly within the cell near the nucleus (as 

opposed to into the cytoplasm). These early experiments used single and multiple pulses 

with spot sizes ranging from 0.3 to 2 μm.114–116 Near-infrared (titanium:sapphire, 800 nm 

wavelength) femtosecond lasers have been used for in vivo117 and in vitro118 gene transfer 

with great success. Tirlapur and Konig118 reported 100% efficiency with zero mortality in 

transfection of CHO and rat-kangaroo kidney (PtK2) epithelial cells. A multiphoton reaction 

that generates a low-density free electron plasma cloud has been implicated in membrane 

permeabilization using femtosecond lasers.113

Concerns over adverse effects and the destructive power of ultraviolet laser radiation with 

respect to damaging untargeted cellular and subcellular components have led to use of 

absorbing dyes and particles, as well as indirect membrane disruption by laser-induced stress 

waves (LISW). Palumbo et al.119 used light-absorbing phenol-red dye to achieve laser-

mediated (argon-ion, 488 nm wavelength) membrane poration and transfection of NIH3T3 

cells by localized heating of the cells. Use of membrane stains that absorb in the infrared 

spectrum (e.g., 1064 nm wavelength) potentially eliminates the possibility of damaging 

other cellular components. A major challenge with methods that rely on direct laser 

manipulation of the cell membrane is the precise alignment and positioning of the beam. In 

addition to the relatively sophisticated and expensive equipment required to generate and 

align the laser, low throughput is a significant disadvantage of these methods.

As an alternative to direct irradiation of a single-cell membrane, a laser can be directed at a 

larger target that is in communication with the cells or tissue (e.g., the black rubber disk 

Meacham et al. Page 14

J Lab Autom. Author manuscript; available in PMC 2015 May 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



attached to the bottom of a cell culture dish used by Terakawa et al.120) to generate so-called 

laser-induced stress waves (LISWs). Although the specific membrane permeabilization 

mechanism is unknown, acceleration of exogenous molecules or photomechanical stress 

waves (possibly due to cavitation) may lead to poration of the cell membrane. LISW-based 

gene transfer enables simultaneous treatment of a population of cells; however, transfection 

efficiency is not comparable (<10% efficiency) to direct laser injection.

Enhanced membrane permeability has been achieved by using light-absorbing particles to 

locally damage (by heat, laser-induced cavitation, or particle bombardment) the cell 

membrane. Pitsillides et al.121 labeled cells with micro- and nanoparticle absorbers prior to 

exposure to a pulsed (20 ns) laser and found that particle size played an important role in 

observed bioeffects, with larger particles having a greater damage range (i.e., unbound 

nanoparticles could cause no damage, whereas microparticles caused significant nonspecific 

damage). Lapotko et al.122 found that nanoparticle cluster size (prescribed by the number of 

particles in a cluster) must exceed a threshold for generation of cavitation bubbles nucleated 

on particle clusters. Further, the required laser energy threshold for cell membrane poration 

decreased with increasing cluster size, suggesting that effective particle-mediated 

optoporation is achievable through flood exposure to a nonfocused laser field. With 

sufficient energy, a laser beam could be expanded to cover an entire cell population (over 

millimeter- to centimeter-length scales) enabling higher throughput delivery. Chakravarty et 

al.123 demonstrated delivery of small molecules, proteins, and DNA into two cell lines 

(DU145 and GS-9L gliosarcoma) by activating carbon black nanoparticles with 

femtosecond laser pulses. Calcein uptake was observed in up to 90% of cells with >90% 

viability.

