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Morphology is an important particle (both biological and synthetic) property and

potentially a useful marker for label-free particle separation. We present in this

work a continuous-flow morphology-based fractionation of a heterogeneous mix-

ture of drug-treated yeast cells in dilute ferrofluids. Such a diamagnetic cell separa-

tion technique utilizes the negative magnetophoretic motion to direct pre-focused

yeast cells to morphology-dependent streamlines in a laminar flow. The separation

performance is evaluated by comparing the exiting positions of the four classified

groups of yeast cells: Singles, Doubles, Triples, and Others. We also develop a

three-dimensional numerical model to simulate the separation process by the use of

the experimentally determined correction factor for each group of non-spherical

cells. The determining factors in this separation are studied both experimentally

and numerically, the results of which show a reasonable agreement. Published by
AIP Publishing. https://doi.org/10.1063/1.5006445

I. INTRODUCTION

Morphology, here specifically denoting shape and size, is a fundamental characteristic of

both biological and synthetic particles.1,2 It can be used to identify, for example, bacteria of dif-

ferent types including rod-shaped bacilli and round-shaped cocci.3 Moreover, the morphological

change of bioparticles is often associated with their biological functions. For example, budding

yeast cells change from single spheres to bispherical twins or larger aggregates during the

mitotic cell cycle, which has been widely used in the research of mitosis to understand the cel-

lular reproduction.4 In addition, morphology is an important indicator of cell states. For exam-

ple, the morphological change of red blood cells has been long known to be accompanied by a

disease such as sickle-cell anemia5 and malaria.6 Therefore, morphology is a useful passive

marker that can potentially be used to fractionate and sort bioparticles for applications in both

biological research and clinical diagnostics.

A variety of microfluidic approaches have been developed to separate and sort (bio)par-

ticles by their intrinsic properties; however, a majority of them are based on the difference in

the particle size.7–10 Only until recently has the shape (or, more accurately, morphology, in

some cases, that includes the change in both the shape and the size of bioparticles) been used

to separate particles in a continuous flow with either an externally applied force field (catego-

rized as active methods) or an internal flow-induced force field (categorized as passive meth-

ods). Among active shape-based particle separations, Valero et al.11 employed multi-frequency

dielectrophoresis to obtain synchronized yeast cells in the anaphase of the cell cycle. Kose

et al.12 utilized the electric-current generated frequency-dependent magnetic force and torque to
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separate sickle and healthy red blood cells in a custom-made biocompatible ferrofluid. Zhou

and Xuan13 exploited the shape-dependent magnetic force (and in turn magnetophoretic motion)

to fractionate a sheath-focused mixture of equal-volumed spherical and peanut-shaped diamag-

netic particles in a ferrofluid. Later, Zhou et al.14 separated magnetic particles (or diamagnetic

particles in a ferrofluid) of dissimilar shapes under a uniform magnetic field by the use of the

shape-dependent magnetic torque (and in turn magnetic rotation).15

Passive shape-based particle separation has been demonstrated by Sugaya et al.16 via

hydrodynamic filtration and Beech et al.17 via deterministic lateral displacement. Both micro-

fluidic techniques make use of steric effects to place particles into morphology-dependent

streamlines at the asymmetric bifurcation of a laminar flow through a network of microchan-

nels16 or around an array of obstacles.17 DuBose et al.18 used curvature-induced dielectrophore-

sis in DC electrokinetic flow to separate particles of different shapes in an asymmetric double-

spiral microchannel at a low throughput. In contrast, Masaeli et al.19 demonstrated a high-

throughput sorting of spheres and rods (with varying aspect ratios) as well as yeast cells at vari-

ous cell cycle stages via shape-dependent inertial focusing in a straight large aspect-ratio

