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Microfluidic chips have been widely used to probe the mechanical properties of cells, which are recog-
nized as a promising label-free biomarker for some diseases. In our previous work (Ye et al., 2018), we
have studied the relationships between the transit time and the mechanical properties of a cell flowing
through a microchannel with a single constriction, which potentially forms a basis for a microfluidic chip
to measure cell’s mechanical properties. Here, we investigate this microfluidic chip design and examine
its potential in performances. We first develop the simultaneous dependence of the transit time on both
the shear and bending moduli of a cell, and then examine the chip sensitivity with respect to the cell
mechanical properties while serializing a single constriction along the flow direction. After that, we study
the effect of the flow velocity on the transit time, and also test the chip’s ability to identify heterogeneous
cells with different mechanical properties. The results show that the microfluidic chip designed is capable
of identifying heterogeneous cells, even when only one unhealthy cell is included. The serialization of
chip can greatly increase the chip sensitivity with respect to the mechanical properties of cells. The flow
with a higher velocity helps in not only promoting the chip throughput, but also in providing more accu-
rate transit time measurements, because the cell prefers a symmetric deformation under a high velocity.
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1. Introduction

Some diseases not cause only biological and functional alter-
ations, but also abnormalities in the structural and mechanical
properties of cells, for examples, in cancer, malaria, and sickle cell
anemia (Suresh et al., 2005; Hosseini and Feng, 2012). It has been
shown that cancer cells may constantly change their stiffness as
they progress to their malignant state while undergoing metasta-
sis, and generally, they have lower stiffness but higher motility
than their benign or healthy counterparts (Suresh, 2006; Darling
et al., 2007). The mechanical changes in cells have been recognized
as a promising new biomarker of diseases, in addition to the con-
ventional diagnostic techniques based on biological and functional
alterations (Xu et al., 2012; Nematbakhsh and Lim, 2015; Suresh
et al,, 2015; Pivkin et al., 2016). Hence, it is important and neces-
sary to measure mechanical properties of cells for a better under-
standing of the pathophysiology and pathogenesis of a variety of
human diseases.

* Corresponding author.
E-mail address: yeting@jlu.edu.cn (T. Ye).

https://doi.org/10.1016/j.jbiomech.2018.12.019
0021-9290/© 2018 Elsevier Ltd. All rights reserved.

Microfluidic devices have attracted increasing interests in mea-
suring mechanical properties of cells due to their special advan-
tages, and also because microfluidic technologies have made
significant improvements in recent years (Whitesides, 2006;
Huang et al., 2012). They can be made higher throughput, have
the ability to identify cell heterogeneity, as well as being inexpen-
sive and simple to operate. One of widely-used designs is by plac-
ing various constrictions along the microchannels, the necessary
pressure or the transit time of cells squeezed through these con-
strictions can be measured; and from these the cell’s mechanical
properties can be deduced. Shelby et al. (2003) were among the
firsts to use a microfluidic chip with a single square constriction
to study whether infected red blood cells (RBCs) can block capillar-
ies that have diameters smaller than that of the infected RBC. Hou
et al. (2009) used a similar microfluidic device to probe the
deformability of breast cancer cells, and to distinguish non-
malignant and malignant cells, based on the differences in stiffness
between them which can be inferred from their transit times and
velocities. However, this single-constriction design not only limits
the overall throughput, but also decreases the measuring
sensitivity. To address these issues, Bow et al. (2011) proposed
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an automated microfabricated “deformability cytometer” with
many triangle-shaped pillars periodically spaced along the flow
direction (or “serialization”) and its perpendicular direction (or
“parallelization”). They suggested that their device is especially
applicable to characterize the mechanical properties of heteroge-
neous cells in a high-throughput manner. Similar designs were
then adopted and extended in later studies. Guo et al. (2012,
2014) developed a serialized microfluidic device with multiple
funnel-shaped constrictions, and can clearly differentiate
malaria-infected RBCs from healthy RBCs with precisely controlled
pressure. Gambhire et al. (2017) adopted a parallelized microflu-
idic device with high aspect ratio slits to study the deformation
of healthy and sickle RBCs.

