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Preface

Innovation in the biomedical field is often seen as a critical driver of scientific  
progress, and a cornerstone of developing modern technology. This has been 
reflected in the early twenty-first century, as technological developments in bio-
medicine and biomedical devices have become increasingly prevalent in our 
hospitals and medical treatments. With the advent of personalized biologics and 
biomedicine, these advancements are presumed to change our healthcare system 
entirely. An important aspect of many of these innovations is microfluidic tech-
nology, where such devices possess the same size as structures being assayed. 
Critically, engineers can now create microfluidic devices that possess the precision 
control required to handle, manipulate, and sort complex biological fluids.

This book contains a collection of chapters intended to highlight, explain, and 
review the dominant mechanisms that have emerged to manipulate and sort biologi-
cal structures. Chapter “Microfluidic cell sorting and separation technology” will 
provide an overview of the state of the microfluidics field in medicine by highlight-
ing conventional cell sorting techniques, the principles of microfluidics (and establish 
terminologies and metrics that will be used in the book to assay the performance of 
devices), and give perspective on future directions for microfluidic devices. The fol-
lowing chapters will cover the dominant mechanisms utilized by microfluidic devices 
to handle biological samples, including Chapter “Magnetic Cell Manipulation and 
Sorting“: magnetism, Chapter “Electrical Manipulation and Sorting”: electrical, 
Chapter “Optical Manipulation of Cells”: optical, Chapter “Acoustic cell manipula-
tion”: acoustic, Chapter “Gravity-Driven Fluid Pumping and Cell Manipulation”: 
gravity/sedimentation, Chapter “Inertial Microfluidic Cell Separation”: inertial, 
Chapter “Microfluidic technologies for deformability based cell sorting”: deforma-
bility, and Chapter “Microfluidic Aqueous Two-Phase Systems”: aqueous two-phase 
systems. All chapters thoroughly explain the physics of the mechanism at work, 
review common geometries and devices utilized by engineers/scientists and their 
accompanying devices, and highlight the benefits and drawbacks of each technique.

This book is intended for use by both graduate-level biomedical engineering 
and analytical chemistry students as well as engineers/scientists in the biotech-
nology industry. By organizing the book around dominant physical mechanisms, 
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explaining these in detail, and covering the state of the art in each respective field, 
we hope that this book can be a resource for engineers and scientists of all levels. 
An important theme will be the metrics and capabilities accompanying each tech-
nique. For example, one approach may be passive and possess no external driving 
power, but possess low-throughput and sorting capability. Only by understanding 
these benefits and drawbacks can engineers decide the type and style of device 
required for a respective application. The authors believe microfluidics and micro-
technologies will continue to play a critical role in biomedicine, and we hope that 
this book will continue to serve as a resource for this developing field.

We finally thank all the authors for their time and effort in writing their respective 
chapters.

Daejeon, South Korea 
Medford, MA, USA 
Los Angeles, CA, USA 
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Abstract Cell sorting and separation is widely used as a critical first step for 
research and clinical applications where it is needed to isolate individual cell types 
from a heterogeneous biological sample. In this introductory chapter, we review 
conventional cell sorting and separation techniques and their applications. To meet 
the complex and diversifying needs for cell sorting, many microfluidic techniques 
based on diverse sorting criteria have been developed recently. Microfluidics has 
many advantages including variety of sorting principles, precise cell manipulation 
capability, and combination with downstream analysis. We highlight microfluidic 
cell sorting and separation techniques and their principles, and establish terminol-
ogies and metrics used in their analysis. Lastly, we provide perspective of potential 
future applications or directions for microtechnologies.

Keywords Cell sorting · Cell separation · Microfluidics · Magnetophoresis ·  
Dielectrophoresis · Optical sorting · Acoustic sorting · Gravity-driven cell  
manipulation · Inertial microfluidics · Aqueous two-phase system · FACS ·  
MACS · Centrifugation · Filtration · Terminology

W. Lee (*) 
Graduate School of Nanoscience and Technology, Korea Advanced Institute  
of Science and Technology, 291 Daehak-ro, Yuseong-Gu, Daejeon 34141, Korea
e-mail: whlee153@kaist.ac.kr

P. Tseng (*) 
Tufts University, 200 Boston Ave, Medford, MA 02155, USA
e-mail: pctseng@gmail.com

D. Di Carlo (*) 
Department of Bioengineering, California NanoSystems Institute,  
Jonsson Comprehensive Cancer Center, University of California, Los Angeles,  
420 Westwood Plaza, Los Angeles, CA 90095, USA
e-mail: dicarlo@ucla.edu



2 W. Lee et al.

1  Introduction

Manipulation and sorting of biological cells has seen ever increasing widespread 
use in medicine, biotechnology, and cellular biology. Extracted biofluids are often 
heterogenous in composition, and depending on their source of origin can possess a 
mixture of cell types (white blood cells, red blood cells, circulating progenitor cells, 
malignant cells), and biomolecules (plasma, proteins, antibodies). Cell manipulation 
and sorting are often a critical first step to either separate samples into constituent 
cell populations/components, or to isolate a desired cell type from a complex bio-
fluid. Traditionally, this task is accomplished with fluorescent-activated cell sort-
ing (FACS), or magnetic-activated cell sorting (MACS). However, these traditional 
methods are hampered by several limitations including large, unwieldy instrumenta-
tion, low sample throughput, cell death, limited quantitation capability, or high costs.

Limitations of existing traditional techniques, alongside the advent of personal-
ized medicine (either for personalized diagnostics or developing patient-specific 
cell therapies/treatments) has generated tremendous need for modernized devices 
and systems that either possess reduced costs, higher throughput, improved speci-
ficity, or portability.

Microtechnologies/microdevices are looked toward as the solution to these 
issues. Operating at scales similar to biological structures, these devices possess 
inherent scalability and low cost due to microfabrication techniques, inherent port-
ability due to operating at the size limit of biology, while potentially possessing 
higher throughputs due to parallelized designs or unique parallel physical manipu-
lation methodologies.

In this introductory chapter, we will highlight conventional cell sorting and 
separation techniques (including label-free and antibody-based approaches) and 
their applications, microfluidic techniques and principles (and establish terminolo-
gies and metrics used in their analysis), and provide perspective of potential future 
applications or directions for microtechnologies in biological sample handling.

2  Conventional Cell Sorting and Separation Techniques

Biological samples, such as blood, bone marrow, and tissues consist of different 
types and lineages of cells. As a result, studies with such heterogeneous samples 
require a sample preparation step that can yield a purified cell population to avoid 
biased or erroneous results. Conventional cell separation and sorting techniques 
allow classification and separation of cells based on characteristics of cells includ-
ing size, density, and cell contents, such as proteins and DNA (Orfao and Ruiz-
Argüelles 1996; Almeida et al. 2014). Advances in monoclonal antibodies led to a 
dramatic increase in the use of immunologic methods to identify cell contents, while 
label-free methods such as centrifugation and filtration are also widely used as a pre-
paratory step for analysis or further sorting and separation. Here summarized are fre-
quently used conventional cell separation and sorting techniques (Table 1). 
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2.1  Label-Free Techniques

Label-free cell separation techniques separate cells based on physical properties 
of cells, such as size, deformability, electrical polarizability, adhesion, and density. 
Widely used label-free techniques include filtration, centrifugation (and sedimen-
tation), cell adherence-based separation, and cell culture. These techniques allow 
the separation of large numbers of desired cells in relatively simple ways. More 
importantly, cells separated using label-free techniques are readily available for 
subsequent analysis and even for therapeutic purposes. However, the separation 
is achieved in a qualitative way rather than a quantitative way and the separation 
purity is generally low.

Cell separation by filtration is a simple and inexpensive method to separate 
cells by size and/or deformability using filters with uniform microscale meshes or 
pores. Filtration is typically used as a pre-enrichment step for further cell purifica-
tion, and it is especially useful in preparing single cell suspensions by removal of 
cell aggregates and large particles. The cell separation filters traditionally are made 
of cotton wool columns or copper filters, and recently polymer meshes, for exam-
ple, made with nylon and polyethylene terephthalate (PET) are replacing them. 
A notable disadvantage of filtration is the significant amount of cell loss during 
the process. Filtration is also used to concentrate and retain larger cells for sample 
preparation prior to cytological analysis (e.g., ThinPrep®).

Centrifugation (or sedimentation) separates cells by their differences in den-
sity. Centrifugation is an extensively used cell separation technique because it is 
suitable for separation of large numbers of cells in a relatively simple and inex-
pensive way. Although it is not as significant as in filtration, centrifugation also 
has problems associated with low purity and loss of target cells. The low purity 
can be overcome by repeated centrifugations using different conditions (density 
of medium, and angular velocity). Alternatively, density gradient centrifugation 
can provide more efficient and practical cell separation results (Carmignac 2002). 
For this purpose, Percoll or other gradient media (e.g., polysaccharides, iodinated 
gradient media) are prepared to create isopycnic density gradients. Cells with dif-
ferent densities settle to their isopycnic points via centrifugation. Rosetting is also 

Table 1  Comparison of conventional cell sorting techniques

Technique Principle Pros Cons

Label-free Filter Size Simple process
Low cost
High-throughput

Low purity
Low yieldCentrifugation Density

Adherence Adherence

Culture Growth

Antibody-based Panning Antibody High purity
High yield

Complexity of labeling
High cost
Labeling may change 
cell function

FACS Antibody

MACS Antibody
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a widely used separation technique based on density to deplete a cell population, 
which is a combination of antibody binding and centrifugation (Strelkauskas et al. 
1975; Slaper-Cortenbach et al. 1999). Antibody-enabled binding with a linker 
between nontarget cells and erythrocytes leads to formation of aggregates or 
immuno-rosettes, which are denser than the other cell types of interest cells and 
can be removed by centrifugation.

Cell adherence to a substrate and cell culture can also be used as separation 
techniques. Cell adherence-based separation enriches desired cells by removing 
cells that do not attach onto a cell substrate. The method relies on a cell’s adhe-
sion capacity (without specific target binding), which is often shared by many dif-
ferent cell types. Therefore, adherence-based separation is used only when high 
purity is not required or depletion of a specific cell type is needed. The separation 
is performed typically on a tissue culture plastic dish but more refined methods 
use glass beads grafted with polymer brushes (Nagase et al. 2012) or micro/nano-
structured surfaces (Didar and Tabrizian 2010). An important cell type that was 
first isolated using such an approach from bone marrow aspirates are mesenchy-
mal stem cells, also called marrow stromal cells (MSCs). These cells spread and 
adhere strongly to these rigid plastic surfaces.

Cell culture using media that stimulates or inhibits the growth of certain cell 
types can be used as a cell separation technique. For example in the process of 
bone marrow transplants, long-term bone marrow culture in controlled media can 
be used to selectively expand hematopoietic stem cells (Devine et al. 2003). These 
methods can provide a relatively homogeneous cell population; however, the 
resulting sample is not the original cells but expanded cells.

2.2  Techniques Based on Antibody Binding

High purity cell separation and sorting can be achieved by the use of a monoclonal 
antibody that binds to a cellular component. Typically, an antibody is selected to 
identify a single (or a few) cell surface markers and the antibody is conjugated 
with fluorescent molecules or attached to microparticles to separate target cells. 
Owing to high specificity of antibody—antigen binding, antibody-based separa-
tion and sorting techniques can provide much higher purity compared to label-free 
techniques. However, antibody-based techniques have some disadvantages related 
with labeling. First, labeling with fluorescent molecules and antibodies may affect 
cell fate and functions, which affects downstream analysis and efficacy of thera-
peutics. Second, a labeling process is often time-consuming and labor-intensive, 
which adds difficulty and cost. Lastly, for a practical separation and sorting appli-
cation the choice of antibodies is limited within a pool of commercially available 
antibodies, which in turn limits the separation targets to those cells with specific 
markers. Widely used antibody-based cell separation techniques include cell pan-
ning, MACS, and FACS.
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With the cell panning technique, cells having specific antigens can be selec-
tively attached on an antibody-coated surface. Typically, antibodies are adsorbed 
to a plastic surface, such as petri dishes or polymer microparticles. Cell panning 
can provide high purity but high cell loss is unavoidable, and quantitative separa-
tion based on surface expression is not achievable, yielding only a binary separa-
tion. Compared to other antibody-based techniques, it is easier to release cells and 
the separated cells can be used for further analysis or therapeutics.

MACS employs antibody-conjugated magnetic beads to target the specific 
marker on the cell surface. Cells labeled with magnetic beads can be selec-
tively collected under a magnetic field produced by a permanent magnet. MACS 
is hugely benefited by the well-established technology for magnetic particles. 
Magnetic particles are commercially available with diversity not only in size and 
material but also with surface modification or antibody conjugation. MACS allows 
significantly higher throughput but lower purity then FACS, because cells with a 
few bound magnetic particles compared to many particles are both concentrated in 
the magnetic field. That is, like panning, the separation cannot quantify the amount 
of surface antigen on a cell. Another notable limitation is the difficulty of detach-
ment and removal of the beads after separation.

FACS is one of the most powerful cell sorting techniques that is based on flow 
cytometry. A flow cytometer allows the analysis and classification of individ-
ual cells by multiparameter optical measurements. Cells are hydrodynamically 
focused to a narrow stream and pass optical interrogation points one by one where 
laser beams illuminate individual cells. At this point scattered light and fluores-
cent signals are generated and detected by multiple detectors. Sorting decisions 
are made based on these signals, which provide quantitative information on the 
size of the cells and the amount of the fluorescent-labeled antibodies bound to 
cell membrane and/or internal structures of the cells. Modern flow cytometers 
can offer throughput in the range of 10,000 cells/s, which is fairly high but lower 
than bulk sorting techniques like MACS or centrifugation. To sort the individual 
cells, the cell stream is ejected into air and broken up into droplets containing no 
more than one cell per droplet. The droplet formation can be influenced by many 
parameters including orifice size and temperature. The droplets are electrically 
charged depending on the sort decision and then the droplets are diverted into sep-
arate containers based on their charge by using an electrostatic deflection system. 
While FACS provides high purity quantitative sorting decisions throughput is not 
sufficient for sorting of therapeutic cells, and cells are often damaged during the 
sorting process. Limited throughput also prevents FACS from use in certain appli-
cations such as rare cell sorting. High equipment cost (typically >$100,000), in 
addition to high operation and material costs, is one other notable limitation. The 
process of droplet formation also produces aerosols, which is a potential biohazard 
to a user and appropriate safety measures should be taken.
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2.3  Applications

By enabling the study of individual cell types isolated from a heterogeneous 
population, cell separation, and sorting is widely used for research in cell biol-
ogy and many other fields including molecular genetics and proteomics (Orfao and 
RuizArguelles 1996; Mattanovich and Borth 2006; Gossett et al. 2010; Autebert 
et al. 2012; Almeida et al. 2014; Shields et al. 2015). Especially, in the field 
of cancer, stem cells and immunology rare cell separation and sorting receives 
increasing attention. In clinical fields, preparation of homogeneous, purified cell 
populations is essential for immunology, oncology, hematology, tissue engineer-
ing, and regenerative medicine.

Cell sorting and separation has been extensively used for blood because it is 
a necessary step not only to collect cell-free plasma, but also to sort the differ-
ent types of RBCs and WBCs. Blood is extremely rich in information about the 
physiological state of the body, which can be extracted from the genetic material, 
protein disease markers, and cellular components within blood. Especially, blood 
cells, which represent ~45 % of blood volume (~109 RBCs and ~106 WBCs in 
1 mL blood), are often used for hematological tests, diagnosis of disease, gene 
expression profiling, and therapeutics. Despite the importance, the separation of 
pure cell populations from blood is still a challenging task due to blood cell diver-
sity and susceptibility to alteration during the handling procedures. Centrifugation 
and FACS or MACS have been generally used for blood separation but recent 
studies suggest lab-on-a-chip microscale or microfluidic approaches can address 
many challenges (Toner and Irimia 2005).

Cell-based therapy is one of the fields that can be most benefited from 
advanced cell sorting techniques because infusion of high purity cells can increase 
therapeutic efficacy. In case of bone marrow transplants, patients have received 
transplants of whole human leukocyte antigen (HLA)-identical bone marrow 
to avoid the risk of graft versus host disease with the finding of hematopoietic 
stem cells, transplantation of purified CD34+ cells from bone marrow has been 
performed (Beaujean 1997). Recently, peripheral stem cell transplantation of 
MSCs has also became a more common procedure due to its less invasive nature 
(Handgretinger et al. 1998; Despres et al. 2000), and regulatory approval for use 
in treatment of a variety of diseases. More recently, cell immunotherapies, includ-
ing engineered T-cell receptor and chimeric antigen receptor T-cells have shown 
significant promise in programming one’s own immune system to attack cancer. In 
the normal process of cell isolation and further upon transduction with engineered 
receptors and expanding cell clones, separation approaches are used.

As can be seen from an example of bone marrow transplantation, while tradi-
tional applications of cell sorting focused on the enrichment of larger populations 
of desired cells, recent focus has expanded to sorting of rare cells, which include 
circulating tumor cells (CTCs), circulating endothelial cells (CECs), and endothe-
lial progenitor cells (EPCs), stem cells, fetal cells, infected cells, and bacteria. 
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CTCs, for example, are related to cancer metastasis and can be found in blood 
at very low abundance (1–100 cells/mL). Not only are CTCs extremely rare com-
pared to a large population of RBCs and WBCs, their heterogeneity complicates 
the sorting; antibody-based sorting has relied on binding to epithelial markers 
(EpCAM), however, tumor cells can undergo epithelial–mesenchymal transition 
and may not express EpCAM (Thiery 2002; Kalluri and Weinberg 2009). Instead 
of antibodies, physical properties such as size and deformability could be used for 
CTC enrichment (Cima et al. 2013; Jin et al. 2014; Low and Abas 2015). Rare cell 
separation requires high-throughput while maintaining high purity and yield (low 
loss). MACS provides very high-throughput but it does not allow labeling based 
on multiple markers and detachment of collected cells is difficult. FACS can ana-
lyze multiple signals yet its throughput is still a limiting factor for rare cells.

3  Microfluidic Cell Sorting Technology

Advances in genomics and cell biology have significantly increased the complex-
ity of sorting criteria and previously known-to-be homogeneous cell populations 
may be further classified into different subgroups using new sorting criteria. As a 
result, conventional techniques based on a few sorting principles would be insuf-
ficient to deliver proper sorting strategies. On the other hand, microfluidic tech-
nology is expected to provide better solutions with its unique advantages (Pamme 
2007; Chen et al. 2008; Didar and Tabrizian 2010; Gossett et al. 2010; Lenshof 
and Laurell 2010; Autebert et al. 2012; Gao et al. 2013; Sajeesh and Sen 2014; 
Shields et al. 2015). Several noteworthy advantages of microfluidics for cell sort-
ing and separation applications are: (1) The laminar nature of fluid flow at these 
scales allows confinement of cells within a narrow controlled stream line. (2) The 
flow field can have velocity gradients over the scale of cells which allows sep-
aration mechanisms that are not possible in the macroscale (e.g., hydrodynamic 
separations). (3) Small device dimensions allows the generation of strong electric 
or magnetic fields and their gradient. (4) High surface to volume ratio increase 
the chance of surface binding of cells. (5) Multiple microfluidic devices can be 
integrated to perform separation and downstream analysis of cells seamlessly. In 
addition, general advantages of microfluidic techniques apply, such as easy multi-
plexing for higher throughput, rapid, and low cost operation, and reduced require-
ments for a skilled user with automation.

3.1  Terminology for Cell Manipulation

Microfluidic technology enables diverse cell handling techniques, which include 
physical and biochemical analysis, cell patterning, cell culture, and cell manipu-
lation. Among these, the focus of this book is on cell manipulation techniques, 
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especially on cell sorting and separation. Cell manipulation refers to general oper-
ations that involve physical methods to control a cell’s position, orientation, or 
shape. Cell sorting conventionally refers to a procedure that can separate, isolate, 
or enrich a specific cell type. The usage of the term cell separation has increased 
with development of diverse microfluidic-based cell sorting techniques. Although 
sorting and separation have been often used with the same meaning, it is more 
common to use them in different situations within the microfluidics community. 
Cell sorting can be defined as a process to separate cells based on their proper-
ties. In the sorting process, for each of the cells, an identification is made and a 
decision is followed whether to sort or not. For example, FACS can identify cells 
by optical properties and following this a sorting action is performed according to 
the predetermined sorting gates. In contrast to cell sorting, cell separation usually 
refers to a process that does not involve a sort decision, that is, a passive process. 
In a separation process, a physical property of the cell itself serves as the basis for 
a cell being accumulated or not. For example, filtration of cells involve the process 
that cells larger than a pore size get trapped, where identification of cell size that 
is trapping take places at the same time at the filter. Since there is no individual 
active decision-making process, one cannot choose cells to sort.

3.2  Performance Metrics

Different sorting and separation techniques have different capabilities, which may 
lead to trade-offs in performance for varying applications. Here, we summarize 
definitions of these performance metrics to help in comparing different techniques 
and the trade-offs between performance throughout the many techniques described 
in the following chapters.

Purity is the ratio between the number of target cells and the number of 
total sorted cells. In case the sorted cell population contains unwanted cells, 
purity will have a low value. When a sorting technique reports high purity near 
100 %, collected cells may be still mixed with unwanted cell populations if the 
characteristic that is used as the basis of the sorting decision or separation is 
shared by multiple types of cells. Therefore, a value of purity may vary signif-
icantly depending on how one defines “target cells.” Without knowing the exact 
definition of target cells and samples used, it would be difficult to make a fair 
comparison between different techniques.

Yield or recovery is the ratio between the number of target cells collected 
and the number of target cells in the original sample. Yield usually is less than 
unity not only because sorting capabilities are not perfect but also target cells in 
the original sample may be lost by lysis, adhesion to device surfaces, and retention 
within the device or tubing. Yield can be an especially important parameter in case 
of rare cell sorting.

Enrichment or enrichment ratio can be defined as the ratio between the num-
ber of target cells at the inlet divided by total cells and the number of target 
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cells at the outlet divided by total cells. Enrichment can be larger than 1 for 
enrichment and smaller than 1 for depletion. While ‘yield’ focuses on the descrip-
tion of loss of target cells, ‘enrichment’ focuses on concentration of the specific 
cells compared to the other cells. Therefore, enrichment ratio is often used to 
emphasize the separation capability.

Efficiency can be defined as the ratio between the number of sorted target 
cells and the number of target cells identified to sort. Efficiency can be defined 
for cell sorting where sorting and identification are separate processes. In case of 
cell separation, efficiency is often used to indicate the same meaning as yield.

Throughput of cell separation is typically expressed as the number of pro-
cessed cells per second. The unit of throughput can vary depending on the appli-
cation. For a continuous separation technique, a volumetric flow rate and a cell 
concentration can be given. There is typically trade-offs between throughput and 
other performance. For example, high cell concentration can cause errors in sort-
ing decisions, which leads to lower purity and yield. For microfluidic devices, 
throughput per foot print (device area) may provide basis for fair comparisons, 
because throughput of many microfluidic devices can be easily multiplied by use 
of parallel channels.

3.3  Principles of Microfluidic Cell Manipulation

When a cell suspension is first introduced into a microfluidic channel, the position 
of the cells in the cross-section are intrinsically random. The goal of cell manipu-
lation using microfluidics is mainly to control the cell positions relative to the fluid 
or other cells through a variety of means: Cells can be trapped, focused, moved 
into different solutions (washing and solution exchange), separated, and sorted 
(enrichment). Other manipulation operations can include deformation (shape 
change such as stretching), mechanical lysis, and rotation. To achieve cell manipu-
lation, one needs to apply a force on cells against the drag force from the sur-
rounding fluid that is either stagnant or flowing. The methods that generate forces 
on cells can be categorized into three groups: (1) use of direct contact with device 
structures, (2) use of force fields such as gravity, electric fields, or magnetic fields, 
and (3) use of hydrodynamic drag and lift forces. Microstructures such as filters, 
or pillars can exert direct mechanical force onto cells by contact, which allows 
trapping of cells or shifting cells to different streamlines. The use of external force 
fields such as electromagnetic fields can also provide efficient methods to manipu-
late cells. For example, an optical tweezer has long been used to trap and move 
suspended cells and gravitational force acting on cells results in sedimentation of 
cells. Another important method to manipulate cells in microfluidic systems is to 
use the secondary flows that are flowing orthogonal to the main fluid flow along 
the channel. Combined with the laminar nature of microfluidic flows, hydrody-
namic methods are very efficient cell manipulation methods in microfluidic sys-
tems because the viscous drag becomes significantly larger than other forces at 
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small scales. Fluid flows can exert a drag force along the flow direction and a lift 
force orthogonal to the flow direction. Inertial lift forces can be used to manipulate 
cells at finite Reynolds number flow conditions (Re > 1), where Reynolds number 
(Re) describes the ratio of inertial to viscous forces in the flow.

Similar to conventional sorting techniques, microfluidic sorting techniques 
also can be categorized into label-free techniques and antibody-binding-based 
techniques. Because the use of antibodies provides high purity separation and 
important sorting criteria, there have been many studies of microfluidic-based cell 
sorting and separation involving antibodies (Du et al. 2007; Nagrath et al. 2007; 
Didar and Tabrizian 2010). Microfluidic systems combined with optical sensing or 
imaging capabilities can sort fluorescent-labeled cells by switching flow paths to 
multiple outlets (Kruger et al. 2002; Johansson et al. 2009). Unlike FACS, micro-
fluidic cell sorting devices are closed systems and contamination and safety issues 
are less of a concern. Antibody-coated micro or nano particles are also widely 
used (Inglis et al. 2004; Xia et al. 2006; Adams et al. 2008). Diverse microfluidic 
techniques are utilized to guide cells bound with the particles. Alternatively cells 
can be collected in microchannels with immobilized antibodies (Nagrath et al. 
2007). In this case the large surface-area-to-volume ratio of microfluidic structures 
can significantly enhance the capture efficiency.

Microfluidic separation techniques are mostly focused on label-free techniques, 
by which one can utilize a variety of physical principles to manipulate cells. 
Label-free techniques can be grouped into (1) passive manipulation and (2) active 
manipulation depending on their physical principles (Table 2). Passive manipula-
tion techniques uses microfluidic devices predesigned to perform a specific manip-
ulation operation. For example, a deterministic lateral displacement (DLD) device 
separates cells based on their size; with cell-to-wall interactions and the laminar 
nature of flow, cells larger, and smaller than a critical diameter follow a different 

Table 2  Comparison of microfluidic cell separation and sorting techniques

Separation 
technique

Mode of separation Separation criteria

Passive Mechanical Filter Size exclusion Size, deformability

Hydrodynamic Streamline manipulation Size, shape

DLD Migration in micropost array Size, shape

Microstructure Microstructure perturbation  
of cell flow

Size, density, deformability

ATPS Differential affinity Surface property and net charge

Inertial Lift force and secondary flow Size, shape, deformability

Active Electric Dielectrophoresis Polarizability, size

Magnetic Differential magnetic  
mobility

Intrinsic magnetic susceptibility

Acoustic Acoustic radiation force Size, density, compressibility

Optical Optical lattice Refractive index, size

Gravity Sedimentation difference Size, density
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flow stream line. As the name suggests the particle motion is deterministic, and the 
operation is passive. On the other hand, active manipulation involves a force field 
that can be actively controlled by the operator. For example, cells with different 
polarizability experience different forces within a nonuniform AC electric field. 
Using this property cells can be separated by dielectrophoresis (DEP).

4  Future Directions and Outlook

As you will see throughout the following chapters, microfluidic systems and 
microscale devices using a variety of active and passive approaches have been 
shown to have unique advantages for cell manipulation, sorting, and separation. 
Future work must now apply these techniques to applications with significant 
unmet needs, integrate with analysis approaches to achieve clinically actionable 
information, and scale through parallelization to throughputs of importance in 
developing cell therapies. Some of these activities are now well-suited for indus-
try to tackle, and along these lines, we see increasing investment into companies 
focused on cell sorting and manipulation, which will in the end lead to the transla-
tion and use of these technologies.

One future direction is in connecting advantages of microscale manipulation 
to suitable research or clinical needs. In the research setting, it is becoming clear 
that populations of cells once thought to be homogenous have significant hetero-
geneity. Using techniques such as single cell RNA-sequencing of individual cells, 
or mass flow cytometry (CyTOF) in the last few years has led to uncovering of a 
range of subpopulations of cells, however, these processes are destructive to cells. 
One goal would be to develop microscale tools to probe a variety of molecular 
or phenotypic markers in parallel to better classify cells in a method compatible 
with downstream separation. One could imagine multiparameter panning or sam-
pling and analysis of small amounts of intracellular components in a nondestruc-
tive manner. Drop-based compartmentalization may also allow sampling after 
disruption of cell membranes for significant periods of time without cell death, 
because cellular components remain at relatively high concentration in the droplet 
until the membrane seals. Sorting and separation of nonmammalian cells is also 
becoming an important area, whether for studying algae that produce biofuels or 
concentrating bacteria to identify blood stream infections. Sorting is in essence a 
process of selection, and we anticipate continuous sorting or separation systems 
combined with culture and mutagenesis can be developed in the future to select 
and evolve cellular traits of interest for scientific research and clinical production 
of cell therapies.

Integration of separation with downstream analyses is also an important direc-
tion to yield complete clinical solutions. For example, for CTCs, which can pro-
vide information about a patient’s tumors to direct therapy, separation alone 
does not provide information, but requires downstream analysis, e.g., enumera-
tion, or measurement of mutations in the genome to provide clinically actionable 
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information. Techniques that can combine separation seamlessly with downstream 
workflows should be enabled by microfluidic systems and will be extremely valu-
able in the future.

Throughput for most single-device microfluidic systems is relatively low, which 
is not compatible with separations that are needed for emerging cell therapy tech-
nologies where tens of millions to billions of cells should be purified. This is par-
ticularly difficult for technologies that rely on cell surface antigens, which are 
most likely to be relevant for cell therapy-based purification. New ways of par-
allelizing active sorting decisions or developing more quantitative MACS-type 
approaches which already possess high-throughput should be investigated.

Because of the many exciting developments, microscale cell manipulation tech-
nologies have garnered significant commercial investment. This is helping bring 
research-grade proof-of-concepts to real products that are being used and devel-
oped for a range of assays. A range of new companies are being well funded in 
this space, such as Berkeley Lights, which is commercializing optoelectronic 
tweezer technology, as well as a number of companies focused on the problem of 
isolating CTCs, including Vortex Biosciences, which is developing vortex trapping 
microfluidic cartridges for CTC isolation, Clearbridge Biomedics, commercial-
izing inertial microfluidic-based CTC separation chips, and ApoCell, developing 
a DEP-based enrichment technique. Commercial successes may then drive future 
investment into this field, especially targeting the important problem of reducing 
the cost of cell therapies—from stem cell to immunotherapies. Indeed, the future 
in cell separation is looking small!
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Abstract Cell manipulation is one of the fastest growing segments of biotech-
nology engineering, and magnetic cell separation plays a large part in its devel-
opment. Because of low magnetic permeability of biological materials, the 
magnetostatic forces can be made to operate highly selectively on cells tagged 
with magnetic nanoparticles, with no interference from the physiological electro-
lyte solutions used for cell suspension and from other cells. The increasing avail-
ability of inexpensive permanent magnet blocks capable of generating fields in 
excess of 1 tesla (T) and gradients up to 1000 T/m combined with a large selection 
of targeting antibodies against nearly all cell surface markers of interest in clini-
cal and laboratory applications, together with high-quality superparamagnetic iron 
oxide nanoparticles, makes magnetic separation an appealing alternative to other 
cell separation methods, including centrifugation and fluorescence-activated cell 
sorting. This chapter provides a brief overview of the underlying physical princi-
ples and a number of examples selected from a large body of scientific literature 
published on the subject.
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1  Introduction

Rapidly growing demands for better cell separation methods in cell biology 
and clinical laboratories propelled magnetic cell separation to the forefront of 
laboratory preparative separation techniques (Yavuz et al. 2009; Zborowski 
and Chalmers 2008; Pamme and Manz 2004). Its advantages include relative 
simplicity of operation, low capital investment, and rapidly expanding selec-
tion of targeting antibodies and magnetic tagging nanoparticles (Grützkau and 
Radbruch 2010). It has become one of the principal cell separation methods, 
alongside with centrifugation and fluorescence-activated cell sorting (FACS) 
(Gijs et al. 2010). Notable examples include its application to detection of rare, 
circulating tumor cells (CTCs) as a prognostic biomarker of cancer treatment 
approved by the U.S. Food and Drug Administration (FDA) for detection of 
metastatic breast, prostate, and colorectal CTCs (de Wit et al. 2015). Progress 
in the chemistry of superparamagnetic iron oxide nanoparticles (SPIONs) and 
their conjugation with monoclonal antibodies made it possible to sort cells in 
high throughput bioassays (Vyas et al. 2012). Notable recent examples include 
ligand-independent magnetic cell sorting by field-induced cell motion (magne-
tophoresis) instead of capture on a solid substrate (Karabacak et al. 2014). This, 
plus a rapid progress in microelectromechanical systems (MEMS), optical detec-
tion and separation technologies brought about much improved understanding 
of CTC biology. The remarkable increase in the strength of permanent magnets 
over the past two decades makes it possible to consider building a practical sys-
tem strong enough to sort cells based on their weakly paramagnetic moment, 
without labeling by SPIONs (Knowlton et al. 2015; Sumari et al. 2016; Melnik 
et al. 2007). This chapter provides a brief review of underlying physical princi-
ples of magnetic cell separation and selected examples that only partially cover 
the rapidly expanding field.
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2  Elements of Magnetostatics in Application  
to Cell Separation

The unique feature of magnetic cell separation is that it is performed in a continu-
ous phase (aqueous electrolyte solutions) that is similar in its characteristic physical 
properties to those of the dispersed phase (cells) because of the cells’ high water 
content (approximately 70 % volume by volume, v/v). This is unlike magnetic sep-
aration in typical industrial applications, such as separation of iron contaminants 
from dry mass or iron particles from environmental water, or use of magnetic forces 
in particle physics requiring high vacuum (Ramsey 1990; Sun 1980). The similar-
ity between the continuous and dispersed phases poses challenges in magnetic cell 
separation but is also a source of opportunities that continue to be explored in many 
laboratories. Therefore, a brief overview of the magnetic forces and their effect on 
cell motion in the viscous media is provided here.

2.1  Magnetic Ponderomotive Force in Two-Phase Media

The application of the magnetic field to an aqueous cell suspension leads to the 
magnetic polarization (magnetization) of both the dispersed phase (cells) and the 
continuous phase (aqueous electrolyte solution). The resulting local field causing 
the cell magnetization is modified by the magnetization of the continuous phase, 
resulting in the expression for the force similar to that describing the effect of 
the dielectric polarization on the local electric field, known as Clausius–Mossotti 
relation (Schwinger et al. 1998). Thus assuming a small, spherical, magnetically 
polarizable particle of radius R and magnetic permeability µp free to translate and 
rotate in magnetically polarizable solution of magnetic permeability µs, the mag-
netic force acting on the particle is

where H is the local magnetic field strength (in ampere/m, A/m) and ∇B is the 
gradient of the magnetic field induction B (in tesla, T) measured in the absence of 
the magnetically polarizable media. Here the dimensionless, relative magnetic per-
meabilities are used, expressed with respect to the magnetic permeability of free 
space, µo = 4π × 10−7 T m/A. For a freely suspended particle, the magnetic force 
vector is thus aligned with the vector of the local field gradient. It vanishes in the 
absence of the local field gradient. For separation of small, weakly magnetizable 
particles, high magnetic field gradients are necessary.

Related to the molecular properties of the magnetically polarizable materials, 
their relative magnetic permeability differs from slightly less than unity (diamag-
netic matter, such as water) to more than unity (paramagnetic matter) to sev-
eral orders of magnitude higher than unity (ferromagnetic materials). This has 

(1)Fm = 4πR3 µp − µs

µp + 2µs
µsH∇B,
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interesting implications for the direction of the magnetic force vector relative to 
that of the local field gradient as that direction depends on the sign of magnetic 
permeability difference, µp − µs. Thus, six combinations are possible:

1. Paramagnetic particle in weakly paramagnetic solution, 1 < µs < µp →

µp − µs > 0 resulting in the magnetic force being parallel to the local field 
gradient (attractive force).

2. Weakly paramagnetic particle in a (relatively) strongly paramagnetic solution, 
1 < µp < µs → µp − µs < 0 resulting in the magnetic force being antiparallel 
to the local field gradient (repulsive force).

3. Paramagnetic particle in diamagnetic solution, 0 < µs < 1 < µp →

µp − µs > 0 (attractive force).
4. Diamagnetic particle in paramagnetic solution, 0 < µp < 1 < µs →

µp − µs < 0 (repulsive force).
5. Diamagnetic particle in a relatively weaker diamagnetic solution, 

0 < µp < µs < 1 → µp − µs < 0 (repulsive force).
6. Diamagnetic particle in a relatively stronger diamagnetic solution, 

0 < µs < µp < 1 → µp − µs > 0 (attractive force).

All six instances of the attractive and repulsive magnetic forces have been 
described in the literature on magnetic cell separation, leading to interesting obser-
vations of the fundamental and practical nature. One of them was an apparent 
contradiction with the fundamental tenet of magnetostatics that the magnetostatic 
forces alone (or in combination with conservative forces, such as gravity) could 
not lead to a stable equilibrium (the Earnshaw theorem applied to magnetostatics). 
A vivid illustration is an everyday life experience of impossibility of suspending a 
steel ball in the air using permanent magnets only. Yet such a stable configuration 
has been realized by replacing air with a ferrofluid of a higher magnetic permea-
bility than that of the steel ball (which would make it an example of the type no. 2 
in the above list, with the paramagnetic matter replaced by the ferromagnetic one) 
(Rosensweig 1997). Practical examples of type 4 in the list include addition of sol-
uble paramagnetic ions (rare earth) to separate dispersed phase (such as cells) by 
magnetic repulsion (Zimmels and Yaniv 1976; Watarai and Namba 2001; Moore 
et al. 2004; Peyman et al. 2009; Hwang et al. 1984). Other examples include mag-
netic attraction of deoxygenated erythrocytes as a type 6 mechanism, and mag-
netic repulsion of oxygenated erythrocytes as type 5 mechanism (albeit very weak 
in typical laboratory applications) (Zborowski et al. 2003).

Most magnetic permeabilities encountered in the biological magnetic separa-
tions are small, with their relative permeabilities very nearly equal to unity, and 
therefore their magnetic properties are more conveniently described by the volume 
magnetic susceptibility, χ = µ− 1. From the foregoing, χ > 0 for paramagnetic 
and ferromagnetic materials, and χ < 0 for diamagnetic materials. With the substi-
tution of µ = χ + 1 in Eq. (1), one obtains:

(2)Fm = 4πR3 χp − χs

χp + 2χs + 3
(χs + 1)H∇B

χp≪1,χs≪1
−→

4

3
πR3

(

χp − χs
)

H∇B.
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The limiting case for χp ≪ 1, χs ≪ 1 shown on the right approximates well most 
if not all the magnetic cell separation situations, where the volume magnetic  
susceptibility of the particle (cell) and the aqueous electrolyte solution is orders 
of magnitude smaller than unity (the volume magnetic susceptibility of water is 
χH2O

= −9.05× 10−6). Further simplification is obtained if one assumes that the 
direction of the magnetic field gradient, ∇B changes little along the particle (cell) 
trajectory, in which case only the force in the direction of the dominant component 
of the field gradient is considered, here along the 0x axis:

The above formula is the one most frequently encountered in the literature on 
magnetic cell separation for the good reason of providing a satisfactory, quantita-
tive measure of the magnetic force on the cell based on the material properties of 
the cell and the continuous phase, and the imposed, local magnetic field and gradi-
ent (unperturbed by the media). There are other forms of the same equation of the 
magnetic force on a cell whose usefulness depends on the context. One particular 
variant often encountered in the literature makes an explicit use of the cell volume, 
V = 4

3
πR3 and the fact that the magnetic permeability of the media is practically 

equal to that of the free space, so that H = B
µ0

 and therefore H dB
dx

= d
dx

(

B2

2µ0

)

 lead-
ing to the expression:

which emphasizes the fact that the magnetic force is proportional to the gradient 
of square of the local field magnitude, for materials whose magnetization is a lin-
ear function of the applied field (diamagnetic and paramagnetic). The importance 
of the field variable B2

2µ0
 (where µ0 is a constant) is that it has a dimension of the 

magnetostatic energy density (in J/m3) which allows a direct comparison of mag-
netic force generation by permanent magnets, such as used for magnetic separa-
tion, typically characterized by the (external) field energy product given in units 
of megagauss × oersted, MGOe, equivalent to 7957.75 J/m3 in the SI system. 
Thus the neodymium–iron–boron (NdFeB) magnet rated at the energy product 
of 50 MGOe (3.98 × 105 J/m5) has a capability of exerting a force on paramag-
netic or superparamagnetic substance that is up to 100 times higher than that of an 
Alnico magnet rated at five MGOe (assuming the same geometrical magnet con-
figuration and no demagnetization effects). Another important property of the field 
variable B2

2µ0
 is that it has a dimension of pressure (in pascals) and as such plays 

an important role in magnetohydrodynamics and ferrohydrodynamics, where it is 
referred to as the magnetic field pressure (Rosensweig 1997). Thus Eq. (4) pro-
vides a link between the magnetohydrodynamics and a special case of the mag-
netic force on discrete particles (cells) in continuous media.

(3)Fm =
4

3
πR3

(

χp − χs
)

H
dB

dx
.

(4)Fm = V
(

χp − χs
) d

dx

(

B2

2µ0

)
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2.2  Note on the Magnetic Susceptibility

There are a bewildering number of definitions of the magnetic susceptibility 
encountered in the scientific literature, reflecting the depth and width of research 
and applications of the electromagnetic phenomena, and a nearly 200 year his-
tory of rigorous, quantitative materials’ property determinations. The task of recal-
culating one type of magnetic susceptibility to another could be quite daunting, 
especially to a novice to the magnetic cell separation literature, yet necessary for 
any meaningful comparison between various magnetic separation systems. A brief 
summary of the most frequently used formulas is provided below. The problem 
is compounded by different systems of units used in the literature, which further 
complicates an effective communication in such an interdisciplinary field that is 
magnetic cell separation. The comparison between the two most relevant systems 
of unit important for the magnetic separation topic, electromagnetic Gauss sys-
tem of units (centimeter–gram–second–coulomb, EM CGS), and the International 
System of units (meter–kg–second–ampere, MKSA, or SI) is illustrated in Table 1. 
The SI system of units is used in this chapter.

2.2.1  Volume Magnetic Susceptibility

The susceptibility χ used in Eq. (3) is the volume magnetic susceptibility. It has 
the desirable feature of being a dimensionless quantity and a simple physical inter-
pretation as a ratio of the magnetization of matter (more on magnetization below), 
M, to the imposed magnetic field in the absence of matter, H:

Both M and H are in the units of Å/m. The volume magnetic susceptibility is 
the standard magnetic susceptibility in the physics literature and is occasionally 
referred to simply as the magnetic susceptibility.

(5)χ =
M

H
.

Table 1  Magnetic susceptibility conversion factors

Susceptibility 
designation

Symbol χ (EMU CGS units) χ (SI units) To obtain value in SI units, 
multiply value in EMU 
CGS units by

Volume χ 1 1 4π

Mass χg cm3

g
m3

kg

4π
1000

Specific χg cm3

g
m3

kg

4π
1000

Molar χN cm3

mol
m3

mol
or m3

kmol

4π
106

or 4π
1000

,

respectively

One-gram-
formula-weight

χ′N cm3

mol
m3

mol
or m3

kmol

4π
106

or 4π
1000

,

respectively
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2.2.2  Mass (or Specific) Magnetic Susceptibility

The mass magnetic susceptibility, χg, arises when the volume of substance is 
replaced by its mass in Eq. (1), as is the case in many practical applications for 
which it is easier to determine the mass (by way of the weight) than the volume 
of substance, such as for dry matter. The conversion of the mass magnetic sus-
ceptibility to volume magnetic susceptibility requires determination of the mass 
density, ρ of the substance:

The unit of the mass (or specific) magnetic susceptibility is the inverse of the mass 
density, 

[

χg
]

= m3/kg.

2.2.3  Molar Magnetic Susceptibility

The molar magnetic susceptibility, χN arises from measurements of known molar 
amounts of the substance, and in order to recalculate it to the standard volume 
magnetic susceptibility, a known molar concentration, cN (molarity, in units of 
mol/L) is required:

where the factor 1000 accounts for the conversion of the molarity, cN, to mol/m3. 
The unit of the molar magnetic susceptibility typically encountered in the litera-
ture is L/mol, and in the proper SI units it is [χN] = m3/mol.

2.2.4  One-Gram-Formula-Weight Magnetic Susceptibility

The one-gram-formula-weight susceptibility, χ ′
N also arises from measurements of 

known molar amounts, but unlike the molar magnetic susceptibility, the mass and 
the volume of the substance are required to recalculate it to the standard volume 
magnetic susceptibility. For known mass density, ρ and the molecular weight, Mw 
of the substance, one obtains:

Again, care is required to express ρ and Mw in the SI units (kg/m3 and kg/mol) 
rather than the customary CGS units (g/cm3 and g/mol). The units of the one-
gram-formula-weight magnetic susceptibility are the same as the molar suscep-
tibility, 

[

χ ′
N

]

= m3/mol. The significance of this type of magnetic susceptibility 
is that it is occasionally used in the reference books in physics and chemistry, a  
carryover from older literature.

(6)χ = χgρ

(7)χ = χNcN × 1000,

(8)χ = χ ′
N

ρ

Mw
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2.2.5  Magnetic Susceptibility of a Mixture (or Bulk Magnetic 
Susceptibility)

For a compound substance, the volume magnetic susceptibility is the weighted 
sum of the component susceptibilities, with the volume fraction as the weighting 
factor:

where χi is the volume magnetic susceptibility of the ith component with the frac-
tional volume of φi = Vi/V , i = 1 . . . ,N and V is the total volume of the sample.

2.2.6  Magnetic Susceptibility Conversion Factor Between the CGS 
and SI System of Units

For the properly defined volume magnetic susceptibilities in the two units systems, 
the conversion factor is 4π, so that the susceptibility in the SI units is 4π-times 
larger than that in the CGS units. For instance, water volume susceptibility (CGS) 
is −0.72 × 10−6, that in the SI system of units (SI) is −9.04 × 10−6.

3  Basic Magnetic Properties of Matter

The introduction of matter in the magnetic field modifies the field and the differ-
ence between the field measured in the matter, B and the field in free space, H is 
the matter magnetization:

Here again the constant µ0 is the unit conversion factor. In the absence of matter 
(in free space) or for very weakly magnetized substances (|M| ≈ 1 A/m) typical of 
air, water and applications in biology, magnetization vanishes or is assumed negli-
gible and the B field equals the H field, B = µ0H. For strongly magnetic materials, 
the magnetization may far exceed the applied field H, often by several orders of 
magnitude (iron). Because of the difference in the response to the applied mag-
netic field, the materials are classified as (1) diamagnetic, weakly magnetized in 
the opposite direction to the applied field, (2) paramagnetic, moderately magnet-
ized in the direction of the applied field, and (3) ferromagnetic, strongly magnet-
ized in the direction of the applied field. The magnetic properties of matter are 
directly related to its molecular composition and the topic far exceeds the scope 
of this chapter. There are many excellent introductory tests and advanced text-
books covering various aspects of the magnetic properties of matter (Jiles 2016). 

(9)χ =

N
∑

i=1

φiχi,

(10)M =
B

µ0
−H
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Suffices to say that magnetic materials are at the heart of the key technologies of  
modern life, including information technology (hard disk drives and mass infor-
mation storage), microwave ovens (based on magnetron), reusable energy technol-
ogy (wind turbines), electric cars, and small electric helicopters (drones) just to 
name the few. Closer to the topic of this chapter, the rapid progress in the synthe-
sis and characterization of magnetic microparticles and nanoparticles made it pos-
sible to design and implement new, high sensitivity diagnostic tests, MRI contrast 
agent, targeted hyperthermia for localized tumor treatment, and the magnetic cell 
separation (Jiles 2016; Krishnan 2016). Therefore, the topic of material magneti-
zation will be treated here only briefly, focusing on the aspects important for mag-
netic cell separation.

3.1  Linearly Magnetizable Matter

A linear relationship between the magnetization and the applied field is character-
istic of diamagnetic and paramagnetic substances, with the volume magnetic sus-
ceptibility as a proportionality constant, χ (Eq. 5). The diamagnetic substances are 
repulsed by the magnetic field and the paramagnetic substance is attracted by it, as 
already mentioned above. Illustrative examples are discussed below.

3.1.1  Diamagnetic Matter

The diamagnetism is present in all types of substances because it is related to 
subatomic properties of matter. For relatively weak magnetic fields, its presence 
is negligible and in the presence of paramagnetic and ferromagnetic effects, it 
is usually masked by them because it is the weakest of the three. Nevertheless, 
for accurate susceptibility determination, the diamagnetic contributions from the 
sample constituents cannot be neglected, especially if those constituents take up a 
significant volume fraction of the sample (Eq. 8), such as water in the cell (70 % 
v/v or higher). For sufficiently high magnetic fields and gradients, the diamagnetic 
effects become appreciable and have been proposed for use in practical applica-
tions, such as diamagnetic separation (Peyman et al. 2009; Hirota et al. 2004; 
Mirica et al. 2009, 2010; Vojtisek et al. 2012). To estimate the magnitude of the 
magnetic field and gradient necessary to suspend a water droplet in the air, one 
compares the magnetic force (Eq. 4) to the weight (ρVg) of the droplet:

where ρ = 1000 kg/m3 is the water mass density, g = 9.81 m/s2 is the standard 
gravitational acceleration, χ = −9.05 × 10−6 and µ0 = 4π × 10−7 T m/A. Note 
that the volume V of droplet dropped out of the equation. No correction for the 

(11)
Fg

Fm
=

ρVg

χV d
dx

(

B2

2µ0

) =
ρ

χ
·
2µ0g

dB2

dx

Fm=Fg
−→

dB2

dx
= 2µ0g

ρ

χ
,
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air density and air magnetic susceptibility was made in Eq. (11). The resulting 
field energy density gradient required to suspend the water droplet in the air is 
2720 T2/m, which could be achieved, for instance, in a configuration of field gradi-
ent of 272 T/m and field magnitude of 10 T. This has been experimentally dem-
onstrated using superconducting magnets (Hirota et al. 2004) and is within the 
reach of permanent magnets and microdroplets, for which the field gradients could 
be made much higher to compensate for the lower available magnetic field, for 
instance 1500 T/m and field of 1.82 T.

The majority of biological material is diamagnetic with a few important excep-
tions, such as hemoglobin and its derivatives (Zborowski et al. 2003), ferritin 
(Zborowski et al. 1995), magnetosomes in magnetotactic bacteria (Posfai et al. 
2013), and endospores of Bacillus thuringiensis (Melnik et al. 2007). The bulk 
magnetic susceptibility of eukaryotic organisms is diamagnetic as demonstrated 
by magnetic levitation of whole organisms, notably frogs and strawberries (Simon 
and Geim 2000).

3.1.2  Paramagnetic Matter

Unlike diamagnetic matter, paramagnetic matter consists of atomic or molecular 
permanent magnetic dipoles whose magnitude does not depend on the applied 
magnetic field, in particular, they do not vanish in the absence of the magnetic 
field. Rather, their spatial orientation depends on the magnetic field—the higher 
the field, the higher the degree of alignment with the local field vector. The unit 
atomic dipole moment is Bohr magneton, µB = 9.274 × 10−24 J/tesla (J/T). 
A good first approximation of the net magnetization of a mole of paramagnetic 
material per unit of the applied magnetic field is that of an ideal gas of elementary 
magnetic dipoles, µA at the absolute temperature T, due to Paul Langevin (Bozorth 
1993). In the limit of low field, the molar magnetic susceptibility does not depend 
on the applied field and is a quadratic function of the elementary magnetic dipole 
moment, µA and an inverse function of the temperature:

where k = 1.38 × 10−23 J/kelvin (J/K) is the Boltzmann constant and 
NA = 6.022 × 1023 is the Avogadro number. With increasing applied field the 
molar magnetization departs from linearity and it becomes a (Langevin)  function 
of the applied field, reaching saturation at high fields. Further refinements include 
correction to temperature T by replacing it by T − TC, where TC is the Curie tem-
perature below which the elementary dipole moments become frozen in space, 
important in the description of ferromagnetic materials (see below). Quantum 
mechanical effects are introduced by replacing Boltzmann statistics of the ele-
mentary dipole moment distribution by quantized states statistics limiting the 
number of allowable dipole orientations relative to the applied field vector (due 
to Brillouin) (Bozorth 1993). This was used by Pauling and Coryell (1936) to 

(12)χN =
NAµ0µ

2
A

3kT
,
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demonstrate consistency of the quantum mechanical model of chemical bond with 
experimental measurements of the magnetic susceptibility using hemoglobin and 
its derivatives as an example.

Examples of paramagnetic substances include certain lanthanides and their 
aqueous solutions. For instance, gadolinium has the fourth highest magnetic 
moment of all the elements (7.95 Bohr magnetons), significantly higher than  
elemental iron (2.2 Bohr magnetons) (Bozorth 1993). Correspondingly, the molar 
susceptibility of Gd3+ is 0.34 in room temperature. The high magnetic moment, 
plus the extreme stability of the Gd–DTPA complex, made it a contrast agent 
of choice for MRI applications. Commercial preparations of chelated gado-
linium, such as Magnevist (Berlex Labs, Richmond, CA, USA) and Optimark 
(Mallinckrodt Inc., St. Louis, MO, USA) were used but had to be withdrawn from 
the market because of kidney toxicity. The strictly paramagnetic behavior of lan-
thanide solutions is important for calibration of the instruments used for measur-
ing cell magnetophoresis by cell tracking velocimetry (CTV) (Moore et al. 2004; 
Zhang et al. 2005). Paramagnetic solutions of erbium have been evaluated for use 
as the cell magnetization reagents for magnetic cell separation (Russell et al. 1987; 
Zborowski et al. 1992).

Another example of paramagnetic compound important in the context of mag-
netic cell separation is hemoglobin, the oxygen-carrying protein in red blood cells. 
The paramagnetic contribution comes from the heme group but not from the glo-
bin part, and only when the hemoglobin is dissociated from the oxygen molecule 
(deoxyhemoglobin). The effective magnetic moment of the deoxy heme group 
is 5.46 Bohr magnetons, and the total paramagnetic contribution of the heme 
increases to four times that value because of the presence of four heme groups 
in the hemoglobin molecule. With the binding of the oxygen molecule, the elec-
tronic structure of the heme group changes so that its magnetic dipole moment 
vanishes (Pauling and Coryell 1936). The paramagnetic forces acting on deoxy-
genated erythrocytes are sufficiently high to observe their motion in the magnetic 
field (Zborowski et al. 2003).

3.2  Superparamagnetic Microparticles

The atomic structure of certain metals, notably iron, favors coordination of ele-
mental magnetic dipole moments below Curie temperature over the distances of 
hundreds of atom diameters. The effect is known as the ferromagnetism (Jiles 
2016; Bozorth 1993). This gives rise to a strong magnetization of the volume of 
such coordinated magnetic moments, known as the magnetic domain (Jakubovics 
1994). The magnetic properties of ferromagnets depend, among other things, 
on their size. In particular, if the size of a ferromagnetic material is equal to or 
smaller than that of a magnetic domain, typically on the order of 10 nm, then such 
materials are extremely hard to demagnetize and behave like single but large mag-
netic dipoles (Krishnan 2010). The magnetic moment of such magnetic domain 
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dipoles can reach 105 Bohr magnetons (Gider et al. 1995). The collective behavior 
of such nanoparticles, including the volume magnetization of their liquid suspen-
sion, is similar to that of paramagnetic solutions except that it is much stronger 
(Rosensweig 1997). In particular, the magnetization curve of a superparamagnetic 
colloid does not depend on previous history of magnetization (no hysteresis) and 
ideally crosses zero. For that reason such a dispersed phase came to be known as 
“superparamagnetic”. Superparamagnetic particles have many interesting proper-
ties and are a subject of active research and applications. In particular, because 
of their small size and high magnetic moment, and in the case of iron, relatively 
low toxicity, they are an ideal component of magnetic cell separation schemes. 
That particular class of magnetic particles is often referred to as “superparamag-
netic iron oxide nanoparticles”, or SPIONs, in the magnetic cell separation litera-
ture (Thanh 2012). All commercial magnetic cell separation systems operate on 
the basis of selective attachment of superparamagnetic particle to target cells and 
their removal from suspension by the applied magnetic field. From Eqs. (4), (7), 
(9), and (12), and for known composition and physical properties of SPIONs one 
calculates that it takes only a few SPIONs to convert the average volume mag-
netic susceptibility of the cell–SPION complex from diamagnetic to paramagnetic 
and thus isolate it magnetically from an aqueous suspension of unlabeled cells. 
The high specificity of SPIONs to a particular cell type is achieved by conjugat-
ing it to a ligand such as a monoclonal antibody that has high specificity to that 
particular cell type (Grützkau and Radbruch 2010). SPION suspensions have 
other biomedical uses, such MRI contrast agents, replacing chelated gadolinium 
solutions because of their lower toxicity. They have been considered for appli-
cations to tumor-targeted hyperthermia although their mechanism of action is 
unclear because they lack hysteresis and therefore do not dissipate demagnetiza-
tion energy. They gave rise to a new body imaging technique, termed “Magnetic 
Particle Imaging” (MPI) that provides information about SPION distribution in the 
body similar to the information provided by an MRI contrast agent but at a much 
lower cost of the capital equipment as no large, superconducting MRI magnets are 
required but only a set of Helmholtz coils for the imaging (Krishnan 2016). The 
preparation of magnetic particles for biomedical applications, including cell sepa-
ration has to take into account not only the magnetic properties of the particle, 
but also its biological activity, including toxicity and biocompatibility (Hafeli et al. 
2008).

3.3  Ferromagnetism and Permanent Magnets

Large, multi-domain structures in the order of centimeters form permanent mag-
nets that have been known since antiquity. They gave the name to the science of 
magnetic phenomena, thought to be derived from an ancient site of the magnetic 
mineral mining in Turkey’s Aegean Region. The mineral, magnetite, consists of a 
mixture of iron oxides at different oxidation states, 2+ and 3+, with the chemical 
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formula designated as Fe3O4. The synthesis and characterization of permanent 
magnet materials is a very active part of materials science and engineering, and 
the magnetic field intensity generated by the permanent magnet has grown expo-
nentially since 1940s. Because their magnetic properties are qualitatively compa-
rable to those of the natural magnetic mineral consisting of iron oxide, they are 
classified as “ferromagnets” and the associated phenomena as “ferromagnetism”. 
Pure metallic iron, Fe is ferromagnetic up to its Curie temperature of 770 °C, 
above which it becomes paramagnetic (Bozorth 1993). In addition to iron, cobalt 
and nickel also exhibit ferromagnetic properties, and are used in combination 
with iron, as alloys, for permanent magnet production (Al–Ni–Co, or Alnico). 
The current, widely used commercial magnets are alloys of iron with a rare earth 
element, neodymium, and boron, Nd2Fe14B, capable of generating at their sur-
face the magnetic fields in excess of 1 T. They combine the desirable features of 
high magnetization (high remanence, up to 1.3 T), resistance to demagnetiza-
tion (high coercivity, equivalent to more than 1 T), reasonably high Curie tem-
perature (in excess of 300 °C, although their magnetization starts to degrade at 
much lower temperature, at around 150 °C), and a relatively low price (at around 
USD 100 per kilogram). Permanent magnets become indispensable for green 
energy technology development because they are a critical part of wind turbine 
generator (three metric tons of NdFeB magnets per megawatt) and became an 
important element of electric cars (in excess of 2 kg NdFeB per car). The NdFeB 
magnets are also a key part of a rapidly growing industry of unmanned aerial 
vehicles (UAVs) or drones. The predicted growth in the global use of the perma-
nent magnets leads to concerns about the limited supply of rare earth metals and 
their becoming an element of strategic importance, leading to renewed interest in 
research and development of new permanent magnet materials not relying on rare 
earth metals.

The magnetization of the ferromagnetic materials is determined by the applied 
magnetic field and their magnetization history (hysteresis) (Fig. 1). In particular, 
pure metallic iron exhibits the highest saturation magnetization of all permanent 
magnet materials, Ms = 2.17 T. The corresponding effective magnetic dipole 
moment of iron atom in the elemental iron sample is 2.2 Bohr magnetons. Pure 
metallic iron is characterized by low saturating field, 15 mT, but also by a low 
coercivity, 4 mT, which makes it a “soft” magnetic material (easy to demagnet-
ize, unsuitable for magnetic field generation in magnetic structures). It is a good 
conductor of magnetic flux (high magnetic permeability, µ ≈ 106) and as such it 
is a principal component of magnet pole pieces. In contrast, the permanent mag-
nets such as NdFeB are designed for high coercivity (that makes them a “hard” 
magnetic material) as well as for high remanence, Ms = 1.3 T, and as such they 
are used to generate magnetic field in magnetic structures. The permanent mag-
net structures are often a combination of soft and hard magnetic materials engi-
neered for optimal generation and conduction of magnetic fluxes, in analogy to 
Kirchhoff’s electric circuit laws.

The second quadrant of the magnetization hysteresis curve is important 
in describing the properties of permanent magnets. A desirable feature of a 
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Fig. 1  Magnetization of paramagnetic and ferromagnetic materials. Note lack of hysteresis for 
paramagnetic materials and superparamagnetic iron oxide nanoparticles, SPIONs. a Magnetiza-
tion M, and volume magnetic susceptibility, χ of the superparamagnetic particles (top panel) and 
b a paramagnetic compound (gadolinium chloride) as a function of the applied field H. The free 
space magnetic permeability constant μ0 is used to convert units of M to tesla (T). Note differ-
ences in ordinate scales  (same units as in panel a) and the differences in functional dependence 
on H between paramagnetic and superparamagnetic particles. c Second quadrant of the magnetic 
hysteresis loop (the demagnetization curve) and the corresponding plot of the magnetic energy 
product, μ0MH, showing the maximum energy product of 0.04 MGOe used as a figure of merit 
for magnet comparison (adapted from Zborowski and Chalmers 2008, 2015, with permission)
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permanent magnet is its high remanent magnetization, Mr, and high coercive 
force, Hc. A plot of the energy product, μ0M × H, for the second quadrant of the  
magnetization hysteresis loop (Fig. 1c) is used to determine the maximum energy 
product, a figure of merit when comparing different permanent magnet materials. 
It is approximately equal to 10 MGOe (mega–gauss–oersted, or 106 G × Oe) for 
Alnico magnets and over 50 MGOe for NdFeB magnets (Hatch and Stelter 2001).

The area enclosed by the hysteresis loop on the M–B plot is equal to work 
expended on the material magnetization, to increase the boundaries of magnetic 
domains aligned with the field at the cost of contracting boundaries of the mag-
netic domains that are not, and to realign the atomic dipole moments. The work is 
dissipated in the form of heat. The large hysteresis of hard magnets, such as fer-
romagnetic micro- and nanoparticles, makes them an ideal material for application 
to local thermotherapy using oscillating magnetic field (Krishnan 2010).

The commercial availability of inexpensive, permanent magnets of different 
shapes and magnetization directions, protected from corrosion by nickel plat-
ing, provides unique opportunities for magnetic cell separation. They could be 
arranged in various configurations for high field [4 T, (Furlani 2001)] and high 
gradient (Osman et al. 2012) at microscale that makes them an ideal source of the 
magnetic field for cell separation purposes. Selected examples of such permanent 
magnet configurations are shown in Fig. 2.

4  Magnetophoresis

Magnetophoresis is a phenomenon of particle motion in viscous media induced 
by the applied magnetic field. It underlies magnetic cell separation processes rely-
ing on differential binding of magnetic label particles to cells. Because it involves 
motion of cells in aqueous suspensions, it belongs to a part of fluid dynamics 
that deals with the particle suspensions exposed to external forces, together with 
gravitational and electrical forces. It is governed by a balance between the local 
magnetic body forces and viscous stresses on a cell-magnetic label complex that 
determine the velocity of the labeled cells in suspension and thus the efficiency of 
magnetic cell separation. The typical approach to describing such particle dynam-
ics is to consider pertinent time constants and characteristic dimensionless num-
bers entering the equations of motion cell–label complex.

