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ABSTRACT: Single-cell analysis techniques have been developed as a valuable bioanalytical tool
for elucidating cellular heterogeneity at genomic, proteomic, and cellular levels. Cell manipulation
is an indispensable process for single-cell analysis. Digital microfluidics (DMF) is an important
platform for conducting cell manipulation and single-cell analysis in a high-throughput fashion.
However, the manipulation of single cells in DMF has not been quantitatively studied so far. In
this article, we investigate the interaction of a single microparticle with a liquid droplet on a flat
substrate using numerical simulations. The droplet is driven by capillary force generated from the
wettability gradient of the substrate. Considering the Brownian motion of microparticles, we
utilize many-body dissipative particle dynamics (MDPD), an off-lattice mesoscopic simulation
technique, in this numerical study. The manipulation processes (including pickup, transport, and
drop-off) of a single microparticle with a liquid droplet are simulated. Parametric studies are
conducted to investigate the effects on the manipulation processes from the droplet size, 0
wettability gradient, wetting properties of the microparticle, and particle—substrate friction
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coefficients. The numerical results show that the pickup, transport, and drop-off processes can be precisely controlled by these
parameters. On the basis of the numerical results, a trap-free delivery of a hydrophobic microparticle to a destination on the
substrate is demonstrated in the numerical simulations. The numerical results not only provide a fundamental understanding of
interactions among the microparticle, the droplet, and the substrate but also demonstrate a new technique for the trap-free
immobilization of single hydrophobic microparticles in the DMF design. Finally, our numerical method also provides a powerful
design and optimization tool for the manipulation of microparticles in DMF systems.

I. INTRODUCTION

Single-cell analysis (SCA) has attracted increased research
interest because of its capability to decipher individual cells at
genomic, proteomic, and cellular levels within a heterogeneous
cell population.' ™ The manipulation of individual cells in a
small volume of liquid is of critical importance in SCA,* and
digital microfluidics (DMF) is an emerging liquid-handling
technology that enables precise control of individual picoliter
liquid droplets and the manipulation of isolated cells in a high-
throughput fashion.”™”

Currently, the design of DMF for the manipulation of
individual cells is mainly based on a trial-and-error method. The
fundamental understanding of interactions among micro-
particles (including cells), droplets, and substrates is of critical
importance to the design and optimization of the DMF system
for the SCA. Without considering the manipulation of
microparticles, the flow dynamics in the DMF system has
been studied extensively in both experiments and numerical
simulations. Moumen et al.® performed experiments on the
motion of droplets on a horizontal surface with a wettability
gradient and found that the velocity of a droplet was a strong
function of position along the wettability gradient. Kinoshita et
al” and Lu et al.'” used microparticle image velocimetry (u-
PIV) for the internal flow measurement of a droplet and
reconstructed the 3D velocity field from the 2D u-PIV
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experimental data. Ma et al.'' reported an experimental
investigation of a flow field inside droplets, showing that the
capillary number and droplet geometry had no effect on the
observed flow dynamics. Except for experimental studies, the
flow dynamics in DMF systems has been studied numerically
using many-body dissipative particle dynamics (MDPD),"*"" a
special form of the dissipative particle dynamics (DPD) method
with a consideration of liquid—vapor coexistence.”’” DPD is a
particle-based mesoscopic simulation method that is similar to
coarse-grained molecular dynamics (MD) simulations. How-
ever, compared to MD simulations, the DPD approach can
capture physical phenomena occurring on temporal and spatial
scales many orders of magnitude larger. Also, unlike the
continuous deterministic approach based on the Navier—Stokes
solver, DPD is a stochastic approach that can take the Brownian
motion of fluid/solid particles into account.

While the manipulation of liquid droplets has been
extensively studied, the manipulation of microparticles with
liquid droplets has not been quantitatively studied so far. To fill
this knowledge gap, we conduct a numerical study of the
manipulation of single microparticles with a liquid droplet
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driven by the capillary force generated from the wettability
gradient of the substrate. To consider the moving triple line
and the Brownian motion of microparticles, we utilize MDPD
to investigate the interaction of a single microparticle with a
liquid droplet on a flat substrate. We will mainly focus on the
manipulation processes of a single microparticle with a droplet,
including pickup, transportation, and drop-off. The rest of this
article is organized as follows: the algorithms of DPD and
MDPD approaches are described in section II; the numerical
results on the manipulation of the microparticle are shown in
section III, followed by conclusions given in section IV.

Il. NUMERICAL METHOD

In this section, we describe the DPD and MDPD methods, the
modeling of the wettability gradient in MDPD, and the
modeling of a microparticle and its interaction with the
substrate.