(height/width) rectangular microchannel. A similar method has also been used very recently to

separate microalga Euglena gracilis by the same group.20 Lu and Xuan21 implemented an effi-

cient sheath-flow separation of spherical and peanut particles (named elasto-inertial pinched

flow fractionation or eiPFF in short) using the shape-dependence of elastic lift in a viscoelastic

polymer solution. Later, the same force was utilized by Lu et al.22 to demonstrate a sheathless

separation of particles by shape in a straight small aspect-ratio (height/width) rectangular micro-

channel. The flow throughput in the latter experiment appears to bridge the gap between the

demonstrated dielectrophoretic18 and inertial separations.19,20

However, a majority of active and passive shape-based particle separations have thus far

been reported only for binary mixtures of particles with a specific shape difference. We demon-

strate herein a continuous-flow magnetic fractionation of drug-treated yeast cells with four pri-

mary groups of morphologies in dilute ferrofluids. Compared to the mixture of equal-volumed

spherical and peanut-shaped polystyrene particles in our recently demonstrated separation,13

yeast cells vary in both shape and size after the drug treatment, leading to a complicated het-

erogeneous mixture. We also develop a 3D numerical model to understand and predict the

effects of the flow rate, flow rate ratio (between the sheath fluid and cell suspension), and ferro-

fluid concentration on this morphology-based cell separation.

II. EXPERIMENTAL SECTION

A. Fabrication of microfluidic chips

Figure 1(a) shows a picture of the microfluidic chip used in our experiments, which was

fabricated with polydimethylsiloxane (PDMS) using a custom-modified soft lithography

method.23 The T-shaped channel consists of a 12 mm long main branch and two 8 mm long

FIG. 1. (a) Top-view picture of a T-shaped microchannel (filled with green food dye for clarity) for morphology-based

yeast cell fractionation in dilute ferrofluids. The block arrows indicate the flow direction in each branch of the microchan-

nel. The separation of yeast cells is viewed at the expansion of the main branch. (b) Zoom-in image of drug-treated yeast

cells that are classified into four groups with different shapes and sizes: Singles, Doubles (i.e., with single buds), Triples

(i.e., with two buds), and Others.
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side-branches with a width of 100 lm and a depth of 25 lm everywhere. There is a 2 mm long,

900 lm wide expansion connecting each branch with its reservoir, where an array of posts is

designed for filtration of debris (at the two inlet reservoirs) or enhanced cell separation (at the

outlet reservoir). A Neodymium-Iron-Boron permanent magnet (B421, 1/4 in.� 1/8 in.� 1/16

in., K&J Magnets, Inc.) was embedded into the PDMS slab. It was positioned 500 lm (edge to

edge distance) away from the main branch and 3 mm upstream from the expansion of the main

branch. The magnetization direction of the magnet is along the 1/1600 thickness, which was set

to point toward the main branch of the microchannel.

B. Preparation of yeast cells

To obtain yeast cells with aberrant morphology, the culture of Cryptococcus neoformans was

treated with N-(2-chloro-4-pyridyl)-N-phenylurea (CAS Number: 68157-60-8; Sigma Aldrich), a

synthetic plant cytokinin known as forchlorfenuron (FCF), which interrupts cytokinesis in

Saccharomyces cerevisiae.24 FCF (AC456290010; ACROS Organics) was dissolved in 100% eth-

anol to a 250 mM stock. C. neoformans strain H99 cells25 were grown in the yeast extract pep-

tone dextrose (YPD) medium overnight at 24 �C and refreshed next day to the cell density of 107

cells/ml before treatment. They were then incubated in the YPD medium with either 0.25 or

0.5 mM FCF overnight at 37 �C. After the overnight FCF treatment, cells were fixed for 1 h with

3.7% formaldehyde, spun down, and re-suspended in phosphate buffered saline (PBS) solution.

Figure 1(b) shows a zoom-in image of the FCF-treated yeast cells that exhibit various shapes and

sizes. To facilitate the analysis, we classify these cells into four groups: Singles with no buds,

Doubles with a single bud, Triples with two buds, and Others with three or more cells or buds.

