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In molecular dynamics simulations we investigate the self-organized formation of droplets from a
continuous flow of incoming nanoparticles. This transformation is facilitated by a cylindrical channel that
is decorated with a polymer brush in a marginally poor solvent. We analyze droplet formation and
propagation by means of simple scaling arguments which are tested in the simulations. Polymer brushes
in marginally poor solvents serve as a pressure feedback system, exhibit a collapse transition under the
moderate pressure of the incident flow, without the need for additional external stimuli, and finally
close spontaneously after droplet passage. Our results qualitatively demonstrate the control of polymer
brushes over continuous fluids and droplet formation, and its effectiveness as a means of fluid
control can be used to design nanofluidic rectification devices that operate reliably under moderate
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1 Introduction

Nanofluidic systems using nanochannels for the control of
incident fluids have received wide attention because of their
novel applications in DNA selection and sequencing,' drug
delivery and release,*™® ionic pumps and diodes,”® aquaporin
gates®, molecule detection,'®'! energy conversion'? and blood
glucose sensoring™®. The basis for the implementation of these
applications is the ability to manipulate fluids through electro-
magnetic fields,”'* nanopore surface charges'®, hydrogels'®™®
or stimuli-responsive polymer brushes'®. Besides the gating
function of fluid control in nanovalve systems, another impor-
tant application is the conversion of a continuous flow into a
regular sequence of droplets, a mechanism, which has been
implemented in experiments on the micron-scale.>**
Polymer brushes are promising candidates to achieve similar
effects on the nano-scale. They can change their degree of
swelling in response to environmental factors such as solvent
quality®?, pH or voltage changes,>*** temperature,**® pressure®’,
luminance®®, and antibody*® or cosolvent®>*' interactions. A
cosolvent is a competing solvent component which at rather
low concentrations can trigger a sharp collapse-transition of a
brush that is swollen in a good solvent. In the case of cylindrical
brushes in a marginally poor solvent, the characteristic bi-
minimal free energy profile*®> may be tuned so that a transient
open channel-state is metastable and closes spontaneously to
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interrupt a continuous inflow of nanoparticles (NPs), after a
cluster or globule of NPs, henceforth to be called ‘nanoparticle
droplet’ (NPD), has translocated to the channel. We note that the
term NPD indicates the specificity of a globule of NPs with an
effective surface tension due to the environment, since the outer
layer of NPs interacts directly with the polymer brush.

Brush-decorated nanochannels under incident nanoflow
have been studied before using molecular dynamics (MD)
simulation methods®®, including the effects of interparticle
interactions®, the shearing effects on the brushes,>”* and
the formation of NPDs inside channels of infinite length*®. In
the present work, we simulate brushes in marginally poor
solvent which are exposed to a continuous flux of NPs and
investigate the gating process that leads to an interruption of
that flux. The NPs are accumulating at the brush entrance and
eventually breaking through to form the NPD which subse-
quently propagates through the cohesive brush phase. We are
going to focus on scaling properties in order to understand how
experimental parameters such as flow speed and particle flux
can be used to systematically control size and frequency
of NPDs.

The remainder of this work is organized as follows: in
Section 2, we detail the MD simulation model for the cylindrical
brush and connect the parameter settings of our coarse-grained
model with physical units that are of relevance in laboratory
setups. Simulation results are discussed in Section 3, including
the impacts of driving force and incident rate on the droplet
size and frequency, the friction between droplets and brush as
well as the effect of the sizes of individual NPs. Finally, a
discussion of the findings will be provided in Section 4 and
summarized in Section 5.