II.1. Algorithms of DPD and MDPD. DPD is a mesh-free
particle-based method in which the fluid is modeled as a group
of beads.”’ The motion of DPD beads is governed by Newton’s
second law given by
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wp, and wy are weight functions for conservative, dissipative,
and random forces, respectively. ¢; is the Gaussian white noise
with zero mean and unit variance. @, y, and ¢ are the
amplitudes of conservative, dissipative, and random forces,
respectively. The dissipative and random forces act as a
thermostat if the weight functions and amplitudes are chosen to
obey the fluctuation—dissipation theorem””
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where kg is the Boltzmann constant and T is the temperature of
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To consider liquid—vapor coexistence, Warren™’ proposed a
MDPD method. In the MDPD approach, the density-
dependent conservative force was introduced empirically with
a cutoft range of ry = 0.75r,

N

c _ o, =
E~= Aijwc("ij) + Bij(p,- + /)]) wd("i,‘) (10)
where A; and B; are amplitudes of attractive and repulsive
forces, respectively, and
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a)d(rij) =

0, (r>ry) (11)

The repulsive part depends on a weighted average of bead
density, and the attractive part is density-independent. The
density for each bead is defined as*’

p = Z 18/ (1 = rij/rd)z
i (12)

The MDPD parameters are chosen from previous stud-
ies,">'%?Y a5 listed in Table 1. In this table, By represents the

Table 1. Computational Parameters Used in MDPD
Simulations

parameters symbol value
fluid bead density p 6.00
cut-off radius of attractive force re 1.00
cut-off radius of repulsive force rq 0.75
amplitude of random force ] 6.00
attraction parameter Ay —40.00
repulsion parameter By = By, 25.00
time step At 0.01

repulsion between liquid (1) beads, while By, represents the
repulsion between the substrate wall (w) and liquid (1) beads.
In the present work, dimensionless variables are introduced to
carry out the simulations and interpret the results. In particular,
a solid microparticle of 10 ym is considered, and the length of
the MDPD system is normalized by L 10 pm. The
corresponding mass unit is m = 1.67 X 107" kg at a particle
number density of p = 6.0, which gives a liquid density of 1.0 X
10° kg/m’. The time unit is chosen as t = 4.15 us so that the
surface tension ¢ = 7.53 in the MDPD system corresponds to a
liquid—vapor surface tension of 0.073 N/m. Unless otherwise
specified, all of the variables in the present article are
normalized by the length, mass, and time units, and the results
are interpreted in reduced units.

I1.2. Modeling of the Wettability Gradient. The droplet
is driven by the capillary force generated from the wettability
gradient of the substrate. The wettability of the substrate wall
surface is characterized by a contact angle @ ranging from 0 to
180°. When @ is less than 90°, the surface is hydrophilic.
Otherwise, it is hydrophobic. In MDPD, the wettability
property is modeled by an attraction parameter A;, between
a liquid bead from the droplet and a solid bead from the
substrate. To build the relationship between the static contact
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angle 0 and attraction parameter A, we conduct numerical
simulations of a droplet with a radius of 12 resting on a
substrate with a flat wall surface. In the MDPD simulations, the
substrate is composed of three layers of frozen solid beads. A
periodic boundary condition is applied in both the x and y
horizontal directions that are parallel to the substrate surface.
To avoid the penetration of liquid beads into the substrate, a
bounce-forward reflection boundary condition is used for the
interface between the droplet and the substrate. The temporal
integration of MDPD equations is performed using a modified
velocity Verlet algorithm.”' Compared to the forces in eq 2, the
gravitational force is negligible. All other parameters are
specified in Table 1. In total, 16 cases with A}, spanning
from —22 to —7 with an increment of 1 are considered. For
each case, the contact angle of the droplet is calculated on the
basis of the convergent results. Figure 1 shows the relation of
versus Ay,.

160F =
leo_ L /__/—/-, J,
= 80} T/ [ )
40t
20 16 12 8
Al\\

Figure 1. Relationship between static contact angle € and liquid wall
interaction parameter Ajy,. An error bar is not shown since the error is
always less than 1%.

The substrate surface is hydrophilic if Ay, is less than —17.18.
It becomes hydrophobic if Ay, is greater than —17.18. On the
basis of the results shown in Figure 1, a location-dependent Ay,
is specially designed to make contact angle 6 change linearly in
the x direction

—8.77,x <
“ 00 - Hf
A, =4-121 - \/57.08 + 330" (x — xy), %y < x < x
¢ — %o)
—21.71,x > x;

(13)
where x; and «; are the initial position (hydrophobic end) and
final position (hydrophilic end) of the region with the
wettability gradient. Figure 2 shows the shapes of a droplet at
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Figure 2. Motion of a liquid droplet on a substrate with a wettability
gradient.

the hydrophobic end with static contact angle 6, = 150° and at
the hydrophilic end with static contact angle 6 = 40°
respectively. When a droplet is placed between x, and x5 a
capillary force will be generated due to the asymmetric contact
angle across the droplet.””~*> Consequently, the droplet will be
driven along the decreasing contact angle direction. The
validation of MDPD modeling of a droplet driven by a
wettability gradient was reported in our previous work.'® Here,
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we extend the MDPD model to the study of the manipulation
of single microparticles with a droplet.