Their equivalent spherical diameters were each determined using the following steps: first, mea-

sure the average dimensions of 3–5 representative cells of each cell group; then, develop a three-

dimensional model in COMSOL
VR

5.1 with the same cell dimensions and structure (assuming

spherical for each cell or bud) as measured; finally, calculate the overall cell volume using the

geometry package in COMSOL. The obtained equivalent spherical diameters are 4.5 lm for

Singles, 5.5 lm for Doubles, 6.2 lm for Triples, and 8.0 lm for Others.

C. Manipulation of yeast cells in ferrofluids

The drug-treated yeast cells were re-suspended in diluted EMG 408 ferrofluids (Ferrotec

Corp.) to a final concentration of 105–106 cells/ml prior to experiments. The original ferrofluid is a

suspension of superparamagnetic particles of 10 nm in diameter at a volume concentration of

1.2%. It was diluted by deionized water (Fisher Scientific) to 0.05�, 0.1�, and 0.2� the original

concentration. To prevent further cell aggregations and adhesions to channel walls, a small amount

of Tween 20 (0.1% v/v, Fisher Scientific) was added to the yeast cell suspension in each type of

ferrofluid. The cell suspension was stirred using a vortex mixer (Fisher Scientific) for homogeniza-

tion immediately before the test. It was injected along with the sheath ferrofluid (clean solution

free of cells) into the T-shaped microchannel by an independent infusion syringe pump (KD

Scientific). The motion of yeast cells was visualized at the T-junction and the main branch expan-

sion of the microchannel, which was recorded using an inverted microscope (Nikon Eclipse

TE2000U, Nikon Instruments) equipped with a CCD camera (Nikon DS-Qi1Mc). The obtained

digital images were processed using the Nikon imaging software (NIS-Elements Advanced

Research ver. 2.30). They were further analyzed in ImageJ software (National Institute of Health)

using the function “Analyze Particles” to get the probability distribution function (PDF) of each

group of cells. The potential impact of dilute ferrofluids on yeast cell viability has been demon-

strated to be negligible in our previous studies26 and hence was not investigated in this work.

III. THEORETICAL SECTION

A. Mechanism of diamagnetic cell fractionation

Yeast cells in the ferrofluid suspension are pre-focused by the sheath ferrofluid (a clean

solution free of cells) to a tight stream along the sidewall of the main branch on the side of the
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magnet [see Fig. 1(a)]. They each experience a negative magnetic force, Fm, due to their much

smaller magnetization than the suspending ferrofluid13,27,28

Fm ¼ �l0Vc Mf � rð ÞH=Ki; (1)

where l0 is the vacuum permeability, Vc is the cell volume, Mf is the ferrofluid magnetization,

H is the magnetic field at the cell center, and Ki is used to account for the shape-dependence of

the magnetic force that decreases with the cell sphericity and becomes 1 for a spherical

cell.13,29 The ferrofluid magnetization, Mf , is collinear with the magnetic field, H, with the

magnitude being determined from the Langevin equation27

Mf ¼ cMd coth að Þ � 1=a
� �

; (2)

a ¼ pd3l0MdH=6kBT; (3)

where c is the volume fraction of the magnetic nanoparticles in the ferrofluid, Md ¼ 4:38 � 105

A/m is the saturation moment of these nanoparticles (determined from Md ¼ Ms=c0, where both

the saturation magnetization, Ms ¼ 66� 103=l0 ¼ 5252 A/m, and the volume fraction,

c0 ¼ 1:2%, of the original EMG 408 ferrofluid are obtained from the manufacturer’s website), d
is the nominal diameter of magnetic nanoparticles, kB is the Boltzmann constant, and T is the fer-

rofluid temperature.

