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Abstract

Accurate, fast, and affordable analysis of the cellular component of blood is of prime interest for

medicine and research. Yet, most often sample preparation procedures for blood analysis involve

handling steps prone to introducing artifacts, whereas analysis methods commonly require skilled

technicians and well-equipped, expensive laboratories. Developing more gentle protocols and

affordable instruments for specific blood analysis tasks is becoming possible through the recent

progress in the area of microfluidics and lab-on-a-chip-type devices. Precise control over the cell

microenvironment during separation procedures and the ability to scale down the analysis to very

small volumes of blood are among the most attractive capabilities of the new approaches. Here we

review some of the emerging principles for manipulating blood cells at microscale and promising

high-throughput approaches to blood cell separation using microdevices. Examples of specific

single-purpose devices are described together with integration strategies for blood cell separation

and analysis modules.
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INTRODUCTION

Blood is a treasure of information about the functioning of the whole body. Every minute,

the entire blood volume is recirculated throughout the body, delivering oxygen and nutrients

to every cell and transporting products from and toward all different tissues. At the same

time, cells of the immune system are transported quickly and efficiently through blood, to

and from every place in the body where they perform specific immuno-surveillance

functions. As a result, blood harbors a massive amount of information about the functioning

of all tissues and organs in the body. Consequently, blood sampling and analysis are of

prime interest for both medical and science applications, and hold a central role in the

diagnosis of many physiologic and pathologic conditions, localized or systemic. However,

tapping into this wealth of information, for clinical and scientific applications, requires not

only the understanding of the biology involved but also adequate technologies.

Our knowledge about blood has always evolved in parallel with the general knowledge of

biology, and several breakthroughs were facilitated by technological advances (1). The first

use of microscopes in the seventeenth century allowed the observation of cells in blood.

Later, in the nineteenth century, the development of tissue-staining techniques allowed the

initial characterization the first blood cell populations. Even today, the examination of the

peripheral blood film using Wright-Giemsa staining procedures and the full blood count are

two of the most basic and yet the most informative investigations performed in hematology

(2). Only flow cytometry techniques, available since the 1960s, can rival these in terms of
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finer details and higher throughput, representing today the golden standard in cell

identification and separation. However, the sophistication of these latest techniques requires

increasingly higher levels of skill and specialization from their users. Additionally, the high-

quality standards of accuracy, reliability, and timeliness imposed since 1988 by the Clinical

Laboratory Improvement Act (CLIA) reshaped the field of blood analysis (3). The analysis

of the cellular component in particular has been affected by restricting it to highly

specialized and strictly regulated laboratories, to the detriment of point-of-care diagnostic

tools. However, despite considerable automation, even in advanced laboratories, a

significant portion of blood handling is still performed manually or in conditions that may

significantly alter the results of subsequent analysis. Reducing the chances for such errors to

occur, reducing the time from blood collection to analysis, and increasing the availability of

analysis techniques at the place where blood is collected are recognized challenges that

would require faster, cheaper, and more comprehensive approaches.

Among the new technologies with an increasingly broader impact in biology, microfluidics

and miniaturized lab-on-a-chip-type devices are extremely attractive for blood analysis. For

clinical applications, bringing complete labs for blood analysis to the bedside through point-

of-care analyzers capable of comprehensive diagnostic is poised to reshape the delivery of

health care. New devices for convenient use at home or in doctors’ offices would allow for

rapid and accurate diagnostic and prognostic, based on blood cells, of infectious diseases,

cancers, and inflammatory responses. These may also allow better matching between drugs

and patient pathophysiology, reducing side effects and improving efficiency of therapy. In

drug discovery, microfluidic devices may redefine the entrance criteria for clinical trials and

test for these criteria in a time- and cost-effective way. Nonetheless, in small-animal studies,

microfabricated devices would only use minute amounts of blood for analysis, allowing for

repetitive sampling at multiple time points and minimizing the adverse effects of blood

drawing. Even more ambitious, in the discovery mode research, microfabricated devices for

sample preparation would open new possibilities by allowing comprehensive genomic and

proteomic analysis from small homogenous subpopulations down to single cells. On the

whole, on-chip blood sample preparation would lead to more gentle, fast, and consistent

manipulation of the living cells, and therefore more accurate and better quality of extracted

information.

This review summarizes recent progress in the fast-paced field of microfluidics, assessing

their impact on sample preparation techniques for blood cell analysis. We first present a

brief overview of the challenges for blood sample preparation. We then emphasize the

physical principles employed by new technologies and underline some of the enabling

aspects of these compared to current approaches. Finally, we present some of the attempts to

integrate different technologies and protocols into more complex lab-on-a-chip devices,

addressing specific point-of-care diagnostic needs.

BRIEF OVERVIEW OF THE CHALLENGES FOR BLOOD SAMPLE

PREPARATION

Blood has two main components, plasma and cells. Blood cells represent approximately

45% of the blood volume, and different cells perform different functions in different

conditions. Thus, depending on the diagnostic needs, only some of the blood cells are of

interest, and these cells need to be isolated from those that are irrelevant or may even alter

the analysis (of the desired cells). A number of steps are common for any blood sample

preparation techniques, although they are not always distinct and some overlap between

steps is common (Figure 1). After a decision is made on what the target subpopulation

should be, on the basis of clinical or research needs, the cells of interest are identified and

separated from the blood sample and made available for the subsequent analysis steps.
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Cells in blood form a heterogenous and living mixture that continuously responds and adapts

to the smallest changes in physiology. Each of these characteristics poses extreme

challenges for extracting information from blood cells. The massive numbers and wide

diversity of cell types present complicate precise identification of the target cells from a

whole blood sample. There are roughly 5 × 106 cells in each microliter of blood, including

red blood cells (RBCs), reticulocytes, platelets, and white blood cells (WBCs), which are

most often the target of analysis. For every leukocyte in blood there are a thousand more

RBCs with it. If WBCs are the target, all RBCs need to be removed, as they do not carry

useful information and may even interfere with the subsequent analysis of the leukocytes.