Along with the experiments, numerical simulations have also
been carried out to investigate the motion and deformation of cells
through such microfluidic chips with constrictions. These studies
mainly focused on a single-constriction microchannel, with peri-
odic boundary conditions considered. For example, Xiao et al.
(2014) simulated a single RBC through a stenosis microvessel using
dissipative particle dynamics (DPD), and two RBCs as well (Xiao
et al.,, 2016). Moon et al. (2016) carried out a similar simulation
on a single RBC by lattice Boltzmann method (LBM). Ye et al.
(2018b) used a smoothed dissipative particle dynamics (SDPD) to
study the relationship between the transit time and mechanical
properties of a single cell through a constricted microchannel.
Serrano-Alcalde et al. (2017) and Casquero et al. (2017) simulated
a circulating tumor cell (CTC) through the constricted microchan-
nel by a commercial software (ABAQUS) and immersed boundary
method (IBM), respectively, where the CTC is modeled as a com-
pound capsule with a nucleus (different to a RBC). Furthermore,
some numerical studies were done on multiple RBCs through a
constricted microchannel. Polwaththe-Gallage et al. (2016a,b) used
a coupled smoothed particle hydrodynamics - discrete element
method (SPH-DEM) approach to investigate the deformation of five
RBCs through a stenosed capillary; Koohyar et al. (2016) used a
finite volume method (FVM) for a case with a large number RBCs.

Our current work started from the “deformability cytometer”
designed by Bow et al. (2011), and continued to explore our previ-
ous study on the relationship between the transit time and
mechanical properties of a cell in a stenosed microchannel (Ye
et al., 2018b), and examined the designed microfluidic chip in its
ability to identify heterogeneous cells.

2. Models and methods

The microfluidic chip is schematically depicted in Fig. 1. It is
constructed by periodically extending a unit element (Fig. 1b)
along the flow direction (i.e., serialization) and its perpendicular
direction (i.e., parallelization). The serialization helps to increase
the sensitivity of the measurement, while the parallelization helps
to increase the cell throughput. In the simulation, the unit element
is considered as the flow domain, with L = 100 pm, W =10 pm and
H =10 pm, employing the full periodicity boundary conditions. Its
constriction is built by embedding two right trapezoidal pillars,
with d; =1 pum, d, =3 pum and L; = 10 um. These dimensions have
been verified as a preferable choice for measuring the mechanical
properties of a cell (Ye et al., 2018b).

To develop the numerical model, we here use smoothed dissi-
pative particle dynamics (SDPD), a particle-based method
(Litvinov et al., 2009, 2010; Bian et al., 2012). Its theory is well
established, and we only outline the general formulation for com-
pleteness. SDPD is derived from Navier-Stokes (NS) equations,
which govern the motion of fluids interior and exterior to the cell
(Peskin, 2002; Tian et al., 2018),

V-v=0, (1)

dv
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where the cell membrane is treated as a surface immersed into the
fluids. Here », p and P are the velocity, density and pressure fields,
respectively; t is the time; # is the shear viscosity; g is the
externally-applied acceleration to drive the fluid flow; f is the sin-
gular force acting on the fluid from the cell membrane; fg.; and fqg
are the force densities acting on the cell membrane due to its defor-
mation and aggregation; X is the position of the cell membrane in
the Lagrangian system; x is the position of the fluid in the Eulerian
system; (r,s) is a curvilinear coordinate on the cell membrane to
label a Lagrangian point; Q is the computational domain, and I"
refers to the surface domain occupied by the cell membrane. Eq.
(4) describes the evolution of the cell membrane.

In the SDPD framework, the computational domain is repre-
sented by a set of discrete particles, and each of them associates
with physical properties, such as mass, velocity, density, etc. These
properties and their derivatives can be approximately interpolated
by a kernel function with a compact support, having the form
(Espafiol and Revenga, 2003),

hx) = G h(x). )
J
Vhix) = 3 2h(y). 6)

J
where x; is the position of particle i; h(x;) stands for an arbitrary
physical property of the particle i; d; = m/p;;m is the particle mass
(all particles are assumed to have the same mass); p; is the density
of particle j; Kj is the kernel function. Substituting Eqgs. (5) and (6)
into Egs. (1)-(4), the NS equations are then converted into a discrete
form as (Espafiol and Revenga, 2003; Pivkin et al., 2011; Imai et al.,
2016; Gompper and Fedosov, 2016; Ye et al., 2016),

