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Revised manuscript

Application of dissipative particle dynamics to interfacial systems: parameterization

and scaling

Marco Ferrari,1, a) Gianluca Boccardo,1 Daniele L. Marchisio,1 and Antonio Buffo1

Department of Applied Science and Technology, Politecnico di Torino,

Corso Duca degli Abruzzi 24, 10129, Torino, Italy

(Dated: 1 February 2023)

Dissipative Particle Dynamics (DPD) is a stochastic particle model which is able to

simulate larger systems over longer time scales than atomistic 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 Füchslin et al. (2009) was here applied to in-

terfacial systems as being one of the most successful uses of the classical DPD method.

In particular, equilibrium properties such as the interfacial 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 con-

centration, remarkably reducing modeling complexity. The same approach was also

employed to simulate a droplet configuration. Both planar and droplet conforma-

tions 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 to describe oil-water and oil-water-surfactant systems in

standard DPD using a scaling scheme with the aim to highlight its advantages and

limits.

a)Author to whom correspondence should be addressed: marco.ferrari@polito.it
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I. INTRODUCTION1

Computer modeling techniques are widely used to enhance the comprehension of the way2

the molecules organize themselves in a liquid,1–3 especially when experimental evidence is3

hardly available due to the difficulty in isolating individual chemical species.4,5 Among molec-4

ular techniques, Dissipative Particle Dynamics (DPD) is a well-established method for simu-5

lating soft matter systems at the mesoscale level of description.6–8 DPD is a coarse-graining6

technique designed for modeling various fluid systems. For example, this method has been7

used to simulate particulate suspensions,9–11 microfluidic systems,12 polymer solutions,13,148

and interfacial systems.5,15–20 Moreover, DPD is well-suited for modeling of multi-component9

systems such as emulsions, and it has been used in a number of studies to look at the effect10

of adsorbing molecules on the stability of oil or water droplets in emulsions.21–24 Therefore,11

interfacial systems have been largely investigated by means of DPD due to its remarkable12

applications to industrial cases, such as for food engineering research.5 Indeed, DPD has13

been successfully employed to analyze both static (most notably phase diagrams and inter-14

facial tension calculations)5,14,18,25 and dynamic properties (such as transport processes),2615

even with amphiphilic and protein molecules acting as surfactants.5,15–1916

Initially, DPD was developed to be a truly mesoscopic method, in which both hydrody-17

namics and thermal fluctuations have a role. In fact, it was considered capable to bridge18

the whole gap between the atomistic scale, which is accessible by Molecular Dynamics (MD)19

simulations, and the macroscopic scale, investigated by the continuum modeling approach.820

Recent works have seen this ambition of DPD being deeply discussed and developed.27 It21

was shown that by using a top-bottom approach, i.e., starting from continuum description22

going to the mesoscale, it is possible to obtain a thermo-fluid dynamic consistent method,23

which includes both hydrodynamics and thermal fluctuations at lower scales. This method24

is referred to as Smoothed Dissipative Particle Dynamics (SDPD)28,29 since it combines25

Smoothed Particle Hydrodynamics (SPH) and DPD in a way that respects the fluctuation-26

dissipation theorem through the so-called GENERIC formalism.28,29 The main features of27

this method are the prescription of bead volume and transport properties, which are now28

input parameters of the simulation, rather than undefined or output values as in classi-29

cal DPD. Moreover, a lot of effort has been put into addressing many issues of classical30

DPD, like the resulting unrealistic Equation of State with Many-Body Dissipative Parti-31
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cle Dynamics (MDPD),30 the influence of temperature with Energy-Conserving Dissipative32

Particle Dynamics (EDPD)31 and the lack of all possible friction forces between beads with33

Fluid Particle Method.32 Speaking instead of the bottom-up approach to mesoscale, the the-34

oretical framework to link the atomistic description and DPD has been recently established35

through the Mori-Zwanzig projection theory (MZ-DPD), which works very well for bonded36

atoms-molecules but not so well for unbonded interactions, which are very important in fluid37

systems to describe transport phenomena like diffusion.27 Mainly due to this reason, together38

with the complexity of the newer DPD methods, classical DPD is still used nowadays by39

the scientific community, as it is a simpler and computationally cheaper method compared40

to more rigorous ones, with the caveat that all the parameters must be tuned every time a41

new system and the corresponding properties of interest are investigated.42

In classical DPD the governing equations are usually expressed in reduced units, which43

means that the same equations represent a whole family of physical systems.8 Füchslin44

et al. 33 and Arienti et al. 34 showed that physical properties such as the mass density and45

the compressibility of a system can be invariant with respect to a specific choice for model46

parameters, that one can associate to the level of coarse-graining. Mai-Duy et al. 35 applied47

a similar reasoning also for the viscosity and the Schmidt number.48

When applying the appropriate scaling procedure, it was established that a single set49

of parameters expressed in reduced units represents systems at arbitrary length scales,32–3450

even for bonded interactions.36,37 Such scale independence reported for bulk fluid interactions51

can hold because the energy associated with an individual particle is made proportional to52

the number of molecules it represents.33 On the other hand, surface-dependent interaction53

parameters may be expected to vary with the level of coarse-graining. In fact, assuming54

a system that exhibits domain formation, it is physically plausible that those interaction55

parameters effectively shrink with an increase in the level of coarse-graining. However, if a56