The magnetic force, Fm, on a cell is balanced by the viscous drag force, Fd, exerted by the

flow, which in small Reynolds number flows (to be explained later) can be expressed as30

Fd ¼ 3pgdc u� ucð ÞfDLi; (4)

where g is the ferrofluid viscosity, dc is the equivalent spherical diameter of the cell, u is the

ferrofluid velocity, uc is the cell velocity, fD is the drag coefficient accounting for the wall

retardation effects on cell motion, and Li is the shape factor that is equal to 1 for a spherical

cell and increases with the cell non-sphericity.30 The resulting cell velocity (assumed to reach

the terminal value instantly in smaller Reynolds number flows, to be explained later in Sec.

IV A) is thus given by13

uc ¼ u� l0d2
c Mf � rð ÞH
18gfDGi

; (5)

where Gi ¼ KiLi � 1 is the shape-dependent correction factor for magnetophoretic cell velocity.

It is important to note that this combined factor Gi reduces to 1 for spherical cells and is not a

function of cell size. The dependences of uc, or more precisely the cross-stream magnetopho-

retic motion [the second term on the right hand side of Eq. (5)], on the cell size (in terms of

dc) and shape (in terms of Gi) lead to cell fractionation by morphology in the width direction

of the main branch. This continuous-flow diamagnetic cell separation is further enhanced at the

expansion of the main branch due to local hydrodynamic spreading.31

B. Simulation of cell trajectories

We developed a 3D numerical model in COMSOL 5.1 to simulate the transport and

fractionation of yeast cells in dilute ferrofluids, which was solved using the Palmetto

Cluster at Clemson University. This model considers only the action of the flow field on the

motion of cells via Eq. (5) while neglecting the re-action of the moving cells on the flow

field. We first calculated the steady-state flow field, u, in the T-shaped microchannel from

the conventional continuity and Navier-Stokes equations using The Laminar Flow module

in COMSOL

r � u ¼ 0; (6)
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qu � ru ¼ �rpþ gr2u; (7)

where q and p are the ferrofluid density and pressure, respectively. Then, the Streamline function

was used to plot the trajectory of single cells via the cell velocity, uc, in Eq. (5), where the value

of the shape-dependent correction factor, Gi, for each group of non-spherical cells was deter-

mined by fitting the predicted cell trajectories with the experimentally obtained streak images.

The magnetic field components were obtained directly from Furlani’s analytical formulae for rect-

angular magnets32 and introduced into the model as variables. The exact experimental conditions

(e.g., channel dimensions, equivalent spherical cell diameters, and fluid properties) were used in

the simulation. We considered one hundred cells (specifically 20 and 5 in the channel width and

depth directions, respectively) for each of the four cell groups (i.e., Singles, Doubles, Triples, and

Others) and assumed that their initial positions are evenly distributed at the channel inlet. The

important material properties involved in the simulation are summarized in Table I. Other details

of the model are referred to our recent paper23,33 and skipped here for brevity.

IV. RESULTS AND DISCUSSION

A. Demonstration of yeast cell fractionation by morphology

Figure 2 demonstrates the magnetic fractionation of drug-treated yeast cells in 0.1� EMG

408 ferrofluid based on morphology. The flow rates of the sheath ferrofluid and yeast cell sus-

pension are 180 ll/h and 9 ll/h, respectively. The corresponding Reynolds number,

Re ¼ qVDh=g, was estimated to be around 0.8 in the main branch of the microchannel, where

q � 1� 103 kg/m3 is the ferrofluid density, V ¼ 0:021 m/s is the average ferrofluid velocity,

Dh ¼ 40 lm is the hydraulic channel diameter, and g � 1� 10�3 kg/m s is the ferrofluid vis-

cosity. As the calculated cell Reynolds number, Rec ¼ dc=Dhð Þ2Re, is smaller than 0.1 even for

the largest yeast cell group (i.e., Others with an average equivalent spherical diameter of