dx,~ = ‘deﬂ (7)
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where v; is the velocity of the fluid particle i, and X is the position
of the membrane particle k. The forces Fc, Fp correspond to the
terms —VP and Vv in Eq. (2), called conservative and dissipative
forces, respectively. They are related to the fluid compressibility
and viscosity. The force Fy is added to describe the random fluctu-
ations of particles, to maintain a constant Boltzmann temperature
(specific kinetic energy) of the fluid. The force F; corresponds to
pg in Eq. (2), the externally-applied force to drive the flow. Eqgs.
(9) and (10) reflect the main idea of the immersed boundary
method (IBM) (Peskin, 2002), taking account of the cell-fluid inter-
actions. The deformation force Fﬁf"f and the aggregation force F;*
acting on the cell membrane are converted by Eq. (9) to the force
Fp, which is a singular force acting on the fluid around the cell
membrane, reflecting the action of the cell on the fluid. The position
X, of the cell membrane is updated with the fluid velocity »; by
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Fig. 1. (a) Schematic diagram of a microfluidic chip for measuring mechanical properties of cells, by constructing a periodic array of a unit element along the flow
(serialization) and its perpendicular direction (parallelization). (b) The simulation domain, the unit element with periodicity boundary conditions.

Eq. (10), reflecting the action of the fluid on the cell. More detailed
information can be found in our previous work (Ye et al., 2017b,c,
2018a).

Now we turn our attention to the RBC model, i.e., formulating
F{ and F{ in Eq. (9). The cell membrane is modeled as a triangu-
lar network via connecting the discrete membrane particles. This
network is endowed with a potential deformation energy Ug, cOn-
sisting of the four types of energies: (i) the in-plane energy U; to
describe the membrane shear deformation, (ii) the bending energy
Uy to describe the membrane bending deformation, (iii) the area-
restraint energy U, to conserve the membrane surface area, and
(iv) the volume-restraint energy U, to conserve the cell volume
(Skalak et al., 1973; Li et al., 2005; Pivkin and Karniadakis, 2008;
Hosseini and Feng, 2009; Fedosov et al., 2010b; Moon et al., 2016),

Udef:Us+Ub+Ua+Uv7 (11)
and thus the deformation force can be expressed by
ou
def _ _ OYdef
Fk - axk . (12)

The detailed expressions about the four types of energies can be
found in the work of Fedosov et al. (2010a, 2011, 2014) The cell
mechanical properties determined by this cell model, including
the shear modulus Es, bending modulus Ep and dilation modulus
Ep, are approximated as (Fedosov et al., 2010a),

3ksT 1
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where kgT, p;, I;), So, K, Kac and Ky, are Boltzmann temperature,
persistence length, reference length of triangular edge, relative
length of triangular edge, bending coefficient, global area coefficient
and local area coefficient, respectively.

The aggregation force F;* in Eq. (9) is present only when mul-
tiple cells are considered. Currently, there are two main theoretical
model to describe the cell-cell interaction, the bridging model
(Chien and Jan, 1973; Bagchi et al., 2005) and the depletion model
(Skalak et al., 1981; Neu and Meiselman, 2002). The former
assumes that the cell aggregation is attributed to the bridging of
macromolecules between the cells, such as fibrinogen or dextran,
while the latter proposes that the cell aggregation results from
the existence of the polymer depletion layer between the cells.
Mathematically, these two models are so complex that they are
not widely used in numerical simulations (Chung et al., 2007). To
simplify the depletion model, Liu and Liu (2006) proposed a Morse
potential function to fit the total interaction energy, which has
been accepted in various simulations of multiple cells (Zhang
et al., 2008, 2009; Ye et al., 2014). In our present work, we also
adopt this simplified model, where the interaction energy between
two facing unit flat planes is expressed as a Morse potential (Liu
and Liu, 2006),

9(r) = B[ — 20, 1o

where E; is the surface energy; g is a scaling factor; ry is the zero
force separation; r is the local distance between two facing unit flat
planes. The total interaction energy U*® of the cell membrane, i.e.,
the triangular network, is thus given by (Ye et al., 2014),

U = " ¢(Tmm) (M - k) (M - Ky )Am, (17)

m=1,- Nt

where the subscripts m and m'’ refer to the triangles m and m’ of the
two respective cells; n is the outward unit normal vector of the tri-
angle; k is the unit vector in the direction parallel to the line joining
the centers of two interacting cells; A, is the area of the triangle m,
and N; is the number of triangles. Note that the terms n,, - k,, and
n., -k, are introduced to consider two curved surfaces instead of
flat planes (Bhattacharjee et al., 1998; Chung et al., 2007). Hence,
the aggregation force is expressed as

ouy“ee

agg
F> = X,

(18)
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The velocity-Verlet algorithm (Groot and Warren, 1997; Ye
et al,, 2017a) is used to numerically solve Egs. (7) and (8), because
of its high computational efficiency. Its procedure is briefly listed
as: (i) updating the positions of each fluid particle and each mem-
brane particle, (ii) predicting the fluid velocity, (iii) calculating all
the forces; (iv) correcting the velocity by the updated forces.

