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Research Article

Continuous sheath-free separation of
drug-treated human fungal pathogen
Cryptococcus neoformans by morphology in
biocompatible polymer solutions

Cryptococcal meningitis caused by Cryptococcus neoformans is the leading cause of fungal
central nervous system infections. Current antifungal treatments for cryptococcal infec-
tions are inadequate partly due to the occurrence of drug resistance. Recent studies indicate
that the treatment of the azole drug fluconazole changes the morphology of C. neoformans
to form enlarged “multimeras” that consist of three or more connected cells/buds. To
analyze if these multimeric cells are a prerequisite for C. neoformans to acquire drug re-
sistance, a tool capable of separating them from normal cells is critical. We extend our
recently demonstrated sheath-free elasto-inertial particle separation technique to fraction-
ate drug-treated C. neoformans cells by morphology in biocompatible polymer solutions.
The separation performance is evaluated for both multimeric and normal cells in terms of
three dimensionless metrics: efficiency, purity, and enrichment ratio. The effects of flow
rate, polymer concentration, and microchannel height on cell separation are studied.
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1 Introduction

Cryptococcal meningitis caused by Cryptococcus neoformans
(an encapsulated yeast) is the leading cause of fungal cen-
tral nervous system infections in the world, primarily in
immune-compromised patients [1]. Despite mounting public
health threats, current treatments for cryptococcal infections
are still inadequate. This is partly because C. neoformans ac-
quires resistance to fluconazole, an azole antifungal drug, by
becoming aneuploid with an increased copy number of key
resistance genes [2]. Recent studies indicate that fluconazole
treatment changes the morphology of C. neoformans from
either round, unbudded cells, or cells with a single bud, to
enlarged “multimeras” that consist of at least three cells con-
nected together (Figure 1) [3]. To analyze if the formation
of multimeric cells is a prerequisite for C. neoformans to ac-
quire drug resistance, a tool capable of separating them from
normal cells is critical.

Microfluidic devices have been extensively used to sepa-
rate and sort cells due to a number of advantages over their
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macro-scale counterparts such as enhanced efficiency, im-
proved accuracy, and reduced cost etc. [4, 5]. Cell separation
based on intrinsic properties (e.g., size and density) in a con-
tinuous flow has become a recently increasing trend [6]. How-
ever, the majority of these label-free microfluidic approaches
are restricted to separating cells with dissimilar sizes, which
often becomes inefficient at handling real samples due to the
inherent deviation in cell size [7]. It is thus desirable to com-
bine two or more intrinsic cell properties to develop a multi-
parameter cell separation technique for practical biomedical
applications. A potential passive biomarker could be mor-
phology, which incorporates multiple aspects of cells in-
cluding size, shape, and structure. It is a fundamental cell
property [8] that provides important information on cell syn-
chronization [9], disease diagnostic [10], etc. Only recently has
the morphology (or simply shape) been utilized to separate
particles or cells in microfluidic devices. These microfluidic
separations can take place in either a batchwise or a continu-
ous manner, where the best example of the former is CE [11].

The continuous-flow separations can be classified into
two categories: one uses a sheath flow to pre-focus particles
or cells prior to separation in the transverse direction (termed
sheath-focusing separation), and the other uses a force field to
direct particles or cells toward morphology-dependent equi-
librium positons in the flow (termed sheath-free separation).
The first sheath-focusing separation of particles by morphol-
ogy was reported by Sugaya et al. [12], who extended their
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Figure 1. Close-up view of drug-treated C. neoformans cells,
which are divided into two primary groups based on morphol-
ogy: one is normal cells with no buds or single buds (highlighted
using the solid-line boxes), and the other is multimeric cells that
consist of at least three connected cells/buds (highlighted using
the dashed-line boxes). The scale bar represents 10 �m.

developed hydrodynamic filtration technique [13] to separate
pre-aligned spherical and non-spherical polystyrene particles
in a network of microchannels. Beech et al. [14] utilized the
deterministic lateral displacement [15] to place morpholog-
ically altered red blood cells to dissimilar streamlines in
a laminar flow around an array of obstacles. Recently, Lu
and Xuan [16] demonstrated an efficient separation of equal-
volumed spherical and peanut-shaped polystyrene particles
in a viscoelastic polyethylene oxide (PEO) solution via elasto-
inertial pinched flow fractionation [17]. Zhou and Xuan [18]
used the shape-dependent magnetophoretic motion to sepa-
rate a sheath-focused mixture of spherical and non-spherical
particles in a ferrofluid. This magnetic method was later ex-
tended by the same group to fractionate a heterogeneous
mixture of yeast cells by morphology [19]. More recently,
Zhou et al. [20] separated prefocused magnetic particles of
dissimilar shapes under a uniform magnetic field via the
shape-dependent magnetic rotation [21].