Combined Methods

Methods that synergistically combine mechanical (both direct insertion and field-based 

sonoporation) and electro/magnetic techniques show great promise for improved delivery 

performance (from an efficiency/viability standpoint and with regard to practical treatment 

aspects such as dynamic range of operation and cost). Intracellular delivery methods that 

exploit activated particles in suspension (e.g., microbubbles for use in sonoporation and 

magnetic micro-/nanoparticles for magnetofection) are well suited to integration in 

combined-mode systems. In fact, magnetofection as described above represents a combined 

method in which magnetic particles are associated with viral or nonviral chemical vectors 

for delivery and transduction/transfection. Creation of MAALs has been proposed to achieve 

targeted ultrasound (e.g., to guide contrast agent–like particles under the action of a 

magnetic field to a target tissue in vivo or to magnetically-labeled target cells in 

vitro).55,56,124 Interestingly, ultrasound has also been used in vitro to enhance retrovirus-

mediated gene transfer without the use of contrast agents, although the mechanism of action 

was not identified.125

Electroporation has exhibited versatility as a complementary gene transfer method and as a 

primary method of membrane permeabilization and molecular insertion after targeting/

localization is achieved by other techniques. Electrically active polymethylmethacrylate 

microneedles were proposed by Choi et al.126 as a method of intradermal delivery and 
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electroporation-mediated transfection. The ability to penetrate human skin in vivo and 

electroporation of cells (red blood cells and DU145) in vitro demonstrated the potential for 

synergistic administration and transfer of DNA locally to the skin.126 Combinations of 

electroporation and sonoporation have also been found to significantly enhance transfection 

performance (over individual treatment modalities). Different physical mechanisms 

underlying each of these methods (e.g., DNA migration to and into cells under the action of 

an electric field and the possibility for cell wounding by sonoporation leading to larger and 

more long-lived pores) imply that there may be potential benefits to either treatment order 

(i.e., electrosonoporation or sonoelectroporation). Escoffre et al.127 demonstrated a sixfold 

increase in transfection efficiency for in vitro combined electrosonoporation of CHO cells 

versus exposure to an electric field alone. Exposure to the electric field was found to disrupt 

the plasma membrane and to induce electrophoretic migration of plasmid DNA toward the 

permeabilized membrane. Sonoporation in the presence of gas microbubbles then enabled 

the DNA associated with the membrane to enter the cytoplasm rapidly. Escoffre et al.127 

suggested that increased performance was motivated by greater accessibility of DNA to the 

cytoplasm. Electrosonoporation has also been used to improve gene transfer outcomes in 

vivo by applying ultrasound and an electric field concurrently in murine muscle tissue.128

Because of the inherent difficulty associated with transfection, much of this review focuses 

on the applicability of various intracellular delivery methods to gene transfer. Unfortunately, 

superior transfection performance does not necessarily translate to efficient delivery of all 

cargo types whether due to the size of the cargo molecule or its sensitivity to treatment 

parameters. The largest pores generated by electropermeabilization limit the diameter of 

delivered cargo molecules to tens of nanometers. Further, electric fields can cause 

degradation and aggregation of proteins and quantum dots. Mechano- and optoporation are 

able to generate larger pores (hundreds of nanometers to more than 1 μm); however, 

insertion of large cargo molecules is ineffective because of the slow speed of cargo diffusion 

and decreased viability associated with increased cell wounding. Wu et al.129 introduced a 

combined optoporation/microinjection (via fluid carrier) method to overcome these issues. A 

titanium-coated microcapillary pipette (termed photothermal nanoblade) was heated rapidly 

with a short laser pulse to generate a cavitation bubble, which locally punctured the cell 

membrane without disturbing the rest of the structure. High-efficiency delivery of various 

cargos (from DNA and RNA to 200 nm polystyrene beads to 2 μm bacteria) under pressure 

was demonstrated without advancing the micropipette into the cell.129 Thus, large pores (for 

delivery of large cargo) were created using only gentle contact with the cell. Similarly, we 

have substantially enhanced the performance of the mechano-/sonoporation system 

illustrated in Figure 5b by including subsequent exposure of a sample that underwent 

mechanoporation to an electric field. When a low-strength electric field (~50 V/cm) was 

applied to mechanically treated cells within tens of seconds, significant improvement to 

transfection efficiency (e.g., up to 90% transfection in HEK293 cells) was observed with no 

corresponding change in viability (unpublished results). Enhancement was also obtained for 

other cell types through this staged combination of tuned (with respect to time and 

amplitude) acoustic/mechanical and electric fields. We believe that this combined method is 

no more violent than sonoporation or electroporation alone because DNA migration did not 

require exposure to an electric field of sufficient strength to permeabilize the cell membrane.
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Discussion

