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ABSTRACT

Polymeric materials are intricate systems with unique properties across different length and time scales, presenting chal-
lenges in understanding the hierarchical features that govern their behavior. Advancing innovative polymeric systems re-
quires a deep comprehension of these complexities. Dissipative particle dynamics (DPD), a mesoscale simulation technique,
has proven instrumental in elucidating polymer behavior. Unlike molecular dynamics, which tracks individual molecules,
DPD employs a coarse-graining approach, to describe molecular systems as particles interacting via soft potentials. Thanks to
its computational efficiency, DPD has enabled researchers to numerically study several complex fluid applications in detail.
Moreover, with the ever-increasing high-performance computing resources, it has become possible to tackle larger molecular
systems beyond the nanoscale, typically micrometer-sized systems. An in-depth analysis of the theoretical foundations of DPD
is presented, focusing on its methodology, mathematical formulations, and computational implementation. This review then
explores various applications of DPD simulations for polymeric systems, demonstrating DPD's ability to accurately capture
phenomena such as polymer self-assembly, polymer behavior in solutions and blends, charged polymers, polymer interfaces,
polymer rheology, polymeric membranes, polymerization reactions, and polymeric composites. Overall, this review examines
the adoption of DPD as a predictive modeling tool for polymeric materials, focusing on its key features and its integration with
methods such as atomistic molecular dynamics to determine the interaction parameters. Building on these advancements,
future directions for DPD include its potential applications in other systems like biological membranes, macromolecules, and
shape-memory materials.

1 | Introduction combination thereof, allow the description of polymer ma-

terials and provide an enhanced understanding of their

Molecular modeling simulations are gradually becoming
a universal tool in many fields of science and engineering,
including computational methods with varying degrees of
accuracy to describe molecular model systems at differ-
ent time and length scales (Scheme 1). These methods, or a

properties. Within the field of molecular modeling there are
empirical ‘top-down’ models typically based on experimen-
tal data, and first-principles-based ‘bottom-up’ models start-
ing from a finite molecular model system and a Hamiltonian
describing the interaction between particles, which could be
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SCHEME1 | Overview of molecular modeling methods to tackle dif-
ferent length and time scales.

electrons (electronic structure methods), atoms (atomistic
force field methods), or groups of atoms (coarse-grained meth-
ods). Beyond these methods, there are continuum methods at-
tempting at an overall description of macroscale processes by
solving partial differential equations of discrete flow elements
(e.g., finite element computational fluid dynamics).

Nowadays, diverse model systems and methodologies can be
developed and employed to comprehend various aspects of the
polymer processes, including polymer behavior in suspension,
solvent, or melt, flow characteristics, mechanical properties,
interface formation in composites, rheological properties, and
more. Traditional methods for predicting the flow and deforma-
tion of polymers have generally worked well in a variety of pro-
cessing conditions. But when it comes to larger systems, these
models, which are based on empirical mathematics, often have
trouble accurately predicting the behavior of complex fluids like
molten polymers [1, 2]. Atomistic molecular dynamics (MD) sim-
ulations are ideal for sampling the potential energy surface of
molecular systems and have been useful in various applications,
such as polymer rheology [3-8], nevertheless, these simulations
result in huge computational costs even for simple systems
[9, 10]. Employing mesoscale particle-based methods to investi-
gate polymers' static and dynamic properties is a practical ap-
proach to reduce the computational cost and yet provide a deep
insight into different phenomena at the molecular level [11-13].

At the mesoscale, molecules are replaced by “beads” through a
process known as coarse-graining (CG) [14]. In the CG process,
molecules are divided based on their chemical features, and the
individual atoms within each segment are merged together to
form a single bead. This reduces the number of degrees of free-
dom, enabling more efficient computational modeling of macro-
molecule systems [15, 16]. Each bead in a CG model represents
a group of molecules or atoms. While the size of a bead is rela-
tively large compared to the individual atoms on the atomistic
scale, it is still considered small on the macroscale. This allows
for the modeling of macromolecule systems at a more manage-
able scale, while retaining the essential features of the system
[16-18]. Within each bead, the atomistic details of the constitu-
ent molecules or atoms are combined. This simplification allows

for more efficient simulations and enables the study of larger
time and length scales than would be possible with atomistic
modeling [15, 19, 20].

Atomistic modeling, while useful for understanding the behav-
ior of individual molecules and small systems, is limited in its
ability to simulate many physical phenomena. This is because
atomistic simulations are restricted to shorter time and length
scales due to the high computational cost of modeling large
and complex systems with a high number of degrees of free-
dom. Coarse-grained models are commonly employed to sim-
ulate larger systems over extended time scales,[21, 22], which
allows for fundamental studies of the physics and chemistry of
macromolecule systems that can be investigated via a coarse-
grained model at a reasonable computational time. Therefore,
coarse-grained modeling is a valuable tool for studying large
and complex systems over longer time scales [23]. It allows for
the study of larger and more complex systems than can be mod-
eled with atomistic simulations, while still capturing some of
the molecular-level details that are lost in continuum modeling.
Coarse-grained models thus offer a valuable intermediate ap-
proach for studying the behavior of complex materials and bio-
logical systems [23, 24].

In coarse-grained modeling, effective potentials are used to help
us analyze physical systems by simplifying things without los-
ing important details. They represent the way particles interact,
but in a way that captures the key behaviors of the system. These
potentials help us predict the system's behavior and understand
its underlying physics by maintaining key properties like ther-
modynamics [14, 25, 26]. However, the process of creating them
can take time, as it often involves going through several stages
to fine-tune the accuracy [11, 27-30].

Among all coarse-graining methods, coarse-grained molecu-
lar dynamics (CG-MD) [31] and dissipative particle dynamics
(DPD) [9] are the two widely used coarse-graining methods. In
contrast to CG-MD [32], DPD is generalized to apply simplified
soft potentials [9], making the study of polymeric systems easier
[11, 26, 33]. This review paper begins by introducing the history
and theory behind the DPD method and then goes on to explore
its applications in polymer science and engineering.

1.1 | Theoretical Background

To understand the history of the DPD method, it is necessary to
answer the question of why it was proposed in the first place.
In the past, MD simulations of flow phenomena in simple flu-
ids had been reported, but the computational costs associated
with MD simulations made it challenging to use them as a tool
for studying complex fluids in three dimensions. To address this
issue, researchers explored particle-based simulations of fluids,
such as lattice-gas automata (LGA) [34-37].

Let us first introduce the LGA method; the LGA method is a
type of coarse-grained approach for particle-based simulations
of fluids that constrains the motion of particles on a regular
lattice. This is similar to the way Navier-Stokes equations are
used to study actual molecular fluids and predict their hydro-
dynamic behavior [9, 34, 38, 39]. This coarse-grained approach,
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computationally more efficient than atomistic MD, can simu-
late complex fluid systems such as colloidal suspensions [40]
and polymer solutions [41]. Although the LGA method signifi-
cantly increases computational efficiency, it brings about two
fundamental problems: statistical noise and lack of Galilean in-
variance [9, 42]. Therefore, Hoogerbrugge and Koelman [9] pro-
posed the DPD method, a new particle-based method, which
was aimed at overcoming the limitations of the LGA method
as well as enabling mesoscopic simulations of complex fluids.
DPD is a hybrid simulation method that combines the advan-
tages of LGA's larger time scale simulations and MD's mesh-
free algorithm [43]. Being able to cover the larger length and
longer time scales, DPD modeling has successfully been ap-
plied to describe larger fluid systems; for example, polymer and
DNA suspensions [44-46], red blood cells in blood flow [47, 48],
and platelet aggregation [49], which are beyond the ability of
MD [50]. The DPD method combines the time-stepping of the
LGA method with MD to develop a faster and isotropic stochas-
tic particle model for isothermal fluid systems than MD.

In DPD, the system is described by updating all N particle posi-
tions r; and momenta p; (i=1, ..., N) in individual time steps &t
(based on LGA). In each step, the momenta are simultaneously
updated via the following simple rule [9].

pit+8n=pO)+ Y Qe i
Jj

Here, e;(t) = (r;—r;) / |ri - rj‘ represents the unit vector point-

ing from particle j to particle i, while the scalar variable ; denotes
the momentum transferred from particle j to particle i. The posi-
tions of the particles are updated in accordance with

)

P+ 60) = () + %p;(t +50) @

where m, is the mass of particle i. For being a valid model, it is
needed that the above system satisfies the laws of conservation.
The conservation of linear and angular momentum is ensured
when these momentum transfers are symmetric with respect to
the particle labels: Qij:Qﬁ. Furthermore, it should be noted that
Q;; depends only on scalar quantities, that is, relative positions
and velocities. Therefore, the model is completely isotropic and
Galilean invariant [51]. For systems of particles with equal mass,
Q;; can be written as follows

Qij=W(|ri—rj|).{Hij—w(p,-—pj)-e,«j} ®

Here, w is a positive number, and W(r) is a dimensionless, pos-
itive weighting function that becomes zero when r > r., with
7o the cut off beyond which the weight function vanishes, and
particle interactions are no longer considered. In addition, for
every pair of particles, a random number I1;; is sampled from a
distribution, with mean < IT; > = Il and variance <(IT; — H0)2>
= 6112 The terms between curly brackets {} in the equation act as
a thermostat together, such that in too hot systems, the second
term a)(pi - pj) « e; will control and cool the systems. However,
in too cold systems, the stochastic term I, will act as a controller
to reach higher temperatures, resulting in more particle colli-
sions, and higher kinetic energy [9, 52].

In DPD simulations, particles interact with each other based on
simplified force laws and move according to Newton's equations
of motion [38]. Unlike Self-Consistent Field (SCF) theory, DPD
allows for the investigation of both the equilibrium thermody-
namic properties and dynamic properties of structures [53, 54].
DPD, besides being capable of investigating several classic prob-
lems, including hydrodynamic interactions [38], can also be
applied to study the static and dynamic properties of polymers
[55-57], amphiphiles [58-60], microphase separation [61-63],
surfactant behavior [21, 64], self-assembly of block copolymers
[65, 66] representing excluded volume interactions and hydro-
dynamics [67], collapse transitions going from good to poor/bad
solvents [68, 69], rheological properties [70], and aggregation in
heavy crude oil [71].

1.2 | DPD Simulation Method

The original DPD method was suggested by Hoogerbrugge and
Koelman [9] in 1992 and was revised by Espafiol and Warren
[72] in 1995. Subsequently, Groot and Warren [18, 61] estab-
lished a relationship between DPD and the Flory-Huggins solu-
tion theory through a simple functional form, which led to the
extensive use of DPD in studying complex systems at the meso-
scale [73-78].

In the DPD method, a linear polymer is represented as a series
of connected beads using bond potentials such as harmonic
springs or finite-extensible non-linear elastic (FENE) potentials.
The statistical distribution of the polymer is accounted for by
assigning each bead as a segment with a Gaussian chain model
[26, 79-81]. To construct DPD chain models, it is necessary to
map macroscopic or microscopic properties of real polymers
onto groups of atoms, such as monomers and Kuhn segments,
which will be represented by spherical DPD beads [11]. This
can be accomplished by employing different structural and con-
formational parameters, including polymer molecular weight,
characteristic ratio, mean squared end-to-end distance, per-
sistence length, and statistical Kuhn segment length, to repre-
sent the Gaussian chain model for realistic polymer blocks [82].

<R%*>, <R?>
Co=—xp ,LP=(1/li)Z<li.lj>,ak=R— @

j#i max

where C,, L, and a; are characteristic ratio, persistence length,
and statistical Kuhn segment length, respectively. < R?>,, N and
l; represent the mean square end-to-end distance of a freely ro-
tating chain, the number of statistical skeletal units in the poly-
mer chain, and the root-mean-square length of a skeletal unit,
respectively. The number of beads in a polymer chain is defined
by combining these statistical parameters with the following ex-
pression [83].

M

_ P
Csop = M—m(SSL) )

where Cyp is bead numbers (statistical segments) with Gaussian
distribution, M, is the molar mass of the polymer, M,, is the
molar mass of a repeat unit, and SSL stands statistical segment
level, which depends on C,, L, a;, and so on [82].
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A DPD simulation consists of a system of interacting particles,
with their time-dependent behavior determined by Newton's
equations of motion.

dr; dv;

E=Vi, mlm=fl (6)

Choosing an appropriate integration algorithm and time-step
for the DPD equations of motion is crucial for ensuring simu-
lation accuracy. In the past, simple first-order algorithms were
commonly used for DPD simulations [84, 85]. Besides these, also
more accurate approaches for DPD simulations were developed
by implementing a second-order semi-implicit scheme instead of
the initial simple first-order algorithms [86, 87]. For simplicity,
if the masses of all particles (m;) are set to 1, the force acting
on a particle directly corresponds to its acceleration. Three fun-
damental forces govern the interactions between all particles: a
conservative force FC, a dissipative force FP, and a random force
FR, each of which is pairwise additive.

— C D R
fi—Z(FiJ+FiJ+FU> ™
j7i

The forces acting on a particle in DPD simulations are a result of
its interactions with neighboring particles within a cutoff radius
of r,. These interactions are isotropic and pairwise and gradu-
ally decrease to zero when the distance between the particles ex-
ceeds r.. Additionally, other conservative forces like electrostatic
interactions and spring forces connecting beads in chains can be
included based on the simulation requirements [18].

Moreover, it is essential to set length, time, and mass scales to
observe and thus interpret properly single or multiscale phenom-
ena. To facilitate that, reduced DPD units are utilized during
DPD simulation (see Table 1). More specifically, r, and k;T are
taken as the unit of length and the unit of energy, respectively
[18]. Hoogerbrugge and Koelman chose to work in reduced units
such that kzT =1 and r, =1, via the introduction of a reference
temperature and cut-off radius. Based on these factors, the unit
of time, 7, can be determined as follows [18, 75].

t=r\/m/(kgT) 8)

TABLE1 | Summary of units and variables used in DPD simulations.

The conservative force is a soft repulsion potential that acts in
the direction of the line between centers of i and j particles and
is given as follows [18, 38],

FS:{ ay(1=ry)8; (ry<r.) } ©

0 (rierc)

where a;; is @ maximum repulsion between bead i and bead j.

Furthermore, Fy=F —F,r;= Irijl, and r;= rij/ |rlj‘ The conser-

vative force constant a;; is a vital parameter because it inherits
all the chemical and physical characteristics of the system [23].
The dissipative forces act to reduce the relative velocity between
pairs of beads by performing an equal and opposite drag force on
each pair, which is given by [18],

By = —yw® (ry) (8. vy) % (10)
The remaining random force is expressed as:
Fg = O'WR(rij)CijAt_l/zi‘\ij 11

where wP and wR are r-dependent weight functions vanish-
ing for r >r., v; =v; —vj, and {; is a random number from a
Gaussian distribution with unit variance. The equations of mo-
tion are solved with a time step At. y is the friction coefficient,
and o is the amplitude of the noise [18]. The movement of each
bead leads to energy dissipation and resists the relative motion
of other beads, with the friction coefficient ranging from 2 to 32
[23]. The random force in the model originates from the molec-
ular random motions and their associated fluctuation amplitude
o [23]. In the majority of the works reported in the literature,
the values of 3.0 and 4.5 for ¢ and y parameters have been ap-
plied, respectively [23, 88-91]. The combination of both forces
between two interacting particles, which also performs along
the line of centers, satisfies Newton's third law, which results
in a thermostat that conserves the system's total momentum
[92, 93]. Espaiiol and Warren [72] indicated that to obey the
fluctuation-dissipation theorem, it could be possible to choose
one of the two weight functions appearing in Equations (10) and
(11) arbitrarily, and the other can be fixed based on this choice

Quantity Real unit conversion DPD reduced unit
Mass M DPD bead weight, m M/m
Length L Cut-off radius (rc = (pVbead)1/3> Lir,

Energy E E* =kgT E/ (kgT)
Time unit ¢ = (mrcz/(kBT))l/z t/t

Time step At = (mrcz/(kBT))l/z At/t

Force constant a;; (kgT) /. a;/ ((kgT)/r,)
Force constant a; = a; (kgT) /. a;/ ((ksT) /r.)
Number density n rS n/r}

Note: The reference quantities that are used for unit reduction.
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according to Equation (12). Accordingly, the amplitudes and kT
are related as follows [18].

wP(r) = [wWh(|®, 6% =2ykyT 12)

As a simple choice, the same function as in the conservative
force is usually taken for wR(r).
(r<1)
13)
(rz1

It is highly probable to conduct a simulation where the equilib-
rium distribution aligns with the Gibbs-Boltzmann distribution
within a canonical ensemble. To ensure this, the relationship
between the dissipative and noise weight functions, as outlined
in Equation (13), must be satisfied [18].

1— 2
M}D(’,.)= [WR(F)]Z _ { ( r)
0

DPD method is a suitable method for studying complex macro-
molecule systems for three main reasons:

1. Non-bonding interactions are described through a soft re-
pulsive potential [18, 94] rather than the Lennard-Jones
potential used in MD simulations. This allows for a larger
time step, making it more efficient.

2. Pairwise dissipative and random potentials act as a ther-
mostat, conserving momentum and preserving hydro-
dynamic modes [18, 94]. As a result, the simulated fluid
obeys the Navier-Stokes equations [95]. This differs from
other thermostats, where the dissipative force is propor-
tional to the particle's velocity relative to a stationary
background, resulting in the loss of momentum conser-
vation and the disruption of hydrodynamic modes [96,
97].

3. Unlike other approaches, such as dynamic density
functional theory, which is entirely diffusive (charac-
terized by random and dispersed particle motion), or
Monte Carlo methods, which drive the system toward
an ordered thermodynamic equilibrium, DPD stands
out as inherently superior due to its characterization as
momentum-conserving Brownian dynamics with soft in-
teractions [38, 98].

As previously stated, the DPD method is limited to isothermal
systems and cannot be used to model temperature-varying or
non-isothermal systems because the system's energy is not con-
served [99]. Nevertheless, it is possible to use isothermal DPD
equations to simulate heat transport in non-isothermal fluid sys-
tems by incorporating internal energy as an additional property
in the DPD model. This approach improves the conservation of
energy within the simulation [99, 100]. This method is known in
the literature as eDPD [101], in which each particle is associated
with its internal energy, along with other properties such as po-
sition and momentum. Consequently, heat transfer can be simu-
lated through the exchange of internal energy between particles.
The eDPD method has been effectively employed to study heat
conduction in nanocomposites [101], heat transfer in natural
convection [102], and heat transfer in nanoparticle suspensions
[103], and heat flow [104].

1.3 | DPD Repulsive Parameter

The DPD method has the potential to provide insights into phe-
nomena that are difficult to observe through macroscopic exper-
iments [105]. However, the accuracy and realism of mesoscopic
structure modeling rely heavily on proper parametrization. To
ensure successful modeling, it is essential to capture the chemi-
cal interactions within the system accurately [15].

The forces experienced by particles in DPD modeling are simi-
lar to those experienced by atoms in MD simulations, including
electrostatic, van der Waals, and hydrogen bonding interac-
tions. These forces are described using interparticle interaction
parameters, a; and a;, which represent repulsive interactions
when particles are at close distance. However, at the mesoscale,
fluid properties are better represented by interactions between
molecular clusters rather than detailed atomistic models.

- 1 1 6p’>
Kl ——— = — (— 14
nkgTky  kgT \ on /, a4

p’ is the number density of molecules, and k; is the isothermal
compressibility. The dimensionless compressibility of water is rep-
resented by the value k=1 =15.9835 at room temperature (300K).
To define an equation of state for this model, pressure is deter-
mined from the simulation as a function of density. Based on the
virial theorem and simulations, Groot and Warren [18] obtained
an empirical relationship, which provides a reasonable approxi-
mation for the pressure and is applicable for high densities (0> 2):

p = pkgT +aap*  (a=0.101 + 0.001) 15)
Therefore, at high densities, the dimensionless compressibility
in Equation (14) can be then expressed based on the repulsive

parameter by k™' =1+ Zk"—aT" ~1+ %. To guarantee that the
‘B B

equation of state is satisfied during DPD simulations, especially
since soft potentials are used, it is necessary to have a particle
number density p greater than 3. Therefore, according to p=3
(prj = 3) and matching the compressibility of water, k! =~ 16,

Groot and Warren obtained the “universal” like-like interaction
parameter of a = 25k5 T [15, 18].

1.3.1 | Mapping on to Flory-Huggins Theory

Groot and Warren proposed that the parameters for pairwise
interactions can be determined by mapping them to the Flory-
Huggins y-parameters [106]. In this manner, the method can be
viewed as a continuous extension of Flory-Huggins lattice the-
ory. Consequently, for a two-component system of chains, the
free energy density (G,) can be expressed as:

PB pa P & (aAApj +2a,pP4P5 + aBBPIZ;)
Inp, + ITIHPB_ = -
B

Sy _ra ]
N, N, kyT

kyT ~ N,

(16)
N, and Ny are the number of segments per molecule, A and B.
Thus, by the assumption of a,,= azz = a and p,+ pz= constant
(p4 and py are particle number densities of components A and B,
respectively), the following relation is obtained.
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2a(asp — auu) (P + pp)

ot a7

X =

Theysuggested agoodlinearrelationbetweenyandAa = a,z — a
for two densities.

7 =(0.286+0.002)4a  (p=3) (18)

7 =(0.689+0.002)4a (p=5) (19)
As mentioned before, the repulsion parameter for particles of the
same type is defined as a; = a;; = 75 k3 T/p and for unlike parti-
clesiand j, the cross-term repulsion parameters are chosen as

75 ky T
a; = pB +Aa  (i#)) (20)

As a result, the interactions between non-bonding polymer
beads are computed by adding two components: a neutral
interaction term (a;) and pairwise interaction terms that
are proportional to yy, which represents the level of dislike
between the bead types, as described by the following equa-
tion [18, 23, 107].

a;=a;+ 3-27)(1‘]' (1)

The above equation has been widely successful in describ-
ing numerous polymeric systems and their applications
[23, 108-111]. On the other hand, the Groot-Warren model
was primarily developed for systems containing water, where
the value of a; is derived from the compressibility of water
with the assumption that a; = a; for mixtures of two (i and
Jj) or more types of beads. This assumption necessitates that
all bead types have the same molecular volume and density
(i.e., water density). However, during the process of coarse-
graining, it can be challenging to control the number of atoms
per bead when identifying the chemical functional groups,
which can result in notable variations in bead volume [15, 23].

