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A number of physiological processes in living organisms involve the selective “catch and release” of
biomolecules. Inspired by these biological processes, we use computational modeling to design synthetic
systems that can controllably catch, transport, and release specific molecules within the surrounding solution,
and, thus, could be harnessed for effective separation processes within microfluidic devices. Our system
consists of an array of oscillating, microscopic fins that are anchored onto the floor of a microchannel and
immersed in a flowing bilayer fluid. The oscillations drive the fins to repeatedly extend into the upper fluid
and then tilt into the lower stream. The fins exhibit a specified wetting interaction with the fluids and specific
adhesive interactions with nanoparticles in the solution. With this setup, we determine conditions where the
oscillating fins can selectively bind, and thus, “catch” target nanoparticles within the upper fluid stream and
then release these particles into the lower stream. We isolate the effects of varying the wetting interaction
and the fins' oscillation modes on the effective extraction of target species from the upper stream. Our
findings provide fundamental insights into the system’s complex dynamics and yield guidelines for fabricating
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|. Introduction

A number of vital technological processes involve the selective
binding, transport and release of targeted species. For example,
such “catch and release” events are crucial for the detection
and separation of biomolecules,' ™ as well as the filtration and
purification of particulate-filled fluids. It remains, however,
a challenge to design effective small-scale devices that are
portable and thus, could be used at the point of care. In this
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devices for the detection and separation of target molecules from complex fluids.

context, microfluidics provides an optimal platform for such
systems. Ideally, these systems should encompass separate inlet
and outlet fluid streams so that the multiple components could be
introduced in one fluid and the targeted species could be collected
in another, separate fluid. The system also needs a smart “hook”
to selectively catch the targeted species. Finally, models that could
provide physical insight into the complex dynamic, multi-stage
phenomena occurring in these systems would be highly useful for
optimizing the performance of the device.

In recent studies,"'* we devised a hybrid, multi-component
system, where microscopic fins were partially embedded in a
stimuli-responsive gel. This composite was encased in a micro-
fluidic chamber where a pressure driven, two-phase fluid washed
over the entire system. The rhythmic motion of the gel layer
caused the embedded fins to move back and forth between the
top and bottom layers of the two fluid streams. The fins acted as
the smart hooks;'* namely, their movements were harnessed to
selectively bind and transport dissolved species in the top layer
and bring these species into the lower layer, where they were
collected and removed."* In this manner, the system provided an
effective device for performing ‘“catch and release” functions.

In the latter studies,'* we developed a computational model
to simulate the salient features of the experiments, tuning our
simulation parameters to capture the overall behavior of the
system. Using this model, we then predicted how to modify the
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experimental setup to improve the efficiency of the device and
found good agreement between our predictions and the experi-
mental results. In modeling the system, we assumed that
the interface between the two fluids remained flat, as was the
case in the experiments,'* due to specific features of the setup.
Here, we use the latter studies as a springboard to formulate a
new computational approach that allows us to consider more
general scenarios where wetting interactions along mobile,
microscopic solids affect the evolution of the fluids and the
motion of nanoscopic particulates dispersed within these
fluids. In this manner, we can focus on the complex dynamic
interactions occurring at the fin-fluid and fluid-fluid inter-
faces, and thereby, gain a greater understanding of factors that
can affect the selective trapping and release of the particulates.

Specifically, we now take into account the fact that fins can
cause perturbations to the fluid-fluid interface as they oscillate
between the layers. Moreover, we specify the wetting inter-
actions between the fins and fluids. Hence, the system can
encompass complex hydrodynamic interactions, which would
also affect the dispersion of particulates in the system. To the
best of our knowledge, this is the first computational model
to describe the dynamic behavior of systems containing all
the following: mobile fins with spatially-dependent wetting
properties, binary fluids with evolving interfaces, and mobile,
interactive nanoparticles. By accounting for this range of
phenomena, our approach can be adapted to model the mixing
and processing of a range of multi-component, multi-scale
systems, and thus, enhance our understanding of cooperative
interactions that can occur during the structural evolution of
the complex fluids.

As noted above, the gel in the “catch and release” device
provides the “muscle” that drives the oscillatory motion of the
embedded fins. Namely, this gel can be made to repeatedly
expand and contract by, for instance, altering the temperature®
or the pH'* of the fluid that washes over the system. As we
showed in previous studies,”*'* the contraction of the gel drives
the fins to dip away from the top fluid and extend into the lower
layer. Conversely, the expansion of the gel drives the fins to move
from the lower layer and extend into the upper fluid. (Alternatively,
fins could be actuated to undergo periodic oscillatory motion by
applying external magnetic fields.">™”)