Scalability and control of treatment on a single-cell basis (resulting in improved efficacy) 

are competing requirements, which are difficult to reconcile. As illustrated by various 

mechano-/sono- and electroporation systems described in this review, micro-/

nanotechnologies allow for confinement of biophysical action and therefore improved 

control of treatment down to the scale of an individual cell. Unfortunately, this exquisite 

control of treatment parameters (in time and space) places a burden on scalability (defined 

as the number of cells processed per unit time), as it can be achieved only through 

parallelization (arraying of treatment elements) or increased throughput (i.e., the speed of 

treatment) of a given treatment channel. In these aspects, there is a substantial difference 

between methods that are continuous flow based and those that use a sequence of discrete 

steps. For example, electro- and sonoporation in microchannels belong to the first group and 

potentially could achieve much greater processing speed through design innovations in 

process organization, whereas direct insertion using microneedle or jet injection and 

particle-mediated delivery are executed through a sequence of steps with significant time 

overhead associated with sample handling and preparation between steps. These arguments 

notwithstanding, there are substantial balance-of-plant limitations to parallelization for 

continuous flow–based systems. Practical implementation requires that one develop and 

support a cumbersome infrastructure for controlled sample delivery at identical flow rate 

and composition (both in terms of cell density and drug/gene concentration) to each 

treatment channel of the array. Further, the system must handle a large overhead associated 

with management of pressure drop that scales proportional to the treated sample volumetric 

flow rate. The latter fundamental limitation is a key concern for all nonbatch (flow-based) 

physical methods of delivery within micro-/nano-geometries, thus limiting their applications 

to the laboratory scale (~10–100 millions of cells per minute) applications. In some regards, 

automation and robotic handling have the greatest potential to affect throughput of the 

discrete-step (batch) techniques, but this will necessarily come with increased complexity 

and therefore greater cost. Even with automation, the applicability of batch physical delivery 

techniques will likely be limited to smaller-scale applications, with delivery rates 

approaching ~1 to 10 thousands of cells per minute.

With respect to suitability of integration with existing workflows, flow-based methods are 

likely to require additional sample preparation steps before treatment, including cell 

separation based on size (if a treatment method efficacy depends on the cell size), 

suspension and buffer change (perhaps multiple times), dilution or preconcentration, and 

mixing with reagents/delivery molecules, among others. Performing these functions in a 

microfluidic format will help achieve greater flexibility and speed, as many of these steps 

are diffusion controlled and therefore enhanced dramatically with a scale down of the device 

characteristic feature size. Yet the need for these additional sample preparation steps in a 

typical workflow will bring about an increase in cost, which could be positively affected by 

taking advantage of laboratory automation techniques. The discrete-step (batch) methods 

typically have greater flexibility in handling heterogeneous cell populations and are less 

demanding of the specific environment. These characteristics afford them an advantage over 

flow-based methods with regard to simple and therefore less expensive sample preparation 
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steps. On the other hand, if sample preparation and posttreatment monitoring (providing the 

potential for feedback) and analysis steps are required for assessment of treatment efficacy, 

a continuous flow–based method may be more suitable for incorporation with existing 

workflows. Process sequences that consist of both continuous-flow and discrete-step (batch) 

techniques are fundamentally more difficult to streamline and parallelize, suggesting that 

each step and transition be analyzed carefully in design of an optimal workflow concerning 

scalability and cost.

Flexibility/adaptability to rapid changeover between different cell types and suitability for 

multiplexing are complementary requirements, which are most relevant (and desirable) to 

the analytical workflows found in research and development (i.e., those that deal with small-

size samples and heterogeneous cell populations) as opposed to the routine industrial/

biomanufacturing environment. In this case, procedure complexity and cost per treatment 

are less of an issue, as significant value can be derived in being able to use the same method 

with uniformly high efficacy to treat a multitude of samples and perform “library-scale” 

analyses, which are critical to high value-added applications such as drug discovery. 