4.1  Cell Reynolds Number

The Reynolds number is a measure of inertial forces with respect to viscous forces 
and for a spherical cell in a fluid it is:

(13)Re =
ρvD

η
,
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Fig. 2  Examples of permanent magnet configurations for generating high-field gradients. 
Arrows indicated magnetization direction. a Interpolar gap between two pentagons, b nearly 
quadrupole field between four rectangles, c circular Halbach array of cylindrical magnets mag-
netized diametrically in quadrupole configuration and d two linear Halbach arrays
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where ρ is the fluid density, v is the cell velocity relative the bulk of the fluid, 
D is the cell diameter, and η is the fluid (dynamic) viscosity. For a white blood 
cell sedimentation in standard laboratory conditions, the representative values are 
ρ ≈ 1000 kg/m3, D = 10 µm = 10−5 m, v = 10−5 m/s (one cell diameter per sec-
ond), and η = 10−3 Pa s (at nearly 20 °C) resulting in the cell Reynolds number 
Re = 10−4 and showing that the cell inertia is negligible in the description of cell 
sedimentation. For a (rigid) sphere the value of a critical Reynolds number above 
which the assumptions about the laminar fluid flow around the sphere do not apply 
is Re = 10. For a viscoelastic body, such as a cell, the onset of flow instabilities is 
at lower velocity and so critical Re ≈ 1. Nevertheless, for typical cell diameters 
(<30 µm) considered in the magnetic cell separation, the cell Re numbers are well 
within the laminar flow model constraints, even for high cell velocities exceeding 
1000 cell diameters per second (up to 30 mm/s). Such high velocities at micro-
scale are possible with the use of SPIONs attached to cells and high magnetic field 
gradients, although the stress concentration at the point of the SPION attachment 
to the cell is likely to destroy it before it is reaching such high terminal velocities. 
In summary, the cell–SPION complex motion analysis under the influence of the 
applied magnetic field is based on assumptions of laminar flow conditions for typi-
cal separation conditions. The laminar flow assumptions apply to cell velocities in 
the range of several orders of magnitude.

4.2  Inertial Relaxation Time

The negligible inertial force relative to viscous force acting on cells in motion in 
aqueous media greatly simplify the equations of motion by reducing them to first-
order differential equations of cell coordinates as a function of time. The length of 
time during which the inertial effects play a role is negligibly small and therefore 
can be omitted in the cell motion analysis:

where τp is the cell inertial relaxation time, mp is the cell mass, f = 3πηD is the 
Stokes friction coefficient, ρp is the cell density, D is the cell diameter, and η 
is the fluid (dynamic) viscosity. Thus for the cell density comparable to that of 
the aqueous media, ρp ≈ 1000 kg/m3 and the other parameters as quoted above, 
τp = 5.6 µs, which is orders of magnitude shorter than characteristic times 
involved in the magnetic cell separation, typically tens to hundreds of seconds.

(14)τp =
mp

f
=

π
6
D3ρp

3πηD
=

ρpD
2

18η
,
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4.3  Stokes Flow

For the cell laminar motion, the viscous drag exerted on a spherical cell is directly 
proportional to its velocity relative to the bulk fluid:

where as before, f is the Stokes friction coefficient, η is the fluid (dynamic) viscos-
ity, D is the cell diameter, and v is the cell velocity relative the bulk of the fluid. 
The viscous drag is the local reaction force of the viscous media (fluid) to the cell 
motion imposed by the applied field. Again, taking cell sedimentation as the sim-
plest example of such a motion, the applied field is the difference between the cell 
weight and its buoyancy:

where D is the cell diameter, ρp and ρs are the cell and the fluid densities, respec-
tively, and g = 9.81 m/s2 is the standard gravitational acceleration. Due to the 
low cell Re number and the negligible effect of cell inertia on its sedimentation, 
Newton’s second law of motion takes the form:

where the minus sign indicates that the drag force is opposed to the applied force, 
Fg. Combining Eqs. (14)–(16) one obtains the cell sedimentation velocity:

For the white blood cell density of ρp ≈ 1050 kg/m3 the difference in the cell den-
sity and that of the aqueous media is �ρ = ρp − ρs = 50 kg/m3 resulting in the 
sedimentation velocity of v = 2.7 µm/s or less than one third of the cell diameter 
per second.

4.4  Cell Sedimentation Coefficient

The ratio of the cell sedimentation terminal velocity to the field acceleration  
(gravitational or centrifugal) is the cell sedimentation coefficient:

which has the dimension of time (compare with Eq. 14). For the centrifugal accel-
eration fields, the parameter g in the equation above and in Eq. (18) is substituted 

(15)Fd = fv = 3πηDv,

(16)Fg =
π

6
D3

(

ρp − ρs
)

g,

(17)0 = Fg − Fd,

(18)v =
D2

18

(

ρp − ρs
)

η
g

(19)s =
vg

g
=

D2
(

ρp − ρs
)

18η
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by the multiples of the standard gravitational acceleration (“number of g’s”). For 
macromolecular centrifugal separations, the sedimentation coefficient is often 
quoted in the units of svedbergs, or S, where 1 S = 10−13 s. For a representative 
white blood cell parameters, quoted above, the cell sedimentation coefficient is 
s = 0.28 µs, or 2.8 × 106 S. The sedimentation coefficient normalizes the sedi-
mentation velocity of a cell by the acceleration applied to it. It is not dependent on 
the acceleration but only on the properties of the cell and the media.

4.5  Magnetophoretic Mobility

If the same fluid dynamic model as described above is applied to the cell motion in 
the magnetic field, then in the absence of gravitational effects, the magnetic field-
induced cell velocity is obtained by substituting Fm, Eq. (3), for Fg in Eq. (17), 
leading to a magnetic analogue of Eq. (18):

where the densities of the cell and the fluid were replaced by their volume mag-
netic susceptibilities, χp and χs, respectively, and the gravitational field accelera-
tion, g, was replaced by the magnetic field energy density gradient, H dB

dx
. For the 

labeled cell–particle complex, the mean magnetic susceptibility of such a com-
plex is much higher than that of the suspending media, which is unlike that for 
their respective densities, whose difference is small. The resulting magnetic field-
induced velocities could be quite high, tens to hundreds cell diameter per second. 
Such high magnetic field-induced velocities are comparable to cell sedimentation 
velocities in high centrifugal fields of hundreds of g’s.

The magnetophoretic mobility of a cell is its field-induced velocity normalized 
to the magnetic energy density gradient applied to it:

For linearly magnetizable media, the magnetophoretic mobility is not dependent 
on the magnetic field but only on the properties of the cell and the media (similar 
to the property of the sedimentation coefficient). Unlike the sedimentation coeffi-
cient, however, the magnetophoretic mobility is dependent on the field for nonlin-
ear magnetic media, such as superparamagnetic particles and ferrofluids, for which 
the volume magnetic susceptibility is strongly dependent on the applied field, 
χ = χ(H) (Fig. 1).

A particularly instructive way of characterizing the cell magnetophoresis is by 
normalizing the magnetic field-induced velocity, vm, to the sedimentation velocity:

(20)vm =
D2

18
=

(χp − χs)

η
H
dB

dx

(21)m =
vm

H dB
dx

=
D2

18

(

χp − χs
)

η
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where the symbol Sm ≡ H dB
dx

 is introduced to simplify notation. Thus the dimen-
sionless parameter vm/vg describes the effect of the magnetic field on the field-
induced cell velocity as a product of two factors: one dependent on the material 
properties of the cell and the fluid media only, χp−χs

ρp−ρs
 and the other dependent on 

the applied field only, Sm
g

. For linearly magnetizable materials such separation of 
variables is exact but not for ferromagnetic and superparamagnetic materials 
whose magnetization saturates with the applied magnetic field and consequently, 
the magnetic susceptibility strongly depends on the applied field.

The use of Eq. (22) is illustrated here by comparing the magnetic cell separation 
to the centrifugal cell separation, a standard separation technique in biology labo-
ratory. For practical purposes, centrifugal acceleration in laboratory centrifuges is 
quoted in multiples of the standard gravitational acceleration, or “number of g’s”. In 
typical laboratory applications, such as red blood cell (RBC) separation from whole 
blood, the centrifugal field is from 300 to 400 g applied for 15 and 5 min, respec-
tively. Given that one measures the effectiveness of a separation technology by the 
time of separation, itself being inversely proportional to the field-induced veloc-
ity, inspection of Eq. (22) allows one to directly compare the effectiveness of mag-
netic separation with that of the centrifugal separation. For example, the density 
difference between a RBC and typical suspending buffer is ρp − ρs = 84 kg/m3, 
whereas the difference in the volume magnetic susceptibility between a deoxy-
genated RBC and suspending buffer is on the order of χp − χs = 5 × 10−6 result-
ing in χp−χs

ρp−ρs
≈ 6× 10−8 m3/kg. This indicates that in order to produce the 

magnetic field-induced velocity of the RBC comparable to its sedimentation veloc-
ity, vm

vg
≈ 1 the magnetic field gradient to the gravity (g = 9.81 m/s2) ratio should 

be Sm/g ≈ 1.7 × 107 kg/m3 or Sm ≈ 1.7 × 108 N/m3 = 1.7 × 108 A T/m2, equiv-
alent to 207 T2/m (because 1 T = 1/µ0 A/m = 1/4π × 107 A/m). Considering 
that Sm = H dB

dx
= 1

2µ0

dB2

dx
, the required field gradient in the units of tesla is 

2 × 207 T2/m = 417 T2/m. The advanced permanent magnet designs used for cell 
separation are capable of generating Sm ≈ 109 T A/m2 (equivalent to 2500 T2/m) and 
therefore capable of producing RBC velocity up to six times its sedimentation veloc-
ity, thus equivalent to “6 g”. This is obviously much lower than the centrifugal accel-
eration in laboratory centrifuges, by a factor of ~60. The resulting time of the RBC 
separation would be that much longer if performed over the separation distance equal 
to the height of the centrifuge tube (10 cm) and therefore quite unrealistic for such 
applications. Magnetic RBC separation is feasible in thin microfluidics channels, 
however, where the RBC separation travel distance (typically 250 μm) and thus the 
separation time can be substantially shortened (by a factor as high as 400) and made 
comparable to that of the RBC centrifugation.

Binding of SPIONs to cells greatly increases the cell–label magnetic suscepti-
bility contrast relative to the fluid media, χp − χs by up to several order of magni-
tudes. This results in high magnetic field-induced velocities, equivalent to “300 g” 
for even moderate field gradients. The limiting factor is the volume of the mag-
netic field available for the separation.

(22)
vm

vg
=

χp − χs

ρp − ρs

H dB
dx

g
≡

χp − χs

ρp − ρs

Sm

g
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5  Single Cell Measurement of Magnetophoretic Mobility, 
Cell Tracking Velocimetry, CTV

The previous discussions have established a theoretical basis for magnetophore-
sis, and have further extended this introduction to magnetophoresis by normaliz-
ing magnetophoresis with sedimentation velocity (Eq. 22). Equation (22) strictly 
applies to cases of linearly magnetizable materials and as written, would only 
apply to the intrinsic magnetic susceptibility of a cell or particle, χp. Alternatively, 
cells targeted for separation are routinely labeled with an antibody conjugate to a 
SPION (i.e., an anti-CD3 antibody conjugated to a MACS® particle). If a submi-
cron SPION is conjugated to a supramicron particle, even if on the order of 10,000 
binding events occur, the change in the labeled cell diameter and density is such 
that Eq. (22) still holds except that the typically very high magnetic susceptibil-
ity of the SPION, relative to a cell, would require that the value of χp is governed 
by the relatively small volume of the SPIONs. However, in contrast, when micron 
sized magnetic microbeads are attached to cells through antibodies, the size and 
density of the cell microbead conjugate are more closely dictated by the properties 
of the microbead (e.g., an anti-CD3 antibody conjugated to a Dynabead®) (Zhang 
et al. 2005).

As with most biological systems, a distribution exists with respect to many cel-
lular properties, be they cell size, magnetic susceptibility, or the number of cell 
surface markers targeted with antibody–SPION conjugate. Further, the affinity of 
an antibody for a cell/surface marker can vary from cell to cell as well as anti-
body clone to antibody clone. To optimize the magnetic manipulation and sort-
ing of cells, it highly desirable to optimize, and characterize the intrinsic magnetic 
susceptibility of a cell or the magnetic susceptibility imparted to the cell through 
an antibody–SPION conjugate.

When a cell is labeled with a SPION, mathematically the magnetophoretic 
mobility has shown to be characterized by

where

or

where mcell is the magnetophoretic mobility of the unlabeled cell φp is the parti-
cle–field interaction parameter (equivalent to the particle magnetic polarization), 
ABC is the antibody binding capacity of a cell, and β is the number of magnetic 
particles per ABC. As presented in Eqs. (24) and (25), the value of φp is dependent 
on whether the SPION becomes saturated (Chalmers et al. 2010).

(23)m =
φpβ ABC

3πηDcell

+ mcell,

(24)φp =
(

χp − χf
)

Vp, B < Bsat

(25)φp =

(

µ0Msat

B
− χf

)

Vp, B ≥ Bsat,



36 M. Zborowski et al.

A number of magnetometer devices exist to measure the magnetic susceptibil-
ity of materials, including a Gouy and Faraday balance, vibrating magnetometer, 
and the superconducting quantum interference device (SQUID). While accurate, 
these devices only provide bulk measurements of materials and particles, and 
reflecting this bulk average, are typically reported on a per mass basis. In contrast, 
Eqs. (22)–(23) are written with respect to a single cell or particle.

To exploit this characteristic, an instrument was developed, Cell Tracking 
Velocimetry, CTV, which tracks the movement of individual cells in a constant 
magnetic energy gradient, Sm. Figure 3 presents a schematic diagram of the sys-
tem. Using digital imaging technology and particle tracking software, it is possible 
to track on the order of 100–1000 cells at a time and obtain the vertical (sedi-
mentation) and horizontal (magnetic) velocity components of the tracked cells 
velocity, which correspond to vm and vg in Eq. (22). Figure 4 presents a computer 
screen shoot from an analysis using the CTV to measure the sedimentation and 
magnetically induced velocity of oxygenated and deoxygenated red blood cells, 
Fig. 4a, b, respectively. The while lines are computer generated, and correspond 
to the trajectory the specifically tracked cell has taken over a number of individual 
frames. The difference between the vertical line in Fig. 4a and the diagonal line 
in panel (b) corresponds to the constant magnetic energy gradient, Sm, which is 
operating on the cells in the horizontal, right to left direction. The ratio of these 

Fig. 3  Schematic diagram of cell tracking velocimetry (CTV) for measuring single-cell magne-
tophoretic mobility distribution in cell suspensions
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(a)

(b)

(c)

Fig. 4  Screenshots of CTC algorithm of tracked cells. The white lines are computer-derived  
trajectories of the cell as it moves from frame to frame. Panel a corresponds to oxygenated 
human RBCs, while panel b corresponds to the same donor deoxygenated, RBCs. Panel c is dot 
plot of the oxygenated and deoxygenated RBCs plotting magnetic versus settling velocity
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horizontal to vertical velocities corresponds directly to the ratio of velocities pre-
sented in Eq. (22). Figure 4c presents dot plots of the magnetically induced veloc-
ity versus the settling velocity of the oxygenated (gray dots) and the deoxygenated 
(black dots) of the RBCs presented in Fig. 4a, b.

Beyond measuring the intrinsic magnetization of RBCs, as presented above and 
in Fig. 4, the CTV system has been extensively used to measure the field interac-
tion parameter, φ of a number of commercial SPIONS, (Table 2) as well as the 
magnetophoretic mobility of a number of different cell types labeled with com-
mercial SPIONs. Figure 5 presents one example in which both the magnetopho-
retic mobility (and corresponding number of SPIONS) of labeled and unlabeled 
human lymphocytes when the CD3 surface marker is targeted.

6  Experimental and Theoretical Range 
of Magnetophoretic Mobility

Tracking the movement of cells, or particles as a result of the imparting of a mag-
netic force is surprising sensitive. Chalmers et al. (2010) reported that on the order 
of several hundred commercial SPIONs, nonspecifically bound to a cell can be 
measured. They further estimated that since a single cell can be tracked with the 
CTV system, and estimates can be made on the Fe content per SPION, the CTV 
system has sensitivity on the order of 4.6 × 10−15 g/mL. This compares favorably 
to an inductively coupled plasma mass spectrometer (ICP-MS), which has typical 
sensitivity for Fe on the order of 10−8 g/mL.

The operational scope of the CTV instrument, including physical and equip-
ment constraints, such as Brownian motion, creeping flow, the diffraction barrier 
of microscope, wall effect of channel, and software restraints have been previously 
discussed (Xue 2016) and are summarized in Fig. 6.

Table 2  Mean volume magnetic susceptibility (χ = µ0M/B, at B ≈ 1 T) and magnetic polarization 
(field–particle interaction parameter, φ = χV = χπD3/6) for selected commercial magnetic beads 
used for cell tagging (Zhang et al. 2005)

Magnetic beads Lot nos. Ms,nano~0/B  
(SI unit system)

Mean diameter 
(nm)

φ (×10−25 m3)

Streptavidin-MACS 5,020,305,031 1.1 ± 0.3 × 10−3 116 8.8 ± 2.1

5,030,918,049 1.4 ± 0.4 × 10−3 67.2 2.3 ± 0.6

BD lmag 44,023 1.4 ± 0.3 × 10−3 231 91 ± 20

Captivate 71 Al-1 3.8 ± 1.0 × 10−4 136 5.1 ± 1.4

EasySep 2L226593 3.5 ± 1.2 × 10−4 142 5.4 ± 2.0

3A317176 5.5 ± 1.8 × 10−5 160 12 ± 4
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(a)

(b)

Fig. 5  a Histogram of the magnetophoretic mobility as a function of ABC for quantum  simply 
cellular microbeads. These beads were labeled with MACS® Beads (McCloskey et al. 2000).  
b Magnetophoretic mobility of human peripheral blood leukocytes (PBL) labeled with anti-CD3-
PE and anti-PE MACS particles. The labeling concentration was 40 μL for the anti-CD3-PE and 
five times the company recommended value for the anti-PE MACS (Lara et al. 2006)
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7  Examples of Various Geometries of Magnetostatic 
Energy Gradients in Application to Magnetic Cell 
Separation

7.1  High Gradient Magnetic Separator (HGMS)

The term and the abbreviation “HGMS” in the magnetic cell separation literature is 
typically limited to secondary effects of the magnetic field on ferromagnetic mate-
rials that induce high magnetic field gradients on small surface features of such 
materials (such as wires) (Watson 1973). Notable early applications include removal 
of weakly paramagnetic, iron oxide impurities from kaolin clays for high quality 
porcelain and paper production (Beharrell 2012) and for environmental water treat-
ment, requiring high-field gradients for capture of weakly magnetic contaminants 
(Nishijima and Takeda 2006). They are particularly well suited for small-scale 
separation in biology. A primary example is MACS® separation system is based 
on disposable HGMS columns magnetized by insertion between pole pieces of a 
permanent magnet, and colloidal magnetic particles for cell labeling (Miltenyi et al. 
1990). The columns are filled with a matrix of soft magnetic material in the shape 
of submillimeter diameter wires or spheres that generate high magnetic field gradi-
ent on their surfaces in the presence of the external magnetic field. The permanent 
magnet field approaches 1 T and the gradients up to 1000 T/m in the submillimeter 

∆χ

Fig. 6  Operational scope of the CTV approach. Solid line corresponds to physical limitation for 
the method and the dashed line presents the limitation for current setup. The result for oxygen-
ated RBCs (oxyRBC), methemoglobin RBCs (metRBC) and deoxygenated RBCs (deoxy) are 
also shown (error bar as standard deviation). The metRBC and deoxyRBC results, which are 
essentially different, overlap in the figure due to the scale vertical axis. The oxyRBC magnetic 
susceptibility difference only shows upper error, due to the limitation of logarithmic scale of ver-
tical axis (Xue 2016)
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interstitial spaces of the magnetized matrix (Kantor et al. 1998). The matrix pro-
vides a highly developed surface for magnetic cell capture in the small volume of 
the column. Upon removal from the magnet, the matrix is demagnetized allowing 
release of the captured cellular material from the column. The MiniMACS® col-
umns are only 7 mm in diameter and 50 mm long but are capable of separating up 
106 labeled cells from a mixture of up to 107 cells in a volume of 1 mL in a mat-
ter of several minutes. The system has been developed over 25 years ago (Miltenyi 
Biotec GmbH, Bergisch Gladbach, Germany) and has diversified since into many 
different column and magnet sizes, selection of magnetic reagents and modes 
of operation, including an automated capture-and-release system (Grützkau and 
Radbruch 2010). The company provides a wide selection of the magnetic labeling 
reagents, including mouse monoclonal antibodies against major human cell clus-
ters of differentiation (CD) and anti-mouse antibodies conjugated to magnetic beads 
for added versatility by the indirect magnetic labeling. It provides such staples of 
immunocytochemistry as avidin–biotin labeling reagents and fluorescence labeling 
reagents adapted to magnetic cell labeling (http://www.miltenyibiotec.com). The 
simplicity of operation and compatibility with the immunocytochemistry protocols 
contributed to its wide adoption in biology research and laboratory medicine. It 
has established the magnetic cell separation as one of the standard laboratory tech-
niques, alongside centrifugation and fluorescence-activated cell sorting (FACS).

7.2  Open Gradient Magnetic Separator (OGMS)

The term describes a direct effect of the applied magnetic field on the separands 
not requiring ferromagnetic matrix inserts for separation and is occasionally used 
to differentiate it better from the HGMS principle of operation (Fukui et al. 2002). 
The advantages include independence of specialized, dedicated HGMS columns 
and thus greater flexibility in the choice of separation vessels and lower cost 
(Caralla et al. 2013; Joshi et al. 2015; http://www.easysep.com). The disadvan-
tage is a relatively low magnetic field gradient, typically two orders of magnitude 
smaller than what is possible inside the HGMS column, which for the cell separa-
tion applications necessitates the use of more magnetic beads to achieve the same 
magnetic ponderomotive force acting on the cell–label complex. Such higher mag-
netic moment per bead is most readily achieved by increasing the magnetic bead 
size, as the magnetic moment increases with the third power of the bead diam-
eter (with the other bead parameters held constant). The prime example of such a 
highly magnetic bead is Dynabead® manufactured in the range of diameters from 
1 (MyOne™) to 4.5 µm (M450). Its high magnetic moment offers flexibility in the 
design of the magnetic separators which makes it a popular choice in applications 
to clinical diagnostic tests (Gijs et al. 2010; Ugelstad et al. 1993; https://www.ther-
mofisher.com/us/en/home/brands/product-brand/dynal.html). Its relatively large 
surface area (as compared to the colloidal magnetic beads) makes it a suitable 
solid substrate for the molecular biology applications.

http://www.miltenyibiotec.com
http://www.easysep.com
https://www.thermofisher.com/us/en/home/brands/product-brand/dynal.html
https://www.thermofisher.com/us/en/home/brands/product-brand/dynal.html
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Apart from Dynabead brand, there is a large selection of superparamag-
netic microbeads available on the market that are tailored to almost any special-
ized magnetic separation application of the OGMS type. They are often, but not 
always, sold together with dedicated magnet systems that are compatible with 
all typical biology laboratory containers, such as centrifuge tubes, multiwell 
plates, flasks, etc. (Gutierrez et al. 2015). Examples of the OGMS separators and 
dedicated magnetic microbeads include StemCell system (http://www.easysep.
com) built around a multipole magnet in a cylindrical structure that fits 15 mL 
conical tubes and Becton Dickinson Immunosciences magnet rack (https://m.
bdbiosciences.com/us/reagents/research/magnetic-cell-separation/other-species-
cell-separation-reagents/cell-separation-magnet/p/55 2311) that fits six such tubes 
simultaneously.

7.3  Equilibrium Versus Steady-State Magnetic Separation

The majority of HGMS and OGMS systems described above operate in an equi-
librium mode, in which the magnetic fraction is precipitated from the suspension 
on a suitable substrate surface and held there while the unseparated (nonmag-
netic) fraction is removed and replaced with a clear solution. For a typical HGMS 
application (such as using Miltenyi MACS® system) the volumetric flow rate of 
the cell suspension through the HGMS column matches residence time necessary 
for the cell to reach the ferromagnetic matrix surface from the bulk suspension. 
For typical OGMS applications, the same is accomplished by letting the station-
ary cell suspension remain in the magnetic field for a sufficient length of time 
for all the magnetically labeled cells to travel to the vessel wall. Providing that 
the magnetic microbead saturation magnetization matches the available mag-
netic field and gradient, and the volume of the cell mixture is fully exposed to 
the magnetic field, such separations are accomplished quickly and with minimum 
intervention from the user. They are well suited for typical biological research 
laboratory protocols requiring small batches of cell suspensions (5–10 mL) and 
relatively small cell numbers (on the order of 108). For well-defined cell surface 
markers (such found in the CD library) and matching monoclonal antibodies 
(often available as ready-made cell labeling reagents from commercial compa-
nies) they are highly competitive in terms of specificity, cell viability, processing 
time, labor and equipment cost compared to alternative methods, such as sorting 
by flow cytometry (FACS).

The equilibrium mode operation of the HGMS and OGMS systems is depend-
ent on the volume of cell batches required for separation, which is a limiting fac-
tor for large-scale cell separation, such as in application to cellular therapy. Such 
mode of operation is prone to the breakthrough effects due to the HGMS column 
overloading with the magnetically labeled cells, or the labeled cell losses in the 
wash fluid due to the limited cell access to the container wall surface inside the 
OGMS magnet. A solution is to either increase the physical dimensions of the 

http://www.easysep.com
http://www.easysep.com
https://m.bdbiosciences.com/us/reagents/research/magnetic-cell-separation/other-species-cell-separation-reagents/cell-separation-magnet/p/55
https://m.bdbiosciences.com/us/reagents/research/magnetic-cell-separation/other-species-cell-separation-reagents/cell-separation-magnet/p/55
https://m.bdbiosciences.com/us/reagents/research/magnetic-cell-separation/other-species-cell-separation-reagents/cell-separation-magnet/p/55
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HGMS columns (Grützkau and Radbruch 2010) or the OGMS magnets (http://
www.sepmag.eu/), or operate them in an intermittent fashion consisting of fill-cap-
ture-evacuate-wash cycles. An alternative approach is to redesign the system for 
a continuous flow operation with the magnetic cell fraction forming a continuous 
stream, split from the nonmagnetic fraction at the flow outlet (Pamme and Manz 
2004; Hoyos et al. 2011). The first two approaches rely on the equilibrium mode 
separation and are basis of operation of large HGMS columns, automated HGMS 
systems for clinical applications [CliniMACS® line of products (http://www.milte-
nyibiotec.com)] and large OGMS flask systems (http://www.sepmag.eu/).

The continuous flow operation requires maintaining a dynamic equilibrium, or 
a steady state between the magnetic body forces and the viscous stress forces of 
the carrier solution acting on the cell–label complex in order to keep the magnetic 
cell complex in suspension, which brings additional elements of complexity to the 
system but also new opportunities of better separation (Takayasu et al. 2000). The 
general principle is described by the theory of field-flow fractionation (FFF) and 
its variant, split-flow thin (SPLITT) fractionation first developed in application to 
macromolecular separations using centrifugal, electric, and thermophoretic fields 
and subsequently extended to particulate suspension separations, including cell 
separation, by Giddings (1985) and Giddings et al. (Hoyos et al. 2011; Williams 
et al. 2010). The configuration of recent microfluidic channels is similar to that of 
a Hele–Shaw cell so that the separation dynamics can be reduced to a two-dimen-
sional problem, whereby the applied magnetic forces are perpendicular to the 
advection forces resulting in spreading of the magnetically susceptible cell–label 
complexes across the flow width and their separation between multiple channel 
outflow ports (Lenshof and Laurell 2010).

The steady-state magnetic cell sorting in flowing suspensions include cell  
magnetophoretic fractionation according to the level of cell surface marker 
 expression (Fig. 7) when used in combination with the colloidal magnetic labe-
ling reagents (Schneider et al. 2010; Leigh et al. 2005; Adams et al. 2008), cell 
fractionation using magnetic repulsion in the magnetic susceptibility-modified 
carrier solutions (Watarai and Namba 2001; Moore et al. 2004; Peyman et al. 
2009; Hwang et al. 1984; Tasoglu et al. 2015; Hahn and Park 2011) and a com-
bination of magnetic and fluid dynamics inertial forces (Karabacak et al. 2014; 
Karle et al. 2010). The addition of fluid forces to the separation mechanism creates 
new opportunities for innovative design of magnetic elements (Adams et al. 2008; 
Gao et al. 2015) and a creative design of chemical reaction sequences on a cell–
label complex crossing laminar streams of substrate solutions (Pamme 2012). The 
steady-state magnetic separation combined with a continuous flow operation offers 
the advantages of a large-scale separation (Doctor et al. 1986; Williams et al. 
1999) without the added cost of the equipment scale-up and process automation, 
inherent to the equilibrium separation. The new opportunities of a better flow con-
trol in the microfluidics channels and matching magnetic field designs are being 
realized in numerous, innovative laboratory prototypes and commercial separators 
(Sahore and Fritsch 2014; Weston et al. 2010).

http://www.sepmag.eu/
http://www.sepmag.eu/
http://www.miltenyibiotec.com
http://www.miltenyibiotec.com
http://www.sepmag.eu/
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8  Discrete Cell Manipulation, Label-Free Magnetic 
Separation and Other

Micromanipulation of cell-magnetic bead complexes using electric currents and 
microcoils fabricated using microelectromechnical systems (MEMS) techniques 
has been demonstrated (Shen et al. 2012; Ramadan et al. 2006). Innovative use of 
Halbach magnet arrays has been proposed for scale-up of connective tissue pro-
genitor separation from bone marrow in applications to bone defect repair (Joshi 
et al. 2015) and to fractionation of disperse magnetic microbead suspensions (Ijiri 
et al. 2013).

Localization of high magnetic field gradients at the edges of small ferromag-
netic features (such as wires) provides an opportunity for an exact control over 
cell-magnetic bead complex position and displacement at the microscale. This 
has been accomplished by micropatterning of thin layers of ferromagnetic mate-
rial (such as nickel alloys) on silica substrates and application of external mag-
netic field. The ferromagnetic layer pattern provides means of creating a barrier to 
advection of magnetic bead–cell complexes in a fluid flow inside small channels 
and separation of such complexes from unlabeled cells (Fig. 8). Various combina-
tions of ferromagnetic micropatterns and flow configurations have been proposed 
(Adams et al. 2008; Hu et al. 2015). Unlike separation in the HGMS columns 
(described above) the highly regular micropattern of the ferromagnetic layer and 
a well-defined, laminar flow in microchannels provide means of a better control 
over the cell-magnetic bead separation process. Innovative use of susceptibility-
modified solutions for mass density difference-based separation and real-time 
imaging and analysis using smart phone has been demonstrated (Knowlton et al. 
2015) (Fig. 9). The technology is particularly appealing in resource-poor settings. 
The application of magnetic separation for detection of malaria in asymptomatic 
children has been also demonstrated (Sumari et al. 2016) (Fig. 10).

Control over the domain magnetization of the ferromagnetic single-domain 
micropatterns provides additional level of precision in the magnetic bead position-
ing and translation. Because such domains behave like hard magnets and therefore 
their magnetization is independent of the applied field, this creates an opportunity 
for using both the attractive and repulsive forces between the single-domain and a 

Fig. 7  a Principle of the dipole magnetic fractionator. The feed (cell suspension) is continuously 
injected into a carrier fluid flow inside a rectangular glass channel. The sample flows downward 
(z = direction) in the channel and is deflected from its flow path by an interaction with the mag-
netic field (y = direction) generated by a dipole magnet (not to scale). The sample is fractionated 
based on the strength of interaction with the magnetic field and collected in eight different outlet 
fractions. b Magnetic field lines inside the interpolar gap. c Labeled cell fluorescence intensity 
in arbitrary units (A.U.) for different cell fractions and different transport lamina distribution  
(for different outlet flow distribution setups A–D). Note the increase in the mean number of PE/
cell with increasing outlet number as expected from the calculated values based on the cell sur-
face marker expression and MM distribution in the unsorted sample in feed (adapted from Sch-
neider et al. 2010, with permission)
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Fig. 8  a Interpolar gap of a permanent magnet designed for an efficient capture of cell–label 
complex from a flowing suspension. The contour bands illustrate the magnitude of the vertical 
gradient component of magnetostatic potential energy (proportional to tesla2/m, T2/m). The gap 
width is 1 mm, channel height is exaggerated for clarity. b Four such interpolar gaps assembled 
together. The dimensional relationship between the parts is to scale. c Capture efficiency and flu-
orescence intensity (on a 8-bit gray scale) measured as a function of zone number. The error bars 
show one standard deviation from the mean for three experiments. Note capture of more fluores-
cent (and more magnetic) cells upstream from the channel outlet (adapted from Nath et al. 2009, 
with permission)

Fig. 9  Contour plot of the magnetic field between two, oppositely polarized permanent magnets. 
Images of levitating microspheres are acquired by the user with a smartphone fixed to the mag-
net and flow channel assembly and processed to determine the levitation height and confinement 
width of the microspheres in the sample stream, at different gadolinium concentration. (adapted 
from Knowlton et al. 2015, with permission)
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superparamagnetic bead (type of a soft magnet) depending on the direction of the 
applied field. This has been demonstrated by superparamagnetic bead propulsion 
on a square grid of single-domain dots in a rotating magnetic field whereby the 
rotation of the induced magnetic dipole of the bead causes it to be sequentially 
pushed and pulled between the neighboring single-domain dots in synchrony with 
the rotating applied field vector (Hu et al. 2015; Chen et al. 2013). Increased bead 
capture rate is provided by generation of high-field gradients at the boundaries of 
magnetic domains (Fig. 11).

There are known, naturally occurring paramagnetic components of the cell 
that may become important for the label-free magnetic cell manipulation and 

Fig. 10  Magnetic capture of malaria parasite infected red blood cells (RBCs) from RBC cul-
ture suspension. The cell suspension a is pumped through a channel comprising manifold platen 
with inlet and outlet ports (b), channel cutout spacer (c) and a transparent deposition slide (d), as 
indicated by curved arrows. The flow channel assembly b–d is pressed against the interpolar gap 
of a permanent magnet, e generating magnetic force on the magnetically susceptible cells due 
to a highly nonuniform fringing field, as indicated by the magnetic energy density map (H field 
in amperes per m, Å/m, and B field in tesla, T). The captured cells form a deposit f amenable 
to staining and microscopic analysis. g Shows approximately ×10 enrichment compared to the 
original sample, h NF54 strain, ×40 oil magnification) where G indicates gametocyte, MG male 
gametocyte, T trophozoite (adapted from Sumari et al. 2016, with permission)
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separation given the increasing sophistication of the magnet and fluidics designs. 
An interesting example are magnetotactic bacteria that contain specialized orga-
nelles, magnetosomes, comprising magnetite crystals whose response to the verti-
cal component of the geomagnetic field provide the sense of up-down direction, 
important for finding nutrients. This has been used to control the direction of a 
self-propelled motion of the magnetotactic bacteria using the magnetic field in lab-
oratory conditions. A similar function of finding direction is attributed to the pres-
ence magnetite inclusions found in homing pigeons.

Other examples are related to the role of paramagnetic iron and manganese 
in cell biology, in particular as related to their being a part of a large family of 

Fig. 11  The magnetic nanoconveyors shown in this schematic a are Co0.5Fe0.5 zigzag wires 
and Ni0.2Fe0.2 disks. Points on the periphery of a magnetized disk act as magnetic particle traps, 
whereas alternating magnetic domains in zigzag wires give rise to regions of high fields and field 
gradients at wire vertices. These regions act as traps for magnetic nanoparticles. The entire sys-
tem, b including the external electromagnets and coil required to apply magnetic fields, can be 
mounted on an optical fluorescence microscope. Application of fields can strengthen, weaken, or 
move traps, allowing for manipulation of trapped entities along directed pathways. c T lympho-
cyte cells labeled with anti CD3 conjugated 1 μm magnetic particles are propagated along wires. 
d Nanoconveyor technology can be used to transport multiple individual nanocontainers, such as 
these that encapsulate fluorescent quantum dots for optical tracking and magnetic nanoparticles 
for controlled transport. d, f are schematics of nanocontainer transport on microfabricated disks 
and wire array conveyors, respectively. e, g Are superimposed differential interference contrast 
(DIC)/fluorescence images of fluorescent magnetic nanoparticle trapped on micropatterned disks 
(EF) and zigzag wire conveyors (g) (adapted from Mahajan et al. 2012, with permission)
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proteins collectively known as metalloproteins. These include an oxygen-carry-
ing protein, hemoglobin, an iron storage protein, ferritin, electron transfer pro-
teins, cytochromes, and superoxide dismutases (manganese). The interconversion 
between low-spin to high-spin hemoglobin during the binding and release of 
molecular oxygen has been studied by Pauling and Coryell (1936) as a part of the 
program of elucidating the nature of chemical bond by quantum mechanics. The 
increasing hemoglobin concentration in the course of red blood cell maturation 
was tested for mature erythrocytes enrichment from hematopoietic cell cultures 
(Jin et al. 2012). The feasibility of erythrocyte depletion from whole blood prepa-
rations as a type of a “magnetic centrifuge” was tested (Moore et al. 2013) and 
considered for application to depletion of aging erythrocytes from stored blood 
for blood banking purposes (Jin et al. 2011). The theory of magnetophoresis links 
the field-induced cell motion to the underlying molecular mechanisms (Zborowski 
et al. 2003; Jin et al. 2008). The feasibility of label-free magnetic cell separation 
in applications to intraerythrocytic malaria detection has been demonstrated in the 
laboratory (Hackett et al. 2009; Zimmerman et al. 2006) and tested in field studies 
(Sumari et al. 2016; Karl et al. 2008). The separation of bacterial spores rich in 
paramagnetic element manganese (Mn) has been demonstrated and their magne-
tophoretic mobility analyzed quantitatively (Melnik et al. 2007; Sun et al. 2011). 
The separation of green algae genetically modified for elevated expression of ferri-
tin was compared with that of the wild type (Buck et al. 2015). A practical system 
using permanent magnets for field operation for detecting paramagnetic contami-
nants in food or environmental water has been proposed and tested (Mirica et al. 
2010).

9  Conclusions

The field of the magnetic cell separation and manipulation is highly dynamic in 
response to rapid advances in single cell analysis and molecular biology assays, in 
nanomedicine and in microanalytical systems and lab-on-a-chip applications, as 
well as new opportunities created by microfluidics and nanofluidics. The increas-
ing availability of strong permanent magnets and access to superconducting 
magnets and separators, combined with better understanding and control of fluid 
dynamical forces in microchannels open new directions for the future magnetic 
cell separation approaches, such as label-free magnetic separation based on differ-
ences in the paramagnetic contribution from natural components of the cell (met-
alloproteins) and diamagnetic cell separation. This chapter is just a snapshot of a 
rapidly evolving field and the reader is well advised to consult the latest informa-
tion, also available online, if this presentation was successful in providing motiva-
tion for further study.
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Abstract Electric fields have been widely used to manipulate cells in microfluidic 
devices. The versatility and the ease of implementation and fabrication of electric 
field-based microfluidic systems have made them very popular for a whole host 
of different biomedical applications. In this chapter, various techniques that are 
commonly used for manipulating, characterizing, and separating cells in lab-on-
a-chip devices and their applications are discussed. Starting from a description of 
the polarization of a cell and the forces that can act on it in an electric field, the 
theory that drives different electrokinetic phenomena and the application of these 
phenomena for on-chip cellular manipulation are herein reviewed. The models that 
are used to predict the responses of cells in electric fields, as well as techniques 
commonly used for the numerical modeling of various electrokinetic and electric 
field-based cellular manipulation techniques, are also detailed. Finally, the electri-
cal modifications of cells in microfluidic devices, specifically electroporation and 
electrofusion, have been reviewed.
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Abbreviations

DEP  Dielectrophoresis
twDEP  Traveling wave dielectrophoresis
ICEO  Induced charge electroosmosis
DEP-FFF  Dielectrophoretic field-flow fractionation
iDEP  Insulator dielectrophoresis
cDEP  Contactless dielectrophoresis
EO  Electroosmosis
FACS  Fluorescence-activated cell sorting
LOC  Lab-on-a-chip
RBC  Red blood cells

To understand the undergoing changes in the cells and tissues due to different dis-
eases it would be helpful to provide a platform of cell cultures that mimics their 
natural environment while retaining the ability to regulate cellular surroundings. 
In vitro microfluidic studies can be used for the early detection of diseases like 
cancer, malaria, and HIV as well as for investigating possible therapeutic schemes 
as an intermediate step between cell-based and tissue-based testing. Microfluidic 
lab-on-a-chip (LOC) devices offer an easy platform for carrying out such in vitro 
studies in controlled environments. However, without the ability to precisely 
manipulate the cells, these devices cannot reach their full potential to practical 
application. A cell is composed of an insulating cell membrane and a conductive 
cytoplasm and it is polarized when exposed to an electric field. Electric fields are 
commonly used to manipulate, sort, separate, or characterize cells in microfluidic 
LOC devices because different fields may be generated by changing the frequency 
of the electric fields and actuating individually addressable electrodes. Multiple 
electrokinetic phenomena can be combined to create an even richer array of cell 
manipulation techniques which can be easily reconfigured by tuning parameters.

In this chapter, we start with the basic theory of how biological cells behave 
in electric fields and then we describe a number of electric field-based techniques 
commonly used to manipulate cells in microfluidic devices. We discuss models 
used to describe the dielectric nature of the cell as well as numerical approaches for 
modeling the electrokinetic phenomenon. Finally, we present some of the applica-
tions of these techniques used to sort, separate, and otherwise manipulate cells.

1  The Cell in an Electric Field

A cell membrane insulates the cell interior from some of the electric fields that 
can be present in the environment. Composed of lipid bilayer, the cell membrane 
allows for selective transport into and out of the cell to maintain homeostasis. 
The cell interior consists of organelles and the cytosol, which is an electrically 
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conductive fluid. When a polarizable particle such as a biological cell is subjected 
to an electric field, an electrical dipole is induced in the particle. Charged mobile 
particles (ions) rearrange in response to the applied exogenous electric field and 
accumulate at the membrane. The rearrangement of ions takes some time to occur 
and its timing and magnitude depends on the electrical conductivity of the media. 
The type of polarization depends on frequency of the electric field. In aqueous 
solutions, Maxwell–Wagner interfacial polarization dominates at low frequencies: 
ions can follow the changing direction of the field and accumulate at the inter-
faces of high and low conductivity materials. At higher frequencies, typically tens 
of kHz, ion migration cannot follow the electric field oscillations, and manifests 
as a reduced effective polarization. At frequencies from hundreds of MHz to GHz 
the orientation of molecules stops following the field. At even higher frequencies 
atomic and electronic polarization slowly diminishes (Jones 1995; Morgan and 
Green 2003). The lipid bilayer also expresses orientational polarization, which 
arises from the alignment of permanent dipoles in polar materials, however, due 
to its large dimensions; polarization diminishes in the frequency range of tens of 
MHz (Klösgen et al. 1996; Kotnik and Miklavčič 2000).

The two components that mainly contribute to polarization of a cell are physi-
cal movement of free charges and perturbation of bound charges induced by an 
electric field. Bound and free charges can be modeled as a lossy dielectric—a 
material having both significant conductivity and permittivity. In the phasor rep-
resentation of an electric field with angular frequency ω, the current I through the 
material may be modeled as a sum of current though a resistor (IR) and a capacitor 
(IC), connected in parallel

where V is the voltage across the resistor and capacitor, i2 = −1, C = εA/d, R = A/
(d σ), A and d are area and separation distance of the capacitor plates, respectively, 
ε is the electrical permittivity and σ electrical conductivity of the material. The 
total current can then be expressed using the complex permittivity, ε∗ = ε − iσ

ω

This equation shows that low-frequency polarization is governed by electrical con-
ductivity while high frequency polarization by permittivity, since the charge carri-
ers cannot follow the alternating voltage (Gagnon 2011).

Cells typically have ionizable molecules at the surface of the membrane, such 
as carboxyl (–COOH) or amine (–NH2) functional groups, and most cells have 
more acidic than basic groups. Acidic groups are charged negatively and basic 
groups positively, and therefore the cell surface is typically negatively charged. In 
order to maintain charge neutrality, ions of opposite charge are attracted to the sur-
face forming a double layer—a thin layer of counter charge. The thickness of this 
layer is defined as by the Debye length

(1)I = IR + IC =
V

R
+ C

dV

dt
= V

A

d
(σ + iωε),

(2)I =
iωA

d

(

ε −
iσ

ω

)

V =
iωA

d
ε∗V .



60 J. Cemazar et al.

where D is a diffusion constant. When a cell is exposed to an external electric 
field, the double layer moves around the cell towards the electrodes, radially accu-
mulating at the interface between the cell and the electrolyte. This spatial charge 
redistribution is shown in Fig. 1.

This charge polarization acts as an effective dipole moment that is dependent 
upon the properties of the cell, the suspending fluid, and the frequency of applied 
electric field. Thus, the cell can be modeled as a dipole consisting of two opposite 
charges, q, separated by a distance d. Assuming that we are measuring far from the 
cell, the dipole charges exposed to electric field E(r) and E(r + d) for |d| ≪ |r|, 
we can write Taylor expansion for E(r + d) as

Assuming the dipole is small, higher order terms can be neglected and the force on 
a dipole, FDIP, is effectively

The dipole moment, p, is defined as p = qd and the force on a dipole becomes

The force on a dipole is a good approximation of the dielectrophoretic force, FDEP, 
on a particle that is much smaller than surrounding features (i.e., |d| ≪ |r|).

If the induced dipole is not in the same direction as the electric field, a torque 
T rotates the dipole in the electric field is observed. This torque tends to align the 
cell’s induced dipole with direction of applied electric field and can be expressed as

(3)κ =

√

σ

Dε

(4)E(r + d) = E(r)+ d∇E(r)+ · · · .

(5)FDIP = qE(r + d)− qE(r) ∼= qE(r)+ qd∇E(r)− qE(r) = qd∇E(r).

(6)FDIP = p∇E(r).

(7)T = p× E.

(c)(b)(a)

Fig. 1  A cell in an electric field; a charged molecules on the surface of a cell, b induced dipole, 
c force on a cell in an inhomogeneous electric field. Panels a, b are adapted from Morgan and 
Green (2003)
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The effective dipole moment of a cell, approximated as spherical particle is

where indices p and e denote particle and exterior medium, respectively. The term 
in the parentheses is commonly referred to as the Clausius–Mossotti factor, fCM

The real and imaginary parts of the Clausius–Mossotti factor can be written as

where τrel is the particle relaxation time

The relaxation time is the reciprocal value of angular frequency, often referred to 
as the Maxwell–Wagner relaxation frequency. It is related to the dispersion of the 
dipole moment due to interfacial polarization. The Clausius–Mossotti factor is fre-
quency dependent and its real part can span from −0.5 to +1 and imaginary part 
from −0.75 to +0.75 (Fig. 2).

When the particle is exposed to electric field with an zero amplitude (|E| = 0) 
but nonzero higher order derivatives or the particle is about the same size as sur-
rounding features, higher order terms have to be considered. The i-directional 
component of the force considering quadrupole and octopole terms is

(8)p = 4πǫer
3

(

ε∗p − ε∗e

ε∗p + 2ε∗e

)

E,

(9)fCM(ω) =

(

ε∗p − ε∗e

)

(

ε∗p + 2ε∗e

) .

(10)

Re
[

fCM(ω)
]

=

(

εp − εe
)

(

εp + 2εe
) +

(σp−σe)
(σp+2σe)

−
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1+ ω2τ 2rel
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Im
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In this notation each index m, n, and l go through all three of spatial coordinates. 
A more detailed derivation and the differences in DEP force with or without 
higher order terms can be found in Jones (1995) and Jones and Washizu (1996).

2  Electrokinetics

Electrokinetics describes the motion of particles and fluids due to applied electric 
fields. Phenomena typically related to cell manipulation in microfluidic devices are 
electrophoresis, electroosmosis, dielectrophoresis, traveling wave dielectrophore-
sis, and electrorotation. Electroporation does not involve movement of cells, but 
it is related to exposure of a cell to an electric field and will be explained in this 
chapter.

2.1  Electrophoresis

Electrophoresis is the motion of a charged particle due to action of Coulomb force. 
Cells typically have negative charge on the surface and they can be manipulated in 
electric field. The Coulomb force FEP on a particle is

(13)
FEP = QE =

ˆ

S

σQdS E,

Fig. 2  Real and Imaginary 
part of the Clausius–
Mossotti factor of a typical 
mammalian cell calculated 
using single shell model. 
Dielectrophoresis depends on 
real part, electrorotation on 
imaginary part and traveling 
wave dielectrophoresis on 
both parts of the Clausius–
Mossotti factor
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where Q is the total charge of the particle, σQ is the surface charge density and S 
is the surface of the particle over which surface charge density is integrated. Cells 
suspended in an electrolyte solution are surrounded by a double layer of ions. The 
inner layer of ions, called the Stern layer, is adsorbed on the interior membrane 
surface. The outer layer, where ions are freely moving due to thermal motion, is 
called the diffuse electrical double layer and it spans a distance on the order of the 
Debye length. Including the double layer in force calculations to more precisely 
describe cellular motion adds complexity and is explained in detail in Chapter 7 of 
Morgan and Green (2003).

2.2  Electroosmosis

Electroosmosis (EO) is the motion of a polarizable medium in an electric field 
due to the net Coulombic forces acting on the charged molecules in the medium. 
Conventional DC-driven EO flow is observed in microchannels and around parti-
cles where the electrical double layer is formed to shield the surface charge. The 
Coulombic forces experienced by the net excess charges in the double layer drive 
the EO flow in the microchannel. In microchannels, DC EO flow creates a plug 
flow where the velocity outside the double layer remains constant. Compared to 
the parabolic flow profile caused by pressure driven flow, plug flows ensure that 
mixing in the flow direction is minimized. Thus, this kind of EO flow is of particu-
lar importance in LOC microdevices, because it can be used to generate electroki-
netically driven on-chip flows without moving parts as opposed to pressure driven 
flows. An example of such a microdevice is a cell culture platform that uses EO 
pumping to generate sheer stress on the cells and recreate physiological conditions 
(Chang et al. 2014). EO also plays an important role in electrophoretic separation 
by modifying the elution times of the charged analytes.

Induced Charge Electroosmosis (ICEO) describes a type of electrokinetic phe-
nomena in which the applied electric field induces the formation of charges on 
polarizing (metal and dielectric) surfaces and dielectric media which further inter-
act with the applied or induced electric fields and can produce a wide range of 
fluid motion. Unlike conventional DC electroosmosis (EO), ICEO is a nonlinear 
phenomenon and the flow fields are dependent on the geometry and configuration 
of the electrodes and other surfaces as well as the strength and frequency of the 
applied electric field (Squires and Bazant 2004).

AC electroosmosis (ACEO) is a case of ICEO where the applied electric field 
acts on its own induced charges at the electrode surfaces to create fluid flow. 
ACEO-based devices generally require much smaller operational voltages (in 
mV) and undesirable Faradaic reactions are reduced or eliminated. ACEO using 
micropatterned electrode arrays has been applied to particle focusing and concen-
tration. Hoettges et al. (2003) demonstrated the use of an interdigitated electrode 
array to trap particles on top of the electrodes using a combination of DEP and 
ACEO. The two sets of electrodes create a pair of counter rotating vortices which 
focuses and traps cells and particles on top of the electrodes (Fig. 3).
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2.3  Dielectrophoresis

As shown before, when a biological cell is subjected to an electric field, a dipole is 
induced in the cell. When an electric field is inhomogeneous, the cell experiences a 
dielectrophoretic force, which drives the cell toward the high region of electric field if 
the cell is more polarizable than the medium (positive DEP, Fig. 1c) or toward lower 
field if the cell is less polarizable (negative DEP). The process was first described by 
Pohl and Crane (1971) and the detailed theory is described in several books and arti-
cles (Voldman et al. 2000; Jones 1995, 2003; Morgan and Green 2003).

The electric field can be written in the form Ei = E0i sin(ωt + ϕi), where E0 is 
the amplitude of the sine wave, ϕ is the phase shift angle and subscript i indicates 
spatial components x, y, z. ERMS is the root mean value of E0. The time averaged 
dielectrophoretic force can be approximated as:

This equation has two parts, one with a real part and one with an imaginary part of 
the Clausius–Mossotti factor. When an electric field is applied using only one pair 
of electrodes or in general when it does not have phase shifted components, the 
imaginary part is zero and the equation above simplifies to

This equation can be roughly divided into two parts; a device contribution 
ǫe∇E2

RMS and particle contribution 2πr3Re(fCM(ω)). Two particles can be sepa-
rated if they have significantly different size and/or electrical properties included 
in the Clausius–Mossotti factor. If two populations of cells have a wide distribu-
tion of cell sizes, the strong dependence on cell size can impede separation of cells 
with different properties of their membrane.

(14)
�FDEP(t)� = 2πǫer

3
(

Re(fCM(ω))∇E2
RMS + Im(fCM(ω))

(

E2
x∇ϕx + E2

y∇ϕy + E2
z∇ϕz

))

.

(15)FDEP = 2πǫer
3Re(fCM(ω))∇E2

RMS .

Fig. 3  Schematic diagram of AC electroosmotic flow. The dotted arrows represent the fluid 
motion while the solid lines indicate the motion of the particles suspended in the fluid
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The Clausius–Mossotti factor is frequency dependent and most cells in a low 
or moderately conductive medium exhibit positive and negative DEP at different 
frequencies. The point where the real part of the Clausius–Mossotti factor changes 
sign and the DEP force is zero is called the crossover frequency. Typically cells 
can have one or two crossover frequencies.

Dielectrophoresis can be used to manipulate, characterize and separate cells 
in a label free and noninvasive method. Sufficiently large electric field gradients 
are limited to short distances from the electrodes or structures distorting the field. 
Therefore, the full potential of DEP can be achieved in microfluidic devices as 
a contact-free method of manipulating cells. In most cases, the small distances 
between electrodes in microchannels result in high electric field strengths being 
obtained from a function generator, allowing for relatively low-voltage contact-
free cellular manipulation. No markers, optics, or bulky on-chip components are 
needed. However, the drawback of using DEP for practical purposes is the neces-
sity to suspend cells in a buffer with conductivity lower than physiological val-
ues to mitigate Joule heating. Examples of DEP uses are described in the Sect. 5. 
Typically, DEP can be used for single cell or for high-throughput cell manipula-
tion, and can be used to perform characterization and separation based on cell’s 
biophysical properties. Some of the most popular target cells are different blood 
cells (Minerick et al. 2003; Gagnon et al. 2008), rare cells (Gascoyne et al. 2009; 
Salmanzadeh et al. 2012; Salamanzadeh and Davalos 2014) and various cancer 
cells (Gascoyne et al. 2013). DEP is a popular research topic and in the last few 
years DEP-based devices have become commercially available as well.

2.4  Electrorotation

Electrorotation is typically used as a tool to characterize electrical properties of 
single cells. The same biophysical properties are responsible for cell rotation as 
for DEP translation. Electrodes placed around a cell and energized with phased 
shifted AC voltage generate a rotational field. An induced dipole in the middle of 
the electrodes will experience torque and rotate (Fig. 4a). When the field has four 
components, phase shifted for 90° the torque on a cell is

The cells can rotate in the same direction or in the opposite direction than the elec-
tric field, depending on the frequency of electric field and imaginary part of the 
Clausius–Mossotti factor. In most of the dielectrophoretic devices, the field gra-
dient is not constant enough to fit measurements of motion of individual cells to 
the model and other forces influence the motion of cells. Electrorotation chambers 
have an area of constant field gradient in the middle between the electrodes and 
it is easier to determine the field at the location of a cell. Still cell-to-cell interac-
tions distort the electric field and influence the motion of cells, fluctuations of the 
medium move cells in unwanted directions and gravity pulls the cell to the bottom 

(16)TROT = −4πǫer
3Im(fCM(ω))|E|2.
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of the chamber and therefore friction with the bottom surface influences the rota-
tional speed of a cell. To minimize cell-to-cell interactions, the concentration of 
the cells in suspension must be low. To keep the cell levitating, a combination of 
electrorotation with negative dielectrophoresis is often used. The voltage to induce 
electrorotation can be superpositioned with the voltage to induce dielectrophore-
sis and levitation or dielectrophoresis and electrorotation voltages can be applied 
sequentially to keep the cell levitating in the middle of the electrodes. To energize 
the electrodes, four sine signals can be generated with four synchronized genera-
tors or two generators with 90° phase shift and two inverters. Vibrations and evap-
oration of water cause uncontrolled motion of cells, which can be minimized by 
using a gasket and covering a device with a cover slip.

The rotational velocity of individual cells can be measured by recording videos 
and determining differences in orientation of the cells. Cells have a nonuniform 
surface and are not ideally spherical. This asymmetry allows one to recognize cel-
lular orientation on each frame of the video and determine the rotational veloc-
ity. From the velocity measured at different frequencies, the imaginary part of the 
Clausius–Mossotti factor can be fitted to measurements and the values of electrical 
conductivities and permittivities of cells can be calculated.

The advantage of electrorotational characterization is minimization of influ-
ence of other forces and ability to measure single cells, while the disadvantage 
is extremely low throughput. Electrorotation spectra have peak velocities close to 
crossover frequencies of dielectrophoretic spectra (see Fig. 2) and it can be a use-
ful tool to calculate biophysical properties of cells and predict the possibility of 
dielectrophoretic cell separation.

2.5  Traveling Wave Dielectrophoresis

Similar to rotational field devices, planar interdigitated electrodes can be energized 
by phase shifted voltages while the dielectrophoretic force propels cells along an 

(b)

(a)

Fig. 4  Energizing electrodes with phase-shifted voltage induces motion of cells that depends on 
imaginary part of the Clausius–Mossotti factor; a electrorotation, b traveling wave DEP
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array of electrodes (Fig. 4b). In this case both components of Eq. (14) are nonzero. 
A cell can effectively move if the DEP force is negative in order to levitate the par-
ticle and the traveling wave dielectrophoresis (twDEP) component is large enough 
to produce translational motion. For a typical mammalian cell in low conductiv-
ity medium, these conditions are fulfilled just above the first crossover frequency. 
While single phase electrodes can be easily fabricated in one layer, four phase-
shifted signals require metal deposited in multiple layers or a manifold to indi-
vidually connect each electrode bar of the electrode array.

3  Electroporation

Exposure of a cell to a strong electric field causes the formation of pores in the 
cellular membrane. The phenomenon is called electroporation and it allows for 
the exchange of molecules through otherwise impermeable membrane (Neumann 
et al. 1982; Davalos et al. 2000; Kotnik et al. 2012). Pores form when the induced 
transmembrane voltage (ITV) reaches the threshold that is typically between 0.2 
and 1 V, depending on the cell type (Chen et al. 2006; Henslee et al. 2011a). The 
ITV at a point on the surface of a spherical cell in suspension can be described 
with the following equation (Schwan 1983; Marszalek et al. 1990)

where θ is a polar angle, measured from the center of the cell between the given 
point on the membrane and the applied field direction, and τ is the relaxation time 
of the cell membrane [Eq. (11)]. A diagram of the cell with θ defined and a graph 
of the ITV magnitude is shown in Fig. 5.

(17)ITV = 1.5Er
1

√
1+ ω2τ 2

cos(θ),

Fig. 5  When a cell is exposed to electric field, the transmembrane voltage depends on a position 
on the membrane
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Pores, which form during exposure of a cell to electric pulses, close in a few 
microseconds after pulse delivery. However, the cell membrane remains permeable 
for several minutes (Pucihar et al. 2008).

While electroporation generally does not induce motion of cells, it is useful for 
the manipulation of transport across the cell membrane. Depending on the dura-
tion and amplitude of electrical pulses, electroporation can be reversible or irre-
versible. If the pores close following electroporation, the cell recovers (reversible 
electroporation), but if the pores do not close or damage to the cell is too severe, 
the cell dies (irreversible electroporation) (Lee 2006). Reversible electroporation 
is typically used to introduce drugs or DNA material into cells and to fuse cells 
together, while irreversible electroporation is typically used to non-thermally lyse 
cells or induce apoptosis.

4  Model of a Cell

A cell is a complex particle, but from an electrical point of view it can be approxi-
mated as a conductive sphere (cytoplasm), surrounded by a thin dielectric shell 
(cell membrane). The equivalent complex permittivity of the cell, ε∗c, using this 
geometric approximation can be expressed as

where, ε∗cyt and ε∗mem are the complex permittivities of the cytoplasm and mem-
brane, respectively. The factor γ is a function of the cell radius, r, and the mem-
brane thickness, dmem, and can be expressed as γ = r/(r − dmem). The complex 
permittivity of the cell, ε∗c, is a function of the frequency of the electric field, geo-
metrical and electrical properties of the cell including the cytoskeleton, membrane 
morphology and capacitance as well as cytoplasm conductivity.

At high frequencies, in the MHz range, an electric field can easily penetrate 
the cell membrane and the model can be improved by adding additional concen-
tric shells representing the cell nucleus, nuclear membrane and cell wall for some 
types of cells. Most eukaryotic cells are modeled by approximating the cell as 
three concentric shells around a central sphere, with the outer shell representing 
the cell membrane, followed by cytosol, the nuclear envelope and the nucleoplasm 
as the innermost volume (Fig. 6). The complex permittivity of the double shell 
model can be expressed as

(18)ε∗c = ε∗mem

γ 3 + 2
(

ε∗cyt−ε∗mem
ε∗cyt+2ε∗mem

)

γ 3 −

(

ε∗cyt−ε∗mem
ε∗cyt+2ε∗mem

) ,

(19)γ1 = rne/(rne − dne)

(20)γ2 = (r − dmem)/rne

(21)γ3 = r/(r − dmem)
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Here, the mem, cyt, ne and np subscripts denote the cell membrane, cytoplasm, 
nuclear envelope and nucleoplasm properties, respectively. The cell and nuclear 
radii are denoted by r and rne, respectively. The cell membrane thickness and the 
nuclear membrane thickness are denoted by dmem and dne, respectively.

The single shell model is accurate for human red blood cells and prokaryotic 
cells. The double shell model is generally used to model most eukaryotic animal 
cells (except non-nucleated cells). Differences between the single shell and double 
shell models are most pronounced at high frequencies (>200 kHz) but are mini-
mal at low frequencies. Therefore, when modeling the low frequency response of 
eukaryotic animal cells, the single shell model is a sufficient approximation, as 
the cell membrane partly insulates the cell interior. Plant and yeast cells, which 
are surrounded by a thick cell wall and contain large vacuoles/vesicles and multi-
ple chloroplasts (plant cells). These cells can be modeled by a modification of the 
double shell (Asami and Yamaguchi 1992) and single shell (Asami and Yonezawa 
1996) models to include the contribution of vacuoles/vesicles and plastids.  
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Fig. 6  Schematic for the single shell and double shell models. a Schematic diagram for mode-
ling a biological cell of radius r using a single shell of thickness dmem representing the cell mem-
brane. b Schematic diagram for modeling a eukaryotic cell of radius r and nuclear radius rne as 
two concentric shells of thickness dmem and dne representing the cell membrane and the nuclear 
envelope, respectively
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A major limitation of these models is the assumption that the cells are perfectly 
spherical. Models have also been developed for spheroidal cells (Asami et al. 
1980) and for budding cells (Asami et al. 1998).

Analytical solutions of the electric field distribution exist only for a few sim-
ple electrode configurations, such as interdigitated electrodes (Morgan et al. 2001). 
For other configurations, numerical computations are a great tool to optimize 
the design of the microfluidic devices. The most popular numerical computation 
tool is finite element method (FEM) software. Some software packages allow the 
user to compute not only the electric field, but also the fluid flow velocity, evalu-
ate the force balance on particles in the device and calculate particle trajectories. 
Numerically, computing the electric field and its gradient and then calculating the 
DEP force on a cell using Eq. (15) is typically the fastest way to predict the DEP 
force on a cell. However, it has some limitations. When a cell is very close to the 
channel wall or electrodes, the dipole approximation is not valid, since the scale 
of the nonuniformity of the electric field and the cell diameter are of comparable 
size. Such an approach does not consider cell-to-cell interactions and can be used 
only when cells are far from each other and other objects (Shi et al. 2010). When 
negative DEP is used cells are repelled from the electrodes and they are less likely 
to interact with other cells, in which case the dipole approximation is sufficient. 
However, when cells are trapped using positive DEP, they touch the walls, elec-
trodes and other cells and numerical simulations are typically used to account for 
these dynamic changes.

The DEP force on a cell can be computed numerically using the Maxwell stress 
tensor. This formula is general and is not restricted to a specific cell shape or dis-
tance to channel walls or other particles. The DEP force on a particle can be com-
puted by integrating the Maxwell stress tensor, 

⇀

T, over the surface of the particle

where n is the unit vector normal to the surface. The time-averaged tensor T is 
defined as

where E∗ denotes the complex conjugate of the electric field and I a unit tensor. 
This method is the most rigorous approach to calculate the DEP force and can be 
used to evaluate other methods (Wang et al. 1997; Rosales and Lim 2005). The 
analytical expression of the DEP force on a spherical particle can be alternatively 
derived from Eqs. (25) and (26), resulting in a typical expression for DEP force 
[Eq. (14)] (Wang et al. 1997).