Fig. 1 shows snapshots of the fins and the two immiscible
liquids forming the bilayer fluid. We model immiscible fluids
confined between two walls in order to simulate experiments
that encompassed organic and aqueous phases’® or two aqueous
phases that were maintained as separate streams in microfluidic
devices through the uses of distinct inlets and imposed flow."*
An imposed pressure gradient causes the fluid to flow from left
to right within the channel. The stimuli-responsive gel (not
shown) is assumed to form the underlying substrate. In the
studies described here, we introduce a binary particle mixture
in the upper fluid stream. This mixture includes adhesive and
non-adhesive particles; the adhesive species are the targeted
particles in these studies. Importantly, the adhesive particles
exhibit a preferential binding interaction with the portions of
the fins that extend into the upper fluid. It is through this
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favorable binding interaction that the fins can trap the targeted
particles. Experimentally, these favorable interactions could be
achieved by coating the fins with chemical entities carrying
recognition motifs, such as aptamers that bind to specific target
molecules."® As the fins are driven to move into the lower
solution, the bound target particles are brought into contact
with this fluid. Once localized in this bottom layer, the fin-
particle bond is broken and the particle is thereby released into
this lower stream. The latter action mimics the breakage of the
aptamer-target bond due, for example, to the denaturation of
the aptamers in the lower fluid (which can have a different pH
from the upper fluid and thus, promote this denaturation).*
Once the targeted particles are sequestered and released into the
lower stream, they can be collected from this fluid. Notably,
the aptamer denaturation is reversible,'® and hence, when the
aptamer-coated fin is driven into the upper stream by the
underlying gel, the fin sites in this upper fluid are once again
able to trap new target particles within this fluid.

The simulations described below are aimed at gaining
insight into factors that affect the efficiency and selectivity of
this catch and release device and thus, provide design rules for
optimizing the performance of the system. On a more general
level, the findings also reveal the intricate dynamic behavior
that arises from the interplay among the mobile particles, a
temporally evolving interface, the oscillating fins, the wetting
interactions between the fins and fluids, and the dynamically
changing binding interactions. We emphasize that such studies
also offer valuable insight into the properties of chemically
reactive mixtures that are subjected to imposed flows and modes
of mixing, as well as enhance our understanding of complex
hydrodynamic interactions occurring in multi-component
mixtures in confined geometries.

By integrating features of different computational models,
we formulate a new hybrid approach to simulate the range of
interactions encompassed in this multi-component, dynamic
system. In particular, we couple the lattice Boltzmann model
(LBM)***” for binary fluids with a stochastic differential equa-
tion for the motion of the nanoparticles and introduce fins that
are described as rigid rods anchored to a substrate. We also
incorporate the wetting interactions between the fins and the
fluids, as well as the adhesive interactions between the fins
and the particles in the solution. The approach is detailed in
the Methods section, where we also relate our simulation
parameters to physical values. Below, we describe the effects
of varying the wetting interactions between the oscillating fins
and the fluid, the number of particles in the system, and the
fins’ mode of oscillation.

19-32

ll. Methodology
A. Description of model

Our system encompasses an immiscible 50:50 AB binary
mixture that is driven by an imposed gradient pressure to
flow through a microchannel. This incompressible AB binary
mixture is characterized by the continuous order parameter,
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Fig. 1 Snapshots of the system, illustrating mechanism of oscillating fins “catching and releasing” particles within a binary blend. (a) The initial
morphology of the system with two types of particles, adhesive (in black) and nonadhesive (in white), randomly distributed in upper stream. The blend is
represented by the value of order parameter ¢(r) as illustrated by the color bar. The oscillating angle 0 varies from n/6 to n/2. (b) Fins catch adhesive
particles in the upper stream, where the fluid streamlines are shown in white at t = 3 x 10%. (c) Attached adhesive particles are released from fins when
immersed at t = 3.2 x 10°. (d) Late-time morphology of the system at t = 5 x 10°.

¢, defined as the difference between the local mass density of
the A and B components: ¢ = (pp — pg)/p, where p = p, + pp is
the total mass density of the fluid.'® The values ¢ = 1 and —1
correspond, respectively, to the A-rich (lower red) and B-rich
(upper blue) phase (see Fig. 1(a)).

An array of fins is submerged into this binary fluid stream
and is anchored to the floor of the microchannel. The fins
undergo externally driven oscillations. During the oscillations,
the fins reach into the upper fluid (B-rich phase) when they
are upright and are entirely immersed within the lower stream
(A-rich phase) when they are tilted. At the onset of the simula-
tions, we introduce a binary mixture of mobile nanoparticles
into the upper fluid: the black nanoparticles can adhere to the
fins, while the white particles are non-adhesive (Fig. 1(a)). The
portion of the fins that extend into the upper B stream can bind
the neighboring adhesive particles.

1376 | Soft Matter, 2016, 12, 1374-1384

The free energy functional that describes the nanoparticle-
filled AB binary mixture can be written as:"

F= ([ aver]ars e @

where Y,(¢, p) is the Landau-Ginzburg free energy for the
binary fluid and is given by:

U, p) = Splnp — 27 + 2% @)

The second term in the first integral characterizes the energy
penalty for creating spatial variations of the order parameter
and is thus related to the interfacial tension o = +/8ka?/9b2.
When the parameters a, b, and k are positive constants, the
binary mixture spontaneously phase-separates into A-rich and
B-rich domains with the interfacial width equal to ¢ = 51/x/2a.

