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M
icro- and nanofluidic devices
provide useful environments for
achieving distinct forms of self-

assembly since the imposed flow within
the fluid-filled chamber can potentially
guide the self-organization processes. On
the other hand, bottom-up forms of self-
assembly within these devices would be
greatly aided by establishing effective
means of picking up a specific component
and controllably moving that component
to a particular location on the floor of the
fluidic chamber. In effect, the ideal carrier
for these applications might be synthetic
analogues of osteoclast and osteoblast cells.
In the most general sense, the osteoclasts
pick up particulates from the surface of
bone and osteoblasts controllably deposit
material on this surface. It is this controlled
adsorption and deposition of particles onto
a surface that would be desirable to mimic
via synthetic nano- or microcarriers within
fluidic devices.
In designing such biomimetic cargo car-

riers, it is useful to recall that lipid vesicles
offer unique opportunities for encapsulat-
ing a range of species, including nano-
particles, within their cores and transporting
these payloads to targeted locations in

fluidic environments. For example, nano-
scopic lipid vesicles can serve as nanocon-
tainers that transport cargo into biological
cells, making these ideal systems for drug
delivery.1 To optimize the performance of
lipid vesicles in these and other applica-
tions, researchers have utilized computa-
tional modeling to isolate factors that
enable the vesicles to encapsulate various
types of nanoparticles. These studies have
revealed how not only the shape2�4 but
also the chemical composition5,6 (i.e., rela-
tive fraction of hydrophobic andhydrophilic
sites on the particle's surface) affect the
penetration of the nanoparticles into the
vesicles. Notably, most of these computa-
tional studies2,4�6 have considered scenar-
ios where the size of the vesicles is relatively
large compared to the size of the nanopar-
ticles, and hence, the simulations have
focused on the interactions of the nano-
particles with a single, relatively flat lipid
bilayer. With the rapidly growing ability to
control the size and polydispersity of nano-
scale lipid vesicles1 and the expanded utility
of these assemblies as nanoreactors,7 it
becomes useful to focus on such small-scale
vesicles and probe their interactions with
potential payloads.
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ABSTRACT Using dissipative particle dynamics (DPD) simulations, we model the

interaction between nanoscopic lipid vesicles and Janus nanoparticles in the presence of

an imposed flow. Both the vesicle and Janus nanoparticles are localized on a hydrophilic

substrate and immersed in a hydrophilic solution. The fluid-driven vesicle successfully

picks up Janus particles on the substrate and transports these particles as cargo along

the surface. The vesicle can carry up to four particles as its payload. Hence, the vesicles

can act as nanoscopic “vacuum cleaners”, collecting nanoscopic debris localized on the

floors of the fluidic devices. Importantly, these studies reveal how an imposed flow can

facilitate the incorporation of nanoparticles into nanoscale vesicles. With the introduc-

tion of a “sticky” domain on the substrate, the vesicles can also robustly drop off and deposit the particles on the surface. The controlled pickup and delivery

of nanoparticles via lipid vesicles can play an important step in the bottom-up assembly of these nanoparticles within small-scale fluidic devices.
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Herein, we use computational modeling to investi-
gate the interactions of a nanoscale lipid vesicle and
spherical Janus nanoparticles, which contain both
hydrophilic and hydrophobic regions. Through these
studies, we devise an approach that exploits the flow
fields in a channel and utilizes fluid-driven lipid vesicles
to effectively pick up nanoparticles located on a sub-
strate and controllably move these particles along
the surface. We also establish means of driving these
carriers to drop off their cargo at particular sites in the
channel.
In these simulations, we specifically focus on vesicles

localized on a hydrophilic substrate and immersed in a
hydrophilic solution. We introduce an imposed shear
flow to drive the vesicles toward the nanoparticles and
determine conditions that enable the vesicle to pick
up this cargo and transport it along the surface. To the
best of our knowledge, these are the first computa-
tional studies to consider the role of an imposed flow
on the vesicle�nanoparticle interactions. Understanding
the effect of the imposed flow is vital for designing
effective cargo carriers in microfluidic devices. Further-
more, studies on the behavior of vesicle�particle assem-
blies in a flow field are also important for gaining insight
into the performance of nanocarriers in the bloodstream.
As we show below, the vesicles can act as nano-

scopic “vacuumcleaners”, collecting and absorbing the
Janus particles that they encounter along their paths.
This distinct ability depends on the shear rate, the
composition of the nanoparticles, and the adhesion
strength between the nanoparticles and the substrate.
We demonstrate that there is a range of shear rates
for which the vesicle can even adsorb Janus particles
encompassing just a small fraction of hydrophobic
sites. Furthermore, a single vesicle can take up and
transport a number of these particulates. Notably, the
vesicles remain intact and retain the nanoparticles
as the entire assembly is driven to move along the
substrate. It is noteworthy that the action of these lipid
vesicles roughly resembles the behavior of the osteo-
clasts. Used in a microfluidic device, these vesicles can
be harnessed to remove nanoscopic “dirt” or debris
from hydrophilic substrates that need to be relatively
clean for their functionality (e.g., cell growth studies).
More generally, these studies reveal how an imposed
flow can facilitate the incorporation of nanoparticles
into nanoscale vesicles.
We also show how the introduction of an adhesive

patch on the substrate can be utilized to achieve the
effective drop off of the adsorbed nanoparticles. In this
sense, the vesicles also mimic osteoblasts since they
deliver species to particular locations on a substrate.
Overall, our findings can provide new routes for
manipulating the assembly of nanoscopic particles in
solution.
In carrying out these studies, we utilize the dissipa-

tive particles dynamics (DPD) method8�12 to model

the interactions among the vesicles, nanoscopic
Janus particles, and solvent. The DPD is a mesoscopic
approach that is similar to coarse-grained molecular
dynamics (MD) simulations and allows one to capture
the hydrodynamics of complex fluids while retaining
essential information about the structural properties of
the system's components. Unlike MD simulations,
however, DPD utilizes soft repulsive interactions be-
tween the beads, which represent clusters of mol-
ecules. Consequently, one can use a significantly
larger time step,Δt, between successive iterations than
those required by MD simulations. This, in turn, allows
the DPD approach to be used to model physical
phenomena occurring at time and spatial scales many
orders of magnitude greater than that captured by
MD. Notably, the DPD also differs from MD by using a
momentum-conserving thermostat.10,12 We mention
that theDPDmethodhas some limitationswith respect
to accurately modeling fluid�solid boundaries and
liquid�vapor coexistence,13,14 but these limitations
are not critical to obtaining the results presented here.
In the Methodology section, we describe the DPD
technique in greater detail; we then discuss our find-
ings on the interactions between nanoscopic vesicles
(Figure 1a), which are self-assembled from twin-tailed
lipids (Figure 1b), and Janusparticles (Figure 1c)moving
on a substrate in the presence of an applied flow.