Several numerical models and methods have been proposed to predict the 
motion of cells in cell manipulation devices (Lee et al. 2011; Jubery et al. 2014). 
The most common is the effective moment Stokes-drag method. Here, the particle 
is considered small enough that it does not affect the flow and electric field around 
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the cell significantly. The DEP force can be computed separately from the drag 
force. The fluid flow in microfluidic devices is creeping in nature and the Reynolds 
number is typically low, therefore the Stokes drag force, FDRAG, on a spherical 
particle can be expressed as

where up and uf are the velocities of the particle and medium, respectively, and η 
is viscosity of the medium. DEP and drag force are used to iteratively to simulate 
trajectories of particles. Trajectory of the particle is determined by the balance of 
DEP and Stokes drag forces and assuming that the inertial terms are negligible.

The velocity of a particle, up, can be expressed as

where μDEP is the DEP mobility of the particle defined as

The DEP mobility is independent of the electric field gradient and therefore it 
is intrinsic to the particles. When particles significantly influence the electric 
field and fluid flow distribution, then other methods can be used. The arbitrary 
Lagrangian–Eulerian (ALE) method, a finite element method technique, cap-
tures the physics very well. The flow and electric field are solved separately and 
the interface conditions are matched iteratively to obtain the solution. A moving 
mesh is used to follow the motion of the particle. This method is computation-
ally demanding and only useful for single particle simulations. Using different 
meshes for solid and fluid domains significantly reduces the computation time. 
The immersed finite element method, unified finite volume method and immersed 
interface method offer faster simulation of cell trajectories and allow one to study 
the interactions of several cells close together (Jubery et al. 2014).

5  Applications

Electrokinetics has been investigated for decades and has been widely adopted 
as a method for molecule separation. Electrokinetics for cellular manipulation 
became popular in the 1990s and since 2000 there has been a strong increase in 
the number of publications focusing on applications, especially dielectrophoresis 
(Pethig 2010). Although electrokinetics can be used to manipulate various kinds of 
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polarizable particles, it is most commonly used for biomedical applications, such 
as DNA and cell manipulation.

5.1  Non-Specific Manipulation of Cells

AC electroosmosis (ACEO) has emerged as a precise and easily implemented 
method of local flow control without moving parts. Unlike DC electroosmosis, 
which requires large voltages and involves Faradaic reactions at the electrodes, 
ACEO can work with small applied voltages while Faradaic reactions are mostly 
eliminated. The fluid flow generated can be used to concentrate and trap par-
ticles and cells in certain locations. The strength and structure of the fluid flow 
can be tuned by changing the electrode geometries and applied electric fields. 
While ACEO is not selective, it is versatile and robust, and can be implemented 
for a wide range of particles ranging from strands of DNA to live cells. However, 
ACEO flows have been shown to decay strongly with increasing salt concentra-
tions and the flows are negligibly small for solutions with ionic concentrations 
greater than 10 mM.

The fluid flow generated by ACEO has been used to focus cells on electrodes 
where they can be trapped by strong short range DEP and electrophoretic forces 
(Wong et al. 2004; Bhatt et al. 2005). ACEO trapping has also been used with 
electrical impedance spectroscopy to concentrate and detect E. coli bacteria (Wu 
et al. 2005). Asymmetric electrode patterns have been shown to produce flows 
that can be used for pumping in microdevices. Melvin et al. (2011) designed an 
on-chip particle collection device using ACEO pumping DEP for the rapid con-
centration and collection of yeast cells and other particles in a stagnant region of 
the device. The applied electric fields can be tuned for different dilute electrolytes, 
particle sizes and concentrations making this design robust and versatile. ACEO 
can be used to build several components of LOC systems. Fu et al. (2015) devel-
oped contactless metal electroosmotic micropump to perform fluid pumping, rout-
ing and metering on a single chip.

Sheath flows, where the flow of interest is focused by a surrounding bulk flow, 
are the most commonly used method to focus cells in a microchannel. However, 
sheath flows increase the complexity of the device and dilute the particle concen-
tration. DEP has been extensively used as a sheathless cell focusing mechanism 
in microchannels. By creating nonuniform electric field normal to the streamlines, 
particles and cells can be focused in tight streams (Hughes 2002; Gascoyne and 
Vykoual 2004). This approach uses negative DEP to push the cells away from the 
electrodes and counteracts the gravitational sedimentation of cells in the micro-
channel. Combined with a hydrodynamic “lift” force (FHDLF) it forms the basis of 
DEP Field-Flow-Fractionation (DEP-FFF), which will be discussed in the follow-
ing section. Müller et al. (1999) developed microelectrode device that is capable 
of multiple electrical manipulation of cells. The electrode elements are designed 
to focus, trap, rotate and separate cells or latex particles using negative DEP. 



73Electrical Manipulation and Sorting of Cells

Khoshmanesh et al. (2011) used DEP to trap live nonadherent cells during envi-
ronmental scanning electron microscopy, avoiding the need of chemically prepar-
ing the cells for scanning.

Insulated posts and other barriers can be used to form electric field gradients, 
which can be used to dielectrophoretically focus particles in a microchannel. 
Cummins and Singh used insulated posts (Cummings and Singh 2003) while Xuan 
et al. (2006) used a constriction to focus latex beads with DC DEP. A major dif-
ficulty with such methods is that the obstacles need to be of the same order of 
magnitude as the particles to generate large enough DEP forces. However, Zhu 
and Xuan (2009) demonstrated the use of DC biased AC fields to focus particles 
in a constriction. The tightness of the focused stream could be tuned by changing 
the ratio of the DC to AC applied electric fields. X-shaped insulated posts have 
also been used to focus (Huang et al. 2011) and simultaneously filter live and dead 
HeLa cells (Fig. 7) (Jen and Chen 2011).

Fig. 7  Insulator-based DEP filtration (top) and focusing (bottom) of live (stained green) and dead 
(stained red) HeLa cells using a series of X-shaped insulated posts. The dead cells are filtered 
at the edges of the insulating structures upstream while the live cells are focused to the center. 
Reproduced with permission from Jen and Chen (2011). Copyright 2011, AIP Publishing LLC
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5.2  Sorting Based on Cell Characterization

Flow cytometry has emerged as an important method of cell sorting and has been 
used for characterizing cells suspended in a medium based on their properties and 
separating them for further analysis. Flow cytometry has also become a vital tool 
for the purification and analysis of rare cells such as stem cells, circulating tumor 
cells and rare bacterial species that cannot be cultured in lab environments.

Rapid advances in LOC technology have enabled the miniaturization of flow 
cytometers. These miniaturized systems are designed for point-of-care clinical 
diagnostic purposes and are inexpensive, portable and disposable while still retain-
ing most of the functionality of bulky and expensive commercial benchtop sys-
tems. Fluorescence activated cell sorting and impedance based cell sorting are two 
technologies that are commonly used by flow cytometers to count and sort cells. 
Both these methods identify the cells based on their properties and use electric 
fields to sort them at a downstream location.

5.2.1  Fluorescence-Based Cell Sorting

Fluorescence-activated cell sorting (FACS) is a popular method of counting and 
sorting cells based on their fluorescence intensity. The target cells are tagged with 
a fluorescent dye that binds to specific proteins and the cell suspension is then 
pumped through a nozzle one at a time. Light scattering is used to size the cell 
while the presence or absence of the fluorescent tag is used to identify the cell of 
interest.

Conventional benchtop FACS devices use a vibrating nozzle to encapsulate 
the cell in a droplet, which is then positively or negatively charged based on its 
fluorescence signal. The charged droplet is dropped in an electric field where it 
is sorted into different bins based on the charge on the droplet. Yao et al. (2004) 
designed an integrated micro flow cytometer with a FACS system that is driven by 
gravity. However, most LOC fluorescence-based cell sorting systems use a num-
ber of different electrokinetic technologies, both for driving the fluid flow through 
the microchannels and for sorting the cells once a positive identification has been 
made. Fu et al. (2004) demonstrated an electrokinetically driven LOC fluores-
cence-based cell cytometer. This system uses electrokinetic flows to focus the cells 
or particles in the center of the microchannel as well as to switch the flow after the 
identification has been made. Holmes et al. (2006) used DEP to focus fluorescent 
particles in the center of a microchannel where they could be sorted. Baret et al. 
(2009) used a fluorinated oil with surfactants to encapsulate E. coli cells in droplets 
which when detected by the fluorescent intensity were deflected into a side cham-
ber using DEP. This system can sort accurately up to 2000 droplets per second.

LOC systems that identify cells based on their fluorescence signals and 
sort them using various electrokinetic phenomenon have seen a great deal of 
improvement in recent years. These systems can now sort cells with throughputs 
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approaching conventional benchtop FACS systems while still being price efficient 
and portable. However, one major drawback of these systems is that they are still 
reliant on fluorescent markers to classify the cells.

Fabbri et al. (2008) developed a microfluidic device that uses negative DEP to 
manipulate and position the cells in the middle of DEP cage. Individual cells are 
then analyzed and separated based on their fluorescence labeling or morphological 
features and sorted using DEP.

5.2.2  Impedance-Based Cell Sorting

In recent years, impedance-based cell sorting has been investigated as an alterna-
tive to sorting cells using fluorescence identification of cells. Unlike FACS, imped-
ance-based cell sorting is a label-free non-invasive method of identifying cells and 
sorting them based on their dielectric properties. Impedance-based micro flow 
cytometers generally measure the impedance of cells at various discrete frequen-
cies and use this impedance data to identify the cells of interest.

The first impedance-based flow cytometer was devised by Coulter (1953). 
Microfluidic Coulter Counters use impedance sensing of single cells in a micro-
channel for a variety of purposes ranging from simple counting and sizing of the 
cells to non-invasively monitoring single cell functions. When the cell passes 
between two electrodes in a microchannel, the measured electrical impedance of 
the system will increase. This change is proportional to the radius and dielectric 
properties of the cell as well as the frequency of the applied voltage used for the 
impedance measurement. The characterization and classification of the cell based 
on this change in the electrical impedance is the operating principle behind all 
impedance-based cell sorters. In contrast to electrorotation or the measurement of 
DEP crossover frequencies, impedance cytometry directly measures the imped-
ance and thus, the dielectric properties of the cell.

The first impedance-based cytometers used DC or low frequency AC voltages 
to size and count the cells. As the cell membrane is a poor conductor at these fre-
quencies, the resistance change is a measure of the change in the amount of elec-
trolyte between the two electrodes. The conductivity of the cell-media system (ko) 
can be calculated as ko = ks(1− p)(1+ p/2) where ks is the conductivity of the 
medium and p is the ratio of the cell volume to the total detection volume of the 
electrodes. At higher frequencies, (>1 MHz) the cell membrane conducts more 
current and parameters such as the cell membrane capacitance and the cytoplasmic 
conductivity can be obtained.

Recently, there has been a great deal of research focused on developing on-
chip impedance-based flow cytometers as the first step for complete cell sorting 
devices. Ayliffe et al. (1999, 2002) developed the first on-chip microfluidic imped-
ance-based cell sorter which was used to differentiate human polymorphonuclear 
leukocytes from teleost nucleated red blood cells. Gawad et al. (2001) modeled 
and simulated the impedance spectra for cells in a microchannel for different elec-
trode combinations. The resulting microfabricated impedance cytometer used two 
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sets of coplanar electrodes to investigate and differentiate between latex beads of 
different radii and also erythrocytes and ghost cells using a low frequency and a 
high frequency voltage (Fig. 8). While both of the high-frequency and low-fre-
quency impedances vary with the height of the cell in the microchannel, the opac-
ity, which is the ratio of these impedances remain almost constant. This coplanar 
electrode design has been adapted and used for impedance cytometry and counting 
by many other authors.

The coplanar electrode design is easy to fabricate and effective at differentiat-
ing between cells, but the nonuniform electric field in the microchannel is respon-
sible for large variations in the impedance signal. Gawad et al. (2004) proposed a 
parallel electrode configuration and used a 3D finite element simulation to model 
the impedance and compared the numerical solution to the Maxwell mixture 
model solution. Due to the more uniform electric fields in the parallel electrodes, 
the effect of the position of the cell in the microchannel is less significant. This 
amplitudes and phase of the impedance as well as the opacity obtained from this 
design were used to differentiate cell sizes (Fig. 9), membrane capacitances and 
cytoplasmic conductivities at up to a 1000 cells/s (Cheung et al. 2005; Morgan 
et al. 2007). This design was also adapted by Valero et al. (2010) and Mernier 
et al. (2012) to fabricate LOC devices with liquid electrode arrays, capable of both 
impedance cytometry and dielectrophoretic sorting.

Some of the more recent advances in impedance-based cell sorting have been 
to utilize a larger frequency range to investigate the cell. Fuller et al. (2000) 
developed a multi-frequency impedance cytometer which could differentiate the 
radius and the membrane capacitance of cells at up to 100 cells/s. Sun et al. and 
Gawad et al. developed a broadband impedance spectroscopy cytometry tech-
nique that could measure the impedance at 512 evenly spaced frequency points 
within a 1 ms time interval. This measurement capacity was made possible by the 
use of a maximum length sequence analysis that obtains an impulse response of 

Fig. 8  Microfabricated impedance sensor for impedance cytometry with measurement channel 
and, coplanar measuring and shielding electrodes. The fork in the middle provides a separate 
ground to each of the two sets of electrodes. Reproduced from Gawad et al. (2001) with permis-
sion from The Royal Society of Chemistry
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the particle. This system has the advantage of having a much higher signal-to-
noise ratio than conventional FFT or discrete frequency techniques and this can 
be further improved using digital signal processing techniques (Sun et al. 2009). 
Impedance sensing has also been combined with fluorescence cytometry on the 
same chip making for a more versatile cell sorting system (Morgan et al. 2006; 
Baret et al. 2009) capable of differentiating leukocytes and obtaining total blood 
counts (Holmes et al. 2009). Small antibody conjugated beads have also been 
bound to CD4-T cells to enable identification and sorting analogous to fluorescent 
labeling (Holmes and Morgan 2010).

5.3  Direct Cell Separation

Dielectrophoresis is a cell separation method that uses cells’ intrinsic properties, 
regardless of their genetic information or expression. Different cells have different 
DEP response and they can be directly sorted based on the sign or magnitude of 
DEP force. Cells can be separated by directing them to different outlets in con-
tinuous flow or they can be separated in batches. Continuous separation requires 
a focused stream of a cells suspension and the DEP force changes the trajectory 
to route cells in different directions depending on their DEP response. Batch sep-
aration is typically based on selective trapping of one type of cells. Target cells 
are typically trapped/immobilized by positive DEP while background cells pass 
through the device.

Cell trapping is strongly determined by cell size as follows from Eq. (15). For 
example, a 10 % increase in radius increases the DEP force by 33 % allowing it to 
dominate over small differences in electrical conductivity or permittivity. To mini-
mize the effect of cell size, a balance of forces can be used. A great example of 
balancing forces is Dielectrophoretic Field Flow Fractionation (DEP-FFF) (Huang 
et al. 1997; Markx et al. 1997; Čemažar et al. 2013) where a DEP-FFF device con-
sists of array of interdigitated electrodes at the bottom of the channel, generating 

Fig. 9  Correlation plot of 
the high frequency (10 MHz) 
versus low frequency 
(602 kHz) signal amplitudes 
for living and fixed red blood 
cells (RBCs) and latex beads 
of different radii. The living 
RBCs can be differentiated 
from the fixed RBCs and the 
latex beads. Adapted from 
Cheung et al. (2005) with 
permission from John Wiley 
and Sons
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electric field that pushes up the cells via negative DEP (Fig. 10). Since cells have 
higher density than the surrounding buffer, a sedimentation force acts in the oppo-
site direction. Both forces are dependent on r3, which is the key in the reduction of 
cell size influence. The DEP force decreases rapidly with distance from the elec-
trodes and a cell reaches its equilibrium vertical position within the lower half of 
the channel. The channel is thin and wide therefore the fluid flow is laminar. Cells 
with equilibrium position in the middle height of the channel flow through device 
the fastest, while cells close to the bottom flow the slowest.

DEP-FFF sorting can be either batch or continuous. In batch sorting, a small 
volume of cell suspension is injected into the channel and elution buffer is pumped 
into the device to move the cells through the channel. Cells reach their equilib-
rium vertical position depending on their properties and then they flow at differ-
ent velocities. Cells that arrive at the outlet first are collected in the first bin, and 
the cells that flow through the channel slower are collected in the second bin. The 
advantage of batch mode sorting is simple fabrication in comparison to the con-
tinuous mode device.

In continuous mode devices, cells and elution buffer are pumped into device. 
Cells reach their equilibrium position and the channel has a splitter at the end to 
direct cells into two outlets based on their vertical position. This type of DEP-
FFF device generally has higher throughput and it is easier to fine tune the voltage 
and flow rates to split two populations of cells. The disadvantage is fabrication 
difficulty, since cells need to be split at the end of the channel and one with-
drawal pump in addition to two infusion pumps are needed for stable fluid flow. 
The downside of DEP-FFF is the length of the channels. Devices that allow high 
throughput separation can have a 30 cm long channel making it necessary to fabri-
cate the chamber with several sections of interdigitated arrays and using a flexible 
substrate to prevent breaking of the electrode array (Vykoukal et al. 2008).

Cells can be characterized using DEP to measure some of their biophysical 
properties and to determine the feasibility of DEP separation. Characterization is 
typically done by exposing cells to a predefined electric field for a short time and 
visually tracking their motion. Changes in their position at different frequencies 
are then fitted to the model described in Sects. 2.3 and 4 to obtain the Clausius–
Mossotti curve. Gagnon et al. (2008) used quadrupolar electrodes to measure fCM 

Fig. 10  Dielectrophoretic field-flow fractionation. Laminar flow carries the cells through device 
at different equilibrium heights
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of bovine red blood cells of different starvation ages that reflects in surface pro-
tein density. In a typical DEP buffer the second crossover frequency is in the order 
of hundreds of MHz and electromagnetic interference impedes the measurements. 
Therefore, they modified the composition of the DEP buffer with a zwitterionic 
solution to lower the second crossover frequency to tens of MHz. Salmanzadeh 
et al. (2013) measured the first crossover frequency of different stages of cancer 
cells using a contactless DEP device. They found that sphingosine treatment can 
change the properties of late stage of mouse ovarian surface epithelial cells to have 
the same crossover frequency as the benign cancer cells. Fatoyinbo et al. (2008) 
characterized cells with the DEP dot microsystem (Fig. 11). They did not measure 
the position of individual cells, but the intensity of transmitted light in each dot 
chamber. When cells experienced positive DEP they moved towards the electrodes 
on the perimeter of the chamber, and when they experienced negative DEP they 
concentrated in the middle of the chamber.

Fig. 11  Characteristic dispersions of the dielectrophoretically manipulated cells in the dot 
microsystem. Reproduced from Fatoyinbo et al. (2008) with permission from John Wiley and Sons



80 J. Cemazar et al.

Metal electrodes have some disadvantages, such as electrolysis, electrode delam-
ination, and bubble formation. Some of these complications can be minimized by 
using gold electrodes (inert metal) and AC voltage to reduce electrochemical dam-
age to the material. An alternative to forming inhomogeneous electric fields with the 
physical pattern and geometry of metal electrodes is to use insulating structures to 
distort the otherwise homogeneous electric field. This technique is called insulator 
dielectrophoresis (iDEP) (Cummings and Singh 2003; Lapizco-Encinas et al. 2004) 
and it has some advantages over classical DEP using metal electrodes. iDEP systems 
offer reduced chemical reactions, elimination of the metal deposition and patterning 
step required for metal electrode arrays and no electrode delamination. Using insu-
lating structures to distort the electric field also minimizes damage to the cells due 
to the extremely high electric field that may appear on the edges of metal electrodes. 
Many iDEP systems are reviewed in (Simmons et al. 2006; Srivastava et al. 2010; 
Regtmeier et al. 2011). For example, cellular studies have been performed on the 
concentration and separation of bacteria in water using a glass device with insulating 
pillars (Lapizco-Encinas et al. 2004) and sorting of cells by size in a continuous sort-
ing device (Kang et al. 2008).

The concept of eliminating contact of cell suspension with metal electrodes was 
taken even further in contactless dielectrophoresis (cDEP) devices (Shafiee et al. 
2009). Insulating structures are used to distort otherwise homogeneous electric fields 
as in some iDEP devices, however, the electrodes are completely separated from the 
cell suspension by a thin insulating membrane. This barrier negates possibility of elec-
trochemical damage to the cells and minimizes electroosmosis within the sample. A 
voltage is applied to the main channel via liquid electrodes. cDEP has been used to 
selectively separate, concentrate and isolate different types of human breast cancer 
cells (Henslee et al. 2011b) and it was the first reported dielectrophoretic isolation of 
tumor initiating cells (Salmanzadeh et al. 2012). Early cDEP devices had electrode 
channels and cell suspension channels in the same layer, but the latest multilayer 
cDEP devices have electrodes in a different layer than cell suspension, which has 
allowed for the design of high throughput cell separation devices that have flow rate of 
2.2 ml/h at cell density of 2.5 million cells per ml (Čemažar et al. 2016). These high 
throughput cDEP devices have unique cell-sized (20 μm) insulating pillars (Fig. 12) 
that reduce cell-to-cell interaction and increase specificity of trapping in comparison 
to typical 100 μm pillars (Lapizco-Encinas et al. 2004; Shafiee et al. 2010).

DEP has been used to separate many different types of cells. The purity of 
separating viable cells from non-viable ones is very high. For example, Doh and 
Cho (2005) achieved 96 % purity of viable yeast cells in DEP device. Separation 
of cells with large differences in size and other properties can also yield in high 
purity; Yang et al. (2011) designed the cascade DEP cell sorter with two DEP sort-
ers to separate LNCaP cells from HCT116, achieving the purity of 96 %. Kang 
et al. (2008) used a DC-DEP-based insulating hurdle design to separate white 
blood cells from red blood cells and platelets and also MCF-7 cells from whole 
blood. This device separates based on cell sizes and this separation can be tuned 
by changing the applied voltages at the different branches of the device. Demirican 
et al. (2015) developed a device with metal electrodes covered with 0.5 μm thick 
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parylene C coating to eliminate the contact of metal with cell suspension. They 
used it to separate multidrug resistant K562 cells from drug sensitive ones.

In the past decade, great efforts have been directed towards developing label-
free detection and isolation of rare cells, such as circulating tumor cells from 
blood or tumor initiating cells (TIC) from tumor samples. The initial concentra-
tion of these cells is extremely low, ranging between 1 and 10 circulating tumor 
cells per ml of blood (Alix-Panabières and Pantel 2014) such that about 10 ml of 
blood needs to be processed for meaningful analysis (Gascoyne and Shim 2014). 
The most relevant targets are separation of stem cells from somatic cells, cancer 
stem cells from normal cancer cells, progenitor cells from stromal cells, cancer 
cells from blood cells, separation of differentiated cells and separation of different 
stages of cancer cells (Salamanzadeh and Davalos 2014). Stem cells and cancer 
stem cells have different protein expression, membrane morphology and surface 
charge, nucleus to cytoplasm ratio, etc. Some of these properties are responsible 
for different electrical properties and that can be used to separate cells using DEP.

Mulhall et al. (2011) measured the Clausius–Mossotti factor to show that the 
electrical properties of normal, pre-cancerous and cancerous oral keratinocytes are 
distinct. Shim et al. (2013) developed a high throughput DEP-FFF device, able to 
continuously separate one million nucleated cells per min. Unlike in most DEP 
devices, in this device cells are suspended in physiological media and in the first 
section of the device the cell suspension is diluted to lower the electrical con-
ductivity of the media. In the second section of the device, tumor cells are pulled 
down towards the electrodes, while other PNBCs are repelled away. The tumor 
cells are isolated by skimming the bottom part of the chamber while the other cells 
are directed towards a waste channel.

Achieving high purity of rare cells in high throughput separation device might 
be difficult in a device that uses only DEP, however, DEP can be combined with 

Fig. 12  A section of a high throughput contactless dielectrophoresis device; a electric field, b 
fluid velocity and c photo of trapped cell. Target cells trap in front of pillars while other cells 
continue towards the outlet
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other techniques of cell isolation. Smith et al. (2015) showed that antibody-based 
immunocapture can be combined with dielectrophoresis (DEP) to differentially 
isolate cancer cells from leukocytes in a characterization device. DEP was used 
to bring target cells in close contact with pillars to increase probability of trapping 
on an antibody-terminated surface. Moon et al. (2011) developed a device capable 
of separating MCF-7 human breast cancer cells from spiked whole blood at flow-
rates up to 126 μl/min. Multi-orifice-flow fractionation, a hydrodynamic separa-
tion technique which takes advantage of the size difference of the cancerous cells 
and other blood cells, was initially used to separate the MCF-7 cells from blood 
and DEP was used downstream as a precise post processing separator to achieve 
combined separation efficiencies of 99.2 and 94.2 % for red and white blood cells, 
respectively, and, to concentrate the MCF-7 cells 162-fold.

5.3.1  DEP Separation in High Conductivity Media

Historically, most DEP identification and separation are carried out in isotonic, 
low-conductivity media to avoid Joule heating and electrochemical reactions 
(Gielen et al. 2010; Gallo-Villanueva et al. 2013). Joule heating is proportional 
to the conductivity of the buffer and square of electric field; therefore many 
DEP buffers have conductivity in the order of 0.01 S/m (Hyun and Jung 2013). 
However, the cells in these low conductivity buffers are stressed and long-term 
cell viability is severely affected. Sabuncu et al. (2015) has also observed a time 
dependent DEP response for Jurkat cells in low conductivity buffers, which results 
from a continuous leakage of ions and increase of the cytoplasmic conductivity, 
membrane capacitance and conductance. However, there are several challenges 
associated with using DEP for cell manipulation in physiological high conductiv-
ity buffers. In such buffers, most cells generally experience only negative DEP (the 
cells are always less polarizable than the media). The lack of a transition between 
positive and negative DEP makes it difficult to identify and separate cells in these 
conditions. Other difficulties associated with high conductivity buffers are elec-
trode polarization, Joule heating and electrochemical damage. However, some of 
these difficulties can be reduced by using a platinum black coating to increase the 
electrode surface area and by using low actuation voltages and high frequencies 
(Schwan 1968; Pless 2002; Sridharan et al. 2011).

Despite these difficulties, different strategies have been investigated to utilize 
negative DEP for cell separation in highly conductive buffers. Gao et al. (2011) 
used a combination of DEP, electrophoresis and AC electrothermal motion to 
continually isolate bacteria from urine and buffy coats. Gielen et al. (2011) use a 
DEP-FFF-based system to slow the cells in a microchannel. The slowing factor 
depends on the dielectric properties of the cells and at 40 MHz, the authors were 
able to distinguish between live and dead Jurkat cells. Park et al. (2011) also used 
a DEP-FFF-based system to concentrate bacteria from high conductivity physi-
ological fluids like cerebrospinal fluid and blood.
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5.3.2  Traveling Wave DEP Separation

An example of a high throughput twDEP separation device was presented by 
Cheng et al. (2009) and was used to separate red blood cells from debris and it 
consisted of a 1.3 mm long and 1 mm wide channel with interdigitated electrodes. 
Cells were first focused in a single stream in the middle of the channel by negative 
DEP and then twDEP was used to change the trajectories of cells based on their 
electrical and geometrical properties. The maximum flow rate was 10 μl/min, giv-
ing a theoretical throughput of 0.6 million cells per hour. van den Driesche et al. 
(2012) designed a device that does not require precise focusing with DEP, how-
ever, it has two inlets, one for cell suspension and one for DEP buffer. The device 
with 200 μm wide channel was used to separate viable Jurkat cells from bacteria, 
debris and non-viable cells, yielding in 86 % recovery of viable Jurkat cells.

5.4  Modification of Cells Using Electric Fields

5.4.1  Electroporation in Microfluidic Devices

Electroporation of cells in vitro can be miniaturized on microfluidic platforms. 
Microfluidic electroporation systems overcome many drawbacks of bench-scale 
electroporators. The distance between the electrodes is typically on the order of 
100 μm, ten times smaller than the macro scale. Voltages needed to generate the 
necessary electric field in a microfluidic device are in the range of tens of volts 
and can be applied using standard laboratory function generators. In compari-
son, large-scale electroporation requires application of hundreds of volts. Second, 
microfluidic channels provide more favorable chemical and fluidic conditions and 
have a large surface to volume ratio for rapid heat dissipation. The small elec-
troporation volume allows for manipulation and observation of individual cells, 
giving information about the heterogeneity of the cell population. A small sam-
ple size is especially attractive for the study of rare cells, but some flow-through 
devices allow for high throughput electroporation. Transparent devices allow for 
in situ observation of electroporation under the microscope.

Two design elements are commonly used in microfluidic electroporation: metal 
electrodes of various configurations and constriction chambers. The most straight-
forward electrodes consist of two parallel metal plates, separated by a small dis-
tance. The electric field is largely uniform, but observation under a microscope 
is difficult, as only indium-tin-oxide is a transparent highly conductive material. 
Coplanar electrodes offer much easier observation of cells, but the electric field 
is not homogeneous in these devices and cells in the microfluidic channel are 
exposed to different amplitudes of the electric field. Pulsing unipolar electric fields 
can cause delamination of thin metal electrodes due to electrolysis. More robust 
electrodes have vertical sidewalls; they offer a more uniform electric field, but the 
fabrication is more difficult.
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The other approach to microfluidic electroporation is to implement con-
strictions in the channel to locally amplify the electric field. The electric field is 
applied along the channel by using planar electrodes or simply metal needles at 
the inlet and outlet. A simple approximation can be made if the device is con-
structed of a long wide channel and a much shorter narrow section connected in 
series. The average electric field in a channel can be approximated as the voltage-
to-distance ratio Eav = V0/d. Current density is defined as j = Eσ, where σ is the 
conductivity of the medium. Since the same total current flows through the wide 
and the narrow part of the channel, the current density is higher in the narrow sec-
tion. Typically the height of the channel is constant and the electric field in the 
constriction can be approximated as

The actual electric field is inhomogeneous especially just before and just after the 
constriction and the design must be carefully adjusted to make the field as homo-
geneous as possible at constriction inlets and outlets. Electric field intensity and 
duration of the exposure(s) can be adjusted by varying the channel and constric-
tion dimensions, flow rate and applied voltage. Cells are exposed to high electric 
field for the duration when they are in the narrow section(s) and multiple constric-
tions are the equivalent of exposing cells to multiple pulses.

Huang and Rubinsky (1999) fabricated the first microfluidic devices to elec-
troporate single cells. They used plate electrodes in the floor and ceiling of the 
channel with an insulation layer between them. They made a hole in the insula-
tion layer with a diameter of 2 μm to trap a cell and focus the electric field. By 
measuring the electric current they could detect the presence of a cell in the hole 
and deliver electric pulses accordingly. Small nanostructure and channel features 
with subcellular dimension can trap single cells and further enhance the preci-
sion of electroporation (Ionescu-Zanetti et al. 2007; Hung and Chang 2012; Kang 
et al. 2013). Microfluidic devices that can controllably electroporate cells in a high 
throughput manner were also developed (Fig. 13) (Fox et al. 2006; Wang and Lu 
2006; Bao et al. 2010; Selmeczi et al. 2011).

Irreversible electroporation can also be used to lyse cells and analyze intracel-
lular components. The advantage of cell lysis achieved with electric field pulses, 
in comparison to chemical lysis, is that no chemicals are introduced and only the 
outer cell membrane is damaged, while the organelle membranes remain intact as 
the transmembrane voltage typically does not reach the threshold value. Pulsed 
field lysis is also non-thermal and therefore proteins remain intact.

5.4.2  Electrofusion

The purpose of cell fusion is the formation of hybridoma cells that have genetic 
materials from both parent cells. Fused cells can have beneficial properties 
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derived from both parent cells. Electrofusion can be beneficial over chemical 
fusion or transfection using inactivated viruses, since it does not introduce any 
cytotoxic chemicals or viral DNA, is highly efficient and has widespread adapt-
ability (Zimmermann et al. 2000; Hu et al. 2013). Cell fusion is a useful tool in 
many medical and biological research fields such as mammal cloning and cancer 
immunotherapy (Chen et al. 2007). For example, fusion of a cell producing anti-
bodies with an immortal cell can give the immortal cell line the ability to produce 
antibodies.

Cell fusion is a generally a two-step procedure. First, the cells must be brought 
into close contact, often achieved by dielectrophoretic force or microstructures. 
Second, electric pulses are delivered to electroporate cells that they can reach a 
“fusogenic” state. The fusogenic state correlates with the area of the cell mem-
brane where the induced transmembrane voltage exceeds the threshold value (Usaj 
et al. 2013). Using an inhomogeneous electric field is beneficial for causing close 
cell contact, but on the other hand the electric field used to electroporate cells also 
varies with position regarding to the electrodes. Some cells may be exposed to a 
strong electric field that irreversibly electroporates cells while some other cells 
may not reach fusogenic state. Therefore, a compromise between dielectrophoretic 
alignment and electroporation must be achieved.

An important advantage of microfluidic electrofusion is high pairing effi-
ciency. By mixing cells of type A and B together in equal ratios without the use 
of microfluidics, the chance of an A–B pairing is only 50 %. Microfluidic devices 
that allow for controlled pairing of cells were developed to overcome this low effi-
ciency. For example, Kimura et al. (2011) used micro orifices to form pairs of cells 
using dielectrophoresis and fuse only cells that were paired at the orifice (Fig. 14), 
thus improving the fusion yield to 78–90 %. Skelley et al. (2009) used weir struc-
tures to first trap cells of one type and then reverse the direction of the flow to trap 
and pair the second type of cells to fuse them using electric pulses or chemical 
methods achieving pairing efficiencies up to 70 %.

Fig. 13  Microfluidic electroporation channel with geometric variation. Adapted from Wang and 
Lu (2006) with permission from John Wiley and Sons
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6  Summary

Manipulation, sorting and separation of cells using electric fields has been shown 
many times to be an effective stand-alone method and useful as a part of another 
cellular application device. Electrokinetic techniques such as electroosmosis, 
electrophoresis, electrorotation, and dielectrophoresis have been widely used for 
manipulating cells in LOC devices. Electroosmosis can be used for fabricating 
micropumps that generate flows in LOC devices. Microfluidic platforms can also 
be used for characterizing cells; electrorotation, dielectrophoresis and microfluidic 
impedance cytometers can characterize cells based on their dielectric properties. 
Electroporation in microfluidic devices can be used to lyse cells without intro-
duction of any chemicals and is a critical part of the cell fusion process. DEP in 
particular has been proven to successfully distinguish and separate cells that are 
genetically identical but phenotypically distinct, such as circulating tumor cells 
and cancer stem cells. Various cell lines have been isolated, proving the robustness 
of DEP separation. However, the ability to process uncharacterized patient sam-
ples still needs to be demonstrated in clinical studies. Due to its label-free nature 
and scalability, DEP separation is cost-efficient and convenient. DEP can be also 
be integrated with other methods of cell separation to achieve even higher purity 
of samples at high flow rates.

Acknowledgments This work was supported by NIH 5R21 CA173092-01.

References

Alix-Panabières C, Pantel K (2014) Challenges in circulating tumour cell research. Nat Rev 
Cancer 14:623–631. doi:10.1038/nrc3686

Asami K, Gheorghiu E, Yonezawa T (1998) Dielectric behavior of budding yeast in cell separa-
tion. Biochim Biophys Acta 1381:234–240. doi:10.1016/S0304-4165(98)00033-6

Fig. 14  Cell fusion in a micro-orifice array device; a cell are brought into contact using dielec-
trophoresis and then electroporated to initiate fusion, b an example of fused cell. Adapted from 
Kimura et al. (2011) with permission from John Wiley and Sons

http://dx.doi.org/10.1038/nrc3686
http://dx.doi.org/10.1016/S0304-4165(98)00033-6


87Electrical Manipulation and Sorting of Cells

Asami K, Hanai T, Koizumi N (1980) Dielectric approach to suspensions of ellipsoidal particles 
covered with a shell in particular reference to biological cells. Jpn J Appl Phys 19:359–365. 
doi:10.1143/JJAP.19.359

Asami K, Yamaguchi T (1992) Dielectric spectroscopy of plant protoplasts. Biophys J 63:1493–
1499. doi:10.1016/S0006-3495(92)81734-4

Asami K, Yonezawa T (1996) Dielectric behavior of wild-type yeast and vacuole-deficient 
mutant over a frequency range of 10 kHz to 10 GHz. Biophys J 71:2192–2200. doi:10.1016/
S0006-3495(96)79420-1

Ayliffe HE, Brown SD, Rabbitt RD (2002) Micro-electric impedance spectra of isolated cells 
recorded in micro-channels. In: Engineering in medicine and biology, 2002. 24th annual 
conference and the annual fall meeting of the biomedical engineering society EMBS/BMES 
conference, 2002. Proceedings of the Second Joint. vol 2, pp 1692–1693

Ayliffe HE, Bruno Frazier A, Rabbitt RD (1999) Electric impedance spectroscopy using 
microchannels with integrated metal electrodes. J Microelectromech Syst 8:50–57. 
doi:10.1109/84.749402

Bao N, Le TT, Cheng J-X, Lu C (2010) Microfluidic electroporation of tumor and blood cells: 
observation of nucleus expansion and implications on selective analysis and purging of cir-
culating tumor cells. Integr Biol 2:113–120. doi:10.1039/b919820b

Baret J-C, Miller OJ, Taly V et al (2009) Fluorescence-activated droplet sorting (FADS): efficient 
microfluidic cell sorting based on enzymatic activity. Lab Chip 9:1850–1858. doi:10.1039/
b902504a

Bhatt KH, Grego S, Velev OD (2005) An AC electrokinetic technique for collection and concen-
tration of particles and cells on patterned electrodes. Langmuir 21:6603–6612. doi:10.1021/
la050658w

Čemažar J, Douglas TA, Schmelz EM, Davalos RV (2016) Enhanced contactless dielectropho-
resis enrichment and isolation platform via cell-scale microstructures. Biomicrofluidics 
10:014109. doi:10.1063/1.4939947

Čemažar J, Miklavčič D, Kotnik T (2013) Microfluidic devices for manipulation, modification 
and characterization of biological cells in electric fields—a review. J Microelectron Electron 
Compon Mater 43:143–161

Chang J-Y, Wang S, Allen JS et al (2014) A novel miniature dynamic microfluidic cell cul-
ture platform using electro-osmosis diode pumping. Biomicrofluidics 8:044116. 
doi:10.1063/1.4892894

Chen C, Smye SW, Robinson MP, Evans JA (2006) Membrane electroporation theories: a review. 
Med Biol Eng Comput 44:5–14. doi:10.1007/s11517-005-0020-2

Chen EH, Grote E, Mohler W, Vignery A (2007) Cell–cell fusion. FEBS Lett 581:2181–2193. 
doi:10.1016/j.febslet.2007.03.033

Cheng I-F, Froude VE, Zhu Y et al (2009) A continuous high-throughput bioparticle sorter based 
on 3D traveling-wave dielectrophoresis. Lab Chip 9:3193–3201. doi:10.1039/B910587E

Cheung K, Gawad S, Renaud P (2005) Impedance spectroscopy flow cytometry: on-chip label-free 
cell differentiation. Cytom Part J Int Soc Anal Cytol 65:124–132. doi:10.1002/cyto.a.20141

Coulter WH (1953) Means for counting particles suspended in a fluid. US2656508 A
Cummings EB, Singh AK (2003) Dielectrophoresis in microchips containing arrays of insulat-

ing posts: theoretical and experimental results. Anal Chem 75:4724–4731. doi:10.1021/
ac0340612

Davalos R, Huang Y, Rubinsky B (2000) Electroporation: bio-electrochemical mass transfer at 
the nano scale. Microscale Thermophys Eng 4:147–159. doi:10.1080/10893950050148115

Demircan Y, Koyuncuoglu A, Erdem M et al (2015) Label-free detection of multidrug resistance 
in K562 cells through isolated 3D-electrode dielectrophoresis. Electrophoresis 36:1149–
1157. doi:10.1002/elps.201400391

Doh I, Cho YH (2005) A continuous cell separation chip using hydrodynamic dielectrophoresis 
(DEP) process. Sens Actuators Phys 121:59–65

http://dx.doi.org/10.1143/JJAP.19.359
http://dx.doi.org/10.1016/S0006-3495(92)81734-4
http://dx.doi.org/10.1016/S0006-3495(96)79420-1
http://dx.doi.org/10.1016/S0006-3495(96)79420-1
http://dx.doi.org/10.1109/84.749402
http://dx.doi.org/10.1039/b919820b
http://dx.doi.org/10.1039/b902504a
http://dx.doi.org/10.1039/b902504a
http://dx.doi.org/10.1021/la050658w
http://dx.doi.org/10.1021/la050658w
http://dx.doi.org/10.1063/1.4939947
http://dx.doi.org/10.1063/1.4892894
http://dx.doi.org/10.1007/s11517-005-0020-2
http://dx.doi.org/10.1016/j.febslet.2007.03.033
http://dx.doi.org/10.1039/B910587E
http://dx.doi.org/10.1002/cyto.a.20141
http://dx.doi.org/10.1021/ac0340612
http://dx.doi.org/10.1021/ac0340612
http://dx.doi.org/10.1080/10893950050148115
http://dx.doi.org/10.1002/elps.201400391


88 J. Cemazar et al.

Fabbri E, Borgatti M, Manaresi N et al (2008) Levitation and movement of tripalmitin-based 
cationic lipospheres on a dielectrophoresis-based lab-on-a-chip device. J Appl Polym Sci 
109:3484–3491. doi:10.1002/app.28413

Fatoyinbo HO, Hoeftges KF, Hughes MP (2008) Rapid-on-chip determination of dielectric prop-
erties of biological cells using imaging techniques in a dielectrophoresis dot microsystem. 
Electrophoresis 29:3–10. doi:10.1002/elps.200700586

Fox MB, Esveld DC, Valero A et al (2006) Electroporation of cells in microfluidic devices: a 
review. Anal Bioanal Chem 385:474–485

Fuller CK, Hamilton J, Ackler H et al (2000) Microfabricated multi-frequency particle imped-
ance characterization system. In: Proceedings of the μTAS 2000 symposium. Springer, The 
Netherlands

Fu L-M, Yang R-J, Lin C-H et al (2004) Electrokinetically driven micro flow cytometers with 
integrated fiber optics for on-line cell/particle detection. Anal Chim Acta 507:163–169. 
doi:10.1016/j.aca.2003.10.028

Fu X, Mavrogiannis N, Doria S, Gagnon Z (2015) Microfluidic pumping, routing and meter-
ing by contactless metal-based electro-osmosis. Lab Chip 15:3600–3608. doi:10.1039/
C5LC00504C

Gagnon Z, Gordon J, Sengupta S, Chang H-C (2008) Bovine red blood cell starvation age discrim-
ination through a glutaraldehyde-amplified dielectrophoretic approach with buffer selection 
and membrane cross-linking. Electrophoresis 29:2272–2279. doi:10.1002/elps.200700604

Gagnon ZR (2011) Cellular dielectrophoresis: applications to the characterization, manipu-
lation, separation and patterning of cells. Electrophoresis 32:2466–2487. doi:10.1002/
elps.201100060

Gallo-Villanueva RC, Sano MB, Lapizco-Encinas BH, Davalos RV (2013) Joule heating effects 
on particle immobilization in insulator-based dielectrophoretic devices. Electrophoresis. 
doi:10.1002/elps.201300171

Gao J, Sin MLY, Liu T et al (2011) Hybrid electrokinetic manipulation in high-conductivity 
media. Lab Chip 11:1770–1775. doi:10.1039/c1lc20054b

Gascoyne PRC, Noshari J, Anderson TJ, Becker FF (2009) Isolation of rare cells from cell mix-
tures by dielectrophoresis. Electrophoresis 30:1388–1398. doi:10.1002/elps.200800373

Gascoyne PRC, Shim S, Noshari J et al (2013) Correlations between the dielectric properties 
and exterior morphology of cells revealed by dielectrophoretic field-flow fractionation. 
Electrophoresis 34:1042–1050. doi:10.1002/elps.201200496

Gascoyne PRC, Vykoual JV (2004) Dielectrophoresis-based sample handling in general-
purpose programmable diagnostic instruments. Proc IEEE 92:22–42. doi:10.1109/
JPROC.2003.820535

Gascoyne P, Shim S (2014) Isolation of circulating tumor cells by dielectrophoresis. Cancers 
6:545–579. doi:10.3390/cancers6010545

Gawad S, Cheung K et al (2004) Dielectric spectroscopy in a micromachined flow cytometer: 
theoretical and practical considerations. Lab Chip 4:241–251. doi:10.1039/b313761a

Gawad S, Schild L, Renaud P (2001) Micromachined impedance spectroscopy flow cytometer 
for cell analysis and particle sizing. Lab Chip 1:76–82. doi:10.1039/B103933B

Gielen F, deMello AJ, Edel JB (2011) Dielectric cell response in highly conductive buffers. Anal 
Chem 84:1849–1853. doi:10.1021/ac2022103

Gielen F, Pereira F, deMello AJ, Edel JB (2010) High-resolution local imaging of temperature in 
dielectrophoretic platforms. Anal Chem 82:7509–7514. doi:10.1021/ac101557g

Henslee BE, Morss A, Hu X et al (2011a) Electroporation dependence on cell size: optical twee-
zers study. Anal Chem 83:3998–4003. doi:10.1021/ac1019649

Henslee EA, Sano MB, Rojas AD et al (2011b) Selective concentration of human cancer cells using 
contactless dielectrophoresis. Electrophoresis 32:2523–2529. doi:10.1002/elps.201100081

Hoettges KF, McDonnell MB, Hughes MP (2003) Use of combined dielectrophoretic/elec-
trohydrodynamic forces for biosensor enhancement. J Phys Appl Phys 36:L101–L104. 
doi:10.1088/0022-3727/36/20/L01

http://dx.doi.org/10.1002/app.28413
http://dx.doi.org/10.1002/elps.200700586
http://dx.doi.org/10.1016/j.aca.2003.10.028
http://dx.doi.org/10.1039/C5LC00504C
http://dx.doi.org/10.1039/C5LC00504C
http://dx.doi.org/10.1002/elps.200700604
http://dx.doi.org/10.1002/elps.201100060
http://dx.doi.org/10.1002/elps.201100060
http://dx.doi.org/10.1002/elps.201300171
http://dx.doi.org/10.1039/c1lc20054b
http://dx.doi.org/10.1002/elps.200800373
http://dx.doi.org/10.1002/elps.201200496
http://dx.doi.org/10.1109/JPROC.2003.820535
http://dx.doi.org/10.1109/JPROC.2003.820535
http://dx.doi.org/10.3390/cancers6010545
http://dx.doi.org/10.1039/b313761a
http://dx.doi.org/10.1039/B103933B
http://dx.doi.org/10.1021/ac2022103
http://dx.doi.org/10.1021/ac101557g
http://dx.doi.org/10.1021/ac1019649
http://dx.doi.org/10.1002/elps.201100081
http://dx.doi.org/10.1088/0022-3727/36/20/L01


89Electrical Manipulation and Sorting of Cells

Holmes D, Morgan H (2010) Single cell impedance cytometry for identification and count-
ing of CD4 T-cells in human blood using impedance labels. Anal Chem 82:1455–1461. 
doi:10.1021/ac902568p

Holmes D, Morgan H, Green NG (2006) High throughput particle analysis: combining dielectro-
phoretic particle focussing with confocal optical detection. Biosens Bioelectron 21:1621–
1630. doi:10.1016/j.bios.2005.10.017

Holmes D, Pettigrew D, Reccius CH et al (2009) Leukocyte analysis and differentiation using 
high speed microfluidic single cell impedance cytometry. Lab Chip 9:2881. doi:10.1039/
b910053a

Huang C-T, Weng C-H, Jen C-P (2011) Three-dimensional cellular focusing utilizing a combina-
tion of insulator-based and metallic dielectrophoresis. Biomicrofluidics 5:44101–4410111. 
doi:10.1063/1.3646757

Huang Y, Rubinsky B (1999) Micro-electroporation: improving the efficiency and understand-
ing of electrical permeabilization of cells. Biomed Microdevices 2:145–150. doi:10.102
3/A:1009901821588

Huang Y, Wang XB, Becker FF, Gascoyne PR (1997) Introducing dielectrophoresis as a 
new force field for field-flow fractionation. Biophys J 73:1118–1129. doi:10.1016/
S0006-3495(97)78144-X

Hughes MP (2002) Strategies for dielectrophoretic separation in laboratory-on-a-chip sys-
tems. Electrophoresis 23:2569–2582. doi:10.1002/1522-2683(200208)23:16<2569:AID-
ELPS2569>3.0.CO;2-M

Hung M-S, Chang Y-T (2012) Single cell lysis and DNA extending using electroporation micro-
fluidic device. BioChip J 6:84–90. doi:10.1007/s13206-012-6111-x

Hu N, Yang J, Joo SW et al (2013) Cell electrofusion in microfluidic devices: a review. Sens 
Actuators B Chem 178:63–85. doi:10.1016/j.snb.2012.12.034

Hyun K-A, Jung H-I (2013) Microfluidic devices for the isolation of circulating rare cells: a 
focus on affinity-based, dielectrophoresis, and hydrophoresis. Electrophoresis 34:1028–
1041. doi:10.1002/elps.201200417

Ionescu-Zanetti C, Blatz A, Khine M (2007) Electrophoresis-assisted single-cell electropora-
tion for efficient intracellular delivery. Biomed Microdevices 10:113–116. doi:10.1007/
s10544-007-9115-x

Jen C-P, Chen W-F (2011) An insulator-based dielectrophoretic microdevice for the simul-
taneous filtration and focusing of biological cells. Biomicrofluidics 5:044105. 
doi:10.1063/1.3658644

Jones TB (1995) Electromechanics of particles, Digitally printed 1st pbk. version. Cambridge 
University Press, Cambridge; New York

Jones TB (2003) Basic theory of dielectrophoresis and electrorotation. IEEE Eng Med Biol Mag 
22:33–42

Jones TB, Washizu M (1996) Multipolar dielectrophoretic and electrorotation theory. J Electrost 
37:121–134. doi:10.1016/0304-3886(96)00006-X

Jubery TZ, Srivastava SK, Dutta P (2014) Dielectrophoretic separation of bioparticles in 
microdevices: a review: microfluidics and Miniaturization. Electrophoresis 35:691–713. 
doi:10.1002/elps.201300424

Kang W, Yavari F, Minary-Jolandan M et al (2013) Nanofountain probe electroporation (NFP-E) 
of single cells. Nano Lett 13:2448–2457. doi:10.1021/nl400423c

Kang Y, Li D, Kalams SA, Eid JE (2008) DC-dielectrophoretic separation of biological cells by 
size. Biomed Microdevices 10:243–249. doi:10.1007/s10544-007-9130-y

Khoshmanesh K, Akagi J, Nahavandi S et al (2011) Interfacing cell-based assays in environ-
mental scanning electron microscopy using dielectrophoresis. Anal Chem 83:3217–3221. 
doi:10.1021/ac2002142

Kimura Y, Gel M, Techaumnat B et al (2011) Dielectrophoresis-assisted massively parallel 
cell pairing and fusion based on field constriction created by a micro-orifice array sheet. 
Electrophoresis 32:2496–2501. doi:10.1002/elps.201100129

http://dx.doi.org/10.1021/ac902568p
http://dx.doi.org/10.1016/j.bios.2005.10.017
http://dx.doi.org/10.1039/b910053a
http://dx.doi.org/10.1039/b910053a
http://dx.doi.org/10.1063/1.3646757
http://dx.doi.org/10.1023/A:1009901821588
http://dx.doi.org/10.1023/A:1009901821588
http://dx.doi.org/10.1016/S0006-3495(97)78144-X
http://dx.doi.org/10.1016/S0006-3495(97)78144-X
http://dx.doi.org/10.1002/1522-2683(200208)23:16%3c2569:AID-ELPS2569%3e3.0.CO;2-M
http://dx.doi.org/10.1002/1522-2683(200208)23:16%3c2569:AID-ELPS2569%3e3.0.CO;2-M
http://dx.doi.org/10.1007/s13206-012-6111-x
http://dx.doi.org/10.1016/j.snb.2012.12.034
http://dx.doi.org/10.1002/elps.201200417
http://dx.doi.org/10.1007/s10544-007-9115-x
http://dx.doi.org/10.1007/s10544-007-9115-x
http://dx.doi.org/10.1063/1.3658644
http://dx.doi.org/10.1016/0304-3886(96)00006-X
http://dx.doi.org/10.1002/elps.201300424
http://dx.doi.org/10.1021/nl400423c
http://dx.doi.org/10.1007/s10544-007-9130-y
http://dx.doi.org/10.1021/ac2002142
http://dx.doi.org/10.1002/elps.201100129


90 J. Cemazar et al.

Klösgen B, Reichle C, Kohlsmann S, Kramer KD (1996) Dielectric spectroscopy as a sensor of 
membrane headgroup mobility and hydration. Biophys J 71:3251–3260

Kotnik T, Kramar P, Pucihar G et al (2012) Cell membrane electroporation—part 1: the phenom-
enon. IEEE Electr Insul Mag 28:14–23. doi:10.1109/MEI.2012.6268438

Kotnik T, Miklavčič D (2000) Theoretical evaluation of the distributed power dissipation in bio-
logical cells exposed to electric field. Bioelectromagnetics 21:385–394

Lapizco-Encinas BH, Simmons BA, Cummings EB, Fintschenko Y (2004) Dielectrophoretic 
concentration and separation of live and dead bacteria in an array of insulators. Anal Chem 
76:1571–1579

Lee D, Yu C, Papazoglou E et al (2011) Dielectrophoretic particle–particle interaction under 
AC electrohydrodynamic flow conditions. Electrophoresis 32:2298–2306. doi:10.1002/
elps.201100070

Lee RC (2006) Cell injury by electric forces. Ann N Y Acad Sci 1066:85–91. doi:10.1196/
annals.1363.007

Markx GH, Rousselet J, Pethig R (1997) DEP-FFF: field-flow fractionation using non-uniform elec-
tric fields. J Liq Chromatogr Relat Technol 20:2857–2872. doi:10.1080/10826079708005597

Marszalek P, Liu DS, Tsong TY (1990) Schwan equation and transmembrane potential induced 
by alternating electric field. Biophys J 58:1053–1058. doi:10.1016/S0006-3495(90)82447-4

Melvin EM, Moore BR, Gilchrist KH et al (2011) On-chip collection of particles and cells by 
AC electroosmotic pumping and dielectrophoresis using asymmetric microelectrodes. 
Biomicrofluidics 5:034113. doi:10.1063/1.3620419

Mernier G, Majocchi S, Mermod N, Renaud P (2012) In situ evaluation of single-cell lysis by 
cytosol extraction observation through fluorescence decay and dielectrophoretic trapping 
time. Sens Actuators B Chem 166–167:907–912. doi:10.1016/j.snb.2012.03.057

Minerick AR, Zhou RH, Takhistov P, Chang HC (2003) Manipulation and characterization of red 
blood cells with alternating current fields in microdevices. Electrophoresis 24:3703–3717. 
doi:10.1002/elps.200305644

Moon H-S, Kwon K, Kim S-I et al (2011) Continuous separation of breast cancer cells from 
blood samples using multi-orifice flow fractionation (MOFF) and dielectrophoresis (DEP). 
Lab Chip 11:1118. doi:10.1039/c0lc00345j

Morgan H, Green NG (2003) AC electrokinetics: colloids and nanoparticles. Research Studies, 
Baldock, Hertfordshire

Morgan H, Holmes D, Green NG (2006) High speed simultaneous single particle impedance and 
fluorescence analysis on a chip. Curr Appl Phys 6:367–370. doi:10.1016/j.cap.2005.11.020

Morgan H, Izquierdo AG, Bakewell D et al (2001) The dielectrophoretic and travelling wave 
forces generated by interdigitated electrode arrays: analytical solution using Fourier series. J 
Phys Appl Phys 34:1553. doi:10.1088/0022-3727/34/10/316

Morgan H, Sun T, Holmes D et al (2007) Single cell dielectric spectroscopy. J Phys Appl Phys 
40:61–70. doi:10.1088/0022-3727/40/1/S10

Mulhall HJ, Labeed FH, Kazmi B et al (2011) Cancer, pre-cancer and normal oral cells dis-
tinguished by dielectrophoresis. Anal Bioanal Chem 401:2455–2463. doi:10.1007/
s00216-011-5337-0

Müller T, Gradl G, Howitz S et al (1999) A 3-D microelectrode system for handling and caging sin-
gle cells and particles. Biosens Bioelectron 14:247–256. doi:10.1016/S0956-5663(99)00006-8

Neumann E, Schaeferridder M, Wang Y, Hofschneider P (1982) Gene-transfer into mouse lyoma 
cells by electroporation in high electric-fields. EMBO J 1:841–845

Park S, Zhang Y, Wang T-H, Yang S (2011) Continuous dielectrophoretic bacterial separa-
tion and concentration from physiological media of high conductivity. Lab Chip 11:2893. 
doi:10.1039/c1lc20307j

Pethig R (2010) Dielectrophoresis: status of the theory, technology, and applications. 
Biomicrofluidics 4:022811. doi:10.1063/1.3456626

Pless BD (2002) Ambulatory blood pump. US6342071 B1
Pohl HA, Crane JS (1971) Dielectrophoresis of cells. Biophys J 11:711–727

http://dx.doi.org/10.1109/MEI.2012.6268438
http://dx.doi.org/10.1002/elps.201100070
http://dx.doi.org/10.1002/elps.201100070
http://dx.doi.org/10.1196/annals.1363.007
http://dx.doi.org/10.1196/annals.1363.007
http://dx.doi.org/10.1080/10826079708005597
http://dx.doi.org/10.1016/S0006-3495(90)82447-4
http://dx.doi.org/10.1063/1.3620419
http://dx.doi.org/10.1016/j.snb.2012.03.057
http://dx.doi.org/10.1002/elps.200305644
http://dx.doi.org/10.1039/c0lc00345j
http://dx.doi.org/10.1016/j.cap.2005.11.020
http://dx.doi.org/10.1088/0022-3727/34/10/316
http://dx.doi.org/10.1088/0022-3727/40/1/S10
http://dx.doi.org/10.1007/s00216-011-5337-0
http://dx.doi.org/10.1007/s00216-011-5337-0
http://dx.doi.org/10.1016/S0956-5663(99)00006-8
http://dx.doi.org/10.1039/c1lc20307j
http://dx.doi.org/10.1063/1.3456626


91Electrical Manipulation and Sorting of Cells

Pucihar G, Kotnik T, Miklavčič D, Teissié J (2008) Kinetics of transmembrane transport of 
small molecules into electropermeabilized cells. Biophys J 95:2837–2848. doi:10.1529/
biophysj.108.135541

Regtmeier J, Eichhorn R, Viefhues M et al (2011) Electrodeless dielectrophoresis for bio-
analysis: theory, devices and applications. Electrophoresis 32:2253–2273. doi:10.1002/
elps.201100055

Rosales C, Lim KM (2005) Numerical comparison between Maxwell stress method and equiv-
alent multipole approach for calculation of the dielectrophoretic force in single-cell traps. 
Electrophoresis 26:2057–2065. doi:10.1002/elps.200410298

Sabuncu AC, Asmar AJ, Stacey MW, Beskok A (2015) Differential dielectric responses of chon-
drocyte and Jurkat cells in electromanipulation buffers. Electrophoresis 36:1499–1506. 
doi:10.1002/elps.201500119

Salamanzadeh A, Davalos RV (2014) Electrokinetics and rare-cell detection. In: Microfluidics in 
detection science, Lab-on-a-chip Technologies

Salmanzadeh A, Romero L, Shafiee H et al (2012) Isolation of prostate tumor initiating cells 
(TICs) through their dielectrophoretic signature. Lab Chip 12:182–189. doi:10.1039/
c1lc20701f

Salmanzadeh A, Sano MB, Gallo-Villanueva RC et al (2013) Investigating dielectric properties 
of different stages of syngeneic murine ovarian cancer cells. Biomicrofluidics 7:11809. 
doi:10.1063/1.4788921

Schwan HP (1983) Biophysics of the interaction of electromagnetic energy with cells and mem-
branes. In: Grandolfo M, Michaelson SM, Rindi A (eds) Biological effects and dosimetry of 
nonionizing radiation. Springer, New York, pp 213–231

Schwan HP (1968) Electrode polarization impedance and measurements in biological materials. 
Ann N Y Acad Sci 148:191–209. doi:10.1111/j.1749-6632.1968.tb20349.x

Selmeczi D, Hansen TS, Met Ö et al (2011) Efficient large volume electroporation of dendritic 
cells through micrometer scale manipulation of flow in a disposable polymer chip. Biomed 
Microdevices 13:383–392. doi:10.1007/s10544-010-9507-1

Shafiee H, Caldwell J, Sano M, Davalos R (2009) Contactless dielectrophoresis: a new technique 
for cell manipulation. Biomed Microdevices 11:997–1006. doi:10.1007/s10544-009-9317-5

Shafiee H, Sano MB, Henslee EA et al (2010) Selective isolation of live/dead cells using contact-
less dielectrophoresis (cDEP). Lab Chip 10:438. doi:10.1039/b920590j

Shim S, Stemke-Hale K, Tsimberidou AM et al (2013) Antibody-independent isolation of cir-
culating tumor cells by continuous-flow dielectrophoresis. Biomicrofluidics 7:011807–
011812. doi:10.1063/1.4774304

Shi Y, Yu Z, Shao X (2010) Combination of direct-forcing fictitious domain method and sharp 
interface method for dielectrophoresis of particles. Particuology 8:351–359. doi:10.1016/j.
partic.2010.01.008

Simmons BA, McGraw GJ, Davalos RV et al (2006) The development of polymeric devices as die-
lectrophoretic separators and concentrators. MRS Bull 31:120–124. doi:10.1557/mrs2006.26

Skelley AM, Kirak O, Suh H et al (2009) Microfluidic control of cell pairing and fusion. Nat 
Methods 6:147–152. doi:10.1038/nmeth.1290

Smith JP, Huang C, Kirby BJ (2015) Enhancing sensitivity and specificity in rare cell capture 
microdevices with dielectrophoresis. Biomicrofluidics 9:014116. doi:10.1063/1.4908049

Squires TM, Bazant MZ (2004) Induced-charge electro-osmosis. J Fluid Mech 509:217–252. 
doi:10.1017/S0022112004009309

Sridharan S, Zhu J, Hu G, Xuan X (2011) Joule heating effects on electroosmotic flow in insula-
tor-based dielectrophoresis. Electrophoresis. doi:10.1002/elps.201100011

Srivastava SK, Gencoglu A, Minerick AR (2010) DC insulator dielectrophoretic applications 
in microdevice technology: a review. Anal Bioanal Chem 399:301–321. doi:10.1007/
s00216-010-4222-6

Sun T, van Berkel C, Green NG, Morgan H (2009) Digital signal processing methods for 
impedance microfluidic cytometry. Microfluid Nanofluidics 6:179–187. doi:10.1007/
s10404-008-0315-3

http://dx.doi.org/10.1529/biophysj.108.135541
http://dx.doi.org/10.1529/biophysj.108.135541
http://dx.doi.org/10.1002/elps.201100055
http://dx.doi.org/10.1002/elps.201100055
http://dx.doi.org/10.1002/elps.200410298
http://dx.doi.org/10.1002/elps.201500119
http://dx.doi.org/10.1039/c1lc20701f
http://dx.doi.org/10.1039/c1lc20701f
http://dx.doi.org/10.1063/1.4788921
http://dx.doi.org/10.1111/j.1749-6632.1968.tb20349.x
http://dx.doi.org/10.1007/s10544-010-9507-1
http://dx.doi.org/10.1007/s10544-009-9317-5
http://dx.doi.org/10.1039/b920590j
http://dx.doi.org/10.1063/1.4774304
http://dx.doi.org/10.1016/j.partic.2010.01.008
http://dx.doi.org/10.1016/j.partic.2010.01.008
http://dx.doi.org/10.1557/mrs2006.26
http://dx.doi.org/10.1038/nmeth.1290
http://dx.doi.org/10.1063/1.4908049
http://dx.doi.org/10.1017/S0022112004009309
http://dx.doi.org/10.1002/elps.201100011
http://dx.doi.org/10.1007/s00216-010-4222-6
http://dx.doi.org/10.1007/s00216-010-4222-6
http://dx.doi.org/10.1007/s10404-008-0315-3
http://dx.doi.org/10.1007/s10404-008-0315-3


92 J. Cemazar et al.

Usaj M, Flisar K, Miklavcic D, Kanduser M (2013) Electrofusion of B16-F1 and CHO cells: 
the comparison of the pulse first and contact first protocols. Bioelectrochemistry 89:34–41. 
doi:10.1016/j.bioelechem.2012.09.001

Valero A, Braschler T, Renaud P (2010) A unified approach to dielectric single cell analysis: 
Impedance and dielectrophoretic force spectroscopy. Lab Chip 10:2216–2225. doi:10.1039/
C003982A

van den Driesche S, Rao V, Puchberger-Enengl D et al (2012) Continuous cell from cell sep-
aration by traveling wave dielectrophoresis. Sens Actuators B Chem 170:207–214. 
doi:10.1016/j.snb.2011.01.012

Voldman J, Braff RA, Toner M, et al (2000) Quantitative design and analysis of singleparticle 
dielectrophoretic traps. In: Micro total analysis systems. Springer, pp 431–434

Vykoukal J, Vykoukal DM, Freyberg S et al (2008) Enrichment of putative stem cells from 
adipose tissue using dielectrophoretic field-flow fractionation. Lab Chip 8:1386–1393. 
doi:10.1039/b717043b

Wang HY, Lu C (2006) High-throughput and real-time study of single cell electroporation 
using microfluidics: effects of medium osmolarity. Biotechnol Bioeng 95:1116–1125. 
doi:10.1002/bit.21066

Wang X, Wang X-B, Gascoyne PRC (1997) General expressions for dielectrophoretic force and 
electrorotational torque derived using the Maxwell stress tensor method. J Electrost 39:277–
295. doi:10.1016/S0304-3886(97)00126-5

Wong PK, Chen C-Y, Wang T-H, Ho C-M (2004) Electrokinetic bioprocessor for concentrating 
cells and molecules. Anal Chem 76:6908–6914. doi:10.1021/ac049479u

Wu J, Ben Y, Chang H-C (2005) Particle detection by electrical impedance spectroscopy with 
asymmetric-polarization AC electroosmotic trapping. Microfluid Nanofluidics 1:161–167. 
doi:10.1007/s10404-004-0024-5

Xuan X, Raghibizadeh S, Li D (2006) Wall effects on electrophoretic motion of spherical poly-
styrene particles in a rectangular poly(dimethylsiloxane) microchannel. J Colloid Interface 
Sci 296:743–748. doi:10.1016/j.jcis.2005.09.039

Yang F, Yang X, Jiang H, Wang G (2011) Cascade and staggered dielectrophoretic cell sorters. 
Electrophoresis 32:2377–2384. doi:10.1002/elps.201100039

Yao B, Luo G, Feng X et al (2004) A microfluidic device based on gravity and electric force 
driving for flow cytometry and fluorescence activated cell sorting. Lab Chip 4:603–607. 
doi:10.1039/b408422e

Zhu J, Xuan X (2009) Dielectrophoretic focusing of particles in a microchannel constric-
tion using DC-biased AC flectric fields. Electrophoresis 30:2668–2675. doi:10.1002/
elps.200900017

Zimmermann U, Friedrich U, Mussauer H et al (2000) Electromanipulation of mammalian cells: 
fundamentals and application. IEEE-Inst Electrical Electronics Engineers Inc, pp 72–82

http://dx.doi.org/10.1016/j.bioelechem.2012.09.001
http://dx.doi.org/10.1039/C003982A
http://dx.doi.org/10.1039/C003982A
http://dx.doi.org/10.1016/j.snb.2011.01.012
http://dx.doi.org/10.1039/b717043b
http://dx.doi.org/10.1002/bit.21066
http://dx.doi.org/10.1016/S0304-3886(97)00126-5
http://dx.doi.org/10.1021/ac049479u
http://dx.doi.org/10.1007/s10404-004-0024-5
http://dx.doi.org/10.1016/j.jcis.2005.09.039
http://dx.doi.org/10.1002/elps.201100039
http://dx.doi.org/10.1039/b408422e
http://dx.doi.org/10.1002/elps.200900017
http://dx.doi.org/10.1002/elps.200900017


93

Optical Manipulation of Cells

Julian Cheng, M. Arifur Rahman and Aaron T. Ohta

© Springer International Publishing Switzerland 2017 
W. Lee et al. (eds.), Microtechnology for Cell Manipulation and Sorting, 
Microsystems and Nanosystems, DOI 10.1007/978-3-319-44139-9_4

Abstract Single-cell analysis can reveal cell behaviors that are unobservable by 
traditional bulk measurements. The analysis of single cells is made possible by 
technology that enables the addressing and manipulation of microscale objects. 
Optical manipulators are capable of micro- and nano-manipulation and are attrac-
tive for single-cell procedures, due to their inherent flexibility and adaptability. 
This chapter reviews major types of optical manipulation techniques. Optical gra-
dient and scattering forces, used in optical tweezers, holographic optical tweezers, 
and other optical traps, are introduced first. Next, optically controlled electroki-
netic forces are discussed, with a focus on optically induced dielectrophoresis. 
Optically induced thermal effects are also introduced, including thermophoresis 
and thermocapillary force. Specific examples of applications of these techniques 
for procedures related to single-cell analysis are also covered, including cell cul-
turing, cell sorting, cell surgery, and measurements of single cells.