To fix this problem in 2007, Travis et al. [112] proposed a specific
relationship between Scatchard-Hildebrand's regular solution
theory and DPD interaction parameters a;. They established
a connection between a; and the cohesive energy densities p;.
Their approach eliminated the assumption (a; = a;) that the re-
pulsive interaction parameters between beads must be identical.
The authors proposed an alternative method to estimate a;; by:

2
(8; —(Sj) =— rja(pizaii + pjzaji - 2p,-pjal-j) 22)

where §; and 6j are the solubility parameters of i and j particle
components. The final dimensionless form of the equation is

(5i—5j)2 = —p’a(a; +a; — 2a;) (23)

Similar to Travis et al. [112], Goal et al. [23] calculated the a;
or a; interaction parameters individually for both binary com-
ponents, derived from the isothermal compressibility of the
pure component by Equation (14) and k™! =1 + % [23]. In

addition, Kacar et al. [15] proposed that the like-like

interaction parameters can be determined by achieving the
pure liquid density for each bead type at the given pressure,
using the following equation:

_ pb—- pi,purekBT

a; = 24)

2 3
ap i,pure rDPD

In this equation, the pressure can be adjusted to control the
overall compressibility of the mixture or by selecting a specific
component and defining its compressibility. They expressed the
following relations to describe the interaction parameters be-
tween unlike particles:

_ p
0.0454(aﬁpf”’e + aj,.pj.’”’e)

Aa;:

L

2 kT 25)

Aa; = a; — ay,a; = \/a,a; atpr; . ~238kT (26)

By employing this approach to model beads that represent dis-
tinct chemically functional groups within a polymer, it is unnec-
essary to fulfill the condition of equal volume for each bead. The
behavior of the beads, as described by this method, is consis-
tent with Flory-Huggins theory and encompasses the Groot and
Warren relationship as a special case that applies solely to beads
with identical volumes [15].

1.3.2 | Physical Significance of DPD Parameters in
Polymer Behavior

DPD is widely used to model polymer systems, with its key inter-
action parameters defining the thermodynamic and transport
properties of the system. The three main forces in DPD each
play a distinct role in determining the structural and dynamic
behavior of polymers.

The conservative force parameter (a;) governs polymer-polymer
and polymer-solvent interactions and is directly correlated to the
Flory-Huggins interaction parameter (y;). A higher a;; value in-
dicates stronger repulsion, leading to phase separation, while a
lower a;; value favors miscibility and homogeneous mixing [21].
This interaction parameter is fundamental in predicting poly-
mer blend stability, self-assembly of block copolymers, and sur-
factant aggregation.

The dissipative force, controlled by the dissipation coefficient
(y), regulates hydrodynamic behavior, viscosity, and molecular
relaxation times. Increasing y leads to higher viscosity, mimick-
ing the behavior of high molecular weight polymer melts and
allowing DPD to capture viscoelastic and rheological properties
in polymer solutions [113].

The random force ensures proper thermal fluctuations and
maintains the system at the correct temperature. It is respon-
sible for polymer diffusion and molecular motion, which is par-
ticularly relevant for polymer swelling, nanoparticle-polymer
interactions, and chain conformations in solutions. By tuning
random force, the diffusivity and self-assembly dynamics of
polymer chains can be accurately represented [114].
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1.4 | Hydrogen Bonding in DPD—Limitations
and Enhancements

Hydrogen bonding plays a critical role in the structural and dy-
namic properties of biomolecular systems, polymeric materials,
and soft matter. However, traditional DPD, with its soft repul-
sive force field, struggles to accurately capture the attractive and
directional nature of hydrogen bonds. To address this limitation,
various approaches have been proposed, including modified
interaction potentials and multi-body force model techniques.
The Morse potential, for example, introduces a short-range at-
tractive interaction between donor and acceptor beads, offering
computational efficiency but lacking explicit bond directionality
[115-119]. Alternatively, multi-body force models account for
local environmental effects, improving hydrogen bond network
representation at the cost of increased computational complex-
ity [120]. These advancements enhance the ability of DPD to
model hydrogen bonding, though further refinements are nec-
essary for achieving a balance between accuracy and efficiency
in coarse-grained simulations.

1.5 | DPD and Bonded Forces

Alongside the interaction forces mentioned earlier for polymer
modeling, it is also necessary to establish the force that links
monomers together in linear chains. Fortunately, due to the
advancement of DPD, it is relatively straightforward to model
polymers by connecting DPD particles with spring forces
[11, 121, 122, 123]. Various types of spring potentials can be em-
ployed, such as Hooke's law, finitely extendable nonlinear elastic
springs, or more intricate force laws like Frenkel's springs. This
force is usually explained as Hooke's spring;

spring) __
£ = ; Cr; @7)

The equation above calculates the total contribution of connected
particles for particle i, with the spring constant selected to ensure
that the average distance between connected particles corre-
sponds to the maximum peak of the pair correlation function [18].

It was found that bond angle potentials were unnecessary in ob-
taining polymer microphase separation [124-126]. Consequently,
bond angle potentials can be removed during the coarse-graining
process, as they are not crucial for achieving polymer microphase
separation. However, the bond angle potential within a DPD model
is responsible for characterizing the level of molecular flexibility.
Therefore, for systems where analyzing the elastic properties of the
chains is critical, such as membranes, an appropriate bond angle
potential should be incorporated [127-129].

1.6 | DPD and Polymer Dynamics: Challenges in
Capturing Entanglements

Although polymers of arbitrary architectures and block copo-
lymers can be modeled using the DPD method [18, 61], due to
the soft interaction model, it is not expected that entanglements
can be taken into account by the method. In fact, despite accu-
rate and correct static properties resulting from DPD, dynamic

properties, such as viscosity and diffusion coefficients of melts
or polymer solutions, may not be properly simulated by DPD.
Nevertheless, according to Groot and Warren [18, 61] DPD stud-
ies on block copolymer melts can be applied to determine the dy-
namical pathway in which a block copolymer melt approaches
its equilibrium structure after quenching [61].

1.7 | Extending DPD for Free Surface Simulations:
Many-Body DPD (mDPD)

Despite the broad applicability and success of DPD in addressing
practical problems, the quadratic equation of state based on the
conservative force lacks a van der Waals loop, and differs signifi-
cantly from the equation of state for real fluids. Furthermore, since
the dissipative and random forces act as a thermostat, the effective
force between DPD particles remains purely repulsive due to the
conservative force. Consequently, there are no attractive forces
to bind the particles together, leading to a simulation box that be-
comes fully occupied by particles. While DPD is well-suited for
studying systems with fluid interfaces, it is not feasible to investi-
gate systems with free surfaces under these conditions [130, 131].
Several groups [131-133] have attempted to address this issue by
modifying the original DPD method to incorporate the van der
Waals loop into the equation of state, leading to the development
of the many-body (or multibody) dissipative particle dynamics
(mDPD) [130]. The mDPD method by Pagonabarraga and Frenkel
[132] added an attractive force to DPD. The attractive force is inde-
pendent of density, whereas the repulsive force is determined by a
weighted average of the local density:

Fy = Ayo,(ry) + By (5 + 7)) o (ry) (28)

The weight functions w,(r) = <1 - i) and wy(r) = (1 - é) are
set to O for r> r,and r> r,, respectively. The attractive component,
Aijwc(rﬁ) can be obtained by reversing the sign of the original
force parameter, a;, A; < 0. The repulsion term for many-body in-
teractions is expressed as self-energy per particle, with a quadratic
relation to local density. By (p; + p;) @4 (r;) is a many-body repul-
sive component with B>0. The density for each particle is de-
fined as

P = pr(rij) (29)

J#i
2
15 r
o () = 1-— 30
) 27”’3( rd) 30)

The subsequent section examines how DPD and mDPD have
been utilized to investigate various practical issues in polymer
science and engineering, with the aim of encouraging greater
adoption of these methods in this field.

2 | Molecular Self-Assembly

Recently, molecular self-assembly has emerged as a promising
research field for creating complex and fascinating supramo-
lecular structures [134-137], such as micelles [138-142], helices
[143], fibers [144, 145], films [146, 147], ribbons [148], tubules
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[149, 150], vesicles [151-154], and so on. These supramolecular
structures have a diverse range of applications in different fields,
including coatings [155, 156], tissue engineering [157, 158],
drug delivery systems [159-162], and sensor devices [163, 164].
Polymeric self-assembled structures are only one type of these
supramolecular aggregates formed from amphiphilic poly-
mers with different molecular architectures in aqueous media
[165-168]. Their exceptional properties as drug delivery vehicles
have been recognized, including good biocompatibility, high
stability, a simple preparation process, uniform sizes, easily
modifiable surface groups, potential for multiple functions, and
efficient drug loading [165, 169]. The substantial growth in the
utilization of functional micelles as smart drug delivery systems,
such as magnetic polymeric micelles [170], redox-sensitive mi-
celles [171, 172], photo-responsive micelles [173], temperature-
responsive micelles [174], ultrasound-sensitive micelles [175],
and brain-targeted micelles, is attributed to their exceptional
properties [176]. These micelles can respond effectively to a
wide range of stimuli, making them increasingly important in
the field.

However, studying the behavior of polymeric micelles with cur-
rent experimental methods can be difficult, mainly due to their
small size, typically ranging from 10 to 100nm [177]. Computer
simulations have emerged as a valuable and effective analytical
tool for understanding experimental results related to polymeric
morphologies, particularly in cases where detailed information
on their behavior is difficult to obtain through current exper-
imental approaches. Through simulations, additional insights
into the dynamics, distributions, and ordering of these morphol-
ogies can be obtained [178-180]. In the last decade, DPD simu-
lations have outperformed MD simulations by describing much
larger systems for significantly longer times. In other words,
DPD has become an organized and effective method that en-
abled the study of polymeric micelles’ microstructure and their
formation mechanism [141, 165, 181-186]. For instance, it was
observed that the initial stages of micelle formation and amphi-
philic copolymer micellization could occur within a few nano-
seconds, while the final stage of micelle equilibration might take
years [187]. There are several challenges to investigating the mi-
cellization kinetics experimentally because the very early stage
is restricted by the spatial and temporal resolution of current
scattering techniques, which can monitor only reasonably large
micelles [188]. In the following, we highlight some examples of
the vast body of research that has employed DPD simulations to
study polymer self-assembly. The research has looked at differ-
ent copolymer structures and their chemical properties, which
are key to shaping the morphology, internal organization, and
stability of polymeric self-assemblies.

2.1 | Linear Copolymers Self-Assembly

The process of self-assembly in linear amphiphilic block copoly-
mers, when placed in certain solutions, has been deeply studied,
resulting in a variety of different self-assembled structures [189].
The balance between the hydrophobic and hydrophilic seg-
ments, along with the design of the copolymer backbones, plays
a critical role in determining the shape, internal structure, and
stability of the resulting supramolecular structures. Due to its

effectiveness in modeling polymeric self-assembly processes
and capturing the corresponding morphology, the DPD ap-
proach has been frequently employed to study the self-assembly
of amphiphilic copolymers, particularly linear ones.

Drug delivery is a key application of polymer self-assembly,
particularly when using amphiphilic block copolymers. As a re-
sult, many studies have looked into how these copolymers self-
assemble in the presence of drug molecules, aiming to achieve
both self-assembly and drug encapsulation at the same time.
For instance, Wang et al. [169] employed DPD simulations and
coarse-grained models to investigate the self-assembly pro-
cess of micelles loaded with Doxorubicin (DOX) using a lin-
ear copolymer of docosahexaenoic acid conjugated His10Lys10
(DHA-His10Lys10). The hydrophobic blocks of this amphiphilic
copolymer were composed of docosahexaenoic acid (DHA) and
histidine (H), while lysine (K) made up the hydrophilic block.
The researchers determined the DPD interaction parameters of
the segments by using Equation (21), where a; is expressed as y ;.
They calculated y; from the Hildebrand solubility parameters 6;
and §;, which were calculated via all-atom MD simulations [190],
using the following equation

Viead 2
Xy = 7 (8i=8) GD)

in which V,,,, is the volume of a bead. According to the DPD
modeling results, by the progression of the simulation, some
DHA-His10Lys10 and DOX molecules aggregated and formed
clusters of small size. At the end of the simulation, they ob-
served that all the small clusters gathered and formed a stable
and large micelle, such that all DOX molecules dispersed into
the micelle, including a hydrophobic core of DHA-His10 blocks
and a hydrophilic shell of Lys10 blocks (see Figure 1A). Min et al.
[191] also implemented DPD simulations to systematically elu-
cidate the self-assembly morphologies of drug delivery systems
and the loading/release of DOX in amphiphilic tri-block co-
polymer PCL-PDEA-PSBMA/PEGMA (poly(e-caprolactone)-
b-poly(diethylaminoethyl —methacrylate)-b-poly(sulfobetaine
methacrylate) or poly (ethylene glycol methacrylate)) in aque-
ous solutions. They found that as the copolymer concentration
increased, the self-assembled morphologies of PCL-PDEA-
PSBMA and DOX remained spherical micelles, while PCL-
PDEA-PEGMA transitioned from spherical to cylindrical and
finally to lamellar micelles. This indicated that the PSBMA
system was more stable than the PEGMA system. Additionally,
they discovered that although both copolymer systems could
self-assemble into core-shell-corona micelles, the corona lay-
ers in PCL-PDEA-PSBMA nanoparticles were homogeneous,
whereas those in PEGMA nanoparticles were inhomogeneous.
Luo et al. [192] examined the assembly of PAE-g-PEGLA copo-
lymers, which include pH-sensitive poly(-amino ester) grafted
with hydrophilic PEG and hydrophobic poly(D, L-lactide),
and their ability to load/release DOX-HCI. They found that in
water, PAE-g-PEGLA formed irregular aggregates, while sol-
vent exchange between THF and H, O led to bilayer-structured
vesicles. The hydrophobic PAE and PLA blocks clustered in-
side the membrane, and hydrophilic PEG blocks formed the
membrane/H,0 interface. Stability increased with longer PLA
blocks. DOX-HCl was loaded at pH 7 and released at pH <7 due
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FIGURE 1 | Phase diagram predictions from DPD simulations; (A) Configurations of drug-loaded micelles at different simulated steps [169].
Reproduced with the permission of Elsevier, Copyright 2023. (B) Left panel: Schematic representation of the coarse-grained models of water,

N,N-Dimethylformamide, paclitaxel, and PEO-b-PLLA, Right panel: Phase diagram as a function of C_/(C,+C,) and C

oty + Cptx for the ratio

Croty/Cprx=1.56 [193]. Reproduced with the permission of Elsevier, Copyright 2023.

to protonation of the PAE blocks, making the membrane more
permeable.

In another study, Luo et al. [194] integrated atomistic MD and
DPD simulations to examine the loading and release of campto-
thecin (CPT) in a pH-sensitive diblock copolymer, consisting of
hydrophobic poly(B-amino ester) (PAE) and hydrophilic methyl
ether-capped poly(ethylene glycol) (PEG). For calculating the in-
teraction parameter y; between binary components i and j, they
defined the mixing energies using atomistic MD simulations

AE™ =E; - (E,+E)) (32)

in which Ej; is the potential energy of the binary mixture, and
E; and E; are the potential energies of pure components i and

Jj» respectively and A E™™ is mixing energy. They calculated the
Flory-Huggins interaction parameters, yy;, as follows:

AEMEY,

" RTO0,V 33)

A

Here V, represents the average molar volume of the two-
component types i and j, ®; and ®; denote the volume fractions
of pure components i and j, respectively, T is the temperature, R
is the gas constant, and V'is the total volume of the system. Luo
et al. [194] examined the micellization/demicellization of PAE-
PEG and pH-sensitive loading/release of CPT. According to their
DPD simulations, small spherical micelles were formed at a low
concentration with their hydrophobic PAE-block in the core and
PEG-block in a thin hydrophilic shell. By increasing the polymer
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concentration, other morphologies of the aggregates, including
disk-like micelles, vesicle structures, and bilayer structures,
could also be observed. In the drug loading process, they ob-
served that CPT molecules were adsorbed into small clusters
formed by polymer chains, leading to an increase in cluster size,
followed by CPT loading into larger micelles. After the protona-
tion of PAE to PAEH, CPT molecules loaded in micelles (or ves-
icles) were released through a swelling-demicellization-release
mechanism. Loading paclitaxel (PTX) in the self-assembled
methoxy-poly(ethylene glycol)-poly(2-(N,N diethylamino)ethyl
methacrylate)-polycaprolactone (mPEG-PDEA-PCL) (PDC) as
a pH-responsive polymeric system was investigated by Li et al.
[165] using both DPD simulations and experiments. The copo-
lymer studied includes a pH-responsive segment, PDEA, which
transforms into its protonated form, PDEAH+, in an acidic en-
vironment. They demonstrated that the high-low pH transition
caused a significant difference between yppgs/m,0(2-89) and
ZppEan+/H,0 (—0.21) due to the hydrophobic-hydrophilic transi-
tion of PDEA to PDEAH+. DPD calculations revealed the dy-
namic process of PDC self-assembly and PTX loading in PDC
micelles in a neutral environment. They suggested that the hy-
drophobic interaction between the PDC hydrophobic segments
and the hydrophobic PTX molecules drove micelle formation
and drug loading. However, the hydrophobic-hydrophilic tran-
sition of PDEA to PDEAH+ in an acidic environment was the
leading factor in rapid PTX release. Guo et al. [193] also studied
the phase behavior of paclitaxel loaded poly(ethylene oxide)-b-
poly(L-lactide) (PEO-b-PLLA) copolymers in water and N,N-
Dimethylformamide (DMF) from a mesoscopic point of view
(see Figure 1B). The DPD results showed that the phase behav-
ior of paclitaxel-loaded PEO,,-b-PLLA, in water and DMF was
affected by the hydrophobic fractions and the solvent composi-
tion. To better understand the phase behavior, they studied the
phase transitions at various Cpoly(volume fraction of the copoly-
mer) + Cptx (volume fraction of drug) and solvents compositions
(see Figure 1B). The resulting phase diagram consisted of nine
distinct phases, each with different phase structures: (I) homo-
geneous disordered, (IT) bi-continuous, (IIT) lamella, (IV) HPL
(Hexagonal Perforated Layer), (V) rod, (VI) dumbbell, (VII)
spherical structures with large and uniform size, (VIII) spher-
ical structures with varying sizes, and (IX) spherical structures
with small and uniform size. Wang et al. [195] conducted DPD
simulations to investigate DCPD (dicyclopentadiene)-loaded
micelles self-assembled from amphiphilic triblock pH-sensitive
copolymers PEO-b-PDEAEMA-b-PMMA (poly(ethylene oxide)-
b-poly(2-(diethyl amino)ethyl methacrylate)-b-poly(methyl
methacrylate)). The self-assembly process formed a stable
three-layered core-shell structure: core (DCPD), mesosphere
(PMMA-PDEAEMA mix), and shell (PEO). They found that
DCPD loading slowed aggregation and enhanced micelle stabil-
ity without affecting micelle size. Simulations of the protonation
process revealed that after protonation, DEAH beads migrated
to the shell's surface, while MMA beads stayed in contact with
DCPD beads. They proposed PEO-b-PDEAEMA-b-PMMA as a
promising material as healing agent delivery system with desir-
able characteristics.

On the other hand, some researchers have directed their at-
tention to the self-assembly of linear copolymers, focusing
mainly on understanding the self-assembly process, the internal

structure of the aggregates, and how these aggregates break
apart, rather than exploring specific applications for the mate-
rials. This fundamental research is crucial as it lays the foun-
dation for developing copolymer-based materials with desirable
properties and functionalities. By comprehensively investigat-
ing the self-assembly of linear copolymers, researchers can gain
insights into the molecular interactions that govern the forma-
tion of these aggregates, which can ultimately inform the design
of copolymer-based materials for a wide range of applications.
Below, we will describe some of those research studies.

Block copolymer-based microcapsules are stabilized by interface-
driven forces when the system exceeds the critical micelle concen-
tration, and various external factors, such as stimuli, dilution, and
agitation, can influence their stability [196]. Covalent crosslink-
ing between block copolymers has been established as an effec-
tive approach to creating nano-objects with prolonged retention
times, which enhances the stability of nanostructures [197, 198].
In this regard, Wang et al. [199], developed a coarse-grained mi-
crocapsule model featuring a crosslinked shell of pH-sensitive di-
block copolymers, PEO-b-PDEAEMA, enabling tunable particle
permeability in response to pH variations. They used DPD sim-
ulations to investigate the formation and pH-responsive collapse
of microcapsules from the self-assembly of a PEO-b-PDEAEMA/
DCPD mixture. Their study demonstrated preferential DCPD
loading in PEO-b-PDEAEMA polymers and explained the
concentration-dependent encapsulation efficiency of DCPD. They
found that as pH decreased, non-covalently bonded shells broke
into small worm-like clusters due to increased self-repulsion of
the protonated copolymers, while crosslinked nodes between
blocks maintained stable polymer shells in acidic solutions.

Li et al. [200] investigated the micellization behavior of the co-
polymer methoxy-poly(ethylene glycol)-b-poly(e-caprolactone)-
b-poly(diethylaminoethyl methacrylate) (nPEG-PCL-PDEA) to
elucidate the relationship between the number of pH-responsive
units and micelle properties. At physiological pH (7.4), they ob-
served that the hydrophilic PEG segment formed the outer shell
of the micelle, encapsulating the hydrophobic core composed of
PCL and PDEA blocks. However, when the pH decreased to 5.0,
the amino groups in the PDEA block underwent protonation,
leading to increased incompatibility with PCL. This incompat-
ibility triggered a structural rearrangement, causing the PDEA
block to migrate toward the micelle's outer layer. Furthermore,
their study revealed that extending the PDEA block length re-
sulted in a greater fraction of protonated PDEA shifting to the
shell, displacing some PEG chains toward the core. As a result,
the micelle's surface became predominantly covered by proton-
ated PDEA, significantly altering its physicochemical properties
(see Figure 2A).

