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chip and living cell separation
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Kyoko Yarimizu,3 So Fujiyoshi,3,4 and Fumito Maruyama3,4,5,*

SUMMARY

Microfluidic dielectrophoresis (DEP) technology has been applied to many de-
vices to perform label-free target cell separation. Cells separated by these de-
vices are used in laboratories, mainly for medical research. The present
study designed amicrofluidic DEP device to fabricate a rapid and semiautomated
cell separation system in conjunction with microscopy to enumerate the sepa-
rated cells. With this device, we efficiently segregated bacterial cells from liquid
products and enriched one cell type from twomixed eukaryotic cell types. The de-
vice eliminated sample pretreatment and established cell separation by all-in-one
operation in a lab-on-chip, requiring only a small sample volume (0.5–1 mL) to
enumerate the target cells and completing the entire separation process within
30 min. Such a rapid cell separation technique is in high demand by many re-
searchers to promptly characterize the target cells.

INTRODUCTION

Cell separation from living organisms and environmental samples is essential for research, medicinal, and

industrial purposes. For example, separating circulating tumor cells (CTCs) from the bloodstream, which

contains various cell types, such as small platelets and sizable white blood cells, is vital to provide accurate

diagnostics and prognostics (Allard et al., 2004; Allard and Terstappen, 2015; Balasubramanian et al., 2017).

Separating stem cells and their derivatives is also crucial for developing stem cell therapies since these cells

can repair and replace damaged cells after injury and disease (Hwang et al., 2009; Song et al., 2015).

Cell separation methods have traditionally been developed based on three principles: size, density, and

antigens possessed by the cells. Cell sorting by size generally uses a filter with various pore sizes and ma-

terials, exemplified by leukocyte removal fromwhole blood (Dzik, 1993). A significant percentage of healthy

blood donors carry Chlamydia pneumoniae in their blood, and polyester fiber-based filtration has been

successfully used for the removal of C. pneumoniae from red blood cell units (Ikejima et al., 2005). Low

cost and simplicity of operation are advantages for size-based cell separation, but the limitations are a

lack of specificity and accuracy in separating target cells.

Cell sorting by density, such as density gradient centrifugation, provides higher accuracy than size-based cell

separation; however, it requires a centrifuge and skilled laboratory personnel. This technique can successfully

separate nucleated white blood cells from anucleated red blood cells (English and Andersen, 1974). The useful-

ness of density separation methods was also shown for CTC enrichment from whole blood (Rosenberg et al.,

2002; Gascoyne and Shim, 2014) and neutrophil isolation from peripheral blood (Degel and Shokrani, 2010).

Antigen-based cell separation recognizes target cells explicitly to separate the target cells, and there are

currently two major techniques, fluorescence-activated cell sorting and magnetic-activated cell sorting.

These methods have been used in a variety of applications owing to their many advantages, including

high antibody specificity and the ability to simultaneously separate multiple markers (Nicoletti et al.,

1991; Miltenyi et al., 1990; Soeth et al., 1996; Wolff et al., 2003; Ferrari Belinda et al., 2004; Applegate

et al., 2004). However, the cells obtained from these techniques are difficult to use in therapeutics because

the antibody must be removed, requiring a complicated procedure that increases the chance of damaging

the target cells and running up costs (Lee et al., 2016). Although some cell sorters with devised flow path
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shapes and separation techniques are commercially available, these devices have not yet resolved the is-

sues caused bymarkers (On-chip Sort/On-chip Biotechnologies Co., Ltd., Cell Sorter MA900/Sony Biotech-

nology Inc.). Flow cytometry can sort cells with high sensitivity and accuracy, but it also requires fluorescent

biomarkers and skilled personnel (Yamaguchi et al., 2011).

More easily operated devices for cell separation and quantification without using invasive markers such as

antibodies are preferable. Thus, the concept of dielectrophoresis (DEP) came into place to satisfy these

criteria. Dielectrophoresis, a phenomenon that induces motion of a suspended particle by applying a

nonuniform electric field, has been studied aside from cell separation purposes (Hughes, 2016). The

concept attracted attention in the cell separation field because it does not require biochemical labels or

direct contact with the cell surfaces during the operation, reducing the chances of damaging cells (Saka-

moto et al., 2005; Pethig, 2010). Instead, it uses the cells’ capacitance to separate multicomplex cell groups

in heterogeneous populations based on their unique dielectric properties. Since a DEP-based device was

demonstrated to be able to separate dead and live yeast cells, the first separated biological cells (Pohl and