DPD calculation can be performed at a small scale, then calculations at larger scales will57

also be feasible, at least with respect to the scaling of parameters.3358

Therefore, in this work applications of the scaling scheme to oil-water interfacial sys-59

tems are investigated by means of DPD, also including a coarse-graining procedure for a60

surfactant molecule referring to our previous work.5 Instead of transport processes (viscos-61

ity), particular attention is paid to equilibrium properties such as the interfacial tension,62

highlighting the advantages and limits of the proposed scaling scheme for different levels of63
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coarse-graining. Hence, the combined coarse-graining and scaling procedure are tested for64

planar interfaces with and without surfactants and the main findings are, eventually, com-65

pared with the previous work. Finally, an example of simulating a droplet configuration is66

also illustrated and discussed. Although many improvements have been made to the original67

model to include the aspects aforementioned, standard DPD is still recognized as a powerful68

tool to study interfacial systems. Therefore, the main novelty of this work is to study the69

effects of upscaling the classical DPD model to different coarse-graining levels by conserving70

the equilibrium properties of interfacial systems.71

This paper is structured as follows: in section II a general background of the DPD72

method and of the scaling relations is illustrated; simulation details are provided in section73

III, together with all assumptions and simplifications of the modeling approach employed;74

then, the main results are shown and discussed in section IV, and, finally, section V reports75

conclusions of this work.76

II. THEORETICAL BACKGROUND77

An extensive overview of the standard Dissipative Particle Dynamics (DPD) method78

can be found elsewhere,6–8,27,38 therefore, here only the main concepts of this technique are79

presented, together with the scaling procedure employed in this work.80

A. Dissipative Particle Dynamics81

DPD is a stochastic mesoscale particle model that has been devised to allow the simulation82

of the dynamics of mesoscopic particles, such as colloidal particles and/or groups of molecules83

that would require extremely long simulations and very large systems to be studied with84

atomistic scale molecular modeling technique, such as Molecular Dynamics (MD).38,39 Unlike85

classic MD, each DPD particle i, called bead, represents a molecular cluster (a molecule86

fragment or a group of solvent molecules) rather than an individual atom. The DPD system87

consists of N point particles of mass mi, position ri and velocity vi, whose time evolution88

is determined by Newton’s second law of motion, usually integrated using the modified89

velocity Verlet algorithm.8,40 The major difference between MD and DPD, apart from the90

coarse-grained nature of the molecules, is the nature of the forces between them. The force91
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fi acting on each bead i contains three parts, each of which is pairwise additive:92

fi =
∑
j 6=i

(FC
ij + FD

ij + FR
ij) , (1)

where FC
ij, FD

ij, and FR
ij represent the conservative, dissipative, and stochastic (random)93

forces, respectively and the sum runs over all other particles within a certain cutoff radius94

rc. The dissipative force FD
ij is a friction term that acts to push particles apart if they95

are approaching each other and to pull them back together if they are moving apart. It96

is represented as a pair potential between the particles that conserves both angular and97

linear momentum. This frictional term leads to a gradual loss of kinetic energy in the98

system, which is compensated for by the stochastic force FR
ij to ensure the conservation99

of energy. The dissipation-fluctuation theorem7 leads to a relation between the friction100

coefficient γ and the DPD-sigma parameter σ, namely the amplitudes of the dissipative101

and random force, respectively. These two forces effectively act as a thermostat in DPD102

and their mathematical description is investigated in detail elsewhere,6–8,38 since they are103

mostly responsible for determining dynamic properties (such as transport processes).8,26,41104

Therefore, here only the definition of the conservative force is given since it is involved in105

studying static properties of equilibrium systems.8,27,41,42 In this work the conservative force106

FC
ij felt by bead i includes contributions from repulsive interactions with surrounding beads107

and, possibly, contributions due to the springs connecting bead i to other beads in the same108

molecule. The repulsive force Fr
ij, which is modeled as a soft repulsion between beads i and109

j, is defined as follows:110

Fr
ij =

aij(1− rij/rc)r̂ij if rij ≤ rc

0 if rij > rc

, (2)

where rij = |ri−rj| is the distance between beads i and j at positions ri and rj respectively,111

and r̂ij = (ri − rj)/rij is the direction between the two beads. The parameter aij is the112

DPD interaction parameter defined for each bead pair, while rc stands for the cutoff dis-113

tance. When dealing with a chain molecule, an additional conservative term is considered114

to maintain bonds between neighbor beads. In this study, the bonds were modeled using a115

harmonic spring quadratic potential given as:116

US
ij = kS(rij − lH)2 , (3)

5
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where lH is the equilibrium length for beads i and j and the stiffness of the length bond117

constraint is defined by the value of kS.118

B. Scaling Relations119

In this section, the basic concepts of scaling DPD simulations are presented, together120

with the nomenclature and notation originally used in the work of Füchslin et al. 33 .121

As already stated, the operation of coalescing ν physical particles into one DPD bead is122

denoted as “coarse-graining”.43 Being N the total number of DPD beads in a simulation,123

it holds that νN = Nphys, with Nphys is the number of physical molecules represented in124

the simulation. In order to compare DPD simulations with different coarse-graining levels125

