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ABSTRACT

Dissipative Particle Dynamics (DPD) is a stochastic particle model that is able to simulate larger systems over longer time scales than atom-
istic modeling approaches by including the concept of coarse-graining. Whether standard DPD can cover the whole mesoscale by changing
the level of coarse-graining is still an open issue. A scaling scheme originally developed by Fiichslin et al. (2009) was here applied to
interfacial systems as one of the most successful uses of the classical DPD method. In particular, equilibrium properties such as the inter-
facial tension were analyzed at different levels of coarse-graining for planar oil-water interfaces with and without surfactant. A scaling
factor for the interfacial tension was found due to the combined effect of the scaling scheme and the coarse-graining parameterization.
Although the level of molecular description was largely decreased, promising results showed that it is possible to conserve the interfacial
tension trend at increasing surfactant concentrations, remarkably reducing modeling complexity. The same approach was also employed
to simulate a droplet configuration. Both planar and droplet conformations were maintained, showing that typical domain formations of
multi-component systems can be performed in DPD by means of the scaling procedure. Therefore, we explored the possibility of describ-
ing oil-water and oil-water-surfactant systems in standard DPD using a scaling scheme with the aim of highlighting its advantages and
limitations.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0139275

. INTRODUCTION means of DPD due to their remarkable applications to industrial
cases, such as food engineering research.” Indeed, DPD has been

Computer modeling techniques are widely used to enhance successfully employed to analyze both static (most notably phase

the comprehension of the way the molecules organize themselves
in a liquid,'” especially when experimental evidence is hardly
available due to the difficulty in isolating individual chemical
species.”” Among molecular techniques, Dissipative Particle
Dynamics (DPD) is a well-established method for simulating soft
matter systems at the mesoscale level of description.”” DPD is
a coarse-graining technique designed for modeling various fluid
systems. For example, this method has been used to simulate partic-
ulate suspensions,” ' microfluidic systems,'> polymer solutions, *'*
and interfacial systems.”””’ Moreover, DPD is well-suited for
modeling multi-component systems such as emulsions, and it has
been used in a number of studies to look at the effect of adsorbing
molecules on the stability of oil or water droplets in emulsions.”’ **
Therefore, interfacial systems have been largely investigated by

diagrams and interfacial tension calculations)”'*'**” and dynamic
properties (such as transport processes),”® even with amphiphilic
and protein molecules acting as surfactants.””"

Initially, DPD was developed to be a truly mesoscopic method,
in which both hydrodynamics and thermal fluctuations have a role.
In fact, it was considered capable to bridge the whole gap between
the atomistic scale, which is accessible by Molecular Dynamics (MD)
simulations, and the macroscopic scale, investigated by the contin-
uum modeling approach.® Recent works have seen this ambition of
DPD being deeply discussed and developed.”” It was shown that
by using a top-bottom approach, i.e., starting from a continuum
description and going to the mesoscale, it is possible to obtain a
thermo-fluid dynamic consistent method that includes both hydro-
dynamics and thermal fluctuations at lower scales. This method is
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referred to as Smoothed Dissipative Particle Dynamics (SDPD)**%

since it combines Smoothed Particle Hydrodynamics (SPH) and
DPD in a way that respects the fluctuation-dissipation theorem
through the so-called GENERIC formalism.”**’ The main features
of this method are the prescription of bead volume and transport
properties, which are now input parameters of the simulation, rather
than undefined or output values as in classical DPD. Moreover, a
lot of effort has been put into addressing many issues of classical
DPD, like the resulting unrealistic Equation of State with Many-
Body Dissipative Particle Dynamics (MDPD),*" the influence of
temperature with Energy-Conserving Dissipative Particle Dynamics
(EDPD),’! and the lack of all possible friction forces between beads
with fluid particle method.”” Speaking instead of the bottom-up
approach to mesoscale, the theoretical framework to link the atom-
istic description and DPD has been recently established through the
Mori-Zwanzig projection theory (MZ-DPD), which works very well
for bonded atoms-molecules but not so well for unbonded interac-
tions, which are very important in fluid systems to describe transport
phenomena like diffusion.”” Mainly for this reason, together with
the complexity of the newer DPD methods, classical DPD is still
used nowadays by the scientific community, as it is a simpler and
computationally cheaper method compared to more rigorous ones,
with the caveat that all the parameters must be tuned every time
a new system and the corresponding properties of interest are
investigated.

In classical DPD, the governing equations are usually expressed
in reduced units, which means that the same equations represent
a whole family of physical systems.® Fiichslin et al*® and Arienti
et al.’* showed that physical properties such as the mass density and
the compressibility of a system can be invariant with respect to a spe-
cific choice for model parameters that one can associate to the level
of coarse-graining. Mai-Duy et al.*® applied a similar reasoning also
for the viscosity and the Schmidt number.

When applying the appropriate scaling procedure, it was estab-
lished that a single set of parameters expressed in reduced units
represents systems at arbitrary length scales,” ** even for bonded
interactions.”””” Such scale independence reported for bulk fluid
interactions can hold because the energy associated with an indi-
vidual particle is made proportional to the number of molecules
it represents.”” On the other hand, surface-dependent interaction
parameters may be expected to vary with the level of coarse-graining.
In fact, assuming a system that exhibits domain formation, it is phys-
ically plausible that those interaction parameters effectively shrink
with an increase in the level of coarse-graining. However, if a DPD
calculation can be performed at a small scale, then calculations at
larger scales will also be feasible, at least with respect to the scaling
of parameters.”