This journal is © The Royal Society of Chemistry 2016
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The equilibrium value of the order parameters is ¢ = \/51/7 and
¢ = —+/a/b for A-rich and B-rich phases, respectively.

The second integral in eqn (1) represents the wetting inter-
actions at the fluid-solid boundaries that depend on the dis-
tribution of the order parameters on the interface ¢g Vq(¢s) =
—ho,>° where & is a tunable parameter that characterizes the
strength of the wetting interaction. The value of % is related to the
static contact angle 04:>">*

h = \2ibsgn(m/2 — 0)+/cos(x/3)(1 — cos(a/3)), (3)

where sgn(x) is the sign function and « = arccos(sin*0,). In our
system, we specify the wetting interactions between the follow-
ing: (1) the binary fluids and the top and bottom walls of the
microchannel, and (2) the binary fluids and the fins. By mini-
mizing the free energy functional (eqn (1)) with respect to the
order parameter at the boundary between the fins and the
binary mixture, we obtain the following boundary condition:*?

nVe = —h/, (4)

where n is the unit vector normal to the interface.
The temporal evolution of the order parameter is governed
by the following convection-diffusion equation:
0
X Vigu) = MV (5)
Here, M is the mobility of the order parameter, u is
the chemical potential related to the free energy functional:
u = OF/d¢ and u(rt) is the fluid velocity. The dynamics of
nanoparticle-filled fluid is described by the Navier-Stokes equation:

%pu) +V(puu) = =V - P+nVu+ G, (6)
where P is the pressure tensor and 7 is the viscosity of the fluid.
We impose no-slip boundary conditions on the moving fins and
the top and bottom walls and hence, in the absence of the fins,
the flow exhibits a parabolic profile.

The last term, G, arises from viscous drag acting on the
nanoparticles:*°

G (r) = = " 5(r — ) Fire 7)

Here, F9&/ = —([i;(f) — u(r;,t)] is the frictional drag force
on the ith nanoparticle with the friction coefficient being
{ = 6nnRy,. The radius of the nanoparticles is sufficiently small
(Rp = 0.096) that we model these species as tracer particles. The
dynamic behavior of these nanoparticles is governed by the
following stochastic differential equation:

dri(f) = u(r;, t)dr + /2D, dW;(2) +%[Ff.(l) + Fi ()]  (8)

The first term on the right-hand-side accounts for the drift
velocity due to the fluid motion. The second term represents
the random force acting on the ith particles and satisfies the
fluctuation-dissipation relation: (W (&) W;(t')) = 2k,TDyopo(t — t').
The term F{(¢) in eqn (8) represents the nanoparticle-nanoparticle
and nanoparticle-fin excluded volume interactions. This interaction

This journal is © The Royal Society of Chemistry 2016
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is modeled by the repulsive part of the Morse potential, which
has the following form:**

Ym(r) = (1 — exp[—2(r — 7)), ©)

where the values of ¢ and / define the strength and range of the
potential, and r. is the relevant equilibrium separation. The
parameter ,,(r) is repulsive if 7 < r, and attractive if r > r,; to
prevent the overlap between the particles, and between the
particles and fins, the potential for the excluded volume
interaction is applied when r < r.. The repulsive force is

derived from the relation F;(¢) = — V;, % V(i — 1j]), where r;
j#i

represents the center of mass of the nanoparticles or a site on

the fins, and V; = [0/0r; i + 8/0r;,j|. The force Fi(¢) in eqn (8)

accounts for the attractive interaction between the fins and

adhesive particles in the upper stream.

Driven by an externally applied force, the fins oscillate
between Oy, and Oy,ax, the respective minimum and maximum
angles formed between the fins and floor of the microchannel.
Given that the period of oscillations is T, the temporal variation
in the angle between the fins and floor is given by:

1 1 2nt
0(t) = i(emax+9min) — E(Qmax — Qmin)cos7 (10)

The corresponding angular velocity of the fins is given by

2
o(t) = E(Omax - Omin)sin%l; the value of ® is zero when 0(t)

T
reaches Opin, Or Omayx. Such oscillations could be realized experi-

mentally by applying an oscillatory magnetic field to magneto-
responsive fins. Alternatively, the fins could be embedded into
hydrogels that contract and expand due to changes in pH or
temperature;'® hence, periodic changes in the latter stimuli can
be utilized to drive the oscillation of the fins.