8.0 lm), the inertial lift34 is not expected to play a significant role in the demonstrated yeast

cell fractionation in Fig. 2. The mixed four groups of yeast cells in the ferrofluid are pre-

focused at the T-junction by the sheath ferrofluid to a thin layer along the sidewall of the main

branch that is closer to the magnet [Fig. 2(a)]. They experience negative magnetophoresis in

the flow of ferrofluid through the main branch and get pushed away from the sidewall at a

morphology-dependent rate, leading to a continuous-flow fractionation at the expansion of the

main branch [Fig. 2(b)]. The PDF plots of the four cell groups in Fig. 2(c) further illustrate this

morphology-based cell separation. However, there is still visible overlapping between the PDF

plots due to the complex variations in both the cell size and shape as well as cell dispersion

(due to insufficient sheath focusing as well as the parabolic fluid velocity profile, particularly

that in the channel depth direction).

Figure 2 also shows the numerically predicted trajectories of the four groups of yeast cells

(isometric view, only four cells of each group in the same horizontal plane are used for the illus-

tration) at the T-junction (d) and the expansion of the main branch (e). To match the average

exiting cell positions in the experimental image, we set the shape-dependent correction factor, Gi

in Eq. (5), to 1.08, 1.22, and 1.88 for the three non-spherical cell groups, i.e., Doubles, Triples,

and Others [see Fig. 1(b)], respectively. Note that the value of Gi for single spherical cells (i.e.,

TABLE I. Material properties used in the simulation.23,33

Symbol Description Value

Ms Residual magnetization of the magnet 1.05 � 106 A/m

c0 Original ferrofluid concentration (1� EMG 408) 1.2%

d Diameter of magnetic nanoparticles in ferrofluids 10 nm

Md Saturation moment of magnetic nanoparticles in ferrofluids 4.38 � 105 A/m

g Dynamic viscosity of ferrofluids 1.05 � 10�3 kg/ms

q Mass density of ferrofluids 1070 kg/m3
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Singles) is set to 1 by nature. The same values are used in the parametric study of the effects of

the flow rate (Sec. IV B), flow rate ratio (Sec. IV C), and ferrofluid concentration (Sec. IV D) in

the following sections. As such, the “effective” cell surface area, i.e., d2
c=Gi in Eq. (5), for nega-

tive magnetophoresis was calculated to be 20.25 for Singles, 28.01 for Doubles, 31.51 for

Triples, and 34.04 for Others. It is therefore the combined cell size and shape effects, or simply

the cell morphology difference, that lead to the observed diamagnetic yeast cell fractionation in

Fig. 2(b). To study the potential impact of the so-called pinched flow fractionation35 as well as

the inertial effects,36 we performed a control experiment under exactly the same conditions as

those in Fig. 2 except that the permanent magnet was removed. The experimental observations in

this control experiment are presented in Figs. 3(a)–3(c), where the four groups of yeast cells are

found to still remain mixed at the expansion of the main branch without noticeable separations.

This result is visually consistent with the numerical simulation in Figs. 3(d) and 3(e).

B. Effect of the flow rate

Figure 4 shows the experimental (left plot in each panel) and numerical (right plot in each

panel) results of the flow rate effect on morphology-based yeast cell fractionation in 0.1�
EMG 408 ferrofluid. The flow rate of the yeast cell suspension varies from 5 to 13 ll/h, while

the flow rate ratio between the sheath ferrofluid and cell suspension remains at 20. As seen

from the cell images at the expansion of the main branch in Fig. 4 (left plot for each flow rate),

FIG. 2. Demonstration of magnetic fractionation of yeast cells in the flow of 0.1� EMG 408 ferrofluid through a T-shaped

microchannel: (a) experimental image at the T-junction; (b) experimental image at the expansion of the main branch; (c)

PDF plots of the four groups of yeast cells at the expansion of the main branch [obtained from the cell distribution in (b)];

(d) predicted cell trajectories (only four cells are illustrated for each group in the horizontal plane for clarity) at the T-

junction, and (e) predicted cell trajectories at the expansion of the main branch. The flow rates of the sheath ferrofluid and

yeast cell suspension are 180 ll/h and 9 ll/h, respectively, in both the experiment and the simulation. The block arrows in

(a) and (b) indicate the flow directions.