ν and ν ′, the scaling ratio φ = N/N ′ = ν ′/ν is introduced. Therefore, functions of φ126

are identified to describe the scaling of various quantities at different coarse-graining levels127

and these scaling expressions refer to relations between the respective parameters of two128

systems with different coarse-graining levels ν and ν ′. When φ > 1, this means that the129

same physical space (L′ = L) is represented by a smaller particle density since each DPD130

bead in the system denoted by ν ′ contains a larger number of physical particles. In contrast131

with the results of Groot and Rabone 43 where the bead density ρ is decreased to ρ′ while132

keeping relevant properties (in particular the particles’ radius of interaction) constant, here133

an alternative scaling process is employed. When changing the level of coarse-graining for134

the DPD particles, their number is accordingly scaled and their size (radius of interaction)135

is adjusted in order to keep instead the relative overlap of the interacting particles constant.136

Hence when a system with many DPD beads is mapped onto one with fewer but larger and137

heavier particles, the interaction parameters have to be changed in order to maintain the138

overall system properties. The following scaling relations in three dimensions are therefore139

here employed:33140

ν ′ = φν , N ′ = φ−1N ,

m′i = φmi , ρ′ = φ−1ρ ,

a′ij = φ2/3aij , r′c,ij = φ1/3rc,ij ,

σ′ij = φ5/6σij , γ′ij = φ2/3γij ,

ε′ = φε , τ ′ = φ1/3τ ,

(4)

where ε = kbT and τ are energy and time scales, respectively, while kb stands for the Boltz-141
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mann constant and T for the temperature. With these scaling relations, the same physical142

system shares properties, such as mass density, temperature, and compressibility,33,35 but it143

is represented by different coarse-graining levels, using different length and time scales. As144

it is customary in DPD modeling, energy, mass, time, and length are expressed in reduced145

units while parameters in Eq. (4) have to be considered as dimensional quantities.33 Indeed,146

the mass of a single DPD particle, force cutoff radius, and thermal energy are typically em-147

ployed as basic units in DPD. The length, mass, time, and energy of the system are, thus,148

not defined explicitly but in terms of these DPD units.8 It is also shown that the velocity149

increments ∆v obtained from integrating the forces are unchanged when the scaling is com-150

bined with the according reduction of units, which implies that the relative particle motions151

are unaffected by scaling in the reduced unit systems (denoted by a tilde).33 Then when152

going to the reduced units of the primed system, it gives that for the reduced parameter ãij:153

ãij
′ = a′ij

r′c,ij
ε′

=
φ2/3φ1/3

φ
aij
rc,ij
ε

= ãij , (5)

since aij scales like energy over length. Similarly, it follows for the reduced γ̃ij:154

γ̃ij
′ = γ′ij

r′ 2c,ij
ε′τ ′

=
φ2/3φ2/3

φφ1/3
γij
r2c,ij
ετ

= γ̃ij , (6)

since γij scales like energy over length and velocity. Finally, from the fluctuation-dissipation155

relation8 it gives again that:156

σ̃ij
′ = σ̃ij . (7)

These relations indicate that the two coarse-graining systems are stochastically equivalent157

and, therefore, every system with the same values of the reduced variables ãij, γ̃ij, and158

σ̃ij have the same state space.33,35 This implies that, in reduced units, a DPD calculation159

performed for a system with small extensions and over a small time interval is numerically160

identical to one for a much larger system and covering a longer time range. As a result, it161

can be shown that DPD is a scale-free (truly mesoscopic) method when dealing with simple162

bulk fluids.33,35 The independence of scale for these systems cannot necessarily be upheld163

for other types of interactions, namely binary mixtures of liquids A and B where more164

conservative interaction parameters are employed to describe the relative repulsion, such as165

aAA, aAB, and aBB. Following the scaling relations in Eq. (4), the scale independence holds166

for bulk interactions (aAA and aBB) because the energy associated with an individual DPD167

particle scale linearly with φ, i.e., it is made proportional to the number of molecules a DPD168
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bead represents. On the other hand, aAB is a surface-dependent interaction parameter that169

determines interfacial energy and therefore may be expected to scale differently.33,34 However,170

in this work, the original scaling relations in Eq. (4) are used for any pair interaction171

i, j and the relative effects will be discussed in section IV, in particular as regards the172

interfacial tension. Therefore, the scaling relations derived by Füchslin et al. 33 are here173

directly employed for studying their effects on interfacial DPD systems (binary and ternary).174

Further discussion on their derivation can be found in the original work.33175

When dealing with bonded interactions, the following scaling relations for the parameters176

kS and lH of the harmonic spring quadratic potential (Eq. (3)) are employed:177

k′S = φ1/3kS , l′H = φ1/3lH , (8)

simply obtained by dimensional analysis of units, instead of a more sophisticated method.37178

Indeed, the stiffness parameter ks scales like energy over squared length, while lH scales like179

the length as being the equilibrium length of the bond constraint.180

III. SIMULATION DETAILS181

In this section, the details of DPD simulations performed are presented, together with182

the appropriate approximations and simplifications adopted. Two case studies are investi-183

gated in this work: first, the interfacial system of a binary mixture modeled via a standard184

parameterization for the oil and water liquids, and, secondly, the ternary system where a185

protein surfactant molecule is introduced and modeled accordingly to our previous work.5186