Compared to sheath-focusing particle and cell separa-
tions, sheath-free separations eliminate the sheath flow that
is usually driven at a much higher flow rate than the par-
ticle/cell suspension itself. Therefore, the flow control in
sheath-free separations is much simpler and the concentra-
tion of the separated particles/cells therein is much less di-
luted [4–7]. Among sheath-free particle and cell separations
by morphology, Valero et al. [22] employed multi-frequency
dielectrophoresis [23] to synchronize the yeast cell division.
Kose et al. [24] exploited the morphology-dependent AC field-
driven magnetic force and torque to separate sickle and
healthy red blood cells in a ferrofluid. DuBose et al. [25]
demonstrated a low-throughput DC field-driven separation of
spherical and non-spherical particles in a spiral microchan-
nel via curvature-induced dielectrophoresis [26]. In contrast,
Masaeli et al. [27] achieved a high-throughput inertial sort-
ing of spheroid particles with different aspect ratios as well
as yeast cells at different cell cycle stages in a straight rect-
angular microchannel. A similar method was later used by
the same group to separate microalga Euglena gracilis [28].
Recently, Lu et al. [29] demonstrated a sheathless separation
of equal-volumed spherical and peanut-shaped polystyrene

particles in the flow of a viscoelastic polymer solution. The in-
termediate flow throughput of this elasto-inertial separation
fills the gap between the dielectrophoretic [25] and inertial
separations [27] with a high efficiency and purity.

We extend in this work our recently demonstrated sheath-
free elasto-inertial separation of polystyrene particles [29, 30]
to fractionate drug-treated C. neoformans cells by morphol-
ogy. The variations in cell shape and size, induced by drug
treatment, are incompatible with the majority of existing cell
separation methods because the force experienced by a cell
in nearly every field decreases for less spherical cells while
increases for larger cells. Therefore, the transverse motion
of larger irregular-shaped yeast cells becomes similar to that
of smaller round-shaped ones under the application of a sin-
gle force field. Our elasto-inertial particle separation tech-
nique [29, 30] resolves this issue by the use of the competing
components of flow-induced elastic and inertial lift forces
in biocompatible polymer solutions. We will perform a sys-
tematic experimental study of the factors that affect the cell
separation performance.

2 Materials and methods

2.1 Preparation and drug-treatment of yeast cells

C. neoformans strain H99 cells [31] were grown overnight at
24°C in the yeast extract peptone dextrose (YPD) medium.
They were refreshed next day to a density of 107 cells/mL be-
fore the treatment of forchlorfenuron (FCF) (CAS Number:
61857-60-8, Sigma–Aldrich), a synthetic plant cytokinin that
has been reported to interrupt cytokinesis in Saccharomyces
cerevisiae [32]. The culture of C. neoformans was incubated in
the YPD medium with 0.25 mM FCF overnight at 37°C. The
treated cells were then fixed with 3.7% formaldehyde for 1 h
and spun down followed by the re-suspension in the PBS solu-
tion for later experiments. Figure 1 shows a zoom-in image of
the FCF-treated yeast cells that exhibit aberrant morphology.
We divided these cells into two primary groups for analysis:
one group with regular morphologies was the normal cells
that have no buds or single bugs, and the other group with
abnormal morphologies was the multimeric cells that have
three or more connected cells/buds. The equivalent spherical
diameter of each group of yeast cells was determined using
the geometry package in COMSOL

R©
via a three-dimensional

model with the measured cell dimensions and structure (as-
suming spherical for each cell or bud). The average equivalent
spherical diameter is approximately 5 and 7 �m for the nor-
mal and multimeric cells, respectively, as demonstrated in
our recent experimental and numerical study of cell magne-
tophoresis in dilute ferrofluids [19].