RESULTS AND DISCUSSION

Interaction between a Lipid Vesicle and a Single Particle.
Symmetric Janus Particle and Pure Hydrophilic Particle.

We first focus on determining the conditions under
which a nanoscale lipid vesicle can “pick up” and
transport nanoparticles. As our reference case, we
consider the interaction between a lipid vesicle and a
single symmetric Janus particle (the fraction of hydro-
phobic beads being φ = 0.5), where the substrate�
lipid and substrate�particle bonding interactions are
characterized by the respective bond constants of

Figure 1. (a) Vesicle self-assembled from 586 twin-tailed
lipids dispersed in a hydrophilic solvent (not displayed);
black beads are inner solution. (b) Schematic of a coarse-
grained model of a twin-tailed lipid; blue beads are hydro-
philic head, and red beads are hydrophobic tails. (c) Sche-
matic of a Janus particle, formed from 392 DPD beads of
which 196 beads are hydrophilic (white) and 196 beads are
hydrophobic (pink). The beads are arranged in a face-
centered cubic lattice structure with a cube side of 0.7.
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Ksub/lipid = 4 and Ksub/Janus = 8 and the shear rate for the
fluid is _γ = 0.015.

Initially, we place the Janus particle on the substrate
relatively far from the lipid vesicle. (The initial distance
between the centers of a particle and a vesicle is set
at 22.5.) Hence, at early times, the vesicle has not yet
made contact with the Janus particle and the hydro-
phobic portion of the particle is exposed to the hydro-
philic solution (see Figure 2a). The shear flow drives
the vesicle along the substrate (from right to left in
Figure 2), and when the vesicle makes contact with
the particle, the hydrophobic half of the particle pene-
trates into the bilayer lipid membrane (Figure 2b).
The hydrophobic�hydrophobic interactions between
the hydrophobic particle beads and the lipid tails are
more energetically favorable than the hydrophobic�
hydrophilic interactions between the particle beads
and the outer solution. Because of this energetically
favorable interaction, the hydrophobic portion of the
particle remains immersed in the hydrophobic part
of the vesicle membrane for the remainder of the

simulation, and the particle is dragged along by the
vesicle as the entire assembly is driven by the shear
flow to the left (Figure 2c,d). The absorption of the
hydrophobic part of the Janus particle into the hydro-
phobic part of the vesicle membrane can be seen
more clearly in the inset in Figure 2d, which is a
cross-sectional view of the particle and vesicle at the
moment in the simulation depicted in Figure 2d.

To quantify the process of the vesicle membrane
absorbing the hydrophobic portion of the Janus parti-
cle seen in Figure 2, we calculate the number of
hydrophobic Janus particle bead/lipid tail interactions
and the number of hydrophobic Janus particle
bead/outer solution bead interactions; these two data
sets are plotted versus time in Figure 3. The number
of interactions is defined as the number of pairs of
hydrophobic particle beads and lipid tail beads or
hydrophobic particle beads and outer solution beads
that are separated by a distance smaller than rc.

15 By
monitoring these two types of interactions, we can
determine quantitatively when the vesicle picks up the

Figure 2. Snapshots of the systemwith a symmetric Janusparticle (i.e., with fractionof hydrophobic beadsφ=0.500) for shear
rate _γ = 0.015. The substrate beads are colored green. Here, we set Ksub/lipid = 4 and Ksub/Janus = 8 and the shear flow is in
positive x-direction (from right to left). The snapshots are taken for times (a) 50, (b) 330, (c) 680, and (d) 3940. The inset in (d) is
the cross-sectional view of the vesicle and the attached Janus particle, which shows that the hydrophobic part of the Janus
particle is absorbed into the hydrophobic part of the vesicle membrane.
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particle and how much of the hydrophobic portion of
the particle is immersed in the vesicle. As the Janus
particle in our simulation encounters the vesicle at
t∼ 320 (labeled as b on Figure 3), the hydrophobic part
of the particle gets absorbed almost instantaneously
into the hydrophobic interior of the vesicle membrane,
and thus, the vesicle membrane shields the hydro-
phobic beads of the Janus particle from interacting
with the outer hydrophilic solution. This adsorption
occurs essentially instantaneously; that is, it takes only
approximately∼25 dimensionless units of time, which
corresponds to ∼0.18 μs according to the scaling
provided in the Methodology section. This rapid ab-
sorption is represented by the sharp increase in the
number of hydrophobic particle bead/lipid tail inter-
actions and the associated drastic decrease in the
number of hydrophobic particle bead/outer solution
interactions.

Figure 3 also shows that the number of each type of
interaction fluctuates around a constant value after the
particle is adsorbed by the vesicle. Therefore, most of
the hydrophobic half of the Janus particle remains
shielded from the outer hydrophilic solution by the
vesicle's lipid membrane, as was seen in the inset
of Figure 2d. In other words, after the Janus particle�
vesicle assembly is formed, it remains stable and can
be successfully transported by the imposed shear flow.
This absorption of the symmetric Janus particle by the
vesicle is robust and is observed for a range of shear
rates and interactions between the particle and the
substrate, as we show below.