For the first case, the effects of applying the scaling relations in Eq. (4) even to a standard187

interfacial system are studied and the resulting outcome is used for the second case to scale188

up the ternary system by comparing the equilibrium proprieties of the reference model with189

of the upscaled one. A last example of a droplet configuration is also provided in order to190

illustrate the capability of the scaling approach to maintain the domain conformation for191

multi-component systems.192

The simple oil/water interfacial system was simulated in an orthorhombic box of con-193

stant size 2L × L × L with L = 50 (in absolute units) with periodic boundary conditions,194

representing the same physical space for different coarse-graining level ratio φ where DPD195

beads have different radii. This can be seen in Figure 1 where an example of the simulating196

8
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boxes of the interfacial oil/water system for φ = 1 (a) and for φ = 100 (b) are reported,197

highlighting the decrease of the DPD particle number density due to the scaling approach.198

The initial configuration consisted of a central water phase segregated by two oil phases,199

thus forming two planar interfaces in equidistant yz -planes. The 50/50 oil-to-water bead200

ratio was kept constant for all DPD simulations for this case at increasing coarse-graining201

ratio φ. By denoting the oil bead with O and the water bead with W, typical simulation202

parameters8 in absolute units for φ = 1 are rc,OO = rc,WW = rc,WO = 1, mO = mW = 1,203

ρ = 3, γOO = γWW = γWO = 4.5, σOO = σWW = σWO = 3, aOO = aWW = 25, and aWO204

ranging from 50 to 100. These parameters have then been scaled according to Eq. (4) for205

other coarse-graining values of φ. Following the energy and time scaling in Eq. (4), DPD206

simulations were run with a time step ∆t = 0.02τ for 104 equilibration steps and for a pro-207

duction period of 5 × 104 steps. Pressure and interfacial tension were then measured from208

simulations. In particular, here the interfacial tension (IFT) was computed by integrating209

the difference between normal and tangential stress across the interface separating the seg-210

regated components.44 Thus, if the normal to the interface lies along the x -direction, the211

interfacial tension (in physical unit) is deduced from the local components of the pressure212

tensor:213

IFT =
1

2

∫
(pN − pT) dx =

1

2

∫ (
pxx −

1

2
(pyy + pzz)

)
dx , (9)

where pN and pT are the normal and tangential components of the pressure tensor profile.214

The factor 1/2 before the integral sign is due to the presence of two symmetric interfaces in215

the DPD simulation box when using periodic boundary conditions.216217

The second case, where the scaling approach was tested, focused on reproducing a ternary218

system made by water, oil, and protein surfactant, which was investigated in our previous219

work,5 thus labeled here as the reference model for φ = 1. The general idea is therefore220

to scale the DPD model up to the protein molecule level by maintaining the appropriate221

differences between the three phases. In the reference model, the protein surfactant was222

modeled as a chain molecule with bonded interactions. Here this level of detail will be lost223

but favoring instead the mutual repulsion with the remaining two phases (oil and water).224

First of all, the new coarse-graining level ν ′ (and φ) was decided in order to represent the225

protein molecule as a single DPD particle or as two bonded beads. In line with the volume226

equivalence of DPD particles employed in previous works,5,41,45 the coarse-graining level ratio227

φ = ν ′/ν was chosen by referring to the protein molecule size, namely by comparing the228
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FIG. 1. Snapshots of DPD boxes of the planar interfaces between oil (yellow) and water (blue) for

φ = 1 (a) and for φ = 100 (b).

bead volume of the primed system with that of the reference model. As it has been shown,229

the protein molecule assumed an almost stable mean radius of gyration of about 36.5 Å after230

a certain surface concentration at the oil/water interface.5 As a first guess when the protein231

molecule was modeled with a single DPD bead, this value is then assumed as the radius232

of the sphere whose volume is compared with that used in the reference model for defining233

the coarse-graining level ν, namely the volume of a cluster of three water molecules.5,45234

This leads to preserving bead-size effects when dealing with chain molecules,37,45 instead of235
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FIG. 2. Schematic representation of the coarse-grained protein molecule in the reference DPD

model5 with φ = 1 (a) and in the upscaled DPD model with φ = 3008 (b) and φ = 1504 (c).

simply comparing the number of beads representing the protein molecule in the reference236

model. So the coarse-graining ratio φ was defined as the ratio of particle volumes: 3008237

and 1504 for coarse-graining the protein as a single bead (P) and as two bonded beads (H238

and T), respectively (Figure 2). Therefore, the scaling procedure was applied to the ternary239

system with these values of φ, making the comparison with the reference model. Water (W)240

and oil (O) beads are then represented by taking into account the coarse-graining ratio φ241

respectively employed. While the water bead in the primed system is made by coalescing ν ′242

number of physical water molecules, oil was also modeled as a chain molecule in the reference243

system, thus the ratio between the protein and oil molecular volumes gives the number of244

oil molecules gathered to represent the O bead in the primed system.245246

As it was done for the simple O/W interfacial system, all DPD simulations of the ternary247

interfacial system were performed in an orthorhombic box of constant size 2L×L×L with248

L = 128 (in absolute units) with periodic boundary conditions. This box size was employed249

in order to simulate a number of total particles N ′ large enough to gather statistically250
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relevant results. For the interfacial system, the 50/50 oil-to-water bead ratio was again251

kept constant, and both the number of water and oil beads filling the simulation box was252

adjusted to keep the same overall number density ρ′ when the protein beads were also253

added in the DPD box. Indeed, simulations were performed to study equilibrium proprieties254

of the interfacial system, such as the interfacial tension, at increasing protein surfactant255

concentration, where its surface number density was calculated as will explain in Appendix256