2.2 Manipulation of drug-treated yeast cells in

polymer solutions

Prior to experiment, the FCF-treated C. neoformans cells were
re-suspended in PBS-based PEO solutions at a density of
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Table 1. Rheology properties (at 20°C) of the prepared
PBS-based PEO solutions [16,30]

Properties PEO concentration (ppm)

500 1000 2000

density (�, g/cm3) 1.0 1.0 1.0
zero-shear viscosity (�0, mPa·s) 1.8 2.3 4.1
effective relaxation time (�, ms) 4.3 6.8 10.6

105–106 cells/ml. Three concentrations of PEO solutions, i.e.,
500, 1000, and 2000 ppm, were made by dissolving PEO pow-
der (molecular weight, Mw = 2 × 106 Da, Sigma–Aldrich)
into the PBS solution. The rheology properties of these poly-
mer solutions are listed in Table 1 [16, 30]. The prepared
yeast cell suspension was injected into a straight rectangular
microchannel using a syringe pump (KD Scientific). Figure
2A shows a top-view picture of the channel, which was fabri-
cated with PDMS using the standard soft lithography method.
The channel is 50 �m wide and 2 cm long followed by a
900 �m wide and 2 mm long sudden expansion at the outlet
for enhanced cell separation and visualization. Three channel
heights, i.e., 15, 25, and 40 �m, were used in experiments.
The translational motion of cells was visualized through an
inverted microscope (Nikon Eclipse TE2000U, Nikon Instru-
ments) with a CCD camera (Nikon DS-Qi1Mc) at a rate of
around 15 frames/s. The rotational motion of cells was not
tracked due to the limited speed of our imaging system, which
will be left for a potential future study. The obtained digital
images were processed using the Nikon imaging software
(NIS-Elements), and further analyzed using the ImageJ soft-
ware (National Institute of Health).

Figure 2. (A) Top-view picture of the straight rectangular mi-
crochannel used in experiments, where the block arrow indi-
cates the flow direction and the dashed-line boxes highlight the
windows of view at the channel inlet and outlet, respectively.
(B) Force analysis on a suspended cell in the flow of viscoelastic
polymer solutions through a straight rectangular microchannel
(see the text for the definitions of symbols).

2.3 Test of yeast cell viability

In order to assess the polymer effects on cell viability, the un-
treated C. neoformans cell suspension was subjected to separa-
tion in PBS-based 1000 ppm PEO solution and counted. Ap-
proximately 10 000 yeast cells were then plated on a semisolid
YPD medium. After 1 day of growth at room temperature,
plates were examined under the microscope to assess the
percentage of cells that grew into colonies. It was found that
the survival rate of yeast cells in the polymer solution was
close to 100%. This observation of biocompatibility is also
supported by recently reported studies on the manipulation
of several types of other cells (e.g., bacteria, blood cells, and
cancer cells) in PEO solutions [33–36].

3 Theory

3.1 Mechanism of cell separation

Figure 2B shows the inherently induced lift forces on a sus-
pended cell in the flow of viscoelastic fluids through a straight
rectangular microchannel. The elastic lift is a result of the nor-
mal stress difference [37–39] over the channel cross-section.
It has been suggested in recent studies [30, 40] to be viewed
as a combination of two opposing force components: one
is the center-directed elastic lift component, Fe L→c , due to
fluid elasticity, and the other is the wall-directed elastic lift
component, Fe L→w , due to fluid elasticity and shear thinning.
The total elastic lift, Fe L = Fe L→c + Fe L→w , is expressed in the
following scale [41],

Fe L ∼ d3�∇�̇ 2, (1)

where d is the (equivalent) spherical cell diameter, � is the
fluid relaxation time, and �̇ is the fluid shear rate. It increases
with the Weissenberg number, Wi ,

Wi = ��̇ = �
2U

w
= 2�Q

w2h
(2)

where U is the average fluid velocity, w is the channel width,
Q is the volumetric flow rate, and h is the channel height.

The wall-induced inertial lift component, Fi L w , pushes a
cell away from the channel wall. The shear gradient-induced
inertial lift component, Fi L s , directs the cell towards the wall
[42]. The balance of these two inertial lift components yields
equilibrium cell positions that are a weak function of cell size
or shape in straight rectangular microchannels [43]. The total
inertial lift, Fi L = Fi L w + Fi L s , has been theoretically proved
to scale as [44],

Fi L ∼ �d4�̇ 2 (3)

where � is the fluid density. This force is a strong function
of the Reynolds number [43], Re , which for rectangular mi-
crochannels is defined as,

Re = �U D

�0
= 2� Q

�0 (w + h)
(4)
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where D is the hydraulic diameter and �0 is the zero-
shear fluid viscosity. The inertial effect is often deemed effec-
tive only when the cell (or more generally particle) Reynolds
number, Rec ,