Hawk, 1966; Pohl and Crane, 1972), DEP device manipulation has been exploited considerably as a nonin-

vasive cell separation technique. Subsequently, a DEP-based device successfully separated cell chloro-

plasts and bacteria in the 1980s (Ting et al., 1971; Dimitrov et al., 1984), and more recently, a microfluidic

DEP separated human mesenchymal stem cells and their differentiation progenies, osteoblasts (Adams

et al., 2020; Song et al., 2015). Following this, Tada et al. (2017) separated live and dead human epithermal

breast cells in a cell-separation DEP flow chamber. Thus, DEP-based devices have shown broad separation

Figure 1. Schematic function of the designed microfluidic dielectrophoresis integrated chip

The DEP buffer and sample are injected into Inlet Ports 1 and 2, respectively, while applying constant flow. The mixture of

sample and DEP buffer flows into the HDF region where small particles are separated into Outlet Port 3. Larger cells move

to the DEP region where the target cells are separated by DEP force into Outlet Port 1. The other large cells go through

the electrodes and move into Outlet Port 2. The channels into Outlet Ports 1 and 2 from the DEP region were designed

symmetrically to deliver the same fluid volume into Outlet Port 1 and Outlet Port 2.
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applications for mammalian cells, blood cells, cancer cells, human leukocytes, neural cells, and CTCs

(Markx et al., 1996; Stephens et al., 1996; Becker et al., 1995; Morgan et al., 1999; Shim et al., 2013).

The drawbacks of currentDEP-based cell sorting devices are that they require presample treatments such as

buffer exchange because the sample cells are generally in a liquid with high conductivity, such as biological

medium and saline, and these suspensions disrupt DEP operation (Faraghat et al., 2017). In addition, the

currently available DEP-based devices cannot handle large volumes. Thus, the challenge is to improve

DEP-based devices for rapid, easy, and scale-up cell sorting operations without damaging the cells.

The present study aimed to develop a microfluidic DEP device for cell sorting: a label-free and one-step oper-

ation, a lab-on-chip. This device uses an engineered microchannel integrated chip that operates the entire cell

sorting process, including sample preparation, buffer exchange, and cell collection with an assigned volume.

Because the system does not require sample pretreatment, such as buffer exchange, the time to process the

cell sorting is significantly reduced. The one-step operation performs continuous cell separation, increasing

the rate of rare cell collection. The device is designed to sort cells by size, which can simultaneously remove un-

desired matter, such as bacteria mixed in with the eukaryotic samples in the different fractions. Because the de-

vice is a label-free and one-step operation, cell damage during the operation is minimized. Our device is similar

towhat Park et al. (2019) introduced, amicrofluidic DEP capable of replacingbuffer by an integratedDLD (deter-

ministic lateral displacement) module. The two devices differ in cell sorting systems, ‘‘batch’’ or ‘‘continuous’’

separation (Hughes, 2016). The device by Park et al. (2019) uses the former, where positive DEP traps one cell

type while the other is repelled and collected, requiring a second step to recover the trapped cells (Hughes,

2016). I device by Park et al. is good to capture a single target cell using microwells, whereas our device aimed

at continuous cell separation and collection using DEP. This system is more complicated than the former

because the microfluidic flow must be adjusted for target cells to be directed to one of the multiple outputs

(Hughes, 2016). However, this device can subsequently collect target cells from a larger volume since trapping

cells is avoided. Furthermore, cell separation by size and electricity are simultaneously performed by a con-

nected flow path on one plane so that the device can be easily assembled, which leads to an advantage in

themanufacturingprocess and in terms of costs.We validatedour device for accurate continuous cell separation

Figure 2. Diagram of the microfluidic dielectrophoresis integrated chip for the separation experiments

Syringe pumps are used for the sample and buffer injections. These syringes are connected to Inlet Ports 1 and 2 of the

designed chip. The function generator provides AC voltage to the electrode on the chip. The chip is observed by

microscopy and the display. The movies are recorded by a digital camera to count the separated cell numbers at Outlet

Ports 1 and 2.
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using three different bacterial cells and two eukaryotic cells by (1) performance testingof size separationby using

microparticles, (2) confirmation of the separation efficiency by using cultured bacteria, and (3) checking the

electrical character of the eukaryotic cells and their separation from a cell mixture.