In order to determine the effect of the chemical
composition of the nanoparticle on its ability to

penetrate the vesicle, we ran simulations using a
particle composed solely of hydrophilic beads. As
anticipated from the above discussion, our simulations
show that the vesicle does not pick up a purely
hydrophilic particle. Rather, as shown in Figure 4, the
vesicle pushes the hydrophilic particle out of its path as
it moves along the surface. The particle is not absorbed
into the bilayer lipid membrane because it is more
energetically favorable for these hydrophilic beads to
remain in contact with the hydrophilic solvent and
hydrophilic substrate than to be in contact with the
hydrophobic lipid tails.

To gain further insight into the factors that control
the motion of the Janus particle�vesicle assembly
(such as that in Figure 2d), we measure the speed of
the attached Janus particle at different shear rates and
adhesion strengths. Figure 5a shows the displacement
versus time for one simulation run for a symmetric
Janus particle and a bond constant of Ksub/Janus = 8 at
each of the following three shear rates: _γ= 0.015, 0.025,
and 0.035. Initially, the particle displacement is equal
to 0; however, after this particle is picked up by the
vesicle, its displacement increases at an approximately
constant rate. The speed of the particle is then ob-
tained by calculating the slope of displacement versus
time. The speeds of the Janus particles for simulation
runs using 6e Ksub/Januse12 and 0.015e _γe 0.035 are
displayed in Figure 5b. The figure shows that the speed
of the particle's motion increases at higher shear rates
and decreases at greater adhesion strengths between
the hydrophilic particle beads and the substrate.
In other words, increasing the imposed flow propels
the vesicle and its attached particle faster, while the

Figure 3. Temporal evolution of the number of interactions between the hydrophobic beads of the Janus particle and the
outer solution beads (green crosses) and between the hydrophobic beads of the Janus particle and the hydrophobic lipid tail
beads (red pluses), for the simulation shown in Figure 2. The annotations with the letters a�d correspond to the frames
Figure 2a�d, respectively.
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adhesion between the particle and the substrate in-
duces a friction force that opposes the motion caused
by the shear and, hence, slows down the motion of the
assembly. Note that the speed also corresponds to the
fact that the dynamics of the Janus particle�vesicle
assembly is dominated by advection.

Asymmetric Janus Particles. As shown above, the
symmetric Janus particle was adsorbed and trans-
ported by the moving vesicle, but the purely hydro-
philic particle remained unattached. To determine the
fraction of hydrophobic beads within the Janus parti-
cle,φ, that are necessary for the particle to be picked up
by the fluid-driven vesicle, we systematically variedφ in
the range 0 < φ < 0.5. The lowest fraction considered
here, φ = 0.010, corresponds to a total of four hydro-
phobic beads.

We find that for a shear rate of _γ = 0.015 and bond
constants of Ksub/lipid = 4 and Ksub/Janus = 8, all of the
nonzero fractions of hydrophobic beads considered
here (within the range 0 < φ < 0.5) result in the particle
being adsorbed and carried by the vesicle. We per-
formed four independent runs per each value of φ.

Figure S1 (Supporting Information) displays the
graphic output from the simulations for the case of
φ = 0.010. Following the same procedure as described
above, this particle is initially placed far from the
vesicle. As the vesicle comes in contact with the
particle, the hydrophobic beads on this highly asym-
metric Janus sphere penetrate into the hydrophobic
interior of the lipidmembrane, where they are shielded
from the external hydrophilic solvent, as can be seen
in the inset of Figure S1d. After the particle becomes
adsorbed, it is dragged behind the vesicle for the
remainder of the simulation, with its hydrophobic
beads remaining in the more energetically favorable
position inside the lipid bilayer.

To enhance our understanding of this pick up
process, we vary the shear rate and the particle�
substrate adhesion strength in the respective ranges
of 0.015e _γe 0.035 and 6e Ksub/Januse 12.With these
simulations, we generate the phase map shown
in Figure S2, which indicates the results of all four
independent simulations for each data point. At the
lowest shear rate, _γ = 0.015, the particle is picked up

Figure 4. Snapshots of the system with purely hydrophilic particle for shear rate _γ = 0.015, Ksub/lipid = 4, and Ksub/Janus = 8.
The snapshots are taken for times (a) 2, (b) 698, (c) 1038, and (d) 1502.
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and transported by the vesicle quite robustly for each
Ksub/Janus and 0 < φ < 0.5 examined. The notable
exceptions occur for some runs involving the φ =
0.010 particle at Ksub/Janus = 10 and 12; in these cases,
the predominately hydrophilic particle either is not
picked up (one run at Ksub/Janus = 10) or is picked up and
later dropped by the vesicle (one run with Ksub/Janus
=12). In other words, as can be seen from Figure S2a,
the low shear rate facilitates the transport of particles
by the moving vesicle.

As the shear rate is increased to _γ = 0.025, the
particles are picked up for Ksub/Janus = 8 at all nonzero φ
considered here, and the vesicle�Janus particle as-
sembly is transported robustly along the substrate.
When the adhesion strength between the substrate
and particle is increased to Ksub/Janus = 10, the fate of
the φ = 0.010 particle is significantly affected. In three
of the cases, it is picked up but ultimately becomes
detached from the nanocarrier and is not even picked
up in one of the simulations. All other Janus particles
are picked up and carried along by the moving vesicle.
When Ksub/Janus is increased to 12, the vesicle can only
pick up the particles robustly when they encompass a
fraction φ g 0.365. Notably, this phase map shows the
appearance of catastrophic events that can occur in
the system. Namely, the vesicles can be ruptured, and

as a result, either the internal fluid gradually leaks out
through the vesicle's membrane or the adsorbed
particles tear off lipids from the membrane as they
become detached from the vesicle. A comparison of
Figure S2a,b highlights the damaging effects of in-
creasing the shear rate.

With further increases in _γ, catastrophic events
become more prevalent. At _γ = 0.035, Figure S2c
reveals instances at Ksub/Janus = 8 where the vesicle
not only drops its cargo but also undergoes cata-
strophic breakage. For Ksub/Janus = 10 and 12, successful
pick up events occur only sporadically, and there is a
significant probability that the vesicles are destroyed in
the process of carrying its cargo.