This journal is © The Royal Society of Chemistry 2022
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2 MD simulation model and the
relation to experimental parameters

Using the open source LAMMPS software®”, MD simulations of
cylindrical brushes and NPs have been conducted using a
coarse grained bead-spring (‘Kremer-Grest’) model®®. The
brush is placed in the middle of the nanopore and covers an
axial length of L,, surrounded by empty sections of L; on each
side as shown in Fig. 1a. Each chain is grafted with one end
onto the inner tube-wall, at grafting density ¢ =M/A, where M
denotes the total number of chains and A the grafting area of
the channel-wall. Pair interactions between any two beads are
the Lennard-Jones (L]) potentials

o) -()-() () o

where ¢ is the depth of the potential (in units of kzT) and d is
the effective diameter. The monomer diameter d defines the
unit-length, and in the case of interactions between particles of
different diameters (NP-sizes are larger, dyp > d), arithmetic
mixing rules are applied. All particles are confined inside the
channel of radius R by a repulsive potential barrier similar to
that of eqn (1) and there is no friction between the particles and
the wall. The parameter r. defines the cutoff distance. Fully
repulsive interactions result when the L] potential is truncated
at its minimum®’, and implemented for monomer-NP inter-
actions, at which r. = /2(d + dnp)/2. Otherwise, truncation
occurs at a distance of r. = 2.5d between monomers and
r. = 2.5dxp between NPs. The NPs are given a weak attraction
of ¢ = 0.5kgT (as well as between monomers), providing a slight
adhesive force, which however is insufficient to lead to a
spontaneous droplet formation or to grant stability of the
droplet after it has passed through the brush phase.

(a) r=20, fixed boundary in z

drift force
L —

| L;=120 | L=53.7 | L=120 | |
reserv'oir ' brush grafting area ) ' sink
(b) (c)
t1 . :
t2
t3 Ta
Fig.1 (a) Simulation model of NPs driven through a cohesive brush-

decorated channel. Purple and cyan beads represent NPs and monomers,
respectively. After being generated in the reservoir area on the left, NPs
pass through the brush under the drift force f and are deleted after
entering the sink area on the right. (b) Snapshots of formation (t;), inclusion
(to) and release (t3) of NPDs. (c) Schematic illustration of droplet formation
and passage, where the central column-height of the paraboloidal proto-
cluster is h. The droplets pass through a cross section of the brush in time
t, and at intervals T.
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Connectivity between bonded monomers is enforced through
a finite extensible nonlinear elastic (FENE) potential®®, defined as

Uppnge(r) = —0.5KRy*In[1 — (1/Ro)*] (2)

with a spring constant K = 30ksT/d> and a maximum per-
mitted bond length of R, = 1.5d. In this setup, average bond-
lengths vary between 0.97d and 1.0d. Combining the interaction
energies into the potential Uy, the non-driven motion of the
particle 7’ is described by the Langevin equation,

dzl‘i

amr; . dr; _8Utot
ds?

+C[E: 8r,~

m; +F iy (3)
where m; and ¢; represent the mass and friction coefficient,
respectively. F; is a Gaussian random force, applied to couple
the system to the heat bath (implicit solvent), with the correla-
tion function

(FA6)F,(¢")) = 6mkaTES;(t — ¢'). @)

Both kg and the temperature 7 are set to unity. We thus take
monomer size, d, mass, m, and kg7 as length, mass and energy
units, respectively. The time unit is the LJ-time of a monomer,

(] =d+/m/(kgT). Then the units of other parameters are

deduced, such as force [f] = kgT/d, velocity [v] = \/(ksT)/m,
viscosity and friction coefficient [¢] = /mkgT /d (whose value
regarding the monomer is set as ¢ = 1 in simulations).

NPs are additionally exposed to a constant external drift
force which drives them through the brush and are bound in
the axial direction by a fixed boundary. To connect simulation
parameters to real-life dimensions, a transformation into phy-
sical units is possible as follows: the dimensionless energy unit
ksT is about ~107>'J at room temperature, while the length
unit relates to the size of the Kuhn-monomer, typically of the
order of ~107°m in the case of rather flexible polymers, or
larger otherwise. Then, the unit force used in this work would
correspond to ~ 10~ '?N, yielding forces on the NPs of the order
of a few tenths of a pico-Newton.