I1.3. Modeling of Microparticles. In DPD simulations
involving liquid/solid interactions, both liquid and solid are
modeled as soft beads that allow overlap and penetration
between different beads. There are two schemes reported in the
literature to avoid the penetration of liquid beads into solid
microparticles. The first scheme is to configure solid DPD
beads in a face-centered-cubic (fcc) lattice via rigid or
superstrong bonds.”*"*’ The fcc lattice constant of the solid
beads is adjusted to avoid the undesirable penetration of liquid
beads into the solid ones. The second scheme is to model the
microparticle as a hollow sphere with sufficient density of solid
beads packed on the surface. The high density of solid beads
can efficiently repel liquid beads from penetrating the
microparticles.”””'

However, in the MDPD approach, there is an attractive force
between liquid beads and solid microparticle based on eq 10.
The attractive force can always induce some penetration of
liquid beads into the microparticle. To solve this problem, we
uniformly configure 612 solid beads on the microsphere surface
and apply a specular reflection boundary condition at the
liquid-microsphere interface.*> Once a liquid bead penetrates
the microparticle, the liquid bead is specularly reflected back
from the microparticle surface. The microparticle moves as a
rigid sphere, and the motion can be decomposed into two
independent modes: translation and rotation, which can be
determined by the total force and torque exerted on the entire
microparticle. After the total force and torque acting on the
entire microparticle are calculated by summing forces and
torques on each bead composing the microparticle, the
translational motion and rotational motion of the microparticle
are integrated independently.’>**

After dealing with interactions between liquid beads and
microparticles in the MDPD scheme, we need to model the
interaction between the microparticle and the substrate surface.
On the basis of a solid—solid contact model reported by
Johnson et al.,>> we assume that the substrate material is elastic
and the spherical microparticle is rigid. The depth of
indentation d,, is related to the load (normal force) by

1/3
din = [ ]
(14)

where F,,...; is the normal force, E is the elastic modulus of the
substrate, and R; is the radius of a solid microparticle. The
microparticle is attached to the wall due to the adhesion force
that is determined by summing all of the forces exerted on the
microparticle beads from the substrate. This adhesion force is
balanced by the normal force that is determined from the
elastic indentation of the substrate (eq 14). Meanwhile, once
there is contact with the substrate wall, the rolling motion
around the contact point will replace the free rotational motion
for a suspended microparticle. Rolling friction force and kinetic
friction force on microparticles are taken into consideration by
multiplying the normal force with a rolling friction coefficient f,
and a static friction coefficient f,, respectively.

Il.4. Configuration and Parameters of MDPD Simu-
lations. After the numerical model is built, the interactions
among the liquid droplet (1), the substrate wall (w), and solid
microparticle (s) can be simulated, with the initial setup at t = 0
shown in Figure 3. Ry is the radius of the liquid droplet, R is the
radius of solid microparticle, and d is the initial distance

9F 2

normal

16R E*

DOI: 10.1021/acs.langmuir.5b02011
Langmuir 2015, 31, 9636—9645


http://dx.doi.org/10.1021/acs.langmuir.5b02011
http://pubs.acs.org/action/showImage?doi=10.1021/acs.langmuir.5b02011&iName=master.img-001.jpg&w=156&h=72
http://pubs.acs.org/action/showImage?doi=10.1021/acs.langmuir.5b02011&iName=master.img-002.jpg&w=239&h=53

Langmuir

Solid Microparticle

Figure 3. Initial setup of the liquid droplet (blue) and solid
microparticle (green) resting on the substrate (red). d is the initial
distance between the droplet and microparticle.

between the droplet and microparticle. The simulations are
performed in a three-dimensional computational domain of size
150 (x) X 70 (y) X 20 (z). The origin point is set at the center
of the computational domain. The starting position of the
wettability gradient region is set as x, = —40, which is also the
initial position of the liquid droplet center. The wall surface is
set at z = —10, and other unchanged parameters are shown in
Table 2. Besides these parameters mentioned above, the effects

Table 2. Parameters for Modeling the Microparticle and
Wettability Gradient

parameters symbol value
elastic modulus of wall E 1.0 x 10°
initial position of liquid droplet Xy —40.0
attraction parameter with the substrate wall A, -1.0
repulsion parameter with liquid By 3.0
radius of solid microparticle R 1.0
contact angle at hydrophobic end 6, 150.0°
contact angle at hydrophilic end [ 40.0°
initial distance between droplet and microparticle d 10.0

of remaining parameters on the manipulation of microparticle
are investigated through parametric studies. These parameters
include the droplet radius Ry, friction coefficients f, and f,
wettability gradient (by changing end position ), and
attraction parameter between liquid beads and microparticle
beads Ay, which determines the wettability of the microparticle.
The simulation results are discussed in the next section.

lll. RESULTS AND DISCUSSION

At first, a baseline case for the pickup and transport of a
hydrophobic microparticle by a droplet is simulated and
analyzed in subsection IIL.1. Here are parameters used in the
baseline case: droplet radius Ry = S, wettability of the
microparticle beads A;; = —15, rolling friction coefficient f, =
0.1, static friction coefficient f; = 0.2, wettability gradient region
end position x; = 40, initial location of the droplet x = —40, and
initial location of the microparticle x = —30. Then, we change
one parameter and fix all other parameters as those in the
baseline case to study the effects on the pickup and transport
process from different parameters. The results are discussed in
subsection II1.2. After that, the microparticle drop-off process is
studied in subsection IIL3. Finally, a controlled trap-free
delivery of hydrophobic microparticle is demonstrated in
subsection IIL.4. For the convenience of discussion, reduced
units are used.