Summarizing the data in the phase map, we find
that a particle with a greater fraction of hydrophobic
beads (i.e., larger φ) has a higher probability to be
picked up by the vesicle because the favorable en-
thalpic interactions scale with the size of the hydro-
phobic portion. The value of Ksub/Janus determines the
“stickiness” of the substrate, and higher values of
Ksub/Janus lead to greater friction between the vesicle�
particle and the surface and, thus, inhibit successful
pickup. Similarly, higher shear rates are also detrimen-
tal to the pick up process. Here, the greater difference
in the relative velocities between the mobile vesicle
and the particle when these two species make contact
can lead to their subsequent separation, even if the
hydrophobic portion of the particles becomes im-
mersed in the lipid membrane.

Finally, we compare the average speeds of picked
up particles that encompass different fractions of
hydrophobic beads; here, the shear rate is fixed at
_γ= 0.015 andbond strengths are set to Ksub/lipid = 4 and
Ksub/Janus = 8. As can be seen in Figure 6, the error bars
associated with the different particles' speeds overlap,
so there is no statistically significant correlation be-
tween fractions of hydrophobic beads and the parti-
cle's speed. The fraction of hydrophobic beadsmay not
greatly affect the particle's speed because the number

Figure 5. (a) Displacement of the attached Janus particle
(φ = 0.500) along the x-axis for simulations conducted for
three shear rates, _γ = 0.015, 0.025, and 0.035, and bond
constants Ksub/lipid = 4 and Ksub/Janus = 8. Each curve corre-
sponds to a single simulation run. (b) Speed of the attached
Janus particle along the x-axis as a function of Ksub/Janus for
three shear rates, _γ = 0.015, 0.025, and 0.035. Each point is
an average of four independent runs.

Figure 6. Speed of the attached Janus particle, with differ-
ent ratios of hydrophobic beads φ = 0.500, 0.367, 0.245,
0.140, 0.061, and 0.010, along the x-axis for shear rate _γ =
0.015, Ksub/lipid = 4, and Ksub/Janus = 8. Each point is an
average of four independent runs.
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of interactions between the hydrophilic particle beads
and the substrate and the number of interactions
between the hydrophilic lipid heads of the vesicle
and the substrate do not depend significantly on φ.
As the hydrophilic�hydrophilic interactions with the
substrate are the source of the friction force opposing
the motion caused by the shear flow and the number
of these interactions is similar for hydrophobic ratios
0 < φ < 0.5, the speed of the particle is not greatly
influenced by its fraction of hydrophobic beads.

Interaction between Multiple Particles and a Lipid Vesicle.
To achieve bottom-up assembly of the nanoparticles
within amicro- or nanofluidic device, it would be useful
for the vesicles to controllably transport more than just
one particle to a particular location. To determine the
ability of a vesicle to pick up and carry a larger payload,
we placed a number of Janus particles characterized
by φ = 0.37 at equal distances from each other on the
substrate. (Namely, the initial x- and z-coordinates of
the Np Janus particles on the substrate are separated
by the distances 3Lx/4Np and Lz/4, respectively, where
Lx and Lz are the box sizes in the x- and z-directions.)
For the multiple particle simulations, the width of the
simulation box is extended to accommodate the addi-
tional Janus particles and prevent the deformed vesicle
from forming a continuous vesicular bilayer structure
in the periodic z-direction. The dimensions of the
simulation box in the respective x-, y-, and z-directions
are now 60.5 � 40.0 � 29.7, with periodic boundary
conditions being applied in the x- and z-directions.

We stipulate that, for a successful pickup, the vesicle
must accomplish all of the following: (1) “grab” the
particles, (2) transport the particles along the surface,
(3) not leak its inner solution, and (4) not rupture. If any
of these four requirements are not met, then the event
is considered an unsuccessful pickup. When all four
independent simulations for a given number of parti-
cles on the substrate exhibit successful pickups, we
consider the behavior to be robust. After 22 000, the
only scenario that displayed such robust behavior was
the case involving four particles, as shown in Figure 7.
The case involving six particles yielded one unsuccess-
ful pickup out of four runs, and all runs displayed
unsuccessful pickups for eight particles. It can be
anticipated that simulations involving an even greater
number of particles would also prove to be unsuccess-
ful in meeting all four of the criteria noted above.

While the deformation of a vesicle is visible even in
the case of just one adsorbed Janus particle, it is
particularly pronounced in the cases involvingmultiple
adsorbed particles. To characterize this spatial defor-
mation, we calculate the relative shape anisotropy,
κ2, which is given by κ

2 = [(λx � λy)
2 þ (λy � λz)

2 þ
(λz� λx)

2]/2Rg
4, where λx, λy, and λz are the eigenvalues

of the gyration tensor S with Smn = 1/N∑i = 1
N rm

i rn
i .

Here,N is the total number of lipid beads (hydrophobic
and hydrophilic) and ri is the position vector of the

center of the ith bead with respect to the center of
mass of the vesicle. The radius of gyration, Rg, is
calculated as Rg

2 = λx þ λy þ λz.
16 The relative shape

anisotropy for an ideal sphere is 0, and that for an ideal
rod is 1. We note that the radius of gyration of the self-
assembled vesicle17 (Figure 1a) prior to its interaction
with the substrate calculated using the above ap-
proach yields Rg = 6.03. This value is in a good agree-
ment with the theoretical expression for the spherical
shell, Rg

2 = [3(Ro
5� Ri

5)]/[5(Ro
3� Ri

3)], where Ro = 7.50 and
Ri = 3.91 are the outer and inner radii of the vesicle,
respectively.17

To quantify the process of picking up of multiple
particles for the scenario shown in Figure 7, we calcu-
late the time evolution of the relative shape anisotropy
and the total number of relevant interactions
(Figure 8). Much as we did for the case of a single
particle, we calculate the number of interactions be-
tween hydrophobic lipid tail beads and hydrophobic
Janus particle beads, as well as the number of inter-
actions between hydrophobic Janus particle beads
and outer solution beads. Here, the total number of
interactions involves a summation of the interactions
on each Janus particle. With these measurements, we
can determine the time at which a particle is absorbed
by the mobile vesicle.