Working principles and chip fabrication

Working principles

The schematic microfluidic dielectrophoresis integrated chip is shown in Figure 1. The chip contains two

inlets, Inlet Port 1 and Inlet Port 2, in which DEP buffer and samples, respectively, are pumped in by

a syringe at a constant flow rate (Figure 2). The chip consists of two cell sorting regions, the hydrodynamic

filtration (HDF) region and the dielectrophoresis (DEP) region. In the HDF region, smaller cells and sample

solvent move into Outlet Port 3, and larger cells and DEP buffer move to the DEP region from the main

channel. The channel dimension of this region was designed as shown in Figure 3 based on the theory

of hydrodynamics in microfluidic channel by Yamada and Seki (2005 and 2006). The branch channel width

was determined by the ratio of the particle radius to the width of main channel. A certain percentage of

sample solution and small particles are removed into a branch channel. By repeating this flow splitting,

all sample fluid and small particles are removed into Outlet Port 3 in the principle. A series of inclined

comb-shaped electrodes were placed in the DEP region. Because the DEP buffer replaces the sample sol-

vent in the HDF region, the dielectrophoretic force can efficiently operate on cell sorting in the DEP region

at a stable conductivity. When an AC voltage with a specific frequency for target cells is applied to the elec-

trodes, the electrodes capture the target cells flowing from the HDF region into the DEP region by dielec-

trophoretic force and they are discharged to Outlet Port 1. The cells that do not respond to a specific

Figure 3. Dimensions of the microfluidic dielectrophoresis integrated chip

The microfluidic channel is shown as a green line. The electrode pattern is shown as a red line. The minimum width of the main

channel is 55 mm in the HDF region, and themaximumwidth is 1.5 mm in the DEP region. The branch channels (100 lines, 18 mm

width) are connected to themain channel of theHDF regionandOutlet Port 3. There are eight pairs of electrodes (0.1mmwidth),

and the gap of the electrodes is 50 mm in the DEP region. The electrodes incline 15� to the flow direction.
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frequency are not captured by the electrodes and are discharged to Outlet Port 2. The channels to Outlet

Ports 1 and 2 are designed symmetrically. This structure delivers the same fluid volume into Outlet Port 1

and Outlet Port 2. Connecting the HDF and DEP regions in one flow path allows continuous separation of

three or more different types of cells.

Chip fabrication

Themicrofluidic dielectrophoresis integrated chip was designed andmanufactured for this study (Figure 4). The

designed chip comprises two layers: themicrofluidic channel layer and the electrode layer. Themicrofluidic layer

was made of poly(dimethylsiloxane) with 2 mm thickness and 50 mm microchannel depth as follows: SU-8 was

spin coated on a silicon wafer to a thickness of 50 mm.A channelmold was preparedbyUVexposure and a chan-

nel-patterned photomask. The layer was prepared using poly(dimethylsiloxane) cast from the mold. The inlet

and outlet in the layer were drilled at 42 mm or 43 mm, respectively. The electrode chip comprised three layers

and was fabricated as follows: chromium (0.1 mm thick) was deposited by sputtering on a 0.7-mm-thick glass

substrate. The electrode pattern was prepared by a standard photolithographymethod andwet etching. Silicon

dioxide (0.01 mm thick) was sputtered as an electrode protection layer. The electrode chip and the microfluidic

channel were treated with vacuum plasma equipment and bonded together.

RESULTS

Performance of size separation and solution replacement

The performance of the size separation and buffer exchange in the HDF region was tested using polysty-

rene particle standards (diameter of 8, 10, 12 mm). More than 99.7% of the 8-mm-diameter particles were

Figure 4. Structure of the microfluidic dielectrophoresis integrated chip

The chip comprises a microfluidic layer and an electrode layer. The microfluidic layer is made of poly(dimethylsiloxane)

with 2 mm thickness and 50 mm microchannel depth. The electrode layer comprises three layers. On top of the glass

substrate (0.7 mm thick), a 0.1-mm-thick electrode made of chromium is aligned, and the glass substrate and the

chromium electrode are covered by a silicon dioxide protection layer (0.01 mm thick).
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eluted from Outlet Port 3 (Figure 5). In contrast, only 3.46%–7.64% of the 10-mm particles and even fewer of

the 12-mm particles (0.75%–1.96%) were eluted from Outlet Port 3, and most of them passed through the

HDF region and were detected in the DEP region. The conductivity of these standards (polystyrene particle

standard diameters of 8, 10, and 12 mm in PBS) was approximately 1,000 mS/m, which was reduced to the

level of the DEP buffer conductivity (33.3–34.3 and 34.0–35.3 mS/m) at Outlet Port 1 and Outlet Port 2,

respectively, showing no significant difference in conductivity at both Outlet Ports and the DEP buffer

(Figure 6).