Therefore, in this work, applications of the scaling scheme to
oil-water interfacial systems are investigated by means of DPD,
also including a coarse-graining procedure for a surfactant molecule
referring to our previous work.” Instead of transport processes
(viscosity), particular attention is paid to equilibrium properties
such as the interfacial tension, highlighting the advantages and
limits of the proposed scaling scheme for different levels of
coarse-graining. Hence, the combined coarse-graining and scaling
procedures are tested for planar interfaces with and without surfac-
tants, and the main findings are eventually compared with the previ-
ous work. Finally, an example of simulating a droplet configuration
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is also illustrated and discussed. Although many improvements have
been made to the original model to include the aspects aforemen-
tioned, standard DPD is still recognized as a powerful tool to study
interfacial systems. Therefore, the main novelty of this work is to
study the effects of upscaling the classical DPD model to different
coarse-graining levels while conserving the equilibrium properties
of interfacial systems.

This paper is structured as follows: in Sec. IT A, general back-
ground of the DPD method and of the scaling relations is illustrated;
simulation details are provided in Sec. I1I, together with all assump-
tions and simplifications of the modeling approach employed; then,
the main results are shown and discussed in Sec. IV; and, finally,
Sec. V reports the conclusions of this work.

Il. THEORETICAL BACKGROUND

An extensive overview of the standard Dissipative Particle
Dynamics (DPD) method can be found elsewhere;” > therefore,
here only the main concepts of this technique are presented, together
with the scaling procedure employed in this work.

A. Dissipative particle dynamics

DPD is a stochastic mesoscale particle model that has been
devised to allow the simulation of the dynamics of mesoscopic par-
ticles, such as colloidal particles and/or groups of molecules, that
would require extremely long simulations and very large systems
to be studied with atomistic scale molecular modeling technique,
such as Molecular Dynamics (MD).”**” Unlike classic MD, each
DPD particle i, called a bead, represents a molecular cluster
(a molecule fragment or a group of solvent molecules) rather than
an individual atom. The DPD system consists of N point parti-
cles of mass mi;, position r;, and velocity v;, whose time evolution
is determined by Newton’s second law of motion and usually inte-
grated using the modified velocity Verlet algorithm.”"’ The major
difference between MD and DPD, apart from the coarse-grained
nature of the molecules, is the nature of the forces between them.
The force f; acting on each bead i contains three parts, each of which
is pairwise additive,

C , D, R
fi=> (Fj+Fj+F;), (1)
=i
where Fg, F}]?, and Fg represent the conservative, dissipative, and

stochastic (random) forces, respectively, and the sum runs over
all other particles within a certain cutoff radius r.. The dissipa-
tive force F? is a friction term that acts to push particles apart if
they are approaching each other and to pull them back together if
they are moving apart. It is represented as a pair potential between
the particles that conserves both angular and linear momentum.
This frictional term leads to a gradual loss of kinetic energy in
the system, which is compensated for by the stochastic force Fg
to ensure the conservation of energy. The dissipation-fluctuation
theorem’ leads to a relation between the friction coefficient y and the
DPD-sigma parameter o, namely the amplitudes of the dissipative
and random forces, respectively. These two forces effectively act as
a thermostat in DPD, and their mathematical description is investi-
gated in detail elsewhere” ** since they are mostly responsible for
determining dynamic properties (such as transport processes).””*"'
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Therefore, here only the definition of the conservative force is given
since it is involved in studying the static properties of equilibrium
systems.”””*"** In this work, the conservative force F,(;f felt by bead
i includes contributions from repulsive interactions with surround-
ing beads and, possibly, contributions due to the springs connecting
bead i to other beads in the same molecule. The repulsive force Ffj,
which is modeled as a soft repulsion between beads i and j, is defined
as follows:

" ifrijSTc
F,‘j:

2

a;j(1 = rij/re)ty

0 if rij > 1 '
where rjj =|ri—1j| is the distance between beads i and j at
positions r; and rj, respectively, and #; = (r; — r;)/r;; is the direction
between the two beads. The parameter a;; is the DPD interaction
parameter defined for each bead pair, while r. stands for the
cutoff distance. When dealing with a chain molecule, an additional
conservative term is considered to maintain bonds between neigh-
bor beads. In this study, the bonds were modeled using a harmonic
spring quadratic potential given as

U = ks(ryj — In)’, 3)

where I is the equilibrium length for beads i and j, and the stiffness
of the length bond constraint is defined by the value of ks.

B. Scaling relations

In this section, the basic concepts of scaling DPD simulations
are presented, along with the nomenclature and notation originally
used in the work of Fichslin et al.

As already stated, the operation of coalescing v physical par-
ticles into one DPD bead is denoted as “coarse-graining.”*’* Being
N the total number of DPD beads in a simulation, it holds that
VN = Ny, with Ny, being the number of physical molecules
represented in the simulation. In order to compare DPD simu-
lations with different coarse-graining levels v and v/, the scaling
ratio ¢ = N/N' =+'/v is introduced. Therefore, functions of ¢ are
identified to describe the scaling of various quantities at differ-
ent coarse-graining levels, and these scaling expressions refer to
relations between the respective parameters of two systems with
different coarse-graining levels v and v'. When ¢ > 1, this means
that the same physical space (L' = L) is represented by a smaller
particle density since each DPD bead in the system denoted by
v/ contains a larger number of physical particles. In contrast with
the results of Groot and Rabone,” where the bead density p is
decreased to p” while keeping relevant properties (in particular, the
particles’ radius of interaction) constant, here an alternative scaling
process is employed. When changing the level of coarse-graining
for the DPD particles, their number is accordingly scaled and their
size (radius of interaction) is adjusted in order to keep instead the
relative overlap of the interacting particles constant. Hence, when
a system with many DPD beads is mapped onto one with fewer
but larger and heavier particles, the interaction parameters have
to be changed in order to maintain the overall system properties.
The following scaling relations in three dimensions are, therefore,
here employed:*