Modifying the effective parameters of a system is one way to
alter the properties and morphology of polymeric supramolec-
ular structures. Another method is to introduce an additional
polymeric component (such as a homopolymer or copolymer)
to the system, which can also be used to fine-tune its proper-
ties and morphology. In this context, Zhao et al. [201] used
the DPD method to investigate the self-assembly of the diblock
copolymer poly(ethyl ethylene)-b-poly(ethylene oxide) (PEE-
b-PEO) and the homopolymer poly(propylene oxide) (PPO)
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FIGURE 2 | (A) The final coarse-grained models of mPEG-PCL-PDEA micelles in water at pH 7.4 and pH 5.0 [200]. Reproduced with the per-
mission of Elsevier, Copyright 2023. (B) Morphological phase diagram of the E,O,,/PPO system, showing the effect of PPO chain length, volume
fraction ratios, and molecular weights of PEE and PEO blocks (EXOy, where x and y are molecular weights divided by 1000) [201]. Reproduced with
the permission of Elsevier, Copyright 2023.

in an aqueous solution. They determined the parameters for =~ water beads were estimated according to the energy mixing,
the polymer beads by utilizing the solubility parameters of the using MD simulations to show the effect of hydrogen bonds,
pure species. However, the interactions between polymer and as follows:
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> 34

= V —_—
X bead< kBT

E h E h E h
AE.. = (pA< co > + (pB< co > _ ( co (35)
" 4 A 4 B 4 AB

Here, AE,,;, is the mixing energy, while ¢, and ¢ represent the
volume fractions of the two components in the dilute solution.
They calculated the cohesive energy E_; using MD simulations
as follows:

N
Eeop = < Y Eisclated iy — E‘\;> /N (36)
i=1

where Ejfl‘]”“‘ed(i) is the energy of non-bonding interactions
for the i th isolated chain in vacuum and Ean represents the
non-bonded energy of the model with chains under periodic
boundary conditions. Their simulation results revealed novel
multi-compartment micelle structures that were not ob-
served in experiments. They discovered that the chain length
of PPO plays a critical role in determining the size of multi-
compartment micelles. Specifically, when the chain length of
PPO is shorter or longer than the PEE-b-PEO block, the for-
mation of larger multi-compartment micelles can be easily ob-
served (see Figure 2B).

Thermo-sensitive polymeric micelles are significant in vari-
ous applications such as drug, gene, and siRNA delivery, and
DPD has proven to be a useful tool in investigating their self-
assembly and stimuli-response behavior. Rodriguez-Hidalgo
et al. [202] identified the stability zones of stimuli-responsive
polymeric micelles formed by poly(N-isopropylacrylamide-b-
3-[N-(3-methacrylamidopropyl)-N,N-dimethyl]Jammoniopro-
pane sulphonate (PNIPA-b-PSPP)) diblock copolymer in water,
triggered by temperature. Using thermal scanning, they de-
tected five stability zones. In zone I, micelles had a PSPP core
and PNIPA shell, while in zone V, reverse micelles had a PNIPA
core and PSPP shell. In zone III, free unimer chains were dis-
persed in the aqueous environment. Two metastable zones (II
and IV) showed low thermodynamic stability of the thermo-
responsive micelles.

Using DPD, Li et al. [188] investigated the equilibrium proper-
ties and micelle formation kinetics in A,B, and A,B, (x=4, 6,
8) deblock copolymers, where A is hydrophobic and B is hydro-
philic. Their study revealed that increasing hydrophobic inter-
actions or reducing the length of the hydrophilic block resulted
in a lower unimer concentration and a higher average aggrega-
tion number. Regarding micellization kinetics, they identified a
three-stage process:

i. Initial rapid aggregation—Unimers quickly associate
into small aggregates, leading to a sharp decrease in un-
imer concentration until it stabilizes.

ii. Micelle growth phase—Intermediate-sized micelles
form through the fusion of smaller submicelles, progres-
sively increasing aggregation numbers.

iii. Equilibration and slow rearrangement—The micelle
size continues to grow gradually, driven by fusion-fission

dynamics and unimer exchange, ultimately stabilizing the
weight-average aggregation number.

Ma et al. [203] explored the structural characteristics of vesicles
formed by amphiphilic multiblock copolymer ABABA (A hy-
drophilic, B hydrophobic) in a selective solvent using the DPD
method. They examined the effect of temperature and solvent
properties (a,s With agg = 75), where lower temperatures rep-
resented a good solvent (smaller a,s) and higher temperatures
indicated a poor solvent (larger a,g). They observed that as
temperature increased, vesicle size and cavity size decreased,
while membrane thickness increased. Additionally, they found
that the hydrophilic/hydrophobic block ratio had a signifi-
cant impact on aqueous cavity size, membrane thickness, and
vesicle size (see Figure 3B). Chen et al. [204] also focused on
the self-assembly of random copolymers and hydrophobic ho-
mopolymers using DPD simulations. The researchers noticed
self-assembled micelles couldn't be formed solely by random
copolymers due to the abundance of hydrophilic particles in
the polymer chain. However, when a mixture of random co-
polymer and homopolymer chains was used, a self-assembled
structure emerged, which consisted of a homopolymer core, a
random copolymer corona, and a hydrophobic block interface
(see Figure 4A). This study showed that micelle morphology
and size can be controlled by adding homopolymers during
self-assembly. In another study, they used DPD simulations
to examine the self-assembly of the segmented random-block
copolymer (A-co-B)-b-C in a selective solvent [205]. The re-
searchers found that by adjusting the copolymer composition,
interaction parameters, and overall copolymer makeup, they
could control the self-assembly of (A-co-B)-b-B copolymers to
form various aggregates, including spherical and rod-like mi-
celles, as well as two-compartment micelles. These findings
are valuable for developing methods to create specific micelle
morphologies from segmented random-block copolymers.
Using DPD simulations, Li et al. [206] proposed a ‘covalent-
bonding-forced orthogonal self-assembly’ strategy to fabricate
multi-geometry nanoparticles from block alternating copoly-
mers. They found that diblock alternating copolymers (AB),-
b-(AC), could self-assemble in an orthogonal manner, forming
single-geometry nanoparticles, which were then covalently
linked to create multi-geometry nanoparticles. The success of
this strategy relied on the incompatibility and critical molecu-
lar weight of each copolymer block. By controlling the compo-
sition of (AB), and (AC)y blocks, they achieved various binary
multi-geometry nanoparticles, such as channel-sphere, worm-
vesicle, and lamella-sphere. Additionally, polymer concen-
tration and the volume ratio of alternating copolymer blocks
influenced the final nanoparticle structures, as shown in the
volume ratio-block composition morphological phase diagram
(Figure 4B).

Liao et al. [207] performed DPD simulations to investigate the
self-assembled morphologies of two copolymer systems—poly(-
lactic acid)-b-poly(ethylene glycol) (PLA-PEG) and poly(lactic
acid)-b-poly(carboxybetaine) (PLA-PCB)—in aqueous solu-
tions, with a focus on their potential as anti-biofouling mate-
rials. Their study explored the effects of polymer composition
and concentration on the resulting self-assembled structures.
The simulations revealed distinct morphological differences be-
tween the two systems. PLA-PEG copolymers predominantly
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FIGURE 3 | Examples of temperature stability predictions from DPD simulations; (A) Micellar stability zones: (I & V) thermoresponsive mi-
celles with core-shell structures (PSPP core/PNIPA shell or PNIPA core/PSPP shell), (II & IV) metastable zones with core-shell micelles coexisting
with free unimer chains, and (III) free copolymer chains dispersed in the aqueous environment [202]. Reproduced with the permission of Taylor
& Francis, Copyright 2023. (B) Effect of temperature and the blocks length on the vesicle structure [203]. Reproduced with the permission of the

American Chemical Society, Copyright 2023.

formed core-shell structures, whereas PLA-PCB copolymers
consistently assembled into onion-like and vesicle structures,
regardless of their composition. Further analysis demonstrated
that PCB provided greater stability than PEG in maintaining
spherical morphologies. Additionally, the structural character-
istics of the shell layers differed between the two systems (see
Figure 5):

+ PLA-PEG nanoparticles exhibited inhomogeneous shell
layers, attributed to the amphiphilic nature of PEG, which
leads to uneven surface distributions.

« PLA-PCB nanoparticles displayed homogeneous shell lay-
ers, owing to the strong hydrophilicity of the zwitterionic
PCB block, which promotes uniform shell formation.

Multicompartment nanostructures are difficult to achieve
with conventional block copolymer self-assembly. In this con-
text, Wang et al. [208] developed a computational approach
leveraging the cooperative assembly of diblock copolymer
blends to design spherical and cylindrical compartmental-
ized micelles with complex internal structures. Their simu-
lations explored self-assembly behaviors in pure AB, binary
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DPD simulations at a,4=25, agg = acg =100 [204]. Reproduced with the permission of Taylor & Francis, Copyright 2023. (B) Effect of block compo-
sition and volume ratio of (AB), to (AC)y on multi-geometry nanoparticle architectures. Red coils represent hydrophilic A, cyan and yellow surfaces
represent hydrophobic B and C. (S-V, W-V, L-C, S-S indicate sphere-vesicle, worm-vesicle, lamella-channelized micelle, and sphere-sphere, respec-

tively) [206]. Reproduced with the permission of the American Chemical Society, Copyright 2023.

AB/AC, and ternary AB/AC/AD systems, where block A was
hydrophilic, while blocks B, C, and D represented distinct hy-
drophobic segments. This approach led to the formation of a
diverse range of nanostructures, including sponge-like, Janus,

capsule-like, and onion-like micelles. A key finding of their
study was the ability to fine-tune block interactions to manip-
ulate micelle morphology and composition. By carefully ad-
justing segment compatibility, they demonstrated a controlled
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FIGURES5 | Coarse-grained models of (Left Panel) (a) PLA-PEG and PLA-PCB (b); (Right Panel) (a) sectional view of PLA-PCB morphology, (b)
slice for PLA-PCB, (c) sectional view of PLA-PEG morphology, and (d) slice for PLA-PEG [207]. Reproduced with the permission of the American

Chemical Society, Copyright 2023.

transition between two distinct structural configurations in
AB/AC/AD micelles:

« ‘Pure shell/mixed core’ morphology, where the outer shell
consists of a single component while the core remains a het-
erogeneous blend.

» ‘Mixed shell/pure core’ morphology, where the shell incor-
porates multiple components while the core maintains uni-
form composition.

These results highlight a versatile strategy for designing tailored
multicompartment micelles with precise control over internal
organization, offering potential applications in drug delivery,
nanoreactors, and biomimetic systems (see Figure 6).

To investigate the rapid self-assembly process of vesicles,
which is challenging to observe experimentally and too slow
for molecular dynamics simulations, Shillcock [60] utilized
DPD simulations to examine the formation process of a typ-
ical linear amphiphile H3T6 (composed of three hydrophilic
“Head” particles and six hydrophobic “Tail” particles). The
simulations showed that this amphiphile underwent three
distinct stages to self-assemble into a vesicle, and this trans-
formation was concentration independent. The process began
with a random dispersion of the amphiphiles in bulk water,
which formed small spherical micelles after a few micro-
seconds. These micelles gradually merged and transformed
into quasi-planar bilayer patches, which required a certain

amount of time for the micelles to grow large enough to form
the planar membrane patches. Subsequently, there was an ex-
tended phase where the spherical micelles and planar bilayer
patches diffused and merged gradually to form larger bilayer
patches that eventually curled up to form closed vesicles. Arai
et al. [209] investigated the formation of an onion-like vesi-
cle using a minimalist model and DPD simulations, exploring
the vesicle formation conditions. The study identified diverse
self-assembled morphologies in Janus amphiphilic oligomer
solutions and analyzed the influence of temperature, amphi-
phile concentration, and oligomer hydrophilicity on morphol-
ogy. They also simulated a layer-by-layer water discharging
process from the vesicle, resembling the “peeling-one-onion-
layer-at-a-time” approach. The results showed that during
the discharging process, water molecules in the center region
were discharged first. With DPD simulations, Wang et al. [210]
investigated the effect of terminal groups on the structure of
vesicles formed by amphiphilic diblock copolymers, consider-
ing factors such as the number, location, and hydrophobicity
of the terminal groups. Their findings showed that increasing
the hydrophobicity of the terminal group reduced the vesicle
cavity size and increased wall thickness. However, when the
terminal group was located at the end of the hydrophilic block,
increasing its hydrophobicity led to an increase in vesicle cav-
ity size, while the wall thickness remained largely unchanged.
Li et al. [58] used DPD simulations to study the transforma-
tion of vesicle shapes formed by triblock copolymers with a hy-
drophobic block in the middle and two hydrophilic blocks on
the sides. By adjusting the repulsive parameters between the
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hydrophilic blocks to introduce spontaneous curvature, they
modeled the asymmetric membrane of the vesicle. This ap-
proach led to the discovery of various complex vesicle shapes,
including some previously unreported forms, such as starfish-
shaped, toroidal, long rodlike, and inverted vesicles.

A giant vesicle resembling a cell-size membrane envelope mim-
ics key characteristics of red blood cells, including their equi-
librium biconcave shape and tumbling behavior under shear
flow [211]. Therefore, membrane vesicles, as a popular model
system, have been used to study membrane biophysics in gen-
eral and red blood cell dynamics [212]. The shape changes of
bilayer vesicles were investigated by using particle-based mod-
els of two-component amphiphilic diblock copolymers with the
DPD approach. They started with a spherical vesicle and modi-
fied its shape by removing solvent particles from its interior and
relocating them to the outer region. The simulations revealed a
variety of complex vesicle shapes, including axisymmetric forms
like spheres and dumbbell shapes, as well as non-axisymmetric
shapes like pear, oblate, boomerang, and three- and four-armed
starfish. The study demonstrated that shape transformations
in lipid vesicles can also occur in polymer vesicles and that the
DPD method is a simple yet effective approach for studying poly-
mer vesicle behavior.

Mai et al. [213] investigated the phase behavior of
polybutadiene-b-poly(ethylene oxide) (PB-b-PEO) copolymers
in the ionic liquid [Bmim][PF] using DPD simulations (see
Figure 7). Their study explored how copolymer concentration
and the PEO/PB ratio influence self-assembled structures in
an ionic liquid environment. At low copolymer concentrations,
[Bmim][PF] acted as the continuous phase, with PB-b-PEO
dispersed as isolated entities. However, as the PEO/PB ratio
decreased, the self-assembled structures underwent a transi-
tion from spherical micelles to rod-like micelles, eventually
forming vesicles. With increasing copolymer concentration,

a diverse range of complex morphologies emerged, including
wormlike micelles, branched lamellae, tubes, and platelets. In
parallel, the role of the ionic liquid changed, transitioning from
a continuous phase to a dispersed phase with microphase-
separated structures. These micelle-like morphologies present
promising applications in various industrial fields:

+« Membrane separation—Enhanced control over phase
separation.

« Ion conductivity—Tubular structures provide pathways
for ionic transport.

« Photoelectric material synthesis—Microphase-
separated IL regions offer potential in advanced material
design.

The findings demonstrate the potential of PB-b-PEO copoly-
mers in tailoring rheological properties and optimizing self-
assembled architectures for functional applications in ionic
liquid-based systems.

The transport of polymeric micelles between two immisci-
ble phases, referred to as the micellar shuttle, is an intriguing
phenomenon with considerable potential for industrial and
pharmaceutical applications [214-216]. This process is revers-
ible and strongly temperature-dependent. Soto-Figueroa et al.
[217] utilized the DPD approach to study the micellization-
demicellization process and micellar shuttle of PNIPAM-PEO
(poly(N-isopropylacrylamide-block-ethylene-oxide)) copoly-
mer in a biphasic system. They controlled the micellization-
demicellization process and micellar shuttle by adjusting the
temperature dependence of the solubility and interaction param-
eters of the chemical species involved (shown in Figure 8). Their
simulations demonstrated that polymeric micelles migrated as a
unit during the thermal process (Figure 8). They also found that
at elevated temperatures, demicellization occurred in the ionic
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liquid phase, and reduced interaction parameters caused micel-
lar dissociation, increasing the solubility of diblock copolymer
chains in the hydrophobic environment (Figure 8).

Summary:

To summarize, the following aspects of linear block copolymer
self-assembly can be studied through DPD modeling:

1. The influence of solvent, copolymer composition, chain
length, and chain chemistry on the self-assembly mecha-
nism can be analyzed.

2. The internal structure and morphology of the self-
assembled supramolecular structures can be observed.

3. Morphological phase diagrams can be constructed from
DPD simulations of copolymers. The DPD model can be
employed to investigate the encapsulation and release of
small molecules, such as drugs.

2.2 | Star-Shaped Copolymers

Star-shaped polymers have gained attention as promising candi-
dates for drug delivery applications due to their unique topology
and outstanding physicochemical properties. Wu et al. [218] em-
ployed DPD simulations to examine micelle formation in asystem
with star-shaped polymers, analyzing the impact of the hydro-
phobic/hydrophilic block ratio on micellar structure and drug-
loading efficiency, as well as the role of the pH-sensitive block
ratioin drugrelease properties. The study examined loading DOX
into four different topological structures of 4/6-herto-arm and
4/6-miktoarm star-shaped block polymers: (PCL24),(PDEA16-
b-PPEGMA19),, (PCL16),(PDEA14-b-PPEGMA10),, (PCL22-
PDEAZS—b—PPEGMA5)4, and (PCL18—PDEA9—b—PPEGMA4)6.
They found that under neutral conditions (pH =7.4), increasing
the hydrophobic/hydrophilic block ratio reduced micelle stabil-
ity. Additionally, they observed that increasing the length of the
pH-sensitive block (DEAH) improved drug loading performance
in mikto-arm star-shaped polymeric micelles. In another study
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FIGURE 8 | (Top Panel) Interaction parameters of all chemical species in the micellization-demicellization process in a water/ionic-liquid sys-

tem, obtained by Monte Carlo molecular simulations: W=Water molecules, L=1Ionic liquid, A=PNIPAM segment, O=PEO segment. (Bottom

Panel) Snapshots of the micellization-demicellization process and micellar shuttle in a water/[BMIM][PF6] system at different temperatures: (A) At

298K, polymer chains are miscible in water; (B) micelles form in water at 303K; (C) at higher temperatures, PEO blocks collapse and prepare for shut-
tle; (D) micellar shuttle to the ionic liquid phase at 333K; (E) demicellization in ionic liquid at 346 K; (F) micelle formation at 333K after temperature
reversal [217]. Reproduced with the permission of the Royal Society of Chemistry, Copyright 2023.

on star-shaped polymers, Nie et al. [182] investigated the self-
assembled structures of the pH-sensitive four-arm star triblock
polymer poly(e-caprolactone)-b-poly(2-(diethylamino)ethyl
methacrylate)-b-poly(poly(ethylene  glycol) methyl ether
methacrylate) (4AS-PCL-b-PDEAEMA-b-PPEGMA) for DOX

encapsulation using DPD simulations. This polymer system
holds promising potential for hydrophobic anticancer drug deliv-
ery, enhancing cancer therapy. The system was self-assembled
into micelles with DOX molecules in the core. Upon protonation
of the amine groups in the polymer chains, PDEAEMA chains
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became soluble in acidic solutions. By altering the pH, they ob-
served different micellar morphologies after protonation of the
PDEAEMA blocks. The study highlighted that the key factors
driving these morphological changes were the sharp shift in
the solubility parameter of the pH-sensitive blocks and micelle
swelling.

Using DPD simulations, Chen et al. [219] examined the for-
mation and degradation of multicomponent multicore mi-
celles from two star copolymers (A,B,B, and C,B,B,), and
their dynamics. To examine the impact of interactions be-
tween the solvophobic A and solvophilic B segments, as well
as between the solvophobic A and C segments, they created a

(A)
MMII

morphological phase diagram based on A-B and A-C interac-
tion parameters (Figure 9A). The study revealed several types
of multicomponent multicore micelles: SCII (single core com-
posed of A and C segments), MMII (multicore with A and C
segment cores), MMI (multicore with either A or C segment
cores), and MMRI (rod micelles with A or C segment cores).
They found that the micelle formation process followed three
stages: small aggregates — growth — micellization, while the
degradation mechanism involved segment formation and dif-
fusion, followed by core rearrangement. In another research
work, Chen et al. [110] used DPD simulations to explore the
self-assembly of a three-arm star-shaped polymer and identi-
fied a variety of complex colloidal particles. These included
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FIGUREY | (A)Phasediagram ofself-assembled aggregates formed from a blend of two star copolymers (A,B,B,and C,B,B, in equimolar mixture)

as a function of interaction parameters €, and €45 ((Circles) Single-core micelles with cores of A and C segments (SCII); (Squares) Multicomponent

multicore micelles with cores of A or C segments (MMI); (Triangles) Multicomponent multicore micelles with A and C segment cores (MMII); (Stars)
Multicomponent multicore rod micelles with A or C segment cores (MMRI)). The micelle morphologies are shown for MMII (a,, a,), SCII (b), MMRI

(c),and MMI (d,, d,). a, and d, show both the shell and core of the micelles, while a, and d, show only the cores. Green: A segments; Red: B segments;
Blue: C segments [219]. Reproduced with the permission of the American Chemical Society, Copyright 2023. (B) Schematic representations of star-
block copolymers: (Left Panel) (BA), type and (AB), type. (Right Panel) Morphologies of multiple (AB), type star-block copolymers in a selective
solvent with L , =10: (a) L, =15 (segmented worm micelles), and (b) L= 30 (core-lump micelles). Green bead: Solvophilic A, red bead: Solvophobic B,

black bead: center of the star [221]. Reproduced with the permission of the American Chemical Society, Copyright 2023.
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structures such as shell-single core, patchy particles with a
central core, multicore, cylindrical layered, patchy particles
with multiple cores, stacked layered with several patches on
the surface, stacked layered, and stacked disk rods. Xin et al.
[220] employed DPD simulations to study the formation of
multicompartment micelles by blending star and linear tri-
block copolymers in solvents. The study found that both the
blending ratio and copolymer composition significantly in-
fluenced micelle morphology. New morphologies, including
toroidal micelles with ring/cogwheel cores and ‘sphere-on-
onion’ micelles, emerged. The results showed that micelle size
and structure could be controlled through different mixing
options, providing a practical strategy for designing micellar
structures.