Figure 5. Polystyrene particle standard separation at Outlet Port 3

Three different diameters of polystyrene particles (8, 10, 12 mm) were applied to the developed microfluid DEP cell

separation system. The numbers show the percentage of particle counts that passed through Outlet Port 3 (n = 3).

Figure 6. Performance of buffer replacement in the HDF region

The sample was a polystyrene microparticle suspension of three different diameters (8, 10, 12 mm). Each bar shows the

average of the triplicate conductivity measurements with the SD at Outlet Ports 1, 2, and 3 compared with that of the

sample suspension and the DEP buffer (n = 3).
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Bacterial separation

Each bacterial sample, Bacillus cereus, Staphylococcus aureus, and Escherichia coli, was individually

applied to the microfluid DEP cell separation system, and the cell numbers in the starting sample and

that eluted from the three outlets were estimated by colony forming units (CFUs) (Figure 7). For all three

bacterial types, most cells eluted from Outlet Port 3. For B. cereus, the eluate from Outlet Port 1 did not

grow colonies, whereas that from Outlet Port 2 formed 2% of colonies compared with the starting sample.

For S. aureus and E. coli, no colony was formed from the eluate collected from Outlet Ports 1 and 2.

Observation of separation in the HDF region

An image of E. coli separating into Outlet Port 3 via the HDF region is shown in Figure 8 and the movie clip

(Video S1). When the E. coli sample was injected in Inlet Port 1, many cells immediately moved to the branch

channels in theHDF region, which comprises 100 branch channels, to remove the small particles (Figure 8A).

The E. coli cells passed through the branch channels and moved to Outlet Port 3 (Figure 8C). No cells were

observed in the channel connected to the DEP region (Figure 8B).

Eukaryotic cell separation

For both MCF7 and Jurkat cells, the higher the frequency of the AC voltage, the more the target cells that

were collected (Figure 9). The separation rate for MCF7 started increasing at 80 kHz, reached 45% separa-

tion at 120 kHz, and plateaued at approximately 180 kHz. For Jurkat cells, only 10% separation was

observed at 120 kHz, although its separation reached a plateau also at approximately 180 kHz. The mixture

of MCF7 and Jurkat cells at similar counts (2.2 3 105 and 2.7 3 105 cells/mL, respectively) was processed

with 14 Vpp and 120 kHz. In theory, MCF7 cells respond to 120 kHz and 45% of the total injectedMCF7 cells

should elute from Outlet Port 1. As Jurkat cells have poor response to 120 kHz, most Jurkat cells should

Figure 7. Performance of bacteria separation in the HDF and DEP region

The bacterial cell numbers were estimated by colony forming units (CFU) from the sample from Outlet Ports 1, 2, and 3.

(A–C) (A) Bacillus cereus (n = 3), (B) Staphylococcus aureus (n = 4), and (C) Escherichia coli (n = 6).
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elute in Outlet Port 2 (Figure 10, upper half). The result showed, of all cells eluted in Outlet Port 1, 92.3%

(86.3%–97.2%) was MCF7 and 7.77% was Jurkat cells (Figure 10). The actual cell concentration of MCF7 at

Outlet Port 1 was 1.1 3 105 cells/mL, the half of input.

Observation of the separation in the DEP region

An image of Jurkat cells separated in the DEP region is shown in Figure 11 and in the movie clips (Videos S2, S3,

andS4).When the frequencywas 0 kHz (no voltage), the cells flowed straight intoOutlet Port 2.Whena frequency

over 140 kHz was applied, the cells reacted to the frequency andmoved to the electrodes. At a lower frequency

(i.e., 140 kHz), the cells stopped moving at the middle point of the electrodes. When a higher frequency was

applied, more cells were transferred into Outlet Port 1.

DISCUSSION

The present study fabricated a newly designed microfluidic DEP device to perform rapid and semiauto-

mated cell separation and enumeration and it showed successful separation of polystyrene particle stan-

dards, bacterial cells, and eukaryotic cells. The study also demonstrated a selective separation of one

type of eukaryotic cell from the binary cell culture by manipulating the frequency. The highlight of our

chip is its ability of simultaneous operation of buffer exchange and continuous cell separation on a chip

using DEP force. Each one of these technologies has been introduced in the past, but the combination

of all in one is new. We believe that our chip can provide new values to users: not requiring pre-centrifu-

gation of samples, reducing damages to samples, collecting a larger volume of separated cells, rapid

cell enrichment, and all in one operation.