The relative shape anisotropy of the vesicle, κ2, is
plotted as a function of time in the upper graph
in Figure 8; the number of interactions is plotted for
the same time scale in the lower graph. The label
annotations in Figure 8 correspond to the snapshots
in Figure 7. The vesicle responds to each new particle
that it picks upwith a corresponding change in κ2. After
all four particles are picked up, the structure of the
whole assembly remains the same until the end of the
simulation, at 22 000. We compare the late-time value
of κ2 for a vesicle with four particles to the correspond-
ing value for a vesicle with zero particles, calculated
using an average of the last 100 frames for all four runs.
Note that values of κ2 remain relatively constant for
these late times. The average final value of κ2 for the
case with four particles is 0.2773 ( 0.0225, as com-
pared to 0.2201 ( 0.0193 in the case with zero
particles. (Note that the relatively high value of κ2 for
a vesicle without the particles is a result of its attraction
to the substrate; on the other hand, the same vesicle in
the solution (as in Figure 1a) retains a nearly spherical
shape with κ

2 ≈ 0.074.)
It is noteworthy that, in the cases involvingmultiple

Janus particles, these particles tend to aggregate into a
large cluster on the substrate before they are adsorbed
by the vesicle. By forming these clusters, some of the
hydrophobic beads from multiple particles come in
contact and thus can be shielded from hydrophilic
components in solution and on the substrate. This
particle aggregation can be seen in Figure S3 from
both the inset snapshot and from the large number of
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hydrophobic interparticle interactions. Notably, it is
more difficult for the vesicle to pick up an entire cluster
than it is to pick up a single particle. When the vesicle
picks up each particle sequentially, the time separation
between each pickup allows the vesicle to relax the
strain induced by absorbing the particle, and the

vesicle remains intact. However, when the vesicle at-
tempts to absorb a cluster of particles simultaneously,
the sudden distortion is significant. The large instanta-
neous stress on the lipid membrane could easily cause
either leakage or rupture of the vesicle, and it is more
probable that the pickup will be unsuccessful.

Figure 7. Snapshots of the system with four Janus particles with φ = 0.367. The snapshots are taken for times (a) 0, (b) 558,
(c) 894, (d) 3444, and (e) 9960. The inset in (e) is the cross-sectional view of the vesicle�Janus particle assembly for the cutting
plane A�A.
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Dropping Off Janus Particles on Patterned Surfaces. In the
above sections, we pinpointed the range of shear rates,
substrate adhesion strengths, and fractions of hydro-
phobic beads on the Janus particle for which the intact
vesicle�particle assembly is successfully transported
along the surface. To fully exploit the potential of this
nanoscopic cargo carrier, it would be useful to achieve
a controlled release or drop off of the attached Janus
particle. Potential strategies for realizing a controlled
drop off involve tuning either the shear rate or the
substrate adhesion strength. Our preliminary results
show that increasing the shear rate provides a robust
drop off only in the case with particles that encompass
the lowest fraction of hydrophobic beads, φ = 0.010.
In the other cases, the vesicle is easily ruptured at high
shear rates, and the particle is dropped off at random

positions on the surface. In other words, variations in _γ
do not provide a reliable means of achieving control-
lable particle drop off. Therefore, we turn to the
strategy associated with substrate adhesion and
introduce patterned surfaces, that is, substrates with
relatively “sticky” domains. The idea of introducing
heterogeneity on a surface to control the motion of
microcapsules has been implemented in a few pre-
vious studies.18�20 Both mechanically (e.g., different
stiffness) and chemically (e.g., different adhesion) pat-
terned surfaces were utilized to regulate the motion
effectively.

Herein, we introduce a patch on the surface
that exhibits a stronger adhesive interaction with the
Janus particle than the rest of the surface. This patch is
characterized by Kpatch/Janus = 12; notably, the adhesive

Figure 8. (Top) Relative shape anisotropy of the vesicle with four Janus particles on the plane. (Bottom) Number interactions
between hydrophobic beads of Janus particle and lipid tails (in red) and between hydrophobic beads of Janus particle and
solvent (in green). The lines represent times (a) 0, (b) 558, (c) 894, (d) 3444, and (e) 9960, corresponding to snapshots in
Figure 7.
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interaction between the patch and the vesicle is the
same as that for the rest of the surface (i.e., Kpatch/lipid =
Ksub/lipid = 4). The patch is 30.25 units in width and
lies perpendicular to the flow direction. These simula-
tions are performed in two stages. We first carry out a
separate simulation involving the homogeneous sur-
face described above and allow the vesicle to interact
with a Janus particle, setting Ksub/Janus = 8 and the shear
rate _γ = 0.015. These simulations yield themorphology
of the vesicle�particle assembly. This specific structure
is then introduced in front of the patch on the hetero-
geneous substrate, as shown in Figure 9.

When the fluid-driven vesicle�particle assembly
encounters the patch, we observe that the Janus
particle with the smallest fraction of hydrophobic
beads, φ = 0.010, is arrested at the second patch�
substrate interface, as shown in Figure 9c. On the other
hand, the vesicle continues to move forward along
the substrate (since it does not experience a more
adhesive interaction with the patch). Notably, the
particle detaches cleanly from the vesicle, without
removing lipids from the membrane. The number of

hydrophobic particle bead/lipid tail interactions drops
to 0 (see Figure S4 in Supporting Information), which
confirms the complete detachment. The drop off is
robust for four independent runs. Hence, for this set of
parameters, the particle can be controllably dropped
off at a particular location on the heterogeneous
surface.