Sheng et al. [221] performed DPD simulations to explore the
self-assembled morphologies of star-block copolymers in di-
lute solutions. Their study focused on how block placement
and solvent selectivity influence the resulting nanostruc-
tures. In a selective solvent for the A-block, they observed
distinct morphological differences between (BA), and (AB),
copolymers:

« In (BA), copolymers, the solvophobic B-blocks aggre-
gated at the core, while the solvophilic A-blocks extended
outward, forming a corona-like structure.

« In (AB), copolymers, the B-blocks did not remain con-
fined to the core; instead, they formed aggregative domains
on the periphery.

A particularly intriguing finding was the effect of B-block length
on the self-assembled morphology:

« When B-blocks were sufficiently long, they clustered
into a single domain, leading to an intramolecular Janus
conformation.

« When the copolymer contained two distinct B-domains, the
resulting structure resembled a worm-like morphology.

» The final Janus-like conformation consisted of a solvopho-
bic core with solvophilic protrusions (lumps) on the sur-
face, indicating a complex phase separation pattern (see
Figure 9B).

These findings provide insight into the design of star-block co-
polymers with tailored self-assembled architectures, which may
have potential applications in drug delivery, nanoreactors, and
functional soft materials.

Summary:

DPD modeling can be used to study the self-assembly of star-
shaped copolymers and investigate various aspects of their behav-
ior. Specifically, DPD simulations allow researchers to explore:

1. How different polymer characteristics (e.g., number of
arms, arm length, composition, and chemistry) affect the
self-assembly mechanism.

2. The internal structure and morphology of the resulting su-
pramolecular structures.

3. The creation of morphological phase diagrams that provide
valuable insights into copolymer behavior.

4. The encapsulation and release of small molecules, such as
drugs, occur within the self-assembled structures.

2.3 | Dendritic Polymers

Dendritic polymers, such as dendrimer multi-arm copolymers
or hyperbranched multi-arm copolymers, show great poten-
tial as building blocks for self-assembled structures. These
amphiphilic polymers consist of a hydrophobic (or hydro-
philic) core and multiple hydrophilic (or hydrophobic) linear
arms. Self-assembly of these polymers leads to the formation
of various supramolecular aggregates with diverse structures
and morphologies [160]. The following studies highlight how
DPD modeling of dendritic polymers can be used to manipu-
late supramolecular interactions and self-assembly processes,
resulting in the engineering of desired self-assembled struc-
tures. Tan et al. [163] applied DPD simulations to investigate
the self-assembly behaviors of hyperbranched multi-arm
copolymers with hydrophobic cores of varying degrees of
branching. The study found that as the degree of hydrophilic
branching increased, the morphology of the self-assembled
copolymers transitioned from spherical micelles to worm-
like micelles and, ultimately, to vesicles (Figure 10A). Low
branching degrees led to cone microphase separation, form-
ing spherical micelles, while moderate branching produced
wormlike micelles through truncated cone separation. High
branching resulted in cylindrical microphase separation,
forming vesicles (Figure 10A). Kirkensgaard et al. [222] used
DPD simulations to study the self-assembly of generic 2"¢ gen-
eration dendritic 3-miktoarm star copolymers (Figure 10B).
Their results showed that ABC 3-miktoarm star terpoly-
mers self-assembled into various cylindrical structures, pro-
gressing through different 2D Archimedean tiling patterns
by adjusting molecular volume fractions. They found that
incorporating a variably sized junction region enabled con-
trolled tiling pattern formation, with one polygonal compo-
nent forming a core-shell cylinder. Additionally, the study
revealed a diverse phase diagram under asymmetric interac-
tion parameters (Figure 10B). Similar to the previous article
in another research work, DPD simulations have been used to
investigate the vesicular self-assembly of amphiphilic hyper-
branched multiarm copolymers in dilute aqueous solution by
Wang et al. [223] The self-assembly mechanisms of branched
polymersomes and conventional polymersomes from linear
block copolymers were found to differ in a recent study. For
branched polymersome copolymers, the commonly accepted
process involves the aggregation of amphiphilic block copo-
lymers into small spherical micelles, which then transform
into sheet- or membrane-like structures, ultimately forming
vesicles through membrane bending and closing. Unlike the
vesiculation process of linear block copolymers, the study did
not observe ‘sphere-to-rod’ and ‘rod-to-membrane’ transitions
in the branched polymersomes, as the sphere transitioned
directly to the membrane. In another study, Tan et al. [224]
systematically explored the self-assembly of amphiphilic hy-
perbranched multi-arm copolymers in various solvents using
DPD simulations. They obtained three phase diagrams and
observed multiple morphological transitions for copolymer
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FIGURE10 | (A)Morphology transformation in the self-assembly of HMCs with varying degrees of branching in the hydrophobic hyperbranched
cores. Water beads are omitted for clarity. Purple beads represent the hydrophobic hyperbranched core, and green beads represent the hydrophilic
linear arms [163]. Reproduced with the permission of the Royal Society of Chemistry, Copyright 2023. (B) (Left Panel) Model of a 2" generation
dendritic miktoarm star with (nL, n,,ng, nC) =(1, 2, 3, 3), indicating bead counts for each color, excluding the central junction. Color code: L =black,
A=red, B=blue, C=green. (Right Panel) Phase diagrams for two scenarios with asymmetric interaction parameters at four values of x, varying
a,5(with other pair interactions a; =45) and apc (with other pair interactions a; =45). x is the ratio of beads in the outer chains to those between the
junction and branch point: X=(n; +n,)/n; [222]. Reproduced with the permission of the Royal Society of Chemistry, Copyright 2023.

architectures A,,B, ), A,,(B,),, and A,,(B,),,, by controlling
the hydrophilic linear arm length. For A,,B,, the observed
morphological transition followed the sequence: spherical mi-
celles — mixture of spherical and worm-like micelles - worm-
like micelles — membranes — vesicles — vesosomes. A ,(B,),,
exhibited a different pathway, progressing from spherical
micelles — mixture of spherical and worm-like micelles —
worm-like micelles — aggregates of spherical and worm-like
micelles — helical micelles. Meanwhile, the A,,(B,),, phase
diagram revealed the transition: spherical micelles — small
micelle aggregates — aggregates of spherical and worm-like
micelles — helical micelles. Notably, this study revealed new
structures, including aggregates of spherical and worm-like

micelles, vesosomes, and helical micelles, in amphiphilic hy-
perbranched multi-arm copolymers.

Wang et al. [225] studied the micellization behavior of amphi-
philic dendritic multi-arm copolymers in dilute solution using
DPD simulations. Three models with different arm lengths were
examined, each consisting of a dendritic core and several arms.
The study applied parameters to describe the interactions be-
tween the core and arms (a, ), core and water (a,) and arm and
water (agq). The study revealed two self-assembly mechanisms
for creating large multimolecular micelles: unimolecular mi-
celle aggregation (UMA) and small micelle aggregation (SMA).
In the UMA mechanism, dendritic multi-arm copolymers first
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formed unimolecular micelles, which then combined to create
large micelles. In the SMA mechanism, the copolymers self-
assembled into microphase-separated small micelles, which
later aggregated into larger micelles. The results showed that
the microphase separation of dendritic multi-arm copolymers
is influenced by the hydrophobicity of the dendritic cores and
the incompatibility between the cores and the arms. The pH-
responsive behavior of self-assembled amphiphilic dendrimers
was surveyed by Yu et al. [226] studied the pH-responsive be-
havior of self-assembled amphiphilic dendrimers using a com-
bination of DPD and atomistic simulations. They focused on an
amphiphilic carboxyl-terminated polyester dendrimer (H,O-
COOH) in aqueous solution. The study showed that at low
concentrations, the dendrimer's self-assembly morphologies
changed as the degree of ionization of the carboxylic acid blocks
decreased. The morphologies transitioned from unimolecular
micelles to micro-phase-separated small micelles, wormlike
micelles, sheet-like micelles, small vesicles, and finally large
vesicles. The process was broken down into four stages: (1) ran-
dom distribution of H,0-COOH molecules, (2) aggregation into
microphase-separated spherical micelles, (3) fusion of spherical
micelles into small wormlike micelles, and (4) fusion of small
wormlike micelles into long wormlike micelles. Using DPD
simulations, Nie et al. [227] studied the pH-responsive behavior
of dendritic polymers using DPD simulations, focusing on the
relationship between the structure of pH-sensitive triblock poly-
mers and drug release from micelles. Their findings showed that
protonation of the pH-sensitive block triggered a transition from
micelles to a ‘fireworks-like’ three-layer structure, which facil-
itated drug release through channels formed in the micelles.
Based on their results, the researchers proposed several design
principles: (i) the length of the hydrophilic block influences drug
release and distribution in micelles, (ii) the pH-sensitive block
length significantly affects drug release, and (iii) the impact of
hydrophobic block length on drug release varies depending on
drug distribution in the micelles.

Lin et al. [228] conducted DPD simulations to examine the
self-assembly behavior of amphiphilic linear-dendritic block
copolymers (LDBC), specifically Ry-dendr [By-Y3]n, in a se-
lective solvent. Their study identified seven distinct self-
assembled morphologies, including spherical, worm-like, and
cylindrical micelles, as well as vesicles. The observed struc-
tural transitions were influenced by factors such as the gen-
eration number, block lengths, and -7 interactions. As the
generation number increased, the self-assembled structures
evolved from nanofibers to polymersomes, demonstrating
a systematic shift in morphology (see Figure 11). The study
also highlighted the importance of n-m interactions in stabi-
lizing specific structures, particularly cylindrical and vesicu-
lar assemblies. In addition to these morphological transitions,
the researchers investigated the impact of UV irradiation on
the self-assembled structures. Exposure to UV light induced
a conformational change in the azobenzene (Y-block) units,
increasing their hydrophilicity. This alteration disrupted
the balance between hydrophobic and hydrophilic interac-
tions, leading to the deformation of spherical polymersomes
into irregular vesicles. Further exposure resulted in mem-
brane rupture and distortion, as the structural instability
caused by the altered Y-block conformation intensified (see
Figure 11). These findings provide valuable insights into the

stimuli-responsive behavior of LDBC systems, demonstrating
their potential for applications in drug delivery, nanocarriers,
and light-responsive materials.

Summary:

In summary, DPD modeling can be used to study various as-
pects of dendritic copolymer self-assembly, including the impact
of dendritic polymer characteristics on the self-assembly mech-
anism, monitoring the internal structure and morphology of
supramolecular structures, generating morphological phase di-
agrams, and investigating the encapsulation and release of small
molecules such as drugs.

2.4 | Comb- and Brush-Like Copolymers

DPD simulations were used to study structural transitions of
vesicles formed by comb-like block copolymers with a semi-
flexible backbone by Wang et al. [17] They studied the struc-
tural transitions of vesicles formed by A (B,), and C,(D,),
comb-like block copolymers, where A and C are hydropho-
bic and B and D are hydrophilic. By adjusting the interac-
tion parameters between components, they explored how
amphiphilicity and solvent selectivity affect the system. The
researchers found that line tension plays a critical role in
determining vesicle fission pathways. Additionally, they ob-
served that tube-like vesicles tend to transform into layered
micellar structures, while onion-shaped vesicles transition
into reverse onion-shaped vesicles. Comb-like block copoly-
mers were also investigated by Liu et al. [229] They studied
the dynamic evolution of vesicles formed by comb-like block
copolymer-based tethered nanoparticles using DPD simula-
tions. The results showed that the copolymers self-assembled
into monolayer vesicles, which are promising candidates for
drug encapsulation and controlled release. The fusion mecha-
nism of these vesicles differed from that of vesicles formed by
self-assembled comb-like block copolymers. While nanoparti-
cles influenced the fusion process, they did not affect the fis-
sion pathway. The slow fusion was caused by large and rigid
nanoparticles, a factor that could be reduced by adjusting the
molecular structures to lessen surface tension fluctuations.
In addition, the mismatch between different nanoparticles
created additional surface tension, which sped up the fission
process. Cheng et al. [230] studied the self-assembly behavior
of amphiphilic asymmetric macromolecular brushes (Y15-
graft-(Rx/By-b-Gz)) using DPD simulations in a selective sol-
vent. The macromolecular brush consisted of a solvophobic
Y-block backbone, solvophilic R-block side chains, and diblock
side chains consisting of a solvophobic B-block and a solvo-
philic G-block (Figure 12A). Five types of vesicles were ob-
served: porous aggregates, worm-like micelles, donut micelles,
hamburger micelles, and unimolecular micelles. The mor-
phological phase diagram for Y15-graft-(R1/By-b-Gz) showed
six aggregate types: porous aggregate, unimolecular micelle,
worm-like micelle, symmetric five-layered vesicle (type A
polymersome), inverted asymmetric four-layered vesicle (type
B polymersome), and asymmetric four-layered vesicle (type C
polymersome) (Figure 12A). The study revealed that asym-
metric polymersomes formed when both solvophilic blocks
were attached separately to the backbone and side chain, while
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micellar aggregates formed when both solvophilic blocks were
attached to either the backbone or side chain.

Summary:

To summarize, DPD modeling is a valuable tool for investigating
different aspects of self-assembly in comb- and brush-like copo-
lymers, including how their topological structure, composition,
and chemistry affect the self-assembly process. Additionally, the
internal structure and morphology of the resulting supramo-
lecular structures can be monitored, and morphological phase
diagrams can be generated through DPD surveys of the copoly-
mers. Furthermore, the DPD model can be used to investigate
the encapsulation and release of small molecules, such as drugs,
in these systems.

2.5 | Cyclic Copolymer

Qian et al. [231] investigated the microphase separation be-
havior of cyclic diblock copolymers using DPD simulations.
They created a phase diagram by fixing chain length while
varying the composition fraction and x-value (Flory-Huggins
interaction parameters between blocks of cyclic diblock co-
polymers). The diagram predicted the order-disorder tran-
sition (ODT) point to be in the range of 40 <(}N),p <45.
By comparing the microphase morphology of linear A,B,
and cyclic c-A,B, diblock copolymers, they found that
cyclization had a significant impact on meso structures, in-
fluenced by the chain length of the cyclic copolymer. In the
transition region between disordered and ordered phases,
they observed micelle-like, liquid rod, and random network

23 0f 63

85UB01 SUOWIWOD BAIER.D 3|eatidde au3 Ag peusenob ake sappiie O '8N JOSeInI 10} A1 8ulUO 8|1 UO (SUORIPUOD-pUe-SWBIALI0D" A8 1M Aeiq 1 jeul|uo//Sdiy) SUORIPUOD PUe SWB | 8U) 89S *[9202/70/0€] U0 AiqIauluo AB]IM ‘tioouke N puepi| JO AISIAIIN eUOIN AQ 8TO0L SWOM/ZO0T OT/I0P/W0d 3| 1M Aseiq 1 [BU1JUO'SB.IM/SANY WOJ4 papeo|umod ‘Z ‘5202 ‘788065LT



( ) model polymer brush 4
Y s-graft-(R(/By-b-G,)

solvophobic backbone (Y)

WRTETRY

Type B :
inverted asymmetric
four-layered vesicle

Type C:

Cross-section asymmetric four-

solvophilicu
side chain (R)

solvophobic
block (B)

TypeA:
symmetric five-
layered vesicle

layered vesicle

9

solvent (S) [

(W

y (B-block length )

solvophilic
block (G)

& »X 37

ke

I Porous aggregate I

IWorm-like micelle] [ Unimolecular micelle I

(B)

~
>

z (G-block length )

B Va

B

FIGURE 12 | (A) (Left Panel) PGMA-graft-(PEO/PS-b-PNIPAM) and its corresponding model polymer brush, Y15-graft-(Rx/By-b-Gz). (Right
Panel) Morphological phase diagram of aggregates formed by polymer brush Y15-graft-(R1/By-b-Gz) [230]. Reproduced with the permission of the
American Chemical Society, Copyright 2023. (B) Left Panel) Schematic of amphiphilic cyclic brush copolymers, with green beads (A) representing

solvophilic components and red beads (B) representing solvophobic components. (Right Panel) Morphological snapshots for various lengths of solvo-

philic and solvophobic side chains [108]. Reproduced with the permission of the American Chemical Society, Copyright 2023.

structures, highlighting the complexity of microphase sepa-
ration dynamics.

Xu et al. [232] simulated the microphase-separation behavior of
graft-diblock copolymers using the DPD method. They found
that the microphase-separation morphologies in graft-diblock co-
polymers differed significantly from those of linear copolymers
with the same component volume fractions. By increasing or de-
creasing the graft fraction from 50%, the microphase-separation
structures gradually transitioned to those of the correspond-
ing linear copolymers. This highlights the significant effect
of the graft fraction on the microphase-separation behavior of
graft-diblock copolymer. Using DPD, Prhashanna et al. [233]

investigated the self-assembly and chain exchange kinetics of
micelles formed by diblock copolymers with a cyclic hydrophilic
block (‘tadpole polymer’) and compared them to linear diblock
copolymers with the same hydrophobic block and overall com-
position. They found that tadpole copolymers formed smaller
micelles and exhibited faster chain exchange than linear copo-
lymers. Interestingly, in mixed micelles (a blend of cyclic and
linear copolymers), tadpole chain exchange slowed down, while
linear chain exchange sped up compared to pure micelles, re-
vealing a synergistic effect.

Cyclic brush copolymers, featuring a cyclic core densely grafted
with outward-extending polymer brushes, have gained attention
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as novel materials for both theoretical and applied research due
to their distinct topology-driven properties [234-237]. Yang et al.
[108] employed DPD simulations to investigate the self-assembled
microstructures of amphiphilic cyclic brush block copolymers in
solution. Their study revealed a diverse range of self-assembled
morphologies, including plates, vesicles, bilayers, rods, and
spheres, with the observed structures largely dependent on the
solvophilic/solvophobic side chain lengths, backbone lengths, and
grafting densities (see Figure 12B). They found that copolymers
with greater backbone and graft asymmetry, particularly those
with larger solvophilic components, exhibited a preference for
structures with curved interfaces. This structural evolution fol-
lowed a clear trend, transitioning from vesicles to plates and ul-
timately to spheres as the asymmetry increased. Similarly, higher
grafting densities promoted the formation of highly curved mor-
phologies, reinforcing the role of molecular architecture in dictat-
ing self-assembly behavior. These findings offer valuable insights
into the design of cyclic brush copolymers with tunable morphol-
ogies, highlighting their potential for applications in nanostruc-
tured materials, drug delivery, and advanced coatings.

Summary:

The summary of what can be studied in cyclic copolymers self-
assembly using DPD modeling is as follows:

1. The effect of the copolymers topological structures, com-
position, and chemistry on the self-assembly mechanism
can be investigated.

2. The internal structure and morphology of the self-
assembled supramolecular structures can be monitored.

3. Morphological phase diagrams can be valuable outcomes
of DPD simulations of copolymers.

2.6 | T-, m- and H-Shaped Copolymers

T-shaped ternary liquid crystals (TLCs) are unique nonlinear
amphiphilic supramolecules that have gained attention for their
novel self-assembled microstructures [238] and various applica-
tions such as display devices [239], and semiconductors [240]. In
this case, Liu et al. [241] employed DPD simulations to examine
the phase behavior of T-shaped ternary amphiphiles, composed
of rod-like cores linked to two incompatible end chains and side-
grafted segments. They created three phase diagrams for systems
with different terminal chain lengths, considering temperature
and lateral chain length, and a normalized phase diagram of T-
shaped amphiphiles in relation to f; (the volume fraction of lateral
chain) (Figure 13A). Their findings highlight critical factors such
as shape, rigidity, connectivity, short-range repulsion, and segre-
gation between components—each playing a vital role in repli-
cating the fundamental characteristics of T-shaped liquid crystal
systems. By employing DPD simulations, Chen et al. [242] used
DPD simulations to investigate the assembly behavior of II-shaped
copolymers with a rigid rod backbone (A block) in a solvent. They
analyzed how copolymer characteristics, such as the positions of
junction points between coiled side chains (B blocks), copolymer
concentration, and the repulsive parameters between coil and rod
blocks, along with solvent properties, influenced the morphology.
Their findings showed that altering these factors led to various

morphologies, and by adjusting solvent selectivity and repulsive
interactions between coil and rod blocks, they were able to create
coil-block and rod-block cages. Harmat et al. [154] investigated
the self-assembly of H-shaped block copolymers, focusing on how
copolymer composition (middle block to branch length ratio) and
solvent selectivity between the middle and branch blocks influ-
enced the process. They observed a variety of assembly structures,
including onion-like, vesicles, and multicompartment aggregates.

In general, the structure of polymeric assemblies is influenced
by a range of parameters, such as copolymer architecture, chem-
istry, compositions, and amphiphilicity. By manipulating these
parameters, different assembled structures with distinct mor-
phologies and internal configurations can be obtained. The DPD
method can address the question of how assembly structures are
altered by varying these parameters through predictive meso-
scale investigations, offering valuable guidelines for this field
of study.

Summary:

DPD modeling can be employed to investigate various aspects of
T-, -, and H-shaped copolymers' self-assembly.

1. One area of research is the impact of copolymer topo-
logical structures, composition, and chemistry on the
self-assembly mechanism. Through DPD simulations, re-
searchers can examine how these factors influence the for-
mation and stability of self-assembled structures.

2. Another aspect of self-assembly that can be studied using
DPD is the internal structure and morphology of the self-
assembled supramolecular structures. This information
can provide insight into the thermodynamics of self-
assembly and how different factors affect the formation of
specific structures.

3. Additionally, morphological phase diagrams can be val-
uable outcomes of DPD surveys of the copolymers. These
diagrams map out the different phases and morphologies
that arise as a function of various parameters such as
temperature, solvent composition, and copolymer con-
centration. These diagrams can aid in understanding
the complex behavior of the self-assembled systems and
offer a useful guide for designing materials with specific
properties.