lll.1. Pickup and Transport of a Single Microparticle.
The flow physics in the manipulation of the droplet driven by
the wettability gradient was reported in our previous work."
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Here we mainly focus on the manipulation of the microparticle.
Movie 01 in the Supporting Information shows the pickup and
transport process of the microparticle by the droplet in the
baseline case. When the droplet moves along the wettability-
increasing direction (x direction), its front side comes into
contact with the microparticle first. Then, the microparticle
gradually gets submerged in the droplet. Due to the adhesion
and friction between the microparticle and the substrate, the
microparticle remains on the substrate until most of the droplet
bypasses the microparticle. Finally, the microparticle is picked
up and transported by the droplet. Figure 4 shows the droplet

2
1= 1600 I

=80 1=3200 ¢=4800

-40 0 40

Figure 4. Shape and location of the droplet and microparticle at four
different times: t = 80, 1600, 3200, and 4800.

shape and position as well as microparticle position at four
different times: ¢t = 80, 1600, 3200, and 4800. At t = 80, the
microparticle is submerged in the droplet but remains at its
original position of x = —30. At t = 1600, 3200, 4800, the
microparticle is carried on by the droplet moving from the
hydrophobic to hydrophilic region. During the whole transport
process, the microparticle always stays near the vapor/liquid
interface in the receding region of the droplet and stays in
contact with the substrate. The simulation results on the
transport of a single hydrophobic microparticle are consistent
with the experimental observation of the transport of
superhydrophobic PTFE particles as reported by Zhao and
Cho.”” Due to the friction between the microparticle and
substrate, the droplet is significantly decelerated. Without the
microparticle, the travel time for the droplet from x = —40 to
40 is 2250. With the microparticle, the travel time increases to
4800. The travel time history of the microparticle sampled by
every 50 000 time steps (At = 0.01, tpye = S00) is shown in
Figure 5. It shows that the z position of the microparticle
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Figure S. Travel time history of the microparticle.

remains almost constant at z = —9 even though there is
oscillation due to the Brownian motion of the microparticle and
stochastic interaction between the droplet and the micro-
particle. The x-position curve of the microparticle is composed
of two segments: a concave (upward) segment and a convex
(concave downward) segment. The microparticle is accelerated
in the concave upward segment while it is decelerated in the
convex segment. There exists an inflection point between t =
2000 and 4000. After passing x = 40 at t = 4800, the velocity of
the droplet gradually decreases to zero due to friction and a lack
of driving force.
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lll.2. Effects of Different Factors on the Pickup and
Transport of the Microparticle. In this subsection, the
effects on the pickup and transport of the microparticle from
different parameters are studied and discussed. These
parameters include droplet radius R;, wettability gradient
(determined by x), attraction parameter Ay, and friction
coefficients f, and f..

Il1.2.1. Effect on the Transport of the Microparticle from
the Droplet Size. The effect of droplet size on the manipulation
of a single microparticle is discussed in this subsection. Figure 6

200 ;7 2
G R A 5
or v / R: =6
i e R,=7
B’ 00 —mmee R =8
= I i 5 i i I
2000 4000 6000 8000 10000

1

Figure 6. Time history of the microparticle position for different
droplet sizes.

shows the time history of microparticle movement (in term of
the x position of the microparticle center) at four different
droplet sizes, ie, R = S, 6, 7, and 8, respectively. The travel
time for the microparticle from x = —30 to 0 is shortened from
2317 to 1673, 1324, and 1140 as the droplet radius increases
from $ to 6, 7, and 8. This is because, for a larger droplet, the
difference in wettability across the droplet is larger due to a
larger contact surface between the droplet and substrate.'® For
R > 8, the effect on the manipulation of the microparticle from
the droplet size becomes negligible, which is not shown here.

I11.2.2. Effect on the Transport of the Micropatrticle from
the Wettability Gradient. The effect of different wettability
gradients is studied by varying the end position of the
wettability gradient region x; while maintaining static contact
angles 6, =150° and ¢ = 40°. Here, the initial positions of
microparticles for three different cases (x; = 0, 20, and 40) are
slightly adjusted to keep the same static contact angle of the
droplet when the droplet moves to these positions. The results
are shown in Figure 7. For all three cases, the microparticle is

40t P
20 L ; ’/.o" e
o g o s » - -
of LA
4 X;=40
20 22 X, =20
—~ =0
0 2000 3000 6000 8000
1

Figure 7. Time history of the microparticle position for different
wettability gradients.

successfully picked up by the droplet and transported to the
end of the wettability gradient region. For a higher wettability
gradient (or smaller x(), there is faster transport of the
microparticle due to a larger driving force exerted on the
droplet.