Keywords Single-cell analysis · Cell manipulation · Optical manipulation ·  
Optical tweezers · Holographic optical tweezers · Optically induced  
dielectrophoresis · Opto-thermocapillary flow · Cell culturing · Cell sorting ·  
Cell trapping · Molecular delivery · Cell lysis

1  Introduction

Cellular behavior has traditionally been studied by observing the response of a 
population of cells. While this has led to breakthroughs in understanding biologi-
cal processes, there is the risk of losing information on the behavior of rare cells 
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or cells with responses that deviate substantially from the mean (Di Carlo and Lee 
2006). Thus, as the capability to handle individual cells arose, measurements at the 
cellular level have yielded new insights (Lindström and Andersson-Svahn 2010; 
Wang and Bodovitz 2010). In order to study single cells, desirable capabilities 
include

• Cell culturing
• Cell separation and sorting
• Cell trapping, isolation, and transport
• Operations on cells, such as cell lysis and molecular delivery
• Measurements of cellular properties, such as mechanical stiffness and mass

All of these capabilities can be performed or assisted by optical systems. This 
includes systems that use optical forces, such as optical gradient and scattering 
forces, as well as systems that use optical control of other types of forces, such 
as optically induced electrokinetic forces, and optically induced thermal forces. 
These types of optical systems will be described in this chapter, with an emphasis 
on their applications for the manipulation of single cells.

An important advantage of optical systems is their adaptability. An optical sys-
tem is capable of being reconfigured on the fly, in contrast to mechanical micro-
manipulation systems. The optical patterns used to realize cell manipulation can 
be dynamically adjusted to switch between various functions, such as trapping and 
sorting, or to optimize the system for a specific need or application. Furthermore, 
optical patterns can be programmed or made part of feedback control systems, 
making it possible to automate complex operations. Optical manipulation is also 
noncontact, which can be gentler on fragile objects such as mammalian cells.

For cell manipulation applications, optical systems also have the advantage that 
it is straightforward to integrate optical manipulation with microfluidic structures 
by using transparent materials or optical waveguides. Furthermore, the use of opti-
cal manipulation within a microfluidic device adds functionality, which means 
that the mechanical microfluidic structures can be relatively simple. This results in 
reduced fabrication costs for the microfluidic devices, which are often disposable 
to reduce sample cross-contamination.

When using optical manipulation systems for cell manipulation, there are some 
limitations that arise. Some types of optical manipulation require highly intense 
light, which can affect the cells under manipulation. However, this is not true for 
all of the optical manipulation methods described in this chapter, especially those 
that do not rely on optical gradient forces.

The working area of optical manipulators is determined by the optical setup. 
Some types of optical manipulators have working areas of less than a square mil-
limeter, while others can operate over hundreds of square millimeters. It may also 
be possible to mitigate some of the effects of a small working area by translating a 
microfluidic device in relation to the working area of the optical manipulator.

Optical systems typically require skilled technicians to set them up, and are 
relatively expensive. Commercial optical systems address this with preassembled 
optical components, but have increased cost and space requirements, and still 
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usually require a technician for the initial setup. Some optical manipulation sys-
tems use lower cost, compact components to address these limitations.

This chapter will describe various types of optical systems that are suitable 
for the manipulation of cells, include those that use direct optical forces, such as 
optical tweezers, and those that use optical control of other forces, such as opti-
cally controlled electrokinetics and optothermal manipulation (Fig. 1). The opti-
cal manipulation of cells using the various optical systems will then be discussed 
in more detail, organized by the capabilities mentioned at the beginning of this 
introduction.

2  Direct Optical Forces

Direct optical forces convert photon energy to mechanical force, resulting in opti-
cal gradient forces and scattering forces. These forces have been harnessed to cre-
ate optical tweezers, near-field optical traps, and other types of traps.

2.1  Optical Tweezers

Optical tweezers are optical traps that can generate forces on the order of 0.1–100 
piconewtons on micro- to nanoscale particles (Ashkin et al. 1986). Optical twee-
zers use the optical gradient force produced by a single tightly focused laser beam, 

Fig. 1  Various methods of optical manipulation discussed in this chapter, and their applicabil-
ity to single-cell analysis functions. Direct optical forces, where optical energy is converted to 
a mechanical force, are discussed, along with optically controlled manipulation mechanisms, 
including optical control of electric fields and temperatures
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which results from the refraction of light as it passes through a particle. Particles 
with an index of refraction greater than that of the surrounding media are attracted 
to the focal point, the region with the highest light intensity. If the laser is not 
focused, the gradient force only becomes significant in the transverse plane, con-
fining the particle laterally, but propelling the particle along the laser beam by 
radiation pressure (Ashkin 1970). A tightly focused laser beam generates enough 
gradient force along the beam direction to counteract the radiation pressure, stably 
trapping a particle in space (Fig. 2). The difference in index of refraction between 
the particle and the surrounding medium, along with the optical power of the trap, 
contribute to how strongly the particle is trapped. The force exerted by an optical 
tweezers trap can be described by Hooke’s Law according to F = −kx, where F 
is the force on an object, and x is the displacement of the object from the mid-
dle of the trap. The spring constant, k, depends on the properties of the laser, and 
describes how “stiff” the trap is.

2.1.1  Optical Tweezers for the Manipulation of Biological Materials

Optical tweezers have been used for the manipulation of many biological materi-
als, including DNA strands (Waleed et al. 2013), proteins in DNA (van Loenhout 
et al. 2013), nucleic acid motor enzymes (Yin et al. 1995), and tobacco mosaic 
viruses (Ashkin and Dziedzic 1987). Optical tweezers have also been used 
to manipulate cells, including E. coli bacteria (Ashkin and Dziedzic 1987), 

(i) (ii) (iii)

(iv) (v)

Fig. 2  Diagrams of a particle being trapped by optical tweezers. i The particle undergoes lateral 
and vertical displacement due to the gradient force and is attracted toward the focal point of the 
laser. ii A particle offset laterally from the laser focal point will move left toward the focal point 
of the beam. iii A particle offset vertically from the laser focal point will move down toward to 
the focal point of the beam. iv The free-body force diagram corresponding to the particle in ii. v 
The free-body force diagram corresponding to the particle in iii
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plant cells (Ashkin et al. 1987), algal cells (Tanaka et al. 2008), yeast cells 
(Landenberger et al. 2012), live sperm cells (Chen et al. 2011), red blood cells 
(Constable et al. 1993), and embryonic stem cells (Wang et al. 2011). When 
manipulating biological materials, optical tweezers are usually combined with 
microfluidic systems, which can be used to provide the appropriate media. The 
optical tweezers functionality can then be used to supplement or complement the 
microfluidic system. For example, optical tweezers can be used to move cells into 
different sets of media (Enger et al. 2004).

When using optical tweezers, the laser energy absorbed by the biological mate-
rial under manipulation should be considered. The high optical intensities in an 
optical trap (megawatts per cm2) can cause photodamage (Dholakia and Reece 
2006). The damage threshold varies for different types of cells, and is also depend-
ent on the amount of absorption, which in turn is a function of laser wavelength. 
E. coli exhibited maximum photodamage at wavelengths of 870 and 930 nm, 
while minimum photodamage was seen at 830 and 970 nm (Neuman et al. 1999). 
Chinese ovary cells are also affected by laser energy, as quantified by measure-
ments of their cloning efficiency: cloning efficiencies were greater than 75 % for 
wavelengths between 950 and 990 nm when the cell receives an optical energy 
dosage of approximately 9 × 109 J/cm2 (Liang et al. 1996). Therefore, careful 
consideration must be made regarding the laser chosen for an optical tweezers sys-
tem, especially when manipulating biological materials.

One way to reduce the possibility of photodamage is through the indirect 
manipulation of cells using optical tweezers. Microparticles are attached to the 
cells under manipulation, and optical tweezers are used to trap and position the 
microparticles, thus moving the attached cells (Arai et al. 2003). This avoids 
direct illumination of the cells, reducing photodamage. The use of these micro-
particles, or microtools, slightly reduces the flexibility of optical tweezers, since 
microtools need to be added to the working area, and cells need to be attached to 
the microtools. This has been addressed through the in situ creation of microtools 
using photopolymerizing polymers (Maruyama et al. 2005) or temperature-sensi-
tive polymers (Ichikawa et al. 2005). The use of microtools also can add function-
ality to optical tweezers systems, including using the microtools as a pH sensor 
(Maruyama et al. 2007).

2.1.2  Multiple Optical Tweezers Traps

While single-beam force gradients have various applications in both sorting and 
manipulating both particles and cells, it is also important to consider the use of 
multiple optical traps in one setup. Having multiple optical traps would further 
expand the usefulness of optical tweezers as a large number of particles could be 
trapped and manipulated at once, enabling increased throughput and both parallel 
and cooperative manipulation.

Multiple-beam force gradients can be generated by splitting a single laser 
beam. This can be done by time-sharing, where a single beam is directed to 
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multiple locations within a small period of time. This allows for multiple optical 
traps to be controlled, as long as the trap can prevent cell under observation from 
escaping. Time-sharing can be achieved by acousto-optical deflectors (AODs), 
although the diffraction efficiency is only about 80 % (Visscher et al. 1996), 
reducing the power available for trapping. An alternative is electro-optic deflectors 
(EOD), which compared to AODs, have less optical loss (Valentine et al. 2008). 
However, this method is limited to smaller deflection angles, thus confining parti-
cles to a smaller workspace. Another option is the use of scanning mirrors, which 
can operate at up to 1 kHz (Arai et al. 2004; Tanaka et al. 2008). However, like all 
time-sharing methods, the number of optical traps that can be created is limited by 
the minimum amount of time that each trap needs to be active.

2.2  Holographic Optical Tweezers

Holographic optical tweezers (HOT) takes a different approach to the creation of 
multiple optical traps (Fig. 3). In an HOT system, a diffraction pattern splits a single 
laser beam into several different beams, allowing for the control of multiple optical 
traps (Dufresne et al. 2001). Like single-beam optical tweezers, HOT are capable of 
three-dimensional manipulation (Grier and Roichman 2006; Lee and Grier 2007).

The spatial locations of the HOT traps can be reconfigured in real time by using 
a spatial light modulator (SLM), which uses computer-generated holograms to 
dynamically split an incident laser beam. The holograms displayed on the SLM 
can be easily changed using a computer, adjusting the optical trap positions (Curtis 
et al. 2002). HOT systems have been used for the manipulation of a variety of par-
ticles and cells, and have made it possible to create patterns of groups of cells. For 
example, HOT systems have manipulated 5-μm-diameter mouse embryonic stem 
cells into structures such as lines and curves (Leach et al. 2009).

An issue with multiple HOT traps is additional traps can be accidentally gener-
ated in undesired locations, creating “ghost traps” (Bianchi and Di Leonardo 2010), 
especially if a complex or symmetric pattern is used. Optical aberrations can also 
affect the effectiveness of an optical trap, causing the trap to be less focused. In 
addition, creating a homogeneous distribution of optical power among all the opti-
cal traps in an HOT system is not straightforward. In most cases, iterative algo-
rithms (Di Leonardo et al. 2007) can be used to solve these issues. These algorithms 
add to the computing time, but most consumer graphic cards and GPU-based sys-
tems can generate the appropriate holograms to correct for intrinsic and induced 
optical aberrations before the Brownian motion of the particle occurs (Bianci 
and Di Leonardo 2010; Bowman and Padgett 2013; Bowman et al. 2014; Martín-
Badosa et al. 2007). Algorithms such as an iterative Fourier transform can elimi-
nate the majority of ghost spots and reduce the intensity of remaining ghost spots 
to less than 5 % of the mean intensity, making it difficult for particles to be trapped 
in the wrong locations (Hesseling et al. 2011). Another iterative algorithm uses a 
Shack–Hartmann array to help correct aberrations before the hologram is projected 
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to the SLM (Bowman et al. 2010), reducing possible errors while trapping a parti-
cle. Through the use of iterative algorithms, multiple HOT traps can be made more 
effective. Red Tweezers, a HOT control program developed by the University of 
Cambridge, is an example of software that utilizes iterative algorithms (Bowman 
et al. 2014). The program, which runs in LabVIEW (National Instruments), is able 
to generate holograms at high speed and deliver the data to an SLM.

2.3  Other Optical Traps

2.3.1  Near-Field Optical Traps

Near-field optical traps use evanescent optical fields to generate optical gradi-
ent forces capable of trapping particles. It is particularly effective for trapping 
nanoscale particles. One way to realize near-field optical trapping is near the 
surface of optical waveguides (Yang et al. 2009; Soltani et al. 2014) or optical 

Fig. 3  A holographic optical tweezers system uses a diffraction pattern to split a single laser 
beam into multiple optical tweezers traps. Reprinted from Grier (2003) with permission from 
MacMillian Publishers Limited
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resonators (Lin et al. 2010; Mandal et al. 2010; Hu et al. 2010). Near-field optical 
trapping can also be achieved through the use of plasmonic nanostructures, which 
have been shown to be capable of trapping biological materials, such as yeast cells 
(Huang et al. 2009). However, one concern when working with biological materi-
als is the high temperature near the plasmonic structures.

2.3.2  Scattering Forces and Other Forces

Optical scattering forces can also be used for cell manipulation instead of optical 
gradient forces. Unlike an optical tweezers trap, where cells are trapped in three 
dimensions, optical scattering forces can push cells along the direction of laser 
beam propagation. Two or more laser beams can use scattering forces to stably 
trap objects in three dimensions, if the laser beams are directed toward each other 
(Constable et al. 1993; Yuan et al. 2008; Jess et al. 2006; Lincoln et al. 2007). 
Particles are attracted toward the dual beams by their gradient forces, and the scat-
tering forces of each beam dictate the position of the particle relative to the laser 
sources. Assuming the laser powers are equal, the stable trapping position will be 
in the center of the laser beams, at a point midway between the two lasers. Unlike 
a single-beam optical trap, a dual-beam optical trap does not require high numer-
ical aperture optics or a tightly focused beam; this means less photodamage on 
cells or biomolecules (Jonáš and Zemánek 2008). However, scaling up the num-
ber of discrete optical traps using dual beams is more complex than with a single-
beam optical tweezers trap.

Optical scattering forces can be used to extract specific cells out of microw-
ells for further analysis or disposal (Kovac and Voldman 2007), or for continuous-
flow microfluidic cell sorters (Lee et al. 2013). Optical interference patterns and 
other sculpted optical landscapes can also be used to direct the trajectories of cells 
for sorting (MacDonald et al. 2003; Jákl et al. 2014). These sorting methods are 
explained in more detail in Sect. 5.2.

Another interesting method for cell manipulation is the use of a “tractor beam” 
(Brzobohatý et al. 2013). Unlike optical tweezers, tractor beams use a pulling 
force to transport particles against the direction of beam propagation, while gradi-
ent force is only used to keep the particle in the plane transverse to the propagation 
direction. This pulling force is achieved with two interfering plane waves inter-
secting at an angle, and depends on the beam polarization. Notably, this method 
should be compatible with biological particles, including cells, which have similar 
properties to the polystyrene beads used in these experiments.

3  Optically Induced Dielectrophoresis (ODEP)

The contactless manipulation of cells can also be accomplished using a low-
frequency analogue to optical tweezers, dielectrophoresis (DEP) (Gagnon 
2011; Pethig 2013). An applied electric field can induce a dipole across a cell; 
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if the electric field is nonuniform, each end of the dipole experiences a different 
Coulombic force, resulting in a net dielectrophoretic force. The nonuniform elec-
tric fields necessary for DEP can be created by microfabricated electrodes (Jubery 
et al. 2014; Cetin and Li 2011), but DEP can also be optically controlled using 
optoelectronic tweezers, or optically induced dielectrophoresis (ODEP) (Chiou 
et al. 2005; Wu 2011). Many cell types have been manipulated by ODEP, includ-
ing bacteria (Chiou et al. 2004), many types of mammalian cells (Ohta et al. 
2007a, b; Hwang et al. 2008a; Neale et al. 2009a), and protozoa (Choi et al. 2008). 
ODEP has also been used for trapping DNA (Lin et al. 2009) and cells encapsu-
lated in hydrogel beads (Lin et al. 2012a).

In ODEP, a photosensitive material is used to create the nonuniform electric 
field necessary for DEP using optical patterns (Fig. 4i). This is done by using light 
to change the electrical impedance of the photosensitive material. In turn, this 
changes the strength of the electric field in a liquid layer abutting the photosensi-
tive material, and the resulting non-uniform electric field generates a DEP force.

As ODEP is optically controlled, this technique retains the flexibility and 
dynamic control of direct optical manipulation. However, since the optical energy 
is not directly converted to the trapping force, the optical requirements can be 
relaxed. Significantly lower optical intensities can be used to control ODEP as 
compared to optical gradient traps; typically, intensities from 10 to 1000 mW/cm2  
are used for ODEP. The optical sources can be coherent (Neale et al. 2007) or non-
coherent, such as mercury lamps (Ohta et al. 2007a) or LEDs (Chiou et al. 2005; 
Zarowna-Dabrowska et al. 2011). Light patterns can be formed from a single light 
source using micromirror arrays and other spatial light modulators, or by simply 
taking the output of a computer projector (Ohta et al. 2007a) or LCD (Choi et al. 
2007; Hwang et al. 2008a). Computer projectors and LCDs have the advantage 
that the light source and the mechanism for patterning the light are integrated, 
facilitating the setup of the ODEP system, and enabling a relatively compact 
footprint.

3.1  Operation of a Typical ODEP System

A typical ODEP device has a transparent planar electrode made of indium-tin 
oxide (ITO) on glass and a photosensitive electrode (Fig. 4i). The two electrodes 
house a fluidic chamber between them, which contains the cells under manipula-
tion. An electric field is created in the fluidic chamber by applying an AC voltage 
across the electrodes, typically at a frequency in the range of tens to hundreds of 
kilohertz.

Optical patterns are focused onto the photosensitive electrode to modulate the 
electric field. Under dark or ambient lighting, the photosensitive electrode has a 
low conductivity, and its impedance, ZPC, is larger than the impedance of the liq-
uid layer, ZL. This means that the majority of the applied AC voltage is across the 
photosensitive layer. However, when light is focused on the photosensitive elec-
trode, ZPC is lowered enough that a significant voltage is dropped across the liquid 
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layer. This switching between a normally low-conductivity state and high-con-
ductivity illuminated state enables the creation of optically defined electrodes on 
the photosensitive electrode (Ohta et al. 2007a). Thus, the light patterns shape the 
electric field landscape, creating electric field gradients in the liquid layer between 
the illuminated and dark areas of the photosensitive electrode, generating ODEP 
force, which, for spherical particles such as cells, is given by the following equa-
tion (Jones 1995):

where r is the particle radius, εm is the permittivity of the medium surrounding 
the particles, K(ω) is the Clausius–Mossotti factor, and E is the electric field.  

(1)FDEP = 2πr3εmRe[K(ω)]∇E2
rms

(i)

(iii)
(a)

(b)

(a)

(b)

(iv)

ZL

ZPC

(ii)

Fig. 4  Various configurations of optically induced dielectrophoresis devices. i The stand-
ard device for optically induced dielectrophoresis. It consists of a fluidic chamber bounded by 
a transparent electrode and a photosensitive electrode. The photosensitive electrode is usually 
amorphous silicon (a-Si) on indium-tin oxide (ITO). ii Lateral-field optoelectronic tweezers cre-
ate electric fields that are primarily parallel to the surface, and consolidates the ODEP electrodes 
to one surface. iii Optoelectrowetting and optically induced dielectrophoresis can be realized on 
the same device by changing the frequency of the electric field. Reproduced from Valley et al. 
(2011) with permission from the Royal Society of Chemistry. iv Phototransistor-based optoelec-
tronic tweezers have increased conductivity under illumination, enabling operation in cell cul-
ture media and other physiological solutions. Reproduced from Hsu et al. (2010) with permission 
from the Royal Society of Chemistry
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The Clausius–Mossotti factor is a complex number that depends upon the fre-
quency of the applied electric field and the properties of the particle and the sur-
rounding medium, as given by (Jones 1995):

where ε∗p and ε∗m are the complex permittivities of the particle and medium, respec-
tively. These are given by (Jones 1995):

where the permittivity, ε, and conductivity, σ, are for either the particle, p, or 
medium, m. The angular frequency of the electric field is represented by ω. Thus, 
the ODEP force depends not only on the volume of the particles, but also on the 
difference in the electrical properties of the particles and the surrounding media.

The most popular photosensitive electrode for ODEP consists of a layer of 
intrinsic amorphous silicon (a-Si) deposited on a layer of ITO, but other materials 
can also be used. Cadmium sulfide is another photoconductive semiconductor that 
has been used for ODEP (Higuchi et al. 2008), with the advantage that its chemi-
cal deposition is more inexpensive than the plasma-enhanced chemical vapor 
deposition used for a-Si. Organic photoconductors and polymers can simplify fab-
rication even more, such as spin-coated layers of titanium oxide phthalocyanine 
(Yang et al. 2011, 2013) or a blend of regioregular poly (3-hexylthiophene) and 
phenyl-C61-butyric acid methyl ester (Wang et al. 2010a). These materials are 
also compatible with flexible substrates (Lin et al. 2012b). Another photosensi-
tive material, lithium niobate, enables the retention of the electric field patterns 
even after the illumination is removed, although it does take longer to switch the 
conductivity of this material between the light and dark states (60 s to a few min-
utes) (Glaesner et al. 2012). Other materials can also be added to the traditional 
a-Si layer; nanoparticles can be tethered to a lipid bilayer on the a-Si surface of 
the ODEP device, ensuring that these particles experience the maximum possible 
ODEP force (Ota et al. 2013).

Variants of the typical ODEP device have been created to add more functional-
ity. To allow the easier integration of ODEP with polydimethylsiloxane (PDMS) 
microfluidic channels, the transparent planar electrode made of ITO-coated-glass 
was replaced with a different transparent structure consisting of carbon nanotubes 
embedded in PDMS (Huang et al. 2013a). It is also possible to facilitate the inte-
gration of ODEP with microchannels and other microfabricated structures by plac-
ing both ODEP electrodes on a single surface. This was accomplished with an 
interdigitated array of a-Si-coated electrodes (Fig. 4ii) (Ohta et al. 2007b). Placing 
the ODEP electrodes on a single surface has another effect: the electric field is 
primarily parallel to the plane of the electrodes, in contrast to the electric field that 
is normal to the electrodes in the typical ODEP device. Thus, in this variant of 
the ODEP device, anisotropic particles (Tien et al. 2009; Ohta et al. 2007c, 2008; 

(2)K(ω) =
ε∗p − ε∗m

ε∗p + 2ε∗m

(3)ε∗p,m = εp,m − j
σp,m

ω
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Neale et al. 2009b) align their long axis parallel to the surface of the substrate, 
which contrasts with the standard ODEP device (Jamshidi et al. 2008). Besides 
affecting the orientation of anisotropic particles, the single-side ODEP architec-
ture allowed the integration of ODEP force for cell trapping and transport with 
electrowetting-on-dielectric (EWOD) for droplet manipulation (Shah et al. 2009).

Droplet manipulation can also be achieved by adding a dielectric layer and 
hydrophobic coating over the photosensitive electrode (Valley et al. 2011) 
(Fig. 4iii). At AC voltages around 10 kHz, this device acts as an optically con-
trolled EWOD device, and the light patterns control the movement of droplets 
(Fig. 4iii-a). When the frequency of the applied voltage is increased to around 
200 kHz, the device acts as a standard ODEP device, and is capable of moving 
particles within the droplets using DEP force (Fig. 4iii-b).

3.2  Limitations of ODEP

There are several limitations of the standard ODEP system with respect to cel-
lular manipulation. The first concern is throughput; in optical manipulation, this 
is typically limited by the area over which the optical patterns can be generated. 
This is less of an issue with ODEP as compared to optical tweezers, as the opti-
cal intensity and focusing requirements are more relaxed. Instead, throughput in 
a conventional ODEP system is limited by the system used to visualize the cells 
under manipulation, which is usually a microscope with a field-of-view a few 
square millimeters. Lens-free holographic imaging can greatly increase the area 
over which cells and other particles can be imaged (Mudanyali et al. 2010), and 
coupled with ODEP, can improve the throughput (Huang et al. 2013b). The work-
ing area of 240 mm2 reported by Huang et al. is the largest effective area of any 
optical manipulator to date.

Although manipulation throughput can be higher using ODEP compared to 
optical tweezers, especially with larger particles such as cells, ODEP does have 
issues associated with the electrical conductivity of the media containing the cells 
under manipulation. Many types of physiological media, including phosphate-
buffered saline and commonly used cell culture media, have relatively high con-
centrations of ions, resulting in high electrical conductivities (typically 1–2 S/m). 
This presents a problem for the photosensitive electrodes mentioned thus far, 
as the illuminated (on-state) conductivity is too low to meet the condition that 
ZPC < ZL, so the optical control of the electric field will not work, and DEP force 
will not be generated. This does not prevent the use of these ODEP devices with 
cells, as osmotically balanced low-conductivity buffer solutions can be used. 
However, the cells can only survive up to several hours in these low-conductivity 
buffers.

ODEP can be made to work in physiological media if the conductivity of the 
photosensitive electrode under illumination can be increased. This was accom-
plished by using an arrayed phototransistor structure as a replacement for the 
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photosensitive electrode (Fig. 4iv), and operation in physiological media was dem-
onstrated (Hsu et al. 2010). However, as with conventional DEP, Joule heating 
becomes of a concern when operating in physiological media, as the amount of 
electrical current conducted by the media increases. In the phototransistor-based 
ODEP device, Joule heating caused a temperature increase, but only by 1–2 °C, 
and the addition of heat sinks decreased this rise in temperature to less than 1 °C 
(Pauzauskie et al. 2010).

Unlike optical tweezers, ODEP is not capable of full three-dimensional manip-
ulation; the DEP force decreases with distance from the photosensitive electrode. 
Thus, the cells under manipulation are always close to a surface, so the nonspe-
cific adherence of cells can be an issue. If cells adhere when it is not desired, 
their adhesion forces can be on the order of nanonewtons, much larger than typi-
cal ODEP forces of tens to hundreds of piconewtons. This nonspecific cell adhe-
sion can be reduced by a factor of 30 by coating the electrodes with a layer of 
poly(ethylene glycol) (PEG), a common antifouling polymer (Lau et al. 2009). It 
is also possible to use two photosensitive electrodes and repulsive DEP forces to 
achieve pseudo-3D manipulation, and to keep the cells under manipulation from 
contacting the ODEP surfaces (Hwang et al. 2008b). However, the addition of the 
second photosensitive electrode makes it harder to image the cells, and cells must 
be constantly manipulated to keep them contacting the electrode surfaces.

3.3  Other Electrokinetic Phenomena

Other electrokinetic forces can be created in a standard ODEP device (Valley et al. 
2008). If the applied electric field has a frequency on the order of 100 Hz or less, 
electrolysis can occur. Bubbles generated by electrolysis can interfere with normal 
ODEP operation, harm cell membranes, and damage the photosensitive electrode 
layer, so this operating regime is usually avoided.

As the frequency of the applied electric field increases to a few kHz, light-
induced AC electroosmosis (LACE) can result. The optical patterns control the 
electric field and the zeta potential at the liquid–photoconductor interface, result-
ing in electroosmotic flow that can be used to transport particles (Chiou et al. 
2008; Hwang 2009).

Electrothermal heating can be observed in a standard OET device or simi-
lar structures when using high optical intensities or large electric fields. 
Electrothermal heating can also be exploited to drive optically controllable 
fluid flows, which can be used to trap and pattern particles (Kumar et al. 2009; 
Williams et al. 2010; Mishra et al. 2014). Optically controlled electrothermal 
heating relies on the absorption of light in a substrate to create thermal gradients 
in a fluid. The thermal gradients result in gradients in the electrical conductivity 
and permittivity of the fluid, driving electrothermal flow. This flow has been har-
nessed for the trapping of bacteria and the sorting of microorganisms based on size  
(Kwon et al. 2012).
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4  Optothermal Manipulation

The use of direct optical forces for cell manipulation is limited by the magnitude 
of forces that can be exerted, which is typically in the piconewton range. However, 
light can be used to exert larger forces through indirect mechanisms that use the 
transfer of energy rather than the transfer of photon momentum. Unlike direct 
optical actuation, photothermal or optothermal actuation methods use light to gen-
erate heat through absorption in a material, creating thermal forces.

One optothermal force is thermophoresis, which is the motion of particles due 
to a temperature gradient. Optothermal heating can also induce thermocapillary 
effects, which can move bubbles, droplets, and thin liquid films, and can be har-
nessed to manipulate cells.

4.1  Thermophoresis

Thermophoresis, also known as thermomigration or thermodiffusion, is the 
response of particles subjected to a temperature gradient, and can be described by

where U is the drift velocity, DT is the particle mobility, and T is temperature 
(Würger 2010). The temperature gradient necessary for thermophoresis can be cre-
ated by opto-thermal heating, and used for the trapping and transport of biological 
particles, such as DNA (Duhr and Braun 2006; Weinert and Braun 2009; Maeda 
et al. 2011), or even the stretching of DNA (Ichikawa et al. 2007), but its use for 
larger objects such as cells is limited (Helden et al. 2014). However, thermophore-
sis has been shown to be useful for the manipulation of DNA and other molecules 
inside living cells (Reichl and Braun 2014), providing a method for the in vivo 
measurement of intercellular activity.

4.2  Opto-Thermocapillary Cell Manipulation

The thermocapillary or thermal Marangoni effect refers to mass transfer along a 
liquid–gas interface due to a surface tension gradient created by a temperature gra-
dient. If optical heating creates the temperature gradient that induces the surface 
tension gradient, the resulting effect can be termed as opto-thermocapillary force. 
Opto-thermocapillary force has been utilized for actuating various fluidic ele-
ments such as bubbles (Ohta et al. 2007d; Tan and Takeuchi 2007; Hu et al. 2011; 
Rahman et al. 2015a), droplets (Kotz et al. 2004; Farahi et al. 2005; Baroud et al. 
2007; Hu and Ohta 2011), and liquid films (Garnier et al. 2003), and can be har-
nessed for the manipulation of the cells and biomolecules.

(4)U = −DT∇T
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Opto-thermocapillary force can be used to actuate microbubbles that are capa-
ble of manipulating cells and biomolecules (Hu et al. 2011). Optical patterns 
are used to create localized hot spots on an absorbing substrate, which are used 
actuate the microbubbles (Fig. 5). The microbubbles can function as untethered 
micrometer-scale actuators, and can manipulate various types of cells, including 
yeast cells (Hu et al. 2012a) and NIH-3T3 fibroblasts (Hu et al. 2013a).

Unlike optical tweezers, opto-thermocapillary actuation is not dependent on the 
optical properties of the object under manipulation. Opto-thermocapillary actua-
tion is also insensitive to the electrical properties of the liquid medium and the 
object under manipulation, in contrast to ODEP. However, opto-thermocapillary 
actuation does share the flexibility of optical control with the other cell manipu-
lation methods described in this chapter, enabling parallel, independent actuation 
of multiple micro-objects. Although opto-thermocapillary actuation has only been 

(a)

(b)

Fig. 5  Opto-thermocapillary bubble manipulation setup. a The overall optical setup. The light 
source is focused on an absorbing coating (typically 1-µm-thick amorphous silicon on 200-nm-
thick indium tin oxide) at the floor of a fluidic chamber. b Close-up of the portion of the setup 
circled by the dashed line in a, showing the opto-thermocapillary flow surrounding the bubble
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demonstrated on up to 12 microbubbles in parallel to date, it has the potential to 
control at least 50 microbubbles simultaneously (Rahman et al. 2015a).

The microbubbles for opto-thermocapillary actuation are generated in a liquid 
media by the optothermal heating of the substrate (Fig. 5). A laser beam is focused 
on the absorptive coating of the substrate, which converts the light energy to ther-
mal energy, causing localized heating in the fluid adjacent to the hot spot (Ohta 
et al. 2007d). This results in the vaporization of the working fluid at the hot spot, 
nucleating the bubble.

Once the bubble has been created, the temperature gradient created by the 
laser-heated region drives a toroidal thermocapillary flow that can be divided into 
two principal components of interest (Fig. 5b): lateral and normal. The flow that 
is parallel to the substrate is the lateral part of the thermocapillary flow. Another 
thermocapillary flow component normal to the substrate is present around the bub-
ble perimeter, due to the temperature gradient in the z-direction. If an object has a 
density greater than that of the carrier fluid, interaction with the normal flow can 
be minimized, and the object can be pulled toward the bubble without having the 
object circulate in the toroidal thermocapillary flow.

The lateral opto-thermocapillary flow was used to pattern yeast cells in an aga-
rose solution. After the yeast cells were patterned, the agarose solution was gelled, 
and 92 % of the original cells underwent multiple cell divisions over a period of 
9 h (Fig. 6) (Hu et al. 2012a). A 980-nm diode laser focused to an intensity of 
508 kW/cm2, pulsed with 60-µs pulses at 60 Hz, was used to generate the bubbles 
and thermocapillary flow used for manipulation.

Opto-thermocapillary flow has also been used to trap and transport NIH/3T3 
fibroblasts (Hu et al. 2013a). The cells were suspended in cell media mixed with 
a hydrogel or agarose pre-polymer, and patterned using opto-thermocapillary flow 
in an open reservoir. Fibroblasts in a polyethylene glycol diacrylate (PEGDA) pre-
polymer solution were manipulated into a 4 × 4 cell array in 6.5 min (Fig. 7a–d), 
at a velocity of 30 μm/s. After the assembly, the PEGDA solution was photopo-
lymerized (Fig. 7e), and cell viability was tested (Fig. 7f). Fibroblasts were also 
assembled into a 3 × 3 cell matrix in a 4 % agarose solution at an average velocity 

(a) (b) (c) (d) (e) (f)

Fig. 6  Yeast cells assembled using opto-thermocapillary flow. a–c Assembly of yeast cells 
assembly into an “H” shape in agarose solution. The agarose was subsequently gelled by lower-
ing the solution temperature to 15 °C. d–f Cell culturing for 9 h after agarose gelation. Repro-
duced with permission from Hu et al. (2012a)
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of 8 μm/s. The reduced opto-thermocapillary flow in the more viscous agarose 
solution resulted in a lower cell manipulation speed, but subsequent agarose gela-
tion and culturing also showed high cell viability.

Additional functionality may be added by using opto-thermocapillary actu-
ated bubbles to move secondary hydrogel structures with features to aid in the 
assembly of cells (Hu et al. 2012b). Hydrogel structures made of photopolymer-
ized poly(ethylene glycol) diacrylate (PEGDA) were created in various geom-
etries, such as disk-shaped structures with 40–70 µm-radii with a 5-µm-radii cavity 
at the center. A bubble in this central cavity is opto-thermally actuated, actuating 
the hydrogel structure. This enables the assembly of cells in an uncovered fluid 
reservoir, providing easy access to the cells under manipulation for downstream 
culturing or assays. The hydrogel structures can also be made to absorb the inci-
dent laser light by adding carbon particles (Hu et al. 2013b). This means that the 
opto-thermocapillary actuation of the hydrogel structures does not require a light-
absorbing substrate.

To achieve the parallel manipulation of the microbubbles using opto-ther-
mocapillary actuation, optical patterns are created from a single laser by a scan-
ning mirror (Hu et al. 2014) or a spatial light modulator (Rahman et al. 2015a). 
Both systems are similar to methods used to create multiple optical tweezers traps. 

(a) (b) (c)

(d) (e) (f)

Fig. 7  Opto-thermocapillary assembly of NIH/3T3 fibroblasts. The time stamp format is min-
utes: seconds. a–d Cells are assembled by the opto-thermocapillary flow. The inset shows a 
close-up image of the cell being manipulated. e Single-cell pattern after PEGDA gelation. The 
dark tracks may be due to the laser heating of the substrate, but they do not affect the experi-
ment. The scale bar is 20 mm, and also applies to f. f Green fluorescence indicates viable cells. 
Only one cell displays red fluorescence, indicating a nonviable cell. Reproduced from Hu et al. 
(2013a) with permission from the Royal Society of Chemistry
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Using orthogonal scanning mirrors, a single beam of light can be directed to multi-
ple locations on a two-dimensional plane, controlling up to 10 microbubbles inde-
pendently at once (Hu et al. 2014). The maximum number of microbubbles was 
limited by the manual control system, but the time-sharing of one laser beam fun-
damentally limits the maximum number of microbubbles, just as with time-shar-
ing optical tweezers systems.

Thus, as with holographic optical tweezers, an alternate method is the use of 
an SLM to create a holographic control system (Rahman et al. 2015a). Instead of 
redirecting a single beam multiple times, an SLM is able to split the beam using a 
computer-generated hologram, eliminating the need for time-sharing, and allowing 
the bubbles to be continuously actuated on a sample.

The control system that was used to realize the control of multiple micro-
bubbles using an SLM was a modified version of the Red Tweezers program 
(Bowman et al. 2014). Some modifications to the program were necessary, includ-
ing a bubble-collision-detection system and an error detection system. In addition, 
an automatic sequence generator was added that allows the microbubbles to move 
in independent trajectories at the same time. A user defines the path of microbub-
bles by planning out a sequence of holograms, which is then played on the SLM at 
specific time intervals for the purpose of particle manipulation (Fig. 8).

Like other cellular manipulation systems, opto-thermocapillary flow has its lim-
itations, some of which are shared with HOT. If a holographic control system is 

(a) (b) (c)

(d) (e) (f)

Fig. 8  Assembly of glass beads using multiple opto-thermocapillary flow-actuated microbub-
bles. Two microbubbles were used to assemble eight glass beads. Each microbubble in the field-
of-view is numbered (a total of four); the scale bar is 200 μm. a Initial position of the microbub-
bles and the beads. b, c Bubble 2 pulling the beads into place. d, e Bubble 1 pushing the beads 
into place. f The final U-shaped pattern, after a total assembly time of 7 min. Reproduced with 
permission from Rahman et al. (2015b)
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used, “ghost traps” may occur, just as in HOT. This can be resolved by using the 
same iterative algorithms used for HOT systems, resulting in the reduction of aber-
rations in the system.

In addition, the number of bubbles available for micromanipulation is limited 
by the available laser power and the working area. Currently, micromanipulation 
occurs over an area of 1.1 mm by 0.83 mm, and is limited by the magnification of 
the focusing lens (Rahman et al. 2015b). A smaller magnification provides a larger 
area of manipulation, but reduces the resolution, as this also increases the mini-
mum size of the optical features that can be created. Therefore, there is a tradeoff 
between working area and resolution. This could be addressed by using a high-
magnification focusing lens for higher resolution, and moving the fluid chamber 
and microrobots independently to cover a large working area; however, this will 
increase the complexity of the control system.

Like ODEP, opto-thermocapillary manipulation is currently restricted to two-
dimensional motion. However, the potential for three-dimensional opto-ther-
mocapillary manipulation exists, especially if the normal thermocapillary flow can 
be exploited.

5  Optical Manipulation for Single-Cell Analysis

The optical manipulation methods described in this chapter are useful for enabling 
or augmenting functions related to single-cell analysis, including cell culturing, 
cell separation and sorting, cell trapping, isolation, and transport, molecular deliv-
ery to cells, cell lysis, and measurements of cellular properties. Specific examples 
that realize these functions will be described in this section.

5.1  Cell Culturing

The first step in single-cell analysis is the culturing of cells. Optical manipula-
tion can assist with this by enabling the patterning of cells to study cell–cell inter-
actions, or to build cocultures of different types of cells. Traditional cell culture 
is performed on two-dimensional surfaces, such as tissue culture polystyrene 
(TCPS). However, cells can be grown on other surfaces, including glass and sili-
con. Thus, optical manipulation can be used to position cells before subsequent 
culturing. This has been demonstrated with optical tweezers (Townes-Anderson 
et al. 1998), phototransistor-based ODEP (Hsu et al. 2010), and optothermal 
manipulation (Hu et al. 2013a). Although standard ODEP devices do not work in 
cell culture media, microfluidic structures can be added to automatically exchange 
low-conductivity ODEP media with cell culture media (Lee et al. 2014), so cell 
culturing with these types of structures can be possible.
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While cell culturing on a two-dimensional planar surface is widespread, more 
accurate models of cell behavior can be obtained by culturing cells in three dimen-
sion, which more closely approximates an in vivo environment. This is typically 
done by culturing cells in some type of scaffold material made of natural extracel-
lular matrix materials or synthetic materials such as hydrogels. Cells embedded 
in microscale scaffolds form “microgels” (Yeh et al. 2006) which can be used as 
building blocks of in vitro tissues and organ-like structures. Optical manipulation 
can be used to position and organize these microgels, by direct optical manipu-
lation (Kirkham et al. 2015), ODEP (Lin et al. 2012a), or optothermal manipula-
tion (Hu et al. 2012b). Optical manipulation can also assist with the transport and 
release of chemicals to control cell growth and differentiation during culturing 
(Kirkham et al. 2015).

5.2  Cell Sorting

Once cells are cultured, cells of interest need to be separated from unwanted cells 
through some form of cell sorting. This can also be the first step in a single-cell 
analysis process that uses primary cells, which undergo minimal, if any, culturing. 
Some examples of sorting that are interesting include sorting by the type of cell, 
such as red blood cells from white blood cells, or cancerous cells from healthy 
cells. Sorting of live cells from dead cells can also help with downstream pro-
cesses, as well as the isolation of rare cells from a larger cell population.

Various mechanisms can be used to obtain these sorting results (Fig. 9), and can 
broadly be classified as passive sorters, which use static optical patterns, or active 
sorters, which use dynamic optical patterns. Cell types can be sorted by size, using 
various mechanisms including direct optical force or ODEP. Direct optical forces 
can also distinguish cells based upon their optical properties, while ODEP can be 
used to differentiate cells based on their electrical properties. Importantly, sort-
ing upon these intrinsic properties means that labeling is not required, minimizing 
sample preparation and adverse effects on the cells to be sorted. All types of opti-
cal manipulation systems can also sort cells based upon visual characteristics iden-
tified by image-based control systems, such as morphology or fluorescent markers.

5.2.1  Cell Sorting with Direct Optical Forces

The forces resulting from optical landscapes can enable sorting through the varia-
tion in the strength of particle interactions. A three-dimensional optical lattice pro-
duced by multi-beam interferences creates a landscape in which particles can be 
separated by size and refractive index (Fig. 9ii) (MacDonald et al. 2003). These 
variations in force can be used to separate cells that are otherwise indistinguish-
able. Moving optical interference patterns can also enable size- and shape-based 
separation of cells (Jákl et al. 2014).
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Optical tweezers can provide the force needed to sort cells in a microfluidic 
device. Many of these systems have automatic image-based sorting that allows 
cells to be sorted by parameters including size, shape, and fluorescence. For exam-
ple, image processing was used to identify the size of cells, triggering optical 
tweezers to move particular cells into a collection channel, achieving the sorting 
of 3- to 5-μm-diameter yeast cells from 10-μm-diameter polystyrene beads at a 
yield of 100 % and a recovery rate of 90 % (Lin et al. 2008). Cells can also be 
sorted based on more than one parameter. One such microfluidic sorter is able to 
sort cells by size, shape, and fluorescence (Landenberger et al. 2012). Using this 
system, 2-μm-diameter yeast cells were sorted with a throughput of 1.4 cells per 
second and a recovery rate of 95 % using fluorescence, size, and a combination of 
fluorescence and size.

(i)

(ii) (iii)

(iv) (v)

Fig. 9  Optical cell sorting. i Block diagram of an optical cell sorter. A cell sample is sorted by 
either a passive (static) optical landscape, or by an active (dynamic) force applied to the cells. 
ii An example of a passive cell sorter, in which an optical lattice is used to sort objects based 
on their size or index of refraction. Reproduced with permission from MacDonald et al. (2003). 
iii An active cell sorter that uses multiple optical tweezers traps to move desired cells into an 
outlet channel. Reproduced from Wang et al. (2011) with permission from the Royal Society of 
Chemistry. iv An exploded view of active cell sorting device that uses ODEP. v The operation of 
the ODEP-based active cell sorter, showing dynamic light patterns that are used to sort the cells 
by cell type. iv and v are reproduced from Huang et al. (2013c) with permission from the Royal 
Society of Chemistry
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HOT systems can also be integrated with microfluidic systems for automatic 
cell sorting (Fig. 9iii). Using HOT to generate multiple optical traps can also result 
in a higher sorting throughput. An HOT-enabled automatic cell sorter is able to 
sort particles by both size and fluorescence, as demonstrated by the sorting of 5- 
to 8-μm-diameter yeast from 2-μm-diameter polystyrene micro-beads, and 10- to 
15-μm-diameter fluorescently tagged stem cells from a mixture other similarly 
sized cells with a 90 % recovery rate and 90 % purity (Wang et al. 2011).

Cell sorters can also utilize the optical scattering force, which can be used to 
extract cells out of microwells and transported downstream for further analysis or 
disposal (Kovac and Voldman 2007). This image-based sorter has a large work-
space for increased sorting throughput, although cells do need to be fluorescently 
tagged. However, the intrinsic response of cells to an optical scattering force can 
also be used for label-free sorting. This was demonstrated in a continuous-flow 
microfluidic sorter of red blood cells, lymphocytes, granulocytes, and monocytes 
(Lee et al. 2013). Each of these blood cells has different scattering forces, allowing 
each type of cell to be successfully distinguished from each other.

5.2.2  Cell Sorting with ODEP

Different cell types may also have different electrical properties, such as permittiv-
ity and conductivity, which can be distinguished using ODEP. Sorting based upon 
electrical properties can enable sorting that is not possible solely based on physi-
cal size, such as the separation of live cells from dead cells (Chiou et al. 2005). 
A live cell can maintain an ion differential across its interior and the surrounding 
medium. If the cell is in a low-conductivity medium, as in the case for standard 
ODEP manipulation, the interior of the cell will have an electrical conductivity 
greater than the medium. If the cell dies, the ion differential is no longer main-
tained, and the conductivity of the cell interior becomes similar to that of the 
low-conductivity medium. This makes the ODEP force exerted on live and dead 
cells different, according to Eqs. 1–3, and can even result in a change in the direc-
tion of the ODEP force. For instance, live white blood cells were observed to 
have a positive ODEP force, while dead cells had a negative ODEP force. This 
difference in force was used to selectively concentrate the live cells (Chiou et al. 
2005). A similar observation with sperm cells enabled the discrimination between 
live and dead spermatozoa, even among completely nonmotile cells (Ohta et al. 
2010). Variations in the electrical properties of different types of cells can also be 
exploited by ODEP. Physiological differences between B lymphocytes and red 
blood cells resulted in a difference in DEP force (Zhao et al. 2013), as well as for 
HeLa and Jurkat cells (Ohta et al. 2007b), prostate cancer cells and leukocytes 
(Huang et al. 2012, 2013c), and oral cancer cells and leukocytes (Huang et al. 
2013c). These separations can be used to realize constant-flow cell sorting; up 
to 80 % cell purity and 80 % cell recovery with 95 % cell viability was achieved 
using such a device (Fig. 9iv, v) (Huang et al. 2013c).
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Visual characteristics can also be an important sorting trigger for ODEP-based 
sorting. This can include checking for different cell morphologies and features, 
or by checking for visual tags, such as fluorescent markers. For example, T-cells 
and dendritic cells were distinguished via fluorescent tags, and ODEP was used 
to separate the different cell types (Jeorrett et al. 2014). The tags provided visual 
differentiation between the cells, enabling sorting; this separation was not possible 
based solely on electrical properties, as the two types of cells experienced similar 
ODEP forces.

5.3  Cell Trapping and Isolation

Once cells of interest are sorted, single cells need to be isolated for analysis. 
All of the optical trapping techniques discussed here are capable of this task, as 
described earlier in this chapter. The trapping of cells is usually done in vitro, 
which is suitable for single-cell analysis procedures. However, for some appli-
cations, it may be desirable to trap cells in vivo. Optical manipulation in vivo is 
more challenging, due to optical absorption by tissues, and inhomogeneous indices 
of refraction, but optical tweezers have been used to manipulate red blood cells 
in vivo, in the bloodstream of living mice (Zhong et al. 2013). The trapped red 
blood cells were manipulated in three dimensions, and the optical trap was shown 
to be capable of causing and clearing artificial clots in capillaries by transporting 
the blood cells to the appropriate locations. The stiffness of these optical traps was 
approximately 10 pN/μm with a power of 168 mW at the trap focus. Importantly, 
no thermal damage was observed on the cells that were trapped or the tissues 
in the path of the laser, showing the promise of optical tweezers for in vivo cell 
manipulation.

5.4  Cell Surgery and Lysis

Further analysis of single cells is necessary to enable a deeper understanding of 
cellular behavior. This type of analysis may require access to the cell interior, 
which can be achieved by using lasers to cut into cell membranes (Berns 1998). 
Organelles can then be extracted from the cell (Shelby et al. 2005), or cargo can 
be delivered to the cell. Lasers can also be used to realize cell fusion (Steubing 
et al. 1991) and the attachment of cells to one another without fusion (Katchinskiy 
et al. 2014). Cell lysis can also be induced through a more indirect process in 
which pulsed lasers are used to create cavitation bubbles that disrupt the cell 
membrane (Rau et al. 2004; Lai et al. 2008). Single-cell resolution is possible if 
cells are confined in microchannels (Lai et al. 2008), or in picoliter or femtoliter 
droplets (He et al. 2005). Alternatively, cell lysis can also be done using ODEP  
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(Lin and Lee 2009; Witte et al. 2014), including selective lysis depending upon the 
cell’s shape (Kremer et al. 2014).

A related method of optically controlled cell surgery is the photothermal nano-
blade, which utilizes titanium-coated microcapillaries (Wu et al. 2011) or vias (Wu 
et al. 2015) to convert nanosecond laser pulses to localized cavitation bubbles. 
These bubbles create pores in cell membranes, allowing cargo to be delivered into 
the cells. The cargo can cover a very large size range: 1 nm (RNA) up to 2 µm 
(bacteria) (Wu et al. 2011), and a throughput of up to 100,000 cells per minute 
can be achieved (Wu et al. 2015). This method can be nondestructive and used to 
deliver payloads to cells, like the methods that are covered next, in Sect. 5.5.

5.5  Molecular Delivery to Cells

A gentler operation than cell lysis is the creation of pores in the cell membrane, 
which can be reversible, where the pores self-heal, or irreversible, where the pores 
remain. Cell lysis, previously covered in Sect. 5.4, is irreversible membrane pora-
tion taken to the extreme. However, if the membrane pores are small enough, cells 
can recover from this operation, enabling molecular delivery. This enables tech-
niques such as gene therapy or cell transformation. ODEP can use electric field 
pulses to open pores in the membrane of cells, enabling molecular delivery. In 
addition, the light patterns used by ODEP can be used to select specific cells for 
the membrane poration operation, while leaving other cells unaffected (Valley 
et al. 2009; Wang et al. 2014).

Opto-thermal heating of the cell membrane by a continuous-wave laser, facili-
tated by light-absorbing dyes, can temporarily increase membrane permeability, 
enabling molecular delivery (Palumbo et al. 1996; Schneckenburger et al. 2002; 
Nikolskaya et al. 2006). Single-cell resolution is possible with this method, 
although the transfection efficiency is relatively low (less than 30 %) (Stevenson 
et al. 2010).

Another method of selective cell poration is opto-thermocapillary size-oscillat-
ing microbubbles (Fan et al. 2014, 2015). Microsecond laser pulses focused on a 
light-absorbing surface nucleate a vapor microbubble. The size of the bubble is 
controlled by the laser pulses, causing the bubble to expand and collapse. This 
oscillation in the size of the bubble produces a fluid flow that can induce transient 
pores in a nearby cell membrane (Fig. 10i). This method has single-cell resolu-
tion, and can reach up to 95 % of molecular delivery efficiency while maintaining 
95 % cell viability. Multiple molecules have been delivered to the same cell sam-
ple using this method (Fig. 10ii).

Nanosecond-pulsed lasers create shockwaves by laser-induced cavitation bub-
ble expansion, which can open pores in cell membranes (Tsukakoshi et al. 1984; 
Soughayer et al. 2000; Venugopalan et al. 2002; Hellman et al. 2008; Wang et al. 
2010b). This mechanism has a relatively low resolution; the shockwaves can 
affect cells up to 60 µm away from the laser focal point (Soughayer et al. 2000). 
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However, single-cell resolution can still be achieved by nanosecond-pulsed lasers 
with the assistance of microfluidic structures to localize and confine cells (Le Gac 
et al. 2007; Li et al. 2013).

Femtosecond-pulsed lasers can also open transient pores in cell membranes 
via multiphoton ionization and plasma formation (Vogel et al. 2005). Transfection 
efficiencies using femtosecond-pulsed lasers are greater than 90 % for various cell 
lines (Tirlapur and Konig 2002; Baumgart et al. 2008; Uchugonova et al. 2008), 
and slightly lower (around 70 %) for stem cells and primary cells (Baumgart et al. 
2008; Uchugonova et al. 2008). However, submicron focusing accuracy on the 
cell membrane is necessary for two-photon absorption to occur; a focusing error 
of 3 µm can decrease transfection efficiency by more than 50 % (Tsampoula et al. 
2007). This focusing issue can be mitigated by using microparticles trapped by 
optical tweezers to focus the femtosecond laser precisely on the cell membrane 
(Waleed et al. 2013), or by using a Bessel beam (Tsampoula et al. 2007; Cižmár 
et al. 2008). In vivo transfection with femtosecond lasers has also been demon-
strated (Zeira et al. 2007). The main barrier to the wide deployment of femtosec-
ond-pulsed laser systems is the high cost of the laser and other equipment, which 
is on the order of $100,000.

(i) (ii)

(d)

(a)

(c)

(b) (a)

(b)

Fig. 10  Molecular delivery by laser-induced microbubbles. i The molecular delivery process.  
(i-a) The cell membrane is initially impermeable to the molecules. (i-b) A size-oscillating bubble 
is nucleated below the target cell by laser heating, creating shear stress that opens transient pores 
in the cell membrane, allowing the molecules to enter the cell interior. (i-c) The laser excita-
tion ceases, and the cell membrane heals. (i-d) Cross section of the fluidic chamber. The laser 
is absorbed by the substrate, nucleating the bubble. ii Targeted delivery of multiple molecules. 
(ii-a) Bright-field image of fibroblasts. Molecular delivery of 3-kDa FITC-Dextran dye is per-
formed on the cells in the vicinity of the upper dashed line. Propidium iodide (PI) is delivered to 
the cells marked by the lower dashed line. (ii-b) Composite image showing successful molecular 
delivery of FITC-Dextran (green fluorescence) and PI (red fluorescence). Reproduced from Fan 
et al. (2015) with permission from the Royal Society of Chemistry
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5.6  Measuring Cellular Properties

The final step in a single-cell analysis procedure is to do measurements on the sin-
gle cells of interest. This is primarily done with some form of microscopy, which 
is well suited to integration with optical systems, as most optical manipulations 
are built around or integrated into microscopes. Optical microscopy and sens-
ing will not be reviewed here, but some measurement techniques unique to opti-
cal manipulation should be mentioned. For example, the mechanical properties of 
cells can be measured using optical manipulation (Fig. 11). Optical tweezers can 
be used to stretch cells, which provides information about the various cell moduli 
(Lim et al. 2004). Similarly, HOT can be used to measure the dynamic mechanical 
response of stem cells, from which information such as Young’s modulus and vis-
cosity can be extracted (Tan et al. 2012). This can be used to distinguish between 
differentiated and undifferentiated stem cells.

Optical tweezers can also help with the measurement of the Raman spectrum 
of cells, which is useful for determining their chemical composition and structure. 
Optical tweezers are a natural fit for Raman spectroscopy, as the optical trap sta-
bilizes the particle under observation, even if it is in suspension, allowing cells 
to be accurately measured (Ajito and Torimitsu 2002). The focused laser beam 
used to create the optical trap can also be used to excite the particle for Raman 
measurements, or a separate laser can be used. Optical tweezers integrated with 
Raman spectroscopy has successfully measured various characteristics of cells, 
including distinguishing between live and dead cells (Xie et al. 2002), changes 

Fig. 11  Measuring cell properties using optical manipulation. i Optical tweezers can be used to 
stretch cells in order to gain information on the cell’s mechanical properties. Reproduced from 
Lim et al. (2004) with permission. ii Measuring the mass and density of single cells by levitat-
ing the cells using ODEP, then observing the descent of the cells. Reproduced from Zhao et al. 
(2014) with permission from the Royal Society of Chemistry
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in heat-treated cells (Xie et al. 2003), and the oxygenation capability of healthy 
and diseased red blood cells (De Luca et al. 2008). By adding optical tweezers, 
Raman spectroscopy and cell sorting can be achieved in the same platform (Lau 
et al. 2008).

Optical tweezers can be useful for the positioning of cells undergoing meas-
urements. Synchrotron-radiation-based X-ray fluorescence (XRF) microscopy can 
provide spatial information on the material composition of cells, but this measure-
ment requires that the sample remain still for up to hours at a time. Thus, cells 
measured using XRF need to be fixed in place, but traditional methods of immo-
bilizing the cells can affect the measurement. To address this, an XRF system was 
integrated with a HOT system, allowing the cells to be immobilized with mini-
mal effects on the XRF measurement (Vergucht et al. 2015). This system allows 
the cell under observation to be kept in its natural aqueous environment, reducing 
sample preparation, and increasing the biological relevance of the results.

HOT systems can collect more complex data such as the three-dimensional 
refractive index of a cell, which provides information about the composition and 
the structure of the cell (Habaza et al. 2015). Using HOT, cells could be captured 
and rotated 180° while in suspension. This is an easier and more efficient way 
to collect the three-dimensional refractive index data since a wide angular range 
can be achieved by HOT manipulation without an external rotation stage for the 
sample.

Cell stiffness is another important mechanical property, as this is an indicator 
of cellular behavior and cellular health. The relative stiffness of red blood cells 
can be measured using ODEP, by observing the change in the diameter of the cells 
when the electric field is applied (Neale et al. 2012). ODEP can also be used to 
measure the mass of single cells (Zhao et al. 2014, 2015). This method uses ODEP 
force to levitate cells; subsequently, the ODEP force is removed, and the rate of 
the descent of the cells is measured. This allows calculation of the density and 
mass of the cells (Fig. 11ii). ODEP force can also be used to detect the health of a 
cell, such as oocytes cultured under normal conditions compared to oocytes kept 
in a nutrient-free solution for 3 days (Hwang et al. 2009). A similar principle was 
used to differentiate between healthy and unhealthy embryos (Valley et al. 2010).

6  Summary

Optical manipulation encompasses a variety of technologies that are useful for 
single-cell analysis. Compared to other micromanipulation techniques, optical 
manipulation is usually the most flexible and adaptable, as reconfiguration of the 
manipulators can be done by altering the optical pattern. It is even possible to cre-
ate reconfigurable microfluidic channels using optical control (Haulot et al. 2012), 
making it possible to realize a complete, optically controlled single-cell analysis 
platform.



120 J. Cheng et al.

Optical manipulation is especially suitable as an adaptable tool that can be 
reconfigured for different applications. It also excels at the manipulation of spe-
cific single cells, as appropriate optical patterns can be generated on the fly to tar-
get cells of interest.

However, optical manipulation usually requires expensive or complicated 
equipment, or both. Thus, it begins to lose some attractiveness for highly repetitive 
tasks that do not take advantage of the dynamic, flexible nature of optical control. 
In addition, if the manipulation of specific cells is not required, optical manipula-
tion is less favorable, as it tends to have lower throughput than batch processes.

Optical manipulation has already proven useful in the analysis of single cells, 
and there is much potential for its continued use and expansion to other applica-
tions, especially if the inherent advantages of optical manipulation are exploited.
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Abstract This chapter reviews recent developments in the field of acoustic 
 manipulation and processing of cells in microfluidic systems and gives an over-
view of different acoustofluidic operating modalities. Continuous flow-based 
acoustophoresis and acoustic trapping are key areas of interest. In view of the 
topic of this publication we have limited this chapter to mainly cover acoustoflu-
idic work that concerns cell handling and cell-based studies. A focus is therefore 
maintained on developments that demonstrate how microscale acoustofluidic sys-
tems can be designed to solve unmet needs in the everyday work of life science 
laboratories related to cell biology or clinically relevant research.

Keywords Acoustophoresis · Acoustic trapping · Acoustic cell manipulation ·  
BAW · SAW

1  Acoustophoresis

1.1  The Primary Acoustic Radiation Force

The acoustic radiation force, Frad, on a compressible particle, much smaller than 
the acoustic wavelength, λ, was originally derived by Gorkov (1962), Eq. 1
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where Urad denotes the acoustic radiation potential, a is the particle radius, f1 and f2  
are the monopole and dipole scattering coefficients respectively, κ0, ρ0, κp and ρp 
are the compressibility and density of the fluid and particle, respectively, 〈pin〉 and 
〈vin〉 are the time averages of the incoming pressure and velocity fields.