2.7 | Shape Amphiphiles

Shape amphiphiles are characterized by distinct components with
incompatible packing geometries, including a hydrophilic head
and a linear, hydrophobic polymeric tail (Figure 13B). While their
structures resemble those of small surfactant molecules, their
much larger size makes them unique. This size enables shape am-
phiphiles to self-assemble into various morphologies in selective
solvents, leading to significant interest due to their unique prop-
erties and potential applications. In this regard, using the DPD
method, Ma et al. [244] studied the self-assembly behavior of shape
amphiphiles with one or more hydrophobic tails and a hydrophilic
head. Their simulations showed that as the interaction parameter
between the hydrophilic heads increased, the micellar morphology
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FIGURE 13 | (A) Phase transition sequence in T-shaped ternary amphiphiles as a function of f; (volume fraction of lateral chains), with green

arrows indicating temperature-driven structural changes [241]. Reproduced with the permission of the American Chemical Society, Copyright 2023.

(B) Polymer with one head (HG) bead and n tail (T) beads; characteristic morphological snapshots of T —H aggregates as a function of T —H con-

centration (¢) and hydrophobic tail length (n.) [243]. Reproduced with the permission of the American Chemical Society, Copyright 2023.

transitioned from vesicles to worm-like cylinders and eventually
to spheres. The researchers identified eight distinct self-assembled
morphologies: worm-like cylinders, spheres, vesicles, pupa-like
micelles, disk-like micelles, layered-spherical micelles, segmented

rod-like micelles, and micelles. These morphologies were in-
fluenced by factors such as hydrophobic tail length, hydrophilic
head size, the hydrophilic head-solvent interaction parameter, and
the number of hydrophobic tails. In another research work, they
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investigated the self-assembly of surfactant-like amphiphiles com-
posed of a hydrophilic head and a hydrophobic tail, using the DPD
method [243]. Seven self-assembled morphologies were observed,
including pomegranate-like micelles, (PGM), pomegranate-like
columnar structures (PGC), sphere-like micelles (SM), disklike
micelles (DM), hierarchical colloidal polymeric (HCP) structures,
branched hybrid structures (BH), and vesicles. The formation of
these structures was affected by multiple factors, including the
interaction parameter between the hydrophilic head and solvent,
the length of the hydrophobic tail, the size of the hydrophilic
head, and the polymer concentration. To form an HCP structure,
polymer lengths had to be greater than 9 monomers and polymer
concentrations below 0.16, with a fixed a;g =25 and a;g =25> 30
(Figure 13B). The results showed that micelles with smaller hydro-
philic heads behaved like amphiphilic diblock copolymers, while
larger heads shifted the behavior toward amphiphilic triblock or
miktoarm star-like copolymers.

Summary:

Using DPD modeling, researchers can explore various aspects of
self-assembly in shape-amphiphile copolymers.

1. Specifically, they can investigate the impact of the copol-
ymer properties, such as topological structures, composi-
tion, and chemistry, on the self-assembly mechanism.

2. Additionally, DPD simulations can enable researchers to
monitor the internal structure and morphology of the self-
assembled supramolecular structures.

3. Finally, researchers can use DPD to construct morpholog-
ical phase diagrams that provide valuable insights into the
behavior of the copolymers during self-assembly.

2.8 | Liquid Crystalline Polymers

Liquid crystalline polymers (LCPs) have been extensively stud-
ied through DPD simulations due to their exceptional properties
and self-assembly behavior. Understanding their self-assembly
is crucial because LCPs can form various liquid crystalline
phases, including nematic, smectic, columnar, and cholesteric
structures. The polymer's architecture, chemical structures,
mesogenic units, flexible spacers, and hydrophobic tails are key
factors that control these self-assembled structures. LCPs are
widely used in optics, polymer fibers, energy storage, and actu-
ators. Thus, predicting and controlling their size, morphology,
and self-assembly structures is crucial for optimizing their per-
formance in these applications.

In this context, Li et al. [245] conducted a study using DPD
simulations to investigate the microphase separation of side
chain liquid crystalline (SCLC) block copolymers. The copo-
lymer consisted of flexible A and B segments with rigid C side
chains grafted onto them, with A, B, and C blocks being incom-
patible. They found that the phase structures of SCLC copoly-
mers could be modulated by adjusting the lengths of the A and
C blocks and the graft number. The observed mesophases in-
cluded spheres, cylinders, gyroids, and lamellae. Additionally,
they discovered that the packing order of the C side chains
increased with decreasing temperature or longer rigid C side

chains. The molecular structures of the SCLC copolymers are
shown in Figure 14A. Gong et al. [246] developed a coarse-
grained model for triphenylene-based side-chain discotic liquid
crystalline polymers (SDLCPs) (Figure 14B) and utilized DPD
simulations to examine how composition and structural fac-
tors—including molecular weight, spacer length, and aliphatic
tails—affected self-assembly behavior. They observed eight me-
sophases: hexagonal columnar—amorphous (Colh-Am), nematic
columnar—amorphous (Colne-Am), nematic columnar—clus-
tered (Colne-Clu), nematic columnar—columnar (Colne-Col),
random columns—amorphous (Colran-Am), random colum-
nar—clustered (Colran-Clu), amorphous—amorphous (Am-Am),
and sphere—amorphous (Sph-Am) (Figure 14B). They found
that intracolumnar self-assembly patterns based on discrete co-
lumnar stacks (DCS) were present in Colh-Am, Colne-Am, and
Colne-Clu, while Colne-Col and Sph-Am exhibited different
packing modes. The study also indicated that forming ordered
mesophases in SDLCPs requires moderate to strong incompat-
ibility between mesogenic cores and their substituents, along
with appropriate peripheral aliphatic tails.

Summary:

The use of DPD simulations to study liquid crystalline polymers
provides valuable insights into their self-assembly behavior. The
following aspects can be explored:

1. The impact of the polymer's topology, composition, and
chemistry on the self-assembly mechanism can be studied.

2. The internal structure and morphology of the self-
assembled supramolecular structures can be visualized
and analyzed.

3. The generation of morphological phase diagrams, which
can provide a comprehensive overview of the different self-
assembled phases formed by the polymers, is a significant
outcome of DPD modeling.

Thus, the DPD approach can provide valuable information on
the self-assembly of liquid crystalline polymers, including mor-
phology, liquid crystalline phase alignment, and molecular con-
figurations. Understanding these characteristics is crucial for
developing high-performance materials with tailored properties
that meet the requirements of various applications.

2.9 | Hybrid Organic/Inorganic Materials

Huang et al. [247] presented a DPD simulation of polymer-
directed mineralization of inorganic particles, focusing on the
aggregation of hydrophobic nanoparticles using double hydro-
philic block copolymers (DHBCs). One block of the DHBCs
was more attractive to the nanoparticles, while the other was
repulsive. They observed three typical structures: nearly spher-
ical aggregates when DHBC concentration (Cp;y,.) <0.5, hex-
agonally packed cylinders at Cp,};,-~0.5, and ordered lamellae
at Cpyp=0.9. In the range 0.5<Cpyp- <0.9, a disordered
structure was detected. The ordered lamellae formation mech-
anism involved the progression from a disordered structure
to disordered lamellae and eventually to parallel-oriented or-
dered lamellae. Their results provide molecular-level insights

27 of 63

85UB017 SUOLULLOD AII8.1D) [cfed! (dde U Aq peuenob 8e 91l VO ‘SN J0 S8|NI 0} Aiq 1T 8UIUO /8|1 LD (SUONIPUOD-PUE-SWSIALIY A8 |1 Akeaq | U |uo//:Sdny) SUORIPUOD pue swie | 8y} 89S *[9202/70/0£] Uo Akeiqiauliuo A8|Im ‘Uioouke | puepl| JO AIsieAlun feuolieN AQ 8TO0. SWOM/ZO0T OT/I0p/W0d’ A8 1M AeIq1jeu! U0 Sa1Iwy/Sdny WOl pepeojumoq 'z ‘520z ‘¥88065LT



17590884, 2025, 2, Downloaded from https://wires.onlinelibrary.wiley.com/doi/10.1002/wcms.70018 by National University Of Ireland Maynooth, Wiley Online Library on [30/04/2026]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

(b)

Wiley Interdisciplinary Reviews: Computational Molecular Science, 2025

(a)
(g)

Legend on next page.

(A)

(B)
i
(4

FIGURE 14
28 of 63




FIGURE 14 | (A) Coarse-grained model of SCLC block copolymers, with red, green, and blue beads representing flexible A blocks, flexible B
blocks, and rigid C side chains, respectively. (Right Panel) Simulated structures formed by SCLC block copolymers with Np=8,N.=6, and n=4.
From (a) to (e), A block lengths (N,) are 4, 8, 24, 48, and 80, respectively. Red, green, and blue colors represent A, B, and C blocks, respectively [245].
Reproduced with the permission of the Royal Society of Chemistry, Copyright 2023. (B) (Left Panel) Coarse-grained model of triphenylene-based
SDLCPs (A, B, C,D, )., with beads: A (light gray), B (cyan), D (red), and n as DP. (Right Panel) Self-assembled phases of SDLCPs under various
conditions: (a) Colh-Am, (b) Colne-Am, (c) Colne-Clu, (d) Colne-Col, (¢) Colran-Am, (f) Colran-Clu, (g) Am-Am, (h) Sph-Am. Each phase shows all
beads (left), discotic mesogenic core beads (middle), and polymer backbone beads (right) [246]. Reproduced with the permission of the American
Chemical Society, Copyright 2023.
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FIGURE 15 | The dynamic process of QD-loaded PS-PEO block copolymer assembly at different simulated steps: (a) 0, (b) 5000, (c) 10,000, (d)
20,000, (e) 30,000, () 40,000, (g) 50,000, and (h) 100,000 steps [254]. Reproduced with the permission of the American Chemical Society, Copyright

2023.

for designing hybrid organic/inorganic materials with tailored
morphology.

While single-component nanomaterials, such as quantum dots
(QDs), offer potential for in vivo applications [248, 249], issues of
nonspecific adsorption and aggregation limit their use [250, 251].
To solve this problem, their surfaces should be modified to im-
prove their biocompatibility and biodistribution in vivo. PEO
and its derivatives have extensively been applied for surface
modification [252, 253]. In this regard, Li et al. [254] investi-
gated the self-assembly dynamics of PS-b-PEO (poly(styrene-b-
ethylene oxide)) block copolymers and quantum dots (QDs) in an
aqueous solution using DPD simulations. The QDs consisted of
a CdSe semiconductor core coated with trioctylphosphine oxide
(TOPO). They observed four sequential stages in the formation
of composite nanoparticles (CNPs) (Figure 15): (1) random dis-
tribution of components, (2) assembly of polymer chains and
QDs into small clusters, (3) merging of small spheres into larger
aggregates, and (4) stabilization into assembled micelles. The

resulting micelles had a hydrophilic PEO shell and hydrophobic
PS core.

Hpone Myint et al. [255] used a DPD model with varying
polymer-solvent interactions to simulate the encapsulation of
spherical nanoparticles (NPs) in PS,.-b-PEG,, block copolymer
micelles during a rapid transition from a good solvent (THF) to
a poor solvent (water) for PS and NP. Their study aimed to in-
vestigate the effects of nanoparticle concentration and polymer
composition on micelle formation and coagulation times. The
simulations showed that as the number of hydrophobic PS beads
increased, the micelle formation time decreased. Conversely, the
coagulation time increased with a higher number of hydrophilic
PEG beads. Ma et al. [256] studied nanoparticle self-assembly
using DPD, focusing on the aggregation behavior of nanopar-
ticles in hybrid assemblies made from amphiphilic block co-
polymers tethered to nanoparticles in solution. They studied
how the number of arms in tethered copolymers, hydrophobic
block length, and nanoparticle-hydrophobic block interactions
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FIGURE 16 | (Top Panel) Morphological phase diagram of aggregates formed by model polymer as a function of tethered arm number (n

B)

arm)

and hydrophobic chain length (n,). (Bottom Panel) Phase diagram of aggregates formed by eight-arm tethered nanoparticle P(BnAl), as a function
of interaction parameter (apg) between nanoparticle (P) and hydrophobic block (B) and hydrophobic chain length (n,), with fixed a,, =65 [256].
Reproduced with the permission of the American Chemical Society, Copyright 2023.

influenced self-assembly. Their simulations revealed structures
such as branched rod-like, disk-like, ring-like, spherical mi-
celles, and vesicles (as shown in Figure 16).

Summary:

The following are the key aspects of hybrid organic/inorganic
polymeric materials that can be studied using DPD modeling:

1. The impact of the topological structures, composition, and
chemistry of the molecules on the self-assembly mecha-
nism can be examined.

2. The internal structure and morphology of the self-
assembled supramolecular structures can be observed.

3. Morphological phase diagrams can be generated to provide
a better understanding of the self-assembly behavior.

2.10 | Copolymer Self-Assembly in Confined Space

The self-assembly of block copolymers under confinement has
gained increasing attention due to its ability to disrupt struc-
tural symmetry, leading to the formation of new nanostruc-
tures that cannot be achieved through other methods [257].
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The diverse internal microphase-separated nanostructures
formed by block copolymers in confinement hold significant
potential for applications such as drug delivery systems, di-
electric resonators, and catalyst carriers [258, 259]. Copolymer
self-assembly in confined spaces has been studied by the DPD
method to predict morphologies, configuration, and alignment
of the separated microphase. For instance, Petrus et al. [260]
performed DPD simulations of lamellar- and cylinder-forming
diblock copolymers confined in planar slits to examine the
competing effects of physical adsorption and confinement on
self-assembly. They varied slit widths and copolymer-bead
wall interactions with different affinities. Phase diagrams
revealed that, depending on slit width and copolymer-wall
interaction, A5B5 and A4B6 systems initially formed perpen-
dicular and parallel lamellar phases with varying lamellae
numbers. Mixed lamellar phases were also observed, fea-
turing perpendicular lamellae in the center or attached to a
wall, along with adsorbed layers or parallel lamellae near the
wall. The phase diagrams showed that the more asymmetric
the copolymer, the more asymmetric its corresponding phase
diagram (see Figure 17A). Nikoubashman et al. [261] stud-
ied the phase behavior of PS-PHMA (polystyrene-b-(n-hexyl
methacrylate)) diblock copolymers confined in thin films
using DPD with an advanced coarse-graining approach. Their
findings revealed that the minority block (PS) formed cylin-
drical microdomains to reduce contact with the majority block
(PHMA). With increasing film thickness, these domains tran-
sitioned from a perpendicular to a parallel orientation relative
to the substrate. Regarding microphase separation in confined
places, the micro-phase separation and morphologies of the
diblock copolymer in a nanosphere with different sizes and in-
terfacial energy were studied by Feng et al. [262] Their results
indicated that the morphology of the diblock copolymer in a
nanosphere is significantly affected by nanosphere size and
surface properties. For the symmetric diblock copolymer A B
within a neutral-surfaced nanosphere, the structure primar-
ily formed distorted lamellae (see Figure 17B). As the radius
increased, the morphology transitioned from mushroom-like
to helical and then to a bi-continuous mesostructure with
uniform microdomains. For a non-neutral surface, the me-
sostructure formed onion-like or core-multi-shell structures.
For the asymmetric diblock copolymer A,B., the morphology
was heavily dependent on the volume ratio.

Hierarchical structures, found in nature in materials like col-
lagen and abalone nacre [263-265], are also being explored in
applications such as smart coatings, biosensors, and fuel cells
[266]. Block copolymers are capable of self-assembling into these
hierarchical microstructures [267], advancing the formation of
multi-length-scale microstructures [268]. For lamellar micro-
structures self-assembled from diblock copolymers in confine-
ment, the number and orientation of layers relative to solid
surfaces depend on the film thickness [269-271].

Inthisregard, Zhanget al. [272] used DPD simulations to study
the hierarchical microstructures self-assembled from linear
A(BC), multiblock copolymers in thin films confined between
two solid substrates selective for A blocks. They examined two
cases based on interaction strengths: (1) wherea,; <a,, and
(2) where a,; > a,.. In both cases, either parallel or perpen-
dicular lamellae-in-lamellae structures were observed. They

found that as the film thickness (A) increased, large-length-
scale structures changed from single to double periodicity,
and small-length-scale structures transitioned from parallel
to perpendicular. For case (1), the sequence of transforma-
tions included L,1, L1, L,1, L;21L 1, and L.2, while for case
(2), the sequencewas L | 1-L,1-L,1-L 2-LJ1//L 1-L2
(see Figure 18). L Y refers to a film with Y parallel lamellae,
each containing x layers, while L Z describes Z perpendicular
lamellae. L YLL, Z includes Y parallel lamellae and Z perpen-
dicular lamellae, with the parallel lamellae positioned perpen-
dicular to the perpendicular ones. Finally, the L, Y//L, Z film
is similar to L, YLL,Z but with parallel and perpendicular
lamellae arranged parallelly.

Summary:

The following summarizes what can be explored in confined co-
polymer self-assembly using DPD modeling:

1. The impact of copolymer and substrate composition and
chemistry on the self-assembly process can be examined.

2. The internal structure and morphology of the resulting su-
pramolecular structures can be observed.

3. The creation of morphological phase diagrams is a useful
result of DPD analysis of the copolymers.

3 | Polymer Solutions

Polymer solutions, composed of long macromolecular chains
and small solvent molecules, are of significant practical and
theoretical importance, as many polymers are produced, han-
dled, or utilized in solution form [273-277]. Polymer solutions
are essential in the production of various products, including
fibers, films, adhesives, paints, and other materials made
from polymers [278-280]. The DPD modeling method can
provide insight into the behavior of polymers in solutions by
covering a large range of time and length scales. By using this
approach, it is possible to study configurational, dimensional,
and dynamic aspects of polymer chains in solvents. In an in-
teresting research study, Zhao et al. [281] conducted DPD sim-
ulations to investigate the diffusion behavior of rigid-chain
polymers in isotropic solutions. The rigid rods were modeled
as consecutive DPD particles, and their Brownian motion was
examined in the presence of solvent particles. Their results for
both rotational and translational diffusion aligned with the
predictions of the Kirkwood theory [282, 283]. In the semi-
dilute range of isotropic solutions, Zhao et al. observed that
the rotational and translational diffusion of rigid-chain poly-
mers became more complex due to entanglement effects. They
found that the asymptotic scaling law for the radial diffusion
coefficient D ~(vL3)~% (where v is the number of polymers per
volume and L is the polymer length) appeared only at high
concentrations within the semi-dilute range. This scaling law
corresponds to the formation of a fully enclosed tube, as pre-
dicted by the Doi-Edwards theory [81]. Their analysis of veloc-
ity auto-correlation functions (VACFs) offered new insights
into the diffusion of rigid polymer rods in isotropic solutions.
They found that motion parallel to the long axis followed one-
dimensional non-interacting Brownian motion, governed by
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FIGURE 17 | (A)Phase diagram of the A;B, system confined in planar slits, with simulation configurations for various phases. W represents slit
width and & denotes bead phobicity toward the walls. Symbols indicate simulation results and solid lines represent microphase separation bound-

aries. Phases include perpendicular cylindrical (C J_), parallel cylindrical (C, v), parallel lamellar (L"), and parallel perforated lamellar (PL”, V).

Green and gold spheres represent A- and B-beads, respectively, and gray sphe!es represent wall-beads [260]. Reproduced with the permission of the
American Chemical Society, Copyright 2023. (B) In figures (a-f) at the top, the systems feature natural A-blocks described by an iso-surface (a4,
= agy =25, aup =35, auy = Ay =70). Below, figures (a—f) are associated with systems containing nanospheres with non-neutral surfaces, where
A-blocks have parameters (a,, = agg =25, a4 =35, a4y =90, aggy =70) and B-blocks are described by an iso-surface [262]. Reproduced with the

permission of Elsevier, Copyright 2023.
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FIGURE18 | DPD predictions of hierarchical structures; (Top Panel)
Hierarchical microstructures self-assembled from A(BC), multiblock
copolymer thin films: (A) L;1, (B) L, 1, (C) L,1, (D, E) L,21L 1, and (F)
L.2. (G) One-dimensional diagram for hierarchical microstructures as
a function of A/r,. Film thicknesses for parts a to f are 11, 13, 17, 22,
24, and 32, respectively. The interaction parameters are a,; = a,z = 80,
a,.=400, a,,, =25, and ag, =a.,,=200. (Bottom Panel) Hierarchical
microstructures self-assembled from A(BC), multiblock copolymer thin
films: (A) LL1, (B) L51, (C) L71, (D) L2, (E) L51// L11, and (F) L_2.
Blue, red, and green represent A, B, and C particles, respectively. Wall
particles omitted. (G) one-dimensional diagram for hierarchical micro-
structures as a function of A/r, with thickness of 13, 19, 21, 28, 32, and
36, respectively. The interaction parameters are a,z =160, a4 =80, age
=400, a,y =25, and agy = acy =200 [272]. Reproduced with the per-
mission of the American Chemical Society, Copyright 2023.

medium-induced friction, while perpendicular motion was
described as Brownian motion with a dynamic confining po-
tential, consistent with the recently modified tube theory.

DPD simulations by Wu et al. [284] investigated the impact of
polymer chain length and stiffness on the phase separation
dynamics of semi-dilute polymer solutions. They found that
shorter, more flexible chains led to a crossover in the growth

exponent from 1/3 to 2/3, indicating a shift from diffusion-
dominated coarsening to interfacial tension-driven flow. Longer
chains, regardless of stiffness, exhibited a growth exponent
of 1/4 in the diffusion-dominating regime, attributed to chain
entanglement. Shorter but stiffer chains diffused in a rodlike
pattern with a growth exponent of 1/6, corresponding to tran-
sient gel coarsening. Increasing both chain length and stiffness
required larger repulsion between the polymer and liquid to
trigger phase separation, with stiffer and longer chains forming
a network that delayed the crossover from diffusion to flow-
driven domain growth.