3. Results and discussions
3.1. Validation

Two validation studies were offered here to establish the relia-
bility of our models. One was for a single RBC, and the other was for
multiple RBCs.

In the first validation, a RBC was squeezed through a narrow
microchannel with a square cross section of 4 x 4 pm? and a length
of 40 um, under a pressure differential of 1.5 mm of water. Both
ends of the narrow microchannel were connected to two wider
trapezoidal nozzles, and the whole channel was 72, 4 and 32 pm
in length, width and height, respectively. The RBC mechanical
properties were given as: shear modulus Es = 6.0 x 10°° N/m,
bending modulus E;=24x10""], dilation  modulus
Ep =6 x 107 N/m. The fluid physical properties were given as:
density p = 10% kg/m?, viscosity # = 10~ Pa-s, external accelera-
tion g = (245, 0, 0) m/s. This external acceleration generated the
average velocity to be about 7, = 1.22mm/s in the narrow
microchannel. Several dimensionless groups related to this valida-
tion: capillary number Ca = nv,, /Es = 0.02, dimensionless bending

modulus Eg = Eg/ (E5R§> =5x 1073, and dimensionless dilation

modulus Ep = Ep/Es = 100, where R, is effective radius defined as
R. = 3/3V/(4m) and V is the cell volume. These values were similar
to those in the experiments of Li et al. (2007) and in the previous
simulations of Xiao et al. (2014) Fig. 2 shows a comparison of the
RBC deformation. The RBC experienced severe deformation in pass-
ing through the microchannel. When the RBC was about to enter
the constriction, the main cell body seemed to be absorbed into
the narrow microchannel. After the whole RBC was squeezed into
the narrow microchannel, it folded itself to fit the microchannel
width and was elongated along the flow direction. It recovered
quickly its biconcave shape once exited from the constriction.
The deformation pattern was in good agreements with experi-
ments (Li et al., 2007) and with previous simulations (Xiao et al.,
2014).

In the second validation, five RBCs were considered to flow
through a stenosed cylindrical microchannel, with a length of
57.2 pm and a diameter of 10 um. The stenosis was formed by
two round corners with a radius of 3.2 pm, and had a minimum
diameter of 6.8 um. The RBC closest to the stenosed section was
labeled as the 1st RBC (the leading RBC), the RBC closest the inlet
as the 5th RBC (the trailing RBC), and the other RBCs were num-
bered in consecutive order. The intercellular distance was set to
4 pm. Their mechanical properties were set as: shear modulus
Es =4.5 x 1077 N/m, bending modulus Ez =4 x 10" ®J and dila-
tion modulus Ep =5 x 107> N/m. The fluid physical properties
were set as: density p = 10° kg/m? and viscosity # =107 Pa:s.
All of these parameters were the same as those used by
Polwaththe-Gallage et al. (2016a) Nevertheless, there were still
three differences between our conditions and theirs. One was that
the flow was driven by a pressure difference of 1000 Pa in their
work, while it was by the external acceleration in our work and

it was set as g = (1.75 x 10,0, 0) m/s2. These two driven ways

can generate the same velocity field for a tube flow. The other dif-
ference was that the cytoplasm viscosity was assumed to be same