In the case of a 1D λ/2 standing wave (solid line) in a microchannel, Fig. 1, the 
acoustic radiation force (red-dashed line) in the direction of the wave propagation 
can be simplified, Eq. 2 (Bruus 2012).

where φ(κ̃ , ρ̃) is the acoustic contrast factor, k is the wave number (2π/λ), Eac is 
the acoustic energy density, z is the position of the particle along the wave propa-
gation axis, pa is the pressure amplitude, ρ0 is the density of the medium, c0 is the 
speed of sound in the medium.

The acoustic radiation force, Eq. 2, acting on a particle in a standing wave field 
is balanced by the Stokes drag force, Fdrag

z , Eq. 3,

where η is the dynamic viscosity of the suspending fluid and vz is the particle 
velocity along the z-axis. Combining Eqs. 2 and 3 yields that the acoustophoretic 
particle velocity in an acoustic standing wave scales to the radius to the second 
power:

Acoustophoresis is operated in two different modes in microfluidic systems: Bulk 
Acoustic Wave (BAW) or Surface Acoustic Wave (SAW). BAW systems are based 
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Fig. 1  Schematic of a 1D 
acoustic standing wave (solid 
line) across a microchannel 
(z-axis) and the resulting 
acoustic radiation force (red 
dashed) across the channel 
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on material properties of the microfluidic system such that the microfluidic com-
partment (a cavity or a channel) defines a high Q-value acoustic resonator. The 
material properties are consequently selected from hard materials (e.g. silicon, 
glass, metal) that display a high difference in acoustic impedance between the 
fluid and channel walls, minimising energy loss from the resonant compartment. 
The resonance of the BAW resonators is defined by the dimensions of the resonant 
cavity and resonance is accomplished by actuating the bulk material at a frequency 
that matches the dimensions of the channel width at N × λ/2. Resonance can thus 
be accomplished in any direction where a resonance criterion can be fullfiled inde-
pendent of where the transducer is mounted on the chip. A more detailed survey of 
how BAW systems can be designed is found in Lenshof et al. (2012).

SAW systems are based on interdigital metal electrode transducers, micro-
fabricated on a piezoelectric substrate, where the interdigital distance defines the 
frequency of operation. In microfluidic system often two opposing SAW transduc-
ers are fabricated on the substrate and a microchannel is positioned between the 
two transducers. The microchannel is commonly made in a polymer and PDMS is 
the most frequently reported material. When driving the transducers two counter 
propagating waves are generated that interfere and compose a standing wave. As 
the surface acoustic waves reach the PDMS interface and the fluid in the chan-
nel the acoustic wave is refracted into the microchannel where acoustic standing 
wave forces, analogous to BAW systems, can be utilised for cell manipulation. 
The location of the nodes in the standing wave is dependent of the phase shift of 
the two transducers and the microchannel have to be aligned with high precision 
to maintain the nodal positions along the channel length. Likewise, by altering the 
phase between the two transducers the node location can be arbitrarily localized 
within the channel. BAW-based resonators accomplish higher acoustic amplitudes 
than SAW devices since the resonator dissipates less energy to the surrounding 
material and hence commonly higher flow rates in cell separation applications are 
reported.

A comprehensive review on surface-based acoustofluidics can be found in Yeo 
and Friend (2014). Acoustophoresis performed by BAW or SAW have been shown 
not to influence cell viability, function and proliferation capacity. The readers are 
referred to Burguillos et al. (2013) and Wiklund (2012) for further reading regard-
ing viability aspects in acoustophoresis-based processing of cells.

1.2  Separation

Acoustophoresis in microfluidic systems is commonly performed in well-defined 
acoustic standing wave resonators to enable controlled migration/transport of cells 
or particles in suspension by means of the acoustic radiation force. Extensive work 
has been done in this field to further the understanding of how acoustic forces can 
be utilised for microparticle manipulation and processing of biological matter, more 
specifically cell suspensions. Earlier work done in this area was predominantly 
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performed on macroscale multinode-layered acoustic resonators utilising the pos-
sibility to focus cells in nodal planes in a travelling standing wave configuration 
(Peterson et al. 1986), demonstrating plasma separation from whole blood at flow 
rates of 2 mL/min. Multinode macroscale acoustic resonators were also devel-
oped for the retention and noncontact filtering of cells in fermentation suspensions 
(Gröschl et al. 1998) and were later commercialized. An extensive review of mul-
timode resonators for cell and particle manipulation is given (Hawkes and Radel 
2013) and recent reports describe technology developments for increasing through-
put in sedimentation-based multinode ultrasonic filters (Prest et al. 2015).

One of the first reports on microfabricated devices utilising acoustic stand-
ing wave forces for cell manipulation was reported by Hawkes et al. (2004) in a 
silicon microfabricated Field-Flow-Fractionation (FFF) device designed as an 
H-filter. The work was preceded by several developments steps of manifolds man-
ufactured by conventional machining as well as microfabrication (Hawkes and 
Coakley 2001; Harris et al. 2003). In a sample stream of yeast cells suspended in 
a fluorescent medium, the yeast cells were efficiently transferred into a co-flowing 
stream of a clean buffer by means of an acoustic standing wave field, Fig. 1. The 
system reported a significant throughput of 10 mL/min while reducing the fluores-
cein background to 20 %. The high throughput was accomplished by the plate like 
design of the H-filter, having a width of the co-flowing streams of 10 mm, which 
is possible when a layered resonator design is selected. Most interestingly in this 
work Hawkes also demonstrated that efficient mixing could be accomplished in 
this layered resonator design when actuating the device at elevated acoustic ampli-
tudes, stating that acoustic streaming was the major source for mixing. The phe-
nomena of acoustic streaming has since gained increased attention (Bengtsson and 
Laurell 2004; Muller et al. 2012, 2013; Lei et al. 2013, 2016).

Simultaneous developments of microchip-based acoustic cell handling devices 
were done by the group of Laurell where the design of λ/2 resonators were done in-
plane with the silicon chip (Nilsson et al. 2004), which simplified the further routing 
of the different sample fractions on-chip to individual outlets or downstream chip 
integrated unit operations. By exciting the microchannel at its resonance frequency 
the standing wave was accomplished in a direction orthogonal to the incoming 
vibration of the piezo electric element, establishing the transversal mode of opera-
tion (Lenshof et al. 2012). The first acoustic microchip-based separation involving 
human cells was the separation of red blood cells from lipid particles (Petersson 
et al. 2004). Here the need for elimination of lipid microemboli from shed blood 
during open heart surgery prior to reinfusion to the patient was the goal. The sepa-
ration of the lipid emboli from the blood cells was successful due to the fact that 
RBCs and lipid particles displayed different sign of the acoustic contrast factor, 
forcing the positive contrast factor RBCs to go to the pressure node and the centre 
outlet while the negative contrast factor lipid particles migrated to the pressure anti-
node and exited the system through the side outlets, Fig. 2. In order to increase sys-
tem throughput the group also demonstrated system upscaling by realising an eight 
parallel channel acoustic lipid/blood cell separator (Jönsson et al. 2004), first pre-
sented at the MicroTAS conference 2002 (Nilsson et al. 2002), Fig. 2e–f.
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The separation of particles with negative acoustic contrast factor and cells (with 
positive contrast factor) was later exploited by Grenvall et al. developing a system 
for separating lipid particles from raw milk product (Grenvall et al. 2009). The aim 
was to clarify the solution and enable somatic cell enumeration without additional 
chemical steps of dissolving the lipid vesicles, labelling and centrifugation, which 
is otherwise necessary of the somatic cell counting in raw milk (Grenvall et al. 
2012).

By manipulating the acoustic properties of the carrier medium, it is possible to 
create conditions where cells/particles that normally have acoustic contrast factor 
of the same sign, to have either opposite signs or that display differently altered 
acoustic contrast factors for the target species to be separated. This was done by 
adding caesium chloride to the carrier buffer (Petersson et al. 2007), creating a 
condition where two polymer particle types (3 μm polystyrene and 3 μm polym-
ethylmethacrylate) that were inseparable in water could be separated in the modi-
fied carrier medium. In the same experimental set-up, Fig. 3, it was also shown 
that the acoustophoretic separation of a mixture of red blood cells and platelets in 
saline solution (0.9 g/mL) was vastly improved by adding caesium chloride to the 
central buffer flow, thereby changing the relative acoustophoretic mobility of the 
platelets relative the red blood cells.

The option to modify the acoustic properties of the suspending medium to 
enhance acoustophoretic separations has recently been explored by Augustsson 
et al. (2016a), establishing iso-acoustic focusing as a new acoustophoretic mode 
of operation. A cell or a particle will only migrate in an acoustic standing wave 
field if the acoustic contrast factor is non-zero. By establishing a gradient acous-
tic contrast factor profile (by generating a density gradient of Iodixanol across 
the channel width) in a perfused microchannel operated as a λ/2 acoustic reso-
nator, cells will migrate lateral versus flow until the cells reach their iso-acoustic 

Fig. 2  a A mixture of blood and cream without ultrasound, b ultra sound active and RBCs 
(positive acoustic contrast factor) are focused in the centre and lipid vesicles (negative acoustic 
contrast factor) are seen as a white stream along the side walls, c ultrasound just deactivated, 
d ultrasound deactivated but remaining lipid are still exiting the system. e eight parallel chan-
nel separator for increased throughput—ultrasound inactive, f eight parallel channel ultrasound 
active
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point, i.e. they will localise to a position in the density gradient buffer where the 
cells experience a zero acoustic radiation force (Fig. 4). The lateral position in 
the channel will thus be an index of the acoustic contrast factor and most impor-
tantly the discrimination between different cell types are independent of cell 
size, which otherwise is a major factor in conventional acoustophoresis systems. 
Augustsson showed in his work that iso-acoustic focusing can, e.g. discriminate 
between different subpopulations of white blood cells (neutrophils, monocytes and 
lymphocytes).

RBC          & platelets
in saline (0.9 g/mL)

Saline (0.9 g/mL)

Saline (0.9 g/mL) + CsCl (0.22 g/mL)

(a)

(b)

Fig. 3  Schematic of acoustophoretic separation of red blood cells from platelets. Without modi-
fying the central inlet carrier buffer separation was not successful (a). By modifying the acoustic 
contrast factor for the two cell types in the central buffer with an addition of caesium chloride 
(0.22 g/mL) the two species were separated (b) (Petersson et al. 2007)

Fig. 4  Principle of iso-acoustic focusing as described by Augstsson et al. (2016a, b), where cells 
will migrate to the position in the density media gradient with a zero acoustic contrast factor. 
Reproduced with permission from Nature Communication
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While the binary separation of target cells with different acoustic contrast fac-
tor signs would be an ideal way of separation, most separation relies on the fact 
that the primary acoustic radiation forces scales with the volume of the cell, i.e. 
larger cells move faster towards the pressure node than smaller cells, Eq. 4. By 
tuning the flow rate and flow splitter ratios, it is possible to achieve separation by 
dividing the outlet flow into different fractions before all cells have reached the 
pressure node, this mode of operation is called Free Flow Acoustophoresis (FFA), 
Fig. 5.

Petersson et al. (2007) showed microchip FFA in a set-up with four outlets 
demonstrating discrimination between 2, 5, 8 and 10 μm polystyrene beads and 
subsequently also showed that white blood cells (WBC), red blood cells (RBC) 
displayed significantly different distribution across the four outlets when sus-
pended in medium with caesium chloride added (0.22 g/mL).

Size separation by FFA was later also reported by Thevoz et al. (2010) who 
used acoustophoresis for cell phase synchronisation of mammalian cells, demon-
strating an enrichment of cells in the G1 phase of the cell cycle from 54 to 84 %. 
In a similar set-up Dykes et al. (2011) investigated acoustophoretic separation of 
platelets from peripheral blood progenitor cells (PBPC) generated by leukapher-
esis from healthy donor blood. Since too high platelet counts in the PBPC product 
may compromise the subsequent MACS (magnetic bead-based extraction) separa-
tion of CD34+ cells and thereby also the entire therapeutic procedure, a reduction 
of the platelets is a generic need in the clinical procedure. The goal of the project 
was therefore to develop a system that could deplete the PBPC product from plate-
lets without any bias of the PBPC cell population, and thereby open a route to 
facilitate the subsequent step of MACS separation of hematopoietic stem cells.

The separation performance of FFA as outlined by Petersson et al. inherently 
suffers from the fact that cells are spatially distributed in a sample stream of vary-
ing flow velocity when they enter the acoustophoretic separation zone. In doing 
so they will display a varying retention time in the acoustophoretic force field, 
resulting in a lateral migration that reflects the Poiseuille flow profile as well as 
the intrinsic acoustophoretic mobility of a specific cell type, Fig. 6a. Based on the 

Fig. 5  Schematic of microchip-based Free Flow Acoustophoresis (FFA) where particles entering 
the separation channel are laminated against the side wall by the central buffer and subsequently 
migrates towards the channel centre at a rate that is dependent of the particle size, compressibil-
ity and density (Petersson et al. 2007). Inset image (right) shows the original separation of 3, 7 
and 10 μm poly styrene particles in water
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known fact that CTC on an average display a larger average cell size Augustsson 
et al. presented a study where the basic FFA set-up, Fig. 6a, was used to separate 
tumor cells from WBC. Initial FFA separations of prostate cancer tumor cell lines 
(DU145, PC3 and LnCAP) spiked into blood also gave clear evidence that FFA 
can provide significant enrichment factors of tumor cells in a white blood cell 
background, recovering >90 % of the tumor cells while discarding >90 % of the 
WBC (Augustsson et al. 2016b). However, a reduction of the WBC content should 
preferably be in the range of three orders of magnitude while having a tumor cell 
recovery of ≥90 % in order to bring the tumor cell/WBC ratio to a level where 
downstream analytical technologies can assess the tumor cell burden in a clinical 
sample.

In order to alleviate the dispersion in the FFA separations of the WBC and 
tumor cells due to the parabolic flow profile Augustsson et al. (2012a, b) intro-
duced an acoustophoretic prefocusing step, where cells were focused in two 
dimensions in the channel cross-section prior to entering the main acoustophoretic 
separation channel, Fig. 6b.

2-dimensional 
prefocusing 1-dimensional Free Flow Acoustophoresis

1-dimensional Free Flow Acoustophoresis(a)

(b)

Fig. 6  Free Flow Acoustophoresis (FFA) as originally presented by Petersson et al. (2007) (a) 
and in the improved version encompassing a 2D prefocusing step to reduce lateral dispersion 
during the acoustophoretic migration (b). The difference in band broadening between the two 
particle fractions (red and blue) are schematically given



137Acoustic Cell Manipulation

A significantly improved separation was thereby accomplished reporting a 
tumor cell recovery of 93.6–97.9 % and a purity of 97.4–98.4 % when working 
with a model system of approximately of WBC levels ranging between 1.5 × 105 
and 3 × 106 cells/mL) and tumors cells (2.5 × 105 cells/mL) and a sample flow 
rate of 70 μL/min.

Antfolk et al. (2015a) later simplified the 2D prefocusing system by remov-
ing the wash buffer inlet, solely relying on the acoustic prealignment for the pre-
processing of the cells before the main separation. The prefocusing channel was 
310 μm wide supporting a 4.35 MHz full wavelength resonance while the separa-
tion channel, 375 μm wide, was operated at a λ/2 resonance of 2 MHz, Fig. 7.

At a sample flow rate of 100 μL/min a tumor cell recovery of 86.5 ± 6.7 % 
was obtained while removing 98.9 % of the white blood cells. The 1:10 diluted 
RBC lysed WBC sample (≈5 × 105 WBC/mL) was spiked with 5 × 104 prostate 
cancer cells/mL (DU145). In this report Antfolk also demonstrated that the separa-
tion between two species can be optimized by ensuring that the total flow rate, out-
let flow split ratio and the acoustic energy is matched such that the two fractions 
to be separated reach the outlet flow splitter when the distance between the two 
cell streamlines is at maximum, Fig. 8. When two cell types with differing acous-
tophoretic mobility undergo acoustophoresis a maximum in the distance between 
the two species can be found since the acoustic force varies sinusoidally across 
the channel width with a maximum of a ¼ channel width and zero force at the 
side wall and in the channel centre, Fig. 1. Figure 8a shows the trajectories for two 
cell types where the acoustic energy is too high and all cells end up in the central 
fraction. The trajectories, however, display a maximum separation at the location 
indicated in Fig. 8a. By lowering the acoustic energy and setting the outlet flow 
rates Φ1 and Φ2 such that the midpoint in the maximum separation of the trajec-
tories arrives at the flow split point at the outlet, we translate the optimum separa-
tion of the cell trajectories to the outlet flow splitter, Fig. 8b. Antfolk showed with 
modelling data that for particles of similar acoustic properties where size is the 

4.35 MHz 2.0 MHz

2-dimensional 
prefocusing

Fig. 7  Schematic of the single inlet acoustophoretic tumor cell separation chip with a 2D prefo-
cusing step followed directly by a half-wavelength acoustophoretic separation of the tumor cells 
from the WBC
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main discriminating factor an outlet flow split ratio of side (left + right) to centre 
of about 75:25 provides optimum separation conditions for 375 μm wide resona-
tors. This was also shown to agree well with experimental data on separation of 
tumor cells spiked into WBC.

To further integrate unit operations into the tumor cell acoustophoresis sys-
tem developed by Antfolk, a downstream concentration step was also integrated 
on the chip version with sheath flow. The rare cell separation product is com-
monly very dilute after the initial separation, and by increasing the concentration 
of the final processed product, analysis is facilitated and can be performed faster 
(Antfolk et al. 2015b). At a sample input flow rate of 100 μL/min, breast can-
cer cells (MCF7) spiked into red blood cell-lysed human blood were recovered 
at 92 % with a contamination of 0.6 % of the white blood cell component while 
simultaneously accomplishing a 24-fold concentration of the final separation prod-
uct (Fig. 9).

Acoustophoretic tumor cell separations have also been performed on SAW 
devices. Instead of using standard transducer configurations where two oppos-
ing SAW-transducer, orthogonal to flow, define the resonance conditions, Li 
et al. (2015a) reported a tilted-angle standing surface acoustic wave (taSSAW) 

Maximum separation of trajectories 

Maximum separation of trajectories 

Flow split line for 
maximum separation

Φ1

Φ2

Φ2

Φ1

(a)

(b)

Fig. 8  Schematic of the optimisation of FFA separations where the flow rates are adapted such 
that the flow splitter divides the sample stream at the point of maximum separation of the species 
to be separated
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transducer that enhanced the migration distance of cells in the sound field com-
pared to the standard SAW configuration (Fig. 10). In order to reduce dispersion, 
the sample was hydrodynamically focused by a sheath flow from the sides but not 
in the vertical direction. The increased migration distance improved the separation 
performance as compared to the standard SAW configuration, reporting a spiked 
cancer cell recovery rate >83 % (83–96 %) while removing ~90 % of the WBC at 
a sample input flow rate of 20 μL/min. The sample concentration was in the range 
of 3–6 × 106 cell/mL and the tumor cell spiking ratio was in the range of 1:104, 
tumor cells:WBC.

Multiple outlet FFA with 2D-acoustic prefocusing has also been reported. 
Grenvall et al. (2015) presented a unilateral acoustophoresis system where cells 
after prefocusing were laminated to the side wall by a sheath buffer. Figure 11 
shows the schematic set-up of the system and colour insert confocal images show 
the 2D prefocusing and the fluorescent images at outlet 2, 3 and 4 display the 
separation of 3, 7 and 10 μm polystyrene particles at the corresponding outlets. 
The system was employed to separation of white blood cell subpopulations: lym-
phocytes, monocytes and granulocytes. The input sample was prepared from RBC 

1 2 3

Fig. 9  Schematic of the 2D-prefocusing tumor cell separation system with an integrated enrich-
ment step. The tumor cell fraction is obtained in outlet 1 and the WBC fraction exits through 
outlet 3. The refocusing of the tumor cells after the WBC/tumor cell flow splitter enables removal 
of a cell-free fraction to outlet 2, providing a concentration of the tumor cell fraction in outlet 1

Fig. 10  Schematic of the tilted-angle SAW system for tumor cell separations as presented by Li 
et al. (2015a). Reproduced with permission from PNAS
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lysed whole blood and the WBCs were paraformaldehyde fixed and labelled prior 
to acoustophoretic separation at a cell concentration of 106 cells/mL. Input flow 
rate was 8 μL/min and primarily limited by the short prefocusing channel, not 
providing a sufficiently focused cell stream at elevated flow rates before entering 
the separation zone. Collected sample aliquotes were subsequently analysed by 
flow cytometry. Lymphocytes with the lowest acoustophoretic mobility were col-
lected at outlet 2 with a purity of 95.1 % and a recovery of 86.5 %. Granulocytes 
were collected from outlet 4 with a purity of 98.5 % and at recovery of 68.4 %. 
The monocyte fraction was recovered from outlet 3 at a recovery of 83.1 % and a 
purity of 25 %.

If cells have similar acoustophoretic mobilities as reported by Grenvall et al. 
(2015) in the case of the overlapping distributions in the monocyte fraction or 
if the target species displays a low acoustophoretic mobility, either due to a low 
acoustic contrast factor or simply a small size, there is still a possibility to achieve 
separation. Using affinity beads, an antibody specific bead will bind to the target 
cells and the bead-cell complex will then acoustically differ significantly from the 
non-bead bound cells and separation will be possible to perform.

This was first demonstrated by Persson et al. (2008) in a study where a sub-
population of bacteriophages was isolated from a phage display library. 
Bacteriophages are too small to be efficiently focused in a standard 2 MHz acou-
stophoresis channel. The study targeted a bacteriophage population that expressed 
a specific antibody on its surface. By incubating the phage library with an antigen-
activated bead, specific for the antibody expressed on the target phage population, 
the obtained bacteriophage-bead complex could be isolated by acoustophore-
sis using the standard set-up described in Fig. 3a. By integrating two serially 

Prefocusing 
inactive  

Prefocusing 
active  Separated particles 3 um 7 um 10 um

Fig. 11  Schematic set-up of a unilateral 2D-FFA system for separation of white blood cell sub-
populations as presented by Grenvall et al. (2015)
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connected acoustophoresis units a high purity of the affinity-bead bound bacterio-
phage was achieved, Fig. 12. Enrichment factors of the target bacteriophage varied 
between log 3 and log 4.

In a similar set-up, Lenshof et al. (2014), demonstrated the separation of white 
blood cell subpopulations by incubating a mono nuclear cell (MNC) fraction, from 
peripheral blood progenitor cell (PBPC) apheresis products, with 4.2 µm CD4+ 
Dynabeads™ to specifically target the CD4+ population in the MNC product, 
Fig. 13. The acoustophoretic separation utilized the 2D-prefocusing acoustopho-
resis system developed by Augustsson et al. (2012a, b) and separation data was 
benchmarked versus the corresponding standard magnetic bead-based separa-
tion. A cell concentration of 107 MNC/mL was used. The sample input flow rate 
was 30 μL/min and the central buffer flow was set to 60 μL/min. Targeted CD4+ 
lymphocytes were acoustically isolated with a mean purity of 87 ± 12 %, com-
pared with 96 ± 3 % for the magnetic reference separation. The acoustophoretic 
separation displayed a recovery of cells in the target outlet, as measured across 
all outlets, of 65 ± 22 % while the corresponding magnetic separation displayed 
a slightly lower recovery of 56 ± 15 %. The acoustic and the magnetic separation 

Waste WasteBacteriophage library

Target bacteriophage

Fig. 12  Schematic of the two step affinity-bead acoustophoresis system that Persson et al. 
(2008) used for target specific bacteriophage purification from phage display laboratories, see 
also photograph in Fig. 19a

Fig. 13  Schematic set-up for affinity-bead-mediated cell separation as presented in Lenshof 
et al. (2014) Reproduced with permission from John Wiley and Sons
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displayed post separation viabilities of 95 ± 4 and 97 ± 3 % respectively. In a fol-
low up study by Urbansky et al. (2016), a more rare cell population was targeted 
using the same acoustophoretic set-up, extracting CD8+ cells from an MNC pop-
ulation with a mean purity of 91 ± 8 % and a median recovery in the target out-
let of 63 % (measured across the outlets) as compared to 91 ± 14 % purity and a 
median recovery of 29 % for the magnetic separation.

Park et al. used the same prefocusing set-up in a system where target specific 
aptamers were selected from a large oligonucleotide library of a 1014 random sin-
gle strand DNA. The target protein PSA (Prostate Specific Antigen) was immobi-
lized on 2.8 μm Dynabeads M-280 and incubated with the oligonucleotide library. 
The beads with bound aptamers were transferred into the clean buffer stream, 
discarding the major fraction of unbound aptamers. The recovered bead bound 
aptamer fraction then followed the standard SELEX protocol of amplification and 
three repeated incubation rounds with acoustophoretic purifications, whereafter 
the obtained aptamer sub-library was incubated with microbeads activated with 
counter targets, i.e. the most abundant proteins in blood, to eliminate enrichment 
of PSA specific aptamers that display a cross affinity to HSA, IgG and fibrinogen. 
The resulting acoustic SELEX procedure yielded seven PSA binding aptamers of 
which the best displayed a PSA specific dissociation constant of 0.7 nM.

The 2D prefocusing acoustophoresis platform has also proven beneficial in sev-
eral recent cell separation applications. Zalis et al. (2016) reported an investiga-
tion where viable cell populations were separated from apoptotic or dead cells in 
an analogous manner as presented by Yang and Soh (2012) but now also using 
the prefocusing step for improved separation. Separations of mixed suspensions of 
viable and non-viable populations of human embryonic stemcells, neuroblastoma 
cells and cancer cells (MCF7) were investigated and different means of induc-
ing cell death were studied encompassing exposure to dimethyl sulfoxide, stau-
rosporine, osmotic shock or starvation. The separation conditions could be tuned 
depending on the requirements on purity and recovery of viable cells and typically 
purities of ≈90 % with recoveries varying between 50 and 75 % depending on the 
cell death induction mechanism was obtained.

In a different study Park et al. (2016a, b) used the same 2D-prefocusing acou-
stophoresis platform to separate and enrich algae, Euglena gracilis, from pond 
water containing a variety of other algae and microparticles. A recovery of ≈93 % 
and a 13 fold enrichment of the E. gracilis versus background at an impressive 
sample input flow rate of 500 μL/min.

1.3  Sorting

Cell sorting is defined as actively identifying and decision-making to collect of 
individual target cells in a mixed population. Acoustic sorting of cells and parti-
cles into a designated target fraction was initially investigated by Johansson et al. 
(2009). The system comprised a glass microfabricated channel sealed on top of a 
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PCB substrate with integrated acoustic transducers, Fig. 14a. The sample and the 
sheath flow used in the system were given different densities such that upon acti-
vation of the ultrasonic transducer, the acoustic radiation force acting on the fluid 
interface produced a lateral movement of the fluid fraction with the particle to be 
sorted. The deflected sample volume thereafter followed a different flow stream 
than the non-actuated stream of particles. The device showed a sorting perfor-
mance of 27 cells/s.

An improved acoustophoretically driven sorter was presented by Jakobsson 
et al. (2014a). By introducing a 2D acoustic prefocusing step, it was assured that 
all particles were positioned in the same flow vector and thus having the same 
velocities and retention times, Fig. 14c. As in all high-performance cell sorters 
prefocusing in the same flow vector is a prerequisite and in terms of acoustopho-
retic sorters, positioning the particle to be sorted where the acoustic radiation force 
is at its maximum is optimal. This was accomplished by prefocusing the cells at ¼ 
channel width from the channel wall when the cells entered the switching λ/2 res-
onator. Having an initial sample purity of 19 % and an event rate of 150 particles/s 
the resulting sort purity was ≈71 % with a recovery of 93 %.

Nawaz et al. (2015) used an inertial flow-based prealignment of the particles 
followed by a standing surface acoustic wave (SSAW) based system for deflecting 
the target cells into the sort output stream, Fig. 14b. At a 150 μs SAW-bursts and 
an event rate of 1200 particles/s yielded a purity of 93 % sorting labelled HeLa 
cells from unlabelled cells with a starting purity of 51 %.

Although not relying on acoustic forces acting on the cells it is worth mention-
ing that Franke et al. (2010) proposed a SAW-based cells sorting device where a 
travelling surface wave actuated a hydrodynamically focused sample stream such 
that acoustic streaming was induced orthogonal to the sample flow and translated 
the target cell volume to the target outlet.

Fig. 14  a Sorting device used by Johansson et al. comprised a glass device with  microchannels 
assembled on a PCB substrate with integrated acoustic transducers. Reprinted with  permission 
from Johansson et al. (2009). Copyright (2009) American Chemical Society. b Sorter from 
Nawaz et al. where a PDMS chip containing the fluidics was placed on a SAW actuated LiNb 
piezoelectric substrate. Reprinted with permission from Nawaz et al. (2015). c Acoustic 
 prefocusing and BAW driven fluorescence activated sorter in silicon glass with the piezotrans-
ducers glued to the backside used by Jakobsson et al. Reprinted from Jakobsson et al. (2014a) 
with permission from the Royal Society of Chemistry
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1.4  Focusing, Orientation and Cytometry

Following the early work on BAW focusing in planar microfluidic devices 
(Hawkes et al. 2004; Nilsson et al. 2004; Petersson et al. 2004; Jönsson et al. 
2004), Goddard and Kaduchak (2005) reported particle focusing in the centre of a 
cylindrical soda lime glass tube with an I.D. of 2.2 mm, operated at a resonance of 
420 kHz, Fig. 15. This work was later developed to the first application of acous-
tic particle and cell focusing in flow cytometry (Goddard et al. 2007), reporting 
side scatter a CV of 7.8 % and fluorescence VC of 2.5 % from 10-μm Flow-Check 
fluorescent microspheres. A key advancement this work was the elimination of the 
sheath fluid commonly needed in flow cytometry to locate the cell precisely in the 
optical interrogation path of the cytometer. Although this first study did not per-
form cytometric evaluation of cells in the system CHO-K1 cells were run through 
the system to evaluate impact of the microfluidic and acoustic cell exposure. 
Unimpaired cell viability was shown after acoustic focusing. The cylindrical cell 
focusing approach was later commercialised: Attune™, Thermo Scientific.

Further development on the theme of acoustophoretic flow cytometry has been 
pursued by the group of Stephen Graves. Investigations encompassed microfab-
ricated devices in silicon with rectangular cross-sections. It was shown that cyto-
metric throughput could be vastly increased by operating 13 parallel focusing 
channels (Austin Suthanthiraraj et al. 2012), analogous to the blood lipid separa-
tor by Jönsson et al. (2004), Fig. 2, however each channel here supported a 3λ/2 
resonance totally generating 39 parallel cytometry streams. Further work from the 
group demonstrated acoustophoretic parallel stream focusing and high throughput 
cytometric analysis, providing analysis rates >50,000/s (Piyasena et al. 2012). In 
this work, a 1.6 cm wide channel was operated at 1.54 MHz generating 33 parallel 
streams and focusing performance was estimated to have a CV of 15 %, Fig. 16. 

Fig. 15  a Schematic of the cylindrical acoustophoretic focusing presented by Goddard and 
Kaduchak (2005), b photograph of focused particle stream in a cylindrical glass tube. Repro-
duced with permission from the Acoustic Society of America
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A CD4+ labelled WBC population was also analysed providing scatter plots that 
clearly isolated granulocytes, monocytes and lymphocytes.

An alternative approach to high throughput cytometry was recently proposed 
by Zmijan et al. (2015) were rather than focusing the cells in parallel streams, all 
cells were levitated into the half depth of a wide channel such that all cells are 
ensured to be in focus. Although not collecting side and forward scatter data, high 
throughput imaging was performed of ATDC5 (pre-chondrocytic) cell line and pri-
mary leukaemia cells at a rate of 52,350 and 60,400 cells per second respectively.

A SAW-based device that provides well-defined focusing in two dimensions 
in the cross-section of a rectangular PDMS channel was described by Chen et al. 
(2014) and integrated in an optical set-up for fluorescence detection. The focus-
ing accuracy was recorded by fluorescence intensity measurements with a CV 
of 19.4 % for 7 μm particles and 10.9 % for 10 μm particles at an event rate of 
≈1000 s−1.

Grenvall et al. implemented 2D-focusing in a chip integrated Coulter coun-
ter, alleviating the common need for sheath fluid based focusing of the cells. The 
Coulter counter reported a simplified design having only impedance measurement 
electrodes on the channel bottom, which required absolute positioning of the cells 
in the channel cross-section to accomplish reproducible measurements, Fig. 17 
(top). Figure 17a–d shows a confocal cross-section imaging sequence of the pre-
focusing channel with (a) no ultra sound, (b) vertical λ/2 resonance, (c) horizontal 
λ/2 resonance and (d) both horizontal and vertical λ/2 resonances actuated. The 
obtained peak amplitude histograms for a mixture of 7 μm calibration beads and 
RBCs are seen in Fig. 17e–g, where the chip Coulter counter demonstrates a per-
formance equal or better than a commercial Multisizer 3 Coulter counter.

Fig. 16  Schematic (left) of the multinode focusing system proposed by Piyasena et al. (2012) 
and 33 parallel streams of focused RBC (right). Reproduced with permission from American 
Chemical Society
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The orientation of a non-spherical cell is of importance for flow cytometry 
analysis, as it allows the laser interrogation to be conducted during uniform con-
ditions and thus reduce noise in forward and side scatter data. Jakobsson et al. 
(2014b) used 2D acoustic focusing to control the orientation of red blood cells and 

(a)

(b)

(c)

(d)

(e)

(f)

(g)

Fig. 17  Schematic of the chip integrated acoustic prefocusing Coulter counter reported by 
Grenvall et al. (2014) (top). Confocal cross-section images of the 2D acoustic prefocusing chip 
integrated Coulter counter. a No-ultrasound, b vertical resonance active, c horizontal resonance 
mode active, d both horizontal and vertical resonance active. In e and f the chip Coulter coun-
ter peak amplitude event histogram for a mixture of RBC and 7 μm calibration particles is seen 
without (e) and with (f) the prefocusing active to be compared with a standard commercial Mul-
tisizer 3 recording (g)
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demonstrate that by tuning the resonance frequency either allow the horizontal or 
the vertical resonance mode to dominate and thus orient the RBCs either flat or 
standing (from the observers view point). It was shown that 87.8 ± 3.8 % of the 
red blood cells could be horizontally oriented while 98.7 ± 0.3 % could be verti-
cally oriented, Fig. 18.

1.5  Washing

Acoustophoretic transfer of cells across buffer streams was one of the very early 
microfluidic applications of acoustophoresis where yeast cells in a fluorescent 
background where transferred into a clean buffer using a layered acoustic reso-
nator design (Hawkes et al. 2004). Hawkes most importantly also noted that 
washing efficiency was strongly dependent of the cell concentration reporting 
deteriorating washing performance at yeast cell concentrations above ≈107 cells/
mL. Augustsson et al. (2012a) investigated this further concluding that at blood 
cell concentrations ≈3 × 106 cells/mL unperturbed cell separation could be per-
formed. Limiting factor is the average inter-particle distance in the suspension 
and is thus dependent of the cell size, e.g. volume fraction, in each application. 
Ley and Bruus (2016) reported a theoretical study on the hydrodynamic particle 
interaction in high-concentration particle suspensions, concluding that at particle 
volume fractions exceeding 1 % the hydrodynamic interaction starts to become 
influential. The first microchip integrated acoustophoretic blood cell washing 
described by Petersson et al. (2005) utilised the transversal mode of operation in 
a silicon glass configuration and compassed washing of RBC where 98 % of the 
molecular background contaminant was removed while recovering 95 % of the 

Fig. 18  a Schematic set-up of the acoustophoretic system for simultaneous 2D-focusing and ori-
entation of non-spherical cells and particles, b channel cross-section showing either dominance 
of the horizontal or the vertical resonance mode. Inset microscope images show RBCs either 
vertically (upper) or horizontally oriented (lower). Reproduced with permission from American 
Chemical Society



148 A. Lenshof et al.

RBC at a sample input flow rate of 100 μL/min and a wash buffer flow of 170 μL/
min. The washed RBC central fraction was collected at a flow rate of 100 μL/min. 
The study also noted that a measurable drop in washing efficiency could be seen 
at particle volume concentrations of ≈3 %. Subsequent studies on improved cell 
and particle washing efficiency by Augustsson et al. (2009a) utilised the two-step 
focusing device reported in Persson et al. (2008), Fig. 19a. The study targeted the 
need for integrated microscale strategies to remove the molecular background 
from solid phase extraction microbeads in proteomic studies. Metal Oxide Affinity 
Capture beads (MOAC) of 3–7 μm size were used to selectively bind to phospho-
petides in a complex peptide mixture from digested bovine serum albumin sample. 
The peptide was not detectable in the crude extract by MALDI mass spectrometry 
whereas the targeted phosphopetide was identified in the mass spectra obtained 
from the eluted fraction from the MOAC beads. In agreement with the theoretical 
limit when hydrodynamic interaction starts to play a role in washing experiments 
(Lei et al. 2016), Augustsson et al. (2009a) noted a reduction in washing efficiency 
going from 0.01 to 1 vol% particles that wash efficiency dropped from 99.99 to 
98 %.

A slightly different approach to cell and particles washing was also proposed 
by Augustsson et al. (2009b). A chip design with multiple inlets and outlets along 
the two sides of the acoustophoresis channel gradually switched the inlet buffer 
in orthogonal to the flow direction while still retaining the particles in the central 
flow stream, Fig. 19b. This set-up was subsequently used to sequentially elute sur-
face bound peptides with different pI (isoelectric point) from human spermatozoa 

Fig. 19  a Photograph of the dual acoustophoresis cell washing chip developed by Augustsson 
et al. (2009a), Persson et al. (2008). b Acoustophoretic cell and particle washing chip where par-
ticles are retained in the centre flow by the primary radiation force while input carrier buffer 
sequentially is shifted to the side outlets (Augustsson et al. 2009b). Reproduced with permission 
from Springer Science and Business Media
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(Augustsson et al. 2012b). By providing the side inlet with sequentially increasing 
pH the sperm cells were serially exposed to increasing pH and eluted peptides for 
each pH could be isolated at the corresponding side outlet and subsequently ana-
lysed by MALDI mass spectrometry.

When performing acoustophoresis across laminated flow stream as in the case 
of acoustophoretic washing experiments care must be taken with respect to the 
acoustic impedance of the different fluids. As already shown by Hertz and Mende 
(1939) a net force will act on a fluid interface when exposed to a travelling sound 
wave independent of the wave propagation direction. More recently Deshmukh 
et al. (2014) suggested that the force acting on the interface is proportional to the 
difference in the acoustic impedance between the two fluids. It was demonstrated 
that if the acoustic impedance of the fluid laminated closest to the sidewalls in a 
standard FFA channel, Fig. 6a, is higher than in the central buffer flow, the two 
fluids will relocate with the fluid stream having the highest acoustic impedance in 
the centre. It was experimentally found that minute differences in acoustic imped-
ance of only 0.1 % may induce fluid relocation during acoustophoresis experi-
ments. Augustsson et al. (2016a, b) later utilised these findings in his work on 
iso-acoustic focusing, and could thereby control that the acoustic impedance gra-
dient in the microchannel was retained. Recently Tenje et al. (2015a, b) used the 
2D-prefocusing set-up, Fig. 6b, for washing RBCs from IgA protein as an effort 
to potentially address the need for improved means of washing donor blood from 
IgA for transfusion to IgA deficient recipients. The current clinical practice for 
IgA depleted blood encompasses extensive manual centrifugation-based washing 
protocols. In order to accomplish successful in the acoustophoretic set-up the cen-
tral buffer was ensured to have a higher density and thus higher acoustic imped-
ance than the incoming blood sample along the side walls. The washing procedure 
removed IgA to a level below the limit of detection 0.25 μg/mL while recover-
ing 97 % of the RBCs. Although successful in the IgA washing, the process needs 
further improvement in throughput as the incoming sample was diluted 1:20 to 
ensure that a critical cell concentration was not exceed and thus minimising the 
risk that hydrodynamic coupling between the cells and the incoming carrier fluid 
contaminated the target outlet fraction.

Cell washing for flow cytometry applications have been addressed both by 
means of BAW and SAW technologies. Lenshof et al. (2010) first demonstrated a 
BAW acoustophoresis chip fabricated in glass, configured according to the origi-
nal FFA chip, Fig. 6a, with a sample inlet along the sides of the acoustophoresis 
channel and a clean buffer flow in the channel centre. An RBC lysed blood sam-
ple was injected in the chip and WBC were translated by means of the primary 
radiation force into the clean central buffer while a major part of the lysis cell 
debris was discarded in the side outlets. This system was later linked in-line with 
a flow cytometer, Fig. 20, demonstrating a 98 ± 6 % WBC recovery, and a 99.6 % 
removal of cell debris (Warner et al. 2012). A similar approach to remove RBC 
lysis debris prior to flow cytometry analysis was later also presented by Li et al. 
(2015b). Li used the taSSAW device earlier discussed, Fig. 10, utilising the higher 
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acoustophoretic mobility of WBC as compared to lysis debris. The debris content 
was reduced from 22.6 to 2.2 % of the total counts.

1.6  Concentration and Depletion

Acoustophoretic concentration is very closely related to focusing, but with an 
additional step of removing excess fluid, and thereby increasing the cell concentra-
tion in the sample. Nordin and Laurell (2012) made a device that could increase 
the cell concentration 200-fold by introducing sequential exit ports for the cell-
free medium stream. The major reason for doing the fluid removal sequentially is 
that outlet split flow balancing become challenging as, e.g. a 100-fold enrichment 
step will have to have a 99:1 split ratio in a single step, and simple calculations for 
a 375 μm wide acoustophoresis channel gives that the width of the sample stream 
that is collected in the central outlet is about 2.8 μm which is significantly smaller 
than the width of a cell of 10–15 μm to be concentrated, hence the cell recov-
ery is at significant risk in a single-step concentrator whereas if a concentration 
factor of 10 times is targeted and done in two steps the cells to be concentrated 
will locate well within the central outlet stream boundaries. By combining two 
sequential concentrators enrichment factors of 196 times for prostate cancer cells, 
DU145, could be obtained at a cell recovery of 98 % and a sample input flow rate 
of 200 μL/min and an input cell concentration of 2.5 × 104 cells/mL. The cor-
responding data for red blood cells was an enrichment factor of 146 times at a 
cell recovery of 97 % having an input sample of 5000 times diluted whole blood, 
≈106 RBCs/mL. This principle was also utilised by the same group (Antfolk et al. 
2015b) where a concentration step was integrated to an upstream separation unit 
where WBCs were first separated from CTCs and then the CTCs were concen-
trated 24-fold, Fig. 9.

Fig. 20  Schematic set-up of the flow cytometry in-line acoustophoretic WBC washing system
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At concentration factors >200 the use of sequential flow splitters will be 
strongly dependent of the absolute accuracy in the flow control system since a 1 % 
flow variation of the input flow, which typically is several hundred microliters per 
minute, will significantly impact the concentration performance of the final flow 
splitter which typically operates with an output flow rate in the range of single 
microliters/minute. An alternative solution that circumvents this shortcoming is to 
use a looped system and re-circulate the sample while removing some cell-free 
medium for each passage. This was utilised by Jakobsson et al. (2015) to achieve a 
1000-fold enrichment of cells, Fig. 21.

Cell depletion can be seen as the reverse process to concentration, instead of 
using the concentrated cell fraction it is the cell depleted media that is the tar-
get. Lenshof et al. (2009) designed an acoustic plasmapheresis device that could 
remove cellular content from whole blood and receive a cell-free blood plasma 
fraction of clinical grade. Working with samples of high cellular content such as 
whole blood is indeed challenging since an input sample of 40 % haematocrit 
(HCT) consequently has a solid biomass of 40 vol%, i.e. a maximum theoretical 
recovery of 60 %vol can be obtained but as the process is performed in a continu-
ous flow format the recovery of cell-free plasma is significantly lower. Analogous 
to the sequential concentration device by Nordin and Laurell (2012), Lenshof pro-
posed a λ/2 focusing device where several serially located outlet ports in the cen-
tre of the channel floor removed cells from the central region with the high cell 
concentration in the acoustic pressure node (Fig. 22). The total cell content of the 
sample was thereby sequentially lowered until the remaining cell product could 
be discarded in the centre of the trifurcation outlet. The side fraction contained 
clean plasma and a volume recovery of 21 % with cell numbers sufficiently low 
to qualify for clinical grade, <6 × 103 cell/μL was reported. A follow up study by 
the same group (Tajudin et al. 2013) integrated the plasmapheresis set-up, having 
a plasma volume recovery of 33 %, in-line with a protein microarray for Prostate 

Fig. 21  Schematic of the thousand fold recirculating cell concentration system presented by 
Jakobsson et al. (2015). Reproduced with permission from American Chemical Society
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Specific Antigen (PSA) diagnostics, reporting a linear readout of female donor 
blood spiked with PSA 1.7–100 ng/mL.

In a recent study by Olsson et al. (2016) an acoustophoresis system for bac-
teria isolation from whole blood was described. The system encompassed an ini-
tial step of plasmapheresis based on the device reported in Lenshof et al. (2009). 
The bacteria was marginally influenced by the acoustic radiation force due to the 
minute size, ≈1 μm, and was thus recovered at 91 % in the clean plasma fraction. 
The plasmapheresis step delivered the blood cell depleted plasma for an in-line 
linked acoustic seed trapping unit that enriched the bacteria from 100 μL plasma 

Fig. 22  Acoustophoretic cell depletion system for removal of blood cells from plasma, plas-
mapheresis (Lenshof et al. 2009), where the cell rich fraction in the acoustic pressure node is 
removed via outlet ports in the centre of the channel floor. Reproduced with permission from 
American Chemical Society



153Acoustic Cell Manipulation

volumes and washed the sample, see Sect. 2, before dispensing into a disposable 
PCR microchip followed by thermocycling and diagnostic readout in less than 2 h. 
Patient blood samples with bacteria content in the upper range of clinically rel-
evant bacteria concentrations were detected. In a study of 57 clinical samples four 
samples were found positive for E. coli infection in the routine analysis. The acou-
stophoretic system was able to detect two of the patient samples with the highest 
bacteria load. The LOD of the system was estimated to be in the range of 103–104 
bacteria/mL blood.

Ngamsom et al. (2016) reported an acoustophoretic system with a trifurcation 
inlet and outlet design as in Fig. 23, where bacteria contaminated foods samples 
were clarified from suspended biological debris, leaving a clarified fraction in the 
side outlets for further processing by conventional culturing and CFU enumera-
tion. The system was also tested in its ability to deplete red blood cells analogous 
to Olsson et al. (2016), reporting an RBC depletion of 99.8 % and a 10 % recov-
ery of the spiked bacteria in the clarified plasma side outlets, using a 50 % diluted 
horse blood spiked with S. typhimurium at a level of 107 CFU/mL.

Fig. 23  Acoustic system for bacteria isolation from whole blood and linkage to PCR diagnos-
tics. a the assembled hybrid system with the plasmapheresis unit, the acoustic seed trapping unit 
and the disposable PCR microchip. Inset image b shows the outlet region of the plasmapheresis 
unit, and c shows a closed up image of the seed trapping process. Reproduced with permission 
from American Chemical Society
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2  Acoustic Trapping

In the previous section on continuous flow-based acoustophoresis, a standing wave 
is generated along the entire, or at least the major part of a channel and the pri-
mary acoustic radiation force is utilised to move the cells/particles orthogonal to 
the direction of flow. If a standing wave instead is generated in a limited portion of 
the channel or in a small chamber the gradient in the acoustic radiation potential 
along the channel or in the chamber will create lateral retention forces that can 
trap cells/particles against a flow (Bruus 2012). When the particles get in close 
vicinity, secondary forces (Bjerknes forces) resulting from the scattered waves 
from neighbouring particles will create attractional forces further packing the par-
ticles (Silva and Bruus 2014). The secondary forces will, for example, promote 
agglomeration of particles lined up in the pressure node by the primary radiation 
force in a plane perpendicular to the incident sound wave.

The history of acoustic trapping in microfluidic systems began in the later half 
of the twentieth century after it was discovered that ultrasound can affect micro-
particles, e.g. red blood cells in a blood vessel (Dyson et al. 1971). One of the 
pioneers in the field that brought acoustic standing wave technology and parti-
cle handling into the life science applications was William Terence Coakley. In 
early work among several others he demonstrates manipulation of microparticles 
ultrasonic standing wave fields (Coakley et al. 1989; Withworth et al. 1991) and 
early work on blood plasma generation by means of cell aggregation in pressure 
nodes followed by sedimentation was proposed (Cousins et al. 2000). His later 
developments also pioneered the design of layered acoustic resonators for parti-
cle trapping in localised regions in a flow cell, enabling retention, enrichment and 
stationary studies of cells in perfused systems. In Coakley et al. (2004) a 14 mm 
wide layered acoustic resonator flow cell operated a λ/2, 2.2 MHz was presented 
the single layer of chondrocytes, erythrocytes and neural cells were trapped and 
studied in the presence of cell cross-linking agents.

2.1  Acoustic Trapping Forces

Following Eq. (1) above, an ultrasonic standing wave will push all particles with 
positive contrast factor, i.e. most of the commonly used cells and particles, to the 
plane perpendicular to the wave axis with the pressure node in. If several nodes are 
present, the force will act towards the closest pressure node.

For trapping applications, the lateral component of the radiation force 
(Fig. 24b) is of importance since this is the retaining force, and it was given by 
Woodside et al. (1997) as
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Equation (1) above treats fluids with low particle concentration where the acous-
tic interaction forces are negligible. With higher particle concentrations, or when 
the particles get closer to each other, resulting in smaller intraparticle distances, 
secondary forces become increasingly important. They were early described by 
Bjerknes (1906), therefore sometimes called Bjerknes forces, and have been more 
extensively reviewed by Weiser et al. (1984) and Gröschl (1998). They depend on 
both the velocity field and the pressure field, and the velocity term is also depend-
ent on the angle between the particles and the incident sound wave, Fig. 25.

2.2  Acoustic Streaming

Streaming occurs in most acoustically driven systems and will influence the trap-
ping of smaller particles (Wiklund et al. 2012). In Fig. 26, the streaming vorti-
ces in a glass capillary in contact with a piezoelectric transducer are visualised 
together with an example of modelling of the same type of vortices (Lei et al. 
2013). The streaming affects the particles through the Stoke’s drag which is pro-
portional to the radius of the particles. Since the acoustic radiation force is pro-
portional to r3 there is a transition region where the streaming forces will start to 
dominate over the radiation forces and hence prevent trapping of the particles. 
Barnkob et al. (2012) investigated this and found the transition region to be around 
a critical particle diameter of 1.4 μm. However, it can also be assumed that the 
streaming may help to actively move particles closer to the trapping nodes where 
the lateral forces are stronger, which will improve the trapping performance.
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Fig. 24  Principle for trapping particles using acoustic forces. a The primary radiation force 
moves the particles to the node in the centre of the channel. b The lateral gradient in the radia-
tion potential subsequently compacts the particles in the nodal plane of the standing wave. c The 
trapped particle cluster is retained against the flow in the channel by the lateral gradient potential
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2.3  Seed Trapping

One way of overcoming the problem of trapping small particles due to the small 
acoustic forces or influence from streaming is to preload the trap with larger parti-
cles that experience larger forces, according to Eq. 2, and then rely on the second-
ary forces in Eq. 3 to trap the smaller particles when they get in close vicinity of 
the larger ones. This method was introduced by Hammarström et al. (2012) where 
he preloaded a trap with 10 μm polystyrene particles and demonstrated trapping of 
E. coli and 110 nm polymer particles. Figure 27 shows the principle and the result-
ing fluorescent images of the trapped nanoparticles. Here acoustic streaming is 
helpful to ensure that the small particles actually will get close to the seed particles.

2.4  Standing Wave Generation for Trapping

The most commonly used approaches of acoustic trapping can be categorized 
into either BAW or SAW. Both BAW and SAW are widely used for microparticle 

Fig. 25  Secondary forces acting between particles at close distances. As seen in Eq. 3, the sec-
ondary forces are dependant on the velocity and the pressure field in the trap, as well as the dis-
tance and angle between the particles

(eq. 3)

Fig. 26  a Streaming vortices in a capillary visualised by 490 nm particles over a small trans-
ducer (Hammarström et al. 2012). b Streaming vortices modelled (Lei et al. 2013). Reproduced 
with permission from the Royal Society of Chemistry
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manipulation and the number of reported applications is rapidly increasing. As the 
names reveal, BAW are transferred through the bulk materials and SAW propa-
gates along the surface of a substrate.

2.4.1  BAW: Bulk Acoustic Waves

Bulk acoustic waves are created by applying an alternating voltage over a piezoe-
lectric transducer. BAW techniques use one or several ultrasonic transducers, most 
often lead zirconate titanate (PZT), which is placed in or in contact with a chip 
containing a fluidic channel (Lenshof et al. 2012). The transducer can either be 
attached directly to the chip, with e.g. glue, glycerol (Hammarström et al. 2010) 
or oil (Ohlin et al. 2013) as a coupling layer, or to a wedge (Manneberg et al. 
2008a) that is then glued to the chip. The acoustic waves either generate a reso-
nance locally in the channel or propagate in the chip and set up a standing wave, 
e.g. in a cavity where the resonance criteria are fulfilled (Lenshof et al. 2012), see 
Figs. 28 and 29. BAW devices are commonly designed as layered resonators with 
wavelength-matched layers or transversal resonators, where the lateral dimensions 
determine the resonance frequency, c.f the resonant cavity in Fig. 29.

An example of a layered resonator for levitation and aggregation of neural cells 
was presented by Bazou et al. (2005), Fig. 30. The device consisted of a 1.5 MHz 
piezoelectric transducer mounted on a steel membrane as coupling layer. The 
flow-through chamber height was 500 μm, closed by a glass lid.

Step 1: Trap seeding particles

Step 2: Infused and trap microparticles

Step 3: Release particles and microparticles

Fig. 27  Left the principle of seed trapping; preload with larger particles, then supply the sam-
ple with smaller particles that are trapped by secondary forces. Right fluorescent images of the 
trapped 10 μm seed particles and 110 nm fluorescent polymer particles (Hammarström et al. 
2012). Reproduced with permission from the Royal Society of Chemistry
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2.4.2  SAW: Surface Acoustic Waves

Surface acoustic waves are generated at the surface of a piezoelectric substrate, 
commonly lithium niobate, using interdigitated transducer (IDT) electrodes, 
Fig. 31. The interelectrode distances together with the wave propagation speed of 
the substrate determines the frequency of the waves. Using two opposing IDTs, 
SSAW are generated that can be coupled into the cell or particle containing liquid 

Fig. 28  Principle of layered and transversal acoustic resonators (Lenshof et al. 2012). Repro-
duced with permission from the Royal Society of Chemistry

Fig. 29  Schematic of a resonant cavity trapping device using transversal standing waves (Len-
shof et al. 2012). Reproduced with permission from the Royal Society of Chemistry

Fig. 30  Layered resonator for aggregation of neural cells (Bazou et al. 2005). Reproduced with 
permission from Elsevier
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in a channel or chamber (Shi et al. 2008). The channels or chambers are normally 
fabricated in PDMS using soft lithography.

2.4.3  Focused Acoustic Beam

A method that is not as common as BAW and SAW is the Bessel beam technique. 
Generally, an acoustic beam is propagated through a fluid and enables manipula-
tion of cells, particles and droplets (Mitri 2014). A standing wave is not required 
but rather a controlled node placed at a certain position. For a theoretical descrip-
tion of the radiation force on spheres, see Sapozhnikov and Bailey (2013) for an 
arbitrary acoustic beam, and Zhang and Zhang (2012), Mitri (2014), Leão-Neto 
and Silva (2016) for a Bessel beam. The Shung group has used an ultrasound 
beam to arrange 50 µm particles in an annular pattern on an acoustically trans-
parent mylar film (Lee et al. 2014). A similar set-up has also been used to study 
deformability of different breast cancer cells, Fig. 32 (Hwang et al. 2016). A dif-
ferent approach to form a Bessel beam have been shown by Courtney et al. (2014) 
who used a circular arrangement of 64 transducers to arrange and manipulate 
45 µm polystyrene particles.

2.5  Enrichment and Washing

2.5.1  BAW in Resonant Cavities

A straight forward method using BAW is to use a wet etched silicon or glass chip 
where some part has dimensions that fulfil the resonance criteria. This have been 
used extensively to demonstrate 2D and 3D trapping and enrichment of cells in 
half-wavelength and multi-wavelength resonant cavities or cages (Manneberg 

Fig. 31  SAW transducer 
principle for standing surface 
acoustic waves, SSAW. Two 
counter travelling surface 
waves interfere and generate 
a standing surface wave that 
couples into a channel or 
chamber (Shi et al. 2008). 
Reproduced with permission 
from the Royal Society of 
Chemistry
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et al. 2008b; Svennebring et al. 2009). Building on these results, Iranmanesh et al. 
(2015) have combined three different acoustic regimes and performed both align-
ment, separation and trapping of lung cancer cells in one chip using a multi-wave-
length trapping cavity, Fig. 33,

An alternative way of setting up a layered resonator is to have the piezoelectric 
transducer in direct contact with the channel omitting the coupling layer. Voorhees 
Norris et al. (2009) used this in a set-up for enrichment and washing of sperm cells 
for forensic DNA analysis. A transducer operating at 11.6 MHz was used to gener-
ate three trapping nodes in the channel for increased trapping capacity. The sperm 
cells were trapped from a sample consisting of a mixture of lysed female epithelia 
cells. After enrichment and washing the sperm cells were released and collected 
for DNA analysis, Fig. 34.

Fig. 32  Acoustic beam trapping to study deformability of breast cancer cells. The cells are 
pushed against a mylar film by the acoustic forces generated by the beam (Hwang et al. 2016). 
Reproduced with permission from the Nature publishing group
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2.5.2  BAW in a Glass Capillary

To avoid the need for microfabricated structures in silicon or glass, which is 
expensive and time consuming, commercially available glass capillaries were pro-
posed by Hammarström et al. (2010) and by the group of Glynne-Jones (Carugo 
et al. 2011; Glynne-Jones et al. 2012; Mishra et al. 2014) as low-cost acoustic res-
onators. Hammarström et al. (2010) presented a proof-of-concept with a set-up for 
trapping red blood cells in a capillary and also evaluated the trapping force to 1.27 
± 0.11 nN (Fig. 35).

Hammarström et al. (2012) introduced the previously mentioned seed trap-
ping method and demonstrated trapping and enrichment of E. coli bacteria in a 
glass capillary. By pre-filling the trap with 10 μm polymer particles, E. coli were 
enriched during 30 min of constant perfusion, Fig. 36.

By adding resonance frequency tracking to the seed trapping, Hammarström 
et al. (2014a) opened up for several new applications. The frequency tracking 

Fig. 33  Multi-wavelength trapping cavity for enrichment of lung cancer cells after separation 
(Iranmanesh et al. 2015). Reproduced with permission from the Royal Society of Chemistry

Fig. 34  Enrichment and washing of sperm cells for forensic DNA analysis. The cells are 
trapped, washed and released for subsequent DNA analysis. A hydrodynamic flow switch was 
used for selecting the collection outlet (Voorhees Norris et al. 2008). Reproduced with permis-
sion from the Chemical and Biological Microsystems Society
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continuously adapts the drive frequency to the system resonance, which may 
shift due to varying media composition or the amount of material collected in the 
trap. Bacteria identification in sepsis was addressed using the seed trap for bacte-
ria purification in cultured blood followed by mass spectrometry analysis, Fig. 37 
(Hammarström et al. 2014b) as well as in a system where PCR identification was 
used (Olsson et al. 2016). The same platform has been used for trapping of plate-
let-derived sub-micrometre particles in the size range of 0.1–1 µm (Evander et al. 
2015) and as an incubation site for multiplex bead-based assays with increased 
bead recovery and reduced assay time (Tenje et al. 2015a, b). Systems based on 
disposable glass capillaries have also been used as perfusion bioreactors for tissue 
culturing where Li et al. (2014) cultured human articular chondrocytes and pro-
moted cartilage formation after 21 days of culturing.

2.5.3  SAW in a Channel

Cell enrichment applications based on SSAW has started to appear lately. Chen 
et al. (2014) enriched diluted blood cells in polyethylene tubing attached with 

Fig. 35  Schematic of a standard rectangular disposable glass capillary mounted onto a printed 
circuit board with an integrated piezoelectric actuator for acoustic trapping experiments (left). 
Schematic of RBC trapping in a glass capillary at the fundamental resonance mode and at higher 
harmonics (right) as reported by Hammarström et al. (2010) Reproduced with permission from 
the Royal Society of Chemistry

Fig. 36  Trapping and enrichment of E. coli using seed particles. The images below show how 
the E. coli fills the trap that was pre-filled with 10 μm polystyrene particles (Hammarström et al. 
2012). Reproduced with permission from the Royal Society of Chemistry
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coupling gel to a piezoelectric substrate. They created several trapping sites along 
the tube and enriched against a fluid flow of 10 µL/min, Fig. 38. The method 
resembles the earlier work of Wiklund et al. (2001, 2003) where 4.7 µm latex 
spheres were trapped in a glass capillary passing through the centre of a parabolic 
piezoelectric transducer and a reflector.

Collins et al. (2014) enriched 5 µm fluorescent particles with SAW in a differ-
ent way where they pushed the particles against a PDMS membrane in the ceiling 
of a channel. By turning off the ultrasound the particles could be released.

2.6  BAW for Positioning and Arraying

2.6.1  BWF for Positioning and Arraying

Evander et al. (2007) used the layered resonator without coupling layer described 
above to position and grow yeast cells under constant perfusion of cell medium. 
The device was designed to operate at 12.4 MHz, half-wavelength resonance, and 
the yeast cells proliferated during 6 h under constant ultrasound exposure, Fig. 39. 
Neural stem cells were also shown to be viable after 15 min of trapping. This dem-
onstrated that the high frequency ultrasound did not adversely affect the proliferation.

Fig. 37  Capillary-based device for seed trapping of bacteria from cultured blood for subsequent 
sepsis analysis by mass spectrometry (Hammarström et al. 2014b). Reproduced with permission 
from the American Chemical Society
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Fig. 38  Enrichment of diluted blood cells using SSAW coupled to a polyethylene tube (Chen 
et al. 2014). Reproduced with permission from the Royal Society of Chemistry

Fig. 39  Left trapping and proliferation of yeast cells during 6 h. Right uptake of acridine orange 
by neural stem cells after 15 min of trapping to indicate viability (b) (Evander et al. 2007). 
Reproduced with permission from the American Chemical Society
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2.6.2  BAW in 2D Arraying

The BAW resonant cavities presented in Manneberg et al. (2008b) have been 
developed into an array plate of 10 × 10 nanowells in silicon, each forming a 
resonator with a size of 0.3 mm × 0.3 mm. The silicon well plate is bonded to a 
glass plate for parallel cell–cell interaction studies using fluorescence microscopy. 
By generating a 2D standing wave in each well the cells are focused to the cen-
tre (Vanherberghen et al. 2010). The array plate was first actuated by a piezoelec-
tric transducer mounted on a wedge (Christakou et al. 2013). Later a ring-shaped 
transducer surrounding the well plate was used for improved actuation (Ohlin 
et al. 2013). To solve the problem of operating all wells at the same frequency the 
drive frequency was swept around the expected resonance frequency, ±0.05 MHz 
around 2.6 MHz in this case, which resulted in that the majority of the wells dis-
played cells focused in the centre, Fig. 40.

The system has been used to grow 3D-tumor cell models and to study the inter-
action of natural killer cells (NK cells) and tumors at single-cell level using high 
resolution fluorescence microscopy, Fig. 41 (Wiklund et al. 2014; Christakou et al. 
2015).

Courtney et al. (2012) placed ultrasonic transducers both in the floor and the 
walls in a cm-sized fluidic chamber and actuated them with a phase delay in order 
to form different interference patterns and achieve a 2D pattern of 10 µm polysty-
rene beads. The trapping force was estimated at 30 pN. A similar set-up was also 
used to trap and separate 6 and 10 µm polystyrene particles and dorsal root gan-
glion cells from cell debris, respectively (Skotis et al. 2015).

Fig. 40  Focusing of cells in a 100 well plate. The well size is 0.3 × 0.3 × 0.3 mm3 with a 
100 μm thick wall separating them. a Without ultrasound. b With swept frequency ultrasound. 
Superimposed images of the wells with cell without (c) and with (d) ultrasound. The drive fre-
quency was swept around the well resonance frequency to ensure that the cells were focused 
in the centre in a majority of the wells due to slight variations in the resonance conditions of 
the wells (Vanherberghen et al. 2010). Reproduced with permission from the Royal Society of 
Chemistry
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2.6.3  SAW for Positioning and Arraying

Early examples of cell positioning and arraying with SAW were shown by Shi 
et al. (2009). The SSAW pattern was generated by superimposing surface waves 
from two orthogonal IDT:s, Fig. 42, generating a 2D-pattern of trapping posi-
tions. Arraying of bovine RBC and E. coli bacteria were demonstrated using a 
SAW wavelength of 100 μm. Since trapping with SAW is a younger method than 
with BAW, the governing mechanisms is not as well investigated and understood. 
Recently the Huang group published two works concerning the forces and mecha-
nisms involved (Mao et al. 2016; Guo et al. 2016).

