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Pluronics, also known as poloxamers, are amphiphilic triblock copolymers widely employed in drug delivery
systems due to their tunable self-assembly and biocompatibility. Among them, Pluronic F68 (Poloxamer 188)
exhibits thermoresponsive behavior in aqueous solution, forming ordered supramolecular structures at high
concentrations and temperatures. In this work, we investigate the morphological and rheological properties
of a 45 wt% Pluronic F68 aqueous system at different temperatures through a combination of experimental
and computational approaches. Rheological measurements and Small-Angle X-ray Scattering (SAXS) confirm
the formation of a body-centered cubic (BCC) structure at higher temperatures and highlight the emergence
of viscoelastic solid-like behavior. To support and extend these findings, Dissipative Particle Dynamics (DPD)
simulations are employed to model the nanostructure evolution and the impact of temperature on self-
assembly and material properties. This integrated approach provides a consistent framework to characterize the
temperature-induced transition from fluid-like to solid-like states and sets the groundwork for future simulation
studies incorporating drug cargo. The results offer valuable insights into the design of thermoresponsive drug
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delivery systems and demonstrate the potential of DPD in capturing complex structure-property relationships in

amphiphilic polymer systems.

1. Introduction

Structured fluids are very common in food, personal-care and phar-

maceutical industries and include polymeric solutions and melts, sus-
pensions of colloidal particles, micellar solutions, and liquid foams.
Among them, a peculiar class of amphiphilic materials, commercially
known as Pluronics, has received increased attention over the last few
years, since it offers a pool of more than fifty polymer-based polymor-
phic materials [1]. Pluronics, alias poloxamers, are triblock copolymers,
composed of two lateral hydrophilic chains of polyethylene oxide (PEO)
and a central hydrophobic chain of polypropylene oxide (PPO) [2]. The
ability to precisely control the molecular characteristics of Pluronics,
such as the PPO/PEO composition ratio, block lengths, and molecular
weight, offers a high degree of tunability, allowing for the creation of
macromolecules with tailored properties to meet specific application re-
quirements. They are commonly referred to with an alphanumeric name
consisting of a letter indicating the physical status and two digits indi-
cating the molecular mass and composition. Such systems are widely
used in industrial applications, as well as in more specialized uses in
pharmaceutics and bioprocessing. Due to their biocompatibility, they
are prominently featured in the development of nanocarriers for drug
delivery [3].
Among these, Pluronic F68, also known as Poloxamer 188, has emerged
as a promising drug carrier system, as demonstrated by previous exper-
imental studies [4,3], due to its intriguing behavior at a concentration
of 45% by weight (wt) at various temperatures. In fact, rheological
measurements confirm that Pluronic F68 in water at high tempera-
ture takes the appearance of a soft solid, behaving as a non-Newtonian
fluid with peculiar viscoelasticity. Notably, at elevated temperatures,
the system exhibits a distinctive characteristic: it assembles into an or-
dered supramolecular structure known as the body-centered cubic (BCC)
phase, resembling a solid-like structure. This observation has significant
implications, especially in the realm of drug delivery systems. In fact,
this system has been experimentally investigated [5,6], and the present
modeling work lay the foundation for simulations that incorporate drug
cargo. Although DPD has been applied in similar studies, the effects of
temperature are often overlooked and neglected. On the contrary, in this
system, temperature plays a crucial role.

The rheological, morphological, and structural properties of Pluronic
F68 in water are investigated here to detect the influence of temperature
on its linear viscoelastic behavior and supply knowledge on the nature
and characteristic dimensions of the nanoassemblies.

The ability to adjust and control the morphology and rheological
properties of drug delivery systems in which a pharmaceutical molecule
is loaded is a hot topic in therapeutic applications where the release of a
drug cargo in the human body needs to be controlled. The use of compu-
tational tools such as DPD, in conjunction with real experiments, allows
to explore a wide range of scenarios, accelerating the design process.
The properties of these materials, including the Critical Micellar Concen-
tration (CMC) and the rheological behavior, need to be controlled and
optimized for such applications. The CMC represents the concentration
threshold at which self-assembly in micelles occurs, which impacts var-
ious functionalities, such as drug delivery. The rheological properties
also play a crucial role in this application. Thus, predicting and con-
trolling these properties is essential for optimizing their performance.
However, this task is hindered by the time-consuming and costly ex-
perimental campaigns necessary to estimate the properties of the mate-
rial, which are influenced by numerous variables such as composition,
concentration, and temperature. In addition, capturing the interplay be-
tween morphology and material properties poses a significant challenge

by relying only on theory and experiments. In this context, computa-
tional tools offer an intriguing alternative: they facilitate the mimicking
of various scenarios rapidly and cost-effectively, providing a faster un-
derstanding on the effects of structural changes on final rheological
properties.