A. The initial configuration again here consisted of a central water phase segregated by two257

oil phases, thus forming two planar interfaces in equidistant yz -planes. The protein molecule258

beads were initially located at the oil–water interface to make sure that both interfaces259

contain the same number of surfactants in order to perform averages on both interfaces. In260

line with our previous work5 for φ = 1, simulation parameters in absolute units are ρ = 5 and261

γij = 4.5, σij = 3, for any bead pair ij, then scaled according to Eq. (4) for corresponding262

coarse-graining values of φ (3008 or 1504). m′P = 2m′H = 2m′T is determined by the ratio263

between the molecular mass of the protein and that of three water molecules, while m′O264

by the ratio of the oil molecule mass and that of three water molecules multiplied for the265

number of oil molecules coalesced in the O particle based on the φ value used. As regards266

the repulsion aij parameters, they are listed in Tables I and II, and, apart from rc,WO = 1,267

rc,ij is equal to 0.7 according to Ferrari et al. 5 for φ = 1. Also, these parameters have been268

scaled following Eq. 4. It is straightforward to underline here that self-repulsion parameters269

of oil and water (aWW and aOO) have been obtained by respective bulk simulations. Since270

the pressure of bulk fluids is independent of the coarse-graining ratio φ by means of Eq.271

4, aWW was exactly the same used in the reference work5 while aOO was determined by272

letting the oil bulk phase pressure in the primed system being the same as for φ = 1273

(results not shown). The inter-repulsion parameters were obtained in order to give the best274

matching with the interfacial tension values as it will be shown in section IV. In particular,275

three parameterization cases have been tested for the P bead when the protein molecule276

was modeled as a single particle while a clear distinction between the hydrophilic (H) and277

hydrophobic (T) part was made if the protein was described by two beads. Therefore,278

when applying such a coarse-graining procedure, the obtained repulsion parameters were279

still representative of surfactant interactions, however, the level of molecular details was280

much smaller than the case of φ = 1. Moreover, the harmonic potential parameters used281

for the bond between H and T beads are kS = 400 and lH = 1, as a first guess, then scaled282
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TABLE I. Repulsion parameters aij used in this work. Note that these parameters have to be

scaled according to Eq. 4 based on the value of φ = 3008.

aij W O
P

case 1 case 2 case 3

W 25

O 16.5 50

P

case 1 60 90 30

case 2 70 105 35

case 3 80 120 40

TABLE II. Repulsion parameters aij used in this work. Note that these parameters have to be

scaled according to Eq. 4 based on the value of φ = 1504.

aij W O H T

W 25

O 16.5 50

H 20 200 15

T 90 40 15 15

according to Eq. 8. Following again the time and energy scaling in Eq. 4, these DPD283

simulations were performed with a time step ∆t = 0.001τ for 3×104 equilibration steps and284

a production period of 105 steps. Density profiles, pressure, and interfacial tension were then285

measured from simulations. Here the interfacial tension was calculated again as reported in286

Eq. 9.287288

An illustrative test was also conducted by simulating an oil droplet in water bulk in289

presence of protein surfactants at equilibrium in order to investigate the capability of the290

parameterization employed and the scaling procedure for an additional interfacial system291

setup. For both φ = 3008 and φ = 1504, the initial conditions and the physical space292

simulated are the same. Being R = 65 the initial radius of the sphere containing the oil293

phase, DPD simulations were performed in a cubic box with L = 4R. As in the previous294

case, these box dimensions were used to simulate a number of total particles N ′ large enough295
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to gather statistically relevant results. The sphere was then filled with oil beads and the296

remaining space with 700 protein molecules (single bead or two-bead molecule depending297

on the value of φ adopted) and with a number of water particles in order to have an overall298

ρ = φρ′ equal to 5. The same simulation parameters were employed and, in particular, only299

case 3 of Table I was studied for the P bead type parameterization. Simulations were run for300

a total of 2.5×105 steps, out of which 5×104 steps are used to equilibrate the system, saving301

time frame data for post-processing every 250 steps. Thus, the time-averaged distributions of302

the radius of gyration of the oil droplet surrounded by protein molecules were then measured303

for both φ cases.304

All DPD simulation setup, runs, and post-processing analyzes were conducted within the305

CULGI software package,46 together with all other tools and algorithms employed in this306

work.307

IV. RESULTS AND DISCUSSION308

In this section, the main findings of our work are presented and discussed. First, the309

analysis of the simple DPD O/W interface is carried out, and, then, applications of the310

scaling procedure to more complex systems are reported.311

Figure 3 shows the pressure (a) and IFT′ (b) trends with varying the coarse-graining312

ratio φ for the simple O/W interface, for three values of the aWO parameter. A relatively313

small non-linear increment is detected as regards pressure values at increasing φ. Füchslin314

et al. 33 already reported that pressure in a DPD simulation of a bulk fluid with periodic315

boundary conditions for different self-repulsion parameters a and for various φ values is316

independent of the coarse-graining. Therefore applying the scaling relations in Eq. (4) to a317

binary system leads to the loss of pressure independence of the coarse-graining ratio. This318

can be related to the use of the same scaling expression also for the surface term aWO.33319