Figure 8. Separation of E. coli in the HDF region

(A–C) (A) bacteria flow into the branch channel on the upstream side of the HDF region, (B) no bacterial cells were

observed in the channel connected to the DEP region, and (C) bacteria collected into Outlet Port 3 from the branch

channels.
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The present device installed the HDF region before the DEP region to elute small cells such as bacteria and

erythrocytes in the former and transfer cells larger than 10 mm in the latter. The study confirmed the cell

separation efficiency of each region. In the HDF region, the standard polystyrene particles with the smallest

diameter (8 mm) were eluted from Outlet Port 3. All three bacterial cells, B. cereus, S. aureus, and E. coli,

were mostly eluted from the HDF region to Outlet Port 3; all bacteria are smaller than 10 mm, B. cereus

and E. coli are rod shaped and S. aureus is round (Turnbull 1981; Drobniewski, 1993). In the DEP region,

standard polystyrene particles with 10 and 12 mmdiameters weremostly transferred and eluted fromOutlet

Ports 1 and 2. When a small amount of larger particles enters the HDF region where the path is narrow, ag-

gregation at the entrance of branch channels can occur, especially with poorly dispersed cell samples.

Although we did not encounter this issue during this study, such cell stacking can be avoided by adequately

distributing cells. Both mammalian cells (MCF7 and Jurkat) with average diameters of over 20 and 11 mm,

respectively (Rosenbluth et al., 2006), were eluted from Outlet Ports 1 and 2. The port in the DEP region

where these larger cells elute depends on the frequency of AC voltage applied. The large cells eluted

from Outlet Port 2 when no voltage was applied, while the cells charged with dielectrophoretic force

changed their migration direction in the electrodes toward Outlet Port 1. Therefore, this device can also

be used for separating dead cells, which do not respond to electric charge, from live cells. By manipulating

the frequency and using cell capacitance, this device is promising for broader applications, for example,

removing small cells such as erythrocytes, bacteria, and toxins from whole blood cells.

Of all ingenuities our DEP device has, the best feature is one-step cell separation without the need for sam-

ple pretreatment (Table 1). Several label-free cell separation DEP devices have been previously developed

(i.e., Song et al., 2015; Yoshioka et al., 2018). In fact, ApoStream (ApoCell, Inc., Houston, TX, USA) is a

commercialized DEP-based cell separation product (Gupta et al., 2012). However, buffer exchange prior

to sample loading is required for these devices. In pretreatment, the sample cells are centrifuged and sus-

pended in osmotic-adjusted DEP buffer in a low conductivity medium, and thus, there is concern regarding

how the physical force of centrifugation and the prolonged exposure to these buffers would affect the cell

quality. Similar to Park et al. who first introduced a concept of buffer exchange on a chip in 2019, our device

replaced samplemedia by buffer in the HDF region on the chip, showing equal osmolality for the buffer and

the elution at Outlet Port 1 and Outlet Port 2, whereas the elute from Outlet Port 3 remained at the original

sample’s osmolality. The difference in the two devices is that we aimed continuous cell separation using

DEP, whereas Park et al. focused on capturing a single target cell by batch separation method. Because

the present device is an all-in-one device, the time required for cells to migrate from the HDF region to

Figure 9. Separation of MCF7 and Jurkat cells at various frequencies of AC voltage

Separation ratio (%) = {Outlet Port 1/(Outlet Port 1 + 2)}3 100 (n = 3).
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the DEP region was only seconds, minimizing cell damage by shortening the buffer exchange duration. In

fact, the entire cell separation process took only 30 min from sample loading to cell collection.

Another feature of this device is its diagonal electrode alignment designed downflow the HDF region. In

the DEP region, the voltage-charged cells change their migration direction in the diagonal electrodes

and rapidly elute to Outlet Port 1. As a result, the time for cell exposure to the electric field is shortened.

The importance and novelty of using slanted electrodes in microfluidic dielectrophoresis integrated chip

systems was previously introduced by several groups (Vahey and Voldman, 2008; Moon et al., 2011; Song

et al., 2015). Vahey and Voldman separated cells using p-DEP and n-DEP with conductivity gradient on

the slanted electrodes. The slanted electrode by Moon et al. (2011) consists of multi-orifice flow fraction-

ation (MOFF) for size separation and two DEP electrodes to ensure that cells flow to the focusing

region before separation. Our device separates cells using only p-DEP in constant low conductivity

without requiring focusing region before DEP separation, and these features are accommodated with

automated buffer exchange in the HDF region. With the batch separation method, the trapped cells

are exposed to electricity at all times, which may increase a chance of damaging the cells (Yoshioka

et al., 2018).