as that of suspending fluid in our work, but in their work, the cyto-
plasm viscosity was 5 times greater. The last difference was that
we considered a weak intercellular interaction with a strength of
E; =107 N/m, but this interaction was completely neglected in
their work. Fig. 3 shows a comparison of deformed shapes of the
RBCs between our and their work, where the similar deformations
were observed at each time instant. All RBCs were travelled with
the fluid, and squeezed through the stenosed section. The 1st
RBC showed more deformation compared with subsequent RBCs.
A difference was that our RBCs arrived to the same position of
the microchannel earlier than theirs. For example, the 1st RBC in
our work arrived to the stenosed section at t = 0.14 ms, but at
t=0.2 ms in their work, as shown in Fig. 3(c) and (i). The cytoplasm
was assumed to be the same fluid as the suspending fluid in our
work, but 5 times more viscous in their work (Polwaththe-
Gallage et al., 2016a). Hence, the fluid in our work flowed faster,
which carried the RBCs to the same position of the stenosed
microchannel sooner. Fig. 4 shows the variation of the deformation
index DI and the mean velocity v, of the five RBCs with time. As
expected, each RBC experienced the largest deformation when
flowing through the stenosed section, with DI=1.359, 1.273,
1.295, 1.234 and 1.267, respectively, compared with 1.444, 1.321,
1.332, 1.343 and 1.356 in the work of Polwaththe-Gallage et al.
(2016a) Moreover, all RBCs flowed at almost a similar mean veloc-
ity about v, =0.13 m/s through the stenosed section, close to the
value of about 0.135 m/s reported in the work of Polwaththe-
Gallage et al. (2016a).

3.2. Cell mechanical properties

In our previous work (Ye et al.,, 2018b), we proposed two
expressions to evaluate the cell mechanical properties. One was
the relationship between the transit time and shear modulus of a
cell through the microfluidic chip, under the fixed cell bending
modulus; the other was the relationship between the transit time
and bending modulus, but under the fixed shear modulus of the
cell. Both the relationships were obtained from a single-factor
analysis. In this section, we provided a general expression of the
transit time with respect to both the shear and bending moduli
of the cell together. This was a two-factor analysis. We considered
a range of the shear modulus Es € [0.1, 300] uN/m and the bending
modulus Ep € [2.0, 120] x 107" ]. This range covered most of bio-
logical cells. The flow properties were set as: density p = 10% kg/
m?, viscosity # = 107 Pa-s, external acceleration g =(271.6, 0, 0)
m/s?. This external acceleration generated the average velocity
about v, =0.01 m/s for the fluid flow in the unconstricted part of
the microchannel in the absence of the cell.

Fig. 5 shows the transit time T and its fitting surface, with
respect to the shear modulus Es and the bending modulus Eg,
where T was scaled by I'(m'e')"/?,Es was scaled by &/P and Eg
was scaled by ¢. For convenience, the scaled parameters were
denoted as T,Es and Ej, respectively. Note that I',m’ and ¢ were
the cut-off radius, the mass of each SDPD particle and the Boltz-
mann temperature of the system. They were chosen as the charac-
teristic length, mass and energy, respectively, and set to be
I'=1pm, m =1.25x 10 "® kg and & = 4.142 x 102! ]. The fitting
surface was generated by the ‘1stOpt’ software developed by 7D-
Soft High Technology (Zhang et al., 2013), expressed as

c1+cInEs+c3InE2 + ¢4 InEp + ¢s InE2 + ¢ InE3

T= . : . A
1+ c7InEs+csInE2 + coInEg + coINE2

(19)

where ¢; to c;p were 10 coefficients with the values of 13.758,
—-0.587, 0.05, —4.186, 0.262, 0.024, —0.032, 0.003, —0.359 and
0.037. It is essentially a logarithmic rational expression. A conclu-
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Fig. 2. A comparison of the deformation of a RBC transiting through a narrow microchannel: experimental observations (Li et al., 2007) (a-d), previous numerical simulations
(Xiao et al., 2014) (c-h) and our present results (i-1), where the RBC shapes in each row are taken at a similar position in the microchannel.
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Fig. 3. A comparison of the deformed shapes of five RBCs flowing through a stenosed microchannel: our results (a-f) at ¢t = 0, 0.04, 0.14, 0.24, 0.34 and 0.41 ms, and those
obtained by Polwaththe-Gallage et al. (2016a) (g-1) at t=0, 0.1, 0.2, 0.3, 0.4 and 0.47 ms, respectively.
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Fig. 4. Evolutions of (a) deformation index (DI) and (b) mean velocity (z.) of five RBCs with time t, where DI is defined as the ratio of the length of RBC along the flow direction

to its width.