At the theta point, a typical polymer in solution behaves as an
ideal chain, separating good and poor solvent qualities [285].
The theta point in equilibrium thermodynamics can be defined
using various methods, such as the gyration radius and the
second-order virial coefficient [279]. For the same species, the
theta point determined by nondynamic methods can vary sig-
nificantly [286]. The conformational changes resulting from in-
ternal motions fluctuate to reach the most probable distribution
[287], which makes the dynamic behaviors of the polymer chain
the key factor in determining the condition of the theta point.
Liu et al. [288] studied the polymer chain dynamics by gradu-
ally changing the solvent quality from good to poor using DPD
simulations. They found that the dynamic structure factor S(q,t)
exhibited different behaviors at different solvent qualities (see
Figure 19A). In a good solvent, S(q,t) (at ng~1) (here q is the
wavenumber (the length of the wave vector), and Rg (is the gy-
ration radius of the polymer chain) decayed exponentially with
fluctuations due to internal motion. Near the coil-to-globule
transition, decay slowed due to strong internal motion, while in
a poor solvent, it dropped quickly to zero before fluctuating lon-
ger. At the transition point, chain conformation relaxed through
a slow mode, identified via spectral density. In infinite chain
length, the coil-to-globule transition closely approximated the
theta point.

Summary:

The DPD modeling approach enables the study of several as-
pects of polymer solutions, including:

1. The impact of polymer characteristics, composition, topo-
logical structure, and polymer/solvent chemistry on their
diffusivity and dynamics within the solution

2. Behavior and dynamics of polymer chains in various solu-
tion regimes

4 | Polymer Blends

Polymer blending is a widely used technique to create new poly-
mer materials by combining two or more existing polymers with-
out the need for chemical reactions or new molecules [290-292].
Despite its usefulness, polymer blending often results in poor
mixing due to low entropy gain upon mixing. This typically leads
to phase-separated structures with weak interface interactions
between the different polymer components, resulting in blends
with poor mechanical properties [293-296]. Compatibilizers,
also known as interfacial modifiers or emulsifiers, are used

33 0f 63

85UB017 SUOLULLOD AII8.1D) [cfed! (dde U Aq peuenob 8e 91l VO ‘SN J0 S8|NI 0} Aiq 1T 8UIUO /8|1 LD (SUONIPUOD-PUE-SWSIALIY A8 |1 Akeaq | U |uo//:Sdny) SUORIPUOD pue swie | 8y} 89S *[9202/70/0£] Uo Akeiqiauliuo A8|Im ‘Uioouke | puepl| JO AIsieAlun feuolieN AQ 8TO0. SWOM/ZO0T OT/I0p/W0d’ A8 1M AeIq1jeu! U0 Sa1Iwy/Sdny WOl pepeojumoq 'z ‘520z ‘¥88065LT



A)

(a)eps

= 26 kT/r, (b)eps

= 27 kT/r,

le-2| le-2|

S(q,t)

le-4) le-4)

le—% le=6"

0 s00 1000 1,500
(d)eps = 35 kT /r,
1 1
:lr-.’.‘ le-2|
0
le—4) le—4! l ln n 1
le-6 - 1e-6 l II lI
0 500 1,000 1,500 0 500 1,000 1,500

t [ns] t [ns]

(B)

0.035
_ ®  Binary
E 00304 o O 2 grafts
E A 4 grafts
g 0025 o v 8 grafts
e —— Guide eyes
~ 0.020 4 A y
5
G 0.015- o o
3
= 0.010-
3
1‘::3 0.005 -
3
£ 0.000-

-0.005

0 50 100 150 200 250 300 350
Total graft length (PA6 beads)

FIGURE19 | (A)Dynamicstructure factor of a polymer chain (N=240) in water solvent as a function of time: (a) good solvent, (b) transition point,
and (d) poor solvent [288]. Reproduced with the permission of the American Chemical Society, Copyright 2023. (B) Effect of the total PA6 graft length
on the interfacial tension [289]. Reproduced with the permission of Elsevier, Copyright 2023.

to enhance interfacial adhesion and reduce interfacial tension
between immiscible components in polymer blends. Block and
graft copolymers are common examples of compatibilizers
that help slow down the phase coarsening process in the blend
[297-301]. DPD modeling is a valuable technique for explor-
ing microphase separation in polymer blends and identifying
methods to enhance blend homogeneity with compatibilizer
agents. Several research studies have employed the DPD mod-
eling approach to investigate polymer blends, as outlined in the
following sections. In a study by Wang et al. [289] DPD simu-
lations were used to study the compatibilization of immiscible
polymer blends of polystyrene (PS) and polyamide 6 (PA6), with
PA6-g-PS copolymers as compatibilizers. The graft copolymer
anchored the interfaces, accelerating morphological develop-
ment and creating a more uniform blend with smaller dispersed
phase domains. They found that interfacial tension decreased
initially with increasing PA6 graft length, reaching a minimum
before rising again, as shown in Figure 19B. Gooneie et al. [302]
employed the DPD method to investigate the equilibrium mor-
phology of immiscible PP(polypropylene)/PA11(polyamide-11)
blends with carbon nanotube (CNT) inclusions. The researchers
found that high aspect ratio CNTs exhibited self-assembly at the
interface, forming honeycomb-ordered structures, while CNTs
with low aspect ratios were dispersed randomly throughout the
blend. The interfacial tension distribution was measured by cal-
culating the distribution of pressure differences across the inter-
face, revealing localized oscillations of pressure differences only
in the vicinity of the CNT. The researchers also observed that
the pressure differences of low aspect ratio CNTs were greater
than those of high aspect ratio CNTs due to their more effective
interactions with the dispersed phase resulting from their ran-
dom dispersion.

Block copolymers can spontaneously organize into ordered
structures through microphase separation when in a molten
state. This segregation is driven by both enthalpic and entropic

thermodynamic interactions, which govern the separation of the
copolymer's components. The strength of the enthalpic interac-
tions is described by the Flory-Huggins interaction parameter,
X which is inversely proportional to temperature. Typically, x
is represented as y~ AT!+ B, where A and B correspond to the
entropic and enthalpic contributions, respectively [303, 304].
Entropic interactions in microphase separation arise from con-
figurational and translational chain displacements and are in-
fluenced by architectural constraints, polymerization degree
(N), and copolymer composition. The mean-field theory (MFT)
of Leibler [305] microphase separation in asymmetric diblock
copolymers is governed by the balance between enthalpic and
entropic forces, which the reduced parameter yN can describe.
This phase transition is termed the order-disorder phase transi-
tion (ODT). This phase transition is known as the order—disorder
phase transition (ODT). Several segregation regimes have been
identified based on the degree of incompatibility: weak segre-
gation limit (WSL), intermediate, and strong segregation limit
(SSL) [306]. Fredrickson and Helfand [307] extended Leibler's
result by incorporating fluctuation effects using a method de-
veloped by Brazovskii [308]. This led to the prediction of a phase
transition between different ordered structures, known as the
order-order transition (OOT) [309, 310]. The thermal behavior
induced by the characteristic ordered state of block copolymers
is a key area of interest in the study of microphase modification.

In this regard, in an interesting research work, Soto-Figueroa
et al. [311] conducted mesoscale simulations to investigate the
phase transitions of poly(styrene)-poly(isoprene) diblock copo-
lymers in the bulk state. By varying the system's composition,
they observed the formation of different ordered microphases,
including body-centered-cubic (BCC), hexagonally packed cyl-
inders (HPC), alternating lamellar (LAM), and ordered bicontin-
uous double diamond (OBBD). The microphases were subjected
to thermal cycles to assess their thermodynamic stability. The
results showed that the microphases were thermodynamically
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unstable due to enthalpic and entropic interactions. The BCC
microphases disappeared at higher temperatures, and the HPC
microphase underwent an order-order transition to BCC during
heating. The transition occurred in stages: microdomain un-
dulation, microphase modification, breakdown of undulated
microdomains, and thermal stabilization of poly(styrene) micro-
domains in a newly ordered state, consistent with Leibler's weak
segregation limit theory.

Summary:

One can study the microphase separation in polymer blending
by investigating various factors such as the composition of poly-
mer chains, their topological structures, concentrations, and
polymer/solvent chemistry using DPD modeling.

5 | Charged Polymeric Systems

Due to the soft nature of the DPD repulsive force, there is a
chance that DPD beads could overlap in space during simula-
tion. If point charges are used to account for electrostatic effects,
the potential energy would become infinite and the system
would collapse when two charged beads overlap. To avoid this
divergency, Groot [74] used a charge distribution normalization

fr)= ;%1%3(1 - Rl) for r<R_, where R, is a smearing radius.
Groot applied the method of solving the electrostatic field on a
lattice to calculate electrostatic forces [312]. However, Melchor
[313] proposed to adopt the Slater type distribution,

fn= ﬁ exp(—% ), to describe the charge distribution in DPD

beads and remove the divergence at r=0. Thus, using Ewald
techniques, the electrostatic force between beads i and j is repre-
sented as

FE = 149 [1—exp(—2pry) (1+26r,(1+ pry)) |7y (37)
Yo 4nr? ) ! B
ij

Here, I' = €? / (kg Te,¢,R, ), where e is the elementary charge,
g, is the vacuum permittivity, ¢, is the relative permittivity
of medium, q is the charge number, 8=>5r /84, and 4 is the
decay length of charge. In this context, Hao et al. [109] inves-
tigated the self-assembly behavior of zwitterionic copolymers,
docosahexaenoic acid—b-poly(y-benzyl-L-glutamate) — b-
poly(carboxy betaine methacrylate) (DHA-PBLG-PCB), and
examined the loading and release mechanism of the antican-
cer drug DOX using DPD simulations. In their system, the PCB
monomer featured a positively charged quaternary ammo-
nium group (NH}) and a negatively charged carboxylate group
(COO"). Under physiological conditions (20°C-40°C, 1atm,
pH 6-8), the carboxylate group remains negatively charged
but becomes neutral (—COOH) upon protonation in acidic en-
vironments. The PCB was divided into three types of beads:
the backbone (B), and side chains (N under physiological pH
or C under acidic pH). They investigated the effects of polymer
concentration, drug content, and pH on polymeric micelles
by using DPD simulations with Melchor's [313] approach to
treat the electrostatic forces. The simulations revealed the
self-assembly of DHA-PBLG15-PCBI10 into core—shell mi-
celles, where DOX could be encapsulated in the micelle under

physiological pH but released in acidic conditions. Due to pro-
tonation/deprotonation of PCB monomers, the system showed
significant morphological changes in different pH environ-
ments, demonstrating its pH responsiveness.

Zhai et al. [314] systematically predicted the phase diagram
and morphology of diblock copolyelectrolytes using a mod-
ified DPD simulation framework that incorporated both ex-
plicit electrostatic interactions and ion diffusion dynamics.
To account for the local charge concentration effect at the
mesoscale, they applied the Slater smearing charge distribu-
tion, following Melchor's approach [313], to avoid overlaps
between oppositely charged particles. The researchers ex-
plored several experimentally adjustable factors, including
the Flory-Huggins parameter, block volume fraction, and
dielectric constant charge fraction. They introduced a new
method called the ‘diffusivity tensor’ to predict ion diffu-
sivity asymmetry along primary microdomain orientations,
enabling efficient mapping of phase-specific ion transport.
Their findings showed that higher dielectric constants in-
creased ion diffusivity by reducing electrostatic attraction
between the charged block and counterions, facilitating eas-
ier ion diffusion across block microdomain interfaces. Lisal
et al. [315] investigated the pH-dependent self-assembly of
poly(2-vinylpyridine)-b-poly(ethylene oxide) (P2VP —PEO) in
aqueous media using DPD simulations. In neutral and alka-
line solutions, copolymers with deprotonated or minimally
protonated P2VP blocks formed multimolecular spherical
core-shell micelles with insoluble P2VP cores. However, when
P2VP protonation exceeded 25%, the micelles dissociated into
single chains in acidic media. Lisal et al. [316] also employed
DPD simulations to investigate the reversible self-assembly of
symmetrical block copolymers, composed of a hydrophobic
block and an ionizable polyelectrolyte block of equal length,
in aqueous solutions. They explored the self-assembly and
characteristics of core-shell micelles as a function of the de-
gree of ionization, hydrophobicity of the non-ionized block,
and block compatibility. Their findings showed that as the
degree of ionization increased, the micelles underwent exten-
sive dissociation. Sindelka et al. [317] used DPD simulations
to study the electrostatic co-assembly of diblock copolymers
with a neutral water-soluble block and either positively or neg-
atively charged polyelectrolyte blocks in non-stoichiometric
aqueous mixtures. They observed core-shell structures with
inter-polyelectrolyte complex cores and neutral shells, find-
ing that non-stoichiometric mixtures led to lower association
numbers, charged cores, and unassociated excess chains.

Luo et al. [192] combined MD and DPD simulations to study
the vesicular self-assembly of amphiphilic grafted copolymers
and their ability to load and release doxorubicin hydrochlo-
ride (DOX-HCI). The investigated copolymers, PAE-g-PEGLA,
consisted of pH-sensitive poly(f-amino ester) (PAE) grafted
with hydrophilic poly(ethylene glycol) (PEG) and hydrophobic
poly(D,L-lactide) (PLA). Their findings revealed that vesicle
formation proceeded through an aggregation-rearrangement
mechanism, in which small polymer clusters initially formed,
then underwent structural rearrangement, eventually merg-
ing into bilayer-structured vesicles. At physiological pH (7.0),
DOX-HCI was encapsulated within the vesicle interior, with
loading efficiency increasing as polymer concentration rose.
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However, at acidic pH (< 7.0), protonation of the PAE blocks ren-
dered them hydrophilic, disrupting membrane integrity and sig-
nificantly enhancing vesicle permeability, which facilitated the
release of DOX-HCI. The study further demonstrated that vesicle
stability increased with longer PLA blocks, as the enhanced hy-
drophobic interactions suppressed DOX-HCI release. To achieve
a controlled release profile, the researchers proposed a hybrid
vesicle system composed of two different copolymers, which
resulted in a moderate and tunable release rate of DOX-HCI.
These findings provide important insights into the design of pH-
responsive nanocarriers for drug delivery, demonstrating how
molecular architecture can be tailored to optimize drug loading,
stability, and release kinetics.

Javan Nikkhah et al. [162, 186] implemented an integrated
mesoscale model to design a nanocapsule based on block co-
polyelectrolytes for the oral administration of Trastuzumab,
a monoclonal antibody used in breast cancer treatment. Their
system was engineered to shield the antibody from the harsh
conditions of the gastrointestinal tract while ensuring selective
release in the more neutral environment of the intestine, where
drug absorption is optimal. To accurately simulate electrostatic
interactions within the copolyelectrolyte system, they imple-
mented Melchor's approach [313], incorporating Slater-type
charge density distributions to represent local charges on the
polyelectrolyte chains with high precision. Their simulations re-
vealed that at acidic pH (3.0), the nanocapsule formed a tightly
packed core-shell structure, which provided strong protection
for the encapsulated antibody. However, at neutral pH (7.0), the
structure underwent partial disassembly and reorganization
into a weaker shell, facilitating antibody release in the intestinal
environment. Additionally, their model demonstrated how key
structural parameters, such as the block length ratio of the co-
polyelectrolyte chains, played a crucial role in determining the
efficiency of drug protection and controlled release. By offering
a detailed mechanistic understanding of polyelectrolyte-based
encapsulation, this study provides valuable design principles for
the development of targeted oral antibody therapy, paving the
way for more effective and stable antibody-based treatments in
cancer therapy.

Summary:

The DPD modeling technique can be employed to investigate
several aspects of charged polymers, such as the impact of
polymer composition, charge fraction, and chemistry on the
self-assembly mechanism. Additionally, DPD simulations can
enable monitoring of the internal structure and morphology
of self-assembled supramolecular structures. Another valuable
outcome of DPD analysis of copolymers is the ability to generate
morphological phase diagrams.

6 | Polymer Interfaces

Extensive research is being conducted on polymer-solid interfaces,
as they play a crucial role in various applications such as polymer
coatings, hybrid materials, lubrication, adhesion, etc. [318-323]
The presence of a solid substrate that confines a polymer is ex-
pected to impact the polymer's properties, including mechanical
properties and glass transition temperature [318, 324-326]. While

the DPD method enables the study of polymer/solid interfaces on
a scale comparable to experiments and yields valuable insights
beyond the reach of experimental methods, DPD studies of inter-
faces are challenging; the soft repulsive nature of DPD interactions
can lead to polymer beads penetrating the solid substrate at the
interface, resulting in unrealistic geometries. To prevent overlap
and address this artifact, reflective boundary conditions can be
implemented, where beads bounce back upon reaching the solid
substrate, thereby preserving realistic geometries [327, 328], or in-
crease the repulsion between liquid and surface beads artificially
[329]. As an alternative, increasing the density of surface beads rel-
ative to the bulk can help prevent the penetration of polymer beads
into the wall, ensuring more realistic interface behavior [330, 331].
Using the last procedure, Kacar et al. [15] studied epoxy-alumina
interfaces and their interactions. Modeling liquid-solid interac-
tions in DPD has been a persistent challenge, particularly in deriv-
ing coarse-grained DPD parameters from atomistic simulations.
To overcome this, atomistic MD and DPD can be coupled through
the surface excess parameter, as explained below:

L

‘s

I'= / p(2)dz + / [p2) = | dz (38)
L_Y

—0

[+

where p(z) and p,,, are the polymer bead number densities in
the z dimension and the bulk-phase, respectively, and Lg rep-
resents the surface's location. The DPD polymer-solid interac-
tion parameters were found by equating I';,, (Equation 38)
with 'y, from atomistic MD. After this parametrization,
Kacar et al. [15] identified strong, attractive interactions be-
tween unreacted epoxy and amine functional groups at the
alumina surface. After cross-linking, beads transformed into
different functional groups, altering their interactions. The
study showed that cross-linking started in the bulk region, but
as equilibrium neared, cross-linked beads migrated to the in-
terface. To investigate the properties of cis-1,4-polybutadiene
chains interacting with a silica surface, Maurel et al. [332] em-
ployed a multiscale strategy. Using a bottom-up approach, they
derived structure-based coarse-grained potentials from atom-
istic simulations through the Iterative Boltzmann Inversion
method. DPD models were then used to study the initial stage
of polymer chain adsorption onto the silica surface at vary-
ing separation distances. The conformational properties of
the chains were examined using the normalized parallel and
perpendicular components of the squared radius of gyration.
Results showed that as the chains neared the silica surface,
the parallel component approached 1, while the perpendicular
component decreased significantly, indicating chain flatten-
ing against the surface. The study was extended to examine
the impact of surface coverage on the adsorption of free chains
onto a grafted surface. They observed that as surface coverage
increased, the overlap between free and grafted chains dis-
appeared, resulting in the formation of two distinct phases:
polymer brush and free chains. Cheng et al. [89] modeled
polyisoprene natural rubber brushes in mixtures of good and
bad solvents (benzene-acetone) to investigate the conforma-
tions of polymer brushes in binary solvents using DPD sim-
ulations. They found that, unlike the globule-coil transition
in single chains, the collapsed-to-expanded transformation
in polymer brushes occurred gradually in the good solvent
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with higher mole fractions (x;), particularly at low grafting
densities (Figure 20A). They found that similar to globule-
to-coil transitions in single chains, entropy gain overcame
cohesive forces between polymer segments during collapsed-
to-expanded transformations in polymer brushes.

Scacchi et al. [335] used DPD simulations to investigate the self-
assembly behavior of linear amphiphilic diblock copolymers on
a hydrophilic surface. Their study focused on how variations in
block length ratios influence both the surface coating proper-
ties and the internal organization of the assembled films. Their
simulations revealed that asymmetric copolymers with short
hydrophobic segments exhibited enhanced wetting, leading to
better surface coverage. In contrast, nearly symmetric diblock
copolymers formed more stable and highly ordered thin films,
suggesting that the balance between hydrophilic and hydropho-
bic interactions plays a crucial role in determining film mor-
phology and stability. These findings provide valuable insights
into the rational design of surface coatings, offering guidelines
for developing tailored nanostructured films for applications in
protective coatings, biomedical interfaces, and functional sur-
face modifications.

Hasheminejad et al. [336] employed DPD simulations to in-
vestigate the self-assembly of three-component polymeric
coatings on hydrophilic surfaces, revealing critical composition-
dependent behaviors. The study focused on a system comprising
an amphiphilic di-block co-polymer, a hydrophobic polymer,
and a hydrophilic stabilizer, modeling interactions relevant to
poly(styrene-co-n-butyl acrylate) and starch-based coatings. A
key finding was the role of the amphiphilic di-block co-polymer
in determining coating morphology—symmetric block ratios
promoted uniform lamellar structures, while asymmetric con-
figurations resulted in advanced patterning. Additionally, the
presence of excess free stabilizer was shown to disrupt film
homogeneity, which could compromise coating performance.
These results align with experimental observations of block
length-dependent assembly behaviors, phase separation, and
microstructural properties. The study provides a mesoscale
mapping of polymer assembly responses, offering valuable in-
sights for designing optimized barrier coatings with controlled
spreading and stability on hydrophilic substrates.

Berezkin et al. [333] used DPD simulations to investigate the
formation of thin films from mixtures of two compositionally
symmetric diblock copolymers. Their study focused on how
film thickness and selective block adsorption to the substrate
influence macro-phase distribution and lamellae orientation
within the assembled structures. Their simulations revealed dis-
tinct phase separation behaviors depending on film thickness.
In thinner films, lateral phase separation occurred, resulting
in domain structures with distinct compositional regions (see
Figure 20B). In contrast, thicker films exhibited a three-layer
structure, consisting of two short copolymer-rich layers near
the interfaces and a long copolymer-rich layer at the core. The
orientation of lamellae within the short copolymer-rich layers
was largely dictated by the surface selectivity of the substrate,
demonstrating how interfacial interactions play a key role in
structural organization. Additionally, their study suggested that
the introduction of a low-molecular-weight copolymer could
serve as an effective strategy for controlling domain orientation

without requiring complex chemical modifications of the sub-
strate. These findings offer valuable insights for the design of
thin-film coatings with tunable nanostructures, particularly in
applications requiring precise control over phase separation and
material properties in functional coatings, nanolithography, and
advanced surface engineering.