Leukocytes themselves are also very diverse. The classical separation of WBCs into five

classes, neutrophils, lymphocytes, monocytes, eosinophils, and basophils (Table 1), is

already too general for many applications. Recent advances in immunology have revealed a

considerable number of subpopulations and sub-subpopulations that only can be identified

by the presence of specific proteins on the surface of cells, also described as cluster of

differentiation (CD) markers (4). Usually, not one but a combination of markers is used to

classify cells, identify their function, or reveal specific cellular responses to pathological

situations in the body. This extreme diversity poses serious challenges for achieving the

desired purity of the final sample.

Gentle extraction of the identified target cells from the complex blood sample is an even

greater challenge. Because most of the leukocytes are designed to respond quickly to

changes in their environment, they can easily be altered by the handling procedures during

the separation steps. Several studies document that the exposure of cells to improper stimuli

during the blood processing steps can alter the original immuno-phenotype of the separated

cells (5–7). If these alterations occur, subsequent analysis may not be able to discriminate

between the primary state of target cells in the blood and the sample preparation artifacts.

Addressing the challenges of blood cell diversity and susceptibility to alterations can benefit

from lab-on-a-chip technologies. The new separation and analysis methods can be more than

just a miniaturization of current bulk assays. Building on demonstrated capabilities for

microenvironment alteration and handling of individual cells (8, 9), more sophisticated

techniques can be imagined to undertake the particular challenges of blood analysis. Gentle

manipulation and precise control of the microenvironment of each individual cell in blood

can be efficiently accomplished at microscale and would reduce the risks of altering the

original state of the cells of interest. New separation principles and unique capabilities of

integrating these with cell analysis are essential elements for accomplishing the goal of

unaltered blood cell analysis.

ON-CHIP SEPARATION OF CELLS IN MICROSCALE FIELDS THROUGH

DIFFERENTIAL ACTION ON DIFFERENT TYPES/SUBTYPES OF CELLS

The use of physical fields for the separation of cells takes advantage of the heterogeneity of

physical properties of the blood cells. After exposure to fields of different nature, differences

in size, density, electrical permittivity, dielectric characteristics, or adhesiveness among cells

can be revealed in the form of forces differentially acting on cells of a particular type.

Populations of cells that share similar behavior upon field exposure can then be

differentially manipulated and eventually partitioned from the whole sample. It is important

to emphasize that for most of the applications, separation using uniform fields can be

achieved in the absence of additional cell-labeling or cell-modification steps. Devices using

these principles may also perform the steps of identification and separation, as presented in

Figure 1, simultaneously, resulting in a simpler design and higher reliability.
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Small-scale implementation greatly favors on-chip field separation. Very strong fields can

be created over small distances and small displacements on the scale of cell size can be used

for effective separation. Even more important for cell separation, regardless of the nature of

these fields, is microscale control, which allows for the manipulation of single cells and

particles in suspension, with the potential for extreme purity or efficiency of the separation.

Since the principles of separation of particles from solutions by using fields were outlined

by Giddings in 1991 (10), a variety of fields have been employed in small-scale

applications. Those relevant to blood separation are presented in the following sections.

Microfabricated Devices for Cell Separation Using Mechanical Forces

Differences in cell size are the easiest to observe when examining a blood smear under the

microscope (11). Also, common centrifugation methods rely on differences in size and

density among cells for blood separation. Geometrical differences between blood cells can

also be exploited in microfabricated devices that achieve cell separation based on the

mechanical restriction of cell displacement. Such devices are relatively easy to build using

common microfabrication technologies; however, they are not very accommodating to

changes in properties of the samples being separated. Separating target cells of new size

usually requires a new design or at least a new device with modified dimensions. Also,

despite simplicity, microfabricated devices working solely on the principle of size separation

still have to overcome drawbacks such as limited efficiency or poor purity of the final

sample.

Dense arrays of posts spaced 5 µm or 7 µm apart, and weir-type structures of 3.5 µm height

were employed for the separation of leukocytes from whole blood (12). Successive arrays of

narrow channels with sizes decreasing from 20 × 10 µm to 5 × 2.5 µm were also tested for

separation of tumor cells from blood samples spiked with cultured tumor cells (Figure 2)

(13). The common principle was that the leukocytes and other larger cells would be trapped

at the entrance of the array, while, at the same time, erythrocytes would easily pass through

the narrow spaces because of their smaller size and their particular biconcave discoid shape.

However, experiments showed that WBCs, although bigger in size, could also “squeeze”

through the same narrow spaces, limiting the overall efficiency of capture to values between

7% for the weir and 35% for the 5 µmspaced posts (12). Additionally, only a limited number

of cells could be separated before the captured cells altered the flow through the device, an

important issue for blood samples containing millions of cells. In a slightly different device

featuring a 5 µm lattice of posts with a polar urethane coating, one interesting phenomenon

was observed during the passage of cells (14). Among the leukocytes trapped at the entrance

of the array, granulocytes and T lymphocytes were differentially trapped at different

distances into the array. Trapping occurred in the absence of adhesive proteins on the posts,

and it has been speculated that differences in viscosity between the two cell types or

differences in nonspecific stickiness following the interaction between granulocytes and T

lymphocytes during the separation process may be responsible (14). The limited success of

these early approaches only underlines the challenges in understanding and exploiting the

interaction between mammalian cells and mechanical structures for separation purposes.