FIG. 3. Control experiment and simulation for yeast cell fractionation in the flow of 0.1� EMG 408 ferrofluid through a T-

shaped microchannel when the permanent magnet is removed [also see Fig. 1(a)]: experimental images at the T-junction

(a) and the expansion of the main branch (b); PDF plots of the four groups of yeast cells at the expansion of the main

branch (c); predicted cell trajectories at the T-junction (d) and the expansion of the main branch (e) in an isometric view of

the microchannel. All other experimental conditions remain identical to those in Fig. 2. The block arrows in (a) and (b)

indicate the flow directions.
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the cross-stream diamagnetic deflection from the lower sidewall decreases with the increasing

flow rate for each group of yeast cells due to the reduced exposure time to magnetic field gra-

dients. However, the separation distance between cell groups does not decrease monotonically.

At a 5 ll/h cell flow rate, all four groups of yeast cells achieve a (nearly) full channel-width

deflection in the main branch and hence still mix with each other at the expansion of the main

branch. When the cell flow rate increases to 7 ll/h, Singles cells and part of the Doubles cells

can no longer reach the upper sidewall of the channel expansion, leading to their separation

from Triples and Others cells. When the cell flow rate is further increased to 9 ll/h (also see

Fig. 2), only Others cells can still be deflected across almost the entire channel width.

Therefore, the best separation of the four groups of yeast cells should take place at a cell flow

rate slightly smaller than 9 ll/h. Further increasing the cell flow rate reduces both the displace-

ment of each cell group and the gap among them. The predicted cell trajectories in Fig. 4 (right

plot for each flow rate, 100 cells were tracked for each group) exhibit a visually reasonable

agreement with the experimental observation at each flow rate. Note that in our simulation, the

value of the shape-dependent correction factor, Gi in Eq. (5), was kept equal to that used in

Figs. 2 and 3 for each group of cells.

C. Effect of the flow rate ratio

Figure 5 shows the effect of the flow rate ratio between the sheath ferrofluid and cell sus-

pension on yeast cell fractionation in 0.1� EMG 408 ferrofluid. The sheath flow rate is fixed at

FIG. 4. Flow rate effect on diamagnetic yeast cell fractionation by morphology in 0.1� EMG 408 ferrofluid. The flow rate

ratio between the sheath ferrofluid and the yeast cell suspension is fixed at 20 when the latter is varied from 5 ll/h to 13 ll/

h. The left and right plots at each flow rate show the experimental cell image and the numerically predicted cell trajectories,

respectively.

FIG. 5. Effect of the flow rate ratio between the sheath ferrofluid (fixed at 180 ll/h) and cell suspension (varied from 36 ll/

h to 4.5 ll/h) on yeast cell fractionation by morphology in 0.1� EMG 408 ferrofluid: (a) Superimposed images of four

groups of yeast cells at the expansion of the main branch; (b) Comparison of the experimentally measured (symbols with

error bars to cover the span of the cell stream) and numerically predicted (colored band) positions of each cell group at the

expansion of the main branch. The upright arrow in the right-most image of (a) indicates the reference point to which the

position of each group of cells in (b) was measured.
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180 ll/h, while the cell flow rate is varied from 4.5 ll/h (i.e., with a ratio of 40) to 36 ll/h (i.e.,

with a ratio of 5). With the increase in the flow rate ratio, the total flow rate in the main branch

decreases, yielding a greater cross-stream deflection for all four groups of yeast cells. However,

as viewed from the cell images in Fig. 5(a), the Others cells already reach the upper sidewall at

the flow rate ratio of 30. Hence, a further increase in the flow rate ratio does not apparently

improve the cell separation even though the dispersion of each cell group can still become

smaller in principle. A quantitative view of the magnetic deflection and separation of the four

groups of yeast cells (symbols with error bars) is shown in Fig. 5(b), where the numerically

simulated cell positions (colored bands) are superimposed for a direct comparison. Overall, our

numerical model predicts the experimentally observed stream location of each cell group at the

expansion of the main branch with a good agreement. However, the predicted enhancing effect

of the increasing flow rate ratio on yeast cell fractionation is not obvious in the experiment,

which should be due to the continuous size variation and complex shape variation of real cells.