An open outlet port is another advantage of this device. The cells are continuously and noninvasively

collected from the outlet ports, and the collected cells can be used for characterization, diagnostics,

medical use, and preparing cultures. The sample concentrations of both mammalian cells after injection

were increased almost 2-fold at Outlet Port 2, indicating that the samples were successfully

enriched through the device. In addition, target cells were successfully separated by manipulating

the frequency.

Figure 10. Eukaryotic cell separation at 14 Vpp and 120 kHz

Amixture of equal counts of MCF7 and Jurkat cells was passed through the device. The upper half describes hypothetical

separation based on Figure 9. The lower half shows actual cell concentration at each outlet port (n = 3). The numbers in the

parentheses are the cell purity of each port.
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Limitations of the study

The cell count recovery after passing through the device varied and sometimes fell below 50%, indicating a

loss of target cells in the system. This is a current limitation of this device and is a future challenge for

improvement. A possible cause for this phenomenon is cell adsorption on the surface of the flow path,

perhaps due to the silicone used for the sample injection tube. The other cause may be cell stacking in

the gap of flow path. We observed stacked cells at seams between the tube and inlet ports of chip. The

tube material compatibility must be tested, and alternatives, low adsorption material tubes, or blocking

reagents should be considered. The seams in chip also may be redesigned for considering for cell loss.

Once the cell count recovery is improved, better dense-target cells can be obtained with this device.

Throughput is another limitation for this device. In this study, MCF-7 of 2.2 3 105 cells/mL was delivered

at 30 mL/min, accounting for a separation rate of 1.1 3 102 cells/s. A maximum concentration of 1 3 106

cells/mL of MCF-7 and Jurkat cells (separation rate of 5 3 102 cells/s) was tested without encountering a

problem (data not shown). This throughput does not reach industrial standard, namely, the commercial

product ApoStream system can separate 13 104 cells/s (63 105 cells/min) using the DEP system. No higher

concentrations were tested in this study, and it is one of the subjects to be incorporated in the next gen-

eration of our chip. Addition of active pumping at ports may be one way to better control the flow rate.

Conclusions

The DEP-based cell separation device developed in this study is a rapid, label-free, all-in-one continuous

cell separation device. This study verified that the device successfully functioned as a cell separation and

concentration tool. We believe that our chip can provide new values to users and have a high potential

contribution for study areas that require cell separation and concentration techniques such as cell research,

medicine, and industrial purposes.

Figure 11. Separation of Jurkat cells in the DEP region

The frequency was changed from 0 to 300 kHz at 14 Vpp. The cells were stained with fluorescent markers for observation.

Scale bars are 300 mm.
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Table 1. Comparison of Microfluidic dielectrophoresis integrated chip systems

Manual

buffer

exchange

Separation

by size

Cell

position

focusing

DEP

force

Continuous

separation Novelty Advantage Disadvantage

Vahey and

Voldman

(2008)

Required No Not

required

Slanted

(pDEP,

nDEP)

Yes Conductivity gradient

is created in the chip.

Cells are separated by

slanted electrodes

Possible

continuous

separation of

many types

of cells

Samples need to be

preadjusted to constant

conductivity. Separation

by size cannot be performed

Moon et al.

(2011)

Required Yes

(DEP-MOFF)

Requirted Slanted

(pDEP)

Yes MOFF using inertial force

and its combination with

slanted electrodes

Size separation Samples need to be

preadjusted to constant

conductivity

Song et al.

(2015)

Required No Not

required

Slanted

(pDEP)

Yes Electricity is applied

intermittently. Cell are

separated by slanted

electrodes

Possible

continuous

separation

Samples need to be

preadjusted to constant

conductivity. Separation

by size cannot be performed

Park et al.

(2019)

Not

required

Yes

(DEP-DLD)

Not

required

Microwell

array

No by

batch

Separation with DEP array

after adjusting the

conductivity in the chip

Not requiring

buffer exchange

and size

separation

Continuous separation

cannot be performed

This study

(2021)

Not

required

Yes

(DEP-HDF)

Not

required

Slanted

(pDEP)

Yes Continuous separation

with slanted electrodes

after adjusting the

conductivity in the chip

Not requiring

buffer exchange

and continuous

size separation

Sample throughput need

to be improved. HDF

region need to be designed

for adopting to another cell size
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STAR+METHODS

KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact

Further information and other requests should be directed to and will be fulfilled by the lead contact, Fu-

mito Maruyama (fumito@hiroshima-u.ac.jp).