111.2.3. Effect on the Transport of the Micropatrticle from
the Wettability of the Micropatrticle. As shown in Figure 1, the
contact angle is 90° at A, = —17.18, and the surface wettability
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of the microparticle can be changed from hydrophobic to
hydrophilic by decreasing the value of Aj. Figure 8 shows the

4000 6000

{

2000

SUOUI

Figure 8. Time history of the microparticle x position with different
wettability parameters Ay

time history of the manipulation of the microparticle for five
different values of A, = —15, —16, —17, —18, and —19 (the
corresponding contact angles are 110°, 102°, 93.5°, 83.5°, and
72.5°, respectively). It is found that there is faster transport of
more hydrophilic microparticles. For A, = —19, the travel time
of a droplet with a microparticle over the whole region with a
wettability gradient is almost the same as that without the
microparticle.

To explain different transport times of the microparticles
with different wettabilities shown in Figure 8, the time history
of vertical (z) positions of the microparticle center is compared
in Figure 9 for different wettability parameters. It is found that

SsE meeae A, =-19
A=k
6F 1! sttt i 1
§ e A, =-16
kit A =-15
8L S T YN RS
o1t
0 2000 4000 6000 8000
i

Figure 9. Time history of z position of the microparticle center with
different wettability parameters. The inset shows that the microparticle
is lifted up from the substrate surface.

the final z positions of the microparticle center remain at z =
—9 for three cases with A;; < —17. For the two cases with Aj, =
—18 and —19, the final z positions of the microparticle center
are lifted up to z = —8. For these two cases, there is oscillation
in the z positions of the microparticle center due to Brownian
motions of the microparticle as well as stochastic interactions
with liquid beads. The inset of Figure 9 shows the shape of the
droplet and the relative position of the microparticle at t = 2000
for A, = —19. For Aj, = —19, there is a sudden rise in the z
position (up to z = —5.5) at t = 255, and then the microparticle
center gradually returns to about z = —8 and remains around
this level after t = 1000. For A;, = —18, there is also a similar
sudden rise in the microparticle in the z direction, but it occurs
much later at t = 1153. Before the microparticle is lifted up, it is
pulled forward on the substrate surface by the droplet. Because
the friction between the microparticle and the substrate lasts
longer in the A, = —18 case than in the A, = —19 case, there is
faster transport of the microparticle in the Ay = —19 case
(Figure 8). For A, = —15, —16, and —17, the microparticle
stays almost constant around z = —9, implying that it is always
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attached on the substrate surface. The time-averaged values of
the z position during the whole transport process are —9.00249
for A, = —15, —9.00216 for Aj, = —16, and —9.00170 for Aj, =
—17. The slightly higher z position for higher A;, (amplitudes of
attractive force in eq 10) results from a stronger attractive force
between the droplet and the microparticle. The overall
attractive force slightly lifts up the microparticle in the z
direction. Though the difference in z position is quite small for
three different cases, the small difference in z position can lead
to a large difference in the normal force due to the strong
elastic modulus of the substrate. The higher z position of the
microparticle will lead to a smaller normal force and a smaller
friction for the motion of the microparticle. Consequently, a
smaller friction will result in faster transport. This explains why
there is faster transport of the microparticle among the three
cases with A = —15, —16, and —17, as shown in Figure 8.
When Aj; decreases to less than —18, the attractive force
between the droplet and the microparticle is strong enough to
pull the microparticle away from the substrate surface, so the
friction between the microparticle and the substrate disappears.

Ill.2.4. Effect on the Transport of the Micropatrticle from
the Friction Coefficients. Six different combinations of f; (0.2,
0.4, 0.8, and 1.6) and f, (0.2, 0.4, and 0.8) are considered to
study the effect of friction forces on the manipulation of the
microparticle with a droplet, and all other parameters are same
as those in the baseline case. The time history of x positions of
the microparticle center for six cases is compared in Figure 10.

e £20,2, £=0.2 F=0.8, £=0.4
f=04,{=02 ———-—- {=0.8,{=08
— i P8 O f=1.6, £=0.8

20000
L

0 10000

30000

Figure 10. Variation of x position of the microparticle center with time
using different friction coefficients. The inset shows the positions of
the microparticle and droplet at t = 30 000 using f, = 1.6 and f, = 0.8.

The results show that there is a significant increase in the
transport time of the microparticle when static friction
coeflicient f, increases from 0.2 to 0.4, 0.8, and 1.6. For the
same f, (fixed at 04 or 0.8) the transport time of the
microparticle is slightly increased when the rolling friction
coefficient f, gets doubled either from 0.2 to 0.4 for f, = 0.4 or
from 04 to 0.8 for f, = 0.8. Because the manipulation of the
microparticle is much more sensitive to the change in f, than to
that in f,, only the effect of static friction coefficient f is
discussed in the following text.