Using a completely different approach, the particularities of particle movement in laminar

flow have been exploited for the separation of particles. Although not yet demonstrated for

the separation of cells in blood, some microfabricated devices have been shown to

discriminate few-micrometers differences in particle size, of the order observed between

cells in blood. In one example, particles are separated through differential lateral

displacement owing to asymmetric bifurcation of laminar flow around obstacles with sizes

comparable to the size of the particles (Figure 2) (15). Alternatively, particles suspended in

liquid were continuously separated upon passage through a narrow segment of width

comparable to particle size. Two streams, one with particles and one without, were merged
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in the pinched microchannel, resulting in the alignment of particles to the sidewall. With all

cells touching the same wall on the side of the cell stream, smaller cells had their

geometrical center in the stream lines closer to the sidewall, whereas larger cells had their

center closer to the stream lines in the middle of the channel. Consequently, after passage

through the narrow section, cells that were initially randomly distributed across stream lines

were segregated in different stream lines depending on their size. Segregation was increased

even further when the flow stream spread again in a larger channel, with larger particles

aligned toward the center and smaller particles pushed toward the walls (16). Finally,

particularities of flow under a microstep structure in a translation movement over a flat

surface were used in separating micron-sized particles and bacteria. Whereas the small

particles were trapped under the step, larger particles went in the opposite direction, with the

countercurrent generated by the motion of the step structure (17). Although several steps

remain before these devices can be tested with mammalian cells, it is becoming evident that

control of the microscale flow in the vicinity of cells is one critical element for the success

of separation.

Although the deformability of cells of different sizes is reducing the efficiency of separation

based on size, other devices have been designed to separate cells based on their mechanical

rigidity in addition to size parameters. Malaria is one example of a disease where the

increased rigidity of the RBCs leads to medical complications. Microfabricated devices,

simulating capillary vessels as microchannels with sizes from 2 µm up to 6 µm, have been

used to effectively separate more rigid, infected RBCs from normal, uninfected erythrocytes

(18). Increased rigidity of the infected RBCs blocks their passage, even through large

capillaries, and infected cells accumulate at the entrance to the channel (Figure 2).

Interestingly, when more infected cells are trapped at the entrance of the capillaries, normal

cells can still pass through the blockage formed by infected cells (18). Efforts to develop

cheap and reliable diagnostic devices for malaria are not limited to mechanical separation of

infected cells. Other principles, presented in the next section, have emerged, underlying the

flexibility of microfabricated approaches.

Effective separation of plasma and cellular fractions from whole blood has also been

accomplished using mechanical forces in microdevices. In general, the purpose of such a

procedure is to prepare plasma for subsequent analysis by eliminating the potential

confounding effects of cellular components on plasma biochemical assays. On-chip plasma

separation is targeted to replace the classical benchtop centrifugation and allow integration

with an increasing number of small, single-use, lab-on-a-chip-type devices for plasma

analysis (19, 20). Plasma has been separated by flowing whole blood through microfilter-

like parallel arrays of shallow channels (21), microchannel bent structures (22), or by

centrifugation of 5 µL of blood in lab-on-a-disk-type devices (23, 24). Gentle handling of

cells in many of these devices helps reduce the potential for the release of cellular factors in

the plasma samples during the separation procedure. Conversely, target cells may be washed

from plasma proteins, which may interfere with subsequent cell analysis. Overall, better

understanding of the micromechanical interactions between cells and microstructures is

poised to lead to very simple devices for cell separation, with a great impact on reducing the

costs and increasing the accessibility of diagnostic and monitoring tests.

Dielectrophoresis in Microfabricated Devices for Cell Separation

Dielectrophoresis (DEP) uses the electrical polarization of cells in nonuniform electric fields

to induce translational motion or reorientation of cells, affecting their dynamic behavior.

Mammalian cells readily polarize when exposed to electric fields; however, their function is

not affected by electric fields in quite a large range of intensities. The induced polarization

depends on a multitude of factors related to cellular physiologic conditions, such as the

bilipid membrane characteristics, internal structure, or size of the nucleus (25). In addition,
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depending on the frequency of the alternative electric field they are exposed to, the cells

may polarize in the direction of the field vector (positive DEP) or in the opposite direction

(negative DEP). The variability in cell response to electric fields is selective enough to

differentiate not only between cell types but even between activation states of similar cells

(26). On the other hand, the multitude of variables dictating the outcome of DEP makes the

comparison among different results from different experimental systems rather difficult.

Because electrical fields scale down favorably at microscale, low voltages are enough to

produce intense electrical fields. This and other technological advantages work in favor of

the dielectrophoretic principles for separation in lab-on-a-chip devices. For example,

alternate or direct electric fields are relatively easy to implement and control in

microdevices. Thermal and hydrolysis effects that are detrimental for living cells, and that

plagued early large-scale DEP devices, can be avoided. Exquisite control over the

characteristics of the electric fields at length scales comparable to cell size can be achieved

by the use of microfabricated electrodes and features. Nonetheless, DEP devices may be

easier to reconfigure for different cell types than any other type of microdevices. Because

cells respond differently depending on the frequency of the applied alternate electric fields,

it may be possible to adjust DEP devices for separating different cell subtypes just by

changing the field frequency or amplitude. As a consequence of this display of favorable

factors, a large number of microscale devices have been proposed for different applications

involving the manipulation of cells and particles in suspensions.

Some common principles for cell separation from mixtures using dielectric fields in lab-on-

a-chip devices have already been outlined in several reviews (25, 27, 28) and many of them

can be extended to cell separation from blood. Depending on the size of the sample, the

strategies recommended for dielectrophoretic separation are different. For small samples

containing few cells, the cells of interest may be separated by trapping them in predefined

locations. For larger samples, when the number of cell traps would be prohibitively high,

cells are usually diverted from the mixture into distinct flow streams based on their

dielectric properties and thus separated in time or space.

Cell trapping using DEP is based on the creation of energy traps of sizes comparable to the

cells to be captured. Typically, traps created by positive DEP are used for separation of cells

from flowing mixtures. Cells that are trapped are in stable equilibrium and can be released

by simply turning off the electric field (Figure 3,) (29). Alternatively, perturbations of the

electric field can be induced through arrays of insulators (30). The selectivity of cell capture

from a mixture can be enhanced when the frequency of the electric field is chosen such that

the unwanted cells are driven away by negative DEP (31). However, if the crossover

frequency for the two types of cells to be separated is close, separation may not be very

effective. Cell separation can be further perturbed by uneven fluid flow conditions or

imperfections in the electric field in large electrode arrays (28).