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

Bacillus cereus ATCC ATCC7004

Staphylococcus aureus ATCC ATCC29213

Escherichia coli ATCC ATCC25922

Biological samples

MCF7 (human breast cancer cells) ATCC HTB-22

Jurkat (human T cell leukemia) RIKEN BioResouece Research Center, Ibaraki,

Japan

RCB3052

Chemicals, peptides, and recombinant proteins

RPMI 1640 medium Thermo Fisher Scientific, Waltham, MA C11875500BT

10% fetal bovine serum, Thermo Fisher Scientific, Waltham, MA 10437

Penicillin-Streptomycin solution (3100) FUJIFILM Wako Pure Chemical Corporation,

Osaka, Japan

168-23191

D-PBS(-) FUJIFILM Wako Pure Chemical Corporation,

Osaka, Japan

045-29795

CROSSORTERTM Buffer AFI Corporation, Kyoto, Japan ECB-101

ECB-102

CellTracker� Red CMTPX Thermo Fisher Scientific, Waltham, MA C34552

4Na-EDTA solution Fuji Film Wako Chemical Corporation, Osaka,

Japan

202–16931

SYBR Green I Lonza, Switzerland 50513

Other

SU-8 Nippon Kayaku Co., Ltd., Tokyo, Japan Resist 3050

Poly (dimethylsiloxane), PDMS Dow Corning Toray, Co. Ltd., Tokyo Silpot 184

nonalkali glass substrate Nippon Electric Glass Co., Ltd., Shiga, Japan OA-10G

vacuum plasma equipment SAKIGAKE-Semiconductor Co., Ltd., Kyoto,

Japan

YHS-R

Polystyrene microparticles Thermo Fisher Scientific K.K., Tokyo, Japan 4208A 8 mm

4210A 10 mm

4212A 12 mm,

syringe pumps KD Scientific Inc., MA, USA Legato111

Arbitrary Function Generator Tektronix, Tokyo, Japan AFG1022

optical microscope Olympus, Tokyo, Japan BX53

digital camera Sony, Tokyo, Japan a7

Syringe Terumo, Tokyo, Japan SS-01T

conductivity meter HORIBA, Kyoto, Japan B-771

LUNA Automated Cell Counter Logos Biosystems, South Korea L10001
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Materials availability

The developed microfluidic dielectrophoresis integrated chip in this study is available from AFI Corpora-

tion, Kyoto, Japan. CROSSORTERTM Buffer ECB-101 and ECB-102 are available from AFI Corporation,

Kyoto, Japan

Data and code availability

d All data produced in this study are included in the published article and its supplemental information, or

are available from the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Polystyrenemicroparticles were used as standards to evaluate the performance of the HDF region. The par-

ticle concentration was adjusted to 106 particles/mL with Phosphate-Buffered Saline (PBS). The selectivity

of the bacterial separation was evaluated using three types of bacteria with different sizes and shapes:

Bacillus cereus (ATCC7004), Staphylococcus aureus (ATCC29213, MSSA), and Escherichia coli

(ATCC25922), which were purchased from American Tissue Culture Collection. These bacteria were

cultured on standard agar medium at 35 �C. The colonies were suspended in PBS at 105 � 106 cells/mL.

For evaluation of eukaryotic cell separation, MCF7 (human breast cancer cells) and Jurkat (human T cell

leukemia) cells were used. MCF7 (HTB-22) was purchased from American Tissue Culture Collection, and

Jurkat cells (RCB3052) was purchased from RIKEN BioResouece Research Center (Ibaraki, Japan). These

cells were cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum, 100 U/mL penicillin

and 100 mg/mL streptomycin at 37 �C in a 5% CO2 atmosphere. The sample concentration was adjusted to

approximately 106 cells/mL with culture medium.

METHOD DETAILS

Separation setup

The cell sorting experiments used the designed chip, syringe pumps, Arbitrary Function Generator, optical

microscope, and a digital camera. Two types of CROSSORTERTM Buffer were used as the DEP Buffer. Two

syringes, one filled with 1 mL DEP buffer and the other with 0.5–1 mL sample, were prepared for Inlet Port 1

and Inlet Port 2, respectively. Each syringe was connected to the inlet through a polytetrafluoroethylene

(PTFE) tube, and the flow path was filled with DEP buffer to keep out air. An arbitrary function generator

was connected to the electrodes of the designed chip, and an AC voltage of 8�20 Vpp and a frequency

of 100 kHz–10 MHz were applied. Both the sample and DEP buffer were delivered to the designed chip

at a flow rate of 30 mL/min using a syringe pump. The cell separation stage was monitored with an optical

microscope, and the number of cells moving to Outlet Ports 1 and 2 was measured using a video captured

by a digital camera. The number of cells separated into Outlet Port 3 was measured using a hemocytom-

eter. The conductivity of the liquid collected from each port was measured with a conductivity meter.