3 Results

3.1 Droplet formation

For setting up the cylindrical polymer brush, a total of 336
polymers with a polymerization of N = 120 are grafted inside
the nanopore of radius R = 20 within an axial length of L, = 53.7
at the grafting density ¢ = 0.05. The arrangement for the
incident flow is illustrated in Fig. 1a: individual NPs (with size
dnp = 2) are continuously generated in the reservoir area at time
interval At, yielding the NP incident rate I = 1/A¢t. With the drift,
which is generated by a constant external body force f, acting on
each particle®®, the NPs initially pass through the length of
L = 120 and crowd at the interface of the brush. The origin of
this drive would stem from an (implicit) solvent which is
assumed to consist of far smaller molecules that continuously
move through the brush, sufficiently slow so that the polymer
conformations remain unaffected.**™*? This model is adequate
as long as the solvent flow itself would not significantly perturb

Soft Matter, 2022, 18, 5598-5604 | 5599


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sm00527a

Open Access Article. Published on 06 July 2022. Downloaded on 12/17/2025 9:53:27 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Soft Matter

the brush conformations. As we will show below, the formation
of large particle droplets occurs at small drift forces only and
thus the regime of high solvent fluxes is of little interest here.
There exists a critical flux at which the nanochannel stays
permanently open so that a continuous flow of NPs sets in.
After having crossed the brush, the droplet disperses into a
burst of NPs which are eventually eliminated in the sink area
near the far edge of the simulation box.

Fig. 1b shows snapshots of a droplet in its formation stage,
while propagating through the channel and its dissolvation.
The sketch in Fig. 1c depicts the droplet formation process:
While piling up in front of the cohesive brush, the NPs impose
an increasing normal stress onto the brush entrance, eventually
forming a droplet with a well defined number of NPs. The
simulations indicate that it is not a critical accumulative force
of NPs, i.e. F. = Np f, which triggers the breakup of the cohesive
polymer phase, but rather a critical normal stress imposed onto
the central axis at which the brush polymers overlap: This
stress is proportional to the central column-height # of the
proto-droplet, which approximately assumes a paraboloid
shape (green embedding curve in Fig. 1c). A critical normal
stress then corresponds to a critical column-height ., which
causes a breakthrough of the NPs through the brush-entrance,
opening a path for the remaining NPs to enter the brush. Since
the volume of the paraboloidal proto-droplet is proportional to
h?, the number of NPs inside such a droplet at critical stress is
N, ~ h.. As the normal stress is given by the total force exerted
by the central column, %, has to be inversely proportional to the
driving force, thus k. ~ f ', or

N, ~ f2 (5)

Fig. 2 displays the corresponding simulation results, which
verify the scaling relation suggested by eqn (5). Moreover, the

1000 Z 000 1=0.1 7]
s —1=0.01 .
C [-4000 — I=0.02
S 1=0.025
E 3000 — 1=0.033
2 2000
3 1000
s
10, 15 20
o time(x10" LJ unit)
Z
100 | =
—O0—1=0.01
— 1=0.02
—7— 1=0.025
1=0.033
- — -slope=-2
10 L
0.1 0.2 0.3 04 05 06

Fig. 2 The average number of nanoparticles inside a NPD, N, as a
function of drift force, f. Symbols of different colors represent simulations
at different incident rates. The dashed line is the slope s = —2 according to
the scaling relation egn (5). Inset: Stepwise accumulation of nanoparticles
arriving at the sink area at different production rates but constant driving
force.
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average N, is independent of the incident flow rate I, indicating
that the time scale involved in droplet formation does not yet
interfere with the time scale on which the polymer chains
respond to external forces. Since the open-close transition of
brush is fast when compared to droplet formation, it is permis-
sible to neglect aspects of polymer dynamics in the theoretical
modelling of droplet formation.

3.2 Frequency of nanodroplets vs. incident rate

To analyze the behaviors of the propagating droplets, we shall
assume that all NPs passing through the channel are members
of their respective droplets. In fact, there exist a few renegade
NPs which either find their individual paths through the brush-
tangle or stay behind the droplet and become trapped inside
the brush. Those are statistically insignificant and often
absorbed by the subsequent droplet. With the NP-production
rate of I, the number of NPs having passed the channel is, with
increasing system time ¢, approaching the asymptotic relation
N, = It = MyN,, (inset in Fig. 2), where M, is the total number of
droplets. Let us now define the duty cycle D, as the fraction of
time at which an arbitrarily selected cross section of the brush
is in its “open” state, then

D= = ©)
where Ty is the average time between the passage of subsequent
droplets and ¢, the time a single droplet requires to propagate a
distance of its own size (Fig. 1c). Here we employed the relation
N, =IT4. In the case of D, = 1, the channel is continuously open
with a continuous flow of NPs. In the simulations, the passage
of droplets and hence D, can be extracted from variations of the
brush-height (i.e. the center of mass thickness, the average
radial distance of each monomer from the substrate), which
changes as a droplet passes through a given cross-section of the
channel.