ARTICLE scitation.org/journall/adv

v = ¢, N =¢'N,

mi=¢mi,  p=¢'p,

ay = ¢ ay, = ¢Pr, (4)
o= "%, vi = ¢y

€ = ¢e, 7= ¢1/3T,

where € = k;, T and 7 are energy and time scales, respectively, while
k;, stands for the Boltzmann constant and T for the temperature.
With these scaling relations, the same physical system shares prop-
erties, such as mass density, temperature, and compressibility,‘%"”%s
but it is represented by different coarse-graining levels, using
different length and time scales. As it is customary in DPD mod-
eling, energy, mass, time, and length are expressed in reduced units,
while parameters in Eq. (4) have to be considered as dimensional
quantities.”” Indeed, the mass of a single DPD particle, force cut-
off radius, and thermal energy are typically employed as basic units
in DPD. The length, mass, time, and energy of the system are thus
not explicitly defined, but rather expressed in terms of these DPD
units.® It is also shown that the velocity increments Av obtained
from integrating the forces are unchanged when the scaling is com-
bined with the corresponding reduction of units, which implies
that the relative particle motions are unaffected by scaling in the
reduced unit systems (denoted by a tilde).”> Then, when going to
the reduced units of the primed system, it gives that for the reduced
parameter dj,

' 2/3 41/3
~ ’ rc,ij ¢ ¢ Tc,ij ~
@) =ay- = T = =y, (5)

since aj; scales like energy over length. Similarly, it follows for the
reduced §j;,

~ 1 _ 1 7’25 _ ¢2/3¢’2/3 rg,ij _ o~
Vi =Yg = W%j; = Vi (6)

since y;; scales like energy over length and velocity. Finally, from the
fluctuation-dissipation relation,” it gives again that

G’ =G )

These relations indicate that the two coarse-graining systems are
stochastically equivalent and, therefore, every system with the same
values of the reduced variables aj, ¥, and 0j; have the same state
space.j’ﬂ"’lS This implies that, in reduced units, a DPD calculation
performed for a system with small extensions and over a small time
interval is numerically identical to one performed for a much larger
system and covering a longer time range. As a result, it can be
shown that DPD is a scale-free (truly mesoscopic) method when
dealing with simple bulk fluids.”””” The independence of scale for
these systems cannot necessarily be upheld for other types of inter-
actions, namely, binary mixtures of liquids A and B, where more
conservative interaction parameters are employed to describe the
relative repulsion, such as daa, aap, and aps. Following the scal-
ing relations in Eq. (4), the scale independence holds for bulk
interactions (asa and app) because the energy associated with an
individual DPD particle scale linearly with ¢, i.e., it is made pro-
portional to the number of molecules a DPD bead represents.
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On the other hand, aap is a surface-dependent interaction para-
meter that determines interfacial energy and, therefore, may be
expected to scale differently.”””* However, in this work, the orig-
inal scaling relations in Eq. (4) are used for any pair interaction
i, j, and the relative effects will be discussed in Sec. IV, in partic-
ular, with regard to the interfacial tension. Therefore, the scaling
relations derived by Fiichslin et al*® are here directly employed
for studying their effects on interfacial DPD systems (binary and
ternary). Further discussion on their derivation can be found in the
original work.”

When dealing with bonded interactions, the following scal-
ing relations for the parameters ks and Iy of the harmonic spring
quadratic potential [Eq. (3)] are employed:

ks = ¢'Pks, Iy = ¢ Iy, (8)

simply obtained by dimensional analysis of units instead of a more
sophisticated method.”” Indeed, the stiffness parameter k; scales like
energy over squared length, while Iy scales like length as being the
equilibrium length of the bond constraint.

lll. SIMULATION DETAILS

In this section, the details of DPD simulations performed are
presented, together with the appropriate approximations and sim-
plifications adopted. Two case studies are investigated in this work:
first, the interfacial system of a binary mixture modeled via a stan-
dard parameterization for the oil and water liquids; and, second,
the ternary system where a protein surfactant molecule is intro-
duced and modeled accordingly to our previous work.” For the
first case, the effects of applying the scaling relations in Eq. (4)
even to a standard interfacial system are studied, and the result-
ing outcome is used for the second case to scale up the ternary
system by comparing the equilibrium properties of the reference
model with those of the upscaled one. A last example of a droplet
configuration is also provided in order to illustrate the capability
of the scaling approach to maintain the domain conformation for
multi-component systems.