Fig. 5. Fitting of the transit time T to the shear modulus Es and the bending
modulus E, where the dots are the numerical results, and the surface is the fitting
result.

sion is drawn from Eq. (19) that it is impossible to obtain the shear
and bending moduli simultaneously, from only one given transit

time. However, if one of parameters (E; or Es) is known, we can
obtain the expression of the transit time with respect to the other

parameter, T:f(&) or T:f(f:',;). For example, fixing Ez =50
yields

2.829 — 0.597 InEs + 0.05 In E2

T - = (20)
0.163 — 0.032InEs 4 0.003 In E2

and fixing Es = 1448 does

7 _ 12,061 —4.1861nEp + 0.2621InE3 + 0.0241n E} 21

0.926 — 0.3591nE; + 0.037 In E2

These results were somewhat different with the results obtained by
the single-factor analysis in our previous work (Ye et al., 2018b), as

shown in Fig. S1 in the Supplementary Material. Especially for the
relationship between T and Ejz there was a fluctuation near
Ez =250 for the transit time obtained by the two-factor analysis.
This fluctuation became more obvious as the shear modulus
increased further, as shown in Fig. 5. To explain this in details, we
took the fixed shear modulus Es = 72400 for example, because the
fluctuation was very obvious at this value. The transit time
increased as E; increased from 50 to 200, but decreased as Ej, further
increased to 3000, such that a fluctuation was formed. As we know,
the cell lost the deformability as the bending modulus increased.
We observed in our simulations that the cell was folded through
the constriction at Ez < 200, but tilted through the constriction at
Ez > 500. These observations can be seen in the Supplementary
Material, which provided the detailed motion and deformation of
the cell with the different shear and bending moduli through the
constriction. Hence, at £ < 200, the cell became more and more dif-
ficult to be folded with increasing Ej, resulting in an increase in the
transit time. As Ej further increased from 500, however, it tilted
more and more, leading to a decrease of the transit time. The fluc-
tuation was mainly attributed to the cell deformability, which, in
turn, influenced the motion of the cell through a constriction by
either a folded or a tilted shape. Since the shear modulus also affects
on the cell deformability, this fluctuation should depend on the
cell's shear modulus as well. It was noted that the fluctuation
became less and less obvious as the shear modulus decreased,
and there was no fluctuation formed at Es = 24, as shown in Fig. 5.

3.3. Chip serialization

In our previous work (Ye et al., 2018b), we suggested that a chip
serialization can help in increasing the sensitivity of transit time to
the variation of mechanical properties. In this section, we imple-
mented the chip serialization and studied the sensitivity of transit
time. For this purpose, the unit element in Fig. 1(b) was lengthened
to three times, and the fluid properties were same as those in the pre-
vious section. The cell properties were set as: Es = 6.0 x 10°® N/m,
Ez=24x10"], Ep=6x10"*N/m. Thus, the dimensionless
groups were: Ca =0.1667, Ez = 0.003 and Ep = 100.

Fig. 6 shows the motion and deformation of the cell in this seri-
alized chip. The cell deformed into a square parachute shape from a
biconcave shape, before entering the first constriction, and then
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Fig. 6. Motion and deformation of a cell in the serialized chip with three unit elements, where the snapshots from left to right are taken from t =0 to 28.31 ms with the
interval of about 1.416 ms, and the the ruler below the figure indicates the microchannel position.

was folded to pass through that constriction. After passing through
the first constriction completely, the cell quickly recovered the
square parachute shape, ready to pass through the second constric-
tion. A similar deformation occurred for the rest constrictions.
Fig. 7 shows a quantitative analysis of the cell deformation, which
was measured by the asphericity, defined as (Noguchi and
Gompper, 2005),

1 [ -BP =B+ (5 - 1)
2 (h+L+15)

T : (22)

where I,,I; and I; were the principal moment of inertia of the
equivalent ellipsoid. A general rule is that the rounder the cell,
the smaller its asphericity, and it is zero if the cell is deformed into
a spherical shape. The asphericity 7 in Fig. 7 decreased first, because
the cell deformed from the biconcave to the square parachute,
becoming somewhat rounder. Then, three peaks appeared, and each
of them corresponded to the cell passing through a constriction.
When the cell approached to the constriction, the asphericity was
relatively small due to the cell having a square parachute shape.
As the cell was squeezed into the constriction, it was folded and
elongated severely so that its asphericity started to increase. Once
the cell left from the constriction, it quickly recovered the square
parachute shape and thus the asphericity decreased quickly. Hence,
a peak was formed. These three peaks were found to have almost
the same profiles, meaning that the cell experienced a similar defor-
mation when passing through the three constrictions. This caused
the cell to have a similar transit time, T=16.365, 16.654 and
16.671, respectively. An increasing trend was noted, although its
increment was very small. Moreover, the cell was slightly tilted
after it exited from the third constriction. This tilted RBC did not
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0.01 T T T T T
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Fig. 7. Asphericity 7 of the cell through three constrictions, where X, refers to the
cell centroid and scaled by I'.