In a groundbreaking work by Collins et al. (2015) they managed to trap sin-
gle cells in a 2D array of cell-sized acoustic potential wells with a fluid flow rate 

Fig. 41  Two NK cells 
(yellow) docking to a solid 
HepG2 tumor (green) 
under ultrasonic control 
in a microwell. The cells 
are stained and imaged by 
fluorescence microscopy 
(Christakou et al. 2015). 
Reproduced with permission 
from the Royal Society of 
Chemistry

Fig. 42  Left 2D SSAW field generated by two orthogonal IDTs. Right 2D arraying of bovine 
RBCs in the SSAW field (Shi et al. 2009). Reproduced with permission from the Royal Society 
of Chemistry
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of 0.5 µL/min. Actuation frequencies in the GHz range gave rise to small enough 
potential wells to only capture one cell per well, Fig. 43. The system was tested 
with human lymphocytes and malaria infected red blood cells.

Ding et al. (2012) have positioned and moved both single and clusters of 
particles, cells and nematodes with high accuracy in flow-free systems by vary-
ing the phase shift between the IDT pairs. Recently, Gou et al. investigated and 
demonstrated 3D positioning of single cells by combining a 2D SSAW field with 
intensity controlled acoustic streaming to determine the position in the vertical 
direction. The drag force from the streaming balances the gravitational force on 
the cells, Fig. 44 (Guo et al. 2016).

Fig. 43  2-D single-cell patterning with one cell per well driven by surface acoustic waves (Col-
lins et al. 2015). Reproduced with permission from the Nature publishing group

Fig. 44  Schematic of the 2D SAW device, analogous to Collins et al. (2015), that Guo et al. 
(2016) used to position cells in spatially defined 2D pattern and by phase shifting the transducers 
enabling transport in the plane. The system utilised the acoustic streaming field localised to each 
Gorkov potential well to also controllable levitate cells in the third dimension
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1  Introduction

A key feature of many microfluidic devices is fluid flow. While gravity is a rela-
tively commonly used driving force for flow, there are some challenges for its use. 
Typically, gravity-driven flow is dependent on the difference in height of the liquid 
meniscus of the source reservoir relative to the outlet reservoir. In such experi-
ments, the source reservoir is most full and the outlet reservoir most empty at the 
beginning of the experiment. As the experiment proceeds the source reservoir fluid 
level decreases and the outlet reservoir fluid level increases. The net result is that 
most gravity-driven flows, while quite steady measured over short periods of time, 
will decrease over time. We hypothesized that the usefulness of gravity-driven 
flows could be greatly increased if these limitations could be overcome. More 
specifically, we asked the question, would it be possible to design gravity-driven 
microfluidic systems where the flow rate would not change even as the volume of 
liquid in the source reservoir decreased and that of the outlet reservoir increased. 
Additionally, we wondered whether it would be possible to design gravity-driven 
microfluidic systems that could generate self-switching pulsatile flows that would 
mimic physiological blood flow pulsing. The following sections describe microflu-
idic devices that were developed as a result of such motivations.

2  Cell Sorting and Culture Using Gravity-Driven Steady 
Flow Microfluidic Devices

2.1  Motivation for a Gravity-Driven Steady Flow Rate 
Microfluidic Pump

Among the many methods to move liquid, the use of potential energy (gravity) 
for delivery has run through the history of human development. In ancient world, 
farmers took advantage of contours in the terrain to supply natural flows of water 
for field and crop irrigation. In modern cities and towns, water towers and tanks 
located on high grounds provide pressure and send water to community residence 
through feeder pipes. In places where economical, continuous, robust, and easy to 
use pumps are needed, gravity-fed water flow system is often preferred.

In the past 20 years, many miniaturized systems have been developed for 
operation in aqueous environments. These systems, often called lab-on-a-chip 
or microfluidic devices, are designed to accomplish tasks that are difficult to be 
performed in large scale (Harrison et al. 1993; Reyes et al. 2002; Thorsen et al. 
2002; Whitesides 2006). Multiple sample handling components were integrated 
into small channels and structures for complete operations or creating reproducible 
cell culture microenvironments. Benefit by the remarkable features such as fast 
performance, low reagent consumption, portability, and automation, these devices 
thrive in bioanalytical (Di Carlo et al. 2005; El-Ali et al. 2006; Yu et al. 2007), 
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biomedical (Nagrath et al. 2007), chemical (You et al. 2012), and pharmaceutical 
(Dittrich and Manz 2006; Chen et al. 2011) fields.

However, the adoption of macroscale pumps to small microfluidic channels has 
been a challenge. Typical mechanical and nonmechanical pumps (such as syringe 
pumps (Tanaka et al. 2007), pneumatic pumps (Wang and Lee 2006), pumps that 
utilizes magnetic force (Kimura et al. 2008), surface acoustic waves (Girardo et al. 
2008), light (Baigl 2012), or electric force (Xu and Attinger 2008) to control fluid 
motion) are usually bulky in size and complex to set up. The increased complexity 
may lead to unstable flow, bubble generation, leakage, and reducing robustness.

In contrast, gravity-driven pumps have many advantages over other formats in 
microfluidic systems: (1) compatibility with many kinds of materials that make up 
the device, (2) having little impact on the chemical and biological properties of the 
fluid and sample (such as cells, DNA, RNA, proteins, etc.), (3) small size and sim-
ple components that require no external pump or tubing, (4) requiring no power 
source as long as the device is on earth.

Due to these advantages, gravitational force has been widely used for intro-
ducing samples into microchips (Song et al. 2004; Shao et al. 2009), control fluid 
flow and droplet movement (You et al. 2012; Lee et al. 2014), separate particles 
and cells (Devendra and Drazer 2012), perfuse medium for microfluidic cell cul-
ture (Chen et al. 2011; Kondo et al. 2014), generate cell and protein patterning 
(Takayama et al. 1999), and conduct cellular and molecular analysis (Takayama 
et al. 2001; Dimov et al. 2011; Nagai et al. 2013; Taylor et al. 2015).

As the movement of liquid is caused by a hydraulic head in gravity-driven 
pumps, flow rates usually decrease with decreasing head pressure. This limit the 
use of gravity-driven pump for many assays where steady flow is needed. The 
development of a gravity-driven pump that delivers flow at a constant rate for 
extended period of time would open a broad range of emerging applications.

2.2  Mechanism of the Gravity-Driven Steady Flow Rate 
Microfluidic Pump

In a typical gravity-driven pump, fluid flow is driven by hydrostatic pressure. 
When both the inlet and outlet reservoirs are open to the atmosphere, the hydro-
static pressure is related to the height difference between the reservoirs by the fol-
lowing equation.

where ΔP is residual pressure, ρ is the density of the liquid, g is the acceleration 
due to gravity, and Δh is the height difference between inlet and outlet reservoirs. 
As more and more fluid leaves the inlet reservoir and enters the outlet reservoir, 
the height difference between the reservoirs decreases, which drops the hydrostatic 
pressure and slows down the flow. As a result, it is difficult to maintain a steady 
flow rate when gravitational force is used.

�P = ρg�h,
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As the device size shrinks, however, the surface-to-volume ratio increases, 
making surface-mediated effects similar to or even larger than volume-mediated 
effects. If dimension becomes sufficiently small, liquid can flow without the assis-
tance of, or even overcome gravitational forces. Common microfluidic devices 
usually have microchannels with tenth to hundreds of micrometers in width and 
height, the Reynolds number (which is the ratio of momentum of a fluid to the 
viscosity effect) usually becomes much less than 2000, which is when turbulence 
appears. At such small scales, factors such as surface tension, energy dissipation, 
and fluid resistance start to dominate the system. The force exerted on the liquid 
by gravity can be readily matched by other types of forces such as capillary force 
(Fuerstman et al. 2007; Maki et al. 2015) such that if one creates fluid reservoirs 
that are sufficiently narrow (e.g., 2–3 mm diameter tubes), one can tip the reser-
voirs horizontally without spilling the fluid because of capillary forces.

Taking advantage of this convergence of forces at the microscale, a constant 
flow rate gravity-driven pump has been developed (Zhu et al. 2004). This device 
overcomes the limit of decreasing flow rate due to change of head pressure by uti-
lizing fluid reservoirs that are placed in a horizontal configuration. The diameter of 
the reservoirs are chosen to be small enough (4 mm) so that surface tension would 
keep the liquid contained without spilling out even in a horizontal orientation, and 
large enough so that pipette tips can be used to easily introduce and retrieve liq-
uid or samples. As fluid moves from the reservoir that is placed at a higher level 
to the one at a lower level, the menisci of the fluid in the reservoirs move later-
ally, but not up or down, maintaining the height difference and the head pressure. 
Therefore, flow rate remains constant. The capillary force in each reservoir can-
cels out, or stay consistent, because the curvature of the menisci stays consistent in 
shape (within certain flow rate range limit) (Fig. 1).

Flow direction

∆hinlet

outlet

microchannel

Fig. 1  Schematic diagram of the gravity-driven pump with horizontally oriented fluid reservoirs. 
The inlet and outlet reservoirs are connected with a microfluidic channel. The menisci in both 
the reservoirs move as liquid flows, but the height difference (Δh) remains constant (Zhu et al. 
2004). Reproduced by permission of The Royal Society of Chemistry
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2.3  Application of the Gravity-Driven Steady Flow Rate 
Microfluidic Pump

2.3.1  Sorting

The separation and manipulation of particles and cells according to their morpho-
logical or physical properties is indispensable for biomedical research. Cho et al. 
embedded horizontally oriented reservoirs in microfluidic chips with K-shape 
channels and demonstrated separation of motile sperm from nonmotile ones for 
purposes of infertility treatment using flow generated by the gravity-driven steady 
flow rate pumps (Cho et al. 2003) (Fig. 2).

For flow in a pipe, the Reynolds number (Re) is defined as:

where ν is the kinematic viscosity of the fluid, ρ is the density of the fluid, DH 
is the hydraulic diameter of the pipe, μ is the dynamic viscosity of the fluid, v is 
the mean velocity of the fluid, Q is the volumetric flow rate, A is the pipe’s cross-
sectional area.

Microfluidic channels are usually rectangular in shape, the hydraulic diameter 
is defined as:

where A is the cross-sectional area, P is the wetted perimeter.
Since the Re is significantly less than 2000, the flow is laminar and two streams 

can flow in parallel to each other without turbulent mixing. The mixture of motile 
and nonmotile sperms are introduced to the microfluidic chip from the sample 
reservoir. As liquid flows, nonmotile sperms stayed within the original stream 

Re =
ρvDH

µ
=

vDH

ν
=

QDH

νA
,

DH =
4A

P
,

Fig. 2  The drawing 
illustrates the design of the 
sperm sorter with embedded 
horizontally oriented 
reservoirs. Reprinted with 
permission from Cho et al. 
(2003). Copyright (2016) 
American Chemical Society
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because diffusion is slow in short residence time. Motile sperms swim at greater 
speed and can go across the streamlines. By the end of the separation process, 
motile and nonmotile sperms can be collected from separate streams. In this pro-
cess, the relative flow rates between the inlet streams and outlet streams dictate 
position of the laminar flow interface and critically alter sorting efficiency. Thus, 
maintaining a steady flow is critical. The horizontally oriented reservoirs are 
convenient not only for easy sperm sample loading and collection but also allow 
maintenance of a steady gravity-driven flow.

To maintain steady flow rate for the two streamlines, the two horizontally oriented 
inlet reservoirs (3 mm in diameter) were 1 mm higher than the two horizontally ori-
ented outlet reservoirs (2 mm in diameter) and integrated within the chip structure 
for convenience and robust operation. In this design, the capillary forces between 
the inlet and outlet reservoirs do not completely cancel out, but is 13 N/m2 toward 
the outlet reservoir when the contact angle is assumed to be 0 (water on BSA-coated 
channel). The hydrostatic force of 1.0 mm height difference is 9.8 N/m2. The flow 
resistance of the channel is 106 times greater than the reservoir, therefore the resist-
ance of the microchannels is approximately equal to the total resistance of the sys-
tem. Water is assumed to be incompressible and Newtonian, and uniform in viscosity. 
According to the Hagen–Poiseuille law, the pressure difference between the inlet and 
outlet of the channel is related to the volumetric flow rate and channel resistance.

where Rh is the hydrodynamic resistance, Q is the volumetric flow rate. Therefore, 
the net pressure drop is capable of driving a bulk flow speed of 0.008 μL/s and to 
achieve the desired residence time for separation.

Huh et al. reported a gravity-driven particle sorting microfluidic device with 
hydrodynamic separation amplification. The device is made of a three-inlet two-
outlet microchannel with a 90° bend. The region before the turn is placed parallel 
to gravity for hydrodynamic focusing. The region after the turn is perpendicular to 
gravity, gradually but asymmetrically widening out, generating laminar flows with 
widening streamlines for particle separation. In the separating region, particles of 
different sizes sank at different speeds resulting difference in vertical positions. As 
fluid flow is perpendicular to gravity and streamlines are widening out, the effect 
of particle sedimentation due to gravity were amplified as they flow downstream. 
This device provides a nice example of using gravity-driven flow together with 
gravity-driven separation (Huh et al. 2007) (Fig. 3).

2.3.2  Sample Loading

Gravity-driven sample loading has been automated by mounting sample vials on 
a moving platform or ring gear that was driven by stepping-motor controlled with 
a computer program. The sample vials have slotted opening at the end, but media 
would not spill out through the slot because of surface tension. As the ring gear 
rotated, a fixed sampling probe capillary passed through the open slot into the 

�P = RhQ,
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center of the vial, then media was driven by gravity to enter the capillary probe 
and finally the microfluidic channels. This setup allows multiple sample reagents 
to dispensed sequentially and automatically (Du et al. 2005, 2006; Wang et al. 
2008, 2010) (Fig. 4).

Fig. 3  Particle separation based on hydrodynamic amplification of particle sedimentation. 
Reprinted with permission from Huh et al. 2007. Copyright (2016) American Chemical Society

Fig. 4  Schematic diagram of automated gravity-driven sample injection system with sample 
slots mounted on a ring gear. Reprinted with permission from Du et al. 2006. Copyright (2016) 
American Chemical Society
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Zhang et al. developed a pressure-driven droplet manipulation device by using 
disposable infusion sets filled with dimethylsilicone oil. The tip of the infusion set 
was connected to a PTFE tubing. For sample loading, the PTFE tubing was sub-
merged in water-based sample/reagent and suck in the reagent when the meniscus 
of the oil in the infusion set is positioned lower than that of the sample. For droplet 
generation, two infusion sets were hanged on both sides of a turntable with equal 
length Nylon lines. Rotating the turntable created height difference in the oil phase 
and water phase, which determined droplet generation at the water–oil intersec-
tion in T-shaped microchannel. The concept has been extended to control droplet 
generation of various sizes, numbers, and the mixing of two droplets. This method 
provides a simple, economical, flexible, and robust method for precision microdro-
plet manipulation (Zhang et al. 2010) (Fig. 5).

2.3.3  Perfusion Cell Culture

Gravity can drive continuous fluid flow through cell culture to simulate physio-
logical microenvironment where nutrients are constantly supplied to the cells and 
waste are removed. Compared with other fluid-driven mechanism, the devices 
relying on gravity pumping are usually small, high biocompatibility, and more 
easily adapted to the high humidity, space confined cell culture incubator environ-
ments. Various strategies have been employed to use gravity-driven flow for perfu-
sion cell culture.

Fig. 5  Schematic drawing 
of the gravity-actuated pump 
with infusion set for droplet 
manipulation (Zhang et al. 
2010). With permission of 
Springer



183Gravity-Driven Fluid Pumping and Cell Manipulation

Zhu et al. (2004) designed horizontally oriented fluid reservoir to hold constant 
hydraulic head pressure between the inlets and outlets. They demonstrated con-
tinuous perfusion cell culture at constant and slow flow rate for days and tested the 
effect of drug toxicity on cells.

Marimuthu and Kim incorporated an intravenous (IV) infusion set between the 
medium reservoir and the microchannel, keeping a constant hydraulic head pres-
sure between the meniscus in the IV set and the outlet tubing. This setup is capa-
ble of generating flow rates ranging from 0.1 to 10 ml/min for studying the effect 
of shear stress on fibroblast cell cultures (Marimuthu and Kim 2013) (Fig. 6).

2.3.4  Gradient Generation

Gradient generation is a microfluidic technique to expose cells to diffusible sig-
nals. As one of the extracellular cues, chemical gradients induce concentration 
dependent cellular responses, such as neuron axon guidance (Zheng et al. 1994), 
movement of leukocytes toward inflammatory site (Letterio and Roberts 1998), 
and cancer metastasis (Raman et al. 2007), etc. To study such responses, it is criti-
cal to control the concentration of chemical and biochemical molecules with good 
spatial resolution and temporal stability.

Fig. 6  A microfluidic 
perfusion chip with IV 
infusion set for providing 
constant flow. Reprinted 
from Marimuthu and Kim 
2013. Copyright (2016) with 
permission from Elsevier
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Taking advantage of the property of laminar flow in microfluidic channels, 
chemical gradient can be generated and maintained in microfluidic channels by 
using steady flow gravity-pump(s). Although there is diffusion of the soluble mol-
ecules, the fluid concentration at any fixed location within the channel is fixed 
at a given flow velocity. Therefore, different fluid layers may maintain different 
chemical concentration and generate a gradient profile (Zhu et al. 2004). Gradient 
generation in microfluidic channels reflects a balance between convective and dif-
fusive forces. Depending on the relation between the flow velocity, width of the 
fluid layer, and the diffusion coefficient, the gradient can be created in various pro-
files, such as “step,” “linear,” or “nonlinear,” etc. (Fig. 7).

3  Parallel and Periodic Cell Shearing with Gravity-Driven 
Microfluidic Oscillator

3.1  Motivation of the Gravity-Driven Oscillator

Many cells in the body are subject to periodic biomechanical cues such as vas-
cular flow and periodic biochemical cues such as hormone release. Microfluidic 

Fig. 7  Gravity-driven perfusion chip with eight horizontally placed reservoirs to provide steady 
flow of cell culture media with different drug concentrations (Zhu et al. 2004). Reproduced by 
permission of The Royal Society of Chemistry
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devices have been instrumental in enabling exploration of the implications of such 
biorhythms (Jovic et al. 2010; Sumit et al. 2015; Goldbeter 2008). These microflu-
idic chips typically rely on off-chip controllers and actuators (Thorsen et al. 2002; 
Ricicova et al. 2013) such as syringe pumps and external mechanical actuators to 
create the required flow switching. The controllers and actuators, however, present 
two challenges for experimental scale up: (1) The number of external controllers 
and actuators required increases linearly with the number of temporally inde-
pendent switching events required. (2) The number of tubing and interconnects 
required also increases rapidly. Inspired by electronic circuits that circumvent such 
power-surge problems by using constant voltage-driven circuits, we describe the 
development of microfluidic oscillator arrays that are driven by gravity-induced 
constant pressure.

3.2  Mechanism of the Gravity-Driven Oscillator

Oscillator function The gravity-driven oscillator array generates completely 
independent parallel flow pulses from two input wells without any off-chip con-
trollers or actuators (Fig. 8). A height difference between the oscillator circuits 
and the two input wells delivers a constant pressure flow to the oscillators. The 
pressure drives the alternating opening and closing of two interconnected valves 
within each oscillator. While each oscillator is connected to each other in parallel 
to a common pressure source, each oscillator operates with independent timing. 
This function can be applied to a systematic experiment to analyze endothelial cell 
elongation and alignment in response to different periodic shear flows.

Oscillator structure Gravity-driven oscillator array with a close up of one of 
its oscillators is illustrated in Fig. 9. The inset of Fig. 9 shows that the oscillator 

Fig. 8  Gravity-driven 
microfluidic oscillator. 
Height difference between 
input wells and the oscillator 
applies constant pressure on 
the oscillator. The oscillator 
produces multiple parallel 
periodic flows driven by 
pressure from a constant 
gravitational potential source 
(Kim et al. 2015)
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consists of three layers including a thin membrane middle layer, and top (gray 
color), and bottom (dark yellow colors) layers. The top and bottom layers have 
microfluidic resistor, capacitor and valve features. The microfluidic resistor is 
a channel that manipulates pressure or flow rate with its fluidic resistance. The 
microfluidic capacitor is an elastomeric membrane having two chambers on both 
sides of the membrane, and stores pressure energy with the membrane’s elastic 
deformation. In the oscillator, valve 1 and capacitor 1 are serially linked. Thus, 
when valve 1 opens, a solution moves from valve 1’s top layer to flow resistor 1 
through capacitor 1’s top layer and then goes to the outlet. In the valve and the 
capacitor regions, the middle membrane layer prevents direct solution motion 
across the top to bottom layer. Flow across the top to bottom layer is enabled only 
at through holes.

Operation of the oscillator The operation process of the oscillator is explained 
through pressure change of the oscillator components. The relative vertical posi-
tion of the oscillator is set as 0 and this makes reference well pressure (Pref) to 0 
because the reference well is open to the environment (Fig. 10a). Inlet (Pi) and 
outlet (Po) pressures of the oscillator have constant positive and negative values, 
respectively. Under this condition, the open and close states of valve 1 alter capac-
itor 1’s top pressure (PC1t) as follows:

PC1t ≈ Pi when valve 1 opens

Fig. 9  Schematic of the 
oscillator system. Each 
oscillator consists of 
microfluidic component, 
such as microfluidic valves, 
resistors, and capacitors. The 
microfluidic resistors are 
channels and the capacitors 
are chambers having 
elastomeric membranes (Kim 
et al. 2015)
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Owing to fluidic resistances of the channels connected to valve 1, valve 1’s top 
inlet pressure (PV1t) is constant as Pi regardless of the open and close of valve 1. 
Additionally, capacitor 1’s bottom pressure (PC1b) is nearly the same with valve 
2’s bottom pressure (PV2b) owing to relatively small fluidic resistance of the chan-
nel connecting the bottoms of capacitor 1 and valve 2. These pressure conditions 
apply to the capacitor 2 and valve 2 because the oscillator is symmetric.

PC1t ≈ Po when valve 1 closes

Fig. 10  Self-switching process of the oscillator. a Periodic opening and closing of the two 
valves. When one valve opens, the other valve closes. b Theoretical pressure profile of PC1t. Pi 
and Po are inlet and outlet pressures of the oscillator, respectively. c Theoretical pressure profiles 
of PC1b and PC2b (Kim et al. 2015)
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The pressure variations of PC1t are illustrated in Fig. 10b; in state 1 valve 1 is 
open, whereas in state 2 valve 1 is closed. At the moment of valve 1 open (outset 
of state 1), the sharp rise of PC1t (Fig. 10b) makes PC1b and PV2b instantly high 
(Fig. 10c). The high PV2b closes valve 2. This makes capacitor 2’s top pressure 
to ~ Po and its bottom pressure (PC2b) low (the beginning of green region of 9c). 
The pressure difference between PC1b and PC2b results in local fluidic motion from 
the bottom of valve 2 to that of valve 1 through the reference well and resistors; 
see the red arrows of state 1 of Fig. 10a and 3c-inset. As a result, PC1b decreases 
and PC2b increases (green region of Fig. 10c). Afterwards, PC1b (i.e. PV2b) 
becomes sufficiently low in valve 2 (the end of green region of Fig. 10c). Then, 
valve 2 opens and this raises PC2b and PV1b abruptly. Consequently, valve 1 closes. 
In this way, alternative open and close of the two valves continue.

Parallel control of oscillation period and flow rate The oscillation period is 
regulated by the change rate of PC1b and PC2b. Once valve 1 opens, PC1b (≈PV2b) 
decreases. Then valve 2 opens owing to the low PV2b and valve 1 closes. Because 
of the connection between capacitor 1 and reference resistor, the change rate of 
PC1b is proportional to RrC, where Rr is the fluidic resistance of reference resistor 
and C is the capacitance of capacitor 1 and 2 (Fig. 9). Thus, oscillation period is 
approximately proportional to RrC. On the other hand, output flow rate is deter-
mined by the fluidic resistance of flow resistors (Fig. 9).

The power of the oscillator is that once the oscillators are connected in par-
allel, the oscillator array generates independent, parallel flows. Figure 11a shows 
an oscillator array and each oscillator Ai (i = 1, 2, 3) has flow resistor 1 (Fig. 8a) 
connected to three downstream flow resistors (ai1, ai2, ai3) that have three different 
fluidic resistances, respectively. Thus, each oscillator Ai generates three different 
fluidic pulses through ai1, ai2, and ai3 (Fig. 11b). The flow rates of ai1, ai2, and ai3 

Fig. 11  Microfluidic oscillator array. a Oscillator array with fast period and high flow rate. 
b Theoretical flow profiles. Panels from left to right relate to the flows by oscillator unit Ai 
(i = 0–3). Flow profiles from top to bottom lines at each panel are at resistors ai1, ai2, ai3 con-
nected to oscillator Ai, respectively. c Performance of the oscillator array. Filled and unfilled 
points are the experimental and theoretical results, respectively. The insets show the maximum 
flow rate (Qmax) and shear stress (τ) of resistors ai1, ai2, ai3 (Kim et al. 2015)
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are 5, 19, and 63 μL/min, respectively, and oscillators A1 to A3 open their valves 
with periods of 2.0, 1.0, and 0.4 s, respectively (Fig. 11c).

3.3  Application of the Gravity-Driven Oscillator

Parallel shearing for cell morphology change The responsiveness of endothe-
lial cells to different levels of shear stress and periodic pulse is evaluated with 
the oscillator array. The cells (Human umbilical vein endothelial cells, HUVECs) 
were seeded in the resistors ai1 to ai3 of oscillator Ai (Fig. 11a). Periodic flow 
pulses of 0, 0.5, 1, and 2.5 Hz were generated by the oscillators A0 to A3 respec-
tively. These pulses applied shear stresses of 5, 18, and 58 dyn/cm2 to the cells in 
the resistors ai1, ai2, and ai3, respectively. The changes in the cell morphology due 
to 5 versus 58 dyn/cm2 at 1 Hz pulse for 12 h are shown in Fig. 12a and the cells 
at 58 dyn/cm2 are more elongated than those at 5 dyn/cm2. The shape of the cells 
becomes more linear as time goes by. This shape change is quantified by circular-
ity that is defined as 4πA/Lp, which is 1 for a circle and 0 for a line. A is the area 
of the cell, and Lp is the perimeter of the cell. The variation of the cell elongation 
for 12 h under different shear stress and frequency is shown in Fig. 12b.

Relative circularity, which is the circularity at 12 h divided by the initial mean 
circularity at 0 h, is used to quantify the influence of various shear stress levels 
and pulse frequency on cell morphology. At higher relative circularity, cells are 
less elongated after 12 h. Figure 12c summarizes the result. Notably, frequency 

Fig. 12  Cell elongation response to shearing conditions by simultaneous on-chip testing. a Pho-
tos showing endothelial cell elongation. Scale bar 200 µm. b Circularity change of cells. c Rela-
tive circularity at 12 h. Error bars of b and c show the standard error (n = 80). The inset shows 
the number (Nc) of frequency pairing-combinations with statistically significant differences 
(p < 0.05) in relative circularity between them. d p values by independent two-sample t test at the 
5 % significance level. Red colored p values indicate that corresponding two-sample groups are 
not significantly different at the 5 % significance level (Kim et al. 2015)
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influences on circularity more prominently as shear stress increases. Statistically 
different cellular elongation is identified with an independent two-sample t test for 
two frequency conditions. Six combinations of 2 frequency-comparisons at each 
shear stress condition are produced by the 4 frequency conditions (Fig. 12d). Only 
2 out of 6 combinations were significantly different at 5 dyn/cm2 shearing. The 
combinations of significantly different pairs increased from 4 to 5, as the shear 
stress level increased from 18 to 58 dyn/cm2. The result is summarized in the inset 
of Fig. 12c and suggests that with increasing shear rate the influence of frequency 
on circularity increases.
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Abstract The ability to rapidly manipulate cells within microfluidic devices has 
been a fascinating goal for engineers across disciplines over the past two decades. 
With highly controllable flows and the ability to create microstructures on the 
same scale as cells, a large variety of technologies to sort and separate cells have 
been rapidly developed. One of these technologies, inertial focusing, stands out 
for its ease of use and high throughput. Inertial focusing utilizes passively gener-
ated forces within microchannels to align and separate cells based upon numer-
ous factors including size, shape, and deformability of the suspended particles or 
cells. With so many different technologies, even within the realm of inertial focus-
ing cell separation, it can be difficult to distinguish and choose one for a given 
application. Here I will attempt to quantify functional differences in separa-
tion techniques from both the fundamental perspective and from a perspective of 
implementation giving perhaps a means of choosing a technology that is right for 
the application.

Keywords Inertial focusing · Microfluidics · Cell separation · Cell isolation ·  
Equilibrium separation · Dynamic separation

1  Introduction

The ability to rapidly separate and sort cells has paved the way for single cell 
biology, the understanding of the heterogeneity of gene expression, creating a 
new paradigm in which biology is studied. With improved understanding of the 
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importance of different subpopulations of cells in immunology, disease, and 
homeostasis, the quest for technologies with the ability to isolate these subpop-
ulations was hastened. Perhaps the most ubiquitous technology in this realm is 
fluorescence activated cell sorting (FACS). The impressive performance of FACS 
systems using a combination of up to 14 fluorescent signals and 50,000 cells 
sorted per second along with the standardization of measurements makes it truly 
a gold standard for new technologies to reach (Hosic et al. 2015). This remarkable 
engineering achievement comes with a large price tag that limits it to centralized 
research facilities and makes it difficult to utilize as a means for personalized and 
point-of-care medicine.

Another popular research tool is magnetic activated cell sorting (MACS) 
(Miltenyi et al. 1990). Essentially, MACS replaces the fluorophores used in FACS 
with magnetic beads allowing for separation of cells when exposed to a magnetic 
field. Most bench-top versions of this technique are extremely high throughput 
but have lower purity outputs and reduced numbers of different populations that 
can be separated. Magnetic beads can also hinder imaging and other downstream 
separation if positive selection is utilized (Ozkumur et al. 2013). Both of these 
technologies (FACS and MACS) require the a priori knowledge of target surface 
molecules in order to attach either fluorophores or magnetic particles.

One area that shows promise in developing accessible technologies with the 
ability to replicate the performance of FACS with improved throughput of MACS 
is microfluidics. Microfluidics, or the study and application of flows within chan-
nels with micrometer scale dimensions, enables highly predictable fluid motion 
and massively parallelized processing capabilities using fabrication technology 
adapted from integrated circuit development. Microfluidics also offers new abili-
ties beyond improved performance notably the ability to take advantage of non-
antibody-based biomarkers and the ability to obtain and utilize greater information 
content about the cells being sorted.

One fundamentally rapid microfluidic technology for cell separation that has 
been studied over the past decade is inertial focusing (Di Carlo et al. 2007, 2008). 
Inertial focusing is a unique means of separating cells based upon particle size, 
shape, and other mechanical properties. This separation is achieved at high speeds 
as the inertia of the fluid becomes significant in microflows thereby imparting 
forces on cells purely by flowing the cell laden fluid through a device allowing for 
highly precise separation.

The rest of this chapter will describe how inertial focusing has been studied 
and used for cell separation categorized by whether the implementation of inertial 
focusing is based upon an equilibrium or dynamic behavior. This will be followed 
by recent research in these areas and a comparison of different types of inertial 
focusing devices. Finally, concluding remarks will be made about the future of 
inertial focusing and its potential for cell separation and sorting.
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2  Background

2.1  Brief History

Inertial focusing was discovered in the 1960s by a pair of scientists, Segré and 
Silberberg, who were fascinated by the motion of neutrally buoyant particles 
across streamlines to an annulus in a cylindrical pipe (Segre and Silberberg 1961, 
1962; Segré and Silberberg 1961). They were able to determine that the behavior 
they witnessed of particles migrating to an annulus in a pipe at elevated Reynolds 
numbers was due to some type of second-order (i.e., inertial) effect. This prompted 
mathematic and scientific study of the phenomenon over the next few decades 
with major improvements in understanding of the mechanism of such surprising 
results. Most notably researchers were able to elucidate the key missing balance 
of forces that could explain the “tubular pinch effect” as described by Segré and 
Silberberg (Ho and Leal 1974; Saffman 1965; Vasseur and Cox 1976). The appli-
cation of numerical methods to these complex problems was able to predict certain 
forces (Matas et al. 2004, 2009; Feng et al. 1994a, b; Asmolov 1999).

Despite theses improvements in understanding the mechanisms behind the 
phenomenon, the utility of inertial focusing was not truly discovered until its 
application within microfluidics. The transition from 1-dimensional (circular) to 
2-dimensional (rectangular) cross sections caused new behaviors to emerge and 
sparked a now flourishing field of study. Figure 1 shows characteristic images of 
the initially discovered behaviors of alignment and ordering caused by inertial 
focusing in microchannels (Di Carlo et al. 2007). Alignment refers to the for-
mation of particle-rich and particle-free streams across a channel cross section: 
Particles enter the channel randomly dispersed (Fig. 1a left) and they migrate 
across streamlines to equilibrium positions as they flow through the channel 
(Fig. 1a right). A fluorescent streak image of fluorescent particles being focused 
along an alternating curvature channel is shown in Fig. 1b. These equilibrium 
positions depend greatly on the channel shape, flow properties, and particle 

Fig. 1  Schematic representation and images of inertial focusing behaviors of (a–b) alignment 
and (c–f) ordering. ACF is an auto correlation function depicting the likelihood of witnessing 
a certain downstream spacing, in the flow direction, between consecutive focused particles. 
 Copyright (2007) National Academy of Sciences, USA (Di Carlo et al. 2007)
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dimensions. The second observation was that particles not only aligned but also 
formed trains of particles evenly spaced in the flow direction as shown in Fig. 1c 
and e with measurements of the probability for particles to be found at different 
inter-particle spacing distances presented for both straight (Fig. 1d) and alternating 
curve channels (Fig. 1e) (Di Carlo et al. 2007; Humphry et al. 2010). From these 
initial discoveries several different microchannel designs have been developed for 
utilizing the fundamental forces responsible for alignment and ordering to produce 
separation between particles.

2.2  Basics

The alignment and ordering behaviors occur due to inertial effects of fluid flow 
imparting shear and pressure forces on suspended particles causing them to 
migrate across streamlines unlike in low Reynolds number flow where suspended 
particles predictably follow streamlines except when impacting walls or other par-
ticles. Therefore, one of the most important factors for achieving inertial focusing 
is a high enough Reynolds number when inertial effects become of similar scale 
to viscous effects. The channel Reynolds number defines this ratio and is given in 
Eq. 1, where ρ is the fluid density, μ is the fluid viscosity, UMax is the maximum 
velocity of the fluid, and Dh is the hydraulic diameter of the channel, defined as 
Dh = 2hw/(h + w), where h and w are the height and width, respectively, of the 
channel cross section.

This ratio along with a particle large enough to take up a significant portion of 
the channel cross section, also known as the particle confinement ratio, a/Dh, 
where a is the particle diameter, are the essential criteria for achieving inertial 
focusing. Combining these form the particle Reynolds number as shown in Eq. 2. 
It is generally accepted that particle focusing can be achieved when ReP > 1 and 
a/Dh > 0.07.

Within curved channels another nondimensional number is also important to char-
acterize a secondary flow that forms in such channels called Dean flow. Dean flow 
is the consequence of the momentum of faster moving fluid in the center of the 
channel being carried to the outer wall of the channel and setting up a dual recir-
culation flow. The strength of this secondary flow is characterized by the nondi-
mensional Dean number, defined in Eq. 3, which is dependent on the shape of 
the cross section, the Reynolds number of the channel flow, and the radius of the 
channel curvature, R:

(1)ReC = ρUMaxDh/µ

(2)ReP = ReC(a/Dh) = ρUMaxa
2/(µDh)

(3)De = ReC(Dh/(2R))
1/2
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These nondimensional variables characterize most inertial focusing flows and 
while they can range between different styles of separation devices their average 
values and standard deviations are 112 ± 76.5, 3.59 ± 7.86, and 24.1 ± 26.8 for 
ReC, ReP, and De, respectively, across 59 individual inertial focusing studies.

2.2.1  Forces

There are three essential forces that are prominent in inertial focusing systems 
leading to the alignment of particles within a channel; 1, a wall interaction force, 
2, a shear gradient lift force, and 3, when applicable, a secondary flow drag force, 
all depicted schematically in Fig. 2. Briefly, the wall interaction force is due to the 
pressure buildup between the wall and a particle moving nearby and is directed 
away from the wall. This near-field force drops off quickly with distance from the 
wall. This force can be estimated for a channel using Eq. 4, assuming a lift coef-
ficient, CWI = 0.5. This coefficient is dependent upon Reynolds number and posi-
tion within a channel (Martel and Toner 2014).

The shear gradient lift force is due to the nonlinear velocity profile associated with 
flow through pipes that imparts a pressure and shear-based lift force toward the 
walls of a channel, where on the scale of a particle, the velocity gradient across the 
particle is more linear. The magnitude of this force can be estimated using Eq. 5, 
assuming a lift coefficient, CSG = 0.5. This coefficient is again dependent upon 
Reynolds number and position within a channel.

Finally, in many inertial focusing separation systems, secondary flows perpen-
dicular to the main flow direction, such as Dean flow, impart a drag force whose 
magnitude is proportional to the secondary flow velocity that can be estimated 
assuming a Stokes’ drag relationship as defined in Eq. 6. The secondary flow 

(4)FWI = CWIρU
2
Maxa

6/D4
h

(5)FSG = CSGρU
2
Maxa

3/Dh

Fig. 2  Schematics presenting the three major forces that are used in inertial focusing systems; 
a Wall interaction force, b shear gradient lift force, and c secondary flow drag force (Martel and 
Toner 2014)
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velocities vary significantly in both magnitude and direction within the channel 
cross section. More in-depth reviews of the physics of inertial focusing are avail-
able elsewhere (Martel and Toner 2014; Amini et al. 2014; Di Carlo 2009).

In straight channels with a rectangular cross section, the equilibrium positions are 
centered on each face as depicted in Fig. 3a with the number of particles ended up 
at each position related to the aspect ratio. Once curvature is added to the chan-
nel’s path secondary flows, of sufficient magnitude, will destabilize three of the 
equilibria leaving a single focused stream of particles at the wall closest to the 
radius of curvature as depicted in Fig. 3b.

The take home point is that these forces are the key to utilizing separation and 
the greater understanding we can generate about each improves our ability to pre-
cisely design microfluidic separators.

2.2.2  Channel Configurations

As previously mentioned, the magnitudes of these three primary forces can be 
adjusted using both flow parameters as well as channel design. Several different 
channel designs have been utilized for separation and have been categorized into 
the following groups: Straight, curved, spiral, alternating curves, contraction/
expansion and posts. As a particle passes through each channel configuration, it 
will experience different instantaneous and cumulative effects of the three pri-
mary forces. Schematic representations of these forces experienced by a particle 
are presented for each configuration in Fig. 4. Straight channels achieve focusing 
based upon solely the balance between wall interaction and shear gradient lift. 
Curved channels have an additional constant secondary Dean flow whose force 
is dependent upon cross-sectional position but mostly competes with the shear 

(6)FD = 6πµaUSF

Fig. 3  Typical inertial focusing equilibrium position locations within a rectangular cross-sec-
tioned channel in both a straight and, b curved variations. The center of curvature for the curved 
channel, in (b), would be to the left (Martel and Toner 2014)
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gradient lift. Spirals, if the inlet is in the center, will have a diminishing Dean 
flow as the particle travels along the increasing radius of curvature. Alternating 
curves are broadly defined as channels with more than one center of curvature 
and have corresponding morphing secondary flows. Contraction/expansion 
devices create sudden changes in the wall interaction force in addition to small 
amounts of secondary flows. Finally, post designs use the interaction of pre-
viously aligned particles with a post and the secondary flow caused by such a 
structure to achieve separation.

Based upon the magnitudes of these forces, an estimate of the channel length 
required in order to achieve inertial focusing across the shorter channel cross-sec-
tional dimension can be created:

For a curved channel this can be estimated as slightly shorter than the straight 
channels with limits based upon the ratio of dean to inertial effects. In reality, 
this enhancement is minimal for cross-sections with an aspect ratio close to unity. 
Wide channels, which if straight, that would not be able to achieve meaningful 
focusing across the long dimension are able to achieve focusing across widths as 
large as 200 particle diameters. For contraction/expansion devices this is value is 

(7)Lf ∼= πµD2
h/

(

CSGρUMaxa
2
)

Fig. 4  Types of channel designs and structures used for inertial focusing separation. Each can be 
used in either an equilibrium or dynamic fashion to achieve separation. Adapted from Martel and 
Toner (2014)
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also theoretically shorter due to enhancement in transverse fluid motion from sec-
ondary flows but most channels effectively require a similar total length.

While all devices fall into one of these geometrical channel categories separa-
tion can still be achieved in two distinct manners. Firstly, one can expose cells 
to the forces long enough for the cells to reach an equilibrium position, or sec-
ondly, one can use the abrupt addition or removal of a force to take advantage of 
the dynamic changes of the forces.

3  Separation

The ability to separate cells and particles based upon their diameter without filters 
and at a high throughput is an important tool for biology. While typically accom-
plished using centrifugation, microfluidic methods more precisely separate cells 
based upon size alone rather than size, density, and initial position within a cen-
trifugation tube. Not surprisingly, size-based separation is one of the most utilized 
applications of inertial focusing in microfluidics and has been accomplished using 
all of the possible channel configurations. I will attempt to simply describe each 
type of separation in terms of the main forces and then compare them in terms of 
published specifications and operation.

3.1  Equilibrium Separation

In equilibrium separation particles or cells experience a fairly constant or oscil-
lating force field for a sufficient period of time until they reach final equilibrium 
positions within a channel cross section where they remain until they translate out 
of the channel. In some alternating curvature and contraction/expansion channels, 
this position will oscillate slightly but will still be considered an equilibrium type 
of separation.

3.1.1  Straight Channels

In straight channels, the equilibrium position of a particle varies only slightly 
based upon size making separation possible. Due to the quick drop-off in wall 
interaction forces it is difficult to obtain high purity without a large discrepancy 
in particle size. As such, applications of pure equilibrium straight channel inertial 
focusing separation are limited but clever applications of the principles at work 
have produced other more effective designs.

As previously stated, particles above a certain size (a/Dh > 0.07) will focus 
in a given channel cross section if the flow is at a high enough Reynolds number, 
while particles smaller will not. Straight channels can be used to separate cells and 
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particles above and below this threshold by having the equilibrium position for the 
larger particles designed to be outside the initial sample stream. For instance, in a 
high aspect ratio channel (h/w > 1), if a central sample stream is flanked by buffer 
streams, larger particles will migrate out of the sample stream into the buffer caus-
ing separation (Nieuwstadt et al. 2010). This can also be done in a low aspect ratio 
(h/w < 1) channel using a central buffer stream and flanking sample streams. This 
second variation has been used for isolating exosomes captured on polystyrene beads 
from a plasma sample with a 100 % yield of the capture beads and 99 % purity from 
the plasma (Dudani et al. 2015). A single-sided version of this concept was also 
implemented for separating intact white blood cells (WBCs) from lysed blood sam-
ples at a rate of 5800 cells/s (4.2 mL/h) with a 90 % yield and a 70 % reduction in 
the background stain included in the lysed blood sample (Gossett et al. 2012).

Another manner in which straight channels can be used for equilibrium separa-
tion is by adjusting the aspect ratio of the channel along the length channel. In this 
style of separation, two different size particles are focused in a high aspect ratio 
channel that then expands to a slightly low aspect ratio channel. This allows the 
larger particles to focus to the center of the expanded channel but the now weaker 
inertial forces do not adjust the smaller particles locations (Zhou et al. 2013). 
Using this technique, HPET cancer cells were separated from dilute blood (0.8 % 
hematocrit) at a throughput of 1.5 × 105 cells/s including red blood cells (RBCs) 
achieving a yield of 100 % (purity not provided).

The final method of separation using equilibrium inertial focusing in a straight 
channel takes advantage of the cell free layer formation near the walls of the 
channel to enable the separation of cancer cells from blood. Through a series of 
bifurcations, as shown in Fig. 5, this unique method can separate larger cells from 
blood by slowly moving the equilibrium position out of the stream of blood cells 
and into the cell free layer. This device achieves 85 % yield of MB-231 cells from 

Fig. 5  a Schematic representation of bifurcating straight channels used to gradually shift cancer 
cells from blood into cell free region near the walls of the channel and b images of input and 
output solutions (top) and final bifurcation on the microfluidic device (bottom). Reproduced from 
Tanaka et al. (2012) with permission of The Royal Society of Chemistry
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1 % hematocrit blood at a throughput of 1 × 106 cells/s (33.9 mL/h) (Tanaka et al. 
2012). The caveat with this technique is the lower purity achieved (0.00024 %). 
While applications utilizing equilibrium focusing in straight channels are few and 
far between the essential understandings learned from straight channels are con-
tinuing to elucidate essential principles about inertial focusing.

3.1.2  Curved and Spiral Channels

Curved channels have proven to be advantageous over straight channels for 
improved throughput and the ability to enhance the separation distance between 
streams of cells. However, these channels can be more difficult to parallelize 
in order to further improve throughput as compared to straight channels. The 
improved throughput is an effect of the use of larger channel cross sections, but 
still being able to focus cells into a single stream. The improved separation dis-
tance between particles of different sizes is due to a competitive balance of the 
shear gradient lift force and the secondary flow drag for (Dean drag). Almost half 
(48 %) of all application-based publications on inertial focusing use curved or spi-
ral channels for the simplicity and efficiency of equilibrium separation. The typi-
cal channel Reynolds numbers for these channels range from about 80–200 and 
the Dean number ranges from 10 to 70. This type of separation has been shown to 
have a size resolution close to 1 µm, where researchers designed a channel which 
separated 3.2 and 2.1 µm microspheres with a 96 % yield and 99.1 % purity at a 
throughput of 5000 particles/s (0.6 mL/h) (Johnston et al. 2014). While not the 
highest throughput, this resolution is one of the highest seen in any inertial focus-
ing device. It should also be stated that larger particles (up to 60 µm in diameter 
have been tested) are still able to be separated with larger spiral channels (Hasni 
et al. 2011). More detailed studies of the dynamics of this type of inertial focusing 
and separation can be found elsewhere (Martel and Toner 2012, 2013; Xiang et al. 
2012, 2013, 2014, 2015). While much of the research on equilibrium separation 
in spiral or curved channels has utilized polystyrene microparticles, these mimic 
cells focus fairly well when they are of similar size to the cells.

Several spiral devices using equilibrium separation have been created and 
applied to rare cell isolation (Burke et al. 2014; Kim et al. 2014; Sun et al. 2012). 
Each study achieved >87 % yield of cancer cells from different dilutions of whole 
blood or isolated WBCs. Complete separation was achieved in one of the stud-
ies between isolated WBCs and MCF7 cells (100 % purity) at 16,000 cells/s 
(45 mL/h) (Burke et al. 2014). As expected with an increased number of RBCs 
the purity of isolated rare cells decreased to <1 % albeit with higher through-
put 550,000 cells/s (20 mL/h) (Sun et al. 2012). Separation can also be achieved 
between different cell types (SH-S5Y5 neuroblastoma cells and C6 glioma cells) 
with dissimilar sizes, 15 and 8 µm, respectively, at a high throughput 50,000 
cells/s (120 mL/h) (Kuntaegowdanahalli et al. 2009). White blood cells have been 
separated from diluted whole blood (0.09 % hematocrit) using equilibrium iner-
tial focusing in a curved channels achieving 95 % yield of WBCs with a purity of 
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1.6 % at a rate of 300,000 cells/second (108 mL/h) (Nivedita and Papautsky 2013). 
An intriguing application of this type of cell separation is the ability to separate 
cells based upon what stage of the cell cycle they are currently experiencing, if 
such cells have significant enough changes in size during the cell cycle. Some 
examples of cells that were able to be separated based upon the cell cycle include 
bone-marrow derived human mesenchymal stem cells (hMSCs), CHO-CD36, 
HeLa, and KKU-100 (Lee et al. 2011). These separations achieved high yields 
(>85 %) of cells in G0/G1 phases at 4000 cells/s (150 mL/h).

One unique means of improving the separation between different sizes of par-
ticles is to use a non-rectangular cross-sectional shape to cause a gradient in Dean 
flow velocities across the width of the channel. By doing so, a spiral that is taller 
on the outer part of the channel cross section and shorter toward the center of cur-
vature will have enhanced separation due to smaller particles being entrained in 
the center of the Dean vortices which are located toward the higher outer wall 
(Guan et al. 2013). The trapezoidal cross-sectional shape increased the separa-
tion distance between the equilibrium streams of 10 and 6 µm polystyrene micro-
spheres by several times as shown in Fig. 6. Consequent testing of separation of 
WBCs from diluted blood (1–2 % hematocrit) achieved a 90 % yield with 0.60 % 
purity at a throughput of 3 × 106 cells/s (48 mL/h) (Wu et al. 2012). This same 
device design was applied to rare cell isolation from RBC lysed blood achiev-
ing approximately 80 % yield and 15.6 % purity average across three cell lines 
(MCF7, T24, and MB231) at a throughput of 71,000 cells/s (102 mL/h) (Warkiani 
et al. 2014b).

3.1.3  Other Channels

The last two types of equilibrium separation channel variations, alternating curves 
and contraction/expansion, have inherent oscillations in both channel design and 
equilibrium positions and yet can still be used to cause a difference in average 

Fig. 6  a Schematic representation of inertial focusing spiral microchannel for separating WBCs 
and RBCs. b Comparison of similarly sized rectangular and trapezoidal cross-sectioned spi-
rals highlighting the improved separation in the trapezoidal versions (white = 10 µm particles, 
red = 6 µm particles). Reprinted with permission from Wu et al. (2012). Copyright (2012) Amer-
ican Chemical Society



204 J.M. Martel-Foley

equilibrium behavior of cells or particles based upon size. Alternating curves cause 
Dean flow which transitions from one vortex direction to the other rather than a 
consistent direction like curved or spiral channels. This alternation causes the 
secondary flow drag force to oscillate as well, but in general, causes the motion 
of particles to equilibrium positions to be faster than in a similar cross-sectioned 
straight channel (Gossett and Di Carlo 2009). One of the initial channels used 
for inertial focusing in microfluidics was of this type of design with the addition 
of a changing cross-section as well. These asymmetric curves were able to focus 
wide ranges of particle sizes and even fractionate platelets from other blood cells 
with 99 % purity at a rate of 1.5 × 106 cells/s (54 mL/h). Symmetric curves have 
also been studied leading to different equilibrium behaviors (Zhang et al. 2013). 
Particle separation can be achieved in these symmetrically curved channels by bal-
ancing secondary flow drag and shear gradient forces in such a way that larger par-
ticles focus to the center of the channel and smaller particles focus to the sides 
of the channels in the direction of curvature changes. This style of separation has 
shown the ability to isolate rare cells from dilute blood (0.45 % hematocrit) achiev-
ing a purity of 45.4 % at a rate of 5000 cells/s (36 mL/h) (Zhang et al. 2014b).

Sequences of contractions and expansions also cause transient secondary flows 
that assist in the focusing of cells. These devices can achieve one or two equilib-
rium positions depending on if the expansions are symmetric or asymmetric but still 
achieve separation based upon the balance of shear gradient lift and the transient 
secondary flow effects. Sometimes called multi-orifice flow fractionation (MOFF), 
contraction/expansion devices like these have been shown to cause different patterns 
of equilibrium positions based upon particle Reynolds number and changing second-
ary flow effects. If ReP < 0.5 typically minimal focusing occurs. Particle Reynolds 
numbers between 0.5 and 2 achieves two equilibrium positions on the sides of the 
channel where expansions are occurring, ReP > 2 leading to a centralized equilib-
rium position within the channel. As ReP scales with the particle diameter squared, 
significant separation can be achieved. In an initial study of these channels, polysty-
rene microspheres 15 µm in diameter were separated from 7 to 2 µm spheres with a 
yield of 65 % and a purity of 36 % at a throughput of a 2000 particles/s (15 and 7 µm 
only—8.4 mL/h) (Park and Jung 2009; Park et al. 2009). This type of separation was 
also applied to rare cell isolation where MCF7 cells were separated from 20× diluted 
blood (2.25 % hematocrit) achieving a yield of 80 % with a purity of 0.001 % at a 
throughput of ~1 × 106 cells/s (24 mL/h) (Bhagat et al. 2011).

3.2  Dynamic Separation

Dynamic separation is herein defined as separation caused by a transient force 
field with respect to either population of the particles or cells being separated. 
For example, dynamic separation can be cause the sudden addition or removal 
of a force or an effect that if continued would not result in an equilibrium type 
separation.
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3.2.1  Dean Flow Fractionation

Dean flow fractionation (DFF) is a very adaptable style of dynamic separation uti-
lizing inertial focusing that takes advantage of the focusing of one particle size 
and the Dean flow cycling of smaller non-focusing particles to create separation as 
depicted in Fig. 7. Essentially, DFF avoids the necessary requirement of a having 
all particles large enough to focus by utilizing multiple inlet streams, one with the 
cell mixture and the other with buffer. By designing the curvature and length of the 
spiral to achieve a single Dean cycle, a single recirculation of fluid in the cross sec-
tion as depicted in Fig. 6, particles larger than 0.07a/Dh will focus normally while 
smaller particles will be entrained in the Dean flow and end up on the same side of 
the channel where the sample stream initially entered (Bhagat et al. 2008). While 
this technique uses equilibrium focusing of larger particles, separation is achieved 
through the dynamic motion of the Dean flow and is characterized as such. DFF is 
one of the highest throughput technologies using inertial focusing despite using a 
co-flow of buffer achieving ~5 × 106 cells/s with a sample as concentrated as 15 % 
hematocrit (~9 mL/h) (Hou et al. 2015). The minimum tested resolution for the 
technique is ~5 µm difference in diameter between cancer cells and white blood 

Fig. 7  a Schematic 
representation of Dean flow 
fractionation (DFF). In a 
correctly designed spiral 
(left), dilute blood cells are 
injected on the outer wall 
of the channel curvature 
with buffer used as a sheath 
flow on the inner side. After 
one full Dean circulation 
as the fluid moves through 
the channel, the larger 
cancer cells focus to the 
inner wall and the smaller 
RBCs, entrained in the Dean 
flow, recirculate back to the 
outer portion of the channel 
cross section. b Example 
images of a DFF device and 
its operation. Reprinted by 
permission from Macmillan 
Publishers Ltd: Nature 
Protocols (Khoo et al. 2015) 
copyright (2015)
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cells (Khoo et al. 2014, 2015; Warkiani et al. 2014a). In terms of rare cell isolation 
from blood components, DFF has achieved a yield of 88 % and a purity of 1.9 % 
(Hou et al. 2013). DFF technology for rare cell isolation is one of a select few iner-
tial focusing-based devices on the commercialization path (Clearbridge BioMedics, 
Singapore, Singapore). Beyond rare cell isolation, DFF has been applied to the 
sampling of bacteria from blood (67 % yield, 99.9 % purity) (Hou et al. 2015), 
removal of nanoparticles from cell suspensions after treatments (90 % yield, 95 % 
purity from free nanoparticles) (Yeo et al. 2015), and the removal of unbound 
aptamers (washing) for rapid profiling of RBC surface proteins (85 % yield of 
RBCs and 100 % purity from unbound aptamers) (Birch et al. 2015).

3.2.2  Post Channels

Inertial microfluidic programming or micropillar sequencing also uses a combina-
tion of secondary flows and inertial focusing to accomplish separation, but instead 
of using channel curvature to create a secondary flow uses microstructures placed 
within a straight-walled channel as pictured in Fig. 8. When a central stream of 
fluid containing focused particles pass through these engineered devices, the parti-
cles remain focused to the center while the surrounding sample fluid is cycled to a 
different cross-sectional location. The most efficient use of these devices occurs at 
approximately a Reynolds number of 100 and a low Péclet number (minimal diffu-
sion as compared to fluid flow). While this method does require a sheath flow and 
prefocused particles the technique has been shown to remove white blood cells from 
lysed blood components retaining 80 % of the WBCs and removing 80 % of the 
total hemoglobin content at a throughput of 2700 cells/s (Amini et al. 2013; Sollier 
et al. 2015). The particle size resolution of this method has not been investigated but 
should be of a similar order as DFF as they are taking advantage of similar forces.

3.2.3  Trapping Channels

Vortex trapping is another type of dynamic inertial focusing separation method. In 
this case, pre-focused particles in a high aspect ratio channel are passed through 
a sharply expanded section of channel as pictured in Fig. 9. At sufficiently high 
Reynolds numbers, dependent upon the geometry but typically around 100, vor-
tices form in the large expanded sections of the channel. This allows for a unique 
situation where the central flow stream does not widen or decelerate significantly 
retaining the shear gradient but the wall interaction force disappears. The much 
larger shear gradient lift forces on larger cells cause them to migrate across the 
seperatrix, the streamline that defines the boundary between vortex and main flow, 
and get trapped efficiently. The trapped cells can then be released from the vor-
tices simply by decreasing the flow rate. While each expanded section of chan-
nel can only hold 20 cells each, both serial and parallel arrays of these channels 
are easily created (Hur et al. 2011c). The best resolution achieved to date with 



207Inertial Microfluidic Cell Separation

Fig. 8  a Post-style inertial focusing separation device schematic where a sample fluid enters at 
the center flanked by sheath fluid, passed through a sequence of micropillars that use secondary 
flow to shift smaller objects such as fluorophores across the channel while retaining large parti-
cles in the center via inertial focusing. b Example data separating beads from a biotinylated fluo-
rophores as compared to centrifugation in terms of washing capabilities. c Example data from the 
same device design applied to the separation of WBCs from lysed RBC components. Reprinted 
from Sollier et al. (2015), with permission of Springer
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parallelized vortex traps was between cancer cells and blood cells (~5 µm differ-
ential) that achieved 69 % yield and 66 % purity with a throughput of ~1.25 × 106 
cells/s with a 2.25 % hematocrit sample (18 mL/h) (Dhar et al. 2015). Vortex 
Biosciences Inc. is commercializing this technology for rare cell isolation. Another 
alternative use of this same type of separation was accomplished by focusing 
then separating cells using a single expansion region with a very small outflow. 
This produced excellent resolution between cells of ~1.5 µm or a ~9 % difference 
in particle diameter with the caveat that both were cell types were large, 20 and 
18.5 µm (Wang et al. 2013). While a 90 % yield and 90 % purity were achieved, 
these experiments were completed using polystyrene microparticles rather than 
cells and operated at extremely low concentrations (~103 per mL).

Fig. 9  a Device schematic and dimensions for a typical vortex trapping inertial focusing micro-
fluidic device. b Example images of fluorescent particles being trapped in vortices and c the cap-
ture yield or efficiency as a function of the number of cells injected. Reprinted with permission 
from Hur et al. (2011c). Copyright 2011, AIP Publishing LLC
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3.3  Separation by Other Properties than Size

A unique aspect of flow dependent separation technologies such as inertial focus-
ing is that they enable the separation of cells based upon properties other than size 
alone. So far, three technologies have been explored taking advantage of proper-
ties other than size in straight channels. Each different property affects how the 
particles equilibrate thus leading to the ability to separate them based upon those 
properties.

Fig. 10  Images of focused 
a rigid and b deformable 
particles highlighting the 
shape and equilibrium 
position changes. 
c Equilibrium position in 
terms of fraction of the 
channel width as a function 
of the interior fluid viscosity 
of droplets being focused. 
d Equilibrium position ranges 
for different sizes of droplets 
as a function of the internal 
droplet to carrier fluid 
viscosity ratio. Reproduced 
from Hur et al. (2011b) with 
permission of The Royal 
Society of Chemistry
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3.3.1  Deformability

The first of these properties is the deformability of cells or droplets. Deformability 
of single cells has been linked to metastatic potential in cancers and immunoacti-
vation levels of WBCs (Chen et al. 2014a; Hur et al. 2011b; Kilimnik et al. 2011). 
The ability to separate cells in such a label-free manner enables new measure-
ments and analyses that can be preformed downstream. This separation occurs 
because more deformable particles or droplets equilibrate to a position closer to 
the centerline of a straight rectangular cross-sectioned channel (Hur et al. 2011b). 
This is due to a combination of a viscoelasticity-induced lift force and shape 
changes associated with the shear stresses across a more deformable particle as 
shown in Fig. 10. This design achieved a 97 % yield of metastatic cancer cells 
(modified MCF7 s) from blood cells and a purity of 4 % at a throughput of 11,000 
cells/s (0.167 mL/h).

3.3.2  Shape

The second property used for separation is the shape of a cell or particle. It was elu-
cidated that the equilibrium position of a particle scales with its maximum or rota-
tional diameter (Hur et al. 2011a; Masaeli et al. 2012). As such, in a similar manner 
to particle deformability, separation can be achieved based upon shapes with differ-
ent maximum diameters (Hur et al. 2011a). This difference in equilibrium position 
difference is partially due to the rotation of nonspherical particles. Using stretched 
polymeric particles separation between spheres and rods with 3:1 and 5:1 aspect 
ratios have been shown with yields and purities around 90 % in addition to the sep-
aration of yeast cells based upon the number of buds formed on a single cell as 

Fig. 11  a Device schematic and a comparison of unfocused (left) to focused (right) particles of 
equivalent volume but different aspect ratios. b Data from the separation of yeast (Saccharomy-
ces cerevisae) based upon their shape or number of buds including values of yield and purity of 
different populations as highlighted in the inlet image (top left) (Masaeli et al. 2012)
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shown in Fig. 11. In this experiment, yeast cells (Saccharomyces cerevisae) under-
going budding could be separated from non-budding yeast with a yield of 54 % and 
a purity of 31 % at a throughput of 1500 cells/s (3.6 mL/h) (Masaeli et al. 2012). 
Interestingly, the difference in rotational diameter of these yeast cells is approxi-
mately only a few microns indicating impressive resolution of separation.

3.3.3  Clustering

The last property, while simply a combination of size and shape, is the tendency to 
form clusters. In this research, a tissue digest was performed and subsequently run 
through an inertial focusing channel where clusters of cells were separated from 
single cells based upon their different sizes and shapes, as depicted in Fig. 12. 
In doing so, more differentiated cells in the clusters were separated from adrenal 
cortical progenitor single cells (Hur et al. 2012). In general, inertial focusing for 
separation based upon deformability, shape, and clustering allows for novel infor-
mation content separate from labeling providing a unique means of continuous 
flow separation otherwise unavailable.

4  Beyond Separation

The utility of inertial focusing for cell sorting is also an area of active research as 
both the alignment of cells and the ordering of cells are key components of any 
cell sorting system. A both of these effects are inherently part of inertial focusing 

Fig. 12  a Device schematic for separation of clusters of cells from single cells. b Initially unfo-
cused cells and clusters c become focused to different equilibrium positions based upon size 
allowing for d separation (Hur et al. 2012)
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behaviors there would be no need for high volumes of sheath flows, drastically 
increasing the volumetric throughput of numerous techniques with the caveat 
that the input cell concentration must be low (maximum ~1 v/v%) (Kahkeshani 
et al. 2015). Just like for separation, different channel configurations have been 
studied for cytometry applications. One of the earliest designs was using a spiral 
device whose equilibrium position was used for measuring the fluorescence sig-
nal from beads and cells achieving a coefficient of variance of 18 % at a rate of 
2100 cells/s (Bhagat et al. 2010). Another design utilizing both asymmetric curves 
followed by a straight channel allowing for a single equilibrium position for cell 
concentrations around 0.1v/v% achieving 6 % coefficient of variation at a rate of 
25,000 cells/s (6 mL/h) (Oakey et al. 2010). Excellent single point focusing has 
also been achieved in contraction/expansion channels (Chung et al. 2012). One 
contraction/expansion design has even been integrated with an active fluorescence 
sorting mechanism (pulsed laser cavitation) (Chen et al. 2014b). In this applica-
tion a unique ability in inertial microfluidics is also highlighted where the spac-
ing between cells can be adjusted with certain channel designs once the cells have 
been focused. This can effectively double the spacing between cells allowing for 
higher purity separations (Lee et al. 2010; Chen et al. 2014b).

Another area of active research is improving imaging and detection capabilities 
to take advantage of the possibilities of using inertial focusing for higher through-
put flow cytometry. In one case, a novel imaging system (serial time encoded 
amplified microscopy—STEAM) capable of ~1 ps shutter times was able to image 
approximately 100,000 cells/s focused to a single stream (Goda et al. 2012). Other 
researchers have worked on developing tools for massively parallelized imaging 
systems looking at numerous streams of focused cells at once (Hur et al. 2010). 
Finally, the adaptation of inertial focusing channel fabrication onto semiconductor 
surfaces has been shown and will hopefully enable the direct integration of micro-
scale sensors with the microchannels improving the signal coupling (Ciftlik et al. 
2013).