In the absence of flow, discrimination may be improved by dielectric levitation and

concentration of target cells on the surface of electrode arrays. For example, malaria-

infected erythrocytes that have different electrical properties compared with normal RBCs

owing to changes in their ionic content were concentrated at the center of a spiral array of

electrodes (Figure 3).A sensitivity of 20 infected cells separated from 106 total cells has

been reported by the use of simple, four-pole, planar devices (32). Separated cells can be

examined further by different detection and imaging systems (fluorescence, cell

morphometry, etc.), and some of them selectively released to improve the purity of the final

sample.
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Cells from larger samples, containing millions of cells, can be separated using hyperlayer

techniques, by applying DEP forces to all cells flowing in microchannels from electrode

arrays located at the bottom of the channel. Three forces acted simultaneously on every cell:

sedimentation forces that were proportional to particle weight, DEP forces that fell

exponentially with the distance between the cells and the electrodes, and drag forces that

were proportional to fluid velocity in the channel (Figure 3). Equilibrium positions at

different heights inside the channel for different cells were the result of the balance between

changing levitation and constant sedimentation forces. For each cell, different velocities

along the channel were the consequence of the parabolic velocity flow profile across the

channel. As a result, cells from a heterogeneous mixture were separated along the channel

and captured at different time intervals at the outlet (25). Differences between normal and

cancer cells were exploited for hyperlayer separation of whole blood samples. Cells of the

metastatic human breast cancer cell line MDA231 were selectively captured from whole

blood by balancing the hydrodynamic and dielectrophoretic forces acting on cells upon their

passage over a microelectrode array (33). Inter-digitated electrodes patterned on the bottom

of thin flow chambers were used to levitate normal and cancerous cells at different levels,

depending on their different dielectric properties. Separation of 50,000 tumor cells from a

mixture of 10 µL of blood was achieved under the influence of a parabolic flow profile in

less than 5 min (34). Although impressive, the efficacy of separation in these devices would

need to be improved even further for applications such as the detection of cancerous cells in

clinical samples of blood. Especially in the early stages of cancer, when only a few tumor

cells are present in blood, larger volumes of blood, of the order of milliliters, would need to

be processed before one or more cancer cells could be detected.

Physical separation of cells in distinct streams using DEP has also been demonstrated. A

complex system where several steps of using DEP forces to funnel cells into narrow streams,

break aggregates, and trap or separate cells along the stream has been used to separate

individual cells (35). Separation of cells from the stream has been demonstrated for

macrophages, T cells, and B cells. Upon passage over an array of interdigitated electrodes,

at 400 µm from the edge of the array, the cell stream was separated into three distinct 150-

µm-wide bands (36). More recent experiments from the same group, using a leukemia cell

line, showed that further increases in selectivity could be achieved by focusing the cells in a

narrow stream on top of the electrodes (37). Following a different approach, tumor cells

from a Jurkat cell line were separated by deflection through negative DEP from erythrocytes

in phosphate buffered solution (38). Other tumor cell lines mixed with whole blood were

also separated by the use of dielectrophoretic forces in devices with arrays of

microelectrodes (39).

When the contrast between the electrical properties of cells is less clear, cells can still be

enriched in complex mixtures. Fivefold enrichment of hematopoietic cells (CD34+) in

whole blood samples was observed in fractions collected after cell passage over a

dielectrophoretic electrode array. Stem cells remained viable, were not altered by this

enrichment method, and were capable of forming colonies in culture (40, 41). Thirty-

fivefold enrichment of leukocytes from whole blood diluted 1:1000 in sucrose buffer has

been reported by the use of the hyperlayer DEP separation method (42). Optimization of the

separation conditions led to relatively high performance separation of T and B lymphocytes

from monocytes, T (or B) lymphocytes from granulocytes, and monocytes from

granulocytes. Because DEP devices are usually not complicated and do not involve cell-

labeling or cell-modification steps, they are always a serious candidate for any on-chip

hematological analysis (43).

The use of electric fields for cell separation is not limited to dielectrophoresis devices.

Selective destruction of cells in a mixture has been shown by the use of pulsed electric fields
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of up to 2 kV/cm (44). Although not implemented in a microdevice, but nonetheless using

microelectrodes spaced 400 µm apart, this method is based on the fact that the strength of

the electric fields can be adjusted such that pores can be opened in larger cells before

smaller cells are affected. Exposure of blood (mixture of peripheral blood mononuclear

cells) to pulsed electric fields caused stepwise elimination of large monocytes without

affecting smaller lymphocytes or stem cells. Through the same method, peripheral blood has

been enriched in hematopoietic stem cells (CD34+/CD38−) and stem cell function preserved

(44).

Microscale Optical Interactions for Cell Separation

Approaches using light to separate cells from complex mixtures are particularly attractive

because they avoid mechanical contact between cells and surfaces and reduce the potential

of activation. Optical trapping for manipulation and sorting of individual cells can be readily

achieved by the use of laser tweezer-type devices. Although cell handling can be very

precise, only one cell at a time can be manipulated (45). Scaling up the separation for

millions of cells at a time, like those in small blood samples, would be very challenging

using such systems. Thus, devices for parallel processing of a large number of cells in

parallel have been tested. A microfluidic system using a diode laser bar has been

demonstrated for the separation of cells based on their size. While larger cells are deviated

when passing through the laser enlarged beam, smaller cells are not, and consequently,

separation of large and small particles can be achieved (46). A dynamically reconfigurable

optical lattice, produced as an interference pattern, was also used to separate particles cells

from mixtures based on size and refractive index (47). More recently, the same principles of

tunable optical lattices have been used to separate erythrocytes from leukocytes with more

than 95% efficiency (48). This type of device is easily reconfigurable by adjusting the

interference pattern, and because it has no narrow channels it is less prone to clogging

during its use. The increased availability and continuously decreasing costs of solid-state

coherent light sources are additional arguments for the use of microscale optical interactions

for the separation of cells from blood samples.

Microfabricated Devices for Cell Separation Using Magnetic Interactions

Intuitively, the iron-bearing hemoglobin molecules contained only by erythrocytes would

lead to differences in the magnetic properties between RBCs and other blood cells.