Performance of size separation in the HDF region

Polystyrenemicroparticle standards (diameter of 8–12 mm) were used as samples. The DEP buffer (ECB-101)

and the sample were loaded on the systems through Inlet Ports 1 and 2, respectively. The flow was set at

30 mL/min for 15 minutes without applying a voltage to the electrodes. The number of separated particles

was counted by the LUNA Automated Cell Counter.

Bacterial separation

Each of the three types of bacteria was used independently as a sample. The DEP buffer (ECB-102) and

500 mL of the sample were loaded on the systems through Inlet Ports 1 and 2, respectively. The flow was

set at 30 mL/min for 16.7 minutes with an AC voltage of 12 Vpp and 2,000 kHz frequency (the preliminary

testing selected these conditions). The liquid flow-through from all three Outlet Ports was diluted with

PBS at an appropriate ratio and cultured on standard agar medium at 35 �C for 20 hours. The number of

colonies was counted to calculate the number of living bacteria.
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Eukaryotic cell separation

MCF7 and Jurkat cells were independently applied to the designed chip. The suitable frequency to be used

in the DEP region for each cell was examined. DEP buffer (ECB-101) and 500–1000 mL of the sample were

loaded on the systems through Inlet Ports 1 and 2, respectively. The flow was set at 30 mL/min with a con-

stant AC voltage of 14 Vpp and a variable frequency between 0 and 300 kHz (intervals 20 kHz). Separation by

the device was conducted for 1 minute at each frequency. The cell separation ratios at Outlet Ports 1 and 2

were monitored by video. The cell separation ratio was calculated by the cell numbers eluted into Outlet

Port 1 over the total number of cells applied to the system at each frequency.

Cell separation from binary eukaryotic cell cultures

MCF7 and Jurkat cells were stained first. The final concentration of 1 mM CellTracker� Green CMFDA was

added to the Jurkat cell culture and incubated for 20 min at 37 �C. After washing the cells twice with me-

dium, the stained cells were measured by a LUNA Automated Cell Counter. A final concentration of 1 mM

CellTracker� Red CMTPX was added to the MCF7 cell culture and incubated for 20 min at 37 �C. After
washing the cells with PBS, 100 mL of 0.05 w/v% trypsin and 0.53 mmol/L 4Na-EDTA solution were added

and incubated for 5 min at 37 �C. The cells were dispersed into 1 mL medium for cell counting. Each cell

concentration was adjusted to 2.53 105 cells/mL by the respective media. Binary cell culture was prepared

from stained MCF7 and Jurkat cells. DEP buffer and binary cell culture were applied to the respective inlet

ports with a flow rate of 30 mL/min, and cell separation was performed with a constant AC voltage of 14 Vpp

and a frequency of 120 kHz. After separation, the cell concentration of each outlet port was recorded.

Observation of cell movement in the HDF and DEP regions

Escherichia coli (ATCC25922) at 108 cells/mL in PBS was stained with SYBR Green I. After staining for 2

hours at room temperature, the cells were washed twice and diluted to 106 cells/mL with PBS. A flow

rate of 30 mL/min was too fast to observe cell movement in the HDF region, and thus, a flow rate of

0.3 mL/min was used. Stained Jurkat cells were used to observe the cell movement in the DEP region. A

cell concentration of 5 3 104 cells/mL, flow rate of 30 mL/min, and a voltage of 14 Vpp were used for Jurkat

cells.

QUANTIFICATION AND STATISTICAL ANALYSIS

The number of separated polystyrene microparticle standards was counted by the LUNA Automated Cell

Counter. The number of separated bacteria was counted by colony count on agar plates. Eukaryotic cells

were stained first and then the separated cell were counted by by the LUNA Automated Cell Counter. Cell

separation ratio was calculated by the cell numbers eluted into Outlet Port 1 over the total number of cells

applied to the system. All experiments were performed triplicate or above replicates and mean and stan-

dard deviation were calculated using EXCEL calculation function.
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