Rec = Re
(

d

D

)2

(5)

is in the order of one or more specifically ≥0.1 [43]. The
relative contribution between the elastic and inertial lift forces
can be characterized by the dimensionless elasticity number,
El , i.e., the ratio of the Weissenberg number to Reynolds
number,

El = Wi

Re
= ��0 (w + h)

�w2h
(6)

As the two lift forces scale differently with the (equiva-
lent) spherical diameter, cells with dissimilar sizes and/or
shapes can be potentially directed to distinct equilibrium
positions in viscoelastic fluid flows through simple straight
rectangular microchannels. This enables a continuous-flow,
sheath-free, and high-efficiency separation, which has been
demonstrated in previous studies for size-based separa-
tion of (approximately) spherical particles and cells [18,
30] as well as shape-based separation of equal-volumed
particles [29].

3.2 Separation performance metrics

We evaluate the separation performance for both nor-
mal and multimeric yeast cells in terms of three dimen-
sionless metrics [8]. The separation efficiency is defined
as

e f f iciency = (Ni )zone

Ni
(7)

where Ni is the total number of normal (i = n) or multi-
meric (i = m) cells at the channel outlet while (Ni )zone denotes
the counted number of the same cell type within a specific
zone of the channel outlet. The separation purity is defined
as

pur ity = (Ni )zone

(Nn + Nm)zone

(8)

which measures the number of a target cell type (i.e., normal
or multimeric) within a specific zone relative to that of all
cells counted within the same zone at the channel outlet.
The enrichment ratio, ER, is defined as the number ratio
of one target cell type to the other within a specific zone at
the channel outlet divided by the same ratio at the inlet. For
example, the ER of normal cells is given by

E R = (Nn/Nm)zone

(Nn/Nm)inl et

(9)

4 Results and discussion

4.1 Demonstration of morphology-based yeast cell

separation

Figure 3 shows the top-view images of the drug-treated yeast
cells in the flow of PBS-based 1000 ppm PEO solution at the
inlet (A) and the outlet expansion (B) of a 25 �m deep rectan-
gular microchannel. The zoom-in views of the cells at these
two locations are displayed as the inset plots I and II where
the morphology of individual cells can be identified. The volu-
metric flow rate is 150 �L/h, and the calculated Reynolds and
Weissenberg numbers are Re = 0.48 and Wi = 9.47, respec-
tively. The corresponding cell Reynolds number is Rec = 0.02
even for the larger multimeric cells with an average equiva-
lent spherical diameter of 7 �m. Therefore, the inertial ef-
fect should be weak in this experiment and the elastic lift
dominates the force exerted on the cells. At the channel in-
let (Figure 3A), the normal and multimeric cells are both
uniformed distributed and mixed. At the outlet expansion
(Figure 3B), the smaller and more spherical normal cells ap-
pear to exit the channel inside a tight zone around the channel
centerline, specifically within approximately one-third of the
local channel half-width as highlighted in the inset plot II
of Figure 3B. In contrast, the larger and less spherical mul-
timeric cells are directed farther away from the centerline
by the flow-induced lift force and found to exit the channel
within the zone nearer to the sidewalls. This observation is
consistent with our recent studies where both smaller spher-
ical particles/cells [18, 30] and equal-volumed non-spherical
particles [29] are elasto-inertially focused in 1000 ppm PEO
solution toward symmetric equilibrium positions closer to the
centerline (or more accurately, the center-plane) of straight
rectangular microchannels. The quantitative analysis of the
performance metrics for this sheathless elasto-inertial cell
separation by morphology is presented in the following sec-
tion on the study of flow rate effects.

4.2 Effect of flow rate

Figure 4 shows the influence of flow rate on the yeast cell
separation in Figure 3 when all other conditions remain un-
varied. With the increase of flow rate, the Reynolds and Weis-
senberg numbers both increase leading to enhanced inertial
and elastic effects. The elasticity number, however, remains
constant, and so the elastic lift should dominate in the en-
tire range of flow rates. At 80 �L/h, all cells travel out of
the straight microchannel in a single mixed stream about the
centerline as viewed from the image in Figure 4A. However,
the dispersion of the multimeric cells is apparently greater
than that of the normal cells, which is illustrated in Figure 4B
by the larger span of the former cells’ exiting positions at the
outlet expansion. At 100 �L/h, approximately half of the mul-
timeric cells move away from the stream along the centerline
(Figure 4A), and migrate toward a new equilibrium position
that is about half way of the local half-width (Figure 4B). In
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Figure 3. Top-view images of drug-treated C. neoformans cells in the flow of PBS-based 1000 ppm PEO solution at the inlet (A) and
outlet expansion (B) of a 25 �m high straight rectangular microchannel. The inset plots I and II are the zoom-in views of the dashed-line
highlighted regions at the channel inlet and outlet, respectively. The flow rate is 150 �L/h, and the corresponding values of the Reynolds
number, Re, and Weissenberg number, Wi , are labeled on the images. The normal and multimeric cells are observed to exit the channel
in the inner and outer zones of the outlet expansion that are divided at one-third of the local half-width, i.e., we/3, as indicated on
inset II. The scale bars on all images represent 100 �m.