However, practical measurements showed that, in spite of the higher iron content, RBCs

have, at least in oxygenated blood, the same diamagnetic behavior as WBCs. A weak

paramagnetic behavior has been observed for RBCs in deoxygenated blood. Only reduced

forms of hemoglobin, deoxihemoglobin and methemoglobin, and pathologic hemozoin in

RBCs infested with malaria are paramagnetic (49). In the presence of high magnetic fields

and gradients, such differences can be used to separate leukocytes from RBCs. This was first

demonstrated by Melville et al. (50) through the capture of erythrocytes from whole blood

on a metal mesh in the vicinity of a powerful magnet. Although large magnets are still

needed to produce the intense magnetic fields, microscale devices have the advantage of

producing high magnetic field gradients in the proximity of microscopic magnetic features.

Analytical magnetapheresis has been demonstrated in experimental settings involving

microscopic features (51, 52). Particles and cells with various magnetic susceptibilities were

selectively deposited and separated from suspensions flowing in a thin layer under a

magnetic field applied perpendicular to the flow (52). The selectivity of magnetic separation

of cells can be tremendously enhanced by coupling magnetic beads decorated with

antibodies against proteins on the surface of the cells, a process generally known as

magnetic cell sorting (MACS). Because in this process the identification of cells is based on

protein recognition rather than intrinsic magnetic properties of the cells, devices using these

principles are discussed separately in the next section.
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Biochemical Interactions for the Separation of Cells in Microfabricated Devices

Biochemical differences among cells can be effectively used to selectively destroy some cell

subpopulations after uniform exposure of the whole sample to a selectively toxic

environment. It has been known, for example, for almost a century, that WBCs are more

resistant to solutions of ammonium chloride than RBCs, which are readily lysed within tens

of seconds after exposure (53). In regular separation procedures, bulk volumes of blood are

mixed with bulk volumes of the lysing agent for periods of time long enough to account for

diffusion and RBC lysis. At the same time, WBCs are also exposed and may be affected by

the lysing solution; shortening the exposure time is of interest for minimizing the chance for

WBC alteration (54). Although calculations and experiments show that lysing agent

diffusion is usually the limiting factor for speeding up the reaction, it is evident that

shortening the diffusion distance would provide significant advantages. This can be easily

achieved in microfluidic devices, and complete lysis of erythrocytes and approximately

100% recovery of leukocytes were accomplished after exposure to an isotonic lysis buffer

for less than 30 s (Figure 4). Alternatively, complete lysis of erythrocytes in hypotonic

deionized water occurs two times faster, in only 15 s, whereas the leukocytes appeared to be

intact (55). Following RBC lysis, leukocytes are immediately returned to isotonic

physiological conditions by the addition of buffer. Microfluidic selective cell lysis not only

results in improved yield and viability of the WBCs compared with bulk methods, but by

assuring equal treatment for all cells in the sample it may also have a favorable effect on

subsequent analysis by reducing yet another source of variability.

ON-CHIP CELL MICROARRAYS FOR BLOOD SAMPLE PREPARATION

In the previous section, we described the use of microscale fields for the separation of target

cells from whole blood. In all devices chosen as examples, separation was accomplished

under the selective action of uniform fields, which would differentially act on target cells,

separating them from the mixture without the need for additional means for cell

identification. In the following section, the focus is on devices in which the processes of

identification and of separation of the target cells from mixtures are dissociated into distinct

steps. Although the implementation of two distinct steps leads to more complex devices, it

also appears to be beneficial in terms of efficiency and accuracy of separation. More precise

identification, involving potentially more than one criterion, can be combined with more

effective means of cell handling, resulting in more pure populations.

There are two distinct approaches for the identification and separation of cells based on the

number of cells simultaneously processed. In the serial approach, comparable to flow

cytometry, cells are aligned in a single row, identified as they pass one by one in front of a

detector module, and immediately separated using a distinct module. In the parallel

approach, cells are first positioned in a regular array and then simultaneously identified and

separated in pure subpopulations. At microscale, the first approach would result in cell-

sorting devices that are smaller, cheaper, and portable compared with present flow

cytometers. The second approach, using the array format that allows simultaneous

processing of a larger number of cells, would lead to significant improvement in throughput

and productivity of cell separation compared with the current fluorescence activated cells

sorting (FACS) systems. The impact of microfabrication techniques on serial cell sorting is

limited to incremental improvements by miniaturizing existing systems or by expanding the

identification criteria. By contrast, in the case of cell arrays, microfabrication plays a

fundamental role because only technologies working at the same scale as the cell size can

achieve both the precise positioning of the cells in the array format and gentle extraction of

target cells without altering them in the process.
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Microfluidic Flow Cell Sorters

The current state of the art for cell identification and separation is FACS technology. Cells

labeled with fluorescent dyes are identified as they pass through an array of excitation laser

beams and optical detectors. Target cells, according to their fluorescence characteristics, are

then isolated into droplets that are separated using switching electric fields. Although

effective in rapidly separating cells with high accuracy, FACS machines are large,

expensive, and require skilled technicians to operate them. Although being able to sort up to

106 cells/s, when dealing with whole blood direct analysis, FACS becomes very time

consuming owing to the large number of RBCs, reticulocytes, and platelets in the samples.

Preparation steps to eliminate the unwanted cells and increase the proportion of target

WBCs are usually required and, as discussed in Brief Overview of the Challenges for Blood

Sample Preparation, above, may easily alter the target cells.

Recent developments in microfluidics, through the microscale implementation of optics and

flow control structures, have led to the development of different microsystems for cell

separation comparable to the FACS sorting machines. In a direct extension of the FACS

optical systems, several different optical elements (waveguides, lens, and fiber-to-

waveguide couplers) were integrated with microfluidic channels to form complete cell

identification modules (56). Standard photolithography and regular thick photoresists (SU8)

were used to create the microfluidic network and the optical components of the

microsystem. Polystyrene beads were measured in the microchip flow cytometer, and three

signals (forward scattering, large-angle scattering, and extinction) were measured

simultaneously for each bead (56). In a different approach, optical identification has been

combined with hydrodynamic liquid pumping and electrokinetic switching to demonstrate

the separation of fluorescent-tagged 1-µm-sized bacteria cells. As in FACS, the sample is

focused hydrodynamically; however, the selection of particles is achieved not by breaking

the stream into droplets, but rather through electroosmotic current flow by switching the

fluid stream to one or another channel at the downstream junction (57). Similar systems

using optical identification of the target cells, such as electrokinetic focusing and switching

(58), monolithic soft microvalves (59–61), or even optical tweezers (62), for the separation

of cells have also been reported. By the isolation of cells directly from continuous streams,

these last two approaches claim to avoid the technical problems of cell alterations associated

with droplet formation and isolation of cells into droplets characteristic to FACS machines.