Recall that our aim is to determine the extent to which the
fins can selectively bind target species that are dispersed in
the upper solution. Here, the target species are modeled as the
adhesive particles and our goal is to determine the fraction of
these adhesive particles that the fins can ‘“catch” relative to the
total particles in the system. Specifically, the portion of the fin
that extends into the upper fluid can selectively bind the
adhesive nanoparticles; the non-adhesive particles do not bind
to the fins. To model this selective attraction, we introduce a
bond-like interaction between the adhesive nanoparticles and
the sites on the fins located in upper stream. In particular,
an attractive Morse potential with the same form as eqn (9)
and given by , = (1 — exp[—A(|r, — | — r)])* is applied when
re < |r, — r¢| < ry, where r, and r¢ are the respective positions
of the centers of the adhesive particles and the fin sites.”®
Consequently, the bond that forms has an effective length of
Iy = re + In2/A.%° If the separation between adhesive nano-
particles and the fins is greater than the bond length, i.e., when
|r, — 1¢| > 1, the above potential is no longer applied; when
[r, — 1] < 7., the excluded volume interaction described by
eqn (9) dominates. Importantly, an adhesive site on a fin
can form only a single bond with the adhesive nanoparticle.
Hence, the number of the adhesive sites effectively limits
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the maximum number of nanoparticles that can potentially be
collected by the fins. In the simulations below, we set the
parameters to the following values: 2 = 0.8, ¢ = 1.5 and r. = 1.2.
Eqn (4) and (6) are resolved by using the Lattice Boltzmann
method (LBM),”**” which has proven to be an efficient method
for modeling the complex fluid dynamics in systems that
encompass multiple length scales. Since the boundary condition
in eqn (4) is applied on the oscillatory fins, we therefore use a
computational method that combines the bounce-back scheme
and interpolations of the order parameter on the moving
boundary.”*° Consequently the conservation of the order para-
meter and linear momentum of the binary fluids is preserved.

B. Simulation setup and model parameters

In our simulations, we solve the governing equations on a two-
dimensional channel, with periodic boundary conditions
applied on the horizontal direction and bounce-back condi-
tions on the top and bottom of the channel. The channel size
is 40 x 150 in dimensionless units. While we carry out the
simulations in 2D, the model does capture fundamental
features of 3D experimental systems when, for example, the
fins are broad in the third dimension (i.e., into the page). The
static contact angle between the respective fluid and the walls
of the channel is set to 0% = n/3. The fins are 30 LB lattice
spacing units in length and the oscillation period T=1.5 x 10°.
The applied pressure gradient is fixed at P, = —5 x 107>,
The values of model parameters in eqn (1) and (2) are set to
a=>b=0.01 and k = 0.02. Hence, the width of interface is ¢ ~ 5,
and the interfacial tension is ¢ ~ 0.013. The fluid density is set
to p = 1, the dynamic viscosity of both fluids 1 = 1/6, and the
mobility of the order parameters M = 1.

Our simulation parameters can be related to their physical
values by using L, = n/(po), To = 1°/(ps”), where Lo, T, are the
characteristic length scale and time scale, respectively.*'** At room
temperature, using p=10 *kgm %, 7=1.0 x 10 *Nsm *and ¢ =
6.0 x 10~ * N 'm ', we obtain the physical values of the dimension-
less unit of the lattice spacing and time scale as: L, ~ 0.8 um and
T, ~ 10"’ s. Using these estimates and given that R;, = 0.096, the
size of nanoparticles are specified as 77 nm. Similarly, we obtain
the length of fins as Lg, = 24 um, the height of the channel as
W = 32 um, and the oscillation frequency as f = 66 Hz. The fluid
velocity measured directly from the simulations does not exceed
3 x 10°, which corresponds to 2.4 x 107> m s '. Given the
dimensionless diffusivity of particles D, = 10" °, one obtains the
value of the diffusion constant to be 6.4 x 10" m* s,

With the applied pressure gradient fixed at P, = —5 x 107,
the fluid velocity measured directly from the simulations does
not exceed 3 x 10~ ° dimensionless units. This, in turn, corre-
sponds to 2.4 x 10 ~ > m s~ ', which is an experimentally feasible
value within microfluidic devices.

[1l. Results and discussion

At the onset of the simulations, the adhesive (black) and non-
adhesive (white) nanoparticles are randomly distributed within
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the upper fluid stream; initially, there are no particles within
the lower stream, as shown in Fig. 1(a). The imposed pressure
gradient drives the fluid to flow from left to right within the
channel; note that periodic boundary conditions are applied
along the lateral direction of the two-dimensional simulation
box. We first consider a total of N = 300 nanoparticles, which
are equally divided into N, = 150 adhesive and N,, = 150 non-
adhesive species. The three equally-spaced fins on the bottom
of the channel are initially totally immersed in the lower
stream with 6 = 0,,,;, = 7/6 (Fig. 1(a)). The maximal angle formed
between the fins and bottom wall is 0, = ©/2. The preferential
wetting interactions between the fins and the fluids are
controlled by setting the static contact angle 0g,, = n/2.5 through
eqn (4) and (5). To verify that the contact angle between the A/B
interface and the fins in the simulations is equal to the
specified value of m/2.5, we performed independent computer
runs and found that the error between the value in the simula-
tions and the specified value of 0, was less than 3%.

