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Abstract

Magnetic sorting using magnetic beads has become a routine methodology for the separation of
key cell populations from biological suspensions. Due to the inherent ability of magnets to provide
forces at a distance, magnetic cell manipulation is now a standardized process step in numerous
processes in tissue engineering, medicine, and in fundamental biological research. Herein we
review the current status of magnetic particles to enable isolation and separation of cells, with a
strong focus on the fundamental governing physical phenomena, properties and syntheses of
magnetic particles and on current applications of magnet-based cell separation in laboratory and
clinical settings. We highlight the contribution of cell separation to biomedical research and
medicine and detail modern cell separation methods (both magnetic and non-magnetic). In
addition to a review of the current state-of-the-art in magnet-based cell sorting, we discuss current
challenges and available opportunities for further research, development and commercialization of
magnetic particle-based cell separation systems.
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1. Introduction: Cell Separation Context and Motivation

The separation and sorting of biological cells is critical to a variety of biomedical
applications including diagnostics, therapeutics, and fundamental cell biology. As samples
of interest are often heterogeneous populations of cells that are in culture or that comprise a
tissue, techniques to isolate specific cells are essential for understanding how cells function
and respond to various stimuli. Blood, for example, is an extremely information-rich and
easily accessible tissue that is a complex blend of cells; accurate analysis of blood character
and condition requires isolation of a few desired cells. Effective cell sorting to support
numerous biomedical pursuits relies upon optimal matching between the target cell
attributes, desired outcomes, and the parameters of the sorting technique. Numerous cell
isolation and sorting techniques have been developed for benchtop and clinical settings that
are based on either physical properties of the cell, such as density or size, or on cell affinity
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that describes electric, magnetic or adhesive properties specific to each cell type. Standard
techniques for the separation of cells include processing steps of filtration, centrifugation
and sedimentation, which are carried out either in a batch or in a continuous manner and can
be easily translated to large-scale operation. However, in situations where cell size or
density differences are not significant, effective cell separation is impeded in these
techniques and other methods must be employed, including fluorescence activated cell
sorting (FACS) and magnetic activated cell sorting (MACS). In this context, magnetic
particles —nanoparticles (mean diameter 10 — 100 nm), sub-micron particles (0.1 -1
microns), and microparticles (mean diameter 1 — 50 microns) — have been an important
component of cell separation techniques in both biomedical research and in clinical
medicine for the past four decades (Borlido et al., 2013). The ability to utilize magnetic
forces to easily manipulate and control magnetic particles and magnetic entities without
wires or contacts has been recognized to have great potential for biomedical use; as such,
magnetic particles have been widely utilized for the isolation of key cell population for a
variety of applications including clinical diagnostics and regenerative medicine as well as
facilitate fundamental understanding of biological phenomena.

This paper reviews the current status of magnetic particle attributes relevant to the field of
cell separation, with a general focus on the governing physical and fluid dynamic properties
of magnetic particles and on current applications of magnet-based cell separation. Aspects
such as synthesis of magnetic particles used in cell isolation, platform design considerations
and future prospects for magnetic-enabled cell separation methods are reviewed.
Introductory material (Section 1) presents highlights of the contribution of cell separation to
biomedical research and medicine and is followed by an overview of cell separation
methods (Section 2). Presentation of relevant theory and phenomena of magnetism
underlying the action of magnetic particle-based cell separation is provided in Section 3.
Sections 4 and 5 describes examples of magnetic cell-separation systems, including
consideration of magnetic particle and non-magnetic cell separation techniques, while
Section 6 discusses challenges and opportunities for further research and commercialization
of magnetic particle-based cell separation systems.

1.1 Cell Separation: Enabling Modern Biology and Biomedicine

The use of pure, sorted cells helps to reduce variations among experiments and thus
expedites scientific discovery. Understanding cell behavior often requires isolation of cell
subpopulations to reduce heterogeneity in the studied sample: cell populations of interest
can include stem cells, circulating tumor cells (CTCs), cancer stem cells, and white blood
cell subpopulations. The enrichment of a target cell population, and subsequent cultivation
of desired cells from a defined cell population, is an important first step in the fields of
molecular genetics (Szaniszlo et al., 2004) and proteomics (Altelaar and Heck, 2012,
Gomase et al., 2008, Matt et al., 2008), as well as in a number of fundamental biological
assays. Other important applications that rely upon cell sorting are enrichment of malaria-
infected cells for diagnostics, blood cleansing (the removal of bacteria from blood before
returning the blood to its donor), and filtering out CTCs to prevent the spread of cancer. In
this Introductory section, selected examples that illustrate the importance of cell separation
in the fields of biomedical research and medicine are described. These examples are
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excerpted from the areas of fundamental biological research, tissue engineering and
regenerative medicine, personalized medicine and diagnostics/therapeutic health monitoring.

As this review covers both magnetism and cell separation, it is important to define several
terms relevant to cell separation to assist in the overall understanding and comprehension. In
the field of biologics enrichment or isolation, the target population of cells is referred to as
the “specific” cell of interest and those cells that are isolated, but are not desired, are termed
“non-specific”. In the past decade, cell isolation has played a large role in the separation of
stem cells and progenitor cells. To avoid confusion, a progenitor cell is more specific than a
stem cell and has properties similar to its terminal cell type. The most important difference
between stem cells and progenitor cells is that stem cells can replicate indefinitely and
progenitor cells have a limited lifetime. Moreover, many applications in cell separation are
closed linked to the fields of diagnostic and therapeutic monitoring; in these situations the
numbers of cells that can be isolated and counted are directly related to the accuracy of the
disease prognosis. The number of specific cells in a sample serves as a “biomarker” — the
indication of disease presence or a change in disease severity. In the targeting process, the
cell population of interest, or “phenotype”, can be characterized based on the expression of
biomolecules known as antibodies that are present on the surface of the cell. These antibody
ligands on the cells, or the immunophenotype of the cells, can be used to attach an additional
molecule or magnetic beads onto the cells. The details on this “affinity” methodology are
described Section 2.1.3. These unique binding events result in an external, or exogenous,
“labeling” or “tagging” of the cell.

Fundamental Biological Research—The capability to probe distinct characteristics of
a select cell implies the need for a pure, homogeneous, population of the desired cell
population within the research system. A wide variety of subfields ranging from genomics
and proteomics to synthetic biology and organ-level research require precise control over the
cells under investigation (i.e., the target cells) without the biological interference of non-
target cells. Thus the ability to isolate and enrich a population of cells extracted from their
complex native environment is a necessary pre-processing step to yield meaningful and
impactful results.

Successful sorting of key cells from their biological milieu has resulted in numerous
discoveries that have lead to, or soon will lead to, important advances in medicine. As one
example, the production of induced pluripotent stem cells, first discovered in 2006 in mice
(Takahashi and Yamanaka, 2006) and 2007 in humans (Yu et al., 2007, Takahashi et al.,
2007) derived from fibroblasts has provided a less politically and religiously polarizing
research alternative to the use of embryonic stem cells. Although this initial work utilized a
culture-based cell separation method, it is clear that cell enrichment played a key role in this
research. Since these initial discoveries, higher-throughput sorting methods have been
adopted in the field of stem cell research (Meng et al., 2011, Singh et al., 2013, Giorgetti et
al., 2010, Vickers et al., 2012). Another example of an advance enabled by cell separation is
the isolation of HIV-infected white blood cells from patients (Douek et al., 2002, Pitcher et
al., 1999, Brenchley et al., 2004) for individual testing; these developments have provided
essential insight into the pathology of HIV, leading to better treatment and management of
the disease.
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Cell Sorting for Applications in Tissue Engineering and Regenerative
Medicine—Ouver the last decade, the innate regenerative capacity of stem and progenitor
cells resident in blood and tissue has been the basis of several promising tissue-based
therapeutic strategies. All of these strategies require isolation of the stem or progenitor cells
from their native environments in blood or tissue in viable condition and in sufficient
quantity. Across most organ systems, the abundance of these cells is generally quite low
(<1% of the total cell population in a given sample), posing a technical challenge at the
outset. These overall low cell concentration levels in these cases preclude the use of bulk
cell separation techniques, such as density gradient centrifugation-based techniques (e.g.
RosetteSep (Naume et al., 2004)) and macroscale cell affinity chromatography methods
(Hertz et al., 1985). Antibody-mediated techniques, such as labeling cells with fluorescent or
magnetic particle tags, have better sensitivity and selectively as compared to bulk separation
methods and are currently the most widely-used methods in both foundational and early-
stage clinical studies of stem/progenitor cell-mediated regeneration from tissue sources.

The majority of cell separations currently performed for clinical cell therapy and
regenerative medicine use cells isolated from tissues such as bone marrow and blood. These
separations isolate the non-red cell population from blood, including the stem cell fraction,
and can be used to repopulate the blood (hematopoietic) system of a patient suffering from,
for example, chronic myeloid leukemia, following immune-comprising therapies. At the
present time, the largest challenge for clinical cell separation is to achieve a robust isolation
of rare cell populations with multiple surface markers from a large initial pool of cells.
Currently, cell-separation technologies based on centrifugation allow for the isolation of
cells from a large initial cell sample, and technologies that employ magnetic particles can
isolate specific populations of cells; however, these technologies identify cells with only
single biomarkers so that cells of interest that possess two or more biomarkers cannot be
specifically isolated. The topic of multiple marker separation is a very active area of
research and this topic will be addressed in Section 6.2.

Personalized Medicine—Personalized medicine is a relevantly young but rapidly
advancing field of healthcare that is informed by each person’s unique clinical, genetic,
genomic, and environmental information (Hamburg and Collins, 2010). Because these
factors are different for every person, it is a tenant that the nature of diseases—including
their onset, their course, and how they might respond to drugs or other interventions—is as
individual as the people who experience them. Personalized medicine seeks to make the
treatment as individualized as the disease, and accurate and rapid cell sorting is
indispensible to this vision. Completion of the Human Genome Project in 2003 (Collins et
al., 2003) provided crucial insight into the biological mechanisms underlying countless
medical conditions, allowing scientists and physicians to advance the field of personalized
medicine at a remarkable pace. While not yet an established part of clinical practice, a
number of top-tier medical institutions now have personalized medicine programs, and
many are actively conducting both basic research and clinical studies in genomic medicine,
proteomics, and drug development (Hamburg and Collins, 2010).

It is routine in oncology and hematology to characterize the morphology and type of cancer
cells for diagnostic and therapeutic purposes. Unraveling the detailed molecular
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characteristics of cancer cells from clinical samples will thus play a paramount role for the
progress of cancer research, diagnosis and treatment. Regarding clinical sampling, the
current trend towards minimally-invasive diagnostic procedures follows several different
tracks including the identification and molecular typing of CTCs in peripheral blood
(Pachmann et al., 2008) (i.e., that blood found within the circulating pool of blood and not
sequestered within the lymphatic system, spleen, liver, or bone marrow). Such investigations
are currently performed using the commercial magnetic cell separation platform, the
CELLSEARCH® system (Allard et al., 2004, Budd et al., 2006, Cohen et al., 2008,
Cristofanilli et al., 2007, Hayes et al., 2006, Moreno et al., 2005, Pantel et al., 2008). The
deconvolution of profiling data to extract the relevant biology of cancer cells from the
mixture of white blood cells (WBCs or leukocytes) is challenging, and in most cases
impractical (Calvano et al., 2005, Smirnov et al., 2005). Efficient enrichment of these cells
of interest is critical prior to characterization; otherwise, plentiful leukocyte cell
contamination would overwhelm any subsequent molecular analyses of rare cells. Although
most of the work in personalized medicine has focused on cancer cells, numerous other cells
of interest can be used for personalized medicine including fetal material blood cells for
prenatal diagnostics (Wachtel et al., 2001), endothelial progenitor cells for cardiovascular
risk assessment (Werner et al., 2005), hematopoietic stem cells for hematology diagnostics
(Solovey et al., 1997, van Beem et al., 2009), and other stem cells in various diseases and
conditions (Prasongchean and Ferretti, 2012, Chun et al., 2011).

Diagnostics and Therapeutic Monitoring—Cell separation technologies have enabled
high-precision tests for the diagnosis of cancer. Many current diagnostic tests depend on
individual aspects of fractionated blood components: plasma, red blood cells, white blood
cells, and platelets. Clean, cell-free plasma is necessary for early cancer detection via blood-
borne cancer biomarkers (Li et al., 2002, Villanueva et al., 2006, Bunn, 1997). Leukocytes
are required for several hematological tests as well as for DNA sequencing. Toner and
Irimia (Toner and Irimia, 2005) presented a thorough review of blood-on-a-chip technology
which describes the challenges of handling blood and the information that can be gleaned
from the various components of blood. A number of rare cells (defined as comprising less
than 1% of the total cell number) useful for disease diagnosis may also be found in healthy
blood (Bhagat et al., 2010, Miltenyi et al., 1990) (Figure 1). For example, rare cells such as
circulating tumor cells (CTCs) may be useful for adapting therapies to the characteristics of
a patient populations (Cristofanilli et al., 2004). Fetal cells are also present in limited
quantities in the maternal circulation or cord blood and may be used in noninvasive prenatal
diagnostics (Krabchi et al., 2001). Furthermore, the measurement of immunologically-
defined mature circulating endothelial cells (CECs) in the peripheral blood is gaining ground
as an important and novel technique for assessment of cardiovascular and endothelial injury
(Boos et al., 2006). In addition to CECs there is recent evidence of another rare endothelial
cell in the blood that can give further indication of cardiovascular disease status called an
endothelial progenitor cell (EPC) (Hill et al., 2003, Hristov and Weber, 2008, Werner et al.,
2005). In addition to their value in diagnostics, EPCs have shown significant promise as
easy cell source for engineered vascular grafts (Masuda et al., 2000, Melero-Martin et al.,
2007, Roncalli et al., 2008) and heart valves (Sales et al., 2007a, Sales et al., 2007b).
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Beyond diagnostics, blood components derived from cell sorting are used in therapeutics.
Purified platelets are often transfused during surgery (Sethu et al., 2006), and stem and
progenitor cells derived from tissue niches may be found in many clinical samples. These
cells, once isolated, can be reintroduced into the body to assist the natural cell repair
mechanisms. Enzyme-digested adipose (fatty) tissue can yield personalized donor cells that
may be later used for tissue engineering and disease treatment (Tandon et al., 2013); a more
accessible source of valuable stem cell populations is the amniotic fluid. Many cell
populations can be used to diagnose disease and correlation disease status with therapeutic
success. The body has a natural tendency to tune the concentration of particular cells as
mechanism to repair functions within the organs. Furthermore, the presence of particular
mutations in the native cells within organs, blood, or bone marrow can be indicative of a
disease state.

nterest and Motivation for Cell Separation

In addition to enabling a myriad of biomedical procedures and diagnostic techniques that
improve the quality of life and open up many new avenues of fundamental inquiry, advances
in cell sorting helps to fuel the global economic engine through public and private
investment in medical research. Four specific health diagnosis/monitoring examples of
heightened societal interest that greatly benefit from cell isolation techniques are provided
here pertinent to cancer, cardiovascular disease, prenatal diagnostics and malaria.
Completing this picture, a brief overview of the economic impact and implications of
biomedical research, critically supported by cell separation technologies, is also provided.

Cancer—Although much progress has been made in the diagnosis and treatment of
malignancy, cancer is still one of the most common causes of death worldwide (Society,
2012). There were an estimated 14.1 million cancer cases around the world in 2012, of these
7.4 million cases were in men and 6.7 million in women. This number is expected to
increase to 24 million by 2035 (Society, 2012). Most patients with cancer have symptoms
and distant metastases when diagnosed, which makes it more difficult to successfully treat
the disease. Therefore, accurate prognosis and diagnosis at early stages of the disease are the
most critical issues in cancers (Rusling et al., 2010). Recently, significant efforts have been
devoted to identifying informative cancer biomarkers that can contribute to the
establishment of cancer diagnosis. The biomarkers encompass mutated DNAs and RNAs
(Rusling et al., 2010), secreted proteins (Rusling et al., 2010), and tumor cells (both
circulating tumor cells, tumor stem cells) (Reya et al., 2001, Paterlini-Brechot and Benali,
2007, Huntly and Gilliland, 2005). The major cause of cancer-associated mortality is tumor
metastasis, occurring when tumor cells invade the surrounding tissue of the primary tumor
and enter into the blood and lymphatic systems, travelling to distant tissues where they adapt
to new microenvironments, and eventually seed, proliferate, and colonize. Because cell
dissemination mostly occurs through the blood, circulating tumor cells (CTCs) that have
been shed into the vasculature and may be on their way to potential metastatic sites are of
obvious interest (Chaffer and Weinberg, 2011). The presence of CTCs in cancer patients
was first detected in 1869 (Gupta and Massagué, 1869). Numerous studies in the past decade
have shown that CTCs may be used as a marker to predict disease progression and survival
in metastatic (Cohen et al., 2008, Cristofanilli et al., 2007, Cristofanilli et al., 2004,
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Maheswaran and Haber, 2010, Moreno et al., 2005, Paterlini-Brechot and Benali, 2007, Stott
et al., 2010b, Nagrath et al., 2007) and possibly even in early-stage cancer patients (Rhim et
al., 2012). High CTC numbers correlate with aggressive disease, increased metastasis, and
decreased time to relapse (Chaffer and Weinberg, 2011). Because blood collection is simple
and minimally invasive, identification and quantification of CTCs could be used as a real-
time marker for disease progression and survival. CTCs also have the potential to guide
therapeutic management, indicate therapy effectiveness or necessity, even in the absence of
detectable metastases, and offer insights into mechanisms of drug resistance. All of these
attributes of CTC’s make their separation an important priority in biomedicine, with a
number of cell separation platforms poised to contribute to the next generation in metastatic
cancer diagnostics and oncological therapeutic monitoring (Cristofanilli et al., 2007,
Cristofanilli et al., 2004, Ozkumur et al., 2013, Karabacak et al., 2014). Non-metastatic cell
populations have also been successfully separated and enumerated for diagnostics of acute
and chronic leukemia (Vickers et al., 2011).