Other parameters, such as cell deformability and cell adhesivity, can be assessed in

microfluidic devices by measuring the time for cell passage through micron-sized channels.

The presence of an optical trap inside the narrow channel may eventually enhance the

differences between normal and less deformable cells, allowing for the differentiation

among RBCs from normal and cancer patients (63). The spectral impedance of individual

erythrocytes was measured in a glass-polyimide microfluidic chip that uses integrated

channels and electrodes (64). A laminar liquid flow carries the suspended particles through

the measurement area and each particle’s impedance signal is measured at multiple

frequencies, ranging from 100 kHz to 15 MHz. Although the spectral impedance of cells is

an integrative measurement of membrane capacitance, cell size, cytoplasm resistance, and

ionic channels, the device allows for differentiation between erythrocytes and other cell

types (64). Capacitance measurement of cells has been shown to differentiate cells on the

basis of their DNA content (65). Although in the original application cells were fixed and

suspended in ethanol, it has been suggested that microchip sorters for live cells could be

developed based on capacitance measurement principles (66).

When identification of specific protein markers on the surface of cells is accomplished using

magnetic beads decorated with antibodies directed against these proteins, the subsequent

separation steps are significantly simpler. Immunomagnetic separations from bulk mixtures
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have been extensively studied and are the principle behind numerous commercial products

(67). Chaotic trajectories of the magnetic particles, generated through appropriate temporal

variations of electric currents in microconductors imbedded in microchannel walls, have

been employed to enhance the mixing of particles and cells (68). Ferrofluid-based capture

reagents consisting of nanoparticles with a magnetic core surrounded by a polymeric layer

coated with antibodies have also been reported for cell-separation applications (69).

Limitations in the purity of the final product and efficiency of the separation steps can be

largely eliminated by the use of microscale devices.

In the most simple form, cells tagged with magnetic beads are flown through a microchannel

and captured in precise locations (70). In a more elaborate design, cells marked with

magnetic beads are separated on an array of magnetic wires (71). Cells with magnetic beads

attached through specific antibodies were introduced in a narrow stream at one side of a

parallel array of magnetic wires. Large magnetic field gradients that formed at the edges of

microfabricated cobalt-chrome-tantalum wires arranged diagonally were employed to

deviate tagged cells away from the main stream and into separate channels. More recently,

Inglis et al. proposed the use of magnetic beads with different magnetic susceptibility and

different antibody specificity to simultaneously isolate cells of different types from complex

mixtures, such as blood (72). RBCs coupled with magnetic microspheres were separated

from whole blood after flowing the sample over an array of permanent magnets in

alternating spatial arrangements. The effectiveness of the RBC magnetic separation and the

purity of plasma solution was significantly better using the device compared with

conventional centrifugal methods (73). The flexibility of magnetic separation systems can

potentially be enhanced by the use of magnetic particles of different sizes in a device based

on free-flow magnetophoresis principles. In one such example, small (2.8 µm) and large (4.5

µm) magnetic particles were deflected toward different exits upon passage through a

horizontal magnetic channel in the presence of magnetic and gravitational fields (74).

Overall, technical advantages such as the ability to create large magnetic field gradients

using only modest magnetic sources and the capability for precise handling of the separated

cells make the use of microscale magnetic sorters very attractive for point-of-care diagnostic

devices.

Two-Dimensional Cell Microarrays for Cell Sorting

Compared with flow cytometry-type devices where cells have to pass in front of a detector

one by one before they are separated, two-dimensional cell arrays allow for identification

and separation of multiple cells at the same time. Microarray-based cell sorting has the

potential for higher throughput and productivity, yet other advantages may become even

more important. Whereas FACS systems allow one cell to be measured only once, arrayed

devices would permit multiple measurements at multiple time points from the same cell.

These devices would enable the separation of cells based on their individual dynamic

responses to stimuli or drugs, or permit long-term observation of individual cells.

Microarray devices allow the use of cell morphology, location of intracellular molecules,

and cellular structures as criteria for cell separation. Such advantages make the development

of microarray format cell sorters very attractive for clinical and research applications, and

microarray format cell sorters have a great potential in blood cell separation.

Several approaches have been explored for the creation of the regular arrangement of cells

on the surface of flat platforms. Passive cell positioning through sedimentation from a cell

suspension has been investigated through the creation of microscale wells or chambers in

materials such as glass (75), silicon (76), cellulose ester membranes (77), or polyethylene

glycol (78). The precision of cell localization in an array can be negatively affected by the

nonspecific adhesion of cells in between the wells. Micropatterned PEG gels were proven to

be very effective in this regard (Figure 5) (79). In addition, patterning the bottom of the PEG
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wells with adhesive proteins or monoclonal antibodies can alter the cell-substrate

interaction, further enhancing the selectivity of cell capture in the array (79).