contrast, normal cells still stay near the centerline. When the
flow rate is increased to 150 �L/h, the centerline equilibrium
position disappears for both types of cells in Figure 4A. All
the multimeric cells exit the channel at one-half of the local
half-width while the normal cells have an average off-center

Figure 4. Flow rate effect on the elasto-inertial separation of drug-
treated C. neoformans cells in the flow of PBS-based 1000 ppm
PEO solution through a 25 �m deep rectangular microchannel:
(A) the top-view images of cells in the upper-half of the outlet
expansion; (B) the average exiting positions (symbols with error
bars) of the normal and multimeric cells at the channel outlet
(obtained from the images in (A) with respect to the channel
centerline). The dashed line at the off-center position of one-third
of the local channel half-width, i.e., we/3, in (A) and (B) divides the
upper-half of the outlet expansion into the inner and outer zones
for evaluating the separation performance metrics of normal and
multimeric cells, respectively, in Figure 5. The calculated values
of the Reynolds and Weissenberg numbers are labeled on the
images in (A). The scale bar represents 100 �m.

exiting position of around one-quarter of the local half-width
as seen from Figure 4B. Further increasing the flow rate shifts
outward the equilibrium position of normal cells and hence
reduces the gap from the equilibrium position of multimeric
cells that remains fixed.

Figure 5 plots the three performance metrics for the
drug-treated yeast cell separation at different flow rates in
Figure 4. They were evaluated using the definitions in
Eqs. (7)–(9) for both the multimeric and the normal cells
in the near-wall zone and the near-center zone, respectively.
These outer and inner zones in the upper-half of the outlet
expansion are split at the off-center position of one-third of
the local channel half-width, i.e., the dashed line on the cell
images in Figure 4A. The separation efficiency of multimeric
cells increases from 30% at 80 �L/h to 93% at 150 �L/h
and then stays roughly unchanged at higher flow rates (ex-
cept 250 �L/h due to the significantly less number of cells
counted in this test; see the image in Figure 4A). This is be-
cause the multimeric cells have all migrated into the outer
zone at 150 �L/h and above. The separation purity of mul-
timeric cells achieves the highest value of 94% at 100 �L/h
and drops at higher flow rates because normal cells start
appearing in the outer zone. In contrast, the separation ef-
ficiency and purity of normal cells reach the highest values,
both over 90%, at 100 and 150 �L/h, respectively. As a result,
the multimeric and normal cells each achieve a greater than
12 enrichment ratio at the flow rates of 100 and 150 �L/h,
respectively. The best separation performance for both types
of cells should take place in a flow rate in between.

4.3 Effect of polymer concentration

Figure 6 shows the influence of polymer concentration on the
drug-treated yeast cell separation in PBS-based PEO solutions
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Figure 5. Performance metrics for the demonstrated elasto-
inertial separation of drug-treated C. neoformans cells at different
flow rates in 4 (A) the efficiency and purity for the multimeric (left
plot) and normal (right plot) cells, respectively, and (B) the enrich-
ment ratio of the two types of cells.

at a fixed flow rate of 150 �L/h. Increasing the PEO concen-
tration increases the Weissenberg number (due to the longer
fluid relaxation time) and decreases the Reynolds number
(due to the larger fluid viscosity), leading to an increased elas-
ticity number. Therefore, the elastic effect gets more dom-
inant in a higher concentration PEO solution, which has
been demonstrated in previous studies to shift the equilib-
rium positions of both spherical and non-spherical particles
and cells [18, 29, 30]. This consequence is, however, not ob-
viously viewed from the images of cells at the outlet expan-
sion in Figure 6A due to perhaps the wide range of varia-
tions in both the size and shape of drug-treated yeast cells.
Figure 6B compares the average exiting positions of the mul-
timeric and normal cells at the outlet expansion, where the
former is farther from the channel centerline in all three PEO
concentrations. However, the focusing position of the larger
and less spherical multimeric cells first shifts outward and
then inward when the PEO concentration is increased from
500 to 1000 and 2000 ppm. In contrast, the focusing posi-
tion of the smaller and more spherical normal cells slightly
shifts inward with the increase of PEO concentration. Sim-
ilar trends were also observed in our previous studies on
spherical and peanut-shaped polystyrene particles [29, 30].
The best cell separation is achieved in �1000 ppm PEO
solution.