Cardiovascular Disease—In the past decade, there has been growing interest in
endothelial progenitor (EPCs) and mature circulating endothelial cells (CEC) in the
peripheral blood, as it has been shown that both EPC and CEC numbers are positively
correlated with cardiovascular disease risk (Blann et al., 2005, Boos et al., 2006, Bull et al.,
2003, Burger and Touyz, 2012, Damani et al., 2012, Goon et al., 2006, Kraan et al., 2012,
Diller et al., 2010, Dzau et al., 2005, Hristov and Weber, 2008, Mead et al., 2007, Urbich
and Dimmeler, 2004, Yoder, 2012). Currently there are two main approaches to the
separation of endothelial cells populations from blood (1) cell sorting using cell surface
markers, via MACS (Plouffe et al., 2012, Damani et al., 2012), affinity-chromatography
(Plouffe et al., 2009b, Hansmann et al., 2011, Hatch et al., 2011, Hatch et al., 2012), and
FACS (Van Craenenbroeck et al., 2008, Kraan et al., 2012); (2) in vitro cell culture of the
blood mononuclear cell fraction (Masuda and Asahara, 2013). The measurement of EPCs as
cardiovascular biomarkers in large clinical trials requires simple, rapid, and reproducible cell
separation methods, with techniques such as flow cytometry widely applied.

Prenatal Diagnostics—To date fetal cells separated from maternal blood have so far
identified the sex of the fetus (Bianchi et al., 1992) and various genetic disorders (including
human leukocyte antigen and Rh blood types (Geifman-Holtzman et al., 1996); trisomy 13,
18 and 21 (Ganshirt-Ahlert et al., 1993, Oosterwijk et al., 1998); triploidy (de Graaf et al.,
1999) and sickle cell anemia and thalassemia (Cheung et al., 1996)). Thus, fetal cell
separation might one day be used for screening of common genetic conditions and,
ultimately, for prenatal diagnosis. Individual fetal red blood cells precursors have been
cultured after separation in some laboratories. Culturing and genotyping of separated fetal
cells might enable diagnosis of a spectrum of chromosomal and genetic disorders. As
current separation techniques do not fully achieve the purities needed for precise prenatal
care, further development of fetal cell separation technology will be required before regular
clinical application of these methodologies is adopted (Wachtel et al., 2001, Hemberger,
2012, Kavanagh et al., 2010, Torricelli and Pescucci, 2001).
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Malaria—Malaria infection is a serious public health problem in developing countries with
up to 300-500 million clinical cases and more than 1 million deaths each year (Heidelberger
et al., 1946). Upon infection, malaria parasites invade liver cells and produce thousands of
spores, which can then invade red blood cells (RBCs) and rapidly spread (Cowman and
Crabb, 2006). Currently, the Giemsa staining method is the standard technique for diagnosis,
but the procedure for to conduct this method is complex, and well-trained personnel are
required for reliable evaluation. It is also difficult to achieve high detection accuracy at low
infection rates (< 100 parasites/pL) through the use of staining procedures (Makler et al.,
1998). It is an interesting and useful fact that healthy RBCs are magnetic, by virtue of their
significant iron content, and become distinguishably more magnetic when infected with the
malarial parasite (Nam et al., 2013). This attribute distinguishes infected RBCs from the
surrounding cell populations and allows them to be magnetically manipulated and separated
in a label-free manner, without the need to incorporate magnetic particles into the blood
sample. In this manner, the target cells of interest may be concentrated to allow for early
infection diagnosis and more accurate prognostication (Bhakdi et al., 2010, Kim et al., 2012,
Miao and Cui, 2011, Moore et al., 2006, Nam et al., 2013, Ribaut et al., 2008).

1.3 Laboratory and Clinical Research Support, Impact

There is no doubt that biomedical research investment and associated spillover effects play
an extremely substantial role in the global economy. Reports tend to focus on the economic
burden of select categories of health challenges (obesity, lung cancer, etc.), with very few
wholistic assessments. A 2008 report commissioned by the Wellcome Trust, the UK
Medical Research Council and the UK Academy of Medical Sciences critically examined
the economic benefits of public and charitably funded medical research in the UK (Group et
al., 2008). While the elements of the study are numerous and complex, the conclusions,
based in large part on a comprehensive study of cardiovascular disease, suggest that the
proportion of UK health care benefit attributable to UK research lies in the range from 10%
to 25% with a central estimate of 17%. Expanding the view beyond the UK to assess the
economic impact of cancer within the European Union, it is reported that cancer incurred
costs of €126 billion in 2009, yielding an equivalent healthcare cost of €102 per citizen. In
the U.S., the National Cancer Institute (2012) reports 2010 U.S. direct costs for cancer care
as $124.57 B. This amount is projected to steadily increase due to anticipated increases in
occurrence in the U.S. population as well as to as new, more advanced techniques for
diagnosis and treatment that will be adopted as standards of care. Innovation for future
biomedical technology development, including that underlying cell sorting techniques, will
be actively pursued in the private sector, as discussed in the next section.

1.4 Investments by Large Corporations and Start-Up Companies

According to BCC Research, the microspheres market, spanning all applications, is
projected to be worth $3.5 billion by 2015. The market for cell separation technologies
overall is projected to reach the $1.4 billion level by 2015. The market for MACS beads,
which is a subset of both of these market areas, is projected to be at the $380 million level
by 2015 (Research, 2011). MACS is by now a well-established platform in both basic
research as well as clinical medicine as a major attraction is its scalability and very low
capital costs relative to FACS. There are numerous companies that exclusively produce
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magnetic particles for a variety of applications including cell separation; several larger
corporations can be found in the magnetically-enabled cell separation space. Some of the
largest global providers of magnetic beads include BD Sciences, Bang Laboratories, Thermo
Fisher Scientific (formally Life Technologies), Micromod Partikeltechnologie GmbH,
Miltenyi Biotec GmbH, and Millipore. The largest companies in the MACS space are
Miltenyi Biotec and Thermo Fisher Scientific, as they provided a fully automated separation
platform (MultiMACS™ Cell24 Separator and autoMACS® Pro Separator, and the
KingFisher™ Flex Magnetic Particle Processors, respectively). The RoboSep® platform by
StemCell Technologies provides a smaller automated platform for separation of cells up to
8.5 mL of sample with 4 simultaneous separations. For small-scale separation the BD™
IMag Cell Separation System has been shown to effectively separate, either through positive
or negative approaches, a high purity fraction of target cells. Currently R&D on improving
bead technologies is very active within large companies not only on the particle side but also
in the design of automated instrumentation (e.g. Miltenyi AutoMACS) or of user-friendly
kits (Stem Cell Technologies). The key drivers of technological development appear to be
(i) improving bead performance in terms of recovery and specificity, (ii) the ability to
custom-design beads for Kits sold by the large company itself or for kits that these
companies manufacture for other vendors, (iii) providing improved automated platforms to
promote user adoption. A comprehensive table of bead manufacturers and their current
diversity in capabilities and functionalities is presented by Borlido et al. (Borlido et al.,
2013) and Safarik and Safarikova (Safarik and Safarikova, 1999). In addition to the variety
of chemically coated microbeads, many vendors also sell beads towards specific cells of
interest.

Within the magnet-based cell separation market space there are also several start-up
companies that are either developing new cell separation devices or new magnetic beads for
cell separation. Many small companies are designing platforms specifically for cancer
diagnostics via circulating tumor cell separation and enumeration, including Cynvenio
Biosystems (US), BioCep (Israel), and Aviva Bioscience (China). Sepmag (Spain) is one of
the leading providers of commercial permanent magnet separators, with capacities of
separating 1pL to 50 L. Several novel magnetic beads are also currently in development,
such as QuickGel™ beads from Quad Technologies (US), new “big beads” from CellCap
Technologies Ltd (UK), and metallic beads from TurboBeads Llc (Switzerland). Many of
the innovative efforts attempt to challenge the current paradigm of iron oxide beads (50 nm
—10 pm in diameter) that remain attached to the cell surface. QuickGel™ beads are
synthesized from a patented hydrogel technology that allows for facile release of the beads
from the cell surface. CellCap beads possess diameters in excess of 50 um thus their
operation relies on gravitational forces combined with magnetic forces to separate labeled
cells from suspension. TurboBeads® possess a magnetic metal core and a graphene shell of
monolayer thickness; they thus present a high moment and stable labeling potential. Overall,
magnetic cell separation is a growing industry and shows much promise for continued future
innovations.
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2. Overview of Cell Separation Methods

As introduced in previous sections, both clinical laboratory and basic biology research
applications contain significant challenges in the isolation and study of target cells of
interest due to the abundance of non-target cells present in the surrounding normal tissue,
such as blood cells. It is thus necessary to reduce the molecular “noise” from normal cells by
enriching these target cells through application of a precise cell separation method that
specifically isolates the cells of interest from the dense heterogeneous cell environment.

Assessment of the efficacy of any cell separation technique involves three paramount
considerations: purity, recovery and viability (Sharp, 1988). The consideration of “purity”
relates to the enrichment of specific cells of interest that are derived from a heterogeneous
cell population using known factors, such as cell surface phenotype, associated with the
target cells. The percentage of target cells compared to isolated non-target cells within a
sample can be calculated from this separated fraction, simply represented as the number of
target cells divided by the total number of cells separated. “Recovery” describes the
efficiency of cell separation and is quantified by the percentage (by number) of cells that are
obtained post-sorting as compared to the number of total cells or target cells in the original
suspension. There are two measurements that can quantify cell recovery: the number of
separated cells versus the total cell count and the number of separated cells versus the target
cells in the original cell suspension; the latter measurement is generally more informative.
The former measurement yields information on the percentage of cells isolated from the
total number of cells, providing guidance on the cell separation efficiency when working
with a cell suspension of a well-defined composition. However, the value of this quantity is
limited, especially for original cell suspensions with a variable cell content due to, for
example, a disease state. To determine the true cell separation efficiency, the number of
recovered cells must be compared to the number of target cells in the original suspension. It
is therefore important to quantify the number of cells obtained following separation as well
as those in the original cell suspension. Finally, the consideration of “viability” refers

to “cells that are not dead’ at its most basic level. This descriptor is clearly important, as a
separation process that does not yield live cells is of little value when the downstream
application is a live cell assay or cell culture for clinical applications. However, attainment
of a living population of cells does not of itself necessarily meet the requirements of some
downstream applications; for example, dormant cells are also live but do not possess the
capability to proliferate or differentiate. Therefore, viability and function are both essential
metrics of cell separation efficacy.

2.1 Current Methodologies of Cell Separation

Conventional cell separations are often achieved on the basis of the differences in cell
physical properties, such as density and size, or by exploiting more specific biochemical
properties, such as surface antigen expression (Radisic et al., 2006, Pratt et al., 2011, Bhagat
et al., 2010, Recktenwald and Radbruch, 1997). Rather than providing a comprehensive
review of all cell separation techniques, representative examples of different methods are
briefly described here to illustrate each isolation technique. These techniques are divided
into three categories: culture-based cell separation, separation based on physical properties
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and biochemical affinity-based cell separation. The last class of cell separation technologies
includes the important techniques of fluorescent-activated cell sorting (FACS) and magnet-
activated cell sorting (MACS). All of these techniques are summarized in Table 1, which
provides a general overview of the specific cell characteristics that are used to achieve
isolation, in addition to describing the advantages and disadvantages inherent in each
technique. There is no perfect cell isolation technique, and development of such a platform
would be a quixotic approach, thus the choice of separation platform is dependent on
application and need.

Cell separation approaches can be categorized into either positive selection or negative
selection. In positive selection approaches, the cells of interest are collected as the target cell
population. This mode of selection continues to remain the most prevalent technique for cell
separation, as cells can be selectively targeted via ligand affinities and excellent purities of
collection (> 99%) are easily achievable. Positive selection techniques have only recently
shown promise as methodologies for rare cell isolation; due to low recoveries, albeit high
purities, of positive selection, the efficiency of separation using this method has not yet met
the high requirements necessary for laboratory and/or clinical settings. On the other hand,
negative selection techniques isolate the non-specific cells from heterogeneous suspensions,
leaving behind the target cells in suspension. A major shortcoming of negative selection
techniques is the unintended collection of non-target cells in the effluent stream. The
significance advantage of negative selection techniques is the ability to (i) separate cells
without deleterious labeling or stresses and (ii) selective separation of cell with no known
markers. Although a large percentage (> 95%) of the non-target cells can be removed from a
given sample, there remains a small population of undesired cells in the target cell
suspension that results in low purities of collection and may adversely influence post-
separation applications.

2.1.1: Culture-based Cell Separation Techniques—One of the simplest ways to
separate target cells from a heterogeneous cell population is to harness the unique
differential adhesion profile of different cells in the heterogeneous suspension (Lavasani et
al., 2013, Brown et al., 2008, Laugwitz et al., 2005). Cells can be placed in culture with a
growth medium, either on native polystyrene or coated with cell adhesion biomolecules, and
over a given period of time specific cell populations will adhere to culture substrates. Upon
removal of the growth medium (the supernatant), the target cells can be isolated. It should be
noted that cells can be removed from the culture flask and re-cultured multiple times to
further enhance the purity of separation. Unfortunately, the culturing technique suffers from
several shortcomings: (a) while the cell suspension is certainly enriched in target cells, the
enrichment process is generally inefficient, due to the unavoidable adhesion of the non-
target cells to the substrate surface; (b) culture-based cell separation is not systematic due to
the lack of controllable process parameters such as cell growth rate, cell adhesion strengths,
and cell settling dynamics; and lastly (c) further separation of the target cell populations that
have adhered to the tissue culture plate surface during the separation process is difficult. As
a result of both (a) and (c) aspects, cultures with a high non-target cell content can require
3-7 days of additional proliferation to achieve preferential growth of desired cells. This extra
time can result in experimental delays and possible loss of cell function and gene expression.
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2.1.2. Separation Techniques Based on Physical Properties of Cells—While
there are a large number of cell separation techniques based on the physical attributes of
cells, their efficacy and applicability can vary widely. Numerous external forces may be
applied to separate cells based on their physical properties, including acoustic waves,
hydrodynamic flow, and electric and or/magnetic fields. Since these techniques often do not
require the addition of an additive (such as a fluorescent or magnetic particle tag), they are
attractive methods when affinity ligands are not available. These techniques are also
desirable because they can be performed under high-throughput continuous flow conditions,
with minimal sample preparation before or after separation.

2.1.2.1 Density-Gradient Centrifugation: Centrifugal separation is an operation that relies
upon sedimentation (the tendency for particles in suspension to settle out of the fluid to rest
against a barrier) that is accelerated by centrifugal force and requires a difference in density
between the constituent phases. In this technique particles or cells of different densities/
volume in a suspension will settle at different rates, with the larger and denser particles

mgD
settling out of suspension more rapidly based on their sedimentation velocity, Ud:k:BLT?
where m is mass, D is diffusion coefficient, g is the gravitation constant, kg is the Boltzmann
constant, and T is the temperature (Berg, 1993). There are several different centrifugation
techniques of relevance to cell sorting, including differential centrifugation, rate-zonal
centrifugation, and equilibrium centrifugation, briefly described below (Axelsson, 2002).

Differential centrifugation (Figure 2) subjects cell suspensions to a series of increasing
centrifugal force cycles to yield cell population groups of decreasing sedimentation rate (i.e.,
decreasing mass). Due to the heterogeneity of cells characteristics in typical biological
suspensions, products from differential centrifugation suffer from contamination and poor
recoveries. Contamination can be addressed by breaking up the resulting cell pellet, re-
suspension, and repeating the centrifugation steps (i.e., washing the pellet). Rate-zonal
centrifugation uses a density gradient to effectively separate cells into different zones
according to their shape and mass. Rate-zonal centrifugation (shown in Figure 2) mitigates
cross-contamination problems by layering the sample on top of a density gradient fluid (such
as Ficoll-Paque™), which controls the diffusion coefficient in the sedimentation velocity
equation. Thus, rapidly-sedimented cells are not contaminated by the slowly-sedimented
cells. Finally, equilibrium (or isopycnic) centrifugation (Figure 2) separates based solely on
density. In this technique, the mass of the cell affects the rate at which cells transport
through the gradient medium; transport takes place until the granularity of the cell
population is the same as that of the surrounding gradient medium added to the cell
suspension (i.e. the equilibrium state). It is to be noted that the cell concentration zones
produced in all three of these techniques are very sensitive to mechanical disruption, and it
is common to inadvertently mix two or more phases during removal from the centrifuge that
had been separated using this process. Effective centrifugation can also be constrained by
the fact that numerous cell populations, especially leukocytes, are highly sensitive and
reactive to changes in the environment and therefore centrifugation may alter their
immunophenotype (Lundahl et al., 1995, Fukuda and Schmid-Schénbein, 2002).
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2.1.2.2 Acoustophoretic Cell Sorting: The application of acoustics in cell and cell

manipulation, including separation methods, has been extensively reviewed by the journal
Lab on a Chip in a themed collection titled “Acoustofluidics”. Acoustophoresis devices are
based on cell migration in a sound field. Exposing cells or microparticles to an acoustic field
in a fluid creates an acoustic radiation force that acts on the cells and controls the spatial
migration of the cells. The acoustic radiation force arises from the differences, or contrast
factor, in density and compressibility of the cells and particles, compared to the surrounding
fluid medium. In the presence of an acoustic standing wave, particles (or cells) with positive
and negative contrast factors migrate to pressure nodes and pressure anti-nodes (Gupta et al.,
1995), respectively, and can then be concentrated and collected. The acoustic field that
enables acoustophoretic cell separation systems is easily tunable, lending high adaptability
to the system. Although acoustophoretic sorting has shown some promise with particles
(Harris et al., 2010, Liu and Lim, 2011, Petersson et al., 2007) and with some cell
applications (Kumar et al., 2005, Petersson et al., 2007, Yang and Soh, 2012, Petersson et
al., 2005, Augustsson et al., 2012, Ding et al., 2012, Lenshof and Laurell, 2011, Shi et al.,
2009), its appropriateness for clinical application has never been validated as most
mammalian cells have contrast factors of the same sign, and therefore are not amenable to
separation via this technique.