Therefore, a limitation of such a scaling scheme is observed since the pressure of the binary320

mixture might not be conserved with increasing the level of the coarse-graining ratio. On the321

other hand, for each aWO value it is clearly evident that the interfacial tension (in physical322

unit) IFT′ computed from DPD simulations (Eq. (9)) scales with φC , where C = 1/3 ≤ 1323

as suggested by Füchslin et al. 33 , so that:324

IFT′ = φ1/3IFT . (10)
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It is important to highlight here that this result is in line with the works of Arienti et al. 34 ,325

Vanya, Sharman, and Elliott 47 . Such scaling relation for the interfacial tension can be326

expected by dimensional analysis of units in Eq (4). In fact, following the notation of327

reduction of units from the work of Füchslin et al. 33 , it is also possible to show that:328

ĨFT′ = IFT′
r′ 2c
ε

= φ1/3IFT
φ2/3r2c
φε

= ĨFT , (11)

since interfacial tension reduces as energy over squared length. Hence, scaling and unit329

reduction precisely cancel each other. As a result, in the DPD framework, the reduced330

interfacial tension ĨFT is scale-free, meaning that the calculation of this equilibrium property331

with a single set of parameter values represents interfaces at arbitrary length scales. In332

order to study how the scaling relations affect the interfacial tension calculation, the stress333

profiles of the simple O/W system along the normalized x -direction normal to the interfaces334

at increasing coarse-graining ratios φ are shown in Figure 4. The mechanical equilibrium of335

the system is reached in both the oil and water phases since the stress profiles fluctuate with336

small oscillations around zero in the bulk regions. As a consequence, the local contribution337

to the interfacial tension is located only at the interfaces, with an increase in the stress in338

the O/W interface region. Therefore, the accuracy of the interfacial tension calculation is339

achieved for all φ values, and curvature effects are not detected as Eq. (9) is only valid for340

flat interfaces.44 As it can be seen, both pick heights and interface region width increase as341

the coarse-graining ratio φ increases, determining an increment in the IFT′ value (see Eq.342

(9)). This can be referred to as a combined effect of scaling both rc,ij and aij parameters343

according to Eq. (4).344345

Let us move now on the discussion of the ternary system made by oil, water, and surfac-346

tant (protein) when applying the scaling relations (Eq. (4)) to a reference system (φ = 1)347

investigated in our previous work,5 for two coarse-graining ratios φ. In order to study the348

equilibrium properties of such a system, the starting configuration of the DPD box consists349

of two symmetrical interfaces due to the periodic boundary conditions applied in the three350

directions. Figure 5 shows the equilibrated DPD boxes representing the oil-water planar351

interfaces covered by surfactant molecules for φ = 3008 (case 3 in Table I) (a) and φ = 1504352

(b). Figure 6 reports the number density profiles of oil, water, and surfactant beads along353

the normalized x -direction for the coarse-graining ratios φ investigated in this work at two354

surfactant molecule number density cp. By looking at Figures 5 and 6, the symmetry of the355
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FIG. 3. Pressure (a) and IFT′ (b) trends with varying the coarse-graining ratio φ for the simple

O/W interface. Empty symbols stand for the results of DPD simulations with the repulsion

parameter aWO 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′ = φ1/3IFT.
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0 0.25 0.5 0.75 1
x/Lx

0.0

0.5

1.0

1.5

2.0

2.5

p N
−
p T

φ = 1

φ = 50

φ = 100

FIG. 4. Stress profiles (difference between normal and tangential pressures, pN − pT) along the

normalized x -direction normal to the interfaces at increasing coarse-graining ratios φ for the simple

DPD O/W system with aWO = 50.

equilibrated ternary system can be seen. Density profiles define the interfacial region that356

contains the surfactant layer and the bulk region that lies between the interfaces, highlighting357

the mutual interpenetration of each component at equilibrium. Therefore, the parameteri-358

zation of the three species combined with the scaling procedure explained in section II are359

able to maintain the structural properties of the interfacial system, even at a high level360

of coarse-graining ratio φ. In Figure 6, it is straightforward to note that number density361

values are expressed as φρ′ to make profiles comparable between φ equal to 3008 and 1504.362

Although the overall number density ρ is kept constant, the local bulk density of oil and363

water beads fluctuates around a value different from 5 due to the fact that self-repulsion364

parameters used in this work for oil and water (aOO and aWW in Tables I and II) are not365

the same value.48 A closer look at the surfactant density profiles reveals that an appreciable366
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number of surfactant beads are not adsorbed at interfaces since surfactant density values367

are not zero at the oil and water bulk regions. This effect is more relevant at higher cp and368

for the case of φ = 3008. In fact, at the same cp the surfactant density peaks are higher369

for φ = 1504 than for φ = 3008, meaning that a higher number of surfactants molecules370

are adsorbed at the interface in the former case than in the latter. This effect justifies the371

quantification of the surfactant molecules actually adsorbed at the interface at increasing372

surfactant concentration. This is obtained from the surfactant density profiles by imple-373

menting an automatic procedure to determine the protein surface density at equilibrium374

as explained in Appendix A. However, Figure 6 also shows that, when using the upscaled375

DPD model, a clear distinction between hydrophilic and hydrophobic parts in the surfactant376

molecule as done for φ = 1504 (see Figure 2 and Table II) provides better results in terms377

of preserving the reference conformation at equilibrium. In particular, for φ = 1504 the378

surfactant molecules penetrate the water bulk to a much larger extent than the oil bulk,379

especially at higher cp values as already reported in our previous work.5380381

Figure 7 represents the most interesting result of this work. It reports the interfacial382

tension as a function of the surfactant (protein) surface number density by comparing the383

reference results for φ = 1 from Ferrari et al. 5,49 with those obtained in this work with384