Fig. 3a and b display the variation of the rescaled thickness
(for a cross-section layer of an axial length of 5) and the
translocation events as a function of time. At the given inci-
dence, I = 0.033, the NPDs formed at the smaller driving force
(black curve, f = 0.1), are easily distinguished, since each
droplet passage corresponds to a significant decrease in the
thickness of the brush. As a result, the continuously incoming
fluid is turned into a sequence of droplets at a low value of the
duty cycle (D, = 0.317). In the case of a far higher driving force
(red curve, f= 0.8), NPs are continuously passing through the
nanochannel and D. is close to unity, i.e. the channel remains
permanently open.

When analyzing the simulation results as shown in Fig. 3b,
we can extract the NPD duty cycles at different values for the
production rate I and driving force f. A large range of simula-
tion parameters is summarized in Fig. 4, where the error bars
depict the variation of D, after removal of trivial translocation
events (“renegade’ particles which are detached from droplets).
The linear relationship between D, and I as predicted by eqn (6)
is approximately satisfied (solid line), indicating that a varia-
tion of the NP-flow varies solely the frequency of droplet

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 (a) Rescaled center of mass thickness, H.n/Ho of the brush as a

function of simulation time (in LJ units). (b) Time-dependent number of
nanoparticle translocation rates. Black (f = 0.1) and red (f = 0.8) curves
show the effect of driving force on the permeation process of NPDs at the
same incidence rate / = 0.033.
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Fig. 4 Duty cycle of NPDs through nanochannels as a function of
incident flow rate and at different drift forces. MD simulation results
(symbols) display a linear relationship between D. and | (solid lines,
eqn (6)), which fails as D, approaches 1.

translocation but does not affect the average droplet size
(Fig. 2). As long as the brush returns to its equilibrium state
on a time scale covering the idle time between two subsequent
droplets, D. ~ I holds in this parameter range. This is no
longer the case as soon as the droplet frequency reaches

This journal is © The Royal Society of Chemistry 2022
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sufficiently high values such that the waiting time between
two droplets, Tq — t,, approaches the relaxation time of the
brush. The subsequent droplet then experiences a channel still
being in the process of closure, and a further increase of
NP-flow eventually enforces a continuously open channel.

3.3 Friction between droplet and brush

In the case of a driven single particle in the solvent, f is
balanced by the frictional drag of the solvent to reach a
stationary velocity of v, = f/£. When these NPs form a droplet
inside the brush, the friction between the droplet and
the surrounding polymers adds to the effective drag, and the
resulting total frictional force F has to be in balance with the
total driving force N, f, thus giving

F:pr—zvpév:pr(l —V—VO) (7)

where v stands for the center of mass velocity of the droplet.
Bringing in the relationship between N, and f (eqn (5)), we
arrive at

1/2 v
Fr~NY <1—v—0>. (8)
The frictional force F on the droplet during the inclusion stage
(Fig. 1b-t,) therefore depends upon the number of NPs and the
average center of mass velocity of droplet propagation through
the brush, which can be extracted separately for each individual
droplet.