The precise ordering of cells is also useful for single cell encapsulation, as 
shown in Fig. 13, which can then be used for sorting using electrical fields among 
other types of active sorting technologies. Both straight and curved inertial focus-
ing channels have proven to provide significant improvements in encapsulation 
efficiency as compared to Poisson statistics (Edd et al. 2008; Kemna et al. 2012). 
This spacing has been shown to be dependent on ReP and particle concentration 
(Kahkeshani et al. 2015). This longitudinal ordering distance can be modulated 
using expansions and contractions of the channel cross section (Lee et al. 2010).

Finally, inertial focusing has also been used as integral components in complex 
microfluidic separation and sorting platforms for rare cell isolation incorporating 
multiple microfluidic technologies such as deterministic lateral displacement and 
multistage microfluidic MACS (Karabacak et al. 2014; Ozkumur et al. 2013; Shen 
et al. 2014).
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5  Comparisons

In general, when investigating the performance of any inertial focusing cell sepa-
ration technology there is a trade-off between the ability to handle higher volume 
fraction samples and the purity/yield of the technology. When accounting for all 
dilutions off-chip and on-chip, it appears that there is an upper limit on concen-
tration of approximately 2.5 % volume fraction for effective operation of an iner-
tial focusing device, which is consistent with concentration titration experiments 
(Martel et al. 2015). This is likely indicative of the hydrodynamic nature of inertial 
focusing requiring free fluid motion and minimal particle interactions in order for 
predictable forces to be maintained. Devices capable of operating above this limit 
typically do not have high yield or purity if isolating a larger cell type from one 
smaller. As shown in Table 1, yields and purities above 90 % are unlikely at cell 
concentrations above 0.5 % volume fraction, in other terms, at least a 100× dilu-
tion of blood. Despite this limitation, throughputs of inertial focusing devices are 

Fig. 13  Utilization of the ordering behaviors associated with inertial focusing to produce uni-
formly emulsion sizes with single cells in the majority of droplets. a Schematics of the micro-
emulsion generating device. b Image-based comparison of random (not inertially focused) and 
ordered (focused) encapsulation. c Statistical comparison of encapsulation. d Images of droplet 
generation process with the average droplet size of 14.6 pL at a rate of almost 15 kHz. Repro-
duced from Edd et al. (2008) with permission of The Royal Society of Chemistry
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still high with an average of 517,000 cells/s including smaller sized items such as 
RBCs or an average of 13,650 cells/s considering only large cells (WBCs or cell 
lines).

One trend that is apparent is that the highest volumetric throughput of any 
device type is the curved/spiral type indicating that this type of channel is very 
effective at focusing across large channel dimensions. While perhaps inefficient 
in terms of device area compared to most straight channels, recent developments 
of stacking these devices makes parallelization achievable thus evening the play-
ing field with facile parallelization of straight channels (Warkiani et al. 2014a). 
In terms of cellular throughput, there were no clear outliers as several devices, 
especially those that were able to handle higher concentrations of RBCs, achieved 
separation rates on the order of millions per second. It was surprising to see that 
the highest separation resolution channel type was also using equilibrium focusing 
within a spiral microchannel (Johnston et al. 2014). While at reduced throughput, 
due to the smaller cross section, this type of resolution may be able to compete 
with deterministic lateral displacement for small particles with continued device 
development. Finally, it should be highlighted that the versatility of DFF across 
different applications with minimal design changes is an impressive technological 
feat despite not having the highest performance in any one application (Birch et al. 
2015; Hou et al. 2015; Yeo et al. 2015; Zhang et al. 2014a).

It is unclear whether or not dynamic or equilibrium separation holds a signifi-
cant advantage in terms of cell separation. Theoretically, single dynamic inter-
actions allow for more precise separations limiting chances of particle–particle 
interactions, however, it does require very precise prepositioning of particles. It is 
also clear that recently dynamic separation methods have become more prevalent, 
but a clear reason for this change is not yet illuminated. Another emerging trend 
is the use of sequential removal of fluid as focusing occurs leading to a more effi-
cient focusing device (Burke et al. 2014; Kim et al. 2014; Martel et al. 2015).

6  Future

Inertial focusing is an important tool in microfluidics as well as a phenomenon of 
scientific intrigue pushing the speed limits of microfluidics. From a basic science 
perspective, the complex challenge of predicting and optimizing inertial focusing 
devices is a substantial task. With many researchers now working on technology 
development some amount of standardization in measurements would be helpful 
in order to directly compare these technologies. Focusing quality or the ability for 
a given design to achieve a narrow focused stream is one helpful measurement for 
equilibrium separation technologies that can be widely applied. Similar means of 
comparing dynamic systems have yet to be developed other than from the perspec-
tive of separation performance and even these metrics of throughput and purity 
can be presented with different definitions. Also, a very small number of scien-
tific publications on inertial focusing use rigid microchannels (Martel et al. 2015; 



219Inertial Microfluidic Cell Separation

Ciftlik et al. 2013). As such, the majority of data on inertial focusing is from chan-
nels that more likely than not have a different cross-sectional shape than stated. 
This complicates understanding the forces at play and makes it even more difficult 
to relate different scientific results. Without standardization of measurements or 
fabrication of these rigid channels it is not possible to relate all different works 
together impeding progress.

In most microfluidic technologies, one of the most important elements for 
achieving separation does not perhaps receive nearly as much attention as 
it should: outlet design. While some designs use a percent width of an out-
let to determine its output fraction, it is actually the balance of hydraulic resist-
ance that determines the splits. Even a change in wall angle can cause shifts in 
results (Mach and Di Carlo 2010). This deserves some attention and perhaps 
standardization.

From a theoretical perspective, inertial focusing alone cannot be a replacement 
for other types of cell sorting but can easily have a meaningful impact upon sam-
ple preparations and novel types of cell isolation as highlighted herein.
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Abstract There are many situations in medicine and biology where it is desirable 
to distinguish specific cells within a population based on their mechanical deform-
ability, which can potentially serve as a proxy for morphology or pathology. This 
biophysical characteristic is particularly relevant for cells in the circulatory system 
because deformability determines the capacity for these cells to transit through 
the microvasculature. These circulating cells include the abundant hematological 
cells such as erythrocytes (red blood cells, RBCs) and leukocytes (white blood 
cells, WBCs), as well as rare cells, such as circulating tumor cells (CTCs). Since 
deformability is such a fundamental characteristic of blood cells, deviations in 
normal cell deformability can contribute to a range of pathological conditions and 
potentially serve as a biomarker to evaluate them during treatment. In this chapter, 
we first discuss the role of deformability in circulating cells, including erythro-
cytes, leukocytes, and CTCs. We then briefly introduce our recent efforts in meas-
uring cell deformability, and then compare the deformability of various circulating 
cells. Subsequently, we review the principles and applications of established strat-
egies for deformability-based cell separation, including hydrodynamic chromatog-
raphy and microfiltration. Finally, we will describe a recently developed method to 
sort cells based on deformability using the microfluidic ratchet mechanism, as well 
as its application in deformability-based separation of CTCs and deformability-
based sorting of RBC infected with P. falciparum, the parasite that causes malaria.
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1  Cell Deformability as a Physical Biomarker 
for Circulating Cells

This section will first describe circulatory cells for which deformability plays 
an important role and where deviations from normal deformability are a poten-
tial physical biomarker for pathology. Specific examples will be provided for red 
blood cells, white blood cells, and circulating tumor cells. Subsequently, experi-
mental validation of such biomarkers is discussed to provide a quantitative com-
parison of the deformabilities of various circulating cells.

1.1  Red Blood Cell Deformability

Red blood cells, or erythrocytes, perform the critical function of circulating 
throughout the body to transport oxygen and carbon dioxide between tissues. 
Along its circulatory path, these cells must transit through pores that are much 
smaller than their diameter, such as in the micro-capillaries of the lung and the 
inter-endothelial clefts of the spleen (Fig. 1a). Consequently, normal RBCs must 
be able to undergo repeated and extensive deformation (Crosby 1959; Chen and 
Weiss 1973). The ability for RBCs to deform may be lost as a consequence of 
senescence (Bosch et al. 1994; Sutera et al. 1985), or as a result of hereditary dis-
orders such as sickle cell disease (Clark et al. 1980; Nash et al. 1984), spherocy-
tosis (Perrotta et al. 2008), thalassemia (Schrier 1994), immune hemolytic anemia 
(Alaarg et al. 2013), as well as some infectious diseases like malaria (Paulitschke 
and Nash 1993; Cranston et al. 1984). The loss of RBC deformability is medi-
cally significant as rigid cells can be sequestered in tissues causing microvascular 
obstruction, ultimately resulting in necrosis and tissue death (Fig. 1b).

One of the key diseases associated with alterations in RBC deformability is 
malaria, which results from mosquito-borne transmission of protozoan parasites of 
the genus Plasmodium. Plasmodium falciparum is the most prevalent and deadli-
est species of the parasites that cause malaria. A central aspect of infection by P. 
falciparum is the invasion of host RBCs where the parasite develops and asexu-
ally reproduces over a ~48-h period. The growth and development of parasites 
during this intra-erythrocytic stage has been characterized as a series of morpho-
logically distinct stages starting from ring, progressing to trophozoite, and then 
to the mature schizont stage. Interestingly, the maturation of the parasite within 
a host RBC coincides with a progressive decrease in the deformability of that cell 
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(Cranston et al. 1984; Nash et al. 1989). Consequently, RBC deformability can 
potentially be used to determine the stage of parasite maturation at the single cell 
level (Guo et al. 2012).

Multiple factors contribute to the reduction of RBC deformability over the 
course of the intra-erythrocytic part of the lifecycle of P. falciparum: (1) the 
byproducts of hemoglobin metabolism induce oxidative stress within the host 
RBC that contributes to membrane rigidification by cytoskeletal cross linking and 
lipid peroxidation (Mohanty et al. 2014); (2) the parasite expresses proteins that 
are inserted as neoantigens on the surface membrane of the host RBC and con-
tribute to reduced host cell deformability (Mills et al. 2007; Moxon et al. 2011; 
Diez-Silva et al. 2012); and (3) at later stages of the parasite lifecycle, the pres-
ence of solid parasites may also impair the deformation of the host cell (Hosseini 
and Feng 2012). Parasitized cells ultimately rupture to release daughter merozo-
ites and the release of heme products may contribute to rigidification of bystander 
uninfected RBCs (uiRBCs) (Omodeo-Salè et al. 2005). However, it is important 
to note that the rigidification of iRBCs increases exponentially during the asexual 
parasite lifecycle and parasitized cells are clearly distinguishable from bystander 
cells (Guo et al. 2012).

A significant challenge to the control and eventual eradication of malaria 
is that this disease is largely endemic to resource-poor regions, where advanced 
laboratory facilities may not be available. Microscopic analysis of blood smear 

Fig. 1  a Schematic illustration of human and mouse RBCs in proportion to the diameters of 
capillary and inter-endothelial splenic pore; b abnormal RBCs, either from aging or caused 
by certain pathology, become less deformable and more susceptible to sequestration. Line 
v  represents a threshold at which clearance from circulation is likely to occur via spleen 
 entrapment or by other mechanism [Reproduced with permission from Kwan et al. (2013). 
 Copyright 2012, American Journal of Hematology]
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has been established as the standard for diagnosis because it is a sensitive method 
that requires only basic laboratory facilities. However, such diagnosis requires 
specialized training that may not be readily available. Microfluidic technologies 
have a potentially important role to play as these methods pave the way for novel 
low-cost and portable approaches to perform diagnosis and scientific research in 
malaria endemic regions. The development of sensitive deformability-based diag-
nostic systems offers the advantage of providing objective and quantitative assess-
ment of infection. Furthermore, since deformability is a biophysical parameter, 
there is no need for immunological and other reagents that could limit the shelf-
life of the system or impose a need for refrigeration. For these reasons, emerging 
microfluidic technologies have a tremendous potential to enable more accurate and 
earlier diagnosis of malaria, even in remote regions endemic to the infection.

Deformability-based analysis and sorting of Plasmodium falciparum infected 
RBCs (Pf-iRBCs) are also important tools for malaria research. Since reduction in 
Pf-iRBC deformability directly correlates with parasite intra-erythrocyte matura-
tion, these cells can be fractionated based on the developmental stage of the intra-
cellular parasite. This capability facilitates the discovery of biomarkers associated 
with parasite growth and drug metabolism, using genomic and proteomic methods. 
These advantages of deformability-based microfluidic sorting technologies can also 
extend to other hematological disorders, like sickle cell disease, or RBC senes-
cence, to reveal how alteration of deformability contributes to RBC pathology.

1.2  White Blood Cell Deformability

White blood cells, or leukocytes, are the immune cells that protect the body from 
infectious disease and foreign substances. Leukocytes are classified into a range 
of phenotypes and sub-phenotypes that vary widely in morphology. For example, 
based on nuclear morphology, leukocytes can be classified into granulocytes and 
agranulocytes. The first group includes neutrophils, eosinophils and basophils, 
which have a multi-lobed nucleus and numerous cytoplasmic granules. The second 
group includes lymphocytes and monocytes, which have a large round nucleus.

While circulating in the blood stream, leukocytes are significantly less 
deformable than erythrocytes and have been reported to cause capillary obstruc-
tion (Guo et al. 2012, 2014). Leukocytes in passive circulation typically assume 
a spherical shape that vary in diameter from 6 to 8 μm, including lymphocytes 
(6.2 μm), neutrophils (7.0 μm), eosinophils (7.3 μm), and monocytes (7.5 μm) 
(Schmid-Schönbein et al. 1980). While the average size of these subpopulations 
of circulating leukocytes differs slightly, the size distribution overlaps signifi-
cantly (Schmid-Schönbein et al. 1980), making it difficult to discriminate these 
cells based solely on size. When activated, leukocytes can undergo dramatic mor-
phological changes that allow these cells to migrate through the endothelial wall 
of the blood vessels. Such transendothelial migration has been best character-
ized in the most abundant circulating leukocytes, including neutrophils (Yap and 
Kamm 2005) and lymphocytes (Brown et al. 2001; Anderson and Anderson 1976; 
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Miyasaka and Tanaka 2004), and involves rapid cytoskeletal remodeling from a 
semi-rigid spherical state into a flattened and highly deformable state. This mor-
phological change is part of leukocyte extravasation, which enables these cells 
to penetrate small gaps between endothelial cells. Following extravasation, leu-
kocytes may also further adopt other morphological conformations in the tissue. 
When stimulated by chemoattractants, produced during acute inflammation of the 
lung, neutrophils rigidify, and sequester within the tissue (Worthen et al. 1989).

The studies of leukocytes have traditionally emphasized their central role in 
infectious or immune hypersensitivity diseases. Currently, flow cytometry is the 
primary means to phenotype leukocytes and to evaluate their state. However, due 
to the large variety of leukocyte phenotypes and limited molecular biomarkers to 
indicate their status, existing approaches are unable to completely resolve leuko-
cyte phenotype or their activation state. In some cases, these properties can poten-
tially be resolved using biophysical properties as a proxy for differences in their 
morphology. Deformability-based cell separation can then leverage these proper-
ties to isolate leukocytes of specific subtypes or states for further study.

1.3  Circulating Tumor Cells

Circulating tumor cells (CTCs) are believed to be the precursors to the formation 
of secondary tumors during metastasis (Comen et al. 2011). CTCs are of strong 
prognostic value (Allard et al. 2004) and can serve as a biomarker for monitoring 
treatment efficacy. Therefore, detection, enumeration, capture, and characterization 
of CTCs has the tremendous potential to advance cancer research, diagnostics, and 
treatment. The long-standing challenge of CTC capture has been the extreme rarity 
of these cells, occurring at a density as low as 1 in 109 erythrocytes or 1 in 107 leu-
kocytes (Miller et al. 2010). CTC capture and enumeration is typically achieved by 
immunoaffinity capture but this method has come under question, as the target epi-
thelial antigens may not be expressed on the most relevant CTCs (Punnoose et al. 
2010). Cell sorting by deformability represents a compelling alternative to immu-
noaffinity capture because a key discriminating feature of tumor cells is that they 
typically originate from non-hematological tissues, such as epithelium, and these 
cells are larger and significantly more rigid than RBCs and leukocytes.

The distinct morphology of tumor cells was first used to enrich CTCs from blood 
by filtration of the cells on clear plastic tape (Seal 1964). More recently, polycar-
bonate membrane microfiltration systems have been developed with far more pre-
cise pore size and permit rapid enrichment of CTCs (Vona et al. 2000; Desitter et al. 
2011). However, an important limitation to CTC microfiltration is that these filters 
may clog due to the high density of cells in blood. As a consequence, microfiltration 
typically requires a debulking step prior to sorting, such as RBC lysis, a process that 
may contribute to target cell loss. Also, CTCs are typically chemically fixed so that 
they can be filtered under pressures that would normally lyse the cells. This cell fixa-
tion partially addresses the clogging of the filter but also rigidifies the cells such that 
they are sorted on the basis of size alone, but not cell deformability.
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By overcoming the limitations imposed by device fouling due to clogging, it 
would be possible to enrich CTCs on the combined basis of cell size and deform-
ability. Not only would this filtration system be more sensitive and selective than 
conventional microfilters, the added capability to sort cells by deformability would 
allow separation of CTCs and leukocytes of similar size. For these reasons, size- 
and deformability-based CTC enrichment represents a compelling label-free 
alternative to immunoaffinity capture of CTCs that may improve the accuracy of 
prognosis based on CTC enumeration.

1.4  Deformability Measurement Using Microfluidic 
Micropipette Aspiration

In order to establish cell deformation as a physical biomarker for cell morphology 
or pathology, it is important to develop robust methods to measure cell deform-
ability. One prominent technique for measuring individual cell deformability 
is micropipette aspiration developed by Evans and La Celle (1975). The classic 
form of this technique involves the complete or partial suction of single cells into 
the orifice of a glass micropipette using a minute negative pressure. The intrin-
sic mechanical properties of aspirated cells can then be determined using various 
models (Hochmuth 2000) based on measured relationship between suction pres-
sure, the diameter of the orifice, the diameter of the resting cells and the protrusion 
length of the cell in the pipette. So far, micropipette aspiration has presented itself 
as a highly effective technique for measuring the deformability of individual living 
cells in research settings.

Our group has applied the principle of micropipette aspiration and devel-
oped the microfluidic version of this prominent technique, as shown in Fig. 2a. 
Specifically, the deformability of an individual cell was investigated by pressuriz-
ing cell through micron-scale constrictions. The microstructure was designed such 

Fig. 2  Microfluidic micropipette aspiration of individual cells. a Schematic illustration of an 
individual cell passing through a 3-D micron-scale tapered constriction. b Deformation of a sin-
gle cell through funnel constriction at the instability with leading and trailing radii edge (Ra and 
Rb)
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that the entrance of the funnel is larger than the diameter of the cells, while the 
exit is smaller. The tapered funnel shape provides test cells with a smooth transi-
tion through which to deform. The funnel openings are sized to create a temporary 
seal with each cell as it passes through; and therefore the force applied across the 
funnel infers the forces required to squeeze individual cells through the constric-
tion. To derive an intrinsic property of cells from the force measurement, an indi-
vidual cell may be modeled using a simple liquid drop model (Hochmuth 2000) 
which considers a cell as a liquid drop with a constant cortical tension, Tc. From 
observation, as a cell transits the constriction, the pressure required to advance the 
cell increases until a point of instability, known as the Haines’ jump (2009), after 
which the cell is rapidly pulled through the constriction. The threshold pressure for 
Haines’ jump depends on the rigidity of the deformed cells and deformation geom-
etry, including the radius of the leading cell surface and the radius of the trailing 
cell surface, which are in turn determined by the geometrical constraint provided 
by the funnel (Fig. 2b). The relationship can be modeled using Young–Laplace law

In this model, Ra and Rb are the leading and trailing radii and Tc is the intrin-
sic cortical tension (pN/µm), representing the deformability of the test cell. 
Originally, the technique was developed to only process one cell at a time, which 
can be laborious and time-consuming. Recently, we have been able to multiplex 
this mechanism to enable deformability measurement of multiple cells in one run 
(Myrand-Lapierre et al. 2014). We have also greatly simplified the data analysis by 
adapting this system such that cell deformability can be measured based on transit 
rate of cells through a chain of microscale funnels (Santoso et al. 2015).

Using this mechanism, we have measured the cortical tension of various cells 
types, including hematological cells, such as erythrocytes, lymphocytes and granu-
locytes, cultured cancer cells (L1210 mouse lymphoma cells and RT4 bladder can-
cer cells) (Guo et al. 2012) and malaria Pf-iRBCs at different intra-erythrocytic 
stages (0–16 h: ring stage; 16–24 h: early trophozoite; 24–40 h: late trophozoite; 
40–48 h: schizont) (Guo et al. 2012). Figure 3 illustrates the deformability spec-
trum of these cell types. Each cell is accompanied by images from microscopy 
Giemsa or Wright stain as shown in the inset images. Here, the deformabil-
ity derived from measured cortical tension is normalized to 1 for healthy RBCs. 
RBCs parasitized by P. falciparum are observed to progressively become up to 
tenfold more rigid, within 40 h, and over 100-fold more rigid than healthy RBCs 
thereafter. Overall, we observed that the rigidity of parasitized RBCs increases 
exponentially as the parasite matures (Guo et al. 2012).

By measuring deformability, we can also discriminate between different cell 
types. Lymphocytes and neutrophils are the two abundant subtypes of leukocytes 
in circulation but they differ markedly in their cell deformability profiles (Fig. 3c). 
Furthermore, tumor cells of both epithelial and hematological origin were sig-
nificantly more rigid than either erythrocytes or leukocyte. The sensitivity of these 

(1)�P = Tc

(

1

Ra

−
1

Rb

)
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techniques also provides the opportunity to rapidly assess leukocyte activation, based 
on changes in cell deformability. Furthermore, the clear distinction between the bio-
mechanical properties of these cells suggests that deformability-based sorting would 
offer an effective means to sort erythrocyte, leukocytes, and tumor cells from blood.

2  Hydrodynamic Chromatography

This section describes the first of three classes of physical cell separation 
approaches relevant to deformability-based cell sorting. This first approach could 
be broadly described as hydrodynamic chromatography where the flow path of 
certain cells is altered based on the physical properties of the cell via hydrody-
namic effects when the heterogeneous population of cells flows through a fluidic 
microchannel. Specifically, deterministic lateral displacement and cell margination 
using non-inertial lift forces will be discussed.

2.1  Deterministic Lateral Displacement

Deterministic lateral displacement (DLD), first described by Huang et al. (2004), 
is a microfluidic technique for separating particles based on their sizes using 
a regular array of pillars. This technique has also recently has demonstrated its 

Fig. 3  Deformability 
spectrum of circulating 
cells including erythrocytes 
(RBCs), malaria Plasmodium 
falciparum infected RBCs 
(Pf-iRBCs), leukocytes 
(neutrophils, lymphocytes) 
as well as cultured tumor 
cells such as bladder 
cancer cells, and mouse 
lymphoma. Giemsa images 
of the Pf-iRBCs at different 
development stages over the 
48-h life cycle are inserted, 
including early ring stage 
(0–16 h), early Trophozoite 
(16–24 h), late Trophozoite 
(24–40 h) and Schizont (40–
48 h). Wright stain images of 
neutrophils and lymphocytes 
are also included
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potential to sort biological cells based on deformability (Beech et al. 2012; 
Krueger et al. 2014; Holmes et al. 2014). The principle of DLD can be explained 
by considering streamlines taken by infinitesimally small fluid particles in a 
microfluidic device where Reynolds number <<1, and thus fluid flow is entirely 
laminar. In this scenario, the streamlines are entirely independent of each other 
and do not cross or merge. Therefore, infinitesimally small fluid particles follow-
ing one streamline will not move into another streamline. Particles of finite size, 
however, can be shifted onto a different streamline because of size exclusion, 
which occurs when the size of the particle exceeds the available space between 
the streamline and the edge of a boundary. In this case, the particle will be shifted 
onto a different streamline, where the amount of shift depends on particle size, and 
is therefore the basis of size-based separation using this mechanism (Fig. 4a).

Fig. 4  Principle of deterministic lateral displacement for size and deformability-based sepa-
ration. a Red particle with effective size (Reff) smaller than the width of the streamline family 
(Rc) is confined by the streamline and follow the fluid flow; while green particle bigger than the 
streamline family width is bumped out of the streamline and therefore separated from the smaller 
particle. b Conceptual design and principle of the deterministic lateral displacement separation. 
c Effect of shear stress induced particle deformation on Reff; d images of GTA treated RBCs 
interactions with the pillar at certain shear stresses; untreated RBCs is able to deform, leading to 
Reff < Rc, which results in no lateral displacement; GTA-degraded RBCs retain the discoid shape 
(Reff > Rc), causing lateral displacement of these cells way from the original flow direction [a and 
c Reproduced with permission from Beech et al. (2012). Copyright 2009, Applied Physics Letter; 
b reproduced with permission from Inglis (2009). Copyright 2012, lab on a chip; d reproduced 
with permission from Holmes et al. (2014). Copyright 2014, Interface Focus]
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A separation system can be constructed by arranging the pillar array in such 
a way to continuously provide a shift of the particles based on size. As shown in 
Fig. 4b, the DLD device comprises a periodic array of micrometer-scale obstacles 
of either rectangular (Huang et al. 2004) or round pillars (Davis et al. 2006). Each 
row of the pillars is shifted horizontally to the right with respect to the previous 
row. For example, by shifting each row d = 1/3 λ (λ: center to center distance 
between pillars), we can consider a pillar array where fluid flow between the gap 
of the pillars can be divided into 3 family of streamlines, identified using purple, 
blue, and green colors. The three streamline families exiting the gap between first 
row of pillars are separated due to the lateral shift of the pillars in the next row. In 
this case, the purple streamline family leaving the first gap flows to the left of the 
pillar in the next row, while the blue and green family of streamlines flows to the 
right. As this process repeats, the streamlines return to their original relative posi-
tions within a single gap after three rows. Consequently, small particles within the 
confine of the purple streamline family will travel downwards through the array 
parallel to the sidewall. In contrast, particles of sizes larger than the width of the 
streamline family will be shifted by each row of pillars and proceed in a diagonal 
path through the pillar array. This process repeats at each row, resulting in distinct 
trajectories for larger particles along an angle through the pillar array.

DLD can also be extended to sort cells based on deformability by taking advan-
tage of the fact that fluid flow near an obstacle could apply significant shear stress 
to compress nearby cells in transit. Specifically, flow near an obstacle boundary 
take on a parabolic velocity profile starting from zero velocity at the boundary. 
The velocity difference across the cell ranging from zero velocity at the bound-
ary to the velocity at the opposing side of the cell, results in a shear stress that 
deforms the cell and modifies its shape. Figure 4c explains the dependence of 
RBC deformation near the pillar on flow rates, which can potentially influence 
the separation angle of the RBCs trajectory through the DLD (Beech et al. 2012). 
Experimentally, it has been also validated by Holmes et al. (2014). Specifically, 
they demonstrated the successful separation of untreated RBCs from 0.01 % glu-
taraldehyde (GTA) treated RBCs based on deformability. GTA is a fixative agent 
that induces cross linking and stabilization of RBC membrane proteins to reduce 
deformability in a concentration dependent manner, while the RBCs shape and 
size remain unchanged. Figure 4d clearly shows that GTA treated RBCs retain 
their discoid shape and do not deform, compared with untreated RBCs which 
deformed significantly under the flow shear stress. The ability of DLD to separate 
RBCs based on deformability further demonstrates the potential to separate dis-
eased RBCs such as malaria Pf-iRBCs from uiRBCs.

In summary, DLD is a hydrodynamic method for manipulating and separating 
particles and cells in the laminar flow regime using pillar arrays to alter the flow 
paths of certain cells. The technique performs extremely well for size-based parti-
cle separation. Deformability-based cell sorting is possible in principle, but exist-
ing studies have been limited to chemically degraded RBCs and have not been 
extended to medically relevant scenarios.
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2.2  Cell Margination Using the Non-Inertial Lift Force

Another form of cell separation using hydrodynamic chromatography is cell mar-
gination, which relies on the non-inertial lift force experienced by deformable cells 
near the wall of a microfluidic channel. As discussed earlier in DLD, in a microflu-
idic channel without any obstacles, rigid spherical particles typically do not cross 
streamlines in the laminar flow regime (Re ≪ 1) where inertial fails and viscous 
effects dominate. However, softer cells can deform and reorient themselves under 
shear flow stress; and are able to experience the non-inertial lift force that can help 
them to cross streamlines. Originally discovered by Goldsmith and Mason in 1961, 
this force arises from shear stress experienced by deformable cells near the bound-
ary of a microfluidic channel that can stretch deformable cells, such as RBCs, 
which produces a characteristic tank-treading motion (Goldsmith and Mason 1962; 
Olla 1997; Zhou et al. 2006). Tank treading motion, of RBC for example, refers to 
the rotation of the RBC membrane, in a similar motion to a treadmill, while cell is 
stretched axially. Consequently, RBCs remain a constant inclination with respect 
to the flow streamline which causes the non-inertial lift. As a result of this hydro-
dynamic lift, RBCs are pushed perpendicularly across streamlines away from the 
wall. Olla (1997) provided a quantitative theoretical calculation of the non-iner-
tial lift force on objects experiencing tank tread motion, which predicted that (1) 
spherical objects experienced no such lift forces at Re ≪ 1; (2) the lift force relied 
on the ability of the objects to deform to the ellipsoid shape. This theoretical pre-
diction was later proved to be in good agreement to the experimental results for 
vesicles (Callens et al. 2008) as well as RBCs and platelets (Geislinger and Eggart 
2012). Specifically, Geislinger and Eggart (2012) investigated the potential to 
separate RBCs, blood platelets, and solid microspheres from each other using the 
non-inertial hydrodynamic lift at various flow rate and fluid viscosity. A version of 
the cell margination effect observed for blood flow in capillaries is known as the 
Fåhræus–Lindqvist effect (1931). Here the highly deformable RBCs are pushed 
towards the center of the blood vessel because of the non-inertial lift force, while 
the less deformable leukocytes and platelets experience less lift force and are mar-
ginalized near the capillary walls. The phenomenon typically occurs at high hema-
tocrit level as the accumulated RBCs collide and push the non-RBCs away from 
the centerline towards the side walls.

The margination effect has been used in microfluidic devices (Shevkoplyas 
et al. 2005) to isolate subpopulation of cells based on deformability. For example, 
Fåhræus–Lindqvist phenomenon was directly implemented using a biomimetic 
bifurcation design to isolate leukocytes from whole blood. As shown in Fig. 5a, 
this particular device was able to enrich leukocyte concentration over RBCs by 
34-fold. Hou et al. presented another realization of the cell margination microflu-
idic device for deformability-based separation of RBCs infected with Plasmodium 
falciparum. As described in Sect. 1, RBCs infected with P. falciparum experi-
ence a dramatic reduction in their deformability as the parasite grows inside. As 
a result, deformable uiRBCs experienced greater lift forces, which concentrated 
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in the channel center while sterically displacing malaria iRBCs (late stages) 
toward the wall. After flowing through a long separation channel (~3 cm), iRBCs 
were enriched and collected through both the top and bottom side-channel out-
lets, shown in Fig. 5b. The group was able to capture iRBCs with a yield ~75 % 
for ring stages and >90 % for late stages with twofold enrichment of parasitemia. 
A significant shortcoming of the approach is the low sample (iRBCs) purity due 
to the requirement of high hematocrits (~40 %) input sample and high flow rate 
(0.2–5 µL/min). More recently (2014), Geislinger et al. (2014) demonstrated the 
separation of malaria iRBCs using only the hydrodynamic lift force at low flow 
rate and sample hematocrit. The schematic illustration of the concept is shown in 
Fig. 5c. The cells injected were focused to be near the lower wall using the sheath 
flow (not shown in the figure) before they flew through the separation channel 
(20 mm long) where they experienced the non-inertial lift effect. The bifurca-
tion between Outlet 1 and 2 occurs at a distance 50 µm above the lower wall with 
outlet 2 connected at an angle 49° with Outlet 1 (Fig. 5c). The group was able to 

Fig. 5  a Biomimetic margination design of the bifurcated microfluidic channel for the concen-
tration of leukocytes, a direct implementation of Fåhræus–Lindqvist effect; b schematic illus-
tration of a microfluidic margination to perform deformability induced, margination-based 
separation of Pf-iRBCs at high hematocrits; c conceptual design for the separation of ring stage 
Pf-iRBCs using non-inertial lift forces. a Reproduced with permission from Shevkoplyas et al. 
(2005). Copyright 2005, Analytical chemistry; b reproduced with permission from Hou et al. 
(2010). Copyright 2010, Lab on a chip; c reproduced with permission from Geislinger et al. 
(2014). Copyright 2014, Malaria journal.
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achieve higher enrichment (4.3 fold) than Hou et al. (twofold) at the expense of 
low throughput (~12,000 cells/h).

In summary, cell margination enables deformability-based cell separation using 
the non-inertial lift force to selectively transport deformable cells towards the 
center of a microfluidic channel, while transporting rigid cells toward the chan-
nel walls. This mechanism has been adapted to separate leukocytes from RBCs 
(Shevkoplyas et al. 2005), as well as malaria iRBCs from normal RBCs (Hou et al. 
2010). A key challenge in current studies is the need for high-density cell sam-
ples, which dramatically limits enrichment of target cells over background cells. 
Consequently, the cell margination mechanism is perhaps best utilized as an initial 
preprocessing step, before refining target cell selection through secondary and ter-
tiary selection steps.

3  Microfiltration

Microfiltration is the process of flowing a cell sample through an array of 
microscale constrictions in order to capture target cells based on their sizes and 
deformability. Microfiltration techniques have been widely used extensively for 
biophysical cell separation, including the separation of leukocytes and CTCs from 
whole blood, where the size of the constriction opening determines the cut-off 
between cells captured and cells transited through the filter. This section describes 
current strategies for deformability-based cell separation using microfiltration. 
These strategies can be classified into three basic filter geometries (pore, weir, and 
pillar) and two filter schemes (dead-end and cross-flow filtration). Finally, this sec-
tion describes challenges inherent to the selectivity of filtration-based cell separa-
tion schemes.

3.1  Filter Geometries

There are three different types of filter geometries, including pores, weirs, and 
pillars, as shown in Fig. 6. The pore filter microstructure consists of a membrane 
perforated with a 2-D array of holes. The diameter of the hole defines the critical 
cut-off dimension for capturing target cells of certain size and deformability. The 
weir filter microstructure consists of microchannels containing a sudden decrease 
in the channel cross section, which creates a barrier in the flow path to trap larger 
and more rigid cells while allowing the passage of smaller and softer cells. The 
size of the gap between the top of the obtrusion barrier and the top of the flu-
idic channel defines the critical cut-off dimension. The pillar filter microstructure 
consists of an array of micro-posts spaced appropriately to form constrictions to 
capture target cells. The narrowest distance, or gap, between each pair of pillars 
defines the critical cut-off dimension.
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3.2  Filtration Schemes

3.2.1  Dead-End Filtration

There are two types of filtration schemes (Ji et al. 2008): dead-end and cross-flow 
filtration, as shown in Fig. 7. In dead-end filtration, cells are simply infused into 
the filter microstructure using a pressure-driven flow. The process is extremely 
simple to perform, but a key challenge is cell clogging, which can reduce the 
selectivity of the process and limit the ability to extract the segregated cells for 
subsequent analysis. Specifically, as target cells are captured in the filter, they 
close off the available constrictions which increase the hydrodynamic resistance 
of the filters. If the sample infusion pressure is kept constant, the sample flow rate 
will be reduced as a result. Eventually, the sample flow comes to a complete stop, 
hence the name dead-end. In some cases, the increased hydrodynamic resistance 
is compensated by increasing the filtration pressure. However, since clogging is 
an unpredictable process, rising the filtration pressure greatly increases the poten-
tial to rupture the cells. Consequently, this approach necessitates fixing the cells 
to preserve their integrity, which greatly limit the available molecular analysis 
that could be applied to the captured cells (Lin et al. 2010; Zheng et al. 2007). A 
related issue to clogging is fouling, which occurs because captured cells remain in 
contact with the filter microstructure for a significant period of time during dead-
end filtration. The prolonged contact between the cell and the filter microstructure 

Fig. 6  Three basic filter geometries including a membrane pore; b weir; c pillar [This figure is 
reproduced with permission from Jin et al. (2014). Copyright 2014, Lab on a Chip]

Fig. 7  Two common microfiltration schemes including a dead-end filtration and b cross-flow 
filtration
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promotes the adsorption, which significantly limits the ability to extract the cap-
tured cells after separation.

3.2.2  Cross-Flow Filtration

To overcome clogging and enable continuous cell sorting, improved filtration 
techniques using cross-flow have been developed. Figure 7b is a typical cross-
flow filtration scheme, in which a flow tangential to the filter surfaces is applied to 
remove the captured cells. This process is known as cross-flow or tangential-flow 
filtration. The cross-flow filtration scheme diverts most of the flow and cells stuck 
at the filters away and hence the filters are less prone to clogging. Since the cross-
flow scheme aims to allow the less deformable cells to be stopped in a suspended 
state instead of being trapped in the filter permanently, this filtration process could 
be performed continuously.

Recent literature provides examples of using cross-flow filtration to separate 
leukocytes from whole blood in several cases. The design of a cross-flow filtra-
tion device typically consists of (1) two inlets (one to feed cell sample, the other 
to provide the cross flow), (2) a separation network consisting of an array of filter 
barriers and (3) two outlets (RBCs and leukocytes). Depending on the filter types, 
there are cross-flows using pillar (Ji et al. 2008; Chen et al. 2008; Sethu et al. 
2006), weir (Chen et al. 2008; VanDelinder and Groisman 2007) or membrane 
pore (Li et al. 2014). For example, pillar type filters were constructed by Ji et al. 
by etching on silicone substrate; and by Chen et al. (2008) using silicone elasto-
mer polydimethylsiloxane (PDMS). Both approaches were able to capture up to 
90 % of all leukocytes. VanDelinder and Groisman (2007) fabricated an array of 
microchannels with a deep main channel, flanked by a large number of orthogo-
nal, shallow side channels (weir type filter) to separate leukocytes from RBCs with 
capture efficiency of 98 % and leukocytes purity of 72 %. Despite the superior 
performances, the device did require diluted whole blood (1:1000) and had limited 
throughput of 3.6 µL/h. More recently, Li et al. (2014) also leveraged cross-filtra-
tion scheme in conjunction with a surface micro-machined PDMS membrane pore 
type filters to achieve leukocytes separation. The device is able to deplete majority 
of RBCs (purity of leukocytes ~98 %), and capture ~27 % of all leukocytes at a 
throughput of 17 µL/min.

Although cross-flow can significantly reduce cell clogging and adsorption, the 
selectivity of the approach is limited because the cross-flow action disrupts the 
filtration process. Previous studies on the separation of leukocytes from RBCs 
have found that when the cross-flow is too strong, RBCs were not given sufficient 
opportunity to come in contact with the filters before they were carried away by 
the cross-flow to leukocytes outlet. Consequently, the purity of the separated leu-
kocytes was typically quite low in existing examples of cross-flow microfiltration 
device (refer to Table 1 for comparison of previous studies) (Ji et al. 2008; Chen 
et al. 2008; Sethu et al. 2006). When the cross-flow is set to be slow to avoid the 
contamination of RBCs, it typically results in poor declogging, which can result 
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in low capture efficiency in some cases (Li et al. 2014). The potential underlying 
issue for the sub-optimal selectivity of cross-flow schemes arises from the fact 
that the cross-flow is not applied directly against the filtration but at a 90° angle 
to filtration flow. This issue suggests the idea of developing a declogging flow in 
the direction against the filtration flow to achieve more efficient declogging effect. 
This strategy will be discussed in detail in Sect. 4.

3.3  Applications of Microfiltration for Deformability-Based 
Cell Sorting

Despite the issues of cell clogging and adsorption associated with microfiltration, 
this approach is attractive to many researchers as a simple and economic way of 
sorting cells based on their mechanical deformability. Table 1 summaries some 
of microfiltration techniques developed so far for deformability-based cell sort-
ing. Typical applications using microfiltration include: (1) separating culture can-
cer cells from whole blood as a model for patient-derived CTCs; (2) leukocytes 
separation from RBCs; and (3) pathological RBCs separation such as malaria 
Pf-iRBCs from uiRBCs. Table 1 identifies the filter types and filtration schemes 
employed by each paper and summarizes their performance specifications, includ-
ing capture efficiency, purity or enrichment, capacity, and throughput.

In general, for dead-end filtration, the device can either only process limited 
amount of blood (up to 1 mL) or requires diluted whole blood. Techniques uti-
lizing cross-flow schemes can perform continuous separation but also requires 
diluted whole blood in many cases. The performances of cross-flow microfiltra-
tion for leukocyte separation from RBCs are generally better than those of dead-
end microfiltration. Specifically, Ji et al. (2008) compared the performances of 
cross-flow and dead-end microfiltration with the same cut-off size (~3.5 µm) for 
isolating leukocytes from human whole blood samples. The results confirm that 
cross-flow filtration scheme with pillar filter geometry has better performances in 
terms of leukocytes capture efficiency, purity, and blood handling capacity than 
those of dead-end filtrations using either pillar, weir or pores.

Studies of CTCs separation typically involved experiments of separating cul-
tured cancer cells spiked in whole blood as a model to predict the performances of 
CTCs enrichment from patient sample blood. In early studies using cultured can-
cer cells, the samples were typically fixed before filtration by various cross-link-
ing agents such as glutaraldehyde and paraformaldehyde (Desitter et al. 2011; Lin 
et al. 2010; Zheng et al. 2007; Hosokawa et al. 2010), because the deformability 
of cancer cells was considered to be detrimental to capture efficiency. Recent stud-
ies by Zheng et al. (2011) have been able to capture viable CTCs (without fixa-
tion) based on the combination of size and deformability without compromising 
the capture efficiency.

In summary, microfiltration is a simple and economical strategy to separate bio-
logical cells based on deformability despite issues associated with cell clogging 
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and adsorption. Although microfiltration using cross-flow scheme can reduce the 
likelihood of clogging and adsorption, the cross-flow cannot solve the clogging 
issue completely without disrupting the filtration process. This limitation suggests 
the idea of developing alternative microfiltration strategy that can completely lib-
erate all cells from filters and reduce the duration of contact of cells with the filters 
to avoid adsorption.

4  Deformability-Based Cell Sorting Using Microfluidic 
Ratchet

This section introduces an improved microfiltration scheme utilizing the micro-
fluidic ratchet mechanism developed by our group. We describe the underlying 
principle of the microfluidic ratchets and how this mechanism permits continu-
ous deformability-based sorting of complex samples, such as whole blood, with-
out clogging or adsorption. Finally, thus enabling continuous deformability-based 
separation of CTCs, as well as sorting of RBCs to enrich for cells infected with P. 
falciparum.

4.1  Microfluidic Ratchet Mechanism

The principle of the microfluidic ratchet mechanism relies on the deforma-
tion of individual cells through tapered constrictions with openings smaller than 
their diameter. Deforming cells along the direction of the funnel taper requires 
less pressure than against the direction of the funnel taper. Oscillatory flow of an 
appropriate magnitude coupled with this physical asymmetry, allow some cells to 
transport through the funnel unidirectionally in a ratcheting manner, while other 
cells are blocked by the funnel and released on the subsequent flow reversal. The 
outcome of this transport process depends on the ability of single cells to deform 
or squeeze through micrometer-scale size constrictions when subjected to a pre-
cisely controlled pressure, and thereby enabling deformability-based cell separa-
tion. The oscillatory flow plays the additional role of minimizing contact between 
cells and the funnel constrictions to prevent cell clogging and adsorption.

Microstructures forming individual microfluidic ratchets are designed as a 2-D 
tapered constriction, where the opening at the entrance side is larger than the typi-
cal cell diameter, while the opening at the exit side is smaller than the typical cell 
diameter (Fig. 8). Key geometrical parameters of this microstructure includes (1) 
the pore size W0, defined as minimum opening of the funnel, (2) the thickness of 
the funnel microstructure, and (3) the shape of the funnel taper (θ). The tapered 
constrictions are sized such as a cell is laterally constrained and must deform 
in order to transit, but is vertically unconstrained to provide stress relief. Under 
these conditions, the deformation force required to transit cells through such a 
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constriction can be modeled using Young Laplace’s Law (Eq. 1) and liquid drop 
model described in Sect. 1.4.

From this model, the pressure (ΔP) required to squeeze a cell through the fun-
nel constriction is a function of membrane cortical tension (T0), as well as the 
leading and trailing radii (Ra and Rb) of the cells. Because of their confinement 
in an asymmetric taper, the cell requires a different deformation pressure to tran-
sit through the taper along the direction of the taper versus against the direction 
of the taper (Fig. 8b, c) (Guo et al. 2011). Specifically, when a cell is squeezed 
along the direction of the taper (Fig. 8a), both the leading and trailing radii are 
constrained, which reduces the difference between Ra and Rb, resulting in smaller 
transiting pressure. Conversely, when a cell is squeezed against the direction of the 
taper (Fig. 8b), only the leading edge (Ra) is constrained while the trailing edge 
(Rb) is unconstrained, which results in larger differences between Ra and Rb, lead-
ing to larger transiting pressure.

The existence of the deformation pressure asymmetry has been experimentally 
confirmed by deforming L1210 mouse lymphoma cells (~10 µm diameter) through 
funnel constrictions with a range of pore sizes (6–9 µm) and shapes (θ = 0°, 5°, 
and 10°) (Guo et al. 2011). A microfluidic device was specifically designed to 
measure the deformation pressure required to transit L1210 cells both along the 
direction of the funnel taper (Fig. 8a) and against the direction of the funnel taper 
(Fig. 8b). The expected deformation pressure asymmetry was observed, and the 
deformation pressure increased with decreasing pore size. Furthermore, the pres-
sure asymmetry increased as the taper angle (θ) decreased from 10° to 5°, but 

(1)�P = Tc

(

1

Ra

−
1

Rb

)

Fig. 8  Microfluidic ratchet with asymmetry shape funnel constriction. a, b asymmetry deforma-
tion of individual cells leading to different transiting pressures required to squeeze cell through 
either direction; c images of the individual cell ratchet through a series of funnels of the same 
size under a certain oscillatory pressure and frequency
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disappeared as the angle was reduced to 0°. These results agreed with the theoreti-
cal predictions obtained using Young–Laplace Law (Eq. 1) and form the basis of 
the microfluidic ratchet to allow ratchet transport of cells using oscillatory flow.

To confirm oscillatory flow through tapered constrictions can indeed transport 
single cells in a ratcheting manner, a separate microfluidic device, containing 37 
funnels constrictions with a 6 µm pore size (W0) arranged in series at a pitch of 
60 µm, was designed to track the movement of single cells through a series of fun-
nel constrictions (Fig. 8c) (Guo et al. 2011). A negative control was performed by 
placing L1210 mouse lymphoma cell under unbiased oscillatory flow in a micro-
fluidic channel without microstructures (region in Fig. 8c①). Expectedly, these 
cells showed no net motion confirming the reversibility of low Reynolds number 
flow. When the same cell was then placed within a series of funnels, the same 
unbiased oscillatory flow caused the cells to ratchet along the direction of the fun-
nel taper. Specifically, the cell was able to squeeze through the tapered constric-
tion in the forward phase of the oscillation flow, but is prevented from return to its 
starting point during the backward phase of the oscillation flow. Parameters influ-
encing the ratchet effect, including pore size, oscillation frequency, and magnitude 
of the oscillation flow were further investigated. Specifically, ratcheting was found 
to only occur when the pressure exceeds the threshold deformation pressure for 
the cell to transit along the direction of taper, confirming the transport process is 
selective based on cell deformability, or more precisely, cell squeezability.

Based on the microfluidic ratchet effect, deformability-based cell sorting can 
be achieved when deformable cells ratchet through the funnels while rigid cells 
are blocked by the constrictions and subsequently released under the reverse flow 
(Fig. 9a, b). To process a large number of cells, a microfluidic device containing 
a 2-D array of micrometer-scale funnel constrictions was designed as shown in 
Fig. 9c. Specifically, the pore size remains the same at each row of the funnels, 
while gradually decreases from bottom to top rows. Microchannels lining the 
top and bottom array provide an oscillatory flow biased towards upward direc-
tion, while the microchannels lining the left of the funnel array provide a constant 
cross flow. Cells are infused from the bottom-left corner of the sorting region and 
transported through the array by vertical oscillatory flows and constant horizontal 
cross-flow. As shown in Fig. 9c, the upward phase of the oscillatory flow works 
to discriminate the cells based on deformability, the downward phase of the oscil-
latory works to release the cells to prevent clogging and fouling, and the simul-
taneous cross-flow works to extract the sorted cells. These three flows combine 
to propel the cells in a zigzag diagonal path through the constriction array. As 
cells reach a limiting pore size that prevents their transit, they proceed horizon-
tally between funnel rows towards the outlet reservoirs. Since cells with different 
deformability will be blocked by different pore sizes, the cell population is sorted 
based on deformability in this manner.

The microfluidic ratchet cell sorting process presents several advantages over 
traditional microfiltration (Sect. 3). First, during the ratchet sorting process, within 
the funnel microstructures, the cells do not experience significant deformation 
until nearing their blocking funnel row. As a result, the integrity and viability of 
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the cells are maintained throughout the sorting process. Second, because this oscil-
latory flow ensures that cells are not trapped within the funnel microstructure, 
the hydrodynamic resistance of the filter remains constant, which ensures that 
all incoming cells to experience a constant filtration force. Third, the oscillatory 
flow ensures that cells come into contact with the filtration microstructures only 
momentarily (1–2 s at the most), which prevent cell adsorption and enable pro-
cessing of high-density samples, such as whole blood. Finally, the funnel array 
design is capable of sorting a cell sample into multiple outlets, which provide sig-
nificant greater ability to analyze heterogeneous samples compared to binary cell 
separation schemes.

4.2  Deformability-Based Sorting of RBCs Using 
Microfluidic Ratchets

As discussed in Sect. 1.1, the function of RBCs centrally depends on its ability to 
deform and deviation from normal deformability is often associated with pathol-
ogy. An important example of this type of pathology is in malaria caused by P. 

Fig. 9  a, b Tapered funnel constrictions enable unidirectional flow of cells (ratchet behavior) 
under oscillation excitation consisting of upward filtration flow and downward reverse flow; c 
conceptual design of the ratchet cell sorting [This figure was reproduced with permission from 
Guo et al. (2016). Copyright 2016, Lab on a Chip]
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falciparum, where development and maturation of the intra-erythrocytic stage of 
the parasite is directly associated with reduced deformability of infected RBCs. 
We developed a version of the microfluidic ratchet device to sort RBCs based on 
deformability in order to enrich for iRBCs to improve diagnostic sensitivity. A 
secondary objective is to extract iRBCs from different development stages in order 
to elucidate the molecular processes of development and to discover targets for 
new drugs.

The microfluidic ratchet device developed to sort RBCs is shown in Fig. 10a 
(Guo et al. 2016). The central part of the device is a 2-D array of funnel constric-
tions (Fig. 10b). The funnel array is connected by a left cross-flow inlet (CFI) 
and sample inlet (SI), to nine outlet collectors (O1–9) on the rightmost edge of 
the device (Fig. 10a). Oscillation inlet 1 and 2 (Osc1 and Osc2) line the top and 
bottom of the sorting matrix. These flows combine to propel the cell population 
to form a characteristic diagonal trajectory through the funnel array, as shown in 
Fig. 10b. As RBCs reach their blocking pore size (Fig. 10c), they were released 
under the downward oscillation and subsequently they proceeded horizontally in 
between the funnel rows to their designated outlets under the cross flow.

In this design, the sorting region used to sort RBCs is composed of 35 rows and 
630 columns of funnels. The thickness of the funnel is designed to be ~4.5 µm to 
provide stress relief in the vertical direction while the RBCs are deformed later-
ally through the funnel pore. The pore size remains the same in each row while 
decreases every four rows from the bottom row. In total, the 35 rows of constric-
tions consist of 9 different sizes (1.5, 1.75, 2, 2.25, 2.5, 3, 3.5, 6, and 7.5 µm) and 
therefore, sort the input sample based on deformability into 9 fractions in outlets 
O1–O9. The most deformable RBCs are collected in O1 while least deformable 
ones are collected in O9.

Deformability-based sorting of RBCs was validated by sorting RBCs treated 
with glutaraldehyde (GTA), which chemically degrades RBC deformability in a 
dose-dependent manner. RBC samples from healthy donors were treated with 0, 
0.01, 0.015, 0.025 and 0.05 % GTA. Compared to untreated RBCs, GTA-treated 
RBCs take on a distinct trajectory through the matrix of funnel constrictions that 
direct them into different outlets in a concentration dependent manner (Fig. 10d). 
To investigate the potential for sorting iRBCs containing P. falciparum parasites, 
malaria iRBCs at ring, early trophozoite, late trophozoite and schizont stages were 
obtained through synchronized culture and sorted through the microfluidic ratchet. 
The Pf-iRBCs were collected into different outlets that reflected the rigidification 
of these cells during parasite maturation.

Furthermore, we investigated the ability to improve malaria diagnostic sen-
sitivity through a step of enrichment using the microfluidic ratchet. Specifically, 
clinically relevant samples, which contains only ring stage iRBCs at concentration 
<0.01 %, were prepared and sorted through the device. The majority of the RBCs 
were collected in O1–3 while the iRBCs were enriched in O4–9. Giemsa micros-
copy is recognized as the gold standard for malaria diagnosis and it was found that 
Pf-iRBC enrichment could enable Giemsa parasite detection well below the cur-
rent detection limit (Fig. 10e).
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4.3  Deformability-Based Separation of CTCs Using 
Microfluidic Ratchets

Separating circulating tumor cells (CTCs) from patient blood sample offers tre-
mendous potential for the detection and characterization of cancer. The key chal-
lenge in separation and analysis of CTCs from patient blood is their extreme 

Fig. 10  Images of the ratchet cell sorting device. a Image of the overall design of a typical 
ratchet sorting device; b RBCs follow a diagonal trajectory in response to the sample inlet (SI) 
flow, cross-flow inlet (CFI) flow and biased oscillation flows (Osc1 and Osc2); RBCs introduced 
through the SI transit the funnel matrix until reaching the blocking pore sizes (c). d Distributions 
of RBCs population treated with varying concentrations of GTA show a monotonic rightwards 
shift, consistent with the loss of RBCs deformability; e enrichment of ring stage iRBCs from 
ultra-low parasitemia (<0.01 %) improves the sensitivity limit of gold standard Giemsa micros-
copy [This figure is reproduced with permission from Guo et al. (2016). Copyright 2016, Lab on 
a Chip]
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rarity, where there are only a few CTCs in each ml of whole blood. Significant 
interest in label-free CTCs enrichment strategies based on morphological differ-
ences between CTCs and hematological cells has arisen since the immunoaffinity 
method has been under questions for its reliability. While tumor cells are gener-
ally larger, CTCs may sometimes significantly overlap in size with leukocytes. 
This situation is particularly relevant in cases of prostate and colorectal cancer 
where CTCs from patients are known to be smaller and have significant overlap in 
size with leukocytes (Coumans et al. 2013; Ligthart et al. 2013; Park et al. 2014). 
In this circumstance, combined size and deformability sorting, by microfluidic 
ratchet, is particularly advantageous. The ability for the microfluidic ratchet to sort 
blood perpetually, without clogging, as well as the capacity to isolate viable CTCs 
are also important advantages to the characterization of these cells.

The CTC sorting device (Jin et al. 2016) is similar, in principle and design, to 
the malaria sorting device, with some notable exceptions. Like the malaria sort-
ing device, the CTC sorting device consisted of sample (SI) and cross-flow (CFI) 
input channels, a sorting region, oscillatory channels lining the top and bottom 
(Osc1 and Osc2) and outlet channels (Fig. 11a). However, the sorting region con-
sisted of 32 rows and 2047 columns and the funnel pore sized ranged from 18 to 
2 µm, with a constant thickness of 30 µm. This geometry was designed to clearly 
separate CTC and contaminating leukocyte populations, and these two cell popula-
tions were collected into two distinct outlets. Another difference between the sort-
ing devices was that the CTC sorting device permitted RBCs to transit vertically 
through the sorting region and drain into Osc1 (Fig. 11b). This ensured that these 
cells did not accumulate within and foul the sorting region.

The CTC sorting device was initially validated using whole blood spiked with 
cultured cancer cells (UM-UC13 bladder cells). Experimental result indicated 
that leukocytes and the bladder cancer cells were clearly separated by the 6 µm 
pore. Accordingly, the device was designed to have only two outlets: leukocyte 
outlet and tumor cells outlet, divided by the cut-off 6 µm pore funnel row. The 
spiking experiment indicated that the microfluidic ratchet cell sorting process can 
enrich tumor cells by 104-fold with a capture efficiency of >90 % and viability of 
99.1 %. The capacity to sort CTC from whole blood of patients with metastatic 
castrate-resistant prostate cancer (mCRPC) was subsequently evaluated. Label-
free biophysical enrichment of CTCs from mCRPC patients represents a par-
ticular challenge because there is a significant overlap between the diameters of 
CTCs and leukocytes in these patient samples. This underscores the importance 
of deformability-based sorting of these CTCs. Following analysis of 20 mCRPC 
patient blood samples and 4 healthy control donor samples, we established that the 
microfluidic ratchet enabled detection of significantly more CTCs than the conven-
tional CellSearch system (Fig. 11c, d).
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Fig. 11  a Image of the overall design of CTCs separation; b schematic illustration of the sorting 
process which drains RBCs into the upward oscillation channels, and separates CTCs from con-
taminant leukocytes through the ratchet sorting region. C and D Comparison of CTCs enumera-
tion using both microfluidic ratchet and CellSearch for patients with mCRPC; the p value indi-
cates a significant difference by Wilcoxon-ranked sum [This figure is reproduced with permission 
from Jin et al. (2016). Copyright 2016, Small]
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5  Summary

This chapter first described the potential for cell deformability to serve as a 
physical biomarker for circulatory cells where the ability to deform is essential. 
Specific instances relating to red blood cells, leukocytes, and circulating tumor 
cells are explored. Subsequently, we reviewed existing approaches for deforma-
bility-based cell sorting including hydrodynamic chromatography and microfiltra-
tion. Hydrodynamic chromatography relies on interactions between particles and 
obstacles in flow to route cells into different paths based on differences in size and 
deformability. This approach includes the techniques of deterministic lateral dis-
placement and cell margination. Microfiltration separate cells by flowing the cell 
sample through an array of microscale constrictions. Despite significant develop-
ment, however, this approach lacks selectivity because of clogging and fouling. 
The final part of this chapter describes a recent advance to potentially address 
the challenges in microfiltration by sorting cells based on deformability using the 
microfluidic ratchet mechanism. This mechanism leverages the asymmetrical pres-
sure required to squeeze single cells through tapered constriction to selectively 
transport single cells based on deformability using oscillatory flow. This approach 
has been applied to separate RBCs infected with P. falciparum in order to isolate 
infected cells to improve the sensitivity of malaria diagnosis. The microfluidic 
ratchet mechanism has also been applied to the separation of viable CTCs directly 
from whole blood and demonstrated significant improvements in yield compared 
to conventional methods.