D. Effect of the ferrofluid concentration

The effect of the ferrofluid concentration on yeast cell fractionation is straightforward

because it affects only the cross-stream cell magnetophoresis [see Eqs. (1) and (2)] while leav-

ing the ferrofluid flow velocity intact. As such, decreasing (increasing) the ferrofluid concentra-

tion would reduce (increase) the flow rate at which the cell separation takes place if the flow

rate ratio between the ferrofluid sheath and cell suspension remains constant. Figure 6 shows

the yeast cell behaviors at the expansion of the main branch when the flow rate of cell suspen-

sion in 0.05� EMG 408 ferrofluid is varied from 1 ll/h to 5 ll/h. The flow rate ratio between

the 0.05� EMG 408 ferrofluid sheath and the cell suspension is fixed at 20. Both the cell

images in Fig. 6(a) and the measured exiting positions of each cell group in Fig. 6(b) indicate

that the best separation is achieved at the cell flow rate of 4 to 5 ll/h, which is lower than the

best cell flow rate of nearly 9 ll/h in 0.1� EMG 408 ferrofluid (see Fig. 4). In contrast, the cell

flow rate for the best yeast cell fractionation in 0.2� EMG 408 ferrofluid (data now shown due

to the similarity to Fig. 6 except for the values of the flow rate) becomes around 12 ll/h. This

flow throughput is still low as compared to the passive elastic- [on the order of 100 ll/h (Ref.

22)] and inertial- [over 1 ml/h (Refs. 19 and 20)] lift based cell separations. Further increasing

the ferrofluid concentration while maintaining its biocompatibility37,38 can enhance the through-

put. Another simple approach is to use a stronger magnet39 or even multiple stacked magnets.40

In addition, a much deeper channel (could be of mm depth) can potentially be used to increase

the throughput because the magnet field gradient extends over the entire depth of mm-thick per-

manent magnets.

FIG. 6. Yeast cell fractionation in 0.05� EMG 408 ferrofluid at various flow rates of the cell suspension: (a) Superimposed

images of four groups of yeast cells at the expansion of the main branch; (b) Experimentally measured (symbols with error

bars to cover the span of the cell stream) positions of each cell group at the expansion of the main branch. The flow rate

ratio between the sheath fluid and yeast cell suspension is fixed at 20. The upright arrow In the right-most image of (a) indi-

cates the reference point to which the position of each group of cells in (b) was measured.
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V. CONCLUSIONS

We have extended our recent work13 to demonstrate a continuous-flow fractionation of

drug-treated yeast cells with varying sizes and shapes in the flow of dilute ferrofluids through a

T-shaped microchannel. The heterogeneous mixture of cells is first aligned via sheath-flow

focusing and then diamagnetically deflected to morphology-dependent flow paths under a non-

uniform magnetic field. The resulting cell separation at the expansion of the main branch has

been evaluated by measuring and comparing the exiting positions of the classified four groups

of yeast cells, i.e., Singles, Doubles, Triples, and Others. Also, the effects of the flow rate, flow

rate ratio between the sheath fluid and cell suspension, and ferrofluid concentration have each

been experimentally investigated. Moreover, we have developed a 3D numerical model to simu-

late the cell trajectories in the flow of ferrofluids through the microchannel under the experi-

mental conditions. With an experimentally determined correction factor for each group of non-

spherical yeast cells (i.e., Doubles, Triples, and Others), our model has been found to predict

the experimentally measured exiting cell positions in the parametric studies with a reasonable

agreement. In addition, we have discussed the possible routes to enhance the flow throughput

of the demonstrated diamagnetic cell fractionation technique.
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