Several computational models have been developed to describe the be-
havior of these fluids at different levels of representation. Among them,
Dissipative Particle Dynamics (DPD) is one of the most widely utilized
methods for investigating the behavior of these materials and predict-
ing their properties. It is a mesoscopic technique that operates at time
and length scales which would be inaccessible by using molecular-level
methods and are relevant to capture the evolution of the morphologies
that dictate the final materials properties. One of the reasons for this
is that DPD is a coarse-grained (CG) model, where groups of atoms
and molecules are treated as single entities called beads, interacting
via a mesoscopic force field, made of conservative soft-repulsive and
non-conservative interactions. The internal degrees-of-freedom of the
molecules that a bead is intended to represent are included in an aver-
aged way or effectively ignored. The computational advantages offered
by DPD make it particularly appealing for simulating systems contain-
ing polymer chains, such as Pluronics in water.

This study conducts DPD simulations of systems composed by 45 wt%
of Pluronic F68 and water. To ensure the reliability and validity of the
simulation results, they are compared and validated against experimen-
tal data obtained from scattering techniques and rheological measure-
ments, used to characterize the nanostructure and rheological properties
of the system under similar conditions.

The combined experimental-computational framework clarifies the mi-
crostructural mechanisms underlying elasticity and, more broadly, the
rheological behavior. In fact, the origin of elasticity in these compact
micellar structures formed by poloxamers remains poorly understood
and has been previously discussed in the literature [7,8]. The three-
dimensional order of the BCC domain plays a crucial role, as mechanical
deformation causes spherical micelles to shift from their equilibrium lat-
tice positions, similar to those of simple three-dimensional crystalline
solids, while thermodynamic forces restore them, preserving macro-
crystalline order under static conditions. Hvidt et al. [9] proposed that
the shear modulus is proportional to the interfacial tension between
PPO and water, the micelle concentration and the square of the mi-
celle radius. Alternatively, Lau et al. [10] attributed the elasticity to the
entanglement of PEO chains, which is expected to increase with temper-
ature. Two factors can be identified as pivotal in the thermally driven
transition: the formation of ordered domains and the entanglements or
interpenetration of PEO chains, as illustrated in Fig. 1. The viscoelastic-
ity of the system and the corresponding microstructural description are
strictly correlated. Costanzo et al. [11] discussed the origin of elasticity
of these compact, micellar structures, suggesting that their results may
explain interpenetration and, as such, elasticity.

The interpenetration of PEO chains could result from the growth of
larger micelles or an increase in their number. Although direct experi-
mental evidence is lacking, the contribution of enhanced interpenetra-
tion of PEO chains in the outer coronas of adjacent micelles appears
reasonable, as already discussed by Costanzo et al. [11]. SAXS data
indicate that while the PPO core swells with temperature, the overall
micellar radius remains unchanged. However, this observation provides
limited insight into interpenetration mechanisms and is influenced by
the fit model adopted to calculate these quantities and various error
sources. As explained in Sect. 4.1, the estimation of the overall micel-
lar radius in the BCC phase is in fact the result of geometric consid-
erations, assuming that the micelles are in contact on the cubic unit
diagonal.
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Micelles

Fig. 1. Schematic diagram of two mechanisms: a) interpenetration of PEO chains resulting from the growth of larger micelles; b) interpenetration due to an increase

in the number of micelles (Figure reproduced from Ref. [10]).

The outline of the article is as follows. Section 2 briefly describes the
experimental techniques employed. Section 3 introduces the DPD ap-
proach along with the model adopted to represent the system in DPD.
Section 3.3 explains how the morphological and rheological characteri-
zation is performed in DPD. Section 3.4 describes the computational de-
tails and illustrates the setup of the simulations carried out. The results
are presented and discussed with the conclusions provided in Section 4.

2. Materials and techniques for experimental investigation
2.1. Materials

45 wt% Pluronic F68 (Sigma-Aldrich, St. Louis, MO) water solu-
tion was prepared at room temperature by means of magnetic stirring.
Pluronic F68 was dispersed in cold double-distilled water [12], and kept
at 5°C for a few days.

2.2. Experimental methodologies

The experimental data used to validate the simulations were ob-
tained by adopting rheology and Small-Angle X-ray Scattering (SAXS).
Rheological experiments were performed using a rotational stress-
controlled rheometer DHR-2 (Discovery Hybrid Rheometer, TA Instru-
ments, USA) with 40 mm sandblasted parallel plates. A Peltier unit was
used for temperature control. The linear viscoelasticity of the systems
was studied through frequency sweep tests at lower and higher tem-
peratures. Preliminary strain sweep tests were conducted at different
temperatures to detect the linear viscoelastic regime. A strain of 0.1%
was used for all dynamic tests. Low viscosity silicon oil was employed
as a solvent trap to avoid water evaporation.

Experimental details of the SAXS measurements are already presented
elsewhere [13,6]. All experiments were repeated at least three times.