The simple oil/water interfacial system was simulated in an
orthorhombic box of constant size 2L x L x L with L = 50 (in abso-
lute units) with periodic boundary conditions, representing the same
physical space for different coarse-graining level ratio ¢ where DPD
beads have different radii. This can be seen in Fig. 1 where an
example of the simulating boxes of the interfacial oil/water sys-
tem for ¢ =1 (a) and for ¢ = 100 (b) are reported, highlighting
the decrease of the DPD particle number density due to the scal-
ing approach. The initial configuration consisted of a central water
phase segregated by two oil phases, thus forming two planar inter-
faces in equidistant yz-planes. The 50/50 oil-to-water bead ratio
was kept constant for all DPD simulations for this case at increas-
ing the coarse-graining ratio ¢. By denoting the oil bead with
O and the water bead with W, typical simulation parameters® in
absolute units for ¢ = 1 are rco0 = reww = tewo = 1, mo = mw =1,
pP= 3) )/OO = VWW = )/WO = 45) 000 = Oww = 0Owo = 3) aoo = aww
= 25, and awo ranging from 50 to 100. These parameters have then
been scaled according to Eq. (4) for other coarse-graining values of
¢. Following the energy and time scaling in Eq. (4), DPD simula-
tions were run with a time step At = 0.027 for 10* equilibration steps

ARTICLE
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FIG. 1. Snapshots of DPD boxes of the planar interfaces between oil (yellow) and
water (blue) for ¢ = 1 (a) and for ¢ = 100 (b).

and for a production period of 5 x 10* steps. Pressure and inter-
facial tension were then measured from simulations. In particular,
the interfacial tension (IFT) was computed by integrating the dif-
ference between normal and tangential stress across the interface
separating the segregated components.** Therefore, if the normal
to the interface lies along the x-direction, the interfacial tension
(in physical unit) is deduced from the local components of the
pressure tensor,

IFT:%f(pN—pT)dx:%f(pxx— %(pyy+pzz))dx, ©)

where py; and p;. are the normal and tangential components of the
pressure tensor profile, respectively. The factor 1/2 before the inte-
gral sign is due to the presence of two symmetric interfaces in the
DPD simulation box when using periodic boundary conditions.
The second case, where the scaling approach was tested,
focused on reproducing a ternary system made of water, oil, and
protein surfactant, which was investigated in our previous work,’
and thus labeled here as the reference model for ¢ = 1. The gen-
eral idea is, therefore, to scale the DPD model up to the protein
molecule level by maintaining the appropriate differences between
the three phases. In the reference model, the protein surfactant
was modeled as a chain molecule with bonded interactions. Here,
this level of detail will be lost, favoring instead the mutual repul-
sion with the remaining two phases (oil and water). First of all,
the new coarse-graining level v (and ¢) was decided in order to
represent the protein molecule as a single DPD particle or as two
bonded beads. In line with the volume equivalence of DPD par-
ticles employed in previous studies,”"*’ the coarse-graining level
ratio ¢ = v/ /v was chosen by referring to the protein molecule size,
namely, by comparing the bead volume of the primed system with
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that of the reference model. As it has been shown, the protein
molecule assumed an almost stable mean radius of gyration of about
36.5 A after a certain surface concentration at the oil/water inter-
face.” As a first guess when the protein molecule was modeled with
a single DPD bead, this value is then assumed as the radius of the
sphere whose volume is compared with that used in the reference
model for defining the coarse-graining level v, namely, the volume
of a cluster of three water molecules.”* This leads to preserving
bead-size effects when dealing with chain molecules’* instead of
simply comparing the number of beads representing the protein
molecule in the reference model. So the coarse-graining ratio ¢ was
defined as the ratio of particle volumes: 3008 and 1504 for coarse-
graining the protein as a single bead (P) and as two bonded beads
(H and T), respectively (Fig. 2). Therefore, the scaling procedure
was applied to the ternary system with these values of ¢, making the
comparison with the reference model. Water (W) and oil (O) beads
are then represented by taking into account the coarse-graining ratio
¢, respectively, employed. While the water bead in the primed sys-
tem is made by coalescing ' number of physical water molecules,
oil was also modeled as a chain molecule in the reference system,
thus the ratio between the protein and oil molecular volumes gives
the number of oil molecules gathered to represent the O bead in the
primed system.

As it was performed for the simple O/W interfacial system, all
DPD simulations of the ternary interfacial system were performed
in an orthorhombic box of constant size 2L x L x L with L = 128 (in
absolute units) with periodic boundary conditions. This box size was
employed in order to simulate a total number of particles N’ large
enough to gather statistically relevant results. For the interfacial sys-
tem, the 50/50 oil-to-water bead ratio was again kept constant, and
both the number of water and oil beads filling the simulation box
were adjusted to keep the same overall number density p’ when the
protein beads were also added in the DPD box. Indeed, simulations
were performed to study equilibrium properties of the interfacial
system, such as the interfacial tension, at increasing protein surfac-
tant concentrations, where its surface number density was calculated
as will be explained in the Appendix. The initial configuration again
here consisted of a central water phase segregated by two oil phases,
thus forming two planar interfaces in equidistant yz-planes. The
protein molecule beads were initially located at the oil-water inter-
face to make sure that both interfaces contain the same number

(b) ¢ =3008

FIG. 2. Schematic representation of the coarse-grained protein molecule in the
reference DPD model® with ¢ = 1 (a) and in the upscaled DPD model with
¢ = 3008 (b) and ¢ = 1504 (c).
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TABLE . Repulsion parameters a; used in this work. Note that these parameters
have to be scaled according to Eq. (4) based on the value of ¢ = 3008.