Only the fin sites that extend into the upper stream are
“activated”, and thus, can “catch” (bind) the adhesive nano-
particles. The binding interaction involves the formation of
bonds between the activated fin sites and the particles. The
oscillating fins, however, are driven to move back and forth
between the two fluid streams. Thus, when these sites are
brought into the lower fluid, the bonds are broken instanta-
neously and the respective fin sites become deactivated, render-
ing them non-adhesive to both types of nanoparticles.

The transport of nanoparticles within this system can occur
through three distinct processes, which we will label (1)-(3).
Process (1) involves the selective capture of the targeted
adhesive nanoparticles through their attraction to the fin in
the upper stream, their transport into the lower stream and the
subsequent breakage of the bonds. Process (2) involves the
motion of nanoparticles along the streamlines generated by
the combination of the external pressure gradient and the fins’
oscillatory motion; depending on the resulting flow profiles,
these streamlines could bring both types of nanoparticles
(adhesive and non-adhesive) into the lower fluid or pump them
back into the upper fluid. Process (3) involves the diffusion of
nanoparticles between the upper and lower fluid layers.

Process (1) depends not only on the range and strength of the
adhesive interaction, but also on the number density of the nano-
particles and availability of the adhesive fin sites in the upper fluid
stream. As illustrated in Fig. 1(b), fin sites within the upper stream
can successfully catch the adhesive particles. As the fins move down-
ward, the bound adhesive particles follow the motion of fins and are
delivered into the lower stream; thereafter, the bonds are broken and
those adhesive particles are released as illustrated in Fig. 1(c).

Due to process (2), however, a small number of non-adhesive
particles are also delivered in the lower stream (see white
particles in Fig. 1(c)). As noted above, the fluid convection in
our system is induced by the combination of the fins’ motion
and the imposed pressure gradient. The flow close to the fins,
however, is determined mainly by the motion of the fins.
Therefore, if nanoparticles of either type happen to lie close
to the fins, they are easily driven into the lower stream as the

This journal is © The Royal Society of Chemistry 2016
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fins move downward and are pumped back into the upper
stream as fins move upward. In other words, process (2) is
non-selective and could lead to the delivery of non-adhesive
particles into the lower stream. (In general, process (2) is
controlled by the channel geometry, the imposed flow, the fins’
arrangement and mode of oscillation.)

As demonstrated below, by tuning the interplay between
processes (1) and (2) and with the proper choice of parameters,
one can obtain conditions where the majority of the adhesive
particles are brought into the lower stream and the majority of
non-adhesive particles are localized in the upper stream (as
shown at t =5 x 10° in Fig. 1(d)). We note that the diffusion
coefficient of the nanoparticles (D, ~ 6.4 x 10" m* s™') is
sufficiently small compared to the motion of the fluids from the
imposed flow and the fins’ oscillation so that the contribution
from process (3) is significantly smaller than the contributions
from processes (1) and (2).

An experimentally feasible means of manipulating the
physical properties of the interface, and consequently tuning
the interplay between processes (1) and (2), is to modify the
value of the static wetting angle O, (see Fig. 2). Two distinct
differences are observed if we compare the dynamics of the
system for Og,, = /2.5 (larger wetting angle, Fig. 1(d) and Movie
1 in ESIt) and 0Og, = w/5 (smaller wetting angle, Fig. 2(b)
and Movie 2 in ESIt). First, we observe significantly larger
distortions of the interface for the system with larger 6gp
(compare Movie 1 and Movie 27); as we show below, these
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interfacial distortions play an important role in the delivery of
the nanoparticles into the lower stream.

Second, the fluid-fluid interface characterized by the larger
Osin displays less curvature; as a result, more of the fin sites are
surrounded by the upper fluid for the system with the larger g,
and hence, more sticky sites have access to adhesive particles in
this case than in the scenario with the lower value of 0Ogy,.
Independent simulations show that, when the fins remain
upright in the binary mixture in the absence of flow (the imposed
pressure gradient is 0), the number of adhesive particles attached
to the fins saturates at 50 for Og, = m/2.5 and saturates at 26 for
Ofn = m/5. Considering that the imposed flow moves from left to
right in the channel, one would expect that sites on the left side
of fins can more easily catch particles than sites on the right; this
feature reduces the number of accessible sticky sites on the fins
to the half of the saturation values in the absence of flow. Thus, a
rough estimate of the upper limit of the number of fin-particle
bonds formed in the system for 0g, = n/2.5 is 25 and for the
system with 6y, = /5 is equal to 13. To test these conjectures, we
perform simulations at the following three values of the contact
angle: 0g, = m/2.5, n/5 and w/10. Here, the remainder of the
parameters are held fixed at the reference values.