3. Models and methods for computational modeling
3.1. Dissipative particle dynamics: a coarse-grained technique

Dissipative Particle Dynamics (DPD), introduced by Hoogerbrugge
and Koelman in 1992 [14], provides a robust simulation technique that
operates at larger time and length scales than traditional molecular
dynamics. This makes it particularly well suited for studying the self-
assembly and rheological behavior of tri-block copolymers, such as F68,
in water mixtures. In fact, this simulation approach captures both the
relevant molecular details of the nanoscopic building blocks and their
supramolecular organization while simultaneously resolving the sys-
tem’s hydrodynamic behavior over extended time scales. In DPD, groups
of atoms or molecules are treated as single entities, known as beads. The
beads interact via a mesoscopic force field. The DPD force field consists

of variables in reduced units, the so-called DPD units. Typically in DPD,
the mass of a single DPD bead, the conservative cutoff radius, and the
thermal energy are taken as, respectively, mass, time, and energy units.
The motion of each bead is governed by Newton’s second law:
an_,, T o
dt dt  m;

with i =1,.,N; r; and v; are the position and velocity of the bead i
with mass m;, respectively, and N is the number of DPD beads in the
system. The force f; acting on the i-th bead is the sum of three pairwise
contributions:

fi= Y FG+FR+FD, @
J#i

where the sum runs over the beads indices contained in the closest

vicinity to the bead i within a certain cutoff radius. The conservative

contribution, F' ,.C., is a soft-repulsive force acting between a pair of beads

i and j and having the following functional form:

1 AW c
po Yo\ T T i<t @
ij =
0, r.->rcc

where a;; denotes a maximum repulsion between beads i and j, r;; =
[r;;| = |r; —r;| is the separation distance between a pair of beads,
F;; =r;;/r;; is the unit vector of the bead-bead separation distance and
rCC is the cutoff radius for the conservative interactions. Pluronic chains
are represented employing the bead-and-spring model where neighbor-
ing beads interact through a harmonic potential given by:

Eharm = Kb(rij - ro)z, (4)

where r is the nominal equilibrium distance and K, the harmonic con-
stant. In the DPD model, the degrees of freedom eliminated during the
Coarse-Graining (CGing) are effectively reintroduced through the in-
clusion of pairwise dissipative and random forces. The dissipative and
random forces, F ,.Ij). and F ,.I;, respectively, represent the effect of viscous
drag and the thermal and vibrational energy of the system. The expres-
sions for general dissipative and random forces can then be written as

Fi = —ywP i)y vy ©

Ffi=ow®()) i o (6)
At

Here, y is the dissipative parameter and o is the noise parameter; v;; =

v; —v;, &; represents a random variable with zero mean value and unit

variance and At is the simulation time step. The dissipative and noise

parameters are related to each other in order to satisfy the fluctuation-

dissipation theorem (FDT):
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Fig. 2. Molecular structure and coarse-grained model of the F68 macromolecule.
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where kp denotes the Boltzmann constant and 6 the system tempera-
ture. The weight functions wP (r; j) and wR(r,- j) define the dependence
of the dissipative and random forces, respectively, on the bead-bead sep-
aration distance. These functions are related by the following equation:

wP(ry;) = [wR(r 1. (€)

The dissipative and random forces act together as a thermostat and,
along with the conservative one, also guarantee local momentum con-
servation and ensure correct hydrodynamic behavior. This work incor-
porates recent advances into the DPD model. Although the original DPD
model has long been valued for enabling microscale systems to equili-
brate within a reasonable simulation time, the corresponding dynamic
path does not always reflect the actual one.

A key limitation arises in the description of transport properties: the
standard DPD framework does not accurately capture those of real flu-
ids. To address this point, the dissipative weight function wD(r,- ;) is
treated as a Generalized Weighting Function (GWF), following the ap-
proach proposed by Fan et al. [15], which has been previously used in
our studies. It is defined as:

=
wP(r,) = [wRer) = :
0 Fi:

9

where r;; is the bead-bead separation distance and r? is the cutoff dis-
tance and its exponent, s € (0, 1], plays an important role in modeling
of dynamic properties of a DPD fluid along with y and r?. This mod-
ification treats the exponent of the weighting function, s, as a free
parameter and the dissipative cutoff radius, rf , as independent of the
conservative one, rcc. In the standard formulation s = 1 and rCC = r? .
This extension introduces in the model adjustable parameters to cali-
brate transport properties. Adjusting y, s and r? to experimental values
of self-diffusivity and viscosity [16,17], DPD can capture realistic sol-
vent dynamics at the mesoscale level without undesired effects on the
nature of the phase assumed by the simulated system. In fact, the equi-
librium behavior of the system is governed exclusively by conservative
forces since the time averages of the dissipative and fluctuation forces
are zero. However, an accurate description of the dissipative forces is
essential to capture realistic dynamics. Another important limitation
of the original version of the DPD model is the artificial crossing of
polymer chains, which leads to inaccurate rheological behavior, such
as stress-strain curves and responses to external stimuli. To address this,
the mSRP (modified Segmental Repulsive Potential) is incorporated into
the DPD model to improve its ability to reproduce both non-equilibrium
and equilibrium behavior [18]. The introduction of the mSRP prevents
non-physical bond crossings caused by the soft repulsive interactions
inherent in the standard DPD model. The rheological properties are gov-
erned by the physical crossing of chains. To avoid non-physical increases