have enough time to recover its non-tilted shape before crossing
from the third constriction to the fourth one, as shown in Fig. S2
in the Supplementary Material, where the serialized chip with five
unit elements was considered for examining further the behaviors
of exiting cell from the third constriction. The cell assumed a more
favorable shape through the fourth constriction, leading to the
decrease of the transit time to 16.147. Until the cell exited from

the fifth constriction with T = 15.694, its shape was almost recov-
ered to a non-tilted shape. The decrease of the transit time, caused
by the cell having not enough time to recover its original shape, was
also observed in the work of Shirai et al. (2003) and Bow et al.
(2011). It might be suggested that the cell possibly assumed a peri-
odic cycle on its deformation between a non-tilted and a tilted
shape, when it passed through successive constrictions. This might
cause the other periodic cycle of the cell transit time with an
increasing first and then a decreasing trend. The average transit
time of a cell through successive constrictions can thus serve as
an indicator of mechanical properties of cell. If the average transit
time has a difference of 0.1 ms for two cells with the different
mechanical properties through a unit element, the difference will
be enlarged to about 10 ms if 100 unit elements are serialized.
Hence, the chip serialization can significantly increase the sensitiv-
ity of the cell transit time with respect to its mechanical properties.

3.4. Flow velocity

Past studies have demonstrated that the flow velocity is a key
determinant of the cell transit time through a constriction; this
has not been covered in our previous work (Ye et al., 2018b). In this
section, we examined the effect of the flow velocity. The cell and
fluid properties were same as those in the previous section. How-
ever, the external acceleration g was set as three different values:
(54.32, 0, 0), (271.6, 0, 0) and (679, 0, 0) m/s?, which generated the
mean velocities v, of about 0.002, 0.01 and 0.05 m/s, respectively,
in the unconstricted part of the microchannel. Thus, the dimen-
sionless groups were: Ca =0.033, 0.167 and 0.833 for these three
cases, respectively; Ez = 0.003 and Ep = 100 in all three cases.

Fig. 8(a)-(c) shows the motion and deformation of the cell sub-
jected to the different velocities of flow. As expected, the larger the
flow velocity, the stronger the impact of flow was on the cell, and
the more pronounced the cell deformation. Especially, the cell
became more and more rounder with increasing the flow velocity,
causing the asphericity to decrease, as shown in Fig. 8(d). The tran-
sit time T were 90.273, 16.365 and 3.168 under these three veloc-
ities, respectively. The flow velocity increased by 5 times, but the
observed transit time did not decrease by 5 times. This implies that
the transit time is not proportional to the flow velocity.

If a serialized chip was considered, the transit time T were
90.273, 88.851 and 78.22 for the cell through three constrictions,
respectively, at v, =0.002m/s. A significant decrease was
observed for these three transit time. This was because the cell pre-
ferred a tilted deformation at a low velocity (Kaoui et al., 2009),
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Fig. 8. Motion and deformation of the cell subject to the different mean flow velocities, v, = 0.002 (a), 0.01 (b) and 0.05 (c) m/s, where the snapshots are taken at similar

positions along the microchannel, and the corresponding asphericities (d).

and this tilted deformation had not enough time to recover into a
non-tilted shape before encountering the next constriction. At
vm = 0.05 m/s, the transit time T were 3.168, 3.19, 3.151, 3.196,
3.231, 3.215, 3.192 and 3.176 for the cell through eight successive
constrictions, respectively. These values were quite similar,
because the cell preferred a non-tilted deformation at a high veloc-
ity (Kaoui et al., 2009). Hence, a flow with a high mean velocity
helped in promoting the chip throughput, and also in providing
more accurate average transit time of a cell through a serialized
chip. At v, =0.05 m/s, a cell needs about 2 ms to pass through a
unit element (where the hematocrit is about 1%), such that there
are about 300,000 cells analyzed in 10 min.