2.1.2.3 Size-based Cell Separation: Filter, Hydrodynamic, Inertial Separation: The
current field of size-based cell separation in a fluid carrier employs a number of platforms
that manipulate the system fluid dynamics; these techniques include hydrodynamic
filtration, field-flow fractionation, fluid dynamics modified by structures, and inertial
microfluidics (Gossett et al., 2010). An intuitive approach for cell separation based on size
exclusion is filtration. While fibrous membrane filters typically exhibit a wide range of
macroscale pore size and are therefore insufficiently selective, microfabricated filter designs
have pores that are precisely controlled through synthesis parameters and are thus an
appropriate for many heterogeneous tissue samples, such as blood. Four types of microfilters
have been reported: weir, pillar, cross-flow, and membrane; the cell separation performance
of all these filters has been experimentally validated and reviewed by Ji et al. (Ji et al.,
2008).

Hydrodynamic cell separation techniques, including pinched-flow fractionation and
hydrodynamic filtration approaches, operate on the principle that at low Reynolds number
conditions (Re ~0.1), characteristic of laminar flow behavior with the center of a particle or
cell following fluid streamlines. In these techniques, the characteristics of the fluid flow
alone are used to determine the size-based sorting; therefore, parameters such as flow rate
control through one or more inlets, the channel geometry, and the configuration of outlets
dictates the flow character and, ultimately, the cell isolation performance. As laminar flow is
required for proper control of the fluid dynamics in this technique, both pinched flow
fractionation and hydrodynamic filtration platforms utilize microscale flow (i.e.
microfluidics).

The final method for cell separation based on size exclusion described here is the technique
of inertial separation. As exploited for the above-described techniques, the inertial
separation technique requires a laminar flow regime to be maintained for achievement of
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significant cell separation; however for this technique the flow rate is significantly higher
(Re ~1 - 100) than most size-based separation techniques. In the upper range of the laminar
region of Reynolds numbers, inertial effects have been shown to become significant, and
thus the assumption that particles (or cells) will follow fluid streamlines is no longer valid
(Di Carlo, 2009). At these flow rates a focusing phenomenon, attributed to the balance of
two inertial lift forces: the shear gradient lift and the wall effect lift (Di Carlo et al., 2007,
Gossett and Di Carlo, 2009), occurs. While the inertial lift forces depend on particle
diameter, the equilibrium flow positions in straight channels are roughly the same for all
particle diameter as long as the length of the channel is sufficiently long to allow particles to
travel to these equilibrium positions. Creation of distinct equilibrium positions tailored to
specific particle sizes requires introduction of an additional, size-dependent force, the so-
called Dean drag force (Dean, 1928), that is on the order of the inertial lift force but directed
in the opposite direction (Seo et al., 2007).

2.1.2.4 Electrophoresis and Dielectrophoresis: Cell separation techniques that rely on
manipulation of electrical forces in the system are based on two main electrical phenomena:
electrophoresis (EP) and dielectrophoresis (DEP). Electrophoresis describes the motion of
dispersed particles relative to that of a fluid under the influence of a spatially uniform
electric field. This technique has little application in current cell separation methods due to
the lack of sufficient resolution in cell electrical properties. However, the phenomenon of
dielectrophoresis, in which a force is exerted on a dielectric particle under the influence of a
non-uniform electric field, allows control of motion of both charged and uncharged but
dielectrically-active biological entities, such as cells and bacteria. Details of the electrical
polarization of the cell are determined by the dielectric properties of the cell, which are
influenced by its membrane characteristics, diameter, and internal structure (Pethig, 2010),
including the cytoplasmic characteristics. Extensive theory, experimental and review
articles, well beyond the scope of this review, are available in the literature that examines
phenomena that influence and control the electrophoretic and dielectrophoretic mobility of
cells (Demircan et al., 2013, Gagnon, 2011, Gascoyne and VVykoukal, 2002, Hughes, 2002,
Lei and Lo, 2011, Pethig, 1996, Pethig, 2010, Bruus, 2008, Kulkarni and Dalal, 2011). The
DEP technique can be very selective in cell sorting, as it is highly sensitive to the specificity
of the dielectric phenotype of cells. This sensitivity has given rise to a number of devices
that utilize the dielectrophoretic force for cell separation that do not require biochemical
labeling. Furthermore, viable, culturable cells can be isolated by DEP with minimal or no
biological damage because of the passive nature of DEP isolation. However, despite their
relatively wide applicability, DEP approaches are time consuming and are thus rarely used
to analyze real clinical samples compared with other separation approaches such as
magnetophoresis and fluorescence-based approaches. Another drawback of using DEP-
based techniques for biomedical applications is that, ideally, the dielectric force should be
exerted in an electrically-insulating environment. However, many biological environments
and body fluids such as blood and urine have high salt concentrations, creating a high
electrical conductivity environment.

2.1.3 Separation Methods Based on Biochemical Affinity—An important class of
cell separation technology is based on biochemical affinity. In this technique, affinity
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ligands for cell surfaces can be used either to provide an intermolecular force for separation,
such as in cell affinity chromatography, or as a label in the techniques of fluorescent-
activated cell sorting (FACS) or magnet-activated cell sorting (MACS). Affinity ligands are
molecules that can form a complex, or non-covalent bond, with a biomolecule; in the case of
cell separation, this chemical complex is bonded to the surface of a cell, with complex-cell
interactions that can be made to be highly specific for a particular targeted biomolecule. The
complex-cell binding typically occurs via intermolecular forces, such as ionic bonds,
hydrogen bonds and van der Waals forces. Numerous affinity ligands have been reported in
the literature, including antibodies, peptides, and nucleic acids (Grinnell et al., 1972,
Gumbiner, 1996). Cell separations based on the affinity of selected ligands to the surface of
cells often offer more selectivity for a given cell type when compared with that provided by
other physical separation techniques. However, ligand availability and performance
continues to be a limitation for cell affinity separations. Since most affinity-based methods
require binding of cells to antibodies or other ligands, nonspecific binding is also an issue
that must be minimized for successful separations of cell populations. Affinity-based
separations are particularly well suited to cell types that are physically similar to the
background cells in the sample.

2.1.3.1 Cell-affinity Chromatography (CAC): One form of affinity chromatography (also
called affinity purification) makes use of specific binding interactions between affinity-
based molecules that are located on the cell surfaces. In this technique a particular ligand is
chemically immobilized or “coupled” to a solid support within in a packed column, such as
glass or polymer microbeads. When a complex mixture, such as a cell suspension, is passed
over the column those molecules or cells that possess the specific binding affinity to the
ligand become bound. For cell affinity separations, separation occurs when cells have
different affinities to surface-immobilized molecules. The first example of cell affinity
chromatography was by demonstrated by Wigzell et al. (Wigzell and Andersson, 1969) in
1969 — opening up the field of affinity-chromatography to cell separation.

Since this seminal publication the field of affinity-based cell chromatography has rapidly
expanded and evolved from employing a simple batch-like process to utilizing a high
throughput dynamic separation platform. The use of multiple capture molecules arranged in
an array format allows separation of more than one cell type or fosters the ability to assay
two or more parameters on the same cell type. Array formats use minimal sample to
generate a wealth of information, but are not routinely used to elute cells for other use.
Another advantage of using array separation devices is that the volume of the array fluidic
chamber is typically well known, allowing for absolute cell counting and eliminating the
need for counting beads or an additional counting step — a large bottle neck in separations
today. Affinity arrays have been extensively developed for characterization of blood cells
and other cells based on antibody—antigen capture (Barber et al., 2009, Kaufman et al., 2010,
Kohnke et al., 2009, Rahman et al., 2012, Zhou et al., 2010).

As an extension of macroscale affinity chromatography columns, recent work has primarily
focused on miniaturizing the channels to minimize samples volumes and enhance the
throughput. Briefly, microfluidic channels can be functionalized with affinity biomolecules
and, similar to the initial work by Wigzell et al. (Wigzell and Andersson, 1969), cells can be
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selectively captured from a flow channel (Didar and Tabrizian, 2010). Numerous examples
exist in the literature that have illustrated the effectiveness of microfluidic cell affinity
chromatography for the isolation of circulating tumor cells (Gleghorn et al., 2010, Stott et
al., 2010a, Nagrath et al., 2007, Adams et al., 2008a, Du et al., 2006), endothelial progenitor
cells (Hansmann et al., 2011, Plouffe et al., 2009b, Hatch et al., 2011, Hatch et al., 2012),
endothelial and smooth muscle cells (Plouffe et al., 2009b, Green and Murthy, 2009, Plouffe
etal., 2007, Plouffe et al., 2008), skin stem cells (Zhu et al., 2013), white blood cells
(Murthy et al., 2004, Sin et al., 2005, Xu et al., 2009). Although microfluidic capture
channels have illustrated excellent recoveries (> 90%) and purities (> 95%) (Didar and
Tabrizian, 2010) of very rare cells versus many alternative approaches the difficulty in
gently removing trapped cells from the surface of the affinity substrate has limited the use in
many biological fields (Murthy and Radisic, 2008).

Recently, Karnik and coworkers (Bose et al., 2013, Choi et al., 2012, Karnik et al., 2008,
Lee et al., 2011) have illustrated that combination of an affinity-based capture methodology
with precise hydrodynamic control allows cell separation via a “rolling” mechanism.
Briefly, these authors modify flow channels with a unique pattern of antibodies whereby the
specific cells, through their affinity to the antibody patterns, follow the patterns. It is
demonstrated that precise manipulation of white blood cells is possible to very effectively
isolate them from whole blood (Bose et al., 2013). This technique does not trap the cells and
thus the isolated cells remain label-free for post-separation applications.

2.1.3.2 Fluorescence-Activated Cell Sorting (FACS): The fluorescent-activated cell
sorting (FACS) technique harnesses the ability to label a target cell(s) with fluorescent dyes
tags, which allows for cell sorting based on the individual labeling profile of a particular cell
population. Each labeled cell is individually entrapped in a droplet of buffer solution and is
passed through one or multiple laser beams at high speed (Crosland-Taylor, 1953) — thus
probing the cells on an individual, one-by-one, basis. Prior to fluorescent probing, the
labeled cells are first identified by detectors that are sensitive to cell size (a process known
as forward scattering) and granularity (a process known as side scatter). Second, the cells are
then probed for their unique fluorescent profile via precise fluorescent filters and detectors.
Depending on predefined sorting criteria, each droplet is then given an electric charge and
then sorted using electrostatic deflection plates. Current state-of-the-art sorting devices
typically use up to seven lasers, can sort six different types of cell per pass and can manage
up to 70,000 sorting decisions per second (MoFlo Astrios™, Beckman Coulter). In theory,
through the application of sequential sorting, higher orders of separation can be achieved.
The MoFlo Astrios™ instrument has a sort purity of < 99% and a 90% of theoretical sort
yield; viability was also shown to not be influenced by the sorting technique (Davies, 2012).
Recently significant advances in optics, detectors, and software have allowed for a
significantly larger number of colors to be analyzed (> 80 colors) (Nolan et al., 2013, Nolan
et al., 2012, Nolan and Sebba, 2011). Although still one of the most highly-used cell
isolation platforms, a serious limitation to FACS systems remains their price and
complexity. A typical FACS instruments can cost upwards of $250 K for three-channel
sorting and over $1,000 K for a seven-channel sorting instrument. Furthermore, the
complexity of operation requires dedicated highly-trained personnel to ensure reliable cell
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sorting efficiency and purities. FACS systems are susceptible to cross-contamination,
clogging in the nozzle and require high reagent consumption. Additionally, these high-end
systems only deliver limited throughput for direct separation of rare cells from whole blood,
requiring hundreds of hours to sort the billions of red blood cells present in a sample tube.
This limitation is addressed, in part, through the application of lysis or sample pre-treatment
to facilitate sample analysis time of a few hours or minutes by first removing the red blood
cells from the sample.

2.1.3.3 Magnet-Activated Cell Sorting (MACS): In 1977, Rembaum and co-workers
(Molday et al., 1977) introduced a novel immunomagnetic technique, now commonly
known as magnetic-activated cell sorting (MACS). In the field of cell separation, MACS
(Miltenyi et al., 1990) is one of the most standard separation techniques, harnessing
functional micro- or nanoparticles that are conjugated with antibodies corresponding to
particular cell surface antigen. Extensive detail of MACS is provided in Section 4.0 of this
review article that addresses specific cell-separation platforms. Magnetic cell isolation
platforms can utilize either an intrinsic magnetic character (e.g., the iron-containing
hemoglobin in erythrocytes ((Melville et al., 1975b, Melville et al., 1975a)) a topic
discussed in Section 5.2, or can utilize extrinsic magnetic character (e.g., cells labeled with
magnetic nanoparticles). Under application of a magnetic field gradient, the magnetically
targeted cells can be separated in either a positive or a negative fashion with respect to the
particular antigen employed. As outlined earlier, this type of technique typically requires a
relatively large volume, a few milliliters, of suspension. Maximum flow rates within a
magnetic sorting device are limited by the achievable magnetic field strength as well as the
magnetic response of the cell. In many early MACS devices, cell suspension flow rates were
limited to about 1 mm s1 that provided a rates of few hundred microliters per hour, not
practical for a clinical application. In recent years, more sophisticated configurations have
been employed that now allow processing of sufficient volumes of cell suspension in shorter
time periods. It has been demonstrated that current MACS platforms can provide extremely
high cell purities (> 95%) at high throughput (~101° cells/hr), presenting a more cost-
effective ($10 K vs. $250 K) device option as compared to fluorescence-activated cell
sorting (FACS) methods (Thiel et al., 1998).

More recently, magnetic cell sorting techniques have been successfully integrated with
microfluidic techniques (Pamme, 2006, Yun et al., 2013, Radisic et al., 2006, Pamme,
2007). For example, a microfluidic MACS system was developed to sort target cell types in
the continuous flow-manner (Adams et al., 2008b, Plouffe et al., 2011a, Plouffe et al., 2012).
By employing either permanent magnets (Adams et al., 2008b) or electromagnets (Plouffe et
al., 2012), cells of interest can be rapidly isolated (> 250 pL/min) from large sample
volumes (> 10 mL). More recently, while most magnetic cell manipulation techniques
utilize labeling methods that allow magnetic nanoparticles to bind to antigens on the cells, a
new label-free separation strategy has been illustrated that relies upon magnetic
nanoparticles internalized within the cells of interest. This technique exploits the different
internal absorption capacity of cells (known as endocytosis) with the result that monocytes
with low absorption capacity and macrophages with high absorption capacity were
successfully separated via on-chip magnetophoresis. From this study, it is demonstrated t hat
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cells can be internalized by different amounts of magnetic nanoparticles according to their
own capacity (Robert et al., 2011). It should be noted, though, that internalization of
magnetic particles has been shown to adversely influence cellular function (Liu et al., 2013,
Pisanic Il et al., 2007, Sharifi et al., 2012, Soenen and De Cuyper, 2010) and is not the most
favorable methodology for cell labeling.

Techniques that rely upon magnetic forces to manipulate cells are not limited to those that
use particles as the magnetic source (Sofla et al., 2013). The intrinsic magnetic properties of
select cells allow for label-free manipulation without the potential interference of attached
particles. As an example, the presence of hemoglobin in erythrocytes enables the ability to
isolate erythrocytes from leukocytes by the application of high magnetic fields (Melville et
al., 1975h, Melville et al., 1975a, Han and Frazier, 2004, Han and Frazier, 2005, Han and
Frazier, 2006b). Furthermore, under an exposure to a high magnetic field, it is disclosed that
the migration velocity of erythrocytes tends to increase with increased concentration of
intrinsic magnetic content (Zborowski et al., 2003) — a property that has allowed for
separation of malaria-infected red blood cells from healthy red blood cells (Kim et al., 2012,
Nam et al., 2013, Paul et al., 1981a)

Target cell concentration via isolation is another important application enabled by magnetic
cell manipulation techniques. For example, circulating tumor cells (CTCs) were separated
from blood cells using a microfluidic device consisting of a single inlet/outlet that was
placed alongside magnet (Kang et al., 2012). In another manifestation, target CTCs
conjugated with magnetic nanoparticles in a blood sample are trapped at the bottom of a
microchannel that is integrated with a permanent magnet (Hoshino et al., 2011). Along
similar lines, microfluidic devices containing magnetic micropillar structures can be used to
capture specific target cells (Liu et al., 2009c). One example is a microfluidic device that
featured a strong induced magnetic field derived from an array of hexagonal nickel
micropillars captured target cancer cells for subsequent on-chip sample preparations (Liu et
al., 2007). While it is true that in-situ analysis can be performed with high sensitivity using
small sample volumes in a complex manner in lab-on-a-chip devices that employ magnetic
cell separation, this technology is still limited by time-consuming and labor-intensive
procedures such as magnetic bead labeling (Whitesides, 2006).

2.2 Major Advantages of Magnet-Activated Cell Sorting (MACS) Relative to Other

Techniques

Compared with other cell enrichment methodologies, an immunomagnetic approach that
combines magnetic forces with biochemically-labeled magnetic nanoparticles to direct cell
motion in a sample has several advantages that make it especially suitable for targeted rare
cell separation. As magnetic separation platforms harness the unique ability to control cells
from a distance, MACS is traditionally considered a user-friendly method to separate target
cells. A few figures of merit that distinguish MACS from other cell separation modalities are
described below:

@ Selectivity: similar to adhesion-based approaches, magnet-based separations
have good sensitivity that arises from robust antibody—antigen binding between
the cell and the magnetic particle label.
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(b) Specificity: using magnetic force as the retaining force, an immunomagnetic
assay fosters good contrast between target and non-target cells in terms of the
surface attachment. Towards the end of the cell separation process, it is possible
to apply a high shear stress to the sample during flushing to remove the non-
target cells from the suspension, leaving behind enriched cells of interest.

() Throughput: in comparison to cell-affinity chromatography, where direct contact
between cells and surface molecules is essential for successful cell capture,
magnetic assays can attract cells over a wider spatial domain. In this scenario,
the separation throughout is not compromised by larger separation chamber
spaces and higher flow rates (up to tens of ml h™1).