P
aij w O Case 1 Case 2 Case 3
w 25
o 16.5 50
Case 1 60 90 30
P Case 2 70 105 35
Case 3 80 120 40

of surfactants in order to perform averages on both interfaces. In
line with our previous work® for ¢ = 1, the simulation parameters
in absolute units are p = 5 and y,; = 4.5, 0j; = 3, for any bead pair i,
then scaled according to Eq. (4) for corresponding coarse-graining
values of ¢ (3008 or 1504). mp = 2my; = 2m7 is determined by the
ratio between the molecular mass of the protein and that of three
water molecules, while mz_-, by the ratio of the oil molecule mass
and that of three water molecules multiplied for the number of oil
molecules coalesced in the O particle based on the ¢ value used. With
regard to the repulsion a;; parameters, they are listed in Tables I
and 11, and, apart from r,wo = 1, . is equal to 0.7 according to
Ferrari et al.”° for ¢ = 1. In addition, these parameters have been
scaled following Eq. (4). It is straightforward to underline here that
the self-repulsion parameters of oil and water (aww and apo) have
been obtained by respective bulk simulations. Since the pressure of
bulk fluids is independent of the coarse-graining ratio ¢ by means
of Eq. (4), aww was exactly the same as used in the reference work,’
while apo was determined by letting the oil bulk phase pressure in
the primed system being the same as for ¢ = 1 (results not shown).
The inter-repulsion parameters were obtained in order to give the
best matching with the interfacial tension values, as it will be shown
in Sec. IV. In particular, three parameterization cases have been
tested for the P bead when the protein molecule was modeled as a
single particle, while a clear distinction between the hydrophilic (H)
and hydrophobic (T) parts was made if the protein was described
by two beads. Therefore, when applying such a coarse-graining pro-
cedure, the obtained repulsion parameters were still representative
of surfactant interactions, but the level of molecular details was
much smaller than in the case of ¢ = 1. Moreover, the harmonic
potential parameters used for the bond between H and T beads are
ks = 400 and Iy = 1, as a first guess, then scaled according to Eq. (8).
Following again the time and energy scaling in Eq. (4), these DPD
simulations were performed with a time step At = 0.0017 for 3 x 10*

TABLE II. Repulsion parameters a; used in this work. Note that these parameters
have to be scaled according to Eq. (4) based on the value of ¢ = 1504.

aij w (6] H T
W 25

(0] 16.5 50

H 20 200 15

T 90 40 15 15
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equilibration steps and a production period of 10° steps. Density
profiles, pressure, and interfacial tension were then measured from
the simulations. Here the interfacial tension was calculated again as
reported in Eq. (9).

An illustrative test was also conducted by simulating an oil
droplet in bulk water in the presence of protein surfactants at equi-
librium in order to investigate the capability of the parameterization
employed and the scaling procedure for an additional interfacial sys-
tem setup. For both ¢ = 3008 and ¢ = 1504, the initial conditions and
the physical space simulated are the same. Being R = 65, the initial
radius of the sphere containing the oil phase, DPD simulations were
performed in a cubic box with L = 4R. As in the previous case, these
box dimensions were used to simulate a number of total particles
N’ large enough to gather statistically relevant results. The sphere
was then filled with oil beads and the remaining space with 700 pro-
tein molecules (single bead or two-bead molecule depending on the
value of ¢ adopted) and with a number of water particles in order to
have an overall p = ¢p’ equal to 5. The same simulation parameters
were employed and, in particular, only case 3 of Table I was stud-
ied for the P bead type parameterization. Simulations were run for a
total of 2.5 x 10 steps, out of which 5 x 10* steps are used to equi-
librate the system, saving time frame data for post-processing every
250 steps. Therefore, the time-averaged distributions of the radius
of gyration of the oil droplet surrounded by protein molecules were
then measured for both ¢ cases.

All DPD simulation setup, runs, and post-processing analyzes
were conducted within the CULGI software package,’® along with
all other tools and algorithms employed in this work.

IV. RESULTS AND DISCUSSION

In this section, the main findings of our work are presented
and discussed. First, the analysis of the simple DPD O/W interface is
carried out, and then, applications of the scaling procedure to more
complex systems are reported.

Figure 3 shows the pressure (a) and IFT’ (b) trends with vary-
ing the coarse-graining ratio ¢ for the simple O/W interface for
three values of the awo parameter. A relatively small non-linear
increment is detected with regard to pressure values at increas-
ing ¢. Fiichslin et al.*® already reported that pressure in a DPD
simulation of a bulk fluid with periodic boundary conditions for
different self-repulsion parameters a and for various ¢ values is
independent of the coarse-graining. Therefore, applying the scal-
ing relations in Eq. (4) to a binary system leads to the loss of
pressure independence of the coarse-graining ratio. This can be
related to the use of the same scaling expression for the surface term
awo.”” Therefore, a limitation of such a scaling scheme is observed
since the pressure of the binary mixture might not be conserved
with increasing the level of the coarse-graining ratio. On the other
hand, for each awo value, it is clearly evident that the interfacial
tension (in physical unit) IFT’ computed from DPD simulations
[Eq. (9)] scales with ¢©, where C = 1/3 < 1, as suggested by Fiichslin
et al.,” so that

IFT' = ¢'IFT. (10)

It is important to highlight here that this result is in line with the
works of Arienti et al.,”* Vanya, Sharman, and Elliott.*” Such a scal-
ing relation for the interfacial tension can be expected from the
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FIG. 3. Pressure (a) and IFT” (b) trends with varying the coarse-graining ratio ¢ for
the simple O/W interface. Empty symbols stand for the results of DPD simulations
with the repulsion parameter ayo equal to 50 (red squares), 75 (blue circles),
and 100 (green triangles), respectively. Black dashed lines represent the scaling
relation for the interfacial tension: IFT” = ¢'°IFT.

dimensional analysis of units in Eq. (4). In fact, following the nota-
tion of the reduction of units from the work of Fiichslin et al.,*” it is
also possible to show that