in viscosity, it is essential to isolate and account only for the physical
contributions within the simulation [19-23]. The mSRP introduces a
repulsive interaction force between non-adjacent bonds, which takes a
form similar to the conservative force through which these bonds inter-
act:

di\ ~
SRP _ kl
Fk[ —b<1—?>dk1,

c

(10

where FfIRP is the force acting between the bonds k and / separated by
distance d;;; b e d, are respectively the force constant and the bond-
bond cutoff distance. The distance between the two bonds is calculated
as the distance between the midpoints of the bonds. This formulation of
the SRP has recently been shown to be the most effective in maintaining
chain topology [18].

3.2. Model and parameters

Pluronic F68 macromolecules are represented by 47 beads chains,
where CG EO bead contains 4.3 atomistic EO monomers, and the CG
PO bead contains 3.3 atomistic EO monomers. These CG factors have
been used already in other works [24] following the mapping scheme de-
scribed by van Vlimmeren et al. [25]. As a result, all beads are intended
to represent almost the same mass and volume [26,14,27,28]. The DPD
topology of the chain can be schematically represented as A;gBgAg,
where A and B correspond to the EO and PO beads, respectively as shown
in Fig. 2. The repulsion parameter between similar beads is determined
to ensure that the compressibility in the simulation model matches the
compressibility of the liquid to be studied [17] according to the follow-
ing relationship:

k1 — kgt

a; = ————,

11
= 22 an

where «a is a constant, ! is the dimensionless bulk modulus at the con-
sidered temperature (the inverse of dimensionless compressibility), p is
the number density and 6 is the system temperature. In particular, this
formulation adopts the generalized method proposed in [29], which we
thoroughly assessed in our earlier study [17]. This method incorporates
both the simulation temperature 6 and the temperature-dependent com-
pressibility k to determine the repulsive interaction parameter. There-
fore, the parameters ay, ,, a4, and app vary with temperature accord-
ing to Eq. (11). The repulsion parameters between beads of different
types, a;;, can be estimated using the relation [28]:

a;; ~ a; +3.27 ;5. 12)

As shown in Eq. (12), the strength of interaction between dissimilar
beads includes an additional term reflecting the increased repulsion due
to the solubility dissimilarity. The y;; parameters are taken from the lit-
erature [30]. However, the resulting conservative parameters are then
fine-tuned to reproduce the experimental radii of both the core and
the corona of the micelle at T=25°C. The repulsive parameters a,y,
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and apy are treated as temperature-dependent parameters. They de-
scribe the hydrophobicity of PEO and PPO blocks, respectively. The
hydrophobicity of these blocks is a function of temperature and plays
a crucial role in the micellization of the F68 polymer in water. In par-
ticular, the difference in hydrophobicity between PEO and PPO blocks
at different temperatures is a key factor in determining the micelliza-
tion process, influencing both the characteristics and arrangement of
the resulting micelles. The higher the hydrophobicity, the higher the pa-
rameters a4y, and agy, . Specifically, as the temperature increases, a4y,
and apy, increase with temperature to reflect changes in the way the
hydrophobic block interacts with other species. According to Alexandris
et al. [31], the hydrophobic block of Pluronic induces micellization due
to the weakening of the hydrogen bonding between water and the PPO
block as temperature increases. As a result, the interaction parameters
for PEO-water and PPO-water increase with temperature to account for
the increased hydrophobicity, as already discussed in other work [32].
For beads that are directly connected in the chain, the parameters r( (the
nominal equilibrium distance) and K, (the harmonic constant) are set
to ensure that the bond lengths follow the desired distribution.

The details on the calibration of the DPD model parameters at different
temperatures are provided in Sect. 1 of Supporting Information.

3.3. Morphological and rheological properties from DPD

3.3.1. Cluster analysis to determine morphological properties

A post-processing routine analyzes the self-assembly and morphol-
ogy of the DPD simulation trajectories at different temperatures.
Pluronic aggregates (micelles) are identified: two macromolecules are
grouped into the same aggregate if they share a minimum number of
contact pairs. A contact pair refers to two beads belonging to separate
macromolecules that are within a specific distance of each other [33].
After this step the aggregation number, A, and its mass distribution
are computed. The aggregation or association number, indicated by A,
refers to the number of individual chains forming a single aggregate,
which will also be denoted by i in the following. To characterize the
distribution of aggregates of varying sizes, the weight distribution func-
tion of aggregation numbers, F,, is introduced. It is defined as:

m;N;
No a0
XioymiN;
where m; =m,_; represents the weight of an aggregate with an associ-
ation number A, =i and N; = N, ; denotes the number of aggregates
with that association number. This function quantifies the weighted
fraction of aggregates with a specific aggregation number present in
the system. To enable comparison with experimental data, the weight-
averaged aggregation number is calculated using the expression:

2
xim
where m; is the weight of an aggregate i. The micelle radius, denoted as
RM | is computed as the radius of gyration of the aggregate. The latter
is defined as the square root of the mean square distance of the beads
in a chain or aggregate from its center of mass, rcy;, assuming uniform
mass distribution among the particles:

F(i)= a3

(A = a4

N
<R§> = % Z(’i —rem)s (15)
i=1

where N is the number of particles that form the chain or aggregate.
Eventually, the micelle and PPO core radii are computed using the gy-
ration tensor, S. It serves as a practical descriptor of the shape and size
of the aggregates, which describes the second moments of the position
vectors of the beads:

N
1
Sun = 2;“7" — e = P a6)
=
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where r!" stands for the m-th Cartesian coordinate of r; and rcy; is the
m-th Cartesian coordinate of r¢y;. The gyration tensor is a symmetric
matrix which can be diagonalized:

20 0
s=|0 Ai 01, a7
0 0 A2

where A7, 23 and A} are eigenvalues chosen so that 47 < 4; < 42. The
eigenvectors define the main directions of the aggregate, while the
eigenvalues correspond to the gyration lengths, representing the extent
of the aggregate along each of these directions. The eigenvalues are used
to calculate various shape descriptors of the aggregates, such as the ra-
dius of gyration:

R =i+ 4+ 4. 18

Similarly to the aggregation number, the weight-averaged radius of gy-
ration is calculated to enable comparison with experimental data. The
same calculation applies to the entire micelle to obtain the radius of the
micelle (R?UT), and to the PPO core alone to obtain (Rgpo).

3.3.2. Non-equilibrium simulations to determine rheological properties

The viscoelastic properties are investigated by applying a non-
equilibrium oscillatory shear technique [34]. This approach, often re-
ferred to as the “box deforming technique”, mimics a real experimental
procedure by imposing the corresponding flow condition on the simula-
tion box. It is fundamentally analogous to the Lees-Edwards boundary
conditions, the most widely used method to impose shear flow [35-38].
This technique utilizes the SLLOD equations of motion, imposing a ve-
locity profile that varies with time throughout the domain [39]. This
profile results from the application of a sinusoidal strain:

e(t) = gy sin(w?), 19)

where ¢, is the amplitude of the oscillation and @ is the angular fre-
quency. At the beginning of the simulation, all beads are assigned an
initial average velocity profile that matches the instantaneous deforma-
tion rate of the simulation box. This approach accelerates the establish-
ment of the desired flow regime. Typically, in a viscoelastic material,
the stress response o(f) exhibits oscillations at the same frequency as
the applied strain:

o(1) = oy sin(wt + §). (20)

However, a phase angle shift 6 occurs, ranging from 0 in the case of
ideal elastic behavior to 7 /2 for purely viscous behavior. The stress can
be further decomposed into two orthogonal functions:

(1) = €,[G’ (@) sin (1) + G (w) cos (1) 1)

such that one of them is in sync with the imposed strain and the other
has a 7 /2 phase lead. Comparing Eq. (20) and Eq. (21), the elastic and
storage moduli can be defined as follows:

)
G = —coso (22)
€0
G" = D sins. (23)
€0

A major challenge of this approach is the strong noise in the o(f) time
series, leading to intense fluctuations [40]. To address this, a data pro-
cessing strategy is employed that combines pre-averaging of the o ()
signal and discrete Fourier transform analysis, as applied in previous
studies [40].

3.4. Computational details and simulation setup

DPD equilibrium and non-equilibrium simulations were performed
using the open-source software LAMMPS [41]. Specifically, this work
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employed the in-house implemented dpd/ext pair stylein LAMMPS
to apply the modified model defined in Sect. 3.1. The necessary source
code can be accessed via our github account (https://github.com/
mulmopro/LAMMPS-DPD-EXT), while the post-processing of the DPD
trajectories was performed using a dedicated tool.

DPD equilibrium simulations were performed to investigate the self-
assembly behavior of F68/water mixtures at 45wt% at different tem-
peratures. In this work, five temperatures were considered: 5°C, 25°C,
28°C, 40°C, and 70°C.

A system of N = 192.000 identical particles with m; = m =1 was sim-
ulated in a cubic box of length equal to 40rcc with periodic boundary
conditions in all directions. The number density was set to p = 3.