(d)  Tunability: compared to techniques that feature a fixed filtration structure or
surface molecule immaobilization, the magnetic field component of MACS can
be easily and accurately controlled, especially when an electromagnet is used as
the magnetic field source. The field intensity and flux distribution can be
optimized for specific cell types and the magnetic tag properties based on
models when possible.

() Integration: a magnetic field acts at a distance and can be introduced without
direct contact with cells. Furthermore, the MACS separation platform can be
integrated easily with other separation methods. Recent, work by Toner and co-
workers illustrated that a magnetic separation platform can be integrated with a
size-based cell separation approach to increase the target cell separation
efficiency by removing red blood cells (RBCs) and platelets in advance
(Ozkumur et al., 2013, Karabacak et al., 2014).

3. Magnetophoretic Cell Separation: Theory and Phenomena

Magnetic forces are unique in that they allow action at a distance, providing the ability to
control objects without external wires or contacts. While not the only force that acts at a
distance, i.e. gravity, electric forces, optical forces, and acoustics, the magnetic force
underlying magnetic cell separation provides for action at a distance based on cell-marker
affinity. While the intertwined fields of magnetism and magnetic materials are immense and
very old, they have expanded to include biomedicine only rather recently (Krishnan, 2010,
Murthy, 2007, Frimpong and Hilt, 2010, Mout et al., 2012, Pankhurst et al., 2009, Roca et
al., 2009). The phenomenon of magnetophoresis is the controlled migration of particles, in
this case biological cells, upon the application of an inhomogeneous magnetic field.
Magnetophoresis may be employed to separate out specific cells from a heterogeneous cell
population, with high selectivity, high sensitivity, and good throughput. In this section a
brief overview of phenomena and terminology of relevance to magnetophoretic cell
separation is provided. This section describes the categories of magnetic materials, the
governing forces responsible for the separation and isolation of a target cells population, and
the materials and methods choices that impact the overall operation of the desired platforms.
More detailed information magnetic force theory and magnetophoretic principles may be
found in a selection of excellent textbooks (Aharoni, 1996, Coey, 2010).
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3.1 Magnetic Phenomena for Cell Sorting: Allowing Specific Action at a Distance

Among all functional materials, magnetic materials are singular by virtue of their ability to
transfer energy and force through air, vacuum or intervening materials without wires or
contacts. This property bestows these materials with a key technological role to enable
devices of all types. In particular the magnetic force is well suited to many non-invasive
biomedical applications through the phenomenon of magnetophoresis, which is the basis of
magnetic-activated cell sorting. The magnetic response of materials systems with relevance
to biological magnetophoresis and cell sorting may be classified into four main categories:
diamagnetism, paramagnetism, ferromagnetism and superparamagnetism. The last category
of superparamagnetism is of paramount significance in cell sorting applications. This overall
categorization scheme describes responses derived from the fundamental electronic structure
of the atomic (electronically-localized systems) or collective (electronically-itinerant
systems) constituents of the materials under examination in a magnetic field; simple
examples are provided in Table 2, with graphical representatives of their field-dependent
character provided in Figure 4. As biomaterials are typically non-metallic, the origins of
magnetic phenomena described here are ascribed to the number and configuration of
electrons in matter, with the intrinsic angular momenta associated with unpaired electrons
donating a magnetic moment that determines the magnitude of the functional response.
Depending upon the conditions of the biological system to be probed, the phenomenon of
magnetic hysteresis may become important. Magnetic hysteresis, whether it is found in
thermal cycles as thermal hysteresis or under cyclic applied magnetic field conditions as
field hysteresis, signals irreversible processes within the system that may enhance or
degrade functional effects.

When a material is placed in a magnetic field 77, a magnetization (magnetic moment per

unit volume) 77 is induced in the material which is related to 77 by the relationship ﬁ:xﬁ,
where y is the volumetric magnetic susceptibility. In SI unitsl, the magnetic susceptibility
represents a dimensionless proportionality constant that indicates the degree of
magnetization of a material in response to an applied magnetic field, with the direction and
magnitude of x indicative of the class of magnetic material (as described in Table 2). In the

absence of an existing magnetic moment, it should be noted that the magnetic field 77 can be

related to the magnetic flux density 7 by the relationship f}):#ﬁ, where | is the magnetic
permeability. The magnetic permeability is directly related to the magnetic susceptibility by
K= Ho(1 + x), where g is the permeability of vacuum. Overall, magnetophoresis is driven by
the magnetic flux density, rather than magnetic field strength, and thus this relationship play
an important role in MACS systems.

1Magnetic units can be complicated, with selected scientific and technical communities employing the International System of Units

(Sl or “rationalized” system; defining relationship is

— - —
B=po (H'Hu), where g is 47 x 10°7 H/m) while others utilize the

Gaussian/cgs system of units (defining relationship is B = H 4 M; variables are defined in the main text. In this review paper, SI
units are employed. For more detail, see Bennett, L., Page, C. & Swartzendruber, L. 1978. Comments on units in magnetism. J. Res.

NBS, 83, 9-12.
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Diamagnetism describes the negative, typically linear magnetization response, or negative
magnetic susceptibility, upon application of a positive magnetic field. The origin of this
effect is the pairing of all electrons to create a completed electronic shell configuration
within the atoms comprising the material. This effect is nearly independent of temperature,
and when the magnetic field is removed, the magnetic moment of the system becomes zero.
All materials exhibit small but finite diamagnetism; as biologically-relevant materials are
usually formed from organic compounds or structures with closed-shell electronic
configurations, diamagnetism is an important consideration. Under the application of low
fields, diamagnetic effects are generally sufficiently small to be neglected for the purposes
of cell separation, although an example of where diamagnetism can be harnessed for red
blood cell isolation is described in Section 5.2.

Paramagnetism provides an opposite response in materials to the application of a magnetic
field; it describes the positive linear magnetization response upon application of an external
positive magnetic field to systems of atoms or materials that contain unpaired electrons in
their electronic structure. These unpaired electrons are characterized by a non-zero spin
angular momentum that results in electronic magnetic moments or “spins”. In the absence of
an applied magnetic field, paramagnetic materials have zero magnetization as the spins have
negligible interelectronic correlation. Upon application of an applied magnetic field, the
unpaired electron spins (and the resulting magnetic moment) align along the direction of the
external magnetic field. The paramagnetic susceptibility, which describes the magnitude of
the response of a paramagnetic spin to an applied magnetic field, is constant, positive and
small, on the order of 10 to 10°°.

Ferromagnetism is a quantum-mechanical manifestation of a Coulombic-type of
interelectronic interaction and is identified by the existence of a spontaneous magnetic
moment in the absence of a magnetic field. Ferromagnetic effects occur in a subset of
materials that contain unpaired electrons with a a non-zero spin angular momentum that
results in the formation of electronic magnetic moments or “spins”. The wavefunctions
associated with these electrons of finite spin are correlated to provide interatomic magnetic
coupling — the so-called “exchange coupling” — and associated spin alignment that
donates a volume magnetization to the material. The unpaired electron spins (and the
resulting magnetic moment) align in the same direction as an external applied magnetic field
and remain aligned in the absence of a magnetic field to produce ferromagnetism.
Ferromagnetism is temperature-dependent; the systems’ magnetic moment decreases with
increasing temperature, typically in accordance with the Brillouin function and essentially
disappears at the Curie temperature T¢. (Coey, 2010).

As a subclass of ferromagnetism, the phenomenon of superparamagnetism (SPM) may arise
when a ferromagnetic material is subdivided into very small volumes such that magnitude of
the volume magnetic energy is on the same order as that of the ambient thermal energy
(Aharoni, 1996, Bean and Jacobs, 1956). In this circumstance the ensemble magnetic
moment of the small volume cannot retain its physical direction in space due to thermal
fluctuations. The magnetic entity or cluster behaves in a paramagnetic fashion, with a
sharply increasing and linear response to an applied magnetic field but with an immense
magnetic moment, hence the moniker, “superparamagnetism”. Superparamagnetic materials
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exhibit a large ferromagnetic response in the presence of a magnetic field but have zero
response in the absence of a field. This property can be very useful in applications that
require strong forces that can be “turned on and off” by a magnetic field, such as cell
separation. Superparamagnetism arises by design in ferromagnetic nanoparticles with
diameters that range from nanometers to a couple of tenth of nanometers, depending on the
magnetic attributes of the specific material.

The relationship between the specific magnetic character and the size of the magnetic
particle in magnetophoretic cell separation is very important. In all cases, the magnetic
character of the particle must be superparamagnetic, to allow for selective motion of a
particle under a magnetic field — in the absence of a magnetic field, superparamagnetic
particles exhibit zero moment and thus are indistinguishable from other types of entities in a
cell suspension. Ferromagnetic particles, on the other hand, maintain a permanent or
spontaneous magnetization in the absence of an applied field. While the size of the magnetic
entity itself must be in the superparamagnetic realm, the size of the particle that contains the
superparamagnetic material is tailorable to meet specific applications. In some cases, the
magnetic entity constitutes the magnetic particle itself, with diameters in the range 1-50 nm.
In other instances, the magnetic particle is comprised of an encapsulated volume of
superparamagnetic nanoparticles: in this instance the particle matrix, often consisting of a
polymeric material, may have a diameter of 100 nm to 50 pm but will contain approximately
10 - 40 vol % superparamagnetic phase.

Applied Aspects of Superparamagnetism: The following is a brief exposition on the
phenomenology and controlling parameters of superparamagnetism, as this type of magnetic
behavior forms a framework for magnetic particle synthesis goals and selection, as well as
for cell separation applications. In a simple approximation, the total magnetic moment of a
superparamagnetic nanoparticle, typically comprised of 10,000 — 100,000 atoms that form
the nanoparticle, can be regarded as one giant magnetic moment. The size range of
superparamagnetic nanoparticles, with typical diameters in the range 1-50 nm (See Table 2),
is smaller than or comparable to that of biological entities, such as cells (10-100 pm) and
proteins (5-50 nm). A useful characteristic of superparamagnetic particles is that they exhibit
a large magnetic moment and a high susceptibility in the presence of a small field; upon
removal of the field they ideally release all residual magnetization — similar to
paramagnetism; hence the nomenclature, “superparamagnetism”. In the zero-field condition,
superparamagnetic nanoparticles exhibit zero coercivity, i.e. zero resistance to magnetic
reversal, which makes them highly manipulateable. The sum total of these properties makes
magnetic nanoparticles the best candidate for cell separation applications in magnet-based
cell separation platforms.

The superparamagnetic state is distinguished by its thermal response. The thermal stability

of the vector ferromagnetic moment ﬁtot of an ensemble of uniform spherical magnetic
nanoparticles, each comprised of n atoms with the moment magnitude my, such that

|ﬁt0t\:n - my,, be quantified by the thermal relaxation time . The thermal relaxation time
describes the average time the ensemble magnetic moment at a given temperature T reverses
from one direction in space to another over a uniaxial activation energy barrier Eg:
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B

E
T=Ty exp T Eq.(1)
B

where 1/, is the reversal attempt frequency and Eg is equal to K-V, where K is the effective
uniaxial magnetocrystalline anisotropy energy per volume, an intrinsic attribute of the
material, and V is the particle volume.

As illustrated in Figure 5, for measurement times t,, <<t, the average time between
magnetic reversals is much larger than the measurement time. This condition allows the
magnetic particle to reside in a well-defined, quasi-stable state that is referred to as the
blocked state of the system (Figure 5). In the blocked state, the particles exhibit a finite
coercivity (i.e., resistance to magnetic reversal). For measurement times t,, >>v, the average
time between magnetization reversals is much smaller than the measurement time; in this
circumstance the measurement probes a magnetically-fluctuating state of different
unresolved magnetization spin directions. In the absence of an external magnetic field, a
time-averaged net magnetic moment of zero magnitude is measured and the system is thus
in the superparamagnetic state. As indicated in Eq. (2), the temperature at which the ambient
thermal energy becomes equal to the volume magnetic anisotropy energy is defined as the
blocking temperature:

It can be seen that the superparamagnetic blocking temperature provides an intuitive
indication of the size of the nanoparticles, by virtue of the intrinsic magnetocrystalline
anisotropy constant: for a given nanoparticle composition, a lower blocking temperature
implies a smaller nanoparticle radius. To a first approximation, two magnetic states of the
ensemble can be distinguished as follows: the block state is defined as t, << tor T < Tg;
the superparamagnetic state is defined as ty, >> tor T > Tg_In practice, distributions of
nanoparticle sizes and compositions inevitably result in distributions of blocking
temperatures that can create a broad blocking temperature profile, which must be considered
when magnetic nanoparticles are incorporated into applications.

3.2 Governing Forces in Magnetic-Based Cell Separation

In this section the governing forces responsible for the motion of a spherical magnetic
particle traveling through a medium under the influence of an applied magnetic field will be
described. In this manner the mechanism of magnetically-activated cell sorting, with cells
attached to magnetic particles flowing in a device and diverted to specific selection
channels, will be developed. Biochemical aspects of cell-nanoparticle attachment and
detachment will be addressed in Section 3.3.

The magnetic particle under consideration possesses a finite magnetic moment, has zero
electric charge and possesses density py, radius Rp, volume Vp=4/3 7R3, with mass
mp=pp-Vp. Under the influence of an applied magnetic field, the particle seeks to reduces its
energy by moving towards the magnetic field source. The trajectory of motion of this
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particle is governed by the interaction of a number of forces and phenomena including (a)

— —
the magnetic force (Fm) due to all magnetic field sources, (b) the fluidic drag force (Fs)
(c) forces describing particle-fluid interactions (i.e., perturbations to the flow

— —
characteristics), (d) inertia, (e) buoyancy(F b) (f) gravitational forces (F g), (9) thermal
kinetic energy (Brownian motion), and (h) interparticle effects that include magnetostatic
(i.e., dipole-dipole) interactions (Furlani, 2010). Employing classical Newtonian dynamics

_
(F =m7>, the total force balance on the particle may be written as:

dv
m.
gt

—

p - =
=F,+F+F,+... EqQ)

s
dv,

where is the acceleration experienced by a particle traveling with velocity="",. Unless
the particles under consideration have diameters less than a few tens of nanometers, particle
diffusion due to Brownian motion may be neglected (Sinha et al., 2007). Gerber and
coworkers (Gerber et al., 1983) formulated a criterion to estimate the diameter (Dp) in which
Brownian motion influences magnetic manipulation:

|F|- Dy <k,T Eq4)

where |F| is the magnitude of the total force acting on the particle, kg is Boltzmann’s
constant, and T is the absolute temperature. For example, Fe30,4 particles in water has a
critical diameter of Dy = 40 nm. For particles with diameters smaller than Dy, one needs to
solve an advection-diffusion equation for the particle volume concentration. For detail on
solving these problems see the initial work by Gerber et al (Gerber et al., 1983) and Fletcher
(Fletcher, 1991). Additionally, the inertial force contribution to the total force balance
dv,

™3¢ | is often ignored in situations that involve submicron-sized particles, as their
small mass makes this force negligible relative to other forces acting on a given particle
(Sinha et al., 2007, Sinha et al., 2009). Under these conditions, the trajectory of the particle
motion at constant velocity may be determined from a simple force balance:

—

- = @ —
O:FTrL+Fs+Fg+Fb Edq.(5)

dv,
(For the case of a large cell or particle in motion, the inertial term (m” dt ) may need to
be included; this case will be explored later in this section)

In the following sections these individual force terms will be examined in more detail and
first-principle calculations of the motion of a single magnetic particle in these conditions
will be described. These results may be directly applied to the conditions underlying
magnet-based cell separation. Additionally, although less significant, the effects of
additional forces (such as gravitational forces and Coulombic forces) will also be described
below.
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Magnetic Forces—A brief review of elements of magnetic vector theory will facilitate
understanding of how a magnetic field may be used to manipulate magnetic nanoparticles in
a fluidic system. Advanced details are available in an excellent review (Zborowski, 1997). A
magnetic field gradient is required to exert a force at a distance; a uniform field gives rise to
a torque, but does not contribute to translational action. The magnetic force acting on a

point-like magnetic dipole moment of magnitude ;- in a magnetic field gradient v 5 is
given by:

Fo=(m-V)B Eq®)

In the case of a magnetic nanoparticle residing in a diamagnetic medium, the total magnetic

moment of the particle is mi =V, - M which depends both on the volume of the particle (V)
and on the volume magnetization of the particle 3 7. Assuming uniform magnetization, and
the magnetization is a linear function of the field intensity up to saturation, ]Tf:AXﬁ,

where Ay is the difference in magnetic susceptibility between the particle (yp) and the

surrounding medium (ymeq)- Above saturation, ]\_f’:Ms, which is a case explored below in
Egs. (9-10). Specifically, below saturation, the overall response of a magnetic particle in a
fluid to an applied magnetic field, as described earlier, is then determined by the strength
and gradient of the applied magnetic field (B =y, H; when 37_), yielding (Boyer, 1988,
Lee et al., 2004):

_Vlx
Ho

?m (§ . V) B Eq.(7)

Tm
where [, is the permeability of vacuum equal to 47 x 10_77.

As the magnetic susceptibility of the surroundings of an ensemble of magnetic particles is
typically 5-6 orders of magnitude lower than that of the particles themselves (Pamme, 2006),
Ay is determined primarily by the susceptibility of the magnetic particle, yp. By way of
example, the magnetic susceptibility of phosphate buffer saline is on the order of 107 and
that of blood is on the order of 1076, while the susceptibility of commercial magnetic oxide
particles is generally on the order of 100 — 101 (Hayes, 1914, Melville et al., 1975b).

The above equation Eq. (7) is directly proportional to the square of the magnetic flux field as
well as directly proportional to particle-specific terms (i.e. volume and susceptibility),
confirming intuitive conclusions that more force is necessary to direct larger particles of
comparable magnetic susceptibilities. In a standard commercial magnetic cell separation
system, the applied magnetic field magnitude, and hence the available force for separation,
is determined by the equipment; the operator often has little influence over this parameter.
On the other hand, the magnetic particle component attributes can be easily improved via
implementation of beads with a larger magnetic moment.