- /2 232
IFT = IFT' [ - ¢1/31FTu - IFT, (11)
€ e

since interfacial tension reduces as energy over squared length.
Hence, scaling and unit reduction precisely cancel each other. As
a result, in the DPD framework, the reduced interfacial tension
IFT is scale-free, meaning that the calculation of this equilibrium
property with a single set of parameter values represents inter-
faces at arbitrary length scales. In order to study how the scaling
relations affect the interfacial tension calculation, the stress pro-
files of the simple O/W system along the normalized x-direction
normal to the interfaces at increasing coarse-graining ratios ¢ are
shown in Fig. 4. The mechanical equilibrium of the system is reached
in both the oil and water phases since the stress profiles fluctu-
ate with small oscillations around zero in the bulk regions. As
a consequence, the local contribution to the interfacial tension is
located only at the interfaces, with an increase in the stress in
the O/W interface region. Therefore, the accuracy of the interfa-
cial tension calculation is achieved for all ¢ values, and curvature
effects are not detected as Eq. (9) is only valid for flat interfaces.**
As it can be seen, both pick heights and interface region width
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FIG. 4. Stress profiles (difference between normal and tangential pressures,
py — pr) along the normalized x-direction normal to the interfaces at increasing
coarse-graining ratios ¢ for the simple DPD O/W system with ayo = 50.

increase as the coarse-graining ratio ¢ increases, determining an
increment in the IFT’ value [see Eq. (9)]. This can be referred to as
the combined effect of scaling both .;; and a;; parameters according
to Eq. (4).

Let us move now on the discussion of the ternary system made
by oil, water, and surfactant (protein) when applying the scaling
relations [Eq. (4)] to a reference system (¢ = 1) investigated in our
previous work® for two coarse-graining ratios ¢. In order to study the
equilibrium properties of such a system, the starting configuration of
the DPD box consists of two symmetrical interfaces due to the peri-
odic boundary conditions applied in the three directions. Figure 5
shows the equilibrated DPD boxes representing the oil-water
planar interfaces covered by surfactant molecules for ¢ = 3008
(case 3in Table I) (a) and ¢ = 1504 (b). Figure 6 reports the number
density profiles of oil, water, and surfactant beads along the nor-
malized x-direction for the coarse-graining ratios ¢ investigated in
this work at two surfactant molecule number density c,. By look-
ing at Figs. 5 and 6, the symmetry of the equilibrated ternary system
can be seen. Density profiles define the interfacial region that con-
tains the surfactant layer and the bulk region that lies between the
interfaces, highlighting the mutual interpenetration of each compo-
nent at equilibrium. Therefore, the parameterization of the three
species combined with the scaling procedure explained in Sec. II
are able to maintain the structural properties of the interfacial sys-
tem, even at a high level of coarse-graining ratio ¢. In Fig. 6, it is
straightforward to note that number density values are expressed as
¢p’ to make profiles comparable between ¢ equal to 3008 and 1504.
Although the overall number density p is kept constant, the local
bulk density of oil and water beads fluctuates around a value dif-
ferent from five due to the fact that the self-repulsion parameters
used in this work for oil and water (apo and aww in Tables I and 11)
are not the same value.”® A closer look at the surfactant density
profiles reveals that an appreciable number of surfactant beads are
not adsorbed at interfaces since the surfactant density values are
not zero at the oil and water bulk regions. This effect is more rele-
vant at higher ¢, and for the case of ¢ = 3008. In fact, at the same
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FIG. 5. Snapshots of equilibrated DPD boxes of the planar interfaces between
oil (yellow) and water (blue) covered by surfactant molecules [brown beads for
¢ = 3008 (case 3 in Table ) (a), green and red beads for ¢ = 1504 (b)], at the
surfactant molecule number density ¢, equal to 3.05 x 10~* (numbers per unit
volume).

¢p, the surfactant density peaks are higher for ¢ = 1504 than for
¢ = 3008, meaning that a higher number of surfactant molecules
are adsorbed at the interface in the former case than in the latter.
This effect justifies the quantification of the surfactant molecules
actually adsorbed at the interface by increasing surfactant concen-
tration. This is obtained from the surfactant density profiles by
implementing an automatic procedure to determine the protein sur-
face density at equilibrium, as explained in the Appendix. However,
Fig. 6 also shows that, when using the upscaled DPD model, a clear
distinction between hydrophilic and hydrophobic parts in the sur-
factant molecule, as performed for ¢ = 1504 (see Fig. 2 and Table II),
provides better results in terms of preserving the reference confor-
mation at equilibrium. In particular, for ¢ = 1504, the surfactant
molecules penetrate the water bulk to a much larger extent than the
oil bulk, especially at higher c, values, as already reported in our
previous work.’