φ = 3008 (a) and φ = 1504 (b). Three independent DPD runs were carried out and385

the averaged values are shown together with the corresponding standard deviations. Error386

bars are generally smaller than symbols indicating high reproducibility of the current DPD387

model. As it is shown that the interfacial tension scales following the Eq. (10), it is expressed388

here as IFT′/φ1/3 in order to make its values comparable at different coarse-graining ratios389

φ. When no surfactant is added to the simulation box, it is important to highlight that,390

besides the scaling relation, the interfacial tension value between the oil and water phase391

is accurately reproduced by using the same parameterization of water and oil beads for392

different φ (Tables I and II). As it can be seen, a very good agreement is achieved for both φ393

values investigated here at increasing protein surface number density. Apart from a simple394

a parameters fine-tuning, then it is possible to preserve the interfacial tension trend in an395

upscaled DPD model with surfactant (protein) molecules. In both cases, the interfacial396

tension decreases as the protein surface density increases until it reaches a minimum value397

at the saturation of the interface. As it is shown, a further increase in protein surface398

concentration has almost no effect on the interfacial tension, which is a typical behavior399
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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 φ = 3008 (case 3 in Table I) (a),

green and red beads for φ = 1504 (b)), at the surfactant molecule number density cp equal to

3.05× 10−4 [numbers per unit volume].

of an interfacial system stabilized by surfactant proteins.50,51 However, some differences are400

identified with respect to the reference system with φ = 1. As regards φ = 3008, all three401

protein bead parameterization leads to larger deviations from the reference data at lower402

protein concentrations while smaller ones correspond to the protein parameterization of case403

3 in Table I at higher protein concentrations. On the other hand, concerning φ = 1504, an404

almost perfect match with the reference case is obtained at lower protein concentrations.405

Nevertheless, the interfacial tension reaches the minimum value at the saturation of the406
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FIG. 6. Number density profiles of oil (yellow lines), water (blue lines), and surfactant (red lines)

along the normalized x -direction normal to the interfaces with the coarse-graining ratio φ equal

to 3008 (case 3 in Table I) ((a.i) and (b.i)) and 1504 ((a.ii) and (b.ii)) at two surfactant molecule

number densities cp ((a.i), (a.ii) and (b.i), (b.ii), respectively).

interface at a lower protein concentration than that of φ = 1. The values of protein surface407

number density are obtained as explained in Appendix A. As already illustrated in Figure408

6, each symbol corresponds to the same initial protein volume number density cp in Figure409

7, thus the effect of the different number of molecules adsorbed at the interface depending410

on the coarse-graining ratio φ is here even more evident. In fact, when φ is equal to 3008,411

increasing oil, water, and self-repulsion parameters of P bead type (from case 1 to case 3 of412

Table I) leads to a better absorbing capability but a worse surfactant behavior in terms of413

the interfacial tension reduction. If the protein molecule is modeled as two bonded beads414

by distinguishing between the hydrophobic and the hydrophilic contribution as done for415

φ = 1504, the best adsorbing activity is obtained. In Figure 8 the pressure trends for416
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different φ values are then reported at increasing protein volume number density. When417

the oil/water interface is free of protein molecules, the pressure value increases non-linearly418

going from the case of φ = 1 up to φ = 3008 as expected by looking at Figure 3 (a). Then,419

clear differences in the pressure trends are observed. Although pressure decreases slight420

linearly for φ = 1 at increasing protein concentration, it increases non-linearly for φ = 3008.421

This appears to be related to the protein coarse-grained model used for φ = 3008. In fact,422

if φ = 1504 and the protein molecule is represented by at least two bead types, the pressure423

trend is decreasing as well. Nevertheless, its slope is relatively larger in absolute value than424

that of φ = 1. Therefore, it seems that the pressure profile cannot be precisely reproduced425

at higher coarse-graining levels when most molecular details are lost.426427

As the last result of this work, Figure 9 shows an illustrative example of using the scaling428

procedure to simulate an oil droplet in water bulk in presence of surfactants. As explained in429

section III, the initial conditions and the physical space simulated are the same for φ = 3008430

and for φ = 1504. Hence similarities and differences between the two coarse-graining ratio431

cases are investigated. In both of them, it is important to highlight that the equilibrium432

configuration as a single droplet is observed due to the parameterization and the scaling433

procedure employed. This can demonstrate once again that the scaling relations in the DPD434

framework are able to describe different structural conformations. However, by comparing435

the φ = 3008 case with the φ = 1504 one it is again shown that the adsorbing capability436

of protein molecules is better reproduced if they are modeled by two bonded beads than a437

single bead. This can be seen by looking at the time-frequency distributions of the radius of438

gyration value of the oil droplet covered by surfactant molecules and at the corresponding439

snapshots of clipped simulation boxes in Figure 9. In fact, the protein beads appear to be440

more dispersed in the simulation box for φ = 3008 than for φ = 1504, also represented by441

a bit smaller mean value of the droplet radius of gyration, meaning fewer protein molecules442

adsorbed at the oil droplet interface with respect to the case of φ = 1504. Moreover,443

the smaller standard deviation of the frequency distribution and the better quality of the444

fitting through the Gaussian distribution indicate more stability of the droplet modeled with445