Ramirez-Gutierrez et al. [334] used DPD simulations to investi-
gate the influence of acrylic acid (AA) functionalization on the
wetting behavior of water on poly(dimethylsiloxane) (PDMS)
surfaces within microfluidic channels. Their study focused on
how varying the concentration of AA particles grafted onto the
PDMS surface modulates surface hydrophilicity and wettability.
Their simulations demonstrated that increasing the amount of
AA on the PDMS surface led to a gradual rise in surface hy-
drophilicity, as evidenced by a progressive decrease in the water
contact angle (see Figure 20C). This modification allowed for
precise control over wetting properties, providing a direct cor-
relation between AA concentration and water-surface interac-
tions in an oil medium. By quantifying the wetting behavior
under different functionalization conditions, the study high-
lighted an effective strategy for tuning surface properties in mi-
crofluidic applications, particularly in systems where controlled
fluid behavior is critical. These findings offer valuable design
insights for optimizing surface modifications in lab-on-a-chip
devices, biomedical microfluidics, and fluid transport technolo-
gies, demonstrating how AA grafting can serve as a straightfor-
ward approach to enhancing PDMS surface wettability without
requiring complex material alterations.

Weng et al. [337] explored the self-healing and dewetting dy-
namics of a polymer nanofilm on a smooth, partially wetting
surface using the mDPD method. The initial polymer film con-
figuration was achieved by adjusting the attractive parameter
(A;) between solid and liquid beads to result in a total wetting
surface. They then studied the dewetting process by switching
the attractive parameter to a value that produced partial wetting
surfaces with a contact angle ©,. Their simulations identified
three dewetting phenomena: (i) spinodal decomposition, (ii) nu-
cleation and growth, and (iii) metastable self-healing. They ex-
amined the effects of surface wettability (6), the polymer film
thickness (h,), and the radius of the dry hole (R,) on the film
dewetting phenomena. They found that as surface wettability
decreased (increasing 6,), the critical film thickness associated
with the nucleation/self-healing crossover (h ) increased, allow-
ing the self-healing process to maintain the film's metastability.
Li et al. [338] investigated the evaporation and surface-induced
morphology changes of A B, diblock copolymer thin films
using mDPD simulations. To initiate evaporation, they rapidly
increased the height of the simulation box, creating a vacuum to
allow solvent movement toward the upper wall. The simulations
revealed various morphologies, including lamellar structures
(perpendicular or parallel to the surface), sphere-like morphol-
ogy, and disordered configurations. They demonstrated that the
morphology of the diblock copolymer thin films depended on
the interactions between the copolymer components, surface in-
teractions, and solvent vapor.

Yang et al. [339] employed mDPD simulations to investigate the
film morphology and wetting stability of 3u-ABC terpolymers
(AyByCZ) on both nonselective and selective substrates. Their
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FIGURE 20 | (A) Snapshots of modeled PINR conformations in binary solvent (solvent not shown). (a) Globular single tethered chain, x;=0;
(b) coiled single chain, x,=1; (c) low density brush (ps=0.12nm™) in collapsed state, x,=0; (d) semi-expanded brush at x,=0.4; (e) fully expand-
ed brush in good solvent, x,=1; (f) dense brush (p,=0.88nm=2) forms a uniform polymer layer in bad solvent, x,=0; (g) dense expanded brush
(p,=0.88nm™>
cal macrophase separation in the copolymer mixture. Dashed lines represent phase boundaries between regions rich in short and long chains [333].

x5 =1) [89]. Reproduced with the permission of the American Chemical Society, Copyright 2023. (B) Schematic of lateral and verti-

Reproduced with the permission of the American Chemical Society, Copyright 2023. (C) DPD simulation snapshots of water droplets (blue) on PDMS
(violet) with varying AA concentrations (pink). Silicone oil beads are removed for clarity [334]. Reproduced with the permission of the American

Chemical Society, Copyright 2023.

(A) h=34

Representatlve snapshots of thin morphologies

Lamellac [10.6.48.64)
Alnl(‘: ABC,
(w=0.2$) (w=2)
[8.8.4) [12.6.4)
ABC, ABG,
(w=0.5) (w = 2.25)
} . . Allcmalmg
[6‘6'6.1 Lamellac
ABC, .
(w= 1) AIBI( 12
B | | (w=3)
; Allcmalmg
IAARAN Cylinder
AIBI(‘!- -~
(w=1.5) AsB,Cys
| & (w=25)
ABC; ABC,

(B) hy=3.4

ABLC,(w=0.25) AB,C,(w=0.5) ABL(v=1) ABC,(w=1.5) AB,Cy(w=2)

B S Y T T e —
(C) hi= 6.8

EErmssy DRDTEW Wt Ty ZEATIIT
D) =34

ABLC, (w=0.25) ABCy(w=0.5) ABCi(w=1) AB,C,(w=15) ABC (w=2)

ABLC, ABL, ABLC

(E) n=68

FIGURE 21 | Film morphologies (top and side views) on nonselective surfaces (a) with film thickness h,~3.4, and on selective substrates with

weaker (acs = —25) and stronger (acg = —45) attractions to C-arms. Initial film thicknesses: (b) h,=3.4, (c) h,=6.8 for weaker attraction, and (d)

h,=3.4, (e) h,=6.8 for stronger attraction [340]. Reproduced with the permission of the American Chemical Society, Copyright 2023.

study focused on how the length ratio of the C-arm to the A-
arm (w=y/z) influenced self-assembled structures and wetting
behavior, with w ranging from 0.25 to 5. Their simulations re-
vealed a systematic morphological transition as w increased. At
lower values of w, the copolymers primarily formed lamellar
structures. As w increased, the morphology evolved into var-
ious Archimedean tiling pattern, before ultimately transition-
ing back into alternating lamellae at the highest values (see
Figure 21). This structural transformation highlighted the in-
fluence of arm length asymmetry on nanoscale organization
within the thin films. To analyze wetting stability, the research-
ers introduced a dry hole into the system and observed three
distinct outcomes: (i) a growing hole (nucleation and growth),
(i) a shrinking hole (self-healing), and (iii) a stable hole, each
determined by the polymer composition and substrate inter-
actions. On selective substrates, where the attraction to the C-
block was weaker, the morphology remained largely unchanged
compared to nonselective substrates when w<1. At w=1, a

small fraction of the Archimedean tiling pattern began to inter-
fere with the C-arms, an effect that became more pronounced at
w=1.5. When w reached 2, the Archimedean tilings completely
disappeared as the C-arms became fully covered, leading to a
return to lamellar structures (see Figure 21). These findings
provide valuable insights into the design of terpolymer-based
coatings, offering guidelines for tuning surface morphology,
wetting properties, and self-healing behavior in thin-film appli-
cations, functional coatings, and nanostructured materials.

Summary:

DPD/mDPD modeling can be utilized to investigate various as-
pects of interfaces, including:

1. Examining the interfacial interaction between polymers/
copolymers and substrates by analyzing the effect of their
composition and chemistry.
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2. Monitoring the internal structure and morphology of self-
assembled supramolecular structures of polymers at the
interface.

3. Studying the thin-film formation mechanism and
morphology.

4. Investigating the wetting behavior of substrates by simulat-
ing contact angle tests.

7 | Polymer Rheology

DPD simulation can be divided into two main categories: equi-
librium simulations, where material properties are analyzed at
rest, and non-equilibrium simulations, where external fields
are applied to DPD particles to reproduce rate-dependent fluid
properties. Equilibrium simulations typically yield thermally
stable results in simple periodic boundary conditions, while
non-equilibrium simulations provide insights into polymer rhe-
ology behavior. However, non-equilibrium DPD simulations
may be prone to two types of artifacts: (1) the Lees-Edwards
boundary condition may not maintain stable profiles at the
boundaries in the velocity direction, and (2) out-of-equilibrium
simulations may affect the DPD thermostat and hence the ther-
mal stability of the calculations [88, 341, 342]. Various research
works have focused on investigating polymer rheology through
DPD simulations [329, 343-345]. Using the DPD method, Chen
et al. [346] studied the behavior of polymer drops in a shear
field using periodic boundary conditions. Their study revealed
non-Newtonian behavior, including shear thinning and normal
stress differences, using the FENE (finitely extensible nonlinear
elastic) chain model. They observed that both the viscosity and
first normal stress difference of the polymer followed a power-
law relationship with shear rate. In a separate study on polymer
gels, they found that these materials, consisting of covalently or
physically cross-linked polymers swollen with solvent, exhib-
ited low toughness and weak mechanical response to strain rate,
which limited their practical applications [347, 348].

Sliozberg et al. [349] examined the influence of physical en-
tanglements on polymer gel performance, particularly when
the solvent molecular weight was sufficient to entangle with
the polymer network. In their DPD simulations of polymers,
conservative force, FC, derived from the excluded volume po-
tential Uy, (Weeks Chandler Andersen excluded volume
potential [350]), and included a contribution from bonded
particles (Uppyp (the finitely extensible nonlinear elastic
(FENE) potential)), Uppyp;(t)=Uppyp(® + Uy (@©. They
showed that the presence of a high-molecular-weight solvent
led to entanglement with the polymer network, resulting in
a time-dependent modulus that was higher than that of gels
without entanglement. Schneider et al. [351] studied the pre-
cipitation of polymer solutions using the explicit solvent DPD
method, focusing on the impact of slip springs on aggregation
dynamics. They examined 1% solutions of chains with vary-
ing lengths, where 50% of the solvent was suddenly replaced
with antisolvent to induce precipitation. Their results revealed
that during aggregation, a network-like structure formed with
globular polymers bridged by elongated chains. They also ex-
plored the effects of entanglements by adding different num-
bers of slip springs to the precipitating chains.

Zheng et al. [352] conducted mesoscopic simulations using DPD
to investigate the behavior of star polymer melts adsorbed onto
solid surfaces under shear flow. To accurately capture the struc-
tural rigidity and deformation dynamics of star polymers, they
introduced a bond-angle potential between the polymer arms,
ensuring sufficient rigidity while still allowing deformation
under shear stress. Additionally, to prevent bond crossings
caused by the soft repulsion of beads, they implemented a seg-
mental repulsion force between non-consecutive bonds. This
force was defined as f;egm = afjws(dij)aij, with a3, is the interac-
tion parameter between bonds i and j, a)s(dij) a soft weighting
function and dj; the minimal distance between the two segments
of bonds i and j. Their simulations revealed distinct adsorption
and mobility behaviors between linear and star polymers at the
solid surface. Linear chains closely followed the no-slip bound-
ary condition, adhering to the surface without significant mobil-
ity differences. However, higher-functionality star polymers
exhibited a markedly different behavior: due to their more spher-
ical conformations, their centers of mass remained farther from
the surface, causing them to move slower than the solid substrate
itself (Figure 22A). This difference in adsorption behavior high-
lights the role of polymer architecture in determining interfacial
dynamics under shear. These findings provide valuable insights
into the flow behavior of polymer melts, particularly in applica-
tions involving lubrication, coatings, and nanocomposite materi-
als, where controlling polymer-surface interactions is crucial for
optimizing rheological and tribological properties.

8 | Polymeric Membranes

Polymeric membranes are extensively studied for applications
in desalination, wastewater treatment, biopurification, solvent
recovery, gas and liquid phase pollutant capture, and gas sep-
arations. The advantages of polymers in membrane develop-
ment include their cost-effectiveness, ease of processing, and
abundance, making them an attractive choice for membrane
technology. The chemistry-processing-structure-performance
paradigm underscores the importance of polymers in advanc-
ing membrane technology. In this context, DPD modeling has
been utilized to study polymeric membranes, and it provides
valuable insights into the structure and behavior of these mem-
branes. Vishnyakov et al. [107] proposed a novel DPD model for
hydrated Nafion membranes, incorporating explicit electrostatic
forces between charged polymer fragments and dissociated
counter-ions. The hydration level, A, was defined as the number
of water molecules per sulfonate group forming the cation bead.
The study explored the evolution of self-assembled morphology
as hydration increased, with simulations conducted for hydra-
tion levels A ranging from 2.25 to 18. The results indicated a clas-
sical percolation transition from isolated water clusters to a 3D
hydrophilic channel network (see Figure 22B). With increasing
hydration, isolated clusters merged into a worm-like network,
eventually forming interconnected spherical clusters.

Wu et al. [354] studied the hydrated morphologies of 3M
PFSA (3M perfluorosulfonic acid) membranes using DPD
simulations, observing similar behavior in water clusters
with increasing hydration levels. In addition to hydration,
they also examined the effects of molecular weight (MW)

40 of 63

Wiley Interdisciplinary Reviews: Computational Molecular Science, 2025

85UB017 SUOLULLOD AII8.1D) [cfed! (dde U Aq peuenob 8e 91l VO ‘SN J0 S8|NI 0} Aiq 1T 8UIUO /8|1 LD (SUONIPUOD-PUE-SWSIALIY A8 |1 Akeaq | U |uo//:Sdny) SUORIPUOD pue swie | 8y} 89S *[9202/70/0£] Uo Akeiqiauliuo A8|Im ‘Uioouke | puepl| JO AIsieAlun feuolieN AQ 8TO0. SWOM/ZO0T OT/I0p/W0d’ A8 1M AeIq1jeu! U0 Sa1Iwy/Sdny WOl pepeojumoq 'z ‘520z ‘¥88065LT



17590884, 2025, 2, Downloaded from https://wires.onlinelibrary.wiley.com/doi/10.1002/wcms.70018 by National University Of Ireland Maynooth, Wiley Online Library on [30/04/2026]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

on
\O
(3
[S)
—
<
2
A RAaR e e T g
C 3
- q° R
L Je &
L 3
= K o
- - ON =
o Jde =
C 3
- 4 =3
L de 3
= o
= ——— - Ry
C 3 8
FPY PP Y FPTH FYTY FYPT PP | :
N ® w © w ® o'
~ © e 6 § § =« 3
(2)"a
o~
a ¥
A 2
" .,_b
"
- " 3
>
2
-
8
&
e
o
e
8 &
< <
o
o
3 5
=
=)
b 1S)
e
5
$ 9
BIRRS°2R3FSE B8IARRSL°2889% 3
~~ —
< eQ A -
- R ~
[o\]
=
=4
=]
&)
=
=~



FIGURE 22 | (A) Configuration of linear polymer chains (f=2) confined between two solid walls, with random colors for better visualization.
(Right Panel) Velocity v (z) as a function of functionality f. The velocity profile imposed on the walls is shown for comparison [352]. Reproduced
with the permission of the Royal Society of Chemistry, Copyright 2023. (B) Snapshots of nanophase separation in hydrated Nafion: M oq= 1144 (top)
and 1744 (bottom). Hydration level 2=2.25 (B(1), B(5)), 6 (B(2),B(6)), 9 (B(3),B(7)) and 13.5 (B(4),B(8)). The Nafion skeleton and perfluoroether
sidechain beads are depicted in red, sulfonate groups in dark blue, counterions in green, and water beads in light blue [107]. Reproduced with the
permission of the American Chemical Society, Copyright 2023. (C) Morphology of the polymer/solvent/nonsolvent ternary system (with the polymer
chain length N=100) at (1) t=0; (2) t=900; (3) t=4900; (4) t=29, 900; (5) t=44, 900; and (6) t=60, 000. The red color represents the nonsolvent,
while the black color indicates the polymer chains that make up the membrane [353]. Reproduced with the permission of Elsevier, Copyright 2023.

and equivalent weight (EW) on morphology. They found that
a longer PTFE (poly(tetrafluoroethylene)) backbone, corre-
sponding to higher MW, promoted an elongated form in the
water-rich ionic phase. Conversely, a higher EW, linked to a
lower ion exchange capacity (IEC), resulted in lower water
uptake, as water aggregation into fewer but larger clusters be-
came more complex. Huang et al. [355] used DPD simulations
to study the mesophase evolution of a PMP (poly(4-methyl-1-
pentene))-diluent system, analyzing the effects of diluent and
PMP concentration. Their findings showed that: (1) using a
good diluent like DOP (dioctyl phthalate) led to smaller, well-
connected pores, while poor diluents like DPE (diphenyl ether)
or DBP (dibutyl phthalate) resulted in larger, less intercon-
nected pores; (2) a mixture of good and poor diluents created
larger, more interconnected pores in the membrane morphol-
ogy; and (3) excessively high PMP concentration and poor
diluent use resulted in hollow fiber membranes (HFM) with
lower diffusivity. Tang et al. [356] conducted DPD simula-
tions to examine how introducing a second diluent influences
membrane formation in polymer-diluent systems undergoing
thermally induced phase separation (TIPS), with a focus on
polypropylene/oleic acid (PP-OA) systems. The simulation
was conducted in two phases: initially, the polymer solution
was placed between neutral substrates at a high temperature
(473.15K) to allow relaxation, followed by rapid cooling to
273.15K. The results showed that adding a second diluent,
like dimethyl phthalate (DMP) or diethyl phthalate (DEP), al-
tered the TIPS process from solid-liquid (S-L) phase separa-
tion to liquid-liquid (L-L) phase separation. For systems like
PP/OA, which typically undergo S-L phase separation upon
quenching, it was found that selecting a second diluent with
good compatibility with the primary diluent but poor com-
patibility with the polymer is beneficial. This combination of
diluents can be used as a new effective diluent for membrane
preparation via TIPS. Wang et al. [353] to examine the impact
of solvent conditions and polymer chain lengths on membrane
formation via immersion precipitation, a phase inversion pro-
cess in a polymer/solvent/nonsolvent ternary system [357].
Their findings revealed a mechanism where late-stage domain
coarsening followed early-stage spinodal decomposition at the
membrane surface. Initially, a thin polymer solution film was
placed in a nonsolvent bath. As the solvent diffused out and
the nonsolvent replaced it, spinodal decomposition occurred
(see Figure 22C). Once phase regions in the polymer matrix
reached their maximum size, hydrodynamic flow driven by
interfacial tension promoted domain coalescence.

Summary:

In polymer membrane modeling, the DPD method allows ex-
ploration of how polymer/copolymer and substrate composition,

as well as chemistry, influence membrane formation and
morphology.

9 | Chemical Reactions-Polymerization

The idea of simulating reactions using DPD is particularly suit-
able for designing polymerization reactions. In this regard, Liu
et al. [358] a method to construct several living polymerization
models [359, 360]. In their approach, the chain termination
step is omitted, allowing for the continuous growth of polymer
chains. The polymerization rate rp and the reaction probability
P, are related as follows,

_d[M] _ [P]P,

= = 39
P dt T (39

where [M] is the concentration of free monomer, [P*]is the growth
centers concentration, and t is the reaction time interval. To link
the reaction model with DPD simulations, they incorporated the
reaction probability concept, which controlled the timing of each
reaction step throughout the process. Their approach involved se-
lecting a free monomer within the interaction radius if an active
end encounters several of them during each reaction time interval
7. From there, a random number P is generated, and if it is less
than the reaction probability P,, the active end determines whether
to connect with the chosen monomer (as shown in Figure 23A).
If they do connect, the bond information is updated by modify-
ing the spring forces between them. They believed that varying
reaction probabilities corresponded to different reaction rates or
reaction activation energies (refer to Figure 23A). Additionally, by
adjusting the initiator density and selecting different polymeriza-
tion probabilities, they were able to produce polymer brushes.

Wang et al. [361] conducted a study on star architecture copo-
lymers' polymerization-induced self-assembly (PISA) process
using a reaction model and DPD simulations. This process in-
volved the dissolution of solvophilic macro-CTAs and solvopho-
bic monomers in a selective solvent, followed by self-assembly
through copolymerization of the monomers. Macro-CTA was
represented by A3C in their experiments. When monomer D
approached an active end C within a reaction radius R (R=0.8
r.), it had a specific probability (P,) with the nearest monomer
D. Upon bonding, monomer D transformed into a solvophobic
bead B, and the solvophobic chains always ended with the active
end C. The reaction probability P, was controlled by generating
random numbers between 0 and 1. If a random number was less
than P,, the active ends bonded with the nearest monomers,
with P, determining the polymerization rate. The results demon-
strated that the PISA of these copolymers could directly generate
porous vesicles, with star-shaped architecture promoting their
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FIGURE 23 | (A)Top panel: Schematic of the reaction process controlled by the reaction probability. Bottom panel: Illustration of the relationship
between reaction probability and kinetic reaction activation energy [358]. Reproduced with the permission of Elsevier, Copyright 2023. (B) Schematic
of the reaction model: Solvophilic beads A (purple), solvophobic beads B (yellow), active ends C (red), and monomers D (green) [361]. Reproduced

with the permission of the Royal Society of Chemistry, Copyright 2023.

formation more effectively than linear copolymers. The study
also revealed that the steric effect of two solvophobic chains was
a key factor in the formation of the porous vesicles. Overall, this
research provides valuable insights into the PISA of star-shaped
copolymers, offering a foundation for the experimental develop-
ment of porous nanomaterials.

10 | Polymeric Composites

Polymer nanocomposites consist of polymer matrices and fill-
ers, which display enhanced macroscopic properties compared
to bulk or pure polymer. The extent of improvement in the
properties is closely related to the size, shape, and chemistry
of the filler, as well as their microscopic spatial organization
[362, 363]. The DPD method has been increasingly utilized for
studying polymer composites in recent times [364]. DPD has
become a useful tool for exploring the properties of polymer
composites. By simulating polymeric matrices, DPD can provide
insight into interfacial interactions between the matrix and fill-
ers, filler orientation, composite morphology, and mechanical

properties. This knowledge can aid in tailoring the properties
of composites for specific applications. Below, we will discuss
some DPD-based investigations focused on polymer composites.
Hu et al. [365] employed DPD simulations to explore nanocube
and nanoplatelet self-assembly in a polymer matrix. Their goal
was to comprehend the aggregation mechanism of organophilic
nanoparticles and the dispersion of organophobic ones. The
study also investigated the influence of polymer matrix chain
length on aggregation behavior. The findings showed the self-
assembly of organophilic nanocubes, with the mean aggrega-
tion number increasing for shorter polymers but decreasing for
longer ones as the matrix polymer chain length increased (see
Figure 24A). Depletion attraction was a key factor in the inter-
particle interactions of two nanoparticles, driving the aggrega-
tion of organophilic ones. Simulation results revealed that the
aggregation of organophobic nanoparticles primarily stemmed
from the entropy gain in polymer matrices. Despite expectations
of organophobic nanoparticles aggregating due to nanoparticle/
polymer compatibility, simulations indicated a decrease in the
mean aggregation number with longer matrix polymer lengths
(see Figure 24A).
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FIGURE 24 | (A)Variation of mean aggregation number with polymer chain length at different time steps: (Left) organophilic nanocubes, (Right)
organophobic nanocubes. Bottom: Aggregation snapshots for polymer lengths—Left: Organophilic (1.2 X 10° time steps), Right: Organophilic (4 x 10°
time steps) [365]. Reproduced with the permission of the American Chemical Society, Copyright 2023. (B) (Snapshot of an equilibrated 2% mixture
showing nanotube bundles (polymer omitted for clarity). Right Panel: Snapshot of an equilibrated 5% mixture. Bottom Panel: Snapshot of an equil-
ibrated 10% mixture showing nanotube percolation network formation (polymer omitted for clarity) [366]. Reproduced with the permission of the

American Chemical Society, Copyright 2023.