Here, a temperature scaling method is employed, previously applied to
liquid water in our earlier work [17] and other studies [23,42]. The ref-
erence temperature T = 298.15 K was used to scale all the investigated
temperatures T'. Consequently, the simulation temperature 6 =T /Ty
ranged from 0.933 to 1.22. Once the temperature scale was defined,
the DPD fluid interaction parameters were consistently adjusted with
the simulation temperature 0. The conservative repulsive parameter,
ayw, was defined as a temperature-dependent parameter as explained
in Sect. 3.2. a4 4 and a gz were assumed to be equal to ay; ;. The interac-
tion parameters between various types of polymer beads were modeled
also as temperature-dependent, as described in Sect. 3.2. Equilibrium
trajectories obtained at different temperatures are analyzed using a
post-processing tool to compute both system-wide properties such as
pair correlation functions and per-aggregate properties such as shape
descriptors. Quantitative characterization of supramolecular aggregates
is crucial for understanding the microstructure mechanisms that govern
rheological properties at different temperatures.

The rheological properties were then computed under non-equilibrium
conditions using the oscillatory shear technique at the investigated
temperatures. The tilt factor oscillated sinusoidally with the specified
amplitude and period.

4. Results and discussion

The following sections present experimental and computational re-
sults, comparing simulations with experiments to reveal how the mor-
phological behavior influences the macroscopic rheology of the Pluronic
F68 aqueous system at different temperatures.

4.1. Experiments

The 45 wt% Pluronic F68 aqueous solution was investigated through
experimental methodologies, namely, rheology and Small-Angle X-ray
Scattering (SAXS), to detect its viscoelastic properties and extract mi-
crostructural information. Fig. 3a reports the linear frequency sweeps
of the investigated sample at various temperatures (5-70 °C). The com-
plex modulus, G*, is reported as a function of frequency. Fig. 11, black
points in Sect. 4.2, shows the values of G* in Fig. 3a at 100 rad/s, in a
way to highlight the transition temperature from a liquid-like behavior
to a solid one. Indeed, whilst at low temperatures the frequency response
is typical of a liquid-like system, as the temperature increases the over-
all viscosity rises, until it abruptly increases and reaches a solid-like
phase. The liquid to solid transition starts at roughly 35°C, as previ-
ously discussed [43,11]. The dynamic frequency sweep tests at 70 °C
provide a description of the systems in their crystallized form. Fig. 3b
shows the linear frequency response at 70 °C of the 45 wt% Pluronic
F68 sample. The viscoelastic moduli, G’ (storage modulus) and G” (loss
modulus), are reported as a function of frequency. The frequency re-
sponse in Fig. 3b is representative of a viscoelastic network, with a
well-defined crossover angular frequency (i.e. highlighted by the red
dashed line) and a pronounced elasticity.

SAXS measurements at different temperatures allow for accessing the
assembly of the system at the nanometer length scale by following its
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Fig. 3. Linear frequency responses of the 45 wt% Pluronic F68 aqueous solution.
Measurements at various temperatures (a). Response at 70 °C, with the crossover
angular frequency and plateau modulus indicated by the red and green dashed
lines (b).

microstructural thermally-driven evolution. Furthermore, microstruc-
tural quantitative information on the Pluronic self-assemblies can be
extracted. As an example, Fig. 4 shows the SAXS profiles of the inves-
tigated system at 5, 20, 25, 30, and 70°C. The figure contains new
and already published data from [13,6]. At 5°C, a featureless SAXS
profile indicates the absence of any self-assemblies. At such a temper-
ature, Pluronic F68 is dispersed in water as single unimers. At 20 and
25°C, a broad correlation peak reveals the presence of disordered mi-
cellar structures. At 30 and 70°C, SAXS profiles show a BCC phase,
depicted by Bragg peaks at g*, \/Eq*, and \/gq* (¢* =~ 0.64nm~1). The
self-assembly of Pluronic F68 from unimers to spherical micelles and,
then, to a BCC phase with increasing temperature is consistent with lit-
erature data.

The solid lines in Fig. 4 represent the SAXS data fits performed by
means of models available in the SasView package.

The micellar phase was modeled as monodisperse and homogeneous
spheres (form factor), interacting through a hard sphere potential (struc-
ture factor) [44,13]. The corresponding fitting parameters, i.e., the ap-
parent micellar core radius, Rppg, and the hard-sphere radius, Rqyr,
are reported in Table 1.
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SAXS Intensity [a.u.]

q[nm™]

Fig. 4. SAXS intensity profiles of the 45 wt% Pluronic F68 water solution, at dif-
ferent temperatures. Solid lines represent the fit to the data by means of models
in the SasView Package. Curves are vertically shifted for better visualization.
The figure contains new and already published data [6,13].

Table 1
Model parameters extracted from the fit to SAXS profiles. Error estimates are
reported in the table.

Temperature [°C] Morphology Rppo [nm] Royr [nm] a [nm]

5 Unimeric phase — — —

20 Micellar phase 42+0.1 5.0+0.1 —

25 Micellar phase 4.0+0.1 5.0+0.1 —

30 BCC phase 58+02 5.8+0.1 13.4+0.1
70 BCC phase 6.1+0.1 6.0+0.1 13.9+0.1

The BCC phase was modeled with a paracrystalline model of hard
spheres in a BCC lattice of infinite size (lattice parameter a) [45,13]. The
corresponding fitting parameters, i.e., a and Rpp are listed in Table 1

along with Rqyr, that is here estimated as Royr = \/ga /4, assuming the
micellar aggregates in contact on the cubic unit diagonal.