φ = 1504 than with φ = 3008. If the same length conversion factor is used from our previous446

work,5 then the corresponding mean values of the droplet radius of gyration are 43.7 and447

45.4 nm for φ = 3008 and for φ = 1504, respectively. However, it must be stated that448

these numbers are based on speculative assumptions on spatial and time scales associated449
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FIG. 7. Interfacial tension as a function of the protein surface number density, comparing between

reference results for φ = 1 and for φ = 3008 (a) and φ = 1504 (b). Error bars are estimated from

three independent DPD simulations.
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FIG. 8. Pressure trends for different φ values at increasing protein volume number density. Similar

data are obtained with different parameterizations of P bead type, thus results for φ = 3008 only

referring to case 3 of Table I are reported. Error bars related to three independent DPD simulations

are much smaller than the symbol size, thus they are not shown.

with DPD units. However, this seems in line with respect to previous works on simulating450

a single droplet via DPD.52–54451452
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FIG. 9. Time-frequency distributions (blue histograms) of the radius of gyration value of an oil

droplet covered by surfactant molecules in water bulk for φ = 3008 (case 3 of Table I) (a.i) and

for φ = 1504 (b.i) and the relative Gaussian 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 protein molecules by brown beads for φ = 3008 and green

and red beads for φ = 1504.
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V. CONCLUSIONS453

In this work, we explored the possibility to use classical DPD to describe an oil-water and454

an oil-water-surfactant system using the concept of level of coarse-graining, with the aim455

to obtain a simplified model capable of reproducing properly the drop of interfacial tension456

observed with more detailed mesoscale simulations. We found that the classical DPD model457

is invariant with respect to the proper definition of the level of coarse-graining, as discussed458

in the work of Füchslin et al. 33 . When dealing with interfacial systems which are one of459

the most successful applications of the DPD method, they tend to exhibit a typical length460

scale due to the domain formation. This means that the independence of the length scale461

cannot anymore be achieved. However, in this work, we showed that, if an interfacial system462

can be simulated with DPD on a small scale, the scaling of interactions does not prevent463

a simulation on a larger scale unless specific issues are dealt with. Indeed, equilibrium464

proprieties of planar interfaces with and without a protein surfactant for different ratios of465

the level of coarse-graining were investigated by applying the scaling scheme. Although the466

level of description is much smaller, it was shown that the equilibrium interfacial tension467

trend can be conserved for different coarse-graining ratios besides a scaling factor. This468

can be achieved by a simple representation of molecules involved, meaning that very few469

interaction parameters need to be set, thus decreasing the model complexity. The same470

approach for planar interfaces was also employed for a droplet configuration, showing that471

in both cases it is possible to maintain the domain conformation by applying an appropriate472

combined scaling procedure and coarse-graining parameterization. On the other hand, the473

pressure of interfacial systems appears to be not independent of the coarse-graining ratio, in474

contrast with the result of bulk fluids. The surface concentration of surfactants also seems to475

be related to the coarse-graining level and parameterization. Hence, possible applications of476

such findings will focus on investigating droplet coalescence and breakage events, which occur477

at a time- and space-scale larger than that of thermal fluctuations of single particles. Future478

works will pay the way for a better understanding of to what extent DPD can be considered479

truly mesoscopic in terms of also dynamics proprieties by studying multi-component non-480

equilibrium systems.481
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Appendix A500

The method used in this work to automatically determine the protein surface number501

density is here explained as it has been seen that a certain number of surfactants are not502

adsorbed at the interface. This is similar to the procedure already employed to identify the503

bulk concentration of solutes in interfacial systems found in the literature.48 Figure 10 shows504

an illustrative example of the method here used. From simulations of the ternary system with505
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two symmetrical interfaces the time-averaged number density profiles of protein molecules506

along the normalized x -direction normal to the interface expressed as φρ′ are extracted (a)507

(see Figures 5 and 6 for reference). The gradient of the number density is then computed508

with respect to x/Lx (b). The regions where the gradient fluctuates around zero define509

the bulk phases. The interface region can be identified by looking for spikes (positive and510

negative) in the gradient that are an order of magnitude greater than the fluctuations seen511

in the bulk regions. These spikes define the interface region to be included in number density512

calculations. Hence the standard deviation Se of the gradient (distance between horizontal513

grey dashed lines) is used to identify the distinction between bulk and interface regions.514

The first and last intersections between the gradient curve and horizontal lines in Figure515

10 (b) define the interval limits (x̂1,a and x̂1,b) of the interface region labeled as 1 where516

protein molecules can be considered adsorbed at the interface. The same is done for the517

interface labeled as 2 (not shown). From the area (in red) subtended by the number density518

profile, the equilibrated surface density of protein molecules at interface ci is then obtained519

as follows:520

ci =
Lx

2nφL2

(∫ x̂1,b

x̂1,a

φρ′(x/Lx)L2d(x/Lx) +

∫ x̂2,b

x̂2,a

φρ′(x/Lx)L2d(x/Lx)

)
, (A1)

where n corresponds to the number of beads representing the protein molecule, thus equal521

to 1 or 2 for φ = 3008 or φ = 1504, respectively (see Figure 2). Hence ci values are used as522

abscissas in Figure 7.523524
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FIG. 10. Illustrative example on how the protein surface number density is determined 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 gradient 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.
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