The patch introduces sharp adhesion gradients at
two patch�substrate interfaces, which also corre-
spond to discontinuities in the potential. When the
particle meets the first interface, the motion is from
the region of weaker surface adhesion to the region
of stronger adhesion. The favorable enthalpic force
induced by the adhesion gradient facilitates the trans-
port of the particle across the interface since the
force points along the direction of motion. The second
interface, however, presents a barrier in the potential
for the particle's motion, and the net enthalpic
force is directed in the direction opposite to themotion
and, hence, inhibits the movement of the particle.
The interaction between the Janus particle and
the potential barrier eventually yields the drop off.

Figure 9. Snapshots of the system in which the vesicle drops off a Janus particle with a fraction of hydrophobic beads
φ = 0.010 (a total of 4 hydrophobic beads) on a “sticky” patch (colored in yellow) for shear rate _γ = 0.015 and bond constants
Ksub/lipid = Kpatch/lipid = 4, Ksub/Janus = 8 and Kpatch/Janus = 12. The snapshots are taken at times (a) 160, (b) 576, (c) 1254, and
(d) 1300. The insets in (a�c) are the cross-sectional views of the vesicle�Janus particle assembly.
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The underlying physics of this drop off process also
played a role in separating motile capsules as they
moved along a heterogeneous surface.20

Another drop off scenario is observed for Janus
particles with all of the higher fractions of hydrophobic
beads considered herein: φ = 0.061, 0.140, 0.245, and
0.367. In these cases, some of the lipids become
detached from the vesicle as the particle is dropped
off, as shown in Figure 10. To characterize this drop off
scenario, for a simulation run presented in Figure 10,
we measured the number of specific bead�bead
interactions as indicated in Figure 11. The drop off
process is initiated at time 1220 when the particle
is arrested at the second interface. As the vesicle

becomes elongated, the number of interactions be-
tween the hydrophobic moieties on the lipids and
the particle decreases and the hydrophobic portion
of the particle becomes exposed to the outer solution
(Figure 10c). (Note the significant increase in the
number of hydrophobic particle bead/outer solution
bead interactions and the corresponding decrease in
the number of hydrophobic particle bead/hydrophobic
lipid tail interactions from time 1220 to (c).)

With the further stretching of the vesicle, there is an
increase in the number of hydrophobic lipid tail/outer
solution interactions, indicating that the hydrophobic
part of the membrane is exposed to the outer solution.
With exposure of the hydrophobic portions of the

Figure 10. Snapshots of the system in which the vesicle drops off a Janus particle with a fraction of hydrophobic beads
φ= 0.245 (a total of 96 hydrophobic beads) on a sticky patch for shear rate _γ =0.015 and bond constants Ksub/lipid = Kpatch/lipid = 4,
Ksub/Janus=8, andKpatch/Janus = 12. Thesnapshotsare takenat times (a) 308, (b) 1000, (c) 2100, (d) 3092, and (e) 3256. The insets are
the cross-sectional views of the vesicle�Janus particle assembly.
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membrane, breakage between the remaining hydro-
phobic particle bead/hydrophobic lipid tail inter-
actions is energetically unfavorable. Instead, the stress
in the assembly tends to stretch the vesicle and form a
neck connecting it with the hydrophobic portion of
the Janus particle. Therefore, the number of lipid tail/
outer solution interactions continues to rise, while the
number of interactions between the hydrophobic
particle beads/outer solution and hydrophobic particle
beads/hydrophobic lipid tails reaches a constant
value (Figure 11, time (c) to (d)). The stress in the vesicle
eventually ruptures the neck, and the particle is
dropped off with a few residual lipid molecules. The
rupture releases the stress, and the vesicle continues to
be transported along the substrate, as reflected by a
sudden drop in the number of hydrophobic lipid tail/
outer solution interactions. Independent runs at each
value of φ confirm that the latter rupture scenario
is robust for the Janus particles with φ = 0.061, 0.140,
0.245, and 0.367.

In addition to the value of φ, the adhesion strength
between the patch and the particle, Kpatch/Janus, plays
a vital role in the drop off process. The phase map
in Figure S5 indicates how this parameter affects the
drop off process for different values of φ and 10 e

Kpatch/Januse 12.When Kpatch/Janus is relativelyweak, the
potential barrier at the second patch/substrate inter-
face is too shallow to induce the drop off of the particle.
Thewhole assembly passes the yellowpatch and keeps
moving along the substrate. As Kpatch/Janus is increased,
making the patch more sticky for the particle, the
potential barrier can impose sufficiently strong force
to arrest the particle and result in particles with low
ratios of hydrophobic beads φ being successfully
dropped off at the second edge of the patch. Particles
characterized by higher values of φ experience a drag
force from the vesicle that is sufficient to overcome the

opposing enthalpic force, and the particle passes the
patch. As mentioned above, only the particle with the
lowest fraction of hydrophobic beads φ = 0.010 pro-
duces clean detachment; the drop off of particles with
higher fractions of φ = 0.061, 0.140, 0.245, and 0.367 all
involves the rupture of the vesicle.

Finally, our simulations show a relatively minor
effect of the imposed shear rates within the range of
the shear rates considered herein (see Figure S5). This
study indicates that the properties of the patch could
be tailored to achieve optimal pick up and delivery.
These patches can be utilized in microfluidic devices
to sort Janus particles based on their chemical
composition.