3.5. Heterogeneous multiple cells

Bow et al. (2011) suggested that the microfluidic devices, such
as those considered here (Fig. 1), are especially suitable to charac-
terize mechanical properties of heterogeneous cells. In this section,
we considered multiple cells with mixed healthy and unhealthy

cells. Both the healthy and unhealthy cells had the same geometri-
cal and physical properties, except for their shear moduli. The

shear modulus was 6.0 x 10°® N/m for the healthy cell, but

3.5 x 107> N/m for the unhealthy one. The former value may repre-
sent a healthy RBC, while the latter one may represent a malaria-
infected RBC (Ye et al., 2013). We considered five cases with 2, 3,
5, 8 and 10 cells, respectively. Each case included two simulations;
one has no unhealthy cells, and the other has only one unhealthy
cell. Then, we compared the transit time between two simulations
in each case, for examining the ability of the device in identifying
heterogeneous cells.

Fig. 9 shows the motion and deformation of homogeneous and
heterogeneous cells through a constriction, from which the follow-
ing remarks can be drawn: (i) The motion and deformation
between the homogeneous and heterogeneous cells were quite
similar. This was also found from the two-dimensional cross-
sectional shape of deformed cells, as shown in Fig. S3 in the Sup-
plementary Material. Moreover, the average asphericities were
quite similar between the homogeneous and heterogeneous cells,

Fig. 9. Motion and deformation of homogeneous (a-e) and heterogeneous (f-j) cells: 2 (a and f), 3 (b and g), 5 (c and h), 8 (d and i) and 10 (e and f), where the cell in red

represents the healthy cell, and in blue represents the unhealthy one.
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Fig. 10. Average asphericities (a) and average transit time (b) of the homogeneous and heterogeneous cells, where Npc and Nic refer to the number of healthy and

unhealthy cells, respectively.

as shown in Fig. 10(a). (ii) The cell deformation decreased as the
cell number was increased, whether the cells were homogeneous
or heterogeneous. This was also obtained from the average
asphericities of the cells in Fig. 10(a), where the variation of the
average asphericity decreased with increasing cell number, for
both the homogeneous and heterogeneous cases. The reason for
this was basically that the flow mean velocity decreased as the cell
number increased. (iii) The trailing cell became difficult to be
folded inward with increasing the cell number, before entering
the constriction. Especially for N¢; = 10, the trailing cell was even
folded outward, as shown in Fig. 9 (e) and (j). This was attributed to
the intercellular interaction. As the cell number was increased, the
cells moved through the constriction slowly; the intercellular dis-
tance became small enough, so that a repulsion happened on two
neighbouring cells, causing the trailing cell to be folded outward.

The transit time was different between the homogeneous and
heterogeneous cells, although their deformation was found to be
similar, as shown in Fig. 10(b). There were two remarkable phe-
nomena observed: (i) that the average transit time increased with
increasing the cell number. This was because the flow velocity
decreased as the cell number increased. (ii) The transit time for
the heterogeneous cells with only one unhealthy cell was larger
than that for the homogeneous cells, at a constant cell number.
This showed the ability of the designed microchip in characterizing
the mechanical properties of heterogeneous cells, even when only
one unhealthy cell is included.

4. Conclusions

We investigated numerically a microfluidic chip based on our
previous work (Ye et al., 2018b) in its ability to measure cell’s
mechanical properties of cells, and further examined its perfor-
mance. We adopted a particle-based numerical method, smoothed
dissipative particle dynamics (SDPD), to model the fluid flow, and
an immersed boundary method (IBM) to handle the fluid-cell
interactions. This combination between SDPD and IBM allowed
cells in complex microchannels to be analyzed (Ye et al., 2017b).
Two validation studies were then carried out, showing reasonable
agreements between our results and the previously-published
results (Li et al, 2007; Xiao et al., 2014; Polwaththe-Gallage
et al., 2016b). Besides, we pointed out that the numerical model
proposed in this work cannot be applicable to nucleated cells,
because the interaction is not taken into account between the
membrane and nucleus of a cell.

The dependence of the transit time on the cell’s shear and bend-
ing moduli were tested. If one of mechanical properties (shear or
bending modulus) was known, the other can be inferred from the
transit time. In order to promote the chip sensitivity, we then car-
ried out a serialization of the chip by periodically arranging a single
constriction along the flow direction. The results showed that this
operation greatly increased the chip sensitivity. We then studied
the effect of the flow velocity on the transit time. The flow with
a higher velocity helped to promote the chip throughput, and also
to provide more accurate transit time, because a cell preferred a
symmetric deformation under a high velocity. Finally, we exam-
ined the chip ability on identifying the heterogeneous cells with
different mechanical properties, and the results showed that the
designed microfluidic chip was indeed capable of identifying
heterogeneous cells, even when only one unhealthy cell is
included.
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