In cases f, = 0.2, 0.4, and 0.8, the microparticle is picked up
and transported to the end of the wettability gradient region,
with more time used for a larger friction coefficient. When f; is
increased to 1.6, the microparticle is picked up by the droplet at
the beginning. However, during the transport process, the
microparticle is dropped off by the droplet and stays there with
a few liquid beads attached (inset of Figure 10). The drop-off of
the microparticle and the breakup of the droplet are related to
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the velocity of the droplet. There exists a threshold or critical
velocity of the cargo droplet. Below the critical velocity, the
droplet can carry the microparticle. Beyond the critical velocity,
the instantaneous acceleration of the microparticle is less than
that of the droplet, which will result in a velocity difference
between the microparticle and the droplet. Finally, the
microparticle is dropped off by the droplet, and some liquid
enveloping the microparticle is separated from the main droplet
and remains attached to the surface of the microparticle.
Because the controlled drop-off is important to the
manipulation of the microparticle, we will discuss the effect
of different factors on the drop-off of microparticle in the next
subsection.

ll.3. Effects of Different Factors on the Dropoff of the
Microparticle. In section I11.2, we find that the droplet size,
substrate wettability gradient, and microparticle wettability can
strongly influence the pickup and transport of microparticles.
As observed from Figure 10, strong friction (f; = 1.6) results in
the drop-off of the microparticle and breakup of the droplet. In
order to control this process, we conduct a parametric study in
order to achieve a better understanding of the drop-oft and
breakup mechanism, and the results are discussed below.

11.3.1. Effect on the Drop-Off of the Micropatrticle from the
Droplet Size. With fixed A, = —15, x¢ = 40, f, = 1.6, and f, = 0.8
and other parameters specified in Tables 1 and 2, we study the
drop-off process with four different radii of droplets: R, = 5, 6,
7, and 8. The results of transport processes for different radii of
droplets are compared in Figure 11. For all four cases, the

--------- R=5 ———— R~=7
20F R=6 ————— R=8
« Of o %
e s 4 1 g o e i A
/./
_20_ .// i
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Figure 11. Time history of microparticle transport with different
droplet sizes.

microparticle is dropped off before x = 40, where the wettability
gradient ends. As the droplet size increases, there is earlier
drop-off of the microparticle. This can be explained by the
results of transport processes shown in Figure 6. With
increasing droplet size, there is faster transport of the droplet
as well as the microparticle due to the larger driving force
generated from the wettability gradient. As a result, the critical
velocity for the drop-off is reached earlier. On the basis of these
results, the location where the microparticle is dropped off can
be predicted and controlled with well-designed parameters, as
implemented in the last section of this study.

11.3.2. Effect on the Drop-Off of the Micropatrticle from the
Wettability Gradient. With A, = —15,R; =5, f, = 1.6, and f, =
0.8 and other parameters specified in Tables 1 and 2, we study
the transport processes of the microparticle with three different
wettability gradients controlled by x; = 0, 20, and 40,
respectively. The results of microparticle transport processes
are compared in Figure 12. For the smallest wettability gradient
with x; = 40, the microparticle is dropped oft at x = 20. When
the wettability gradient increases, the drop-off position in terms
of x decreases. The microparticle is completely dropped off for
the two cases with x; = 0 and 40 (Figure 12). However, an
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Figure 12. Time history of microparticle transport processes for three
different wettability gradients. Inset (a): Satellite droplet attached to
the microparticle for case x; = 20 at t = 20 000. Inset (b): Satellite
droplet attached to the microparticle for case x; = 0 at t = 30 000.

interesting phenomenon is observed in the case with x; = 20.
After breaking up from the main droplet, the satellite droplet
that envelopes the microparticle continues to move the
microparticle toward the hydrophilic end at an extremely
slow speed. Inset (a) in Figure 12 shows the shape of the
satellite droplet for x; = 20, which is different from that shown
in inset (b) for x¢ = 0. The volume of the satellite droplet will
affect the controlled drop-off of the microparticle. When the
volume of the satellite droplet is considerably small, the
microparticle cannot be moved by the satellite droplet as shown
in inset (b) of Figure 12. However, the microparticle can be
moved by the satellite droplet if the volume of the satellite
droplet is large enough (as shown in inset (a) of Figure 12).
111.3.3. Effect on the Drop-Off of the Micropatrticle from the
Wettability of the Microparticle. With R, = 5, x; = 40, f, = 1.6,
and f, = 0.8 and other parameters specified in Tables 1 and 2,
we study the transport processes of the microparticle with four
different values of A, ie, —15, —16, —17, and —18 (the
corresponding contact angles are 110°, 102°, 93.5°, and 84.5°,
respectively). The results of transport processes of the
microparticle are compared in Figure 13. For both cases Aj, =
—18 and —17, there is no breakup of the droplet during the
transport processes. For the case with A, = —18, the
hydrophilic microparticle is pulled away from the surface of
the substrate so that the friction between the microparticle and
the substrate surface disappears (inset (a) in Figure 13). For

the case with Ay = —17, the microparticle remains in contact
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Figure 13. Time history of microparticle transport processes for
different values of parameter Aj. Inset (a): Relative position of the
microparticle and the droplet in the case of A;; = —18 at t = 1650. Inset
(b): Relative position of the microparticle and the droplet in the case
of A = —17 at t = 9050. Inset (c): Satellite droplet attached to the
microparticle in the case of A, = —16 at t = 25 500. Inset (d): Satellite
droplet attached to the microparticle in the case of A, = —1S5 at t =
29 500.