Figure 7 represents the most interesting result of this work. It
reports the interfacial tension as a function of the surfactant (pro-
tein) surface number density by comparing the reference results for
¢ =1 from Ferrari et al.”"’ with those obtained in this work with
¢ =3008 (a) and ¢ = 1504 (b). Three independent DPD runs were
carried out, and the averaged values are shown together with the
corresponding standard deviations. Error bars are generally smaller
than symbols indicating the high reproducibility of the current DPD
model. As it is shown that the interfacial tension scales follow-
ing Eq. (10), it is expressed here as IFT’/¢" in order to make its
values comparable at different coarse-graining ratios ¢. When no
surfactant is added to the simulation box, it is important to high-
light that, besides the scaling relation, the interfacial tension value
between the oil and water phases is accurately reproduced by using
the same parameterization of water and oil beads for different ¢

AlIP Advances 13, 035324 (2023); doi: 10.1063/5.0139275
© Author(s) 2023

13, 035324-7


https://scitation.org/journal/adv

AIP Advances

ARTICLE scitation.org/journall/adv

¢ = 3008 ¢ = 1504
6 (a.i) (a.ii) S
Il
©
! 2
§
2 i FIG. 6. Number density profiles of oil
~ (yellow lines), water (blue lines), and sur-
N = factant (red lines) along the normalized
S (= - x-direction normal to the interfaces with
© 6 (b.i) (b.ii) Ky the coarse-graining ratio ¢ equal to 3008
Il (case 3 in Table I) [(a.i) and (b.i)] and
w 1504 [(a.ii) and (b.ii)] at two surfactant
4 & molecule number densities ¢, [(.i), (a.ii)
X and (b.i), (b.ii), respectively].
2
’ *
=
gy 0.25 0.5 0.75 0.25 0.5 0.75 1
x/L,

(Tables Tand IT). As it can be seen, a very good agreement is achieved
for both ¢ values investigated here when increasing protein surface
number density. Apart from a simple a parameter fine-tuning, it is
possible to preserve the interfacial tension trend in an upscaled DPD
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FIG. 7. Interfacial tension as a function of the protein surface number density,
comparing between reference results for ¢ = 1and for ¢ = 3008 (a) and ¢ = 1504
(b). Error bars are estimated from three independent DPD simulations.

model with surfactant (protein) molecules. In both cases, the inter-
facial tension decreases as the protein surface density increases until
it reaches a minimum value at the saturation of the interface. As
it is shown, a further increase in protein surface concentration has
almost no effect on the interfacial tension, which is a typical behavior
of an interfacial system stabilized by surfactant proteins.”””' How-
ever, some differences are identified with respect to the reference
system with ¢ = 1. With regard to ¢ = 3008, all three protein bead
parameterizations lead to larger deviations from the reference data
at lower protein concentrations, while smaller ones correspond to
the protein parameterization of case 3 in Table I at higher pro-
tein concentrations. On the other hand, concerning ¢ = 1504, an
almost perfect match with the reference case is obtained at lower
protein concentrations. Nevertheless, the interfacial tension reaches
its minimum value at the saturation of the interface at a lower
protein concentration than that of ¢ = 1. The values of protein sur-
face number density are obtained as explained in the Appendix.
As already illustrated in Fig. 6, each symbol corresponds to the
same initial protein volume number density ¢, in Fig. 7, thus the
effect of the different number of molecules adsorbed at the inter-
face depending on the coarse-graining ratio ¢ is here even more
evident. In fact, when ¢ is equal to 3008, increasing the oil, water, and
self-repulsion parameters of the P bead type (from case 1 to
case 3 of Table I) leads to a better absorbing capability but a
worse surfactant behavior in terms of the interfacial tension reduc-
tion. If the protein molecule is modeled as two bonded beads by
distinguishing between the hydrophobic and hydrophilic contri-
butions, as performed for ¢ = 1504, the best adsorbing activity is
obtained. In Fig. 8, the pressure trends for different ¢ values are
then reported at increasing protein volume number density. When
the oil/water interface is free of protein molecules, the pressure
value increases non-linearly going from the case of ¢ =1 up to
¢ = 3008 as expected by looking at Fig. 3(a). Then, clear differences
in the pressure trends are observed. Although pressure decreases
slightly linearly for ¢ =1 with increasing protein concentration,
it increases non-linearly for ¢ = 3008. This appears to be related
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FIG. 8. Pressure trends for different ¢ values at increasing protein volume number
density. Similar data are obtained with different parameterizations of the P bead
type; thus, results for ¢ = 3008 only referring to case 3 of Table | are reported.
Error bars related to three independent DPD simulations are much smaller than
the symbol size, thus they are not shown.

to the protein coarse-grained model used for ¢ = 3008. In fact, if
¢ =1504 and the protein molecule is represented by at least two
bead types, the pressure trend is decreasing as well. Nevertheless,
its slope is relatively larger in absolute value than that of ¢ = 1.
Therefore, it seems that the pressure profile cannot be precisely
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reproduced at higher coarse-graining levels when most molecular
details are lost.

As the last result of this work, Fig. 9 shows an illustrative exam-
ple of using the scaling procedure to simulate an oil droplet in bulk
water in the presence of surfactants. As explained in Sec. 111, the ini-
tial conditions and the physical space simulated are the same for
¢ =3008 and for ¢ =1504. Hence, similarities and differences
between the two coarse-graining ratio cases are investigated. In both
of them, it is important to highlight that the equilibrium configu-
ration as a single droplet is observed due to the parameterization
and the scaling procedure employed. This can demonstrate once
again that the scaling relations in the DPD framework are able
to describe different structural conformations. However, by com-
paring the ¢ = 3008 case with the ¢ = 1504 one, it is again shown
that the adsorbing capability of protein molecules is better repro-
duced if they are modeled by two bonded beads than a single
bead. This can be seen by looking at the time-frequency distribu-
tions of the radius of gyration value of the oil droplet covered by
surfactant molecules and the corresponding snapshots of clipped
simulation boxes in Fig. 9. In fact, the protein beads appear to
be more dispersed in the simulation box for ¢ =3008 than for
¢ = 1504, which is also represented by a bit smaller mean value of
the droplet radius of gyration, meaning fewer protein molecules
are adsorbed at the oil droplet interface with respect to the case
of ¢ = 1504. Moreover, the smaller standard deviation of the fre-
quency distribution and the better quality of the fitting through the
Gaussian distribution indicate more stability of the droplet mod-
eled with ¢ = 1504 than with ¢ = 3008. If the same length conversion
factor is used as in our previous work,” then the corresponding mean