To quantify the property of catching and releasing nano-
particles into the lower stream, we introduce C,(¢) and Cy(t),
which are defined as the number of adhesive and non-adhesive
particles in the lower stream relative to the total number of adhesive
and non-adhesive particles in the system at time ¢, respectively.

a 0.9
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] V““'\‘\' 4
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Fig. 2

(a) Temporal evolution of C,(t) and C(t) for ¢, = ©/2.5 (black), /5 (red) and ©/10 (green) with N, = N, = 150. For the curves of the same color, the

top and bottom curves correspond to C,(t) and Cy(t), respectively. (b) Late-time morphology of the system (t = 5 x 10°) corresponding to the wetting

angle 05, = /5.
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C,(t) characterizes the efficiency of delivering targeted particu-
lates into the lower stream; C,(t) = 1(0) corresponds respectively
to all (none) of the adhesive nanoparticles being released into
the lower stream. C,(¢) characterizes the accuracy of the delivery
process, with C,(f) = 0(1) indicating that none (all) of the non-
adhesive nanoparticles were unintentionally released into the
lower stream.

The top three curves in Fig. 2(a) display the temporal evolu-
tion of C,(t) for the three different wetting angles: 0g, = /2.5
(black), n/5 (red), and n/10 (green). The solid curves represent the
average values over eight independent simulations, and the gray
shading indicates the corresponding standard deviations. The
curves display small-amplitude oscillations that are comparable
for all C,(¢) and C,(t); the period of these oscillations is equal to
the fins’ oscillation period. As discussed for process (2), nano-
particles around the fins will follow the streamlines induced
mainly by the fins’ oscillations. If those particles are close to the
interface, they can easily migrate through the thin interface
(width ¢ ~ 5) as the fins oscillate between upper and lower
phase; this behavior causes the undulation of C,(f) and Cy(t).

View Article Online

Paper

The value of C,(¢), however, consistently increases in all three
cases, indicating that the number of adhesive particle brought
down into the lower phase during the forward stroke always
exceeds the number of the particles that are able to escape from
this lower phase during the recovery stroke. Ultimately, the
values of C,(t) approach saturation and larger wetting angles
lead to a greater value of C,(¢); importantly, this indicates that the
adhesive particles are delivered into the lower stream with greater
efficiency at larger Og,.

The latter observations are consistent with the late-time
images of the system for 0, = n/2.5 (Fig. 1(d)) and 0O, = ©/5
(Fig. 2(b)). A comparison of these late-time snapshots also
reveals the other pronounced difference between the two
systems: there are no non-adhesive particles within the lower
stream for Og, = /5 at t = 5 x 10°, while a small portion of non-
adhesive particles are found for 0, = m/2.5 at that same time.
This difference is reflected in the values of C,(¢) for these two
cases (Fig. 2(a)). For larger wetting angles, Cy(¢) increases and
reaches a saturation value around 0.1, which is ten times higher
than the value of C,(¢) for 0, = /5. Hence, these findings lead

(a) o012 ]

1~ Opu=1/5
0.1 —= Gp=n/10

0.08 -

0.06

Ci(?)

0.04 -

0.02

Fig. 3 (a) Temporal evolution of Cy(t) for wetting angles 05, = ©/2.5 (black), n/5 (red) and =/10 (green). (b) Morphology of the system for 0, = /2.5
corresponding to the time frame circled in (a). (c) Morphology of the system for 05, = /5 corresponding to the same time frame as in (b).
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to the important conclusion that at the largest wetting angle
considered here, one gains greater efficiency (larger C,(t)) but loses
selectivity (larger Cy(t)) in the release of the nanoparticles into the
lower stream.

To further characterize these different cases, we introduce
the parameter f, which is the ratio of the number of non-
adhesive particles to the number of adhesive particles within
the lower stream. In our study, the total number of non-
adhesive and adhesive particles is set to be equal: N, = Ny,
and hence, f§ = C,/C,. Thus, f measures the selectivity of
the process. The process is nonselective when f = 1 since
the lower stream contains the same number of adhesive and
non-adhesive particles and is the most selective for adhesive
particles when f = 0. We find that # = 0.16, 0.018, and 0.021 for
Ofin = m/2.5, T/5, and ©/10, respectively. Notably, these values
indicate that one can obtain relatively high efficiency without
sacrificing the selectivity of the delivery process at the optimal
wetting angle O, = 1/5.

View Article Online
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To understand why the “catch and release” process depends
on the wetting angle, we monitor the temporal evolution of the
fraction of bonds Cy(t), defined as the ratio of bonds formed in
the system to the total number of adhesive particles. Recall that
an adhesive nanoparticle only forms a single bond with an
adhesive site on the fin. Fig. 3(a) shows the magnitude of Cy(¢)
for three contiguous oscillation cycles. The value of Cy(?) is
indistinguishable among the three wetting angles considered
here; hence, the fins catch a similar fraction (peak value ~ 7%)
of adhesive particles in all three cases. Note that even though
the fins with the larger wetting angles have more accessible
sticky sites (25 for Oy, = n/2.5and 13 for O, = n/5), the number
of bonds formed for N, = 150 is about 150 x 7% ~ 11, which is
less than the accessible sites on the fin.