Figure 6. Polymer concentration effect on the elasto-inertial sep-
aration of drug-treated C. neoformans cells in the flow of PBS-
based PEO solutions in a 25 �m deep microchannel: (A) the top-
view images of cells in the upper-half of the outlet expansion;
(B) the average exiting positions (symbols with error bars) of the
multimeric and normal cells at the channel outlet (obtained from
the images in (A) with respect to the channel centerline). The
flow rate is fixed at 150 �L/h. The calculated values of the elastic-
ity number are labeled on the images in (A). The scale bar in (A)
represents 100 �m.

4.4 Effect of channel height

Figure 7 shows the influence of channel height on the drug-
treated yeast cell separation in PBS-based 1000 ppm PEO
solution. The channel width is fixed at 50 �m. In a 15 �m
high channel, the multimeric and normal cells each possess
two similar equilibrium positions as viewed from both the cell
images at varying flow rates (Figure 7A, where only three flow
rates are illustrated as examples) and the cell exiting positions
at 150 �L/h (Figure 7B). The primary equilibrium position is
about one-third of the local channel half-width away from the
wall (as compared to the one-half in a 25 �m high channel;
see Figure 4), and slightly shifts inward with the increase of
flow rate. The secondary equilibrium position is along the
channel centerline, which is also observed for polystyrene
particles and other types of cells in previous studies [18,29,30].
In contrast, both types of yeast cells are directed toward the
single equilibrium position along the channel centerline in
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Figure 7. Channel height effect on the elasto-inertial separation
of drug-treated C. neoformans cells in the flow of PBS-based
1000 ppm PEO solutions: (A) the top-view images of cells in
the upper-half of the outlet expansion in 15 �m (top row) and
40 �m (bottom row) high microchannels at different flow rates;
(B) the average exiting positions (symbols with error bars) of the
multimeric and normal cells at the channel outlet (obtained from
the images in (A) at the flow rate of 150 �L/h). The calculated
values of the Reynolds and Weissenberg numbers at 150 �L/h
are labeled on the images in (A). The scale bar in (A) represents
100 �m.

a 40 �m high channel when the flow rate is varying from
80 to 300 �L/h. Moreover, the elasto-inertial focusing gets
improved at a higher flow rate for each type of cells (see
the cell images in Figure 7A, where only three flow rates
are illustrated). Therefore, the multimeric and normal cells
cannot be effectively separated in a 15 �m or a 40 �m high
channel. This result is consistent with our recent studies on
polystyrene particle separation by shape [29] or size [30].

4.5 Concluding remarks

We have built upon our recent work [29,30] to demonstrate a
continuous-flow sheath-free separation of drug-treated C. ne-
oformans cells by morphology in the flow of biocompati-
ble PBS-based PEO solutions through straight rectangular
microchannels. The heterogeneous mixture of yeast cells
with varying shapes and sizes are elasto-inertially focused
toward morphology-dependent equilibrium positions. Con-
sistent with our previous observations for polystyrene par-
ticles [29, 30], the larger, abnormal-shaped multimeric cells
are found to stay farther away from the channel center than
the smaller, regular-shaped normal cells. We have studied
the flow rate effect on this separation and evaluated its per-
formance in terms of three dimensionless metrics includ-
ing efficiency, purity, and enrichment ratio. We have also
studied the effects of PEO concentration and channel height
on the morphology-based yeast cell separation. The best

separation performance is achieved in 1000 ppm PEO so-
lution flow through an intermediate channel width/height
ratio (two in the current work) at the flow rate of the order
of 100 �L/h. It is noted that the molecular weight of PEO
polymer can affect the elastic lift via the dependence of fluid
shear thinning and elasticity [45]. We leave this parametric
effect as a potential future study in order to further optimize
the working conditions for cell separation. Moreover, we will
collect the separated normal and multimeric cells for analysis
of their drug resistance.
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