The fit to SAXS profiles provides information on the characteristic
dimension of the Pluronic nanoassemblies, i.e., spherical micelles and
BCC lattice. On the one hand, SAXS analysis provides robust descrip-
tion about the thermally-driven morphological evolution of the system;
on the other hand, such an investigation relies on models and various
error sources, including assumptions on the BCC nanostructural param-
eters, micelles with perfectly spherical shape, micelles in contact on the
cubic unit diagonal, etc. Moreover, X-rays do not probe the effective
radius of the PPO core but a larger core radius, which also contains a
scarcely swollen PEO layer [13]. As such, computational tools come to
the aid of such a study, strongly supporting the experimental analysis
and providing fundamental information.

4.2. Simulation results

The 45 wt% Pluronic F68 water solution was simulated through DPD
equilibrium and non-equilibrium simulations across different temper-
atures to detect respectively microstructure and resulting rheological
properties. The experimental rheological data presented in the previous
section reveal a liquid-to-solid transition around 35 °C, where the system
adopts the characteristics of a soft solid. It behaves as a non-Newtonian
material, exhibiting well-defined viscoelasticity and relaxation time.
Microstructural analysis of DPD trajectories complements the experi-
mental observations by providing a deeper understanding of the struc-
tural organization and mechanisms that govern the elasticity. By mon-
itoring key parameters, such as the number of aggregates and their
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Error estimates are reported in Supplementary Material.

average aggregation number per single micelle at different tempera-
tures, simulations offer valuable insight into the evolution of micellar
interactions.

The microstructure analysis tool tracks the evolution of the number
and size of the aggregates in the simulation box, revealing how the
self-assembly process varies with temperature. Aggregates are classi-
fied as micellar or sub-micellar based on a cut-off aggregation number,
enabling a detailed assessment of how their population shifts with tem-
perature.

Fig. 5 illustrates the average aggregation number over the examined
temperature range. In the Supporting Information the total number of
aggregates (sub-micelles and micelles) over the examined temperature
range is also detailed. They show that from 5 to 25 °C, sub-micelles de-
crease in number as they contribute to the formation of micelles. Instead,
between 25 and 28 °C, sub-micelles continue to decrease as they support
the growth of existing micelles, as indicated by an increase in the av-
erage aggregation number and a nearly constant micelle count. Further
temperature increase induces a sharp decrease in sub-micelles, which
eventually disappear. The total number of aggregates is then essentially
made up of micelles.

The weight-averaged distribution functions at different temperatures of-
fer deeper insight into the aggregation behavior and support a more
comprehensive interpretation of the previous plots. The distribution at
5°C (Fig. 6a) shows no peak, indicating the absence of aggregates large
enough to be classified as micelles. Increasing the temperature to 25 °C
(Fig. 6b), leads to the appearance of a peak, which indicates the pres-
ence of micelles.

The distribution function and average properties reveal that the sys-
tem, at this stage, consists of both sub-micelles and micelles of varying
sizes undergoing continuous fluctuations. This promotes the formation
of a disordered domain, leading to a viscous macroscopic behavior. The
disordered nature of the system is evident in the snapshot shown in
Fig. 7a, while the associated rheological behavior is examined in the
next paragraph. When the temperature reaches 28 °C (Fig. 6¢), the dis-
tribution function shows little change, reflecting the continued growth
of the micelles. By 40 °C (Fig. 6d), the distribution becomes sharply com-
pact, indicating that the micelles are uniform in size and tightly packed.
They remain stationary around their positions, promoting the forma-
tion of an ordered domain. The close proximity of the micelles favors
the interpenetration of PEO chains. The ordered domain is clearly ev-
ident in the snapshot shown in Fig. 7b. The corresponding rheological
properties will be discussed in the next paragraph. In addition, the mi-
celle and PPO core radii are computed at different temperatures and
compared with experimental results, specifically with Small-Angle X-ray
Scattering (SAXS) data. The experimental results in Fig. 8c reveal that
the radius of the micelle remains nearly constant, while the radius of
the core shows a slight increase as the temperature rises. As a result, the
PEO shell radius slightly decreases with increasing temperature. These
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Fig. 7. Snapshots of microstructure of F68 wt% at different temperatures: (a) T =5°C and (b) T =40°C.

values are compared with the values calculated in Fig. 8b. Given the
uncertainty associated with both the experimental and the simulated pa-
rameters, the agreement is quite good at lower temperatures. However,
as the temperature increases, a discrepancy arises. Simulations predict
an increase in the radius of the micelle, while the PPO core remains
nearly constant. This suggests an expansion of the PEO shell. This sim-
ulation evidence is crucial for understanding the rheological behavior
of the experimentally observed system. As discussed previously, the in-
teraction between chains may provide the microstructural basis for the
observed viscoelasticity and relaxation time. Eventually, the RDFs at dif-
ferent temperatures (Fig. 9) are computed for different species, to obtain
insights into their spatial configuration. These calculations confirm the
change in microstructural order with temperature. The PPO-PPO RDF
is the most significant, displaying the appearance of a periodicity in
the peaks increasing the temperature, which demonstrates the transi-

tion from a disordered to an ordered domain.