A significant difference among the three cases is observed
only after Cy(t) reaches the maximum value and begins to
decrease; this decrease corresponds to the fins moving down-
wards to the lower stream. For example, at the time circled in

(a)

5
o
%
O

0 1.0x10° 2.0x10° 3.0x10° 4.0x10° 5.0x10°

Time
B 0B —am
|~ N=300
- N=500 ,\ "\:&:
0.6~ N=700 N \ ‘.\1\\\::\ m\.\'\\\
2 e\ Nw“ fffff SO
S g .\\ ------
© )
40.4_
S
Q
0.2
L. A e e e L e e
0 1.0x10° 2.0x10° 3.0x10¢ 4.0x10¢ 5.0x10°
Time

Fig. 4 Time evolution of C,(t) and C,(t) for different total number of particles N: 100 (red), 300 (black), 500 (green), and 700 (blue) with the wetting
angle: (a) 0q, = m/2.5 and (b) 0q, = /5. In each figure, top and lower four curves correspond to C,(t) and Cy(t), respectively. Insets show the late-time
(t = 5 x 105 morphology of the system for N = 100 (left) and N = 700 (right).
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Fig. 3(a), Cp(t) & 0.043 for O, = n/2.5, but is equal to Cy(t) = 0
for both 0g, = /5 and n/10. The morphologies corresponding to
that moment of time are shown in Fig. 3(b) for 0g,, = n/2.5 and in
Fig. 3(c) for 65, = n/5. For the larger wetting angle (65, = 1/2.5),
the interface remains more deformed, especially during the
recovery stroke, and the bonds formed between the adhesive
particles and these fins can survive for a longer time. Conse-
quently, the adhesive particles are caught and released at a
deeper position inside the channel (through process (1)).

View Article Online
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Moreover, the fluid convection (indicated by the white stream-
lines in Fig. 3(b) and (c)) tends to keep the particles localized at
these lower positions in the bottom stream. Notably, both of
these effects lead to a larger C,(¢) and higher efficiency of the
targeted delivery.

On the other hand, in the case of the smaller wetting angles,
the interface undergoes a smaller deformation (Fig. 3(c)). As a
result, non-adhesive particles driven into the lower stream are
mainly localized near the interface. Due to process (2), these

Fig. 5 (a) Temporal evolution of C,(t) and C,(t) for fins oscillating from =/2 to 5n/6. (b) Snapshot for initial condition. (c) Morphology of the system
when 0 = 51/6 at t = 9.3 x 10°. (d) Late-time morphology of the system at t = 5 x 10°.
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non-adhesive particles tend to move back to the upper stream
as the fins go up, leading to smaller C,(¢) and hence, the system
exhibits greater selectivity in the delivery of the targeted parti-
cles to the lower stream. Importantly, it is for these reasons that
the intermediate value of the contact angle, 8g, = ©/5, offers the
optimal combination of efficiency and selectivity.

Due to both processes (1) and (2), the number density of
particles within the binary mixture will also affect the catch and
release of the targeted nanoparticles. To quantify this observa-
tion, we analyze the effect of varying the total number of particles,
setting N = 100, 300, 500, and 700. Again, half of the particles are
adhesive and half are non-adhesive. Fig. 4(a) and (b) show the
temporal evolution of C,(¢) and C,(¢) for these different values
of N at 6g, = /2.5 and g, = /5, respectively. Interestingly, for
Ofn = T/2.5, Cy(t) and Cy(f) display similar behavior and are
relatively insensitive to N. Note, however, that C,(f) increases
relatively rapidly at early times for N = 100. Moreover, snapshots
of the system at late times for N = 100 (left inset) and N = 700
(right inset) are significantly different, as shown in Fig. 4(a).

Focusing on the systems with g, = 7/2.5, we monitor the time
evolution of Cy(t) and find that for all the different N, the plots of
Cp(t) display similar peaks around 7%, indicating that the fins
catch similar fractions of adhesive particles in one oscillating
cycle. For N = 700, the number of bonds formed in the system
(350 x 7% = 25) is approximately the saturation value for
Orin = /2.5. We can estimate the peak value of Cy(¢) as the ratio
of the number of adhesive particles within the regime swept up
by the fins in the upper stream to the total number of adhesive
particles. Here, we assume the interface between A/B phases
remains flat and obtain Cy(t) & 8%. This value is independent of
and is consistent with the simulation results of 7%. Moreover,
the number of particles has negligible effects on the streamline
profiles since the particles are essentially tracer particulates.
Consequently, C,(¢) and Cy(¢) are independent of the number
of particles for the larger wetting angle 6, = n/2.5.