After evaluating the NPs in individual droplets, Fig. 5 shows
the relation between F and N, for each droplet at various
driving forces (f, distinguished by colour) and incident flow

40
30

20

10

02 o.'3l 04 05 06
10 100

p

Fig. 5 Friction between droplets and brushes, F (eqn (7) and (8)), as a
function of the number of nanoparticles within the droplet, Ny. Each data
point (symbols, from the MD simulations) represents an individual droplet
produced under different driving forces (f, distinguished by color). The
simulation results follow a linear relationship with N, (red solid line) at fixed
f, while roughly satisfying a scaling of N&? (red dashed line) when f is
varied. Inset: Ratio of the center of mass velocity of the droplet to the
velocity of a single NP in pure solvent for various f.
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rates. While N}, is not constant but fluctuating about its mean
value at any given f (symbols of identical colors), the corres-
ponding total friction F varies linearly with N, (indicated by the
red solid line). As a function of f, the average total friction then
scales approximately as Nlla/ ? (indicated by the red dashed line).
Comparing with eqn (7) and (8), such a simple functional
behavior remains valid as long as the velocity ratio v/v, and
hence the droplet velocity v is not itself a function of N, i.e., as
long as the ratio v/v, does not depend upon f.

To investigate the condition under which this simplification
holds, we consider a droplet with total number of N, particles,
of which Ny are located at the surface of the droplet and in
contact with the polymers. Only those would be exposed to the
friction that arises from the brush and contribute a drag of *v
each to the droplet; &* contains the combined friction arising
from the implicit solvent and monomers. The remaining
(N, — Ng) particles each contribute ¢v to the total drag. There-
fore, the total frictional drag on the droplet equals N&*v +
(Np — Ns)év, which is balanced by the cumulative driving force
Ny, f = Nplv,, yielding

ro L= (©)
vo 1—0408&/¢ Np

where ¢ is a factor that depends upon the shape and volume of
the droplet, i.e. the proportion of surface particles. In the limit
of sufficiently small droplets, the ratio Ny/N,, remains close to
unity and almost all NPs are in contact with the brush. There-
fore, the velocity ratio is a constant of £/&*, depending only
upon the properties of solvent and polymer, and the scaling
relationship between F and N, with respect to the velocity ratio
holds valid. Contrarily, in the case of small f (e.g., f= 0.2, black
symbols in Fig. 5), the resulting large NP-size leads to signifi-
cant deviations because a constant ratio v/v, no longer remains
satisfied. As shown in the inset of Fig. 5, the velocity ratio
approaches an asymptotic value as f increases.

3.4 Effect of the nanoparticle size

We may re-derive eqn (5), including the size of nanoparticle
dnp, as follows. The droplet size is determined by the critical
normal stress, which leads to the inclusion pressure of the
brush for a single NP in the axial direction, P, = faxial/A, Where
faxia1 and A represent the axial force of the NP acting on the
brush and the cross-sectional area of the NP respectively. Once
the NPs accumulate in front of the brush, f,. is proportional
to the number of NPs aligned upward along the axial direction,
Naxial, and the driving force on each NPs, ie. fixial = Naxialfe
Considering that the length of the NP arrangement satisfies
h= NaxialdNP; we get

_‘ﬂlxial _ Naxialf _ 4hf
== =1 . = 3
A ZTC dli b TEde

P inc

(10)

Therefore, the maximum value of the inclusion pressure exists
along the column length %, of the paraboloidal proto-droplet
(see Fig. 1c). When it reaches a constant critical value P, a
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drift force on NPs

Fig. 6 The average number of NPs inside a “droplet”, Ny, as a function of
drift force, f. Black and red symbols represent free NP diameters of dyp = 2
and dyp = 3, respectively, and the simulation results for both are consistent
with the prediction of the scaling relation N, ~ =2 (eqn (5), blue line)
within the error range.

nanodroplet is formed and the number of NPs inside the
droplet is estimated as

4/’lcf TEPC 3 -1
TEde3:PC:>hC: 4dNPf ) (11)
yielding
Np ~ hcz/dNPs ~ dNPSfZ- (12)

Besides the scaling behavior N, ~ f?, the number of
nanoparticles in the droplet increases with the volume of the
particles. This fact is also found in the simulations, as shown in
Fig. 6, though the rescaled profiles Ny/dxe’ ~ f > do not
precisely coincide indicating that the change of size from
dnp = 2 to dyp = 3 is exceeding the volume range of the resulting
droplets in which brush-related parameters such as polymer-
response would remain approximately invariant.