with the substrate surface and stays in the receding region of
the droplet during the transport process (inset (b) in Figure
13). Due to the friction between the microparticle and the
substrate surface for the case with A, = —17, it takes a much
longer time (7 times longer) for the microparticle to travel
from x = —30 to 40 compared to that for the A;; = —18 case.
For the slightly hydrophobic microparticle with A;, = —16 (6 =
102°), the breakup of the microparticle and droplet happens at
about the same x location but at an earlier time due to a larger
transport velocity as compared to that of case Aj, = —15 (Figure
13). The satellite droplet in the case with A;; = —16 continues
to move the microparticle toward the hydrophilic end at a very
slow speed (inset (c) in Figure 13). For the hydrophobic
microparticle with A, = —1S5 (6 = 110°), the volume of the
satellite droplet is so small that it is unable to move the
microparticle after separation from the main droplet. On the
basis of the results shown in Figure 13, we find that the
hydrophobic microparticles can be dropped off during the
transportation process. For slightly hydrophobic microparticles
(for example, A, = —16, € = 102°), the satellite droplet may
continue to carry the microparticle and move forward with the
driving force generated from the wettability gradient of the
substrate. For hydrophobic microparticles with contact angles
greater than 110° the microparticles enveloped by satellite
droplets will stay still on the substrate while the main droplet
moves away. These results can be applied to the controlled
trap-free delivery of hydrophobic microparticles, which is
discussed in the next section.

lll.4. Controlled Trap-Free Delivery of Hydrophobic
Microparticles. As discussed in previous subsections, the
transport and drop-off of the microparticle can be affected by
the droplet size, the wettability gradient of the substrate, and
also the wettability of the microparticle. On the basis of these
results, a trap-free delivery of a hydrophobic microparticle (A
= —15) to a destination on the substrate with droplet cargo is
demonstrated here. As in previous cases, the initial x positions
of the droplet and the microparticle are —40 and —30,
respectively. The designed location for the drop-off of the
microparticle is between x = —2 and 2. The droplet size is
chosen as R; = 5, and frictions are chosen as f, = 0.8 and f, = 0.4,
with other parameters the same as those specified in Tables 1
and 2.

To implement the controlled delivery of the microparticle,
the whole process is divided into two stages. In stage 1, the
droplet is driven in the x direction, and it picks up and
transports the microparticle to a destination near x = 0. In stage
2, the microparticle is separated from the droplet and remains
in the drop-off region (—2 < x < 2) while the droplet is moved
away. For each stage, the wettability gradient of the substrate is
specially designed.

In stage 1, wettability parameter Ay, is designed as

—16.66, x < —40
—1.21 — /420.11 4+ 454x, —40<x <0
W) -2171, 0<x <2
—1.21 — \/429.19 + 4.54x, x > 2
(15)
The corresponding distribution of the contact angle is shown in
Figure 14.

The key design of the wettability gradient of the substrate in
stage 1 is to have a V-shaped distribution of the contact angle
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Figure 14. Distribution of the contact angle along the substrate in two
stages.

with a valley near « 0 so that the droplet and the
microparticle will stop near x = 0. For x < —40, the contact
angle remains constant at 95°. In the region of —40 < x < 0, the
contact angle (¢) decreases linearly from 95° to 40°. A
moderate wettability gradient is applied here for two reasons:
(1) alarge wettability gradient may lead to an unintended early
drop-off of the microparticle before reaching its destination
(section I11.3.2); and (2) it takes a long time for controlled
delivery with a small wettability gradient that generates only a
weak capillary driving force. The reversed wettability gradient
for x > 2 is designed to generate a capillary force pointing in the
negative x direction, which functions as a break to stop the
droplet movement. With this design, the droplet center is
expected to stop at x = 1 due to the symmetry of the wettability
gradient about that position. Because the hydrophobic
microparticle tends to stay in the receding region of the
droplet, the stopping position of the microparticle is expected
to be around x = —1. The time assigned for stage 1 is 12 000,
which is much longer than the droplet travel time (~8000)
from x = —40 to 1. The extra-long time is to ensure that the
droplet and the microparticle will completely stop at their
designed locations.

The second stage is to separate the microparticle from the
droplet while the microparticle is kept at around x = 0 as the
droplet is moved away. On the basis of the results shown in
Figure 12, depending on the wettability gradient, the volume of
the satellite droplet that envelops the microparticle may be
large enough to continue to move the microparticle away from
the drop-off destination at around x = 0. This can be eliminated
by using a strong wettability gradient. With the above
consideration, a specially designed wettability distribution is
given in stage 2:

—877, x <2
A, =9-121 — J—15.53 + 36.30x,2 < x < 12
—2171, x> 12 (16)

The corresponding contact angle distribution is also plotted in
Figure 14. For x < 2, the contact angle remains constant at
150°. In the region of 2 < x < 12, the contact angle linearly
decrease from 150° to 40°. For such a high wettability gradient,
it is expected that the droplet will separate from the
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microparticle, and the satellite droplet enveloping the micro-
particle cannot move the microparticle due to its small volume.
The time for stage 2 is from 12 000 to 13 000, which is long
enough for the droplet to separate from the microparticle and
move away.