To label a specific cell with magnetic particles, as described in Section 3.3, the magnetic
nanoparticle or microbeads are typically conjugated to antibodies that target a specific cell
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surface marker. Therefore, the magnetic force equation Eq. (7) must be somewhat modified
to reflect the tagging of a single cell with a number of individual, much smaller, magnetic
particles:

0
1_7)7n,=7vaXﬂn A (1_5 ~ V) B Eq®)
Ho

where B is the number of magnetic particles on the cell surface that are conjugated to the
desired antibody, n is the number of cell surface markers targeted, © in the fraction of the
cell surface marker bound and )\ is the number of antibodies that can bind to a specific cell-
surface marker (McCloskey et al., 2000).

Eqgs. (7-8) apply below saturation, but many magnetic separators operate in the saturation
region and thus the magnetic force equation must be augmented to account for this case.

When the particle is saturated, 37— M, both conditions of saturation and below saturation
must be accounted for by expressing magnetization as:

— —
M=f(H)H Eq.9)
where

Ay, H<M,
f(H) —{ M, A% Eq.(10)

and H=|H | As noted earlier the definition that links B=pg <H+M) can be used to rewrite

these equations in terms of . More details on the magnetic force equations for
superparamagnetic particles in separation are described by Furlani (Furlani, 2010).

Viscous Forces—In addition to the magnetic force f’m acting on the magnetic particles

due to the presence of a magnetic field gradient, there exists a viscous drag force ?S acting
on the particle in the direction opposite to the particle motion (Bird et al., 2002). This drag

force, or Stokes force f’s is a function of the suspension medium viscosity (n), the radius of
the particle (Rp), and the relative velocity ', of the particle in the direction of the magnetic

force versus the carrier fluid o’ (i.e. Av):
—
F,=—-6mR,Av Eq.(11)

To correlate the viscous force to a cell moving in a carrier fluid it can be assumed that the
radius of the cell (Ry) is significantly larger than those of the bound particles (Rp), Fig. 6,
and thus this term dominates the drag force resistance and that the velocity of interest is that

of the cell body (%’,.).
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Other Forces in Magnet-Based Cell Separation—In addition to the magnetic and
viscous drag forces, gravitational forces exist and act on the cell during the separation
process. The gravitational force and the buoyance forces, respectively, are given by:

— 4 3
Fo=- gﬂ-chpc Eq.(12)

Fy=- %W Rigp; Eq(13)

where p. and px are the densities of the cell and the fluid, respectively, and g =9.8 m s is
the acceleration due to gravity. These forces are often ignored for scenarios that depict the
actions of submicron and nanoscale particles employed in magnetophoretic separation
processes, as they are usually much weaker than the magnetic force. However, in the case of
larger particles, such as magnetic microbeads employed in some cell separation platforms
(with R > 5um), the buoyancy force is on the same order of magnitude (in the range of 10 —
100 pN) as the gravitational and buoyance forces and thus cannot be neglected. Eg. (14)
describes the equation of motion detailing the separation forces appropriate to large cells of
sufficient mass to contribute a finite inertial force term to the separation dynamics. Inclusion

dv
of the cell inertial term chC yields the overall force balance:

dv. A 7D\
me Ve _Yp Xpn (§ . V) B - 6mnRe (ve — v¢) — Ve (pc — pr) 8 Eq.(14a)
dt Ho
dV. v,BnoA — —
m e :_pi 25 (#) (B V) B - 6mRe (ve —ve) = Ve (o~ pr)g e (14

where Eq. (14a) and Eq. (14b) represent the case where the particle is below saturation and
at saturation, respectively. Although cell properties, such as me, V¢, and p, are inherit
properties, these relationships demonstrates that the overall force balance may be easily
tuned via changes in particle properties (Vp, x, Ms), particle chemistry (A, ), the magnetic

source (), and in the fluid properties (v, ps), and thus magnet-based sorting serves as a
robust separation platform for targeted cell enrichment. By rational selection of particle
characteristics, antibody choices, flow rates, magnetic field generator, and fluid
characteristics one can optimize a magnet-based separation platform without significantly
instrumentation changes.

A final force that contributes to the overall motion of a magnetic particle or magnetic
particle-decorated cell under the influence of an applied magnetic field is derived from the
electrostatic forces inherent in the system. It is well know that the surfaces of magnetic
particles, cells, and separation devices normally possess a surface charge when residing in
an electrolytic solution (e.g. buffers, cell culture medias, blood, and urine) (Stoker, 2011).
The interaction between charged surfaces is described by the Derjaguin-Landau-Verwey—
Overbeek (DLVO) theory (Hiemenz, 1997). The DLVO force is simply the sum of the van
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der Waals force and the electrostatic force due to the so-called double layer of counterions,
both of which are large when the interparticle separation is small or if particles are close to
the surface of the cell separation device or container (distances in the vicinity of 102-10-10
m) (Hiemenz, 1997). As these forces are negligible at distances greater than several hundred
angstroms, they are only rarely considered to be significant for cellular interactions (Bartlett,
2008).

3.3 Materials and Methods Considerations in Magnetophoretic Cell Separation

Once the forces that contribute to the motion of a magnetic particle or magnet particle-
decorated cell within a suspension have been considered (Eq. (12)), parameters that control
the particle motion can be identified and manipulated to optimize a magnet-based cell
separation platform. These parameters include the choice of magnetic bead, including size,
magnetic moment and density, the magnitude of the applied field and the source to provide
the field, and the carrier fluid characteristics. The trade-offs in selection and tuning of each
of these parameters is discussed in this section.

Magnetic Beads for Cell Separation Applications—The first parameter that will be
examined in the context of optimizing magnetic cell separation platforms is the magnetic
beads themselves, with factors such as materials selection, synthesis methods, and particle
size to be considered. In addition to materials selection and synthesis techniques, coating of
the magnetic bead to promote favorable chemistries to enhance application and improve
functionality and usability is also described here.

As magnetic particles are intended for use in biological in vivo applications, there are strict
governmental guidelines concerning the use of materials that are non-toxic (Soenen et al.,
2011). Therefore the most widely-used in vivo magnetic nanoparticles are the iron oxides of
magnetite Fe30,4 and maghemite y-Fe,O3. However, pure ferromagnetic metals such as Fe,
Ni and Co, oxide ferrites of the form MeO-Fe,O3 (where Me = Mg, Zn, Mn, Ni, Co, ...),
and compounds such as CoPt3 and FePt may also be used for in vitro applications, including
cell separation, where somatic toxicity is not a concern (Pankhurst et al., 2003, Pankhurst et
al., 2009). Magnetic nanoparticles typically range from 1-100 nm in diameter. However,
larger particles with diameters of several hundred nanometers or even micron-scaled can be
fabricated and biologically isolated by creating clusters of magnetic nanoparticles and
encapsulating them in organic (e.g., polymeric) or inorganic coatings. Methods for
synthesizing magnetic nanoparticles have evolved over several decades, and new methods
continue to be developed and refined (Mok and Zhang, 2013, Wang and Su, 2011, Kolhatkar
et al., 2013). There are two basic approaches to nanoparticle synthesis: the so-called “top-
down” and “bottom-up” synthesis techniques.

The top-down approach involves the reduction of larger-scale matter to desired nanoscale
dimensions, and is generally subtractive in nature. Top-down methods include
photolithography, mechanical machining/polishing, laser beam and electron beam
processing, and electrochemical removal (Thakkar et al., 2010). The top-down method starts
from the bulk material, which is typically decomposed by mechanical influences into
decreasingly smaller fragments. The resulting fragments have a typical diameter of about
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100 nm and may exhibit a wide size distribution. Such an approach is usually not suitable
for the large-scale manufacturing of particles that must possess a well-defined geometrical
configuration and therefore has shown little promise in magnet-based cell separation motifs.

Utility of Nanoparticles versus Microparticles in Magnetic-based Cell
Separation—Selection of particle size influences the dynamics of the cell separation
process as well as the characteristics of the cells themselves. Due to the necessity of utilizing
superparamgnetism for cell separation, two size ranges of particles are generally studied and
reported. Research has focused most efforts on the fabrication and application of magnetic
cell labels comprised either of individual nanoparticles (10 — 50 nm) or of microparticles
consisting of individual superparamagnetic nanoparticles embedded in a larger particle body
(1 - 100 microns). Therefore, research employing particles in the size range between these
two categories, known as sub-micron particles, is far less common. Applications that require
a large number of magnetic particles bound to a given cell surface require smaller particles.
For applications that do not required extensive particle labeling, larger particles are needed.
Performance and efficacy tradeoffs between smaller versus larger particles vary for specific
applications. For example, the magnetic force exerted on a given magnetic particle by an
external guiding magnetic field decreases linearly with the magnetization per particle, which
is a product of the volume and the magnetization per volume of a given particle, as per Eq.
(12). While the magnetic properties of magnetic particles can be improved by increasing
their magnetic material content (such as polymer microparticles embedded with magnetic
nanoparticles; synthesis described in Section 3.3), they become more prone to sedimentation
in a carrier solution as the density of the particles increase. Thus a compromise between
these two aspects must be considered to simultaneously optimize the specific cell-particle
surface area and the magnetic response (Borlido et al., 2013). A third factor in the selection
of magnetic particles for cell separation applications that has caused some debate amongst
researchers and commercial particle vendors is the influence of particle size on cell fate and
characteristics. It is well know that nanoparticles attached to cells will, over a span of a few
hours to days, will be taken into the cell cytoplasm through a process called endocytosis
(Iversen et al., 2011, Chalmers et al., 2010, Jing et al., 2008). This phenomenon results in
the accumulation of a population of nanoparticles within the cells, affecting the internal
biology of the cell. On the other hand, microparticles are too large for the endocytosis
process to occur and thus the microparticles tend to remain on the cell membrane,
potentially affecting post-process analysis. Much research has been conducted on the
toxicity of magnetic micro- and nanoparticles (Sharifi et al., 2012, Soenen et al., 2011) with
the generalized conclusion that the labeled cells’ viability is compromised at high particle
concentrations (> 0.03 ug/mL) (Huang et al., 2008a) and long exposure times, in excess of
12 hrs. (Ge et al., 2009). Additionally, the intracellular presence of inorganic materials
(noted for particle diameters < 100 nm) has been found to generate reactive oxygen species
(ROS) (Soenen and De Cuyper, 2010, Shubayev et al., 2009). High ROS levels can damage
cells by oxidizing cell membrane structures, disrupting DNA, disrupting gene transcription,
modifying proteins and resulting in a decline in physiological function and in cell apoptosis/
death (Sharifi et al., 2012, Liu et al., 2013). Labeling cells with larger microparticle have
also produced decreases in cell viability (McGuckin et al., 2008, Tiwari et al., 2003),
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reduction in proliferation and in metabolic activity (Tiwari et al., 2003), and changes in gene
expression (Woelfle et al., 2005).

Synthesis of Superpapamagnetic Particles—The most commonly-used methods for
preparing magnetic nanoparticles involve some form of bottom-up chemical approach. In a
bottom-up approach, elemental building blocks such as atoms, molecules or clusters are
assembled into nanoparticles. This approach relies on the energetics of the process to guide
the assembly. Over the last decades, much research has been devoted to the synthesis of
magnetic nanoparticles. Especially during the last few years, many publications have
described efficient synthetic routes to realize shape-controlled, highly stable, and
monodisperse magnetic nanoparticles. Several bottom-up chemical methods including co-
precipitation (Zhao et al., 1990, Chen et al., 1999, Lee et al., 2004), thermal decomposition
(O’Brien et al., 2001, Sun et al., 2004, Redl et al., 2004), microemulsions (Carpenter et al.,
1999), and hydrothermal reactions (Wang et al., 2005, Euliss et al., 2003) have shown
promise as viable syntheses processes for magnetic nanoparticles. Instead of summarizing
the results of this body of literature, which would by far exceed the scope of this review, a
brief overview of each technique is provided here. The techniques of co-precipitation,
thermal decomposition, microemulsion and hydrothermal synthesis are described in the
following sections.

The chemical synthesis method of co-precipitation is the most facile and convenient way to
synthesize iron oxide nanoparticles from an aqueous solution. Briefly, alkyline salt solutions
containing a mixture of Fe2*/Fe3* ions are precipitated under an inert atmosphere. The size,
shape, and composition of the resultant magnetic nanoparticle suspension can be tuned via
the type of salts employed (i.e. FeCly/FeCls, FeSO4/Fe(NO3)s3, etc.), the reaction
temperature, the pH value of the base and the ionic strength of the media (Lu et al., 2007).
Major challenges in the synthesis of iron oxide nanoparticles using the co-precipitation
method are control of the particle size and of the particle size distribution. Particles prepared
by the co-precipitation technique unfortunately tend to be rather polydisperse. As the
magnetic blocking temperature of a given particle is a function of the volume of the particle
(Section 3.1), an inhomogenous particle size distribution will result in a wide range of
blocking temperatures that provides non-ideal magnetic behavior for many applications.
During the co-precipitation process, it is well known that a short burst of nanoparticle
nucleation and subsequent slow controlled growth is crucial to the production of a
population of monodisperse particles. Controlling nucleation and growth is therefore key for
successful synthesis of a batch of monodisperse magnetic nanoparticles. Recently, several
organic stabilizers and/or reducing agents have been used to improve nanoparticle size
dispersity during synthesis. For example polyvinylalcohol (Lee et al., 1996b), citric acid
(Bee et al., 1995), and oleic acid (Willis et al., 2005, Cushing et al., 2004) have all shown
promise in controlling nanoparticle size and stabilizing the individual particle, thus
preventing aggregation.

One important chemical synthesis method for the production of magnetic nanoparticles is
the thermal decomposition of organometallic compounds in high-boiling organic solvents
containing stabilizing surfactants (O’Brien et al., 2001, Sun et al., 2004, Redl et al., 2004).
The thermal decomposition technique, which can produce fairly monodisperse products, is
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similar to the seed-mediated particle growth process understood within the context of the
classical LaMer mechanism (LaMer and Dinegar, 1950). Briefly, under the LaMer
mechanism, a short burst of seed nucleation from a supersaturated solution is followed by
the slow growth of particles without any significant new nucleation; this feature allows
decoupling of the particle nucleation and growth phases, fostering a high degree of size and
composition uniformity (LaMer and Dinegar, 1950).

The reverse micelle method exploits the thermodynamically stable, isotropic dispersion of
two immiscible liquids to form nanoparticles, where either or both liquids form
microdomains that are stabilized by an interfacial film of surfactant molecules (Langevin,
1992). In reverse micelles, or water-in-oil microemulsions, the aqueous phase is dispersed as
microdroplets (typically 1-50 nm in diameter) that are surrounded by a monolayer of
surfactant molecules in the hydrocarbon phase. The size of the reverse micelle is determined
by the molar ratio of water:surfactant, with higher surfactant ratios yielding larger particles
(Paul and Moulik, 2001). By mixing two identical water-in-oil microemulsions containing
the desired reactants, under the action of agitation microdroplets will continuously collide,
coalesce, and break up again, and finally forming a precipitate within the micelles which
constitutes the nanoparticle (Gupta and Gupta, 2005). Although many types of magnetic
nanoparticles have been synthesized in a controlled manner using the microemulsion
method, the resultant particle size and shapes usually vary over a relative wide range (1 —
100 nm). Moreover, the yield of nanoparticles is low compared to those obtained other from
other nanoparticle synthesis methods, such as thermal decomposition and co-precipitation.
Large amounts of solvent are necessary to synthesize appreciable amounts of material with
the microemulsion technique, compromising efficiency and manufacturing scale-up.

The hydrothermal synthesis technique allows a wide variety of nanoparticulate shapes and
compositions to be synthesized (Wang et al., 2005). Hydrothermal synthesis requires the
combination of solid metal acid, an ethanol-linoleic acid liquid phase, and a water-ethanol
solution under hydrothermal conditions. This nanoparticle synthesis strategy is based on a
general phase transfer and separation mechanism that occurs at the interfaces of the liquid,
solid and solution phases. As an example, Deng et al (Deng et al., 2005) utilized a
hydrothermal synthesis method to fabricate monodispersed magnetic spheres of ferrite oxide
with diameters in the range of 200 — 800 nm by tuning the chemical constituents of the
reaction, which included FeCls, ethylene glycol, sodium acetate, and polyethylene, at 200
°C for 8-72 h. In this work, ethylene glycol was used as a high-boiling-point reducing agent
— known from the polyol process to produce monodisperse metal or metal oxide
nanoparticles — and sodium acetate and polyethylene glycol were used as surfactant against
particle agglomeration. While to date the mechanism of nanoparticle synthesis is not fully
understood, the multicomponent approach seems to be powerful in directing the formation
of nanoparticles (Lu et al., 2007).

Advantages and disadvantages of the four above-described synthesis methods are
summarized in Table 3. Co-precipitation is the overall preferred nanoparticle synthesis
method for ease of use and high throughput, but, in terms of size and morphological control
of the resultant nanoparticles, thermal decomposition is the best the method developed to
date. Due to the large amount of solvent needed for micelle formation, the microemulsion
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technique is not generally scalable nor is it cost effective. Finally, the hydrothermal
synthesis route still requires far more experimental validation, although to date this
technique seems be able to produce high-quality nanoparticles in medium bulk amounts, on
the order of 0.1 to 1 kg. Overall most common methodologies for nanoparticle production
are co-precipitation and thermal decomposition, as they are commercially scalable.