Techniques using an electrical or magnetic field to facilitate cell treatment are most readily 

amenable to individual control of each treatment channel and thus can be massively 

multiplexed when used in combination with microarray devices, whether continuous flow or 

batch based. On the other hand, techniques that use mechanical fields (e.g., sonoporation) 

are more difficult to multiplex on a large scale in a microarray format, owing to 

technological difficulties in controlled actuation and unfavorable scale down of mechanical 

transducers (especially those with moving parts) regarding the forces/displacements that 

they can generate. These methods (as well as needle insertion and jet/particle injection) are, 

however, more flexible and forgiving with respect to the environment in which the cells 

must reside during the treatment (e.g., without the need for a custom buffer). This is in 

contrast to electric and magnetic field–based methods, the efficacy of which is much more 

sensitive to the buffer physical properties. Therefore, techniques relying on mechanical 

action are better suited for rapid changeover between different cell types/media 

environments.

Interestingly, the above discussion of various competing requirements (e.g., scalability vs. 

efficacy/control or flexibility vs. multiplexing) and tradeoffs in the advantages and 

deficiencies of different treatment methods suggests that hybrid approaches, which 

synergistically combine advantages of the mechanical (both indirect field based and direct 

penetration) and electro/magnetic techniques, hold the greatest promise for high-efficacy 

treatment and practical implementation. Combined mode treatment offers the opportunity 

for effective multiplexing for treating multiple samples and suitability for treatment of a 

wide range of cell types/sizes with few modifications. With respect to a dynamic range of 

operation (scale up and down), flow-based micro-/nanofluidic methods may have an 

advantage over standard batch-based techniques, as with suitable automation they could be 

run with a variable duty cycle to effectively cover the full spectrum of operating modalities 

from near batch (at a vanishingly small duty cycle) to highest throughput (at 100% duty 

cycle). Lastly, the minimum sample size that can be processed by any flow-based treatment 

method is defined by the dead volume existing in the system/device components, which 
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provides an additional motivation to pursue miniaturization and integration strategies 

enabled by use of emerging micro-/nano-manufacturing techniques.
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Figure 1. 
Barriers to intracellular delivery. (a) Various viral proteins enable viral vectors to exploit 

endocytic and other natural transport processes within the host cell to gain access to the 

interior of the nucleus. (b) Chemical-mediated delivery uses transport processes that are 

similar to viral gene delivery without inherent evolutionary advantages. Efficient delivery is 

impeded by endocytic recycling or maturation into lysosomes, degradation after DNA 

release, or nuclear exclusion. (c, d) Physical methods bypass multiple barriers to delivery 

(the focus of this review).
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Figure 2. 
(a) Microfluidics-based single-cell microinjection system. 1: Cell is moved toward fixed 

microneedle. 2: Cell impinges on the needle. 3: Cell is lifted off of the needle and carried 

away.37 (b) Ultra-high-throughput (UHT) mechanoporation concept. 1: Cells are captured 

on a microneedle array. 2: Cargo is inserted into cells. 3: Cells are released. (c) SEM of 100 

× 100 UHT capture site array with ~200 nm tip diameter solid penetrators.26 (d) 

Miniaturized jet injector concept.38
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Figure 3. 
(a) Schematic overview of the magnetofection process. (b) Magselectofection. 1: A 

magnetic-activated cell sorting column is loaded with magnetic vectors. 2: Magnetically-

labeled cells are associated with magnetic vectors using a high-gradient magnetic field.55
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Figure 4. 
(a) Continuous flow electroporation via geometric field amplification. 1: Single constriction. 

2: Multiple “pulses” achieved by additional constrictions.28 (b) Electroporation using 

hydrodynamic focusing.89 (c) High-throughput continuous flow electroporation concept.27
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Figure 5. 
(a) Acoustic focusing sonoporation concept.106 (b) Micromachined ultrasonic ejector array 

for mechanoporation of cells via ejection from cell-sized orifices.108 (c) Microfluidic device 

concept for shear-induced membrane permeabilization in a constriction.109,110
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