The viscoelastic properties of 45 wt% Pluronic F68 water solution at
different temperatures were also measured by imposing an oscillatory
shear. The value ¢, = 0.1 was selected based on previous studies [46,47],
which demonstrated that this strain amplitude lies well within the lin-
ear viscoelastic regime, where the complex moduli remain independent
of the strain magnitude. The resulting stress response is also sinusoidal,
with the same frequency as the applied strain but exhibiting a phase
shift that characterizes the viscoelastic behavior of the material. Given
that the applied strain amplitude remains within the linear viscoelastic
regime, we consider its effect on the mesoscale structure to be negligi-
ble. This assumption is justified by the qualitative nature of the analysis,
which aims to capture the temperature-induced emergence of elasticity.
Data processing for the stress output from SAOS is performed to smooth
out the noise and assess that the stress response oscillates with the same
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Fig. 8. Predicted structural features of micelles as functions of temperature: (a) PPO core radius, (b) PEO shell thickness, and (c) micelle radius. Red points represent

simulation results, and black points represent experimental data [11,6].

frequency as the strain input. A moving average technique is applied to
pre-average the stress signal. The window size is carefully chosen based
on a sensitivity analysis, where it is progressively increased to prevent
the data from being overly smeared. A discrete Fourier transform is then
applied to the pre-averaged stress output [40].

Figs. 10 and 11 show, respectively, the dependence of the loss, storage,
and complex moduli as a function of temperature. The results are re-
ported in DPD units. The trends for the storage modulus (G') and the
loss modulus (G”') align with experimental evidence. Specifically, the
elastic component remains close to zero at 5°C, 25°C, and 28 °C, then
shows a step-like increase around 40 °C, consistent with the observed
behavior. The loss modulus increases with increasing temperature, as
expected. In fact, a closer packing of micelles will also greatly enhance
inter-micellar friction, resulting in a high value of G”. The complex
modulus undergoes an order-of-magnitude increase near 40 °C.

5. Conclusions

In this work, we demonstrated that Dissipative Particle Dynamics
(DPD) is a powerful computational approach for investigating the inter-
play between morphology and rheology in Pluronic systems, providing
deeper insight into the mechanisms underlying their thermoresponsive
behavior. Our simulations effectively captured the temperature-induced
liquid-to-solid transition in a 45 wt% Pluronic F68/water mixture. The
formation of a body-centered cubic (BCC) phase was consistently ob-
served at elevated temperatures in both the DPD simulations and exper-
imental results, which confirms the reliability of the model.

By integrating simulation and experimental approaches, we achieved
a coherent and complementary understanding of the structural evolu-

tion of the system, i.e. core and shell sizes of the micellar self-assembly
and its viscoelastic response. These findings are particularly relevant for
drug delivery applications, where control over the morphology and me-
chanical properties is crucial for carrier performance.

In contrast to earlier studies that typically addressed morphology
and rheology separately, our approach bridges these aspects to provide
a comprehensive picture of the thermoresponsive behavior of Pluronic
systems. In addition, few studies have explored the temperature effects
on the rheology of such systems using DPD; here, we employ it not only
to capture thermally induced morphological transitions but also to di-
rectly explain the experimentally observed rheological response. This
unified framework is particularly valuable for temperature-sensitive
drug delivery applications, where both structure and mechanics must
be finely controlled.

The methodology proposed lays the foundation for future simulation
campaigns involving pharmaceutical molecules, ultimately supporting
the design of smart nanocarriers with tunable release profiles. In fact, the
framework developed in this study provides a foundation for ongoing in-
vestigations into drug-loaded Pluronic systems. Although the integration
of pharmaceutical molecules is the subject of a separate, more detailed
study, the insights presented here are essential to interpret how these
additives influence the morphology and mechanical properties of mi-
cellar. This work provides the essential basis for the integration of drug
molecules into the DPD scheme and will guide the rational design of
nanocarriers for temperature-sensitive drug delivery applications. In our
recent works [3,5,13], we observed that Pluronic F68 acts as a very ef-
ficient depot for huge amounts of an anti-inflammatory drug. As such,
further study is under way and future simulation campaigns incorpo-
rating specific drug molecules within the DPD scheme will support the
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rational design of advanced nanocarriers with customized release pro-
files, thus advancing the field of controlled drug delivery.
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