Ligand Exchange of Surface Chemistries for Use in Aqueous Systems—As a
means of isolating individual nanoparticles within a suspension, many of the above-
described synthesis techniques utilize stabilizers. These stabilizers ensure realization of a
solution containing well-dispersed particles, but in many cases the stabilizers directly
impede the use of labeling. As outlined above, biocompatible iron oxide nanoparticles can
be made using an iron precursor, such as iron oleate (Zhao et al., 1990, Chen et al., 1999,
Lee et al., 2004) heated together (250-350 °C) with a complexing agent in an organic
solvent. Typically these particles are hydrophobic and are thus incompatible with many
biomedical applications. Most biomedical applications using iron oxide nanoparticles,
including cell separation, require water-dispersible and biocompatible systems (Kim et al.,
2005, Plouffe et al., 2011b, Tartaj et al., 2003). To address this issue, hydrophobic particles
must be modified for applications in agueous systems by adding subsequent surfactants or
adsorbing polymers to achieve a bilayer stabilization, or by undergoing a surface ligand
exchange process (Michalet et al., 2005). Many stabilizing techniques to donate
hydophilicity have been described in the literature (Hultman et al., 2008, Sun et al., 2004,
Selvan et al., 2007, Yi et al., 2005, Sun et al., 2008b, Zhang et al., 2002, Zhang et al., 2004,
Kohler et al., 2004, Aqil et al., 2008, Casula et al., 2010). This stabilization can have an
effect on the surface of the magnetic particle themselves; recent research has shown that
these exchanges of the stabilizing ligand can actually alter the magnetic moment of the
nanoparticle (Crespo et al., 2004, Nagesha et al., 2009, Daou et al., 2008). This effect is
hypothesized to be attributed to modification in the magnetically-inactive (“dead”) layer on
the surface of the magnetic particle induced by ligand exchange. Therefore, it is critical to
interrogate magnetic characteristics changes as a result of chemistries manipulations.
Ultimately, exploitation of the encouraging properties of monodisperse iron oxide particles
synthesized by high temperature methods (i.e. thermal decomposition) for applications in the
life sciences is still limited by the fact that a surface ligand exchange process is often
impeded by the strong binding carboxylic acid stabilizers used, such as oleic (Hyeon et al.,
2001, Park et al., 2004) or stearic acids (Jana et al., 2004). In addition to stabilization, the
ligand exchange may impart a functional group into the outer sphere of nanoparticles that
permits surface functionalization with highly specific biomolecules (Sun et al., 20083,
Hainfeld and Powell, 2000).

Matrix Encapsulation of Magnetic Nanoparticles—An additional methodology for
ensuring the attainment of biocompatible, water-soluble particles is the encapsulation of the
magnetic nanoparticle within a polymeric matrix (Molday and Mackenzie, 1982, Roca et al.,
2009, Tartaj et al., 2003, Tartaj et al., 2005). Several natural polymers have been
successfully used in the formation of stable magnetic particles (An et al., 2003, Gupta and
Gupta, 2005, Kim et al., 2003, Ma et al., 2007, Villanueva et al., 2009, Williams et al., 2006,
Wotschadlo et al., 2009).Different combinations of styrene-sulfonic acid, vinyl-sulfonic
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acid, and acrylic acid have also been used to coated magnetic particles to donate a variety of
electrostatic and hydrophaobic surface properties (Ditsch et al., 2005). Despite the possibility
to control polymer properties, homopolymers are still the most commonly used for coating
(Lee et al., 1996a, Mendenhall et al., 1996, Zhang et al., 2010, Al-Deen et al., 2011).
Overall, despite the simplicity of coating the magnetic nanoparticle core with a polymer, the
particles that are thus formed, either as a single domain or as a cluster, tend to be irregular in
shape and mechanically soft, making them sensitive to mechanical disruption. Ideally,
particles should be spherical, as they possess better hydrodynamic properties and lower
tendency to breakage due to mechanical stresses (Borlido et al., 2013). It is clear that the
attributes of the cellular body generally dominate the system hydrodynamic properties.
However, the mechanical robustness of spherical nano- or micro-beads is advantageous
during the cell labeling protocol, where high mechanical forces can present problems with
bead integrity. Furthermore, several polymers are only weakly bound to the magnetic cores,
dissociating over time or under harsher conditions that are found in processing such as
mixing, exposure to high or low pH environments, to ionic solutions, heat, and enzymes. To
circumvent such problems a crosslinking agent (e.g. gluteraldehyde, epichlorohydrin) might
be used for overall particle stabilization.

As a means to correct the irregular shape of most polymer-coated magnetic particles and to
completely encapsulate the cores inside a polymeric matrix, several heterogeneous
polymerization techniques have been used. These include suspension (Ma et al., 2005),
emulsion (Liu et al., 2009b), microemulsion (Liu et al., 2006), miniemulsion (Dou et al.,
2012, Liu et al., 2004, Zheng et al., 2005) and dispersion polymerization (Horak et al.,
2004). The encapsulation of submicron magnetic particles within a polymer coating is
usually done using the miniemulsion and emulsion polymerization techniques. Depending
on the methods used and often on the experimental conditions employed, the morphology of
the magnetic-polymer composites may vary from single or multiple dispersed magnetic
cores enclosed in a polymeric matrix to particles with a polymeric core covered with
magnetic particles. Each matrix composition will have its own unique advantages and
disadvantages. Although all these technique start with a base suspension of
superparamagnetic nanoparticles, once the nanoparticles are coated, the resulting coated
particle diameters are generally sufficiently large to categorize them as microparticles, with
diameters ranging from 100 nm to 5um.

A completely different approach from those discussed earlier to obtain magnetic beads is to
co-precipitate the magnetic oxide in the presence of porous polymer particles. In order to
prevent the iron from leaching from the polymer matrix, a final polymeric layer is
subsequently added to seal the beads. This approach was first introduced and patented by
John Ugelstad in 1979 (Ugelstad et al., 1979) and is the basis of the commercially available
Dynabeads® product line. While such particles have numerous advantageous properties,
including monodispersity, mechanical robustness, and chemical resistance, their main
disadvantage is the usually low amount of magnetite that is encapsulated (<15 wt%),
resulting in rather weak magnetic beads.

Biofunctionalization of the Magnetic Particle for Cell Separation—Following
nanoparticle synthesis and stabilization, the resulting particles must be functionalized with
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specific components, such as nucleic acids, peptides, or proteins, to provide biofunctionality.
As introduced earlier, magnetic particles are functionalized with select biological agents as a
means of targeting and isolated the desired cells of interest. Techniques that allow the
modification of the beads and conjugation of the particles to the cell membrane rely on
either chemical adsorption or on direct reaction of the molecule to the particle. These
mechanisms can be broken down into three approaches: non-covalent interactions,
nonspecific covalent conjugation, and selective, orientation-controlled conjugation.

Biofunctionalization via non-covalent assembly can be categorized into physical adsorption
and affinity interactions (Ju et al., 2011). Many of the coating polymers and chemistries
result in a charged surface on the particles, an effect which can be then harnessed for direct
adsorption of the biological agent of interest. For example, a majority of proteins have a net
positive charge, although some proteins have a net negative charge (Lodish et al., 2007),
therefore a protein can be easily adsorbed to a particle surface simply by controlling
electrostatic charge differences. The affinity interaction, on the other, conjugates ligands to
particles by virtue of specific and strong complementary recognition interactions such as
antigen—antibody and streptavidin—biotin.

The topic of bioconjugation is an exhaustive topic and thus only a few key chemistries will
be discussed here; for a thorough background at current methodologies see the textbook by
Hermanson (Hermanson, 1996) and Kumar (Kumar, 2005). Most biological target molecules
are composed of amino acid or nucleic acid sequences and thus the reactive groups of
interest are limited to hydroxyl (-OH), carboxyl (-COOH), thiol (-SH), and amines (-NH>).
It should be noted that coating and encapsulation chemistries allow for a larger library of
conjugation functionalities to be attached to the particles itself, for example it is known that
poly(methacrylic acid) (Mendenhall et al., 1996) imparts carboxyl groups to the particle
surface.

In general, three different conjugation techniques exist: zero-length, homobifunctional, and
heterobifunctional cross-linking techniques. Zero-length conjugates rely on the formation of
an intermediate that allows for the covalent binding of functional groups without the
addition of a tertiary species between the initial starting chemistries. By contrast, both
hetero- and homobifunctional crosslinkers form linker bridges between the two chemistries
of interest. The most popular type of zero-length crosslinker for use in conjugating
biological substances is based on carbodiimide chemistries, as they effectively form a
linkage between carboxylic acids and amines, EDC [1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride]. It should be noted that the active
intermediate formed in the chemistry is subjected to rapid hydrolysis in aqueous solutions
(on the order of seconds); this property motivates the addition of NHS [N-
hydroxysulfosuccinimide] to stabilize the intermediate species. EDC, with or without NHS,
is overall the most popular approach used to achieve covalent conjugation of biomolecules
to magnetic particles in the literature (Hermanson, 1996). The most common
homobifunctional linker is glutaraldehyde, which crosslinks through the amine groups, i.e.
both the primary and secondary molecules both must have a reactive primary amine. The
chemistry forms a small five-carbon bridge between the particles and the protein. Several
other similar bridging molecule are also available to bridge carboxylates, thiols, and
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hydroxyls (Hermanson, 1996). These chemistries can be accompanied by a high degree of
polymerization, which can lead to beads becoming bound to one another through their
amines and to proteins bound to each other without particle binding — both events can
significantly reduce separation metrics. To better control the conjugation, heterobifunctional
molecules can be used. As an example SPDP [N-succinimidyl 3-(pyridyldithio)propionate]
can be used to bind amine containing biomolecules or beads to sulfhydryl (or thiol)-
containing biomolecules or beads. These heterobifunctional crosslinkers can also allow for
some control over molecule direction, thus reducing steric hindrance and increasing the
probability of successful label of the particle to the cells. Summary: Based on a distillation
of the information provided in Section 3.0, it is possible to articulate general design rules for
the magnetic particles. Although many different synthesis techniques, treatments, and
functionalization methodologies have been presented, key parameters that are required for
the realization of effective magnetic-particle cell isolation platforms are:

e Superparamagnetic behavior, whether manifest in separate nanosized particles or in
micron-scale particles that contain a population of embedded nanoparticles;

» Narrow particle size distribution and ideally a spherical shape;
e High binding capacity (for proteins > 100 mg/qg);

»  Low non-specific binding;

e Physico-chemical robustness;

e Minimal cell perturbations.

3.4 Selection of Magnetic Field Source to Achieve Magnetic Cell Separation

In addition to the type of magnetic tags attached to the cells of interest for separation, the
magnetic field source for the apparatus, either permanent magnets or an electromagnet, must
be considered. Aspects to be considered are the desired strength of the magnetic field, the
need for variation of the field direction and the degree of sensitivity desired for the
magnitude of the field, as well as the cost, the physical size of the overall device
incorporating the magnetic field source, and infrastructure/power considerations. Both
permanent magnets and electromagnetics, each with advantages and limitations, have been
confirmed to provide the necessary magnetic field to facilitate efficient separation of various
cell populations,. Electromagnets have two distinct advantages over designs that utilize
permanent magnets. The first advantage is that those designs employing electromagnets can
be easily switched on/off to facilitate cell capture and release: when the magnetic field is
turned off, the superparamagnetic beads lose their magnetization and hence lose their
attraction to a particular region of the device. The second advantage of electromagnets is
that the strength of the resultant magnetic field may be tuned by varying the input current. In
the microfluidic device context, electromagnets have seen limited use because they typically
produce rather weak magnetic fields and their implementation into a device usually requires
repeated lithographic steps during synthesis of each device. In addition, the bulkiness of the
electromagnet and potential Joule heating derived from large currents flowing through the
electromagnet coil can quickly become problematic. Other designs utilize permanent
magnets, which have a set magnetic field strength and have limited control over the
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magnitude of the magnetic flux generation. Of course, permanent magnets are readily
available and their implementation into a magnetic cell separation scheme is relatively
simple. In contrast to the performance provided by electromagnets, which are traditionally
located in a fixed location, merely moving the position of permanent magnets with respect to
the flow pattern in a device can easily change the direction of the magnetic separation
course. Overall, permanent magnets require no current source and thus have little
infrastructure associated with their use, allowing them to be relatively easily transported and
utilized.

3.5 Carrier Fluid Considerations

All magnetic cell-separation methods require a carrier fluid that provides a medium for the
cells and particles to travel in. Effective separation of a population of target cells from the
carrier fluid requires consideration of the overall dynamics of the particles within the
solution. Particular fluid characteristics that are relevant to cell separation are density and
viscosity. In most cases the carrier fluid is inert within the context of the magnetic
separation, but there exist many special cases in which the carrier fluid has unique non-
Newtonian properties that impact the dynamics of the particle/cell separation process. One
case is that of a magnetizable carrier fluid, a situation that can result from an extreme excess
concentration of magnetic beads within the system, basically turning the buffer solution into
a ferrofluid. Another case where non-Newtonian properties must be considered is where the
carrier fluid has a higher viscosity, creating a drag force on the particles that is higher than
that exerted by traditional carrier fluid solutions; some examples of high-viscosity fluidic
components include tissue digestates, dense protein solutions, and blood.

To address the added complexity of separating cells from a non-Newtonian liquid medium
such as blood, the theoretical framework describing drag forces presented in Section 2.1.2
must be augmented to include high viscosity effects of the carrier fluid in which the target
cells are located. This viscosity component (7) plays a critical role in the drag force
experienced by the cell during magnetophoretic displacement. An additional effect that
impacts the efficacy of cell separation from blood is the Fahraeus-Lindqvist effect (Fahraeus
and Lindgvist, 1931), a microcirculatory phenomenon that leads to a reduction in the
proportion of blood volume occupied by red blood cells (known as hematocrit, H) in small
arterioles and capillaries of less than 200 microns. It should be noted that, in the circulation
and in microchannels, it is not the hematocrit itself that causes this reduction in viscosity,
but it is rather the migration of the red blood cells to the center of capillaries (leaving plasma
behind at the channel walls) that underlies this viscosity change (Fahraeus and Lindqvist,
1931). Overall, these changes cause blood in a microcirculation system, such as in a
microfluidic cell separation device, to exhibit a lower viscosity than that predicted by in
vitro blood viscometer measurements. Therefore, the viscosity of blood is often quantified
by a parametric relationship in comparison to the viscosity of plasma (7pjasma= 1.5 CP) as a
function of channel height or diameter (hqp,, in microns) and hematocrit, H¢. This description
was established by Pries et al. (Pries et al., 1996) from a collection of 18 separate studies of
blood viscosity. Assuming velocities higher than 50 channel diameters (or heights) per
second, the apparent viscosity of blood was empirically determined to be:
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Here, the variable 7 45 describes the apparent viscosity of at a phenotypical hematocrit
(H=0.45) as a function of channel diameter (in microns) in the cell separation device.

3.6 Other Platform Considerations

In this review, several different tunable parameters and parametric choices that control the
dynamics of the cell separation have been considered. The selection of the magnetic particle
size (either nanometer or micrometer diameters), the particle synthesis method, and
functionalization of the particle to target the cells of interest all play a role in how the
applied magnetic force controls the particle trajectory in a device. Additionally, the selection
of a permanent magnet or an electromagnetic source to supply the applied magnetic field
controls the magnetic flux density and the magnetic forces within the system. The type of
carrier fluid of the cell suspension impacts the viscous drag force that opposes particle
motion driven by the applied magnetic field and thus is another important consideration for
magnet-based cell separation.

In addition to these parameters there are additional factors that play a role in the
magnetophoretic platform engineering. As the ultimate aim of many magnetophoretic
devices is the application of cell separation in diagnostic and regenerative medicine, most
carrier fluids are biological fluid sample analytes, such as blood, interstitial fluid, saliva,
vaginal fluid or cellular material, or nasal fluid. As a means of minimizing contact with the
analyte, or of contaminating further tests, the separation platform should be disposable in
nature (Weigl et al., 2008, Fiorini and Chiu, 2005). Thus it is generally accepted that the
fluidic components of a system are isolated from the re-usable magnetic components of the
design. Additionally, most researchers would openly acknowledge that bench-space and a
researchers’ time is always at a premium, thus the separation platform should be compact
and user-friendly. For most researchers, the cell separation step is the first of many pre-
process steps in a biomedical project and thus the cell separation device is not considered as
a primary instrument analysis tool.

In magnetic separation, the variation of the magnetic field generates a force that varies with
distance as shown in Eq. (7). The force is usually very strong at near the magnet itself,
where the cells are collected and retained, but decreases quickly with distance. This leads to
a few limitations that must be considered. First, although separation may sometimes work
well in the initial scale, as soon as the sample is changed (e.g. different well, tube volume is
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use, flow rate of the sample) the magnetic force experienced by the cells is entirely different.
The force over the farthest cells could quickly decrease when the distance from the farthest
cell to the magnetic applied field is increase. Thus, increasing losses and separation time
almost exponentially. Secondly, the force variation with distance leads to low force farther
way and a high increase of the force when cells are approaching the retention area. This can
lead to high risk of cell damage and reduced viability of the selected population. Basically,
“crashing” into the entrapment area can compromise the cells. This is not a concern in
displacement-based approachs. Finally, as the cells are relatively big compared with the
magnetic beads, the force changes with the distance have other undesired effects. The
different beads attached to the cell experience will experience different forces, both in
magnitude and direction. That generates shear over the cell membrane, as each single beads
is pulling with different force, with a risk of lysing during the process.

As a final consideration, because many of the separated cells are used for medicinal
purposes, in the U.S. the Food and Drug Administration (FDA) regulates the entire cell
separation process under the same rules that govern the production of pharmaceuticals; this
set of rules is referred to a good manufacturing practice (GMP). Given the vast potential for
such cell therapy, the involved instruments, reagents, and other cell separation components
and equipment must adhere to GMP regulations, requiring that GMP-certified antibodies,
beads, and materials are used in construction of cell separation platforms, and that the cell
separation systems be completely closed, to prevent internal and external contamination.

4.0 Examples of Magnetic Particle-Based Cell Separation Platforms

Over the last 35 years, magnetic particles have become standard tools for the isolation of
defined cell subsets in modern cell biology, immunology, and clinical medicine. In 1977,
Molday et al. first published the use of iron-containing polymeric microspheres conjugated
to lectins for the separation of red blood cells and antibody-coated cells (Molday et al.,
1977). Today, magnetic cell sorting techniques are well established but improvements are
continuing to be made to address ever-growing biomedical and biological needs in the clinic
and in the lab. In the following section we outline some of the different approaches that are
currently being used to separate target cells from a suspension, including conventional
MACS technology, the quadruple high gradient system, and various microfluidic approaches
in development. In addition to reviewing current standardized equipment, insight into
improvements to enhance the efficacy and efficiency of cell separation will be introduced.