Regular methods for patterning cells on surfaces (80) are not directly useful for cell sorting

in array format because they are either too slow or not selective enough to work with

complex mixtures of cells. However, some patterning principles can be extrapolated for

selective cell capturing in precise locations. Selective attachment of cells on patterned

antibodies allows immunophenotyping and simultaneous sorting of specific leukocyte

populations into multiple subpopulations (81, 82). The versatility of the concept is

confirmed in the selection of antigen-specific B lymphocytes from a lymphocyte spleen

extract using a microarray of antigens in a chip format. Following stimulation of B cells

using IgM antibodies and monitoring of calcium flux, B cells responsive to antigen

stimulation were identified (83). Micropatterned surfaces presenting specific proteins were

created on negatively charged polyelectrolyte surfaces to arrange B cells in large arrays, for

sensing or sorting purposes (84). Selective capturing of cells from flow on uniform surfaces

covered with antibodies has been demonstrated in microfluidic devices (85). In

microchannels of size comparable to the cell diameter, cells can be effectively pushed closer

to the antibody-covered surfaces, facilitating interaction and capture (86). Also, a

combination of PEG and antibodies can improve the selectivity of capture (85). Selective

extraction of leukocytes from blood has also been reported in microfluidic devices using a

biomimetic approach, involving adhesive rolling of leukocytes from whole blood on

selectin-coated surfaces. Although RBCs do not interact with selectins and pass through the

channels at higher speeds, leukocytes are slowed by the interaction with selectins, and they

are consequently enriched inside the channel (87). The efficiency of selectin-based cell

capturing can be enhanced to some degree by the presence of microstructure inside channels

(88).

Alternatively, laser printing (89) and laser traps (90) can be used to precisely position cells

on surfaces. Vertical-cavity surface emitting laser-driven infrared optical tweezers were used

for remote manipulation of individual cells arrayed using direct current electrophoresis (91).

The laser can also remove selected cells from their locations on the array (79), either by

capture microdissection (92) or laser catapulting (93, 94). Through the high photonic

pressure force from the focused laser beam, selected cells are ejected from the object plane

and catapulted directly into a collection tube for further analysis. Optical cell arrays employ

cells immobilized on optical fibers or waveguides, and absorbance, luminescence, or

fluorescence signals are measured (95). The use of fiber optic arrays instead of automated

digital microscopy can improve the overall throughput by 500-fold (96).

More complex sorting of cells can be achieved by creating an arrangement of cells that can

be actively controlled to hold or release cells. To date there have been few examples of

devices in which cells were captured in an array format, interrogated or studied at those

locations, and then released. One example of a microarray for cell sorting is the micro

dynamic flow cytometer (µDAC) developed by Maxwell et al. (97). At each cell-trapping

location across the array, suction pressure can be applied to capture one cell per well from a

cell suspension. Once cells are captured, they can be analyzed and the desired fractions

released from their suction traps through a bubble-based actuator. Another approach relied

on the use of an array of dielectrophoretic traps that can capture and hold cells as desired

(29, 98). Cells in the array were used in parallel luminescent single-cell assays and then

sorted based on their dynamic functional responses to stimuli. DEP traps were used to stably

confine cells and hold them against disrupting fluid flows (99). These traps can be

physically arrayed and electrically addressed, enabling dynamic array cytometry (29).

Combinations of electrical and optical methods for cell manipulation have also been

demonstrated. Direct current electrophoresis has been used to position negatively charged
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mammalian cells in array formats, and optical tweezers subsequently used to move cells

(91).

Cells decorated with magnetic beads were captured on a microelectromagnet matrix formed

by perpendicularly arrayed, 10-µm-spaced, conducting wires on a Si/SiO2 substrate. The

insulating layer on top of the wires allowed the creation of maxima in the magnetic field

between two adjacent wires. A force of maximum 40pN was induced in each bead, therefore

trapping the cells attached to the magnetic beads in that location. By adjusting the currents

in the array of wires, cells/particles can be trapped and transported across the matrix, at

single-cell resolution, allowing for sorting/mixing capabilities. Although the functioning of

the device has been shown only for bacteria cells, through the choice of the antibodies on

beads, the authors suggest that bacteria from whole blood or even cells could possibly be

trapped this way (100).

The variety of approaches to cell separation, using different principles and a wide range of

selection criteria, underlines the growing interest and opportunity in the area of cell

separation using microscale techniques. However, taking full advantage of the emerging

technologies would require the integration of separation and analysis into unitary systems.

After capturing the cells of interest, these systems would extract information from them, in

the form of gene and/or protein expression, which can be used further for clinical

diagnostics and medical research.

INTEGRATED LAB-ON-A-CHIP DEVICES FOR CELL SAMPLE ANALYSIS

The ultimate goal for blood sample preparation is to select homogenous target cell

populations and make them available for analysis. Various lab-on-a-chip devices for a wide

range of assays in small volumes, incorporating reaction chambers, separation columns,

micropumps and valves, as well as other components, have been developed (9, 101).

Proteins can be directly captured, isolated, and identified on chip using techniques such as

electrophoresis, isoelectric focusing, and mass spectrometry (102). Lab-on-a-chip devices

already exist for a range of nucleic acid analysis, including, but not limited to, PCR, gel

electrophoresis, and hybridization assays (103). Nonetheless, cells can be explored using

functional assays, by exposing them, on the chip, to precisely controlled microenvironments,

revealing the particularities of cell response to stimuli or allowing one to probe into the

intracellular mechanisms (104, 105). However, most often these devices start with a cell

sample that has already been partially processed off the chip. Only a small number of lab-

on-a-chip devices have been proposed that integrate steps starting from blood processing

and separation of target cells to cell lysis and analysis.

The first example of an integrated device was demonstrated by Burns et al. in 1997 (106).A

device that integrated components such as channels, heaters, temperature sensors, and

fluorescence detectors was developed to analyze nanoliter-sized DNA samples. The device

metered and measured out aqueous reagents and DNA-containing solutions, mixed the

solutions together, amplified and digested the DNA to form discrete products, and achieved

separation and detection of the products. No external lenses, heaters, or mechanical pumps

were necessary to complete the sample processing and analysis (106). Following this

demonstration, there have been several attempts to integrate multiple functions onto a single

chip (Figure 6). Several reports have shown integration of simple functions on

microfabricated devices that can perform lysis of cells (107), quantitative biochemical

analysis of soluble components at the single-cell level (108), analysis of nucleic acids (109–

111), or proteomic analysis (102). Gene transfection in cells sorted in a highly parallel

format (112) has been used to alter specific cells for cell therapy purposes. Detection of

pathogenic bacteria and genotyping can be accomplished in lab-on-a-chip devices (113–
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117). Single-cell injection, lysis, separation, and detection of intracellular constituents have

been reported (107–108, 118–120). Complete on-the-chip processing of small samples for

extraction of DNA and RNA has been demonstrated in nanoliter volumes, opening new

opportunities for research (121).