L

FIG. 9. Time-frequency distributions
(blue histograms) of the radius of gyra-
tion value of an oil droplet covered by
surfactant molecules in water bulk for
¢ = 3008 (case 3 of Table I) (a.i) and for
¢ = 1504 (b.i) and the relative Gaussian

L fitting curves (red lines). Corresponding
snapshots of clipped simulation boxes
are shown in (a.ii) and (b.ii), where oil
and water are represented by yellow
and blue beads, respectively, while pro-
tein molecules are represented by brown
beads for ¢ = 3008 and green and red
beads for ¢ = 1504.
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values of the droplet radius of gyration are 43.7 and 45.4 nm for
¢ = 3008 and for ¢ = 1504, respectively. However, it must be stated
that these numbers are based on speculative assumptions on spatial
and time scales associated with DPD units. However, this seems in
line with respect to previous studies on simulating a single droplet
via DPD.” ™

V. CONCLUSIONS

In this work, we explored the possibility of using classical DPD
to describe an oil-water and an oil-water-surfactant system using
the concept of level of coarse-graining, with the aim of obtaining a
simplified model capable of reproducing properly the drop in inter-
facial tension observed with more detailed mesoscale simulations.
We found that the classical DPD model is invariant with respect
to the proper definition of the level of coarse-graining, as discussed
in the work of Fiichslin et al.>*> When dealing with interfacial sys-
tems, which are one of the most successful applications of the DPD
method, they tend to exhibit a typical length scale due to the domain
formation. This means that the independence of the length scale can
no longer be achieved. However, in this work, we showed that, if
an interfacial system can be simulated with DPD on a small scale,
the scaling of interactions does not prevent a simulation on a larger
scale unless specific issues are dealt with. Indeed, equilibrium prop-
erties of planar interfaces with and without a protein surfactant for
different ratios of the level of coarse-graining were investigated by
applying the scaling scheme. Although the level of description is
much smaller, it was shown that the equilibrium interfacial tension
trend can be conserved for different coarse-graining ratios besides
a scaling factor. This can be achieved by a simple representation
of the molecules involved, meaning that very few interaction para-
meters need to be set, thus decreasing the model complexity. The
same approach for planar interfaces was also employed for a droplet
configuration, showing that in both cases it is possible to main-
tain the domain conformation by applying an appropriate combined
scaling procedure and coarse-graining parameterization. On the
other hand, the pressure of interfacial systems appears to be not
independent of the coarse-graining ratio, in contrast with the result
of bulk fluids. The surface concentration of surfactants also seems to
be related to the coarse-graining level and parameterization. Hence,
possible applications of such findings will focus on investigating
droplet coalescence and breakage events, which occur at a time- and
space-scale larger than that of the thermal fluctuations of single par-
ticles. Future work will pave the way for a better understanding of to
what extent DPD can be considered truly mesoscopic in terms of also
dynamics properties by studying multi-component non-equilibrium
systems.
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APPENDIX: CALCULATION OF THE SURFACE
NUMBER DENSITY

The method used in this work to automatically determine the
protein surface number density is here explained, as it has been seen
that a certain number of surfactants are not adsorbed at the inter-
face. This is similar to the procedure already employed to identify
the bulk concentration of solutes in interfacial systems described
in the literature.”® Figure 10 shows an illustrative example of the
method here used. From simulations of the ternary system with two
symmetrical interfaces, the time-averaged number density profiles
of protein molecules along the normalized x-direction normal to the
interface expressed as ¢p’ are extracted (a) (see Figs. 5 and 6 for
reference). The gradient of the number density is then computed
with respect to x/L. (b). The regions where the gradient fluctu-
ates around zero define the bulk phases. The interface region can
be identified by looking for spikes (positive and negative) in the
gradient that are an order of magnitude greater than the fluctuations
seen in the bulk regions. These spikes define the interface region
to be included in number density calculations. Hence the standard
deviation S, of the gradient (the distance between horizontal gray
dashed lines) is used to identify the distinction between bulk and
interface regions. The first and last intersections between the gradi-
ent curve and horizontal lines in Fig. 10(b) define the interval limits
(%1, and %) of the interface region labeled as 1, where protein
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FIG. 10. lllustrative example on how the protein surface number density is deter-
mined in this work from the number density profile of surfactants along the
normalized x-direction normal to the interface (a) by means of evaluating its gra-
dient curve (b). The portion of the simulation box relative to the interface labeled
as 1 is only shown. Further details on the meaning of the symbol notation can be
found in the text.

molecules can be considered adsorbed at the interface. The same
is performed for the interface labeled as 2 (not shown). From the
area (in red) subtended by the number density profile, the equili-
brated surface density of protein molecules at interface ¢; is then
obtained as follows:

Ly o, 2
6 e (/. e Grroraesno

+ fx fz'b¢p’(x/Lx)L2d(x/Lx)), (A1)

where n corresponds to the number of beads representing the
protein molecule, thus equal to 1 or 2 for ¢ = 3008 or ¢ = 1504,
respectively (see Fig. 2). Hence, ¢; values are used as abscissas in
Fig. 7.
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