For the smaller wetting angle 0y, = 7/5, all the plots of Cy(%)
for different N fluctuate around values close to zero, as antici-
pated due to the higher selectively of the delivery process for
lower wetting angles. The values of C,(t) are, however, smaller
for larger number of particles than in the case of 0g, = m/2.5.
Recall that for 0y, = nt/5, the saturation value for the number of
bonds formed in the system is 13. For N < 300, N, X 7% < 13,
and hence, the fraction of bonds Cy(t) can reach the value of
7%; thus, the behavior for N =100 and 300 is indistinguishable.
If, however, N > 500, due to the saturation of bonds, Cy(¢)
attains smaller values: Cy(t) ~ 13/250 ~ 5.2%(N = 500) and
Cp(f) ~ 13/250 =~ 3.7% (N = 700), which leads to the smaller
value of C,(t). Notably, it is for this reason that the system at the
lower wetting angle shows a dependence on N.

The effectiveness of the “catch and release” process can also
be tuned by altering the oscillatory behavior of the fins. In the
studies described above, the fins moved against the direction of
flow and oscillated between the angles 0,,,;, = 1/6 and 0,5 = /2.
As before, the fins are initially set upright (6, = 7/2), as shown
in Fig. 5(b). Now, however, the fins move along with the
direction of flow to O, = 57/6 (Fig. 5(c)), and oscillate between

This journal is © The Royal Society of Chemistry 2016
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Omin = m/2 and 0.« Here, we fix N = 300, T = 1.5 x 10> and
Ofin = m/2.5. As shown in Fig. 5(a), both C,(¢) and Cy(t) increase
to larger values than the scenario with 6,;, = 7/6 and 0., = T/2,
(see Fig. 2(a)), with C,(¢) approaching 90%. The selectivity for
the case in Fig. 5 is f & 0.56, indicating that a large fraction of
both types of nanoparticles are delivered into the lower stream.
This observation is also evident from the snapshot of the
system at late times displayed in Fig. 5(d). Note that the velocity
of the fluid (Vauiqa & 2.4 x 107> m s~ ") is much faster than the
motion of fins, which can be estimated by the maximal velocity at
the tip of fins using eqn (9) and is found to be vg, ~ 0.8 mm s~ .
Therefore, when the fins are initially upright, they block the
motion of both types of particles, so that the particles clump on
the left side of fins since the imposed flow moves from left to
right, as shown in Fig. 5(c). When the fins move downwards,
those particles are released into the lower stream (Fig. 5(d)),
which leads to poor selectivity.

IV. Conclusions

In summary, we used computational modeling to design an
integrated, multi-component system where actuated, micro-
scopic fins controllably catch targeted nanoparticles from the
upper fluid stream, transport these particles across a fluid-
fluid interface, and then release these particles into the second,
lower fluid stream. The particles sequestered in the lower stream
can be collected and subsequently removed from the system. By
performing this task for multiple cycles, the fins can effectively
extract the target particles from the solution. Here, we focused
on 50/50 mixtures of targeted and non-targeted particles. The
model can also be applied to mixtures containing a lower
fraction of targeted particles. With fewer targets in the upper
solution, the probability of fin-target interactions becomes
smaller, and hence, it will take longer (i.e., more oscillations of
the fins) to achieve an effective segregation of the targeted
nanoparticles into the lower phase. Notably, if the target nano-
particles were to differ in size, we anticipate that the smaller
particles would be extracted first since they display a higher
diffusion coefficient and experience less of a frictional drag from
the fluid. Hence, there would be a higher probability of collisions
between the smaller nanoparticles and the fins than in the case
of the more slowly moving larger nanoparticles.

The use of two fluids in this set-up provides a particularly
effective means of controlling the binding interactions between
the fins and the nanoparticles. For example, as noted in the
introduction, the fins can be coated with aptamer that exhibit a
binding affinity for the targeted species in the upper fluid, but
lose this affinity in the lower stream, and in this manner, the
particles can be released from the fins.>'* Furthermore, with
two immiscible fluids, the wetting interactions (contact angle)
between the fins and fluid-fluid (A/B) interface can play an
important role in the performance of the system. We did in fact
find that by tuning the wetting properties of the microfins,
one can enhance the efficiency of separating the target species
from the particle mixture, while maintaining a relatively high
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selectivity; namely, one can achieve an optimal combination in
the efficiency and selectivity of the catch and release behavior.
The performance of the device was also found to depend on the
fins’ mode of oscillation. Specifically, the selectivity of the process
was higher in the case where the fins were driven to move against
the flow direction from their initial upright location.

The modularity of the system considered here offers distinct
advantages for performing in situ catch and release processes.
The fins can be functionalized with various molecules
that display specific binding affinities to particular targeted
species, allowing a broad range of compounds to be trapped
and extracted."***** The binary fluids can also be tailored to
promote the binding of the targets in the upper fluid and
prompt their release in the lower fluid."” The underlying gel,
which was assumed to drive the motion of the fins, can be
responsive to different environmental cues (e.g., light or heat)**
and thus, a number of stimuli can be used to drive the oscilla-
tions of the fins. Alternatively, the fins could be driven by an
imposed oscillating magnetic field.">"” Notably, the simulation
approach presented here can provide valuable guidelines for
fine-tuning the performance of these systems.
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