CONCLUSIONS

To provide effective guidelines for utilizing lipid
vesicles as cargo carriers in micro- and nanofluidic
devices, we performed computer simulations to probe
the interactions between a nanoscopic vesicle and
spherical Janus particles in the presence of an imposed
flow. The vesicle and Janus nanoparticles were placed
on a hydrophilic substrate and immersed in a hydro-
philic solution. The favorable enthalpic interactions
between the hydrophobic sites on the Janus particle
and the hydrophobic interior of the lipid bilayer en-
abled the fluid-driven vesicle to successfully adsorb or
“pick up” the nanoparticle. We systematically varied
the chemical composition of the nanoparticles, the
adhesion strength between the nanoparticle and sub-
strate, and the shear rate and consequently identified
the appropriate range of parameters that leads to
robust carrier cargo assembly, with the hydrophobic
portion of the particle being localized within the
hydrophobic domain of the bilayer. In general, this
self-assembly and, hence, optimal pick up is achieved
in scenarios involving the following: Janus particles
with a large hydrophobic component, low substrate
adhesions, and low shear rates. We also examined the
payload capacity of the nanoscale vesicle by simulating
the interaction between a vesicle and multiple Janus
particles and observed that these vesicles can success-
fully pick up up to four particles.
We then considered scenarios that would lead to

controlled drop off the adsorbed particles, so that the
vesicles could provide a means of controllably deliver-
ing nanoparticles to specified locations within the
fluidic chambers. Specifically, we designed a chemi-
cally heterogeneous substrate that encompasses a
sticky patch, which has a stronger adhesive interaction
with the particle than the rest of the substrate. We
isolated the range of parameters where the vesicle can
drop off the particles and remain intact as it keeps
moving along the surface. We also pinpointed the
parameters where some lipids that are bound to the
particle detach from the bilayer as the particle is
deposited, but the vesicle is not completely ruptured.

Figure 11. Temporal evolution of the number of interac-
tions between the hydrophobic beads of the Janus particle
and the outer solution (green crosses), between the hydro-
phobic beads of the Janus particle and the hydrophobic
beads of the lipids (red pluses), and between the hydro-
phobic beads of the lipids and the outer solution (blue
asterisks), for the simulation shown in Figure 10. The
annotations with the letters a�e correspond to the frames
Figure 10a�e, respectively.
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Overall, our findings provide insight into harnessing
fluid-driven vesicles to controllably transport nano-
scopic cargo in nano- and microfludic devices. The
results suggest that the vesicles could be used to
collect and remove debris from the lower surface

of these devices. Alternatively, through their ability
to deliver and deposit the particles, these vesicles
can play an important role in facilitating the bottom-
up assembly of particles within these fluid-filled
chambers.

METHODOLOGY
DPD method can be viewed as a coarse-grained molecular

dynamics (MD) approach. Similar to MD simulations, DPD
captures the time evolution of a many-body system through
the numerical integration of Newton's equation of motion,
mdvi/dt = fi, where the mass m of a bead is set equal to 1. The
force acting on a bead consists of three parts, each of which is
pairwise additive: fi(t) = ∑(Fij

C þ Fij
D þ Fij

R), where the sum runs
over all beads jwithin a certain cutoff radius rc. We take rc as our
characteristic length scale and set the dimensionless value as
rc = 1. The conservative force is a soft, repulsive force given by
Fij
C = aij(1 � rij)̂rij, where aij is the maximum repulsion between

beads i and j, rij = ri� rj, rij = |rij|, and r̂ij = rij/|̂rij|. The drag force is
Fij
D = �γωD(rij)(̂rij 3 vij)̂rij, where γ is a simulation parameter

related to viscosity, ωD is a weight function that goes to 0 at rc,
and vij = vi � vj. The random force is Fij

R = σωR(rij)ξiĵrij, where ξij
is a zero-mean Gaussian random variable of unit variance and
σ2 = 2kBTγ. Finally, we useωD(rij) =ωR(rij)

2 = (1� rij)
2 for rij < 1.12

Because all three of these forces conserve momentum locally,
hydrodynamic behavior emerges even in systems containing
only a few hundred particles.8,11,12 The equations of motion are
integrated in time with a modified velocity-Verlet algorithm.21

As per convention, we take kBT as the characteristic energy scale
in our simulations, with kBT = 1. The characteristic time scale is
then defined as τ = (mrc

2/kBT)
1/2 = 1. The remaining simulation

parameters are σ = 3 and Δt = 0.02τ, with a total bead number
density of F = 3 and a dimensionless value of rc = 1.12,22

The vesicles in our systems are self-assembled from short,
twin-tailed lipids; Figure 1a shows a vesicle composed of 586
such lipids. Each amphiphilic lipid is composed of nine beads,
with three hydrophilic beads forming the head and six hydro-
phobic beads contributing to the two tails, as shown in
Figure 1b.3 The bonds between the lipid beads are represented
by the harmonic spring potential Ebond = Kbond((r � b)/rc)

2,
where Kbond is the bond constant and b is the equilibrium bond
length. Here, we set Kbond = 64 and b = 0.5.22 We also insert a
weaker bond (Kbond = 16) between the first beads (nearest the
hydrophilic head) on the two tails to keep the tails oriented in
the same direction. Additionally, we include a three-body
stiffness potential along the lipids' tails of the form Eangle =
Kangle(1þ cos θ), where θ is the angle formed by three adjacent
beads,22,23 and we set the coefficient to Kangle = 5. This stiffness
term increases the stability andbending rigidity of the bilayers.22

Each Janus nanoparticle is formed from 392 beads, which are
arranged in a face-centered cubic (fcc) lattice structure, with a
cube side length of 0.7. The permanent harmonic spring-
like bonds between the beads in the nanoparticle are charac-
terized by Kbond = 64 and two equilibrium lengths b = 0.7 and
b = 0.7/

√
2 (set according to the spacing between the beads

in the fcc lattice). In our reference case, the nanoparticle is
divided symmetrically into hydrophobic and hydrophilic parts
(see Figure 1c). The fraction of hydrophobic beads in the Janus
particle, φ, is defined as the number of hydrophobic beads
divided by the total 392 beads. In addition to symmetric
particles with φ = 0.5, we simulate asymmetric Janus particles
by varying φ. We vary φ by replacing (layer-by-layer) hydro-
phobic beads with the same number of hydrophilic beads. The
asymmetric particles investigated here have φ = 0.367, 0.245,
0.140, 0.061, and 0.010.
The substrate is made up of 5940 frozen hydrophilic beads

arranged in a fcc lattice structure of a number density F≈ 3. We
assume that the substrate is adhesive to the nanoscopic vesicle.
To model the adhesive nature of the surface, each hydrophilic
bead in the vesicle that is in contact with the surface can form a