References

Alaarg A, Schiffelers RM, van Solinge WW, van Wijk R (2013) Red blood cell vesiculation in 
hereditary hemolytic anemia. Front Physiol 4:1–15. doi:10.3389/fphys.2013.00365

Allard WJ, Matera J, Miller MC et al (2004) Tumor cells circulate in the peripheral blood of all 
major carcinomas but not in healthy subjects or patients with nonmalignant diseases. Clin 
Cancer Res 10:6897–6904. doi:10.1158/1078-0432.CCR-04-0378

Alvankarian J, Bahadorimehr A, Yeop Majlis B (2013) A pillar-based microfilter for isolation of 
white blood cells on elastomeric substrate. Biomicrofluidics 7:14102. doi:10.1063/1.4774068

Anderson AO, Anderson ND (1976) Lymphocyte emigration from high endothelial venules in rat 
lymph nodes. Immunology 31:731–748

Beech JP, Holm SH, Adolfsson K, Tegenfeldt JO (2012) Sorting cells by size, shape and deform-
ability. Lab Chip 12:1048. doi:10.1039/c2lc21083e

Bosch FH, Werre JM, Schipper L et al (1994) Determinants of red blood cell deformability in 
relation to cell age. Eur J Haematol 52:35–41. doi:10.1111/j.1600-0609.1994.tb01282.x

Brown MJ, Hallam JA, Colucci-Guyon E, Shaw S (2001) Rigidity of circulating lymphocytes 
is primarily conferred by vimentin intermediate filaments. J Immunol 166:6640–6646. 
doi:10.4049/jimmunol.166.11.6640

Callens N, Minetti C, Mader M-A et al (2008) Hydrodynamic lift of vesicles under shear flow in 
microgravity. Europhys Lett 83:6. doi:10.1209/0295-5075/83/24002

Chen LT, Weiss L (1973) The role of the sinus wall in the passage of erythrocytes through the 
spleen. Blood 41:529–537

http://dx.doi.org/10.3389/fphys.2013.00365
http://dx.doi.org/10.1158/1078-0432.CCR-04-0378
http://dx.doi.org/10.1063/1.4774068
http://dx.doi.org/10.1039/c2lc21083e
http://dx.doi.org/10.1111/j.1600-0609.1994.tb01282.x
http://dx.doi.org/10.4049/jimmunol.166.11.6640
http://dx.doi.org/10.1209/0295-5075/83/24002


252 Q. Guo et al.

Chen X, Cui D, Liu C, Li H (2008) Microfluidic chip for blood cell separation and collection based 
on crossflow filtration. Sens Actuators B Chem 130:216–221. doi:10.1016/j.snb.2007.07.126

Chen J, Chen D, Yuan T et al (2013) A microfluidic chip for direct and rapid trapping of white 
blood cells from whole blood. Biomicrofluidics 7:34106. doi:10.1063/1.4808179

Choi S, Song S, Choi C, Park J-K (2007) Continuous blood cell separation by hydrophoretic fil-
tration. Lab Chip 7:1532–1538. doi:10.1039/b705203k

Clark MR, Mohandas N, Shohet SB (1980) Deformability of oxygenated irreversibly sickled 
cells. J Clin Invest 65:189–196. doi:10.1172/JCI109650

Comen E, Norton L, Massagué J (2011) Clinical implications of cancer self-seeding. Nat Rev 
Clin Oncol 8:369–377. doi:10.1038/nrclinonc.2011.64

Coumans FAW, van Dalum G, Beck M, Terstappen LWMM (2013) Filtration parameters influ-
encing circulating tumor cell enrichment from whole blood. PLoS ONE. doi:10.1371/journal.
pone.0061774

Cranston HA, Boylan CW, Carroll GL et al (1984) Plasmodium falciparum maturation abolishes 
physiologic red cell deformability. Science 223(80):400–403. doi:10.1126/science.6362007

Crosby W (1959) Normal functions of the spleen relative to red blood cells—a review. Blood 
14:399–408

Davis JA, Inglis DW, Morton KJ et al (2006) Deterministic hydrodynamics: taking blood apart. 
Proc Natl Acad Sci USA 103:14779–14784. doi:10.1073/pnas.0605967103

Desitter I, Guerrouahen BS, Benali-Furet N et al (2011) A new device for rapid isolation by size 
and characterization of rare circulating tumor cells. Anticancer Res 31:427–441

Diez-Silva M, Park Y, Huang S et al (2012) Pf155/RESA protein influences the dynamic micro-
circulatory behavior of ring-stage Plasmodium falciparum infected red blood cells. Sci Rep 
2:614. doi:10.1038/srep00614

Evans EA, La Celle PL (1975) Intrinsic material properties of the erythrocyte membrane indi-
cated by mechanical analysis of deformation. Blood 45:29–43

Fåhræus R, Lindqvist T (1931) The viscosity of the blood in narrow capillary tubes. Am J 
Physiol Hear Circ Physiol 96:562–568

Geislinger T, Eggart B (2012) Separation of blood cells using hydrodynamic lift. Appl Phys Lett 
100:183701. doi:10.1063/1.4709614

Geislinger TM, Chan S, Moll K et al (2014) Label-free microfluidic enrichment of ring-stage 
Plasmodium falciparum-infected red blood cells using non-inertial hydrodynamic lift. Malar 
J 13:375. doi:10.1186/1475-2875-13-375

Goldsmith H, Mason S (1962) The flow of suspensions through tubes. I. Single spheres, rods, 
and discs. J Colloid Sci 17:448–476. doi:10.1016/0095-8522(62)90056-9

Guo Q, McFaul S, Ma H (2011) Deterministic microfluidic ratchet based on the deformation of 
individual cells. Phys Rev E 83:051910. doi:10.1103/PhysRevE.83.051910

Guo Q, Reiling SJ, Rohrbach P, Ma H (2012a) Microfluidic biomechanical assay for red 
blood cells parasitized by Plasmodium falciparum. Lab Chip 12:1143–1150. doi:10.1039/
c2lc20857a

Guo Q, Park S, Ma H (2012b) Microfluidic micropipette aspiration for measuring the deform-
ability of single cells. Lab Chip 12:2687–2695. doi:10.1039/c2lc40205j

Guo Q, Duffy SP, Matthews K et al (2014) Microfluidic analysis of red blood cell deformability. 
J Biomech 47:1767–1776. doi:10.1016/j.jbiomech.2014.03.038

Guo Q, Duffy SP, Matthews K et al (2016) Deformability based sorting of red blood cells 
improves diagnostic sensitivity for malaria caused by Plasmodium falciparum. Lab Chip. 
doi:10.1039/C5LC01248A

Haines WB (2009) Studies in the physical properties of soil. V. The hysteresis effect in capillary 
properties, and the modes of moisture distribution associated therewith. J Agric Sci 20:97. 
doi:10.1017/S002185960008864X

Hochmuth RM (2000) Micropipette aspiration of living cells. J Biomech 33:15–22
Holmes D, Whyte G, Bailey J et al (2014) Separation of blood cells with differing deform-

ability using deterministic lateral displacement. Interface Focus 4:20140011. doi:10.1098/
rsfs.2014.0011

http://dx.doi.org/10.1016/j.snb.2007.07.126
http://dx.doi.org/10.1063/1.4808179
http://dx.doi.org/10.1039/b705203k
http://dx.doi.org/10.1172/JCI109650
http://dx.doi.org/10.1038/nrclinonc.2011.64
http://dx.doi.org/10.1371/journal.pone.0061774
http://dx.doi.org/10.1371/journal.pone.0061774
http://dx.doi.org/10.1126/science.6362007
http://dx.doi.org/10.1073/pnas.0605967103
http://dx.doi.org/10.1038/srep00614
http://dx.doi.org/10.1063/1.4709614
http://dx.doi.org/10.1186/1475-2875-13-375
http://dx.doi.org/10.1016/0095-8522(62)90056-9
http://dx.doi.org/10.1103/PhysRevE.83.051910
http://dx.doi.org/10.1039/c2lc20857a
http://dx.doi.org/10.1039/c2lc20857a
http://dx.doi.org/10.1039/c2lc40205j
http://dx.doi.org/10.1016/j.jbiomech.2014.03.038
http://dx.doi.org/10.1039/C5LC01248A
http://dx.doi.org/10.1017/S002185960008864X
http://dx.doi.org/10.1098/rsfs.2014.0011
http://dx.doi.org/10.1098/rsfs.2014.0011


253Microfluidic Technologies for Deformability-Based Cell Sorting

Hosokawa M, Hayata T, Fukuda Y et al (2010) Size-selective microcavity array for rapid and 
efficient detection of circulating tumor cells. Anal Chem 82:6629–6635. doi:10.1021/
ac101222x

Hosokawa M, Asami M, Nakamura S et al (2012) Leukocyte counting from a small amount of 
whole blood using a size-controlled microcavity array. Biotechnol Bioeng 109:2017–2024. 
doi:10.1002/bit.24471

Hosseini SM, Feng JJ (2012) How malaria parasites reduce the deformability of infected red 
blood cells. Biophys J 103:1–10. doi:10.1016/j.bpj.2012.05.026

Hou HW, Bhagat AAS, Chong AGL et al (2010) Deformability based cell margination–a sim-
ple microfluidic design for malaria-infected erythrocyte separation. Lab Chip 10:2605–2613. 
doi:10.1039/c003873c

Huang LR, Cox EC, Austin RH, Sturm JC (2004) Continuous particle separation through deter-
ministic lateral displacement. Science 304:987–990. doi:10.1126/science.1094567

Inglis DW (2009) Efficient microfluidic particle separation arrays. Appl Phys Lett 94:2007–2010. 
doi:10.1063/1.3068750

Ji HM, Samper V, Chen Y et al (2008) Silicon-based microfilters for whole blood cell separation. 
Biomed Microdevices 10:251–257. doi:10.1007/s10544-007-9131-x

Jin C, McFaul SM, Duffy SP et al (2014) Technologies for label-free separation of circulat-
ing tumor cells: from historical foundations to recent developments. Lab Chip 14:32–44. 
doi:10.1039/C3LC50625H

Jin C, Park ES, Guo Q et al (2016) Continuous flow deformability-based separation of circulating 
tumor cells using microfluidic ratchets. Small 12:1909–1919

Krueger T, Holmes D, Coveney P (2014) Deformability-based red blood cell separation in 
deterministic lateral displacement devices—a simulation study. Biomicrofluidics 8:1–10. 
doi:10.1039/b000000x

Kwan JM, Guo Q, Kyluik-Price DL et al (2013) Microfluidic analysis of cellular deformability 
of normal and oxidatively damaged red blood cells. Am J Hematol 88:682–689. doi:10.1002/
ajh.23476

Li X, Chen W, Liu G et al (2014) Continuous-flow microfluidic blood cell sorting for unpro-
cessed whole blood using surface-micromachined microfiltration membranes. Lab Chip 
14:2565–2575. doi:10.1039/c4lc00350k

Ligthart ST, Coumans FAW, Bidard FC et al (2013) Circulating tumor cells count and morpho-
logical features in breast, colorectal and prostate cancer. PLoS ONE 8:e67148. doi:10.1371/
journal.pone.0067148

Lin HK, Zheng S, Williams AJ et al (2010) Portable filter-based microdevice for detection and 
characterization of circulating tumor cells. Clin Cancer Res 16:5011–5018

Lu B, Xu T, Zheng S et al (2010) Parylene membrane slot filter for the capture, analysis and 
culture of viable circulating tumor cells. In: IEEE international conference on micro electro 
mechanical systems, pp 935–938. doi:10.1109/MEMSYS.2010.5442361

Miller MC, Doyle GV, Terstappen LWMM (2010) Significance of circulating tumor cells 
detected by the cell search system in patients with metastatic breast colorectal and prostate 
cancer. J Oncol 2010:617421. doi:10.1155/2010/617421

Mills JP, Diez-Silva M, Quinn DJ et al (2007) Effect of plasmodial RESA protein on deform-
ability of human red blood cells harboring Plasmodium falciparum. Proc Natl Acad Sci USA 
104:9213–9217. doi:10.1073/pnas.0703433104

Miyasaka M, Tanaka T (2004) Lymphocyte trafficking across high endothelial venules: dogmas 
and enigmas. Nat Rev Immunol 4:360–370. doi:10.1038/nri1354

Mohanty JG, Nagababu E, Rifkind JM (2014) Red blood cell oxidative stress impairs oxy-
gen delivery and induces red blood cell aging. Front Physiol 5:1–6. doi:10.3389/
fphys.2014.00084

Moxon CA, Grau GE, Craig AG (2011) Malaria: modification of the red blood cell and conse-
quences in the human host. Br J Haematol. doi:10.1111/j.1365-2141.2011.08755.x

Myrand-Lapierre M-E, Deng X, Ang RR et al (2014) Multiplexed fluidic plunger mechanism for 
the measurement of red blood cell deformability. Lab Chip. doi:10.1039/c4lc01100g

http://dx.doi.org/10.1021/ac101222x
http://dx.doi.org/10.1021/ac101222x
http://dx.doi.org/10.1002/bit.24471
http://dx.doi.org/10.1016/j.bpj.2012.05.026
http://dx.doi.org/10.1039/c003873c
http://dx.doi.org/10.1126/science.1094567
http://dx.doi.org/10.1063/1.3068750
http://dx.doi.org/10.1007/s10544-007-9131-x
http://dx.doi.org/10.1039/C3LC50625H
http://dx.doi.org/10.1039/b000000x
http://dx.doi.org/10.1002/ajh.23476
http://dx.doi.org/10.1002/ajh.23476
http://dx.doi.org/10.1039/c4lc00350k
http://dx.doi.org/10.1371/journal.pone.0067148
http://dx.doi.org/10.1371/journal.pone.0067148
http://dx.doi.org/10.1109/MEMSYS.2010.5442361
http://dx.doi.org/10.1155/2010/617421
http://dx.doi.org/10.1073/pnas.0703433104
http://dx.doi.org/10.1038/nri1354
http://dx.doi.org/10.3389/fphys.2014.00084
http://dx.doi.org/10.3389/fphys.2014.00084
http://dx.doi.org/10.1111/j.1365-2141.2011.08755.x
http://dx.doi.org/10.1039/c4lc01100g


254 Q. Guo et al.

Nash GB, Johnson CS, Meiselman HJ (1984) Mechanical properties of oxygenated red blood 
cells in sickle cell (HbSS) disease. Blood 63:73–82

Nash GB, O’Brien E, Gordon-Smith EC, Dormandy JA (1989) Abnormalities in the mechanical 
properties of red blood cells caused by Plasmodium falciparum. Blood 74:855–861

Olla P (1997) The lift on a tank-treading ellipsoidal cell in a bounded shear flow. J Phys II 
7:1533–1540. doi:10.1051/jp2:1997201

Omodeo-Salè F, Motti A, Dondorp A et al (2005) Destabilisation and subsequent lysis of human 
erythrocytes induced by Plasmodium falciparum haem products. Eur J Haematol 74:324–
332. doi:10.1111/j.1600-0609.2004.00352.x

Park S, Ang RR, Duffy SP et al (2014) Morphological differences between circulating 
tumor cells from prostate cancer patients and cultured prostate cancer cells. PLoS ONE. 
doi:10.1371/journal.pone.0085264

Paulitschke M, Nash GB (1993) Membrane rigidity of red blood cells parasitized by different 
strains of Plasmodium falciparum. J Lab Clin Med 122:581–589

Perrotta S, Gallagher PG, Mohandas N (2008) Hereditary spherocytosis. Lancet 372:1411–1426. 
doi:10.1016/S0140-6736(08)61588-3

Punnoose EA, Atwal SK, Spoerke JM et al (2010) Molecular biomarker analyses using circulat-
ing tumor cells. PLoS ONE 5:1–12. doi:10.1371/journal.pone.0012517

Santoso AT, Deng X, Lee J-H et al (2015) Microfluidic cell-phoresis enabling high-throughput 
analysis of red blood cell deformability and biophysical screening of antimalarial drugs. Lab 
Chip. doi:10.1039/C5LC00945F

Schmid-Schönbein GW,  Shih YY, Chien S  (1980) Morphometry of human leukocytes. Blood, 
56(5):866–875, Nov. 1980

Schrier SL (1994) Thalassemia: pathophysiology of red cell changes. Annu Rev Med 45:211–
218. doi:10.1146/annurev.med.45.1.211

Seal SH (1964) A sieve for the isolation of cancer cells and other large cells from the blood. Cancer 
17:637–642. doi:10.1002/1097-0142(196405)17:5<637:AID-CNCR2820170512>3.0.CO;2-I

Sethu P, Sin A, Toner M (2006) Microfluidic diffusive filter for apheresis (leukapheresis). Lab 
Chip 6:83–89. doi:10.1039/b512049g

Shevkoplyas SS, Yoshida T, Munn LL, Bitensky MW (2005) Biomimetic autoseparation of leu-
kocytes from whole blood in a microfluidic device. Anal Chem 77:933–937. doi:10.1021/
ac049037i

Sutera SP, Gardner RA, Boylan CW et al (1985) Age-related changes in deformability of human 
erythrocytes. Blood 65:275–282

Tan SJ, Yobas L, Lee GYH et al (2009) Microdevice for the isolation and enumeration of cancer 
cells from blood. Biomed Microdevices 11:883–892. doi:10.1007/s10544-009-9305-9

VanDelinder V, Groisman A (2007) Perfusion in microfluidic cross-flow: separation of white 
blood cells from whole blood and exchange of medium in a continuous flow. Anal Chem 
79:2023–2030. doi:10.1021/ac061659b

Vona G, Sabile A, Louha M et al (2000) Isolation by size of epithelial tumor cells. Am J Pathol 
156:57–63. doi:10.1016/S0002-9440(10)64706-2

Worthen GS, Schwab B, Elson EL, Downey GP (1989) Mechanics of stimulated neutro-
phils: cell stiffening induces retention in capillaries. Science 245:183–186. doi:10.1126/
science.2749255

Yap B, Kamm RD (2005) Mechanical deformation of neutrophils into narrow channels induces 
pseudopod projection and changes in biomechanical properties. J Appl Physiol 98:1930–
1939. doi:10.1152/japplphysiol.01226.2004

Zheng S, Lin H, Liu J-Q et al (2007) Membrane microfilter device for selective capture, electrol-
ysis and genomic analysis of human circulating tumor cells. J Chromatogr A 1162:154–161. 
doi:10.1016/j.chroma.2007.05.064

Zheng S, Lin HK, Lu B et al (2011) 3D microfilter device for viable circulating tumor cell (CTC) 
enrichment from blood. Biomed Microdevices 13:203–213

Zhou R, Gordon J, Palmer AF, Chang H-C (2006) Role of erythrocyte deformability during cap-
illary wetting. Biotechnol Bioeng 93:201–211. doi:10.1002/bit.20672

http://dx.doi.org/10.1051/jp2:1997201
http://dx.doi.org/10.1111/j.1600-0609.2004.00352.x
http://dx.doi.org/10.1371/journal.pone.0085264
http://dx.doi.org/10.1016/S0140-6736(08)61588-3
http://dx.doi.org/10.1371/journal.pone.0012517
http://dx.doi.org/10.1039/C5LC00945F
http://dx.doi.org/10.1146/annurev.med.45.1.211
http://dx.doi.org/10.1002/1097-0142(196405)17:5%3c637:AID-CNCR2820170512%3e3.0.CO;2-I
http://dx.doi.org/10.1039/b512049g
http://dx.doi.org/10.1021/ac049037i
http://dx.doi.org/10.1021/ac049037i
http://dx.doi.org/10.1007/s10544-009-9305-9
http://dx.doi.org/10.1021/ac061659b
http://dx.doi.org/10.1016/S0002-9440(10)64706-2
http://dx.doi.org/10.1126/science.2749255
http://dx.doi.org/10.1126/science.2749255
http://dx.doi.org/10.1152/japplphysiol.01226.2004
http://dx.doi.org/10.1016/j.chroma.2007.05.064
http://dx.doi.org/10.1002/bit.20672


255

Microfluidic Aqueous Two-Phase Systems

Glenn M. Walker

© Springer International Publishing Switzerland 2017 
W. Lee et al. (eds.), Microtechnology for Cell Manipulation and Sorting, 
Microsystems and Nanosystems, DOI 10.1007/978-3-319-44139-9_9

Abstract Aqueous Two-Phase Systems (ATPS) are an established technology that 
have been used to separate out biologically important particles such as biomol-
ecules, organelles, and whole cells. ATPS are formed by mixing polymers such as 
polyethylene glycol (PEG) and dextran (Dex) at sufficiently high concentrations 
such that two immiscible phases are formed. Traditional macroscale ATPS are per-
formed in test tubes and require relatively large reagent volumes and are limited 
to a vertical configuration where the interface lies perpendicular to the direction 
of gravity. Settling becomes problematic for larger particles and the long diffu-
sion distances mean that separations require significant time. Recent advances in 
microfluidics systems allow novel configurations of ATPS that are impossible with 
traditional techniques. Examples are nanoliter ATPS droplets or parallel streams of 
ATPS which enable new applications and improvements over traditional separa-
tions. Microscale ATPS can separate particles in seconds instead of hours using 
only microliters of reagent.
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1  Introduction

This chapter explores aqueous two-phase systems (ATPS)—mixtures of poly-
mers in solution that separate into two phases—and their application to micro-
fluidic systems. A two-phase system results from mixing two immiscible liquids 
and allowing the mixture to settle. The differences in density between the phases 
results in a denser phase on the bottom and the less dense phase on the top. A 
common example of a two-phase system is oil and water. If a mixture of oil and 
water is shaken, tiny droplets of oil will become dispersed throughout the water. 
Over time, the droplets will coalesce to form a top layer, while the heavier water 
sinks to the bottom. The phase separation that occurs in this type of system, called 
a water–organic system, results from the hydrophobic and hydrophilic properties 
of the liquids in the system.

An ATPS differs from a water–organic system (e.g., water and oil) because it 
comprises two immiscible solutions of polymers dissolved in water. In contrast 
to the oil and water system, both phases of the ATPS consist of water, typically 
between 85 and 99 % by weight (Albertsson 1986). The high water content makes 
an ATPS ideal for analyzing biomolecules because it will not denature proteins, 
unlike solvents used in water–organic systems. Furthermore, the interfacial ten-
sion between phases is much lower in an ATPS, with typical values of 0.0001–0.1 
dyne/cm, compared to solvent-based systems which typically have interfacial ten-
sions 10–100 times larger (Albertsson 1986). The most common ATPS uses the 
polymers polyethylene glycol (PEG) and dextran (Dex), although many other 
combinations of polymers can be used as well. In addition to polymer–polymer 
ATPS, a polymer and salt solution can also be used to create an ATPS useful for 
biological separations. One example is a mixture of PEG and a polyelectrolyte 
such as sodium dextran sulfate. Examples of biologically incompatible ATPS 
are numerous in the literature and have been explored in detail elsewhere. In this 
chapter, we focus only on ATPS systems that are compatible with biological cells 
and molecules.

The term ATPS implies solutions containing two polymers or one polymer and 
one salt. However, another class of biologically compatible two-phase systems has 
been demonstrated. These two-phase systems are created with micelles and are 
called aqueous two-phase micellar systems (ATPMS). ATPMS are formed by gen-
erating a homogenous mixture of micelles and then adjusting solution conditions 
to create two phases, each containing a different concentration and average size of 
micelles (Liu et al. 1996). The difference in concentration of micelles endows the 
ATPMS with the ability to preferentially partition molecules, similar to ATPS.

While ATPS contain only two phases, the general concept of mixing incom-
patible polymer solutions can be used to create systems with three, four, or more 
phases (i.e., polyphase systems). Eighteen phase systems have even been demon-
strated (Albertsson 1986). A key advantage to polyphase systems is that they are 
capable of rapidly partitioning a solution into multiple fractions. Multiple phases 
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can be screened at once to determine which has the best affinity for a specific bio-
molecule. Alternatively, many biomolecules in a sample can be separated into spe-
cific fractions in a single step using a polyphase system.

ATPS have been adopted by industry as a key separation technology (Walter 
et al. 1985). ATPS are used to separate and purify target molecules, organelles, 
and even cells (Benavides et al. 2011). ATPS are especially useful for separating 
biological samples because the final polymer mixtures are typically at least 90 % 
water by weight. The interfacial tension between phases is low, which minimizes 
damage to cells and denaturation of molecules. The polymers that constitute the 
two phases are nontoxic. In contrast, ATPS made from organic solvents cannot be 
used to partition biological samples. Many biological samples denature upon con-
tact with solvents and lose their structure and functionality. In a traditional ATPS 
workflow, a sample is diluted into one of the phases and then allowed to equili-
brate within the ATPS. Alternatively, the ATPS may be mixed which forms drop-
lets of one phase suspended in the other. The droplets greatly increase the surface 
area of the phase boundary exposed to the sample. Greater surface area and shorter 
diffusion distance between phases accelerates the distribution of sample among 
phases. The molecule(s) of interest will then partition into the different phases 
depending on their affinity for each phase.

1.1  History

The first documented instance of aqueous two-phase systems was by Beijerinck in 
1896 (Beijerinck 1896). He reported that mixtures of agar and starch or agar and 
gelatin would separate into two phases. Approximately 50 years later, other groups 
began studying the behavior of two-phase systems (Dobry and Boyer-Kawenoki 
1947; Bungenberg de Jong 1949). Albertsson was the first to begin populariz-
ing ATPS in 1958 (Albertsson 1958) and then published a book on the topic that 
remains a standard text today (Albertsson 1986). The work by Albertsson was the 
first to systematically explore the use of ATPS for separating particles that could 
not withstand the harsh chemicals present in solvent-based systems.

1.2  ATPS Formation

The result of mixing immiscible polymers in solution depends on the interaction 
between the polymer molecules (i.e., attraction or repulsion) and on the concen-
tration of the polymers. Mixing two polymers results in an increase in entropy, 
however, the high molecular weight of polymers typically used in ATPS increases 
the number of interactions between molecules; intermolecular forces become 
more significant. As a result, intermolecular forces dictate the final phase com-
position of the system. When two polymer solutions, or a polymer solution and 
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polyelectrolyte, are mixed together there are three possible outcomes (Albertsson 
1986):

1. Incompatibility: The polymers separate into two separate phases.
2. Complex coacervation: The polymers separate within one phase and the other 

phase consists mainly of solvent.
3. Complete miscibility: The polymers do not separate.

A phase diagram is used to identify the outcome of mixing two polymer solutions, 
or a polymer and polyelectrolyte solution. In the phase diagram, the concentration 
of the more dense polymer is plotted on the horizontal axis and the concentration 
of the less dense polymer is plotted on the vertical axis, as shown in Fig. 1. The 
binodal curve shows the phase boundary of the system. In Fig. 1a, mixing polymer 
X and Y at concentrations that yield point A will result in a two-phase system. 
Using a quarter of polymer X and Y concentrations will create a system at point B, 
which only yields a one-phase system.

All two-phase systems will ultimately equilibrate to points on the binodal 
curve. If polymers X and Y are mixed to form an initial concentration at A, after 
equilibration the bottom phase will contain a high concentration of polymer X 
and a low concentration of polymer Y (point X′). Conversely, the top phase will 
contain a high concentration of polymer Y and a low concentration of polymer 
X (point Y′). A tie line can be drawn between points Y′, A, and X′, as shown in 
Fig. 1a. Tie lines show what the final concentrations of the ATPS will be after 
equilibration. Any initial concentration of polymers that lie on a specific tie line 
will always result in a final concentration given by the two end points that lie on 
the binodal curve. For example, systems in which polymer X and Y concentrations 
are initially at A′ will equilibrate to X′ and Y′. Similarly for systems initially at A″, 
the final equilibrium concentrations will for the bottom and top phases will be X′ 
and Y′, respectively. For each of these systems, A, A′, and A″, the final volumes 
of the bottom and top phases will be slightly different, due to the conservation of 

Fig. 1  a Example ATPS phase diagram showing the binodal curve and tie lines. Polymer X is 
denser than Polymer Y. Polymer concentrations shown for A result in two phase systems. Poly-
mer concentrations for B result in one phase systems. A′ and A″ lay on the same tie line as A 
and will yield an equilibrated ATPS with the same polymer concentrations in the bottom and top 
phases. Point C the critical point. b Temperature changes slightly shift the binodal curve such 
that higher polymer concentrations are needed to create stable ATPS
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mass. There is a point, called the critical point, at which the initial polymer con-
centrations are the same as the equilibrated concentrations (Fig. 1a). ATPS should 
not be created near the critical point because environmental factors that affect the 
position of the binodal curve can cause the system to shift from a two-phase sys-
tem to a one-phase system. The position of the binodal curve can be affected by 
temperature, as shown in Fig. 1b, however its effect is often small.

1.3  ATPS Partitioning

A small particle, such as a biomolecule, inserted into an ATPS will seek one of 
three locations to minimize its interfacial free energy: the top phase, the bottom 
phase, or at the interface between phases. For a sufficiently small particle, grav-
ity can be neglected and random thermal motion (i.e., Brownian motion) drives 
the particle to its equilibrium location. However, for a larger particle, such as a 
microbead or a biological cell, gravity will also play a role in determining the final 
location. In this second case, a particle denser than the top phase will settle to 
the interface. If the downward force on the particle generated by gravity exceeds 
the upward force created by the interfacial tension between the phases, then the 
particle will continue settling through the bottom phase if its density is greater 
than the bottom phase. If the upward force at the interface is greater than gravi-
tational force, then the particle will remain trapped at the interface. Microfluidic 
systems provide one way to overcome settling because they can be used to create 
ATPS with a vertical interface, so cells will settle within a single phase instead of 
through the interface. Both large and small particles can be attracted or repulsed 
by electrochemical potentials within the phases of the ATPS and at the double 
layer that forms at the interface between phases.

The partition coefficient is used to quantify the relative concentrations of a par-
ticle within both phases of an ATPS. The equation used to calculate the partition 
coefficient, K, is

where Ct and Cb are the equilibrium particle concentrations in the top and bot-
tom phases, respectively. In the microfluidic ATPS literature, phases are rarely 
separated into top and bottom configurations because gravity does not play a sig-
nificant role. The phases lay parallel to one another or are arranged in concentric 
spheres (i.e., droplets). Therefore, partition coefficients are more often defined as 
the ratio of particle concentration in PEG to Dex, or in terms of live cells versus 
dead cells. Careful attention should be paid to the partition coefficient definition 
being used, as the variety of partition coefficients found in the literature can make 
it difficult to compare performance among different ATPS systems.

Ignoring gravity, the surface properties of the particle play the most significant 
role in determining the partition coefficient. The mechanisms behind partitioning 

(1)K =
Ct

Cb

,
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are complex and interrelated and are beyond the scope of this chapter. Broadly 
speaking, there are six factors that can influence the partition coefficient: (1) size, 
(2) electrochemical potential, (3) hydrophobic affinity, (4) biospecific affinity, (5) 
molecular conformation, and (6) chiral affinity. The most commonly explored to 
date in the literature are size, potential, and hydrophobic affinity. The reader is 
referred to Albertsson for a more detailed discussion of each of these mechanisms 
(Albertsson 1986).

2  Microfluidic Approaches for Creating ATPS

Several strategies for ATPS separation have been developed for laboratory use: 
single-step partition, repeated batch extractions, countercurrent distribution, liq-
uid–liquid columns, and partition chromatography (Albertsson 1986). The single-
step partition is the most common approach for creating lab-scale ATPS and is 
most often implemented in a test tube containing the two phases and the sample 
that is to be separated.

In contrast to standard macroscale approaches, microfluidic systems have 
intrinsic advantages that can enhance the performance of ATPS (Hardt and Hahn 
2012). Microfluidic systems can easily manage microliters to picoliters of fluid 
volumes, in contrast with the milliliters required in macroscale setups. Therefore, 
sample volumes and reagent costs are minimized. Microfluidic systems also lever-
age the physics of the microscale to make ATPS separations more efficient. Short 
diffusion distances translate into faster separation times and no mixing is neces-
sary. In macroscale systems, an ATPS separation may take hours and stirring is 
sometimes required. At the microscale, separations can occur in seconds. Novel 
phase boundaries can be formed using the laminar flow characteristic of the micro-
scale. In macroscale systems, the separated phases of ATPS are stacked vertically, 
like playing cards in a deck. In a microfluidic device ATPS can be formed using 
droplets or with horizontal phase boundaries using parallel streams of each phase. 
Lastly, microfluidic systems contain surface area-to-volume ratios 100–1000 times 
larger than those found in macroscale systems. The increased surface area of the 
phase boundary accelerates the separation of samples compared to macroscale 
systems.

2.1  Continuous Flow

The phases within a macroscale ATPS remain static and diffusion is the driving 
force for sample separation between them. Macroscale laminar flow is difficult to 
achieve and the low interfacial tension between ATPS phases makes disruption of 
the interface inevitable. As a result, macroscale ATPS that use flow are uncom-
mon. In contrast, it is easy to generate laminar flow within microfluidic devices 
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and with careful balancing one can maintain a stable interface between the phases 
of an ATPS. The ability to flow streams parallel to one another allows more pre-
cise analysis of the separation of particles and enables the study of the factors 
affecting ATPS separation efficiency.

2.1.1  Single Interface Systems

Yamada et al. were the first to demonstrate a microfluidic ATPS (Yamada et al. 
2004). Their microfluidic system used laminar flow in a microfluidic device 
to generate a stable vertical interface between a PEG phase and a Dex phase as 
shown in Fig. 2a. Their device design consisted of two inlets and two outlets and 
they used the device study the migration of plant cells from strawberry tissue in 
the PEG phase to the Dex phase. They studied the effects of a pinched separa-
tion region (i.e., a temporary reduction in microchannel width) to improve extrac-
tion efficiency. The authors also explored how salt concentration within the phases 
could be changed to reverse the trend.

A second example of a single interface microfluidic ATPS was demonstrated by 
Nam and coworkers (Nam et al. 2005). They used a three inlet/three outlet device 
in which the outer two streams were PEG and Dex and the middle stream con-
tained a mixture of sample, buffer, and Chinese Hamster Ovary (CHO) cells, as 
shown in Fig. 2b. They investigated the effect of pH and flow rate on interface sta-
bility. A key disadvantage to their approach is that excessive buffer stream flow 
rates dilute the PEG and Dex streams to concentrations below the binodal curve, 
resulting in a single phase system within the microchannel. In other words, their 
setup was particularly susceptible to oscillating between one and two phases. 
Tsukamoto et al. also used a middle buffer stream, but they did not investigate 
the effect of dilution on device performance (Tsukamoto et al. 2009). One way to 
minimize the effects of excessive dilution would be to use initial PEG and Dex 
concentrations further away from the binodal curve; this would minimize the dilu-
tion caused by the middle buffer stream. The strategy of using the middle stream 
to dilute a single interface ATPS has been used by Silva et al. to generate binodal 
curves for ATPS and is discussed later in the chapter (Silva et al. 2014).

A three inlet/two outlet device was used by Meagher et al. to isolate proteins 
(Meagher et al. 2008). The device had three inlet channels that contained a PEG-
rich phase and monobasic and dibasic potassium phosphate on the two outer 
streams to form a PEG-salt ATPS as shown in Fig. 2c. The middle inlet contained 
the sample. The two outlet streams contained PEG in one and the interface and 
salt in the other. Because of the large difference in viscosity between the PEG and 
salt phases, this system has a large flow imbalance and the salt stream requires 
eight times as much volume over the course of the experiment as the PEG stream. 
The collection efficiency is also highly dependent on the flow balance because the 
interface (i.e., part of the PEG stream) is routed into the waste; if too much of the 
PEG stream is routed to the waste, collection efficiency suffers.
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Huh et al. used a three inlet/three outlet PEG and potassium phosphate micro-
fluidic ATPS with the sample injected into a middle inlet (Huh et al. 2010). Their 
system is not a typical ATPS, however, because the middle stream appears to cre-
ate a distinct third phase, instead of diluting the phases as in the work by others 
(Nam et al. 2005; Tsukamoto et al. 2009). The middle stream used by Huh et al. 
contained sample isolated from a sucrose gradient, so it is possible that the authors 
inadvertently created a three phase system within their device.

Lu et al. further explored single interface ATPS behavior using a PEG and 
sodium sulfate system in a simple T-junction microfluidic device, as shown in 
Fig. 2d (Lu et al. 2010). They mapped out system behavior as a function of stream 

Fig. 2  a Yamada et al. were the first to demonstrate a microfluidic ATPS using a two inlet/two 
outlet design (Yamada et al. 2004). Reprinted with permission from John Wiley & Sons. b Nam 
et al. used a three inlet/three outlet microfluidic ATPS to sort cells (Nam et al. 2005). Reprinted 
with permission from Springer. c A three inlet/two outlet device was used by Meagher and cow-
orkers to separate proteins (Meagher et al. 2008). Reprinted with permission from Royal Soci-
ety of Chemistry. d Lu et al. used a simple T-junction (two inlet/one outlet) device to merge the 
two phases (Lu et al. 2010). Reprinted with permission from Springer. e A coaxial system has 
been tested that maximizes the interfacial surface area between two phases (Huang et al. 2013). 
Reprinted with permission from Springer
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flow rates and divided behavior into three regimes: (1) continuous two-phase flow 
with a smooth boundary, (2) slugs of sodium sulfate within a PEG continuous 
phase, or (3) “jetting flow” where slugs leave thin trails as they move down the 
channel.

Huang et al. used coaxial flow to create an outer stream of PEG that contained 
an inner stream of ammonium sulfate as shown in Fig. 2e (Huang et al. 2013). 
This setup is novel because it is a single interface configuration but maximizes 
the interfacial surface area between streams. In a configuration where two laminar 
streams are flowing side by side, only one quarter of each stream is exposed to the 
interface (i.e., the sides of the streams in contact with one another). However, by 
using coaxial flow, Huang et al. were able to expose the entire surface of the salt 
phase to the PEG phase, which results in greater flux of sample between phases.

2.1.2  Double Interface Systems

One interface exists between the phases in macroscale ATPS. Microfluidic sys-
tems allow the creation of ATPS that contain more than one interface between two 
phases (e.g., a Dex stream with a PEG stream on either side) by using multiple 
microchannels that contain alternating polymer solutions. Munchow et al. demon-
strated the first double interface ATPS in a microfluidic system (Münchow et al. 
2007). They constructed a three inlet/one outlet device which contained proteins 
suspended in a Dex stream injected into the middle inlet while PEG streams were 
injected into the two outer inlets as shown in Fig. 3a. In these experiments, PEG 
streams on either side were important because an electric field perpendicular to 
the microchannel was used to separate the proteins out of the Dex stream. Since 
the proteins could migrate toward either electrode, PEG was needed on both sides. 
In a different application, Soo Hoo and Walker demonstrated a three inlet/three 
outlet double interface system of two outer Dex streams and a middle PEG stream 
to enrich leukocytes (Soo Hoo and Walker 2009). Cells were loaded into PEG and 
depending on their type (i.e., leukocyte or erythrocyte) migrated out of the middle 
stream to one of the outer Dex streams as shown in Fig. 3b. Two interfaces were 
used by the authors because it increased leukocyte enrichment.

Two-interface polymer and salt systems have been implemented as well. Silva 
et al. created a three inlet/three outlet device with sodium chloride solution in the 
middle stream and PEG in the outer streams (Silva et al. 2012). Novak et al. also 
used a PEG and salt system (potassium phosphate) to create a two interface sys-
tem (Novak et al. 2015). In this latter work, the middle stream contained the potas-
sium phosphate and the outer streams were PEG.

2.1.3  Triple Interface Systems

As with macroscale ATPS, there is no limit to the number of interfaces or phases 
that can be created within a microfluidic system. A microfluidic system with six 



264 G.M. Walker

interfaces of alternating PEG and Dex phases has been demonstrated by Frampton 
and coworkers (Frampton et al. 2011). This device was used to deliver reagents to 
specific lanes within a microchannel containing adhered cells. This application of 
ATPS in particular is a good demonstration of the unique techniques that become 
available when ATPS are implemented at the microscale.

2.2  Droplets

In addition to the continuous flow ATPS discussed in the previous section, the 
ability to create droplets constituting ATPS is another example of the inherent 
advantage of the microscale. The contents within droplets can be rapidly mixed 
via chaotic advection, which accelerates sample partitioning between the phases. 
Sample volumes are minimized because droplet volumes typically range from 
nanoliters to picoliters. Lastly, droplets can be routed within the device so that 
only droplets of interest are collected at the output for further analysis. However, 

Fig. 3  a The first example of a microfluidic double interface ATPS comprising an inner Dex 
stream exposed to two outer PEG streams was by Münchow et al. (2007). Reprinted with 
 permission from the Royal Society of Chemistry. b A three inlet/three outlet system can be used 
to collect particles from either phase or from the interface (Soo Hoo and Walker 2009). Reprinted 
with permission from Springer
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despite the many advantages of droplet ATPS, the low interfacial tension between 
phases (0.1–0.001 N m−1) makes droplet formation challenging and novel meth-
ods are required to create droplets at the microscale. The various methods for 
forming droplets include fluid shear, mechanical actuation, and electrical actua-
tion, and are discussed below.

2.2.1  Continuous Flow

Vijayakumar and coworkers were the first to demonstrate ATPS droplets within a 
microfluidic device (Vijayakumar et al. 2010). The group created ATPS droplets 
by using oil as a continuous phase and dispensing a mixture of PEG and DEX 
into droplets that then self-organized into a PEG outer phase and Dex inner phase. 
The droplet generation region of the device was a simple T-junction, as shown in 
Fig. 4a. The group’s device included a narrow region halfway down the length of 
the main channel to induce intradroplet mixing via chaotic advection. The width 
of the narrow region was less than the droplet diameter, so as the droplet passed 
through the region intradroplet convection was induced. After the droplet exits the 
mixing region, the channel widens to allow the PEG outer phase and Dex inner 
phase to reform. Typical droplet diameters were 93 µm for the entire droplet and 
41 µm for the inner Dex droplet and could be controlled by controlling the flow 
rates for PEG and Dex. The authors found that complete mixing of the droplet 
contents takes ~200 ms and re-equilibration ~650 ms. The temporary mixing dis-
rupted the separate phases and if molecules or cells were present within the drop-
let, would greatly accelerate partitioning into separate phases. The demonstrate the 
efficacy of their mixing strategy, they introduced a Jurkat cell labeled with anti-
bodies that possessed an affinity for PEG into the Dex phase, where it stayed until 
after mixing.

Choi et al. used electric fields to pinch off droplets of ammonium sulfate in a 
continuous phase of tetrabutylammonium bromide (TBAB) as shown in Fig. 4b 
(Choi et al. 2010). Then they used electric fields to direct droplets to a variety of 
locations downstream. The use of electric fields gives precise control over droplet 
size and the rate of droplet formation because both can be controlled by the dura-
tion of electrical pulses, which are easily computer-controlled. The ability to sort 
and direct droplets downstream could also find use in ATPS applications. The one 
drawback to the system that Choi et al. demonstrated is that it is not compatible 
with biological systems because of their choice of ATPS. However, a biologically 
compatible ATPS should be adaptable to their system.

Another actuation-based approach to droplet formation was demonstrated by 
Ziemecka and coworkers who integrated a piezoelectric actuator into a microchan-
nel to induce instabilities in laminar streams of PEG and Dex to promote droplet 
formation, as shown in Fig. 4c (Ziemecka et al. 2011a). Their approach is unique 
not only because of the use of an off-the-shelf piezoelectric actuator, but because 
they were also the first to demonstrate two-interface droplets that consisted of a 
PEG droplet encapsulated by a Dex droplet which was encapsulated by a PEG 
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droplet. The piezoelectric actuator modulated the flow rate of an inlet Dex stream 
which created a droplet containing a mixture of PEG and Dex not separated into 
phases. This mixed droplet then flowed into a continuous PEG stream where the 
droplets equilibrate into a Dex outer and PEG inner droplet. The droplets are not 

Fig. 4  a The first demonstration of ATPS droplet formation used a simple T-junction to create 
droplets containing PEG and Dex in a continuous oil phase (Vijayakumar et al. 2010). Reprinted 
with permission from the Royal Society of Chemistry. b Electrical pulses have been used to 
pinch off droplets of a polyelectrolyte phase into a continuous phase of a different polyelectrolyte 
(Choi et al. 2010). Reprinted with permission from Elsevier. c A piezoelectric actuator has been 
used to disrupt the phase boundary and create droplets (Ziemecka et al. 2011a). Reprinted with 
permission from the Royal Society of Chemistry. d An inexpensive solenoid (Braille pin; BP) 
was used by Lai et al. to periodically stop flow of the Dex stream from CH1 to CH2 which closed 
the gap OH (Lai et al. 2011). Reprinted with permission from the Royal Society of Chemistry. 
e Mechanical agitation of tubing connected via an orbital shaker has been used to create PEG 
droplets in a continuous phase (Shum et al. 2012). Reprinted with permission from AIP Publish-
ing LLC
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stable indefinitely, because the PEG inner core will eventually migrate out of the 
droplet and into the continuous PEG phase. However, this re-equilibration took 
approximately 20 min, which is longer than the duration of the droplet within the 
device (5 min). Even though the droplets have a short lifetime they remain intact 
long enough to perform useful analyses within the device.

Ziemecka and others extended their initial work to create polymerized Dex 
droplets within a PEG continuous phase (Ziemecka et al. 2011b). They found that 
the frequency of their actuator controlled the poly/monodispersity of droplets, and 
that the rate of droplet formation is approximately equal to the frequency of the 
actuator. They explored frequencies from 0 to 50 Hz and found that droplet diam-
eters were fairly uniform at 40–50 µm in diameter for frequencies ranging from 25 
to 50 Hz.

Another type of mechanical actuator for droplet creation was presented by Lai 
et al., who used backside exposure photolithography to create multilevel rounded 
channels that were actuated via an off-chip solenoid (i.e., a Braille pin) and gen-
erated Dex droplets within a PEG continuous phase ATPS (Lai et al. 2011). The 
computer-controlled Braille pin was used to mechanically deform a narrow region 
within a polydimethylsiloxane (PDMS) device and acted as an on/off valve for the 
Dex stream as shown in Fig. 4d. They explored the effect of the pin frequency on 
Dex droplet volume and spacing. Frequencies ranged from 2.5 to 0.83 Hz.

Shown in Fig. 4e is another approach to making droplets was presented 
by Shum et al. who used an orbital shaker to mechanically oscillate the tub-
ing connecting a syringe containing the dispersed phase, PEG, to its inlet chan-
nel (Cheung Shum et al. 2012). The group used concentric glass capillary tubes 
instead of molded polymer microchannels to simplify device fabrication. The 
authors investigated droplet formation in four different ATPS: (1) PEG/Dex, (2) 
PEG-diacrylate(DA)/Dex, (3) PEG/potassium phosphate, and (4) PEG-DA/
potassium phosphate. They found that an orbital shaker frequency of 6–8 Hz 
was necessary to make droplets. Frequencies above or below this range resulted 
in two-phase flow within the larger glass capillary. The group explored several 
ways to increase droplet stability by creating an outer shell on the droplets. The 
approaches they tried were: (1) photocross-linking the PEG-DA via UV light, (2) 
loading PEG droplets with calcium chloride and the continuous phase with sodium 
carbonate, and (3) loading PEG droplets with calcium chloride and the continuous 
phase with alginic acid. The first two methods successfully created droplets while 
the third resulted in continuous threads.

Lee et al. explored the formation of ATPS “slugs”—droplets that span the width 
of the microchannel—and the regimes within these droplets as a function of flow 
rate and relative concentration of PEG and Dex phases (Lee et al. 2012). The 
authors used oil as the continuous phase and sheared off PEG and Dex streams 
into slugs using a simple T-junction. The group discovered three regimes of flow 
that generate distinct morphologies within the slugs: (1) lobe, where Dex remains 
in a separate phase within the PEG droplet, (2) heterogeneous fragments, in which 
Dex begins to break up into smaller droplets within the larger PEG droplet, and (3) 
reticulate, in which the phases appear very well mixed. The amount of interfacial 
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surface area between the phases is greatest in the reticulate regime and least in 
the lobe regime. The authors proposed that one could induce flow to generate 
increased surface area (e.g., to promote separation of suspended particles or mole-
cules) and then stop flow to induce re-separation of the phases. The ability to con-
trol the interfacial surface area via flow rate is not possible with other microfluidic 
ATPS configurations and offers some exciting possibilities. The phases could be 
rapidly alternated between well mixed and separated to improve separation effi-
ciency or to allow the addition of more particles for separation. This experimental 
setup also allows the fundamental processes driving ATPS formation to be studied 
with greater precision.

Instead of using an actuator to create droplets, Geschiere et al. explored the 
breakup of Dex cylindrical jets into droplets within a PEG continuous phase due 
to Rayleigh–Plateau instability (Geschiere et al. 2012). The authors constructed 
a model two-phase system with similar viscosities to a PEG/Dex system using 
water, glycerol, hexadecane, and surfactants and compared the breakup behav-
ior of this system to a PEG/Dex system. They found that the PEG/Dex system 
required 20 times the distance to break up into droplets compared to the water/
glycerol system. Their results demonstrate that PEG/Dex systems are not accu-
rately predicted by Rayleigh-Plateau theory because the their breakup time is 
much longer than anticipated. They also captured confocal images of the Dex 
stream within the PEG background and found that gravity plays a role in breakup 
behavior. If the Dex stream settles to the bottom of the channel before break-
ing up, it will remain a stream due to interactions with the bottom surface of the 
microchannel. They conclude that flow rates and channel lengths must be suffi-
cient to promote breakup of the Dex stream before it can settle.

Moon and coworkers created ATPS droplets in a three inlet device by oscillat-
ing the pressure driving the Dex stream which caused the Dex to form droplets in 
a continuous PEG stream (Moon et al. 2015). They used compressed air, a regu-
lator, and a computer-controlled solenoid valve to pressurize the head space of a 
pipette tip containing Dex. Pressure pulses were applied from 10 to 150 ms fol-
lowed by no pressure ranging from 750 to 4000 ms. PEG flow rate was constant 
and controlled by a syringe pump. The group developed an empirical relationship 
showing that Dex droplet volume is proportional to Dex flow rate and pressure 
duration and inversely proportional to PEG flow rate and absence of pressure.

2.2.2  Static

While the bulk of ATPS droplet work has been performed in microfluidic systems 
under continuous flow, Boreyko and colleagues presented a novel approach to cre-
ating stationary droplets (Boreyko et al. 2013). In their setup a main microchan-
nel is filled with oil and contains smaller perpendicular microchannels on either 
side as shown in Fig. 5. These smaller microchannels are used to inject PEG and 
Dex which forms droplets attached to the wall. Once the PEG and Dex droplets 
grow past a certain size, they interact and merge into a single two-phase droplet.  
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The authors used this setup to determine the binodal curve of a PEG and Dex 
ATPS, which is normally a tedious and time-consuming process. They were able to 
create single phase droplets, two-phase droplets, and via evaporation a Dex drop-
let with a thin PEG shell. This setup is ideal for determining the phase diagram of 
ATPS, but it is not suitable for high throughput sorting or screening applications.

3  Microfluidic Applications

3.1  Biomolecule Sorting

ATPS have a track record of being used in the biotechnology industry to separate 
various biological molecules (Benavides et al. 2011). However, the exact mecha-
nisms of separation remain elusive and it can be difficult and time-consuming to 
develop the best ATPS for an application. Microfluidic ATPS allow continuous 
operation and monitoring of the separation and can accelerate the process of iden-
tifying the appropriate mixtures to create a two-phase solution (i.e., to generate 
a binodal curve). Microscale systems are also able to partition biomolecules and 
reach equilibrium in seconds compared to hours in traditional macroscale ATPS. 
These advantages have been recognized by researchers who have used microflu-
idic ATPS to purify a variety of biomolecules, as summarized in Table 1.

Munchow et al. were the first to separate biomolecules using a microfluidic 
ATPS (Münchow et al. 2007). They suspended proteins in a stream of Dex situ-
ated between two outer PEG streams and then used an electric field perpendicular 
to the streams to separate the proteins. They used bovine serum albumin (BSA), 
which prefers Dex, to test their system and found that BSA could be transported 
from PEG to Dex using any applied voltage, but that a voltage greater than 2.5 V 
was needed to move the BSA through the phase boundary from Dex into PEG. 
Munchow and coworkers followed up their original work with another study that 

Fig. 5  ATPS droplets have been created without flow by precisely injecting small quantities of 
PEG and Dex via side channels within a larger microchannel (Boreyko et al. 2013). Reprinted 
with permission from the Royal Society of Chemistry



270 G.M. Walker

looked at the effect of interfacial effects on the transport of molecules between 
phases (Münchow et al. 2008). They used BSA and ovalbumin and reported parti-
tion coefficients of 2.53 and 1.42, respectively.

Meagher et al. demonstrated the separation of proteins containing genetically 
engineered hydrophobic tags, 4–8 amino acids long, to increase protein affin-
ity for PEG (Meagher et al. 2008). The authors loaded their sample into a salt 
stream and molecules of interest were collected in the PEG stream. They demon-
strated a threefold increase in recovery of cell lysate containing the monomeric 
green fluorescent protein AcGFP1 and a 40 % recovery of the enzyme glutathione 
S-transferase (compared to 0 % without a tag). The authors also separated BSA 
and beta-galactosidase within their systems as a proof of concept. Unlike the sys-
tem demonstrated by Munchow et al., this system did not use an electric field for 
separation. They demonstrated partition coefficients of 2–10 depending on the 
hydrophobic tag used.

Huh and coworkers separated bacteriorhodopsin (BR) using a PEG and potas-
sium phosphate microfluidic ATPS (Huh et al. 2010). Bacteriorhodopsin is a light 
sensitive protein in the membrane of the bacteria Halobacterium salinarium. The 
molecule has attractive properties for photonics applications, but it is difficult to 
isolate. The BR protein is embedded in the lipid membrane of the bacteria and 
must be isolated from a sample containing membrane fragments in addition to 
BR protein. In this device, the authors injected sample into a middle stream and 
on either side there was a PEG and a potassium phosphate stream. Lipids (i.e., 
membrane fragments) prefer the PEG phase due to their hydrophobicity but BR 
remains in the original sample stream. The authors were able to achieve 100 % 
purity and 81 % recovery rate by running the sample through the ATPS for three 
cycles.

Table 1  Summary of biomolecules sorted with microfluidic ATPS

Biomolecule Reference(s)

α-amylase Novak et al. (2015)

Amino acids (Glu, Lys, Trp) Campos et al. (2014)

Bacteriorhodopsin (BR) Huh et al. (2010)

β-galactosidase Hahn et al. (2011)

Bovine serum albumin (BSA) Münchow et al. (2007), Münchow et al. 
(2008), Huang et al. (2013), Hahn et al. 
(2011)

Carbonic anhydrase Hahn et al. (2011)

DNA Hahn et al. (2011)

Glutathione S-transferase Meagher et al. (2008)

Green fluorescent protein AcGFP1 Meagher et al. (2008)

Immunoglobulin G (IgG) Silva et al. (2012)

Mycotoxin ochratoxin A (OTA) Soares et al. (2014)

Ovalbumin Münchow et al. (2008)
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Silva et al. used a microfluidic ATPS to partition a monoclonal antibody, FITC 
immunoglobulin G (IgG)  from a salt-rich phase to a PEG-rich phase (Silva et al. 
2012). They measured a partition coefficient of 2.15 and achieved a recovery of 
54 % with the microfluidic system, which is comparable to the 60 % recovery 
common in a macroscale setup.

Huang and coworkers used a microfluidic PEG/Dex ATPS consisting of coax-
ial streams to recover bovine serum albumin (BSA) (Huang et al. 2013). In their 
setup, BSA was loaded into the outer PEG phase and was collected in the inner 
Dex phase. A key advantage to the coaxial streams is the that Dex surface area 
exposed to PEG is maximized, compared to side-by-side laminar flow streams. 
They achieved the same extraction efficiency (71 %) as in a beaker, but the separa-
tion only took 3.6 s to complete compared to hours for the beaker.

Soares et al. developed a polymer/salt microfluidic ATPS comprising PEG and 
a mixture of sodium phosphate and potassium phosphate to extract the mycotoxin 
ocratoxin A (OTA) from red wine samples (Soares et al. 2014). The ATPS serves 
as a sample preconditioning step to extract and concentrate OTA before it flows 
downstream to an on-chip detection region where an immunoassay is performed to 
quantify OTA levels. In their setup, the wine sample is diluted into the salt stream 
and the OTA is extracted into the PEG stream. The group found that the ATPS 
lowered the limit of detection of their assay. The authors did not investigate mul-
tiple flow rates to optimize their ATPS, but they noted that the relative positions 
of the PEG and salt streams changed down the length of the channel and that the 
PEG stream bifurcates to flow on both sides of the salt stream.

Campos and coworkers used a PEG-caseinate ATPS to differentially extract 
lysine from a mixture that also contained glutamate and tryptophan (Campos et al. 
2014). The amino acids were mixed with buffer and then injected into the middle 
stream of a five inlet device. PEG was flowed on either side of the inlet stream 
followed by caseinate on either side of the PEG streams. The authors applied volt-
ages of 0, 7.4, and 14.7 kV m−1 and found that only voltages above 7.4 kV m−1 
successfully removed lysine from the mixture. Without the electric field, 0 % of 
the lysine was removed. With the electric field above the threshold value, 53 % 
of lysine was removed while only 30 % of the tryptophan and glutamate were 
removed.

Novak et al. used a three-stream ATPS with PEG in the outer streams and 
potassium phosphate in the middle stream to extract the enzyme α-amylase 
(Novak et al. 2015). They demonstrated a significant improvement in time at the 
expense of a lower collection efficiency. A macroscale ATPS extracted α-amylase 
from the potassium phosphate phase with an efficiency of 74 % in 2.5 h. The 
microfluidic system performed extraction in 10 s, a two orders of magnitude 
improvement, but only achieved an efficiency of 52 %. Extraction efficiency 
was defined as the difference in concentration between the inlet and outlet of the 
microchannel of α-amylase.
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3.2  Cell Sorting

Sorting cells with an ATPS at the can be challenging. If gravity dominates, these 
particles cannot be separated by solution affinity (via ATPS) alone because set-
tling affects ATPS performance (Yamada et al. 2004). Settling causes the cells to 
accumulate at the interface between phases (if they are loaded into the top phase 
and prefer the top phase) or at the bottom of the bottom phase. Cells must be 
exposed to the interface for separation to occur, unlike biomolecules, which can be 
driven by a concentration gradient. The large surface area-to-volume ratio present 
in microfluidic systems enhances the separation of cells via ATPS. These systems 
are more efficient in microfluidic devices than at the macroscale. Also, gravity no 
longer affects system performance because it is not in the direction of the inter-
face; settling is no longer an issue, overcoming one of the main drawbacks to 
using ATPS for cell separation at the macroscale. Low interfacial tension is also an 
advantage of ATPS for cell sorting because cells can pass between phases without 
injury caused by surface tension. Finally, mixing may be required at the macro-
scale, which can induce shear damage in cells. Table 2 shows a summary of cell 
types that have been sorted using microfluidic ATPS.

Yamada et al. were the first to sort cells using a microfluidic ATPS (Yamada 
et al. 2004). They used a two inlet/two outlet device to enrich cells isolated from 
strawberry tissue. One stream contained the cells suspended in PEG while the 
other contained Dex. The two phases were forced to flow through a narrow chan-
nel region slightly wider than the cells so that the cells would be exposed to both 
phases. The channel then widened and the cells remained in the energetically 
favored phase. The authors explored how salt concentration within the phases 
affected cell enrichment efficiency. With the optimal configuration, approximately 
70 % of the cells migrated from the PEG stream to the Dex stream.

The first mammalian cells were sorted by Nam et al. who used Chinese 
Hamster Ovary (CHO) cells in a microfluidic ATPS comprising PEG and Dex 
(Nam et al. 2005). The cells were injected at the interface of the two phases and 
the authors found that live cells preferred PEG while dead cells remained at the 
interface. By adjusting system pH they could control the hydrophobicity of the 
PEG stream and in turn increase or decrease the affinity of the CHO for the PEG 
stream. They reported 100 % recovery of live cells using their device.

The first use of human cells in a microfluidic ATPS was by Soo Hoo and 
Walker who used PEG and Dex streams to separate leukocytes from whole blood 

Table 2  Summary of cells sorted with microfluidic ATPS

Cell type Reference(s)

Chinese Hamster Ovary (CHO) Nam et al. (2005)

Human Erythrocytes (RBC) Soo Hoo and Walker (2009), Tsukamoto et al. (2009)

Human Leukocytes (WBC) Soo Hoo and Walker (2009), Tsukamoto et al. (2009)

Human T Lymphoma (Jurkat) Tsukamoto et al. (2009), Vijayakumar et al. (2010)

Plant Aggregates (strawberry) Yamada et al. (2004)
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(Soo Hoo and Walker 2009). They mixed blood into a PEG solution and injected 
it into the middle stream of a three inlet/three outlet device under two different 
ATPS configurations: parallel streams of PEG/PEG/Dex and Dex/PEG/Dex. 
They observed that red blood cells prefer the Dex phase but that leukocytes pre-
fer the interface. By collecting the cells trapped at the interface in a middle outlet 
channel, they were able to achieve a ninefold increase in leukocyte concentra-
tion. Approximately one year later, Tsukamoto et al. also demonstrated a three 
inlet/three outlet whole blood cell separation device using PEG and Dex ATPS 
(Tsukamoto et al. 2009). They were able to achieve 96 % isolation efficiency of 
Jurkat cells in the PEG stream and 99 % isolation efficiency of erythrocytes in the 
Dex stream. The authors found that erythrocytes prefer the hydrophilic Dex phase 
while leukocytes (Jurkat cells) prefer the hydrophobic PEG phase.

Vijayakumar and coworkers demonstrated that hydrophobic antibodies could be 
used to change the preferred phase for Jurkat cells (Vijayakumar et al. 2010). They 
mixed Jurkat cells in Dex and then created ATPS droplets with an inner Dex phase 
and outer PEG phase. Without the antibody, 98 % of the Jurkat cells remained 
in the Dex phase. With the antibody 93 % of the cells migrated to PEG. This 
approach could dramatically broaden the number of cells that can be isolated using 
ATPS. Antibodies can be raised that are specific to single cell types, and using the 
strategy of Vijayakumar et al. any cell type could be targeted in a heterogeneous 
sample and be isolated with high purity.

3.3  Cell Patterning

The phase separation characteristic of ATPS makes preferential partitioning of 
cells and biomolecules possible. However, phase separation can be used to enable 
a new type of application, namely, to create unique cell culture environments suit-
able for high throughput screening. The affinity specific classes of molecules have 
for the phases of ATPS can be harnessed to confine the molecules necessary for 
cell growth or for delivering genetic material via transfection reagents.

The first report of patterning cells via ATPS was by Tavana et al., who depos-
ited nanoliter sized droplets of Dex on the bottom of wells filled with PEG 
(Tavana et al. 2009). The Dex droplets remained distinguishable on the bottom of 
the well because the phases are immiscible and because Dex is denser than PEG. 
The group demonstrated how droplets of Dex loaded with transfection complexes 
could be precisely patterned to transfect specific regions of a monolayer of human 
embryonic kidney (HEK293H) cells in the bottom of a 1536 well plate. There are 
several advantages to using ATPS for targeted transfection of cells: (1) ATPS are 
biocompatible, (2) nanoliter scale droplets are used, minimizing reagent consump-
tion, and (3) transfection complexes preferentially stay in the Dex phase, and do 
not diffuse away, further minimizing reagent use and accelerating transfection. 
Plasmid DNA and lentivirus are expensive and can be a limiting factor for high 
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throughput screening, so the ability to minimize transfection reagent use for high 
throughput screening makes this application of ATPS particularly attractive.

Even though laminar flow in microfluidic channels allows one to selectively 
deposit cells and control the location of small molecules, ATPS provide even 
more precise control because the small molecules and cells preferentially prefer 
one phase. Frampton et al. exploit this selective affinity by demonstrating ATPS 
for cell patterning and selective cell removal within microchannels (Frampton 
et al. 2011). The authors used streams of Dex to carry cells into a microchannel 
and then stopped the streams to allow the cells to settle and attach. By separat-
ing multiple Dex streams with thin streams of PEG in a seven inlet device, the 
authors were able to pattern four cell types simultaneously. The authors also used 
a Braille pin valving technique to generate droplets of Dex containing cells and 
then used these droplets to pattern islands of cell cultures within the microchan-
nel. Lastly, the authors demonstrated selective trypsinization of attached cells by 
loading trypsin into a Dex stream which minimized its diffusion into neighboring 
parallel streams.

Leung et al. used ATPS to create 3D collagen microgels containing embedded 
breast cancer cells (231-LUC) (Leung et al. 2015). The authors took advantage of 
collagen’s preference for Dex over PEG to robotically pipette submillimeter diam-
eter droplets of collagen and Dex on the bottom of wells filled with PEG. After the 
droplets gelled, the PEG was thoroughly washed out of the wells because it can be 
toxic to cells after long-term exposure. The authors demonstrated the superiority 
of 3D culture to 2D culture in predicting the cytotoxicity of the popular chemo-
therapeutics cisplatin, paclitaxel, and doxorubicin. An advantage of this approach 
is that the collagen microgels equilibrate more rapidly to a bolus of drug added to 
the well than larger gels made by traditional methods. Their microgel equilibrated 
in 5 min, compared to 6 h for a larger traditional collagen gel construct.

3.4  Protein Microgels

PEG and Dex ATPS can also be used to create environments for the patterning 
of proteins, enabling new types of experiments to elucidate the mechanisms of 
protein nanofibril formation. As an example, Shimanovich and coworkers used 
droplets of PEG and Dex to study the formation of protein nanofibrils by care-
fully controlling the microscale localization of lysozyme monomer proteins 
(Shimanovich et al. 2015). The authors mixed egg white lysozyme in PEG and 
Dex and then formed single and two-phase droplets in an oil continuous phase. 
Heat for 24 h was used to promote nanofibril formation. The authors character-
ized fibril formation in single phase droplets, two-phase PEG/Dex (outer/inner), 
and Dex/PEG droplets. They found that lysozyme monomers migrate preferen-
tially to the Dex phase and form amyloid fibrils there; they also form fibers at the 
PEG/Dex and oil interfaces. The authors found that the fibril network stabilizes the 
droplet compared to droplets without protein.
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3.5  ATPS Characterization

While microfluidic ATPS have been applied to the sorting and separation of cells 
and biomolecules, these systems have also been used to study the behavior of two-
phase systems. In particular, microfluidic ATPS allow one to study the mecha-
nisms of phase formation and the forces that drive particle separation between the 
phases. Such studies are possible with traditional macroscale ATPS, but they are 
more tedious and they do not allow precise control of the ATPS components. It is 
also much more challenging to visualize the phase boundary and the migration of 
particles as they separate in macroscale ATPS.

In the first microfluidic study of particle separation within an ATPS, Munchow 
and coworkers used a microfluidic ATPS consisting of PEG and Dex to elucidate 
the role the interface plays in diffusive transport of proteins between phases of 
an ATPS (Münchow et al. 2008). This type of study is not feasible at the macro-
scale because the phases must be positioned vertically, one on top of the other, 
and measurements of molecular concentration at the interface are difficult to 
make. In contrast, a microfluidic system with parallel streams of PEG and Dex 
allows easy observation of fluorescent protein concentration at the interface. 
Using their microfluidic system, the authors were able to create a one-dimensional 
mathematical model that predicted the time-dependent concentration of proteins 
within the phases of the ATPS. They used ovalbumin and BSA and experimental 
results agreed well with their model. Of particular note, the authors did not take 
into account the electric field created by the double layer at the phase interface 
(~1–3 mV). Previous work with macroscale ATPS suggested that this electric field 
may inhibit protein transport across the phase boundary. However, Munchow et al. 
did not incorporate the electric field into their model, which still predicted accu-
rately the experimental results. Therefore, they suggest that the electric field is 
only important if the molecules are smaller than the thickness of the double layer 
(typically 10 s of nm).

PEG and Dex ATPS have been further characterized by Hahn et al., who used 
a similar setup to Munchow et al. (Hahn et al. 2011). The group investigated the 
mass transfer resistance of the liquid/liquid interface of their ATPS using proteins 
and stained DNA as probes. The authors used electrophoresis perpendicular to the 
three flow streams (Dex in the middle and PEG on either side) to probe the under-
lying physics affecting the separation of molecules. They identified three factors 
that impact the transport between phases: (1) electrophoretic mobilities of proteins 
in each phase, (2) the partition coefficient of the molecules, and (3) the mass trans-
fer resistance at the phase interface due to adsorption. They found that for pro-
teins, the separation into phases is governed solely by electrophoretic mobility and 
the partition coefficient (i.e., the intrinsic preference of the protein for each phase). 
Proteins do not adsorb to the interface but DNA does.

Lai et al. took advantage of the phase separation of Dex droplets in a PEG 
continuous phase to explore the kinetics of dextranase (Lai et al. 2014). They 
observed the phase boundary of Dex as it was degraded by dextranase and were 
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able to extrapolate the kinetics from the gradual disappearance of the two phases. 
Their approach provides a new label-free method for estimating Michaelis con-
stants for dextranase that agree with previously determined values in the literature.

Silva et al. used microfluidic ATPS to rapidly generate binodal curves for ATPS 
comprising PEG, Dex, and potassium phosphate (Silva et al. 2014). This study 
leverages the power of microfluidics because the system allows one to generate 
the many data points required for creating a binodal curve using only 1 mL of each 
solution. The authors flowed streams of different polymer or salt concentration 
next to each other with a DI water stream in the middle and monitored the outlet 
of the microchannel for an interface. Polymer and salt concentrations were altered 
via flow rate. If an interface was present, then the concentrations resided above 
the binodal curve. If an interface was not present, then the concentrations were 
below the binodal curve. Concentrations on the binodal curve resulted in an inter-
face that was transient. Each point on the binodal curve required 4 min to generate 
and there were approximately 48 points per curve. Generate a binodal curve using 
the microfluidic method required approximately 3–3.5 h, much shorter than with 
traditional methods.

4  Summary

ATPS are an old technology that have been adapted to microfluidic formats within 
the past ten years. The traditional applications of ATPS were limited to separat-
ing biological particles such as biomolecules, organelles, or whole cells. Migrating 
the technology to microscale dimensions has enabled new applications. The phase 
interface in microfluidic system is not limited to a horizontal orientation. Multiple 
phases can easily be created and manipulated using microfluidic devices with mul-
tiple inlets. Laminar flow ensures that the streams remain stable and the interface 
undisturbed. Reagent use is minimized in microfluidic systems and diffusion dis-
tances are orders of magnitude shorter, resulting in more rapid separations. The 
separation efficiency is improved compared to macroscale ATPS, in some cases. 
New techniques to pattern and experimentally probe cells have been demonstrated 
using the immiscible phases of ATPS. Undoubtedly, as more researchers experi-
ment with microfluidic ATPS new applications will continue to be realized that 
enable novel experimental approaches currently unavailable.
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