4.1 Conventional Magnet-Activated Cell Sorting (MACS) Systems

The MACS Technology system is a high-gradient magnetic cell separation device that is
specifically engineered for the use of antibody-conjugated nanobeads (20 — 100 nm)
(Gritzkau and Radbruch, 2010). MACS was first developed by Miltenyi Biotec in Germany
over 20 years ago (Miltenyi et al., 1990, Radbruch et al., 1994) and Miltenyi’s platforms
remain the gold standard in magnetic separation today (Figure 3(d)). High-gradient magnetic
cell separation columns are utilized for controlled trajectory of labeled cells in a magnetic
field that is generated by a strong external magnet. A very strong magnetic field is necessary
in this equipment, due to the small diameter of the labeling particles that only generate small
magnetic forces. The separation columns are filled with a matrix of paramagnetic steel wool
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or with iron spheres, which focus the magnetic flux lines to induce strong magnetic fields
(0.4 - 1.0 Tesla), which can attract cells that are weakly labeled with only a few attached
magnetic nanoparticles (Radbruch et al., 1994). This dense packing also minimizes the
distance of the cells from the applied field. Outside of the magnetic region, labeled cells are
no longer retained labeled cells and are eluted as a purified cell solution. Both positive and
negative separation approaches have shown promised with conventional MACS systems
(Griitzkau and Radbruch, 2010).

Miltenyi Biotech commercially provides manual and automated cell enrichment devices that
are capable of processing up to 2 x 1010 cells within 5-30 min with enrichment rates that
exceed 100-fold. Recently, Miltenyi released a multimagnetic device for simultaneous
sample processing of up to eight samples (OctoMACS™), and a fully automated cell
separator (autoMACS™ Pro) has been developed that allows up to six separations to take
place in parallel. This system complements its current MultiMACS™ Cell24 Separator that
handles up to 24 separations but at a lower volume capacity (15 mL versus 5 mL).

4.2 Quadrupole Magnetic Flow Sorter

In 1999, a new model of magnetic cell separation was introduced by Chalmer, Zborowski, et
al. that utilized a first-principle-designed magnetic platform (Chalmers et al., 1999). The
design, referred to as a quadrupole magnetic flow sorter (QMS), is a cell sorter with
operation based on application of a high-gradient quadrupole magnetic field (Figure 3(e)).
The magnetic force acting on magnetically-labeled cells in this quadrupole field has a
centrifugal character that allows a continuous cell separation process. As described in
Section 3.1, the interaction of the magnetic particle label with the external magnetic field is
usually a highly complicated function of the spatial coordinates, an aspect which
significantly constrains the number of magnetic field geometries suitable for magnetic flow
cell sorting. Therefore, the proponents of QMS technology selected a quadrupole magnetic
field that efficiently utilizes the available external magnetic field energy and has highly
regular dependence of magnetic force on position. In QMS sorting, application of the
concept of split-flow thin channel separation technology causes a sample stream to enter a
vertical annular flow channel near the channel’s interior wall followed by another sheath
flow entering near the exterior wall. A flow splitter initially separates the two flows. These
flows pass through the bore of the magnet assembly; the magnetic field draws magnetized
cells outward and deflects them into a positive outflow, while negative cells continue
straight out via the inner flow lamina (Zborowski et al., 1999). QMS relies upon the cell
magnetophoretic mobility, or the velocity of the cell per unit of magnetic force, to achieve
cell separation (McCloskey et al., 2003). To date, the QMS technology has been used in a
variety of research and clinical separation application. Recently, Chalmers and co-workers
used a negative depletion technique to isolate circulating tumor cells from metastatic breast
cancer patients. As the isolates were not labeled with beads, the authors illustrated that there
was marker heterogeneity in the enriched populations (Wu et al., 2013). If a positive
selection approach were used it would be impossible to probed such a vast cell population.
In addition to breast cancer cells, QMS has been used for isolation of cancer cells from
patients with head and neck cancer (Yang et al., 2009, Balasubramanian et al., 2012) and to
separate islet cells for diabetes research (Shenkman et al., 2009). The same research group
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has illustrated that red blood cell removal, without magnetic tags, is possible using QMS
(Moore et al., 2013, Moore et al., 2014, Jin et al., 2012, Zborowski et al., 2003). Using such
a negative selection approach, hematopoietic stem cells have been enriched from blood (Jing
etal., 2007, Tong et al., 2007, Schneider et al., 2010, Jin et al., 2012). Overall, the high
throughput (> 108 cells/s) and high recovery capabilities (> 95%) of the QMS make it a
strong magnetic separation technique (Zborowski and Chalmers, 2011, Moore et al., 1998,
Schneider et al., 2006, Schneider et al., 2010).

4.3 Microfluidic Magnetic Cell Separation

As illustrated in the previous sections, there has been extensive research conducted in the
field of magnet-based microfluidic cell separation device. This technology has offered
numerous useful capabilities, such as the ability to use small quantities of samples/reagents,
a short time for analysis, and laminar flow, which can provide for good control of the
chemical environment (Whitesides, 2006). The combination of a cell manipulation
technology and microfluidics offers several new tools and capabilities to benefit both
fundamental biological research and clinical medicine. Nowadays, cell manipulation
techniques combined with microfluidic technology play a critical role in various applications
in cell biology, clinical research and biomedical engineering due to the ability to precisely
control the cellular environment, to easily make heterogeneous cellular environments with
multiplexing assay, and to analyze cellular information at a near single-cell level. Recently,
various cell manipulation techniques based on different phenomena, including optical,
magnetic, electrical and mechanical force, have been developed for applications in specific
objectives in separating target cells from heterogeneous cell solutions (Bhagat et al., 2010,
Liu et al., 2009a, Pamme, 2006, Yun et al., 2013).

Over the past decade, there have been numerous examples of microfluidic-magnetic cell
separation devices described and applied. A few prominent examples of platforms that
illustrate the advantages of microscale flow for magnet-based isolations are described here.
In addition to the microscale channel dimensions providing an advantageous flow regime,
the scaling down of ferromagnetic components in microfluidic devices either through the
use of microfabricated permanent magnets or electromagnetic wires creates very large
magnetic field gradients as compared with those present in macroscale analogs (Berger et
al., 2001, Cugat et al., 2003). In one example, a microfluidic MACS system was developed
to sort multiple target cell types in a continuous flow manner (Adams et al., 2008b, Inglis et
al., 2004). By depositing magnetized metal paths into the flow pattern, magnetically-labeled
cells could be spatially directed to specific outlets. Such a platform requires micrometer
proximity between the cells and the deposited magnetic field paths. Several different
displacement-based separation devices have also been described in the literature (Plouffe et
al., 2011a, Plouffe et al., 2012, Shevkoplyas et al., 2007, Xia et al., 2006), which harness
strong magnetic fields over short distances to manipulate cells of interest in high throughput
flows (~15 mL/hr). Recently, a microfluidic-based magnetophoretic separation technique
was demonstrated by using the inherent magnetic property of erythrocytes for directly and
continuously separating erythrocytes and leukocytes from whole blood (Han and Frazier,
2004). As this particular mode of separation requires high magnetic fields, the small micron-
scale size of microfluidic channels served as an excellent platform for such cell enrichments.
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More on the topic of label-free separation of blood cells can be found in Section 5.0.
Another type of microfluidic device has been developed that generates a strong induced
magnetic field mediated by an array of hexagonal nickel micro-pillars in the flow path. This
device can capture target cancer cells by using on-chip sample preparation (Liu et al., 2007).

5.0 Non-magnetic particle-based cell separation techniques

In contrast to the current cell separation modes that involve labeling cells with magnetic
bead tags, there are two methodologies under development that harness the same magnetic
principles used to design magnetic-based cell separation, but employ a label-free approach.
Each of these two methods employs the ability to control the magnetic response of a cell set
using either a permanent magnet source or an electromagnetic field source to isolate target
cells from a heterogeneous fluid mixture. The first method is a ferrohydrodynamic approach,
whereby a concentrated solution of magnetic particles allows for manipulation of flow using
traveling-wave magnetic field guidance. The ferrohydrodynamic approach exploits
differences in cell size and shape, therefore is limited by the same shortcomings described
previously in size-based cell separation. Many cells have comparable physical
characteristics, thus separation via size and shape cannot generally be effectively utilized.
The second technique separates cells based solely on inherit magnetic properties of the cells
themselves. Only a few cells have inherit magnetism, thus, to date, only red blood cells and
cardiomyocytes have shown any possibility of isolation. Most cells are inherently
diamagnetic and thus an applied magnetic field universally displaces un-labeled cells away
from the magnetic source (Melville et al., 1975b, Melville et al., 1975a). Magnetic
manipulation can also be used to separate non-mammalian cells from a suspension, such as
intrinsically-magnetic spores (Melnik et al., 2007).

5.1 Ferrohydrodynamic Cell Separation

To address the perceived limitation of pre-process labeling of a target cell population, Kose
et al.(Kose et al., 2009) developed a novel ferrohydrodynamic separation platform that takes
advantages of the mobility of magnetic particles versus non-magnetic cells, under the action
of an applied AC magnetic field. Briefly, in this technique cells are moved via a “pushing”
mechanism; as magnetic particles are moved to a predetermined location, cells are displaced
from that location with a desired directionality. For a given particle or cell size, the velocity
of movement depends on the local force and torque values along the channel length. At low
AC magnetic field frequencies, the magnetic force dominates, pushing the nonmagnetic
microparticles up to the ceiling of the channel and into the space between electromagnetic
electrodes; at high AC magnetic field frequencies, the rolling microparticles can overcome
the diminishing repulsion caused by magnetic force and move continuously along the
channel. This rolling and trapping mechanism is dependent on the cell physical
characteristics, including size, shape and elasticity. This technique allows for the separation
of two or more cell types by trapping one population over a more mobile populations. This
platform was tested first with samples of red blood cells and E. coli bacteria; a 95.7%
separation efficiency with 76.1% purity was achieved. The authors then tested a more
clinical sample of sickle cell red blood cells combined with healthy red blood cells and
achieved a 75.2% recovery and a 89.3% purity. Although it is clear that magnetic particles
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control separation metrics, ferrohydrodynamic isolation is limited by the cell properties in a
similar fashion as the size-based approach described earlier (Section 2.1.3.3).

5.2 Manipulation of Cells using Inherit Magnetic Properties

It has been shown that red blood cells (RBCs) have the characteristics of a paramagnetic
fluid when deoxygenated (in veins) and are diamagnetic when oxygenated (in arteries)
(Pauling and Coryell, 1936). This characteristic allows for a magnetic field to be used to
easily separate RBCs from the whole blood. RBCs contain a molecule called hemoglobin,
which is an iron-containing oxygen-carrier. Hemoglobin in the blood carries oxygen from
the respiratory organs to the rest of the body. Hemoglobin releases the oxygen to burn
nutrients to provide energy to power the functions of the organism and collects the resultant
carbon dioxide to bring it back to the respiratory organs to be dispensed from the organism.
Deoxygenated and reduced-oxide hemoglobin contains four and five unpaired electrons,
respectively, making these species paramagnetic. Due to its covalent bonds, oxyhemoglobin
has no unpaired electrons and is diamagnetic. These properties allow for the manipulation
and control of RBCs under the influence of a magnetic field.

As early as 1975, Meville and coworkers (Melville et al., 1975a) illustrated the ability to
directly separate red blood cells from a whole blood sample using a 1.75 T magnet field with
an 8000 T m-! field gradient. Red blood cells have a magnetic susceptibility of 3.86 x 10
for erythrocytes versus the magnetic susceptibility of water which is diamagnetic with a
susceptibility that is approximately —1 x 106 (Zborowski et al., 2003). Using this large
electromagnet, approximately 70% of the RBCs were retained within the column. Since
1975, several methods have been developed to reduce the magnitude of the applied magnetic
field and gradient, and increase the recovery and purity of the RBCs efficiency (Al-Karmi,
2010, Chen et al., 2013, Furlani and Furlani, 2007, Han and Frazier, 2004, Han and Frazier,
2005, Han and Frazier, 2006a, Han and Frazier, 2006b, Jung and Han, 2008, Moore et al.,
2013, Pauling and Coryell, 1936, Zborowski et al., 2003, Furlani, 2007). In order to reduce
the magnetic field and gradient requirements, many groups have reduced the distance
between the magnetic source and the blood sample, typically by using microfluidic channels
or by changing the geometries of the overall design. Additionally, by changing from a trap-
based cell isolation methodology many groups have illustrated that continuous, in flow,
isolation reduces losses and increases efficiencies.

In addition to general blood fractionation, many researchers have recently demonstrated the
utility of using a label-free magnetophoretic approach for the separation of malaria-infected
RBCs (Moore et al., 2006, Nam et al., 2013, Paul et al., 1981b, Bhakdi et al., 2010, Ribaut et
al., 2008, Bousema et al., 2004, Paul et al., 1981a). Malaria parasites live by feeding off the
hemoglobin in RBCs. Through polymerization and oxidation, the parasites convert the
hemoglobin, which is toxic to the parasites, into an insoluble crystal known as hemozoin.
The iron (Fe3*) in hemozoin has a stronger paramagnetic character than the iron in
hemoglobin (Fe2*). The presence of the hemozoin imparts a small and positive magnetic
susceptibility of 1.88 x 10 to malaria-infected RBCs (Hackett et al., 2009), a value that is
significantly higher than that of healthy RBCs (3.86 x 1075). Therefore, infected RBCs
usually behave as paramagnetic particles when exposed to a magnetic field (Bhakdi et al.,
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2010, Ribaut et al., 2008). Attempts to utilize the magnetic properties of malaria pigment, or
hemozoin, for concentration and capture of malaria infected cells date back to 1946 when it
was shown that positioning an electromagnet with a field strength of 0.5 T next to a tube
containing a suspension of infected blood caused enrichment of the parasitized erythrocyte
fraction from 0.17% to over 24% in the course of 6 to 12 h (1946). Improved results were
reported in the late 1970s using the technique of high-gradient magnetic separation (HGMS)
(Paul et al., 1981b, Melville et al., 1975a). Commercially-developed HGMS columns have
been used more recently to synchronize or enrich in vitro human malaria parasite P.
falciparum cultures or blood samples (Bousema et al., 2004) and murine malaria parasite P.
berghei ookinetes for further in vitro studies (Miao and Cui, 2011). Current research has
begun looking at microfluidic techniques to separate infected RBCs from the healthy RBCs
(Kim et al., 2012, Nam et al., 2013); the microfluidic channel of these studies places the
magnetic field source in close proximity to the blood, causing a strong localized field that
improves separation and isolation of the parasitic RBCs.

Recently, Sofia et al. (Sofla et al., 2013) demonstrated that non-magnetic cardiomyocytes
(CMs) could be rendered paramagnetic by treating the cells with a solution of NaNO,. They
then reported enrichment results obtained from a microfluidic device that relies on the
magnetic-force-based manipulation of the settling velocity of the cells. CMs were isolated
with a purity of approximately 93 % and separation did not compromise cell viability or
function. Overall, the ability to separate such sensitive cells in a label-free manner may lead
to significant advances in heart tissue engineering.

6.0 Challenges and Opportunities for Further Research and

Commercialization

Despite several decades of progressive development and improvement of the magnet-based
cell separation, there remain several areas of research and development that are still
ongoing. With the recent surge of interest and research in stem cells, magnetic cell
separation techniques have had be re-engineered to address this niche market. The following
section describes the current status of work in the areas of particle detachment, cell
separation against multiple markers, and the isolation of rare cell population. We also aim to
briefly describe the progress in commercialization of the magnet-based cell separation
devices for research use and clinical laboratories, including how the different needs of both
environments must be uniquely addressed.

6.1 Magnetic Bead Detachment From Cells

Cell isolation is the first of many steps in numerous laboratory workflows, and exposure of
target cells to certain foreign substances, such as antibody-functionalized magnetic
microbeads used in MACS systems, can influence the results of any downstream experiment
or process. Furthermore, magnetic labeling of sensitive cell populations such as stem and
progenitor cells is known to negatively impact viability, phenotypic identity, and function
(Ugelstad et al., 1992, Farrell et al., 2008, Kostura et al., 2004, Mahmoudi et al., 2011).
Overall, the ability to successfully release these magnetic tags from target cell populations
following MACS separation has remained one of the largest challenges in the cell isolation
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field (Kohm et al., 2006, Stemberger et al., 2012, Knabel et al., 2002). Many research
groups have attempted to circumvent this issue by using negative separation approaches (i.e.
removal of all non-target cells), but such techniques have failed to achieve purities sufficient
for clinical application (Zborowski and Chalmers, 2011, Kumar and Bhardwaj, 2008). Three
commercial products currently exist that allow for capture and release of cells for
application in magnetic separation: DETACHaBEAD®, FlowComp™ (Life Technologies),
and Multisort (Miltenyi Biotec). Competitive binding assays, such as DETACHaBEAD and
FlowComp, use a saturated protein solution to achieve cell capture/release that could have
long-term adverse effects due to cells up taking the extraneous protein in solution. The need
to utilize high concentrations of antibodies in these technologies significantly raises the cost
of these approaches, making them prohibitive for routine use. Furthermore, these approaches
may only work for certain cell types, as evidenced by the limited selection of kits offered by
Life Technologies, namely for the targeted separation of T- and B-lymphocytes. On the
other hand, Miltenyi Biotec’s product uses enzymes to cleave the bead from the cell of
interest. Although Miltenyi has a wide assortment of beads available, these enzymes are
naturally temperature- and pH-sensitive, traits which lead to the variable results from user to
user (Cornish-Bowden, 2012). In addition, cellular viability is diminished in this technique
due to long processing times (>1 hr) and enzyme retention is noted in the isolation process
(Fujioka et al., 2003, Jung et al., 1995).