bond with this substrate. The bond between a hydrophilic bead
and a substrate bead is modeled by a truncated Hookean spring
potential Fsub/lipid = �Ksub/lipid(rij � b), which is widely used in
other mesoscopic simulations.24,25 Here, b corresponds to the
equilibrium bond length (set at b = 0.5) and Ksub/lipid is the
effective strength of the interaction. These bonds can break
when their length exceeds a critical value (i.e., rij > rc). Further-
more, new bonds can form when the distance between a
hydrophilic bead in the vesicle is less than a critical distance
from the surface site (i.e., rij < rc).
In the presence of an applied shear, some fraction of these

bonds will break. Importantly, however, the imposed flow also
brings the vesicles in contact with new sites further along the
surface, and hence, these components can form new bonds
with the substrate. Given the number of beads that lie within
a distance of rij < rc from the surface, the net effect of these
bonding interactions is to create an adhesive force that pre-
vents the vesicle from detaching from the substrate but none-
theless allows the fluid-driven vesicle to slide along the
substrate.
We specified the strength of the adhesion by setting

Ksub/lipid = 4, which yields an adhesion energy per unit area
of≈10�2J/m2 between the nanoscale vesicle and the substrate.
The adhesion energy is on the same scale as used in other
coarse-grained MD simulations for supported lipid bilayers,26,27

as well as MD simulations with fully atomistic representations.28

Notably, this value is also on the same scale as experimental
values for the adhesion energy of ligand�receptor bonds.29

We also apply the adhesion between the Janus particles and the
substrate in the similar manner with 6 e Ksub/Janus e 12, which
represents a stronger adhesion.
Hydrophilic solution beads fill the interior of the vesicle and

the remaining volume of the periodic simulation box. Unless
stated otherwise, the size of the box is 60.5 � 40.0 � 19.8
(we choose the dimensions of the box in x- and z-directions to
match the lattice constant of the substrate). The nature of the
hydrophilic/hydrophobic interactions between the beads is
captured by specifying the repulsive interactions between the
components. Our choices for the interaction parameters be-
tween the components, aij, are as follows:

3 for any two beads of
the same type, we set the repulsion parameter to be aij = 25
(measured in units of kBT/rc), and the value of the interaction
parameter between the hydrophobic�hydrophilic moieties is
specified by aij = 100. These values were used in a number of
previous DPD simulations of lipid bilayers,22,30 and as previously
observed,22,23 we find that lipids spontaneously self-assemble
into bilayers15 or vesicles for these interaction parameters.3,31

As noted in the introduction, our vesicles and Janus nano-
particles are driven to move along the substrate by an imposed
shear flow. We set the substrate in the x�z plane (at y = 0) and
apply shear to the system in the y-direction. The shear flow is
imposed by the Lees�Edwards periodic boundary conditions
by displacing the images of the periodic simulation box at two
boundaries, y = 10 and y = �10.32 The resulting shear flow has
a velocity in the x-direction of a magnitude given by Vsh = _γy,
where _γ is the shear rate. Below, we focus on shear rates within
the range 0.015e _γe 0.035. It is worth noting that higher shear
rates cause the rupture of the vesicle.
The above simulation parameters can be related to physical

length and time scales by examining the properties of a
tensionless membrane.22 The lipids in our investigations
represent DPPC (dipalmitoylphosphatidycholine, C40H80NO8P).
Typical experimental measurements of DPPC membranes22

in a tensionless state yield an equilibrium area per lipid of
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approximately 0.6 nm2. This value can be used to establish a
dimensional length scale in the DPD simulations and gives
rc = 0.67 nm.22 The DPD time scale τ can be estimated from
the in-plane diffusion constant of lipids, which, for a flat DPPC
membrane, has been measured22 as D = 5 μm2/s. By matching
the latter value to the diffusion constant in the simulation, one
can obtain τ = 7.2 ns and, for a single time step, Δt = 0.02τ
= 0.14 ns.22 Hence, the radius of the Janus particle and the
outer radius of the lipid vesicle17 can be estimated as ∼1.4 and
∼5.0 nm, respectively. The range of the shear rates in our system
corresponds to 2.08 � 106 to 4.86 � 106 s�1; these shear rates
are of the same order of magnitude as those used in high shear
rate experiments in microfluidic devices.33 The resulting veloc-
ity of a particle moving along the substrate is on the order of
5 mm/s, which is within the range of operating velocities in a
variety of microfluidic devices.34 (The latter value corresponds
to the dimensionless velocity 0.05 in the simulations.) At these
velocities, the corresponding Peclet number can be estimated
roughly as Pe ∼ 100,35 and hence, the motion of the vesicle is
dominated by advection.
The above correlations between the simulation parameters

andphysical values provide useful guidelines for experimentally
realizing the system described above. In particular, the sub-
strate could be functionalizedwith ligands (including proteins37

and peptides38) that have an affinity to the surface of the
vesicles that is characteristic of the ligand�receptor inter-
actions noted above29 and, thus, could localize the vesicles on
the substrate37,38 until the imposed shear would dislodge them.
The ligands on the substrate could also have an affinity for the
hydrophilic surface of the Janus particle. Namely, researchers
have developed a range of methods that utilize a variety of
ligands to produce Janus nanoparticles with specified hydro-
phobic and hydrophilic areas.39 Through the appropriate choice
of hydrophilic moieties on the Janus particles, the functiona-
lized surface could exhibit an affinity to the hydrophilic regions
of these particles, as well as the hydrophilic surface of the
vesicles. A variety of microcontact printing techniques40 can be
used to make the patterned surfaces needed for the particle
drop off studies. In particular, via the latter method, the desired
ligands, which have a stronger binding to the hydrophilic
portion of the Janus particles than the rest of the surface, can
be printed at a specified region of the surface. In summary, with
the possible functionalization of the vesicles,37 Janus particles,39

and substrate,37,38,40 researchers have a wide parameter space
to choose from in tailoring the system to match the physical
values that correspond to the simulation parameters.
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