Here, we assume the switching time for the surface
wettability from stage 1 to stage 2 is extremely short so that
the droplet shape will not change during the switching time.
With this assumption, we conduct MDPD simulation for stages
1 and 2 while ignoring the switching time. The main purpose is
to demonstrate the controlled delivery of the microparticle to
the destination, including pickup, transport, and drop-off
processes. Movie 02 in the Supporting Information shows the
controlled delivery process based on the results of numerical
simulations. Figure 15 shows the time history of the
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Figure 15. Time history of the manipulation of the microparticle with
a droplet. Three insets show shapes and positions of the microparticle
and the droplet at three different times: (a) t = 9000, (b) ¢ = 12 100,
and (c) t = 12800. The droplet is shown in blue, and the solid
microparticle is shown in green.

microparticle position. Three insets in Figure 15 show the
shapes and positions of the microparticle and the droplet at
three different times (t = 9000, 12 100, and 13 000 for insets
(a—c), respectively). In stage 1, the microparticle is picked up
by the droplet and transported to position x = —2.3. At t =
9000, the droplet and the microparticle completely stop, and
their positions and status are shown in inset (a) of Figure 15. At
t = 12 000, the wettability gradient suddenly changes from stage
1 to stage 2. A strong wettability gradient is imposed to quickly
move away the droplet. Inset (b) in Figure 15 shows the status
of the droplet and microparticle near the end of the separation
at t = 12 100. The microparticle is dragged forward from x =
—2.3 to —L.5 before the separation. After that, the main droplet
moves while the microparticle enveloped by the satellite droplet
is dropped off at x = —1.5 (inset (c) in Figure 15). Using
precise control of the substrate wettability in two stages, we
successfully demonstrate a trap-free delivery of the hydrophobic
microparticle to a destination on the substrate with a droplet
cargo in the numerical simulation.

IV. CONCLUSIONS

In order to obtain a better understanding of the manipulation
mechanisms of a single cell in digital microfluidic (DMF)
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systems to facilitate single-cell analysis, we numerically studied
the interaction among a solid microparticle, a solid substrate,
and a liquid droplet using MDPD simulations. Driven by the
capillary force generated from the wettability gradient on a
substrate, the water droplet moves in the contact angle
decreasing direction. The droplet can be used as a cargo to
pick up, transport, and deliver a single microparticle to a
designated destination. We conducted parametric studies to
investigate the effects on the manipulation of the microparticle
from the droplet size, gradient of the wettability, wetting
properties of the microparticle, and particle—substrate friction
coefficients. The results show that the microparticle manipu-
lation processes are significantly affected by the droplet size,
wettability gradient on the substrate surface, and particle—
substrate friction coeflicients. Specifically, when the droplet size
is less than 8 times the microparticle size, the increase in the
droplet size will speed up the microparticle delivery process.
After the droplet size is more than 8 times the microparticle
size, the effects of the droplet size on the manipulation of the
microparticle become negligible. The wettability gradient
provides the driving force for the manipulation of the
microparticle, hence the increase in the wettability gradient
can speed up the manipulation of microparticles. However, the
increase in the particle—substrate friction coeflicients can lead
to unintentional drop-off of the microparticle during the
transport process. The drop-off of the microparticle can be
affected by the droplet size, the wettability gradient, and the
wettability of the microparticle. On the basis of the numerical
results, these sensitive parameters, including the droplet size,
the wettability gradient on the substrate surface, and particle—
substrate friction coeflicients, can be used to guide the optimal
design of DMF systems for the manipulation of single
microparticles.

It is also found that the relative positions of the microparticle
inside the droplet are different for hydrophobic and hydrophilic
microparticles during the manipulation processes. For a
hydrophobic microparticle, it remains in contact with the
substrate surface in the receding region of droplet, which
retards the transport process due to the friction between the
microparticle and the substrate. For a hydrophilic microparticle,
it is lifted up from the substrate surface so that the friction from
the substrate disappears. Due to this difference, different
strategies should be applied for the drop-oft or separation of the
microparticle from the droplet after the microparticle is
delivered to the designed destination. For a hydrophobic
microparticle, we demonstrated a trap-free delivery to a
destination on the substrate with a droplet cargo through
numerical simulations. The separation of a hydrophilic
microparticle from the droplet is much more complicated
than that of a hydrophobic microparticle, which will be a topic
for future study.

This article reports the first numerical study of the
manipulation of single microparticles with a droplet. The
numerical results provide a fundamental understanding of
interactions among the microparticle, the droplet, and the
substrate to facilitate the optimal design of a DMF system for
single-cell analysis. The MDPD method also provides a
valuable numerical tool that can be used to guide the optimal
design of DMF systems for the manipulation of microparticles.
In particular, the trap-free delivery of a hydrophobic micro-
particle is demonstrated through numerical simulations, which
provide a new technique for the manipulation of hydrophobic
microparticles in the DMF design.
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