As an alternative to the above-described methods, a temperature-induced cell detachment
method, based on the fact that the extracellular matrix generally prefers to adhere to a
hydrophobic surface rather than to a highly hydrophilic surface, was also developed (Gurkan
etal., 2011, Yamato et al., 2002, Yamato et al., 2001, McAuslan and Johnson, 1987).
Although the need for less-invasive cell harvesting methods has been noted in the literature,
only a few works, which either require electricity-induction (Yeo et al., 2001, Inaba et al.,
2009, Wildt et al., 2010, Zhu et al., 2008), pH change-induction (Chen et al., 2012,
Guillaume-Gentil et al., 2011), or light-induction methods (Hong et al., 2013, Pasparakis et
al., 2011, Sada et al., 2011, Shin et al., 2011, Kolesnikova et al., 2012, Higuchi et al., 2004)
have successfully addressed this issue. Only a few non-invasive cell detachment methods
such as those that use aptamers (Wan et al., 2012, Zhang et al., 2012b, Zhu et al., 2012) or
hydrogels (Plouffe et al., 2009a, Hatch et al., 2011, Hatch et al., 2012) have been shown to
be successful for cell detachment. Although much progress has been made to overcome this
need for viable, unperturbed cells, overall, the shortcoming of cell detachment still hinders a
broader application of affinity techniques, specifically MACS.

6.2 Separation Against Multiple Markers

Separation of a specific target cell population may require a multiparameter magnetic cell
sorting approach. Multiparameter magnetic cell sorting is the strategy for isolating target
cells that cannot be defined by a single cell surface marker, but are defined by multiple cell
surface antigens (Bosio et al., 2009). Using only magnetic separation, sequential isolation of
even complex targets cells can be achieved, combining both depletion (negative) and
positive selection steps. There are several different routes for multiparameter magnetic
sorting, described as follows.
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Commonly, a first step for multiparameter magnetic sorting is “debulking” of the starting
cell population by using a panel of magnetic particles directed against the non-target cells,
thus depleting the population for several markers simultaneously. It should be noted that
removal of the non-target cell population can also be achieved through other separation
modalities, such as density-gradient centrifugation (Axelsson, 2002) or size-based separation
(Green et al., 2009, Inglis et al., 2011, Long et al., 2008, Zhang et al., 2012a). Non-target
cell depletion may be followed by a positive selection for the cell of interest (Estes et al.,
2009). The non-retained cells from the first separation are again magnetically labeled and
enriched.

An alternative option is sequential positive selection (Bosio et al., 2009, Stemberger et al.,
2012) which is accomplished by using colloidal superparamagnetic particles that are rapidly
released from the cell. Although this technique is still somewhat immature, there is great
potential in such a technique. Once the desired cells are separated from the heterogeneous
suspension, the magnetic beads can be detached from the cells’ surface. These cells are then
ready for further labeling and another separation cycle. Finally, the option of positive
selection followed by depletion is also very attractive to achieve high purity isolations
(Stemberger et al., 2012). In this application, cells are separated via magnetophoresis and
then the magnetic particles are detached. The resulting cell suspension is then further
purified using a negative depletion of the non-target cells that remain in the solution; this
procedure greatly enhances purity without sacrificing recovery.

6.3 Isolation of Rare Target Cells

As our understanding of human biology advances, technological capability must likewise
advance. As briefly described earlier, clinical applications are steadily progressing towards a
customized patient treatment approach, i.e. towards “personalized medicine”. The
“personalized medicine” approach increasingly requires effective isolation of specific target
cells from each patient, whereby the cells of interest are often rare in number (< 1% of the
total cell population in a given sample) (Bhagat et al., 2010, Miltenyi et al., 1990) and are
present in a complex mixture of heterogeneous cells. Some examples of rare cells that have
potential in the clinical setting include hematopoietic stem cells (HSCs) in blood
(Prasongchean and Ferretti, 2012, Chun et al., 2011), circulating endothelial cells (CECs) in
blood (Boos et al., 2006), and circulating tumor cells (CTCs) (Cristofanilli et al., 2004).

At its most basic level, cell separation requires a method to select for the targeted cell and a
way to isolate the targeted cells from the surrounding cellular suspension. In the field of
magnetic particle enrichment, the specificity of separation is directly correlated to the
antibody selection; thus improvements in targeted antibodies may lead to better purities and
recoveries (Zborowski and Chalmers, 2011). On the other hand, in pursuit of better control
of labeled cells, microfluidic systems are under active development as an enabling
technology for basic cell separation applications (as described in Section 4.3) (Zborowski
and Chalmers, 2011, Pamme et al., 2006, Pamme and Wilhelm, 2006). Magnetic cell
separations in particular are very effective when carried out in microfluidic devices as the
device microchannels are amenable to the realization of very high field gradients on the
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microscale (Plouffe et al., 2011a, Sinha et al., 2007, Sinha et al., 2009, Furlani and Furlani,
2007, Furlani, 2007, Furlani and Ng, 2006, Furlani et al., 2007, Saud and Edward, 2013).

While there are many ways to identify and purity a cell, there is a limit to the number of
physical or biochemical methods possible for separation of the targeted cell. As described in
Section 2.0, numerous techniques are currently employed for cell isolation, each technique
with its own specific advantages and shortcomings. Therefore, for the foreseeable future,
optimal development of a separation technology for rare cells will most probably involve the
combination of one or more of these separation techniques to purify samples. As examples,
recent separation devices described by Chung et al. (Chung et al., 2013), Huang et al.
(Huang et al., 2008b), and Ozkumur et al. (Ozkumur et al., 2013) utilized a hybrid
microfluidic size-based and magnetophoretic separation modality for high efficiency
separation of circulating tumor cells.

6.4 Translation of Magnetophoretic Technologies: Research Methods to Clinical Tools

As noted earlier, the presence and concentration of cells within a cell suspension has been
shown to be a strong prognosticator of several different diseases (Cristofanilli et al., 2004,
Boos et al., 2006, Goon et al., 2006, Krabchi et al., 2001). Additionally, the ability to extract
or harvest these key cell types provides clinical researchers the ability to probe an individual
patients’ unique disease case, leading to a more personalized medicine approach to treatment
(Kim et al., 2013). Finally, isolation of a pure suspension of rare stem and progenitor cells is
the first step in providing new-engineered tissues for organ replacement (Haraguchi et al.,
2012). All of these biologic/biomedical needs have been continuously illustrated in the
literature, but translation of magnetic separation tools to the clinical setting has been very
difficult. One of the largest obstacles to clinical use of cell separation platforms is the ability
to maintain sterility throughout the process. Secondly, achievement of approval for clinical
application from governmental agencies, such as the U.S. Food and Drug Administration
(FDA) and the European Medicines Agency (EMA), can be a long and expensive process.
That said, to date the only two FDA-approved cell separation platforms are
immunomagnetic techniques: the CliniMACS® CD34 from Miltenyi and the
CELLSEARCH® CTC Test from Janssen Diagnostics Inc. (formerly Veridex LLC). The
CliniMACS® CD34 Reagent System was approved by the FDA in late January 2014 as a
Humanitarian Use Device for the prevention of graft-versus-host disease (GVHD) in
patients with acute myeloid leukemia (AML). Briefly, the CliniMACS® CD34 reagent
system is based on the MACS technology described in Section 4.1. Hematopoietic stem cells
derived from donor blood (after apheresis) are labeled with magnetic nanoparticles against
the CD34 antigen and are positively separated through a sterilized steel wool matrix. This
reagent system includes the CliniMACS Plus Instrument and the cGMP approved CD34
antibody reagents. The entire process is enclosed and isolated from the ambient environment
and thus the separated cells have been proven to be a viable, clean, source of CD34+ stem
cells for treatment. The CELLSEARCH® CTC Test was cleared by the FDA in 2004, 2007
and 2008 as an aid in the monitoring of breast, colorectal, and prostate metastatic cancer,
respectively. The CELLSEARCH system operates in a manner similar to that of
CliniMACS. CTCs, extracted from buffy coat isolates, are first labeled with nanoparticles
against epithelial cell adhesion molecules (EpCAM) and are separated via application of a
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magnetic field. These cells are then fluorescently labeled with an antibody against a marker
specific for the cancer cells, cytokeratin, and an antibody specific for white blood cells,
CD45. Using sophisticated imaging techniques, the cancer cells are identified and separated
from non-specific white blood cells to yield a cell number sufficient for diagnostic purposes.
In comparison to the CliniMACS system, the CELLSEARCH separation tool does not need
to maintain sterile conditions, as the isolation is for diagnostic rather than therapeutic
purposes. In addition to U.S. federal agency approval, both platforms (CliniMACS® and
CELLSEARCH®) have E.U. agency approval and are approved for use in China. Another
cell separation platform (Parsortix from ANGLE plc), with an operation based on cell size
attributes, has received EMA approval and is currently conducting clinical trials for FDA
approval by the end of 2014. The Parsortix system is designed to separate CTCs from whole
blood samples based solely on size, through the use of a sieve-based device. In contrast to
the CELLSEARCH system, the Parsortix system does not require cells to be labeled with
magnetic beads and/or fluorescent stains, resulting in a true living biopsy sample. Both
EpCAM+ and EpCAM-cells can also be isolated, as no labeling is required, but it should be
noted that not all CTCs have diameters that are larger than those characterizing the
surrounding cells population (Maheswaran and Haber, 2010); this aspect limits the cancer
cell types that can be targeted with this technique.. However, the unperturbed condition of
the biosample is believed to facilitate a more personalized medicine approach to cancer
treatment, via unique molecular analyses. It should be noted that these approved CTC
platforms are for diagnostic use, an application that requires higher standards and strong
evidence of low false-positive and false-negative readouts. Further, adoption of these
complex systems in clinical diagnosis settings requires specialized technicians and training
according to the Clinical Laboratory Improvement Amendments (CLIA) in the U.S.;
ensuring high-quality standards for accuracy, reliability, and timeliness is obviously
imperative. Additionally, for regulation of tissue products, the overseeing governmental
agencies require that every step in the manufacturing process adhere to current GMP
regulations. By mandating such regulations, only recently have current GMP cell separation
platforms begun to emerge. As described in Section 1.4, the entire cell separation process
must be kept sterile and closed off from the environment. Overall, the translation of research
tools to clinically-relevant platforms is still limited in scope, and with only a few options for
clinical tools there still remains a need for implementing regulatory requirements into the
separation designs.

7.0 Conclusions and Future Directions

Cell separations using magnetic particles have become the most widely used and versatile
method for the purification and isolation of key cell populations in a variety of biological
fields. Since the initial reports in 1977 of polymeric, iron-containing beads as carriers for
cell separation, there has actually been only minor advances in the field (Molday et al.,
1977). The state-of-the-art technology continues to rely upon polymeric (either synthetic or
natural) iron-oxide-containing particles for labeling of antigens, although the physical and
magnetic susceptibility characteristics have significantly improved. Molday et al. placed a
permanent magnet against the wall of a glass vial of magnetically labeled white and red
blood cells; today, modern instruments employ insights gained from numerous iterations of

Rep Prog Phys. Author manuscript; available in PMC 2016 January 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Plouffe et al.

Page 48

magnetic manipulation techniques to realize a fully-automated separation platform with 10 —
100-fold greater yields versus that obtained from the first MACS-like device. Application of
a permanent magnet and/or an electromagnet to predictably manipulate magnetized entities
from a distance will allow cell separation platforms to continue to improve both as a
research and a clinical tool. Nevertheless, much still remains to be done with regard to the
development of high quality, high efficiency magnetic cell separators for the purification of
therapeutic targets, namely in insuring product sterility. Although this current review has
detailed the various merits of magnetic cell separation, it must be stressed that MACS will
not exclusively be identified as the best methodology for separation. In applications where
the labeling of the target cell population cannot be tolerated, such as in tissue engineering,
other label-free approaches must be pursued.

In the forty-year history of MACS platforms, various approaches have been developed in
parallel to increase cell isolation metrics. These approaches can be categorized into
continuous displacement-based techniques and entrapment-based techniques. As described
in this review, displacement separation features significantly higher throughputs but the
resultant cell purities, due to the lack of a wash step, are generally low. On the other hand,
entrapment techniques allow the cell population to be washed free of the non-specific cell
populations, thereby increasing the purity but also increased the process steps, consequently
lowering throughput. Many researchers are now turning to microfluidic-based cell
separation techniques to address these limitations. As detailed earlier, microchannel devices
allow for precise control of magnetically-labeled cells with minimal applied fields in the cell
vicinity. This proximity of low field minimizes cell damage and decreases the time needed
to move the distant cells to the collection zone — either by trapping or displacement. Several
examples in the literature of magnetic microfluidic devices have reported high cell
throughputs, competitive with state-of-the-art, accompanied by high purities and good
efficiency for rare cells applications (Plouffe et al., 2012, Karabacak et al., 2014, Ozkumur
etal., 2013, Kang et al., 2012, Yung et al., 2009). These microscale platforms are also
inexpensive and are thus disposable. Such advantageous features indicate that the MACS
field will, in the next decade, transition from large macroscale channels and magnets to
feature microflows and miniaturization, allowing for adoption outside of the clinic and
laboratory settings, i.e. in the developing world.

As more evidence is accumulated that exceptional cell separation tools are needed in the
field, the specificity, selectivity, and throughput must continue to improve. This
improvement will require the development of stronger targeted antibodies as well as better
understanding of target cell antigen expressions.. With the rapid development of new
discoveries in cell biology and production of new ligands (antibodies, peptides, aptamers,
etc.), cell separation yields will concurrently advance. While the physics of magnetic
separation is very well understood, and the chemistry and material science of magnetic
beads is a mature and established field, the biochemistry and biology specific to separation
is still a developing field.

On the whole, cell population purification is the first step in many complex biologic and
biomedical workflows and thus improved cell enrichment processes will contribute to an
overall simplified experimental protocol. To accomplish this goal, automation of the cell
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separation process must be improved, along with continued development of hands-free,
user-friendly instrumentation. The most recent advances in sterile magnetic-based cell
separators have been directly marketed and engineered for clinical use. These tools are
poised to advance the field of diagnosis and therapeutic monitoring of numerous diseases,
including cancer (Cristofanilli et al., 2007, Budd et al., 2006, Hayes et al., 2006) and
cardiovascular disease (Damani et al., 2012). Additional, the ability to viably separate stem
cell populations from patients will contribute to the new autologous therapeutics and faster
recoveries from disease (Gordon et al., 2003, Schumm et al., 1999). With the recent release
of these U.S. Federal Drug Agency-approved and European Medicines Agency-approve
magnetic separators, it is anticipated that more economic analogs of these device for basic
laboratory use to soon be developed. In summary, with all these developments it is predicted
that MACS will continue to enable the unlocking of new biological discoveries, through
improved drug delivery, proteomics, genomics, and other fundamental research
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Figure 1.
Blood is a rich source of cells for tissue engineering, diagnostics, and fundamental biology,

containing several rare populations.
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Figure 2. Traditional modes of cell separation currently used in the laboratory and clinic
(a) The major modes of centrifugation include differential centrifugation, rate-zonal

centrifugation, and equilibrium centrifugation. (b) Affinity chromatography allow for
separation of a target cell(s) from heterogeneous cell slurry via interactions with a porous
matrix conjugated with capture ligands. Adapted from (Kumar and Srivastava, 2010). (c)
Traditional set-up of a FACS instrument where cells labeled with fluorescent tags can be
separated form un-labeled cell populations. Adapted from (Kang et al., 2011).
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Figure 3.
There are three different labeling methods that are commonly used in magnetic cell

separation (a) extrinsic magnetic bead labeling, (b) intrinsic magnetic moments, and (c)
internalization of magnetic nanoparticles via cell encapsulation. (d—e) Examples of different
magnet designs currently used for cell sorting. (d) Conventional MACS platform (e)
standard quadrapole magnetic flow sorting and (f) deflection of magnetic moieties within a
continuous stream flow stream (d) Adapted from (Miltenyi et al., 1990) (e) Adapted from
(Nakamura et al., 2001) (a-c, f) Adapted from (Yun et al., 2013).
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Figure 4.

M — H curves for (a) diamagnetic, (b) paramagnetic, (c) ferromagnetic and (d)
superparamagnetic beads. Adapted from (Pankhurst et al., 2003).
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Figure 5.
(a) Schematic of the energy barrier (Eg) required for the magnetic moment to flip between

their easy axis (b) Illustration of particles in a (i) quasi-stable blocked state with a fixed
coercivity behaving in a pseudo-ferromagnetic state and (ii) an unblocked freely rotating
state, where the magnetic coercivity is rotating randomly making the net magnetic moment
to be zero. Adapted from (Pankhurst et al., 2003).
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e

Figure 6.
Schematic representation of the dominant forces in immunomagnetic cell separation system.

Cell manipulation is a function of magnetic force, gravitational force, buoyancy force and
hydrodynamic (Stokes’ drag) force. To achieve successful cell isolation, the magnetic force
must be greater than the opposing drag force and able to overcome the gravitation and
buoyancy forces.
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Table 2
Properties and examples of magnetic materials.

Material Class Examples Typical (SI) #n B-H relationship Comments
diamagnetic water -] x 1076 linear (constant ) no hysteresis

no hysteresis;

. . ~ ; becomes
5

paramagnetic aluminum 2 %10 linear (constant yy) ferromagnetic

below Curie temp
ferromagnetic Iron 3x 103 nonlinear (xm is f(B))  shows hysteresis
superparamagnetic  Fe;Ozand Fe304 2.5 x 1073 nonlinear (xy, isf(B))  shows hysteresis

Rep Prog Phys. Author manuscript; available in PMC 2016 January 01.

Page 75



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuely Joyny vd-HIN

Plouffe et al.

Table 3
Comparisons of the Major Synthesis Method
Typical :
: . . ! Particle
- Reaction  Reaction Particle Size ;
Method Description Temp. period Solvent distribution Shape Yield
o Control
(°C)
Very simple,
Co-precipitation  ambient 20-90 Minutes ~ Water Broad Notgood High
conditions
Complicated,
Thermal inert _ Hours to - Very -
decomposition atmosphere 100-320 days Organic  Very narrow good High
required
Complicated, .
Microemulsion ambient 20-50 Hours Organic E:rlfg\'l\vlely Good Low
conditions
Simple
Hydrothermal AN Hoursto  Water- Very :
synthesis ;erggsl[lerzhlgh 220 days ethanol Very narrow good Medium
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