4 Discussion

The results demonstrate that within a wide parameter range the
relaxation dynamics of the polymers is sufficiently fast to
remain irrelevant. As a result, neither droplet size nor droplet
velocity are functions of the incident NP-rate — the next droplet
experiences the brush environment in its equilibrium state.
Only at sufficiently high fluxes or driving forces, at which the
duty cycle approaches values close to unity, does the dynamics
of droplet-passage turn sufficiently fast so that the polymer
relaxation fails and the droplet-flow crosses over into a con-
tinuous flow. Therefore, with a constant incidence, the brush
relaxation time straightforwardly determines the transition
condition of NPs from the droplet state to the continuous flow
state, i.e., D. ~ 1 occurs when the time between two subse-
quent droplets reaches the brush relaxation time.

Brush coatings are particularly effective for the self-organized
generation of a periodic flow of droplets because of two facts:

This journal is © The Royal Society of Chemistry 2022
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first, the brush forms (in marginally poor solvent) a somewhat
sticky tangle which effectively blocks diffusive passage of
medium-sized particles, even when the grafting density remains
moderate. Besides, its bi-minimal energy profile*> provides here
a low free energy barrier against the formation of NPDs, thus
reducing the critical stress that is required for the incident
particles to enter the brush and to establish the droplet
formation.

Experimentally, brush-decorated nanopores can be prepared
and have been shown to regulate the translocation of fluores-
cent DNA*’, We shall make a rather rough comparison of
parameters used in these experiments with the simulations
shown here using a coarse-grained model: In the experiment,
the channel radius was R = 25 nm, its length L ~ 6 pm and the
pressure difference AP ~ 150 mbar = 1.5 x 10° Nm > = 1.5 x
102 pN nm 2 between both sides of the channel. Assume for
simplicity an empty channel. Then according to Hagen-Poiseuille
(HP) the flow velocity in its center would be

_ APR? 13)
' 4nL’
and the drag force on a NP of diameter d = 3 nm
APR*3nd
=~ 1072 pN. 14
/ AL p (14)

The estimate of driving forces applied in our simulations (see
Section 2) leads to forces that are 1-2 orders of magnitude higher
than that, but higher pressures should be feasible experimentally
(in reverse osmosis technologies for water desalination, water is
driven through membranes at pressures that are higher by three
orders of magnitude), and larger pore and NP sizes are probably
desirable as well.

5 Conclusions

In conclusion, we have demonstrated in MD simulations how a
polymer-decorated brush in marginally poor solvent can be
employed to turn a continuous flow of NPs into a regular
sequence of droplets. A couple of simple scaling arguments
are used to interpret the droplet formation process and primary
features of droplet propagation through the brush-tangle. Most
notably, the average number of NPs per droplet (size of dro-
plets) is inversely proportional to the squared driving force
(eqn (5)), the friction between droplet and brush scales as the
square root of the number of NPs (eqn (8)), and the duty cycle
(frequency of droplets) linearly with the NP-flux (eqn (6)). The
latter fact inevitably leads to a transition into a continuous NP-
flow once a critical flux is reached. We thus offer a simple
theoretical platform for the design of brush-controlled nano-
fluidic devices.

A systematic understanding of the brush structure, its free
energy profile and the conditions under which the conforma-
tional transition is triggered during droplet formation, might
allow the design of brushes for nanofluidic devices with the
desired properties in terms of particle-throughput or droplet-
frequency. The present shortcomings of the simulation method

This journal is © The Royal Society of Chemistry 2022
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include the neglect of complex effects of hydrodynamic inter-
actions between the flow field, the NPs which are carried by
that field and the polymers. In a set of preliminary investiga-
tions, we are in the meanwhile able to simulate droplet
formation in systems with explicit solvents (data not shown).
Here, only the solvent molecules are driven while the NPs are
floating passively in the solvent flux. Preliminary results indi-
cate that the scaling properties presented in the current work,
and based on the implicit solvent model, still remain valid, but
the considerable numerical costs of explicit solvent simulations
are so far prohibitive for a production of data of sufficiently
statistical volume. We are planning to pursue this direction in
an upcoming project with the application of lattice Boltzmann**
or multi particle collision dynamics methods*>*° to optimize
the simulation process, in which even the inclusion of hydro-
dynamic interactions may become feasible.
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