Complete analysis of blood cells is of major interest for medical and science applications. In

dealing with the complexity of the blood analysis process, modular approaches have an

advantage because each step can be optimized individually. One such example, a

microdevice that combines blood lysis, ultrasonic mixing for sample preparation, and on-

chip PCR, showed promising results in the genetic analysis of bacteria from whole blood

samples (121). Potential problems may arise, however, from the incompatibility between

successive steps of analysis. For example, when WBCs were extracted on the chip from 3.5

µL of whole blood and PCR performed (12), clustering of RBCs and subsequent RBC lysis

can release hemoglobin that inhibits PCR reactions. Overall, complex microdevices to

address specific problems in blood cell analysis can be built using modular schemes and

microfabrication technologies, allowing for utilization of a wider range of cell separation

and analysis principles than at macroscale and for complex integration of modules working

on distinct principles.

CONCLUSIONS

Rapid advances in understanding the particulates of blood sample preparation and

technological developments in microfabrication are converging into new capabilities for

blood analysis. As lab-on-a-chip devices become enabling tools for separation and analysis

of small and homogenous subpopulations of cells precisely and without altering their state,

new possibilities open for diagnostic applications and treatment. In parallel, microfluidic

devices are new tools for discovery given their potential to perform comprehensive analysis

from small samples, down to a single cell, which would have not been accessible otherwise.
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Figure 1.

Schematics of the main preparation steps for blood samples and potential impact of on-chip

blood sample preparation in medicine and sciences.
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Figure 2.

Separation of cells using mechanical interactions. (A) Deterministic lateral displacement of

fluorescent particles flown through an array of posts. Larger particles are deviated more

from the axial flow stream (reprinted with permission from Reference 15; Copyright 2004

AAAS). (B) Two-dimensional array of posts for the isolation of cells based on size

characteristics. Posts are spaced from 5 to 20 µm and allow the passage of erythrocytes

while capturing the larger cells (13; Copyright 2004 IEEE). (C) A small group of infected

RBCs in the schizont malaria stage blocking the entrance to a 6 µm constricted capillary. A

normal RBC (arrow) passes through the labyrinth of infected cells and flows easily through

the channel constriction (18; Copyright 2003 National Academy of Sciences, U.S.A.).

Toner and Irimia Page 22

Annu Rev Biomed Eng. Author manuscript; available in PMC 2013 September 22.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Figure 3.

Microfabricated DEP devices for the separation of cells. (A) Linear array of fluorescently

tagged cells captured using DEP traps. (B, C) Pseudocolored scanning electron micrograph

showing a single trap consisting of four electroplated gold electrodes arranged trapezoidally

along with the substrate interconnects and an eight-trap array. Scale bars: (B) 20 µm, (C)

100 µm (reprinted with permission from Reference 29; Copyright 2002 American Chemical

Society). (D, E) Selective trapping of malaria-infected RBCs from a heterogeneous mixture

using DEP (32; reproduced with permission from The Royal Society of Chemistry). (F)

Hyperlayer separation through the differential sedimentation of cells in a dielectrophoretic

field (43; Copyright 2004 Biophysical Society).
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Figure 4.

Microfluidic lysis device for selective lysis of RBCs in whole blood. (A) Device design and

construction. (B) Snapshots illustrating lysis of erythrocytes in microfluidic channels. L

denotes the distance traveled in the microchannels and % lysis denotes the percentage of

lysed erythrocytes. Complete erythrocyte lysis is achieved in less than 30 s (reprinted with

permission from Reference 55). (Copyright 2004 American Chemical Society.)
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Figure 5.

Leukocyte arrays on a PEG grid. (A) Scanning electron micrograph of the PEG grid and

trapped lymphocytes (reprinted with permission from Reference 78; Copyright 2003

American Chemical Society). (B) Composite image of differentially labeled T and B cells

occupying the same PEG microwells array. T lymphocytes are fluorescently labeled green

and Raji B lymphocytes are labeled orange (79; reproduced with permission of The Royal

Society of Chemistry). (C) Biotinylated anti-CD5-Cy3 antibody bound to the bottom of

avidin-modified PEG microwells for specific cell capture (79; reproduced with permission

from The Royal Society of Chemistry). (D) Laser capture microdissection principle for

retrieving cells from arrays (92).
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Figure 6.

Integrated devices for sample preparation and analysis. (A) Schematic of a plastic fluidic

chip incorporating microfluidic networks, electrochemical and thermopneumatic pumps,

valves, and a microarray chip (reproduced with permission from Reference 114; Copyright

2004 American Chemical Society). (B) Scanning electron micrograph of a microfluidic

device for single-cell handling, lysis, and quantitative analysis (108; Copyright 2004

American Chemical Society). (C) Assembled biochip with microfluidic control system, air-

bursting detonators for fluid driving, and blood-gases analyzers (20; Copyright 2004 IEEE).

Toner and Irimia Page 26

Annu Rev Biomed Eng. Author manuscript; available in PMC 2013 September 22.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t

Toner and Irimia Page 27

TABLE 1

Absolute and relative number of cell populations and subpopulations in normal blood (adapted from Reference

11)

Cell type Average/µL Percent of WBC

Erythrocytes (RBC) 5,000,000

Reticulocytes 30,000–70,000

Platelets 200,000–500,000

All leukocytes (total) 5000–10,000 100%

Neutrophils 4000–8000 40%–66%

Monocytes 200–800 4%–8%

Eosinophils 50–300 1%–3%

Basophils 0–100 0%–1%

Lymphocytes (total) 1000–4000 20%–40%

CD4 + T Cell 400–1600 15%–20%

CD8 + T Cell 200–800 7%–10%

B-Cell 200–800 8%–12%

NK 100–500 4%–6%
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