Chakraborty et al. [366] performed DPD simulations on
polycarbonate-CNT composite systems with varying nanotube
concentrations to study the equilibrium morphology of nano-
tubes and their dynamics within the composite matrix. They

studied the 2%, 5%, and 10% mixtures (total number of CNT
beads in the simulation box/total number of beads in the simu-
lation box) of CNT-polycarbonate and prepared polymer chains
much longer than the nanotube. They observed the formation of
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nanotube bundles in all three mixtures (2%, 5%, and 10%), with
the bundle size in the equilibrium systems varying according to
the nanotube concentration (see Figure 24B). By investigating
the morphology in the mixtures with different nanotube con-
centrations, they observed the percolation pathway formed by
nanotubes only in the mixture with 10% nanotubes. They con-
cluded that a nanotube concentration of 10% was close to the
threshold required to create a percolating pathway in the poly-
carbonate matrix without the need for external perturbations.
Gavlirov et al. [367] performed a comprehensive DPD simulation
to investigate structural changes in unfilled and filled elastomers
under uniaxial deformation. The study set out to understand how
filler reinforcement works in rubber nanocomposites. It found
different groups of subchains within the matrix, each behaving
in unique ways. Subchains that were not connected to the filler
particles showed little deformation, while those attached to the
filler particles experienced much more significant deformation.

Yan et al. [368] performed DPD simulation that could predict
the self-assembly of Janus nanoparticles with two chemically
different compartments (see Figure 25A) at the interface of
block copolymers. This approach demonstrates that external
fields can be used to control the scaffold of block copolymers,
facilitating the formation of oriented structures or superstruc-
tures on a macroscopic scale. Achieving this level of control
is difficult through self-assembly of particles in solutions. The
study demonstrated that Janus nanoparticles with varying ar-
chitectures induce polymer chain deformation, highlighting
their role in interfacial stabilization and the kinetic pathways
of structural evolution in nanocomposites (see Figure 25A).
The research also explored the self-assembly mechanism of
Janus nanoparticles within block copolymer lamellae. It was
found that incorporating Janus nanoparticles into block co-
polymers offers a unique strategy for creating polymer nano-
composites with tunable and enhanced processing properties.
Additionally, the study proposed the concept of associated self-
assembly between two or more amphiphilic building blocks,
offering new insights into complex self-assemblies in nature.

Wang et al. [364] employed DPD simulations to investigate the
phase behavior, functionalization degree, and chain length ef-
fects in polyethylene-carbon nanotube (PE-CNT) composites
across different CNT volume fractions. Their study focused
on how functionalization levels influence CNT dispersion and
aggregation within the polymer matrix. To simulate varying
degrees of functionalization, the researchers systematically
adjusted the repulsive interaction parameter between CNTSs
and the polymer chains. Their findings revealed that when
the CNT volume fraction exceeded 50%, the functionaliza-
tion degree had little impact on dispersion, as the high CNT
concentration inherently limited structural rearrangements.
However, at lower CNT concentrations, the effects of func-
tionalization were more pronounced. Increasing the repulsive
interaction parameter beyond a critical threshold led to CNT
aggregation, as stronger repulsion caused phase separation
within the system. Conversely, reducing the repulsive inter-
action parameter facilitated better CNT dispersion within
the PE matrix, improving uniformity. Additionally, the study
demonstrated that structural modifications in the composite
were more easily controlled at lower CNT volume fractions,
particularly when tuning functionalization levels. These

insights provide a deeper understanding of CNT-polymer in-
teractions, offering practical guidance for optimizing compos-
ite properties in nanocomposite materials, conductive films,
and mechanical reinforcement applications, where CNT dis-
persion plays a critical role in performance.

Khani et al. [369] investigated the mechanisms and factors that
define the final morphology and self-assembly of nanorods
(NRs) in polymeric matrices using DPD simulations. Dispersion
of NRs proved more complex than spherical nanoparticles due
to their higher aspect ratio, which caused aggregation even in
miscible matrices, driven by entropic depletion forces. To ad-
dress this, NRs were grafted with polymer brushes matching
the matrix's chemical identity, aiding their dispersion [370-372].
The researchers examined how enthalpic and entropic interac-
tions influenced the phase behavior of rigid, one-dimensional
NRs. By incorporating different enthalpic interactions, they
found that aggregation was entropically favored, and the extent
of this effect depended on grafting density and brush length.
They constructed a pioneering three-dimensional phase dia-
gram considering enthalpy, brush length, and grafting density
(see Figure 25B). The results highlighted that strong attractive
interactions between the matrix and polymer brushes signifi-
cantly enhanced the dispersion range. The study found that a
high grafting density and longer polymer brushes were essen-
tial for achieving the best dispersion, which led to a distinct NR
arrangement in a heterogeneous network with parallel rod-like
alignment.

Summary:

A concise overview of the potential applications of polymer
(nano)composites modeling can be presented as follows:

1. DPD modeling is a useful tool for studying the interfacial
interactions between the polymer matrix and fillers in pol-
ymer (nano)composites. By simulating the dynamics of the
system at the mesoscale, DPD can provide insights into the
behavior of the composite materials, which are difficult to
obtain experimentally.

2. DPD simulations allow us to track how fillers are oriented
in the polymer matrix. This helps us understand how the
shape of the filler affects the properties of the composite
and enables us to design materials with specific character-
istics for different applications.

3. By analyzing the internal structure and mechanical prop-
erties of the composite, we can better understand its per-
formance. This includes looking at how the concentration,
size, and shape of the filler affect the properties, along
with how the matrix influences the overall behavior of the
composite.

4. DPD simulations give us a closer look at the microstruc-
ture of polymeric composites, allowing us to study how
the fillers are arranged and distributed within the matrix.
With this understanding, we can refine the manufacturing
process and create composites with the specific properties
needed.

5. By using the insights from DPD simulations, we can
fine-tune the composite's properties, such as filler
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(A)

Nanopaticles

Copolymer

The red and blue beads in block copolymer have
affinities to the pink and green beads in
nanoparticles, respectively.

(B)

Aggregation
Partial aggregation

Dispersion

FIGURE 25 | (A) Left Panel: Model building blocks studied. Right Panel: Equilibrium self-assemblies of nanoparticles in symmetric diblock
copolymers. Yellow marks the interface between phases A (blue) and B (transparent). Schematic diagrams at the bottom right of images b-f show

the orientation of Janus nanoparticles relative to the interface [368]. Reproduced with the permission of the American Chemical Society, Copyright

2023. (B) Three-dimensional phase diagram showing the effects of enthalpy (Aa, ), brush length (L,), and grafting density (N). Dispersion, partial

aggregation, and aggregation are represented by red, green, and blue balls, respectively. Contour maps for three planes are included for clarity [369].
Reproduced with the permission of the Royal Society of Chemistry, Copyright 2023.

concentration, size, and shape, along with modifying the
properties of the polymer matrix itself to meet the needs
of various applications. This allows us to tailor the com-
posite to meet specific performance requirements, such
as improved mechanical strength or enhanced electrical
conductivity.

11 | Other Reviews

In this review, we have explored key advancements in our under-
standing of polymeric systems through the use of DPD modeling.
We cover the background and development of DPD theory, along
with its applications in polymer science and engineering. Notably,
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while there are already valuable review papers focusing on spe-
cific applications of DPD simulations in polymeric systems (see
Table 2), some concentrate on theory with an application-oriented
focus, and others emphasize applications, including both polymer
systems and other fluids, we assert that our review offers a more
comprehensive analysis. Our review explores the latest research
on DPD simulations and the recent advancements in the method-
ology. We delve into the core theory behind DPD and examine its
wide range of applications in polymeric materials, covering var-
ious topics. What makes this review unique is its comprehensive
approach, offering a perspective that extends beyond the typical
scope in the field. We believe this review will be a valuable re-
source for anyone interested in gaining a deeper understanding of
the field. By highlighting the potential of DPD modeling, we hope
to encourage computational researchers to explore and adopt this
technique in their own studies.

12 | DPD Limitations

Despite the numerous functionalities and applications of DPD
discussed earlier, this section aims to consolidate its key limita-
tions, which have been previously mentioned throughout the text,
and explore possible solutions. While DPD is a powerful meso-
scopic simulation technique, several inherent limitations affect its
accuracy and applicability. One major challenge is the trade-off
between computational efficiency and resolution. In DPD simu-
lations, a higher resolution typically means more particles and,
therefore, a higher computational load. Increasing the level of
coarse-graining enhances efficiency but at the cost of losing es-
sential molecular details, such as hydrogen bonding. Moreover,
parameterization in DPD is often empirical, leading to limited
transferability across different systems. Adaptive resolution tech-
niques, which dynamically adjust resolution based on local mo-
lecular environments, could help balance accuracy and efficiency.

Another significant limitation is the absence of a standardized
force field. DPD interaction parameters are typically system-
specific, requiring careful calibration, which restricts their
generalizability. Machine learning-based parameterization ap-
proaches could improve the consistency and transferability of
DPD force fields.

Additionally, DPD does not inherently capture directional in-
teractions such as hydrogen bonding, n-m stacking, or dipole-
dipole interactions. While existing solutions, including Morse
potentials, enhance accuracy, they also increase computational
complexity. A promising alternative is the development of hy-
brid DPD models that incorporate anisotropic potentials.

Furthermore, DPD lacks explicit treatment of electrostatic in-
teractions, which are crucial for accurately modeling charged
systems, including polyelectrolytes and ionic liquids. One
promising approach to overcoming this limitation involves in-
corporating Ewald summation techniques into the DPD frame-
work, which enables a more accurate treatment of long-range
Coulombic forces while preserving the mesoscopic nature of the
simulation. This method provides a significant improvement
in modeling charged systems, making DPD more suitable for
applications involving polyelectrolytes, ionic liquids, and self-
assembling charged materials.

Another challenge arises from DPD's soft potential, which
can lead to the misrepresentation of long polymer relax-
ation times and dynamic properties. To enhance accuracy,
multi-resolution approaches that couple DPD with MD or
continuum-scale models could be explored. By overcoming
these limitations, DPD can be enhanced for greater accuracy
and broader applications in biomolecular, polymeric, and self-
assembling systems.

13 | Enhancing the Reliability of DPD Simulations
Through Experimental Validation and Calibration

The accuracy and predictive power of DPD simulations can
be significantly improved by integrating experimental data,
which plays a crucial role in validation, parameter calibration,
and model refinement. Experimental validation is essential in
computational modeling as it provides a benchmark against
which simulation results can be assessed. By comparing key
simulation outputs—such as transport properties, structural
conformations, and dynamic behavior—with corresponding ex-
perimental measurements, discrepancies can be identified and
addressed, leading to more reliable and physically meaningful
models [18, 387].

Beyond validation, experimental data assists in calibrating
key DPD interaction parameters, ensuring that coarse-grained
models retain accurate representations of real-world systems.
Properties such as diffusion coefficients, viscosity, and inter-
facial tension obtained from experimental studies can be used
to optimize conservative force parameters in DPD models.
Empirical calibration of these parameters enhances the trans-
ferability and predictive accuracy of DPD simulations, making
them applicable to a broader range of soft matter and biological
systems [374, 388].

Additionally, experimental data can reveal physical interactions
that are not fully captured by the initial simulation framework.
Techniques such as small-angle x-ray scattering (SAXS), neu-
tron scattering, dynamic light scattering (DLS), and rheometry
provide critical insights into mesoscale self-assembly, phase be-
havior, and viscoelastic properties. These methods help refine
coarse-graining strategies, ensuring that simulated structures
and dynamics align more closely with experimental observa-
tions [20, 49].

Finally, a well-validated DPD model expands the practical ap-
plications of simulations, particularly in scenarios where direct
experimentation is expensive, time-consuming, or technically
challenging. This is particularly relevant in fields such as ma-
terials design, biophysics, and drug delivery, where simulations
can be used to explore conditions beyond the scope of conven-
tional experiments [374].

14 | Machine Learning Advancements in Polymer
DPD Simulations

With the increasing demand for machine learning (ML) in
computational sciences, its integration into DPD simulations
hasled to significant advancements in accuracy, efficiency, and
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TABLE 3 | Recent ML breakthroughs in polymer DPD simulations with applications, implications, and approaches.

Breakthrough ML approach Application in DPD Potential implications References
Data-Driven Graph neural Automated mapping from Improves accuracy, [389]
coarse-graining networks, atomistic to DPD models enhances transferability
autoencoders across polymer systems
Neural Neural networks Utilizing neural networks Enhances the accuracy and [390]
network-based to develop coarse-grained efficiency of coarse-grained
coarse-graining models that accurately models, leading to more
represent polymer behavior reliable DPD simulations
Optimized DPD Bayesian Predicting conservative and Eliminates manual fitting, [391, 392]
force fields optimization, dissipative parameters improves interaction
neural networks parameter selection
Trajectory Supervised learning Applying machine learning Ensures that coarse-grained [16]

matching for
coarse-grained
model development

to match atomistic
simulation trajectories,
facilitating the creation
of accurate CG models

models retain essential
polymer properties,

enhancing the fidelity
of DPD simulations

predictive capability. ML has revolutionized DPD simulations
by automating complex tasks such as coarse-grained model
development, force-field optimization, and phase behavior
predictions, enabling the study of polymer self-assembly, mis-
cibility, and large-scale morphologies with greater precision.

While DPD effectively models long-time-scale polymer behav-
ior, it faces challenges related to parameter selection, coarse-
graining fidelity, and the accurate representation of molecular
interactions. ML-based methods enhance these aspects by learn-
ing optimal interaction parameters to improve coarse-grained
representations and accelerate sampling strategies, leading to
more reliable and computationally efficient simulations.

The application of ML in DPD has facilitated data-driven
coarse-graining, refining how atomistic representations
are mapped onto mesoscopic DPD beads. Automated force-
field parameterization has reduced empirical fitting errors.
Trajectory optimization allows for more efficient exploration
of polymer phase space. Table 3 highlights key ML break-
throughs in DPD-based polymer simulations, summarizing
their applications and potential implications for polymer
modeling.

15 | Influence of Simulation Methods on Modeled
Polymer Properties

The accuracy of modeled polymer properties is profoundly in-
fluenced by the choice of simulation method, as different com-
putational approaches vary in their spatial resolution, time
scale coverage, and force field approximations. Since this re-
view covers a broad range of polymeric phenomena—including
self-assembly, blends, solutions, interfacial behavior, and com-
posites—it is essential to understand how different simulation
techniques contribute to these representations.

Molecular simulation techniques are broadly classified based on
the level of detail they retain, ranging from fully atomistic de-
scriptions to coarse-grained and mesoscale models. The three

primary computational methods employed for polymer simula-
tions are MD, DPD, and Monte Carlo (MC) simulations, each of
which offers distinct advantages and limitations. MD provides
high-resolution atomistic details but is computationally intensive.
Coarse-grained MD reduces computational cost while retain-
ing key polymer characteristics. DPD is efficient for mesoscale
modeling, enabling long time-scale simulations but with limited
accuracy in capturing specific polymer properties such as chain
entanglements. MC simulations are highly effective for predicting
equilibrium phase behavior but lack dynamic information. These
methods and their respective strengths and limitations are sum-
marized in Table 4.

Selecting an appropriate simulation technique depends on the spe-
cific polymer property being modeled. Certain properties, such as
molecular self-assembly, phase separation, rheology, and interfa-
cial behavior, require distinct computational approaches to achieve
accurate predictions. Table 5 outlines the most suitable simulation
methods for capturing these polymer properties, considering the
balance between accuracy and computational efficiency.

16 | Conclusions and Outlooks

The Dissipative Particle Dynamics (DPD) method is a mesoscopic
simulation technique that has emerged as a powerful tool for
the study of complex systems. It offers unique capabilities that
are beyond what is currently feasible with other similar scale
methods. In this review, we have discussed the basic principles
of DPD and its applications in polymer science and engineering.
We have highlighted the broad applicability of DPD to describe
polymer self-assembly, blending, chemical reaction, and rheolog-
ical processes for different polymer solutions, charged polymeric
systems, interfaces, polymeric membranes, and nanocomposites.

« Challenges and opportunities
Despite the enormous potential of DPD, there are several is-

sues that need to be addressed to make it more versatile and
applicable. One of the critical challenges is the development
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TABLE 4 | Comparative analysis of simulation methods for polymer modeling.

Simulation Applications in
method Resolution Strengths Limitations this review References
MD High (atomistic Captures Computationally Polymer solutions, [393, 394]
level) intramolecular expensive; charged polymeric
interactions, chain limited time and systems,
conformations, and length scales polymerization
hydrogen bonding
Coarse-Grained Medium Extends time Loses atomic Self-assembly of [395, 396]
MD (CG-MD) (bead-based and length scales detail; requires copolymers, polymer
representation) while retaining parameterization membranes,
key molecular polymer blends
interactions
DPD Low (mesoscale,  Efficient for large-  Limited in capturing Self-assembly, [18, 132, 313, 397]
soft repulsions) scale polymer entanglements, polymer blends,
systems, phase directional interfaces, rheology,
separation, and interactions composites
diffusion studies
Monte Carlo (MC) Variable (discrete  Fast for predicting Does not capture Polymer phase [398, 399]
or continuous) equilibrium polymer dynamics separation, Flory-
properties and Huggins mapping,
phase behavior confined space
polymerization
TABLE 5 | Suitability of simulation methods for modeling polymer properties.
Most suitable
Polymer property simulation methods Key considerations References

Molecular self-assembly CG-MD, DPD, MC

Polymer solutions and blends DPD, MD
Charged polymeric systems DPD, MD
Polymer rheology and interfaces DPD, MD

Polymeric composites and CG-MD, DPD, MD

membranes

CG-MD and DPD capture [18, 395, 398]
morphology formation, MC predicts

thermodynamic stability

DPD models solvent-polymer interactions, [18, 393]
MD predicts local conformations

DPD with Ewald summation techniques [313, 397]
models electrostatic interactions,

MD resolves ion condensation
DPD captures diffusion and interfacial [18, 48, 394]
tension, MD describes chain entanglements
CG-MD/DPD model nanocomposite [395, 397]

dispersion, MD studies interfacial adhesion

of appropriate DPD algorithms and parameters capable of
handling multiphase problems, complex heat transfer studies,
and simulations of biological membranes or macromolecules
subject to different flows and geometries. The improvement of
atomistic force fields can inspire and be useful to refine DPD
parameters. However, this will come with an additional com-
putational cost. The huge computational costs associated with
DPD simulations require fast time-evolution algorithms for
the speed-up of the simulations. There are vast opportunities
for particle methods to decrease computational costs.

« Future research directions

To further improve the accuracy, efficiency, and applicability
of DPD modeling, several key advancements must be pursued.
These advancements will not only refine DPD's computational
capabilities but also expand its applicability beyond traditional
polymer systems.

« One major challenge in DPD is the development of more ac-
curate force fields. Current DPD force fields struggle to ac-
curately describe heterogeneous and highly functionalized
materials, limiting their predictive power in complex poly-
mer and biomolecular systems. Future efforts should focus
on refining force field parameters through data-driven
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optimization and systematic coarse-graining approaches.
These improvements will enhance the ability of DPD to
model diverse soft matter systems with greater accuracy
and realism.

« Another promising direction is the integration of DPD with
multiscale modeling approaches. While DPD is compu-
tationally efficient for large-scale simulations, it lacks the
molecular resolution needed to capture finer-scale inter-
actions. Combining DPD with Molecular Dynamics (MD),
Monte Carlo (MC) simulations, or hybrid multiscale tech-
niques would allow researchers to bridge length and time
scales, making it possible to study nanoscale processes
while maintaining computational efficiency.

« The incorporation of machine learning (ML) in DPD simu-
lations also presents an exciting opportunity. ML techniques
can aid in force field parameterization, reducing computa-
tional costs while increasing accuracy. By training ML models
on atomistic simulations and experimental data, researchers
could develop adaptive interaction potentials, allowing for im-
proved transferability across different material systems.

« As DPD is increasingly applied to larger and more com-
plex systems, improvements in computational efficiency
are essential. Optimizing parallel computing techniques,
adaptive resolution methods, and scalable integration algo-
rithms will enable DPD to handle high-dimensional, multi-
component systems with greater efficiency, making it more
suitable for modeling highly branched polymers, multifunc-
tional networks, and biopolymer assemblies.

These developments will enable the study of more complex poly-
mer systems, such as highly branched polymers, polymers with
multiple functional groups, and biopolymer systems. Overall,
the future development and refinement of DPD modeling will
allow for a deeper understanding of complex polymer systems
and facilitate the design of novel materials with specific prop-
erties for various applications. Thus far, DPD has been success-
fully applied to determine elastic and plastic properties and
deformation regimes for polymeric systems, nanocomposites,
and many other molecular systems as reviewed herein; how-
ever, it is expected that DPD would also be useful to study the
properties and mechanical behavior of metallic systems, shape
memory alloys, high entropy alloys, etc. In summary, DPD has
become a popular method in the study of complex systems due
to its ability to address certain features beyond what is currently
feasible with other similar scale methods. There is still potential
to improve DPD algorithms and parametrization to allow the
modeling of complex and even unknown systems.
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